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Apstrakt

U tezi su prikazani rezultati traganja za novim teskim akglsanim gradijentnim bozonima
na Velikom hadronskom kolajderu. Rezultati su dobijeniliairanjem 36 pb! podataka iz
proton-proton sudara na energiji 7 TeV prikupljenih na kietes ATLAS tokom 2010. godine.
Postojanje novih gradijentnih bozona je prethno u mnogim prosSirenjima Standardnog mod-
ela. Rezultati u ovoj doktorskoj disertaciji su dobijenristeci model u kome novi teSki naelek-
trisani gradijentni bozonW’) predstavlja kopijuV bozona iz Standardnog modela: sprezanja
W’ sa fermionima su ista kao katl bozona, a interakcije sa drugim gradijentnim bozonima su
zabranjene. Pored ovog modela, razmatran je i model u komewséozon (oznacen 3&™)
pojavljuje kao naelektrisani partner hiralnih bozona.¢kani su leptonski kanali raspadé

i W* Ciju eksperimentalnu signaturu Cine prisustvo taCrumggy leptona (miona ili elektrona)
vrlo velikog transverzalnog impulsa i velika nedostajti@asverzalna energija koja potice od
neutrina.

Za selekciju dogdaja iz raspad®V’(W*) koriscena je raspodela transverzalne mase, posto
se longitudinalna komponenta energije neutrina ne mazenstruisati, U tezi su analizirane
karaketeristike objekata potrebnih za rekonstrukcijmsvaerzalne mase/’'(W*). Najpre su
analizirane karakteristike rekonstrukcije miona u poatecprikupljenim krajem 2009. godine
i tokom 2010. godine, i uspostavljeni su selekcioni uslayi bkmogucavaju efikasnu rekon-
strukciju miona velikog impulsa uz dobru rezoluciju. Poteda, analizirani su kriterijumi za
identifikaciju elektrona i uspostavljeni selekcioni uslea suzbijanje fona koji potice od laznih
leptona visokog impulsa.

Nivo glavnih fonskih procesa)N/Z i tt , je procenjen koristenjem teorijskog preseka u
NNLO aproksimaciji i Monte Karlo simulacija. Nivo fona kgpiotice od kosmiCkog zraCenja
kao i fona od produkcije dZetova, procenjen je direktnaddataka i pokazano je da taj doprinos
mali u odnosu na glavne fonske procese. Efikasnost za rek&nogti signala i nivo glavnih
fonskih procesa korigovani su kako bi se uracunale razikesdu Monte Karlo simulacija i
podataka iz protonskih sudara.

Dobijeni rezultati su konzistentni sa predanjima Standardnog modela. PoSto novi gradi-



jentni bozoni nisu prordeni, izracunati su gornji limiti na presek za produk®((W*) pomnozen
faktorom grananja za leptongB). Limiti na 0B na nivou poverenja 95% C.L. izraCunati su za
mionski i elektronski kanal, kao i za kombinaciju dva kandlakombinacije dobijenih limita

i zavisnostioB od mase novog gradijentnog bozona, dobijeni su donji mdseiti za W’ bo-
zon (my >1.49 TeV) iW* (my- >1.35 TeV). Dobijeni maseni limit "8/’ je znatno uvetan u
odnosu na limit dobijen na Tevatronu, dok limitW& predstavlja prvi direktni limit za ovaj tip
bozona. Takde, prikazani su i preliminarni rezultati traganjaWabozonom dobijene kombi-
nacijom podatka iz proton-proton sudara u 2010. i 201 1. goBiodaci nisu pokazali statistiCki
znacCajno odstupanje od predanja SM, a maseni limit je uvetan ng, >1.70 TeV. Na kraju
su analizirane mogucnosti za detekdilli bozona u zavisnosti od energije sudara i koli€ine
prikupljenih podataka na LHC-u u narednom periodu.
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Chapter 1
Introduction

Standard Model of elementary particles (SM) has had enasrpbanomenological success dur-
ing the past half of century. All fermions predicted by the 8Mre discovered, and existence
of all gauge bosons, the mediators of the three forces (watedkg and electromagnetic) was
established. Despite increasingly accurate and precsriexents, no significant deviation be-
tween the Standard Model predictions and experimentalatatil be established. However, it
is generaly believed that Standard Model is a low energyt llha more general theory. One
intriguing feature of SM lays in fact that charged currentief weak interaction is restricted to
left-handed particles only. The extension by a right-hanskctor has not only aesthetic rea-
sons, but it provides a mechanism for parity violation whings to be implemented by hand
in the Standard Model. Further, increasing amount of daan fneutrino experiments seems
to confirm existence of a new phenomenon: mixing betweerrineuiamilies, known also as
neutrino oscillations. Neutrino oscillations are not pblesif neutrinos are massless patrticles,
as they are in the Standard Model. On top of this, unnaturaltéining of the SM parameters is
required in order to keep the mass of hypothetical Higgs hgsable when extrapolating to the
very high energies where the unification of the three forbesisl occur. It is however, gener-
ally known that SM itself does not provide unification of taferces at very high energy scale.
Numerous theories are studied in order to address at leasteithe opened issues. One attrac-
tive way to go beyond SM is by enlarging its gauge gréud3).® U (2)L @ U (1)y, either by
creating new symmetries or by unifying the symmetries alygacognized. A consequence of
the enlarging SM gauge group, common to many models, is tistaexe of additional heavy
gauge bosons, the charged ones commonly dentftedviany of these theories and models
indicate that new phenomena are likely to appear at the TecaBn\olt (TeV) scale. Direct
probe of TeV scale is possible with the Large Hadron Coll{@iéfC) at CERN, the world most
powerful accelerator in terms of energy and collision rate.
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This thesis was carried out within the collaboration of tHE.AS experiment, one of two
general purpose experiments at the LHC. In the thesis alsé&ara new heavy charged gauge
boson with its subsequent decay into a lepton (a muon or atrefg and a neutrino is studied.
The analysis is performed with data taken between March atdb@r 2010 corresponding to
an integrated luminosity of about 36 pb. This was the first year of LHC operation at the center
of mass collision energy of 7 TeV. The search for new gaugerbbsas been optimized using,
as benchmark, the model in whit¥ has the same couplings to fermions as Standard Model
W boson, with ineteractions with other gauge bosons excludédis, the total (and partial)
widths increase linearly withV’ mass. Prior to data taking at 7 TeV, evaluation of the disgove
potential, as well as exclusion power, have been perfornsedjistate of the art simulation of
the ATLAS detector. The results indicated that even with @esbamount of data, it is possible
to discover or exclud&/’ above its stringent mass limit set by the Tevatron collidebé of
about 1.1 TeV. In addition t&/', another model, in which new gauge bos@fi| represents the
charged partner to the chiral bosons, has been consideragindfilc moment type coupling of
W* leads to kinematic distributions quite different from thafW’, and the results presented
here correspond to the first direct search for this type obbos

The signal in this search is characterized by events witlgh lepton-neutrino mass. This
mass is not observable because the longitudinal momenttine ofeutrino cannot be measured
by the detector. However, the transverse components oféab&ino momentum can be esti-
mated from the missing transverse enefy] in the event and combined with the transverse
momentum of the leptorpg ) to define the transverse mass:

mr = \/2prfr(1—cosp) (1.1)

whereg is the angle between the transverse momentum of the leptbimaBr . The transverse
mass has a Jacobian peak which falls sharply aiMtheass. Henceny serves as the primary
discriminant for identifyingV' candidates. The same discriminant is used for the seart*for
boson.

The thesis is structured as follows. In the next chapter amveew of the Standard Model
and the motivation for the existence of the phenomena begMds given. The so-called
reference model containing benchm&k is briefly described, as well &4* model. In the
third chapter the simulation of tW’ (andW*) at the LHC is explained. In this chapter, author’s
results on the evaluation of the higher order correctioribe®V’ production cross section with
detail study on the related systematic uncertainties aseribed. ATLAS detector, including
all relevant detector systems, trigger, data quality andiktion and computing infrastructure



are described in Chapter 4. Relevant results concernimtjress of ATLAS for the data taking
obtained from studies with cosmic rays are also discussbdpt€r 5 is the central part of the
thesis, containing most of the results which the candidaseobtained during the study of 2009
and 2010 data. Muon reconstruction at ATLAS addressingeciggds for measurement of very
high-pr muon s presented, as well as author’s work on the perforsmafimuon reconstruction
with first collision data at 900 GeV and on tuning muon setetin W’ search. Studies of
differences from data to simulation as well as other ap@eddction cuts are addressed here as
well. Uncorrected results for th&" — pv(W* — pv) search are presented in this chapter, and
possible additional selection requirements are discudse@Ghapter 6, data driven estimation
of the cosmic and background arising from QCD multijet prichn are presented. Detector
related systematic uncertainties for signal and backgtpand higher order corrections and
theoretical uncertainties for the background are evatliakeénal results and uncertainties for
the muon channel are given at the end of this chapter. Eleatientification, and electron
selection requirements applied to select high mass elecieatrino candidates are discussed
in Chapter 7. Corrected results and final systematic urinéga forw’ — ev (andW* — ev)
search can be found here. Since no excess above SM predgtibserved, limits oV’ — (v
andW* — /v production are given in Chapter 8 titled Limits and Prospethe obtained cross
section limits are converted into mass limits on the new hegwesenting mass reach obtained
with ATLAS using 2010 dataset. Prospects for discovery e well as exclusion potential
within some possible LHC running scenarios in the comingaaeare presented at the end of
this Chapter. Concluding remarks are given at the end.



Chapter 2

Theoretical Foundations

2.1 Standard Model

A brief overview of the Standard Model of electroweak andrsgyinteractions is given in this
section. More formal aspects and details of the model candnedfin the vast literature on this
subject, from various textbooks and school proceedings[dgviews [2].

2.1.1 Standard Model in brief

Standard Model [3] includes the Glashow-Salam-Weinber§WG theory as the unified the-
ory of the electromagnetic and weak interactions, and guarchromodynamics (QCD) as the
theory of the strong interactions. Both GSW and QCD are nbelan gauge theories, based
on the principle of local gauge invariance. The gauge symnggbup of the GSW theory is
V(2)L ®U(1)y with the quantum numbers weak isospin and hyperchargeg\abi(3): is
gauge symmetry group of QCD with color as the correspondusntym number. The sub-
scripts indicate the quantum numbeltsstands for left-handed weak isospYhfor weak hyper-
charge ana for the color charge.

According to the gauge symmetry groups there are eight essglluons mediating the
strong interactions, one massless photon for the electioat& interaction and three vector
bosonsw* andZz° for the charged and neutral weak interactions. These bamenasually
collectively denoted as gauge bosons because their exéstera direct consequence of local
gauge invariance. The weak vector bosons acquire theireaagsthe spontaneous breaking of
the electroweak symmetry group. The matter particles haiwelg,and are grouped into famous
three families of quarks and leptons with identical chaastics but increasing mass. The
fermions appear as left-handed and right-handed statespefor the neutrinos(antineutrinos)



which in the SM are only left-handed (right-handed) and esss The left-handed fermions
are grouped in isodoublets, the right-handed fermionssaxgnglets. The quark generations are
mixed by the charged weak currents. This quark mixing ismesd by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix[4] which is parametrized by three mixiangles and @P—violating
phase. In the present formulation of the SM there is no mikieigveen lepton families. While
this is true to a high accuracy for the charged leptons, cimgexperimental data show this
is not true for the neutrino sector because neutrino osicitla occur (for the review segl[5]).
The particle content of the Standard Model is presentedlie$e2.1 and 2]2.

Table 2.1: A summary table of fundamental fermions in then&ad Model. The quantum
numbers shown represent spB), (weak isospin T), third component of weak isospiiis),
electric charge @) and weak hyperchargé&’). Antiparticles (except for neutrinos) are not
presented. Each quark has 3 colour states.

Family I I [l s | T | T3 Q Y
Leptons| [ Ve > Vi > Vi ) 1/211/2| 12| 0 | -1
e /. U T ) |v2) 1212 -1 | -1
Ve Vh Vg 172 0| 0 | O | O
€r U TR /2, 0| 0 | -1 | -2
Quarks u > c) t ) /2| 1/2] 1/2 | 2/3 | 1/3
d/, s ), b ) |12|12 -12|-13] 1/3
UR CR tr /2| 0O 0 | 2/3 | 4/3
dr SR br 1721 0 0 |-1/3]-2/3

The gauge symmetry group of the GSW theory is spontaneouskeb via the Higgs
mechanism fron8J (2). ® U (1)y to the electromagnetid (1)en. The spontaneous breaking
of the electroweak symmetry is achieved by introducing omabtet of complex scalar Higgs
fields [4]. This is the minimum number of Higgs fields necegsarspontaneously break the
WV (2) ®U (1) symmetry and to introduce the mass terms for all particlestdpm the neutri-
nos. After spontaneous symmetry breaking there remainseugal scalar Higgs particle as
physical state. The other three scalar fields become th&lmiigal components of the massive
W+ andz° bosons.



Table 2.2: Boson sector of the Standard Model. Masses aainebitfrom[6].

Boson Mass [GeV] | Electric chargg Spin Interaction
gluon,g 0 0 1 Strong
photon,y 0 0 1 | Electromagnetic

z 91.188+ 0.002 0 1 Weak
w 80.399+ 0.023 +1 1 Weak
Higgs,H ? 0 0 -

The formulation of the Standard Model constitutes a rentaekantellectual achievement
of the twentieth century. The formulation of the theory asmormalizable quantum theadry|[8]
preserves its predictive power beyond tree-level comjutatand allows for the probing of
quantum effects. An array of experimental results confirergdeature of the theory to a high
degree of precision, at the level of testing higher ordetypkation theory[9].

2.1.2 Gauge invariance

Recognizing symmetry in nature and deducing its implicegifor the elementary particles and
their interactions is of fundamental importance. Equatibmotion derived from the variation
principle makes general and systematic procedure avaifablestablishing conservation laws
and constants of motion as a consequence of invariant pgregelConversely observed laws
and selection rules may be imposed as symmetries of the hgigrarestricting or prescribing
its form. The general framework for this program is provitbgdNoethere’s theorem[10] which
correlates any continuous symmetry transformation (umdech Lagrangian is invariant in
form) with a conservation law.

The first important class of symmetries are so called glopainsetries where a global
gauge transformation applied to the equation of motion &eepnchanged. In other words
doesn'’t affect any observable quantity. The global symieetmake physics invariant under
translations, rotations and constant motion with respeeany inertial frame implying energy,
momentum and angular momentum are conserved. The secasdoflaymmetries are local
symmetries where gauge transformation applied to the tetjuation of motion keeping it
unchanged is a function of space-time (position).

The simplest case of local gauge invariance is demonstatetie fermionic fieldy of
massm described by the Lagrange density equation:

Zi = PX)(iy o —m)Y(x) (2.1)
8



with ¢ = ¢Ty° (R = 1= c). Applying the Euler-Lagrange-formalism 1% one gets the well
known Dirac equation for the free motion of fermignwithout interaction:

(v 0y —m)p(x) = 0. (22)
The Dirac equation is invariant under a globi(1) transformation
Uy =€“, (2.3)

because exponential factors cancel out when making theftramationy — ' = Uy. This
equation however is not invariance under a lag¢él) transformation:

Us(x) = 909 (2.4)

where phase factar is a function ofx = (t, X). Global invariance should necessary hold locally,
and in order to so one has to replace the usual derivativ®y the so called covariant derivative
Du: 0y — Dy = 0y +19A;(X) The following transformation rule under thig1) transformation
described here is defined for the fiedg which is contained in the covariant derivative. This
filed transforms under local gauge transformation as:

Au(X) — AL (X) :A“(x)—z—g'ﬁua(x). (2.5)

Therefore, the redefined Lagrange density is invariant ulwbal U (1) transformations. The
field A,, that emerged from the demand of gauge invariance, geseratextra term

— UV AL(X)W(X). (2.6)

The equatio 216 represents the well known quantum elegteodics (QED) interaction be-
tween a fermiony with chargeg and an external electromagnetic potenfig(x). Instead of
being an external potentiay, (x) can be turned into a free photon field by adding the appropri-
ate free Lagrangian (kinetic energy which describes matidree photons)

1
L= _ZF[JVFHV (2.7)

with Fyy = dyAy — dvA; , to the overall Lagrange densityd,(x) itself is then treated as
free field in the Lagrange formalism. If photon could haverbparticle with non-zero mass
additional term%MzA“Aushould be present in the equationl2.7. Since expres&figy, is
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not gauge invariant undéf(1) local gauge transformation, mass of photon should be, as it i
M =0.

The demand of local gauge invariance gives a well definednselte generate interaction
terms between forces and particle fields. The covarianvakire is not just a simple tool
convereting globally invariant Lagrangian into a localtyariant one: it introduces field which
requires its own free Lagrangian, and the field must be msssierder not to spoil local gauge
invariance of QED. This conclusion is of a general imporearthoosing the symmetries of a
physical system predicts its dynamics, or, put differentigture is not invariant under local
gauge transformation unless interactions are present.

Gauge symmetries are continuous and are classified in Ligograith infinitesimal gen-
erators which set the basis for any transformation withexghoup. In contemporary particle
physics many symmetry groups have been explored, but @&slstathe first section the groups
describing symmetries of electromagnetic, weak and sthotegactions are well established:
the transformations that provide the SM with interactioas be fitted into a combination of
V()W (2)LU(L)y.

The general form of transformations under these groupsharttlowing:

UDyv:  @(x) —e*™My(x),
2Lt Y(x) = ePMIg2y(x), 1=1,23 (2.8)
c: W) —WN2Y(x), j=1,..8

W(2):
WV(3)c:
wherea(x), B(X) and y(x) are free space-time dependent parametgrsyre the three Pauli
matrices and are a representation of the infinitesimal géoer of the groui@J (2), while A;
are the eight Gell-Mann matrices and are a representatidheoinfinitesimal generators of
the groupSJ(3). TheUJ(2) andSJ (3) symmetry groups are non-Abelian, and as an impor-
tant consequence, thé* and gluon gauge bosons carry weak and colour charge resggcti
They can therefore self-couple, contributing to their-sglérgy and thus to the running of the
coupling constants.

This combination of symmetry group sets the bosonic fieldexarof the SM as one vector
field will be required for each generator in order to keep tlagrangian density symmetric.
Furthermore, it is the spontaneous breakdown of3é2); ® U (1)y group intoU (1)em , the

electromagnetic gauge symmetry, that provides masselsdquarticles of the SM.
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2.1.3 Electroweak interactions

The Standard Model of electroweak interactions is baseti@gauge groufJ (2). @ U (1),
where the generators &J (2)_ correspond to the three components of weak iso3pand
theU (1)y generator to the weak hypercharge These are related to the electric charge by
Q= T3+Y/2. The Lagrangian describing the electroweak interactcamsbe written in the

form:

3
_ 1 . 1
Lew =y 1@ ()V'Duj — Wy W — 7By B (2.9)
=1

with the field strength tensowjlv i Byy for J(2)LiU(D)y,

Wy, = 9uWy, — 0yW, + g MW, Wi

(2.10)
B[JV — 0IJBV - 0\/8“7

andD, covariant derivative,
: A

gi g are coupling strengths @U (2), andU (1)y fields, representing free parameters of the
model.
Four vector bosorM/L | B, are associated with two charged vector bosons in the faligwi
way:
W+ = (Wi W)/ V2, (2.12)

while the third component oNﬁ’ mix with field U (1) giving physics stateg, boson and photon
Y-
Zy =W;cosBy — Bysiny

_ (2.13)
A= WESI nBy -+ By,cosBy,

with Weinberg angléy. Weinberg angle is connected with coupling strengﬁhg/: tanBy =
g/9.

The Lagrangiah2]9 describes charged and neutral intersctissociated with weak decays,
such as the decays of charged pions, muons and neutrorsstitnasbetween down and up-type
qguarks, or between charged leptons (like electrons or mandghe corresponding neutrinos).
Itincorporates QED and self-interactions between the g&agons. Nevertheless it is in strong
disagreement with experimental facts: WendZ bosons and the fermions are massive objects,
and mass terms for any of these particles violate explitiylocal gauge symmetry.

11



2.1.4 QCD

The large number of known mesonic and baryonic states glegrals the existence of a deeper
level of elementary constituents of matter: quarks. Assignthat mesons are quark-antiquark
bound states, while baryons have three quark constituenescan nicely classify the entire
hadronic spectrum. However, in order to satisfy the Ferima®statistics one needs to assume
the existence of a new quantum number, colour, such thatsaaties of quark may have:N

= 3 different coloursgq,a = 1,2,3 (red, green, blue). Baryons (B) and mesons (M) are then
described by the colour-singlet combinations:

1 1 _
B=_—gPy ., M=—p% . 2.14
7 |Ga G ly) 7 |Gadp) (2.14)
The Lagrangian of QCD interactions has the form:
_ . Us ~a A8 g 1 v ~a
Zqep = ZQf('V“du —m¢)ds — gsGa 21 s yﬂ(?)aﬁqf —2Ga Guv: (2.15)

where the strength of the interactiondgg which is universal for all the quark flavors. The
second term includes Gell-Man matrices and representsitbaction between the quarks and
the gluon fieldG4. The kinetic term for the gluons is the thirdone, wal” = d*GY — 9VGh —
gsfabCGgGg, where 2 are the3UJ (3) structure constants. There are eight gluons which also
carry color charge due to the non-Abelian nature of the group

QCD has two special properties[11]:

e Confinement, which describes the rapid increase of thegtiance when trying to sep-
arate two coloured particles (in contrast to all other feradich decrease with distance
between the interacting objects).

e Asymptotic freedom, which means that at very small distarfoeequivalently very high-
energy reactions) coloured particles interact very weakly

As a consequence of QCD confinement and asymptotic freedoturlpa&tion theory can be
used to describe high-energy processes, but not in the lenggmegime. Further coloured
particles (gluons and quarks) undergo so-called hadrbmisebefore they could be possibly
observed. In the process of hadronisation, the colouregctdbare grouped into colour singlet
objects - baryons and mesons. A collimated jet of such barama mesons is detected in the
detector, if the initial quark or gluon is generated withthigomentum, that is it originates from
a hard-scattering process.
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2.1.5 Higgs

In the previous sections, mass terms for fermions and bageresshown to break the invariance
of the Lagrange density under gauge transformation. Inréedesep local gauge invariance, but
also to generate the massesfandZ bosons (photon and gluons are massles) and fermions,
the mechanism of spontaneous symmetry breaking is intemtlunto the Standard Model. The
mechanism, known as the Higgs mechanism, introduces a figldamonzero vacuum expec-
tation value, breaking the symmetry property of the vacutates The Higgs field is a complex

.
0= <‘(’;0) (2.16)

spinor of the grou®J (2):

with the following free Lagrange density:
Zo=Duo(x)|> =V (9), (2.17)

whereD,, is the covariant derivatiie 211, aM{@) = u?|@(x)|?>+ A |@(x)|* is the postulated
external potential of the Higgs field. The Lagrangian thatudes this potential is invariant
underSJ (2). ®U (1)y transformations. The existence of minima for the Higs piiééis guar-
anteed by takind > 0. Appart from the trivial minimum fou? >0, for the choice of4? <0
the minimum obeys the following (with being vacuum expectation value)

o100~ (0). v=/ & -0 219

In the presence of such a potential with a non zero minimuenfiéthd ¢ does not vanish in the
absence of any excitation. This also implies that inteoastiof the Higgs field with other fields
do not vanish. These non-zero ground state interactioridimally lead to the desired mass
terms.

As an isospin doublet of two complex fields the Higgs field hag fdegrees of freedom.
Three of these four degrees of freedom mix with\tite andz, giving them masses. So there is
one degree of freedom left in the Higgs doublet, giving reséhe prediction of a new massive
scalar particle, the Higgs boson. The Higgs mass is howeWereaparameter of the model
given bymy = v/2Av. The vacuum expectation value is obtained from the pariditwof the
muon decay: — evevy and it is related to the Fermi constant:

V= (V2Gg) 2 = 246 GeV. (2.19)
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This sets the scale of the electroweak symmetry braking.sNersns for fermions are not an
intrinsic part of the Higgs mechanism. To generate fermi@s$es, Yukawa interaction terms
between the Higgs doublet and the fermions are postulatbd.cduplings between fermions
and the Higgs boson are arbitrary. They are related to tmeider masses which are free pa-
rameters of the model.

The Higgs mechanism is a requirement for the validity of ttem8ard Model, and it is well
motivated. The predicted Higgs boson has not been discoyete

2.2 Beyond Standard Model

Standard Model has enormous success as a theory of elegnpatticles. One can point out
some of them focusing on different aspects of the model, lagyg ¢an be listed as follows:

e SM unifies the electromagnetic and weak forces.

e Itis arenormalizabile theory which preserves its predecgower beyond tree-level com-
putations and allows for the probing of quantum effects.

e Predictions of the theory are in impressive agreement Withcaelerator-based experi-
mental data.

e In particular, the gauge sector of the SM has been extremelltested. If radiative
corrections are included, the theoretical predictionsimmexcellent agreement with the
data of LEP, SLC, Tevatron, HERA and tlefactories. Some observables have been
measured with an error of less than one per mill, while therttgcal predictions have a
similar accuracy.

Despite its phenomenological success, it is generallybed that the SM is an incomplete
theory. One can, as in the case of the successes, list itatfioms according to his/her taste.
The main limitation of the Standard Model we highlight are tallowing.

e Why does the weak force distinguish left and right? Do rigatded charged-current
weak interactions exist in nature?

e In its present form the model cannot describe the recentrempetal results on neutrino
oscillations, which are only possible if the neutrinos hengss. Even more, the nature of
the neutrinos (Dirac or Majorana particles) is unknown.
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e The model clearly distinguishes strong and electroweadaations and no real unifica-
tion between them exist, as the evolution of the three SM loogiponstants does not lead
to a common crossing point at a high energy séadg T ~10° GeV.

e Standard Model contains considerable number of free paemsmethree coupling con-
stants, all fermion masses, four fermion mixing parametekiggs mass, and one inde-
pendent gauge boson mass. The values of these constanesmottel are still uncon-
strained and lack a fundamental explanation: they are piheitheory "by hand”.

¢ In the Standard model the Higgs mass is extremely sensdivadiative corrections so
that a fine-tuning of the Higgs mass is required. This is atsmn as a hierarchy prob-
lem: why is the electroweak scale so different from the soafgrand unification?

e The model does not consider gravitation interaction at all.

Beside of all these, SM does not address the questions why #ine three fermion gener-
ations, nor explains the hierarchy of masses of more therofigders of magnitude from top
quark to electron. Going beyond particle experiments, ¥en&s no candidate for dark matter
which should be four times more abundant than the ordinaef1@}, and does not explain the
baryon asymmetry in the universe, nor why the spacetimedisnénsional.

As pointed above there is the hierarchy problem that in®hle Higgs boson. Unlike
the other logarithmic divergences found in the SM when idiclg higher order corrections,
the Higgs mass (since Higgs is a scalar particle) has a qu@adree. Introducing a cut-off\,
above which the Standard Model is not valid theory, the ptatshassny gets the contribution
proportional toA? . SettingA to the scale of grand unificatior-(10'® GeV) one must arrange
for a cancellation of more than 10 digits to obtain < 1 TeV. This veryunnatural fine-tuning
is viewed as a strong motivation for the appearance of newipbeffects, likely at the TeV
scale.

Finally, the Higgs sector itself has not been tested up ta thowarticular, the Higgs boson
has not been found yet, thus Higgs mechanism as a mechanisymofetry braking cannot
be taken for granted. When, and if Higgs boson is found, achdss is measured, SM will
come to the test one more time when measurements of the Higgéirmgs to other bosons and
fermions, as well as its self-couplings are confronted &otkteoretical predictions.

This list of unanswered questions provides the motivatayrcbnsideration of physics be-
yond the SM. Numerous theories are studied in order to aségriekeast some of the opened
issues. These theories and related phenomena are usubdhitigely called Beyond Standard
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Mode (BSM) physics, referring to any possible extensionhef $tandard Model, whether or
not the extension solves any particular set of problemsailaisolved in the Standard Model.

However, no single theory has been invented that succéssfidresses all of these ques-
tions simultaneously. Unfortunately, since data agreé tieé SM so well, there is no enough
experimental input to provide guidance for extending then8ard Model, or even to directly
prove BSM physics really exii

2.3 New Heavy Charged Gauge Bosons

2.3.1 Motivation

As stated there are many ways to go beyond the Standard Mealesome reviews of the Be-

yond Standard Model physics seel[13,[14, 15]. A large vadétiieories Beyond the Standard
Model, predict existence of additional gauge bosons. Agddrspin 1 gauge boson which is
not included in the Standard Model is usually denoted/adt is not possible to go into details

about specific models that predict existence of a such nearbdgather we list some of these
theories just briefly describing basic ideas in order to wadé search for the/’ at the LHC.

One attractive way to go beyond SM is by enlarging the gaugam8J (3)c ® J (2). ®
U(1)y, either by creating new symmetries or by unifying the symiastalready recognized.
An example of this are so called Left-Right symmetric mogeleh as those based on the gauge
symmetrySJ (3)c @ U (2). @ Vr®@U (1)g_1, WhereSU (2)r sSymmetry is broken at a higher
scale than th&J (2).. In the Standard Model parity violation is introduced by tatherefore
the extension by a right-handed sector has not only aestfegtsons, it provides a mechanism
for parity violation. For a detailed discussion of the LBight Symmetric Model consult [16]-
[24]. After spontaneous symmetry breaking, the model ptedi right-handedi gauge boson
mixes with the left-hande{ boson of the Standard Model. This mixing is in principle dmal
for my, >> my, thusWk becomes very attracti/’ candidate. The Left-Right Symmetric
Model provides small standard neutrino masses becausmifporates the seesaw mechanism

1J. D. Lykken[13]: "What is missing? Perhaps our implemedatabf supersymmetry or the basic idea of
partners is too naive. Perhaps we need to deconstruct akirigiabout degrees of freedom in general, not just
for extra dimensions. Perhaps everything comes ultiméiteiy strong dynamics and we just don’t have the tools
to figure out the rules. Perhaps gauge theories and/or qudigld theory is just an emergent approximation for
a deeper underlying framework. Perhaps the Standard Mbosledked to accommodate neutrino masses) is all
there is, the parameters of the SM are determined by initiatlitions of the Big Bang, dark matter is all black
holes, and the accelerating expansion of the observabtenseihas a purely macroscopic origin. What is missing?
Enough datafrom enough experiments to point us in a clear direction, stad to resolve at least some of our
long-standing puzzles. We hope that the advent of the LH&hcalith exciting results from astrophysics, direct
dark matter detection, neutrinos, and searches for racepses, will do the job”.
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[25]. The symmetry breaking assigns masses to Majoranainesit resulting in three heavy
(N) and three light neutrinos/§. The order of magnitude of the heavy neutrino is determined
by the scald\R, but it is possible to generate small neutrino masses evide ifight-handed
neutrino is light[[26].

Grand Unified Theories, on the other hand, seek to find a sisylemetry group with
G D U(B) @ (2)L®U(1)y that contains the known interactions [16],[27][29]. ThETG
gauge group is unbroken at energies higher than the GUT B&ale, and is spontaneously
broken to the SM gauge group at lower energies. The smakesi-smple GUT group is
U (5), but has been rooled out due to lower bound on the protorintiée{30]. The other
possible choices for the GUT group &®(10), E(6) etc. Any enlarging of the gauge group
triggers existence of new gauge bosons, leading to at leasbloservablg/’ at the LHC.

In a recently constructed class of theories, called litiggd models[[31], the SM symme-
tries are enlarged in such a way that the Higgs boson becompssualo-Goldstone boson, and
its mass corrections vanish at one loop. On the other haadwitrloopmy corrections allow to
push SM up to about 10 TeV without giving rise to fine-tuninglgems[32]{34]. The models
require new heavy fermionic partners for quarks and leptand also TeV-scale partners for
gauge bosons, and new heavy charged gauge boson occur.

The existence of new heavy gauge bosons arise in some mdretiemries and models like
Kaluza-Klein theories [35]-[38]. The problem of undergtangy the gravitational interactions
(due to the fact there is no renornalizable theory of quargrawity) seem to imply the existence
of extended objects living in more than four dimensions. As consequence of invoking extra
dimensions could be existence of gauge-boson KK-excitatio form of towers of new gauge
bosons, among which the charg\A{ﬁT() gauge-boson.

Finally, some models address the possibility that Higgsoses strongly interacts i.e. the
possibility of breaking electroweak symmetry without aereéntary Higgs is possible [39]. As
a consequence, new heavy gauge resonances may be detected.

2.3.2 Reference model

Due to the large variety of models that predict existend&/disted in the previous section, it is
not realistic to perform the equivalent number of indepenndearches, and optimize selection
accordingly. Therefore, it is common in the BSM physics tokstvith one or fewbenchmark
models (or points in the new physics parameter space) usagtitnize the searches (in sense
of signal significance maximization), and to set the limiafsignal is observed.

For the results presented in this thesis a more general agpie considered, namely the
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Reference Model which has been discussed first by Altarekil.e [40]. In this model the
new charged gauge bos@fi appears as a heavier version of the lefthanded StandardlMbde
boson. The couplings of th&’ boson to quarks, leptons and gauge bosons of the electroweak
interaction are assumed to be identical to the Standard Modplings. As a consequence of
this approach, the new decay charél— WZ is dominant for high masses,, > 2my. This
leads to widths of the/’ boson which are larger than the massrfgy > 500 GeV. Considering
extended gauge models, like the Left-Right Symmetric Mgaithés channel is suppressed by the
mixing angle betweeW{ andWr. As it has been mentioned in the previous section, the mixing
is vanishing fomyg, >> my. Since ndAR has been observed (as discussed in the next section),
the decay chann®/’ — WZ is suppressed.

The benchmark mod&V’ used here assumes that there is no mixing betWe¢eand SM
W boson, and the branching raBW’ — WZ) =0. The production and subsequent decay of
such aw’ (W'*, W'—, left- or right-handed) into an lepton (where by lepton, mao electron
are considered) and a light, non-detectable neutrino isksed for.

The partial width into fermion pairs of such a gauge bosotesoaith mass ofV’

MW = fifj) = (W — fif) W, (2.20)
My

This behavior translates also into the total width. One baske into account that the decay
channel into the third quark familyy’ — tb, opens for masses beyond the kinematic threshold
(m +my =~ 180 GeV). Fomy >> my:

4_ my
Mo = MW

. (2.21)

In case of the existence of additional generations of fensyid is assumed that they are too
heavy to be produced bya’ decay.

2.3.3 The heavy charged partner to the chiral bosonw*)

BesideW’ with Standard Model like couplings to fermions, another elpgarticularly denoted
asW*, is considered in this thesisSV* represents the charged partner to the chiral bosons
described in[[41]. The motivation for such a model is destim [42], and is given from a
hierarchy problem point of view. It is shown that such statespredicted by three different
classes of theories that represent different approachegjtaining the relative lightness of the
Higgs doublets. The crucial common feature of all three apgines is, that they are based on the
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existence otJ (3)w = VU (3)w ® U (1)w gauge extension of th8J (2)yy @ U (1)Y electroweak
group , which is spontaneously broken down to the lattermiesligh-mass scale. This group is
decomposed in such a way that massive vector fields appaagdhe spontaneous symmetry
breaking. The magnetic moment type coupling of\ieleads to kinematic distributions quite
different from those of the SM-lik§V’, in particular the Jacobian peak in transverse mass is
absent. To fix the coupling strength, we adopt the referermdehof [43] which has total and
partial decay widths equal thWe’ ones (with the same mass\Wf andwW*).

2.3.4 Searches fow’ with other experiments and ATLAS sensitivity prospects

CDF Run Il Preliminary, 5.3 fb 1

. CDF Run Il Preliminary, 5.3 fb 1 — 107
& 10 _8 ]
© = ——— 0 x Br(NNLO)
2 104 S L N o x Br(+ 1o)
9, 1 —— obs. Limit 95 % C.L.
oo, s N —— exp. Limit95 % C.L.
g 10 = N 68 % exp. Limit 95 % C.L.
P * ] N B 95 % exp. Limit 95 % C.L.
S 10% o N
>
m
2
10 10
101 —4— DATA ]
Total background
13 — W - ev
10%
104 Multijet
—— Other backgrounds
1072,
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10 10 10 m,, [GeVic 2]

m, [GeVic?]

Figure 2.1: Left: The transverse mass distributionswfV’' candidate events compared to the
Standard Model backgrounds. The results correspond td52f data at 1.96 TeV collision
energy collected with detector CDF at Tevatron colliderglRi The 95% CL expected and
observed limits on cross section times branching ratio ametion of W' mass. The intercept
of the cross section limit curve and the lower bound of theotégcal cross section yields
my > 1.12TeV at the 95% CL. Both figures are taken fromi [44].

The W’ boson has been searched for by other experiments. The nmsstivee searches
have been performed at the Tevatron experiments CDF and iD& $evatron collider hold
the highest colliding energy before LHC has started opamatiThe most stringent limit on
the Standard-Model lik&V' on 0B (cross section times branching ratio) as a functioh\éf
mass has been obtained by the CDE [44]. Converted into a nmais<CIDF has excludedV’
with massmy, < 1.12 TeV at the 95% C.L. analyzing 5.3 fbof data collected at energy of
\/$=1.96 TeV. The results from CDF are shown in[Eig2.1. The highesss limit before that
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has been reported by D@ [45] wherg, < 1 TeV has been obtained with 1fbof data at the
same energy. It should be noted that the mass reach has Ity shcreased even though
the amount of collected data increased five times. Anothportant point that should be noted
is that both CDF and D@ collaborations performed their dessaising electron plus missing
energy final state, due to significant deterioration of th@mmesolution at very high momenta.

The physics potential of the ATLAS experiment to establislisaovery of such a high mass
state, has been evaluated earliel [46, 47]. Prior datadaikii TeV, evaluation of the discovery
potential, as well as exclusion reach with the ATLAS deteato/ TeV LHC energy has been
performed using state of the art simulation of ATLAS detefd8]. The discovery potential, as
well as exclusion reach are presented il FigZ2]2(a). Thétsaadicate that even with a modest
amount of LHC data at 7 TeV energies, it is possible to discovexclude new heavy charged
gauge bosons above their stringent mass limit set by thetrbeva

3 T T T
2 10EUs=7 Tev :
= i
S <
)
= i
— 3] L
z J i
8 10% E o i
.g 4 ﬁ\.) /"/ = electron, no syst. .
g i o L «  muon, no syst. B
- 102k J ,§ 10 7 combined, no syst. .
i > s combined, with syst. -]
P 'g [ combined, +2 o stat. ||
10? \/g =7TeV %
- 1.0 15 50 ] — ]1000 1200 1400 1600 1800 2000
M(W’) [TeV] M(W’) [GeV]

(a) (b)

Figure 2.2: (a) Integrated luminosity needed to yield tegnai events or a & significance
for aW’ signal (b) Integrated luminosity needed to set 95% C.L.esioh limits on theV’
production cross section as a function of its mass. BothrEgare part of [48].

Parallel with the search f&W’ boson performed in 2010 by the ATLAS Collaboratfon[49],
presented in this thesis, the same study has been perforynda: ICMS Collaboration [50].
The result obtained by CMS is similar to the one obtained byAS, and will be discussed
in the concluding chapter. Also, the first direct searchviris performed with ATLAS data
collected during 2010, and these results are part of thésthes
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Chapter 3

Simulation of W’ Production at the LHC

3.1 Phenomenology opp collisions

The production of heavy particles (lik&"), at hadron colliders (such as Tevatron and LHC)
usually occurs in interactions with high momentum trang@4). The heavy patrticle is pro-
duced via "parton-parton” scattering where by "partonsé diinks of the constituents within
the incoming hadrons (here valence quark, sea quark, ongliibe rest of the hadrons (specta-
tor partons) then undergo the process of fragmentation adihisation which causes hadronic
deposits in the detector. This process is usually denot#tkasderlying event. The production
of aV boson (VW' /W /Z) is illustrated in Fig3.1(@).

q

adron B

/
\

parton B W /W

—_— v=wiz

parton A

A/

adron A nderlying event

A\
-/

(b)

Figure 3.1: (a) Schematic representation of a productiovi bbson ¥ =W /Z) in a hadron
collider. (b) Leading order Feynman diagram for the prowuncand decay ofV or W' at the
LHC.

The measurable production cross section for the pragess W’ + X can be calculated as
follows:

1 1
0 =3 [ du [ dro(60xuPu 3P Q al(Q) i, Q)T (e, @), @Y
o o
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where the sum runs over all possible initial and final spin @vldur states. In the given equa-
tion, x; » represents the fraction of the incoming hadron momenmcarried by the in-
teracting partona{'(Q) is the strong coupling constant calculatednin-th order, andQ is
the momentum transfer (scale of the process). The probatulifind a parton in the proton
with momentum fractiorx is given by the corresponding Parton Distribution Func(iebF),
fparton (X, QZ). The partonic cross sectiodi, represent the cross section for a pro¢¢6’§—> W,
which in the Leading Order (LO) is represented inmﬁhhd is proportional to a matrix
element squared The parton-parton interaction Iil»(@d’j — W is usually denoted as a hard
scattering process. The splitting into hard scatteringgss, with a partonic cross section
and a soft part (lov@?), hidden in the PDFs, is called factorisation. The scalectvis assumed
to separate the hard process and the soft contributionallé&zldhe factorisation scajg-. The
cross sections are always calculated at a fixed order inrpettan theory, thus result depends
on the choice of factorisation scale (which is equal to themaatum transfer). This depen-
dency becomes weaker with increasing orders of calculgthws it is desirable to calculate the
cross section for a given process at highest possible ofider.variation of unphysical scales
involved in the calculations, the factorisation scatfeand renormalisation scale (the scale
at whichas is evaluated), represent sources of theoretical uncéytafrthe production cross
section. Another source of theoretical uncertainty on tteelpction cross section comes from
the choice of the PDF. PDFs represent analytical fits obdaiseng a combination of theory and
experimental data (mainly from deep -inelastic scatteexyeriments of the H1 and ZEUS ex-
periments at the HERA collider) which describe the momendistributions of partons inside a
hadron. One possible parameterization of the PDFs, nam8FAV2008[1] is shown in Fig3l2.
The figure shows Next-to-Leading-Order (NLO) PDFs for ddf@ partons inside protons ob-
tained at scales @? = 10 Ge\? andQ? = 10* Ge\?, including the associated one-sigma (68%)
confidence level (C.L.) uncertainty bands.

3.2 W' LO cross section

Monte Carlo (MC) programs are used to used to calculate sestsons and to determine ac-
ceptances and model the properties of the studied proce&s&4C samples in this thesis are
simulated usin@YTHIA[2] MC program with MRST LO*[6] parton distribution functies used.
Further details on signal (and background) MC samples used@ sek 5.2.2. Signal samples

Iplease note that the diagram for the productiowbboson is identical to the diagram for the production of
the Standard Modé&\V boson.

2The matrix element is an amplitude for the process to oceut,raay be computed by summing over initial
state interaction amplitudes. The square of the matrix efens related to the interaction probability.
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MSTW 2008 NLO PDFs (68% C.L.)
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Figure 3.2: MSTW 2008 NLO PDFs §° = 10GeV? andQ? = 10*GeV?, [1].

W' — v (¢ = e, u, T) are generated witRYTHIA for a series of masses. TR&THIA default
settings are used, meaning thét has the sam¥ — A couplings as the standard modlbo-
son but interference between & andW is not included. Cross sections for eighit — uv
masses are listed in the taljle]3.1 with the correspondinghwidnd branching ratios. It is
assumed that cross sections\Wér— ev andW’ — tv are the same as fov’ — v process.

Table 3.1: Monte Carl®V’ samples. The cross sections are obtained Rgtthia, meaning
they are Leading Order.

Mass
[GeV] T [GeV] BW’' — uv) | oB]pb]
500 16.684 0.0852015.55
750 25.77 0.08313 2.931
1000 34.75 0.08246 0.7792
1250 43.70 0.08216 0.2555
1500 52.65 0.08202 0.09257
1750 61.60 0.08193 0.03622
2000 70.55 0.08189 0.04496
2500 88.46 0.08184 0.009425

Some basic kinematic distributions for leptons are giveruommomentum (Fjg3.3(a))
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and pseudorapidity (Hig3.3(b)), as well as transverse wmhiagsbution for allW’ — v events

(B.4(a)), and events withr () > 25 GeV,|n| <2.5 andpr(v) > 25 GeV [3.4(0)). The dis-
tribution of neutrino transverse momentum is similar toldg@on transverse momentum. Dis-

tributions are presented for the muon decay channel, ansirtiitar distributions are those of

the electron decay channel. All presented distributioesoétained at the generator level, i.e,

without any detector simulation, but after fragmentatiowl &adronization, as well as initial
state radiation, simulated witPYTHIA. All distributions are normalized to theYTHIA (LO)

Cross section.
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Figure 3.3: (a) Generated muon momentum distributiowin— uv events for a serie oV’
masses. (b) Pseudorapidity distribution of muons for as#NV’ masses.
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From the plots and the TableB.1 it can be observed that tiss sextion falls steeply with in-
creasing mass &'. It can be also concluded that events are becoming moreat@otwer | |
values) and the characteristic triangular shape of theheptomentum distribution is changing
as the mass increase. The change in shape is more pronoondee fransverse mass distribu-
tion. When imposing weak kinematic cuts (as or] Fig3l4(bp relative efficiency of the events
that pass the cuts is smaller for highi¥f masses. The reason for this is due to the fact that
interacting quarks are required to carry a significant arhotithe proton momentum. This is
illustrated in Fig3.5(a) and 3.5(b) fon,, =1000 GeV andn,, =2000 GeV respectively. The
higher the mass, partons has to carry higher fraction of tbeop momentum, which should
be less probable. This effect is clearly visible comparimgBF6(a) to Fig3.6(0), i.e. trud/
mass distribution in events without and with > %m,\,/ requirement. It is clear that for higher
masses, larger fraction of events is produced with thelwftdoson. The PDFs suppress the

on-shell production of extremely (with respect the callisenergy) heavy gauge bosons.
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Figure 3.5: Momentum fractionsof the two quarks that annihilate and produce\tffeboson
forcemy, = 1000 GeV (a) andn,, = 2000 GeV at,/s=7 TeV.

3.3 W/ NNLO cross section

3.3.1 Calculation of higher order corrections

In order to get more accurate prediction for Weéproduction cross section, a study is performed
to calculate Next-to-Next-to-Leading-Order (NNLO) crasections in QCD using thBEWZ
program[[2[8]. Since it is assumed thet has the sam¥ — A couplings as the standard model
W boson and interference between ¥WeandW is small, this study is performed usi@gwz
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Figure 3.6: Generated true masd/fboson in alW’ — uv events (a), and events withy >
1
smy (D).

Standard ModeW production. As program input for this calculation, the magheW boson
is set to the mass of th&” and the total and partial widths are set to WWevalues calculated
with PYTHIA. The values used are those listed in Tablé 3.1.

Renormalization and factorization scales are set td\theoson mass. Values for other rele-
vantinput parameters are ${8) =0.232, J/ agep =0.0078125, an@,, = 1.16637x 10> GeV 2,
The central cross-section values for differdfitmasses are obtained using the MSTW2008NNLO
PDF sef[1]. In addition to the central PDF set, the MSTW200&B include 40 eigenvector
error sets for each fit, corresponding to either a 68% or 90%irgGit as well as two PDF sets
(at 68% and 90% CL) where the PDF fit is kept fixed wiulgis allowed to vary accordingly
within the experimental errors. The fit incorporates a laageunt of data from fixed-target
experiments, HERA and the Tevatron (which cover a range ©d001 to 0.5 i), starting
from input parton distributions parametrized &)1 GeV. Cross sections fo¥’ — ev process
are calculated without any kinematic cuts imposed, andwiothe following kinematic cuts:
pr > 25 GeV,|n| < 2.5, p¥ > 25 GeV, andny > %m,v/. The resulting cross sections are listed
in the Tabld_ 3.2 and compared to the ones obtained RYiTiHIA. Correspondindg factors are

also given. It is assumed that the cross sections are thefsa@eéthree flavors of leptons.
TheW’ production cross section as a function of its mass is showigure[3.7. This figure
and Tabld_32 show that the NNLO cross section with electadwarrections is very close
to thePYTHIA value for masses below 1 TeV, but significantly smaller ahbrgnasses: 20%
lower at 1.5 TeV and 35% at 2 TeV.
Beside total FEWZ generator allows also calculation of QCD differential disitions with
the same accuracy. Hence, in the Tdblé 3.2Me- /v cross sections calculated in a fiducial

31



Table 3.2: Values fooB for severaW’ mass points obtained withyTHIA (LO) andFEWZ
(NNLO) using the central value of MSTW2008 NNLO PDF. Values ealculated without any
kinematic cuts, and with kinematic cuts listed in the tabldée ratioKsg = %EOLO provides
the factor that corrects the event selection efficiency tmant for differences in kinematical
distributions at LO and NNLO.

W’ mass [GeV]‘ 500 750 1000 1250 1500 1750 2000 2500

W' — ev with no kinematic cuts
oBLo [pb] 1555 2931 0.779 0.256 0.0926 0.0362 0.0150 0.00314
oBnnLo [pb] 17.25 3.200 0.837 0.261 0.0887 0.0325 0.0126 0.00234
KNNLO = %Bgirow 1.11 1.09 1.07 1.02 0.96 0.90 0.84 0.76

W' — ev with p¢ > 25 GeV,|n® < 2.5, p¥ > 25 GeV,mr > smy

oBlo[pb] [11.72 2202 0.581 0.186 0.0646 0.0237 0.0091 0.00133
oBnno [pb] | 13.34 2.466 0.635 0.194 0.0646 0.0219 0.0076 0.00092
Kig= 2oMN0 | 114 112 1.09 1.04 1.00 093 084  0.69

GBLO

W’ event selection efficiency correction factor.
Ksia/KnNLO \1.025 1.026 1.019 1.024 1.042 1.031 0.994 0.923

volume which mimics most of the criteria used to select evenalso presented. The final row
in the table gives the NNLO/LO ratio of events in this accap& and so provides an estimate
of the factor by which the event selection efficiencies diffem those that would be obtained

if the full simulation was done to NNLO.

At this point, it should be noted that in the current versibREWZ SM W production calcu-
lation is not optimized for events with invariant massesalaay fromW mass|([4]. It appears
thatVegas routine is not adapting the grid correctly for the values ighhmass, and it is ex-
pected this problem is fixed in a new version of the progranusTh is probable that for higher
masses ofV’ cross section is underestimated a bit due to off-shell prtioioi of the new heavy
gauge boson. At this search\&f mass presented in this thesis, the effect is not acceptes to b
high, but should be investigated for future analysis whegdaamount of data available. This
will have to be verified with new version 6EWZ.

Beside the higher order corrections calculated in the Q@Priciple additional corrections
are present due to electroweak corrections. Assuming a aegegbosonW’, and alsaZ’) is
not charged unde®U (3), the QCD corrections to its production and decay will be tahto
those of a Standard Model gauge boson to all orders. Howthal/ andZ are charged under
D (2) ®U(1), so the electroweak corrections inclideéV (V =W/Z) coupling terms. These
will in general be different for &/ such as considered in the search described in the thesis.
One must specify how th&’ mix with the SMW andZ and how to renormalize their couplings
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Figure 3.7: Left:W’ cross section times branching ratio to electron and neuafunction
of W' mass calculated to LO with¥AHIA, to NNLO with FEWZ. Right: The ratio of the two
higher order calculations ®YTHIA obtained using MRST LO* PDFs.

consistently. Since it is assumed tht — gq andW’ — /v are the same as in the Standard
Model and thatV' — WZ is zero or at least small, the theory of such a boson is thetafésone,
but does not define a consistent field theory, and the StarMad#| electroweak correction
Is not applicable. Thus, electroweak corrections are nasicered. These corrections are
however considered for the high mass tails of 87, and are found to be significant (by
reducing the cross section up to 20%). The electroweak cwre forW/Z are described in
Chapter 6.

3.3.2 Uncertainties oW’ cross section

Two sources of uncertainty are considered foMHeross section calculations: scale variations
and PDF uncertainties. The statistical uncertainty in thieuwation is at the 1% level and
is negligible compared to these. The kinematic (exg.) dependence of the cross section is
different at LO and NNLO and this is accounted for by usinga€tbrs evaluated with the
kinematic cuts (last row in Table_3.2). Pét' mass below 2 TeV, the K-factor changes by only
a few percent when all kinematic cuts are dropped and so argrianty arising from thenr
or any other kinematic dependence of the K-factors is négledJncertainties arising from the
uncertainty inas are also neglected.

Uncertainty arising from the choice of factorization andaenalization scaley anduR)
is evaluated by varying one scale by a factor of two while kagthe other fixed at its central
value. The result of these variations is presented in théeT&B. The largest deviation to the
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nominal cross section is taken as the corresponding scastamty.

Table 3.3: Change in NNL®/' — ev cross section as computed withWz for various changes
in scale factors. The last line is the maximum change.

M(W') [GeV ] 500 750 1000 1250 1500 1750 2000 2500
UF = 2LR +1.2% +1.5% +1.3% +1.5% +2.1% +3.5% +3.4% +4.4%
e = 0.5LRr -1.4% -0.7% -09% -05% -05% -1.9% -23% -1.1%
Ur = 2UF +1.8% +2.2% +2.1% +2.0% +3.1% +1.4% +2.0% +1.8%
Ur = 0.5uF -1.6% -2.0% -2.0% -1.7% -1.3% -0.1% -0.1% -0.4%
Scale uncertainty 1.8% 2.2% 2.1% 2.0% 3.1% 35% 34% 4.4%

The uncertainties arising from the PDFs are estimated usi@glO MSTW NNLO PDF
error eigenvector sets at the 90% C.L. limit. For each eigetori, cross sectione™ ando ™
for +1 standard deviation error PDF set are computed. The umuggtaon cross sections are
then calculated using both a symmetric prescription andsgmeetric prescription. In the
symmetric prescription, the cross section uncertaintyisutated according to the formula:

Ao =NAo =

NI =

Yo —07)? (3.2)

and for the asymmetric prescription, separate unceréasatie calculated for positive and neg-
ative shifts of the cross section:

>
q

+
Il

\/Z [max(o;" — 0o, 0" — 0p,0)]2 (3.3)

Ao = \/Z[max((fo— o",00— 0 ,0) (3.4)

|

The results of these variations are presented in Table 3. nlimbers are relative changes
from the values obtained using the central value of MSTW29R8O PDF.

The MSTW cross sections used in our calculations are cordpaith the CTEQ6.6[[19]
in Table[3.5. The magnitude of the difference between thetaken as the uncertainty arising
from the choice of PDF set.

The overall uncertainty on the cross section is obtaineddoynag the scale, PDF error and
PDF choice uncertainties. Results are in Tablé 3.6.

The cross section calculated at NNLO in QCD as functiowbfmass along as all included
uncertainties, is shown in Fig3.8. The inrerpolation bemwthe calculated points is linear.
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Table 3.4: NNLOW'’ — ev cross section uncertainties evaluated with MSTW2008NNDE P
error sets as described in the text. The last line gives th&scection uncertainty used in the
limit calculations taken to be the largest fluctuation focleenass.

M(W') [GeV ] ‘ 500 750 1000 1250 1500 1750 2000 2500
symmetric 41% 44% 53% 6.4% 8.0% 9.2% 10.3% 10.6%
asymmAoc*t | +6.9% +4.5% +6.1% +8.0% +10.8% +12.8% +14.7% +14.9%
asymmAo~ | -1.9% —-4.7% —-48% —-52% -58% -67% —-75% —-6.8%
PDF erroruncy 6.9% 47% 6.1% 8.0% 10.8% 12.8% 14.7% 14.9%

Table 3.5: Cross sections obtained witWwZ using the central values of MSTW2008 NNLO
and CTEQG6.6 PDFs. Cross sections are calculated withoWtiaaynatic cuts.

W' mass [GeV]‘ 500 750 1000 1250 1500 1750 2000 2500

omstw [pb] 17.253 3.1997 0.8366 0.2606 0.08870 0.03246 0.01260 042023
ocTeQ [pb] 16.908 3.1096 0.8117 0.2550 0.08889 0.03258 0.01298 07/@025
CTEQ/MSTW-1| -2.0% -28% -3.0% -2.1% +0.2% +0.4% +3.0% +10.0%

Table 3.6: OveralWW’ — /v cross section uncertainties.

W' mass [GeV] | 500 750 1000 1250 1500 1750 2000 2500
Overall uncertainty 7.4% 5.9% 7.1% 85% 11.2% 13.3% 15.4% 18.5%

35



] Nem— ,,,,,,,,,,,,,,, e--- NNLO cross section |. —~

o(W")B [pb]

10t

102 3

| 1 i | | i | | i | |
500 1000 1500 2000 2500
M(W’) [GeV]

103

Figure 3.8\W’ cross section as a function of the mass. The cross sectidreis fpr one lepton
flavor (electron, muon, or tau). Itis assumed that branchatigs for these three flavors are the
same.

3.4 Comparison ofW* and W’ cross sections

Monte Carlo sample®/* — /v (¢ = e, i) are obtained wittCOMPHEP[[7]] used for generating
the matrix elements followed bRYTHIA for parton showering and underlying event descrip-
tion. CTEQG6I1[8] parton distribution functions are usedhis case. Samples are listed in the
table[3.7, with the cross sections close to the oné&’ofHowever, as stated before, there are
substantial differences in the shape of basic kinematiaablles betweed/’ andW* decay
products. These differences are due to different natukotouplings. For a comparison,
distributions of two varaibles are shown in Figlires3]9éay3.9(0). The "gap” in the central
region of the detectorr( ~0) and the distortion of the peak &t distribution will lead to a

lower signal efficiency fovW* and therefore lower mass limit on this new heavy chargedroso
The systematic uncertainties on W& production cross section are outside the scope of
this thesis. They have been estimated elsewhere, pleafEl}ee
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Table 3.7: Monte CarlgV* samples. The cross sections are leading order.

M[GeV] T [GeV] BW" — Iv) | oB [pb]
500 16.929  0.08305 | 12.590
750 25389  0.08327 | 2.339
1000 33.836  0.08331 | 0.6098
1250  42.290  0.08333 | 0.1884
1500 50.745  0.08333 | 0.0636
1750 59.202  0.08333 | 0.0226
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Figure 3.9: (a) Pseudorapidity muon distribution\Wgt andW* of masses 1000 GeV and 2000
GeV respectively. (bjnr distributions for the same masses. No other kinematic d¢otpssed.
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Chapter 4

ATLAS Experiment

4.1 The Large Hadron Collider at CERN

The Large Hadron Collider (LHC) [1,12] located at CERN, is atving-superconducting-
hadron accelerator and collider installed in 26.7 km tuninat was constructed between 1984
and 1989 for the Large Electron Positron (LEP) collider. Lid@-using not only the LEP tun-
nel, but also its injection chain (LINAC-to-Proton Synctrom-to-Proton Synchrotron Booster-
to-Super Proton Synchrotron). Figurel4.1 shows schemaie of the LHC accelerator com-
plex.

In total there are eight straight sections and eight arcseat HC, which allow for a max-
imum of eight collision points. Experiments which study therticles produced in the LHC
collisions are located at four of these eight points. Twgeageneral purpose detectors are
Toroidal LHC Apparatis (ATLAS) [8] and theCompactM uon Solenoid Experiment (CMS)
[4] located at Point 1 and Point 5, respectively. Two smalfscialised experiments, L arge
lon Collider Experiment (ALICE) [5], which study the products of lead4deeollisions, and
the LargeHadronCollider Beauty Experiment (LHCb) [6], an experiment designed tostud
physics using bottom quarks, are located at Point 2 and Boirgspectively. The remaining
points contain equipment used for beam cleaning, radigufeacy cavities and location for the
beam dump.

LHC is the worlds most powerful experimental tool for reséan particle physics: itis de-
signed to collide protons at a center-of-mass engfgy=14 TeV once it is fully commissioned,
and with rate higher than at any previuous collider. The nemalb events per second generated

1Beside ATLAS, CMS, ALICE and LHCDb, there are two more smadheperiments TOTEM[7] and LHCF]8],
located near CMS and ATLAS detectors reprectively. TOTEM BHCf detectors are constructed with the aim to
observe very forward particles, which the general purpeseators cannot detect.
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Figure 4.1: The CERN accelerator complex.

in the LHC collisions is given by:

whereogent IS the cross section of the process under study,larsdthe machine luminosity.
The machine luminosity depends only on the beam parametdrsam be written for a Gaus-
sian beam as:

o Ntz,nb frevit
© 4me B

whereNy is the number of particles per bunahy, the number of bunches per beafp,, the

(4.2)

revolution frequencyy relativistic gamma factog, the normalized transverese beam emitance,
B* is the beta function at the collision point, aRds the geometric luminosity reduction factor
due to the crossing angle at the interaction point (IP).

The design of LHC allows for proton beams to be stored in thg with 2808 bunches,
each containing about 110° protons, with a 'distance’ of 25 ns, or roughly 7 m between
each other. Thus collisions or bunch-crossings occur a&guéncy of 40 MHz. Two high lu-
minosity LHC experiments ATLAS and CMS aim at peak lumingsit L = 10** cm2s 1 for
proton operation. LHCb and TOTEM are considered as low lasity experiments aiming at
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peak luminosity oL = 10%? cm~2s~1 andL = 10?° cm~2s~! respectively. ALICE experiment

aims at peak luminosity df = 10?° cm~2s! for nominal lead-lead ion operation. Collider
cannot achive maximum designed luminosity quickly, andniceease of the luminosity could
be obtained by increasing the bunch crossing frequeg€y,, or increasing density of pro-
tons Q\Ig/4nenB*). Increasing of the bunch crossing frequency is limitedhey éxperiment’s
electronics and trigger speed. Increasing the proton tjelesids to increasing of multiple in-
teractions per bunch crossing. This effect is usually egfdo as pile up. At nominal LHC
luminosity with 40 MHz bunch crossing frequency there wélib average 23 pileup events.

The luminosity in the LHC is not constant over a physics run,decays due to the degra-
dation of intensities and emittances of the circulatingnh&al he main cause of the luminosity
decay during nominal LHC operation is the beam loss fromisiolis. The overall collider
efficiency depends on the ratio of the length of the run to tleaaye turnaround time. Assum-
ing the machine can be operated for 200 days per year and agsthe luminosity lifetime
of 15 hours, the optimum run time is 12 hours or 5.5 hours, Hera@verage turnaround times
of 7 hours and 1.15 hours, respectively. This leads to aedraggrated luminoisty ot 100
fo—lper year at the peak luminosity bf= 103 cm2s 1.

4.1.1 LHC Running Conditions in 2009 and 2010

The first proton beam was injected in the LHC on the 10 Septe2®@8. Unfortunately, just
over a week later on 19 September, during powering testeahthin dipole circuit of Sector 3-4
of the LHC, a fault occurred in the electrical bus connechetween a dipole and a quadrupole
magnet[[9]. A number of magnets underwent mechanical damade significant amount of
helium was released into the tunnel. This incident led tolayd@ the LHC operation of more
than a year while the magnets were repaired and a protectgtars was developed to detect
abnormal electrical resistance in bus bars and the intesszdions between magnets. The first
proton-proton pp) collisions were produced by the LHC on 23 November 2009/&t=900
GeV. The first collisions with the stable beam agere recorded on 30 November 2009 and
about 12ub~—? of data at,/s =900 GeV were recorded by the end of 2009. The highest energy
at a collider was reached on 8 December 2009, when protores sedided at,/s =2.36 TeV.
The first collisions at/s=7.0 TeV were recorded on 30 March 2010 with all detectorsyfull
operational. LHC continued to run on this energy untill tegdgining of November 2010. The
ATLAS and CMS detectors have recorded about 45plof pp data during this period. The

2The stable beam flag is one of the operating states of the LHE deeclared once the beam is fully under
control and no further adjustments are required. After table beams have been declared, the more sensitive
detectors can be switched on.
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end of 2010 was marked with collisions of lead ions at enefg®. 06 TeV per nucleon, with
~10 ub~! of data collected by the experiments. Figurd 4.2 shows timénlosity delivered by
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Figure 4.2: Left: Cumulative luminosity versus day dele@to (green), and recorded by AT-
LAS (yellow) during stable beams and fpp collisions at 7 TeV. The delivered luminosity
accounts for the luminosity delivered from the start of Etddeams until the LHC requests AT-
LAS to turn the sensitive detector off to allow a beam dumpearb studies. The systematic
uncertainty of the luminosity measurement is estimateetb1%. An additional 0.8 ptt was
delivered by the LHC between the request for ATLAS to turntlo#f sensitive detectors and the
end of stable beam conditions. Right: The maximum instadas luminosity versus day de-
livered to ATLAS. Only the peak luminosity during stable beperiods is shown. The figures
are taken from([10].

the LHC and recorded by ATLAS detector of LHC operation at ¥ @@ring 2010, as well
as peak of instantaneous luminosity versus day. It is olmgubat the increase in luminosity
of LHC has been dramatic, and the most of the data were cetlantthe last 45 days of the
operation. The peak luminosity ipp collisions was 2.0%10%? cm2s~1. The other beam
conditions duringpp run in 2010 are summarized in the Tablel4.1.

4.2 ATLAS: A Toroidal LHC ApparatuS

LHC provides a rich physics potential, ranging from morecge measurements of Standard
Model parameters to the search for new physics phenomendheFmore, nucleus-nucleus
collisions at the LHC provide an unprecedented opportunistudy the properties of strongly
interacting matter at extreme energy density. Requiresfenthe ATLAS detector system have
been defined using a set of processes covering a large nufithemew phenomena which one
can hope to observe at the TeV scale [3,12, 13].

To ilustrate this usually the production of the Standard Blddiggs boson is taken as a
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Table 4.1: Beam conditions ipp collisions during 2010 run< u > is the average number
of inelastic interactions per bunch crossing. The first nemb the bunch structure column
represents maximum number of bunches in the shown peridé i@ second is the maximum
number of bunch trains. Information is assembled from [ITe periods correspond to the
ATLAS run periods A, B, C, D, E, F, G, Hand I. A run is defined aader period of data

taking with the same trigger selection on the same fill in tteekerator.

Starting/ Maximum | Maximum | Peak Peak Bunch
end time intensity lifetime luminosity < U > structure
30 Mar/18 Apr | 0x10M 56 h 0.0043<10°° | 0.0384 1:0

23 Apr/17 May | 1.07x10' [ 92h 0.0068<10°° | 0.144 3:1

18 May/05 Jun | 2.05x10 [ 15h 0.24x10°0 0.185 8:1

24 Jun/19 Jul 6.67<101 [ 15h 1.6x10°0 2.13 8:1

19 Aug/30 Aug | 101x10 [ 45h 10.0x10%° 2.05 36;1

22 Sep/07 Oct | 628x10* | 46h 71.0x10%° 2.82 186 ; 24
08 Oct/18 Oct | 342x101 |23 h 150x 10°0 3.21 295 ; 38
24 Oct/29 Oct | 437x10! | 20h 207x10%° 3.82 348 ; 46

benchmark. The decay modes of the Higgs boson are a fundtithe ¢diggs mass resulting
in very different final state topologies, which then setrgjeint requirements on the detector
performance. In the low mass regian ~120 GeV) theH — yy channel calls for excellent
electromangetic calorimetry, while the vector boson fagigH — 17 channel requires high
efficiency int leptons and jet tagging. For masses above 130 GeWtheZZ* — 4¢ channel
requires efficient lepton identification and precise deteation of their momentum, direction
and production point. Thél — WW®) — ¢v/v which is the most important channel for a
Higgs mass around 160 GeV, results in final states with saamfienergy imbalance in the
transverse plane due to neutrinos escaping detectione Iihgs Boson is heavy (with mass
of few hundreds of GeV), measurement of jet energy will beighhmportance for processes
susch a#H — WW — /v |jj. Further, physics beyond Standard Model (BSM) consits af va
ous searches for the additional Higgs bosons predicteddoythimal supersymetic extensions
of the Standard Model (MSSM), supersymmetric particlesfiieint symmetry breaking sce-
narios, searches for new heavy gauge bosons, and many ¢iieorpena. These processes
lead to detector signatures characterized by the presdriigloenergetic jetst-leptons and
b-jets, high momentum leptons and photons, or large missieggy. In particular new heavy
gauge bosondN’/Z’) are accessible at the LHC for masses up to 6 TeV via theiofepide-
cays resulting in very higlpr leptons. Thus, high-resolution lepton measurements aadjeh
identification are important ingredients of such searches.
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Physics processes explained above, impose strict reqeiivisin the design of the detector
and its subsystems:

e Efficient and precise reconstruction of charged partictesgood peformance in tagging
of b-jets andr-leptons through secondary vertex reconstruction.

e Efficient muon identification and good momentum resolutivardhree orders of mag-
nitude in momentun®w’'(1) GeV-0'(1) TeV. Low charge misidentification probability for
high-pr muons is of fundamental importance.

e Excellent electromagnetic calorimetry for electron anadtph identification and mea-
surements. Hadronic calorimetry providing accurate jeasneements. An important
requirement for ATLAS calorimetry is hermeticity, whichriequired for good missing
transverse energy measurement.

e Large acceptance in pseudorapidity with almost full azmbangle coverage.

e Highly efficient triggering on low transverse-momentumeadtg with sufficient back-
ground rejection. This is a prerequisite to achieve an dabép trigger rate for most
physics processes of interest.

e Radiation hardness to tolerate the large particle fluxegiged by the LHC without loss
of performance or important ageing effettsin addition, high detector granularity is
needed to handle the particle fluxes and to reduce the infuginaverlapping events.

Although not strictly part of the detector, computing irdtiaicture including Worldwide
LHC Computing Grid is a vital part of the experiment. ATLASyyer system provides events
at the strongly reduced rate of 200 Hz. With an expected esieatof about 1.6 MB per event,
this will result in approximately 320 MB/s written to storag This rate has been exceeded
in 2010 already, with maximum rate raching twice stated @allhe ATLAS experiment pro-
duced several PB of real data, with Monte Carlo (MC) simalabf all processes under study
summed up to 2-3 times the volume of data. Both data and Mdreegiconsiderable amount
of processing power and need to be distributed to a globasipisy community. Physicists
performing physics analysis will require computing powarlfeyond what can be provided by

3The experimental conditions at the LHC will be challengitiee unprecedented radiation levels are expected
to result in activated detector components and severe liedmeed backgrounds. To mitigate their impact, the
ATLAS shielding layout and the LHC beam-pipe design wereftdly optimised. Institute of Physics Belgrade
joined ATLAS Collaboration in 2003 with in-kind contribati in the shielding system. Shielding disk, produced
by Lola CorporationZeleznik, Serbia, has threfold purpose: it supports themuimmbers in the first end-cap
muon station, it shields these chambers from backgroundtrad emerging from the calorimeters, and it provides
a well-defined path for the magnetic field flux return from tbkesoid magnet.
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a desktop machine or local systems. Facing these requitsrttenATLAS Computing Model
[14] embraces the Grid paradigm and a high degree of dedisatran and sharing of comput-
ing resources. Hence, off-site facilities will be vital teetoperation of ATLAS in a way that
was not the case for previous experiment based at CERN.

4.2.1 Detector Overview

ATLAS has classical cylindric shape, with a diameter of 25antength of 46 m and weight
of about 7000 tons. The nominal interaction point is definethe origin of the right-handed
Cartesian coordinate system, while the beam direction eetimez-axis and thex—y plane is
transverse to the beam direction. The posiiaxis is defined as pointing from the interaction
point to the centre of the LHC ring and the positiraxis is defined as pointing upwards. The
side-A of the detector is defined as that with positivand side-C is that with negatize The
azimuthal anglep (going from 47 to +71) is measured as usual around the beam axis, and the
polar angle@ (from 0 to +n) is the angle from the beam axis. The pseudorapidity is define
asn =-Intan@/2). The transverse momentupy is defined in thex—y plane aspt = p
sin(@), and similar for the transverse eneifgy. Since difference in pseduorapidity is Lorentz
invariant, and boosts along the beam axis also do not affeittis useful to measure distance
ARinthen -p spaceARj = /(@ — @)%+ (ni —nj)>

The ATLAS detector has been installed underground in a hagern, situated at point 1

on the LHC ring, directly opposite the main entrance to th&®8Eite. Two huge access shafts
were used for the detector instalation. ATLAS cavern istiated in Fig4.B.

Figure 4.3: The ATLAS detector cavern.

The overall detector layout of ATLAS is shown in Fig._4]2.1heTdetector is nominally
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forward-backward symmetric with respect to the interacpoint and consists of a series of
concentric detector systems around the interaction pdiné main components of the detec-
tor are: the Inner Detector (ID) used for tracking of chargadicles, the electromagnetic and
hadronic calorimeters used for measuring the energy ofrelex; photons and jets, the Muon
Spectrometer (MS) for identifying and measuring muons,taednagnet system. A character-
istic feature of the ATLAS detector is its enormous magnstey. The magnet configuration is
based on an inner thin superconducting 2 T solenoid suriogride inner detector cavity, and
three large superconducting air-core toroids with mead fialue of 1 T consisting of indepen-
dent coil. The subdetector requirements described in #haqus section and characteristics are
summarized in the Table4.2. Their main properties, incigdhe trigger and software frame-
work, will be briefly discussed in next sections. More infation can be found in [3, 12, 14].

Table 4.2: General performance goals of the ATLAS dete@@r For highpr muons, the
Muon Spectrometer performance is independent of the Inegeddor system. The units f&
andpr are in GeV.

Detector Component Required resolution n coverage
measurement trigger
Tracking 0p; /Pt = 0.05%pT © 1% +2.5 +2.5
EM calorimetry Ot g = 10%/VE ©0.7% +3.2 +25
Hadronic calorimetry (jets
barrel and end-cup Og /g = 50%/VE @ 3% +3.2 +3.2
forward Og /g = 100%/VE®10% | 3.1<|n|<4.9 3.k |n|<4.9
Muon spectrometer Op; /Pt = 10% atpt = 1 TeV + 2.7 +2.4

4.3 Inner Detector

The Inner Detector (ID)[3, 16] shown in Fig._4.5 is locateth&tinnermost part of ATLAS. The
detector is designed to provide hermetic and robust patemmgnition, excellent momentum
resolution and both primary and secondary vertex measuntsniier charged tracks above a
givenpr threshold (nominally 0.5 GeV, but could be as low as 0.1 G&é&opmetrical coverage
isup to|n| <2.5, and full ing. ID also provides electron identification over| <2.0 and for a
wide range of energies (0.5 GeV-150 GeV). It comprises @dlmomplementary sub-detectors:
the Pixel Detector, the Semi-Conductor Tracker (SCT) amdTitansition Radiation Tracker
(TRT). ATLAS Inner Detector is described briefly below, fditails can be found elsewhere.
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Figure 4.5: The layout of the ATLAS Inner Detector. It is aydrical in shape with a length
of 7024 mm and a radius of 1150 mm which permits pseudorgpadiverage in the region
In| <2.5

The Pixel Detectorsensitive elements cover radial distances between 50 mrh&hchm
and up to|n| <2.5. The detector consists of 1744 silicon pixel modulearayed in three
concentric barrel layers and two endcaps of three disks ddehinnermost Pixel layer (known
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as the B-layer) is located just outside the beam pipe at aisaohi 50 mm. Pixel detector
provides typically three measurement points for particeginating in the beam-interaction
region. Each module covers an active area of 16.446M8 mm and contains 47 232 pixels,
most of size 50 mm400 mm. The direction of the shorter pitch defines the |laezadordinate

on the module and corresponds to the high precision positessurement in the — ¢ plane.
The longer pitch, corresponding to the logatoordinate, is oriented approximately along the
z direction in the barrel and along in the endcaps. The pixel modules have a resolution of
10 um in theR— @ coordinate, and 11fm in thez-coordinate. A module is read out by 16
radiation-hard frontend chips bump-bonded to the senlsertatal number of readout channels
is ~80.4 million. Hits in a pixel are read out if the signal exceedunable threshold.

The SemiConductor Tracker sensitive elements span radial distances from 299 mm to
560 mm and cover the regidn| <2.5. The detector consists of 4088 modules of silicon-strip
detectors arranged in four concentric barréfg «1.4) and two endcaps of nine disks each. It
provides typically eight strip measurements (four spameip) for particles originating in the
beam-interaction region. The strips in the barrel are apprately parallel to the solenoid field
and beam axis, and have a constant pitch of 80 mm, while inrttleags the strip direction is
radial and of variable pitch. Most modules consist of folicgn-strip sensors. Two sensors
on each side are daisy-chained together to give 768 striapmbximately 12 cm in length. A
second pair of identical sensors is glued back-to-back thiffirst pair at a stereo angle of 40
mrad to provide space points. The position resolution ofigtector is 1Qum in the precision
coordinate and 58dm alongz for the barrel andr for the end-cap. The strips are read out by
radiation-hard front-end readout chips, each chip readuidl28 channels. The total number
of readout channels is6.3 million.

The Transition Radiation Tracker (TRT) sensitive volume covers radial distances from
563 mm to 1066 mm. The detector consists of 298 304 prop@itunift tubes (straws), 4 mm
in diameter, read out by 350 848 channels of electronics.stiiagvs in the barrel region are ar-
ranged in three cylindrical layers and @2ectors. They have split anodes and are read out from
each side. The straws in the endcap regions are radiallgtedeand arranged in 80 wheel-like
modular structures. The TRT straw layout is designed soctimatyed particles with transverse
momentumpt > 0.5 GeV and with pseudorapidity)| < 2.0 cross typically more than 30
straws. The TRT provides electron identification via traasiradiation from polypropylene
fibres (barrel) or foils (endcaps) interleaved between thens. The much higher energy of
the transition radiation photons-6 keV compared with the few hundred eV deposited by an
ionising particle in the Xe, C& O, gas) is detected by a second, high-threshold, discriminato

The ID system provides tracking measurements in a rangehexdiay the precision mea-
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surements of the electromagnetic calorimeter. The elecdttentification capabilities are en-
hanced by the detection of transition-radiation photonth@xenon-based gas mixture of the
straw tubes. The semiconductor trackers also allow impaGirpeter measurements and ver-
texing for heavy flavour and-lepton tagging. The secondary vertex measurement peafuren

is enhanced by the innermost layer of pixels, at a radius efigh cm.

4.4 Calorimeters

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 4.6: ATLAS Calorimeters.

The ATLAS calorimeters described in detail [ [3, 17] 18} &ocated between the Inner
Detector and the Muon Spectrometer, and provide coverage|Qy< 4.9. In then region
covered by the Inner Detector an electromagnetic caloeamsith fine granularity has been
deployed to provide precision measurements and identditat electrons and photons. The
coarser granularity of the rest of the calorimeter is sugficio satisfy the physics requirements
for jet reconstruction and transverse missing energy nmeasent. The layout of the system is
presented in Fig4l6.

Calorimeters must provide good containment for electrameéig and hadronic showers, and
must also limit punch-through into the muon system. Henakroneter depth is an important
design consideration. The total thickness of the Electgimatc calorimeter (EM) is> 22 and
> 24 radiation Iengtll&(xo) in the barrel and in the end-caps respectively. The apprata 9.7

4For electrons radiation length is defined as the mean distawer which high-energy electron loses all but 1/
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interaction Iengtr@()\) of active calorimeter in the barrel (10in the end-caps) are adequate
to provide good resolution for high-energy jets. The tot@tkness, including 1.3 from the
outer support, is 1A atn =0 and has been shown both by measurements and simulatiogs to
sufficient to reduce punch-through well below the irredlecibvel of prompt or decay muons.
Together with the largg - coverage, this thickness will also ensure a good measuntawhthe
missing energy.

LAr electromagnetic calorimeter is composed of sampling detectors with full azimuthal
symmetry housed in one barrel and two endcap cryostats. Bpaefically, a highly granular
EM calorimeter with accordion-shaped electrodes and |ésdraers in liquid argon covers
the pseudorapidity rangg| <3.2, and contains a barrel paff{ <1.475) and an endcap part
(1.375< |n| <3.2). For|n| <1.8, a presampler (PS), consisting of an active LAr layer and
installed directly in front of the EM calorimeters, provgla measurement of the energy lost
upstream. Fofn| <2.5 the calorimeter is longitudinally segmented in thrgeta. The inner
layer, which has an approximately constant thickness X§,5s equipped with thin strips of
5 mm length along) . The segmentation i&n x A = 0.003x0.1 providing good position
resolution. The same compartment acts as a preshower, arsgtif separation. The middle
layer is segmented in towers wifn) x Ag= 0.02x50.025. The total calorimeter thickness up
to the end of the middle compartment exceed$2@ he segmentation of the last compartment
isAn x A = 0.05x0.025 and its thickness varies between 2 ang12

Hadronic calorimeters consist of hadronic Tile calorimeter spanning the pseuyuldity
region|n| <1.7 in the barrel and LAr hadronic end-cap (&.5)| <3.2) and forward calorime-
ters (3.k |n| <4.9).

The Tile calorimeter (TileCal) is placed directly outside tEM calorimeter envelope. Its
barrel and two extended barrels cover the regipn<1.0, and 0.& |n| <1.7 respectively. Itis
a sampling calorimeter using steel as the absorber andlisting tiles as the active material.
The barrel and extended barrels are divided azimuthalty &4t modules. It is segmented in
depth in three layers, approximately 1.5, 4.1 and %l8ck for the barrel and 1.5, 2.6, and 3.3
for the extended barrel. Two sides of the scintillatingstiége read out by wavelength shifting
fibres into two separate photomultiplier tubes.ninthe readout cells built by grouping fibres
into the photomultipliers are pseudo-projective towatdsihteraction region. The granularity
of the Tile isAn x Ag is 0.1x0.1 in the first two samplings and 0.2 in the outermost
sampling.

of its energy by bremsstrahlung.
SInteraction length is the mean path length required to redine energy of relativistic charged particles by the
factor 1k as they pass through matter.

50



The Hadronic End-cap Calorimeter (HEC) consists of two pahelent wheels per end-
cap, located directly behind the end-cap electromagnatarimeter and sharing the same LAr
cryostats. To reduce the drop in material density at thesitian between the end-cap and the
forward calorimeter (arounf)| = 3.1), the HEC extends out tq| = 3.2 thereby overlapping
with the forward calorimeter. Similarly, the HEC range afdightly overlaps that of the tile
calorimeter (| <1.7) by extending t¢n| =1.5. Each wheel is built from 32 identical wedge-
shaped modules, assembled with fixtures at the periphergtahd central bore. Each wheel is
divided into two segments in depth, for a total of four layees end-cap. The wheels closest to
the interaction point are built from 25 mm parallel coppeates, while those further away use
50 mm copper plates (for all wheels the first plate is haltkhess).

The Forward Calorimeter (FCal) is integrated into the eagd-cryostats, as this provides
clear benefits in terms of uniformity of the calorimetric eo&ge as well as reduced radiation
background levels in the muon spectrometer. In order toaethe amount of neutron albedo in
the inner detector cavity, the front face of the calorimeteecessed by about 1.2 m with respect
to the EM calorimeter front face. This severely limits th@tiheof the calorimeter and therefore
calls for a high-density design. It is approximatelyA\1@eep, and consists of three modules in
each end-cap: the first, made of copper, is optimised fotreleagnetic measurements, while
the other two, made of tungsten, measure predominantlyriige of hadronic interactions.

4.5 Muon Spectrometer

The Muon Spectrometer of the ATLAS detector (MS)[[3, 19] isigaed to provide triggering
and bunch crossing identification of events with high-muons, and muon identification and
momentum measurement independent of the Inner Detectosnivhomentum measurements
are based on the magnetic deflection of muon tracks in the fargerconducting air-core toroid
magnets, instrumented with separate trigger and highigpoadracking chambers. The driving
performance goal is a stand-alone transverse momenturutiescof approximately 10% for

1 TeV tracks, with minimum charge misidentification. Theaxsated sagitta of 50Qum for
such tracks requires a resolution of G, obtained with precise knowledge of the magnetic
field and chamber positioning. In Fig._4.7 a quadrant of theid&hown with the three detector
technologies indicated. A brief description of the toroidgnets and these technologies is given
in the following subsections.
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Figure 4.7: Cross-section of a quadrant of the Muon Spedtenparallel to the beam axis.
Different detector technologies are indicated.

4.5.1 The toroid magnets

The toroidal configuration provides a field which is mostlthogonal to the muon trajectories
over a large volume and little material in the measuremeyibres, minimizing the degrada-
tion of resolution due to multiple scattering. Over the rawd || <1.4, magnetic bending is
provided by the large barrel toroid. Eight coils are arrahggmmetrically around the beam
axis, extending radially from 9.4 m to 22 m, with a length of2B. For 1.6 |n| <2.7, muon
tracks are detected by two smaller end-cap magnets insettetdoth ends of the barrel sys-
tem. The end-cap toroids are rotated in azimuth by an ang®@ .8 with respect to the barrel
coils to provide for radial overlap, and to optimize the bhiegdoower in the transition region
(1.4< |n| <1.6). Nevertheless, due to the finite number of coils, thel fienfguration is not
perfectly toroidal. Regions with degraded momentum regmiuexist due to the low feld in-
tegral, represented in Fig.4.8. The bending power is pdatig lower in the transition regions
where the two magnets overlap.

4.5.2 Muon chambers

The chamber geometry follows the eight-fold symmetry ofttireid magnets, as illustrated in

Fig[4.9. Each octant in the azimuthal direction is dividedhilarge and a small sector. The
large chambers occupy the region between the barrel cdilde whe small sectors are aligned
with them. Overlaps in the boundaries of the sectors mirengaps in detector coverage and
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Figure 4.9: Schematic view of the muon spectrometer inxghprojection (perpendicular to
the beam axis). Three concentric cylindrical layers of eigige and eight small chambers are
shown.
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also allow for the relative alignment of adjacent sectoiagigracks recorded by both a large
and a small chamber. In the barrel region, tracks are mehsuchambers arranged in three
cylindrical layers around the beam axis, at radii of apprately 5 m, 7.5 m, and 10 m. In
the transition and end-cap regions, the chambers are letwstal planes perpendicular to the
beam, also in three layers, located at distanceg| 6f7.4 m, 10.8 m, 14 m (transition region),
and 21.5 m (end-cap) from the interaction point. Extra stegtiin the barrel-end cap transition
region are positioned in a wheel|at= 10.4 m, called the extended stations. The installation of
parts of these stations is staged. In the center of the detgct-0), a gap in chamber coverage
has been left open to allow for services to the solenoid nmagme calorimeters and the Inner
Detector. The size of the gap varies from sector to sectogm#ipg on the service necessities,
the biggest gaps of 1-2 m being located in the large sectdis.région extend up tgy| = 0.08
for large chambers and)| = 0.04 for small sectors. Additional gaps in the acceptamceioin
sectors 12 and 14 due to the detector support structure l{ed &fet” region).

The Muon Spectrometer deploys Monitored Drift Tube (MDTawtbers to make precision
measurements in the region |of| <2.4. MDTs were chosen because of their high measure-
ment accuracy, predictability of mechanical deformatiand simplicity of construction. In the
forward region (2.& |n| <2.7), the innermost layer is equipped with a radiation haathihol-
ogy of Cathode Strip Chambers (CSC), better suited for agdhe expected particle fluxes.
CSCs provide measurements of both coordinates and adallfigood timing resolution. Fast
triggering and second coordinate)(determination is provided by Resistive Plate Chambers
(RPC) in the barrel and Thin Gap Chambers (TGC) in the end-c&wth systems are able
to separate beam crossings with intrinsic timing accusacfea few nanoseconds and provide
rough estimates of the track momentum.

A naming scheme is adopted for the MDT stations, accordirigegosition of the stations
in the spectrometer. The muon stations are named Inner,|&Jiddd Outer, according to the
distance from the Interaction Point. The three stationgHerbarrel are denoted BI, BM, and
BO, and for the End-Cap EI, EM, and EO, respectively. Someiapstations that do not follow
this naming scheme are placed in regions with low coverag@$tance in the regions between
the feet of the barrel toroid. Along the-axis, the MS is divided into two sides, called side A
(positivez) and C (negative).

Monitored drift tube chambers provide most of the precision measurements in the Muon
Spectrometer. Fig 4.10{a) shows a typical middle or outerTMbarrel station with two multi-
layers consisting of three layers of MDTs. The inner statiare equipped with four layers per
multilayer to improve the local pattern recognition. An M2®nsists of an aluminium tube
with a radius of 30 mm filled with a drift gas mixture of Ar: G& 93 : 7 at a pressure of 3 bar.
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The gold plated tungsten anode wire with a diameter ofiB0is kept at 3080 V, generating a
radial electric field. When a charged particle traversesuthe, ionization clusters are produced
in the drift gas, which drift to the wire, creating a signalilastrated in Fid 4.10(b). The dis-
tance between the particle and the wire is determined by umiegsthe arrival time of the first
cluster that reaches the wire causing the signal to paseshtbid. The measured drift time is
converted to a drift radius of the measurement via a radimes-telation. This relation is not
linear and is sensitive to various external conditions gtemperature, gas-mixture and mag-
netic field. These local conditions are monitored with maigrfeeld sensors and temperature
sensors installed on the MDT stations. Measurements frenREBCs or extrapolation from the
Inner Detector system provides the second coordinate ahtgesurement. The MDT stations
are positioned such that the precision plane is in the bgmulame of the toroid magnetic field.

Figurel4.11 shows the transverse momentum resolution &fiiE chambers for the barrel
(|n] <1.5). For muons with a transverse momentum of less than 2Q &ergy loss fluctu-
ations in the calorimeters form the dominant contributiortite momentum resolution. For
muons with transverse momenta between 20 GeV and 200 Gelfphadcattering dominates
the resolution. For very high transverse momentum muons;, 200 GeV, the resolution is
dominated by the intrinsic MDT tube resolution and chamlignanent.

Cathode strip chambersare installed in the region of<2|n| <2.7 in the inner wheel of
the end caps. The expected particle rate of over 150 kHzgines a too high occupancy for
MDT chambers. The CSCs can handle this high rate and achigyacal resolution of 40
um in the precision plane and 5 mm in the second coordinatehtEignall and eight large
stations are installed in sectors like the MDT chambers. £8@ multi-wire proportional
chambers with anode wires oriented radially and cathogesstriented perpendicular to them,
segmented in eithem or @. Interpolation of the charge picked up by the strips proside
position measurement. Each crossing muon will give foursuesments in botlm and ¢
planes, making it possible to resolve multiple particlesgiation. The small gas volume and
gas mixture (Ar: CQ =80 : 20) provide small drift times resulting in a time redau of 7 ns.

Resistive plate chamber$ave two stations mounted on the middle barrel MDT chambers,
while the outer barrel MDT chambers are equipped with one Bfaton, like in Fig4.l7. Each
RPC station provides two measurementg)inand ¢, giving a total of six measurements per
muon traversing the barrel spectrometer. Thmeasurements provide the second coordinate
for the MDT precision measurements. The typical resolutibthe RPC measurements is 10
mm in both the bending and the non-bending plane. The RPC éas@ous parallel electrode-
plate detector. Two resistive plates made of phenolic-mgla plastic are kept parallel at a
distance of 2 mm. As drift gas, a mixture obld>F, : 1so-C4H10: SRy =94.7 : 5: 0.3 is used.
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This gas-mixture allows operation at a voltage of 9.8 kV amvega signal width of 5 ns. Per
gas gap, the signal is read out via metallic stripg imnd¢@. Each RPC station consists of two
gas gaps.

Thin gap chambersare multi-wire proportional detectors operating with a gasture of
COy : CsHip = 55 : 45, operated at 2.9 kV. The radial coordinate is measutigh gold-
coated tungsten anode wires, the azimuthal position isuned$y pick-up strips. A TGC unit
consists of two gas gaps (doublet) or three gas gaps (yipldte units are installed in four
wheels per end cap, Hig 4.7. A doublet unit is positioned teefioe inner MDT wheel, a triplet
before the middle MDT wheel. Two doublet units after the nieddDT wheel give a total of
9 measurements per particle traversing the end cap spestont he typical resolution of the
TGC chambers is 2-6 mm in the bending plane and 3-7 mm in théoeading plane.

4.5.3 Alignment system

Although construction quality ensures a good precisiotferchamber elements and the cham-
bers as a whole, chamber positioning accuracy is limitedrtorg and additional deformations
up to a few hundred microns due to thermal gradients and tgrave expected. This is two
orders of magnitude above the f@n resolution on sagitta measurements that are required for
momentum determination of 10% at 1 TeV.

To reach this goal, a sophisticated optical alignment systas built to relate the position of
each chamber to that of its neighbours within the same laytweer continuously. In practice,
the positions are measured and a new set of alignment camst@nderived every 20 minutes.
Given the present stability of the system, the measurenaeatsnly performed once per hour.
Three different technologies, describedlih [3] are appicedhe more than 12 000 lines, based
on optoelectronic image sensors that monitor an illumphédeget. In the barrel, a row of MDT
chambers are referenced to each other by praxial and asi@ayg, while the projective system
links inner, middle and outer stations. Additional refarerines connect chambers with the
barrel toroid, or small to large sectors. In the end-capaplotes and azimuthal lines linked to
a grid of alignment bars are also used, extending the cogdm@SC chambers. The global
position determination of the barrel and end-cap muon-tigraystems with respect to each
other and to the Inner Detector are complemented by traskebalignment algorithms. The
latter ones exploit the nearly straight trajectories ohhgg muons, or eventually might use
dedicated runs without toroidal field. Individually, botptral and track-based alignment can
only reach a precision a few hundred microns. The desiregracg in the sagitta measurement
of 50 um or below can only be achieved with their combination.
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As the result of commissioning studies from 2009 and 201(a targe sample of cosmic
ray events and samples of straight tracks obtained in pedaollision data taken with no
magnetic field in the muon system, initial alignment accunaas established. These values are
obtained from the cosmic ray data and collision runs witharoitlal magnetic field (straight
track runs).For the barrel, accuracy of alignment wassddorbe 10&-20 um, while for the
endcap (and transition) region 1800 um. About 10% of the chambers in the transition region
were not monitored with alignment sensors, and their pwsitiad been known at the level of
about 1 mm. The position of the CSC chambers has been measitinestraight muon tracks
and found to agree within 70@m with the positions used in track reconstruction.

4.6 Forward detectors

For completeness three ATLAS forward detectors LUCID, AlL.lBfd ZDC are briefly men-
tioned [3]. The main function of the first two detectors is tgetmine the luminosity delivered
to ATLAS, and ZDC is designed to determine the centrality e&vy-ion collisions. LUCID
(LUminosity measurement usir@erenkov Integrating Detector) is placed~a7 m from the
IP. It detects inelastipp scattering in the forward direction, and is the main onliekative-
luminosity monitor for ATLAS. The ALFA (Absolute LuminositFor ATLAS) detector is lo-
cated at~240 m. It consists of scintillating fibre trackers locatesid® Roman pots which are
designed to approach as close as 1 mm to the beam. The ZereeD&glorimeter (ZDC) is
located at~140 m from the interaction point, just beyond the point whitaeecommon straight-
section vacuum-pipe divides back into two independent bpig®s. The ZDC modules will
measure neutral particles at pseudorapiditigs> 8.2.

4.7 Trigger and Data Acquisition, Detector Control System
and Data Quality

Proton-proton interaction rate at LHC peak luminosityLof 103* cm=2s~1 is at the order

of GHz. Event data recording, due to technology and resdimgtations, is expected to be
limited to about 200 Hz. Thus, an overall rejection factobefl(® against minimum-bias pro-
cesses while maintaining maximum efficiency for the phyprogesses of interest is required.
Therefore, a dedicated trigger systerm [3,[20/ 21, 22] isldpeel for the ATLAS experiment.

In addition to controlling movement of data down the triggelection chain, the data acqui-
sition system also provides for the configuration, contnal enonitoring of the ATLAS detector
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during data-taking. Supervision of the detector hardwges Eystems, power-supply voltages,
etc.) is provided by the Detector Control System (DCS) [28formation from the DCS must
be taken into account when making a decision about whethesd@ given dataset for physics
analysis.

ATLAS trigger and and Data Acquisition system, and Dete@ontrol System and Data
Quality framework are briefly described in the next two sulisa.

4.7.1 Trigger

The trigger system has three distinct levels: level one,(leMel two (L2), and the event fil-
ter (EF); L2 and EF together form High-Level-Trigger (HLBach trigger level refines the
decisions made at the previous level and, where necespatiegadditional selection criteria.

The L1 trigger searches for signatures from hjgh-muons, electrons/photons, jets, and
T-leptons decaying into hadrons, as well as large missingtatad transverse energy. The
L1 trigger uses reduced-granularity information from asilof detectors: the Resistive Plate
Chambers and Thin-Gap Chambers for hjgh-muons, and all the calorimeter sub-systems
for electromagnetic clusters, jets;leptons, missing and total transverse er@.rgi]he max-
imum L1 accept rate which the detector readout systems cadlénégs 75 kHz (upgradeable
to 100 kHz), and the L1 decision must reach the front-endreeics within 2.5us after the
bunch-crossing with which it is associated. Results froenlth muon and calorimeter triggers
are processed by the central trigger processor, which mmgas a trigger menu made up of
combinations of trigger selections. Prescaling of triggenu items is also available, allowing
optimal use of the bandwidth as luminosity and backgroumtltimns change.

The HLT algorithms use the full granularity and precisiorcaliorimeter and muon chamber
data, as well as the data from the inner detector, to refineitiger selections. Better informa-
tion on energy deposition improves the threshold cuts,eMnédck reconstruction in the inner
detector significantly enhances the particle identificatfor example distinguishing between
electrons and photons). The L2 trigger reduces the eventoditelow 3.5 kHz, with an average
event processing time of approximately 40 ms, while EF reddice event rate to approximately
200 Hz, with an average event processing time of order focors#s. The event selection at
both L1 and L2 primarily uses inclusive criteria, for exampighEr objects above defined
thresholds. Events selected by the EF are moved to permstoeage at the CERN computer

6At the beggining of collisions ag/s =900 GeV events were collected using the Minimum Bias Trigén-
tillators (MBTS). The MBTS are segmented scintillator pieddocated close to the beam-pipe, which trigger on
the energy deposited by charged particles traversing thélistor, thus the event triggered by the MBTS doesn’t
need to have higlpr object.
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centre. The trigger used for triggeridg candidates in 2010 data will be described in Sections
53and7.1

4.7.2 Detector Control System and Data Quality

The Detector Control System permits the coherent and safeatipn of the ATLAS detector
hardware, and serves as a homogeneous interface to allesettals and to the technical in-
frastructure of the experiment. It controls, continuousignitors and archives the operational
parameters, signals any abnormal behaviour to the operatdrallows automatic or manual
corrective actions to be taken through a human interfacehi@rfull control of ATLAS and
its sub-detectors. The DCS also enables bi-directionalnconication with the data acquisi-
tion system in order to synchronise the state of the detedtbrdata taking. It also handles
the communication between the subdetectors and othemnsysthich are controlled indepen-
dently, such as the LHC accelerator, the CERN technicaicsythe ATLAS magnets, and
the detector safety system. The DCS comprises a set of coraaitware tools and packages,
used by sub-detector controls and the Common Infrastreic@antrol. All status information
and measured data can be transferred to the ATLAS wide ¢onslilatabase, COOL. All DCS
information from the detector is written to the ATLAS onlidatabase, and every 15 minutes
a process is run to copy a sub-set of this data to the offlirebdae. Conditions data, such as
calibration, alignment or DCS, are nonevent experimerd dascribing the state of the detector
at the time of data taking, and are characterised by thelatthey vary in time and may have
different versions.

In order to be able to diagnose problems as soon as they oggngalata processing, as to
avoid processing delays and to verify the data integritylstéor prompt monitoring and archiv-
ing of the quality of the processed data have been develamktave become an essential part
of the data processing chain. This collection of softwarpag of the ATLAS Data Quality
Monitoring Framework (DQMF)[24], which comprises of bothlime (before processing) and
offline (after processing) data quality operations. The DFJ\s0 provides a tool for monitor-
ing the history, i.e. the evolution over several runs, of &g results. Furthermore, the most
relevant results of the automated histogram checks, thesdtags green, yellow, red, gray and
black, are archived in the ATLAS condition database. Onesfitel flags are filled, physics
performance groups provide thier own quality flags whichfyeghe status of the reconstruc-
tion algorithms for particular object of interest (muonsdéaample). In addition to the different
requirements made by each performance group there are flags are of global interest (like
Central Trigger Processor hardware for example), whichcamebined into a single flag AT-
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LAS Global DQ. All archived DQ status flags are then used terfiin good data runs and
luminosity blocks (corresponding to approximately two otas of data taking with a constant
instantaneous luminosity), by appliying DQ flag selectiatecia. The resulting lists are also
known as good run lists (GRLS).

The status flags output by the DCS Status Calculator can lig egsved using standard
ATLAS tools, including a web-based database browser. Amgia of the database browser is
shown in figuré 4.72. This tool is widely used within the Dataaity group to browse database
entries from all data quality inputs (online and offline autdic checks and shifter inputs), as

well as the DCS results.

Data Quality DB Status Browser - Query Results
[ GO [T Disabled [N

Database: COMP200_DQMFOFL with tag DetStatusDQMFOFL-express-ES1
Read-only
Timestamps are UTC: add 2 (1) hours for Geneva Summer (Winter) Time

Logged in as user: marijam

( + Debug info ) Hela

WARNING:; skipping obsolete flag ( id=160) in database

Run : . - .
161114 Inner Detector Calorimeters Muons Luminosity Trigger
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Figure 4.12: Data Quality data base status Browser.

4.8 ATLAS Computing

In present HEP experiments like ATLAS, computing physicdd@re as important as any other
part of the detector. This is due to the expected huge amduddta, performed calculations
and large number of collaborators involved in the experimiernthis section a brief description
of ATLAS computing and simulation infrastructure, as wedl gome basic concepts of grid
computing are given. Information and references concgrttie online and offline software
used by the ATLAS collaboration can be foundlin/[14] and ais{2E]. Detail description the
Worldwide LHC Coputing Grid can be found in [26].
ATLAS simulation infrastructure. In order to study the detector response for a wide

range of physics processes and scenarios, a detailed sonuibat carries events from the
event generation through to output in a format which is ig@hto that of the true detector has
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been implemented. The simulation program is integratexdtim ATLAS software framework,
Athena[27], and uses th€EANT4 simulation toolkit[28[ 29].

The simulation software chain is generally divided intoethisteps, though they may be
combined into a single job: generation of the event and imatedliecays, simulation of the de-
tector and physics interactions, and digitization of thergy deposited in the sensitive regions
of the detector into voltages and currents for comparisdahdaeadout of the ATLAS detector.

A generator produces events from prompt decays and alsoifritiad and final state ra-
diation, fragmentation and hadronization, underlyingnt\and multiple interactions. Thus, a
generator stores any stable particle (produced in an genlepaocess) expected to propagate
through a part of the detector. Because it only considersadiate decays, there is no need to
consider detector geometry during the generation stegpéxe controlling what particles are
considered stable. These generated events are then redlddrsimulation. For the simulation,
each patrticle from the generator is propagated throughulhATLAS detector byGEANT4. The
configuration of the detector, including misalignments distiortions, can be set at run time by
the user. The energies deposited in the sensitive portibtisealetector are recorded as hits,
containing the total energy deposition, position, and tiamel are written to a simulation output
file, called a hit file. The digitization takes hit output frasimulated events: hard scattering
signal, minimum bias, beam halo, beam gas, and cavern haﬂk@reven@ Each type of
event can be overlaid at a user-specified rate before thetdetggnal is generated. The over-
lay (pileup) is done during digitization to save the CPU tiraquired by the simulation. At this
stage, detector noise is added to the event. The first leggkt, implemented with hardware
on the real detector, is also simulated in a pass mode. Heewearus are discarded but each
trigger hypothesis is evaluated. The digitization firststouncts digits, inputs to the Read Out
Drivers (RODs) in the detector electronics. The ROD fundidy is then emulated, and the
output is a Raw Data Object (RDO) file. The output from the AB_éetector itself is in byte
stream format, which can be fairly easily converted to andhfRDO file format. The two are
similar, and in some subdetectors they are almost integeaie. The ATLAS HLT and recon-
struction [30] run on these RDO files. The reconstructiodéntical for the simulation and the
data, with the exception that truth information can be #daind is available only in simulated
data. Thus, both the simulated and real data from the detemtothen be run through the same

"Beam halo is the background resulting from interactiona/ben the beam and upstream accelerator elements.
Beam gas includes the residual hydrogen, oxygen, and cayasses in the ATLAS beam pipe. The cavern
background consists mainly of thermalized slow neutrdrag,ihay propagate through the ATLAS cavern for a few
seconds before they are thermalized, thus producing aomlitoton gas. This gas produces a constant background
of low-energy electrons and protons from spallation. Theeoabackground consists mainly of thermalized slow
neutrons, longlived neutral kaons and low-energy photaea@ng the calorimeter and the forward shielding
elements. Muon detectors are most affected by high cavackegvound rates.
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ATLAS trigger and reconstruction packages. During datantgkthe HLT is run on bytestream
files, however all hypotheses and additional test hypotesy be evaluated by translating the
RDOs into bytestream format.

Types of data files that contain objects from the reconsomduitable for physics analy-
sis are Event Summary Data (ESD), Analysis Object Data(AQBY5, and Derived Physics
Data(DPD) files. ESD is the resulting event data containimgscs objects from the recon-
struction which are stored in POOL ROOT format. Its conterttatailed and technical enough
to make possible a rerun of the reconstruction, so-callptboessing, hence access to RDO
data is unnecessary. AODs are derived from ESDs and prowideent representation suitable
for analysis. The AOD physics objects provide sufficientgyadled information for most anal-
yses while at the same time make the event size small enougjiote the files to be widely
replicated in an affordable way. TAG is the event level matﬁjwhich provides thumbnail
information about the event, for example number of physigeais. The DPDs span from very
general ones, often provided by physics working groupsckvare typically called primary or
secondary DPDs (D1PD, D2PD) to very specialized ones. Taesproduced from ESDs or
AODs by keeping only relevant information (containers ort md containers), or events that
pass some preselection requirements. The size of D3PDsecsigficantly reduced, so the
analysis is performed on local cluster or even laptop, ardilbs are capable of a ROOQT]31]
analysis independent of the large Athena software framle{vanich is needed for the analysis
of ESDs/AQDs).

Because of the complicated detector geometry and detdilgsiqs description used by the
ATLAS GEANT4 simulation, it is impossible to achieve high simulatedistas fast, so several
varieties of fast simulation programs have been developeminplement th&EANT4 simu-
lation. A fast simulation programhTLFAST[32], (sometimes refered to &FLFAST-I) has a
factor of 1000 speed (in CPU) increase over full simulatieaatibed above. This type of sim-
ulation is used for physics parameter space scans and stidierequire very large statistics
but do not require the level of detail contained in the fuihglation (for example study of
systematic uncertainties in early data analyses). On ther biand ATLFAST does not provide
realistic detector description, so studies of detectsedajuantities, such as calorimeter sam-
pling energies and track hit positions, are not possiblmugition of reconstruction efficiency
or misidentification rates, which means the presence ofigemhysics objects are overesti-
mated while fake objects are not modeled (except for faletdgnd taus). Improved version of
fast simulation £TLFAST-II) is developed at ATLAS[33]. The aim is to try to simulate etgen
as fast as possible while still being able to run the stand&tdA\S reconstruction.

8Metadata, or “data about data”, is the information aboua dtzt is necesary for the analysis.
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Figure 4.13: The flow of the ATLAS simulation software, fromeat generators (top left)
through reconstruction (top right). Algorithms are placedquare-cornered boxes and persis-
tent data objects are placed in rounded boxes. The optidealp portion of the chain, used
only when events are overlaid, is dashed. During the dajivn stage, Read Out Driver (ROD)
electronics are simulated.

An overview of the ATLAS simulation data flow can be seen in.H&13. Algorithms
and applications to be run are placed in square-cornereeshaxd persistent data objects are
placed in round-cornered boxes. The optional steps redjfiirepile-up or event overlay are
shown with a dashed outline.

Grid Computing. Both data and MC require a considerable amount of procegangr,
disk storage, and need to be distributed to a global physicremunity. CERN has embraced
the Grid computir@ as the model for the LHC computing infrastructure.

The mission of the Worldwide LHC Computing Grid project (WGH26] is to build and
maintain a data storage and analysis infrastructure fagrtiee high energy physics community
that will use the LHC. WLCG consists of a set of services angliegtions (for Distributed
Data Management, Distributed Analysis and Monitoring)miag on the Grid infrastructures

9Grid computing is a form of distributed parallel computiritacacterized by combining resources from mul-
tiple administrative domains with a common security meéran This distinguishes it from conventional parallel
computing models: a computing center with a homogeneousfsessources, employing a batch system and a
storage system. The Grid allows the combination of computasources like CPUs and storage elements irre-
spective of type and distance, including the possibilitymite computing centers into one large system. Ideally,
the user should experience it as one homogeneous supertrimpspite of its relative internal heterogeneity and
loose coupling between its various sites. The eponymoubsgaiadigm is to ultimately make access to computing
resources as easy as to the electric power grid.
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provided by the WLCG partners. These infrastructures atgureare provided by the Enabling

Grid for e-Science (EGEE) project in Europe, the Open Seadbid (OSG) project mostly in

US, and the Nordic Data Grid Facility (NorduGrid), mostlytire Nordic European countries.
The WLCG environment is hierarchically structured in 3 Sier

e Tier-0: The original raw data emerging from the data acgoisisystems of the experi-
ments is recorded by the Tier-0 centre at CERN. The first-pasmstruction takes place
at the Tier-0, where a copy of the reconstructed data isctditee Tier-0 distributes a sec-
ond copy of the raw data to the Tier-1 centres associatedthatiexperiment. Additional
copies of the reconstructed data are also distributed tdidrel centres.

e Tier-1: Therole of the Tier-1 centv@varies depending on the experiment, but in general
they have the responsibility for managing the permanerat starage (raw, simulated and
processed data) and providing computational capacityef@rocessing and for analysis
processes that require access to large amounts of data.

e Tier-2: The role of Tier-2 centres is to provide computasibcapacity and appropriate
storage services for Monte Carlo event simulation and foreser analysis. The Tier-
2 centres obtain data as required from Tier-1 centres, amdidba generated at Tier-2
centres is sent to Tier-1 centres for permanent storageutAll&® Tier-2 centres are used
by ATLAS.

Besides these 3 Tiers, there are other computing facilitiesiversities and laboratories that
will take part in the processing and analysis of LHC data.sEare called Tier-3 centres. Any
group of scientists associated to a Tier-2 centre (with mum requirements for computation
power and data storage) can be a Tier-3. For the time beiagettentres are outside the scope
of the WLCG Project, although they must have access to thee @lad analysis facilities, as
decided by the experiments.

Users access the resources and data through a valid Grig wiogh defines their identity
and membership in the ATLAS Virtual Organization (\B)The membership information is
registered in a Virtual Organization Management Servic®NAS) database. When creating a
proxy, users contact a VOMS server using a client teohé-proxy-init) and are granted
access according to their registered role (administrat@cluction manager or normal user).

10Currently there are 11 Tier-1 centers: ASGC (Taiwan), BNt Barmilab (USA), RAL (UK), IN2P3 (France),
INFN (ltaly), KIT (Germany), NDGF (Nordic countries), NIKEF/SARA (Netherlands), PIC (Spain), and TRI-
UMF (Canada).

1IA virtual Organization (VO) is a set of individuals who cdilarate to achieve a common goal. The rules of
sharing computing power, storage space, software and datkeéined in terms of these VOs.
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For distributed analysis users submit their analysis pegjmen DPD production or the actual
analysis jobs to the Grid. A typical task on the Grid is sefgtanto many jobs depending
on the content and complexity of the task. A job can be cormedlély a single CPU within
the maximum allowed time for a job on the Grid(day)). The output, including log files, of
every Grid job is registered with the ATLAS Distributed D&Management system (DDM)[34].
The DDM uses Don Quijote 2 (DQZ2)[35] for dataset bookkeepargl allows users to search
for datasets on the Grid, analyze them in place, and, if sacgsretrieve them. Separate Grid
software controls the distribution of jobs to the variousd&ites.

In order to provide simple access to the Grid, ATLAS users ofaose between two tools.
pAthena is a PanDA[36] pilot based command-line submission toobbég of sending jobs
to all three ATLAS Grid infrastructures, whilanga[37] is a more general computational task
management tool. The global computing environment of th€ lebdperiments requires reliable,
informative and user friendly monitoring systems. The CEBA$ed developers team maintain
the Dashboard project for LHC experiments where ATLAS h&swin service covering a vari-
ety of Grid activities. It monitors the processing and dataagement, both at the Tier-0 and on
the world wide production system, user analysis and thenefdifline databases. The PanDA
production and distributed analysis system provides atgolzal monitoring system with a web

interface[38].

4.9 Readiness of ATLAS detector for LHC collisions

Prior to the start of data-taking, understanding of the etqueperformance of individual sub-
systems relied on beam test results, as well as on detGiHlgdr4 simulations, including the
modeling of inactive material both in the detector compas@mnd in the detector services and
support structure (see [13], Volume ). While extensiverbéesting provided a great deal of in-
formation about the performance of the individual detestdosystems, a detailed understanding
of the full detector could only be achieved after the systeas i place so the physics signals
could be used for performance studies and for validatiomueing of the simulation. During
2008 and 2009 ATLAS detector including all sub-detectoetadaqusition and trigger were
commissioned using high statistics data samples of cosagievents. Analysis of these events
also enabled exercising of the infrastructure such as tteeltendling system, reconstruction
software, and tools for hardware and data-quality momtpriThe results are published in se-
ries of paperd[39, 40, 41, 42,143]. Here just some resukvaek for the analysis in this thesis
are outlined.
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Inner Detector readiness. The final installation of the ATLAS Inner Detector in August
2008 was followed by commissioning and calibration. Dutimg period ID took data with high
efficiency with both LHC single beams and cosmic rays, andenttwain 98% of the ID was op-
erational before data-taking with colliding beams. Dur2@§8 calibration of the detector with
synchronisation of all sub-detectors, as well measuremkefficiency and noise occupancy
for each subdetector in combined operﬁ)was performed. Testing of the reconstruction
software and the tracking triggers on real data was caru¢d®well.

The cosmic-ray data were used to perform an initial deteglignment. The resolution
of track parameters was measured by comparing two segmeatcasmic-ray track. The
alignment proceeded in stages from larger structures tinttieidual module level. At each
stage more degrees of freedom were introduced, with thecegbsizes of the corrections de-
creasing. The cosmic-ray alignment significantly improteel track reconstruction and the
track-parameter resolutions. The achieved level of pi@tisbout 20um, ensured that track
reconstruction efficiency with early LHC data was not siguaifitly affected by residual mis-
alignments. Local alignment with cosmic rays was stagdiffdimited by the small acceptance
of individual detector modules, especially in the endcapa® Therefore it was not possible
to perform alignment at module-to-module level in the epdcand reduced set of degrees of
freedom was used in the barrel region. Thus not all possiidalignments could be recovered
using only cosmic-ray data which partially explains why tleminal Monte Carlo resolution
was not achieved. This is ilustrated in[Fig4.14, and in tRigwptotic limit the relative momen-
tum resolution was measured todsg/ p = (4.83-+0.16) x 10* GeV~ x pr. In order to reach
the design granularity, a high statistics sample of trackmfpp collisions is needed. When
this has been collected, all 1744 and 4088 Pixel DetectoS&dmodules will be aligned with
the full set of degrees of freedom.

Calorimeters. The LAr and Tile hadronic calorimeter underwent extensestihg during
its commissioning and cosmic muon data-taking periodshénEM, detailed studies with of
the signal shape predictions allowed to check there was tra egntribution to the dominant
contributions to the intrinsic constant term of the energgotution. This indicated that the
reach of a global constant term of 0.7% was achievable. Themformity of the barrel EM
response to cosmic muons is consistent at the percent |éethe simulated response.

The noise in the Tile had been proven to be within the expecsand requirements, with
a non-Gaussian component which was taken into account iretomstruction of clusters and
physics objects. The electromagnetic energy scale wastbmesferred from 11% of modules

12Combined ATLAS cosmic-ray run means that data were takerhbyfull ATLAS detector with different
magnetic field combinations, toroid and solenoid switcheaiod off independently.
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Figure 4.14: The relative momentum resolutiprx (o/p) as a function ofpr andn of
the track. The resolution has the expected degradationgaehitransverse momenta. The
resolutions are shown for full ID tracks (solid trianglesijcon-only tracks (open triangles)
and simulated full ID tracks (stars), [40].

calibrated at testbeam to the full Tile Calorimeter in theLAB cavern setting by means of
the TileCal calibration systems. The precision of all aatlon systems is remarkable and has
proven to follow the systems design requirements. The aéiparbetween signal and noise was
very good, with an S/N ratio of29 for the sum of the three radial layers. The measurements
with cosmic ray muons were compatible with a successful ggapon of the EM scale factor
from testbeam to the full ATLAS configuration.

As is the case of running withp collisions, during cosmic-ray data-taking randomly trig-
gered events are also recorded. The large sample of suctsaalected during the global
cosmic-ray running allowed investigations of the detepenformance for the measurement of
missing transverse energy. No energy imbalance was expedteese events. However, global
quantities such as missing transverse enefy)(and scalar sum of energy in the calorime-
ter (5 Er), result from the sum of energy deposits in calorimeter oleés) each with its own
electronic noise. A proper determination of these quastitelies on a good understanding of
the cell-level noise in all calorimeter channels, and, irtipalar, a proper treatment of a few
very noisy cells and cells having nonnominal high-voltalylare details of calculation oy
andy Er, and two methods used to supress the electronic noise,\ane igi the next section.
Fig[4.15 shows the results of both calculations applied ¢oréimdom triggers recorded during
a 2008 cosmic-ray run, illustrating the superior noise seggion of the method using the so
called topological clustering. Tails in the distributidmeyond 8 GeV for topological-cluster-
based, and 16 GeV for cell-based definition), contributessgithan 0.1% of events, are due to
coherent noise in a specific region of the LAr presampler tvhias since been repaired. The
time stability of thelzy calculation was also investigated and found to be very géad.the
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method based on topological clusters, which provides tiséfesolution, the mean and width
of the distributions of th& andy components ot were stable to within about 100 MeV over
the 45 days of data-taking.
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Figure 4.15: Distribution o1 from analysis of random triggers recorded during the 2008
global cosmic-ray running, for the two methods describetth@text, [43]

Muon Spectrometer Commissioning and Performance with Cosmes. About 60 M
events collected during the 2008-2009 cosmic ray runs hega bnalyzed to assess the perfor-
mance of the Muon Spectrometer after its installation inAlEAS experiment. Parts of the
MS, the Small Wheels in front of the end-cap toroids, wergailed during the runs and the
commissioning of the many detectors was proceeding whbegiging the data acquisition and
the data control systems. The detector coverage during ehtis¢ run period was higher than
99%, with the exception of the RPC chambers which were stidlen commissioning, reaching
95% efficiency in Spring of 2009. Most of the cosmic rays rei@ehunderground detectors via
the two big shafts, hence they have incident angles clogetedrtical axis and they are mainly
triggered by the RPCs.

Several aspects of the MS performance have been studiegctoietoverage, efficiency,
resolution and relative timing of trigger and precisiorckimg chambers, track reconstruction,
calibration, alignment and data quality. Finally, withaabllected when the magnetic field was
on, afirst estimate of the spectrometer momentum resolu@sobtained. The trigger chamber
timing has been adjusted with enough precision to guardh&t¢he interaction bunch crossing
can be identified with a minimal number of failures.

The design transverse momentum resolution of 10% for Tak#aequires a sagitta reso-
lution of 50 um. The intrinsic resolution of MDT chambers contributes g4 uncertainty to
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the track sagitta, hence other systematic uncertaintigsaent and calibration) should be kept
at the level of 3Qum or smaller. The performance of the end-cap and barrelaglgnment
systems have been measured using cosmic muon tracks witragoetic field. The results
demonstrate that the end-cap optical system is able togedkie required precision for cham-
ber alignment. The result from the optical alignment sysieshown in Fid.4.76. The small
sectors have a significantly worse alignment than the lazgmss. Conservatively, performance
of the optical system, in terms of sagitta precision;-00 um for the large sectors, andl
mm for the small sectors. The design of the alignment systetina barrel required additional
constraints provided by straight tracks. The track alignivedgorithm had been tested with
MC simulations and with cosmic ray data. The simulation &tsighow that 19tracks with a
momentum greater than 20 GeV and pointing to the IP are neéeddigin the large sectors with
a precision of 3Qum. Small sectors require five times more tracks than largmsedue to
the multiple scattering in the toroid coils. Using straightmic muon tracks a set of alignment
constants had been produced. A total of #0ents were used corresponding to about1®®
cosmic muon tracks in each of the most illuminated barrelgecThe statistical uncertainty of
the sagitta using this track alignment procedure was estirta be 3Qum for large sectors.

-
N

¢ [rad]
Sagitta error [mm)]

Figure 4.16:n — @ map of the contribution to the sagitta error due to alignmastestimated
with the method described in the text. As expected from tistesy design, the small sectors
(even sector numbers) are aligned with significantly leggipion than the large sectors (odd
sector numbers), [42]

Algorithms for track reconstruction in the MS have been myed to reconstruct muon
tracks originating from the IP. To cope with the differenpdtogy of cosmic ray muons they
had to be slightly modified. To mimic muons in collision ew&rthe tracks were split at their
perigee (point of closest approach to the beam axis), givisgally, two reconstructed tracks:
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one in the upper part of the MS and one in the lower part. Padoce of the MS in terms

of resolution reported in [42] was established with 19K tmgtom track pairs. The results are
improved with higher statistics sample collected during2®Beside standalone, also combined
(ID+MS, denoted bellow as CB) tracking performance was stigated, and the results are

reported in[[43].
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Figure 4.17: Transverse momentum resolution evaluatduthgt top-bottom method resolution
on relativepr as a function ofor for ID and MS standalone tracks, and for CB tracks. The
results are for barrel onlyjrf| <1.1), both Small and large sectors. The shaded region shew th
+10 of the fit to the resolution curve for the CB tracks,[43].

Fig. [417 shows the relativer resolution for ID, MS and CB tracks as a function
. For each pair of upper/lower tracks, the value of the trarsvmomentum was evaluated at
the perigee. The difference between the values obtainedtihe upper and lower parts of the
detector, divided by their average

Apr _ ZpTup — PTdown

4.3
pT PTup + PTdown (43)

was measured and plotted in eleven bingpf Since the cosmic muon momentum distribution
is a steep function, thpt value of each bin was taken as the mean value of the diswibuti
in that bin. The highest bin was 200-400 GeV. The results isfphocedure have been fitted
to parametrizations appropriate to each particular tréesc MS, 1D, and CB. The resolution
function for MS is fitted with the sum in quadrature of thresrts, the uncertainty on the energy
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loss correctiongg, the multiple scattering termpg, and the intrinsic resolutiops:

o
%:%@pl@pzxm (4.4)

For ID, energy loss factor is dropped, and for CB a more corfalection was used(see [43]).

Table[4.8 compares the fitted sizes of the multiple scageamd intrinsic resolution terms for

Table 4.3: Fitted values of the multiple scattering andrisic momentum resolution terms (as
described in the text) for ID, MS and CB tracks.

Fitted resolution P1 p2

ID 1.64+0.1% | (534+2) x 10 °Gev !
MS 3.8+0.1% | (20+3) x 107 °GeV 1
CB 1.64+0.1% | (234+3) x 107 °GeV !

the ID, MS and CB tracks. For the CB tracks the multiple scaeterm is determined mainly
by the ID contribution while the intrinsic high-energy ré&siton comes mainly from the MS
measurement. Extrapolation of the fit result yields an ID rantum resolution of about 1.6%
at low momenta and of about 50% at 1 TeV. The MS standalonéseagues the resolution ex-
trapolated to 1 TeV is about 20%. As expected, the ID and M&gsysdominate the resolution
at low and highpr , respectively. The value of the energy loss termpgs- 0.29 GeV, but this
term is not relevant for the performance of high- muons that could come fromv’ decays.

As the rate of production of higpt muons inpp collision events is rather low, the cosmic-
ray data will continue to be relevant to the MS commissionumgtil a sufficient number of
high-pr muons from the collisions is accumulated.
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Chapter 5

Event Selection

5.1 Object reconstruction

5.1.1 Muon reconstruction at ATLAS

Different strategies, corresponding to different ways ombining data from more ATLAS
subdetectors, have been developed so far to measure atifjidaon candidates. Three main
strategies used to reconstruct different types of muons are

e Standalone muon reconstruction. Standalone muons arestegoted using only the
Muon Spectrometer exploiting its toroid magnetic field aniidoverage up ton| <2.7.
The tracks are extrapolated to the beam region at the peoigtee track. During the
extrapolation to the beam line the material effects, naraebrgy loss and multiple scat-
tering, are taken into account. However, performance aid&kne muons must be care-
fully studied with collision data before they are includadphysics analysis.

e Combined muon reconstruction. Combined muons are formeddighing Inner Detec-
tor tracks with Muon Spectrometer tracks. The track matghsrbased on thg? defined
as:

XZetch = (Pms—Pip) T (Vib +Vius) H(Pms—Pip),

wherep’ = (do, 20,9, 0,q/p) is the vector of 5 track parameters avidis the corre-
sponding covariance matrix. Track parameters (expredsbe perigee) are: transverse
distance of closest approadtiy), the position along the beam axig), azimuthal and
polar angles ¢ and 8), and signed inverse momentum of the tragkg). The subscript
MS refers to the standalone muon, while ID refers to the Iietector track. The com-
bination of the MS and ID measurements provides efficientmmagonstruction (with
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matching efficiency above 95% for muons wgh ~50 GeV) and best momentum reso-
lution. Further it suppresses the rate of fake mHons

e Tagged muons are Inner Detector tracks that are identifieduass by using either hits
and segments in the MS, or the energy depositions in theicadtaers. Tagging algorithms
were developed to recover the efficiency gaps left by low mudnoma particles that cannot
reach the outer stations of the MS, or regions where MS isuligtihstrumented yet (for
example atn| = 1.3 where the installation of some chambers in the innerstaton has
been staged).

A set of algorithms used to identify and reconstruct eachhefrhuon types are present in
the ATLAS offline software framework. The algorithms are aifuclassified into two families,
STACO[I] andMUID[2]. The different algorithms in these two families aredidtin Tabld 5.11.

Table 5.1: A summary of the muon reconstruction famii&ésCo andMUID.

Muon type STACO MUID
Standalone Muonboy Moore
Combined| Staco Combined Muid Combined

Tagged MuTag | MuGirl, MuTagIMO

It should be mentioned that two additional algorithms basedhe pattern of the energy
depositions in the calorimeter are developed for the muentitication: CaloMuonTag and
CaloMuonLikelihoodTool [3]. These algorithms aim mainly to the improvement of theomu
identification efficiency aroung = 0. However, there is a caveat of possible increase in the
backgrounds coming from “fake” muons.

There are several differences among algorithmSTaiCO andMUID families, but two are
outlined here: measurement of the track parameters of timbioed track, and estimation of
energy loss in the track extrapolation from MS to the beam [ifo obtain the track parameters
of the combined tracRtaco Combined does a statistical combination of the ID and MS track
parameters to calculate the combined track parameters:

p=(Vip' +Vid) H(Vip'Pip +Virapms) (5.1)

On the other hand, iMuid Combined ID tracks are extrapolated to the first measurement on
the MS track. A position match and a momentum balance chedkiee whether the ID track

LFake muon here is defined as a track not corresponding to @ayrtnon at the interaction vertex.
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matches with the MS track. To obtain the combined track patars,Muid performs a refit
of the Inner Detector and Muon Spectrometer measuremerus.ertergy lossMuonboy is
implementing a parametrisation of the muon energy losslewhiore combines information
from the calorimeter and parametrisations to correct ferltandau tails of the energy loss
distribution.

In Fig. [5.1 theprt resolution of the standalone spectrometer measuremeainebtwith
STACO andMUID is presented as a function of the mupn usingW’events (.= 1 TeV). Ac-
cording to the simulation, both algorithms have comparaleiéormance. It should be noted
however, that the resolution in data was worse with resjodtiet one in Monte Carlo. This will
be discussed in Section 5.2.4. In Hig.]3TAC0 andMUID efficiency as a function gbr andn
respectively are presented. The resulst are also compdaiihe two algorithms. The degra-
dation of efficiencies as a function pf is contributed to the due to increasing radiative energy
loss in the MS. As a consequence of the increasing radiatieegg loss, tracking algorithm
fails to reconstruct the track due to multiple hits arouraltttue muon.
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Figure 5.1: Muonpt resolution of the spectrometer only measurement as a mdfi the
reconstructegr for STACO andMUID combined muons iV MC samplemy,= 1 TeV. Res-
olution is defined agl/pr — 1/prt)/(1/prt), Wherepr, is transverse momentum of the
reconstructed muon matched with true muon with transvesaentumpr ;.

Results presented in this thesis are obtained usiag0. Only combined tracks are used,
and the direction and position (at closest point to the prymeartex) of the muon are taken from
the combined measurement. As discussed before (cf. SEEBpmprior topp collisions Inner
Detector was commissioned with cosmic rays, and its aligrinvas not known at the sufficient
level. To avoid biases from systematic misalignments ofthéhe value of the muon transverse
momentum in the following analysis is taken from standalov@asurement. This approach is
not completely independent from the momentum measuremeheilD, since track matching
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Figure 5.2: Muon reconstruction efficiency as a functionta teconstructeggr andn for
STACO andMUID combined muons ilV'MC sample, withmy,= 1 TeV. Efficiency is defined as
a fraction of true muons matched with reconstructed muoA&ir0.1. Overal efficiencies are
(91.9-0.2)% and (92.20.2)% forSTACO andMUID respectively.

requires tracks to be independently reconstructed in thenddMS and then statistically com-
bined, weighted with their error matrices. Though diffexemm measured momenta in the MS
and ID could be quite high, this matching is fairly loose, gussible efficiency loss caused
by the tracks failing combination is assumed to be margi@al.the other hand, as explained
above, the track matching requirement aids in the identifinaand rejection of cosmic rays,
secondary muons produced in the decay of hadrons, and hgasotihat punch through the
calorimeter.

This initial W’search with 2010 data is restricted to muons detected ingtrellnf the MS
(In| <1.05) where the momentum resolution (with sufficient hgh) has been measured with
cosmic rays. Discrimination against backgrounds is impdolyy imposing tight requirements
on the hit multiplicities of both ID and MS. The requirementtbe latter also ensures a precise
and reliable measurement of the muon momentum. These eagerrts are discussed in detail
in Sectio 5.B.

5.1.2 Measurement oz at ATLAS

Measurement of the transverse missing eneky)(in ATLAS is performed from energy de-
posits in the calorimeter and reconstructed muon tracks Mjart from the hard scattering
process of interest, many other sources, such as the umdedyent, multiple interactions,
pile-up and coherent electronics noise, lead to energysiisend/or muon tracks. In addition,
the loss of energy in dead regions and readout channelstoatetto theZr measurement.

The calorimeter plays a crucial role in tllg measurement: the electronics noise alone

80



in the ~200k readout channels of the ATLAS calorimeter contribwtbeut 13 GeV to the
width of theEt distribution, hence the noise suppression is of crucialirtgmce. Two noise
suppression methods have been studied so far: standaedsapigression and noise suppression
using topological clusters. Both require knowledge of thdtlvof the noise distributiorngngise,
which can be either purely electronics noise or a combinaifcelectronics and pile-up noise.

Standard noise suppression is based on only using caletiicadts with energies larger than
a threshold, generally corresponding to a certain numbepgk. The threshold is optimized
for Er resolution, the scale @y , the total transverse energy in the calorimetgrSy, and for
the highespr jet to be close to the case without noise simulation. For theensuppression, a
symmetric threshold Ecq| > 2 X Ongise) is generally used.

The second method uses cells in 3-dimensional topologatatineter clusters called TopoClus-
ters. A TopoCluster is reconstructed starting from a seddath an absolute energy value
|Ecell| > 4 X Onoise to Which neighbors withEq | > 2 X Onoise are added. Finally the cells at the
boundary are required to haj.g|| > 0 X Onsise. The cells that constitute the TopoCluster are
called TopoCells. This set of thresholds, referred to a&4i2 optimized to suppress electron-
ics noise as well as pile-up from minimum bias events, whaleging the single pion efficiency
as high as possible.

Fr calculated from TopoCells with the electromagnetic calilon applied to all cells, gives
a large shift in thézy scale of about 30% with respect to trige . Thus a dedicated calibration
scheme is needed to reduce the systematic shift oEthescale and optimize its resolution.
This goal is achieved in several steps according to the &edlstfication. The classification
depends on whether the energy deposits in the calorimeteelactromagnetic or hadronic
in nature and whether they are associated with fpghparticles. To classify energy deposits,
schemes to calibrate hadronic showers such as H1-likeraabh or Local-Hadronic calibration
[5] utilize the energy density in a cell. Electromagnetiowsirs tend to have higher energy
densities as compared to hadronic showers. The Local-Hadralibration scheme uses further
information related to shape and depth of the calorimehower to classify a TopoCluster. The
next step in the cell-basdfr reconstruction is to globally calibrate all calorimeteli€esing
the H1-like or Local-Hadronic calibration schemes. Thisgadure is robust already at initial
data taking because it does not rely on other reconstrutjedts. In a subsequent step, the cells
can be calibrated according to the reconstructed objegtdleeassigned to. Calorimeter cells
are associated with a parent reconstructed and identifggdgii objects: electrons, photons,
muons, hadronically decayingleptons, b-jets and light jets.

In W' analysis described in this chapter, the calorimeter pakrofis obtained from the
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topological clusters with local hadronic calibratidfEf_LocHadTopo):

Eri'® = — 3 Ecos(¢)/cosh(n), (5.2)

—ZEsm @)/cosh(n). (5.3)

This term already includes correction for the energy losgyostat[4]. The value of the muon
momentum excluding the energy muon deposited in the catwems added to the calorimeter
estimate of théy :

EETXIETf(a]O— £ + ElC0s(@) /cosh(n), (5.4)

Ery ET Pl + Elosin(@)/cosh(n). (5.5)

The last termEl‘éss, is the energy loss calculated by the muon reconstructgorighm account-
ing for the amount material crossed by the muon, and is imdud avoid double counting of
the energy deposited by the muon in the calorimeteW!r- ev search, only("5]2 arld 5.3 are
used.

5.1.3 Performance using first collision data

Performance of the ATLAS detector was tested with data takeop collisions at 900 GeV
and 2.36 TeV. These data sets do not contain very many fgbbjects, and therefore do not
correspond to the environment for which ATLAS is designedwiver, this was an important
step towards succesfull operation and data taking at 7 Tie¥ d€tails of the performed analysis
can be found in[4].

The data sample at 900 GeV contains nearly 400 000 eventsdeztavith high-quality
calorimeter and tracking information. About 36 000 everiitdaia were taken at 2.36 TeV, but
they were used only for calorimeter studies. Events inaudehis analysis were required to
pass Good Run List, which means stable beams request, andRBCS, TGCs and MDTs were
operational ("green” DQ flags). CSC chambers were not taltatg during this period. One of
the selection criteria was that the solenoid and toroiddieldre at the nominal values. This lead
to a somewhat smaller data set (264 000 events) since thie gystem was not always fully
operational. Analyzed runs were those with run numbers 742142189, 142191, 142193,
142195, and 142383.

In order to suppress cosmics and other non collision backgls, the event selection was
based on the timing difference of signals detected on balssh and C, of the ATLAS de-
tector. Coincident signals were required, within a timedaw of 5 ns or 10 ns from either
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the electromagnetic (end-cap or forward) calorimetersanfthe two MBTS wheels, respec-
tively. In addition the events were triggered with MinimunmaB Trigger Scintillator trigger
(L1_MBTS_1.1) mentioned in the previous Chapter. In case no timing ¢dénce is found, a
two hit MBTS trigger with at least one hit per side is required

For the selection of muon candidates, events were requiredve at least 3 tracks in the
ID, each with at least 1 Pixel and 5 SCT hits to supress cosmeicts. At least 1 ID track was
required to have momentupr>4 GeV in order to insure there is a muon candidate in the event
with sufficient energy to reach MS. All muons were requirech&ve at least 1 trigger hit in
any muon trigger chamber. Further, algorithm specific cotsxfuons fromSTACO andMUID
famailies were applied. These criteria were the following:

e Staco Combined: X%atch <50;

e MuTag: ID track - segment matching 30;

e Muid Combined and standalone: at least 2 hits in Rpfayer;

e MuGirl: atleast 6 SCT hits, and at least 2 segments in MS associdttethe muon.

No specific requirements were imposed BIACO standalone muons. For the final results,
only muons satisfying the following kinematic requirensentere consideredor >2.5 GeV,
In| < 2.5, andp>4 GeV. Results obtained with muons passing above criterie wem-

Table 5.2: Number of muon candidates selected with eachritigg with results fronMUID
family in the brackets. Numbers from MC are obtained usirggrtbrmalization explained in
the text. Total number of events after event selection cugévien in the first three rows.

Selection Data MC Data MC
No pr ,n andpcuts | With pr ,n andp cuts

Collision candidates 252920

Number of ID tracks-2 231139

p ID track >4 GeV 163628

Number of muon candidatgs 268 ~203 101 ~79

Trigger hit>0 228 ~198 90 ~78

Number of muons after 190(166) ~194(~177)| 64(52) ~75(~67)
algorithm cut

Combined 69 (71) ~60(~65)| 24 (34) ~37 (~45)
Standalone 85(23) ~97(~50)| 12 (6) ~6 (~8)
Tagged 36 (72) ~37(~61)|28(12) ~32(~14)
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Figure 5.3: Some basic distributions for tBeaco Combined candidates, data is represented
with dots and MC with shaded histograms. Normalization of M§lograms is explained in the
text. Kinematic cuts for final selections are not appliednten to have higher statistics.

pared with Monte Carlo expectations. Monte Carlo minimuasliamples were produced with
the PYTHIA, 6.4.21][5] event generator. Various samples were gertefatesingle-diffractive,
double-diffractive and non-diffractive processespip collisions. The different contributions
in the generated samples were mixed according to the cex$®iss calculated by the gener-
ator. All the events were passed through the full simulatbATLAS detector, with nominal
alignment for the MS geometry. The data and MC samples uséisranalysis have been
reprocessed after the first reconstruction, with repracgssiplemented a number of software
improvements mainly in tracking and muon reconstruction.

The results from Data and MC are presented in Table5.2. Bdsnin MC were normalized
to the number of events in data after the requirement thexeléast 1 ID track withp>4 GeV.
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Some basic distributions for tf8taco Combined candidates are presented in Figl5.3, with
similar results obtained fatuid Combined. Comparison in number of hits in the muon pre-
cisions and trigger chambers, as well as number of hitsicosildetectors (Pixel and SCT), is
good between data and MC. This is also truex@y, , distribution, while forxZ, there is some
difference. Momenta of MS and ID tracks are correlated, watsign missmatch. The compar-
ison between data and MC for impact parameters, calculaitér@spect to the reconstructed
vertex, is good, though there are some additional tailsiplyssue to cosmic background and
fakes which can be associated to pions or kaons. Isolatioables are also shown: energy de-
posited by the muon in the calorimeter in cakie <0.2 around the position of the muon track,
and number of tracks and scalar spfm tracks inAR <0.3 in the ID. Tracks that are allowed in
the sum are required to have a minimym of 1.0 GeV and given the soft spectrum of tracks
in the 900 GeV collisions, only a few muon candidates havé $Ddracks close to the muon
candidate. MC/data agreement is good for tested isolaaaahies.
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Figure 5.4: The distribution op,pt ,n and g of reconstructed combined muons in the 900
GeV data. Kinematic cutgr >2.5 GeV,|n| < 2.5, andp>4 GeV, are applied for selection of
muon candidates.

Raw distributions ofp,pt ,7 andg for the combined tracks after kinematic requirements
are shown in Fighl4. The muons studied were of relatively jgw. The observed spectrum
was soft and strongly peaked in the forward direction, wiieeenomentum of the muons more
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often exceeds the 3.2 GeV needed to penetrate through thartbcalorimeter.

In conclusion, the Muon Spectrometer was not extensivelgtewith this data set, but good
agreement is found between data and simulation indicatireg@sonable understanding of the
initial performance of the MS.

5.2 Data and Monte Carlo Samples

5.2.1 Collision data

The results in this thesis are based on the full 2010 datdsanfip/s =7 TeV pp collisions
collected from April to November. These datasets are ddvidecording to the beam condi-
tions and trigger configuration in periods labeled 'A to[8], and go from run 152844 to run
167844. The analysed data is processed Witlena release 15, i.e. come from the "May
Reprocessing”[9].

To ensure the relevant parts of the detector were operatidat quality flags set by the
relevant combined performance groups are used to excluddgpnatic luminosity blocks. In
addition, a few runs were excluded for problems not coveyatiédata quality flags. Good data
quality can be summarized first as having all tracking (pis€T and TRT) and calorimeter
(EM, HEC, FCAL and TILE) subdetectors performing well. Adymuons in the barrel region
are used, the muon subdetectors in the barrel region: RPQV@IH chambers, and muon
trigger must be also performing adequately. The toroidstaadgolenoid must be operating at
their nominal current for precise muon momentum measuréneérhe LHC beams must be
stable and operate at 3.5 TeV each and the luminosity céilcatamust be reliable. The list of
requirements used in the Good Run List query are as faflows

e Runrange: 152844-167844

e Beam statusptag datal0_7TeV and lhc stablebeams

e Data requirements: partition ATLAS and db DATA

e Detector related quality requirements:lgl, atltor, atlsol, llctp,
GLOBAL_ALL_ID_GL_AL, GLOBAL_ALL_MAG, MDTBA, MDTBC, RPCBA, RPCBC,
CP_MET_METCALO, LiMUB, TRMUO, and lumi.

e Database tagdetStatus-v03-passl-analysis-2010

The integrated luminosity satisfying GRL criteria summedroall datasets i = 36.35

2For the definition of the flags, see ]10].

86



pb~1 for an unprescaled trigger. Trigger is described in detedldctiof 5.8. Integrated lumi-
nosity was measured with the standard luminosity measureaéhat time {f1Lumi-7TeV_002).

5.2.2 Signal and Background Monte Carlo Samples

ATLAS Monte Carlo samples are used to calculate acceptaarwt$o model the properties of
the signal and Standard Model background processes. Eaentgenerated usirRYTHIA[S],
HERWIG[LI], andMC@NLO[6] generatorsW* samples are generated withMPHEP[13] program
followed by PYTHIA, as explained bellow. All generators are interfacedH0T0S[9] to de-
scribe the effect of final state QED radiation. The MRST L(fp&rton distribution functions
are used for theYTHIA andHERWIG samples. All samples, signal and background, are gener-
ated and fully simulated in the ATLASC09 framework [7], consistent with the “May repro-
cessing”. Generated events are passed througdEtheT-based simulation of ATLAS detector,
as described in the section 4.8, witlithena release 15.6.3.10, and then digitized and recon-
structed with release 15.6.9.8 (which corresponds to tbenstruction tags1302 or r1306).
Dedicated samples, reconstructed withithena release 15.6.10.4{388), are used to model
effect of pileup. In these samples minimum bias events aeglad over the original hard-
scattering event. Th@ANT simulation is the same as for non-pileup production and ileep
interactions are added as part of the digitization.

Signal sample®V’ — ¢v (¢ = e, u, T) andW* — ¢v (£ or e, oru) are described in Sections
[3.2 and 3.4 respectivelW* — ¢v samples are generated with kinematic quit§l ) > 25 GeV,
In(lep) < |2.5 andpr(v) > 25 GeV. Some information of the samples is listed in Tabl&s 5.
and[5.4. Statistics of these samples is sufficient for théyaisaof the data collected during
2010.

Background samples that are used or considered for thesamagse presented in the ta-
ble[5.5.

TheW/Z samples are generated wWRMTHIA covering all leptonic decay modes. Sample
used foW — uv covers the fullWW mass range, and f&r— pupu mass above 60 GeV. A sample
of W — tv with 1T decaying leptonically is also used. To ensure adequatststatat high
transverse mass, separate samples are generated in nsaasdthe events from these are used
instead of the ones in inclusiW&/Z samples. Also, pileup samples with about 7 times less
reconstructed events, are available for the includive> uv and forZ — uu processes. There
are no dedicated pileup samples for the binned dataset$pmntire signal samples. Diboson
samples\WW, WZ andZZ) are generated WithERWIG [11] with a filter requiring at least one
lepton. Thett background is generated wiH€@NLO[6] in conjuction with program$ERWIG
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Table 5.3: Monte CarlaV’ and samples. ATLAS MC run number is followed by the cross
section time branching fraction f®&’ — ev process. Higher order corrections are explained
in section[3.B. The last columns give the number of genemtedts (including the: andt
channels) and the corresponding integrated luminagity = Nevt/ (0B) (with respect to the
NNLO cross sections).

Mass Run 0B [pb]

[GeV] | number LO  NNLO | Newt[K] | Lt [pb71 ]
500 | 100000/ 15.55 17.25 60 1160.
750 | 115373| 2.931 3.200 60 6251.
1000| 105610 0.7792 0.8366 60 24000.
1250| 105277 0.2555 0.2606 40 51456.
1500| 105626, 0.09257 0.08870 30 113507.
1750| 105278 0.03622 0.03246 30 308008.

Table 5.4: Monte CarldV* samples. ATLAS MC run number is followed by the cross section
time branching fraction fow* — ev process. The column for the cross section is given with-
out cuts, and with kinematic cusr (1) > 25 GeV,|n(lep)| <2.5 andpt(v) > 25 GeV. The
last columns give the number of generated events and thespmnding integrated luminosity
ZLint = Newt/ (0B).

Mass Run number oB [pb] Nevt Lint
[GeV] ev Qv nocuts withcutg [K] | [pb™]
500| 115525 115523 12.590 10.798| 20 1850
750| 105150 115524 2.339 2,095 | 20 9550
1000| 105262 105266 0.6098 0.5587| 20 | 35800
1250| 105559 105388 0.1884 0.1751| 20 | 114500
1500| 105263 105267 0.0636 0.0595| 20 | 336000
1750| 105566 105389 0.0226 0.0212| 20 | 942000

and JIMMY[18]. MC@NLO is used to generate matrix elements, wHiBWIG is used to simulate
parton showers and underlying event with multiple partderarctions described withIMMY.
CTEQ6.6 [19] parton distribution functions are usedtforsimulation. The top mass is set to
172.5 GeV. Afilter is applied at the generator level to retaly events where a leptos, (u or
T) is produced. The sample has negative weights for 11.3%eoév¥bnts and the luminosity in
Table[5.5 accounts for this.

The QCD background (sometimes denoted as dijet backgrasisahulated usin@YTHIA
hard-QCD processes, i.e. quark-quark, quark-gluon anohgfjluon scatters. These samples
are denoted byj(p1, p2) — uX, where the arguments indicate the allowed range of the-trans
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Table 5.5: Monte Carlo background samples. Sources forrtes<sections are discussed in
the text. Filtering efficiency is included in the cross sewti

Run 0B [pb]
MC Sample number Leading Order Higher OrderNeyt [K] Lot [P0 ]
W — uv 106044 8939 10460 7000 670
W — uv (pileup sample) 106044 8939 10460 1000 95
W — tv (|n{| < 2.8)) 106022 7804 9134 1000 109
W (200, 500) — ¢v 106604 8.90 10.42 60 5760
W (500 1500 — ¢v 105274 0.242 0.283 60| 212000
W (15002500 — ¢v 105275 0.00079 0.00092 60 | 6540000
Z— Uu 106047 856 989 5300 5360
Z — uu (pileup sample) 106047 856 989 1000 1011
Z—TT 106052 856 989 2000 2022
Z(250,400) — pu 105479 0.416 0.480 20 42
Z(400,600) — pu 105480 0.0672 0.0777 20 257
Z(600,800) — pu 105481 0.0112 0.0129 20 1550
Z(800,1000) — uu 105482 0.00274 0.0032 20 6250
Z(100Q 1250 — uu 105483 0.000918 0.00106 20 18867
Z(125Q01500 — uu 105484 0.000249 0.00029 20 68695
tt — ¢X 105200 80.2 89.4 1000 8650
wWw 105985 11.49 17.82 250 14000
Wz 105987 3.481 6.07 250 41200
ZZ 105986 0.976 1.387 250| 180000
1J(8,17) — uX 109276| 844000 2500 2.96
1J(17,35) — uX 109277| 821000 2500 3.05
1J(35,70) — uX 109278| 222000 500 2.25
1J(70,140) — uX 109279 28600 500 175
1J(140,280) — uX 109280 1960 500 255
1J(280,560) — uX 109281 71.0 500 7040
1J(560,1120 — uX 209435 1.15 10 8740
cc — uX 106059 28400 1500 52.8
bb — uX 108405 73900 4500 60.9
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verse momentum of the hard scattei: < pr < p2. Dijet events are filtered with requiring a
muon withpr >8 GeV. The filter was used after verifying that most of the mraip is due to
heavy flavor decays and so is included in these samples.

In the table[ 5.6 primary cross sections are computed witeigeor used to simulate events
of a given sample. However, higher order cross sectionsseé 1o normalize predicted event
counts for the various samples. The exception is for QCD dpaeknd where listed cross-section
are computed usingYTHIA. Higher order cross sections are obtained as follows.

TheW/Z cross-sections, including binned samples, are initiatlynmalized to the NNLO
cross-sections as provided by thewz program [2[8] Gw_..y =10.46 pb, andiz_, (/S >
60GeV) =989 pb). The details of NNLO computation are given elsew2@je but it should
be noted that the input parameters are quite similar to tles dsted in the section 1.4 used
for W’ cross section calculation at NNLO. The total uncertaintyhefse NNLO cross sections
is conservatively estimated to be about 5%, dominated bgrtaiaty from the choice of PDF.
AlthoughW /Z are normalized using NNLO cross section calculations, #wve background
level in the highmr bins used in this analysis is significantly overestimateel tduthe different
mass dependence of the cross section at leading and higles o hus, additional correction
factors are needed to account for both QCD and electroweakatmns. These corrections
and theoretical uncertainties specific for the highregions are described in detail in the next
chapter.

NLO cross sections for diboson samples are estimated sieN.0 program as described
in [22]. Since these processes represent small fractiomeatiotal background, no attempt was
made to estimate their NNLO cross sections. NNitOcross-section is 161 pb, taken from
[23]. The uncertainty is 6% added in quadrature to the PDeuainty.

5.2.3 Pileup

Increased instantaneous luminosity at the LHC leads taiaddi pp interactions occurring in
the same and previous bunch crossings. This is referreditotane and out-of-time pileup,
respectively. The in-time pileup result in additional restiucted primary vertexes. The in-
creased average number of vertices can influence the effycarevent selection through the
effect of additional tracks in lepton isolation and alsceaf§ £+ distribution. To model the
pileup effects on the selection efficiency, simulated MC glaswith the so called bunch train
pileup-setup are used. As explained before, simulatednnum bias interactions are overlaid
on top of the hard-scattering event. Individual buncheseaparated by 150 ns and contained in
trains of eight bunches length. A second bunch train follawils a time separation equal to 225
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ns, followed by a longer pause before the next bunch traire a&uerage amount of simulated
additional minimum bias interactions per bunch crossinghigsen to be Poisson distributed
with the expectation valug = 2.2. No out-of-time contributions is considered.

In order to match the data, Monte Carlo events in the pileogéas, are weighted according
to the number of primary vertices in data. To calculate thalper of vertices\' preselection
requirements described in the next sections are appliedier ¢o reduce the influence of non-
collision backgrounds such as cosmic rays. This is pagrbuimportant for the number of
events with zero vertices. When counting the vertices, tmbge with at least 3 tracks and
|z,tx| <15 cm are taken into account. In the calculation of the evexnghas, the zero vertex bin
is excluded, and the weight is set to one.
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Figure 5.5: Number of vertices in data and the Monte C@fle> uv sample with pileup.

Table[5.6 gives the fraction of events with each vertex rplidity for data and unweighted
W — uv Monte Carlo as well as the derived Monte Carlo weights. Thenatized number of
vertices in data and pileup MC, as well the ratio of the twahiewn in Fig 5.b.

It should be mentioned however, that the difference of tHecten efficiency obtained
with reweighted and unreweight&l — uv pileup sample is 0.2%. This suggests that the
systematic uncertainty from the Monte Carlo pileup rewermghprocedure is negligible. As
the instantaneous luminosity of the LHC increases in theréytcorrectly accounting for pileup
will become clearly a more important effect.
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Table 5.6: Events weights for ttd — uv pileup sample. The first column is the number of
reconstructed vertices and the next two are the fractiovefts with that multiplicity in data

and in thew — uv pileup sample. The last column is the weight assigned totsvarthe
pileup samples.

Nvix  Tdata fme Event weight
0 0 0 1
1 0.246599 0.151054 1.63252
2 0.328767 0.2972 1.10622
3 0.235981 0.275637 0.856129
4 0.119392 0.16721 0.714022
5 0.0470739 0.07381 0.637771
6 0.0160969 0.0260949 0.616862
7 0.00452744  0.00709184  0.638402
8 0.00115926 0.00152561 0.759866
9 0.000317209 0.000306398 1.03529
10 6.92093e-05 6.38329e-05 1.08423
11 1.73023e-05 6.38329e-06 2.71057

5.2.4 Muon momentum scaling and smearing

Measurements of the muon momentum resolution of both thentD\&S, performed with cos-
mic rays and collision data, indicate that the resolutiosigmificantly worse than in thBC09
simulation [24]. This has the effect of the broadenivg peak in themy distribution, and
increasing the level of background. To account for this, mommmentum is smeared for kine-
matic distributions and estimation of the signal eventcele efficiency and expected number
of background events from MC samples.

In principle, the smearing is a function of directioff &nd ¢) and momentum. However,
the pt resolution varies slowly as a function 8f hence the smearing is constant as a function
of pr rather than momentum magnitude The trajectory deviations measured by the tracking
detectors are proportional to the inverse of the signed mdumne, and so the intrinsic resolution,
arising from uncertainties in position measurements (igiclg alignment), is constant fay p
. Thus,q/p has been chosen as the smearing variable.

The smearing is applied randomly for each muon in the evehe fihal value ofg/p is
calculated from the initial valugg/p);, as:

a/P = [(a/P)ini +S101(0/ P)ini + S$928IN6]/Sp+ S (5.6)

Hereg; andg, are random variables selected from a Gaussian distributithhRMS = 1,S; is
the momentum scal&, is theq/p bias (curvature offset), arfsi and$; are the smearing pa-
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rametersS; is the scale coefficient arf} is the intrinsic resolution coefficient (cf. Sectionl4.9).
The sinf dependence of the intrinsic resolution term ensuresgjtipg smearing is constant as
function of 8. The values of the smearing parameters used in this thesis ar

S; =0.023+0.03, and
S = (0.184+0.04) Tev L.

The values for the scale and bias &g= 1+0.001 (corresponding to no scaling) afg=
(0.0+£0.071) Tev—! (no bias). The uncertainties on these values lead to sytiteomeertain-
ties on the signal selection efficiencies and backgroundtso' hese are discussed in the next
Chapter.

5.2.5 K7 scaling and smearing

Studies with data and MC from “May Reprocessing® show thatr#solution of the calorimeter
part of £t (equationE]B)is underestimated, mostly because of pileup. The agreement
between data and Monte Carlo shapedtef andmy is significantly improved when pileup
is included. This is illustrated in Fig 8.6. The pileup hatidiimpact on the shape of muon
pr distribution. However, the statistics available in iNgZ pileup samples are about seven
times smaller than those in the non-pileup samples. Duedadholution of the standalone
measurement of the mu@s , events from these samples propagate to the tiginegion of
interest foMV' — v search. Pileup samples are not available for the otheraetdackgrounds
including theW and Z high-mass binned samples, nor for A8 and W* signal samples.
Consequently, the signal efficiency and background lev@heses are done with non-pileup
samples withr*° smeared in order to make MC distributions match the data.idBetbe

cdo js considered since the studies indicated that the

smearing, additional scaling of tHgr
reconstructed calorimeter part@f is biased and that the bias is different in data and MC.
The Monte Carlo non-pileup samples are corrected as folldWwe hadronic recoil as mea-
sured in the calorimeter is separated into a componentlei{}) and perpendicula; ) to
the direction of the leading muon in the event. The smeanmtysgaling function has two pa-
rameters in both directions. Each componenEgfandE, is obtained from the initial value

E|(L),in @ccording to the equation:

Ejw) = Sn(Ejw)in) +S9, (5.7)

3Calorimeter part oftr without lepton contribution (which is trivial foV — pvlike processes) is sometimes
referred to as hadronic recoil.
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Figure 5.6:F7 distribution in data and Monte Carlo plotted after all séf®t cuts described
later in this Chapter. On the left plot standard Monte C8V6Z samples are used, while the
right plot is obtained using pileup samples. The pileup damare reweighted according to the
procedure explained in sectibn 512.3. The ratio of data ¢otdial MC is shown below each
distribution.

wheregis a random variable selected from a Gaussian distributithnRMS = 1, and the scale
and smearing paramete®g andS adjusted to reproduce observations with data.
The values 0f5, andS are obtained from studies @ — pu andW — pv with 36 pbt
of data. These studies were performed by other groups, drekfilanation can be found in the
W’ search supporting note [25]. Briefly, smearing parametebiained fromZ — uu studies
by fitting component of hadronic recoil perpendicular todirection of the dimuon in data and
Monte Carlo, while scaling parameter is obtained usingahe pu component ozt to the
direction of the dimuon and comparing data to MCWn— uv study, the smearing parameters
are obtained by minimizing thg? of the data and MC comparison &f andE, in the core
(£50 GeV) and the scaling parameter in the tail regiob@ GeV) of theizr distributions.
Combining these two approach&s, andS are obtained. The values of the parameters are
are:

S =(4.0+£0.4) GeV and
Sn=(1.0+0.2),

and are same fdg| andE, .
In order to validate this procedure, and values obtained #6— uu andwW — uv studies,
the comparison of some distributions in the stand&lre> uv sample with and without smear-
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ing to those obtained from the pileup samples is performegure[5.T shows the longitudinal
and perpendicular component of the hadronic paif-pffor these three cases after preselec-
tion plus the isolation requirement (sectfonl5.4). FiguBeshows the distributions &1 after
isolation requirement, anehy after all selection cuts. The agreement between the piladp a
smeared samples is very good.
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Figure 5.7: Longitudinal and perpendicular component ai-teptonicEr calculated with
respect to the direction of the muon, in standatd> uv sample without (green) and with (red)
smearing applied, and in pileup sample (black line). Alestbn cuts includindr > 25 GeV
are applied. The distributions are normalized to have theesarea.

5.3 Preselection

Events are selected with the goal of maintaining a high efficy for signal events while keeping
the statistical and systematic uncertainties in the bakuis at levels that do not significantly
degrade discovery potential/exclusion limit.

This section describes the event selection used to preéselision events. The event se-
lection comprise trigger requirement, vertex cut, &dcleaning cuts. The following sections
(5.4 and 5.b) describe the cuts specific to the selection ofreandidates, and further selection
cuts introduced mainly to suppress backgrounds arising €D jet production antt .

For the selection of candidate events\idrsearch, lowpt single muon unprescaled trigger
is used. This choice is made in order to pick up enough evhatsmould allow reconstruction
of theW boson Jacobian peak in tie distribution. Due to the rapidly changing conditions
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Figure 5.8:Distribution of 1 after isolation requirement, amdr after all selection cuts.

(instantaneous luminosity) of LHC operation during 201@daking, trigger menu has been
evolving rapidly. Hence, the trigger used to select datalte®sn changing. Data for the muon
channel are selected with the muon triggers listed in fabde Bitegrated luminosities corre-
sponding to the periods in the table are calculated usingiCato tool[26]. For the first trigger
period (periods Al to E3), due to commissioning purposenthen trigger signals are stretched
to have an acceptance of 3 BC for a L1 trigger signBG 3 T 1_mu — TmeTs < 1BC), but the
fraction of events with positive BC difference were not eoted by the data acquisition system.
This is fixed with the trigger match requirement in the mudie&en described later. In order
to avoid bias coming from ID momentum measurement, triggetls momentum measured
only in the MS are used in "OR" witBF_mu20 for periods from G5 to 2.

Table 5.7: Triggers used to select dataldr— pv search, and corresponding integrated lumi-
nosities.

Run Run

periods numbers Trigger | Lt [pb~1 ]
Al-E3 152844-160879 L1 MUO 0.76
E4-G5 160899-165956 EF_mu20_MSonly 5.76
G5-12 166094-167844 EF _mu20, EF_mu30_MSonly, EF_mu40_MSonly 29.83
Al-12  152844-167844 36.35

Because of the arrangement of detector services in the Mpeat®meter, the feet of the

detector, as well as support for the toroid coils, the reaécage of the barrel trigger is 80% of
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the region -1.05 n <1.05, as illustrated in Figuie 5.9. The figure shows trigdfciency in

n - space inV’ (my = 1TeV ) MC sample with respect to the true muon with >10 GeV .
To account for this loss of efficiency in the analysis, the M@iocessed requiririgt_MU10 to

be passed. Since different triggers are used in data, timmdactors are needed to account for
discrepancy in the trigger efficiency between data and MC.

\\\\\\\\l\\\\\\\\l\\\\‘\\\\

Services

Figure 5.9: Map of the RPC trigger coveragejin ¢ spaceV’ (my = 1TeV ) MC with respect
to the true muon wittpy >10 GeV.

To ensure the muon that triggered an event was producedp @llision, the event is
required to have a primary vertex with at least three traskth(py >150 MeV) andz-position
within 15 cm of the center of the IP. Events often have mudty@rtices due to collisions from
other protons in the bunches. The primary vertex is takertie one with the highest sum of
squared transverse momenta of the ID tracks.

Er cleaning cuts are used in order to reject events where uigathysts produced by
instrumental effects affect the measured missing trassvenergy[27]. Typically such effects
are due to:

e Noise burst in the hadronic endcap calorimeter resultingniergy deposits localised al-
most completely in a single HEC cell with a low energy depiwsihe EM calorimeter.

¢ Noise in the EM calorimeter resulting in a large fractionlu# jet energy deposited in the
EM calorimeter compared to the total jet energy.

e Out-of-time energy depositions in the calorimeter comgaoethe time of the event.
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To cleankr , a set of requirements are applied to the jets in the everit afe recon-
structed withAntiKtTopo algorithm[28] and distance parameter of R = 0.4. Only jethwi
calibrated transverse momentum greater than 20 GeV aredeved. The calibrated trans-
verse momentum of a jet is evaluated at electromagneti&aad corrected for calorimeter
non-compensation, upstream material and other effeatg)psi andn dependent calibration
factors obtained from Monte Carlo and validated with exitengest-beam and collision data
studies|[[29]. If 'bad’ jet in the event is present, whole envierdiscarded. The jet is considered
as bad if satisfies at least one of the following requirements

e electromagnetic fraction is0.95 and absolute value of jet quality0.8;

energy fraction in the HEC-0.8 and minimum number of cells containing at least 90%
of the jet energy=5;

e energy fraction in the HEG-0.5 and absolute value of jet quality0.5;

e absolute value of jet time computed as the energy squarksdngean time-25 ns;

e electromagnetic fractior0.05;

e maximum energy fraction in one calorimeter layed.99 andn (jet)| <2.

The calorimeter quality is a measure of the difference inséa@pling of the measured pulse
and the reference pulse shape that is used to reconstructittenergy. In order to deal with
jets that have a large portion of their energy accounted yacdherent noise, the variable jet
quality is defined, which is the fraction of jet energy frondbguality calorimeter cells.

Described requirements correspond to the "loose” cleamigch is evaluated to be suffi-
cient forW — ev andW — uv studies. The effect dir cleaning cuts is of the order of 0.05%
for W — uv events and well described in the MC simulation. Wdr— uv signal events, the
efficiency of the cleaning cuts is 98.5%-96.5% with respedht vertex cut, fokW' masses
500 GeV - 1750 GeV . This drop in efficiency is entirely due tquizement of electromagnetic
fraction<0.05. Highly energetic muon frok¥’ decays deposits more energy in the calorimeter
than muon fronW process, and this deposition is then recognizes as a jeelggthlgorithm.
Since most of this energy is deposited in the hadronic caketer, jet with electromagnetic frac-
tion <0.05 is found in the event. For the time being, this cut is mopded from the selection,
but all cuts should be reevaluated in future searches.

4The electromagnetic scale is the energy scale defined byraeagnetic processes in the calorimeter. It
reconstructs the energy deposited in electromagneticetsplwut does not correct for the lower hadron response.
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5.4 Muon event selection

Basic kinematic cuts.Events included in th&/' — uv andW* — v searches are required to
satisfy selection criteria in addition to the vertex andaci@g cuts and the trigger listed in the
previous section. In order to select muon candidates ffdnor W* decays, basic kinematic
cuts are appliedpt > 25 GeV andn| < 1.05. Muons are required to be combined. Cut on
the muonpr is chosen to suppress the contamination frofiK decays, high-rate low mass
SM processes, cosmics and other non-collision backgroumtite retaining very high signal
efficiency. As explained in the Section 5.2.1, due to alignhumcertainties in the endcap, only
barrel muon candidates are considered. Major fraction admadromW’ decays are emitted
into the central detector region, particularly # bosons with higher masses. Muons from
W= | have different kinematics, and the selection is more &dteavith the barrel constraint.
Fig[5.10 and’5.711 show distribition of true muons versus true transverse massefrtbhon
neutrino system iV’ andW* cases respectively.

The region of lower transverse masseg K %HW) has some fraction of muons outside
barrel (decreasing with mass @ particle), but for final results this kinematic region is re-
jected due to low signal-to-background ratio. In this regioe overwhelming background from
Standard ModéeW production can not be reduced. Tablel 5.8 shows the fracfiemants with
|n| < 1.05 with respect the whole , without and withmr > %m,\,/(w*) requirement. Fraction of
events that haveny > %m,\,/ with muon emmited inn| < 1.05 is ranging from 0.6790-0.8963
for W masses 500-1750 GdvorW* this fraction is lower, and in range 0.5910-0.6732.

Table 5.8: Fraction of events with muon froaM andW* decay emmited inn| <1.05 region.
Numbers show the fraction of events without cut on tmye, and with cutmy > %mwl( ¥

Mass
[GeV]

W' — uv
no my -cut mr > Smyy

W* — uv
no my -cut mr > Smy-

500
750
1000
1250
1500
1750

0.6264+ 0.0056
0.6799+ 0.0059
0.7143+ 0.0060
0.7327+ 0.0074
0.7417+ 0.0087
0.7335+ 0.0087

0.679@: 0.0066
0.7622- 0.0071
0.821@- 0.0074
0.8594 0.0094
0.8771 0.0111
0.8963: 0.0117

0.5432+ 0.0053
0.5215+ 0.0051
0.5336+ 0.0051
0.5164+ 0.0051
0.5149+ 0.0051
0.5111+ 0.0051

0.5916: 0.0064
0.6005: 0.0065
0.6382+ 0.0068
0.6434 0.0069
0.6604 0.0070
0.6733: 0.0072

Inner Detector hits. In order to suppress muons from decay in flight, and fakes from
punch-throughs of jets into the Muon Spectrometer, muodidares are required to have some

minimal number of hits in the ID. These loose requiremergs ar
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Figure 5.10: Truey distribution as a function of the true transverse nmag$or various masses
of theW’ bosonm,. No other cuts are applied, except > 25 GeV. The red line indicate
analysis cut$n| < 1.05 andmy > Smy.

e N2 > 0, whereNP*@is the number of hits in the Pixel detector,

o NTT > 3, whereNSCTis the number of SCT hits, and

o N NST > 5

Multiplicity of Pixel, SCT, and silicon hits (Pixel and SC®dether) in data is shown in
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Figure 5.11: Truey distribution as a function of the true transverse nmag$or various masses
of theW* bosonmy~. No other cuts are applied, excgpt > 25 GeV. The red line indicate
analysis cutsn| < 1.05 andmr > 2my.

Figh.4. Effect of these cuts on data and MC is small reflechigdp efficiency of the ID. For
the analysis performed withisthena release 15, ATLAS Muon Combined Performance group
(MCP) recomended that muon candidates have a successfugxiBiision in the) acceptance

of the TRT [30]. An unsuccessful extension correspondstteeeino TRT hit associated, or a
set of TRT hits associated as outliers. The recommendatibCé group was to reject muon
in |n| <1.9 that have:
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Figure 5.12: Multiplicity of Pixel, SCT, and silicon hitsi¢fl and SCT together) in events that
pass preselection and have at least 1 combined muorpwith 25 GeV andn| < 1.05.

Multiplicity of NIRT +NIRT . andNI BT normalized tah are shown in Fig 5.13. Fraction of

muons that fail this criteria is small, and non of the diseardhuon has higlpr , or highimr
hence this requirement is omitted.
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Figure 5.13: n= NIRT + NIRT __andNIRT_ /nin events that pass preselection and have at
least 1 combined muon withyr > 25 GeV andn| < 1.05, and muons pass minimal number of

silicon hits listed in the text.
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Impact parameter cuts. In order to suppress muons from cosmic backgrounds, and fur-
ther suppress muons from QCD backgrounds, especially the foom decays of heavy flavor
mesons (produced icc — uX and bb — uUX processes), additional cuts are imposed. These
cuts are the position along the beam axis (measured witlecesipe position of the primary
vertx) |zo| < 5 mm, and the transverse distance of closest approach (alassured with respect
to the same distance of the primary vertgg) <1 mm. If there are more vertices in the event,
the most energetic one (highest supﬁn) is chosen for the calculation. The distributionsdgf
andzy in data and MC are shown in [Figh.4. MC is normalized to the etquenumber of events,
using the cross sections from Tablel5.5. Distributions @& show the following:

e Impact ofdy/zg cuts on SM backgrounds froll — /v andZ — ¢/ is small, which is also
true for the signal. Hence, chosen values of the cuts, ealpedj , are loose, and could
be tightened if necessary.

e The large tails in data indicate significant number of muansnfnon-collision back-
grounds, especially cosmics. Variablsandz, could be used to estimate these back-
grounds from data (cf. next chapter).

e Cross section calculation of QCD jet production is not kdka and this background
should be estimated from data, rather than MC.
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Figure 5.14: Distributions of the muon position along tharbeaxis|z|, and the transverse
distance of closest approafhy|. Muons pass preselection and requiremgrts- 25 GeV and
In| < 1.05 and have sufficient number of hits in the ID. Distributi@e normalized to the
luminosity according to the cross sections from Tablé 5.Be fied line indicate analysis cuts
|zo] <5 mm, anddp| <1 mm.

Hits in the Muon Spectrometer. Because of very higlpt of the muon that would come
fromW’ — pv process, and relatively small number of events neededdblest a signal, muon
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resolution represents a critical part of W& — v search. The best resolution is obtained by
the combination of momentum measurement in the ID and MSnvidoéh systems are fully
commissioned and alignment. Since ID was not aligned witficgent precision, momentum
measurement of the combined track is not used. For the samserremomentum from 1D
cannot be used in combination with momentum measured in MSasility cut, as it was rec-
ommended by the MCP group [30]. In order to improve resotutibstandalone measurement,
additional quality cuts based only on the information frdme spectrometer are investigated.
The investigated cuts are:

e number ofg hits in RPC layers;

number of hits in in each of the three barrel stations: inméddle and outer;

dropping the muons that cross more than 1 sector in the barrel

dropping the muons that are reconstructed in the feet r&ion

dropping the muons that have MDT holes on the track.

The histograms that represgmt andmy distributions for muons passing preselections, basic
kinematic cuts, ID hits cut as well as impact parameter cigshown in Figures 5[4,5.4. The
distribution are obtained froW/ — pv MC sample, with muon momentum affg smearing
applied. Full histograms are without any additional qyatiits, while shaded histograms are
obtained with a quality cut indicated on the plot.

The requirement ole';gd’ > 1 (at least on@ hit in each of at least two of the three RPC
layers) has small impact on the tags andmy distributions, and negligible effect0.1-0.2%)
on the muon efficiency, since this is also required by thge&rgThis particular cut is introduced
to allow measurement of the track in tthedirection. Requirements of at least 2, 3 or 4 hits in
each barrel inner (Bl), middle (BM), and outer station (B@nove the tails in thg¢t and
my distributions, indicating improvement of the resoluti@imilar, but less pronounced effect
have requirements that muon crosses only 1 sector of MDebenambers, or there are no
holes on the muon track in the barrel chambers. The effe@mbring muons from the feet
region is marginal.

The effect of the MS hits requirements on the possiblesignal is shown in Table_5.9.
Table shows fractions of muons that pass particular quaditgria with respect to the previous
cut ((do| <1 mm and|z| < 5 mm). From this table it is obvious that requirement of only 1

>"Feet" is defined by the following constraints:2.1 < ¢ < —1.9 or—-1.2< ¢ < —1.0and 03 < |n| < 0.5;
—-21< ¢ <—-1.0and065< |n| < 0.85.
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Figure 5.15: Distributions opr , andmy in W — puv MC sample. Muons pass preselection,
kinematic cuts, have ID hits and impact parameter cuts. thstbgrams are without any ad-

ditional quality cuts, while shaded histograms are obthwwéh a quality cut indicated on the

plot. Smearing of the muopy and hadronic part of thEr are applied.

barrel sector has the largest impact on the signal efficiérdB%), while requirements on
RPC¢
| ayer
requirements of at lest 2 or 3 hits in MDT stations is small). 5.17 shows muopr resolution

feet exclusion or number afi hits have marginal. The difference in signal efficiency in
inW — uv andW’ events without and with requirements of at lest 3 hits in ezfdie three
barrel stations. The improvement of the resolution is obsi@rW — uv which is emphasized
on the third plot that showpr resolutions versus reconstructpgl in W — uv sample. The
effect of the requirement of at least 3 hist in each of the dierhonpr andmy distributions
obtained from data is demonstrated in[Fi§5.4. Data plotmsistant with plots obtained from
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Figure 5.16: Distributions opr , andmy in W — puv MC sample. Muons pass preselection,
kinematic cuts, have ID hits and impact parameter cuts. thstbgrams are without any ad-

ditional quality cuts, while shaded histograms are obthwwéh a quality cut indicated on the

plot. Smearing of the muopy and hadronic part of thEr are applied.

MC samples.

The requirements on the number of hits in the ID, as well asgfairement of hits in three
stations in the MS, selects tracks with good resolution ahds& properties are well-modelled
by the simulation. In particular the 3-station MS measunetiisgiving the best muon resolution
estimation.

To remove possible badly measured muons, muon candidaesjacted if they pick up
hits from the at the time not-at-the-time-aligned BIS7 an88chambers that are just outside
the nominal acceptance. The effect of this cut is small, antbves 694 muon candidates out
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Table 5.9: Fraction of muons passing each of the cuts on MSiliih respect to they/zpcut.

RPCo MDT
Mass I\II ayer I\Ihit

NMPT  NMPT  exclude only 1 barrel no MDT

[GeV]| >1 >1 > 2 >3 feet sector holes

500| 0.996 0.950 0.941 0.912 0.990 0.869 0.920

750| 0.997 0.944 0.936 0.904 0.989 0.869 0.921

1000| 0.996 0.942 0.933 0.900 0.991 0.870 0.922

1250 0.996 0.946 0.937 0.905 0.990 0.867 0.922

1500 0.996 0.945 0.932 0.902 0.990 0.869 0.920

1750| 0.996 0.945 0.934 0.900 0.992 0.870 0.918
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Figure 5.17: Resolution oW — pv andW’ MC events without and with requirements of
at least 3 hits in each of 3 MDT stations. Resolution is defaed/prr —1/pr1)/(1/PT1),
wherepr is transverse momentum of the reconstructed muon matchédme muon with
transverse momentummy ;. The third plots show@r resolutions versus reconstructpl in

W — uv sample without 3 hit requirement (black dots) and with 3 &éguirement (red dots).
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Figure 5.18: Distributions opt , andmy in the whole 2010 dataset. Muons pass preselec-
tion, kinematic cuts, have ID hits and pass impact paranoetist. Full histograms are without
any additional quality cuts, while shaded histograms atainbd with requirement that muon
candidated have at least 3 hits in each of 3 MDT stations.

of 288247.

Trigger matching. The "trigger-matchig” cut ensures that the muon that tagsetrent, is
the one that actually fired the trigger. In order to do so, nstame required to haviRyig < 0.1,
whereARyig is then - ¢ distance between the reconstructed muon and the nearestgas
trigger muon. This requirement is motivated by the measeargrof the trigger efficiency from
data where probability of an offline muon, matched to a tnigggect, passing the trigger is
measured. The correction and systematic uncertainty etbfiom this measurement (which
are the functions opr , n and¢) could not be applied to the wrong muon, i.e. to the one
that would had not fired the trigger. However, this bias iseeted to be small since trigger
efficiency is high. Nevertheless, trigger matching cut iglizal.

Summary. In order to select goow' — uv (W* — uv) candidates in data, events pass-
ing the preselection are required to have exactly one comabimuon satisfying the following
criteria:

o || < 105;

o pr > 25GeV,
NP > 0;

NCT > 3;

NP 4 NST > 5;
Nier

NMPT > 2 in each of the three barrel stations;

> 1 (at least one phi hit in each of at least two of the three RR&rs3;

muons are rejected if they pick up hits from BIS7 and BIS8 dbers;

|dg| <1 mm and|zp| < 5 mm, and

108



Basic kinematic distributions of muopyr ,n ,¢, as well astr andmy distributions after
muon selection are shown in Eigh.4. QCD MC is normalized ating to cross section, and
scaled by factor 0.5. This factors is ad-hoc introduced depto match data and MC in lomy
region where QCD dominates. This procedure however is atistie estimation of QCD back-
ground from data. For each distribution, ratio between dathMC is shown. Muon kinematic
distributions show very good agreement in shape betweenattet MC.E£ distribution show
some discrepancy in shape, which is then propagated tovtltkstribution.

5.5 Isolation andEr cut

The above requirements are fairly effective in guarantgggie muon momentum is well mea-
sured and in discriminating against background from sauotker tharW /Z production. To
further suppress QCD background and muons from heavy flaaays$ andt production, the
muon is required to be isolated and events to Hawveabove some threshold.

Isolation. Muons fromW’ decay are expected to be isolated from other tracks and in par
ticular from jets, in contrast to some of the main backgrosadrces due to heavy-hadrons
decays. Moreover background muons can come from in-fligbaykeof pions and kaons. In
order to reject these sources of background, it is possihileduire that muon track is isolated
from other tracks in the ID, or/and the energy around thectiva of the muon track in the
calorimeter to be small. Isolation variable based on IDnmfation is constructed from the sum
of pt of ID tracks picked up within some cor&R around the muon track (excluding muon
track itself). 1D tracks are required to hape > 1 GeV and that are coming from the primary
vertex. Calorimeter isolation variable is obtained by sungwp energy in the calorimeter cells
in some cone around the direction of the muon. Wrsearches, it is useful to scale isolation
variable with leptorpr :

> pr(trk)/pr(p), > Er/pr(M) (5.8)

The scaling of the isolation variable with the mupn reduces efficiency losses due to radiation
from the muon at higtpr .

Fig[5.20(a)) an@ 5.20(b) show the distributions of relatsaation variables iV — pv MC
samples. The quantities are plotted for different valugb®surrounding conedR < 0.3 and

AR < 0.4) and in MC samples without, and with additional interagsi@ue to pileup. Distri-
butions demonstrate that isolation based on calorimeternmation is much more sensitive to
the effect of pileup then isolation based on ID informatiorespective of the cone size. In this
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Figure 5.19: Muorpr ,n ,¢ ,Er andmy distributions after muon selection.

analysis relative track isolation is used.
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Figure 5.20: (a) Distributions of relative track isolationVV — pv MC pileup and non-pileup
samples obtained for two conesR < 0.3 andAR < 0.4. (b) Distributions of relative calorime-
ter isolation inW — v MC pileup and non-pileup samples obtained for two cofés< 0.3
andAR < 0.4.
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Figure 5.21: Background versus signal efficiency for ddfertuning of the isolation cut.

The cone size is chosen by utilizing the rejection of muoasfnon-prompt sources com-
pared to the efficiency of muons fro’ — uv decays. The sample with mass\Wf of 1
TeV is used for this study. Efficiency of the MC signal samgleompared to the efficiency
of QCD background sample for different cones and differaities of the relative isolation
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quantity s pr/pr. These studies on the isolation cut are illustrated by tbeipl Figs.5. A
cone value of 0.2 clearly does not provide enough backgroejedtion power, while 0.3 and
0.4 show similar performances. The cone valu@Bf< 0.3 with cut valuey pr/pr < 0.05

is chosen due to slightly higher signal efficiency with retgbe value of the cone 0.4. Signal
efficiency of this requirement is98.5%, and basically independentwf mass. Distributions
of the isolation quantity for data and SM backgrounds is showFid5.22(d) , and normalized
distributions in three signal MC samples are shown if Figfh}p
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Figure 5.22: (a) Muon isolation variable after preselectiQCD MC is normalized using theo-
retical cross section scaled by 0.5. (b) Isolation variabkireeW’ MC samples. Distribution
is normalized to unity.

Er cut. The QCD background includes both real leptons from heavyfldecay and jets
that can fake muons. In both cases, Bie s typically small in contrast t#V’ (and majority of
standard modalV ) events where th&y roughly balances the lepton transverse momentum.
Effective discriminant is a fixe@t threshold:

Er > 25 GeV (5.9)

Efficiency of this cut in th&V’ signal is almost 100%. Hig5.23|a) and 5.2B(b) show theidistr
butions offtr vs. muon transverse momentum, dhd vs. mr in the events that pass isolation

requirement. The value of tHér cut is indicated on the figures. The chosen value ofithe
cut ensures effective suppression of QCD, mainly concesatria low#1 and lowmy region.
Although it is possible to raise the valuB( >50 GeV have been used in the prospect stud-
ies [31]) keeping still high signal efficiency, this wouldexdt mostlyW background reducing
number of events on ther peak.
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Figure 5.23: Events passing muon selection and isolatignimement. (a)£r vs. muon
transverse momentum (Br vs. my .

5.6 Initial results

5.6.1 Cutflows

Table 5.10: Cut flow of events in collision data.

Selection requirement| Number of events
GRL 178238511

Trigger 15359321
Vertex cut 14609571

Jet cleaning 14601355

At least 1 combinegq 2925624
Muon|n| < 1.05 1705345
Muon pr >25 GeV 190843
ID hits 190593

MS hits 178340
Impact par. cuts 177326
Trigger match 175676
Exactly 1u (above sel.) 173279
Isolation 69002

Fr > 25GeV 52096

The cut flow for the sample of collision data correspondinigtegrated luminosity of 36.35
pb~! is presented in Table 510. The cut flows for used Monte Canfopdes are presented
after that in Tables 511,511 2, and§.13. Events that woardecfromW’ — Tv processe, where
7-lepton would decay into a muon and corresponding neutriaasfiltered out before event
selection is applied. This contribution to the signal is pbetely ignored.
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Vi1

MC sample W/ (500 GeV) W/ (750 GeV)  W/'(1000 GeV) W/'(1250 GeV) W/(1500 GeV) W/'(1750 GeV)
Generator cut 0.3332:0.0024 0.3316:0.0026 0.33320.0024 0.33620.0029 0.33210.0033 0.330140.0033
Trigger 0.7773:0.0021 0.779%0.0021 0.781%0.0021 0.78570.0026 0.78140.0030 0.77780.0030
Vertex cut 0.9859-0.0021 0.9866:0.0021 0.987%0.0021 0.985&0.0026 0.986&0.0029 0.98740.0029
Jet cleaning 0.9857-0.0020 0.980%0.0020 0.97420.0020 0.97030.0025 0.967#0.0029 0.96580.0029
comb.y, |n| <1.05| 0.5746:0.0016 0.626%0.0016 0.659%0.0017 0.674%0.0021 0.679320.0024 0.6734-0.0023
pr >25 GeV 0.9912+0.0015 0.99020.0016 0.9911#0.0017 0.991%0.0021 0.98820.0024 0.9854-0.0023
ID hits 1.0000:0.0015 0.99980.0016 0.99920.0017 1.000€0.0021 0.99940.0024 0.99964:0.0023

MS hits 0.9410:0.0015 0.93620.0015 0.93280.0016 0.93640.0020 0.92880.0023 0.93380.0022
Impact par. cuts | 1.0000:0.0015 1.0008:0.0015 1.0008:0.0016 1.00080.0020 1.000€:0.0023 1.000&:0.0022
Trigger match 0.9985:0.0015 0.99830.0015 0.998%0.0016 0.99820.0020 0.99830.0023 0.99820.0022
Exactly 1u 0.9999:0.0015 0.99980.0015 1.00080.0016 0.99950.0020 0.99940.0023 0.99980.0022
Isolation 0.9868:0.0015 0.98830.0015 0.98910.0016 0.98640.0020 0.989820.0023 0.989&0.0022

Fr > 25GeV 0.9980+0.0015 0.99920.0015 0.99950.0016 0.99940.0020 0.99940.0023 0.998%0.0022
Overall 0.1326:0.0015 0.14120.0015 0.15130.0016 0.15580.0016 0.15230.0020 0.149%0.0022
MC sample W*(500 GeV)  W*(750 GeV) W*(1000 GeV) W*(1250GeV) W*(1500 GeV) W*(1750 GeV)
Trigger 0.8267-0.0064 0.827@0.0064 0.83320.0064 0.83320.0064 0.83310.0064 0.84030.0064
Vertex cut 0.9857-0.0064 0.98580.0064 0.98620.0064 0.98620.0064 0.985%0.0064 0.98620.0064
Jet cleaning 0.9871-0.0063 0.982@0.0063 0.9796:0.0063 0.97230.0063 0.97110.0063 0.96740.0063
comb.y, |n| <1.05| 0.4710t0.0043 0.448%0.0042 0.45530.0042 0.43460.0041 0.43080.0041 0.429%20.0041
pr >25 GeV 0.9939:0.0043 0.99380.0042 0.99270.0042 0.99410.0041 0.990%0.0041 0.991%0.0041
ID hits 0.9998:0.0043 0.99970.0041 0.9997#0.0042 0.999Z0.0042 0.99970.0041 0.999%0.0041

MS hits 0.9394+:0.0042 0.93620.0040 0.933%0.0041 0.939840.0040 0.93110.0039 0.93030.0039
Impact par. cuts | 1.0000:0.0042 1.000€0.0042 1.000€0.0042 1.00020.0042 1.000€0.0042 1.000&0.0042
Trigger match 0.9994+-0.0042 0.99940.0040 0.99820.0041 0.99950.0040 0.99930.0039 0.998&0.0039
Exactly 1u 0.9998:0.0042 1.00080.0040 0.9997#0.0041 1.0008:0.0040 0.99970.0041 0.9994:0.0041
Isolation 0.9909:0.0041 0.990%0.0040 0.98430.0040 0.9836:0.0040 0.98110.0039 0.98290.0039

Fr > 25GeV 0.99840.0041 0.99870.0040 0.99970.0040 0.99980.0040 0.99920.0039 0.9984-0.0039
Overall 0.3498: 0.0041 0.33020.0043 0.33420.0040 0.31820.0040 0.310% 0.0039 0.3126:0.0039
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MC sample

W — uv

W — 1V

W200M500

W500M1500

W1500M2500

Generator cut
Trigger
Vertex cut
Jet cleaning
comb. y, [n] <1.05
pr >25 GeV
ID hits
MS hits
Impact par. cuts
Trigger match
Exactly 1u
Isolation
Fr > 25GeV

0.99967+ 0.00038
0.62160+ 0.00030
0.98562+ 0.00030
0.99687+ 0.00030
0.39309+ 0.00019
0.69422+ 0.00016
0.99986+ 0.00015
0.93974+ 0.00015
1.00000+ 0.00015
0.99921+ 0.00015
1.00000+ 0.00015
0.96902+ 0.00015
0.85416+ 0.00014

0.9996% 0.00050
0.23816a- 0.00049
0.9854% 0.00048
0.99878& 0.00048
0.41822- 0.00031
0.16786- 0.00012
0.99982- 0.00012
0.9393@:- 0.00012
0.99994- 0.00012
0.99929 0.00012
0.9998% 0.00012
0.96423 0.00012
0.62354- 0.00010

1.000&: 0.0000
0.2955- 0.0022
0.985% 0.0022
0.9903: 0.0022
0.4782- 0.0015
0.9212 0.0015
0.9999 0.0015
0.9382: 0.0014
0.999% 0.0014
0.999% 0.0014
1.000@: 0.0014
0.9814- 0.0014
0.982a: 0.0014

1.000@G: 0.0000
0.3122+ 0.0023
0.9860Gt 0.0023
0.9822t 0.0022
0.5956t 0.0017
0.962# 0.0017
0.9994t 0.0017
0.9395t 0.0017
0.9992+ 0.0017
0.9985t 0.0016
0.9998: 0.0016
0.9849- 0.0016
0.9961 0.0016

1.000@t 0.0000
0.3243t 0.0023
0.9872t 0.0023
0.9606t 0.0023
0.699Gt 0.0019
0.9666E 0.0019
0.9933t 0.0019
0.9289 0.0018
0.9981 0.0018
0.9985t 0.0018
0.9997 0.0018
0.985@: 0.0018
0.9994t 0.0018

Overall

0.12947+ 0.00014

0.0092% 0.00010

0.1148- 0.0014

0.1593t 0.0016

0.1880Gt 0.0018

MC sample

Z—pp

Z— 1T

Zu250M400

Zu400M600

ZHH600M8000

Z{H800M1000

Zuu1000M1250

Zpp1250M1500

Generator cut
Trigger
Vertex cut
Jet cleaning
= comb. u, [n] <1.05

pr >25GeV
ID hits
MS hits
Impact par. cuts
Trigger match
Exactly 1u
Isolation
Fr > 25GeV

0.99944+ 0.00045
0.84998+ 0.00041
0.98660+ 0.00041
0.99297+ 0.00041
0.56961+ 0.00031
0.76112+ 0.00027
0.99999+ 0.00027
0.91035+ 0.00026
1.00000+ 0.00026
0.92709+ 0.00027
0.79940+ 0.00072
0.97043+ 0.00022
0.78418+ 0.00019

1.0000€- 0.0000
0.1445@a- 0.0003
0.98666 0.0019
0.98819% 0.0019
0.4544% 0.0013
0.18724- 0.0012
0.99975- 0.0064
0.92933 0.0062
0.99982 0.0067
0.98535- 0.0066
0.99093 0.0067
0.96153 0.0066
0.27696- 0.0036

1.000Q: 0.0000
0.9292t 0.0068
0.9872+ 0.0073
0.9808t 0.0073
0.6864t 0.0062
0.9895t 0.0089
0.9998t 0.0090
0.9121 0.0086
1.000@G: 0.0094
0.9302+ 0.0091
0.9302t 0.0091
0.8222+ 0.0089
0.9813t 0.0107

1.000G: 0.0000
0.9436E 0.0069
0.9875t 0.0072
0.9728t 0.0072
0.7496t 0.0064
0.995% 0.0086
0.9999t 0.0086
0.913@: 0.0082
1.000@G: 0.0090
0.9321 0.0088
0.8113t 0.0087
0.985@: 0.0100
0.9935t 0.0100

1.000Gt 0.0000
0.9455t 0.0069
0.9875t 0.0072
0.9629 0.0072
0.7907 0.0066
0.9964t 0.0084
0.9998t 0.0084
0.9125t 0.0082
1.000@Qt 0.0088
0.9337 0.0085
0.7842t 0.0082
0.9874t 0.0102
0.9972t 0.0103

1.000Gt 0.0000
0.950H 0.0069
0.9873t 0.0068
0.954# 0.0067
0.8191+ 0.0060
0.9966t 0.0060
0.9999 0.0060
0.9158t 0.0057
1.000@: 0.0058
0.9367 0.0060
0.7646t 0.0049
0.9893t 0.0049
0.9970Gt 0.0049

1.000G: 0.0000
0.9515t 0.0069
0.9871 0.0068
0.9445t 0.0067
0.8252+ 0.0060
0.996# 0.0060
0.9999 0.0060
0.920G: 0.0058
1.000@G: 0.0058
0.9368: 0.0060
0.7425E 0.0048
0.9853t 0.0048
0.9988t 0.0048

1.0000:0.00000
0.9504t 0.0069
0.9875t 0.0068
0.9316t 0.0066
0.8136+ 0.0060
0.9961 0.0059
0.9999t 0.0059
0.9999: 0.0059
1.000@: 0.0057
0.9459+ 0.0059
0.7078t 0.0047
0.9887 0.0047
0.9989t 0.0046

Overall

0.18524+ 0.00019

0.002896 0.00004

0.981% 0.0108

0.45710.0048

0.4659:0.0048

0.4729 0.0049

0.4594t 0.0048

0.4344t 0.0046
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9T1

MC sample

tt

Ww

wz

zz

Generator cut
Trigger
Vertex cut
Jet cleaning
comb. , |n] <1.05
pr >25 GeV
ID hits
MS hits
Impact par. cuts
Trigger match

1.0000+ 0.0000
0.4334+ 0.0007
0.9872+ 0.0017
0.9925+ 0.0018
0.6432+ 0.0014
0.5736+ 0.0017
0.9997+ 0.0029
0.9249+ 0.0028
0.9985+ 0.0030
0.9707+ 0.0030

1.000Gt 0.0000
0.4330: 0.0013
0.9874t 0.0031
0.9940: 0.0031
0.4628t 0.0021
0.7006t 0.0038
0.9998t 0.0054
0.9327 0.0052
1.000@: 0.0056
0.9880at 0.0056

1.000Gt 0.0000
0.4409t 0.0013
0.987# 0.0030
0.9919t 0.0030
0.5264t 0.0022
0.6729: 0.0035
1.000@Q: 0.0056
0.9254t 0.0049
0.999¢9t 0.0051
0.9996t 0.0053

1.000Gt 0.0000
0.4724+ 0.0014
0.9873t 0.0029
0.9908t 0.0029
0.604# 0.0023
0.6503t 0.0030
0.9998t 0.0047
0.9142+ 0.0045
0.9995t 0.0050
0.934H 0.0047

Exactly 1u 0.9677+ 0.0030 0.984% 0.0056 0.925H 0.0052 0.7999 0.0045
Isolation 0.8411+ 0.0029 0.9537 0.0056 0.9434+ 0.0055 0.9089 0.0054
Fr > 25GeV 0.8489+ 0.0031 0.7864+ 0.0051 0.7688 0.0051 0.734# 0.0051
Overall 0.0970+ 0.0004 0.0935 0.0006 0.0916+ 0.0006 0.0828t 0.0006
MC sample JOou Jlu J2u J3u J4u J5u Jéu
Generator cut 1+0 1+0 1+0 1+0 1+0 1+0 1+0
Trigger 0.6848+ 0.0012 0.7204+ 0.0013 0.7553F 0.0012 0.7865- 0.0013 0.8050t 0.0013 0.8109 0.0014 0.8156t 0.009041
\ertex cut 0.9875+ 0.0017 0.9869+ 0.0017 0.9870t 0.0016 0.9868- 0.0016 0.9866t 0.0016 0.9867 0.0017 0.9850t 0.011
Jet cleaning 0.9997+ 0.0017 0.9993 0.0018 0.9986+ 0.0016 0.9987 0.0016 0.998% 0.0016 0.9974+ 0.0017 0.9968t 0.011
comb. i, [n| <1.05 | 0.4614+ 0.0012 0.4719 0.0012 0.4981 0.0012 0.5484+ 0.0012 0.6244+ 0.0013 0.7172+ 0.0015 0.8109t 0.011
pr >25 GeV 0.00032+ 4.5e-05 0.0026- 0.00013 0.036% 0.0004 0.150H 0.0008 0.294% 0.0011 0.4113+ 0.0013 0.4627 0.008
ID hits 1+0.14 1+ 0.05032 0.9999% 0.012 0.9993t 0.0057 0.998+ 0.0038 0.9904+ 0.0032 0.9693 0.018
MS hits 0.92+0.14 0.8987+ 0.0477 0.9316£ 0.013 0.9335k 0.0055 0.9304t 0.0037 0.9285+ 0.0031 0.9222+ 0.018
Impact par. cuts 0.9565+ 0.14 0.9972+ 0.053 0.9973+ 0.012 0.993H- 0.0058 0.9864t+ 0.0039 0.9801 0.0031 0.9799 0.019
Trigger Match 1+0.15 1+ 0.05315 0.991% 0.012 0.9899+ 0.0058 0.9875: 0.0040 0.9817 0.0033 0.9787 0.019
Exactly 1u 1+0.15 1+ 0.05315 0.9994- 0.0127 0.9973 0.0059 0.9895t 0.0040 0.984+ 0.0033 0.978% 0.019
Isolation 0.2273+ 0.071 0.1525t+ 0.02076 0.0594% 0.003 0.0172+ 0.0008 0.006804- 0.00033 0.002499- 0.0017 0.9665t+ 0.019
Fr > 25GeV 0.3+ 0.17 0.0185+ 0.01852 0.0135% 0.006 0.1623t 0.018 0.3486+ 0.029 0.6179t 0.054 0.0016+ 0.00081
Overall 6.0e-06+ 3.0e-06 2.2e-06 2.2e-06  1.0e-05-4.476e-06  0.00016% 1.8e-05 0.0003%2.5-05 0.0003162 2.7e-05 0.0004% 0.0002
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5.6.2 Uncorrected results

Events passing preselection requirements and havinglgxeae isolated muon (passing muon
selection and isolation cut defined before), &d>25 GeV define "search” sample, i.e. dataset
that might contain goolV’ candidates. In order to perform search Wat (or W* like) parti-
cle, the observed transverse mass distribution is compartee expectation of the SM back-
grounds. Table5.14 presents number of observed eventtanattal expected number of events
obtained from signal and background MC samples normaliaele integrated luminosity of
Zn=36.35 pb! . Events are counted aft& cut, and series afty cuts, each corresponding
to the half mass of &’ mass point.

Expected signal and backgrounds, are evaluated with sietusamples and normalized
with respect to one another using the highest-order avaitabss sections predictions listed in
Tabled 5.B and5]5, except for QCD background where LO cexdtoss are used. The shapes
of distributions come from generators used in simulati@n,éxample fromPythia for the
dominanW/Z backgrounds. These results, however, should be correcsedtount for the dis-
crepancy between data and MC regarding muon trigger, ittatton and isolation efficiency.
Also, theoretical corrections should be applied to accdontny-dependence of the quantum
chromodinamics higher order calculation with respect tthRRyLO* predictions. Higher order
weak corrections (beyond the photon radiation includediénsimulation byPHOTOS) are also
mass (ny ) dependent, and are expected to be significantly highernegpect to the % effect
atW pole. The description and evaluation of all correctionsd@pplied to MC expectations is
done in the next chapter. Here, a preliminary, uncorreasdlts are presented. On top of this,
as shown before, cross section of QCD background has higértantty. Thus this background
should be estimated from data directly, rather than MC. Gosrackground should also be
estimated, and added to all other backgrounds. Procedurestimation of cosmic and QCD
backgrounds from data will be presented in the next chagteredl.

Results presented the Table 5.14 confirm that data show deresé for any excess above
Standard Model expectation. SM — /v production constitutes most of the background, while
Z — (¢ process is 18-20% of the total SM background. The high fwaaifZ — ¢¢ background
Is caused by the limited acceptance of the Muon Spectroraseat in the analysis and muon
momentum resolution. Both give raise to the¢ andmy tails. Possible further suppression
of the Z — ¢¢ background will be discussed in the section 5.7t1 process makes about 7%
of the SM background, while diboson and QCD backgrounds ag#igible according to the
simulation results. High uncertainty in highy tail is due to low statistics of the inclusive
W — uv MC sample, in which some events with low trog are propagated to very highy.
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This is caused by non-Gaussian tails in muon resolution appge as a consequence of the
worsening of standalone resolution with muppn. Combinedpr of these muons has much
better resolution, and events are not present in the mghthe combined measurement would
have been us@d

Fid5.6.2 showpr ,EEt , andmy distributions after thézr > 25 GeV cut applied. As after
preselection, the agreement in shape between data and M©dsfgr pt , but not perfect for
Er and consequentiy distributions.

The list of 16 events with highestr(my > 250GeV) which contains numbers of the runs,
events and luminosity blocks, as well as some basic pra@seofi these events, is presented in
Tali5.I5. The highestir event hasny =361 GeV and its display in the ATLAS detector is
presented i 5.29.

Table 5.14: Number of observed events in data, and expectather of events obtained from
background antlV’ signal MC samples normalized to the integrated luminodity43:=36.35

pb~1 . Highest-order available cross sections are used for sagmthbackground calculation,
expect for QCD where LO cross sections are used. The lasbsixnnis give the number of
selected events after the indicated cut is applied. Quoted uncertainties are statistical only.

Er > mr > mr > mr > mr > mr > mr >
25 GeV 250 GeV 375 GeV 500 GeVv 625 GeV 750 GeV 875 GeV
Data 52096 16 0 0 0 0 0
SM BG 59838+215 | 21.6+ 0.5 5.90+ 0.30 2.33£0.22 1.18+-0.16 0.76+0.13 0.61+0.11
W — tv 52399+55 14.0+ 0.5 4,214+ 0.29 1.66+0.22 0.844+0.17 0.54+ 0.14 0.44+ 0.10
Z— 6678+7 424+0.1 1.07+ 0.04 0.42+0.03 0.21+0.03 0.14+ 0.02 0.11+ 0.02
tt 316+1 2.84+0.1 0.46+0.05 0.17£0.03 0.09+-0.02 0.05+£0.02 0.04+ 0.00
diboson 85+1 0.6+ 0.0 0.14+0.02 0.06+0.00 0.03+-0.00 0.01+0.00 0.01£0.03
QCD 3604208 | 0.02+0.02 0.02-0.02 0.02+0.02 0.02-0.02 0.02+0.02 0.02+0.02
W/(500) | 225.2+2.5 | 193.2+2.3 - - - - -
W/ (750) | 49.264+ 0.52 - 42.46+ 0.45 - - - -
W/(1000) | 12.86-+ 0.14 - - 10.98+ 0.12 - - -
W’(1250) | 4.34+0.06 - - - 3.66+ 0.05 - -
W/(1500) | 1.54+ 0.02 - - - - 1.275+ 0.021 -
W/(1750) | 0.53+ 0.01 - - - - - 0.43+0.04

Since no excess above SM is observed, the data and MC expestate used to set limits
on W' andW* production cross sections. These limits, being a functiopasticle mass, are
then converted into the mass limits of new gauge bosons.derao set the limits, one needs to
have selection efficiency comprising of efficiency due torgetsical acceptance of the detector,
and efficiency of trigger, muon reconstruction, and spes#iection cuts. Uncorrected event
selection efficiencies faV andW* bosons are presented in Tableh.16.

6Majority of the non-Gausian tails is not caused by the addiil smearing of the muon momenta.
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Figure 5.24: Uncorrectegr , Er andmy distributions after final selection. MC is normalized
using theoretical cross sections, as explained in the ¥sttow uncertainty band is statistical

only.

5.7 Possible additional cuts in muon channel

Event selection defined in the previous sections ensuras cata sample, suppression of re-
ducible backgrounds such as QCD jets ahd and good control of irreduciblé//Z back-
grounds. The efficiency of signal is high, with main losses tlu limited coverage of the
trigger chambers, barrel constraint and requirement orbeuiof hits in MDT chambers in the

barrel (cf. Table5.11).
However, additional selection cuts could be consideredyrder to remove events with
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Table 5.15: List of highar events in data, with event characteristics. Event with &sgimy is

bolded.

Run LB Event| mr [GeV] pr [GeV] Fr [GeV] FEr®°[Gev] EF, o [GeVl n(n)  o(u)
161520 174 6935488 267 311 59 251 5 -0.6898 2.961
162577 6 56599( 266 140 130 43 3 -0.2007 2.086
166142 153 9662434 329 179 151 25 4 -0.9500 2.418
166786 301 14149879 279 148 131 14 4 0.8355 0.358
166924 63 2790240 361 176 185 21 4 0.0394 -2.753
167576 230 106038781 256 128 130 23 3 -0.5987 -0.838
167576 275 128061007 264 113 154 47 4 0.0311 0.566
167607 88 1083337 260 197 87 109 5 -0.5544 0.0181
167607 269 68183948 318 158 160 6 3 -0.8883 -2.700
167680 125 33368768 262 148 117 28 4 0.5697  2.743
167680 253 83253473 285 224 91 129 5 0.64511 0.282
167680 263 86704612 335 286 98 182 6 0.5835 0.441
167776 188 26738274 256 140 118 25 4 0.2748 1.704
167776 270 59634765 259 131 130 36 4 0.3095 0.611
167776 302 73803883 255 114 142 32 3 0.1502 -2.759
167776 425 129360643 255 128 127 11 4 -0.6327 -3.100

Table 5.16: Uncorrected event selection efficiencies,the.fraction of Monte Carlo events

that satisfy all event selection criteria and passithghreshold equal to half of eadh’ mass.
Results are shown for boW’ — pyv andW* — pv. The numbers in brackets represent signal
efficiency ofW' — 1v process, which is latter ignored in the limit calculatiohicertainties
are statistical only.

mass
[GeV ]

W — uv

MC
gsig

W' — 1v)

W* — uv

500
750
1000
1250
1500
1750

0.342+ 0.004 (0.0133t 0.0008) 0.274+ 0.004
0.365+ 0.004 (0.017QGt 0.0009) 0.266t 0.004
0.386+ 0.004 (0.0167 0.0009) 0.273t 0.004
0.390+ 0.005 (0.0158t 0.0011) 0.264+ 0.004
0.380+ 0.006 (0.0166t 0.0013) 0.26Gt 0.004
0.361+ 0.006 (0.0143t 0.0012) 0.262+ 0.004

additional muons present, or to suppress events with highoh& activity. Non of these re-

quirement is critical to impose at this stage of the analydmwvever, they are briefly discussed.
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5.7.1 \Vetoing additional muons in the event

Presence of additional muons in the event (in the endcap)swin the barrel), are incompatible
with the search signature that basically consists of "a maah nothing else in the event”.
Nevertheless, this cut is not used in order to keep analgsieneral as possible. To study the
effect of this requirement on data and MC, in additions todhent selection defined before,
events are discarded if there is at least one additional gogzh in the event. This muon is
required to be combined, withr > 20GeV, |n| < 2.5. Cut onpr ensures avoiding fakes
and low mass products as much as possible, as well as softsninside jets. Momentum
measurement is taken from the combined track, and the sesanci constrained on the barrel
only. The bias of the ID misalignment to the momentum measarg is not relevant, since one
is not interested to measure muop’s per se, just to establish if the muon is present. In order
to suppress cosmics contamination, the muon is requiredds D hits defined in sectién 5.4,
and to havedp| <1 mm andzy| <5 mm.

The effect of vetoing additional muon on data and SM backggstis shown in Table5.17.
The additional requirement of TGC chambers and endcap MITGBC chambers to be green
in GRL removes negligible number of events in the presaactorresponding to only 11 lu-
minosity blocks. The effect omy distribution is shown in FIg5.25. This requirement mainly
affectsZ — upu background reducing it by about 50%, and has no impact onigfmalseffi-
ciency.

Table 5.17: Number of observed events in data, and expeciatber of events for SM back-
grounds with all selection cuts plus additional muon vetpligg. The numbers are normalized
to %ni=36.3p pb!

secondu mr > mr > mr > mr > mr > mr >
veto 250 GevV 375GeV 500GeV 625GeV 750GeV 875 GeV

Data 46344 11 0 0 0 0 0

SM BG 54251 18.04 5.09 1.94 0.94 0.65 0.51
W — fv 52390 14.46 4.36 1.64 0.77 0.54 0.42
Z— 00 1161 1.09 0.29 0.14 0.07 0.06 0.05
tt 288 212 0.34 0.12 0.06 0.03 0.02
diboson 73 0.35 0.08 0.03 0.02 0.01 0.01
QCD 339 0.02 0.02 0.02 0.02 0.02 0.02
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Figure 5.25:my distribution after all selection cuts plus additional mwato applied.

5.7.2 Ky /pr cut

In addition to the cut ortr , for W’ search it could be useful to require cut Bn that scales
with leptonpr . For this purpose variabgr /pr is introduced. I'W’ — ¢v process, leptopy

is ballanced witlZr  which is in principle not the case in QCD and W+jets produtctidhis is
illustrated in Fi§5.26(&), whetér /pr is shown in the events witinr >100 GeV. This selection
requirement maybe more critical W' — ev search (where it is actually introduced), where
much higher fake rate in the highy tail distribution is expected than in the muon channel.
However, selection efficiency of this cut for signal is hig¥hich is illustrated in Fig5.26(b).
The effect of the selection requiremdgt /pr >0.6 in addition to the standard cHt > 25
GeV on data and SM backgrounds is presented in the[Tablebdl® &ig[5.7.2. Cut is chosen
to be asymmetric in order to maximize signal efficiency sith@sbackground doesn’t have high
Br /pr . Signal efficiency 98-99% foV' mass range 500-1750 GeV.

5.7.3 Lepton fraction

Beside leptons and lardgér , events passing standard selection could contain largdeuaf
energetic jets. Thus, standard selection is not "safe’regaiontamination that might come
from for example SUSY events. Also, when the energy of LHCaised, cross section for
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Figure 5.26: (a)Distribution offt /pt in events with all selection cuts applied amg >100
GeV. (b) Selection efficiency as a function of the value of¢tbeonEr /pr in threeW’ MC
signal samples.

Table 5.18: Number of observed events in data, and expeciatber of events for SM back-
grounds with all selection cuts pld& /pr >0.6 cut applied. The numbers are normalized to
Zn=36.3p pb't

Er > mr > mr > mr > mr > mr > mr >
25 GeV | 250GeV 375GeV 500GeV 625GeV 750GeV 875 GeV

Data 49604 12 0 0 0 0 0

SM BG 57020 17.61 4.83 1.87 0.97 0.69 0.52
W — /v | 50179 11.19 3.36 1.29 0.66 0.49 0.36
Z— 00 6253 3.61 0.94 0.39 0.19 0.12 0.09
tt 254 2.30 0.41 0.14 0.09 0.05 0.05
diboson 70 0.50 0.11 0.05 0.03 0.01 0.01
QCD 263 0.01 0.01 0.01 0.01 0.01 0.01

tt production will grow fastly because of increase of the pamtuon densi@. In order to
suppress events with large hadronic activity, differermialdes have been consideredWi
studies at ATLAS[[311, 32]. One possible variable is so cdlledton fraction”, defined as:

_ pr +Fr
"= of +Er +Zpr(jets)’ 519

whereZpr (jets) is the scalar sum gbr of jets above some threshold (typically above 20 GeV
and|n| <2.5). The distribution of the lepton fraction is shown in[E@&8(a), with indicated

In pp collisions at the LHCtt is mainly produced viag fussion.
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Figure 5.27:my distribution after all selection cuts pl#s /pr applied.

value of the cut f > 0.5. The effect of this cut (applied aft&r cut) on themy distribution is
illustrated in Fi§5.28(B).
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Figure 5.28: (a) Distribution of lepton fraction variabke defined in text. All selection cuts are
applied. (b)mr distribution after all selection cuts plus lepton fractmut applied.
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Figure 5.29: Event display of the event with the highest(361 GeV) in 2010 dataset. Event

passes alW — uv selection criteria.
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Chapter 6

Background Estimation, Corrections and
Uncertainties

In this chapter the following items are addressed:
e estimation of the cosmics background and QCD backgroumd &ata;
e theoretical corrections and related uncertaintieNgZ backgrounds;

e detector related corrections and uncertainties for sigakdction efficiencies and back-
ground level.

After the cosmics and QCD backgrounds estimated, and akctons applied and uncer-
tainties properly evaluated, final results Wt — uv channel are presented.

6.1 Estimation of cosmic background

Cosmic rays background is suppressed by requiring the minaves small values of impact
parametersidg| < 1 mm andz| < 5 mm. Since the reconstruction efficiency is flat or at least
slowly-varying in the region immediately surrounding tleéestion, windows in the surrounding
region are used to estimate the number cosmic events inlgtisa region.

Beside the cosmic background, events from SM backgrouraitcplarly from heavy fla-
vor decays, also have valuesdy andz in the surrounding region. Figuke 6.1 shows the
andzp distribution of events in data after muon selection (onlg omuon), then after isolation
requirement and finally aftdfr > 25GeV cut applied, but without any cut on impact param-
eters. The distributions demonstrate that isolation aed By cut remove most of the events
from bb — uX andcc — uX processes (cf. Hig5.4).
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Figure 6.1: Distributions ol and zy in data after muon selection, then after isolation re-

quirement and finally aftelfT > 25GeV cut applied. No cut is applied on impact parameters
themselves.

Figure[6.2(d) shows the distribution of events intthey plane with full W — pv selection,
except now the impact parameter cuts are reversed, i.e. sraremequired to havedp| > 1 mm
or |z| > 5 mm. Figurd 6.2(1h) shows the corresponding distributionsgl§ only. The excess of
events neady = 0, also seen in Monte Carlo, is primarily due to events withtiple vertices
(pileup) where the muon comes from a vertex not identifiechaptimary. No such excess is
observedy distribution.
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Figure 6.2: (a) Distribution afg vs. dg after all analysis cuts with inverted the impact parameter
window. (b) Muondp and distribution after all analysis cuts with inverted thpact parameter
window.

Fourro-zg regions are used to evaluate the expected cosmic backgsp@attum normal-
izing with the relative areas of the selection and evaluategions. These estimates are sum-
marized in tabl€ 6]1. The four results are consistent andirte with the largest window, is
used as the final estimate of the cosmic background, givirugah of 0.126+ 0.018(statt
0.034(syst) events. The largest deviation of the remaithinge estimates is used to assign the
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systematic uncertainty.

Table 6.1: Observed number of events in each cosmic evatuaggion and the corresponding
estimate for the number of cosmic background events ifthe; uv selection region.

Evaluation region Evaluation Selection
2 < |dg| < 15 mm|zp| < 150 mm 46 | 0.126+ 0.018
5 < |do| < 15 mm|z| < 150 mm 35| 0.125+ 0.021
2 < |dp] <15 mm50< |7| < 150 mm 24| 0.0924+ 0.019
5 < |dp] <15 mm50< |7| < 150 mm 24| 0.120+4 0.032

The transverse mass distribution of the background estilsathown in Figuré 613. The
estimated number of events in each of the mass bins usedbhe®¥#t— pv limits are presented
in Table[6.2. These numbers are small compared to the otldgiminds and the cosmic
contamination is neglected in the final limit calculations.

e —
[ \s=7TeV, 36 pb*

102

Expected Number of events

200 400 600 800 1000 1200 1400
m; [GeV]

Figure 6.3: Distribution of transverse mass distributionthe events that satisfy all selection
criteria except the impact parameter requirements.

Table 6.2: Expected number of cosmic background eventsestibem: thresholds.

Mrmin [GeV] | Expected Events
250 | 0.022+ 0.007
750| 0.013+0.005
500| 0.008+ 0.004
625| 0.006= 0.003
750| 0.006=+ 0.003
875| 0.002+ 0.002
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6.2 Estimation of QCD background

As stated before, theoretical cross section for QCD praduadtas large uncertainty, and this
quantity has not yet been measured in data with sufficierdigiom. Also, in spite of large
statistics of MC multijet events, only a small fraction oéfie events pass the selection require-
ments. As can be observed from the[Fig8.6.2, large statidticctuations are present in the
histograms obtained from QCD MC samples, and there are m@eim the search region at
very highmr.

This is the reason why QCD background is estimated from the, @ described bellow.
The sensitivity of the data-driven estimate to the signgiae is not so good, since the upper
limit is comparable to the total background from other pesas in the highestiy bins. An
extrapolation is performed to obtain a more precise esénmathe highmy region.

6.2.1 The method

Events from QCD processes pass selection criteria if tteeeefake lepton in the event, or a
real lepton from a heavy flavor quark decay. In the same etleete must be significarit
originating from the detector resolution or heavy flavor fudecay. The rate at which fake
leptons are reconstructed are difficult to model reliablivionte Carlo.

The QCD background is estimated by selecting a data samfetlne same muon selec-
tion requirements as described in secfiod 5.4, but witholegolation 02 < § pr/pr < 0.4.
Tablé6.8 shows number of observed events in data and exprateber of events froMW — (v,

Z — ¢4, tt and diboson processes in the sample selected in this waytrikdion from non-
dijet production is estimated to be less then one %, and frmman this sample will be referred
to as "QCD-rich” sample. The sample with standard seledfien isolationy pr/pr < 0.05)
will be referred to as signal sample.

Table 6.3: Observed and expected number of events passiog selection requirements and
muon isolation requirement®< ¥ pr/pr < 0.4

source Data| SMback.| W —=/¢v Z—= W/ tt diboson
Numb. of events 26457 189.32| 153.11 21.06 14.31 0.85

The events in QCD-rich sample are assumed to have kinematiddtions similar to the
QCD contribution in the signal sampl&y distribution of these events is used as a template
which is then combined with events from simulaéZ, tt and diboson samples into one
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reference distribution:
href = C1(W + Z +tt + diboson)'* + C,(template — (W + Z + tt + diboson) ™) (6.1)

Labeliso denotes simulated events passing standard isolatiol pgf pr < 0.05, while
noniso events passing inverted isolation cL2 & ¥ pr/pr < 0.4. As can be seen from Table5 14
and Fig5.6.P there is a discrepancy between data and MC w&tioes in the regior#zr >
25GeV. In order not to be biased in estimation of QCD from dat&to this discrepancy, factor
C; is introduced in order to make reference distribution agvéh data in the region where
W/Z, tt and diboson processes dominate (arolndpeak). Facto€; is the scaling factor for
the QCD sample.

A two-parameter binned maximum likelihood method is usecoimpare the data distribu-
tion in the signal sample to the reference distributieya, and obtairC; andC,. The observed
number of events in each bif theEr distribution ), can be described in terms of expected
number of events in the b (from the reference distribution) using a Poisson prolisbil

e (8)d
R(ni) = T (6.2)
The joint probability of allEr bins (assuming they are uncorrelated) is then:
P=[1P (6.3)
m .
The log likelihood function of the joint probability is deéd as:

,%:—IogP:—Z[ni log(s) — s, (6.4)
|
where the constanttermy log(n!) is omitted. The best set of paramet€isandC; is obtained
by minimizing the likelihood functiof 6l4. The procedurepisrformed on thé&r distribution
in range 0 Ge\k K1 < 100GeV, with 1GeV per bin. Only statistical contributiorcnsidered
for the calculation of the likelihood function. Obtainedwes of best paramete@ andC; are:

C, =0.8548,C, =0.2966.

Log likelihoods as a function of parametd&®s andC, are shown in Fig6l4. The resulting
Fr distribution is shown in F[g6.5(p).
Subsequently the fraction of QCD events in the region With> 25 GeV is determined.
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Figure 6.4: Negative log likelihoods as a function of partersC; (left), andC, (right). The
values of the likelihoods for each parameter are obtaineitevideeping the other one fixed.
Only statistical contribution is considered.

isolation Ci Co Nocp  fraction (%)
0.10< 3y pr/pr <0.30 0.861 0.302 603.25 1.16
0.12< 3y pr/pr <032 0.859 0.301 638.35 1.19
0.14< 3y pr/pr <034 0.857 0.295 638.35 1.23
0.16< Y pr/pr <0.36 0.856 0.294 657.79 1.26
0.18< 3y pr/pr <0.38 0.856 0.295 675.85 1.30
0.20< 3y pr/pr <0.40 0.854 0.296 690.04 1.32
0.22< 3y pr/pr <042 0.854 0.302 714.25 1.37
0.24< 3 pr/pr <0.44 0.853 0.308 740.28 1.42
0.26< Y pr/pr <0.46 0.853 0.315 736.56 1.47
0.28< 3y pr/pr <048 0.852 0.323 788.54 1.51
0.30< Y pr/pr <050 0.851 0.334 822.30 1.58

Table 6.4: Number of estimated events from QCD pasBing 25GeV and their fraction in the
total number of events for different isolation windows (ficelumn).

The procedure described above yields 690.04 QCD eventssireion. Since there are 52096
events in total, the fraction of QCD events with > 25 GeV is estimated to be 1.3%. This is
in perfect agreement With.3f8fz’ % reported in[[11]. Result presented here has been corrected
for contamination of events from other SM processes in th®@ide-band sample (estimated
to be about 7% in total).

Uncertainties related to QCD estimation from data have loeened by varying the selec-
tion of the QCD background sample. Uncertainty that woullthedrom range oftr distribu-
tion used to calculate likelihood function has been founddmegligible. Also, the size of the

bin has no impact on the final result. To evaluate uncertasatigction window is varied from
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Figure 6.5: (afr distribution generated from data points and referenceiligion as defined
in withC; =0.8548 andC; =0.2966. Estimated QCD contribution is shown separately. (b

Fr distribution in data overlaid with QCD distributions obtad from three different sidebands
as indicated on the legend.

0.1< ¥ pr/pr <0.31t0 0. Y pr/pr < 0.5 in steps of 0.02 as summarised in Table6.4. The
variation of the QCD fraction in the data sample goes in rah@&% to 1.58%. This confirms
final results obtained in[11]. Figure6.5(b) shows the aidrtlistributions offt for data points
and QCD contribution for three different sidebands. Rgrdistribution, the highest positive
entry is just belonmy = 250 GeV and corresponds to 0£30.3 events. From this, a conser-
vative estimate of the background for amy range above this point would range from zero to
around 0.3 events. However, this upper limit is comparabl&é total background from other
sources, and so an extrapolation is performed to obtain a precise estimate in the highr
range.
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6.2.2 Extrapolation to highmy
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Figure 6.6: Fit of the shape of estimated QCD background avjgbwer low (a) and a modified
exponential function (b)(equation 6.5), both fitted mer > 60 GeV. Power law function is also
fitted formy > 80 GeV (c) andny > 120 GeV (d).

To estimate the QCD background in the higa-region several fits of experimental data are
performed. The fits are performed on tie distribution obtained from QCD-reach sample as
described in the previous subsection. The distributioroisnalized to the number of events
corresponding to 1.3% of the data from the signal sample. ekpected contamination from
other SM processes is estimated to be about 7% which is takeavie small effect, and no
attempt has been made to do background subtraction.

First, two different functions are used to fit the data in g > 60 GeV, a power law,
and a form of exponential function combined with a power law:

y=poxPL, y=eh P (6.5)

The resulting fits are shown in Fig6.6 (a) and (b). Number oDQéackground events for
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the different values oy threshold obtained using the fits, are shown in the secondtartl
column of the Tab[eGl5. Because of the shape of the fittedlistribution, neither of the two
functions can perform satisfactory fit for the lower ramge < 50 GeV. Both functions fit the
data well, but exponential predicts less events in the hghail with respect to the power law
function. In order to be conservative, QCD background isregted using power law function.
Further, examining thenyr spectrum, there is an indication that the shapmptistribution is
changing once again above 80 GeV (available statistics &l sthough). Thus, the fit starting
at 60 GeV would underestimate the tail, so two different emgye fitted as welinr > 80 GeV,
andmy > 120 GeV. The results are shown in [Fig6.6 (c) and (d), and ttetheo columns of
Tablel6.5. The lowemrpoints suggest the result would be far from any reasonalplectation.
A lower threshold would give a lower level and a a lower absoluncertainty on that level.
The final choice is to choose the fitting range > 120 GeV, which is felt to be the most
conservative, reasonable one. It should be noted that vieé d¢ QCD background might be
overestimated, and actually improves the observed liniitl@ bit in the lower mass range, with
no effect for the higher masses.

Table 6.5: Estimated number of QCD background events foria sémy thresholds, obtained
from the fits described in the text.

y= @Po— p1x*2 y = pox™

Mrmin [GeV] | mr > 60 GeV | my > 60 GeV mr > 80 GeV mr > 120 GeV
250 0.00379015| 0.127363 0.04301629  .89381973500%1
375 0.00007636| 0.016606 0.00355000 .DL0670 5598542,
500 0.00000258 | 0.003980 0.00061544 .@454955 00131254
625 0.00000012| 0.001236 0.00014859 .@R14423 502158,
750 0.00000007 | 0.000516 0.00005069 .@12405195125845
875 0.00000001 | 0.000212 0.00001747 .@067751050%2158,

Uncertainty of this estimation is obtained by changing fiorcparametergg, p1 by their
errors. Resulting uncertainties are presented in the ¢dgto of the above Table.

The results obtained here are close to the ones reportedjinfibwever, estimated QCD
background even with maximized error represents only al§raation of the whole SM back-
ground, at the level of 4% at most (cf. Tdble3.14). Althouglative error of the QCD back-
ground is large{100%), it is much smaller compared to other systematic waiceies of the
SM background. These uncertainties will be described aatliated in the next sections.

Future analysis will certainly benefit from increased stats, providing a more solid ex-
trapolation to highay region of interest.
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6.3 Theoretical corrections and uncertainties

Cross sections and related uncertaintiesVibrandW* signal processes are described in the
first chapterW/Z background samples, as welltissample, are normalized to Next-to-next-
to-leading order (NNLO) QCD cross section using a K-factevhich are taken to be uniform
with respect to true invariant/transverse mass. This isrdsd in[5.2.2, mentioning that the
raw background level froriV/Z processes in the higimy bins is significantly overestimated
due to the different mass dependence of the cross sectieadihfy and higher orders. In this
sectionW/Z backgroundmr-dependent higher order QCD corrections, as well as caorect
due to Electroweak contributions, are evaluated togetltbrproper systematic uncertainties.

6.3.1 Higher order QCD corrections and uncertainties

The Monte Carlo estimates faW /Z background levels are based on NNLO cross sections
computed usin@EWZ generator[[2, 3]. On the other side, the shapes of the disiilts come
from Pythia, which is used to obtain selection efficiencies. Besidd,tBEyZ generator allows
also calculation of QCD differential distributions withetkame accuracy. However, the current
version ofFEWZ is not optimized for events with invariant masses far awaynfwv mass|([4]. It
appears thategas routine is not adapting the grid correctly for the valuesighimass, and it

is expected this problem is fixed in a new version of the pnogra

In order to estimate mass dependent K factors, and conseyjuemrections to be applied
to the estimated background level from Tableb.14, a NLO gaoeshould be used. One es-
timation is done usingCFM generatof[5], as described in [11]. In this thesis, an iedent
estimate is performed usilg@NLO program[6], with the similar methodology as in the sup-
porting note.

The procedure to obtain correction factors is as followshBathan weighting each event
by the correction factor, a constant value for a particotgthreshold is obtained. Defining the
K to be the ratio of NLO t®ythia cross section, the correction factor for the leveW\of- (v
background?‘(’,‘faég is defined as:

CY L8 = K(Mrmin) /K (M), (6.6)

1The ratio of the higher order and leading order cross segiasually called K-factor. In principle K-factors
are a function of the mass, rapidity, transverse momentanoéthe produced particles and their decay products.

2This problem is not affecting estimation ¥ NNLO QCD cross section, as described in sediioh 3.3, since
mass ofW is set toW’ mass in the program. It is probable that for higher mass&¥’afross section is under-
estimated a bit due to off-shell production of the new heaaygg boson. This will have to be verified with new
version ofFEWZ.

138



whereK (m) is the factor for the whole assessable mass range(€ 7000 GeV), andK (mrmin)

is the K-factor calculated for a particular: threshold. It is fair to assume that correction factor
that would be obtained with appropriate NNLO generator, ib@lar and there are no large
differences in shapes of distributions between NNLO and NLi@ result of this procedure are
not "absolute” K-factors that should be applied to the LOssreection, but correction factors
to be applied to a NNLO cross section to account for differaass dependence of the cross
section at leading and higher orders.

For the purpose of this analysis standal®i@@eNLO code, version 3.1 is used. SM — ev
process is generated in several mass bins listed in[TablE6r6he input parameters, standard
values fromMC09 production are usedmy = 80.403 GeV,l'y = 2.141 GeV,mz = 91.1876
GeV, Iz = 2.4952 GeV,m =172.5 GeV. The other parameters can be foundlin [7]. Renor-
malization (URr) and factorizationr) scales are set to be equal to the so-called reference scale
(UR = Up = Mo), fixed iNMC@NLO to:

Ho = /MR (W) + R (W-). 6.7)

This basically sets renormalization scale to be equal (grelese) to the dynamic scale defined
in [11] as the invariant mass of the lepton-neutrino syteffhe value of the cross section
beside choice of the renormalization scale depends aldweorhbice of the PDF, and K-factors
are obtained with two different PDFSTEQ66, andMRST2004nlo (central value). For the K-
factor calculation, rather then passing events throliginy/Herwig within Athena for the
hadronization and fragmentation, and simulatmgdistribution, a fraction of events from each
mass bin failing above eaahy threshold is used. These fractions are obtained fPgrhia
simulated samples.

Obtained cross sections are presented in Table6.6, andacethpithPythia results shown
in the last column. Comparing cross section obtained Wi®NLO (CTEQ66) to thePythia
values, one can observe the K-factors change fkadimy ) =1.066 for the whole mass range
(but basically completely dominated by thi¢ peak at~ 80GeV), toK(my) =0.85 for the
mass bin centered at 2.25 TeV. Further the differences in BiloSs section obtained with two
different PDF sets are ranging from 0.3% atWeeak, to about 11% for very high mass. This
Is consistent with the result obtained for the signal preess

The final results are obtained usiAg@EQ66 as a central value. To evaluate systematic un-
certainties arising from the choice of scale, results atainbd by setting renormalization scale

3MC@NLO basically doesn’t have the featureMFM to set scales dynamically. This effect could be obtained by
making mass bins smaller, but this is not worth the efforhet level of precision of the analysis.
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Table 6.6: Cross sections fv boson production obtained witCeNL0 (NLO) with two dif-
ferent PDF sets, and wittythia (LO) with MC09 default PDF.

Mass bin CTEQ66 MRST2004nlo MRST20071omod
[GeV] onLo [pb] onLo [Pb] oLo [ph]
0-7000 9534 9573 8940
200-500 3.291 3.344 2.961
500-750 0.0727 0.07569 0.06778
750-1000 0.010605 0.011083 0.010289
1000-1250, 0.0022555 0.0023858 0.0022272
1250-1500, 0.0005784 0.0006195 0.0006183
1500-2000; 0.0002151 0.0002349 0.0002382
2000-2500/ 0.000020552 0.000023592 0.000024366

to be double or half of the reference scale. Further, to es&rRDF-related systematics, cross

sections are computed varyi@GEQ66 withing 44 eigenvector sets at the 90% C.L. limit, and
calculating asymmetric deviation as for the signal:

Aot = \/Z [max(o;" — 0p,0; — 0p,0)]2 (6.8)

Ao = \/Z[max((fo— o",00—0 0 (6.9)

The difference between cross sections obtained @iit)66 andMRST2004nlo central values
is added in quadrature to the other sources of systematicier to obtain final uncertainty on
the K-factors. These results are presented in Table 6.7

Table 6.7: Systematic uncertainties rNLO cross section arising from the choice of scale
and PDF set.

Mass bin [GeV] | 200-500 500-750 750-1000 1000-1250 1250-1500 1500-200®0-2600

Scale uncertainty

Ur = 2UF -0.6% -2.1% -2.8% -3.4% -4.0% -4.7% -5.7%

Hr = 0.5 +1.0%  +2.2% +2.8% +3.3% +3.8% +4.5% +5.5%

PDF uncertainty
asymmetriddo™ | +3.1% +4.7%  +5.8% +6.4% +8.3% +10.5% +16.6%
asymmetriddc~ | —-3.3% —4.9% —6.2% —8.0% —8.4% —10.0% —14.3%

CTEQ/MRST —1 | -1.6% -4.1% -4.5% -5.7% -7.1% -9.2% -11.4%
Overall unc. +3.8% +6.8% +£8.2% +10.4% +11.7% +14.7% +20.9%

K-factors as a function of the mass range are presented@#ighile in Fig6.8 K factors
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are given as a function of ther-threshold. On both figures overall systematic uncertasty
presented. The uncertainty is dominated by the PDF unogytai
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Figure 6.7. K-factors foW boson production as function of the mass bins used to céécula
cross sections. Shaded area represents systematic umgedescribed in the text.

Final K-factors and correction factors with evaluated utaigeties are presented in Table
[6.8. Although results are obtained fé — ev process, the same correction factors are applied
to theW — v, although some differences may arise from the fact that nohamnel is con-
strained tgn| <1.05. It is assumed however, that at this level of precidioere is no need to
investigate these differences. Also, the same correc#ictofs are applied to theé— ¢/ since
production mechanism and K-factors should be similar taNhe> /v process.

Table 6.8: K-factors and correction above thethresholds.

Mrmin [GeV] | K(Mrmin) C\(/;\{aég
250 1.106 1.038+ 3.8%
750 1.090 1.023+5.3%
500 1.059 0.993+ 6.8%
625 1.040 0.976+ 8.6%
750 1.012 0.950t 10.4%
875 0.995 0.933+ 10.6%

Results presented in the third column of the Tablé 6.8 agienthe errors with the results
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Figure 6.8: K-factors fovV boson production as function of they-threshold used to calculate
cross sections. Shaded area represents systematic umgedescribed in the text.

presented in Table 9 of the 2010 analysis supporting Incke Bdr the study described in the
supporting note, correction factors are obtained by awegagsults obtained with two different
PDF set£TEQ66 andMSTW2008n1068cl. This confirms that the results of the predic®dand

Z) cross section at high mass has large theoretical uncertaainly due to limited knowledge
of the proton PDF at such high In future these estimation will certainly benefit from the
measurement of the higiy and highmy, spectrum at the LHC.

6.3.2 Electroweak corrections and uncertainties

The 0(a) electroweak (EW) radiative corrections has been computetle charged current
channel (akaVproduction) with the results presented in several papérdt{8as been shown
that'(a) EW contributions give large corrections to the tails of ttamsverse mass and lepton
transverse momentum distributions, because of the pres#riarge EW Sudakov logarithms.
Thus, in addition to higher order QCD corrections, elecgalvcorrections to th&/ — /v cross
sections need to be considered.

The electroweak corrections include contributions fronalfstate photon radiation, elec-
troweak loop corrections ("pure weak corrections”) andcesses with initial photons which
are part of the proton structure. Since in MC samples finak githoton radiation (real QED
emission) is accurately simulated usiftgotos [9] and a full detector simulation, this contri-
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bution is excluded from an additional electroweak cormttactor.

The electroweak corrections are evaluated usingitirace event generator, version 3.1
[10]. The same input parameters are used as in mentione@mets with kinematic cuts ap-
plied pt > 25GeV, p¥ > 25GeV, andne| < 2.4, or|n,| < 1.05, forW — ev andW — pv
respectively. For EW corrections (contrary to the previsubsection) different lepton kine-
matic selections used for two channels are taken into accORST2004QED PDF set [11] is
used.

Correction factor is defined as a function/f invariant mass as the ratio of the differen-
tial cross section prediction including the exa@cta) calculation matched with higher order
contributions over the prediction including only final g &®ED radiation in the parton shower
approximation. As for higher order QCD corrections, EW eotion factors are obtained by
integrated abovenr threshold for each mass bin:

EW noEW
o / e (6.10)
mr

The corrections are not applied event by event, but as autrfatsiors above particular threshold.

The results are shown in [Fig6.9 for electron and muon fin&éstaespectively.

In contrast to neutral current Drell-Yan productionl[12); the charged current process the
additional contribution from processes involving inijdotons are small. Using tN@ST2004QED
PDF set, this contribution is estimated to be below 1% g3 TeV.

The electroweak loop corrections are only partly cancelethb radiation of realV andZ
bosons off the final state leptons. It is estimated that thesg&ibution are at the level of one %
[11]], which is consistent with the fact that events with aiddial leptons in the event are vetoed.

The systematic uncertainty on the electroweak correctisrestimated to be 3% for all
mass range. This takes into account uncertainties in ticeledion of real boson radiation (1%)
potential contributions from initial photons (1%,(a as) corrections (1%)[[10], and higher
order electroweak corrections (1.5%) [13]. As the cormcfactor is defined with respect to
the predicted cross section including FSR QED contribgti@n additional uncertainty may
arise if these contributions modify the total integrat¥dcross section. Since the so-called
G, electroweak scheme is used to calculate the NNLO QCD crasmsepredictions, which
minimizes the correction at low massesl[14], this additiemaertainty can be neglected ot
production. The final EW corrections and associated urio¢iga are presented in Takle b.9.
Since the results for the electron and muon channel are aaimpacommon correction factors
are used for both channels.
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Figure 6.9: TheZ/(a) electroweak radiative correction factors ¥r— ev (a), andW — v
(b) processes as a function of timg threshold.

6.3.3 Combination

Table[6.9 lists, for each value atr threshold, higher order QCD correction, electroweak cor-
rection, and the overall theoretical correction which is pnoduct of the two:

W— (v
CO’,th

W— /v >
o0,QCD

W— (v
CG,EW

(6.11)

The corrections are derived fof — (v, but are used for alV/Z processes. Fdt and diboson
processes no additional corrections are imposed since baekgrounds make only about 10%
of the total background. A conservative uncertainty of 9iS#ssigned tét cross section.

Table 6.9: W/Z corrections. The results in the last column are the overafissection correc-
tion factors with systematic uncertainties explained mteéxt.

SIS
250 | 1.038+3.8% 09544+3.0% | 0.990+4.8%
375 | 1.023+53% 09374+3.0% | 0.958+6.1%
500 | 0.993+6.8% 0918+3.0% | 0.912+7.4%
625 | 0.976+8.6% 0901+3.0% | 0.879+9.1%
750 | 0.950+104% 08894+3.0% | 0.844+10.8%
875 | 0.933+£10.6% 08754+3.0% | 0.816+11.0%
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6.4 Detector related corrections and uncertainties

Detector related corrections and associated uncertaiatee presented in this section. Unless
stated otherwise, the details about the estimation of thennamdFy corrections and uncer-
tainties are presented in 2010 supporting note[11].

Luminosity. Accurate determination of the luminosity delivered to ATeAs needed for
calculation of the limits, since majority of the backgrou@tcept QCD) is determined using
theoretical cross sections. As stated in sedfion b.2.14dkeidW’ — uv search correspond to
the integrated luminosity of 36.4pb . The uncertainty on the value of absolute luminosity has
been determined and publicly available[15] when this asialywas performed. The uncertainty
has been estimated to B 1%, and was dominated by the determination of the so-chiladh
charge product (number of protons in a bunigh, equation 5.2), which was10%. AfterW’
analysis with 2010 data has been finalized, ATLAS has pudistm update of the estimation of
the integrated luminosity[16]. Due to improvement in bublarge product determination, the
central value of the ATLAS luminosity scale is found to be%.Bwer than the previous result,
while the uncertainty on the luminosity scale determinetde¢at-3.4%. Since uncertainty on
the luminosity is one of the dominant uncertainties, anddeoto stay consistent with ATLAS
published result, the uncertainty of the luminosity in tthiesis is kept at the level af11%,
with unchanged central value of 36.4ph

Trigger efficiency. The determination of the muon trigger efficiency is perfodmelative
to reconstruction and it is found to be higher then the meably the muon trigger slice group.
This is explained by the fact th#’ muon identification requires MDT hits in all three stations
and an RPC hit in at least two of the three doublet layers. Twlependent measurements are
made: one using — pu data collected with muon trigger, and the other with evealiected
with an orthogonal jet trigger. The two results are foundeacbnsistent with each other, and
the final correction factor with associated uncertainty is:

c{;ig = E4ata/Emc = 0.969 + 0.007. (6.12)

This is a correction factor for both the signal and backgbewent selection efficiency.

Muon reconstruction and isolation efficiency. Muon reconstruction, identification and
isolation efficiencies are measured from data using famag& probe technique. The results
are found to be consistent between data and MC, thus no tomes applied to MC.

For highpr muons, with momentum in excess of 100 GeV, additional losSffafiency is
expected due to radiative effects. This degradation isrebdan Monte Carlo by comparing
reconstruction efficiency for muons frold’ with those from the standard mod#l To account
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for the possibility that the Monte Carlo might underestientiitis effect, systematic uncertainty
equal to this degradation is assigned:

g\‘I\II’,reco(pT)
S\’XI’,r&o(pT =0) ‘

Pseudorapidity of muons frouv’ decays changes with masswif in a way that muons are pro-

R(pr)=1- (6.13)

duced in more central region with increase of the mass. Asisamuence, efficiency losses are
partly caused from the migration of the muons to the poorlyeced region of the muon spec-
trometer atn| ~0. In order to separate efficiency degradation caused bgtreglieffects from
the loss due to acceptance, parametrization of the muonsgaation efficiency as function of
its momentum is performed in the range Q.[ln| <1.05. Parametrization of the efficiency is
done with simple linear function with slope -2.6(4)%/Te¥dahe result is shown in F[g 6.110.
The main cause in the drop in efficiency of combined muon istduequirement of at least
3 hits in the muon spectrometer. This requirement, howelas not change the slope of the
linear function. The efficiency drop as a functionmf is then convoluted with the muagpy
distribution for each signal hypothesis. The results ofd@@luation of the muon reconstruc-
tion uncertainty for different mass points (different veduof themy threshold) foMW', W*, and
background are presented in Tables B.12,16.13 andl 6. 14ctasghe

[nl<1.05
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Figure 6.10:Reconstruction efficiency as a function of mupp. Upper curve is parametrization of
the reconstruction efficiency of combined muons, while tivedr curve is for combined muons with all
selection requirements applied. The main drop in efficieisayue to requirement of at least 3 hits in
each MDT station.

Muon momentum resolution. As discussed before, the muon momentum resolution ob-
served in cosmic-ray and collision data is significantly seowith respect to the one MC09
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Monte Carlo. This is accounted for by smearing the momentsimgequatiofi 516. The smear-
ing parameters are tuned according the position oZtheak in data$ = 0.023+0.003), and
resolution from cosmic-ray da® = 0.184+0.04 TeV 1. These values and uncertainties have
been measured by the ATLAS Muon Combined Performance gibiip [

The uncertainties of the smearing parameters are usedntagssystematic uncertainty on
signal efficiency and background level arising from muon rantam resolution. The signal
efficiency and background level are recalculated with eashrpeter shifted up and down by
its uncertainty while the other parameter is held at thereémalue. The uncertainty associated
with each smearing parameter is taken to be the half of éifilez between the up and down
values. The total resolution uncertainty is obtained byirgidhe uncertainties for the two
smearing parameters in quadrature. Results for signaldackbround are presented ing.12,
and6.14

Muon momentum scale. The value and uncertainty for the muon momentum scale (pa-
rameterS, in equatiorL5.6) is evaluated from measurements of the ntiagiedd and the po-
sition of theZ-boson mass peak. All are consistent with unity andse- 1 is taken as the
central value. The effect of the uncertainty of muon scal¢heW’ — uv event selection ef-
ficiency is calculated using the maximum 1-sigma deviatibthe most precise measurement:
Sp = 0.9996+0.0010, i.e a decrease of 0.14%.

Muon curvature offsets. Detector misalignment in a particular region results in #iseb in
the curvature measured in that region, i.e. an offsgf py. If the misalignments vary randomly
with location in the the detector (with and @), then the effect is to smear the resolution
additionally. This leads to the contribution to tBgterm in equatiofi 5]6. However, if there is
residual correlation between regions, there will be a dlbls, S, in equatiori 5.6, that shifts
the momentum magnitude of positive and negative muons ingifgdirections. The width of
a neutral dimuon resonance like tAdoson is not affected to first order, and the variable used
to estimate the curvature offset is t)gpr asymmetry of the:

Ag/pr = l(@/pT) "+ (a/pT)7]/2 (6.14)

The mean value of the asymmetry provides a direct measutreadftset and giving the value
S = 0+0.071 Tev'1. Assuming no correlation exists between the Inner Detestaf the
Muon Spectrometer alignments, a stronger limit may be puthendifference of the offsets
in the two systems by comparing their momentum measurem@éiis was estimated to be
AS, =0+0.024 TeVL. However, the former is sufficient for this measurement aas adopted
to avoid making any assumptions about the Inner Detector.
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The corresponding uncertainties in the event selectionigfity and Monte Carlo back-
ground level are estimated by varyifg by plus or minus its uncertainty. Results are given in
the Table$ 6.12, 6.13 ahd 6]14.

Muon vertex finding and impact parameter. Event selection requires that a primary ver-
tex is reconstructed close to the center of the interactgion and that muon passes close
to that vertex. The same selection requirements are impiosddta and Monte Carlo. The
ratio of the efficiencies and its uncertainty of this selattiequirement is assessed here. The
efficiency to find a vertex (at the expected location) is extdd as the ratio of the number
events passing final selection to those passing final setewithout the primary vertex require-
ment: |ztx| < 15 cm. The measured efficiencies for both data and Monte @aelpresented
in table[6.10. The Monte Carlo includes one of M — uv reference samples, the main
backgroundV’ — uv and this background with luminosity-weighted pileup. Thapileup
background is used in the limit calculations and is mostvesie here. The signal and back-
ground samples give consistent results indicating a srealib the Monte Carlo that is largely
explained by pileup.

Table 6.10: Vertex finding efficiency for muons. The last cofuis the ratio of the efficiency to
that obtained in data.

Sample Efficiency Data/MC

Data (36 pb?) 0.9909+0.0004 | 1

W' — uv (my = 1 TeV) | 0.9888+0.0011 | 1.0030+0.0012
W — uv 0.9862+0.0001 | 1.0049+ 0.0004
W — pv (with pileup) | 0.9900+0.0003| 1.0010+0.0005

The efficiency to both find a vertex and have the muon pass né&advaluated in a similar
way, as the ratio of the number events passing final seletditme number passing final selec-
tion without either the impact parameter or vertex requaeta. These results are in table 6.11.
Since the data data includes a small contribution from cosmions, the measurement is ex-
pected to biased a bit. The efficiency for data is presentéd wibhout and with a correction
for this contribution. The signal and non-pileup backgmwamples give consistent results
indicating a small bias. The bias is similar to that seentiertertex efficiency suggesting the
impact parameter efficiency is well-modeled by the Montdd&adtowever, the efficiency mea-
sured with the pileup sample is even further from the datppsejpe to the result obtained for the
vertex efficiency. Although this is not directly relevantthe W’ — pv limits which are evalu-
ated without use of the pileup samples, the efficiency chabgerved when pileup is added is
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conservatively used to set the systematic uncertaintyanrtpact parameter correction factor.
The correction factor to account for Monte Carlo bias in efficy for both vertex finding and
impact parameter is taken to be the same for signal and bawkdrC,x = 1.004+ 0.3%.

Table 6.11: Vertex finding plus impact parameter efficierayriuons. The last column is the
ratio of the efficiency to that obtained in data with the coti@ for cosmic contamination.

Sample Efficiency Data/MC

Data (36 pb?) 0.9864+0.0004 | 1.0031+0.0012
Data (36 pb!, cosmics removed) 0.9895+ 0.0004 | 1

W — puv MC (my = 1 TeV) 0.9864+0.0011| 1.0031+0.0012
W — uv 0.9855+0.0001 | 1.0041+ 0.0004
W — uv (with pileup) 0.9832+0.0004 | 1.0064+ 0.0005

Fr scale and resolution.Most of theFy in W' — ¢v candidate events comes from the
lepton and that contribution is strongly correlated witk teptonpy measurement. The lep-
tonic contribution is therefore handled separately frombn-leptonic contribution obtained
by summing energy from the calorimeter.

Most of the systematic correction and uncertainty arisnogifthe leptonic contribution to
theEr isincluded in thepr systematics. For example, to properly account for thisrdoution
and the correlation, thEr is varied along with that of ther when the latter varied to study
the effect of changing the momentum scale or resolution. évew there can be residual effects
because ther correction is not exactly the same as Hye calculation in the region around the
lepton. The energy deposited by the muon in the calorimeigttize correction for this energy
loss is an example of such residual effect. Since these dyeadew GeV and mostly cancel
one another, no systematic correction or uncertainty igaed for residual effects.

To account for discrepancy in th#& resolution in data and MC (for the calorimeter part),
pileup samples could be used with weighting events in ormenatch multiplicities of recon-
structed vertices in data and MC. Instead of reweightedipisamples, non-pileup samples are
used with smearing of their calorimeter partlbf (cf. sectior 5.213, equatidn 5.7). As it is
shown, these two options are equivalent, and the lattereid umsthis thesis. The uncertainty of
the smearing parameter valSe= 4.0+ 0.4 GeV is used to estimate uncertainty arising from
the calorimeter resolution. Since the smearing is inclddedll non-pileup samples in the eval-
uation of the event selection efficiencies and backgrouveldethere is no need to introduce a
correction factor.

The effect of the uncertainty in the resolution on these tjties is assessed by varying
the smearing parameter by its uncertainty and observinglihage in signal efficiency and
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background level. Results are presented in the Tablesellad the effect is found to be quite
small.

There is some indication of a few percent difference betwhel scale in Monte Carlo
and data but the variation as functionibf is not established and may be different for e
mr bins. It is assumed th&;, = 1.0+ 0.1 based on the observed variation with . Again,
there is no correction factor and uncertainties on the $igffiaiency and background level are
obtained by varying the scale by its uncertainty.

6.5 Final results and uncertainties for the muon search

As data show no evidence for any excess above SM expectalimits on the production of
new gauge bosons have to be set. In order tol@osystematic uncertainties on signal efficiency
and level of background are evaluated in this chapter, asaseiorrection factors to account
for difference in data and MC, and change in theoreticaldiginder calculation with mass. For
W*, kinematic cuts imposed at the generator level are accduate Also, QCD and cosmic
contamination are evaluated from data itself, with undetitss on these estimations treated as
systematic uncertainties of the background level.

All systematic uncertainties, except for luminosity uriaeity stated to bet11% for all
cases, foW’ andW* signal samples, along with systematic uncertainties ofbtekground
are presented in Tables 6112, 6.13 &nd16.14 respectivelyerfnental (detector related) sys-
tematic uncertainties for the signal are dominated by theedainty of the extrapolation of
muon reconstruction to higpr and uncertainty on trigger efficiency. The uncertaintyings
from limited MC statistics of the sign&V///W* MC samples is treated separately and added in
quadrature with the other uncertainties. B, there is a correction to account for the differ-
ence in kinematical distributions at NNLO and in the LO siatidn. These are given in the last
line in Table[3.2, and uncertainty of this correction is take be 0.7% for all masses. System-
atic uncertainties for the background are dominated byréimal uncertainties, and systematic
uncertainty arising from limited MC statistics. The latietigh due to the muon momentum
resolution which causes small number of events from offaleproduction propagate to the
high mr-tail. Experimental uncertainties of the background rahge4.8% depending on the
mr-threshold.

The expected number of signal events and selection efficisnobtained by correcting

4The inputs to thesB limit calculations are the event selection efficiengy,, the expected number of back-
ground eventd\g, the uncertainties in these quantities, and the numberssokd eventd\ops, and the integrated
luminosity and its uncertainty. The predicted number ohalgventsNsig, is useful for understanding sensitivity
to theoB of a specific model.
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Table 6.12W’ — uv systematic uncertainties.

Mrmin [GEV ]
Source 250 375 500 625 750 875
MissingEt resolution 0.1% 0.2% 0.1% 0.1% 0.1% 0.2%
MissingEt scale 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Trigger efficiency 0.7% 0.7% 0.7% 0.7% 0.7% 0.7%

Reconstruction efficiency1.0% 1.1% 1.3% 1.5% 1.6% 1.9%
Momentum resolution | 0.1% 0.1% 0.2% 0.3% 0.4% 0.5%

Momentum scale 0.1% 02% 0.1% 0.1% 0.1% 0.2%
Curvature offset 0.4% 03% 05% 05% 0.6% 0.9%
Vertex efficiency 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
All experimental \ 13% 14% 1.6% 1.8% 2.0% 2.3%
Monte Carlo statistics | 1.2% 1.2% 1.1% 1.4% 1.6% 1.7%
NNLO 0.7% 0.7% 0.7% 0.7% 0.7% 0.7%
All \ 1.9% 2.0% 2.1% 24% 2.7% 3.0%

Table 6.13W* — uv systematic uncertainties.

Mrmin [GEV ]
Source 250 375 500 625 750 875
MissingEt resolution 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
MissingEr scale 0.2% 0.1% 04% 0.3% 0.1% 0.2%
Trigger efficiency 0.7% 0.7% 0.7% 0.7% 0.7% 0.7%

Reconstruction efficiency0.9% 1.1% 1.2% 1.4% 1.6% 1.8%
Momentum resolution | 0.2% 0.3% 0.3% 0.4% 0.4% 0.4%

Momentum scale 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Curvature offset 0.2% 0.3% 0.2% 0.3% 0.8% 0.3%
Vertex efficiency 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
All experimental 13% 14% 16% 1.7% 2.0% 2.0%
Monte Carlo statistics \ 1.3% 14% 15% 15% 15% 1.5%
All \ 1.9% 2.0% 22% 2.3% 25% 2.6%

numbers from Tab[e5.16 with trigger correction and NNLO/a€zeptance correction. The ex-
pected number of background events is obtained from [Table&sing the correction factors
from the last column of Table 8.9 fo¥/Z multiplied by trigger correction factor from equation
(5.9). Fortt and diboson contribution only trigger correction is apglieéNumbers for QCD
background are not corrected since these are obtained ftawdthout background (i.&V/Z,
tt , and diboson) subtraction. The same is for the cosmic cdntdion. The finaimy distribu-
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Table 6.14: Background systematic uncertainties.

Mrmin [GEV ]
Source 250 375 500 625 750 875
MissingEy resolution 0.2% 02% 04% 0.1% 0.1% 0.1%
MissingEy scale 03% 02% 05% 1.2% 3.4% 1.1%
Trigger efficiency 0.7% 07% 07% 07% 0.7% 0.7%

Reconstruction efficiency0.9% 1.0% 1.2% 1.2% 1.3% 1.6%
Momentum resolution | 0.4% 04% 14% 24% 3.1% 3.2%

Momentum scale 0.1% 0.1% 01% 0.1% 0.1% 0.1%
Curvature offset 04% 03% 1.7% 21% 3.3% 2.9%
Vertex efficiency 03% 03% 03% 03% 03% 0.3%
All experimental 14% 14% 2.7% 3.7% 59% 4.8%
Monte Carlo statistics | 2.3% 4.8% 9.3% 13.5% 16.6% 15.5%
W/Z cross section 48% 6.1% 7.4% 9.1% 10.8% 11.0%
tt cross section 1.3% 08% 08% 08% 0.7% 0.8%
QCD 1.7% 19% 22% 22% 21% 15%
Cosmic 0.0% 0.1% 02% 03% 05% 0.4%
All \ 5.9% 8.2% 12.4% 16.9% 20.8% 19.7%

Table 6.15: Final results faW — uv, W* — uv, and backgrounds with integrated luminosity
of 36.4 pb! . Signal efficiencies, and expected numbers of signal ankignasnd events are
corrected as explained in the text. Uncertainties aredigtethe previous tables. The last
column gives the number of observed events for the muontgaiec

m[GeV] signal| Esig Nsig Npg Nobs
500 W’ | 0.339+ 0.008 212 +17 20.01+ 1.1 16
W* | 0.22840.004 104 + 8
750 W' |1 0.362+0.009 42.1+ 2.7 548+ 0.45 0
W* | 0.230+0.005 196+ 1.5
1000 W' |1 0.381+0.010 11.6+ 0.9 211+ 0.26 0
W* | 0.2424+ 0.005 54+ 05
1250 W' | 0.386+ 0.011 3.66t 0.33 1.03+ 0.17 0
W* | 0.2374+ 0.005 1.63+ 0.20
1500 W' | 0.383+ 0.012 1.24+ 0.14 0.63+ 0.13 0
W* | 0.2354+ 0.006 0.54+ 0.08
1750 W' | 0.360+ 0.012 0.43+ 0.06 0.49+ 0.10 0
W* | 0.2394 0.006 0.20+ 0.04

tion with corrected background levels, and QCD backgrowtithated from data, are presented
in Fige.5.
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Figure 6.11: Finamy spectrum, with all corrections applied. Signal samplesnamrenalized
to NNLO. QCD contamination is estimated from data. Yellomtb@orresponds to the overall
background systematic uncertainty from tdble 6.14.rRprk250 GeV, uncertainty is assumed
to be dominated by the luminosity uncertainty 1%.
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Chapter 7
Electron Channel

In this chapter electron selection in a search for new heaugg boson decaying to an electron
and a neutrino is presented. Estimation of QCD backgrownd fitata and relevant systematic
uncertainties are briefly described. After QCD backgrouestimation, and all corrections
applied and uncertainties properly evaluated and takenaiotount, final results foN' — ev
channel are given at the end of the chapter.

7.1 Event selection

7.1.1 Electron reconstruction and identification at ATLAS

The ATLAS standard electron reconstruction and identificaalgorithm (sometimes denoted
asegamma)[l] is developed to enable electron reconstruction of Highisolated electrons in
the region covered by the Inner Detector, providing levélbackground rejection optimized
for high identification efficiencies. In addition to this,maplementary algorithm [2], aims to the
reconstruction of lowpr or non-isolated electrons in jets. Since electrons thatavoriginate
from W/-type bosons are very energetic and isolated, in the foligwainly electrons recon-
structed by thegamma algorithm are used.

The standard electron reconstruction procedure is basedusters reconstructed in the
Electromagnetic Calorimeter using the Sliding Window ailiyon [3]. Clusters are then associ-
ated to tracks of charged particles reconstructed in therIDretector. This algorithm has been
developed to allow for an optimal reconstruction of the fmomentum of electrons for the full
momentum and pseudorapidity range and for any luminosifgrination from both detectors is
used to allow electrons to be identified with the lowest g@esamount of backgroqu keep-

LFor comparison the relative rate of QCD jet production corag#o inclusive electron production is expected
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ing in mind that the optimum between the identification edfidy and background rejection is
analysis dependent.

The baseline electron identification in ATLAS relies on cussng variables that provide
good separation between isolated electrons and jets oredeavphotons faking electrons.
These variables include calorimeter, tracker and combuo#drimeter/tracker information.
They can be applied independently and three reference tetgohave been defined with
increasing background rejection power: Loose, Medium agttT1]. Each definition includes
the cuts of the looser definitions. This setup of identifmatihas been introduced for the first
time in the "CSC-eral[ll]. Since then definitions of the eteatidentification criteria (as well
as reconstruction criteria) have evolved. The changes e introduced in order to improve
identification efficient@, with respect to the results obtained during CSC. Besideethgince
the very early data taking periods in 2009 and the first doliis at 900 GeV[4], the data/Monte
Carlo comparisons have highlighted discrepancies in tbeshshape distributions. In particu-
lar, the electromagnetic showers are seen to be broadetarttagan in the MC, which translates
into a shift in the relevant distributior8, and w,,ZB. This shift is consistently observed on
pure hadronic background (on the very first electron carneglfor example) as well as on iso-
lated electrons fromV or Z bosons decays[5]. The reason for this discrepancies areaaot
though itis believed to be lying in tHgEANT4 description of the electromagnetic calorimeter[6].
In order to maintain the robustness of the electron ideatiba criteria, the cuts were reopti-
mized. This lead to the new definitions of Medium and Tight:catled Robust Medium and
Robuster Tight[6]. Below electron reconstruction and identification asdigy analysis of 2010
data are described. PrefixBebust(er) are not used, though when speaking of Medium/Tight,
only Robust(er) definitions are considered.

The electron candidates are searched among clusters vatgyeaf Er > 2.5 GeV in the
second layer of the electromagnetic calorimeter. A matghiack, extrapolated to the middle
EM calorimeter layer, is searched for in a broad windowAgf x Ag distance of 0.050.10
amongst all reconstructed tracks with >0.5 GeV. Reconstructed tracks are matched to seed
clusters by extrapolating them from their last measurerpeirt to the second layer of the
calorimeter. The impact poinf and ¢ coordinates are then compared to the corresponding
seed clusten andg in that layer. If their difference is below a certain threhihen the track
is considered matched to the cluster. Special care is tak@aler to account for Bremsstrahlung

to be between 10 and 100 times higher than at the Tevatrordditi@an, aspects of the detector itself complicate
the analysis, such as the significant amounts of materiakitirtner Detector.

20ne of the main issues encountered during the CSC analyassthve relatively low electron identification
efficiency.

3R,7 is the ratio inn of cell energiesin &7 versus %7 cells, andvy; is the lateral shower width in the second
layer of the calorimeter.
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losses which result in an asymmetric sign-dependegndistribution. Thus, the sign-corrected
Ag window is larger on the side where the extrapolated trackibas it traverses the tracker
magnetic field. In the case of tracks that do not containailigits, the matching is restricted to
the @ coordinate, due to the fact that the accuracy omthepordinate, as measured by the TRT,
is limited. In this case only a rough track matching, e.grdddarack matched to a barrel cluster,
is required. The closest-matched track to this layers etusdrycenter is kept as that belonging
to the electron candidate. The final electron candidates tlagter sizes ain x Ap = 0.075x
0.175 in the barrel calorimeter and 0.128.125 in the end-cap. The electromagnetic clusters
with a matching track fulfilling these requirements are stelé as electron candidates.

The identification criteria for each of the three electrondidate definitions is as follows.

e Loose: this basic selection uses EM shower shape informé&ton the second layer of
the EM calorimeter (lateral shower containment and showdth)yand energy leakage
into the hadronic calorimeters as discriminant variabldss set of requirements provides
high and uniform identification efficiency with a cost of lo@dkground rejection.

e Medium: this selection provides additional hadronic regctby evaluating the energy
deposit patterns in the first layer of the EM calorimeter ghewer width and the ratio of
the energy difference associated with the largest and gdeogest energy deposit over
the sum of these energies), track quality variables (nurabaits in the pixel and sili-
con trackers, the transverse impact parameter) and actust& matching variable\n
between the cluster and the track extrapolated to the fiyst laf the EM calorimeter).

e Tight: this selection further rejects charged hadrons awdrsdary electrons from con-
versions by fully exploiting the electron identificationtpotial of the ATLAS detector.
The tight selection adds/p (whereE is measured by the Electromagnetic Calorimeter
and the momentum measured by the Inner Detector), B-layer hit requiremendsthe
particle identification potential of the Transition Radbat Tracker through the number of
hits in the TRT, and on the ratio of high-threshold to theltotanber of hits in the TRT.
The tight selection has been adapted to take into accouabldis B-layer modules. If
the tight candidate electron crosses a disabled B-layeutapd is kept, where as it was
rejected in the previous definition of tight. As result of aderAn andAg distributions
observed in data than in Monte-Carlo due to at the time nobgétnal Calo-ID align-
ment, the new tight selection applies only the looser medimntut, while theAg cut is
removed from the selection.

For the full list of identification variables, and values afdeline selection cuts used for the
analysis of 2010 data, one should consult referelnce [6].
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Figure 7.1: Electron reconstruction and identificationcegficy for three identification criteria
as a function of the true electrgmr in W MC samples if\y= 1 TeV andmy= 1.5 TeV).
Efficiency is defined as a fraction of true electrons (origimafrom W’ decay) matched with
reconstructed electrons &R <0.1.

Electron identification in W’ search with 2010 data.Figure 7.1 shows reconstruction and
identification efficiency irmy,= 1 TeV +my,= 1.5 TeV MC samples for three different levels of
the electron identification, Loose, Medium and Tight as afiom of the electron truet . The
results are consistent with the ones presented in [6]. Omelzserve that efficiency predicted by
the simulation is increasing with respectmf , saturating around 95% for Loose and Medium
identification in thepy of interest. Further, identification efficiencies of LooseldMedium at
high pr are close. For these reasons, applying Loose identificatddfl search with 2010 data
is ruled out, since one can achieve similar signal efficieniti higher rejection power with
Medium.W andZ analysis have used Tight electron selection throughouttiae 2010([5[ 7]
to ensure high purity of the signal samples. The identificaéfficiency of the Tight selection
is, however,~20% lower (relatively) with respect to the Medium efficien@part from this,
applying the cut on the ratio of high threshold TRT hits over total number of TRT hits, will
not discriminate between pions and electrons and very mglgées. The transition radiation in
a given medium depends only on the Lorentz fagtet, E/m, and when pion energy becomes
high enough 200 GeV), there is no discriminating power between elestramd pions any
more[8]. FurthermoreE/p distribution is becoming increasingly difficult to modelr feery
high energy electrons due to the fact that the insufficientadge of the ID alignment affects
momentum measurement of high momentum tracks. Followirggaigumentation, Medium
requirement is chosen for the electron identificatiomih— ev search with 2010 data. The
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only remaining issue is the question of conversions, ansktieere suppressed by requiring B-
layer hit present if expected. The motivation for B-laydesgon requirement will be discussed
latter in the text.

ATLAS EGamma combined performance group performed thatinealibration of the
electromagnetic calorimeter and evaluation of linearitd @nergy resolution of the electron
reconstruction using — ee events[[9]. The study is initially performed only for two kim n
: for the barrel (| < 1.37) and endcups (82 < |n| < 2.47). Results fronZ — ee analysis are
used to derive energy scale corrections:

Eoorr = QTEG) (7.1)
with a = -0.0096 for the barrel and = 0.0189 for the endcaps. More refined analysis was
performed with full 2010 dataset, resulting in fingr granularity. The results are consistent
with previously stated, except for very high (>2.4) wheret5% is obtained for the correction
factor. However, electrons with such high were not used iW’ — ev analysis anyway.
Residual miscalibration are not yet understood and aregiglalue to a combination of several
effects like incorrect electronic calibration, incorréggh voltage correction in particular in the
end-cap, extra-material in front of the calorimeter, diéfece in the calorimeter and presampler
energy scale, difference in lateral leakage between datd/h The scale correctioa in this
thesis is applied only to data, but not to Monte Carlo samples

It should be noted that all calculations are performed usigrimeter cluster variables
for electron energy, transverse energy andand ¢ coordinates, with the exception of the
calculation ofmy distribution, where] andg are taken from the track.

7.1.2 Electron trigger

Electrons are triggered in the rangg <2.5 [9], where the EM calorimeter has a fine segmen-
tation in both the lateral and longitudinal directions oé tsthower. The trigger also uses the
information of the ID which provides precise track recoustion in the same range of pseu-
dorapidity. At Level 1 (L1) only calorimeter information thireduced granularity is used for
triggering purposes. The L1 cluster is used as seed for thel P€L2) trigger, which uses a fast
calorimeter and track reconstruction algorithm for thecetan trigger. The default calorime-
ter reconstruction works in a similar way as the offline alidpons described in the previous
subsection. The main difference to the offline is the clusesd finding step which is done
using the hottest cell in the second EM layer at L2 while indffitne reconstruction the sliding
window algorithm is used. Cluster building, calibratiordaciuster corrections are the same
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as in the offline reconstruction. At the Event Filter (EF)dethe same algorithms as for the
offline identification are used, except for bremsstrahlewpyery. As for the offline, at the EF
level the track reconstruction is started by hits in thecBii detectors and completed by TRT
standalone tracking.

During the data taking, two electron triggers were used.l&@rduminosity periods (from
A up to run 160530 of period E) the L1 trigg&dlEM_14 is used with a nominal threshold
Er >14 GeV, while for the remaining periods the high level trigge_e20_loose is used, with
a thresholder >20 GeV and loose electron requirement. Both triggers arelygfficient with
respect to the offline selection employed, with efficienc@®f- 1%. Among the triggers used
in theW’ analysis, only the first level (L1) was simulated, with a tasg efficiency of 100%

[a1].

7.1.3 Data and Monte Carlo Samples

Collision data. Data are collected from two streams: L1Calo stream (in psrid to D), and
EGamma stream (periods E to I). Further, luminosity bloaksraquired to satisfy the good
guality requirements as set by the data quality and prapargtoup. This can be summarized
as having all tracking (pixel, SCT and TRT) and calorimeteM( HEC, FCAL and TILE)
subdetectors and the electron trigger performing well thedolenoid operating at the nominal
current. The LHC beams must be stable and operate at 3.5 Tethaiuminosity calculations
must be reliable. The list of requirements used in the Goad IRst query are as follows:

e Runrange: 152844-167844

e Beam statuptag datal0_7TeV and lhc stablebeams true

e Data requirements: partition ATLAS and db DATA

e Detector related quality requirementsilgl, atlsol, lictp,
cp-eg-electron_endcap, cp-eg-electron_barrel, CP_MET_METCALO, L1CAL, TRELE
and lumi

e Database tagdetStatus-v03-passi-analysis-20101

Events with goodV’ — ev candidates are required to pass the triggers listed in fafile
The table gives the corresponding integrated luminositg&eh trigger period and the total for
the channel. The integrated luminosity satisfying GRLeci& summed over all datasets%:
=36.39 pb!, very close to the one in the muon search.

During the initial LHC data-taking periods (periods A to ©yesponding to about 17 nb
of data that pass good run list requirements), only a sulislee@Bunch Crossing ldentification
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Table 7.1: Triggers used to select dataWr— ev search, and corresponding integrated lumi-
nosities.

Run Run

periods numbers Trigger | Lt [pb~1 ]
D-E 158045-161948 L1_EM14 1.31
F-I 162347-167776 EF_e2Qloose 35.08
D-I 158045-167776 36.39

(BCID) algorithma was implemented, leading to a wrong assignment in case wiadat sig-
nals, and hence a potential loss of very higgh electron events. Additional BCID algorithms
were implemented for the majority of data and were shown tefi@ent even in case of satu-
rated signals. More details on this issue can be fourid in Rihlce the fraction of data affected
is very small, it has been decided not to include those ruosn(fL52844-158045) in the final
dataset.

At the beginning of 2010 data taking (periods A to D), a prablith LAr Calorimeter
occurred, where channel 0 from a Front End Board (FEB) wasnoitéen at the input of chan-
nel 63[12]. This has been known as a gain corruption probl&mstudy of the impact of the
gain corruption problem that affected some physics datavars-sample mode of Liquid Argon
Calorimeter is reported in [11](Appendix 1). The LAr gainiseting bug has an impact of less
than 1% on th&V’' — ev selection efficiency with 0.7 per mil uncertainty. More innfzmtly,
the reconstructed energy is systematically underestareatd is not likely to create fake high
energy candidates. Therefore it has been decided to keelataérom period D.

Monte Carlo samples. Monte Carlo samples used to simulate backgroundg/in—
ev/(W* — ev) search are listed in TalbleY.2. Signal samples are alréstéy in Tabl€s5]8,5.4.
Simulation framework is the same as the one explained ing¢hgos5.2.2, with background
samples generated and fully simulated in the ATLA®9 framework from the "May repro-
cessing”. Generated events are passed througdEthT-based simulation of ATLAS detector,
within Athena release 15.6.3.10, and then digitized and reconstructibd@lease 15.6.9.8 (re-
construction tage1302 or r1306). Dedicated samples f\&W — ev andZ — ee, reconstructed
within Athena release 15.6.10.4(388), are used to model effect of pileup. As for the muon
search all processes are normalized to the NNLO cross sscegcept dibosons normalized to
NLO and QCD were only LO are used. QCD is eventally estimateah fdata and not from the

4The Level 1 calorimeter trigger system has two functionsmeasure the amplitude of the signal from the
calorimeter trigger towers, and assign it to the correctthurrossing (in units of 25 ns). The latter is done with
BCID.
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simulation.

Table 7.2: Monte Carlo background samples. Sources forrtes<sections are discussed in
the text. Filtering efficiency is included in the cross seti

Run oB [pb]
Process number LO HO | Nevt [K] Lot [Pb71 ]
W — ev 106043 8938 10460 7000 670
W — v (|n:| < 2.8)) 106022 7804 9134 1000 109
W (200, 500) — ¢v 106604 8.90 10.42 60 5760
W (500 1500 — ¢v 105274 0.242 0.283 60 212000
W (15002500 — /v 105275 0.00079 0.00092 60| 6540000
Z — ee 106046 856 989 5300 5360
Z—T1T 106052 856 989 2000 2022
Z(250,400) — ee 105468 0.416 20 48100
Z(400,600) — ee 105469 0.0673 20 297000
Z(600,800) — ee 105470 0.0111 20| 1790000
Z(800,1000 — ee 105471 0.00274 20| 7290000
Z(100Q 1250 — ee 105472 0.000918 20| 21800000
Z(125Q01500 — ee 105473 0.000249 20| 80300000
tt — /X 105200 80.2 89.4 1000 8650
WWwW 105985 11.49 17.82 250 14000
WZ 105987 3.481 6.07 250 41200
77 105986 0.976 1.387 250 180000
11(8,17) 105009| 9860000000 1400 0.000142
1J(17,35) 105010| 673000000 1400 0.00208
1J(35,70) 105011 41200000 1400 0.0340
jJ(70,140) 105012 2190000 1400 0.639
(140,280 105013 87900 1400 15.1
11(280,560) 105014 2330 1400 601
1J(560,1120 105015 33.6 800 2360

Pileup, scaling and smearing.In order to account for additional pileup interactions, ded
icated MC samples with simulated minimum bias interactiousrlaid on top of the hard-
scattering events are used for main backgroWids ev andZ — ee. Events in these samples
are reweighted in a way that multiplicity of reconstructedtices in MC match the one in data,
as described in Section5.2.3. Event weights are listedlij) [lable 6, page 15.

In contrast to the muon channel, where final results are ddiairom non-pileup samples
with smearing calorimeter prbf Er ,inW' — ev analysisV — ev andZ — ee contributions

SIn W' — evanalysisZr is calculated from the topological clusters with local hadc calibration, equations
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are obtained from pileup samples. The reason for this chsi¢ging in the fact that it is
not straightforward to smear non-lepton partMaf_LocHadTopo, where most of the energy
is coming from the lepton itself. However, electron energgalution is improving with the
electron energy, and there are no tails in very mgheriginating from low mass sample. This
is illustrated in FigZ.R, wheney distributions obtained fro — pv andW — ev MC samples
are compared (after full selection, and after muon smeapmudied). Thus, statistics of pileup
W — ev sample is sufficient for the reliable estimate of the backgd The effect of pileup is
small in very highmy region[13], and it is neglected for high mass binned samgheksignal
samples.
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Figure 7.2:my distributions obtained frordV — v andW — ev MC samples, after full event
selection. The distributions are normalized to the sama&. are

Measurements of the electron identification efficiency itaddnow that it is significantly
lower than that predicted by the simulation. To account lfas,ta weight is applied to each
Monte Carlo event which is the product of twpdependent scaling factors: one provided by
the EGamma CP group group for the standard part of the efesttection[9], and an addi-
tional scaling factors computed specifically for ¥Wé analysis to account for specific electron
selections applied (calorimeter isolation, B-layer hitlampact parameter requirements). The
evaluation of additional scaling factors is studied elsengtand briefly described W’ support-
ing note [11](Appendix K.1). The values of the overall snglfactors along with corresponding
uncertainties are presented in Tablé7.3. The largestvelancertainty, found in the [-2.47,-
2.01]n range, is 3.2%.

No additional smearing is applied to the energy of recorstdielectrons in MC. Discrep-
ancy between data and MC is addressed later on, and treadgdtamatic uncertainties.

and5.B. Since electrons deposit all their energy in gericneter, electron momentum is not added to the
MET_LocHadTopo term.
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Table 7.3: Overall electron efficiency scaling factors fiffedentn bins.

n bin

[2.47,-2.01]

[2.01,-1.52]

[1.37,-0.8]

[-0.8,0]

scale factor

0.9364+ 0.030

0.982+ 0.028

0.968+ 0.026

0.982+ 0.025

n bin

[0,0.8]

[0.8,1.37]

[1.52,2.01]

[2.01,2.47]

scale factor

0.976+ 0.025

0.983+ 0.025

1.000+ 0.028

0.960+ 0.031

7.1.4 Preselection and Electron selection

The event preselection comprises of trigger requirememtex cut, andtr cleaning cuts. Ver-
tex cut andZr cleaning cuts are the same as describédin 5.3. The effica#tilog requirement
of electromagnetic fractior0.05 is higher then 99.9% foW’ signal.

Additionally, events are required to satisfy channel sipesklection criteria. Events are
required to have exactly one electron defined as follows:

e Electron is reconstructed with the standard egamma alfgoritelectron author 1 or 3”);

Electron candidate passes Medium identification;

In| < 2.47, excluding "crack” region B7 < |n| < 1.52;
Er > 25 GeV;
Electron cluster outside the bad regions defined below;

Track B-layer hit found if expected,;

|do| <1 mm and|zp| < 5 mm;

Electron candidate is matched to the trigger object.

HereEr ,n , andg are those of the EM cluster associated with the electron.

Due to the presence of bad regions in the Liquid Argon caletam a quality assessment
of the energy measurement is performed by excluding suagbredB,[14]. This cut is collo-
quially known as the "OTx” cut, and if the reconstructed &leas are located in one of these
problematic regions they are therefore ignored. The reatomsbehaving in LAr are due to
the high voltage or readout not working. The informationatiead OTx regions is taken from
the online LAr calorimeter monitoring system. This systemomdes separate two-dimensional
(n — @) histograms for each layer and calorimeter subdetectoidas A and C. The level of
detail of these histograms is very high, as required for mooimg purposes, with the granularity
of an individual cell. During the 2010 data taking the numbgedead regions were growing
and most of the luminosity foN’ search was taken with the calorimeter status of run 166479.
Due to negligible gain of using the full run dependence aldd for the OTx cuts, just the final
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one corresponding to run 166479, is applied to the full dathMC set. The loss of events
caused by the exclusion of such bad regions rather signifioarthe level 0~~5% per electron
for W — ev analysid[7]. An average acceptance loss for WgtlandW* signal is of about 8%.

After selecting exactly one electron defined as above, s\aetremoved if the electron has
2.40< |n| < 2.47 or it falls in the region-1.4 < n < 0 and 196 < @ < 2.15. The region with
240 < |n| < 2.47 is excluded because there are insufficient statisticsvatuate the trigger
board status, which was believed to be corrupted. It has been in calibration runs that a
correct bunch crossing identification cannot be ensurettdosverse energies above 350 GeV
for the 28 trigger towers in the regionl.4 < n < 0 and 196 < @ < 2.15 and events with
electrons in this region are also excluded.

NPT LA At aata s A A A A AR 7 3 3 —3
o F E o - y
3 i 1 S 100k E
S 10°F DATA = = TF DATA £
s F Runs 167680,167776 3 S .0 Runs 167680,167776 1
> 3 > 107 3
w10 E — Presel + no BL hit 3 w E — Presel + no BL hit 3
10 a -+ Presel + with BL hit B 102 < Presel + with BL hit _
10 - 10 E
T T S AL i A E ] e A Eutu | E

50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400
E; [GeV] m; [GeV]

(a) (b)

Figure 7.3:E7r (a) andmr (b) spectra for electron candidates passing preselectiihow and
with B-layer hit requirement applied. Distributions comerfi data, collected in the last two
runs, corresponding to about 8 ph.

As discussed later in section 7.2.1, several independéntass of the QCD background
determined that even after requiring Medium identificatisignificant fraction of QCD back-
ground remains in the data sample. Part of this backgrountesdrom photon conversions.
These electron candidates are expected to be isglatrd the events could have large missing
energy. In order to supress QCD background from isolatedophconversions, in addition to
the Medium identification, electron candidates are reguicehave hit in a B-layer, if this is
expected (taking into account dead B-layer modules). Tleetedf this requirement is demon-
strated in FigZI3 showing electrd®r andmy spectra in data with events passing full prese-
lection without, and with B-layer hit required. One can alsethat B-layer cut is removing
large fraction £37%) of events in the tail of these distributions. The efficieof the B-layer

6Electron isolation applied iW/' search requires small deposited energy arround electusteclin the
calorimeter. Similar isolation requirement is used for i€ AS direct photon cross section measurement.
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hit for high-Er electrons as a function of the electron true momentum is showid7.4. This
efficiency is expected to be well modeled by the simulatidme &ffect on the signal efficiency
is in range of 2-1.5% decreasing witff mass. B-layer cut is included in the preselection step,
and electron candidates failing this requirement are igghor

[y

Efficiency

0.8

0B un=(93.02 £ 0.17)%

0.4 Dedumes= (90.75+ 0.19)%

0.2-ATLAS —e— Robust Medium
[ Simulation —e— Robust Medium + BL cut

PR N AN BTN AN IS ISP IR B
O0 100 200 300 400 500 600 700 800 900

p, [GeV]

Figure 7.4: Electron reconstruction and identificatiorcedficy for Robust Medium and Robust
Medium identification with B-layer hit requirement appliedaddition, calculated as before
usingW’ MC samplemy,= 1 TeV.

In order to suppress electron candidates with the origiaviay from the interaction poH\t
electron candidates are required to have the position alanigeam axis (measured with respect
the position of the primary vertexdo| < 5 mm, and the transverse distance of closest approach
(also measured with respect to the same distance of the nyriveatex) |do| <1 mm. These
requirement are harmonized with the muon selection reoargs.

The "trigger-matching” cut ensures that the electron tlgstthe event, is the one that
actually fired the trigger. As for the muon selection, electrare required to haviRig < 0.1,
whereARyig is then - ¢ distance between the reconstructed electron and the heasssng
trigger object.

7.1.5 Electron channel specific cuts: Calorimeter isolatio and Et /Et

The above requirements define the electron channel préseléat leave a significant amount
of QCD background whose level is rather uncertain. Everr aftposingFr >25 GeV cut,
the amount of QCD is still high, especially in highy region above 100 GeV. To reduce this
background additional requirements are imposed:

"Produced ircc andbb processes for example.
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e the electron cluster is required to be isolated from otherggndepositions in the calorime-
ter, and

e theFt inthe eventis required to be balanced (in magnitude) wigrellctrorer .

The isolation energy is measured using the calorimeteswese energy in a coldRk < 0.4
which simply sums all calorimeter energy in a cone minus thergy in the electron cluster
(5x7 cells in the barrel and>5 cells in the endcap), and makes an additional correction fo
leakage of the electron energy into the surrounding ismiategion. This leakage effect has
been observed both in data and in Monte CarloAthena release 15, the leakage correction
has been taken from the Monte Carlo estimates, and this isceegh to be replaced by the
data-driven estimation for the analysis of 2011 data.

The isolation energy is required to be below a fixed threshold

Z Er <10 GeV (7.2)

The advantage of this corrected variable is that one can#&auggle cut which provides good
discrimination against background for a fixed signal efficieover a wide range of electron
Er . The other possibility is to apply the same isolation as eartiuon channel using sum of
momentum of tracks around electron track (normalized teetbetron transverse energy). The
distributions of calorimeter energy, and relative traeséd isolation, plotted after preselection,
are shown in Fig715. One can observe, that the effect of théwve track isolation (with the
same cut of 0.05 as in the muon analysis) is similar (if nondvigher) against QCD back-
ground than calorimeter isolation. However, the effecthaf track isolation on the tail ofiy
distribution is not as powerful as calorimeter isolatiorhisTis demonstrated in Fig?7.6, where
my distributions are shown for events passing calorimeterteauk isolation receptively. Data
to MC ratio is significantly worse in the broad range of high+egion 100 GeV< mr <250
GeV for the events that pass track isolation with respedbéaiie same distribution of events
passing calorimeter isolation. Also, more events in datanf®QCD dominated lowmy region

< mr <50 GeV Iif track isolation is used. These results indicatear@€D contamination if
the track isolation is used instead of calorimeter isofatiGurthermore, the approach based
on summing momentum of charged tracks measured by the IDtisemsitive to any energy
from neutral particles. On the other side the distributibnadorimeter energy in Monte Carlo
is shifted with respect to the data, with the shapes quiteélairfor both distributions. The
observed shift is most likely related to the noise and/oss1talk in the calorimeter not being
modeled quite correctly. The effect of this shift is expécte be small, for a conservatively
chosen cut on the value of calorimeter isolation.
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Figure 7.5: Calorimeter isolation (a) and relative trackasion (b) in data and MC events after
preselection. QCD is estimated from simulation, with creesstions arbitrarely scaled by 0.5 in
order MC to match the data in the region where QCD should dataiaver other backgrounds.
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Figure 7.6: Transverse mass distributions in data and Mé& afieselection and calorimeter
isolationy Er < 10 GeV (a) and track isolatianp'f*/Et (e) <0.05 (b). QCD is estimated from
simulation, with cross sections arbitrarily scaled by ®®ider MC to match the data in the
region where QCD should dominate.

Figurel Z.Y shows the distributions of calorimeter isolatrariable in data, obtained for dif-
ferent electrorEr bins (the bins were chosen according to the available ststis the whole
2010 data sample). For this distribution, the selectiomglsiéned, in the way that electrons are
required to pass Tight identification, and events are requio havelzt >35 GeV. These re-
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quirements insure that the selected events contain maumyytisolated electrons, originating
from W/Z processes. This figure demonstrates that calorimetettisoles largely indepen-
dent of the electroffet for true isolated electrons. However, some bias towardsHewelec-
trons may be present, since the fraction of events thatdgilirement 72, is increasing from
(1.24+0.06)%, for the lowesET bin, (3.19£0.34)%, for the medium, and (5t8.2)% for the
highestEr bin. The discrepancy between data and simulation distabus attributed to the
leakge of energy in the surrounding cone, and systematiertaioty is evaluted and presented
in the next Section (consistuting one of the dominant siggatematic uncertainty for higher
masses).

—o- 30 GeV <E.<40 GeV

entries / 3 GeV

21 —
10°E ~e-50 GeV <E,<60 GeV -
- - 70 GeV <E <80 GeV |

10 Tight electrons

EMs>35 GeV

LU L

0 10 20 30 20 50
5 E; [GeV]

—

10t

Figure 7.7: Calorimeter isolation shapes, obtained afiesgdection, but with electrons passing
Tight identification, plugr > 35 GeV. Figure shows a comparison in data in tHegebins.
The distributions are normalized to the same area.

One of the initial motivations for track-based isolatiomigales was that it would likely be
less sensitive to pileup. The effect of pileup on calorimeteergy around electron/photon can-
didate has been intensively investigated in the singlaisdiphoton cross section measurement[15].
For this analysis, a single correction for the energy in sodation region both from the under-
lying event and from pileup is derived. It has been shown thateffect of the underlying
event is a shift in the isolation distribution of about 0.5\Gand the shift due to pileup is about
1 GeV when the number of reconstructed vertices is increiaste: event from 1 to 4. Given
the distribution of vertices in the 2010 data (cf. Eigl5#h)s is a rather small effect and can
be ignored if the cut on isolation is chosen a bit consereatiollowing this argumentation,
for W' analysis a cut of 10 GeV rather than 8 GeV used for photon @estton measurement
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has been imposed. This slightly more conservative cut tiaerréttle effect on the remaining
QCD background. Signal efficiency for the calorimeter ifolacut is still high, 97%-96%,
decreasing with mass.

Even after isolation requrement, contamination from QC®ins high, especially in high-
mr events. This can be demonstrated by looking for examglg atEr distribution. Since the
W has a relatively small transverse momentum (the same hal@é'}, theEr / Et distribution
is expected to peak around unity and to take low values irt eijents where th&y largely
comes from the mismeasurement of one of the jets. This istilited in Fig7l8, that shows
Fr / Er indata and MC for events passing all selection critera wfiolg isolation requirement
andEr >25 GeV. First distribution is plotted in events with lows (<40 GeV), where QCD
obviously dominates. The other distribution is plottedvems with highmr (>100 GeV). The
same distribution is obtained for the muon channe[, Figh}R6t is obvious that contamination
from QCD is still high, and that QCD should be estimated uslatp-driven techniques, and
not from the simulation.

A selection requirement:

Er /Er > 0.6 (7.3)

suppresses a large fraction of QCD background while staygngefficient on both thev — ev
andW’ — ev events. The efficiency oW’ — ev samples is above 97%, as shown in the cuflow

tableE7.b.

U) T ‘ T T T ﬂ 3007 T T T L L T T T ‘ L L ‘ L
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Figure 7.8:Fr /ET in events withmy <40 GeV (a) andnr >100 GeV (b). Events pass all
selection cuts including calorimeter isolation &g >25 GeV.
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The selection requirement is chosen to be asymmetric irr dod@maximize selection effi-
ciency, since contamination on highr events from QCD with hightr / Er is small. The
effect of this selection requirement on electibn andmy spectra in data is illustrated in Eig¥.9.
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Figure 7.9:E7 (a) andmy (b) distribution in data without and witky /Et > 0.6 selection
requirement applied. Events pass all other selectionrizite

7.1.6 Initial results

The cut flow for the sample of collision data correspondingntegrated luminosity of 36.39
pb~! is presented in Table7.4. The cut flows for used Monte Carltpées are presented after
that in Tables 7]6,716, and 7.7. One important note for thdlow from simulated samples,
is that the efficiency corrections presented in the sulme@&i3.1 and listed in Table 7.3, are
applied together with the ciiy | <2.4.

As in the muon analysis, events that would come fin— Tv process, where-lepton
would decay into a electron and corresponding neutrinesfiléered out before event selection
is applied. This contribution to the signal is completelgoged.

Table[Z.8 shows the number of observed and expected numbegenfs after all selection
criteria, and after a serie ofiy-threshold cuts. No excess above expectation provideddy th
Standard Model is observed. This conclusion is furtheideaéd by comparing data and simu-
lated distributions shown in Hig7.1.6. As in the muon chéarthere is a difference between data
and MC aroundV-peak, but the agreement is much better on the tail ofrthédistribution. As
stressed before, QCD contribution has to be replaced byateedtiven estimate, but this con-
tribution is expected to be small after all imposed cuts, @otdo change this conclusion. Table
[7.9 gives selection efficiencies fdf andW* for masses in range 500-1750 GeV. No additional
corrections, except efficiency correction from section®B.8re applied. Finally Tallle7110 gives
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Table 7.4: Cut flow of events in collision data f&f — ev search. In brackets, relative effi-

ciency of a selection requirement with respect to previegsirement is given.

Selection requirement Number of eventsgg)
GRL 181293024
Preselection 17308998
egamma candidate 16699880 (96.4%)

INa| < 2.47, no crack
Er > 25 GeV
Medim identification
B-layer hit
OTx

Impact par. cuts

Trigger Match

Exactly one electron
|ncl| <24
Exclude 1.4 < ng <0and 196 < @ < 2.15)

Isolation

Fr > 25 GeV

Fr/Er > 0.6

16412343 (98.3%)
5909856 (36.0%)
1044434 (17.7%)
639043 (61.2%)
598190 (93.6%)
569702 (95.2%)
569353 (99.9%)
561448 (98.6%)
547960 (97.6%)
541430 (98.8%)
386670 (71.4%)
119650 (30.9%)
113570 (94.9%)

the list of 24 events passing all selection cuts ard>250 GeV, with the highestr event of

603 GeV bolded. The event display of this event is presemt&igiz 11 .
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1ZA"

MC sample

W (500 GeV)

W (750 GeV)

W (1000 GeV)

W/(1250 GeV)

W/ (1500 GeV)

W/(1750 GeV)

Generator cut
Trigger
Vertex cut
Jet cleaning
egamma candidate
[N | <247
Exclude crack
Er > 25 GeV
Medium
B-layer
OTx
Impact par. cuts
Trigger Match
Exactly one electron
[na| <24
Exclude (1.4 < ng <0and 196 < @y < 2.15)
Isolation
Fr > 25 GeV
Fr/Etr > 0.6

0.3319+:0.0023
0.9512+0.0023
0.9866+0.0023
0.9992+0.0023
0.9937-0.0023
0.9976+0.0023
0.9693+0.0022
0.9723t0.0021
0.934Gt0.0021
0.9794+0.0021
0.916A#-0.0020
0.9994+0.0020
0.9994+0.0020
0.9994+0.0020
0.9719:0.0020
0.9846+0.0020
0.9765t0.0020
0.9972+:0.0019
0.9681-0.0019

0.334%0.0024
0.97020.0023
0.98630.0023
0.999%0.0023
0.9949-0.0023
0.998%0.0023
0.97530.0022
0.97420.0022
0.93420.0021
0.9842:0.0021
0.909%0.0020
0.9996:0.0020
0.998&0.0020
0.9996:0.0020
0.973&0.0020
0.98730.0020
0.968%0.0020
0.9984:0.0020
0.97920.0020

0.33430.0024
0.974%0.0023
0.98740.0023
0.9992:0.0023
0.9962:0.0023
0.998&0.0023
0.9762120.0022
0.978&0.0021
0.937#0.0021
0.98530.0021
0.91320.0020
1.0008:0.0020
0.99820.0020
0.9996:0.0020
0.973&0.0020
0.98520.0021
0.9644:0.0020
0.998&0.0020
0.98520.0020

0.33420.0029
0.97110.0028
0.98630.0028
0.99930.0028
0.99820.0028
0.99820.0028
0.977%0.0028
0.97980.0028
0.93320.0027
0.98520.0026
0.91320.0025
1.0008:0.0025
0.99910.0025
0.99920.0025
0.974%0.0025
0.9826:0.0024
0.9746:0.0024
0.9984:0.0024
0.98770.0024

0.33180.0033
0.9744:0.0033
0.98740.0033
0.9992:0.0033
0.9956:0.0033
0.998%0.0033
0.980&-0.0032
0.97610.0032
0.936&0.0032
0.98830.0032
0.9104:0.0031
0.99920.0030
0.9984:0.0029
0.9994:0.0029
0.973&0.0029
0.986&0.0028
0.96120.0028
0.998%0.0028
0.99030.0028

0.33620.0034
0.971€0.0033
0.98740.0033
0.9954:0.0033
0.995@0.0033
0.998%0.0033
0.977%0.0032
0.9792:0.0031
0.936%0.0030
0.98720.0029
0.91520.0029
0.99920.0029
0.99930.0029
0.9996:0.0029

0.97440.0.0029

0.97440.0028
0.96280.0028
0.9984:0.0028
0.988%9-0.0028

Overall

0.2195+0.0019

0.22980.0020

0.23480.0020

0.234%£0.0024

0.2322:0.0028

0.237%0.0028

MC sample

W* (500 GeV)

W (750 GeV)

W* (1000 GeV)

W' (1250 GeV)

W* (1500 GeV)

W' (1750 GeV)

Trigger
Vertex cut
Jet cleaning
egamma candidate
[na| < 2.47
Exclude 137 < |ng| < 1.52
Er > 25 GeV
Medium
B-layer
OTx
Impact par. cuts
Trigger Match
Exactly one electron
[Nl <24
Exclude 1.4 < ng <0and 196 < @y < 2.15)
Isolation
Fr > 25 GeV
Fr/Et > 0.6

0.9930+ 0.0070
0.9861+ 0.0070
0.9997+ 0.0070
0.9901+ 0.0070
0.9966-+ 0.0069
0.9600- 0.0068
0.9739+ 0.0067
0.9508+ 0.0066
0.9748+ 0.0065
0.9096-+ 0.0062
0.9995-+ 0.0062
0.9995+ 0.0062
0.9999+ 0.0062
0.9651+ 0.0061
0.9888+ 0.0060
0.9857+ 0.0060
0.9976+ 0.0060
0.9932+ 0.0060

0.9942:0.0023
0.98630.0023
0.999%0.0023
0.993%0.0023
0.99620.0023
0.95820.0022
0.9722:0.0021
0.952%0.0021
0.978:0.0021
0.91510.0020
0.99950.0020
0.99980.0020
0.9992:0.0020
0.9652:0.0020
0.9884:0.0020
0.9814:0.0020
0.999%0.0020
0.997€0.0020

0.99630.0023
0.9861:0.0023
0.9994:0.0023
0.9936:0.0023
0.997%0.0023
0.9564:0.0022
0.974%0.0021
0.9514:0.0021
0.981:0.0021
0.913&0.0020
0.99980.0020
0.99930.0020
0.99980.0020
0.969€0.0020
0.98810.0020
0.9826-0.0020
0.99980.0020
0.99830.0020

0.996&40.0023
0.986&0.0023
0.9994:0.0023
0.9946-0.0023
0.99780.0023
0.955&0.0022
0.97280.0021
0.9584:0.0021
0.9802:0.0021
0.915&0.0020
0.99970.0020
0.999%0.0020
0.9994:0.0020
0.970€0.0020
0.98930.0020
0.978%0.0020
1.000&:0.0020
0.9994:0.0020

0.9972:0.0023
0.98630.0023
0.9992:0.0023
0.99430.0023
0.99720.0023
0.95530.0022
0.9704:0.0021
0.9564:0.0021
0.98230.0021
0.913&0.0020
0.99980.0020
0.999%0.0020
0.999%0.0020
0.968%0.0020
0.987&0.0020
0.976%0.0020
1.000€:0.0020
0.9992:0.0020

0.9982:0.0023
0.9861:0.0023
0.9994:0.0023
0.9949-0.0023
0.99780.0023
0.9504:0.0022
0.97330.0021
0.954&0.0021
0.9826:0.0021
0.982&:0.0020
0.918%0.0020
1.000&:0.0020
0.9994:0.0020
0.99970.0020
0.970%0.0020
0.9882:0.0020
0.973%0.0020
1.0008:0.0020

Overall

0.7111+ 0.0060

0.71990.0019

0.725%0.0019

0.73060.0019

0.7232:0.0019

0.7256:0.0019
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G/.1

W — ev

W — 1V

W200M500

W500M1500

W1500M2500

Generator cut*
Trigger
Vertex cut
Jet cleaning
egamma cand.
MCI | <247
Exclude crack
Er > 25 GeV
Medium
B-layer

OTx
Impact par. cuts
Trigger Match
Exactly one electron
Na| <24
Excluden-¢
Isolation
Fr > 25 GeV
ET/ET > 0.6

0.99977-0.0015
0.6498:0.0011
0.9861-0.0019
0.9996+0.0019
0.9802+0.0019
0.9918:0.0019
0.9689+:0.0019
0.7724+0.0016
0.9133t0.0021
0.9531-0.0023
0.9224+0.0023
0.9918t0.0025
0.9910£0.0025
0.9999+0.0025
0.9565+0.0024
0.9892+0.0026
0.9945t0.0026
0.8521+0.0023
0.9561-0.0027

0.999%0.0015
0.1502:0.0004
0.985%0.0038
0.9994:0.0039
0.9612:0.0038
0.993@0.0039
0.980&:0.0039
0.40610.0021
0.7124:0.0049
0.950&0.0072
0.927%0.0072
0.9992:0.0079
0.988%0.0079
0.999&0.0080
0.9562:0.0077
0.9891:0.0081
0.9978:0.0082
0.6252:0.0059
0.976%0.0102

1.000€:0.0058
0.5296:0.0037
0.98610.0079
0.9974:0.0080
0.97940.0079
0.99630.0081
0.9644:0.0079
0.85620.0074
0.671%0.0067
0.965&0.0106
0.91830.0104
0.99920.0116
0.99830.0115
0.999%0.0116
0.968%0.0113
0.9861:0.0116
0.9816:0.0117
0.9814:0.0118
0.957%0.0117

1.000&:0.0058
0.64180.0042
0.98630.0071
0.995%0.0072
0.9852:0.0072
0.99960.0073
0.974%0.0072
0.9072:0.0069
0.605%0.0054
0.972%0.0098
0.9132:0.0095
0.99920.0106
0.998%0.0106
0.9994:0.0106
0.9736:0.0104
0.98480.0107
0.96630.0106
0.99460.0110
0.976&0.0109

1.000&:0.0058
0.701%0.0045
0.985%0.0068
0.9926:0.0069
0.986&:0.0069
0.99930.0070
0.98230.0069
0.9298:0.0067
0.58530.0050
0.95230.0093
0.91290.0092
0.99920.0103
0.99820.0103
0.99930.0103
0.97520.0101
0.984%0.0103
0.945%0.0101
0.99810.0108
0.990€:0.0108

Overall

0.2812+0.0006

0.020%0.0002

0.2195%0.0021

0.264&0.0024

0.2814:0.0025

Z— ee

Z— 1T

Zee250M400

Zee400M600

Ze600M800

Ze800M1000

Ze1000M1250

Zee1250M1500

Generator cut*
Trigger
Vertex cut
Jet cleaning
egamma cand.
MCI | <247
Exclude crack
Er > 25 GeV
Medium
B-layer

OTx
Impact par. cuts
Trigger Match
Exactly one electron
Na| <24
Excluden - @
Isolation
Fr > 25 GeV
Fr/Er > 0.6

0.9994+0.0014
0.838G:0.0012
0.9867-0.0015
0.9995+0.0016
0.9925t0.0016
0.9957-0.0016
0.9856+0.0016
0.8562+0.0014
0.9563t:0.0017
0.9718:0.0017
0.9536+0.0017
0.9967-0.0018
0.9952+0.0018
0.6157-0.0013
0.95170.0022
0.9881-0.0024
0.9935+0.0024
0.0266+0.0003
0.6941+0.0113

1.0008:0.0010
0.2962:0.0005
0.9862:0.0019
0.9861:0.0019
0.95420.0019
0.995%0.0020
0.9856:0.0019
0.4091:0.0011
0.2922:0.0013
0.899@-0.0053
0.927%0.0057
0.9992:0.0063
0.9882-0.0063
0.9896:0.0063
0.95580.0062
0.9896:0.0065
0.9924:0.0065
0.286%0.0028
0.9474:0.0118

1.0008:0.0100
0.988(:0.0099
0.986&0.0100
0.999%0.0101
0.99720.0101
0.9992:0.0101
0.9896:0.0101
0.983%0.0101
0.97430.0101
0.9884:0.0103
0.961%0.0102
1.000€:0.0107
0.99820.0107
0.50410.0066
0.9662-0.0147
0.9826:0.0151
0.98180.0152
0.092€:0.0035
0.2561:0.0206

1.0008:0.0100
0.993%0.0100
0.98620.0099
0.9992:0.0101
0.998%0.0101
0.99970.0101
0.99220.0101
0.99190.0101
0.9802:0.0100
0.9934:0.0102
0.966%0.0101
1.000€:0.0105
0.999%0.0105
0.4424:0.0059
0.96830.0154
0.984&-0.0159
0.978%0.0159
0.1514:0.0048
0.17290.0134

1.0008:0.0100
0.994%0.0100
0.9872:0.0099
0.9996-0.0101
0.99820.0101
0.99970.0101
0.995€:0.0101
0.995%0.0101
0.984&-0.0100
0.99320.0102
0.967&0.0100
1.000&:0.0104
0.99970.0104
0.40810.0056
0.970%0.0160
0.98320.0164
0.97160.0164
0.203%0.0059
0.14620.0109

1.0008:0.0100
0.99530.0100
0.9872:0.0099
0.998&0.0101
0.99910.0101
0.99920.0101
0.996€:0.0101
0.9952:0.0101
0.9864:0.0100
0.9941:0.0102
0.9712:0.0100
0.9992:0.0104
0.999%0.0104
0.3842:0.0054
0.971%0.0164
0.9836:0.0168
0.9681:0.0167
0.26010.0071
0.1134:0.0086

1.0008:0.0100
0.9944:0.0100
0.98730.0099
0.9992:0.0101
0.99920.0101
0.99980.0101
0.9962:0.0101
0.9962:0.0101
0.987%0.0100
0.9942-0.0102
0.971%0.0100
1.000€:0.0104
0.9996:0.0104
0.364&0.0052
0.9721:0.0168
0.980%0.0172
0.962%0.0171
0.30520.0080
0.10580.0079

1.0008:0.0100
0.99330.0100
0.98730.0099
0.99910.0101
0.9994:0.0101
0.99970.0101
0.99640.0101
0.99630.0101
0.987%0.0100
0.996€0.0102
0.9722:0.0100
1.000€:0.0104
0.99920.0104
0.3592:0.0051
0.97160.0169
0.98020.0173
0.9626-0.0172
0.3572:0.0089
0.0962:0.0069

Overall

0.0064£0.0001

0.006€:0.0001

0.009%0.0007

0.00980.0007

0.0104:0.0007

0.009%0.0007

0.010&-0.0007

0.010%0.0007
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9.1

tt

Ww

wz

Y4

Trigger
Vertex cut
Jet cleaning
egamma cand.

Ina| <247
Exclude crack
Er > 25 GeV
Medium
B-layer
OTx
Impact par. cuts
Trigger Match
Exactly one electron

0.8822+:0.0013
0.9870£0.0015
0.9927#-0.0015
0.9997-0.0015
0.9999+0.0015
0.9994+0.0015
0.740G:0.0012
0.3899+:0.0009
0.9650£0.0028
0.922'#-0.0027
0.9999:0.0030
0.9928t0.0030
0.9626+0.0029

0.64040.0021
0.9874:0.0035
0.9961:0.0036
0.99080.0036
0.9982:0.0036
0.98930.0036
0.7004:0.0028
0.70110.0034
0.960%0.0050
0.92130.0050
1.0008:0.0055
0.9932:0.0055
0.96920.0054

0.6374:0.0020
0.986%0.0035
0.9952:0.0036
0.9924:0.0036
0.9986:0.0036
0.990%0.0036
0.71210.0028
0.6826:0.0032
0.96530.0050
0.9302:0.0050
1.0008:0.0055
0.9944:0.0054
0.8694:0.0049

0.65980.0022
0.9874:0.0036
0.9951:0.0036
0.994%0.0036
0.998&0.0036
0.99430.0036
0.72510.0029
0.649%0.0031
0.97460.0052
0.9484:0.0052
1.0008:0.0055
0.9962:0.0055
0.64960.0041

na| <24 0.9728t0.0030 0.963&0.0055 0.963%0.0057 0.960&0.0067
Excluden - ¢ 0.9856+0.0031 0.98720.0057 0.9881:0.0059 0.987%0.0070
Isolation 0.9256+0.0030 0.980&-0.0057 0.97980.0059 0.96830.0069
Fr > 25 GeV 0.8432:0.0029 0.788&0.0049 0.67420.0046 0.32310.0033
Fr/Er > 0.6 0.8152+0.0031 0.83570.0058 0.8364:0.0065 0.80730.0108
Overall 0.1292+0.0004 0.1584:0.0009 0.12120.0007 0.04310.0004
Jo Jl J2 J3 J4 J5 J6
Trigger 0.000085-0.000009  0.00931L0.00009 0.177€0.0004 0.735%0.0010 0.989€:0.0011 0.99920.0012 0.999-0.0012
Vertex cut 0.99+0.14 0.99:0.013 0.98#0.003 0.98#0.001 0.98#0.0012 0.987€0.0012 0.98630.0012
Jet cleaning 1.00+£0.15 0.99:0.014 0.998:0.003 0.999-0.001 0.9980.001 0.9980.001 0.9980.001
egamma cand. 0.63+0.10 0.84:0.012 0.9720.003 0.99#0.001 0.999-:0.001 0.999-0.001 1.006-0.001
[na| < 2.47 1.00+£0.18 0.994:-0.015 0.99%0.003 0.999:0.001 0.999-0.001 0.999-0.001 1.006:0.001
Exclude crack 0.98+0.18 0.99:0.015 0.99%0.003 0.996:0.0014 0.9980.0012 0.9994:0.0012 0.9996:0.0012
Er > 25 GeV - 0.0665+0.0028 0.22:0.001 0.548-0.001 0.9210.001 0.996-0.001 0.992:0.001
Medium - 0.03A0.008 0.021#0.0007 0.006:0.0001 0.004:0.0006 0.0044:0.0006 0.0044:0.0006
B-layer - 0.55+0.20 0.595:0.03 0.63:0.017 0.602-0.0140 0.6410.014 0.6410.014
OTx - 1.00+£0.40 0.906:-0.06 0.927%0.028 0.9130.023 0.9150.021 0.92-0.02
Impact par cuts - 1.00+0.43 0.982:0.06 0.9870.03 0.992:0.027 0.99#0.023 0.99#0.023
Trigger Match - 1.00£0.42 0.9870.06 0.9720.03 0.987%0.027 0.986:0.02 0.9880.024
Exactly one electron - 1.00£0.43 1.0@:0.06 1.0@0.04 0.997%0.027 0.999-0.024 0.9992-0.024
[na| <24 - 0.89+0.39 0.934:0.06 0.9410.031 0.944-0.026 0.965-0.023 0.920.02
Excluden - ¢ - 1.0+£0.45 0.982:0.06 0.982-0.033 0.982-0.028 0.9880.024 0.985:0.024
Isolation - 0.80+0.39 0.644-0.045 0.295:0.014 0.18:0.010 0.134:0.007 0.106-0.006
Er > 25 GeV - 0.123+0.133 0.01%0.007 0.0670.012 0.206:0.023 0.404:0.036 0.6520.058
Fr/Er > 0.6 - 1.00+0.446 0.838:0.516 0.66#0.17 0.406:0.078 0.516-0.066 0.663-0.0689
Overall - 0.0000010.000001  0.0000040.000002  0.000020.000003  0.000080.000004  0.0000#0.000007  0.000%0.00001
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Figure 7.10: Uncorrected , @, Et , Er andmy distributions after all selection criteria applied.
MC is normalized using theoretical cross sections, as exguian the text. Yellow uncertainty
band is statistical only.
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Table 7.8: Number of observed events in data, and expectetheruof events obtained from
background antlV’ signal MC samples normalized to the integrated luminodity4:=36.39

pb~1 . Highest-order available cross sections are used for sagthbackground calculation,
expect for QCD where LO cross sections are used. The laspsixnns give the number of
selected events after the indicateg cut is applied. Quoted uncertainties are statistical only.

Fr > my > my > my > my > my > my >
25 GeV 250 GeV 375 GeV 500 GeV 625 GeV 750 GeV 875 GeV
Data 113570 24 6 1 0 0 0
SM BG 154329+ 22.95£0.13 4.50:0.05 1.310.02 0.48+-0.01 0.202+ 0.003 0.09+-0.01
13200
W — lv 127082t | 18.624+0.09 3.914+0.03 1.145:0.004 0.439-0.002 0.184-0.002 0.082+0.001
271
Z— 00 339.44+6 | 0.2040.02 0.04+-0.01 0.032-0.000 0.00H 0.000 0.000:0.000 0.000k 0.000
tt 418.0741 | 3.17+0.10 0.35:-0.03 0.058:-0.014 0.022-0.009 0.003:0.003 0.000+ 0.000
diboson 125.55-1 | 0.96+0.01 0.20+0.01 0.065-0.003 0.020: 0.001 0.014+-0.001 0.008t 0.001
QCD 26363t 0.001:0.01 0.003%0.01 0.0014+0.01 0.001:0.01 0.004+0.01 0.001-0.01
13180
W' (500) 413.4:-3.6 349+3.4 -
W' (750) 80.0+:0.9 - 65.8+-0.8
W'(1000) | 21.44+0.18 - 17.1140.15 - -
W’(1250) | 6.66+0.06 - - 5.23+0.05 -
W’(1500) | 2.24+0.03 - - - 1.71+0.03 -
W’(1750) | 0.844+0.01 - - - 0.59+0.01

Table 7.9: Event selection efficiencies after all eventdela criteria and theny threshold
equal to half of eachV’ mass. Results are shown for b&tH — ev andW* — ev. Correction
for reconstruction and identification efficiency is accadhtor. The numbers in brackets rep-
resent signal efficiency oV — tv process, which is latter ignored in the limit calculations.
Uncertainties are statistical only.

mass

[GeV ]

MC
gsig

W' — ev

W — 1Vv)

W* — ev

500
750
1000
1250
1500
1750

0.552+ 0.007
0.5624 0.007
0.5664 0.007
0.5554 0.009
0.530+ 0.009
0.513+ 0.009

(0.0262: 0.0013)
(0.025H- 0.0011)
(0.0242+ 0.0012)
(0.0233- 0.0014)
(0.0196: 0.0014)
(0.0172: 0.0013)

0.538t 0.006
0.531 0.006
0.530t 0.006
0.522+ 0.006
0.512t 0.006
0.513t 0.007
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Table 7.10: List of highar events in data, with event characteristics. Event with &sgimy is
bolded.

Run LB Event| my [GeV] Er [GeV] FEr [GeV] n(e o(e)
166786 402 49548855 316 121 229 -1.2917 -0.0469
166924 108 1727249F 293 134 160 -0.5027 0.1853
167575 126 471786 282 146 145 0.0280 0.5482
167576 30 11271957 256 143 117 1.7069 -0.8895
167607 143 22186813 321 166 154 0.2267 -2.8507
161562 99 8282256 459 234 231 1.0622 2.2908
165703 127 7271146 416 203 215 0.5845 -0.2977
165815 132 6783958 603 297 305 0.5372 2.6498
167607 233 56120162 350 128 230 1.1610 2.6356
167680 138 38705912 255 133 127 0.5549 1.1737
167776 170 19531226 322 157 165 -1.9230 1.3356
166198 385 11294016[L 306 194 122 2.2866 2.2086
166786 478 76810778 326 100 264 -1.7757 -2.8501
166924 63 2756402 265 129 135 1.1945 2.1461
167576 19 6835477 477 238 237 -0.2631 1.7251
167607 204 45730121 392 201 192 0.3399 -1.0710
167661 392 9583287 333 154 174 -0.9918 2.3694
167776 149 11110375 284 124 163 1.5268 -2.8168
167776 515 17806013D 338 141 205 0.88332 -0.5391
162347 199 16042786 330 163 166 0.76430 -0.2066
165632 276 21730061 256 126 129 -0.1673 1.9471
167576 285 13301310 315 156 158 1.1946 0.17120
167607 125 15488544 435 190 244 1.9444  3.1084
167776 189 27115224 312 154 157 -2.2902 -2.9850

7.2 Background estimation, corrections and uncertainties

7.2.1 QCD background estimation from data

ForW’ — ev search, several technigues have been used to estimate @Efrdnand from data.
These techniques described in detalWh supporting note[[11] have been performed by other
contributors to the analysis with 2010 data. Briefly, thesdhiques are the following.

e The first technique, referred to as the "Inverted Electrohtdghnique uses the fact that
the kinematic distributions from QCD background are theesaon very similar, for jets
that fail the Medium identification cut but pass the Loosatdeation as they are for jets
that pass the Medium identification. Thus the kinematiaitstions as a function dEy
, Bt , andmy are determined from this reverse electron ID sample. Thmalization is
then determined by fitting these distributions with/Z andtt backgrounds accounted
for.
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Figure 7.11: Event display of the event with the highegt(603 GeV) in 2010 dataset. Event
passes alV' — ev selection criteria.

e The second technique, which is referred to as the "ABCD teglai, assumes that
calorimeter isolation (defined in section 6.1.5) is undatesl with Er for the QCD
background. This is illustrated in Eig7]12, with A, B, C anddyions labeled. Region
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D is the signal regionBr > 25 GeV,E!® <10 GeV), and QCD contamination in this

region is estimated as follows:
Na
= — X
Ng
HereNa andNg are the total numbers of events in regions A and B, ldxds the number

Np Nc (7.4)

of events in region C corrected fav/Z andtt contamination.

e The third technique, referred to as the "Calorimeter Isofaffemplate” method, uses
again calorimeter isolation to estimate the backgrounterfinal signal sample based on
the number of events which fail the isolation cut. The sigeaiplate, i.e. the distribution
of isolation for isolated electrons, is taken from a samp/cevents with the cut ofr
tightened tozt > 35 GeV to produce a very clean sample. Signal and backgrams t
plates are fit to the observed isolation distribution toreate the background contribution
passing all selection cuts.

e The fourth technique, the "Matrix method” depends on thenitéin of two sets of elec-
tron identification criteria: Medium, corresponding to sedection used in this analysis,
and Loose which relaxes these criteria.
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Figure 7.12: (a) A,B,C and D regions in calorimeter isolati& plane in J5 MC sample.
(b)A,B,C and D regions in calorimeter isolati®t plane in data. Events pass preselection and
Er / Er requirement defined in the previous section.

To obtain the expected number of QCD background eventsalfteelection cuts, and after
a serie of differentmr-threshold cuts, results from all four techniques are comti Once
again, a power law Htand extrapolation are used to obtain the numbers. Detadrigtion of

8With the same functional form as for the muon changek pg - xPt
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the fit, and uncertainty determination can be found elsea/hBne result of the fit is shown in
Fig7Z.13, and estimated number of QCD events is given in

10°
107
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1
10?
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10°
10*
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10°
107

Events / GeV

T T 3
E. —e— Inverted identification ~ “Z
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E | 3
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Figure 7.13: QCD background estimates from the four metlisgsribed in the text, as a
function ofmr. Events pass all selection criteria includiig /Et . The points are fitted with
power lawy = pg - xP1. The plot is taken from [11].

Table 7.11: Number of estimated QCD background events \Wwethridicatedny threshold.

Results obtained fronh [11].

Mrmin [GEV ]

QCD background (estim.)

0
150
250
375

500
625
750
875

82144 280+982
6.4J_rj:(7)
0.324+0.30
0.03355

0.006 563
0.002" 507
00005 32
00002855

7.2.2 Corrections and uncertainties

In this section corrections and relevant systematic uac#nts are briefly described. Some

of the corrections and uncertainties are common with themalannel and are described in

Chaptef®.

Theoretical corrections and uncertainties for the sigreaksaluated and presented in the Chap-

ter[3. In the previous chapter corrections and related taiogies forWW /Z background arising
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from higher order QCD corrections and electroweak comesti These are listed in Talile 6.9.
The same corrections and uncertainties are applied folélceren search.

Detector related systematic uncertainties involve uagast on luminosityFt scale and
resolution, trigger efficiency, reconstruction and idgeeition efficiency, energy resolution and
scale and isolation. Impact of all uncertainties (exceptdminosity, which has uniform un-
certainty of+11%) on thel' andW* signal and background event selection are summarized
in Tabled 7,14, 7.15 aid 7]16 respectively.

Trigger. The efficiency of the triggers used in the analysis was medsdirectly from the
data using two different methods: one using an orthog&naltrigger and the tag-and-probe
method onZ — ee events, and are found to be @91%. The results are compatible with the
measurement performed by the trigger graug [10]. The abéfigescy is valid up to about
250 GeV. For higheEy , there are potential inefficiencies due to the saturatiotheftrigger
signals above this threshold. These inefficiencies aredftaibe of at most 3% and are added
as additional uncertainty on the trigger efficiency. Theection for the signal efficiency and
background count assigned due to data/MC discrepancy is

CEig = Edata/Emc = 0.99 + 0.0L (7.5)

Reconstruction and identification uncertainty. The reconstruction efficiency has been shown
to be well modeled by Monte Carlo, leading to a scale factonafwith a systematic uncertainty
of 1.5%. The exclusion of the clusters in dead OTx regionsusmfl to add a small systematic
uncertainty of 0.4%. The efficiency of the electron Mediurantification was measured by
the EGamma CP groupl[9] and scale factors were computed atdiu of 7 with the largest
relative uncertainty obtained of 1.8%. The efficiency of #uglitional impact parameter, B-
layer and isolation requirements was also measured in catadvionte Carlo using the tag-
and-probe method oA — ee events and additional scale factors were computed as dedcri
previously. The systematic uncertainty on these factotaken to be 3.2%, which is the one
of the n bin with largest uncertainty. As in the trigger case, thevabefficiencies are valid at
transverse energies for electrons frdm- ee andW — ev processes. Their extrapolation at
highEr was studied both in the Monte Carlo and on real data [16], tawes found there were
no additional uncertainty on the electron identificatioficefncy. Combining reconstruction
and identification uncertainties, an overall systematmentainty from experimental sources of
3.6% is assigned to the efficiency.

Leakage correction for isolation efficiency. The discrepancy between Monte and Carlo
and data for the lateral shower shape implying an extra lbsfficiency in the data. Rather
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than reprocessing the data with a higher isolation thresimass-dependent correction factors
are introduced for the signal selection efficiency and thetdarlo background level. These
mass dependent factors f&W /W*signal andV /Z backgrounds are listed in Table71.12,1[11].

Table 7.12: Correction factors to account for the addititeekage from isolation cone in data.

m[GeV] W’ W W/Z

500 0.993+ 0.3% 0.995- 0.2% 0.978: 1.7%
750 0.990+ 0.5% 0.989% 0.4% 0.975+ 2.0%
1000 | 0.9854+ 1.0% 0.984: 0.8% 0.971t 2.4%
1250 | 0.9804+ 1.6% 0.977:1.2% 0.966+ 3.0%
1500 | 0.971+2.7% 0.963£2.7% 0.964k 3.4%
1750 | 0.961+3.0% 0.949+ 3.8% 0.961+ 3.6%

Energy scale and resolution At very largeEyr the energy resolution is dominated by the
constant termd), in the well-known parametrization of the energy resalnif the electromag-
netic calorimetero(E)/E = a/vE ®b/E @ c. In the simulation a constant term of 0.7% has
been introduced. Following the EGamma group recommend{@ip systematic uncertainty
on the constant term is conservatively assumed to be 100%éobarrel and 400% for the
endcaps. The relative signal efficiency variation obtaiassuming these uncertainties in the
W' signal is however found to be small, of 0.1%, while for backgrd the highest uncertainty
is found to be about 4%.

As already stated in sectién V.1, a correction is applietiécctuster energy of the electron
candidates in data eventsor = E/(1+ o), with a = —0.0096 for the barrel and = 0.0189
for the endcaps. According to the EGamma CP group the systeumeertainty on the energy
scale is then 1% (3%) for the barrel (endcaps). The high&sive signal efficiency variation
obtained by varying the energy scale within this uncen@sfound to be 0.8%(2%) fav'(W*)
signal, and 9% for the background.

Vertex match. The uncertainty on vertex finding efficiency in the electrtwvarmnel is ob-
tained in the same way as for the muon chanhel (6.4). Thisrtaiaty is found to be small,
0.1% for both signal and background.

Isolation uncertainty. Calorimeter isolation efficiency is evaluated for diffetrget mul-
tiplicities in the event. The relative calorimeter isotatiefficiency is defined as the ratio of
electrons passing the calorimeter isolation criteria,rakie electrons passing the fW’ se-
lection up to the isolation requirement (befdf¢ andEr /Er requirements). The studied
jet multiplicities are the following: no jets, at least oret jn the event (withouptjet require-
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ment), and differenpjTet thresholds for the leading jet, defining it as the highestgnget that
is atAR > 0.4 from the selected electron. In the final stage of the selecthe difference in
efficiency between events with jets above 20 GeV and evetit®ut jets is 1.3-1.6% (depend-
ing on theW’ mass) for the signal, and about 1% for the background, lgadim systematic
uncertainty of 1.5% to the signal efficiency and of 1% to thpested background level.

Fr / Er uncertainty. A requirement on the ratio betwe& andEr of the electron cluster
to be higher than some value is sensitive to the jet actinithe event. Thus some systematic
uncertainty related to the modeling\Wf' production and jet activity in the event is present. In
order to estimate this uncertainty, tié¢ process was simulated using MC@NLO generator.
The result is compared with the one obtained witTRIA , which is used for modeling tha/’
process in this analysis. ThN® process was generated using the Standard M&/daloduction
in MC@NLO, with the mass and width of th& boson set to the mass and width of ivé
Events were then passed througbrwvic/Jimmy for fragmentation and hadronization. This
was done inside ATLAS simulation software, so the same peiers as for other processes
simulated with this generator were used. In order to qualslystematic uncertainty of the
FEr/Er cut, the fraction of events that fgily /p$ >0.6 in MC@NLO is compared to the same
fraction in PrTHIA. Events were required to have electron wigh > 25 GeV and neutrino
with pY > 25 GeV for both generators. The rad /p$ for W masses of 1, 1.5 and 2 TeV
obtained with MC@NLO and PrHIA are shown in Fig 7.14. MC@NLO predicts slightly less
events to fail the requirement at the generator level, aisdishguantified in Table 7.13. The
difference between the predictions of two generators isiBb®%. The same efficiencies were
also computed after applying tier threshold used in the limits computation; the difference is
even smaller: about 0.2%, as shown in Tdble]7.13. Similadtseare obtained for the SM/
background. We therefore assign a 0.2% systematic unesrtaithely /Et selection.

Table 7.13: Fraction of events that f@i /p§ >0.6 in PrTHIA and MC@NLO.

All masses mr > My
Generator PYTHIA MC@NLO | PYTHIA MC@NLO
[%0] [%0] [%] [%]
W/ (1 TeV) |1.714+0.13 1.240.17|0.83:0.10 0.59-0.13
W/ (1.5 TeV)| 1.18:0.11 0.75:0.13 | 0.49+0.08 0.22:0.12
W'(2 Tev) |1.19£0.15 1.08:0.17 | 0.214-0.08 0.17-0.12

All systematic uncertainties, except luminosity uncertygiare summarized in the following
Tables. For the signal, the largest detector related waiogytis reconstruction and identification
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Figure 7.14:py/p§ distribution in FrTHIA and MC@NLO. Events havp} > 25 GeV and
py > 25 GeV. Left:my,=1 TeV, middle:m,,=1.5 TeV, right:my,=2 TeV.

uncertainty, which is found to be 3.6%. The other large sesiof uncertainties are isolation un-
certainty (1.5%) and limited MC statistics 1.5%). For the background, large uncertainties are
arising from electron energy scale (up to 9%), and theaktiocertainties (11%). Uncertainty
due to limited MC statistics is much smaller compared to themchannel (cf. Takle6.114).

Table 7.14W’ — ev event selection efficiency uncertainties.

Mrmin [GeV ]
Source 250 375 500 625 750 875
Fr resolution 02% 0.1% 0.1% 0.1% 0.1% 0.0%
Fr scale 02% 0.2% 0.1% 0.1% 0.1% 0.2%
Trigger efficiency 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Reco. and id. efficiency 3.6% 3.6% 3.6% 3.6% 3.6% 3.6%
Isolation leakage 0.3% 05% 1.0% 1.6% 2.7% 3.0%
Energy resolution 0.1% 0.0% 0.1% 0.1% 0.1% 0.1%
Energy scale 0.6% 09% 0.7% 0.7% 0.8% 0.7%
Vertex efficiency 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
All experimental 3.8% 3.9% 3.9% 4.0% 4.7% 4.8%
Monte Carlo statistics | 1.3% 1.2% 1.3% 15% 1.7% 1.7%
NNLO 0.7% 0.7% 0.7% 0.7% 0.7% 0.7%
Er/pr 02% 0.2% 0.2% 0.2% 0.2% 0.2%
Isolation 15% 15% 15% 15% 15% 1.5%
All \ 44% 4.4% 45% 4.7% 5.3% 5.4%
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Table 7.15W* — ev event selection systematic uncertainties.

Mrmin [GEV ]
Source 250 375 500 625 750 875
Fr resolution 0.0% 0.0% 0.0% 0.0% 0.2% 0.1%
Er scale 0.0% 0.1% 0.1% 0.0% 0.2% 0.0%
Trigger efficiency 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Reco. and id. efficiency 3.6% 3.6% 3.6% 3.6% 3.6% 3.6%
Isolation leakage 02% 04% 08% 1.2% 2.7% 3.8%
Energy resolution 0.2% 0.0% 0.1% 0.1% 0.0% 0.2%
Energy scale 14% 16% 1.7% 1.8% 1.9% 2.0%
Vertex efficiency 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
All experimental 40% 4.1% 4.2% 43% 5.0% 57%
Monte Carlo statistics | 1.2% 1.1% 1.1% 1.1% 1.2% 1.4%
All | 42% 42% 43% 45% 5.1% 5.9%
Table 7.16: Electron channel background level unceresnti
Mrmin [GEV ]
Source 250 375 500 625 750 875
Fr resolution 03% 0.7% 02% 03% 03% 0.2%
Fr scale 06% 15% 1.2% 02% 1.1% 0.5%
Trigger efficiency 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Reco. and id. efficiency 3.6% 3.6% 3.6% 3.6% 3.6% 3.6%
Isolation leakage 1.7% 20% 24% 3.0% 3.4% 3.6%
Energy resolution 01% 07% 13% 39% 24% 1.6%
Energy scale 70% 46% 4.7% 88% 6.6% 7.2%
Vertex efficiency 01% 0.1% 0.1% 0.1% 0.1% 0.1%
All experimental 8.1% 6.5% 6.7% 10.7% 8.7% 9.0%
Monte Carlo statistics | 0.6% 1.1% 1.2% 2.1% 22% 1.5%
W /Z cross section 48% 6.1% 7.1% 9.1% 10.8% 11.0%
tt cross section 14% 0.8% 05% 05% 0.2% 0.0%
QCD 14% 2.0% 2.0% 2.0% 22% 2.9%
Isolation 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
All [9.6% 9.2% 10.3% 14.4% 14.3% 14.6%
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7.3 Final results for the electron search

Final results for the electron search are presented in kapter. All systematic uncertainties,
except for luminosity uncertainty stated to-h&1% for all cases, folV' andw* signal samples,
along with systematic uncertainties of the background aesented in Tablds 714, 7115 and
[7.16 respectively. Signal efficiency and background lewéth appropriate uncertainties are
presented in Taldle7.1L7. All corrections comprised of &igeprrection, leakage correction for
isolation efficiency, as well as correction on acceptanatddNNLO corrections, are applied.
Corrections due to identification efficiency are appliechatprevious stage.

The expected number of background events is obtained bgatorgW /Z backgrounds for
higher order QCD and electroweak corrections. ffoand diboson contribution no additional
beside reconstruction and identification correction isliedp Numbers for QCD background
are not corrected. The finaty distribution with corrected background levels, and QCDkbac
ground estimated from data using "ABCD” technique, are @né=d in Fig7.3.

Table 7.17: Final results fav/ — ev, W* — ev, and backgrounds with integrated luminosity
of 36.4 pb! . Signal efficiencies, and expected numbers of signal ankignasnd events are
corrected as explained in the text. Uncertainties aredigtethe previous tables. The last
column gives the number of observed events for the electlatison.

m[GeV] signal| Esig Nsig Nig Nobs
500 W' | 0.556+ 0.024 349 +30 23.08+ 2.2 24
W* | 0.4554-0.019 208 418
750 W' | 0.565+0.025 658+ 4.8 4.36 + 0.40 6
W* | 0.4664+0.020 39.6 + 3.5
1000 W' | 0.562+ 0.025 171+ 1.4 1.20+ 0.12 1
W* | 0.4734+£0.021 1054+ 1.0
1250 W' | 0.552+ 0.026 523 0.51 0.431+0.062 0
W* | 0.469+ 0.021 3.22+ 042
1500 W' | 0.530+ 0.028 1.71+ 0.21 0.177+0.025 0
W* | 0.457+ 0.023 1.06+ 0.17
1750 W' | 0.503+ 0.027 0.59+ 0.09 0.075+0.011 0
W* | 0.454+ 0.027 0.3+ 0.07
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Figure 7.15: Finamy spectrum, with all corrections applied. Signal samplesnamnalized
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by the luminosity uncertainty-11%.
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Chapter 8

Limits And Prospects

8.1 W andW* limits with 2010 data

As stated before, data show no excess above Standard Mquisiteiion. Thus, one needs to
set the upper limits on on the production cross section plidtl with branching ratiogB) on
W andW* signal.

A single-bin likelihood analysis is performed to set theitsrior each decay channel at each
mass using the observed number of events with> mrin, where the thresholdi, is taken
to be half theV' (andW*) mass. The expected number of events in each channel is

I\|exp = Nsig + Nbg (8-1)

whereNyg is the expected number of background events lggdlis the predicted number of

signal events:
Nsig = Zint&sigd B (8.2)

Here % is the integrated luminosity of the data sample agiis the event selection efficiency
(including the requirememnty > Mymin)-
Using Poisson statistics, the likelihood to obsdxgs events is:

(o%ntssigUB + Nbg) Nobse_ (Zint&sigg B+Npg)

Z(0oB) = Nopd

(8.3)

and this expression is used to set limits@B. Uncertainty in any of the parameters character-
izing this expression are included by multiplying this likeod by the probability density func-
tion (pdf) characterizing that uncertainty. In generaNiSuch nuisance parametéis ..., Oy

192



are identified, then the likelihood becomes
g(UB,Ql,...,QN):.,iﬂ(OB)I_lgi(G), (8.4)

whereg;(6) is the pdf for parametef. It is assumed that this factor is of the Gaussian form:

1 _(e—@z
gi(0) = oo e 29 (8.5)
|

Whereé. is the central value for paramet@randg; is the uncertainty assigned to that value.

Rather than introduce a nuisance parameter for each solisystematic uncertainty, the
nuisance parameters are taken to4g;, &ig andNyg. The inputs for the limit settings are
taken from the Tablds 6.115 (Sectionl6.5) for the muon chammel 7.1V (Section 7.2.2) for the
electron channel. Uncertainty on luminosity is not part otertainties in the given tables, and
is taken to bet11%.

To avoid excluding or discovering signals to which the sledras no sensitivity, the limit
calculations make use of tiel s method [1/ 2], a modification of purely classical statidtica
analysis. Following([1], the likelihoodZ from equatiori 813 is used to define theR (Log
Likelihood Ratio) as a test statistic:

Z(data|s+ b)

LR =2 Gatalb)

(8.6)
and two p-values are definedCLg,p = Psip(LLR > LLRyps) andCLy = By(LLR > LLRyps)
under the signal plus background and background only hyse# respectively. The modified
frequentist renormalization described abov€lis = CLg,,/CLy. The 95% CL upper limit on
oB is defined to be the value for whi@@lLg = 0.05. It is clear from the form of equatidn 8.6
that the test statistic for the combined electron and musaltrés just the sum the individual
LLR's.

Uncertainties in the signal event selection efficiency &wedeixpected number of background
events (excluding the contributions from the integratedihosity) are handled as uncorrelated
nuisance parameters. Neglect of correlation is not fulsfijied because, even without the lu-
minosity, the signal and background uncertainties haventomsystematic sources. However,
correlations between these are neglected afterall due tentiall effect that the nuisance param-
eters themselves have on the limits, as demonstrated béllse.some systematic sources of
uncertainty have postive and other negative correlatiooveoall the effect is negligible. The
integrated luminosity is treated as a nuisance parametérfuli correlation between signal
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and background and between channels in the combined @iqairs muon) limit calculations.
This correlation is performed with 1M toy Monte Carlo expeents.

Tables[8.]l and 82 show observed and expected limits oltdareN'. The first table
shows observed limits, assuming no systematic uncemairgiystematic uncertainties only for
the signal efficiency, for signal efficiency and backgrouexkl without luminosity, and with
luminosity taken to be not correlated for the signal and baaknd, and finally to be correlated
for the signal and background. The second table gives thecésg excluded cross sections (for
all systematic uncertainties including luminosity) foettentral value of the background level,
as well as statistical fluctuations of the backgroundiféo and+20.

Table 8.1: The 95% CL upper limits ' gBin fb. Labels indicate the nuisance parameters for
which uncertainties are included: S for the event sele@fbaiency Esig), B for the background
level (Npg), and L for the integrated luminosityA,;). SBL(uncorr.) represents the excluded
Cross sections assuming no correlation between signalastdjlound for the luminosity, while
SBL(corr.) assumes this correlation. The later is used atuare mass limits. Results are given
for the electron and muon channels and the combination dftbe

mass [GeV | \ none S SB SBL(uncorr.) SBL(corr.)
ev 602 605 643 709 769
500 pv | 640 641 656 731 806
both| 393 394 419 464 570
ev 383 384 387 400 411
750 pv | 230 230 230 235 251
both| 181 181 183 189 205
ev 199 200 200 205 207
1000 pv | 218 219 219 223 229
both| 106 106 107 108 114
ev 151 151 151 155 155
1250 puv | 216 216 216 220 223
both 89 89 89 90 92
ev 157 158 158 161 161
1500 uv | 218 218 218 222 224
both 91 91 91 92 94
ev 166 166 167 170 170
1750 pupv | 231 231 231 236 238
both 97 97 97 98 99

The excluded cross section as functiorMdf mass is given in Fig 8l1 foW’ — ev and
W' — uv separately, and in Fig-8.2 for the combination. The numbkabserved events are
in good agreement with the expected numbers of backgrousmteexcept for the second mass
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Table 8.2: Expected 95% CL upper limits 9 oB in fb. Full systematic uncertainty is
considered. Luminosity is taken to be correlated betwegnasiand background in the same
way as for the observed limit. Expected limits are given dtso+20 and +10 statistical
fluctuation of the expected background.

mass[GeV] channe| -20 -10 expected +&r +20

500 ev | 379 510 724 1021 1370
uv | 582 754 1058 1464 2041

both | 360 448 613 861 1188

750 ev | 186 219 303 471 598
uv | 287 381 509 758 1048

both | 140 180 245 350 483

1000 ev | 154 154 207 271 411
pv | 229 290 366 547 645

both | 94 113 151 212 293

1250 ev | 155 155 155 228 306
pv | 223 223 306 402 505

both | 92 92 122 162 227

1500 ev | 161 161 161 248 247
uv | 224 223 223 321 536

both| 94 94 115 143 198

1750 ev | 170 170 170 170 266
pv | 238 238 238 347 465

both| 99 99 99 123 188

point in the muon channel. A discrepancy is observedipr> 750 GeV where~5.5 muon
events are predicted and none are observed, a result fohwhecPoisson probability is only
0.4%. However, the muopy spectrum in Fig 5.24 shows no evidence of any discrepancy
between data and predicted background at lpgh confirming that, as expected, the muon
efficiency remains stable at high .

The intersection of the cross section with an interpolabetween the limits is used to
set lower limits thelV' mass. FoMW’, respective limits of 1360 and 1290 GeV are obtained
independently in the electron and muon channels and a lifriit®0 GeV is obtained when
the two channels are combined. These values fall to 13400 &8d 1460 GeV if the lower
uncertainty curve is used in place of the central value ferdtoss section. The limits improve
by 5-10 GeV if all input uncertainties are neglected.

W* limits are set in the same way as the limits for e The obsereved as well as the
expected limits (including statsitical fluctuation of thepected background) are presented in
the Tabld8.B. The observed and expected limits as a funofi®d* mass are presented in
Fig8.3. The corresponding limits mass limits are 1260, 152@ 1350 GeV respectively for
the electron, muon and combination, falling to 1240, 111& H830 GeV using the & cross
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Figure 8.1: Limits at 95% CL fow’ — ev (left) andW’ — uv (right) production. The solid
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section curve. The limits fall by 5-10 GeV if all input uncairities are neglected.

Table 8.3: Observed and expected 95% CL upper limit8¥W0noB. The labels are the same
as forW’. Expected limits are also presented fo2o and+10 statistical fluctuation of the
expected background. Results are given for the electromasoeh channels and the combination
of the two.

mass[GeV] channe| SBL(obs.) - -1o central(exp.) +&r +20

500 ev 940 472 620 885 1245 1674
uv 1201 872 1124 1573 2175 3035

both 746 419 581 791 1112 1515

750 ev 497 227 266 368 500 724
[y, 397 455 600 800 1192 1652

both 288 182 234 321 454 624

1000 ev 247 183 183 247 322 488
[y, 361 361 457 576 860 1015

both 154 124 148 193 270 376

1250 ev 183 183 183 183 269 361
[y, 363 364 363 498 655 821

both 123 123 123 157 203 296

1500 ev 187 187 187 187 287 287
[y, 365 365 365 365 522 875

both 124 124 124 147 184 246

1750 ev 188 188 188 188 189 295
[y, 358 358 358 358 523 699

both 123 123 123 123 149 227

8.2 W’ — uv search with 2011 data

W’ search performed using data collected in the first part ol 2@tresponding to the 205 pb

is very similar to the one described through this thesis. 2010 analysis included two flavors
of leptons: electron and muons, and here only the muon chanireluded. The details of
the analysis can be found hefé [3]. The events were requir@adds a trigger with a muon
pr > 22 GeV. Muon tracks reconstructed independently in bothhend MS, and the muons
used in this study are required to have matching tracks ih bpstems. The acceptance of
the two systems coverg| < 2.5, but most of the regions with.Q < |n| < 1.3 and|n| > 2.0
are excluded. Most chambers in the middle station arroghé- 1.3 are not installed thus the
muons fail the requirement of three hits in each station)enthie knowledge of the alignment
of CSC chambers im| > 2.0 was not sufficiant to ensure well enough control of the végirh
pt muons resolution. About 70% of the muons in the remainingoregfire the trigger and
pass selection requirements including hits in all threemsiations.The main difference for the
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Figure 8.3: Limits at 95% CL fow* — ev (left) W* — uv (right) production in the decay
channels and the combination of these (bottom). The saleslshow the observed limits with
all uncertainties. The expected limit is indicated with It lines surrounded byoland 20
shaded bands. Dashed lines show the theory predictionsdlmas LO calculation) between
solid lines indicating their uncertainties.

muon selection with respect to the 2010 analysis is in thetfiat the momentum of the muon is
obtained from a weighted average of the measurements imvthddtector systems (combined
measurement). As a consequence, the momentum resolutioprisved and the expected level
of the background in higlmr region is reduced. The momentum resolution (with calibrati
and alignment at the time being) is about 20%at= 1 TeV.

Events are required to pass the preselection consistdnttivéitone applied in 2010 analysis,
and to have exactly one candidate muon. A muon is considecahdidate if it hagpr >
25 GeV, has matching tracks in the inner detector and muoctrgmeeter, and is compatible
with originating from the primary vertex. To suppress thelléackground, the muon is further
required to be isolated, with the same isolation requirgdraenn 2010 analysis. Finally, Er
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threshold,Er > 25 GeV, is applied to further suppress the QCD backgrounces@leriteria
define the final event selection. The limit for eddt mass is set by counting events passing
this selection and satisfyingy > 0.5my,.

The data show no significant evidence for any excess abovexgdttations and are used to
set limits ono B for W’ production. The limits are evaluated using the same statigtrocedure
as described above. The uncertaintieggnandNpg account for theoretical and experimental
systematic effects as well as the statistics of the simarilagamples. The amount by which the
Monte Carlo pileup is varied to overestimate the provides the systematic variation used to
asses¥7 systematic uncertainties. The leading contributor to theedtainty on the signal
efficiency is theZr /pileup.

Most of the performance metrics are measured at relatieelydr and their values are
extrapolated to the highr regime relevant to this analysis. The uncertainties dubecek-
trapolations from lowpt lepton values are included but are too small to significaaufigct the
W' limits. Theoretical systematic uncertainties arise frtwa ¢alculation of cross sections and
their kinematical distributions, and are dominant sourfaenaertainty for the background.

= I
2 10 = --e-- NNLO theory E
% . —e— Observed limit 4
. N Expected limit 7
B [ Expected + 10 ]
1 = Expected £20 3
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Figure 8.4: Expected and observed limits on Wiie— /v gB. The limits are obtained by
combining ATLAS measurements from 2010 and 2011. The NNLIOutated cross section
and its uncertainty are also shown.

Finally the results from ATLAS searches in t¢ — ev andW’ — uv channels in 2010
are combined with the 200/ — uv results. Although much less integrated luminosity was
used in the 2010 analysis, the addition of WWie— ev channel, with its higher event selection
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efficiency, leads to a relative improvement in sensitivity.

The observed combined limits @B are shown in Fig._8]4. The figure also shows the ex-
pected limits and the theoreticaB for theW’ production. The expected mass limitis 1770 GeV
and the observed limitis 1700 GeV.

8.3 Prospects

The ATLAS physics potential in the searches for high-mapsoleneutrino resonances, has
been evaluated as a function of the LHC center-of-mass grgsgfor a few values of the total
integrated luminosity [4]. The evaluation is done usingdienark model ofV' with SM-like
couplings to fermions since this should cover the potenfittie search for heavy gauge bosons
in various LHC running scenarios. Specifically, the seasdbe dilepton and lepton-neutrino
resonances (whetepton stands for electron or muon) are studied{G=7, 8 and 9 TeV, and
assuming total integrated luminosities between 1 and 18.fb

For this studyW’, B for \/s=7, 8 and 9 TeV are obtained using PYTHIA 6.421 [5] and
MRST LO* [6] parton distribution functions. The results ateown in Tabl¢ 814.

Table 8.4: Widths and production cross sections times iagaatio for severalV' masses
at different values of/s. Values are obtained with PYTHIA using MRST LO* PDF. No cut is
applied on the invariant mass of thé state.

W' mass| Ty oB [fb]

[TeV] | [GeV] | ./s=7TeV | /s=8TeV| ,/s=9 TeV
1.0 35 791 1120 1480
15 53 93.3 148 217
2.0 71 15.0 27.1 44.1
2.5 89 3.11 6.08 10.7
3.0 108 0.937 1.68 2.99

The reach for discovery and limit setting in these chanrsetdbtained from a simple count-
ing approach, using as input the expected number of sigmhbankground events. The ex-
pected numbers of events g6 =7 TeV are obtained applying the selection criteria as in this
thesis. The discovery reach is evaluated using the luntynnseded to obtain ten signal events
after selection. This criterion is adopted instead of th&@mary ® significance because, in
searches with very low expected background levels (likeghehe & threshold is reached with
very few events, posing strong requirements on the undetstg of instrumental uncertainties.
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For each hypothesized mass of ¥, exclusion limits are obtained counting signal and
background events in the transverse mass winagw- 0.5m, for theW’ search.

Results are shown for the combination of the electron andmuh@annel. The expected
number of eventsN(,/s), at/s=8 TeV and 9 TeV is obtained by applying the following
correction to the number at 7 TeV:

a(v9)
o(7 TeV)

(V)
£(7 TeV)

N(v/5) = N(7 TeV) x (8.7)

The correction is a product of:
1. The ratio of cross sections (estimated with PYTHIA LO¥*)
2. The ratio of efficiencies (estimated with PYTHIA LO* andfaimulation samples)

The difference in efficiencies at different center-of-m&s#) energies is mainly due to
kinematic effects on the phase-space which affects theptanoee in the mass (or transverse
mass) window used to count the number of signal events. Trhe saale factors were used for
the background estimation.

Table 8.5: Total integrated luminosity, in ph needed for 95% CL exclusion for the production
of aW’ boson below several mass values by combining both leptdrd@arnels. Numbers in
parenthesis show the luminosity required when only theirlechannel is used.

W’ mass [TeV] Luminosity [pb 1]
J/S=7TeV | /5=8TeV | ,/s=0 TeV
1.0 3.3(6.3) 23(@5) | 17(33)
15 30 (58) 19 (37) 13 (24)
2.0 230(590) | 110(200) | 66 (120)
2.5 2200 (4900) | 780 (1600) | 400 (860)
3.0 28000 (67000) 6400 (14000) 2400 (5300)

No correction factors are used to account for efficiencyrdigancies between collision data
and MC simulations since such discrepancies have been mneedaswbe small in 2010 data. For
the evaluation of limit-setting and discovery reach in 8tigdy, overall systematic uncertainties
of 7%-30% (driven by theoretical uncertainties), for thessieange 1-3 TeV are assumed for
both signal and background. These uncertainties are asdgdadrature to a conservative
systematic uncertainty of 11% from the measurement of tfa¢ ttegrated luminosity.

Table [8.5 shows the total integrated luminosity requiregxoclude several values o¥’
mass. This evaluation is obtained using the modified fretigteapproach to set the limits, as in
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the analysis of 2010 data.

Table[8.6 show the luminosity needed to have ten expectedlsgents observedé., after

selection cuts).

Table 8.6: Total integrated luminosity, in ph corresponding to tew’ signal events observed

(adding both channels).

W' mass [TeV]

Luminosity [pb?]

J/S5=7TeV | /s=8TeV | /s=9 TeV
1.0 11 8 6
1.5 99 62 41
2.0 731 360 215
2.5 4950 1990 1010
3.0 35300 11100 4570

Figures 8.6 provide a graphical representation of the métion shown in Tablds 8.5f0 8.6.

An increase of the LHC center-of-mass energy by 1 TeV inagé#se physics reach in the

W’ channels by about 10%:; for example, the mass limit foriHdwith 0.5 fb~1) goes from
2.17 t0 2.38 TeV wheRr/sgoes from 7 to 8 TeV, and from 2.38 to 2.56 TeV whgagoes from
8 to 9 TeV. Doubling the total integrated luminosity has aikineffect in the physics reach.
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Chapter 9
Summary and Outlook

In this thesis, a search for high-mass states, such as hbawyetl gauge bosond/(andW*),
decaying to a lepton (a muon or an electron) and a neutrineeisepted. Since 30 March
2010 LHC at CERN has been colliding protons at the center afsnemergy of/s =7 TeV.
The analysis in this thesis is performed using the entirassdtofpp collisions collected with
ATLAS detector during 2010 corresponding to an integrateaihosity of about 36 pb' . The
search is performed in the context of the reference bendhmadel, wheréN' appears as a
heavy copy of the Standard Mod&l boson: its couplings to fermions are the same as for SM
W, the other decay channeM/( — WZ) are suppressed, while mixing betweah andW is
negligible. Beside Standard Model likg’, another model where such a boson is denoted as
W*, representing the charged partner to the chiral bosonensidered.

ForW’ — /v production,gB (cross sections times branching ratios for each channel) ar
calculated in the Next-to-Next-to Leading Order QCD appr@tion usingFEWZ program, and
found to be in range 17.25 -0.00234 pb ¥ masses 0.5-2.5 TeV. Relevant systematic un-
certainties have been evaluated from PDF error sets of MS@W, phe difference between
the predictions of MSTW and CTEQ PDF sets, and standardti@gof renormalization and
factorization scales. The uncertainties have been ewluatbe in range 6-19% foW' masses
0.5-2.5TeV.

In order to search for high-mass muon+neutrino candidatesn performance and selec-
tion criteria have been studied. Prior analysis of 2010,da¢aformance of the muon recon-
struction has been tested using data collected in 2009ppttollisions at 900 GeV, and good
agreement is found between data and simulation indicatireg@sonable understanding of the
initial performance of the Muon Spectrometer with collisidata. In order to select high-mass
muon+neutrino candidates in 2010 dataset, muon candidegegquired to be independently
reconstructed by the Inner Detector and Muon Spectrometdr,momentum obtained from
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MS. Muon candidates were restricted to the barrel part of M&re the alignment was best
understood, in particular using high-energy cosmic raylse muon quality criteria are stud-
ied in order to improve momentum resolution and preventcsielg highimr events originating
from muons with largely overestimated momentum or fakeagoriginating from misidenti-
fied jets and cosmic rays. The optimal quality criteria isfdwo be the requirement that muon
candidates have at least 3 hits in each of the three barrehstations, and that muons origin
is consistent with primary vertex. About 80% of the muonsanrél are reconstructed, where
most of the loss came from regions with limited coverage oAisolation criteria based on In-
ner Detector track information was established and fourtzbtoobust against pileup. Possible
additional selection criteria have been also studied andddo have small effect on the overall
background level and data-to-simulation comparison.

For the selection of high mass electron+neutrino candsjalectron identification criteria
are studied based on lateral shower shapes in the in thenodayers of the Electromagnetic
Calorimeter, and the fraction of energy leakage into therbiaid Calorimeter. The "medium”
set of requirements has been found to be optimal. Electrodidates containing cells over-
lapping with problematic regions of the calorimeter are oged leading to 8% loss in signal
efficiency. Further, electron candidates are required e lzahit in the first pixel layer in order
to reduce background from photon conversions. Additioel@ion criteria based on calorime-
ter isolation of the electron cluster and balanc&p¢fand clusteEr have been tested in order
to suppress fakes in higinr region above 100 GeV originating from misidentified jets.

The dominant background comes from higl-events oMWW — /v processes. Other back-
grounds ar& bosons decaying into two leptons where one lepton is ouggideptanca)V and
Z decaying tor leptons, whera decays to an electron or a muon, and diboson production. In
addition, important source of backgroundtigproduction, which is important for lowegt’ \W*
masses, constituting 20% of the overall background. Baxkgy from QCD jet production and
cosmic rays are also present. The background level (&, tt processes are evaluated with
simulated Monte Carlo samples normalized to NNLO QCD cressiens and the integrated
luminosity of data. Correction factors fo¥/Z production have been estimated in order to
account for higher order corrections dependence omtheThese corrections multiplied by
electroweak correction factors were found to be in range-82% for my threshold 250 GeV
- 875 GeV. Background arising from cosmic muons, and from Q@Qiltijet production, have
been estimated using data driven techniques. Cosmic baokdhas been found to be negli-
gible, while QCD was estimated to be at most 4% of the totakgpamuind in highmr region,
with relative uncertainty of 100%.

The data show no evidence of excess above SM expectatiahgramsed to set limits on

206



oBfor W andW* with masses in range 0.5-1.75 TeV. The limits are evaluagetdja single bin
likelihood analysis by counting event that pass > %mwlm,* for each mass point. The inputin
the limit calculation consist of signal selection efficigngackground level, integrated luminos-
ity and systematic uncertainties. Uncertainties in theaigvent selection efficiency and the
expected number of background events are handled as ulated@uisance parameters since
their impact on the observed limit is found to be small. THegnated luminosity is treated as a
nuisance parameter with full correlation between signédllzackground and between channels
in the combined (electron plus muon) limit calculations.

To account for data to simulation discrepancies, corraddotors were obtained and applied
to signal efficiency and background level: 3% for the triggiciency in the muon channel,
and up to 3.6% difference for the electron identification &®P6 for isolation leakage have
been accounted for. Also, W’ signal a small corrections up to 4% have been taken applied
to account for differences between kinematical distritmgiat NNLO and those in LO simula-
tion. Contribution fromW’/W* — tv have been neglected and would increase signal efficiency
by 3-4%. Further, all systematic uncertainties, theoattand detector related, are evaluated.
Detector related uncertainties estimation is based on ¢nf@ngmance of the ATLAS detector
established with data available in 2010 run. Signal deteefated uncertainties for the muon
channel are found to be in range 2-3% dominated by the recmtisin efficiency uncertainty
extrapolation to very higlpr . For the electron channel, overall systematic uncertsnior
signal were estimated to be 4-6%, dominated by identifioagoergy scale, and isolation leak-
age uncertainty. The systematic uncertainties on the lbaakg are found to be dominated by
the theory uncertainties (5%-12%) and in the muon channkirbied statistics of Monte Carlo
samples (2%-17%) being a consequence of non-Gaussiaariaifgy from the stand alone mea-
surement of the muon momentum. The background uncertainbeielectron channel is found
to be 10-15% dominated by the same components as for thd.sighstated uncertainties do
not incorporate uncertainty in the integrated luminosityah is taken to be 11%.

Limits for 95% CL (confidence level) exclusion arB are derived using theLs = CLs.,/CLy,
estimator. Good agreement between data and backgroundtatipe is found for the electron
channel and the lowesty threshold for the muon channel. For higher valueswpthreshold O
events are observed in the muon channel while more is expbgtthe background, in particu-
lar for my > 375 GeV, 5.480.45 events are expected which corresponds to Poissoniplibba
of 0.4%. However, the muopy spectrum show no evidence of any discrepancy between data
and expectations, confirming that muon reconstructionieffay is stable at higpr .

The observed and expected limits along with(2)o for W andW* are presented in Tables
[8.1,[8.2 and 8I3. The observed upper mass limits are conviertie lower mass limits. AV’
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with SM couplings is excluded for mass below 1.49 TeV at 95%hile the exclusion fow*
with couplings set in accordance is 1.35 TeV.

The search fowW has been continued also in 2011. With the data collecteckifint part
of the year, corresponding to about 205 pbW’ — uv search has been performed. The data is
consistent with the Standard Model expectations, and ness{tas been found yet. Combining
the results o/ — ev andW’ — pv search presented in this thesis, with the results of the
search foW’' — pv with the 2011 data, mass limit has been extended to 1.70 Tethe
middle of 2011, 1 folof data has been foreseen, and the sensitivity of the sehmtiidsbe
increased above 2 TeV. If no signal appears, only a modestase of the signal sensitivity
is expected with the increase of the integrated luminositgatlision energy to 8 or 9 TeV
which remains as a possible scenario for 2012 run. Besidesahrch for SM-lik&V’ with the
lepton plugzy signature, it is possible to extend the search with new nsod@r example it is
possible to consider a model where new heavy charged gawsgs llecays predominantly to
WZ pairs with investigation of (semi)lepton signatures offspmoduction. Another challenging
channel that could be investigated in the near future is goayl of new heavy charged gauge
boson to the pair of heavy quarks
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Finaly...

sRemum na ce 3axBasum Mojoj mopoauti. Mowm oy Crmobonany u M0joj Majuu
Jbumanu, u Mojoj cecrpu CBernanm Ha HeceOMYHO] moApIM U bybaBu. Beuny
3aXBaJIHOCT AYTyjeM OHMMAa KOJU HUCY BUIIE Ca HaMa, aJid KOJU 3ayBEK OCTAjy mIa
’kuBe y HammM cehamuMa u HamwuMm cprmma: MojuMm aenama bopby m [Naurum u
bakama Duasxu u Aubenku. Bes mux He OUX MOCTA0 OHO IITO caM HaHAC. sHeauMm
[a ce 3aXBaJiMM M MOjuM npujaresuma, Uropy, Munosany, Jbyoumu, parany,
Amu, Munomy, ['oprany u Bragu mro cy Me ”Tpuenm OBOJWKE TOAUHE OBAKBOT
KakaB caMm’ . sRemuMm ma ce 3axBajauM U MOjoj ,,Apyroj”’ mopomurur, Mumu, le-
canku, Usany, Cenrku, Mununu u Ilerpy.

Ha kpajy, skenuMm ma ce 3axBajiuM Haj3HAUHU]O] OCOOU Y MOM KMUBOTY, MO]jOj

Mapuju. Bes Tebe ne 6ux ycneo. Tebu mocBehyjem oBy Tesy.
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