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Abstract

A search for the pseudoscalarboson, which is predicted by in many models with an extended Higgs
sector, gives a gateway to searches for physics beyond the Stavidded (SM). This thesis presents
the results of a search for gluon-fusion produéeid the decay t&h, with a nal state of two electrons
or muons and two leptons, in 20.3 fb*of proton-proton collision data 6{5?5 = 8 TeV. Each tau lepton
is allowed to dacay either leptonicallyep, or hadronically,hag, giving rise to three nal states,ep |ep,

lep had @Nd had had- FOCUS is placed on the methodology and results of the fully hadronic ehaxo
evidence for the existence of @&boson is found in the scanned range of 22@ny, 1000 GeV and
95% CL upper limits are placed on the gluon-fusion cross section times ngnettio, BRAA!
Zh) BR(h! ™ ). The results are combined with a complementiny Zhsearch, wher@ ! bb,
and interpreted in view of two-Higgs-Doublet-Models (2HDMs), wherel@sion limits are placed on
large sections of phasepace.



Acknowledgements

I would like to acknowledge the generous contributions from the Nationsé&eh Foundation (NRF)
and SA-CERN for providing funding for my studies, as well as making isjiids to attend CERN, and
various conferences, providing me with an invaluable and rewardingriexize. | would also like to
acknowledge The University of the Witwatersrand and the Physics tegatrand its stafor providing
the facilities to complete this thesis.

I would like to thank the analysis team with which | worked at CERN for incosfing me into a very
exciting analysis, as well as providing insight, support and suggestiensiry step of my work. | would
like to mention in particular Allison McCarn, Pedro De Bruin, Marco RescigribMikolaos Rompotis
for their support.

| also thank the past and current members of the Tau Working Group darshpport. | make spe-
cial mention of Attilio Andreazza, Felix Friedrich, Lidija Radovanovic, Micleahus, Stefania Xella
and Will Davey. A special thanks goes to Kieran Bristow for his patiencentbaching me the ropes.

| have to extend my gratitude to my college and friend German Carrillo-Montbyahas responded
to an onslaught of questions and correspondence with regards to rhyamadrthis thesis would have not
been possible without his dedicated support. | also acknowledge thagpares the best cheese fondue
in all of Geneva.

“ At rst it will be like trying to drink water from a re hydrant” a loosely quoted analogy from my
supervisor Trevor Vickey at the beginning of my research. A hugethesnextended to him for his sup-
port during my research, in particular for displaying con dence in meragdvork, and for allowing me
to function quite independently. This gesture continued to inspire resohapegial thanks for dealing
with numerous administrative nuisances when organizing funding and bipad, the likes of which |
wish upon no human being.

Finally | have to thank my family for their continual support. Monica for goireydnd the call of
duty by housing her 26 year old son, and my father Guillermo who truly mad# #iis possible. A
special thanks to my partner Giselle for having put up with the uncertaintiecatiemic' life, as well
as the countless quarter-life crises that come along with it.

Dedicated to my father.



Decleration

I, the undersigned, hereby declare that the work contained in this thesysas/n original work and that
| have not previously in its entirety or in part submitted it at any universityafdegree.

SIgNature ....ccooevveeeeeeeviieen
Guillermo Nicolas Hamity

Date: May 21, 2015



Contents

1

Introduction 5

1.1 TheStandard Model . . . . ... .. . . . .. ... 5

1.2 TheHiggsmechanism . . . . . . . . . . . . . . .. e 6

1.3 ThediscoveryofaHiggsBoson . . . . . . .. . .. ... ... 7

1.4 Looking beyond the Standard Model at two-Higgs-doubletmodels . . .. .. ... 8

1.5 Motivation for a search of the pseudoscalar Higgs boson 10

The ATLAS Experiment 20

2.1 CERN andthe Large Hadron Collider . . . . .. ... ... ... ... ... ... 20

2.2 The ATLAS detector . . . . . . . . . . . e 21
221 MagnetSystem . . . . . .. e 22
2.22 InnerDetector . . . . . . . . 23
2.2.3 Calorimeters . . . . . .. 25
2.2.4 Muon Spectrometer . . . . . . .. e e e e 26
225 Trigger System . . . ... 27
2.2.6 Overview of objectreconstruction . . . . .. ... ... ... ..... ... 28

2.3 The ATLAScomputingmodel . . . . .. .. . . .. . .. .. . e 28
2.3.1 Thecomputinggrid . . . . . . . . . . 29
2.3.2 The ATHENAframework . . . . . . . . . . . . . ... .. ... .. .... 30
2.3.3 Simulated data and Monte Carlo production . . . . . . .. ... ... ..... 2. 3
2.3.4 Software developmentforRun-Il . . . .. .. ... ... ... ..... .. 33
2.3.5 PhysicsValidation . . ... ... ... .. 33

2.4 Tauleptonreconstruction in ATLAS . . . . . . . . . . . . . . e 34
2.4.1 Taucharacteristics . . . . . . . . . . . ... 5 3
2.4.2 Taureconstruction . . . . . . . . ... 5 3
2.4.3 Taubackground discrimination. . . . . . .. ... ... L. 37
2.4.4 Di-tau mass reconstruction with the Missing Mass Calculator . . . . . . .. 39.

Physics validation and tau leptons 40

3.1 Tauvalidation for ATHENA 17 . . . . . . . . . . . . e e 41

3.2 Tauvalidationfor ATHENA19 . . . . . . . . . . . . . .. . . i 44
3.21 TheTauDQApackage .. .. .. .. .. . . . . . ... ... .. 4 4
3.2.2 Truthmatchingoftauleptons . . . .. ... ... ... ... .. ... ... 45
3.2.3 Example validation with ATHENA 19 . . . . . . .. .. .. .. ... ...... 46

The A! Zzh! ™ analysis 51

4.1 Monte Carloand datasamples . . . . . . . . ... ... . ... 52
4.1.1 SignalMCsamples . . . . . . . . e 52
4.1.2 Background MCsamples . . . . . . . . . . . . .. .. e 3 5
4.1.3 Datasamples . . . . . . . 53

4.2 ObjectSelection. . . . . . . . . . e e 53
421 EIeCtrons . . . . . .. e 54
422 MUONS . . . . . e e 55
4.2.3 JetS . .. 55
424 TAUS . . . e 55
4.2.5 Missing transSverse €Nergy . . . . . o oo e e e 55
4.2.6 Di-taureconstruction . . . . . . . . . 55



4.2.7 Scaleddmassreconstruction . . . ... ...
4.3 Eventpre-selection . . . . . . . . . .. e e e 56
4.4 EventSelection . . . . . . . . 57
4.5 Optimization Study . . . . . . . . . e
4.6 Data-driven background predictions . . . . .. .. .. .. e 62
4.7 Systematicuncertainties . . . . . ... 67
4.7.1 Experimental and theoretical MC systematics . . . .. ... ... ...... 67.
4.7.2 Data-drivensystematics . . . . . . . . ... 0
4.8 ResUlts. . . . . . e 71
5 Conclusions 79



1 Introduction

1.1 The Standard Model

The Standard Model (SM) is a quantum eld theory which explains the domehtal constituents of
matter and their respective interactions, described extensively in Re&f&]. The SM entails electro-
magnetic (EM), weak and strong interactions of subatomic particles. It edba@s a local symmetry
groupS U<33 S Ug UIZ, whereC, L andY correspond to the quantum numbers: colour, weak-isospin
and weak-hypercharge, corresponding to the strong, and electnetiamteractions, respectively. Al-
though itis not a complete theory of fundamental interactions, since it adé@saorporate the full theory
of gravitation, it provides the most complete understanding of fundameriiedtomic particles to date.

In the SM the fundamental particles are classi ed as either half-spin (feshior integer-spin (bosons)
particles. The rst category, the fermions, consists of 12 distinct elemeptaticles of spir%. Fermions
are the constituents of matter in the universe and are further divided intestiwof particles, quarks and
leptons. The quarks are characterized into sixedént avours: up (u), down (d), charm (c), strange
(s), top (t) and bottom (b). Each quark is attributed with a set of quantumbars: charge (eith%

or %), weak-isospin, weak-hypercharge and a quantum number assowigttethe strong interaction,
colour (red, green or blue or their anti-counterparts). The quansrence strong and electroweak in-
teractions since they have colour, charge and weak isospin. The ablarges allows for the existence
of compound groups of quarks, known as hadrons, which may haveathe quantum numbers and
which are otherwise impossible due to the Pauli exclusion principle. Th&sjuall always form sets
of colour neutral combinations. Quarks therefore cannot exist in isolatid are always found in these
colour-neutral hadrons. The quarks exist in hadrons of quarkgaatik pairs (mesons) or three quark
groups (baryons).

The remaining six fermions are called leptons. They consistlotharge and neutral particles and are
divided into three generations, corresponding to particles ieréint generations having similar proper-
ties, but di erent mass. The rst generation consists of the thecharge electrorgf and it's respective
neutral partner, the electron neutrin@)( The second generation is comprised of the mudmid muon
neutrino ( ), and the third generation of the tay @nd tau neutrino (). Leptons do not contain colour
and are therefore exempt from undergoing strong interactions. Tdayduantum numbers associated
with weak-hypercharge and weak-isospin. Although all leptons undeegk interactions, the neutrinos
are neutral and do not experience EM interactions. Neutrinos have tisgem@nd where assumed to
be massless until recently. Each lepton has a corresponding anti-parittiédentical mass and spin,
but inverted internal quantum numbers. These are the positron, anti-amgoainti-tau, and it is not yet
know if the neutrino is it's own anti particle.

Interactions between fermions occur through the exchange of bdswnwen as a mediation. The bosons
carry integer-spin and are the propagators of the fundamental fiortles SM. These are described by
three forces: EM, weak and strong forces. The strong force ionsfile for quark-quark, and subse-
guently inter-nuclear interactions. The most familiar boson is the masslessnphd which dictates
EM interactions and corresponds to the gauge gmpzp The interactions between fermions via the ex-
change of photons is understood by a quantum eld theory known astQmieElectrodynamics (QED).
Predictions of QED agree with experiment with an accuracy @D *? [2], making it an extremely ac-
curate theory. The weak force, which is responsible for beta decegriied by the massivg&’ andwW
particles, the latter being charged and therefore also interacting electetizadly. These three bosons
correspond to the gauge gronJ'z- (22 1 gauge generators). The EM and weak forces where uni ed by
Glashow, Salam, and Weinberg into an electroweak theory of particle itirsclaying a foundation



for uni ed theories [3]. The strong force is described by the quantehd theory of Quantum Chromo-
dynamics (QCD). There are eight massless coloured boséns IBwhich couple to thes U2C colour
charge. The strong force bosons are referred to as gluons, samredo their role in the binding of
hadrons. The eight gluons are denotedjasvherei = 1;:::;8. The gluons are massless, but unlike the
photon, their eects are only felt in the limited ranges inside a hadron.

The three gauge theories, QCD, QED and electroweak theory, whichrisemthe SM are required

to have gauge invariance. Preserving this symmetry requires the gasmyestio be massless. While the
gluons and photon t this criteria, th&® andW are massive gauge bosons. The Higgs mechanism is the
nal piece of the SM and introduces an additional scalar eld, known asHiggs eld, with respective
gquanta, known as the Higgs bosdt)( The Higgs boson is attributed to giving all fundamental particles
in the universe their respective mass

1.2 The Higgs mechanism

The gauge theories from which the SM arises describe in nite range$ore. massless mediators,
such as photons and gluons. However, the weak force mediatoZ’ #relW , are massive particles.
Moreover, in the unperturbed theory, fermions are massless. The m&thahich gives rise to the
introduction of masses in the SM was developed by R. Brout, F. Englertu@lik, C. R. Hagen, T.
Kibble and P. Higgs [4, 5, 6]. The mechanism is a spontaneous symme#kitigeohenomena which
introduces a new scalar eld known as the Higgs eld. One unique ptypafrthe Higgs eld, that
sets it apart from the other force elds in the SM, is that it has a non-zacoum expectation value.
This is visualized in the 'wine-bottle potential' shown in Figure 1, where théaed imaginary parts
of the complex eld are shown on the&- andy-axis. The complex eld (r;t) can be represented as a
combination of two real elds, 1(r;t) and (r;t):

(r;t) = q(r;0) +i o(r;t); Q)
where the potential energy density of the eld is given by:
V()= % o+ ik )

and and are real values. Since interactions in the Higgs eld are invariant, oneegaesent a eld
transformation as:

I EOEE (3)

where is an arbitrary phase parameter. The minima to the potential are consideted ftases where
2> 0or 2< 0. The former corresponds to the case where the potential has a unicueumirmat
(r;t) = 0. This is analogous to Figure 1 where a particle sits at the pinnacle of thetipbtéor this
case gauge invariance is conserved and a gauge boson is assumathslass. Such is the case for the
photon. For the latter case the potential minimum is described as:

2 .
()= 0=( 5)7e; (4)
which anogolous to a particle sitting in a circle located at the bottom of Figurerthis case Equation 3

is not gauge invariant. This phenomena is known as spontaneous symmegtking and gives masses
to the heavy gauge bosons, including the Higgs boson.

10Only 3% of a hadrons mass is attributed to the constituent quark massistivehother 97% of the mass in the visible
(not including dark matter) universe is due to the work done on the sytstewn gure the quarks in a manner in which they
do not interact [1].



Figure 1: The wine-bottle potential analogous to the Higgs eld allowing spmtas symmetry break-
ing [7].

1.3 The discovery of a Higgs Boson

In the current SM formulation the Higgs boson is an isospin doublet. Thaserenass of the Higgs
boson,my, is however not predicted by the model and must be determined experimeritalyCDF
and D@ experiments at the Fermilab Tevatron [8], as well as experimentsathe Electron-Positron
Collider (LEP), had previously searched for the Higgs boson [9]. Altfiathey found no direct evidence
of a Higgs boson, they where able to place 95% con dence limits to excludegiens ofm, where,

100 < mp < 103 GeV and 147< my, < 180 GeV. (5)

The region encompassing 125 GeV was not excluded since the combined tithiesTeevatron experi-
ments had revealed an excess in this region. One of the main objectiveslargeeHadron Collider
(LHC) at CERN, Geneva is to search for the Higgs particle using two laxgergnents, A Toroidal
LHC Apparatus (ATLAS) and Compact Muon Solenoid (CMS), at unpdented center of mass ener-
gies [10, 11]. The most sensitive channels at the LHC in the searchddditigs boson with a mass
in this range, in no particular order, are [12] gamma-gamkha (), four lepton {H ! zzO &
C=e ),H! WWDI ~  ditauH ! *),andbb (H ! bb).

In 2012 a new boson was discovered with a mass of around 125 Geeindently by both ATLAS
and CMS atthe LHC [12, 13]. Later combinations of theatient analyses at higher luminosity revealed
the boson to be a Higgs-like boson by both experiments [14, 15]. Figuressthe distribution of the
invariant mass of selected candidates compared to background expeocfdtie 4 and analysis with
ATLAS. This shows a signi cant deviation from the background expimteat approximately 125 GeV,
leading to the particle's discovery. Spin-parity measurements at both CHATAAS have revealed ev-
idence for the spin-0 and even charge parity nature of the SM Higgs1hp60p17]. Combined coupling
ts of the measured production and decay rates within the framework of ¥hé&e found no signi -
cant deviation from the SM expectations within systematic uncertainties. Tidade meassurements
of the Higgs boson Yukawa couplings to fermions, most recently meassutieelH ! decays [18].
These results strongly suggest that the newly-discovered particle sdradeiggs boson.
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Figure 2: The distribution of the (a) four-lepton, and (b) di-photon imrgrmass Bor the selected candi-
dates compared to the background expectation for the combised 8 TeV and™ s= 7 TeV data sets
from the ATLAS experiment [14].

1.4 Looking beyond the Standard Model at two-Higgs-doublet mdels

The SM described in Section 1.1 has thus far shown no known phenomg@ablimconsistencies and is
considered to be void of mathematical weakness. There are howetan@mbiguities that suggest that
the SM may be a low energy limit of some larger underlying gauge theory. fidi@gms with the SM
are not phenomenological, but arise rather from the complexity and ambajuiityderivation. For one,
the SM is a combination of three dérent, seemingly independent, interactions: electromagnetic, strong
and weak. This is illustrated by the fact that the gauge gféyp SU; SU, U is adirect product
of three factors with dierent gauge coupling constants. Furthermore, there is no underlgsgras to
why there is a parity violation in weak interactions, which is not present imgtirteractions. There are
also no underlying explanations for the repetition of fermionic families, a r@plithe age-old question
“Why does the muon exist?6r the un-quanti cation of electric charge in quarks [19]. In additior, th
most basic SM lacks any formal incorporation of the gravitational forcexalanation for the imbalance
of matter over anti-matter, or a candidate for dark matter.

Finding answers to these questions has steered theoretical physicsairtioirsg for candidates for an
underlying theory to the SM. Particularly promising candidates are the Gfaineld Theories (GUTS),
in which the electromagnetic, weak and strong interactions are each & tmlaseunderlying gauge
theory, with a single coupling constant [19]. In GUTs one usually nds sgmmetry generators which
relate the colour quantum numbers fr(Sthg, to avour quantum numbers fror8 U, U;. Quarks,
anti-quarks, leptons and anti-leptons are then related by the new symmétaiesunderlying group.
The new symmetry generators bring with them an associated array of estons carrying the colour
and avour quantum numbers. Unfortunately these vector bosonsoarexperimentally observable at
present proton-proton collisions as they have predicted masses in #reobr}* GeV. A verbose ac-
count of various GUTSs is given by Langacker [19].

In the formulation of the SM, the simplest scalar structure has been assansetyleS U, doublet.
When considering that the fermionic structure is complex, with multiple familiesamdyf mixing, and
that the scalar sector (or Higgs sector) has not been rigorouslygesbef yet, there is no evidence to



assume that the Higgs sector should be as such. There is an interestm@fpéxidence revealing a
constraint on the Higgs sector stemming from the parameide ed as,

my
MmzCoS w '

(6)

wheremy andmy are the masses for tileandW bosons, andy is the mixing angle of th&/ bosons.
Experimentally it has been observed that 1 [20]. The most elementary extensions of the Higgs sector
still satisfying this constraint (up to tree level) are by the additioS b doublets or singlets [21]. One

of the simplest extensions of the Higgs eld is therefore the addition of a seggéar doublet, which
gives rise to a collection of models collectively known as two-Higgs-Douldiediels (2HDMs). Motiva-
tions to 2HDMs include supersymmetric [22, 23, 24, 25, 26], axion [21,lzaryogenesis [28] models,
the later of which generates the required baryon asymmetry of the knawerse

In general, 2HDMs are very rich theories, with the most general scatanpals including 14 parame-
ters, and potentially having Charge Parity (CP)-conserving, CP-violatidgcharge-violating minima.
For the subsequent study a handful of simplifying assumptions havenheds Firstly, CP is conserved
in the Higgs sector, allowing one to distinguish between scalar and pselaiobosons. Secondly,
we have assumed that CP is not spontaneously broken, and furthethadrall quadratic terms in the
doublets are eliminated by discrete symmetries in the potential. In general $msamions may be
relaxed, a consideration made in the latter chapters of Ref. [21]. ThesH¥ycomprises of a simple
non-trivial group calle& , with elements ; and ». The most general gauge invariant scalar potential
that includes two Higgs doubletsy and », as well as our aforementioned assumptions, is given by:

V(1 2)=mi J 1+m5, } o (M, ) 2+h-C)+% (] 1)2"‘% 2% 2%+ (Y DY 2
b Y (Y D+ (] P rhay ™

After electroweak symmetry breaking, and assuming non-zero vacupecttion values for both dou-
blets, we are left with eight elds. Three of these are absorbed bygmednass to, th&v andZ bosons.
The remaining ve give rise to physical Higgs bosons: two CP-evenim$candH, with notation such
thatm, < my, one pseudoscalad, and two charged scalar particlels. The initial phasespace of 14
parameters has now been reduced to just eight degrees of freedese die attributed to: the masses
of the bosonsm,, my, ma, my,; the ratio of the vacuum expectation values,

tan -2 (8)
1

where 1 and », are the non-zero vacuum expectation values pand ; respectively; the mixing an-
gle between the CP-even bosonsand themf2 potential parameter. The phases of both doublets may
always be chosen in such a way as to forgend » to be positive, hence one can restrict the angle

to be 0< < 5. Inthe subsequent study we have chosen as a convention that the asgiech that

sin( ) 0. Both and are phenomenologically signi cant as they determine the interactions of
various Higgs elds with the vector bosons and fermions.



Type-I| Type-II

E sin( ) + cos( )=tan  sin( ) + cos( )=tan
h sin( ) + cos( )=tan sin( ) tan cos( )
p o sin( ) + cos( )=tan  sin( ) tan cos( )
h cos( ) sin( )=tan  cos( ) sin( )=tan
l‘i cos( ) sin( )=tan cos( ) +tan sin( )
y  cos( ) sin( )=tan  cos( ) +tan sin( )
A 1=tan 1=tan

q 1=tan tan

A 1=tan tan

Table 1: Yukawa coupling coecients of the neutral bosons of the Type-l and Type-Il 2HDM for ypety
quarks (1), down-type quarksd) and charged leptons); These coe cients are de ned such that the
Yukawa Lagrangian terms arémy= )ff andi(m=)f sfAwheref =u;d;” and = h;H [29].

An earnest reader will have noticed that there has been no direct mentitre exact form of the dis-
crete symmetry breaking used, which was utilized earlier to eliminate the trde¥lgkawva coupling
terms leading to Equation 7. This is precisely because the form of the symnmegkiry a xes an
additional freedom to 2HDMs. One can, for example, chooZe aymmetry of ;! 1. This is
considered to be a Type-l 2HDM. Furthermore, a Type-ll 2HDM hZs,aymmetry of ;! 1 and
dr! dgr, Wwheredg refers to right-handed down-type fermions. In layman's terms this trasdiaa|
fermions, barring neutrinos, coupling only te in Type-I 2HDMs; in Type-ll 2HDMs you have up-type
right-handed fermions coupled to, and down-type right-handed fermions coupled to The Lepton-
speci ¢ (Type-lll) model is a third type of 2HDM similar to Type-| excepttithe leptons couple to;
instead of ,. The Flipped (Type-1V) model is similar to Type-Il apart from the facttttiee leptons
couple to », instead of ;. For every 2HDM considered in this study the coupling of thiegoson to
vector bosons is the same as the SM coupling times sin(); coupling of theH boson to vector bosons
is the same as the SM coupling times cos( ); for the A boson these couplings vanish. The couplings
of Type-I and Type-Il 2HDMs are shown in Table 1.

In order to conclude on a phenomenological point we consider the faictitbse 2HDMs will approach
the SM at a SM-like limit, where cos( ) ! 0, opening a gateway to experimental inquisition of
the SM. However, the assumptions imposed on the 2HDMs here need to &idered alongside any
succeeding experimental methodology and subsequent observatitimerfmore, additional restrictions
on the models will be visited and motivated in the subsequent Section 1.5. iflcks#e assumptions
made on the masses of the ve Higgs bosons stemming from 2HDMs, as weltlasiae of themi2
parameter. In retrospect, the subsequent study will be fairly localize@ ietst phasespace provided by
2HDMs, but serves as a useful tool in the search for Beyond Stdidiadel (BSM) physics.

1.5 Motivation for a search of the pseudoscalar Higgs boson

Due to it's high search sensitivity, particularly from the increased briagdmactions of the MSSM Higgs
bosons to leptons at large tan the agship search for a pseudoscakboson is through the di-tau
decay channelj! . This search is also important in searches for Supersymmetry (SUSY)doithe
text of Minimal Supersymmetric Standard Models (MSSMs) which contain tigg$iDoublets [21]. In

a search for the neutral Higgs boson of the MSSM inAhlle  channel, 95% CL (Con dence Level)
upper limits are placed on the phasespace of various MSSM scenarjo®[8)such scenario is the the
MSSM m" scenerio, where the mass, is maximised for every chosen value of the MSSM parameter
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space. Figure 3 shows the results interpreted in the M8/t scenerio, where thig=H=A ! decays
have been excluded in regions of the (tama) plane at 95% CL. Areas above the observed limits are
excluded. The contours of constan; andmy for the mﬂ‘ax scenerio are also shown. If one assumes
thatm, = 125 GeV, with a 3 GeV uncertainty, only the area within the= 122 GeV andm, = 128
GeV contours are allowed. This translates to the MSEM* scenerio being excluded for all tarval-

ues wheranp < 165 GeV, and for alma values where tan< 4 or tan > 10. Upper limits are also
placed on the cross section times branching ratio of a model independéartisason, , decaying to
produced by both gluon-fusion afieassociated production, as a functiomof. Ranging from the low

m = 90 GeVtom = 1 TeV range, the limitson BR( ! ) are 29 pbto 7.4 fb and 6.4 pb to
7.2 fb for gluon-fusion andb-associated production, respectively. Although these limits show the high
sensitivity of theA ! search, Figure 3 shows that the search lacks sensitivity at low fHmerefore
asearchinthé! Zhchannel, which is sensative at low tarcompliments the\ ! search.

Another important motivation for the search of tAeboson predicted by 2HDMs lies within a sensi-
tivity study of various ESM physics scenarios at high luminosity, speci capgaking, at 300 fdtand
3000 fb lof ppdata at” s= 14 TeV using the ATLAS detector [29]. The constituent sensitivity studies
include the heavy Higgs boson, with di-mudd ¢ * ) and four leptonid ! zZ’ 1 ~+ “*+)

nal states, and a sensitivity study of the gluon-fusion produéedbson, which decays tah, where

Z! " andh! b*b . For the latter scenerio reported sensitivities of cross sections timeshbrgnc
ratios are from 5 to 0.07 fb for alvmass in the range of 220-900 GeV, at an integrated luminosiy of 3000
fb 1[29]. The results for 300 fktare about 3 to 4 times larger with respect to the upper limit. Figure 4
shows the quoted con dence level upper limits for thé  Zh study [29].

11
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m, andmy are shown in red and blue, respectivaly. The regions above the lieexeluded [30].
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Figure 4: Expected 95% con dence level upper limits for an integrated lusitynof 300 fb (dashed
line) and 3000 fb (solid line) on the gluon-fusion production cross secti@aCP-odd Higgs bosoA
times its decay branching ratio ®! Zh! * bb are presented as a function of tAdboson mass,
ma [29].
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This section relies heavily on the description of the sensitivity study mentidmeceawhich provides
the foundation for the subsequeiat! Zh'! °° analysis. The rst assumption made is that the
newly discovered Higgs boson, described in Section 1.3, is actually therlgyieeof the CP-even Higgs
bosons predicted by 2HDMs. Subsequemily = 125 GeV, and the degrees of freedom are reduced
by one parameter. Another assumption made in Ref. [29] which has bepteddy our study is that
ma = My = my . This is motivated by Figure 5(a), which shows the restrictions on the Higgsrb
masses in 2HDMs in tharg, ma) plane when xed choices of = 5 andmy = 120 GeV have been
made, anany is allowed to vary [31]. The Higgs mass here was chosen as 120 GeVtem&M t to
electroweak precision data found the Higgs boson mass to H(—ézl(ze\/. It is shown in Figure 5(a) that
similar values ofmy, ma andmy are preferred when xingn, and . Figure 5(b) shows the same
restrictions on then(iy, ma) plane, but whem, andmy have been allowed to vary. The restrictions on
my andmpa become more stringent ag, increases, limiting the freedom they have to adopt any value.
However, this plays no eect for our choice ofn, = 125 GeV which is close enough to 120 GeV for the
mass splitting to be disfavoured. Finally, the potential parameter which so&bkbZ , symmetry is
chosen as;n%2 = mZAtan =(1+tar? )[29]. Following these assumptions, the remaining free parameters
aremp, tan , and cos( ) which we know is close to 1 at the SM-limit [29].

Two-Higgs Doublet Model
T T T T

Two-Higgs Doublet Model
T

68%, 95% 9% CL fit contours (g

=
S E
? 8 - 68%, 95%, 99% CL fit contours (allowed Jil\\
900 —f-0 =2 S 900 2 |
<
| =

M, =500 GeV, M =550 GeV
M, =250 GeV, M =570 GeV
M. =120 GeV, M =590 GeV

200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
M, [GeV] M, [GeV]

() (b)

Figure 5: Constraints in the 2HDM. 68%, 95% and 99% CL allowed t cordanrthe (m,, ma) plane
for = 5, (a) as derived from the t oMy = 120 GeV andMy = 250, 500 and 750 GeV, and (b) for
Mp = 120, 250, 500 GeV anlfly = 550, 570 and 590 GeV [31].

Production of a heavy CP-odd partidde predicted by 2HDMs, is primarily through gluon-fusion, or to
a lesser degree, throudgrassociated production at high values of tafreynman diagrams of both the
gluon-fusion andb-associated production of teboson are shown in Figure 6. The production of heavy
quarks in high-energy processes, such-associated production, is generally described in QCD by the
so called four- avour or ve- avour schemes [32]. In the formerteme NLO calculations are only
available for processes whebbegquarks appear in the nal state. These nal states are considereel to b
massive, making computations more complicated. The latter scheme lends its&dtitataans wherdo-
qguarks are included in the initial state. These calculations are simpler thasuth@¥our counterparts
since large initial state logarithms can be added intokthgarton distribution function (PDF). For a
Type-l 2HDM, and the parameter space considered for this study, titeilzdion from b-associated
production is less than 3% that of gluon-fusion [29]. However, for pef} 2HDM the A bosonb-
associated production increases in terms of tavhere for tan = 2 the ratio ofb-associated production

is less than 4% that of gluon-fusion, whereas it i85% at tan = 3 [29]. For both Type-Il and Flipped
models, theb-associated production dominates over gluon-fusion for t&n10. In this study we are
mainly concerned with the production fbosons through gluon-fusion, due to the clear dominance it
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Figure 6: Feynman diagrams for (a) gluon-fusion araissociated production in the (b) four- avour and
(c) ve- avour schemes of the neutral boson.

has overA boson production when compared to other processes. The gluom-frsiss-sections oA

for a Type-1 2HDM at 14 Te\ppcollisions, calculated with SusHi 1.1.0 [33], are shown in Figure 7(a) as
a function ofma. Generally speaking th& decaying to & boson and a light SM-like Higgs(A! Zh)

is the dominant decay mode Afin any 2HDM when the mass of thkis less than two times the mass
of the top-quarkify, + mz < ma < 2my). At masses ofmp > 2m, the branching ratio BR{! Zh) drops
drastically, as seen in Figure 7(b), due to the expdskitiematic region.

By setting upper limits on the cross section times decay branching ratio of ecspet state of the
A ! Zhchannel, as done in Figure 4, we are able to search for the existence Afldbson and
subsequent traces of BSM physics. As a bi-product of these studkeis able to exclude the existence
of 2HDMs from certain areas of thea, tan , and cos( ) phasespace if no sicient excess above
the upper limits is observed. An example of this can be seen in a CMS experimelnich signi cant
portions of parameter space from 2HDMs is excluded when searchingid th hhandA ! Zh
channels using a 19.5 fbdata sample at 8 Te¥p collisions [34]. The range ahx probed is from 260
GeV to 360 GeV. Figure 8 show the areas of which Type-l and TypéHDIds are excluded in the (tan
cos( )) plane for a xed choice ofmy = 300 GeV. The areas encapsulated by the black solid lines
have been excluded. The newest search from CMS looks for the-filis@n ando-associated produced
Bseudoscalar boson in te!  Zh! ™ bb channel, based on 19.7 ftof proton-proton collisions at
s= 8TeV [35]. Model independent 95% CL upper limits where placed onthBR(A! Zh! ™ bb)
inanAmass range ofifd,p, ma 600 GeV ata xedAwidth A, as well as for varying widths at xed
ma. Figure 9 shows limitson BR(A! Zh! ™" bb) as a function of o andma. Interpretations of
the the limits are cast as exclusion regions in the (faos( )) plane for Type-1 and Type-ll 2HDMs
assumingna = 300 GeV in Figure 10.
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Figure 10: Observed and expected 95% CL limitsfoof mass 300 GeV in the (tan cos( )) plane
for (a) Type-l and (b) Type-ll 2HDMs [35].

In addition to the limits placed by the direct search in Ref. [34], indirect eskafulimits have been placed

on 2HDMs in the (tan, cos(  )) plane by interpreting the observed couplings of the discovered Higgs
boson to other particles [36]. In this study the ratio of the expected 2HDMIzws to the SM case are
cast as functions ofand . The couplings of a SM Higgs boson to other SM particles woul@édfrom

the coupling of the lighh boson predicted by 2HDMs depending on the values ahd considered.

The ratio of the predicted coupling scale factors of the 2HBIoson to vector bosons, up-type and
down-type quarks, and leptons to the predicted SM Higgs couplings isnsfasthe four 2HDM types

in Table 2. The study assumeg = 125 GeV, and that the Higgs boson has the same production modes
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predicted by the SM. The (tancos(  )) phasespace is scanned, and where the meassured Higgs cou-
plings disagree with the 2HDM predictions, at 95% CL or greater, aretsedtan , cos( )) plane

are excluded. Figure 11 shows the the results from likelihood ts to the medsates of Higgs boson
production and decay. Regions of the (taos( )) plane for the four 2HDM types are excluded at

a 95% con dence level foma = 300 GeV.

Coupling scale factof Type-| Type-Il Type-lll Type-IV
Vv sin( ) sin( ) sin( ) sin( )
u cos()=sin( ) cos()=sin( ) cos()=sin( ) cos()=sin( )
d cos()=sin( ) sin( )=cos() cos()=sin( ) sin( )=cos()

cos()=sin( ) sin( )=cos() sin( )=cos() sin( )=cos()

Table 2: The predicted coupling scale factor of the light 2HBKoson to vector bosonsy), up-type
quarks (y), down-type quark (), and leptons () expressed as ratios to the corresponding predicted
SM Higgs couplings for the dierent 2HDM types [36].

For the subsequent analysis it is assumed that the mass Aflihson is within the range of 220 GeV
( my+ mz) and 1000 GeV. Since the study is assuming that the 2HDMs approach thien@8Malues
of cos( ) close to 0 are chosen. Decay branching ratios are calculated with thielypabailable
package, 2HDMC [37], while the cross sections are calculated usirgj 88, for varying tan values.
The cross sections and branching ratios at various scenarios fefI Byl Type-Il 2HDMs are summa-
rized in Tables 3—-4. The branching ratios of the light CP-even bbsari25 GeV to are also quoted.
The nal state considered is th&boson decaying to a di-lepton pa# { “** , where” , ) and the
h boson decays to a di-tau palr{ * ). Due to the initial objective of combining the results into a
single  analysis, many of the results featured in this thesis are of the combinechiadnal leptonic
nal states. This thesis will focus on providing a complete description of titlg hadronic, had had,
nal state analysis, but will also make brief mention of the methodology analteefom the leptonic
CaSes, |ep had and lep lep-
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ma [GeV] | sin( ) cos( ) (gg! A)[pb] BR(A! Zh) BR(h! )
Type-l and tan=1
260 0.999 0.045 6.0135 0.11660 0.06079
300 0.999 0.045 4.7897 0.17915 0.06079
340 0.999 0.045 4.4484 0.04540 0.06079
360 0.999 0.045 4.8650 0.00158 0.06079
500 0.999 0.045 1.7543 0.00260 0.06079
800 0.999 0.045 0.1281 0.00755 0.06079
1000 0.999 0.045 0.0291 0.01235 0.06079
Type-l and tan=10
260 0.999 0.045 3.0258 0.92957 0.05978
300 0.999 0.045 2.4124 0.95619 0.05978
340 0.999 0.045 2.2424 0.82626 0.05978
360 0.999 0.045 2.4535 0.13629 0.05978
500 0.999 0.045 0.8855 0.20695 0.05978
800 0.999 0.045 0.0647 0.43190 0.05978
1000 0.999 0.045 0.0147 0.55573 0.05978
Type-l and tan=1
260 0.600 0.800 2.6938 0.97688 0.07293
300 0.600 0.800 2.1493 0.98589 0.07293
340 0.600 0.800 1.9991 0.93837 0.07293
360 0.600 0.800 2.1880 0.33563 0.07293
500 0.600 0.800 0.7903 0.45518 0.07293
800 0.600 0.800 0.0578 0.70879 0.07293
1000 0.600 0.800 0.0131 0.80019 0.07293
Type-l and tan=10
260 0.600 0.800 1.3624 0.99976 0.06282
300 0.600 0.800 1.0866 0.99986 0.06283
340 0.600 0.800 1.0103 0.99934 0.06283
360 0.600 0.800 1.1056 0.98059 0.06283
500 0.600 0.800 0.3992 0.98817 0.06283
800 0.600 0.800 0.0292 0.99591 0.06283
1000 0.600 0.800 0.0066 0.99751 0.06283

Table 3: Cross-section times branching ratio for gluon-fusion prodécikedson production, decaying
viaZhtoll  nal state for 2HDM Type-I. For more details see the text.
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ma [GeV] | sin( ) cos( ) (gg! A)[pb] BR(A! ZzZh) BR(! )
Type-ll and tan =1
260 0.999 0.045 6.0135 0.11915 0.05714
300 0.999 0.045 4.7897 0.18208 0.05714
340 0.999 0.045 4.4484 0.04556 0.05713
360 0.999 0.045 4.8650 0.00158 0.05713
500 0.999 0.045 1.7543 0.00260 0.05713
800 0.999 0.045 0.1281 0.00754 0.05713
1000 0.999 0.045 0.0291 0.01235 0.05713
Type-Il and tan =10
260 0.999 0.045 3.0258 0.00363 0.03358
300 0.999 0.045 24124 0.00962 0.03358
340 0.999 0.045 2.2424 0.01728 0.03358
360 0.999 0.045 2.4535 0.01912 0.03358
500 0.999 0.045 0.8855 0.04951 0.03358
800 0.999 0.045 0.0647 0.14487 0.03358
1000 0.999 0.045 0.0147 0.22088 0.03358
Type-ll and tan =1
260 0.600 0.800 2.6938 0.97743 0.00702
300 0.600 0.800 2.1493 0.98616 0.00702
340 0.600 0.800 1.9991 0.93859 0.00702
360 0.600 0.800 2.1880 0.33565 0.00702
500 0.600 0.800 0.7903 0.45518 0.00702
800 0.600 0.800 0.0578 0.70879 0.00702
1000 0.600 0.800 0.0131 0.80019 0.00702
Type-ll and tan =10
260 0.600 0.800 1.3624 0.53851 0.08955
300 0.600 0.800 1.0866 0.75673 0.08955
340 0.600 0.800 1.0103 0.84919 0.08955
360 0.600 0.800 1.1056 0.86189 0.08955
500 0.600 0.800 0.3992 0.94343 0.08955
800 0.600 0.800 0.0292 0.98190 0.08955
1000 0.600 0.800 0.0066 0.98910 0.08955

Table 4: Cross-section times branching ratio for gluon-fusion prodéckedson production, decaying
viaZhtoll  nal state for 2HDM Type-II. For more details see the text.

2 The ATLAS Experiment

2.1 CERN and the Large Hadron Collider

The LHC [38] is currently the largest man-made particle accelerator,bt&jgd proton-proton gp),

and heavy ion (lead-proton (Rf)-and lead-lead (Pb-Pb)) collisions. It has a circumference of 27 km,
a design center-of-mass energy of 14 TeV, and peak instantaneoussityiof 14 cm 2s * for pp
collisions. Beam crossings are 25 ns apart at design luminosity and tieeve average 25 interactions
per crossing. The rst round of data taking (Run-I) pp collisions begun in early 2010, and contin-
ued up until the rst long shutdown period in February 2013, with a feartdr shutdowns to allow for
lead-ion collisions, and to facilitate the festive seasons. During this time thew#tCable to reach a
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center-of-mass energy of 8 TeV per beam, making it the worlds highesipeparticle accelerator. The
LHC has been in its rst long shutdown to facilitate upgrades in the accelecatoplex and detectors
in order to allow for the larger center-of-mass energy expected in tlemdean of operations beginning
early 2015 (Run-I1).

Seven detectors have been constructed at the LHC to look atatit physical processes. There are
two general purpose detectors, ATLAS and the CMS, whose roles aeatoh for the Higgs boson and
shed light on topics like dark matter, supersymmetry, top-quark physiasityophysicsetc. A Large
lon Collider Experiment (ALICE) detector [39] studies a form of matter catjaark-gluon-plasma that
existed shortly after the Big Bang, while the LHCb detector [40] is used teiigate the reasons behind
the "lack” of antimatter in the universe. The last three, TOTEM [41], M&ED42] and LHCT [43]
are smaller, sharing the interaction points of the other larger experimemtdpak at more specic
processes.

2.2 The ATLAS detector

The ATLAS experiment is one of the two general-purpose detectors atifie It was designed to ac-
commodate a wide spectrum of drent physics signatures and explore processes stemming from the
TeV mass scale, where groundbreaking discoveries are expectedodus of ATLAS is to search for

and measure SM and BSM physics processes, amongst which arteesgfarcsupersymmetry and exotic
processes, including black hole production [44]; and until recentlydackefor the elusive Higgs boson,
which was discovered in 2012 by ATLAS [12] and CMS [13].

ATLAS is intended to detect primary interactions and then reconstruct tbemnialysis. In order to
identify the diverse range of particles which are produced at the itit@ngmoint, ATLAS is comprised
of di erent detector sections and provides a large acceptance coveriggspatal range. The original
design of the detector enhanced certain criteria which where cruciidaexperiment's success. The
rst stage in detection is the tracking of charged particles, which has to betige at high luminosity
to attain high momentum lepton measurements, as well as full event reconstratckbov pr. Trigger-
ing and measurements of particles needs to kectve at lowpr ranges. ATLAS requires good EM
calorimetry in order to identify and measure electrons and photoestigely. Hadronic calorimetry is
required for accurate jet and event energy measurements. Unlike havged particles, muons aren't
stopped by the calorimeters, and their identi cation is done using the outer shambers providing
a system for high precision muon momentum measurements. Momentum meagsararaatone with
the help of a con guration of magnets based on an inner supercondwsdti@goid surrounding the inner
detector cavity, and eight large superconducting toroidal magnets otlisidalorimeters. Neutrinos are
not detected by either the calorimeters nor the muon chambers and escafé &% detector. They
carry an energy that is therefore not detectable by ATLAS. The nestare therefore accounted for by
the total Missing Transverse Energy (MET) of the event, denEﬁp‘EF. A cross-sectional view of the
ATLAS detector is shown in Figure 12.

The ATLAS detector is a multi-purpose particle detector with approximatelydaivibackward sym-
metric cylindrical geometry. This section presents a brief overview of theAST experiment as de-
scribed by reference [46]. ATLAS uses a right handed coordinates with the origin at the interaction
point. Thez-axis is along the beam pipg;axis points towards the center of the LHC ring andykexis
points up. Polar coordinates () are used in the transverse plandyeing the azimuthal angle around
the beam pipe. The pseudorapiditis de ned as

= In(tan(=2)); 9)
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Figure 12: Cut-away view of the ATLAS detector. The dimensions of thecttatare 25 m in height and
44 m in length. The overall weight of the detector is approximately 7000 tddsgs

where is the angle between the particle momentum 3-vector and the beam axis. EneDtector

(ID) coversj j < 2:5 and consists of silicon pixels, silicon micro-strips and a transition radiatiokera

The ID is surrounded by a superconducting solenoid providing a 2 T etageld. Surrounding the

ID are two calorimeters, the inner EM and the outer hadron calorimetersEMhealorimeter measures

the energy and the position of EM showers within< 3:2 as well as hadronic showers in the end-cap
(15 <jj< 32)andforward (38 < j j < 4:9) regions. The hadronic calorimeter measures hadronic
showers in the central regiop < 1:7). The muon spectrometer surrounds the calorimeters and consists
of three subsystems: eight superconducting air-core toroid magngtteansof tracking chambers and a
fast tracking chamber for triggering. A three-level trigger system se&e@nts to be recorded for ane
analysis.

The ATLAS detector has approximately 100 million electronic channels in totakrdations in the
ATLAS detector produce an enormous volume of data. ATLAS makes uadrigfger system which is
designed to record interesting events at approximately 200 Hz (up todad®hHz in later revisions)
of the LHCs 40 MHz bunch crossing rate. The Worldwide LHC Computing GNdCG), which is an
international collaborative project that consists of a grid-based competeork, is used to handle and
analyze the large volume of data.

2.2.1 Magnet System

The Lorentz force law is a well founded law of electrodynamics descrithiegnagnetic forc&magon a
chargeg, moving with velocityv in a magnetic eldB [47]:

Fmag=d(v B). (20)
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As a simple example we consider a particle of masshargeg and momentunp, moving in a circular
orbit of radiusR at a constant speed, in a constant magnetic eld orthogonal to the orbie Sie motion
of the particle and magnetic eld are perpendicular, the right hand sidguétion 12 reduces wB. If

we replaceFmag With the equation for centripetal acceleration, the left hand side of Equb2oaduces

m?
to ™,

qvB = %;orpz gBR (11)

Equation 11 is known as the cyclotron formula [47] and allows one to calcalatearged particle's
momentum from the curvature of its motion, by submerging it in a constant maggldti€or relativistic
particles in cyclotron motion, the centripital force is ﬁ%@ as in classical mechanics. The velooitis

replaced by the ordinary velocity= g—'t meassured by a ground observer, leaving the force as [47]:

_dp_ d _u
= a = a = pﬁ (12)
Hence for relativistic particles the cyclotron formula is equivalent to Eqodtig except thap is now the
relativistic momentum. Particle physicists have been exploiting this techniquessaarly as the days
of the cloud chamber experiments conducted in the 1920s in order to calawdateged particles mo-
mentum [1]. In ATLAS a system of magnets provides, to a good approximeagemtions with constant
magnetic elds to the experiment, in order to curve charged particles, avideraccurate momentum
measurements. The ID is surrounded by a central solenoid, providin@théth a central magnetic
eld of 2 T which will cause the trajectories of even highly energetic partitbesend. There are eight
large air-core toroidal magnets, composed of a collection of 25 m long am@/le coils, situated out-
side the calorimeters and generating the magnetic eld for the muon spectrofietty two end-cap
toroidal magnets are inserted at each end of the ATLAS detector, anddimihuthe central solenoid.
The toroidal magnetic eld is not uniform and varies from around 2 T to 8] [

F

2.2.2 Inner Detector

The ID is used for precision mass measurements and tracking of chaagézles. It is housed in a
magnetic eld of strength 2 T produced by the superconducting soleneidwsuding it which curves
the trajectory of even highly energetic particles so as to measure their momértanD is made up of
three di erent layers of detection: the innermost pixel detector, which is the mogtate and sensitive
component of the ID; the Semiconductor Tracker (SCT), which sudsthre pixel detector and provides
coverage of a larger area; and the outermost Transition RadiationeFr@dRT), comprised of straw de-
tectors, all of which are depicted in Figure 13. These trackers prduigbeprecision measurements of
tracks in order to deal with the high track density at the ID. The detectoedrte tracks of charged
particles and is designed in such a way as to minimize material impedance of #e trac

The pixel detector: The pixel detector [50, 51] is comprised of an arrangement of module. uiilts
modules are identical rectangular devices, which are approximately 6 @rchywith 46,080 pixels.
There are 1456 modules arranged in three concentric cylinders with ithalarg the beam, while an-
other 288 modules are arranged normal to the beam pipe, in disks lying autsidrts of the pixel
detector, providing a coverage jof < 2:5. The barrel modules are arranged in such a way as to slightly
overlap each other, hence ensuring the barrel has no gaps. Duethogbe&oncentric barrels, and three
disks on either side of the barrel, each track generally crosses theddayiers. The obvious exceptions
are low-energy particles which spiral inside the ID due to the strong magaktjand are generally of

no interest to the experiment and hence discarded from measuremerdefri@resolve incoming data
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Barrel SCT

Forward SCT

Pixel Detectors

Figure 13: Cut-away view of the ATLAS inner detector. Shown are thestiimient sub detectors: the
pixel detector, barrel and end-cap SCT, and the TRT [49].

at high luminosity and collision rate (40 MHz), every pixel has a dedicated electronics channel, which
in total make 67 million channels for the barrel, and 13 million for the disc [48].

The semi-conductor tracker: The SCT is similar to the pixel detector, but instead of pixels, the SCT
uses long silicon substrate strips to take readings, which allows the cevefragnuch wider area than
what is available with the pixels [48]. Silicon microstrip detectors where dpeelon the 1980s and
are based on a silicon wafer around 108 thick, with a surface area of a few square centimeters. A
charged particle crossing through a strip produces electron-holewdaik are collected by the readout
strips [1]. In the SCT the strips are single sided with a dimension38 6 6:40 cn?. Two such strips
are wire-bonded together to make a 128 mm long strip. Two long strips arbexdtaack to back with a
slight angle o set. A single SCT module is therefore a double sided sensor with a suréecef®.36 cm

by 128 mm. Each silicon module has 768 readout strips producing a tota.@fmillion channels in the
SCT. Similar to the pixel detector, there is a barrel section along the beanapigppevo end-cap sections
perpendicular to the beam. The barrel section consists of eight lapensdbéuble-sided cylinders) of
silicon microstrip detectors, slightly tilted to provide a measurement of toerdinate. The barrel mod-
ules are mounted on carbon- bre cylinders at radii of 30.0, 37.3, 4hd,52.0 cm, generally providing
eight readings per track. The end-cap region is made up of discs ofatriel modules. In contrast to the
pixel detector, the SCT covers a wider area, but at a lower resolutiertodewer channels which cover

a larger volume, and tracks can only be distinguished if they are separatgdund 200 m. Readings

in the SCT contribute to the measurements of momentum, impact parameter anguesitiex.

The transition radiation tracker: The TRT [48] comprises the outermost component of the ID and
is made up of straw detectors, each lled with a non- ammable gas mixture of X8fen, 27% carbon
dioxide and 10% Oxygen, with a total volume of ¥ mEach straw works as an ionization detector,
comprised of two electrodes within a gaseous substance, and providesarament of the relativistic
factor of a charged particle, and hence a particle's velocity [1]. The stravetieteare able to operate
at the high rates at the LHC due to their small 4 mm diameter and the isolation of -plgtéd W-Re
sense wire housed within the individual gas volumes. By virtue of the Xeittwin them, the straw de-
tectors have an added electron identi cation capability by detecting trans#idiatron photons created
in a radiator between the straws. There are 50 000 straws making up therbgion of the TRT. Each
of these straws is divided in two at it's center and are read out at eitlgerleraddition, there are 320
000 radial straws in the end-cap region, resulting in a total of 420 OGbweahannels. In the barrel
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region individual modules are made up of between 329 and 793 individizaVs, depending on where
the module is situated in the TRT.

2.2.3 Calorimeters

In particle physics energy measurements of particles are performedvimgsi&nown as calorimeters.
Measurements are performed by stopping incoming particles in a materialtsaelsase the energy
carried by the particles. There are two types of calorimeters, both of v@inécpresent in ATLAS: the in-
ner EM and the outer hadronic calorimeters. The EM calorimeter coverséuelprapidity of j < 3:2.
The hadronic calorimeter has a barrel section covering 1:7, and two end-cap calorimeters covering
1:5<j j< 3:2. Forward calorimeters coverl3< j j < 4:9 [48].

Electromagnetic calorimetry: Electrons, positrons and photons produce EM showers in a material [1]
via bremsstrahlung
e +N! e +N+ (13)

and electron-positron pair production
+N! e +e +N: (14)

The EM calorimeter forces these charged particles transversing it todheeth electrons in the material
and produce secondary particles. This produces a cheaict &/here the secondary particles subsequently
decay. The average distance between decays is given by the radiatitmilea materialXp [1]. For the

rst part of an EM shower, the number of electrons, protons and pisoittcreases. This increase occurs
until the average energy of individual particles decreases to the pairihty can no longer decay. When
this occurs, the number of particles begins to decrease. Thusesmtivee calorimeter needs to be several
Xo lengths thick. A schematic representation of an EM shower stemming fromegigetic photon is
shown in Figure 14. An incoming will decay almost immediately through Equation 14, while awill
survive an approximate length & before undergoing the process of Equation 13, providing a way of
distinguishinge and particles. The EM calorimeter in ATLAS is a lead liquid Argon (LAr) “sam-
pling' type of detector. This means that it is comprised of absorbing layéesd, which initiate particle
showers, alternated by layers of a sampling material. In said case, the samplierial is LAr and is
ionized by the decay particles [1, 48]. The particle showers are deticted sampling material by
using a strong electric eld. The position and energy of a particle shoaetltus be determined. Since
energy is absorbed by the lead layers, a certain amount of energydstected by the EM calorimeter.
More energetic particles spend less time in the lead,layers than less eneagtitiep As a result, the
energy resolution of the detecto(E) is proportional to E. The EM calorimeter uses accordion shaped
Kapton electrodes to detect ionization of the LAr. The calorimeter is dividedabarrel part covering

j j < 1:48, and two end-caps coverin@8< j | < 3:2, the total thickness of which covers24 X, in the
barrel, and> 26 X, in the end-caps [48].

Hadronic calorimetry: Hadronic calorimetry is essential for the measurement of hardons, ooriad
groups of particles. In high-energy collisions quarks appear ashadets, which are groups of hadrons
travelling in a narrow cone. Furthermore, reconstruction of tau leptonIitAS can only e ectively
be done by the identi cation of their hadronic decays. This will be desdrilbedetail in the later
Section 2.4. This makes hadronic calorimetry a vital component for studyagyh avour physics.
Hadronic calorimetry in the ATLAS detector is divided into two regions, onéubkas tile calorimeters
in the barrel region, and LAr calorimeters at large pseudorapiditiesyiisch higher radiation resis-
tance is needed [48]. The ATLAS hadronic calorimeters cover a largeerafj j < 4:9, where the tile
calorimeter coverg j < 1.7, while the LAr calorimeter covers3 < j j < 4:9. The tile calorimeter is

25



also a “sampling' detector, comprised of steel as the absorption materigi]aamtid scintillator tiles as
the active material. The scintillators are made up of transparent plastic dtgiex] with particles that
emit light when an ionizing particle passes through them. The light is directepiotacathode where it
can be detected [1]. The LAr hadronic calorimeter is further divided intod@mponents: the Hadronic
End-cap Calorimeter (HEC) extendsjtg < 3:2, while the range 3 < j j < 4:9 is covered by the
Forward Calorimeter (FCAL). Of particular importance to the ATLAS desigs the thickness of the
calorimeters, allowing for good hadronic containment, and minimizing the ptimolagh to the muon
chambers. The total thickness is 11 interaction lengthsahile 10 of calorimetry is su ciently ade-
quate for providing good resolution of high-energy jets and, by exttang'm:odE?‘ss measurements [48].

\ Absorber

Figure 14: Schematic representation of the EM shower of an energetiorphman absorbing mate-
rial [52].

2.2.4 Muon Spectrometer

Due to the high design andXg lengths of the EM and hadronic calorimeters, most particles are stopped
at calorimetry. Particles which do not interact with either the EM or hadrtoriogeters pass into the
muon spectrometer. Muons are relatively stable particles inside the detaectavilh generally pass
through the calorimeter section. Muons do not feel the strong forcer@gdneract weakly with nuclei.
They are also too large to interact by ionization, and are hence not pigkég the calorimeters. The
muon spectrometer [48] covers a total pseudorapidifyjef 2:7, with a small opening in the central R-
plane ( = 0) feeding cables to the inner components of the detector. Once in the mecirospeter,
a muon is de ected by the magnetic eld from the toroidal magnets, mostly orthaigio the muon
trajectory, providing a method for measuring its momentum identical to the oxelukxgin the ID. For
the most part this de ection is measured in the drift chambers, comprisddrafraum tubes lled with
a non- ammable gas mixture of 93% Argon and 7% carbon dioxide. Eachitaba diameter of 30 mm
and wall thickness of 400 mm, with a 50 mm diameter central W-Re wire. Like tfiestidw detectors
described in Section 2.2.2, the aluminum tubes are ionization detectors. dpkegdorapidities cathode
strip chambers, which are multi-wire chambers with a cathode strip readdwtittna symmetric cell,
o er a higher granularity measurement than that of the drift chambers. @rbaysed in the innermost
plane, over X j j < 2:7. The resistive plate chambers are gaseous detectors in the baiwal rEjgin
gap chambers, which are similar to the cathode strip chambers in the enelgeagst serve as triggering
detectors of muons and cover a total rangg pf 2:4.
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2.2.5 Trigger System

A triggering system is vital for data acquisition and analysis at ATLAS, asatfge number of interac-
tions in the detector create a large rate of data. ATLAS uses a three-Hdired event selection system
of triggering to identify and discard all unnecessary data from reagetiin by searching for potentially
interesting events [48]. The design crossing rate of 40 MHz, resultingZh proton-proton interactions
per bunch crossing, is reduced to only 200 Hz for storage and anpy$isThe trigger system is com-
prised of three levels of event selection: Level 1 (L1) which is hardvimased; and Level 2 (L2) and
Event Filter (EF), which together are referred to as the High Level €riggLT) and are software and
algorithm based. A schematic representation of the ATLAS trigger systeiveis o Figure 15, with an

overview description of each trigger level given below.

Interaction rate
~1 GHz CALO MUON TRACKING

Bunch crossing
rate 40 MHz

LEVEL 1
TRIGGER

< 75 kHz

Derandomizers

Readout drivers

Regions of Interest | {(RODs)

LEVEL 2 = Readout buffers
TRIGGER 4 {ROBs)
[#4)F 7 -4
[ Event builder |
EVENT FILTER Full-eveall'-lltdbuffers
~ 200 Hz processor sub-farms

Data recording

Figure 15: Schematic representation of the ATLAS trigger system, showértgitbe stages of triggering:
L1, L2 and EF [48].

Level 1: The L1 trigger receives data at the full 40 MHz bunch crossing ratkreduces it to an output

rate of around 75 kHz [44]. It makes decisions based on the data coroimglie calorimeter and muon
detectors. The L1 constructs objects from the LAr and tile calorimeters,dimgUEM clusters, taus,

jets, EfT“iSS, the scalar sunker ( Et) in the calorimeter, and the total transverse energy of observed L1
jets. Various energy and jet multiplicity criteria are applied to these objectsiddets on muons based

on the multiplicity for variouspy thresholds, seeded by the resistive plate and the thin gap chambers
explained in Section 2.2.4.

Level 2: The L2 trigger is algorithm based, running on dedicated PC farms. L2 deddey an L1
candidate consisting of the L1 objects threshold and and coordinates. From this seed the L2
algorithms construct a region of interest (Rol) around the object, whiasedepends on the triggered
object €.g. electron triggers use smaller Rols than jets) [44]. Only the data local to &sRolalyzed
by the L2 trigger, reducing computation time, as well as bandwidth. Using arraahount of informa-
tion than was available at L1, the L2 trigger provides an additional evgttien of a higher quality.
Included in the L2 are reconstructed tracks from the ID. For each UlaRequence of L2 algorithms
compute quantities which are passed through a stringent set of seledtoiacreducing the output rate
to around 2 kHz.
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Event Filter: The EF is the nal online selection applied in the triggering system. It boasextdir
use of the complete data for a given event, as it is performed after ahleukting step [44]. The EF al-
gorithms are generally more time consumingéds per event, than those in L2 which, where particularly
optimized for timing performance. This added computation time is used for sttiegent selection.
The EF is seeded by events surviving the L2 trigger and reduces theratplof 2 kHz to around 200
Hz, corresponding to around 300 Kb

2.2.6 Overview of object reconstruction

The ATLAS detector, it's components and their functions were descrikiethgively in Section 2.2. As
explained above, ATLAS has a complex array of sub detectors usedritifydend reconstruct the par-
ticles, and decay daughter particles, stemming from high engpygsollisions at the interaction point.
The purpose of the ID (Section 2.2.2) is to track the trajectories of chargditles, which are bent
by a solenoid magnet, thereby determining their mass, velocity and momentum. I&ivhesry (Sec-
tion 2.2.3) serves as a tool to determine the energy of EM particles, phelecsons, and positrons.
Hadronic calorimetry (Section 2.2.3) is used to determine the energy, assnaératify hadrons. Typi-
cally the hadronic calorimeter identi es neutral hadrons, like neutronshwhitt leave no tracks in the
ID, and charged hadrons, such asand protons, matching tracks in the ID. Elusive muons will pass
through calorimetry, depositing charged tracks in all stages of the detastbare measured by the muon
spectrometer (Section 2.2.4) which is under a large magnetic eld from thieladrmagnets. Weakly in-
teracting neutrinos are capable of passing through the entire Earth witthenatcting with anything, and
can only be observed by ATLAS E}"SS. A dedicated trigger system (Section 2.2.5) selects physically
interesting events from a large rate of incoming data. An overview céreint particle trajectories, and
their expected interactions with ATLAS, is shown in Figure 16.

Tracking Electromagnetic Hadron Muon
charnber calorimeter  calorimeter charnber

photons

Innermest Layer., —————————— ...Cutermost Layer
(b)

Figure 16: Representation of dirent particle paths throughout the layers of the ATLAS detector shown
(a) with a cross section view, and (b) schematically [49].

2.3 The ATLAS computing model

The ATLAS collaboration has developed a wide set of software and middéetools which provide
access to data to all members of the collaboration in sites all over the worldwa®efon the user
end provides functionality at various stages of the data or Monte Carlg (ivt&€luction at ATLAS. To
this end, various formats of data and MC simulation are used in order to distindu erent stages
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in the production. The Worldwide LHC Computing Grid, a grid-based compme&rork comprised
of a large collaboration of servers around the world, is used for stéhi@edarge amounts of data, as
well as providing the CPU for running analysis algorithms at various stafjdata production. The
ATLAS computing grid, along with it's structure and functions, will be disagss Section 2.3.1. An
integrated analysis tool called ATHENA which is comprised of hundredsckg@ges, providing tools for
processing and analyzing data, is discussed in Section 2.3.2. In Secti®nve.8iscuss the framework
used for simulating events in ATLAS.

2.3.1 The computing grid

The ATLAS Experiment makes use of CERN's WLCG, a grid system ofessrand individual PCs
located at various computing facilities across the world, whicére a high degree of decentralization,
and ample sharing of computing resources [53]. A hierarchy systene aliterent computing facilities

is imposed since dierent facilities are better apt to undertake certain computing responsibilités. T
should not detract from the fact that all stages of data productionitale and lower ranked sites still
provide an invaluable resource. The hierarchical system is split intddwels, ranging from the Tier-0
facility, an on-site server which receives data right after triggeringt{&e 2.2.5), to Tier-3 facilities,
with dedicated local storage and available CPU. Thesdint Tiers and their functions are described
below.

Tier-0: The Tier-0 site is located at the CERN site in Geneva. This is where the primany pro-
cessing occurs. After surviving the nal stage of HLT, known as theri Filter (Section 2.2.5), events
are archived as RAW data in Tier-0 sites [53]. Raw data arrives attieeof 200 Hz, and has an event
size of 1.6 MB. Itis stored in a byte-stream format, re ecting the data produced idetector, and has
no object-oriented representation. Each RAW le contains the eventsdrsimgle run. The Tier-0 facil-
ity at CERN is used for fast data reconstruction along with prompt data aabhrand data quality [54].
A rstround of processing is conducted on RAW data, producingwerdatasets which are distributed
to Tier-1 sites. These are the Event Summary Data (ESD), Analysis Obg¢at(BOD) and Tag Data
(TAG) formats described in detail below. Some promptly reconstructed AleBare also stored along
with RAW data. Access to Tier-0 is generally restricted and only available aplpevorking in the
central production group or those providing rst-pass calibration.[53]

Tier-1: After RAW data is archived at Tier-0, it is distributed equally to the Tierdilitees. They pro-
vide additional long term storage and access to the RAW data. They alddgeoback up for rst-pass
processing and calibration in the event of prolonged downtime of TieBD [BRe ned reconstruction
and alignment is run at Tier-1 and saved as derived datasets of theabRgil/ data. Access to derived
ESD, AOD and TAG datasets are available to the ATLAS collaboration frogetieer-1 sites, and are
also distributed to Tier-2 sites. Furthermore, CPU is available at Tier-1 sitesérs to run their analysis
code. ATLAS has incorporated a framework which works on the prindh@é analysis algorithms, or
‘jobs', should be sent to the computers where the data is stored, and the eerver side. The output
can then be downloaded to a local directory. The alternative would bestns to download data and
run their jobs locally, which would produce a vast duplication of datasetgprmention waste valuable
bandwidth and time. ESD les are duplicated in at least two Tier-1 sites at i@ay ¢ime, reducing the
reliance on any one site. The ESD les are derived from RAW data. Theditput from reconstruction
is contained in an ESD, including tracks, calorimeter clusters, calorimeter aztidined reconstructed
objects,etc. While some tasks, such as re-reconstruction and changes in calibcatioanly be done
on RAW data, the ESD format is intended to replace RAW data for most phgggations. ESD has
an object-oriented representation, and is stored in POOL ROOT les. @teynade up of 1 MB per
event. On the other hand TAG data is around 100 kB per event, and psovent-level metadata which
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is used for identifying and selecting individual events.

Tier-2: The Tier-2 sites store various versions of ESD, AOD and DerivediBalyBata (D3PD) data.
Dedicated CPUs are available at these sites so that users may run jobglesitbd dataset. Tier-2 sites
store various versions of AOD les. AOD is a reduced event repriagiem derived from ESD and is
used for physics analysis. It contains reconstructed physics objects as electrons, muons, jett;,
as well as other physics-related information. An AOD event is storedlirMB. The D3PD format is a
largely reduced format. It is derived from the AOD and boasts aroOridBlper event after reducing the
AOD via skimming, slimming and trimming. D3PDs are small and easy to work with, amtheaead
by the ROOT infrastructure [55, 56]. ROOT is a library of€classes providing functionality for data
analysis; it includes data display, persistency, minimization, fundamentakslatc.

Tier-3: Tier-3 sites oer users access to the grid. They provide users with local storage. sphey
also contribute their CPU to MC production when available.

2.3.2 The ATHENA framework

ATLAS uses a common event processing framework based on plug-tiblegamponents and abstract
interfaces called "The Athena Framework”, or ATHENA [53]. Athenaisabject orientated control
framework written in an object orientated programming language knownt+as @®@ith some compo-
nents using FORTRAN, Java and Python. ATHENA is based on the Geardefvork, originally de-
veloped by LHCb [57, 58]. The Gaudi project is a kernel which is napp®rted by both experiments,
while ATHENA is the combination of the Gaudi kernel and ATLAS speci ¢ anbements [59]. The ar-
chitecture consists of a handful of core packages and is supplemegrggtebnal libraries such as Geant.

The main function of ATHENA is to provide a common development and userewark which sup-
ports the o ine operation of the ATLAS experiment. This encapsulates a broad rdrigeaionality,
from providing software for object reconstruction, detector alignmeut simulation, and simulating
MC events, to providing an end user with tools for physics analysis. ATAMHEOES this by providing a
set of software tools which are used for ime analysis. The entire ATLAS oine software framework
is organized hierarchically into a structure of projects and packagesmgm projects are listed below
in order of hierarchy [59]:

AtlasCore This project contains the core components of ATHENA, being the Gaatitacture
and ATLAS speci ¢ packages. All other projects are AtlasCore depehd

AtlasConditions Is dependant on AtlasCore. This project contains information on the ATLA
detector's conditions, geometry and calibration.

AtlasEvent This project is dependant in AtlasConditions. It contains the Event DatieM&DM)
comprised of classes for de ning the RAW, ESD, AGic. data structures. It supports both
AtlasReconstruction and AtlasSimulation projects directly.

AtlasSimulation Contains all tools, algorithms and services related to simulation. This includes

the Geant4 simulation, physics generators, pile-up and digitization ttols,

AtlasReconstruction Contains tools, algorithms and services for reconstruction and fast simula-

tion.

AtlasTrigger Dependant on AtlasReconstruction. It contains all tools, algorithms anices
related to the HLT.
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AtlasAnalysis Dependant on AtlasTrigger. It provides tools, algorithms and servidaged to
physics analysis, monitoring and event display.

AtlasO neThe AtlasO ine project is dependant on both the AtlasAnalysis and AtlasSimulation
projects. It is used as a placeholder project where bug xes cangderexd and implemented.

AtlasProduction This is the top level project and depends on all other projects. This rmépt
dedicated to an ocial release of ATHENA.

Each of these projects has various packages, most of which aredifuidieer into sub-packages, which
are updated regularly and distinguished byeadent tags for the dierent versions. A given package in
ATHENA is organized into several sub-directories, not all of whichrezeessary [59]:

cmt In this folder the Con guration Management Tool (CMT) is used to setngblauild the code
in the package. A requirements le contains the package dependencies.

PackageNameThe folder generally stores all the header les of the+Ccode. Files are of *.h
extension.

src Here you nd the source code of the package, written #+CFiles are of *.cxx extension.
share The share directory contains any job options les (described below).

run A directory where jobs can be run, particularly used for testing the codedividual samples.
python Any necessary Python scripts may be stored here.

Packages are updated frequently by their developers so as to implenaegeshand bug xes. The
packages are saved with a speci c tag so as to distinguish between thenli version. All tags are
stored using the Apache Subversion (SVN) system which archivesrafhit versions of source code.
This allows users to revert back to previous changes, and also alleks/éas compatibility to previ-
ous ATHENA releases.

Due to the continuous nature of updates to the ATLAS software framewerktitire software is re-
leased with a unique release number [59]. The release number conglstseohumbers, separated by
dots. At the time of writing, the most recent release of ATHENA available is.029.Zhe number 19
refers to the major ATHENA release. The second number (2) indicatescacspranching, while the
third number indicates minor changes. There are sometimes patches to a,neleiah x minor bugs,
e.g. 19.2.0.1 is a patched version of 19.2.0. Although the release of new pimdueleases only oc-
cur every few months, releases are built nightly to provide developerstiwégtinost up to date release.
Nightlies are built every day, with rel-0 built on Sundays, and rel-6 on 8Say& An example of a
nightly release is 19.2.0.1, rel-4.

Athena uses Python as an object-orientated scripting and interpreteatg¢m con gure and load
the Cr+ algorithms from the packages described above. Control of the run-timguation of a
package, or packages, are handled by job options les which are ®gtrpts which can be run using
ATHENA [59]. Job options les give the user control over several-time functionalities. These include
the message output level, which prints éient degrees of text which is used for debugging purposes;
the number of events to be processed; the input les to be used in run-timebjhcts to be saved, as
well as the format and output le namestc. Job options les can be run locally in the desired version
of ATHENA on local data. The beauty of a job options le is that the same patsed locally can be
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sent to the ATLAS grid described in Section 2.3.1, where the algorithms caimbaver huge volumes
of datasets. This is done by using a framework called pATHENA, a combmafidTHENA though a
grid job submission client which organizes the jobs sent to the grid. pATH&NAtions by sending the
jobs to the grid sites where the datasets are available. This procedurelisctahin Tau Validation, and
examples will be given in Section 3.

2.3.3 Simulated data and Monte Carlo production

The success of the ATLAS Experiment is heavily reliant on theotive simulation of the detector's
response to physics processes and scenarios. The simulation ofsppriesses stemming from high
energy collisions is done on an event-by-event basis and is perfonreddrinantly at Tier-2 sites. The
fallout of said events is modeled through the detector. The simulation outpativergd in a format
identical to that of the true detector. This allows for both simulated and réaltddoe run through the
the same trigger and reconstruction packages. The process of simuladibAS can therefore be
divided into three steps: generation of an event and it's immediate dedaysagon of the detector and
the physics interactions within the detector; and the digitization of energysdepo the detector, into
voltages and currents which mimic the output of the true detector [60]. Tthese stages are discussed
in detail below.

Event generation: The generation of events consists of the production of a set of partibieb are later
passed through full or fast detector simulation. In ATLAS the generatidong through the ATHENA
framework, driven by MC generators. There are many generatohotzse from. All the generators rely
on large repositories of Parton Distribution Functions (PDFs) as pareofitiput. The PDFs describe
the substructure of a proton in a collision. A generator is responsiblénfioiiaing prompt decays, such
as those fronz andW bosons which have lifetimes of < 10 mm. Particles within this range are con-
sidered unstable since they usually decay before reaching the defBotogenerator also stores stable
particles ¢ > 10 mm) but leaves their decay to the detector simulation [60].

The MC generators: The event generators available to ATLAS have their own weaknessestramg
points. Deciding on which generator to use depends on the type of prutasone wishes to study.
Generators used for general large-scale production of events en€lythia [61], PythiaB [62] (for
events with b-quark jets), Herwig [63], Sherpa [64], Hijing [65], Alpgk6], MC@NLO [67] and
AcerMC [68]. Tauola [69] is used for generating events with tau dedastos [70] is used for photon
emissions. EvtGen [71] is used for more detailed studies of b-jet dechy8a®[72] and Herwig+ [73]
are the newer multipurposet@ generators. The total list of generators is not exhausted here [60].

Detector modelling with Geant4: The simulation of the particles from the event generation is passed
though a simulation of the ATLAS detector. The standard simulation relies onebat& particle sim-
ulator toolkit [74]. Geant4 is able to the model physics processes relateattiolgs passing through
matter with applications going beyond experimental particle physics. To name, & has been used
to determine radiation dose due to the deposition of charged particles (fzfyigrotons) [75] and for
microdosimetry purposes of internalized and non-internalized radionadlié The detector's con g-
uration, including misalignments and distortions, are fed into Geant4 by thearskeach generated
particle is allowed to propagate though the detector simulation. Each evetakeageveral minutes to
simulate. Around 80% of this time is spent on the simulation of particles decaying icailbrimeter,
where a dense population of particle showers will show up. Up to 75% diftleds spent just simulating
EM particles. An alternate fast-simulation method is available for studies whidotd@quire extensive
information of processes in the calorimeter. It replaces the simulation of h@ngg EM showers in the
calorimeter with pre-simulated showers reducing the total computation time byax tdahree [60].
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Energy deposits in the detector simulation are recorded as hits, containitagethenergy deposited, its
position and time. The simulation output is written to a HITS le format. The formataims metadata
about the detector con guration and simulation. They also contain truthnivgtion which is described
below.

Truth information: In both the event generation and detector simulation truth information of thnt eve
is stored [60]. The truth information consists of the information of the truetyithg process which was
generated. The goodness of the information is directly related to the geodhthe underlying physics
model. In the event generation truth information contains the history of thenimgoand outgoing par-
ticles of the interaction. All particles generated are stored. In the simulatiga #ia truth information

of physically interesting particles are stored. This consists of the true Ipaiacks and decay prod-
ucts. Truth information provides many uses. It can be used as ectiee test of a models pro ciency
to model the real world phenomena. In certain cases it is used to formulgEplanalysis strategies,
and is used to calculate ective background estimations. Furthermore, comparing truth information to
simulated reconstructed objects allows for a quanti cation of object rénarigon e ciencies. The MC
truth information makes up a large fraction of the total simulated eveB006). Since real data contains
no truth information, the le size of MC simulation per event is much larger.

Digitization: Digitization take the HITS les as input and converts it to detector respormeslig-
its'. A digit is typically produced when the voltage or current of a readah@nnel in the detector spikes
above a set threshold. During the digitization stage one may choose tateetiie pile-up conditions
associated to a certain instantaneous luminosity. Pile-up involves the ovedegras at a user de ned
rate mimicking that of the required luminosity. Detector noise is added to the aén$ stage. After
this the L1 trigger is applied and each trigger hypothesis is evaluated. The alig constructed and
passed though emulated Read Out Drivers (RODs), see Figure 15atdés output in the Raw Data
Object (RDO) format. This format is similar to the byte-stream RAW formatrreteto in Section 2.3.1
with the main exception that it contains truth information. The HLT and recoct&rucan then be run
on these RDO les.

2.3.4 Software development for Run-II

In Run-1 ATLAS followed a rigid Tier-0 policy to ensure the stability and regwucibility of data [54].
This however resulted in an accumulation of outdated Tier-O AODs, whicimatide ect the most up
to date understanding of the detector and physics. Physics and penfmmgeoups in ATLAS would
therefore have to apply the latest xes to the AODs, creating their owrafgigdatasets for further anal-
ysis. Furthermore, since the AOD format is not readable by ROOT, mosipgrwould create large
private datasets in the D3PD format for the group members to use. Due tbuioei® wastefulness of
this procedure the structure of the EDM that would be used for Run-$l isaiewed and redesigned.
In Run-1l the AOD format is replaced by a new data format named xAOL2 XAOD format is both
readable by ATHENA and ROOT, allowing for both high level reconstrucéiod access to the full list of
objects. Run-Il will permit the reprocessing of Tier-0 xAOD datasets wiithated detector calibrations
and reconstruction algorithms, proving centralized updates to the xAODSENA is being updated to
take full advantage of xAODs by developing and migrating analysis progutdools to facilitate the
xAOD format. The tools that run on xAODs will be fully integrated and distridutéo ATHENA.

2.3.5 Physics Validation

As described in Section 2.3.2, new releases of ATHENA are constantljbdistd to WLCG sites. Be-
fore the release becomes available for mass MC production the new retsaiseto be tested for consis-
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tency, so as to verify that no bugs have crept into the reconstructiamgdtiranges to the code. This step
is called Physics Validation. The Physics Validation group is a dedicateg groexperts comprised of
representatives from every detector performarmce. trigger, b-tagging and jet-reconstruction groups)
and physics€.g.SM, supersymmetrgtc) group in ATLAS [60]. Whenever a new release is distributed,
a set of validation samples are produced which include around 1 400/60&&nd 250 000 particles per
process. The Physics Validation group's task is to verify the quality ofiddal object reconstruction
(e.g. electrons, muons, jets, tawestc) and more complex reconstructiorsd. Z! e‘e ,Z! o
etc). The samples are generally compared to samples which where proditbediTHHENA releases
that have been previously evaluated. During my research | directlyilootgtd to updating and running
the validation software for reconstructed tau leptons. This includednpeirfg validations of numerous
tasks for a period extending over two years. The validation code wagegh8y myself in order to run

on the new ATHENA frameworks which are being developed for Run-II.

The validation procedure is as follows:

Arequestis made by Simulation, Reconstruction, Data Preparation or Mii@&iron coordinators
for a new caché con guration that needs to be checked. The following con guration iecépd
in the request: the release cache, geometry, conditions tag, trigger me@nyaother specic
option needed for the production of the samples.

A new set of validation samples are produced for the requested coniguralf the validation
is testing simulation, new samples are simulated and reconstructed. For a digitenadioecon-
struction cache only the reconstruction of the cache will be needed.

Information about the validation samples, including the samples which one teedmpare to,
are circulated to the validation group. The Physics Validation contacts witheinanalysis code
and produce histograms comparing the distributions of the test and refegsamples. The results
are discussed in a meeting two to three days after the information has be#uthstr

If problems are found they are reported to the developers or relepsegand followed up by the
validation groups.

Due to the large number of events in the validation samples, Physics Validapasesxminor prob-
lems which might not be found with smaller samples, such as a shift of a fevemeof an object's
reconstructed energy.

2.4 Tau lepton reconstruction in ATLAS

Tau leptons serve as an important constituent in many topologies whichraoé {e searches performed
in ATLAS, including searches such &! * [77] andH ! [78]. Tau leptons are massive
particles and have a short lifetimeof= 87:11 m. In turn they o er a way to measure the polarization,
spin and parity of the resonances that produce them, making tau leptongarabie tool in particle
physics research [44]. The range of interest of the transverse niomexi tau leptons at the LHC is
large, from below 10 GeV to approximately 500 GeV, where the lower &eg@ye related to the/
andZ boson observability with tau decays, and also to Higgs boson searcthéd E8Y decays. The
higher energy range is mostly of interest in searches for heavy Higgesnban MSSM models and
for extra heavyW andZ gauge bosons [44]. In this thesis tau leptons play an important role in the
A! Zh! 7 analysis. The reconstruction of tau leptons is discussed in this sectiorvalitiation
of tau lepton reconstruction in MC production is discussed in Section 3.
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2.4.1 Tau characteristics

Due to their tiny lifetime tau leptons decay before ever reaching the ATLAS tetand must be re-
constructed from their decay products. Tau leptons are the only leptitlm&wnass large enough to
decay into composite particles, hence they undergo either hadrgrigdr leptonic (iep) decay. How-
ever one only considers hadronically decaying taus when talking abouetanstruction in ATLAS,
as leptonically decaying taus are very dult to distinguish from electrons and muons stemming from
di erent processes [44]. Leptoniedecay occursinthe! - and ! " channels, where

" = eor [20]. Tau leptons will undergo leptonic decay at a rate of approximatel1%8 for muons
and 1958% for electrons. Hadronic-lepton decay occurs at a rate of:8% and has a characteristic
1-prond (one charged) or 3-prong (three chargeds) signaturé. Hadronic -lepton decays, with one
charged , occur in the channels! (22.4%)and ! n©  (73.5%), while decays with three
charged soccuras ! 3 (61.6%)and ! n 93 (33.7%) [44]. The 1- and 3-prong channels
are therefore dominated by and ©, plus a small percent o€ detected by the same techniques used
to detect pions. A schematic representation of the tau decay modes is shéigarie 17. The -lepton's
lifetime is in principle long enough to reconstruct a 3-prong decay vertexeiAThLAS detector, and the
neutral pions decay immediately into a di-photon pair which eventually coimg&de the calorimeter.
To summarize, when searching for tau leptons in ATLAS, we search fiimeted low multiplicity (1

or 3 tracks in the ID) jets with energy deposits in the EM and hadronic calonméibese are known as
tau jets (-jet).

Figure 17: Schematic representation of the brake-down of leptonic airdriia tau decay modes [79].

2.4.2 Tau reconstruction

Since tau reconstruction is focused around reconstructing and idegtHgidronic tau decay products,
it is particularly di cult to distinguish from background processes dominated by QCD multigetior
tion, which produce tau like tracks in the ID and clusters in the calorimeter. eMexywe are able to
make use of some properties of tau decays which are almost unique to tauslefitee main way in
which hadronic -leptons can be distinguished from QCD jets is by their 1- or 3-track multiplicity in
narrow cones. Figure 18 shows the éience between a tau jet, with low track multiplicity, and a jet
of hadrons coming from a background event. The tracks in the ID, lstecs in the calorimeter need
to be isolated from the rest of the event for a jet to be considered fortnstruction. In addition,
certain characteristics of the track systems, as well as the shape of thienetdo showers provide in-
sight on whether or not the reconstructed object is a tau [44]. A sekafiidation variables have been

1The prong number refers to the number of charged particle tracks fibam the same vertex in the detector.
2The 5-prong channel only occurs 0.1% of the time and is not recansttiby ATLAS since it is di cult to identify.
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constructed from these criteria, to which either cut-based or multi-variatérdisation techniques are
applied to select the tau lepton candidates.

The information of a tau lepton candidate is supplied by the ID, and the EM adibhic calorime-
ters. The ID provides information about the charged track, or collimated taii- systems. These
tracks cannot match tracks in the muon spectrometer, nor have featlodsam characteristic to elec-
tron tracks €.g. having many hits in the TRT). Multi-track systems in the ID need to be well grdupe
in and and have an invariant mass smaller than that of the tau lepi@pisys< m ). The charge of
the individual track(s) will sum up to the charge of the resonant tau I€pto@alorimetry, on the other
hand, provides information about energy deposits from visible deaaupts, which is to say excluding
neutrinos. Hadronic taus are well collimated producing relatively narhmwsrs in the EM calorimeter.
Tracking and calorimetry information needs to match, such that the cluseensadched to the point of
impact of the track to the calorimeter [44].

suoJpey Jo 18l

() (b)

Figure 18: Schematic representations of (a) a hadronically decaying tange(b) QCD jet [80].

Tau reconstruction algorithms in ATLAS are dependant on algorithms adrdint subdetectore @.
track reconstruction in the ID, and topological clustering of energy siepm the calorimeters), and are
therefore considered to be high level reconstruction algorithms. Thersva main tau reconstruction
methods which evolved into the algorithm used today in ATLAS [44]. One isidened to be calorime-
ter baseddellBase(l, and the other track baseeHlowReg. ThecellBasedalgorithm starts by selecting
clusters in the calorimeters as tau candidates. These clusters are pimyalstiding window clustering
algorithm, which scans for appropriate clusters over the cells of all lafehe calorimeter in a grid the
size of = 0:1 2=64. Asetofidenti cation variables are constructed from tracker ahaticae-
ter information [81]. On the other hand, te&lowRecalgorithm starts with a few high quality tracks
collimated around a leading track. The energy calculation comes from thes tad clusters found in
the EM calorimeters only. A set of identi cation variables is constructed ftaoker and calorimeter
information [82].

For ATLAS 2012 data a single dedicated algorithm, which combines both tigaekid calorimeter in-
formation, is used for tau reconstruction [83]. In an event all jet-objextsnstructed using the arkii-
algorithm [84] are considered agaq vis candidates. These jets are reconstructed from topological clus-
ters [85]. The reconstruction of a topological cluster begins with a sakxlimeter cell, the cluster

is constructed by subsequently adding an additional neighboring cell tetlsealready in the cluster,
with the condition that the energy in the additional cell is above a thresholdedieas a function of the
expected noise. The jet-objects are required to lmver 10 GeV andj j < 2:5. To compensate for
the probability of incorrectly assigning a pile-up vertex as the primary verféite .4 vis Candidate,
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a dedicated vertex association algorithm, known as Tau Jet Vertex AssndiaJVA) [86], is used to
determine the best vertex hypothesis. This vertex, referred to as thertax, Vs used as the origin of
the co-ordinate system used to calculate the direction of cell- and clusted-bariables. An interme-
diate axis is recalculated from tIE,e tau vertex coordinate system using thegctors of all topological
clusters which are withinR := ~ ( )2+ ( )2 < 0:2 of the haq vis barycenter. The reconstructed
four-momentum of thepaq vis candidate is de ned interms of andpr. The haq vis Mmass is chosen
as zero, consequently forciqg = Et. The list of calorimeter clusters associated to eagh vis candi-
date is then re ned and used to calculate kinematic quantities [44]. Traekasanciated to theaq vis
candidate if they are within the the core cone, a region withi  0:2 of the intermediate axis. These
tracks must satisfy the following quality criteria [83]:

pr 1GeV,

Number of pixel hits 2,
Number of pixelt+ SCT hits 7,
jdoj 1.0 mm,

jzosin j 1.5 mm,

where the impact parametelk, is the distance of closest approach of the track to the tau vertex in the
transverse plane, arzgis the longitudinal distance of closest approach. The number of tracikgembin

the core coneNirackg dictates whether tha,aq vis candidate will be classi ed as a single or multi-prong
tau. The number of tracks within the isolation annululﬁks), aregion within@ < R 04 of the
intermediate axis, meeting the same quality criteria mentioned above, are usaddbte calculations.

2.4.3 Tau background discrimination

Although the hag vis reconstruction mentioned in Section 2.4 makes use of the properties inbérent
hadronic tau decay, these properties are not unique and providéttlemejection from jet background.
In order to adequately reject backgrounds we make use of an additiendl cation step, which makes
use of a number of discriminating variables which are provided from ghgevis reconstruction. These
variables are used for either cut-based (Boosted Decision Trees){BD®r multi-variate (Projective
Likelihood (LLH)) discrimination. Three working points (loose, medium anthtligare de ned, corre-
sponding to target eciencies of 70%, 60% and 40% for 1-prong and 65%, 55% and 35% ftir prang

had vis candidates, respectively [83]. This corresponds to a loose selectidaicing a large amount of

had vis candidates, but allowing a large amount of fake background to be skl€atethe other hand, a
tight selection has a smallegaq vis € ciency, but discriminates against more background. A handful of
variables are introduced and discussed informally in this section, with thefganovading a foundation
for the discussions on the tau validation software in Section 3. For a comptatétliee discriminating
variables and a description how they are used the reader is referred. {85.
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Figure 19: Distributions of discriminating variables which are used to rejebijekground in tau iden-
ti cation. Events populated with true taus are taken from simulaezf ! andw'! MC, while
the background is taken from jet data from 2012. The variables are akd in the text [83].

At a given momentum a jet coming from a tau will tend to be narrower that a QCBlgnce calorimeter
and track based variables describing shower size and shape are mpariat discrimination. To this
e ect an important calorimeter based variable is the pile-up-corrected mergyefraction S5s), which
is de ned as the fraction of transverse energy deposited in the centdramos ( R < 0:1) of the
had vis - Figure 19(a) shows th&% distribution of 1-prong tau candidates wigh > 15 GeV coming
from simulated signaZ , 79! andWw ! versus QCD jet data from 2012 [83]. The distribution
shows that there is a large separatiord§gfs between events with true taus, and events with only jets.
Important tracking variables include the track radiBgatx), de ned as thepr-weighted track distance
from the tau axis (Figure 19(b)), and maximuR ( Rnax) for multi-prong decays, which is the maximal
Rmnax between a core track associated to thgy vis and the intermediate axis (Figure 19(c)). The
discontinuity in Figure 19(b) at 0.2 is caused by the fact that 1-prongaadidates can have additional
tracks in the isolation annulus. While jets with no isolation tracks will populate ordyrégion of
R < 0:2, jets with isolation tracks will populate the whol® range, introducing the hard discontinuity
at 0.2. The signi cance of a reconstructed secondary veﬁ&",t, also provides good discrimination
for 3-prong decays (Figure 19(d)).
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2.4.4 Di-tau mass reconstruction with the Missing Mass Calculator

As mentioned in the introductory paragraph of this sectiotgptons are present in the nal state of
theA! Zh! ™ analysis. The analysis requires areetive way in order to fully reconstruct and
identify theA boson from the nal state. This is a challenging prospect when ondaenssthe presence
of two leptons in the nal state. Both-leptons decay with neutrinos, via either leptonid ( ~

and ! ° - )orhadronic (! ,!'n® 13 and ! n % )decay, contributing
to a large amount oEfT“‘SS. Since theErT‘“iSS is reconstructed as a transverse 2-vector quantity, associat-
ing the individual neutrino 4-momentums to their respective parent tau,sasuich fully reconstructing
the di-tau system, is impossible. Reconstructing the di-tau 4-momentum becoamesere complex
when considering that resonant decaying taus generally decayd#éelck, and the missing momentum
associated with their neutrinos partially cancel out. Reconstruction of tteeidirassrf ) is therefore

a challenging obstacle in any resonant search decaying to two or moreltagssection describes the
available methods that are used to partially and fully reconstruehthenass in ATLAS, and introduces
the Missing Mass Calculator (MMC) as the chosen method for reconstruntinig theA! Zh!

analysis. Each method has it's own bene ts and faults and deciding on hdeaiavithm reconstruc-
tion should not be considered as set in stone. For a detailed descriptioesef methods the reader is
encouraged to visit Ref. [87].

The transverse mass method:The rst method considered is the transverse mass method, and re-
lies on a reduced invariant mass reconstruction. One can choose toreitbestructim from the
visible decay productan ( vis1; vis2), or from the visible decay products and tle‘lé"SS in the event,

m ( vist; vis2s ET"®9. The bene t to this method is that it can be applied to and reconstructigngls
event and does therefore not reduce the available statistics. Furtleetineotransverse mass method
generally provides good discrimination against QCD jets, and is choserother techniques in the
MSSM neutral Higgs searctAth=H !  aq had for this reason [30]. However, while neglecting to
take into account the full neutrino momenta, the transverse mass method leagigrniocantly reduced
sensitivity.

The collinear approximation: This method has an advantage over the transverse mass method in that
it fully reconstructsm . It assumes that the neutrinos from each tau decay are nearly collinte to
corresponding visible tau decay. Furthermore it assumes thEQ“t‘ﬁ%in an event comes solely from tau
decays. The total invisible momentum carried away by neutrinos in eachc¢ay @gss.,) can then be
estimated by solving a set of two equations:

(E-rrmss)x = pmissi sin Visy cos Visy + pmissQ sin vis, cos Visp
(E-rpls%y Pmiss SIN vis; SIN vis; + Pmisg SIN vis, SIN vis,;

where \is, and is,, are the polar and aaimuthal angles for each visible tau decay. The magsdif th

(15)

tau system can then be estimatediby = s wheremy;s is the invariant mass of the di-tau system,

X1 X2
andxpp = ﬁ Assuming that the neutrinos are approximately collinear to their respective vis
1,2 2

ble tau decay is a very restrictive assumption. This occurs in a very limitedeushlevents, where the
system is boostedl.e., for highly energetic taus. Furthermore the visible tau decays cannatdbe b

to-back in the transverse plane, as the system of Equations 15 becayeesge asyis, !  vis, +

This becomes exceedingly problematic in topologiestike | as the majority of events are produced

with back-to-back taus. The collinear approximation can only ultimately be oisedrelatively small

fraction of events.
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The Missing Mass Calculator: The MMC o ers an alternative method for fully reconstructimg ,
without the statistical limitations of the collinear approximation. It assumes thatuatitinos in an event
come from tau decays. Full reconstruction of the event topology rexjsokring 6 to 8 unknowns,
depending on how many taus decay leptonically. These are the spaciadwenmp of the invisible mo-
mentum carried away by the neutrinos, as well as the invariant mass ofittrenne of each leptonic tau
decay. The system of unknowns is under-constrained and an @tatios is not possible under these
conditions. However, not all solutions in this system are equally likely, armiviedge of the visible
tau decay kinematics can be used to distinguish the more likely solutions, frerikely ones. For
the fully hadronic case a scan for over points in (miss; miss) IS performed, and the value which
maximizes an event likelihood function is chosen as the estimator ofA similar process is followed
for events with leptonically decaying taus, where higher dimensional stansonsidered. The addi-
tional unknowns decrease the signi cance of the MMC method for leptonidégays. Figure 20 shows
the performance of the MMC when compared to the transverse mass anéaodjpproximation meth-
ods. Overall the MMC provides an improved reconstruction of the massdfittau system compared
to the transverse mass method. It is also not constrained by the event koseasawith the collinear
approximation, seen by the large number of events in the zero bin, whe@utmn could be found.
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Figure 20: Comparison ah distributions of ama = 300 GeV signal sample decaying via Zh'!
" had hagusing di erent di-tau mass reconstruction technigues.

3 Physics validation and tau leptons

As explained in Section 2.3.5 the purpose of the Physics Validation groupseistttihe reconstruction
and identi cation of di erent objects for dierent ATHENA releases that will be used for MC production.
The large number of events in the validation samples exposr@hces in the samples that may not be
observed otherwise, such as small percentage discrepancies intucaden yield. The validations are
performed by comparing the new ATHENA samples (test sample) to samplesatgnh by an already
veri ed version of ATHENA (reference sample). The samples are eéintgenerated. The processes
to be generated are requested by the speci c validation groups andswiin ATLAS. The samples
are available for processing in AOD format. In order to maintain a uniquditegbgcheme the Physics
Validation group uses the following naming convention for their samples:

valid1l.processNumber.processDescription.recon.AOD.e XXXXK\SXXXX\_rXXXX

The rst parameter\(alidl) is unique to validation samples and may also be labedgid?2, etc. if the
samples are reprocessed due to some type of errompfblecessNumbes a unique six digit number for
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the process and MC generator used. plazessDescriptiodescribes the MC generator and the process
in words. Thereconparameter refers to a reconstruction validation. A parameter is the format
of the samples. The last three parameters are the production tage XXk sXXXXandrXXXXtags
refer to the event generation, simulation and reconstruction con gusatespectively, where XXXX is

a three or four digit number. Groups run their own reconstruction codg@eoduce histograms compar-
ing variables of the test and reference samples. The results are did@igegular Physics Validation
meetings.

As discussed in Section 2.3.4 the updates to the EDM include a migration to theA@W format

in Run-11, which will replace the AOD format. The move to xAOD involved a kg ort to migrate
object reconstruction packages. From the beginning of 2014 Phyalic&aifon began to coordinate the
migration of the individual validation codes to run on XxAOD les. The validatafrthe the migrated
code began shortly after, alongside the reconstruction migratiori® The migration is being done and
tested in ATHENA Release 19. Although the new EDM will be used for Ruretjuests for MC produc-
tion for Run-1 are continuously requested and the validation of ATHENAditinued to be an important
task in 2014. The validation oflepton reconstruction in ATHENA 17 will be discussed in Section 3.1.
This will be followed by a discussion on the migration of the tau validation codé&@Dxfor ATHENA

19 (Section 3.2). Lastly an example validation using ATHENA 19 is shown ini@e8.2.3. During
my time as the Tau Physics Validation contact, a period from July 2013 till Novegdie!, my tasks
involved performing numerous weekly MC validation in ATHENA 17. From 20was in charge of
migrating and updating the Tau Validation code to ATHENA 19, which included writie code from
scratch, attending meetings to receive feedback from the tau CP cosivané implementing tools into
the software, including the migration of tau truth matching tools. During this periads involved in
the testing of the ATHENA 19 tau validation package, as well as performintgEZ2NA 19 MC valida-
tions while still doing a reduced amount ATHENA 17 validations. | also preduseveral comparisons
of ATHENA 19 MC versus ATHENA 17 MC.

3.1 Tau validation for ATHENA 17

The validation of versions of ATHENA 17 is coordinated centrally by thedrts/Validation coordina-
tors who send out various tasks during a given validation. Datasetg@itaqed centrally by Physics
Validation. The datasets produced by the Physics Validation group whechsad by the tau validation

are: aZ ! process produced with Powheg and Pythia; sample with a leptonic Iter produced
with MC@NLO; and az° ! with my = 750 GeV produced with Pythia8. Note that tthesample
decays ast | WbWhband is forced to have on& ! * due to the leptonic lter. The otheW may

decay into electrons, muons, taus (approximately 10.8% of the time for eazloftygptonic decay) or
hadronically (67.6%) [20]. These samples are considered to be highiygied with true taus and hence
provide the tau reconstruction and identi cation algorithms with many tau catefid&lence, they can
be used for testing the distributions of tau variables. Two backgroundisamue also used: an electron
populatedZ ! eeproduced with PowhegPythia8; and a QCD jet sample produced with Pyifiale
samples are used for ensuring that no changes occur in electron digtjenination.

For any given task the analyzer must run their validation code in orderettechistograms of rele-
vant variables. For the validation ofleptons in ATHENA 17 one uses the TauValidation package which
is part of the PhysicsAnalysis package in the Atlas@e project. The generation of histograms is con-
trolled by a job options le. The job options le runs both the TauRec and Tigaofbminant packages,
which produce the variables used for tau reconstruction and tau idetiincas described in Section 2.4.
TauRec falls under the Reconstruction package, while TauDiscrimina@riopthe PhysicsAnalysis
package. In order to run the TauValidation code on a given datasehosieset up the required version
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of ATHENA into a local work-space. In the work-space the user mustklout all the required pack-
ages, including TauValidation, TauRec and TauDiscriminant. Once this is @lbthe packages need
to be built via CMT. One can test the setup by running the job options le with BEINA on a single
sample from the dataset. A single sample from the dataset can be downlocalgd pATHENA is used
to run the job options le on the Grid on the entire dataset. The output of thegtbrs le is an array
of D3PDs which are downloaded locally and merged into a single D3PD le. D8PD has an array of
histograms of interesting variables. A screen-shot of a D3PD viewed DTR®shown in Figure 21.

Calo seeded: All T Candidates: E;

calo_Core_Al_Al 01
Entries 185971
Mear 53.45
RMS 28.54

Loy ey ey b b Lo L
120 140
Reconstructed E, (GeV)

Figure 21: A screen-shot of a tau validation D3PD le viewed using the R@WI. Shown on the left
hand side is an incomplete list of available histograms alongside a histogram wétisverse energy,
E+, of all calorimeter seeded tau candidates.

Using scripts in the TauValidation package the histograms of two D3PDs rometlie test dataset and
the other from the reference dataset, are overlayed for compariswe tBe distributions in tau valida-
tion are binned, a? test is used for testing the dérence between the test and reference distributions.
Let T; be the number of entries in th® bin of the test distribution. Similarly |é® be the number of
entries in thé™ bin of the reference distribution. Thé distribution is given by,

% (T_RP (16)
. Ti+tR
The distributions are scored in terms o&=Ng whereNgs is the number of degrees of freedom. This
Ngs is essentially the number of non-empty bins in the overlapped distribution. iEhédtions are
characterized as green if=Ngs < 10, yellow if 10< 2=Ng < 100, and red if 2=Ngs > 100. Due to
the large amount of distributions produced in tau validation, théest is used so as to provide a fast
way of picking up problematic distributions. HTML les are automatically getedausing scripts in
TauValidation. The HTML les are saved in a group directory for eassessibility. Figure 22 shows the
overview page of the comparison of the test and referencétgfracess with a leptonic Iter. Figure 23
shows some comparison histograms of the same validation which can be cdrtttre distributions
in Figure 19.
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Figure 22: A screen-shot of the overview HTML page of a given tamk@ocess in the Tau Validation

website.
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3.2 Tau validation for ATHENA 19

The migration of AOD to xAOD required validation experts to rewrite their validatode so that it
could work on the new XAOD data classes. Since most of the code wouldthdwe rewritten from
scratch, Physics Validation took this opportunity to restructure the proeechich is used for perform-
ing validations. No longer would the individual validation groups spenattess hours battling with the
submission of jobs to the grid to produce results, but rather the histogramd @ produced centrally.
This requires individual validation groups to maintain their code, and commitianges to ATHENA.
The validation code of each group is then run centrally on the test armeémetesamples. The aim of this
is to minimize the time that experts would have to spend producing results, so tfetime would be
focused on interpreting results and communicating with the working groups.

3.2.1 The TauDQA package

The validation of -lepton reconstruction in ATHENA 19 is done with the TauDQA package. pack-
age has a direct dependence on the TauHistUtilities package which dastegram classes which are
lled in TauDQA. The main class in TauDQA is called PhysValTau. This classseduo Il the his-
tograms of interest. An array of variables is plotted for all tau jet candidat@®r, di erent variables
are plotted for matched and fake tau jets.

In the xAOD samples all tau candidates are provided by the TauJetConiHieefauJetContainer is sim-
ply a vector of TauJet objects in a given event. The TauJet class i@dérthe EvernkAOD/XAODTau
package and is available as part of the Atlas@e project. The TauJet class contains variables which
are used to register information about the tau jet. The variables includarduabt limited to: the jet's
4-vector variables; individual 4-vector components akdent calibration levels; the summed up charge
of all tau tracks; boolean type identi cation ags; links to incoming and outgoiertex and secondary
decay vertex objects; tracking variables, such as number of trackhandr of the © cone; links to
eFlowRecandcellBasedParticle Flow Objects(PFOs). Alongside the variables are various getier an
setter methods for retrieving and 1ling the variables, respectively. ThHeabliinks are used to call on
the Vertex and PFO object containers, related to the TauJet object. Ttex \¢ass is de ned in the
EvenixAOD/xAODTracking package while the PFO class is de ned in the Ex&f@D/xAODPFlow
package.

One of the most important particle containers in the XAOD is the TruthParticte@®en. This container
is a vector of all truth particles in a given event. The class for handling particles is the TruthParticle
class, which is found in the EvVRAOD/XAODTruth package. Truth particles are identi ed by a MC
numbering scheme described in detail in Ref. [20]. The numbering schedgenisd by the Particle
Data Group and known as the particles PDG ID. As an example, a particle WIiiGlD of 11 is an
electron, 13 is a muon, and 15 isdepton. The lepton neutrinos have a PDG ID of 12, 14 and 16dor
and respectively. A negative PDG ID refers to the anti-particle, so a partitleanPDG ID of 11
is a positron. The TruthParticle class de nes many variables for a single particle, including: the
particle's 4-vector; the PDG ID; the particle status, giving an indicationtudtier it is a decay patrticle;
the number of parents and children, along with links to these objects; boalgaimdicating whether
a particle has production or decay vertexes, along with links to these ghfjieetparticles charge and
polarization;etc.

In the PhysTauVal all the histogram de nitions from TauHistUtilities are callEdr each event in the

xAOD the TauJetContainer and TruthContainer. There is a loop trougheadlet object in the Tau-
JetContainer. Every TauJdet withj > 2:5 or pr < 20 GeV is discarded. For each TauJet passing this
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selection an array of BDT and PFO related distributions are plotted. Riegotign and kinematic distri-
butions are plotted for all 1-prong and 3-prong TauJets. After the lomygiinthe TauJetContainer there
is a loop through the true tau objects in the TruthParticleContainer. For esctatr, a TauJet candidate
is considered for truth matching. Histograms for tau matched, electron madcitefhke TauJets are
then plotted. The procedure for matching true taus and TauJet objectcitheée directly below.

3.2.2 Truth matching of tau leptons

It is important to understand the ectiveness of tau reconstruction, particularly sindeptons have
many background processes in ATLAS. Theesetiveness of tau reconstruction can be directly probed
in MC data as both reconstructed and truth information are available. In t@atian it is therefore
possible and important to monitor the distributions of reconstructed taus wiecuecessfully matched
to true taus. As explained above, the TruthParticle class contains the PbfaHhy truth particle. One
could imagine that matching a TauJet to a true tau would be as simple as ndingh@article with
PDG ID = |15}, and testing if it overlaps spatially with the TauJet. Unfortunately the storytismo
simple. In Section 2.4.1 it was explained thatkpton's lifetime is short, and any tau will decay before
reaching the ID. Any reconstructeeepton will therefore only be observed without it's missing energy.
Since this is not taken into account for taus in the TruthParticleContainengadu needs to rst be
reduced to it's visible counterpart. A true visible tau is a true tau minus the tatattbr of it's neutrino
decay. The full truth matching process used in tau validation is descrilved he

The rst step in the truth matching procedure is to retrieve all true hadroni frmm the TruthParti-
cleContainer. A loop trough every TruthParticle of the TruthParticleCoatasperformed. Each Truth-
Particle with a PDG ID= j15 and passing a good status requirement is considered. Furthermore the
TruthParticle needs to have a decay vertex object. A loop through all tligezh(outgoing) TruthPar-

ticle objects from the decay vertex is performed. Each child's PDG ID isldw If any child is either

an electron, muon or tau, the TruthParticle is disregarded as being anf@atie. This is to eliminate
leptonically decaying taus, as well as tau self coupling processgs,! ( where the daughter tau

will still be considered as a hadronically decaying candidate). Each Hautilcle passing this selection

is saved in a new TruthParticleContainer, referred to here as the Tdoiab@ontainer.

The TrueHadTauContainer now contains all TruthParticle objects whieh baen identi ed as true
hadronic taus. For each TruthParticle in the TrueHadTauContaineruthbar of charged and neutral
decay hadrons is counted. To count the number of charged hadrerilsaps over each decay and sub-
sequent decay child particle of the TruthParticle. Any child particle with a IDE 211 (for ) and
passing a status requirement is counted. Charged kaons are alsalcdiettral hadrons are counted in
much the same way, except that the child's PDGAD 111 (for 9). The TruthParticle is only consid-
ered if it decays into 1 or 3 charged, and 0 to 5 neutral hadrons. Tiidevisvector of the TruthParticle
is then constructed. This is done by adding the 4-vectors of all the diesceddant particles with the
exception of the neutrinos (PDG ID12, 14 and 16 for o, and ). Every true visible tau with

j J> 2:50rpr <20 GeV is discarded.

Once the true visible tau has been constructed, it is time to loop through eadbtTa the TauJet-
Container, and search for a suitable match. A matchRris performed between the 4-momentum of the
true visible tau and the 4-momentum of the intermediate axis of the TauJeR 4f 0:2 the objects are
considered to be matched. The TauJet which produces the smaRdmtlow 0.2 with the true visible
tau is chosen as a truth matched reconstructed tau. The truth matchedrestedgau is removed from
the TauJetContainer and not considered in subsequent matching.
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All matched TauJets are used to Il histograms for truth matched taus in the HistUtjlitiekage. Along
with kinematic and identi cation related histograms two histograms are de nelldeping track of the
cellBasedandeFlowReadecay migrations. The number of tau jets is displayed orytagis. On the
x-axis are 13 bins labeled bytX;Y;rX;Y; convention. Here thestands for the true tau, while the pro-
ceedingX; andY; are numbers representing the number of charged and neutral hadspectively. The
values ofX; andY; are eitheiX; = 1 andY; 2 f0; 1; xg(where 1< x  5), orX; = 3 andY; 2 f0; xg(where

0 < x 5). Similarlyr stands for the reconstructed tau, whieandY, are numbers representing the
number of charged and neutral hadrons, respectively. Therefsr@n example, the bin labeleldr 10
shows the number of TauJets decaying to one charged hadron andtred hadrons, matched to a true
visible tau with the same decay signature. Similarly, the bin lab@@dx shows the number of TauJets
decaying to three charged hadrons and at least one neutral haedtmied to a true tau which decayed
to three charged hadrons and no neutral hadrons. Finally two binsdetieBeandt3r1 show the num-
ber of 1-Prong TauJets matched to 3-Prong true visible taus and 3-Paoidgts matched to 1-Prong
true visible taus, respectively. The migration histograms are useful in tegptcin be used to detect
problems in theellBasedr eFlowRealgorithms with a speci ¢ reference to which decay channels are
being a ected. An example of each histogram is shown in Figure 28 of the followictipse

All TauJets which are not matched to a truth tau are considered for matctefertoons in the TruthPar-
ticle containerjPDG IDj = 11). A match in Ris performed between the 4-momentum of true electrons
and the 4-momentum of the TauJet. If a TauJet is neither matched to a truerelacér true visible tau,

it is labeled as a fake tau jet.

3.2.3 Example validation with ATHENA 19

This section presents a selected set of histograms from a validation tasleteairipy the Tau Validation
group. The validation histograms come from theaial validation code and are rather coarse, so the
reader is excused from digesting the poorly formatted gures. The \@iuds of a simulation patch
containing a signi cant speed increase. Both test and reference ssarplsimulated with the Run-I de-
tector geometry Vo pileup. Here a new Geant4 patch in ATHENA 17.7.5.1 is compared to the psdyio
validated ATHENA 17.7.4.2. For the most part changes where not exptrte seen between both the
test and reference, although slight deviations in truth information aréy@sisie to improvements in the
simulation framework's truth handling. Detector simulation is done in ATHENAwTiJe both the test
and reference samples are reconstructed using ATHENA 19.1.1.5 alilation is therefore performed
using the latter release. The samples which are used for this validatio# are: (PowhegPythia8);
tt with a leptonic Iter (MC@NLO); Z° ! with mz = 750 GeV (Pythia8); and ! ee(Powheg-
Pythia8). These samples are identical to those used in ATHENA 17 validatianto the fact that the
simulation had to be performed in ATHENA 17. In validations where both simulatmoihreconstruction
are performed with ATHENA 19 th sample is not used, and téd (PowhegPythiag) and®!
samples are replaced &y! (Pythia8) and Drell-Yan (Pythia8), respectively.

Figure 24 and Figure 25 show the comparison of the test and referétobudions of the dierent
samples for electron and jet BDT identi cation variables, respectivelyisitiered in the distribution is
every reconstructed tau jet object in the xAOD witpa> 20 GeV. For BDTEleScore (BDTJetScore), a
tau jet with a value close to zero is considered to be electron(jet)-like, afheedues closer to unity are
more tau-like. This is seen in Figure 24 where thé eedistribution has a right-skewed distribution
which indicates electron-like jets, while the signal distributions are left-séteWie slight di erences in
the test and reference histograms where not considered signi cdhepsre a product of slight shifts
in the distributions from the detector dirences. The2=Ngs are below unity for all histograms, which
is considered to pass the chi squared test for goodness in pysicgigalidgimilarly in Figure 25 all
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distributions, with the exception df, are left-skewed, indicating that the reconstructed tau jets are tau-

like. The right-skewed distribution in Figure 25(a) is due to the large hacdimackground in thet,

as this sample will have a large number of events without true taus, and anlamgger of QCD jets

coming fromW decay. As emphasized by Figure 25(b) and Figure 25(c), which haxg taa jets with

low BDTJetScore values, the BDTJetScore is not powerful enough tdifigdadronically decaying
-leptons by itself. The distribution in Figure 25(d) further shows that edestproduce very tau-like

jets. This highlights the importance of the additional electron discrimination (eteeé&to) with respect

to identifying taus, embodied in variables such as BDTEleScore. The srvatides between the test

and reference histograms in Figure 25(b) producélgs = 1.057, which is not signi cant, particularly

when you further consider that the drences manifest as a small histogram shagete
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Figure 24: Comparison of test (black) and reference (blue) distritaitbthe BDT electron score vari-

able for all selected reconstructed tau jets in thet(d}p) Z !

, (c)Z°!

and (d)z!

eesamples.

As mentioned in Section 2.4.3, an important tau identi cation variable for 1gtan candidates is the

fCOI’I’
corer

shown in Figure 19(a). Figure 26 shows tifg? distribution comparisons of all 1-prong tau jets,

1-prong tau jets which have been matched, and fake 1-prong tau jets Fagure 26(a) shows the total
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feore distribution for all 1-prong tau jets, which shows that there are a numbevresft with low values.
If one compares this to the distributions in Figure 26(b) (1-prong truth mdtzhgets) and Figure 26(c)
(1-prong fake tau jets) it is evident that the low tail seen in Figure 26(a)éstd jets which have been
mis-identi ed as taus. This agrees with the low tail of the QCD background iarEig9(b). The small

uctuations between the test and reference distributions are within statisticas and can be explained

by the improvements with respect to truth information mentioned earlier.

It was also shown in Section 2.4.3 thaRmyax provided good discrimination for multi-prong tau jets,
where QCD jets tend to have higher values &,ax (Figure 19(c)). Figure 27 shows the comparison of
all, truth matched and fake 3-prong tau jetgtin This shows that the Ryax distribution tends to have
lower values for true tau jets when compared to its QCD background, &stexjp For completeness
the migration histograms farellBasedandeFlowRedalescribed the previous section are showrtfan
Figure 28. The slight variations in these histograms can be explained bygheted di erences in the
truth information variables.
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Figure 25: Comparison of test (black) and reference (blue) distritaitibthe BDT jet score variable for
all selected reconstructed tau jets in thet{alb) Z ! , (c) 201 and (d)Z! eesamples.
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Figure 26: Comparison of test (black) and reference (biggl) distribution for (a) all, (b) truth matched,
and (c) fake 1-prong tau jets in thievalidation samples.
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Figure 27: Comparison of test (black) and reference (blug)ax distribution for (a) all, (b) truth
matched, and (c) fake 3-prong tau jets in thealidation samples.
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Figure 28: Comparison of test (black) and reference (blue) migratidrikdisons for truth matched tau
jets intt using either (agellBasedr (b) eFlowReaeconstruction algorithms.

4 TheA! zZh! = analysis

As discussed in the introductory paragraph of this thesis, the seartitefpseudoscala boson gives a
gateway to searches for physics beyond the SM. The search form-fyision produced\ in the decay
to Zhis largely motivated by a desirable cross-section times branching ratio witBin 28, 1000
GeV, even for ATLAS Run-| data at 8 TeV center of mass energy colssidimeA! Zh! = has
never before been searched for in ATLAS, and the recent disgof¢he Higgs boson opens a way to
look at this topology by incorporating thm, mass in the search.

TheA! zh! ™ analysis is split in three dierent channels depending on the decay of the di-
tau systemj.e. jep lep, lep had OF had had- The three channels dér in their nal state signature
and as such will have derent methodologies. This dgrence manifests itself in distinctions between
object and event selections, background processes and predi@mhsystematic uncertainty calcu-
lations between the derent channels. The three @rent analysis strategies do however have large
similarities. Each analysis optimizes their own object and event selection irasual as to maximize
their signal signi cance over background. Moreover, although theint nal states result in dierent
background signatures, all three analyses predict the contributiak@biickground in some data-driven
way. Finally the systematic uncertainty calculations willei between the channels inherently from the
preceding dierences describete. di erences in event triggers, signatures, and background predictions
require di erent systematic uncertainties to be used.

This thesis focuses on th@ag hag Channel as it is the channel in which my work was undertaken. A
summary of the chosen MC and data samples are given in Section 4.1. Algaject selection which

is used, in most cases, across all three channels is given in Section d&scAption of the event se-
lection used in thepag had Channel is given in Sections 4.3 and 4.4, with a description of the selection's
optimization study given in Section 4.5. The description of the method used inth&aq channel to
predict the fake tau background contribution is given in Section 4.6. y$termatic uncertainty calcu-
lations for the pag hag Channel are described in Section 4.7. Finally the three channels cenwély

a common method for setting limits on the expected cross-sections times braratiosgaescribed in
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Section 4.8. Where applicable, short summaries of the results frometh@p and jep had studies are
given, however, a rigorous review of these channels is not presentais thesis. The resulting lim-
its on the cross-sections times branching ratios are combined in Ref. [88}witlar limits set by an
Al Zh! ffbbanalysis, wherd = e or . The combined limits are interpreted in the four 2HDM
scenarios by setting exclusion limits on their phasespace.

4.1 Monte Carlo and data samples

The simulation and data samples used are listed in this section.

4.1.1 Signal MC samples

As mentioned in Section 1.5 the chos®mass range which is probed in this analysisis2 [220; 1000 GeV].
This range is chosen because of the clear dominance @ theZh BR for my < 2myp, over other chan-
nels, and the still signi cant sensitivity fana > 2my,. Of course searches Af!  Zhfor my < 220 GeV
are impossible since th& ! Zhis not kinematically available. Since at masses larger tmagp,2he
di-top decay becomes kinematically accessible, searches were 2myg, have a signi cantly re-
duced sensitivity. The search is cappedmat< 1 TeV due to the reduced gluon-fusion cross section,
(pp! A), asmp increases. Signal samples for gluon-fusion produgdmbson are produced for an
array ofmy masses between 220 and 1000 GeV. Separate samples are produtbeddioerent nal

statesA! Zh! = pad hads A! Zh! 7 jep haga@ndA!l Zh! 7 ey jep, as well as for = g
and® = . These samples are produced with Madgraph5 [89], while the hadtiomiza performed
with Pythia8. Table 5 shows the dataset ID numbers forkthe Zh! *  signal samples created in
ATLAS.
ma Dataset ID number
(GeV) " had had " had
= e; = = e; = = e; =

220 | 189020 189686 189010 189676 189000 189666
240 | 189021 189687 189011 189677 189001 189667
260 | 189022 189688 189012 189678 189002 189668
300 | 189023 189689 189013 189679 189003 189669
340 | 189024 189670 189014 189680 189004 189670
350 | 189025 189671 189015 189681 189005 189671
400 | 189026 189672 189016 189682 189006 189672
500 | 189027 189673 189017 189683 189007 189673
800 | 189028 189674 189018 189684 189008 189674
1000 | 189029 189675 189019 189685 189009 189675

Table 5: Monte Carlo dataset ID numbers for the gluon-fusion prodsige@l samples! Zh!

Theoretical cross sections and branching ratios at various scef@aribge-1 and Type-Il 2HDMs are
summarized in Tables 3—4 in Section 1.5. Benchmark scenarios for eacth signple are chosen in
such a way as to maximize the cross section and branching ratiolof§d zZh! ~ atthe sema.

To de ne the benchmarksmn, = 125 GeV is chosen. Furthermore the potential parameter is chosen as
me, = ma tan =(1+ tan 2) in order to comply with the SM limit, sin(  )! 1. Forma > 300 GeV it

is required thatny = ma = my , while forma < 300 GeV,my = 300 GeV is required. The parameter
space is scanned in Type-I, Type-Il, Type-lll, and Type-IV 2§ excluding the region tarx 0:5 due
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to large widths. The scan takes into account the exclusion limité for Zh from the CMS result [34],
as well as the ATLAS 2HDM limits from Higgs couplings [36]. The maximum benalk cross sections
times branching ratios chosen are displayed in Table 6. The individuavahe dependant on the point
on the parameter space chosen, as well as the 2HDM type. The lar@gests/éor the 240 GeV signal
point. The decrease going from the 340 GeV to 350 GeV mass points is duettckihematic region
becoming available, as shown in Figure 7. Since the the branching ratid BRZh) is at a minimum
at the 350 GeV mass point, as shown in Figure 7(b), there is an increasdhfe 350 GeV to 400 GeV
mass points, followed by a decrease in BR- due to a subsequntly decreasing .

ma [GeV] 220 240 260 300 340
A BR- [pb] | 0.02058 0.05808 0.03132 0.0296 0.02139
ma [GeV] 350 400 500 700 1000
A BR- [pb] | 0.008567 0.01704 0.005452 0.0008027 0.00007691
Table 6: Benchmark cross section times branching ratio values for the ¢g! zZh! ™  signal
samples.

4.1.2 Background MC samples

In order to estimate contributions from background processes vari@isdvhples are used. These in-
clude MC samples from the following background processes: SM Higogugtion associated with a
Z-boson; di-boson and tri-boson productiaiboson plus jets; and single top and di-top production.
Background simulation samples were not solely chosen as a result ofahexpected background sig-
natures in each channel. Some generators where chosen over ath¢oshétter kinematic predictions,
as well as larger statistics. The MC background samples used in the amabyisted in Table 7. The
k-factor is the ratio of the NLO to LO cross section for a given process.

4.1.3 Data samples

Events used in this analysis were recorded with all ATLAS sub-systenratop®al. The data sample
used is taken from stable beam proton-proton collisions having an 8 Te¥rad mass energy, resulting
ina 2012 data sample of 20.30.6 fb * (2.8% uncertainty) [90]. The LHC peak instantaneous luminosity
of the 2012 data-taking period reached values of up:To 7L0°3 cm 2s 1, and produced, on average,
35 interactions per bunch crossing. This exceeded its expectations tioathie large number of protons
per bunch. Moreover, the LHC ran with an in-train bunch separatiorDafih as opposed to 25 ns,
during this time. The high interaction rate gave rise to a large amount of in-timeipilattributed to
detector signal stemming from other interaction vertices in the bunch crosSimgre is also a large
amount of out-of-time pile-up (signals coming from neighboring bunchsings) posing a signi cant
challenge for data analysis. Simulated events are therefore re-weigditegdtine standard ATLAS pile-
up re-weighting tools, to match the distribution of the average number of piletefactionsh i in the
data.

4.2 Object Selection

The object de nitions for all objects relating to our search topologies asembed here. This includes
electron, muon and tau lepton candidates, as well as the criteria fﬁﬂé%,and di-tau reconstruction.
The object selection described here entails a general description whegiplisable to all channels.
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Process DatasetID  Generator  Cross Section [pb]  k-factor ciency
SM ZH production

ZH(125)!  jep 1ep 161675 Pythia8
ZH(125)!  jep had 161686 Pythia8 0.02491976 1 0.456192
ZH(125)!  had had 161697 Pythia8 0.02491976 1.0 0.4199
Z+ jets
Z! ee+NpO 147105 Alpgen 718.97 1.18 1.0
Z! ee+Npl 147106 Alpgen 175.70 1.18 1.0
Z! ee+Np2 147107 Alpgen 58.875 1.18 1.0
Z! ee+Np3 147108 Alpgen 15.636 1.18 1.0
Z! ee+ Np4 147109 Alpgen 4.0116 1.18 1.0
Z! ee+ Np5 147110 Alpgen 1.2592 1.18 1.0
Z! + NpO 147113 Alpgen 719.16 1.18 1.0
Z! + Npl 147114 Alpgen 175.74 1.18 1.0
Z! + Np2 147115 Alpgen 58.882 1.18 1.0
Z! + Np3 147116 Alpgen 15.673 1.18 1.0
zZ! + Np4 147117 Alpgen 4.0057 1.18 1.0
Z! + Np5 147118 Alpgen 1.2544 1.18 1.0
Z! + NpO 147121 Alpgen 719.18 1.18 1.0
Z! + Npl 147122 Alpgen 175.72 1.18 1.0
Z! + Np2 147123 Alpgen 58.862 1.18 1.0
Z! + Np3 147124 Alpgen 15.664 1.18 1.0
Z! + Np4 147125 Alpgen 4.0121 1.18 1.0
Z! + Np5 147126 Alpgen 1.2560 1.18 1.0
Di-boson
wWw 105985 Herwig 53.899 1 0.38212
wz 105987 Herwig 22.258 1 0.30546
ZZ! 4de 126937 Powheg 0.069 1
7' 2e2 126938 Powheg 0.145 1
ZZ! 2e2 126939 Powheg 0.102 1
ZZ! 4 126940 Powheg 0.070 1
2z 22 126941 Powheg 0.103 1
zZZ! 4 126942 Powheg 0.008 1
Tri-boson
www 1 " 167006 MadGraph 0.0051 1.0 1.0
ZWW I 167007 MadGraph 0.00155 1.0 1.0
zzz '\ T 167008 MadGraph 0.00033 1.0 1.0
Single top
single top:t channeW! e 117360 AcerMC 9.48 1 1
single top:t channeWw'! 117361 AcerMC 9.48 1 1
single top:t channeWw'! 117362 AcerMC 9.48 1 1
single top:s channeW! e 108343 MC@NLO 0.606 1 1
single top:s channeW ! 108344 MC@NLO 0.606 1 1
single top:s channelW ! 108345 MC@NLO 0.606 1 1
single top:Wt channel 108346 MC@NLO 22.37 1 1
tt
tt(no hadronic) 105200 MC@NLO 238.06 1 0.543
ti(all hadronic) 105204 MC@NLO 238.06 1 0.457
ttz 119355 MadGraph 0.0677 1.34 1.0

Table 7: Details for the simulated background samples that are used in thisisna

All additional requirements which are speci c to either thgy ep, Iep had @Nd had had Channels are
described independently in Sections 4.3 and 4.4.

4.2.1 Electrons

Electrons in the ATLAS detector are reconstructed from EM clusters idethtthe EM calorimeter,
which are matched to tracks in the inner detector. Electrons are kinematicpliye@ to have transverse
momentumpt > 7 GeV, and a pseudorapidity ¢ff < 2:47 (the transition region is excludede.
1:37 < j j < 1:52). Electron quality and isolation requirements vary with each channel. miplete
description of electron identi cation and reconstruction can be found in[R&].
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4.2.2 Muons

Muon reconstruction is driven primarily by the muon spectrometer deschib8dction 2.2.4. A track
emerging from the inner detector and matched to one in the muon spectrometesitered as a muon
candidate. An oine reconstructed transverse momentunppf> 6 GeV is required of each muon
candidate, as well as a pseudorapidityj gf < 2:5. Additional isolation and transverse momentum
requirements are applied for the drent channels.

4.2.3 Jets

Jets are reconstructed using the &atilgorithm [84] with a size parameter &= 0:4 and apr > 20
GeV for jets with a pseudorapidity ¢fj < 2:5. Jets with a pseudorapidity of22< j j < 4.5 are also
considered, but requiregr > 30 GeV. Jets in the analysis are used for the calculaticEi}t‘fF, as well
as used in overlap removal.

4.2.4 Taus

Reconstruction and identi cation of the visible product of hadronicallyayatg taus was explained
meticulously in Section 2.4. Tau leptons are selected from jets reconstruittedrve or three asso-
ciated charged tracks. The visible transverse momentum of a tau jet isegqoibept > 20 GeV,

with a pseudorapidity of j < 2:47 (2.5) for one track (three track) candidates. Finally as described in
Section 2.4.3, BDT algorithms are used to discriminate against jet backgreepdrately for the one-
and three-track cases, as well as theediént levels of identi cation tightness. Additional algorithms are
used to discriminate against electron and muon fakes.

4.2.5 Missing transverse energy

The total missing transverse momenttfﬁ]‘ss, of an event stems from a momentum imbalance in the
plane transverse to the beam axis, where momentum conservation is dxgéagialing the presence of
unseen particles like neutrinos. The momentum imbalance in the transvereapéitained from the
negative vector sum of the momenta of all calibrated and reconstructsitplopjects in the event [92].
This reconstruction includes contributions from energy deposits in themaiters and muon spectrom-
eter. The contributions of loyer particles which do not reach the calorimeters are taken from the tracks
found in the ID, while muons reconstructed from the ID are used to recouvens in regions not covered

by the muon spectrometer.

4.2.6 Di-tau reconstruction

The di-tau system is reconstructed in all channels using the MMC algoritsaorided in Section 2.4.4.

4.2.7 ScaledA mass reconstruction

The nal discriminating variable for all three channels is chosen as thiedgecaconstructed boson
massmyC, de ned as
mec=m +[my m]+[my m]; (17)

wherem is the invariant mass of the di-lepton plus di-tau system, the latter of which ias&acted
by the MMC; m- is the invariant mass of the di-lepton system; is the invariant mass of the di-tau
system reconstructed by the MM@@ is the nominal experimental invariant mass of #oson, 91.1
GeV, and”nﬂ is the mass of the measured light Higgs, 125 GeV. This de nition of the scatethstructed
A boson mass cers an improved resolution to the alternate since it includes the known boson
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masses in it's derivation. The mass resolution improvement is seen partidalalbyver mass values.
Figure 29 shows the improved resolution when usinff in both signal and background MC. The
resolution is better for lower mass signals and is dependant on the signalcoresdered. Applying
a Gaussian tto the 240 GeV signal distribution histograms yields a Maaass ofn- = 2283 GeV
with a standard deviation of,. = 255 GeV, WhilerﬁrAec = 2394 GeV and .. = 5:2 GeV. Onthe
other hand, the same numbers for the 400 GeV signathare = 3866 GeV with a standard deviation
of m. =279 GeV, whilem°=3941GeVand . =147 GeV.
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Figure 29: Comparison of the MMC reconstructed mass and the MMC scaled reconstructeg
mass distributions for dierent haq hag (2) signal, and (bX+jets samples. The distributions are taken
after pre-selection, but without applying thg sideband in order to improve statistics.

4.3 Event pre-selection

The preceding object selection in Section 4.2 described general seledtenma intended to provide a
good quality selection of the various dirent objects expected in the desired events. This section de-
scribes a further selection which is related to the expected signal topolalag event. Event selection

is intended to take into account the signature of the nal signal event. Byasiging characteristics in
the signal topology one looks to reduce as much background as posdilile maintaining the signal

e ciency as high as possible.

Events in the had hag Channel are triggered by either of tE#e24vhi _medium]l EFEmu24i_tight ,
EFmu36tight triggers. These are single lepton triggers in the Event Filter relating to eitsiegke
isolated medium electron witpr > 24 GeV, a single tight isolated muon wigly > 24 GeV, or a single
tight muon withpr > 36 GeV, respectively. Di-lepton triggers were studied and found toigeos
negligible e ect on the signal acceptance, thus they are not used. After triggexiegts are required
to have two same avor opposite sign light lepton®( eithere*e or * ). If triggered by either
EFe24vhi _mediumlor EEmu24i_tight , at least one of the two leptons must hate> 25 GeV. On
the other hand, if the event is triggered By mu36tight , at least one lepton must hape > 36 GeV.

In order to take advantage of the fact that the signal region requiredighioleptons decaying from

a Z boson, sidebands are placed on the invariant mass of the di-lepton syBbendi-lepton mass is
required to be within the mass window 80m; < 100 GeV. Di erent light lepton identi cation criteria
were studied at dierent mass points and it was found that there is little signi cance gain frortetigig

the selection. The ratio of DaMC in h mass sidebands in a loose-loose (0.80.44) and tight-tight
(0.85 0.32) showed little dierence. This oers a comparison of the QCD contribution of background
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in the di erent regions. It was thus decided that both light leptons were to satiefysar+ selection
criterion. The light leptons are required to pass both track and calorimatdrigolation requirements.
The ptconeXX (etconeXX) of a lepton is the scagar (Et) sum of all tracks, baring the lepton track,
within a cone of R < 0:XX. Leptons are required to pass a ptcong@40< 0.2 and etconeZfr <

0.2 requirement when separated b > 0:4. This assures that the lepton tracks are well grouped and
separated from other leptons, reassuring lepton quality. In order td esjecting events where lepton
pairs are overlapping in their track isolation cones, lepton pairs witRir 0:4 need to pass a reduced
track isolation of 0.2 (ptcone2@r < 0.2 and etcone2ft < 0.2).

In the had had channel the SM-likeh decays into a pair of hadronically decaying taus. The event is
therefore required to have an opposite-siggy vis pair in addition to the light lepton pair. Eachag vis
satis es the loose identi cation criterion. Bothyag vis must also pass the muon and electron vetos, and
an invariant mass sideband is placed on the di-tau pai 5 < 175 GeV, so as to take advantage of
the fact thatn, = 125 GeV. This also ensures that events where the MMC does not nidiacsofor m

are not considered. The eiency of the MMC is around 99% for signal and background samples, with
the worst of cases being for higher mass signals and-tjets background ( 97:8% and 97% for the

800 GeV signal and Zjets background samples, respectively). Events passing all of thpsieements
pass the event pre-selection. The everl hag pre-selection is summarised in Table 8.

had had pre-selection

Leptons
Trigger EFe24vhi _mediuml| EFmu24i_tight \ EFmu36tight
2 loose leptons e'e *
At least 1 lepton with pr > 25 | with pr > 36
Di-lepton mass 80< m; < 100 GeV
Lepton isolation ( R> 0:4) ptcone4@pr < 0.2 and etconeZfy < 0.2
( R<04) ptcone2@pr < 0.2 and etconeZfr < 0.2
Taus
2 loose taus *
\etos Pass electron and muon vetos
MMC Must nd solution
Di-lepton mass 75<m < 175GeV

Table 8: Event pre-selection requirements 4y had-

4.4 Event Selection

The full event selection is completed by some additional selection requireniérgse include a tighter
lower limit on the transverse energy of the leading tau (the tau candidate whbdhigr of the pair)

Er > 35 GeV. An additional lower limit is applied on ther of the Z boson, which is parameterized

in terms of the nal discriminating variablen(e®. This limit is de ned asp? > 0:64 mg® 131 GeV

and is capped anc = 400 GeV as the extrapolation does not bene t higher masses. Both of these
requirements are imposed in order to fully discriminate against backgraliogiing an optimization
study. Their selection is supported in the next Section 4.5. Finally all eveatitswdditional light leptons

or taus are discarded. This last requirement, as well asdhgep and |ep had €quivalent, guaranties
that the tep lep, lep had @Nd had had analysis are mutually exclusive.

The signal sample acceptance in thgg hag channel after full event selection is shown in Table 9.
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mp [GeV] 220 240 260 300 340
Acceptance (%) 6.69 0.17 8.33 0.19 8.25 0.19 838 0.19 8.66 0.19

mp [GeV] 350 400 500 800 1000
Acceptance (%) 9.26 0.19 952 0.19 1243 0.22 16.28 0.25 16.33 0.25

Table 9: The signal acceptance and statistical uncertainty for for all diedusggnal mass points.

Sample Pre-selection Full selection MMC e ciency
truth-matchedl Other truth-matchedl Other [%]
Z+ jets 0.0 620 25 0.0 25 4.0 0.97 0.021
WW 0.0 10 3.6 0.0 0.0 NA N/A
zZ 150 0.3 22 01 42 0.1 0.10 0.02 0.99 0.00
Wz 0.0032 0.0032 13.0 1.6 0.0 0.21 0.21 1.0
single top 0.0 1.8 0.8 0.0 0.0 NA N/A
tt 0.0 0.0 0.0 0.0 NA N/A
SMZH 1.6 0.0 0.11 0.01 0.88 0.02 0.0054 0.0017 1.0

Table 10: Number of events passing thgq naq Channel selection criteria. Events in which the light
leptons are truth-matched to real light leptons with the same avour andihecandidates to true
hadronic tau decays are shown separately. The last column, labele€“&Miency”, shows the ratio
of events that pass the full selection over the number of events that gafssl felection apart from the
valid MMC solution requirement. The quoted uncertainties in the numberstrénec nite number of
events in the simulated samples and the data.

The signal acceptance increases witk, and attens out at higher mass points. The attening of the
acceptance at the 1000 GeV mass point is due to a decrease in the aoeetario boosted leptons
failing isolation requirements. The ect of contamination from other signal channels is negligible. Ta-
ble 10 shows the number of events in theatient MC background samples passing the pre-selection and
full selection in the hag had channel. In addition, the eciency of the MMC reconstruction algorithm

is shown as the fraction of events that pass the full selection, apartti@mequirement that there is a
valid reconstructednag hag MMC mass. Table 10 also indicates the number of events in each MC back-
ground that contain truth matched taus, or have misidenti ed taus. The tmaockd)in the nag had IS
dominated by events with jets that are misidenti ed as tau jets. This backgrouateised to as fake
background and is estimated by a data-driven template method, shown innS&étioThe remaining
irreducible background from true tau jets, primaly and SMZH production, are estimated using the
simulated samples, and scaled in such a way as to adjust them to the ratio tsfteé@ercontribute to
fake background.

For the ep had analysis events are required to contain exactly three light lept@gsge , ore , and
exactly one hadronic tau jet which must pass the medium tau selection requirerhe leading (sub-
leading) electron(s) must hayg > 26 GeV (15 GeV). A leading muon must satisfypa requirement

of pr > 25 36 GeV, depending on the trigger used, while the sub-leading muon musy satis 10
GeV. The hadronic tau is required to hape > 20 GeV. The di-lepton pair is chosen to be the pair
which yields a mass closest mdg The leptons making up the di-lepton pair must be same avour and
opposite charge. Similarly the remaining lepton must be opposite charge to tleptian. This lepton

is used to reconstrueh using the MMC algorithm. The sam®&, andm; sidebands de ned in the
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had had analysis are used. The majority of the background in 1&g had cChannel comes from fake tau
background, which is modeled using a data-driven template method identibe& tg,g hag Case. The
remaining true background is comprisedZt and SMZH production, as in thepag had Case, and is
predicted by simulation.

For the |ep 1ep @analysis, events with at least four leptons are considered. The fdonkepre divided
into two same avour opposite sign pairs. One lepton pair is required to hawass in the range
80 < m < 100 GeV, while the other must satisfy a MMC reconstructed mass &f 8¢ < 190
GeV. The latter mass requirement is related torthe= 125 GeV mass. It is a slightly relaxed require-
ment than the hag had and ep had €quivalent since the MMC has a far poorar resolution for the

lep lep Case. Up to one muon reconstructed in the forward regidn<7 j < 2:7) of the muon spec-
trometer, or muons identi ed in the calorimeter wiph > 15 GeV and j < 0:1 are allowed. The leading
lepton must satisfyor > 20 GeV, and the sub-leading (third) lepton must haye> 15 GeV (10GeV).
Where more than one possible combination of leptons satisfying the abavieeragnts is present, the
combination minimizing the mass crence with both th& andh bosons is chosen. The ep anal-
ysis is subdivided into same avour (SF), with either four electrons or fouons, and dierent avour
(DF), with one electron pair and one muon pair, channels. This is done tiadackgrounds in the two
channels are very derent. The nal selection of the SF and DF cases is are optimized indeptiyndé
each other.

4.5 Optimization Study

In order to maximize the signal to background signi cance in thg nhag channel, a study is performed
to identify variables which discriminate between signal and backgrouedt&ely at the various signal
points. To this endma sidebands were chosen for the optimization related to each signal massfpoint.
'rectangular cut' optimization was chosen as it is a transparent and commibocni®r selecting sig-
nal events from a mixed signal and background analysis [93]. It iegotiie calculation of the signal
signi cance while scanning the ranges of a set of chosen kinematic \esiabhe variables chosen can
not be correlated, or must be linearly correlated with each other. Theseleation would have a large
discriminating power with the fewest possible discriminating variables. TheTR@i@astructure is used
to conduct the optimization, alongside the TMVA tool [93] which is used for mailtate analysis. It
should be noted that the optimization studies where performed in parallel wikddaen background
estimation studies ( described in Section 4.6). As such, each study in deheeother in their devel-
opment. Early optimization studies on the tau identi cation selection of the MC lvaokg and signal
samples revealed two promising scenarios: either two loosely selected taosléptd, or a medium
leading tau and a tight sub-leading tau lepton (MT). Thus template samples egjitfatifake back-
ground were created for both LL and MT selections. These wheretasede variable optimization as
the template method samples provide better statistics than their MC counterpstitault also be noted
that both the pre-selection and event selection looked vemrdnt as the optimization developed to the
nal selection described above. This included éient choices in then; andmy, sidebands, leptopr
and isolation requirements, and so forth.

The data-driven background from the template method is combined with {guer simulated back-

ground, and compared to signal points with their respective maximum ozoerss. The data-driven

background estimate is used due to the low number of simulated events in the dbbackground

of Z+jets, which made optimization over distributions diult. Since events with jets misidenti ed as
had vis are not expected to be well modeled in simulation, in any case, the decisioa tatasdriven

background estimations for the event selection optimization is further sigobdviany di erent kine-

matic variables are considered. These include tReeparation between lepton and between tau objects,
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and the reconstructed boson kinematic variables.

Additional angular distribution studies in thgp ep channel revealed that cosand cosz are two
uncorrelated variables that present good separation power agdiresid fake lepton4 + jets) back-
grounds. Here is the angle between the decay produ@safidh) and the collision axis in the rest
frame, while 7 is the angle between the ight direction of tizeboson and it's positive decay product
in theZ rest frame. A discriminant function known as the angular discriminant, arigjska is built up
based on a likelihood ratio of the two aforementioned variables:

pd fS

angU|arD|SC: m

(18)
wherepd fS andpd f8 are probability density functions obtained by performing a parametric estimation
ofthe cos and cos 7 distributions for signal and background estimations, respectively. bresely:

pd fS = pdfS(cos ;) pdfS(cos ), (19)
and
pdf® = fg,, pdfé?(cos z) pdfé%(cos )+ fa,., PdFZHeSCcos z) pdf&eScos ), (20)

wherefg,, andfg,, . are the relative fractions &Z andZ + jets backgrounds.

Figure 31 shows signal and expected MC background distributionspatieelection for dierent vari-
ables. Figure 31(a) shows th&* distributions. The large peak when transitionong thorugh the 225 GeV
bin is a manifestation of the minimum leptonie cuts, reducing statistics in the rst bin. As shown in
Figure 31(b) and (d), the leadingag vis ET and angular discriminant provide good discrimination of
background at xed points after pre-selection. Furthermore, thereclea dependence of the the re-
constructed di-lepton transverse momentum to the signal samflenass, providing an{® dependant
discriminator. Optimization of these variables is performed by varying eaeland nding the points
with the largest signi cance values for derent signals. The signal signi cance, Sig, used is de ned as:
r

Sig= 2 ((S+B) In(l+§) S), (22)

whereS andB are the total amount of signal and background events, respectives/eduation gives a
better signal signi cance approximation for low statistic distributions tlpéﬁ. Two selection criteria

are chosen for background discrimination:Aamass dependamﬁ cut, such thap% >0:64 m® 131
GeV, and a cut on the leadingag vis transverse energigr > 35 GeV. Figure 30 shows two dimensional
scatter and linear correlation plotsp$ andE, distributions for both signal and combined background
samples. The linear correlation coeient is 100% (100%) for a perfect positive (negative) linear t,
and 0% for no correlation. The scatter plots show that the variablesratemdy clustered and are not
correlated. Both th@% and E; distributions are therefore permisable in the optimization study. The
p% selection criteria is capped at 400 GeV as the extrapolation does nottlhégeer masses. At these
higher masses, background is negligible, so an increasing cut wouldrilyineanove signal. Table 11
shows thepZ andEr'®39M points which produce maximum signi cance.

Tightening the pag vis identi cation was also considered, but ultimately rejected. Tightening th@vis
identi cation requirement can drastically reduce the background ovdratlthe reduced number of
events in the signal region limits the number of bins which can be used in thenfiahistogram, for in-
puts into limits that rely on the asymptotic approximation. In a test of expected limitlydker naq vis
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identi cation outperformed the tightened requirements. Table 12 shows aartsop of expected signal
and background number of events for loose and medium-tight tau identirsatidhe nal selection
distributions are shown in Figure 32.

Signal || Vp, [GeV] | Er'eading Total Bkg Total Signal | Signi cance
[GeV] [weighted events] [weighted events]
220 4 35.6 34.2 11.9 1.9
240 4 36.8 32.2 42.9 6.4
260 44 35.6 18.4 19.6 4.0
300 76 34.0 7.4 18.4 5.2
340 102 34.0 2.3 13.7 5.9
350 102 34.0 2.3 6.2 3.1
400 102 34.0 2.3 16.1 6.7

Table 11:p¥ andEr'®2di which produce the largest signi cance for dirent signals forpag had.

(a) (b)

(c) (d)
Figure 30: Scatter plots for the (a) combined background and (b) 220stgeaal sample of thep% and

E;'eading yariables us'ed in thenag had Optimization using TMVA. The corresponding linear correlation
plots for p% andE7'®2d™M gre shown for the (c) combined background and (d) 220 GeV signgilea.
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Figure 31: Data-driven background and signal yield comparisonsnf@rnag after pre-selection as a
function of (a) the reconstructetl boson massm<c, (b) the leading talEr, (c) the di-lepton recon-
structed transverse momentum, and (d) the angular discriminant.

4.6 Data-driven background predictions

Two sources of irreducible background dominate in thg nhag channel. The rstis attributed to events
which share a nal state identical t0 hag hag. This background is referred to as true background.
After the full event selection, true background is dominated exclusivelgithosonZZ and SMZH
production. Here the on-shell decays to ", while the o -shellZ or SM H decays t0 pag hag. Alter-
natively, backgrounds which have signatures which are mis-identi ed agq nag are known as fake
background. In thenag hag Channel fake background stems from events with either one or two mis-
identi ed taus which come from jets. Mis-identi ed leptons play a negligible roleamparison. The
background is dominated [&/+ jets production, wherg ! ", and the jets are mis-identi ed as taus. A
small contribution also arises from di-boson and top production. TribasalttZ are also considered
but produce a negligible background. In order to predict the contribwatiaghe fake background in the
had had Channel, a data-driven template method is used. The true backgrousddkyless signi cant
role in the background and is estimated using MC. This section describeaiplate method prediction.

The main purpose of the template method is to boost the MC prediction of the &kground by
using real data events from the detector. This is done by creating a Ic@ietrplate) region, highly
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populated with mis-identi ed taus, used to model the background in the siggadr (Region A). The
template region is comprised of three sub control regions. The rst comigion (Region B) is de ned
with the full event selection, except that the leadifngy vis is required to fail the loostau identi ca-
tion. The second control region (Region C) is de ned with the full evetécion, except that the both
taus are required to be of the same charge. The third control regioi(RBYy combines both the in-
verted loose hag vis and same charge selection. Table 13 shows the selection requirementsdor a
regions as de ned in the template method f@gq hag. The three control regions are each orthogonal
to the signal region and highly populated with fake background eventga@ination from both signal
and true background in the template region. The shape of the fake backigin the template region
is used as a prediction of the fake background in the signal region. it background is scaled
in the signal region by usingy, sideband regions. The sideband region is de nedngs< 75 GeV
andm, > 175 GeV. The ratio between the background events in the sidebands teftip&ate region
and the signal region is used as a scaling factor to normalize the templatedauwkg the signal region.

are opposite charge are same charge
Pass loose Region A Region C
leading gelection signal control
Fail loose Region B Region D
leading gelection control control

Table 13: Representation of the dirent selection requirements of the signal and three control regions
as de ned and used in th@ag hag template method.

Two main assumptions are necessary for this method. The rst assumpticat ibéma shape in the
template region describes thg shape in the signal region accurately. This is tested by comparing the
mpa shape of the signal and template regions for MC as well as data im{lsgdebands. In Figure 33
the nal signal region is compared with the total combined background temfégere 34 shows the
comparison of data in the signal region and template regions, both myts&ebands. Data had to be
looked at in this way so as to have a blind analysis, where data in the sigi@i uld not be directly
looked at until the background predictions and limit setting mechanisms wéeg.rBoth gures show

a good agreement of thea shape when comparing the signal and template region.
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Figure 33: Comparison of theS° distribution for the signal and the combined template regions. Only
simulated events with at least one fakgg vis are shown.

Figure 34: Comparison of thef° distribution in themy, sideband control region that pass the signal
or template region requirements. These distributions are of data events withd§uis contributions
subtracted using simulation.

The second assumption is that the scale factor attained imghgdebands correctly normalizes the
template background in they, window. This is tested by looking at the template method background
estimation in am; sideband validation region. The validation region is de nedas< 80 GeV or

mz > 100 GeV making it orthogonal to the signal region. The number of fakateve the validation
region predicted by the template method 8 62:9 (stat.). By passing the ATLAS 2012 data though the
same selection required by the validation region, 5.9 data events areatbgethis region are , showing
that the method predicts the background normalization accurately in the vatidetjion. The system-
atic uncertainties related to the template method background predictions arbe@s Section 4.7.

The resulting template background in theq nag channel signal region is used as the prediction of

all backgrounds which come from mis-identi eglaq vis. This background is combined with the true
background predictions taken directly from simulation to give the nal lgaclund prediction. The
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lep had Channel follows a nearly identical template method to predict the backgmmmihg from one
mis-identi ed had vis- The |ep lep Channel combines both MC and data-driven techniques to predict the
fake background which stems from mis-identi ed leptons.

4.7 Systematic uncertainties

Uncertainties attributed to event prediction, and variable distributions agegnhin any analysis. They
are attributed intheA !  Zh! ™ analysis to theoretical and data-driven signal and background
predictions, as well as uncertainties in the experiment's measuring capabilitiese uncertainties are
known as systematic uncertainties and are described in this section. Thelyerwasisidered in the nal
limit setting mechanism.

4.7.1 Experimental and theoretical MC systematics

The MC signal and background predictions are susceptible to theoraticaltainties which are at-
tributed to the choice of PDFs re-normalization and factorization scalesthanchoices in , all of
which e ects the theoretical normalization. The PDF uncertainty also come from thesiatuncer-
tainty due to their determination. On top of this, uncertainties attributed to expedhegpipment plays
an important part in the uncertainty of the prediction. The dominant deteslied uncertainties in the
Al Zh! ™ analysis are attributed to: the reconstruction and identi cation of leptoniadcbnic
taus [86, 94]; the momentum or energy resolution of the reconstructedtsbibe reconstruction of
E?‘SS [92]; the triggering of events; and the measured luminosity. The luminositgrtaioty is taken as
2.8% and serves directly as a scale factor on the event yield [90].

The e ect of each systematic uncertainty described above was applied to eadightll and back-
ground that is estimated using MC. The experimental systematicte on MC signal, as well as true
MC backgrounds are evaluated by including the variations from the nowielals of the above sys-
tematic sources. Table 14 shows combined systematic categories which wenlititee to no e ect
when compared to the larger data-driven systematics (Section 4.6) anticstiatiscertainties after the
full hag nhad Selection. The proposed combination of these systemics is the addition inatpradof
individual systematic eects related to: electron (EIID) and muon (MulD) identi cation, missing trans-
verse energy (MET), jet energy scale (JES), tau energy scalé) (JeE&nergy resolution (JER) and jet
vertex fraction (JVF). Each experimental uncertainty is also checked for shape variationsteEig5
and 36 show shape variations from applyingetient systematic variables for the 400 GeV signal and
combined MC background, respectively. The TES systematic shows & sfighe deviation in they,
distributions in both MC signal and background. This deviation in the shapewsver not present in
themp distribution and does not need to be considered in the limit setting mechanisshajes of all
other systematic distributions agree well, and no further shape deviatitamstic is needed. The total
systematic uncertainty on the true background amounts to 8.5%, with the laogeisbutions coming
from TES and tau identi cation systematics. The largest systematic uncertairttye true background
prediction of the ep had @and ep 1ep Channels come from theoretical uncertainties. This amounts to a
true background normalization uncertainty of 5.0% in tRg nag and 6.4% in theep ep Channels.

3JVF is a discriminant which measures the probability that a jet originated &rparticular vertex. It allows for the identi-
cation and selection of jets originating in the hard-scatter interaction throlgluse of tracking and vertexing information.
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Figure 35: Up and down experimental systematic deviations ofrthdistribution from the 400 GeV
signal nominal distribution. The systematic uncertainties are related to (a)uheneagy scale, (b)
electron triggering, and (c) muon identi cation uncertainties.
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Figure 36: Up and down experimental systematic deviations ofrihdistribution from the MC ZZ
background nominal distribution. The systematic uncertainties are relatajlttee(tau energy scale, (b)
electron triggering, and (c) muon identi cation uncertainties.

4.7.2 Data-driven systematics

Systematic uncertainty in the template method described in Section 4.6 arises dretatistical uncer-
tainty on the normalization factor, as well as from potentialedences between the dirent template
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regions. The method is performed with alternate regions in order to evalistenttertainty. Four dif-
ferent sub-regions for the background template are de ned. Reg{®1)Lhas events with tWonag vis
of opposite charge, where one fails the looggy vis identi cation. Region two (R2) has events with
2 had vis Of opposite charge, but both fail the loosgygq vis identi cation. Region 3 (R3) has events
with two paq vis Of the same charge, where one fails the loogg vis ID. Region 4 (R4) has events
with two same chargenag vis that fail the loose nhaq vis ID. The predictions of the background resulting
from each of these template sub-regions and the combined nal nominal teenapéashown in Table 15.
The prediction from the sub-regions are consistent with the nominal tempédefon. The nal fake
background yield prediction is 23.2 0.4 (stat.) 5 (stat. on normalization factor) 2 (sys.). The
total errors equal 25% when added in quadrature. The respeglivead Systematic uncertainties on the
template method amounts to a normalization uncertainty of 38%. The normalizatiertainty for the
lep lep fake background predictions amounts to 65% (25%) for the SF (DF) @ateg

Sample Norm. factor Predicted\fakes
Nominal | (78 1:8) 103| 23 04 53
R1 (96 26) 102 | 28 34 77
R2 (1.8 04) 102 | 22 06 50
R3 (94 30) 102 | 23 48 74
R4 (L9 04) 102 | 22 07 51

Table 15: Normalization factors and predicted event yields for varioustss of the template region.
The uncertainties quoted here are due to the data statistics and the nite nohgegrerated MC. The
uncertainty of the predicted yield that stems from the calculation of the norrializiactor is given
separately (this is the second quoted error).

4.8 Results

The nal had had My© and mMMC distributions of data and the predicted background and systematic
uncertainties after full selection are shown in Figure 37. The resultsanepresented with the same
signal cross sections times branching rations presented in used fortitmizapion studies, but rather
with the values used for in the nal combination paper in Reference [88le data falls well within

the background prediction when considering the full systematic uncettaliitg binning of themif®
distribution is the same as that used in the limit setting mechanism described balie/1® shows the

nal event yields for all channels inth&! Zh! ™ analysis. The numbers are quoted with their
respective statistical and systematic uncertainties. The number of data eveach channel coincide
convincingly with the background predictions, within their respective taogies, after the full event
selections.
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Sample " had had " lep had " lep lep SF " lep lep DF

7z 42 0.1 0.45 6.97 0.17 0.40 | 8.60 0.13 054 | 3.98 0.11 0.26
SMZH 0.88 0.02 0.09 | 0.85 0.02 0.09 | — -

Others 0.0 0.10 0.01 0.01 | 0.57 0.15 0.06 | 0.80 0.20 0.08
Data-driven| 23.2 0.4 5.8 9.44 0.76 354 | 0.37 0.12 0.20| 2.41 0.52 0.17
Sum 283 04 59 174 0.8 3.6 954 024 058 | 7.19 0.57 0.32
Data 29 18 10 7

Signal 45 0.4 54 04 1.43 0.06 1.90 0.09

Table 16: Final event yields of background predictions and data fehalinels in thé! zZh!
analysis after their respective event selections. Both statistical and ystahsatic uncertainties are
shown. The signal is given for a mass of 300 GeV, and assuming asgossn times branching ratio of
10 fb.
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Figure 37: The reconstructed (&) boson massniec, and (b) MMC di-tau masspMMC, of the

had had Channel after full event selection [88]. Events with trugq vis are taken from MC, while
the fake background events are taken from the template method predictien34D GeV signal MC,
with an assumed cross section times branching ratio of 50 fb, is plotted foraczoip.

Although the nalmjy distributions and event yields show excellent agreement with the backd)pre-
dictions, one needs to quantify the the strength with which the backgroupchgpothesis should be
chosen. The signal strength, is chosen as the parameter of interest in order to test the hypothesis. It
is de ned as the ratio of the tted signal cross section times branching raticetpribdicted signal cross
section times branching ratio predicted by our model. The valaé corresponds to the absence of any
signal, whereas the value= 1 suggests a good match of the signal as predicted by the theoretical model
under study. A binned likelihood functiob,(; ), is constructed as the product of Poisson probability
terms, serving as an estimator aof Here denotes the nuisance parameters. The nuisance parameters
consist of all systematic uncertainties described in Section 4.7. The binedtidi&d function is con-
structed in bins of the reconstructddboson massne€. The bins for the hag hag channel are chosen
as: 0, 225, 235, 245, 255, 270, 290, 315, 2000 [GeV]. The last3iis - 2000 GeV) is large since the
sensitivity of the analysis drops considerably in this region.

To test a hypothesized value othe pro le likelihood ratio,

~
N

L(; )

()=——1 (22)
L)

is considered [95]. Hereis the value of that maximizes the likelihood function for a speci ¢referred

to as conditional maximume-likelihood estimator, and is hence a function dh the denominator, ~
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and " are estimators of and respectively which maximize (unconditionally) the likelihood function.
It is furthermore convenient to use the test statistic 2In ( ) which can be used to calculate the
statisticalp-value. The particle physics community regards a rejection of the baakgamly hypothesis
for p-values less thap = 2:87 10 /. This corresponds an excess in signal of more than She
signal hypothesis is excluded at a threshpidalue of 0.05 (or 1.64). For the current analysis we can
assume that the presence of a new signal can only increase the mearatvbéeyond the background
expectation. Thereforte must take into account that 0. In light of this a modi ed frequentist method
(a.k.a. Clg) is used in order to calculate the respective analysis sensitivity in the foexctusion
limits [96]. The test statistic for setting upper limits is denoted| gsaiid de ned as:

2InL(; )=L(0; o) if°< 0
g =5 2In(L(; BENED) ifo °
© 0 if ~>

where g is the conditional maximum-likelihood estimator givere 0. An asymptotic approximation

is assumed in the evaluation @f, While an Asimov data set is used to obtain median signi cance val-
ues [95]. Points within 1 and 2 are plotted as bands around the nominal predicted Asimov limit. For
every observed value ofiy the test statistic is calculated for all values the cross section times branching
ratio. Only values with a CL greater than 95% are selected.

Figure 38 shows the expected and observed upper limits of gluon-fusi®@R(A! Zh) BR(h! )
for the combined\! Zh! ™ analysis. No assumptions are made on the branching rakié of

in order to maintain the result model independent. The observed combiped lipit is within 2 of
the expected limit. The expected 95% CL for thg, iep, Iep had @Nd had had are shown in dashed
lines. The drop in the limits at higher values are from the lack of data olb@mntae highesma bins.
The 95% CL upper limits on the gluon-fusion BR(A! ZzZh) BR(h! ™ )range from 0.098-0.013
pb in arange of 220 my 1000 GeV. No excess is observed outside the Phe low observed limits
at the higher mass points is caused by a lack of events in the nal 315@800r° bin.

L L I B B B B L B
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ATLAS
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Figure 38: Expected and observed 95% CL upper limits of the gluon-festms section times branching
ratio of the combined\! Zh! = analysis as a function af. Expected limits are represented in
dashed lines, while observed limits are in solid lines [88].

In addition to theA ! Zh search with & ! nal state, anA ! Zh search was conducted in-
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dependently with & ! bb nal state. Here theZ boson decays as eithé&r! " orZ ! . The
Al Zh(bb) nal state has a larger branching ratio than thattdf Zh( ). However, theA! Zh(bb)
channel has a large background, while e Zh( ) is rather clean. This causes both channels to have
roughly the same sensitivity at the low mass regionnigrmasses around 300 GeV. TAel  Zh(bb)
channel has much better sensitivity at the higher mass regions and thdragoner binning in this area
thantheA! Zh( ) channel. Figure 39 shows the expected and observed upper limits offyision
BR(A! Zh) BR(h! bb)fortheA! Zhh! bbanalysis. Here the limits are model independent
since no assumption has been made on thenBR(bb). The 95% CL upper limits on the gluon-fusion
BR(A! zh) BR(h! ffbb)range from 0.57-0.014 pb in arange of 22ny 1000 GeV [88].
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Figure 39: Expected and observed 95% CL upper limits of the gluon-fesams section times branching
ratio of the combined\! Zh, h! bb analysis as a function ofiy. Expected limits are represented in
dashed lines, while observed limits are in solid lines [88].

In order to increase the sensitivity of both thie and  studies the resulting limits are combined in
the context of the CP-conserving 2HDM (Section 1.4), and the resultpisted in a singléA !  Zh
search [88]. Assumptions as described in Section 1.5, suoff.as m3tan =(1 + tarf ), are made.
The limit setting mechanism in both analysis are identical in order to conducbthkigation. Common
nuisance parameters of the subchannels are correlated and their pildltiens are checked to see if
they are treated correctly in the combination. The pull distribution of eaclancésparameter should be
close to a standard Gaussian distribution. No deviation from this is seen mu&gance parameter used
in the combination. The branching ratios BR( bb) and BRf'! ) are assumed to take on their SM
values. Corrections on the branching ratios are taken into accountastlyeas functions of and , as
shown in Table 2. The combined expected and observed upper limits of-fylaimm BR(A! Zh),
assuming the SM branching rationshofo  andbb, are shown in Figure 40.

74



5‘ I T \ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ L I :
o ]
= 12 ATLAS Vs=8TeV 20.3fb*

= 10 \ E
N \ I lbb exp —e— Comb obs 95% CL limit |
@ — —nnbbexp ... imit
< \ tot Comb exp 95% CL limit

¥ 1o v e hadhad EXP |
@ 10 N\ e fostpag ©Xp [ 5 band E
n L s ]

o A — lepliep P D +2s band

10*

pa—
—_—
—_ -

102

Bl b b b b b b i b a1
200 300 400 500 600 700 800 900 1000
m, [GeV]

Figure 40: Expected (dashed) and observed (solid) 95% CL upper liftilite gluon-fusion cross section
times branching ratio of the combinéd! Zh analysis as a function @fiy. The branching ratios df
to andbb are taken as the SM values [88].

The constrains derived from this combined search are interpretedchsiex regions in the free pa-
rameter phasespace of each of the four 2HDM models considered. yperfllTand Flipped models,
where theb-associated production becomes dominant over gluon-fusion at largette-associated
production is included. This is done by deriving the relativecencies and the predicted cross section
ratio for theb-associated and gluon-fusion production. An empirical matching is usechtbioe the
four- avour and ve- avour (Figure 6) cross sections in order terilze theb-associated production cross
section [97]. The four- avour scheme cross section is determined sxided in Ref. [98, 99], while
the ve- avour cross sections are determined using SusHi. Bfassociated production eiencies are
estimated from Pythia8 and Sherpa samples. Figure 41 shows the combinedh interpretation as
(tan , cos( )) exclusion regions for thena = 300 GeV signal point for the four 2HDM scenarios.
Large regions within the solid lines are excluded with a 95% CL, wherétheson coming from the
speci ed 2HDM has not been observed. Both gluon-fusion l#agsociated production are considered
in the Type-Il and Flipped models. Alongside the observed exclusion limitharexpected limits with
1 and 2 bands. The regions in Type-l and Type-Il where no exclusion pasvebserved, which are
atlow tan and far fromcos( ) = 0, are caused by the vanishing branching ratids bf  andor
h! bb. The observed and expected limits agree well in all cases. Results Aflthe analysis are
reinterpreted and 95% CL exclusion regions are displayed in light bluecfopleteness [30]. In many
cases theA ! Zh interpretation compliments the regions excluded in Ahé analysis. For all
exclusion limits the width of thé\ boson is assumed to be less that 5% thahgf The grey solid areas
are regions where the width of tileboson is greater that that 5% thatrof. The exclusion contours
further compliments the CMS exclusion limits placed on Type-I and Type-Il| hedda Figure 10 [35].
Finally, Figure 42 shows the combinéd! Zhinterpretation as exclusion regions wheng and tan
are varied and cos( ) = 0:10. This shows large regions in tha4,tan ) plane which are excluded for
the di erent 2HDM models. Th&! Zhexclusion regions expand on the reinterpreteld results
which are plotted in light blue. Figure 43 shows a comparison of the exclusion fionitse bb abd
channels in the Lepton-speci ¢ and Flipped models. This highlights the imp®taithe channel in
theA! Zhanalysis as it excludes regions which are not accessible inktbbannels.
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(a) Type-1 2HDM,m, = 300 GeV (b) Type-1l 2HDM, m, = 300 GeV

(c) Lepton-speci c 2HDM,m, = 300 GeV (d) Flipped 2HDM,m, = 300 GeV

Figure 41: Exclusion plots in the (tan cos( )) plane of the cross section limits in the context of
the (a) Type-I, (b) Type-Il, (c) Lepton-speci c, and (d) FlippeHIRM types forma = 300 GeV. For
Type-l and Flipped models theassociated production has been included along with gluon-fusion. The
blue area denotes the excluded regions resulting from reinterpretettaiats onA ! in Ref. [30].
Variations of the natural width up toa=mx=5% have been taken into account. The grey solid areas are
regions where the width of th& boson is greater that that 5% thatrof [88].



(a) Type-12HDM, cos( ) =01 (b) Type-1l 2HDM, cos( )=01

(c) Lepton-speci c 2HDM, cos( ) =0:1 (d) Flipped 2HDM, cos( ) =0:1

Figure 42: Exclusion plots in them, tan ) plane of the cross section limits in the context of the
(a) Type-I, (b) Type-Il, (c) Lepton-speci ¢, and (d) Flipped 2WNDtypes for cos( ) = 0:10. For
Type-l and Flipped models theassociated production has been included along with gluon-fusion. The
blue area denotes the excluded regions resulting from reinterpretettaiats onA ! in Ref. [30].
Variations of the natural width up toa=mxa=5% have been taken into account. The grey solid areas are
regions where the width of th& boson is greater that that 5% thatrof [88].



(a) Lepton-specic 2HDM,A! Zh! “bband (b) Lepton-specic 2HDM,A! Zh!
bb

(c) Flipped 2HDM,A! Zh! ““bband bb (d) Flipped 2HDM,A! Zh!

Figure 43: Exclusion plots in the (tancos( ) plane of the cross section limits in the context of the
(a) and (b) Lepton-speci c, and (c) and (d) Flipped 2HDM typesrfar = 300 GeV. Variations of the
natural width up to A=ma=5% have been taken into account. Both the (a) ané(c) Zzh! " “bk/ bb
,and (b) and (dA! Zh! ™ are shown separately to show their individual contributions to the
exclusion limits. Variations of the natural width up ta=mx=5% have been taken into account. For
the interpretation in the Flipped 2HDM, tleassociated production has been included in addition to the

gluon fusion [88].



5 Conclusions

A report on the search for a neutral CP-ofldboson, predicted by 2HDMs, decayingZa in proton-
proton collisions using the ATLAS detector at the LHC is presented. Thestaiks considered in the
searchar@! " andhto either jep lep, lep had O had had- FOCUS was placed on thgag hag analysis
where object and event selection, signal optimization techniques, degém-dackground estimations,
and limit setting mechanisms were described in detail. Where appropriate, mestiomade of the
respective lep had @nd had had methodology. Work on thenaq reconstruction MC validation software,
which is relevant to the analysis, is also presented. The background predictions éftheZh!
t the data within systematic and statistical uncertainties. Direct 95% CL upper lanétplaced on the
gluon-fusion produced BR(A ! Zzh) BR(h! ) for the combined ep lep, 1ep had and
had had Channels. The direct limits show no indication of Arboson signal above background, and
excludes values of 0.098-0.013 pb in a range of 228, 1000 GeV. The limits are interpreted in
a combination with results from th& !  Zh! ffbb analysis, wherd = ;" [88]. The combined
limits are calculated with thé branching ratio to andbb taken as the SM values. For Type-Il and
Flipped 2HDMs the b-associated production is taken into acount along wibm-glision. The resulting
limits are interpreted in four 2HDM models where large sections of phasespa@xcluded. The limits
fromtheA! Zh! °° analysis are shown to complement thosé\df Zh! ffbb by excluding
regions which are not accesible to the latter analysis. The exclusion plofd@ment previoué boson
searches.
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