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Abstract

A pre-data sensitivity study to search for a high mass Stahifodel (SM) Higgs (hy = 200 GeV)

in ATLAS using theH — ZZ — Il channel is presented. It is found that it would be possible to
exclude a SM Higgs in part of this high mass region with lirdibeminosity. Using this channel a search
at the LHC for the SM Higgs boson in the first40 pb* of data was conducted and is presented in this
thesis, along with the results from thé - ZZ — llyvv andH — ZZ — llgqg channels using a similar
dataset [1]. It is found that the channel with the best siitgito a SM Higgs with mass greater than
200 GeVistheHd —» ZZ — llvy channel.

A search for the SM Higgs boson using tHe— ZZ — llyy channel is presented, usingZ4b™ of
data at a centre-of-mass energy 6 = 7 TeV. A Higgs boson with a mass between 320 and 560 GeV
is excluded at a 95% confidence level using this channel aldinés analysis was published in 2011
and updated in 2012 [2, 3], and results from this search aé imsthe ATLAS paper [4], describing the
discovery of a new Higgs-like boson withmy = 125 GeV.

Finally a direct search is performed for anomalous invisitéécays of the Higgs boson candidate at
~ 125 GeV using both the.? fb~! 2011 dataset and the 13h2012 dataset at centre-of-mass energy
v/s= 7 and 8 TeV respectively. An upper limit of 65% is set on thew#dH — inv branching fraction
at 95% confidence level. Additional searches are perfornsaitguthe same dataset on further invisibly
decaying Higgs-like bosons at masses between 115 and 300NBe&dkcess is observed. This analysis
was published as a preliminary result in March 2013 [5], anohper using the full 2011 and 2012

datasets is scheduled to be published in the summer of 2013.
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Introduction

Chapter 1

| ntroduction

The Large Hadron Collider (LHC) started colliding protormgéther with a centre-of-mass energy of
\/s =7 TeV in early 2010, and nominal data taking started latemotihé year. The experiments at the
LHC have since been at the forefront of particle physicsmrding our knowledge of the Standard Model
(SM), the current model used to describe the fundamentéties and their interactions. The ATLAS (A
Toroidal LHC ApparatuS) detector, which is located at onéheffour interaction points along the LHC
ring, has surpassed its expected performance for each yeanming, and has recorded over 25 th
of data. The excellent performance of the detector, andebther detectors at the LHC, has resulted
in hundreds of published papers on a wide variety of parfitigsics phenomenon. These include SM
validation, detailed studies of CP violation, Higgs bosearshes, searches for super symmetry and
exotic physics. In July 2012, two of the experiments at CERN;AS and CMS, announced that they
had discovered a new particle, thought to be the Higgs bosbith had been predicted over 45 years
earlier. Since then the properties of this new particle Haeen studied.

The outline of this thesis is as follows. The first sectiomadtices the Standard Model, and focuses
on the theory behind the Higgs boson; how it has been seafohpdeviously, and how it is produced at
the LHC. This is followed by a description of the ATLAS detecand the methods used to identify and
accurately reconstruct the particles and physics sigeatproduced in high energy collisions. There are
then three analysis chapters. The first describes a pretadtey study on the search for the SM Higgs
boson in theH — ZZ — Il channel and presents the expected exclusion limits withr1 db data.
Also presented in this section are first exclusion limitshetd - ZZ - llll ,H —» ZZ — llyv and
H — ZZ — llgq channels based on the40 pb! 2010 dataset. This is followed by a description of the
search for the SM Higgs in thd — ZZ — llvy channel with the full 2011 dataset, which corresponds
to 4.7 fb~! of data. The work presented in this chapter contributedctliygowards the Higgs discovery
paper produced in July 2012. The final chapter describestirels for an invisibly decaying Higgs boson
intheZH — Il +inv channel. A signal in this search channel would representyamkStandard Model
(BSM) process. No such signal is observed and limits on thisible decay of the Higgs candidate, as

well as exclusion limits on other invisibly decaying Higlijee particles, are set.
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Chapter 2

Theory

In this chapter an overview of the Standard Model of partigsics is given, with an emphasis on the
Higgs boson. Firstly the particles comprising the SM areoithiced. This is followed by an overview
of how mass terms can be identified in the Lagrangian. Somerioethe Standard Model theories are

discussed briefly.

2.1 Introduction to the Standard M odel

The Standard Model of particle physics is a theory in whiahftmdamental constituents of matter and
the interactions between them are described. It is an in@mgtheory as it only describes three of the
four known fundamental forces observed in nature; eleatagmnetism, the weak force and the strong
force. It does not describe gravity, which as the weakestl dhe forces is 18° times weaker than the
next weakest force [6]. As such itffects at the particle level in the presence of the other foacess
yet inaccessible.

The SM is a highly accurate theory that has been tested teregty high precision [7]. Notably the
prediction of the magnetic dipole moment of the electroreagrto within 10 parts in a billion with the
measured value.

Within the SM the particles are split up into two categoriesmions, which have half integer spin,
and bosons, which have integer or zero spin. The fermionthareonstituents of matter and bosons are
the particles that mediate the forces between them. Eveamjida has a corresponding anti-particle with

opposite charge.

2.1.1 Fermions

Fermions are split up into 2 categories; particles thatramtievia the strong force, called quarks, and
particles that don't, called leptons. Both quarks and leptare made up of 2 flavours, separated by a
unit charge, and each flavour has 3 generations tlfigrdinly in mass.

The charged leptons are electrons, muons and taus. By dimvehe leptons are said to be neg-
atively charged, and the corresponding anti-leptons pesitcharged. Leptons interact with both the

electro-magnetic and weak forces. Each charged lepton mirtepton has a neutral partner, called an
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electron, muon or tau neutrino or anti-neutrino. The naotiare not charged, and only interact via the
weak force. The masses of the neutrinos are much smalletlteaglectron mass.

There are 6 quarks; 3 with charge2/3 called the up, charm and top quatk ¢ t), and 3 with
charge-1/3, called the down, strange and bottom quatks(b). The signs of the charges are inverted
for the anti-quarks. Because they are charged, all of thekquzan interact via the electro-magnetic
force. Quarks are the only fermions that also interact viastinong force, because they have a conserved
quantum number called colour. Colour charge is the strongefequivalent of the positive and negative
charge of electro-magnetism. The mairffelience is that in the strong force there are three possible
charges; red, blue or green. Each quark carries a chargespamding to one of these colours. Individual
quarks have not been observed, they are only ever seen iarlsds states as either mesons (doublets)

or as baryons (triplets).

2.1.2 Bosons

Each fundamental force has associated with it at least osenbd-or electro-magnetism this boson is
the photon. The photon is a massless boson with spin 1 andangech

There are 3 massive bosons that mediate the weak force, tlralieboson and the charg&l* and
W~ bosons. The W bosons only couple to left handed fermionsaasdch the weak interaction is parity
violating. All 3 electro-weak bosons have spin 1. The W bascen couple to the photon because they
are charged. There also exists self coupling between tltr@ieeak bosons, such that a three-point
ZWWovertex and a four-pointvV W W\Wvertex are possible.

There are 8 gluons that mediate the strong interaction. They colour charge and therefore are

self interacting. They do not carry electro-magnetic chaagd do not interact via the weak force.

2.1.3 Particlesummary

Fermions
Bosons
[ 1] I
uj|c t Y
Quarks
d| s | b g
el u| 7| Z W W
Leptons
Ve | Vu | Vo H

Table 1: The particle content of the Standard Model.
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A summary table of the fundamental particles is given ingédblin total there are 61 distinguishable
fundamental particles predicted by the theory; 6 leptortsthr corresponding anti-leptons, 3 lots of 6
quarks and the corresponding anti-quarks, 8 gluons, 3 weakrts, a photon and a Higgs boson. All
of these particles have been experimentally verified totewgh the exception of the Higgs boson.
A candidate boson has been identified that has the expeateérties of the Higgs boson, but further
testing is required to completely confirm this to be the caBee Higgs boson is the particle left over
from a process called spontaneous symmetry breaking, tichanesm through which the weak vector

bosons obtain their mass.

2.2 Electro-weak theory

The following sub-section firstly highlights how mass terras be obtained from the Lagrangians of the
SM. The electro-magnetic and electro-weak theories areittieoduced, and by imposing an invariance
of the corresponding Lagrangians under a local gauge symirtiet electro-weak interactions between

the fermions and bosons are determined. This then higklidpet need for the Higgs mechanism.

2.2.1 Massesin the Standard M odel

To obtain the equations of motion for a given system onesstartspecifying a Lagrangian density,

then one applies the Euler-Lagrange equation. Take for pkathe Lagrangian density for a spinless

boson
1 1/mcy ,
£=350u000) - 5 () 6 ®
Hereg is the scalar field variable, andruns from 0 to 3. The Euler-Lagrange equation is
oL ) 0L
==, 2
Z (a(am) 5 @

which when applied to the Lagrangian given in equation ldgé¢he familiar Klein-Gordon equation
2
9,0" + (%C) ¢ =0. 3)

The second term on the left hand side is identified as the reass which originates from the? term
in the interaction Lagrangian. It is true that all mass termghe final equations of motion originate
from the terms in the interaction Lagrangian that are quadia the field variable. In what follows the

convention of setting = 7 = 1 is followed.

10
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2.2.2 Particleinteractions

The underlying theory behind the SM is Quantum Field The@¥T). In this theory there exist fields

that permeate all space, and the bosons and fermions in ther&te elementary quanta of excitations
of their associated fields. By imposing local gauge invarann the Lagrangians that describe the
dynamics of the fermionic fields one can determine the naifithe interactions between the fermions.

One dimensional local gauge transformation takes the form

v(x) — ¥ (x) = € My(x), (4)

wherey, the fermionic field, and, the generator of the transformation, both dependotie space-
time co-ordinate. The simplest form of local gauge invac&is one in which the generators of the
transformation commute (the generators are Abelian). iealg this corresponds to a theory in which
the mediating bosons have no self coupling. Such transtiwnsabelong to the U(1) gauge group, and
are used to describe electro-magnetic interactions inhibery QED.

The remainder of this sub-section describes the proceduapmilying a local gauge invariance to
firstly electro-magnetic, and then electro-weak interadi The latter will result in four massless bosons
which are associated with the three boson of the weak irteraand the photon.

Starting from the Dirac Lagrangian, which describes the fezmionic fields
Lo = iy dp — mypy, (5)

and imposing an Abelian local gauge invariance requiresoi@roduce a vector fieldX,) that couples

to the fermion field §,,) and that also changes under local gauge transformations by

A= A=A+ éaﬂe(x), (6)

where g can be the charge of any fermion. The changes to tmalloiagrangian from the local gauge
transformations of thg: andA, fields exactly cancel out, and one is left with a locally gauyariant
Lagrangian

b = WY 0 — My + Ay DA, (7)
To complete the Lagrangian one must add a term which desctitie new vector field outside of the

presence of the fermion field. This free field term takes theegd form [6]
-1
LrRee = 7 FOFuy + MRA'A,, (8)

whereF* = gA” — §”A* and the factor of-1/4 has been introduced to ensure the Euler-Lagrange

equations coincide with Maxwell's equations [8]. The firstnh of equation 8 is invariant under the

11
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Abelian local gauge transformation given in equation 6. $heond term however, is not. From the
discussion in section 2.2.1 the term on the right hand siggoétion 8 can be identified as a mass term.
To restore local gauge invariance one must impose the ¢onditat the boson associated with the vector
field described by equation 8 is massless, reducing equatiorihe first term only. This constraint can
be thought of as QFT imposing the condition that the forceyaay particle of the interactions described
by the U(1) gauge group must be massless.

The total local gauge invariant Lagrangian describing enfenic field coupled to a massless vector
field is

Loeo= 3 FHF + (i, ~ M)y ©)
whereD, = 0, + igA*, which is simply a change of notation that incorporates th@nges to the La-
grangian which result from the transformations in equatiénwithout altering the form of the Dirac
equation.

To describe the weak force, in which the mediating bosong Iself-interactions, one must extend
the local gauge transformations to the non-Abelian caseh 8ansformations are described by the more
complicatedS U(2), group, where the subscript L denotes the fact that only Efided fermions interact
with the weak force. Furthermore, the electro-magnetiothean be incorporated into the weak theory
by considering the grou® U(2). @ U(1). This will only modify the Lagrangian for the left handed
components of the fermion fields, the Lagrangian for thetriginded components of the fermion fields

will still be given exactly by equation 9. The local gaugenstrmations take the form

YL(X) = YL (¥) = Uy (X),
YL =yl (X) = Yy (YU, (10)

where U is a unitary matrix, angl_ is now a spinor. Adopting this notation means that the ti@nsé-
tions can be extended (or reduced) to any dimensionalityfdnlSU(2) U is a 2x 2 matrix. Any such
unitary matrix can be expressed in the fotm= €, whereH is a hermitian matrix. Furthermote can
be expressed in terms of four real parametérs;, a, andag, in the formH = 6l + 7.8, where? are the
Pauli spin matricesz.d is shorthand forrya; + a2 + t3a3 and | is the identity. In this case the unitary
matrix now takes the forr) = €/®d™8X whereg anda depend orx. Making theS U(2), & U(1) group

locally gauge invariant can now be reduced to consideriagsfiormations of the form

YL(X) — ¥ (x) = €730y (x) = Sy (%) (11)

since it has already been shown that transformations witkmggors of the forng®™® can be made locally

gauge invariant.

12
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Following the same procedure as for the U(1) gauge field, tandntion term between the fermion
fields and the gauge field is added to the Dirac Lagrangiarhisrcase 3 such gauge fields are required,

denoted bwT/# =W, Wﬁ, Wj . The interaction term has the following form
L = iy (gw? W) v, (12)

where the weak coupling parametgy has been introduced. The way in which ¥g fields change
under a local gauge transformation can be determined byiappihe local gauge transformations given
in equation 11 to the fermion fields, and requiring that thaltbagrangian is invariant. It can be shown

that the transformation
EV() — 2W,(0) = SEWL(N)ST + gL[a,l(S)] st (13)
W

yields the correct terms in the Lagrangian to ensure locafgdanvariance. Applying this to the case

whereS = e"™@X gives the form of the local gauge transformation of Wig fields for electro-weak
theory
. i . 1
W - W =W, + oy OB+ i a“w,. (14)

Returning to the Dirac Lagrangian, this time for only lefnldad fields, and adding in the interaction

term gives
Lo = iYL ¥ O — My — (gw i ¥ 7)) Wy, = iy Dyl — mpyy (15)

where

D, = 8, +igw?. W, (16)

which incorporates the transformation rule for W& field. The free field terms for each of the gauge

fields must be added in order to complete the Lagrangian.eThage the form
1w _1ow
Lr=-7 WIW,, - 2 BBy, 17)
where
Wi, = 9, Wi — 8,W, — gwe ™ WIWE, (18)

wherei is an index running from 1 to 3w is the SU(2) gauge coupling arig), has the same form
asF,, from equation 8. ThaV are the SU(2) gauge fields amy}, is the U(1) gauge field. The last
term of equation 18 is the self interaction term of the weakdns, which has arisen due to the non-

Abelian nature of the SU(2) group. The tensgtf appears in equation 18 because its components are

13
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the structure constants of SU(2) [9]. The full Lagrangiantfe electro-weak theory is then
— .Y
Lew =yrY! (@z - |gy7RBu)¢’R

— .Y T
+ Yyt (% - IgYELBu - IgW—W')tﬁL

2 H
1 1
- WL, W~ 2B, B (19)

wheregy has been introduced as the electro-magnetic coupling antetinsYg andY, are the weak
hypercharges of right and left handed fermions respegtivel

The crucial aspect of equation 19 to note is that it is invdriander a local gauge transformation,
provided that the fields given in equation 17 are massless.nTass eigenstates of tié, andB,, fields
will be the W and Z bosons and the photon. As there are no mass fer these fields the weak bosons
must acquire their mass through another mechanism, whiek dot break the local gauge invariance.

This is the Higgs mechanism.

2.3 TheHiggs mechanism

The above calculations started by considering a Lagrangimghimposing an invariance under a local
gauge transformation. For the electro-weak Lagrangias mdsulted in 4 massless bosons. It is how
proposed that these bosons are only massless in an unstaliieraim state, and that there is a true

ground state in which 3 of the 4 bosons will acquire a masstikm in the Lagrangian.

2.3.1 Spontaneous symmetry breaking

The phenomenon of spontaneous symmetry breaking is deratatsin this sub-section by modifying

the Klein-Gordon equation given in equation 3, such that
1 1 1
L = 50u0)(0"9) + 5% - 2% (20)

whereg is a scalar field ang anda are real positive constants. As it stands equation 20 hasiysigal
mass term because the sign of the second term is positivejieldd an imaginary mass. It is invariant
under the transformatiopn — —¢. The first term can be identified as the kinetic energy termg¢kwvivill
be zero if the field is constant. The second and third termdearonsidered as a potential. Writing the
Lagrangian in the form_ = 7 — U, where7 is the kinetic energy density ard is the potential energy
density, the potential is:

UW) = 340 + 3% (21)

14
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which must be minimised in order to find the ground state. &lage three extrema; the trivigl = 0,
which is an unstable equilibrium; angl = +u/A which are the ground states. One can rewrite the
potential in terms of a new variablg which is O at either of the two stable equilibria. The newiaale

n is related top via

(22)

=
1l
<
H
~I=

The Lagrangian takes the form

_1 2 2 s At ot
Ly = 5(6,177)(8“77) T HNT E P+ = T (23)

The second term now can be identified as a mass term with tihectaign, the third and fourth terms
are self coupling terms and the final term is a constant arréfibre is irrelevant for a potential.

This is the process of spontaneous symmetry breaking. Tleahgian given in equation 20 is
invariant under the transformatiah— —¢, but equation 23, which describes exactly the same physics,
is not invariant unden — —n, thus the symmetry is said to be broken. It happened becawsefdhe
two ground states had to be chosen, and the Lagrangian iymobetric about the ground states, only
about the unstable equilibrium. In this sense it is callegantaneously broken symmetry, because the

choice of ground states is arbitrary.

2.3.2 Spontaneous breaking of a global U(1) symmetry

To apply the spontaneous symmetry breaking mechanism t&Jthge group the Lagrangian must be
formulated such that the initial symmetry has the form oflteal gauge invariance used in equation 10,

rewritten here for the field
¢ — ¢ =U(X¢. (24)

To do so one must first extend the symmetry to a continuous tmnConsider a complex scalar field,

¢ = %(qﬁl +i¢y), the Lagrangian for which is

L = 50,0 @0) + 320°0) - 3209 (29)

This is the equivalent of equation 20, except that it invelaecomplex field. It is invariant under a global
gauge transformation of the form given in equation 24 extiegitU is not a function o. The potential

which has to be minimised in order to find the ground state is
1 1
UQ) = ~51°(0] +03) + 74°(6% + 63)° (26)
and is shown in fig. 1.
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Theory 2.3 The Higgs mechanism

Figure 1: The form of the potential given in equation 26, vihias a symmetry about the unstable equilibrium

which is broken once a ground state is chosen.

There are a continuum of degenerate ground states whichnl@aircle atp? +¢5 = u?/4% Any
of the minima can be chosen in order to break the symmetnysithplest is¢y,,, = /1 andg,,,, = 0.
The final step to take is to rewrite the Lagrangian in termshefriew minimum, using the coordinates

n=¢1—u/dandl = ¢». The Lagrangian then becomes

L= @@ - 22| + |50,

3 2 22 4 4 2,2 ll4
—[/M(n +n§)+z(n + "+ 20°0°) e (27)

The first term is the free Klein-Gordon equation for a scalzsdn of masssnﬁ = u. The second term is
the same except this time the scalar boson has no nm%ssp. This is a Goldstone boson, and one such
boson always appears when spontaneously breaking a consirgiobal symmetry [9]. The third term

describes five dierent couplings between these bosons, and the constantaerbe ignored.

2.3.3 Spontaneous breaking of alocal U(1) symmetry

The next step is to make this global symmetry a local one. Tdugrdngian given in equation 25 can
be made invariant under the local U(1) gauge transformatioen in equation 24 by following the
prescription outlined in sub-section 2.2.2, whereby a teassgauge fieldh, was introduced and the
derivatives were replaced with covariant derivatives @& torm D, = 9, + igA". The locally gauge

2 2
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Theory 2.3 The Higgs mechanism

The local symmetry of this Lagrangian can be broken in theesaray as the global symmetry, by
formulating the Lagrangian around the stable equilibriubhsing the coordinateg = ¢1 — u/A and

{ = ¢» the Lagrangian becomes

1
Ly = 5(8#77)(8"77)—/12772 +

30,000

+

O g (1)
77 Fu+3(3) Aﬂ’*“]

+| g{n@.0) - c@m)} A+ %gzn(AuA") = %gz(é’zmz)(AﬂA“)

1
— u@® +nd?) - ;,r/12(774 + 27702 + )

2
+ %(aﬂg)A“ + (%) . (29)

The first two terms are again the Klein-Gordon equations foiaasive and massless boson respectively.

The second term is the free field term for the gauge field, whahnow acquired a mass
_ q

The third term represents the interaction terms ofithg¢ and A, fields. The final term has a constant,
which is irrelevant for a Lagrangian, but also contains awamted interaction term between the Gold-
stone boson and the gauge field. This unwanted term can beseenvathout loss of generality by

selecting a particular gauge. Rewriting the local gaugeriance in terms of the real and imaginary

components
¢ — ¢ = (cod +isin)(¢1 + i¢2) = ($1C0F — $2SiMY) + i(¢1SINY — $oC0Y) = ¢ +id5,  (31)

and selecting = tarm(¢,/¢1) gives¢, = 0. Applying the transformation of equation 31 leaves the
Lagrangian of equation 29 unchanged (due to the local gangeidance). Using the fact thét= ¢, = 0

in this particular gauge the Lagrangian becomes

1
Ly = 5(0,177)(8“77)—#2772 +

1w g (1
7R () A

Hooon oy o L2208 aoy a3y Lo (i)z
+/lg77(AyA)+2977(AyA) Au(r°) 4/177 +37

(32)

The first term describes a free massive scalar besdhe second term describes a free massive gauge

field A, and the third term describes the interactions between them.
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Theory 2.3 The Higgs mechanism

A mass has been given to the gauge bosons, and the conseaquii¢hieis a new massive scalar
boson, which is identified as the SM Higgs boson. In this gahgeGoldstone bosons of equation 29
have not disappeared entirely, they are absorbed as andedrae of freedom of tha, fields which is

how they acquired mass.

2.3.4 Spontaneous breaking of SU(2) symmetry

1 To alter the local U(1) symmetry breaking mechanism outlirethe previous 2 sub-sections to the

breaking of a local SU(2) symmetry the complex scalar bossgd #i is extended to an SU(2) doublet of

¢:[¢a]:\/g[¢l+i¢2] (33)
?p $3+ 144

the form

so that the Lagrangian becomes
1 T 1o s 1o 5 .\2
Ly = E(auf/’)) (0"¢) + SH (9'¢) - 24 (9'9)", (34)

which is still invariant under global SU(2) transformatsoriTo extend this global gauge invariance to a
local one the derivatives in equation 34 are replaced by ¢var@ant derivatives of equation 16 which
introduces the thre®, fields. TheW, fields transform as shown in equation 14 and the free terms of

equation 17 corresponding to the SU(2) gauge fields are addedLagrangian now becomes
1 R . 1, 1, +.0 1 -
Ln = 510+ igw? V)91 (" + igw? . W)g] + u%(6'9) — 24676 — W W, (35)

which is locally gauge invariant under SU(2) transformasio The potential is minimised when
¢'¢ = —u?/A2, which is the equivalent of the circle of minima in fig. 1, egt¢hat¢ now has four
dimensions. A particular gauge is now chosen in whigh= ¢, = ¢4 = 0 and¢3 = —?/4? = v2. With

this particular gauge equation 33, which gives the generah fof ¢ in terms of the four fieldg1 234,

11 0 1 0
- [ . 36
ho 2[ ] \/;[V-i-h(x)] (39)

4

becomes

where the local gauge invariance has been used in the Ig@st Stéstituting equation 36 into the La-
grangian of equation 34 yields a Lagrangian describing 3madosons of madeyy = gwv, @ massive
scalar, the Higgs boson and the interaction terms betwesn.tfihe particular gauge chosen ensures that
the Goldstone bosons are not present, but that the degréeeddm associated with them are absorbed

by the mass terms of the gauge fields.

1This section follows the derivation from [10].
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Theory 2.3 The Higgs mechanism

The final electro-weak Lagrangian including the Higgs tersns
L= 1 (W,W.W’” + B, B")
[lﬁm’” (O + 'gw? W, + ng "B, m] [ww” (O + ng %B,) wR]
gW S R . JW . 1 1
N [(a,l #1202 R+ |gyE B.) ¢] [(aﬂ + 1202 R + |gY§ B,) ¢] + S1P8') - 31208

+ fermion and Hggs couplingterms (37)

2.3.5 Masses of the electro-weak bosons

The masses of the electro-weak bosons can be determinechilyiring the above results and consid-
ering a transformation invariant und&uU(2). @ U(1). This will yield 3 massive vector bosons, 2 of
which are charged and 1 that is neutral, and a massless bagonaxcharge. These bosons can then be
associated to th&/*, W~, Z andy.

The relevant term to consider in the Lagrangian of equatibrs3
L= [0 V0, + vy B0 [(192.W, + igv s B)a]. (38)
Substituting in equation 36 yields

. 1[ gwW3 +gvB,  gw(Wi — W?) ][ 0
M=3

S x H.C (39)
gw(Wi +W?2)  —gwW2 + gy B,

where H.C stands for the hermitian conjugate. Definivigy= %(W1 +iIW?2) gives

1\ 1
Ly = (EVQW) W WH §V2(9Y B, — gwW2)(gy B — gwWH). (40)

The first term can be identified as a mass term with n&gs= %gv. The remaining term can be written

1 go  —gvow |[ W¥

gVz(w;j' Bﬂ)[ w , ][ : (41)
-gygw 9y B!

The physical fieldZ,, andA,, corresponding to the Z boson and the photon respectively diagonalise

out in matrix form

the 2x 2 matrix in equation 41. The masses of the fields can then lzénglat by identifying the resulting
diagonalised matrix equation wih(M2 Z2 + MZ A2), which is the appropriate mass term for 2 neutral

vector bosons. The diagonalised fields are given by [10]
gYWE + 9w By

o5 + 9

gWW,? + 9y B;,l
7, = —HE —*
9% + 95
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which yieldsMz = %v \/(g\ZN + gi) andMa = 0. It is conventional to introduce the Glashow-Weinberg

angle, defined by tafw = gv/gw, such that the masses of the W and Z fields are related by

Mw = Mz cosPw). (43)

2.4 Searchesfor the Higgs boson

The Standard Model Higgs boson was predicted in 1964 [11hwing earlier work on electro-weak
symmetry breaking [12,13]. There were few theoretical t@iists on the mass of the boson at that time.
Early searches focused on nuclear transitions [14] andoreutucleus scattering [15] which excluded
the mass rangesd3 < my < 183 MeV andmy < 15 MeV respectively [16].

The search for a high mass Higgs boson at particle collidegaib at LEP, an electron-positron col-
lider. The centre-of-mass energy of the LEP collider sthee90 GeV, and was subsequently increased
to 160 GeV in order to study W pair production. Direct seascf@ the Higgs boson were performed
by considering th& — H + f f andee— Z + H production mechanisms. An indication of the possible
Higgs mass range was also obtained by probing rare ele@sdwrocesses to high precision. Loop cor-
rections involving the Higgs bosoritact the rate of these processes, and exclusion limits weeagneil
by fitting all possible Higgs boson masses to the data.

It was not until the discovery of the top quark [17] in 1995ttthee strongest predictions for the mass
of the SM Higgs boson could be obtained from these fits, whiclicated that the mass of the Higgs
boson was just higher than the W mass of 81 GeV. As a resultahezof-mass energy at LEP was
gradually increased. By the year 2000 LEP was collidingted&s together at a centre-of-mass energy
of 209 GeV and still no significant excess was observed. LEfatipn ended in 2000, to allow work on
the LHC to proceed. The final exclusion limits from LEP plaeefbwer bound on the mass of the SM
Higgs boson atny > 1144 GeV.

Additional exclusion limits were placed on the mass of thgddiboson using data from the CDF
and DO experiments located at the Tevatron. The dominarmugtmn mechanism for the Higgs bo-
son at the Tevatron was gluon-gluon fusion, for which therfegn diagram is shown in fig. 3(a).
Using Tevatron data a further experimental constraint anrtfass of the Higgs boson was placed at
156 < my < 177 GeV [18]. The Tevatron data together with that from LERSed in fig. 2, which
summarizes the state of the searches for the Higgs bosoreltéLHC. This figure shows the dis-
tribution obtained from the electro-weak fits as a functiénmp,. The blue band is an estimate of the
error due to missing higher order terms. The yellow regig@esent the excluded regions from both

LEP and the Tevatron.
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Figure 2: A summary of the pre-LHC exclusion limits of the Sigdd boson using electro-weak fits [7]. The

yellow band indicates an excluded region.

2.4.1 SM Higgs production at the LHC

There are many dierent Higgs boson production mechanisms at the LHC. The rioost probable
processes are shown in fig. 3, and the cross sectioR&sat 7 TeV for these processes as a function of
Higgs mass are shown in fig. 4.

At LHC energies the most probable production mechanismagthon-gluon fusiondgF) process
shown in fig. 3(a), where it is most likely that the quark in thiengular loop will be a top quark.
This is the dominant production process for the high masgs$iggarches presented in chapters 5 and 6
respectively, where it accounts for approximately 90% ef éxpected signal. The next most abundant
production mechanism is the Vector Boson Fusion (VBF) mechown in fig. 3(b) in which a Higgs
boson is produced along with two jets. This process accdontthe remaining 10% of the expected
signal of high mass Higgs production. The associative vdmbson production mechanism shown in
fig. 3(c), whereby the Higgs boson can be produced in assmtiatth a Z or W boson, is a much rarer
process thaggF and VBF processes, and is particularly useful for decay blsrsuch as thel — bb

channel, that have a large amount of QCD background. In #8e one can use the leptonic decays of
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(© (d)

Figure 3: Feynman diagrams of the most likely Higgs producirocesses at the LHC (a) gluon gluon fusion, (b)

vector boson fusion, (c) associated vector boson prodaetia (d) associated production.
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Figure 4: Cross sections a{/s = 7 TeV of the most likely Higgs production mechanisms at the hbl& function

of Higgs mass [19].

the W or Z boson to help distinguish the signal events. Thislpction mechanism is also used in the
ZH — Il +inv search presented in chapter 7, where the Z boson is requirgelcay to 2 leptons. The
associatedt production mechanism, shown in 3(d), is a very rare procass$will be used to extract the
Htt coupling when the LHC has collected more data. It is not aersd in the searches presented in

this thesis.

22



Theory 2.5 Beyond the Standard Model

2.5 Beyond the Standard M odel

Despite the success of the Standard Model there is stilbress believe that there is new physics to
be discovered. Perhaps the most compelling evidence camrescbsmological studies, where a large
excess in non-luminous matter has been indirectly obsdoyesumerous experiments [20, 21], and is
given the name Dark Matter (DM). None of the Standard Modeiglas are a good candidate for dark
matter. A neutral stable particle is required, and the ujgeeinds on the mass of the neutrinos is found
to be too small. Therefore a new particle is required. Theeeadditional problems with the Standard

Model which motivate dark matter and are described below.

25.1 Thehierarchy problem

The mass of the candidate Higgs boson is around 125 GeMiggplitp the mass of the Higgs boson into

the quantum corrections givésZ = M2, + AMZ, for the physical mass of the Higgs boson, where

2 A4 2
AMZ = l’j—wf %) ~ #AZ. (44)
The integral is performed over the momenta of the partiaiethe loop correction to the bare Higgs
mass, and is valid up unt\, which is the cut & at which the SM is no longer valid [21}1 is simply
a coupling constant with unit order of magnitude, therefibve quantum correction of the mass of the
Higgs boson is of the same order as the scale of new physiaser@ly the only known cut b for the
validity of the SM is the Planck mas#/p), the scale at which quantuntfects to gravitational forces
become important. This has a valueMf, = Yhc/GN ~ 1.2 x 10'° GeV. If this were indeed the only
scale at which the SM was not valid then the bare mass of thgsHigd the quantum corrections would
both be of order 18 GeV, but these would have to cancel out to give the observgddtinass, which
is 1017 orders of magnitude smaller. This cancellation is calleda funing problem. The fact that the
mass of the Higgs is of order 100 GeV is reason to believe tiektis a cut fi scale around 1 TeV
at which the SM is no longer valid. Such a cutf would provide a natural solution to the Hierarchy

problem.

2.5.2 Neutrino masses

In the SM there are no right handed neutrino fields, and so #ekvwosons only couple to left handed
neutrinos and are predicted to be massless. However, tlegvalisns that neutrinos oscillate between
flavours [22] indicates that they have mass. This is dire@esce that the SM is incomplete, and is

further reason to believe that there is BSM physics. The oreasent of the mass hierarchy of neutrinos,
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which determines the fierence in masses of thefldirent flavours, is currently being studied by many
neutrino experiments [23]. The absolute mass of neutrisasknown, as is the mechanism through
which they aquire their mass. A measurement of the absolatssris beyond the scope of current

experiments [24].

2.6 Dark matter and the Higgs boson

In order for the DM candidate to solve the hierarchy problémust couple to the Higgs boson. To ac-
count for the non-luminous matter in the universe and ha@edtinrect relic density it must also be weakly
interacting and therefore stable. The detailed measurenudrihe Z lineshape at LEP investigated the
invisble decay width of the Z boson, and found that it was =test with 3 generations of neutrinos [25].
As such a DM candidate with mass less tmary2 that couples to the Z boson is excluded. Additional
limits on the anhilation cross-section of dark matter ceaths were also performed at LEP [26]. To
allow for a DM candidate that is consistent with the curremasurements of the cross-sections of SM
processes it is proposed that the new particle may only tduped in pairs [21], such that, for example,
the decayH — y +x would be possible, wheperepresents a DM candidate, but interactions of the form
SM+SM- y - SM+ S Mwould not be allowed. Additionally this constraint natlyalequires the
DM candidate to be stable.

The search for invisible decays of the Higgs boson presédntedapter 7 is motivated by searching

for DM candidates.

2.7 Supersymmetry

The hierarchy problem is also solved by supersymmetry (S)J3Nis theory introduces a new patrticle
for every particle in the SM, which has the same propertigb@$SM particle except that the spirfiérrs
by 1/2. SUSY models require at least 2 Higgs bosons, and most seetglire 5, which correspond to
a light Higgs, a heavy Higgs, a positively and a negativelgrghd Higgs and a CP odd Higgs. If the
candidate Higgs boson at 125 GeV is found to have the SM amygplihen the search for the heavier
Higgs will be a stringent test of SUSY. SUSY extensions to $iM provide a natural framework for
DM to be incorporated into the SM, as some of the additiondigles are natural DM candidates. The
search for SUSY is one of the goals of the LHC. Currently nectievidence for SUSY has been found.
Some of the simpler models have been constrained using thefrdan the ATLAS, CMS and LHCb
experiments. Nevertheless there is still unexplored pkpsee, and many SUSY models will require

more data to be ruled out.
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Chapter 3

The ATLAS Detector

In this chapter the large hadron collider is introduced, arwlief summary of the four main detectors is
given. The main aims of the ATLAS experiment are outline@,¢b-ordinate system adopted by ATLAS
is explained and finally this is followed by a detailed acdafrihe components that make up the ATLAS

detector.

3.1 ThelLargeHadron Collider

The LHC is a hadron-hadron synchrotron collider locateth@franco-Swiss border near Geneva, which
was built at the European Organisation for Nuclear Resdarotvn as CERN. It was designed to collide
high energy hadronic beams together at large instantari@ousosities in order to produce rare particle
physics processes at a ratdfmiently high to study them. It consists of a large accelerbktcated in a
tunnel 267 km in circumference, which lies between 4470 m underground, into which two counter
rotating hadronic beams are injected. For the majority wietithe LHC is used as a proton-proton
collider, but it is also occasionally used to collide heawgg, such as lead ions [27]. The remainder of
this section focuses on the proton-proton collisions.

Protons are first supplied from a linear accelerator (Linpin2which they are accelerated up to
an energy of 50 MeV. They are accelerated further at threeasingly large synchrotron accelerators
- proton synchrotron booster .Al GeV), proton synchrotron (25 GeV) and super proton syrtobmo
(450 GeV) - until finally they are injected into the LHC.

Integrated luminosity, denoted by L, is a measure of thel tmtanber of collisions expected and
has units of cm?, although it is usually measured in multiples of the 'baiw’where 1B 10-2%cm 2.
Instantaneous luminosity, denoted Wy is simply the luminosity per second. The total number of
collisions is calculated from the cross sectior) (vhich varies for diferent processes, and is related to
the luminosity through equation 45.

NzcrdetzcrL (45)

The LHC is designed to supply an instantaneous luminosity0&f cm=2s1 which corresponds to ap-
proximately one billion proton proton collisions per sedon

In September 2010 the beams were accelerated to yield aesfAtnass energy of/s= 7 TeV and
nominal data taking started. The beams remained at thiggittaoughout 2011 and the LHC delivered a
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The ATLAS Detector 3.2 The aims of the ATLAS experiment

total integrated luminosity of 5 fo~! to the two general purpose detectors; ATLAS and CMS (Compact
Muon Solenoid). In total four detectors are located aroumedring as shown in fig. 5; ATLAS, CMS and
two smaller, specialised detectors; ALICE (A Large lon @ifdlr) and LHCb (Large Hadron Collider
Beauty). Having two general purpose detectors that utiliferent technologies ensures that any new
physics discoveries observed by a single experiment carolse checked by an independent experiment.

It also doubles (approximately) the integrated luminoaitg thus increases the frequency of rare events.

CERN
-TET ATLAS ALICE
piatomta <=, Point 2

Figure 5: The location of the four main detectors locateduard the LHC ring [28].

3.2 Theaimsof the ATLAS experiment

In order to ensure the sensitivity to a variety of final stagmatures the basic design requirements are

the following, as outlined in the letter of intent [29] in 129

e High quality electro-magnetic calorimetry for electrondaphoton identification and measure-

ments, complemented by hermetic jet and transverse missiagy calorimetry.

e Efficient tracking at high luminosity for lepton momentum measuents and to enhance electron

and photon identification, and tau and heavy flavour taggapgbilities at lower luminosity.
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e Precision muon momentum measurements with stand-alorebitiips at the highest luminosi-

ties.
e Large acceptance in the polar angle and complete azimutlyée aoverage.

e Triggering and measurements of particles at low momentuastolds.

3.3 Co-ordinate system and units

A right handed co-ordinate system is used for the ATLAS detethe origin of which is at the centre of
the detector. The positiveaxis points towards the centre of the ring, the positiaxis points vertically
upwards and the positiveaxis points along the beam pipe. The azimuthal ang)ed the polar angle
(9) are defined with respect to these axes. An alternative meaéthe polar angle is the pseudo-rapidity
() which is defined as

n = —Intan@/2). (46)

The angular separatioAR) between two objects is defined to be

AR = /(Ag)? + (An)>. (47)

Because of the high boost along thaxis particles often have their energy and momentum given in
terms of the transversex & y plane) components only, where these are definedas< E sind) and
(pt = psind). When the mass of the particle is small compared to its mounehe mass component

of the energy can be neglected and these two values are appitely equal.

3.4 Detector overview

The ATLAS detector is a general purpose detector, designedflore potential new particle phenom-
ena at the TeV energy scale. It is a detector, with complete azimuthal angle coverage, andge lar
acceptance in pseudorapidity. It is forward-backward stnim with respect to the interaction point.
It consists of an inner detector [30], primarily used forcking and particle recognition; calorime-
ters [31] [32], for measuring the energies of both electrmgmetic and hadronic particles, and to aid
in particle identification; and muon chambers [33], for pgeanomentum and position measurements of
muons. The performance goals apdange of these sub-detectors are given in table 2. Therepare f
superconducting magnets; a thin, 2 T solenoid magnet sudinog the inner detector, and three large

superconducting magnets one in each end cap and one sumguhd calorimeters supplying 1 T and
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Tile calorimeters

? LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 6: The cut away view of the ATLAS detector. Shown addtr super conducting magnets, the muon
chambers, the hadronic and electro-magnetic calorimetard the inner detector, which consists of the pixel

detector, the transition radiation tracker and the semidoctor tracker [28].

0.5 T magnetic fields respectively. The layout and sub-systeintise ATLAS detector can be seen in
fig. 6.

The ATLAS detector also has complex trigger systems andrasity detectors. The trigger system
uses measurements made in all of the sub-systems in theafeted is split up into three fierent
levels, L1, L2, and the event filter. A combination of thesggers is required to reduce the raw data
rate (40 MHz [34]) down to approximately 200 Hz so that it canviritten to disk. The; ranges for
the trigger systems of the various sub detectors are givéabile 2. The majority of collisions in the
ATLAS detector are ‘soft collisions’ - collisions in whiclelatively litle momentum is exchanged. Such
events can be used to measure the luminosity. Dedicatedtoietéo record these events are located in

the forward regions of the experiment.
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Table 2: Performance goals of the ATLAS detector. The umitsrfergy and momentunm are in GeV [35].

n range

Detector component Required resolution )
measuremen# Trigger

Tracking opr/Pr = 0.05%, pr ® 1% +2.5 -
EM calorimetry oe/E =10%, VE® 0.7% +3.2 +2.5
Hadronic calorimetry (barrel and end cap)e/E = 50%, VE & 3.0% +3.2 +3.2
Hadronic calorimetry (forward) oe/E = 100%, VE & 10.0% 3.1<n4.9 3.2<n4.9
Muon spectrometer op/Pr =10% atpr =1TeV | +2.7 +2.4

3.5 Inner Detector

The Inner Detector is located around the beam pipe at thesiooll point, and covers a range of
5 <r < 120 cm andp| < 25. It consists of three sub-detectors, two silicon basedadiets; the

Pixel Detector and the SiliCon Tracker (SCT), and a strave tgaseous detector; the Transition Radi-
ation Tracker (TRT), all of which are surrounded by the inselenoid, a 2T magnet positioned on the

inner side of the electro-magnetic calorimeter. These laogva in fig. 7.

End-cap semiconductor tracker

Figure 7: The cut away view of the inner detector with the stgiesns labelled [28].

The three sub-detectors are used to determine the locdtite @rimary vertex and any secondary
vertices, to aid in particle identification and for chargeattjgles to measure both the momentum and

the sign of the charge from the curvature of the track. Theilimtetector hardware was chosen so as to
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withstand the high radiation environment that it will be gabed to during data taking, and unless stated
otherwise all components are built to survive at least tearyef operation at the LHC.

To ensure good track parameter resolution the location efsnsory elements must be known to
within a few micrometers. This is mostly achieved by an afigmt procedure using tracks. The SCT
also has a built in interferometer based alignment momigpgystem [36] that under pins these regular
track based alignment procedures.

The amount of material within the ID is kept to a minimum as araterials traversed by an outgoing
particle can cause Coulomb scattering, bremsstrahlur@pplconversions or secondaries from nuclear
reactions, all of which canfiect the accuracy of the track measurement. The amount ofialdteeach

sub-detector is shown as a function ofiah fig. 8.
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Figure 8: Cumulative amount of material in terms of radiatitength for the Inner Detector as a function of
Inl [37].

Another source of error on the track measurements is thet exdwe of the magnetic field from
the solenoid surrounding the ID. Prior to the installatidnttee ID, after only the barrel and endcap
calorimeters were in place, a mobile array of Hall probesenggsed to map out the magnetic field in
the volume to be occupied by the ID. To monitor any changeBignmagnetic field during running four
Nuclear Magnetic Resonance (NMR) probes are used, loca@doz = 0 cm.

The inner detector does not contribute to the L1 triggersleni and therefore all of digitized data
from a single event is simply stored in affer and only passed to théfaletector electronics if the L1

trigger accepts the event.
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3.5.1 Pixel detector

Located closest to the beam pipe is the pixel detector. Tked getector consists of 1744 identical pixel
sensors, spread out across three barrel layers and twofltiteee end cap disks. Each pixel sensor has
47232 pixels, each of size 50400 um, and is bump bonded to an element of the front end readout
integrated circuit [34]. The three barrel layers are comgertylinders around the beam axis located
between 53 < R < 1225 mm. The proximity of the barrel layers to the beam meansttiginnermost
layer will have to be replaced after about three years ofinmdue to radiation damage. The end cap
disks are aligned perpendicular to the beam axis, and aateld@t both sides A and C of the detector.
These are also 250m thick. The pixel layers are segmentedRi- ¢ andz, and typically three pixel
layers are crossed by each track. The intrinsic measureaventracies for each of the layers and disks
are 10um in theR — ¢ plane and 15xm along thez axis, which is sfficient for high precision tracking

measurements.

3.5.2 Silicon Tracker (SCT)

Additional tracking measurements are provided by the SCHichvis located further out from the
beam than the pixel detector, and again consists of a bagibm and two end caps. Located at
255 < R < 549 mm is the barrel region, which consists of four cylindtitayers. There are 2112
barrel SCT modules shared out across the four layers. Eadulmoonsists of four silicon sensors, two
of each on the top and bottom, all with gén pitch micro-strip sensors.The front and back sensors are
aligned with a stereo angle of 40 mrad and are connected &ybsignal readout chips. The shallow
stereo angle reduces the number of ambiguities for a pagiaksing through a module, and also sim-
plifies the geometrical layout of the module. The modulesagientated such that the bottom sensor is
aligned with the beam line. The precision of each of the b&®T modules in th& — ¢ co-ordinate is
17 um and 58Qum for thez co-ordinate.

In order to maximise the coverage there are also nine disk layers in each of the twocapd
arranged perpendicular to the beam axis. This ensureshibi are at least four precision space-point
measurements for each track within the fiducial detectoe@ge. The layout of the modules in the end
caps is such that the accuracy of each of the end cap SCT nsaduleR — ¢ co-ordinate is 17tm and
580um for R.

In order to maintain an acceptably low level of noise durilagadtaking and reduce increases in the

required bias voltage the SCT is kept at a temperature ardot@d
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3.5.3 Transition Radiation Tracker (TRT)

The outer-most region of the inner detector is occupied BYTRT, located at 554 R < 1082 mm. It
covers the regiofy| < 2.0 and enables charged patrticles to be tracked right througjietcalorimeters.
The TRT contains many polyamide tubes of thickness 4 mm, eeate of two 35um thick multi-layer
films bonded back to back, immersed in an Argon based gas mixtach straw tube is inter-leaved
with transition radiation material and has at its centredenwires which are read out at either end of the
straw. When passing through the numerous dielectric baiexlaf each straw ultra relativistic particles
produce transition radiation photons which ionise the gasenixture and enhance the signal.

The TRT consists of barrel and end cap regions. The barm@lsirof length 144 cm, run parallel
to the beam line, and cover the regigh< 1.0. Perpendicular to these in the end cap regions are radial
straws of length 37 cm, these cover the regiob ¢ || < 2.0. Each straw has an intrinsic accuracy
130um in theR— ¢ direction. Approximately 36 hits are expected for a charmgadicle passing through
the TRT, and the precise measurement of the timing of th@setbgether with the fact that these hits
are spread out over a larger distance than that of the inrstrdetectors, means that the TRT contributes

significantly to the accuracy of the momentum measuremechafged particles.

3.5.4 Inner detector performance

Fig. 9(a) shows the MC and data comparison for the vertexutiso of the ID in thex direction for

data taken in 2011 [37]. Similar agreement is also obsergethey andz directions. Fig. 9(b) shows
the invariant mass distribution & — uu decays from the 702 pb of data collected during spring
2011. The mass is reconstructed using track parameterstifroh track of combined muons only. Two
different sets of alignment constants for the data are compaitbdive ideal alignment performance

based on MC predictions.

3.6 Calorimeters

The ATLAS calorimeters are positioned outside the 2 T saknmagnet surrounding the inner detector.
The purpose of a calorimeter is to measure the energy ofentigarticles. There are two types of
calorimeter used in ATLAS.

The electro-magnetic calorimeter (EMCAL) measures thegynef electro-magnetically interacting
particles and the hadronic calorimeter (HCAL) does the s@ometrongly interacting particles. Both
consist of a barrel calorimeter and two endcaps and give @y coverage. This is necessary for

the accurate reconstruction of missing energy, which isasfigular importance to the physics analyses
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described in this thesis. Fig. 10 shows the layout of the ABlLoalorimeters.

The depth of the calorimeters is chosen to maximise the tontnt of electro-magnetic and hadronic
showers and thus minimise the punch through of jets into themsystem. In total at = 0, which cor-
responds to the thinnest part, the calorimeters are appaigiy 11 interaction lengths thick, which has

been shown to reduce punch through to an acceptable level [35
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Figure 9: (a) Data and MC comparison of the vertex resolutisna function of the number of tracks for 2011
data. (b) The invariant mass of muons using only informafisom the tracks fo702pb~* of 2011 data. The black

and red dots indicate two flerent sets of alignment constants.

33



The ATLAS Detector 3.6 Calorimeters
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Figure 10: The cut away view of the calorimeters [28].

3.6.1 Electro-magnetic calorimeters

The EMCAL measures the energies of incident photons andrefex; and helps distinguish between
different particle types by accurately measuring the shapeeofebulting electro-magnetic shower. It
also measures the electro-magnetic component of incigest |

The LAr EMCAL uses lead as its absorber and the detection uneds liquid Argon. The LAr is
kept at—88°C in a cryostat. The EMCAL consists of 3 parts, the barrel far 1.475) and two end cap
parts (1375 < |n| < 3.2). The barrel part itself is made of two identical half baparts, separated by a
small gap of 4 mm at = 0 and the end caps are split into two wheels, the outer whe@1%k |n| < 2.5)
and the inner wheel (8 < || < 3.2). The absorber layers have an accordion shaped geomesiypan
in fig. 11, which allows for complete coverage without any azimuthal cracks. In the barrel thediss
layers are parallel to the beam line and are stacked along tieection where as in the end caps the
accordion waves are aligned with the radial direction.

In the pseudorapidity range matched to the inner detegjpr< 2.5, the calorimeter is split up
into 3 layers to measure the variation in shower shape asdidunof depth. The first layer has the
finest¢ granularity and is used for detailetimeasurements. The second layer is where most of the
electro-magnetic shower will be absorbed, and the thiréday used to measure possible leakage into
the hadronic calorimeter. An additional layer, referrecatothe presampler, is positioned in the region

lnl < 1.8 and is used to estimate energy loss of photons and elediefose they reach the first main
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Figure 11: (a) Photo of the EMCAL during construction, shogvihe three layers and the accordion geometry [28]

and (b) a schematic view of the part of the barrel section efEMCAL.
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layer. It has a very fine granularity in pseudorapidity whiaips thepr resolution as well ag/x°

separation [31].

3.6.2 Hadronic calorimeters

The hadronic calorimeters are used to measure the strontyacting component of the incident jets,
and absorb all particles that have passed through the EMGA&p muons.

Along with the forward calorimeters there are two hadronidodmeters used in ATLAS. Both
calorimeters employ a fierent technology depending on the performance requiresmiarihe difer-
ent regions of the ATLAS detector. The tile calorimeter (HQAises scintillating tiles for the sampling
medium and steel as the absorber. It is made of three bategimaters, a central barrel of length8&m,
and two extended barrels, eaclé 2n in length and in total covers the psuedorapidity raipfec 1.7.
The scintillating light in the tiles is read out by fibres ceated to photomultiplier tubes located outside
the barrels.

The hadronic endcap calorimeters (HEC) are located in teedugapidity region 5 < || < 3.2.
Like the EMCAL they use LAr as the detection medium due to tigh madiation conditions present at
this location, but they use copper for the absorber.

Further calorimetry is located in the forward region of thetattor, referred to as the forward
calorimeter (FCal). The FCal is comprised of three longitad sections, the first of which is copper
based and measures the EM component of very forward jets.s@¢mnd and third sections are tung-
sten based and are used to measure forward hadronic aclitigy~Cal covers the pseudorapidity range

3.1 < n < 4.9 and ensures that the ATLAS calorimeters have a largeverage.

3.6.3 Calorimeterssummary

Dedicated hardware is used to compute the calorimeter lavigiger decision (see section 3.8). Fig. 11(b)
shows the coarse granularity trigger towerd §00.1 in ApxA¢) in the EMCAL, and similar sized towers
are used in the HCAL. Analogue signals from these towersead put and used to associate the event
to a particular bunch crossing and calculate Eyefor each tower. The data are then transmitted to two
separate sub-systems, one for identifying jet candidatéstlae other for identifying electron, photon
andr candidates [35]. Within a time of 2us, this information is sent to the L1 central trigger prooess
allowing the decision to be completed within the target toh@.5 us.

Then coverage and the thickness in terms of interaction lengtlldhe calorimeters is displayed

in fig. 12. Thepr, n and ¢ distributions for electrons and jets, which are mostly nuead using the
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calorimeter, for the 2011 dataset are shown in chapter 4.

Interaction lengths

Pseudorapidity

Figure 12: Cumulative amount of material in terms of intdfan length for all of the calorimetery in ATLAS.
The plot demonstrates the fujlcoverage of all of the calorimetry in ATLAS [35]. The unldbdlcyan band
corresponds to the amount of material before the first adéyer of the MS and the band below the EM Calo and

FCAL 1isthe ID.

3.7 Muon spectrometer

The muon spectrometer (MS) is located outside of the caktens and covers the pseudorapidity range
Inl < 2.7 [33]. Itis used to detect and measure the momenta of mubasprily particles from the
p-p interactions at the centre of ATLAS which make it througk calorimeters, except for neutrinos
which do not interact with the detector at all. It consistsrafger chambers, which covéy < 2.4 and
contribute to the L1 trigger decision, and precision tragkchambers which measure the trajectories of
the muons from which the momenta can be inferred.

Three large superconducting air-core toroid magnets beedrgjectories of muons traversing the
MS. In the barrel |l < 1.4) the 8 coils of the toroid magnet are housed individually2&8 m long
cryostats which use liquid helium to keep the coils @ K. This toroid magnet provides a®T
field. Two smaller, but more powerful toroid magnets are tedan each of the end caps in the range
16 < |yl < 2.7 and supply a D T field. For the psuedorapidity rangetk || < 1.6 magnetic deflection
is provided by a combination of the two fields. This configimat shown in fig. 13, provides a magnetic
field which is mostly orthogonal to the muon trajectories.

To achieve the momentum resolution quoted in table 2 a éet&ihowledge of the uniformity of the
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Thin-gap chambers (T&C)

Cathode strip chambers (CSC)

V Barrel toroid
\ Resistive-plate
chambers (RPC)

/ End-cap toroid
Monitored drift tubes (MDT)

Figure 13: Cut away view of the ATLAS muon system [28].

magnetic field is required. The vast conductors that makdepdroids are shifted under the magnetic
and gravitational load they are subjected to, makingfiialilt to predict the exact position of all the
components, and hence to calculate the magnetic field tloglupe to the required accuracy. Therefore
the field produced from each of these conductors is measurgdgdrunning by 1730 Hall sensors
mounted onto the precision tracking chambers. The Hall@mleasurements are then compared with
field calculations to determine the position and shape otdh&d conductors with respect to the MS.
Two NMR sensors are also positioned in the barrel to detegtiary term drift in the response of the
3-D Hall sensors.

In the barrel region there are 8 symmetrical precision tiragkhambers located on and between the
8 coils of the barrel toroid magnet. Each of the 8 chamberSltascentric layers that are approximately
positioned aR = 5, 7.5 and 10 m. For the endcaps a precision chamber is locatedrbfstint and be-
hind each of the endcap toroid magnets. These wheel-shéyaecbers are positioned perpendicular to
the beam line alig ~ 7.4, 108, 140 and 215 m. For the majority of the MS the tracking chambers are
Monitored Drift Tube (MDT) chambers. There are 1150 MDTslie MS, each comprised of a pair of
drift tube multi-layers, which themselves are made up d¢feziB or 4 monolayers. For a charged particle
traversing the MDTs approximately 20r track position measurements are made, with resolutions of

80 um per drift tube, or 3%um per MDT. In the first layer of the endcaps, corresponding pswedora-
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pidity range of 20 < |n| < 2.7 where the rate of muons is expected to be highest, the medrsicking
chambers are Cathode Strip Chambers (CSC). These haveea gighularity than the MDTs and higher
rate capabilities to cope with the high rate of incident ngion

Dedicated high rate Resistive Plate Chambers (RPCs) @osdiin the barrel are used to trigger on
events with muons. There are 606 RPCs in the MS, and theydad@position measurements for each
charged particle traversing them. Theandz components of the muons are measured with a spatial
resolution of 1 cm, and with a time resolution of 1 ns. In thel@ps the trigger chambers are Thin
Gap Chambers (TGCs). Each TGC unit contains anode wiresngiqparallel to the MDT wires that
will provide a measurement of threco-ordinate with a 2 3 mm spatial resolution and a 4 ns temporal
resolution. Separate orthogonal anode wires measurg ¢beordinate with a 2 3 mm and 4 ns spatial
and temporal resolution respectively.

The pr, 7 and¢ distributions for muons in the 2011 dataset are shown intelapfig. 18.

3.8 Triggers

The 50 ns bunch spacing used for the majority of 2011 and &0&® corresponds to a raw data rate of
20 MHz, and at its design 25 ns bunch spacing the ATLAS detéxtequired to cope with a raw event
rate a factor of 2 higher. Therefore fast online trigger diexis need to be made in order to determine
which of the events to write out to disk.

The online event selection is done in three stages, and wlBnbrings the rate down to below
200 Hz. The criteria required to pass each of the three tritgeels can be altered using a trigger
menu, allowing the triggers to be adjusted to thedent running conditions of the detector. The first
decision is made by the Level 1 (L1) trigger, which uses imfation from the custom built hardware
in the calorimeters and muon chambers to identify intengséivents and the regions of interest (ROIS)
within these events, which are used later in the L2 triggeisien. There are separate L1 triggers for
physics objects, such as muons, electrons and photongngtdeptons. It is also possible to trigger on
global properties of an event, such as Ial:'q@ss and the sum of the transverse energy. The L1 trigger is
designed to bring the data rate down from 40 MHz to approx@hgat5 kHz [34]. The next step in the
trigger chain is the Level 2 (L2) trigger which uses a morenedi event selection to reduce the rate to
below 35 kHz. The full detector is used in this decision, includihg tD which enables the separation
of events containing electrons and photons. Finally thetmasplex event selection criteria are applied
at the event filter (EF) level which is applied on fully-bugivents. The reconstruction algorithms used

at this stage are similar to those used in the full ATLAS restarction, but optimised for the online
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environment. The EF trigger brings the rate down to the éds?00 Hz. The events are then separated
into different streams and recorded fdliime analysis.

Throughout data taking of 2011 and 2012 the triggers sufidgssoped with the high instantaneous
luminosity whilst maintaining lowpr thresholds on all physics objects. Fig. 14 shows the EF citiée
lowestpr unprescaled single electron triggers as a function of lasity during the 2011 run. A similar

plot for muons can be found in [38].

';‘ B T ‘ T T T ‘ T T T ‘ T T \7
L.100— ATLAS Preliminary—
o = ]
© = ]
x - i
801 B

B N -

B adbAL ]

60| st -
40} —e— €20_medium {

- —a— e22_medium E

200 —— e22vh_mediuml _|

o) IR AN IS BRIV FATES S N ITIr VI I

0 5 10 15 20 25 30 35 40

Instantaneous luminosity [cm?s-Y x10%2

Figure 14: The unprescaled EF trigger rates for single elecs. The vertical lines indicate the instantaneous lu-
minosity at which the triggers were no longer the main triggesed in physics analyses [39]. In the trigger names
in the legend the number corresponds to the minimgmapd the letters vh indicate that isolation requirements

are applied.

3.9 Luminosity

Hardware specifically designed to measure the LHC lumipatativered to the ATLAS detector is lo-
cated in the very forward regions of the detector. It was agmegoal of ATLAS to measure the lumi-
nosity with an uncertainty of less than 5%. The actual uadeties for the complete 2011 and 2012
datasets are.83% and 36% respectively. Two detectors are used to achieve this faemainty; LUCID
(LUminosity measurement using Cerenkov Integrating Dlet@@nd ALFA (Absolute Luminosity For
ATLAS). LUCID is located atz = £17 m and is the main detector used for luminosity measuresment
It is used to monitor the instantaneous luminosity and beanditions. It consists of 20 aluminium
tubes, 15 m in length and 15 mm in diameter, pointing back towards theraction point each filled

with C4F 10 gas. Forward particles from inelastic p-p scattering re@eghese tubes and emit Cerenkov
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light, which is then measured in photo multiplier tubes (FRYITThe signal amplitude from these PMTs
can be used to determine the number of incident particlesrsang the tubes. The signal is read out at a
rate faster than the bunch crossing rate so that the luntynfimsieach bunch crossing can be determined.
ALFA is located atz = +240 m and lies only 1 mm away from the beam. It measures thécelas
scattering cross-section at small angles from which thal wbss-section can be determined, and the
luminosity extracted [35]. It consists of a stack of 10 deubided scintillating-fibre modules which are
read out using PMTs. The small angles at thiistance are smaller than the nominal beam divergences,

and so ALFA is only used during special run conditions in ottdecalibrate LUCID.

3.10 Summary

In general the sub-detectors and detector systems ded@iimye have performed very well during data

taking. A summary of theféiciencies during 2011 of each of the sub-detectors is givéalle 3.

Sub-system Sub-detecton Efficiency (%)
Pixel 100
Inner Detector SCT 99.3
TRT 99.5
LAr 97.2
Calorimeters
Tile 99.6
MDT 99.9
RPC 99.8
Muon Detectors
CSC 100
TGC 99.8
L1 99.8
Trigger
HLT 100
Solenoid 99.7
Magnets
Toroid 99.3
Luminosity 99.8

Table 3: Summary of the channgfeiencies of the ATLAS sub-detectors during 2011.
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Chapter 4

Reconstruction

This section describes the reconstruction of physics tbjecthe ATLAS detector and the data taken
from 2010 up to the end of 2012. The physics objects descritezd are those most relevant to the
analyses presented in chapters 5,6 and 7. The descriptosde mainly on the reconstruction as used
intheH — ZZ — llvwy search described in chapter 6 which uses the 2011 datasetis dPlowing
reconstructed objects are taken from that search.ZIhe- Il + inv search uses the both the 2011 and
2012 dataset. It is highlighted when there are significaahglks between the reconstruction in 2011 and
2012.

The description of the data is split up into three periods tlearespond to each year of data taking.

e TheH — ZZ — Il search described in chapter 5 and [40] uses the 2010 da#ssdhes a

preliminary search inthél — ZZ — llvy [1].
e TheH — ZZ — llvv analysis described in chapter 6 and [3] uses the 2011 dataset

e TheZH — Il +inv search described in chapter 7 and [5] uses the 2011 datakpa&rof the 2012

dataset.

4.1 Data

During an LHC fill after stable beams have been declared thesgstems of the ATLAS detector must
be declared ready to record data. Any time lost whilst wgifior these sub-detectors to become fully
operational can be seen as &elience in delivered and recorded luminosity. Fig. 15 shtveglelivered
and recorded luminosities as a function of time for each géannning. Small diciency losses relate to
the turn on time of the high voltage of the pixel, SCT and muetedtors and also to time lost whenever
a problem with a sub-detector prevents any data taking [41].

When a sub-detector idftine, noisy or underféicient during a run but the run continues the loss in
luminosity is not shown in fig. 15, but the run and luminositgdk numbers are flagged and a defect is
recorded. The severity of defects is determindiiire and a decision of whether or not to include the
affected data is implemented via a Good Runs List (GRL).

A GRL is a list of run and luminosity block numbers for whichail a given set of sub-detectors were

operational at an acceptably higfiieiency. The requirement used to define a GRL may vary depgndin
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Figure 15: Cumulative luminosity versus day in (a) 2010,2811 and (c) 2012. The luminosity delivered (green),
and recorded by ATLAS (yellow) during stable beams are sholte total delivered and recorded integrated

luminaosities are written on each figure. [41]

on the intended use. For example if one were only interestdtie electron performance one would
require a GRL where the ID and calorimeters were fully opere, but it would not matter if there was
a fault in the MS. Hence such an analysis could use a GRL tbhtda runs during which MS defects
occurred. From 2011 onwards GRLs were centrally producethabdiferent physics analyses with
similar detector requirements could use the same dataBeg¢sintegrated luminosity of a dataset used in
a given analysis is calculated from the GRL to account formissing runs or luminosity blocks.

The details of each dataset are givenin 4.1.1, 4.1.2 ang.4.1.

41.1 The?2010 dataset

In July 2010 the LHC started colliding proton-proton beamgether at a centre-of-mass energy of

7 TeV and continued until the heavy ion collisions startetNovember that year. During this time the
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peak instantaneous luminosity was20%?cm2s™! and the number of interactions per bunch crossing
(denoted by< u >) varied between 6 4. The time between bunch crossings was 75 ns. The total
delivered (recorded) luminosity was 45445%440607 ) nbt. The cumulative luminosity delivered and

recorded per day in 2010 is shown in fig. 15 (a).

4.1.2 The 2011 dataset

During 2011 the beams continued to collidev = 7 TeV. For the majority of the data the time between
bunch crossings was 50 ns, although 12plvere taken with 75 ns. Compared to 2010 the number of
protons within each bunch was increased and the peak iasemis luminosity was@x 10°3cm2s™1,
over a factor of 10 higher; as a resditu > increased. The luminosity weightedu > distribution for
2011 is shown in fig. 16. In this figure the complete 2011 datase been split up into two sub-datasets,
corresponding to runs before and after a technical stop jie®aber 2011, during which, a parameter
related to the transverse beam size, was reduced ftbrm1o 1 m. It can be seen that theéfdrents*s
have a large féect on the< u > values. The fiect of a largex u > on physics analyses is discussed in
4.1.4.

10°E ATLAS Online 2011, \s=7 TeV ILdt=5.2 fo

10° — B*=1.0m,<p>=116
— B*=15m,<u>= 6.3

Recorded Luminosity [pb™?]

0 2 4 6 8 10 12 14 16 18 20 22 24

Mean Number of Interactions per Crossing

Figure 16: The mean number of interactions per crossinglier2011 dataset. The blue line indicates data taken
before the September technical stgp € 1.5) and the red line afterg* = 1.0). The average number of collisions

per bunch crossing for each sub-dataset is given on the figure

During the early part of data taking a number of cells in the tAlorimeter were lost due to problems
with the optical readout electronics. Additionally for adtion of the data a problem with the front-

end board electronics meant that certain regions of théreletagnetic calorimeter were inactive. The
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number of lost cells changes with time and is included in thkation of the Monte Carlo samples. For
analyses using the 2011 dataset an Object-Quality clegmowgdure was provided to remove electrons
in fiducial regions around these lost cells. The proceduapfdied to both the data and the MC.

The cumulative luminosity delivered and recorded througt®11 is shown in fig. 15(b). The total

integrated luminosity recorded by ATLAS in 2011 i®5 fb.

4.1.3 The 2012 dataset

During the winter shutdown between 2011 and 2012 the decisas taken to increase the LHC centre-
of-mass energy to 8 TeV. This increased the cross sectiaarfer processes including Higgs production.
The peak instantaneous luminosity wag37x 10°3cm2s™t. The 2012 dataset used for tEéH —
Il +inv search presented in chapter 7 has an average- of 20. Fig. 17 shows the u > distribution

for the first 14 fbo! of 2012, compared to that of 2011.
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Figure 17: The luminosity-weighted distribution of the me@amber of interactions per crossing for the 2011 and
2012 data.

The cumulative luminosity delivered and recorded througt®12 is shown in fig. 15 (c). The total
integrated luminosity recorded by ATLAS is ZIfb~1. The dataset used for tieH — Il + inv analysis
presented in chapter 7 is that taken up to September of 28#iZ;@responds to 13 b.
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4.1.4 Pileup

In general pile-up refers to additional interactions thetwr alongside the hard interaction of interest.
There are two types of pile-up, referred to as in-time andafititme pile-up. In-time pile-up refers
to additional proton-proton interactions occurring in ga@me bunch crossing as the hard interaction of
interest. Such interactions produce extra soft particighé detector which carffact the performance.
Higher numbers of pile-up events, highep >, increase the impact on an analysis.

Out-of-time pile-up refers to detector performandeets due to interactions in preceding bunches.
These €fects scale with the beam intensity in bunches precedingrtealoring which a collected event
occurred. This ffect is accounted for in the 2011 and 2012 Monte Carlo sampheshvassume a 50
ns bunch spacing, which was the bunch spacing for the majefit99.5%) of the data taken. As the
out-of-time pile up &ects depend on the intensity of several prior bunches, thigiqguo of a bunch within

the bunch train is important.

4.2 Muons

Muons are identified by reconstructing tracks in the muorspmeter using the STACO algorithm [34].
This algorithm starts from regions of activity (ROA) in theion spectrometer identified by the TGRPC
systems, local segments are then formed within each of R@ges using straight line approximations.
These segments are then combined taking into account théineam trajectory of muons due to the
magnetic field. Finally a more accurate global track fit usafichit information from the muon system
is performed. The obtained tracks are extrapolated to tlendae and an attempt is made to find a
matching inner detector track [42]. If a match is found, a bomad muon is formed incorporating the
information from both detectors, otherwise a stand-aloemis formed.

For the analyses presented in chapters 6 and 7 only combinedsrare used (although stand alone
muon information is used when determining missing ener@®mbined muons give the best perfor-
mance over a wide range of muon momenta due to the two indepenteasurements of the momentum.
In general the ID dominates the measurement for muons wittploin both the barrel and the end caps.
The MS dominates for hight muons.

The analysis presented in chapter 5 uses combined, stamel mloons and tagged muons. Tagged
muons are muons that have an inner detector track but do metéheomplete track in the MS. Further
cuts are applied to the muons. The inner detector track eteddo the muon is required to pass a series
of additional cuts based on the number of hits and holes Kalesaf hits) in the various layers of the inner

detector (see Table 4). Muons from cosmic rays are suppdssesquiring the impact parameter with
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respect to the primary vertex satigfys] < 1 mm andz)| < 10 mm wheredg andzy are the transverse
and longitudinal impact parameters respectively. A tracitdtion requirement is applied to reject muons
originating from heavy flavour quark decays. The sum offthef all the tracks that lie within a cone of
AR = 0.2 of a muon is required to be less than 10% of pheof the muon itself. The track of the muon
itself is not included in the sum.

Small inaccuracies in the simulation of the muon momentuatesg: 1%), resolution € 3% for
MS, < 1% for ID) and selectionféciencies € 1%) are corrected for in Monte Carlo; muon momenta
are smeared, and weights are applied to account for thereice in &iciency. The muon momentum
resolution andpr scale is determined from the width @f — uu decays and by comparison of the two
individual tracking measurements from the ID and MS. Theang is applied as a function @ and
is applied separately to the ID and MS tracks. A momentunmescairection is also applied. There are
three contributing factors to the overall reconstructidiiceency of combined muons; the reconstruction
efficiency in the ID, the reconstructiortfieiency in the MS and the matchingfieiency between theses
measurements. Both the IDheiency and the MS together with the matchirf§aency are measured
using a tag and probe method. Muons frdm— uu decays are selected where one muon (the tag)
is required to be a combined muon and the other (the probe)msi@a with either a MS or ID track
only [43]. The dficiency is calculated as a function pf, n and¢. The uncertainty in the determination
of the dficiency of muons is accounted for in the analyses by adjustiegveight applied to each muon.

The pr, n and ¢ distributions of the muons forming the leptordcboson candidate are shown in
fig. 18. It can be seen that the simulation provides a reasemscription of the data, although there
is a modest discrepancy in thyedistribution, which is more central in the data than in therntoCarlo.
This is a known feature of thedistribution of leptons from the Alpgen boson production simulation,

and will be discussed further in sub-section 6.7. A summath@®muon selection is given in table 4.

4.3 Electrons

The reconstruction of electrons withl < 2.5 is performed using a variety of discriminating variables
from both the calorimeters and the inner detector [34]. Galeter variables used are hadronic leakage,
lateral shower shapery), lateral shower width (weta2) and shower shape variabtas the first layer

of the ECAL. The hadronic leakage is the ratio of the transeegnergies of clusters measured in the
hadronic and electro-magnetic calorimeters, the exaanitiefi of the variable depends o). R, is the
ratio of the sum of uncalibrated energy cells within twéfelient sized rectangles on the second sampling

layer of the ECAL. Wetaz2 is related to the spread of the endeposits over. The high granularity of
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Figure 18: The p andrn and¢ distributions of the two muons forming the leptonic Z bosamdidate after the Z

mass selection.

the first layer of the ECAL is used to determine the substnectd the EM showers, which are used in
particular to distinguish between electrons and chargedspand photons and neutral pions.

From the ID the discriminating variables are; track quapigrameters, transition radiation infor-
mation in the TRT and IRzalorimeter spatial and energy matching information. Thts on the track
quality parameters include; at least 9 precision hits ialtom the pixel and SCT; at least 2 hits in the
pixel layers, one of which must be in the b layer and a trarse/@npact parameter within 1mm of the
primary vertex. The discriminating variable used in the TiRThe ratio of the number of high threshold
hits to the total number of TRT hits. The final discriminativgriables used are the alignment of the
andg co-ordinates of the ID and calorimeter measurements aodlasditerence between momentum

and energy as measured from the ID and calorimeter respgciithe electrons are highly relativistic
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Identification Combined STACO muons only
Kinematic cuts L > 20 GeV
| < 2.5

b-layer
Nhits

pixel pixel
Npits + Ngeag > 1

SCT SCT
Niits + Ngeag™

pixel scT
Nholes+ Nholes< 3

Inner Detector > 0 (except where the muon passes an uninstrumgtaad area

Inl < 1.9: Ni&" > 5andN™T. < 0.9 x NI

outliers
Inl > 1.9: If N&T > 5, requireN"™._ < 0.9 x N,

outliers
WhereNtTciT = Nr:iFg + N;EIIiers'
Cosmic rejection |do] < 1 mm
|Zo] < 10 mm

Jet Overlap Removal AR, jet > 0.4

Track isolation Dtracks PT(AR < 0.2)/pf < 0.1

Table 4: Summary of muon selection,i'NNnoled represent the number of hits (missing hits) in a particidab-
detector of the inner tracker, whileghqrefers to the number of dead sensors crossed by the muon irtieypar

sub-detector.

and therefore the momenta and energy should be the same).

In general there are three particle identification menuB¢Pused in ATLAS that define the values
at which the above variables are cut. These are named locsdium and tight. The definition of
these menus changes depending on the year the analysis ri@sneel, and from 2011 onwards three
additional PID menus were used; loese medium++ and tight-+. These are generally tighter than the
initial PID menus and were changed to cope with the increasalbrimeter activity due to pile-up.

The loose-+ menu uses only the hadronic leakage, lateral shower shapkatnal shower width.

It has excellent acceptance but low background rejectidre medium-+ menu applies all of the loose
selection criteria and additionally uses the substruanf@mation from the first layer of the ECAL and
the tracking hits (except the b layer requirement). It iases the jet rejection by a factor of 4 with respect
to the loose selection, but the identificatidifi@ency is reduced by approximately 10%. A summary of
the selection menus is given in table 5.

The electron energy scale, resolution and reconstructiiciency are determined by a tag and probe

method using electrons frodh — ee W — ev andJ/¥ — eedecays [44].Z — eedecays are used for
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Type Description name

L oose/loose++ selection variables

Acceptance In| < 2.47

Ratio of theEy of the first layer of the HCal with th&r of the | RHadl
EM Cluster, used fopy| < 0.8 and|n| > 1.37
Ratio of theEt of the HCal with theEt of the EM Cluster, used RHad
for || < 0.8 and|p| > 1.37

Hadronic Leakage

Middle Layer of Ratio of energy in 3 x 7 cells with the energy in 7 x 7 cells cedtr R,

EM calorimeter at the electron cluster position

Lateral shower width wy

Medium/medium++ selection variables (includes |oose/loose++)

Strip Layer of EM | Shower width Wstot

calorimeter Ratio of the energy dlierence between the 2 largest energy d&;agio

posit and the sum of the two

Number of hits in the pixel detector (1) Npixel
Track quality Number of total hits in the pixel and SCT detectors?) Nsi

Transverse impact parametds| < 5 mm do
Track Cluster| An between the cluster position in the strip layer and the prtra An
matching lated track (A7)

Table 5: Summary of the variables used to determine idewitigyectrons. Only loose and medium are given. [44]

high pr electrons andV — ev andJ/¥ — eeare used to obtainfeciencies and smearing factors for
electrons with lower momentum. A cross check is also peréatimy comparing the energy measured in
the calorimeter to the momentum of the track, which is mesur the inner detector. The identification
efficiencies are determined as a functiorpef n and¢. These #iciencies are then applied by weighting
the simulated events containing electrons. Pheof simulated electrons are also smeared as a function
of pr, 7 and¢. The uncertainty of theses measurements is propagategtinto the analyses by shifting
the event weights, scale and smearing factors up and down.

For the analyses presented in chapters 6 and 7 a track ssotatjuirement is applied to the electrons
to reduce the number of jets faking electrons and to rema@reins that originate from jets. The sum

of the py of all the tracks that lie within a cone &fR = 0.2 of an electron is required to be less than 10%
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of the pr of the electron itself. The momentum of tracks that lie withR = 0.01 are not added to this
sum to avoid including ther of the track associated to the electron.

The transverse momentum of an electron is determined ubiagnhergy from the cluster in the
calorimeter and the from the track. However if there are fewer than 3 track hitstiioSCT and Pixel)
the angle is also taken from the cluster in the calorimetdre iy, 7 and ¢ distributions of electrons
consistent with having originated from a Z boson are showfigirnl9.

In the 2012 dataset and the associated detector simulatectron tracks are refitted using a Gaus-
sian Sum Filter [45] to account for energy loss due to brerakking as the electron passes through the

inner detector material.
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Figure 19: The p, n and¢ distributions of the two electrons forming the leptonic A d@late after the Z mass

cut, described in chapter 6.
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4.4 Jets

Jets are collimated bunches of stable hadrons which otigifiam gluons or quarks after they have
fragmented and hadronised. Jets deposit their energy mthetEM and hadronic calorimeters. They
are used in two ways for the analyses presented in chapterd B; dor the accurate determination of the
ErT‘”iSS and to reduce the background using either a complete jet getuMeto.

To measure the energy of a jet the energy deposits are firstechdl together using a clustering
algorithm and then these clusters are grouped togetheg @sjet finding algorithm. In the analyses
presented in chapters 6 and 7 the jets are reconstructedt@poiogical clusters [46] using an arki-
algorithm [47] with a distance parameter= 0.4. Topological clusters do not have a fixed size and are
identified by combining neighbouring cells with significamergy deposits. The jet energy as measured
from the calorimeters is corrected to account for dead rafguarticles not totally contained in the
calorimeter, out of conefiects and clustering ifigciencies via gor andn dependent Jet Energy Scale
(JES) determined from Monte Carlo Simulation [48]. The utaiaties applied on the energy of jets are
obtained from data by considering the single particle rasppwhereby the objects that make up the jets
are shifted by their corresponding uncertainties [49], bydesults from a study in which a slice of the
ATLAS detector was exposed to a beam of pions wathbetween 20 and 350 GeV [50]. Thpg, n and
¢ distributions for jets in events containing two leptons siiewn in fig. 20.

A parameter known as the Jet Vertex Fraction (JVF) is usedrtmve jets that may have originated
from otherpp collisions occurring in the same bunch-crossing (in-tinle-pp). The JVF is defined as
the fraction of tracks that are associated to the jet thatansistent with having originated from the

primary vertex. Tracks are taken to be associated to a jeeif tie withinAR < 0.4 of the jet axis.

441 Db-Jets

ATLAS b-tagging algorithms are used to establish the likelihood &t to have contained a decay of a
b-hadron, which is any hadron containindp@uark. These algorithms take advantage of the factithat
hadrons have a significant lifetimer(~ 450um). Jets containing such hadrons are primarily identified
by reconstructing a secondary decay vertex from the tractsnthe jet, or by combining the distance
of closest approach to the primary vertex (impact paramefall tracks in the jet [51].

FortheH — ZZ — llvy analysis thdo>-tagging algorithm used is MV1 [52]. It is based on a neural
network that combines the output weights from various lgitag algorithms as input. These algorithms
identify b-jets using the tracks associated to the candidate jet tolea both the impact parameter with

respect to the primary vertex and the presence of displageahslary vertices [52]. It gives each jet in

52



Reconstruction 4.4 Jets

0\)4\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\

> g £25000F

3] s H - eew (M =400 GeV data [ Ldt=4.7 o™ c H - eevv (M =400 GeV data [ Ldt=4.7 o™
(O] 10 H ° [} H .

o ATLAS Work in Progress TotaFMC Li ATLAS Work in Progress TotaFMC

=1 z z

- 105 — Top 20000 — Top

12} —— Diboson —— Diboson

c 4 W w

o 10 —— Multijet 15000 —— Multjet

I —— SignalNLO SignalNLO

=
o
w

A ISR IR LA AL AL N AL B

, 10000
10
10 5000
1e _f_T_T_T—»—._ I R =l 0
0 50 10 150 200 250 300 -3
Pro [GEV] Mt
@) (b)
B [Hcew(Mi400GeV) . dmm[Ldear! | B ol Ho- upw (M 2400GeV) . data[Laari
e F H-eew(M-= 3 o datafLdt=47f" ] o 6 H- ppw (M= e o data[Ld=47f" ]
814000; ATLAS Woran Progress Totaf[/lc B g 10 E  ATLAS Work 'i—|n Progress TOta"LC 3
L z 4 r z n
~12000F — Top 4 2 10°¢ — Top =
g r —— Diboson ] 1] E —— Diboson 3
glOOOO; S \I(AYuItijet E § 10 £ — \I\I/I\_,ultijet E
L 8000: e —o—¢5199aINLO { I 103; —— SignalNLO 7;
6000} ] o 1
£ ] 10 E =
4000 - £ 3
r ] 10 E
20001 - F 3
O: . . . . . . 1?H_?_T_f—7—»—._t P R R R
0 0.5 1 1.5 2 2.5 3 0 50 100 150 200 250 300
Pj [rad] Priet [GeV]
(©) (d)
9300001“‘\““\““\‘“‘\““\“_1‘: 318000;“‘\‘“‘\““\““\““\“‘11\;
= F H -~ ppwv (M=400 Gev) datar[/lL dt=4.7 6% ] o T H - ppw (M =400 Gev) datar[AL dt=4.7 6"
525000; ATLAS Work in Progress ;0[&1 C é glGOOO; ATLAS Work in Progress ;0’[3 C é
r — Top ] 514000 — Top —
£ —— Diboson ] = = —— Diboson 9
20000 w 4 $12000F w 3
r _— M_ultijet 1 LilOOOO: _— I\S/I_ultiz&m E
C S INLO 4 — —— Si —]
150005 -r‘ ignalNL - Wﬂ%— —0—0—¢=:
F 1 8000 E
10000 E 6000 E
g ] 2000+ =
07 | | | N O’ | | | | | |-
-3 -2 -1 0 1 3 0 0.5 1 1.5 2 25 3
ﬂiet CDjeI [rad]
(e) U]
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the event a b-weight that indicates the likelihood of it Ingvoriginated from a b quark, which can then
be cut on if it is above a certain threshold. The thresholdsehdor theH — ZZ — llyv analysis
corresponds to b-tagging éficiency of 85% for trudo-jets intt events [53]. The-tag dficiency, defined

as the likelihood of identifying a jet containingcequark decay as b-jet at this working point is 50%.
The mistag #iciency, defined as the probability of mistakeblyagging a jet originating from &, d, s-
quark or a gluon, at this working point is approximately 1%das pr dependent. The Monte Carlo
andc-tagging dficiencies and the light jet rejection are corrected to thdseved in the data following
the procedure described in [54], which uses the invariardsnud tracks associated to secondary decay
vertices to distinguish between light and heavy jets, andschecks this by studying the rate of events

with a negative impact parameter, or that are measured ® haegative decay length, tinevents.

4.5 Overlap removal

For the analyses presented in chapters 5, 6 and 7 an overtegvaé procedure is applied to ensure
that no detector objects are counted twice. Firstly, if actbn is identified as having a track within
AR < 0.2 of the inner detector track of a candidate muon the eledsroemoved. It is highly likely that
an electron will also be identified as a jet. Therefore jeésramoved from the event if they lie within a
cone ofAR < 0.2 of an electron.

As well as being used to avoid double counting of detectoeabjthe overlap removal is also used
to identify secondary leptons originating from heavy flavgis which can then be removed. Muons
are removed if they lie within a cone @R < 0.4 of a jet. Electrons are removed if they lie within
0.2 < AR < 0.4 of a jet. Note that this is applied after the initial overl@moval of jets which is why

there is a lower bound.

4.6 Missing transverse energy

The missing transverse energi/T'(iS% is reconstructed from energy deposits in the calorimetacsfrom
muons reconstructed in the muon spectrometer. Tracks fnenminer detector are also used to recover
low energy particles with modest calorimeter deposits artukelp identify muons in regions where there
is incomplete MS coverage [55]. In order to apply the coreadibrations the calorimeter clusters are
associated to physics objects in the following order; etexs, photons, hadronically decaying taus, jets
and muons.

The definition of each object and the overlap removal arecbasenaximising theE'T‘”iSS performance

and are independent of those applied in the analysis. THegooation applied to reconstruct tiEéI“SS is
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known as MetRefFinal, and details of the precise definitmirall the objects can be found in [56].
After the calibrations have been applied a negative veadtstim of the energy of cells associated to

each object is calculated using
N

miss i _ miss i
Ens = D B (48)

i=0
where N is the total number of objects. The total missingdvarnse energy components are then calcu-

lated using

miss _ misse missy misst missjets misssoftjets misscalou missCellOut missu
Ew =B *Bw tBw *Eaw = Ew B *Ew (49

wheree is an electrony is a photon,jets are highpr jets, softjetsare low pr jets, calou is the en-
ergy deposited by muons in the calorimet€gllOut is the the energy from cells not associated with
reconstructed objects, apds the component of the muon reconstructed in the MS. Thectshgge re-
constructed in the pseudorapidity rarigle< 4.9, except for the: term which uses tracks witly| < 2.7.

The totalE?‘iss and it's¢ co-ordinate are then determined using equations 50.

Ees= J(EPSY + (B>

¢miss — tan—l(EZwiss/ EQ“SS) (50)

A value similar toErTniss is the missing transverse momentum of all ID tradR$iES) which is determined
using only the information from the inner detector. It isaaated by performing a negative vectorial
sum of the momenta of all tracks in the event that pass a settef The cuts ensure only good quality
tracks are used and are applied on the transverse and ldimgitimpact parameters, the momentum, the
number of SCT and Pixel hitg,and¢. The overall value of thé’?iSS is not used in any of the analyses

presented in this thesis, only tikeangle of thePTsSwith respect to that oE™SS is used.
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Chapter 5

Search for the SM Higgs boson intheH —» Z2Z —

Il channd

In this section a feasibility study of a search for a Standdatlel Higgs Boson in théed — ZZ —
Il channel is described. The study was conducted in 2010. Adttithie only cosmic data had been
recorded by the ATLAS detector as the LHC wadBioe, but it was shortly scheduled to start collisions
at energies ofy's = 7 TeV with a luminosity of 1 fb! expected to be recorded by the end of 2011.

A Standard Model Higgs search in this channel over a wide maagge was already well established
[34]. The search presented here is a dedicated study farosirihe potential to look for a high mass
Higgs using this channel. This study was based on the sateatid background studies from the existing
analysis. The analysis, combined with two further high ntdiggs boson search channels that are also
briefly described in this chapter, was documented in annalekTLAS note in 2010 [57].

Following this, a brief section describing a study on theoxeey of electrons in the crack region of
the electro-magnetic calorimeters using data taken atride&2010 is presented, and its impact on the

Higgs searches containing a leptonically decaying Z bosaliscussed.

51 TheH — ZZ — llll channd

TheH — ZZ — Il channel, wheré = e, i, is one of the most important channels in the search for the
SM Higgs boson. The four lepton final state ensures that ibeyeod distinguishing power between the
signal and background processes and the possibility forobtiee Z bosons to beffhshell means that
this channel is sensitive across a wide mass range; fingra 110 GeV up to masses of several hundred
GeV.

The analysis presented in this section focuses on the higgsHnass rangeny > 2mz, where both
Z bosons are likely to be on-shell. Although this mass regias disfavoured by electro-weak fits [7], it
was important to perform a direct search. It was expectetvtith a limited amount of LHC data early
limits could be set on the possibility of a high mass SM Higgs@h.

The branching ratios for a Higgs boson decaying to varioutighes as a function of the Higgs mass
are shown in fig. 21. From fig. 21 it can be seen that at low massgs< 180 GeV) the contribution
of H — ZZ to the total decay of the Higgs is modest. For the higher nsa@sge > 2my) the dominant
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Figure 21: Branching fractions of the SM Higgs boson as a fiamcof the Higgs mass [19].

decays areH —» WW andH — ZZ. The leptonic decay of th&/W channel contains neutrinos,
and so cannot be fully reconstructed. There is also a signifibackground to this final state frotin
production. TheHd — ZZ — |l channel on the other hand has a fully reconstructable fiatd sand
the only significant background is expected to come fromZ&hproduction.

The channel is limited however by the low branching ratio of doson to decay to either two
electrons, (863+0.004)%, or two muons, (366+0.007) [58]. Consequently, of all thé — ZZ events
produced in the ATLAS detector only about®o will decay to four leptons.

The search for the Higgs boson in this channel is performeddking for a resonance in the distri-
bution of the invariant mass of the four lepton system inghrelependent channeld, - ZZ — eeeeg

H—ZZ - yuuuy andH — ZZ — uuee

5.2 Signal samples

Simulated signal samples fét — ZZ — llll, wherel = e u, v were generated using the PYTHIA
6.421 event generator. The simulation takes into accoutht the gluon-gluon and vector boson fusion
production mechanisms for the Higgs boson, diagrams fockvban be seen in fig. 3. The cross sections
for H - ZZ are set to NNLO accuracy for the gluon-gluon fusion processta NLO for the vector
boson fusion production [59]. Samples were generated fonasses in the range 260my < 600 GeV

in increments of 20 GeV. The details of these samples aragiviable 6.

57



H—-ZzZ- Il -5.3 Background samples

my (GeV) | cross section (fb] Events| Luminosity (fbo?)
200 15.235 49937 | 3278
220 13.830 49993 | 3615
240 12.091 49936 | 4155
260 10.510 49940 | 4752
280 9.326 49987 | 5360
300 8.444 49933 | 5913
320 7.855 49974 | 6362
340 7.696 49888 | 6531
360 7.639 49979 | 6494
380 6.918 49977 | 7224
400 5.964 49982 | 8381
420 5.059 49990 | 9882
440 4.264 49986 | 11724
460 3.586 49983 | 13937
480 3.015 49981 | 16576
500 2.535 49977 | 19711
520 2.133 49977 | 23386
540 1.797 49977 | 27818
560 1.512 49938 | 33036
580 1.280 49982 | 39041
600 1.085 49981 | 46047

Table 6: The H— ZZ — lll (I = e u,7) cross section as a function ofyrat +/s = 7 TeV, the number of events
generated and the corresponding integrated luminosithed — ZZ — llll signal samples, generated using the

PYTHIA MC generator. The cross sections are evaluated fraaretical calculations in [59].

5.3 Background samples

As this was a preliminary study aimed at establishing theiseity of the H — ZZ — Il channel in

the ATLAS experiment all backgrounds were taken from MC. étsvanticipated that during data taking
more sophisticated techniques for estimating these baakgis would be developed. The dominant
background for this channel is the irreducible @ — Il background, which has an identical final

state to that of the signal. Other backgrounds considerethifanalysis are those frothandZ + jets
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Details of these backgrounds and the samples used to serib&n are described below.

531 ZZ background

\

<A
N

Figure 22: SM production of a Z boson pair.

The tree level Feynman diagram for the SM ZZ production issshon fig. 22. The SMZZ back-
ground has an identical final state to the signal, and thusotieasily be estimated directly from data.
Therefore in this study thEZ normalisation and shape were taken from MC.

Two samples were available to simulate this backgroundemgead by MC@NLO [60] interfaced
with JIMMY 4.31 [61] or generated with PYTHIA 6.421 [62]. THRAC@NLO sample only contains
on-shellZ bosons, but includes diagrams to NLO. The PYTHIA sampleaiostdt-shell Z bosons but
only includes LO diagrams. Although this analysis seardhdbe regionmy > 200 GeV, where the
Z bosons are likely to be on-shell, a small fraction of everdsnf off-shell Z bosons can still make it
through the selection, particularly for the low mass regiop, < 300 GeV). In order to measure the
effect of df-shell Z bosons on this analysis a direct comparison was tnetfeeen the two samples.

The LO PYTHIA sample is scaled to the overall NLO cross sechg a k-factor, which is simply a
ratio of the NLO and LO cross sections. The k-factor usedterRYTHIA sample is 1.25 [63].

Fig. 23 shows the invariant mass of the primary and seconléaitpn pair (that are defined in sec-
tion 5.4.3) for both SMzZ MC samples. The width of the primary lepton pair is clearhderiin the
PYTHIA sample which is due to the contribution fronff-shell Z bosons. However, theftirence be-
tween the two samples is much less pronounced in the finallémion mass distribution, as can be
seen in fig. 24. In this distribution good agreement is oledilvetween the two samples. THEeet of
including dt-shell Z bosons was estimated to have a less than X@ét@n the 4 lepton invariant mass

distributions. Given that the latter distributions aredise calculate the expected limits the MC@NLO
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Figure 23: Comparison of the invariant mass distributiortioé primary (left) and secondary (right) lepton pair
in ZZ events simulated with MC@NLO or PYTHiA-factors, after the full selection.
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Figure 24: Comparison of the 4 lepton invariant mass disttibn in ZZ events simulated with MC@NLO or

PYTHIA+ k-factors, after the full selection (high mass).

sample was used to estimate the M background for the simple reason that it has higher stedisti
than the PYTHIA sample. A 10% systematic uncertainty wakiged for this &ect and the PYTHIA
sample was used to give an estimate of the shape uncertamtlyef final distributions, as described in
section 5.5.

The cross sections used for the MC@NLO sample is obtained @], but an additional factor of
16%, suggested in [63], is applied to account for missing N\Jluon induced quark box diagrams [65].
This factor is applied to both the MC@NLO and PYTHIA sampletd@ils of the two samples are given
in table 7.
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process | generator | cross section (fb] events| luminosity (fbo?)
ZZ -l | MC@NLO | 26.181 69908 | 2670
ZZ— Il | PYTHIA 75.03 59938 | 1332

Table 7: Cross sections af's = 7 TeV, number of events generated and the correspondingatéebluminosity
for the ZZ— lll sample generated using the MC@NLO and PYTHIA MC prografine cross sections given are

at NLO accuracy.

5.3.2 Z+ jetsbackground

The Z + jets background can form a background when the Z boson undergésstamnic decay and
there are two additional reconstructed leptons; eitheriegritom jets that are misidentified as electrons
or from semi-leptonic decays of heavy flavour hadrons. Ferhigh Higgs masses considered in this
analysis the majority of leptons will have a comparativelsgepr. Such leptons are unlikely to be faked
by jets. On top of this the isolation requirements imposedhenleptons ensure that very few leptons
originate from jets. As a result, this background is very knaad was estimated entirely using MC.
The sample used to simulate this background was generategl APGEN [66], which is a NLO
generator. The program generates separate samplggfoduction with diferent numbers of final state
partonsp, wherep runs from 0— 3. A mixture of inclusiveZ samples and specificbl(Z — IlI) samples
was used. The overlap between the samples is accounteddqrotedure described in [67]. Details of

the individual samples are given in table 8.

5.3.3 tt background

Although it is unlikely that four isolated leptons are resbucted intt events the abundance tblevents
in a hadron collider may allow a small fraction of such evetotpass all cuts. This contribution is
expected to be extremely small, particularly for searchdsigh Higgs masses. This background was
estimated entirely using MC.

The sample used to simulate this background was generategl M€ @NLO interfaced to JIMMY
and includes diagrams to NLO. It is filtered at generatorllsgehat the events contain at least one lepton

(e, u or 1) originating from a leptonic W decay. Details of this samate given in table 9.
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process cross section (fb] events | luminosity (fo 1)
Z+0p,Z—>ee | 659583 304216| 0.461

Z+1p,Z »ee | 13462 63440 | 0.479

Z+2p,Z >ee | 41356 19497 | 0.471
Z+3p,Z—>ee | 10790 5499 | 0.510
Z+0p,Z—>uu | 659583 303947| 0.461

Z+1pZ - uu | 13462 62996 | 0.476

Z+2p,Z > uu | 41356 18993 | 0.459
Z+3p,Z—uu | 10790 5497 | 0.509
Zbb+0p,Z — ee | 6519 149925| 23.0

Zbb + 1p,Z — ee | 2490 99973 | 40.1
Zbb+2p,Z — ee | 876 39989 | 45.6
Zbb+3p,Z — ee | 391 9949 | 25.4

Zbb +0p,Z — pu | 6519 149968| 23.0

Zbb+ 1p,Z — pp | 2490 99975 | 40.1
Zbb+2p,Z — py | 876 39988 | 45.6
Zbb+3p,Z — pp | 391 9997 | 25.6

Table 8: Cross sections af's = 7 TeV, number of events generated and the correspondingatéebluminosity

of the Z+ jets MC samples generated using the ALPGEN MC program. psr&dehe number of partons that

were generated at the matrix element level.

process

cross section (fb) filter

filtered cross sectior

1 events

weighted events

luminosity (fot)

tt

156879

0.5562

87256

999387

773167

8.86

Table 9: Cross sections af's = 7 TeV, number of events generated and the correspondingatéebluminosity

for the t sample generated using the MC@NLO MC program. The crosi®ses NLO accuracy taken from [64],

convoluted with branching fractions taken from the PagiBlata Book [58].

5.4 Event selection

The following event selection was developed in the ATLASddigyroup to select possibté —» ZZ —

[l candidate events. It is split up into three parts; in the gdezgion the relevant kinematic and quality

cuts on the leptons are applied; then the best two candidateselected from all possible lepton pairs.

Finally the best ZZ candidates are selected and a set adependent cuts are applied, as well as cuts
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specific to the flavour of the leptons in the final state.

54.1 Preselection
Muons In the central region|f| < 2.5) muons are required to be either combined or tagged (asedefin

in section 4.2), whereas for2< || < 2.7 stand alone muons are also allowed.

Electrons Electrons must lie within the central region of the detedtgr< 2.47) and are required to
satisfy the medium quality requirements if they hgte< 20 GeV, otherwise they only need to satisfy

the loose quality requirements (as defined in section 4.3).

Leptons Itis required that there are at least four reconstructetblepin the event, two of which must

havept > 20 GeV and a further two witlpr > 7 GeV.

5.4.2 Z candidate selection

The leptons that make a Z candidate must be the same flavolraardpposite charge.

The angular distance between the two leptons is requiredtishsAR > 0.1.

In order to reduce the contribution from t@e+ jetsandtt backgrounds the leptons are required
to be isolated by demanding that the sum of the transversg\elier, of all calorimeter clusters
that lie within a rangeAR < 0.3 around the chosen leptoBE?°"(AR < 0.3), normalised by the
lepton pr, be less than 0.5.

A loose dilepton mass cut is then applied requiring thai7fiyy < 110 GeV for at least one Z

boson candidate per event.

54.3 ZZ candidate selection

From all possible lepton pairs constructed the leadinglepgir is defined to be the one with its invariant
mass closest to the Z boson mass, taken to b#891GeV [58]. The remaining lepton pair with the
highest invariant mass is defined to be the secondary paithdtucuts are then applied to the event

depending on the invariant mass of the four lepton system:

e Formy > 300 GeV since both Z bosons will be on-shell a tight dileptoassncut is applied,

requiring that the invariant mass of both the primary an@sdary lepton pair lies within a window
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of £12 GeV around the Z mass. Foy; < 300 GeV the requirement on the secondary pair is

loosened tany > 60 GeV to allow for contributions fromf®-shell Z bosons.

e A tighter isolation cut is applied where the leptons that maip the leading and secondary
pairs are required to satisfy the conditi@E{?"{AR < 0.3)/pr < 0.33 for electrons and
ZEP"(AR < 0.3)/pr < 0.44 for muons.

The full selection is applied to both the signal and backgdosamples.

5.5 Systematic uncertainties

The following is a list of the systematic uncertainties agpin this analysis.

Luminosity An uncertainty of 10% was applied to all samples. This umiety was assumed to be

correlated across all samples.

Signal crosssection  The uncertainty on the signal cross section due to the clobibe renormalisation
and factorisation scales and the chosen PDF parametensa#is taken from [59]. The uncertainty on
the overall normalisation varies betweeB% and 87% over all of the masses considered in this analysis,

S0 a conservative uncertainty of 10% was applied to all $ismaples.

Background cross section  For the irreducibleZZ background a systematic error based on a 5% com-
bined scale and PDF uncertainty on the NLO cross section wagtuted with a further 10% error
corresponding to the maximumftirence seen in the comparison between the k-factor scal@&tiAY
and MC@NLO MC as described in section 5.3.1. This lead to amadlvscale uncertainty of 11% for
the diboson background in this channel. In addition to théti@pe uncertainty on the final distribution
was applied. For this the PYTHIZZ sample was scaled so that it contained the same number dseven
as the nominal MC@NLO sample. This additional histogram ugsl internally within the limit setting
code as described in section 5.7

For the relatively smalZ + jets background a conservative 10% uncertainty was applied en th
normalisation, and similarly a 20% normalisation unceraivas used for thé background, which was

estimated from MC.

Electrons There are systematic uncertainties associated with tirgereale, resolution andteciency

of each electron. In order to implement the energy scale asdlution uncertainties a separate set of
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final distributions were produced for each, and then fed ih&olimit setting machinery as described in
section 5.7.

To account for the uncertainty on the electron energy st&l@nergy of each electron was varied up
and down by 1% [34]. For the resolution uncertainty it wasuassd that for each electron the resolu-
tion was known to within 10%, this uncertainty was implengghby applying an additional smearing to
the energy of each electron by an appropriate factor inlepmeportional to VE. Finally a 1% uncer-
tainty was assumed on the identificatidfi@ency for each electron and this was implemented by simply

scaling the final distributions up and down by 2% for #eeu channel and 4% for theeeechannel.

Muons Similarly to the electrons there are uncertainties on thenemtum scaling, the resolution and
identification éficiency for the muons. Again the uncertainties in the monmmrgaaling and resolution
were accounted for by shifting the central values and rengntihe selection, producing a separate set of
final distributions.

An uncertainty on the muon momentum scale was applied byin@the corresponding momentum
shift up and down by @% [34]. It was assumed that the resolution of each muon waakrio within
4%, therefore assuming an average resolution 5% for eacmntiis uncertainty was implemented by
applying a 14% additional smearing on the muon momenta. For the muoriifidation eficiency an
uncertainty of % was assumed for each muon, which corresponds to an ogesdiihg to the final

distributions of 06% for theeguu channel and 2% for theuuuu channel.

5.6 Results

The distributions of the invariant mass of thié system after all cuts have been applied are shown in
fig. 25 formy = 200, 300, 400, 500, 600 GeV. As can be seen from these disrilsuthett and the

Z + jetsbackgrounds have been almost completely removed by thetiseleand the only background
that contributes to the final state is the irreducible &M production. The shape of the signal across
the entire mass range is approximately Gaussian. As thesHigass increases the peaks of the signal
broaden and, due to the decrease in the cross section at higlsses, there is a reduction in the final
number of events. The total number of events, after all datseach of the Higgs mass samples as well

as the backgrounds are given in table 10.
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Figure 25: The invariant mass of the llll system fbfb™ at /s = 7 TeV for the Higgs massesm= 200, 300,
400, 500 and 600 GeV.

5.7 Expected exclusion limits

The sensitivity of the search for a SM Higgs boson inkhe> ZZ — |l channel is expressed in terms of
CLs[68]. This quantity is defined &Lg = CLg,p/CLy, WhereCLs,y, is the probability that a composite
distribution of signal and background will fluctuate to tHeserved number of data events or lower and
CLy, is the probability that a background only distribution Wilictuate to the observed number of data

events or higher. Low values @Ls indicate that a background only hypothesis is more likebntla
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Higgs mass (GeV) Low mass cuty High mass cuts
my = 200 3.36 -
my = 220 3.20 -
my = 240 2.85 -
my = 260 2.51 -
my = 280 2.30 -
my = 300 - 1.89
my = 320 - 1.77
my = 340 - 1.77
my = 360 = 1.83
my = 380 - 1.65
my = 400 - 1.44
my = 420 = 1.23
my = 440 - 1.03
my = 460 = 0.87
my = 480 = 0.73
my = 500 - 0.62
my = 520 = 0.52
my = 540 - 0.44
my = 560 - 0.37
my = 580 - 0.32
my = 600 = 0.27

Sample Low mass cutg High mass cuts
7 12.45 12.45
4 0.05 0.05
tt 0.00 0.00

Table 10: The expected number of signal and background ¥ent fo~* at 4/s = 7 TeV remaining in the
H — ZZ — llll search after the full selection. The two columns refethie dfferent cuts applied for low and high

mass Higgs samples. The dasl) {ndicates that these cuts were not applied for a particidéggs mass.
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background and signal hypothesis, and similarly a highevallC Ls would indicate a possible signal.

The limits are obtained using the mclimit [69] program usttha Tevatron in the search for the SM
Higgs boson and the discovery of the top quark. The prograbased on th€Ls method and allows
multiple channels to be combined while taking into accowthmormalisation and shape uncertainties
on signal and backgrounds.

In the absence of data one can estimate the expected exchesigitivity of a channel for a given
luminosity by using pseudo-data distributions that are @athfrom the background only prediction.
Within the limit setting program this pseudo-data is tredtethe same way as if it were genuine data.

A frequentist approach is used to calculétke, andCLs,,, whereby many pseudo-experiments are
generated. Each pseudo-experiment is comprised of a psiidpa background only and a sigral
background ¢ + b) distribution. The final output of each pseudo-experimenthie likelihood ratio,
which is simply a ratio of the Poisson probabilities of théadgiven a signal plus background and given
a background only hypothesis, as shown in equation 51.
s g (340 (s + by

X=
-
i-0 eb b,

, (51)

where X is the likelihood ratios;, bj andd; are the content of th# bin of the signal, background and
data distributions antllyins is the number of bins in the final distribution.

The systematic variations are applied to both ghe b and the background only distributions as
is described in section 5.7.1. The pseudo-data distribsitene sampled from the nominal background
prediction, and only include the statistical fluctuationsiternally in the limit setting software @2
comparison is performed between the pseudo-data disoibaind the distributions of both the signal
plus background and the background only hypotheses. Thet & of they? distribution used for
the fits can be found in [70]. By generating many pseudo-éxysarts one can see how often, given the

constraints of the analysis, one can exclude or acceptraftbédbackground only os + b hypothesis.

5.7.1 Thetreatment of systematic uncertainties

Uncertainties in the prediction of the background only maaw®l the signal plus background model
allow the models to be more compatible with any observed [fdh For example, if the systematic
uncertainties are small, it is less likely that the pseudoeement background only distributions will
yield a signal-like distribution, and therefore a strongeclusion limit (higher value of + CLy) is

obtained. Conversely, larger systematic errors make ientikely for a background only experiment to

produce signal like distributions, and so weaker exclu$iioits will be obtained.
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Systematic uncertaintiestect both the normalisation and the shape of the final digtabu The
manner in which each systematic is treated in this analgsidescribed in table 11. The alternative
shape-shifted histograms represett- variations corresponding to a given systematic uncestairih

respect to the nominal histograms.

Normalisation uncertainties In the case of a normalisation uncertainty the followingriata is ap-
plied:
I,ivaried — I,inominall_[(l + Ska), (52)
K

where i is an index running over the birrs,is the content of th&" bin, k is an index running over the
systematic uncertaintie$, is the fractional uncertainty of tHé" uncertainty and is a Gaussian centred
on 0 with unit width, and is often referred to as a nuisanceup@ter. Pseudo experiments are generated
by applying random Gaussian variations to the nuisancepeteas. A positive and negative shift in the
normalisation uncertainties are both considered and sahalysis they are assumed to be symmetric.

The shifts are restricted to never allow negative bin castErl].

Shape uncertainties Uncertainties in the shape can also be accounted for by iagpgguation 52.
In this casefy would vary with the bin index i, and is taken from the frac@bwlifference between the
nominal and the varied distribution in each bin. Only onaueabf s, is used. To allow for the multiple
sources of shape uncertainty on the final distribution thminal distribution is modified using the first
systematic uncertainty, and then the result of this is usdath@starting point for the next modification.

This method is repeated until all the systematic unceitsgrtave been accounted for.

Correlation of uncertainties Systematic variations defined forfidirent samples, or even channels,

can be treated as correlated or uncorrelated.

5.7.2 Presentation of thelimits

The expected sensitivity of the presented search is exgaéagerms of the + CLg value, this gives a
direct indication of the confidence level to which one cae it a signal. For example, iFCLg > 0.95
one can rule out the signal hypothesis at a 95% confidenck Fge 26 shows I CLg as a function of
my fortheH —» ZZ —» eeeeH — ZZ — pyuee andH — ZZ — uuuu channels separately, as well as
the combination.

The dfect of the systematic uncertainties on the final expecteitsiioan be seen in fig. 27, which

shows the impact of either doubling or removing the systamatcertainties. As would be expected
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systematic signal| ZZ | Z + jets| tt implementation

electron scale ypgown yes | yes yes yes | alternate histogram
electron smearing yes | yes yes yes | alternate histogram
muon scale ufglown yes | yes yes yes | alternate histogram
muon smearing yes | yes yes yes | alternate histogram
electron diciency ugdown yes | yes no yes | normalisation factor
muon dficiency ugdown yes | yes no yes | normalisation factor
MC estimated normalisation error yes | yes yes yes | normalisation factor
luminosity yes | yes yes yes | normalisation factor
ZZ shape no | yes no no | alternate histogram

Table 11: Systematic variations applied and th implementcelations in the MCLIMIT program for the confi-

dence level fits.
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Figure 26: Expectedl — CL;) values obtained for the search in the-H ZZ — eeee, H—» ZZ — uyuee and the
H — ZZ — uuuu channels as well as for the combined- ZZ — Il search. The limits correspond tbfb~t

of data at+/s= 7 TeV.

the strongest expected limits are obtained when no sysiemwetations are applied. The impact of
applying the nominal systematics is to lower the expectadusion limit across the entire mass range.
At the higher masses, where there are fewer events expdbtiedtatistical uncertainty is dominant.
In this region the reduction in sensitivity due to the sysiéios is smaller. Overall however the small

variations in the expected limits when removing or doublihg systematics suggests that this analysis
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is robust against variations in the applied systematics.
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Figure 27: Expectedl — CLs) values obtained for the H» ZZ — llll channel, with no systematics, the nominal
systematics or twice the nominal systematics applied. Xpeated limits correspond tbfb~! of data at /s =
7 TeV.

Given that the Higgs cross section at all possible masses@ged by the SM one can plot the
expected limits in a way that is intrinsically linked to thl$®redictions, as shown in fig. 28. This figure
shows the expected 95% CL upper limit on the SM productiossection multiplied by the branching
ratio, expressed as multiples of the expected SM rate, asctidn of the Higgs mass.

For a given Higgs massy, a value of 1 on thg axis corresponds to a 95% confidence level exclusion
of the Higgs with massny with a cross section as predicted by the SM. This is indicaiethe dashed
horizontal line. A value of 2 on this axis means one could edela SM-like Higgs which has a cross
section twice that predicted by the SM at a confidence levebéb.

The green and yellow bands indicate the sensitivity of theeeted limits to statistical variations,

showing the limits for-10- and+20- fluctuations away from the expected background only distidio.

5.8 Conclusions

The analysis presented above demonstrates the senditivitig ATLAS detector to a high mass >
200 GeV) Higgs decaying via thd — ZZ — Il channel with 1 fo! of data aty/s = 7 TeV. It

is based on MC predictions for both signal and backgrounde Ths method is used to determine
expected exclusion limits as a function of Higgs mass whethk systematic and statistical uncertainties
are taken into account. Thefect of the systematics on the final expected limits was algesiigated,

and it was found that doubling the uncertainties leads to x@mam reduction in the expected-1CLg
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Figure 28: Expected limits for the H» ZZ — Il channel, expressed as the number of times the SM Higgs

cross section that would be excluded at 95% confidence lébel.green and yellow bands indicate the expected

sensitivity with-10- and+20 statistical fluctuations respectively. The expected $imitrrespond td fb~* of data

at v/s=7TeV.

values of approximately 3%. The final results indicate th#& thannel is most sensitive at the mass
my = 200 GeV, and that at this mass a Higgs with a cross sectionmes higher than that predicted by

the SM could be excluded with 1fbusing this channel alone.

5.9 Studieson the 2010 data

Shortly after the analysis presented above concluded, tHE Istarted collisions at energies of
VS = 7 TeV, and by the end of 2010 44 phof data had been recorded. Although this dataset was
too small to exclude a SM Higgs boson at any mass thedfissBR(H — ZZ) limits were set using this
dataset.

The studies presented below helped contribute towards et eselection for the ATLASH —
ZZ — I search using the 2010 dataset [40], as well as the first sestitheH — ZZ — ligq and

H —» ZZ - llyv analyses [1].

5.10 Electronsin the crack region

To ensure that electrons can be measured in as wiggamnge as possible there are both barrel and end
cap calorimeters in the ATLAS detector, the layout of whigkdéscribed in section 3.6. The region where
the barrel and end cap calorimeters meet is called the ‘aegikn’, and is located at37 < || < 1.52.

The reconstruction of electrons in this region is more carphan elsewhere in the calorimeter. In the

2010H — ZZ — Il paper [40] a veto is applied on any electrons that lie withia tange.
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Approximately 46% of electrons lie within thig range. This can have a significarffext on the
selection éiciency of theH — ZZ — llll channel for final states that contain two or more electrons. F
example in theHd — ZZ — eeeechannel vetoing electrons in the crack region reduces theathselec-
tion efficiency by 17%, and there is a smaller but still significatée on theHd — ZZ — puee channel.
Therefore any recovery of events with electrons in the cragikon would significantly improve the sen-
sitivity of this channel, as well as improving the sensitivof other Higgs search channels which contain
a leptonic Z decay, namel — ZZ — llbb andH — ZZ — llvy.

A study was conducted using the 2010 dataset to investibat@rospects of recovering electrons
from the crack region. This was done by looking at the dilapto/ariant mass distributions in events
with either one or two electrons in the crack region and campgeahese with the same distributions for
events with no electrons in the crack. A comparison of thésteilolitions in data and MC was performed
to ensure that there is a good description of the degradafithe invariant mass resolution for electrons
in the crack, as well as of the selectioffigencies in this region.

The event selection applied for this study largely followattoutlined in section 5.4.2 with some

improvements:

Trigger The triggers used correspond to the lowestunprescaled single electron triggers, which due
to variations in the running conditions changed throughbet 2010 data taking. For the early data a
trigger was used which required an electrorpef> 14 GeV as measured by the level 1 trigger. For later
data an event filter trigger was used that required an elecf@r > 15 GeV and satisfying the medium
selection criteria. Theficiency of these triggers is simulated in MC and verified iredating a tag and

probe method as described in section 4.3 and [44].

Primary vertex In order to reduce thefiects of pileup it is required that the electrons must have a
track within 10 mm of the primary vertex. The primary vertexdefined to be the vertex in the event

closest to the extrapolated lepton vertex with at leasetinacks associated to it.

Track isolation A track isolation criterion is applied which requires thhetratio of the sum of the
momenta of all tracks withiAR < 0.3 of the electron relative to the momentum of the electroelfiis
less than .

Fig. 29 shows the invariant mass distributions for di-etattevents with and without an electron in
the crack region. The MC has been normalised so that theth@same number of events in the invariant

mass distribution of electrons not from the crack with <nee < 110 GeV as in data for fig. 29 (a).
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Figure 29: Invariant mass distributions for events with tepposite sign electrons, for the cases with (a) no
electrons in the crack and (b) one electron in the crack. Tomidant Z+ jets background MC is normalised so
that there are the same number of data and MC events#lith mee < 110GeV in (a). This same normalisation

is applied to (b).
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Figure 30: Invariant mass distributions for events with tepposite sign electrons, for the cases with (a) no

electrons in the crack and (b) one electron in the crack. Phasis from the analysis described in chapter 6.

The same normalisation factor is then applied to the MC in@y(b). The agreement between MC and
data in fig. 29(b) indicates that the energy response ofrelestin the crack region is reasonably well
described. A dedicated systematic for electrons in thekcragion is applied to account for the loss in
efficiency.

The width of the di-electron invariant mass gives a diredidation of the energy resolution of the
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electrons in the dierent detector regions. For events where there are no @hscin the crack region
the width of themee distribution is measured to be®BGeV, and for events with at least one electron in
the crack region this width is broadened t6 &eV. The resolution is well described by the MC in both
cases.

For these reasons it was decided that in searches conductbed 2011 dataset and beyond all three
of the dfected Higgs boson search channéls—» ZZ — lll, H - ZZ — llyw andH —» ZZ —
lIbb would not include a crack region veto for electrons.

As statistics were very limited in the 2010 dataset the sdodysvas repeated using the 2011 dataset.
Fig. 30 shows thene distributions for events without (a) and with (b) an elentio the crack from the
analysis described in chapter 6, which uses an increasadedaif 47 fb~1. With the increased statistics

a good agreement between data and MC is observed.

5.11 Resultsfrom 2010 dataset

In this sub-section the first Higgs boson searches conduttdd LAS on real data for the high mass
H — ZZ channels are presented. These searches were done oveset dateesponding to an integrated
luminosity between 35 pih and 40 pb'. FortheH — ZZ — llll channel the event selection follows
that outlined in section 5.4, with the modifications desedibn section 5.10 also applied. The —
ZZ - llyw andH — ZZ — llgg channels share the same selection for a leptonic Z, andgéiverthe
latter selection. The detailed selection for these two nbfncan be found in [1], but a brief overview is

given here.

H—-ZZ-llyv and H - ZZ — llgg common selection

Events must pass single lepton triggers waththresholds ranging between 0.5 GeV.

All events must contain a primary vertex with at least 3 teaaksociated to it.

2 same flavour leptons witpr > 20 GeV are required, with no third electron or muon. Opposite

charge requirement for muons only.

The invariant mass of the lepton pair must lie within the &g < |my| < 106 GeV.

H — ZZ — llyy selection

o ErT“iSS> 66 GeV. This cut is extended to 82 GeV for high Higgs massegsx* 280 GeV).
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¢ Reject events identified as likely to have contained a b-jet.

e Varying cuts on the opening angle of the leptons, dependmifp® Higgs mass.

H — ZZ — llgq selection
o EMSS< 50 GeV.
e Atleast 2 jets whose invariant mass lies betweer7);; < 105 GeV.
e Additional Higgs mass dependent cuts on the opening andteedfvo leptons and the two jets.

The final observed and expected limits for tHe— ZZ channels based on the 2010 dataset are shown

in fig 31.
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Figure 31: Exclusion limits for the 2010 dataset for the #hidiggs search channels containing a leptonic Z;
H—ZZ-IllI[40],H —» ZZ - llvw and H— ZZ — ligq [1]. Both the observed (solid) and expected (dashed)

line are shown.

FortheH — ZZ — Il channel the most significant results are obtaineahat= 200 GeV where

a Higgs boson can be excluded at 21 times the SM cross sedfius.is the mass region where this
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channel has the best expected sensitivity (as indicatedntopianum in the expected exclusion limit).
TheH — ZZ — llvvy channel is most sensitive in the mass ramge= 320— 380 GeV, although the
most significant result is ahy = 260 GeV where there is an observed (expected) exclusion afgsH
with 9 (9.5) times the SM cross section.
Finally for theH — ZZ — llgq channel the best observed limit isra; = 200 GeV, where a Higgs
boson with 8 times the SM cross section is excluded to a 95% confidenet lekilst the expected limit
is 235. The most sensitive mass region is aroamg = 400 GeV. In conclusion it can be seen that the

most sensitive channel at the higher Higgs masses for thedstaset is théd — ZZ — llyv channel.
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Chapter 6

Search for the SM Higgs boson intheH —» Z2Z —

llvvy channd

In this section the search for the Standard Model Higgs itthe ZZ — llvy channel is presented. This
search was conducted throughout the 2011 data taking pamaldafter the publication of an initial paper
[2] several updates were also published as conference fidtes2], which contained improvements to
the event selection as well as an increased dataset. A fipar par the complete 2011 dataset was
published in early 2012 [3], and it is this analysis which iegented in this chapter. This channel has
contributed to the various ATLAS combined Higgs limits winiwere published throughout the year, the
most notable of which announced the discovery of a new bosanoand 125 GeV and can be found

in [4].

6.1 TheH — ZZ — llyy channd

In the high mass region, wheray > 200 GeV, the Standard Model Higgs boson decays to two Z
bosons with a high branching fraction. THe— ZZ — llll channel, despite its excellent discrimination
between background and signal, has limited sensitivityaforearly search due to the small branching
fraction for a Z to decay to either two electrons or two muddensequently the limits are dominated by
statistical uncertainties. It is therefore beneficial tor@ase the statistics by extending the search using
other channels, even if these additional channels have r@ipsignal to background ratio.

A patrticularly useful additional channel is thé — ZZ — llyy which contains both a leptonically
decaying Z boson and one that decays to two neutrinos. Thehiray ratio for aZ — vv decay is
(20 + 0.06)% [58] which is six times higher than that of eithér— ee or Z — uu and therefore it
is expected that there will be six times mdide— ZZ — llvy events compared t8l —» ZZ — |,

(I = e p). Thisisillustrated in fig. 32 which shows the cross sectianitiplied by the branching ratio for
theH - ZZ - llvw andH — ZZ — llll channels as a function of Higgs mass. The leptons considered
in this plot include taus, and so theftdirence shown between the two channels is reduced to a fdctor o
four.

The neutrinos from the Z boson decay are not directly detebtethe ATLAS detector, but their

presence is inferred from an inbalance in the vectorial stithestransverse momenta in the eve!'ss,
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Figure 32: Branching fractions of the SM Higgs boson as a fiamcof the Higgs mass [19]. The ZZ channels are

shown separately.

which is defined in section 4.6. In order to observe a signitili‘#‘iSS the Z boson decaying to neutrinos
must be sfficiently boosted so that the two neutrinos are not back to ,baslotherwise the missing
energy from each neutrino would cancel out. Hence a Z bostinhigh momentum is required. When a
Higgs boson decays to two on-shell Z bosons any left over +@asg)y is transferred to the Z bosons as
kinetic energy. Therefore high momentum Z bosons would beywred in particular from the decay of a
high mass Higgsny >> 2my), and highE’T‘”iSS values can be used to distinguish these events. For lower
Higgs massesnfy ~ 200 GeV or less) no significarEfTniss values are expected and inclusize— ||
decays form an important background. As a result, this cblaisrmost sensitive at the higher range of
Higgs masses.

The selection oH — ZZ — llvy events is outlined in detail in section 6.5, but the gendrateqyy is
to first select the leptonic Z by requiring an electron or mpair with an invariant mass consistent with
theZ mass, then to apply cuts that are sensitive to the kinematige of a high mass Higgs decaying to
aZ pair. These latter cuts are on tﬁé‘iss of the event and the azimuthal opening angle of the leptan pai
Additional cuts are applied to reject events with jets kil have originated fronb-quarks, as well as
cuts that ensure the quality and authenticity oflﬂfféssreconstruction. The final search is performed by

looking for a peak above background expectations in thesttense mass distribution determined from
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the transverse momentum of the lepton pair andﬁfﬁés vector in the event. The transverse mass is

defined in the same way as [73, 74], and is given in equation 53.

”ﬁ4J@+@V+¢@HW®2

This definition explicitly assumes that both the dileptorr pas well as th<aE$‘iss originate from aZ

2 .,
[P+ s (53)

boson decay.

6.1.1 Expected sensitivity with 1fb~*

A pre-data study was conducted comparing the sensitivithierhigh mass range for the thré& chan-
nels. The results forthd — ZZ — lll channel from this study have already been presented in@hypt
The expected exclusion limits with 1thof data for all threeH — ZZ channels are shown in fig. 33
where it can be seen that the— ZZ — llvvy channel is expected to be the most sensitive for an early
exclusion in the high Higgs mass range. The individual etqubtimits for theH — ZZ — Illyy channel
expressed in multiples of the predicted SM rate as a funcfdhe Higgs mass are shown in fig. 34. The
most sensitive mass point for this channel is expected tope 380 GeV where a Higgs boson would

be almost excluded to 95% confidence level.
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Figure 33: Expected exclusion limits for the-H ZZ - Il ,H — ZZ — llyv and H— ZZ — llbb channels as

a function of Higgs mass. The limits correspond tib* of data at+/s= 7 TeV [57].

6.2 Background samples

Several background processes that can mimic the final st#te signal are considered in this analysis.
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Figure 34: Expected exclusion limits for the-H ZZ — llvvy channel, expressed as the fraction of the Standard
Model Higgs cross section that would be excluded at 95% cendiel level. The green and yellow bands indicate
the expected sensitivity witillo and+2¢ statistical fluctuations respectively. The limits corresd tol fb™* of

dataat+/s=7TeV.

6.2.1 ZZbackground

The main background for SMZ production is from the SMZZ — llvvy decay mode, wherk= e,
which has an identical final state to that of the signal. Bemlkid processes frodZ — llqq, ZZ —
mqq, ZZ — I, ZZ — lltr andZZ — rrrr decays are also considered, and these backgrounds are
referred to throughout this chapter collectively as Zi#ebackground.

The ZZ samples are simulated using the MC@NLO [60] event genenaterfaced with HERWIG
and JIMMY 4.31 [61] for simulation of the underlying event.hd calculation includes hard scatter-
ing diagrams to NLO accuracy, but only for on shell Z bosondierhate inclusive PYTHIA samples,
calculated including hard scattering diagrams to LO aagyrscaled using k-factors which do include
the contribution from &-shell bosons, are used to determine the systematic uimtgred the ZZ back-
ground, as described in section 6.7. For this channelftieeteof not including the i6-shell component is
not as important as that presented in section 5.3.1 bechesudst sensitive region is at a higher Higgs
mass where a larger fraction of the Z bosons will be on sheétails of the ZZ samples are given in

table 12.

6.2.2 WZand WWbackground

Other diboson backgrounds with genuiEé‘iSS are also considered; th&Z — IvIl, which can mimic

the final state of the signal if the lepton from t#é — |v decay is missed; and/W — Ivlv, which has
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channel o (fb)

ZZ — llqq/rrqq | 841.5
ZZ — llvy 160.4

ZZ — 27.0
ZZ - llrr 27.0
7 — 1TTT 6.8

ZZ — tTVvY 80.3

Table 12: The ZZ samples (where=l e, 1) generated using the MC@NLO Monte Carlo programs. The cross

sections are calculated to NLO [75] and convoluted with Zrimiaing fractions from [58].

an identical final state to the signal, but a mucfiiedtent topology.
These backgrounds are simulated using the MC@NLO geneiratenfaced with HERWIG and
JIMMY for the underlying event. All possible leptonic fingbses are considered, includingdecays.

The cross sections are calculated to NLO accuracy, defaildhich can be found in table 13.

channel| o (fb)

W*W~ | 46230
W*Z | 11500
W~Z 6500

Table 13: The MC@NLO WW and WZ background Monte Carlo samples cross sections are calculated to
NLO [75] and convoluted with branching fractions from [58].

6.2.3 Z+ jetsbackground

LeptonicZ decays with or without jets have no rﬂp‘ss, so this background only contributes in events
with high fake E'TT“SS, either from a poorly reconstructed jet or as a result of higkeup conditions.
Although only a very small fraction of the totdl+ jetsevents will contribute to the background in this
search, the abundance of Z events makes it an important tmacidyto consider.

Background samples fdd — ee Z — yu andZ — tr are simulated using the ALPGEN Monte
Carlo program [66] interfaced with HERWIG [76] for partonasters and hadronisation. The program
generates hard matrix elements foandZbo production with additional numbers of partopsn the

final state, wherg runs from 0 to 5. The cross sections, listed in table 14, ohela k-factor of 1.25 to
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make the inclusiveZ cross section agree with NLO calculations [75]. Dedicateth@es forZ — ee

Z — uu or Z — rr with additional b-jets are also produced with the same gaoerTo remove a small
double counting between the inclusive and b-jet samplesuedap removal procedure described in [67]
is used. Details of alf + jetssamples are given in table 14. All samples used correspoludnioosities
of 8.0 fb~* or greater.

For systematic checks further samplesZzof»> ee Z — uu andZ — 77 are simulated using the
PYTHIA 6.421 interfaced to PHOTOS [77], for initial statedration, and TAUOLA [78], for the sim-
ulation of ther decays. The simulation & production includes the Drell-Yap component and the
Zy interference term, and a minimum mass of 60 GeV is requireth® boson. The cross sections are

scaled to the NLO values from [79].

process generator | o (fb)

Z+0p,Z —ee | MC@NLO | 836000
Z+1p,Z —ee | MC@NLO | 168000
Z+2p,Z —ee | MC@NLO | 50500
Z+3p,Z—ee | MC@NLO | 14000
Z+4p,Z —ee | MC@NLO| 3510
Z+5p,Z—>ee | MC@NLO| 988
Zbb +0p,Z — ee| MC@NLO | 8208
Zbb +1p,Z — ee | MC@NLO | 3100
Zbb+2p,Z — ee | MC@NLO | 1113
Zbb+3p,Z —> ee| MC@NLO | 488

Z > ee PYTHIA | 911.6
Z - uu PYTHIA | 911.6
Z 1t PYTHIA | 911.6

Table 14: The Z jets samples generated using the ALPGEN Monte Carlo prognéenfaced with HERWIG,
where p refers to the number of additional partons generatélde matrix element and inclusive PYTHIA samples.
The cross sections listed are fafs = 7 TeV and include a k-factor of 1.25. For the ALPGEN samplestbss

sections for Z— uu and Z— v are taken to be the same as those forZee.
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6.2.4 ttand singletop background

Top pair production forms a background to the filal selection when the twdV bosons produced
in att decay undergo leptonic decays, and thjets are not identified. It contains genuil:"té‘iss and
although only a small fraction of the total top events wilhgue all cuts it is a significant background
due to the large number of top events expected.

Background samples af production as well as single top aWdt production are simulated using
the MC@NLO event generator interfaced to HERWIG and JIMMGept for the t-channel single top
quark production, for which AcerMC [80] generator is usedieTt sample is filtered at generator level
to require at least one lepton originating fronMaboson with apr > 1 GeV. This ensures only events
with at least one leptonieV decay are retained, where- e, u, 7. The case where boWV bosons decay

hadronically is not considered. Details of thheample are given in table 15.

channel o (fb) filter | o filereq (fb)

tt 166800| 0.5562 92774
singlet (s-chany — ev) 497
singlet (s-chanW — uv) 489
singlet (s-chanW — 7v) 520
singlet (t-chanW — ev) | 6941
singlet (t-chanW — uv) | 6825
singlet (t-chanW — 7v) | 7264

Wt 15740

Table 15: Thettsamples in the lepton-hadron (Ih) or lepton-lepton (ll)cdg mode and the single top and Wt
samples, all generated using the MC@NLO Monte Carlo prograerfaced with HERWIG and JIMMY. The t
filter requires at least one of the W bosons from the top detmagiscay leptonically. The cross sections are taken
from the best known theory estimation recommended by th&&Tap working group [81]. The cross section is

convoluted with branching fractions taken from the Pagiblata Book [58].

6.2.5 Inclusive W background

InclusiveW production is expected to be a small background for thisysmabs it only contributes when
a jet is misidentified as a lepton, and the kinematics of tmeige and fake lepton are such that they are
misidentified as having come from a Z decay.

Background samples foW — ev, W — uv andW — 7v are simulated using the ALPGEN Monte
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Carlo program [66] interfaced with HERWIG [76] for partoncsters and hadronisation. The program
generates hard matrix elements ot Wq W andWhb and production with additional numbers of
partonsp in the final state, wherp runs from 0 to 5. As was the case for tAsamples, the small double
counting between the inclusive, b-jet and c-jet samplesnmsoved using the procedure described in [67].

The cross sections, listed in table 16, include a k-factdr.®fto make the inclusivé/ cross section
agree with NLO calculations [75].

This background mainly féects the electron channel because the rate of jets fakirgrabs is
much higher than the rate of jets faking muons. To accounafioover estimation in the electron mis-
identification rate in the simulation, whichfacts this background in particular, a scale factor &fi@
applied. Details of the procedure used to determine thike deator are given in section 6.6. This is

applied for all plots containing thé/ background unless stated otherwise.

6.2.6 QCD background

The QCD background requires two fake leptons and E{E'és. Although this background has a high
production cross section it is found to be a very small baoligd. QCD multijet production is evaluated
from a data-driven estimate for the electron channel, asribesl in section 6.6. In the muon channel
this background is expected to be very small, as the onlyifgignt contribution is from semi-leptonic
andb hadron decays. These events are simulated using the PYTHPA §62] event generator via the
dedicated PYTHIAB [82] interface. Samplestnﬁanchproduction are generated where one of the
or ¢ hadrons is required to decay to a muon wWith > 15 GeV andn| < 2.5. Details of these samples
are given in table 17. The control regions and data drivernot for these backgrounds are presented

in section 6.6.

6.3 Signal samples

The main focus of this analysis is to look for genuide— ZZ — llyy events, but there can also be
events from other Higgs decay channels that survive all &dsh of these channels has its own separate
dedicated search, but by keeping the cuts between thesghesarthogonal any selected events from
these samples can be considered as part of the signal. Orberastill combine all channels for a
complete Higgs search without any worry of double counting.

Simulated signal samples bf - Z2Z - llvw ,\H - ZZ > llqqg ,H - ZZ - llll , andH - WW —
Ivlv wherel = e, u, 7 andqg = d, u, s, ¢, b have been generated using the PowHeg [83] generator iceelfa

with Pythia [62] showering including matrix elements up textito-leading order. Both gluon-gluon
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process o (fb)
W +0p,W — ev | 8300000
W+ 1p,W — ey | 1560000
W +2p,W — ey | 453000
W +3p,W — ev | 122000
W +4p,W - ev | 30900
W +5p,W — ey | 8380
Wb + 0p 56800
Whb + 1p 42900
Wb + 2p 20800
Wb + 3p 7960
W + Op 153000
W + 1p 125000
W + 2p 625000
W + 3p 20400
Wc+ 0p 51800
Wc+ 1p 192000
Wc+ 2p 51000
Wc+ 3p 119000
Wc+ 4p 27600
W — ey 9676075
W — puv 9514057
W - 1y 10126125

Table 16: The Wjet samples generated using the ALPGEN Monte Carlo prograerfaced with HERWIG,
where p refers to the number of additional partons generatetthe matrix element. The cross sections listed
include a k-factor of 1.25. The cross sections for-W uv and W — v are assumed the same as those for

W — ev.

fusion and vector boson fusion production mechanisms &entato account by the matrix elements.
PYTHIA has been interfaced to PHOTOS [77], for initial staaeliation, and TAUOLA [78], for the
simulation of ther decays. In addition, a dedicated seygf— H — ZZ — llvv signal samples are used

to estimate the shape uncertainty of the nominal sample lyyngathe theory parameters. For this study
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channel o(fb)

bb — uu | 7.39x 107
cC— uu | 2.84x 107

Table 17: The bb and cc samples generated using the PYTHIAeMZarlo program via the PYTHIAB interface.
The cross sections include diagrams to LO and are taken fryfiHRA. Due to the very large production cross
section, the size of these samples correspond to only fesemtesf the corresponding amount of data analysed in

the analysis.

only the dominant gg fusion process is considered. Theselsarare generated with PowHeg [83].

In all cases the cross sections for Higgs productiongéidusion are set to NNLONNLL +EW
accuracy and those for vector boson fusion are evaluated @-+H&W accuracy [59]. Details of the
simulated signal samples are given in table 18. All signai@as correspond to luminosities that are

high (~ 150 fb~! or more) compared to the available luminosity in the data.

6.4 The 2011 dataset

The data sample used in this analysis is the full datasetdeddoy the ATLAS detector during 2011
when the LHC was running at a centre-of-mass energy of 7 Th¥.data are subsequently required to
satisfy a number of conditions ensuring that all essentehents of the ATLAS detector were opera-
tional with good éiciency during data taking. This is implemented using a Good Hst (GRL) based
on the ATLAS Data Quality flags. The GRL used for this analysis standard ATLAS GRL defined for
W/Z + jetscross section measurements and therefore only contaisswiere all parts of the detector
were functional, which is crucial to ensure relial'rﬂé‘iSS performance. The total integrated luminosity

after these requirements is74b=1.

6.4.1 Pile-up inthedataand MC samples

In order to maximise the total integrated luminosity taker2011 several of the beam parameters were
optimised throughout the year. In particular a reductiog’irresulted in a sharp jump in the average
number of interactions per bunch crossirgyu >. As a result, the data taken towards the latter part of
the year are more heavilfffected by in time pileup (for details see section 4.1.4). Reffirst 23 fb~? of

the 2011 data the peak in thalistribution is at approximately. 4 >= 6 whereas in the latter half of the

2011 data, which corresponds to a luminosity ef b1, the peak is ak x >= 12. Variations in< u >
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my H-ZZ->llw | H->ZZ->llgg| H—->ZZ-> 1l | H->WW- Ivly
(GeV) o (fb) o (fb) o (fb) o (fb)
200 60.86 212.7 15.36 462.68
220 55.40 193.6 13.99 365.83
240 48.03 167.9 12.13 302.09
260 41.92 146.5 10.58 257.36
280 37.35 130.6 9.43 224.28
300 33.71 117.8 8.51 199.60
320 31.33 109.5 7.91 183.47
340 30.49 106.6 7.70 176.92
360 30.72 107.4 7.75 176.85
380 27.54 96.3 6.95 157.87
400 23.87 83.4 6.03 135.63
420 20.06 70.1 5.06 112.96
440 16.89 59.0 4.26 94.52
460 14.20 49.6 3.58 79.05
480 11.88 41.5 3.00 65.79
500 9.96 34.8 2.51 54.71
520 8.37 29.2 2.11 45.89
540 7.04 24.6 1.78 38.32
560 5.93 20.7 1.50 32.15
580 5.03 17.6 1.27 27.15
600 4.23 14.8 1.07 22.80

Table 18: The H—» ZZ > llw,H - ZZ - llgg,H - ZZ - lll,and H - WW — Ivv (Il = ey, and
g =u,d, s c, b) signal Monte Carlo samples shown for a range of Higgs n&sBke cross sections are a combi-
nation of theyg and VBF fusion processes and are evaluated from theoretadallations [59] for H production

convoluted with Higgs branching fractions from [59] and Zabching fractions from [58].

are accounted for when simulating the MC by generating aingrgiumber of additional interactions
which correspond to the various periods of data taking farlaset of each MC sample. These separate
periods are then appropriately reweighted such that thenlosity of each subset is the same as the

luminosity of the corresponding data period.

88



H—-ZZ-llvw -6.5 Eventselection

6.4.2 Triggers

The changing run conditions throughout the year also hadfaateon the triggers. As the luminosity
increased ther thresholds of the single lepton triggers needed to be isek#o keep the trigger rates
at a manageable level. For this analysis the lowgstin-prescaled single electron and single muon
triggers available throughout the year are used togethtbrdidelectron triggers for the electron channel,
which are included to make the selection more robust agawssible uncertainties around the trigger
thresholds. Theor thresholds for the single electron triggers vary from 20 20&eV. The di-electron
trigger has a constamtr threshold of 12 GeV. For muons the threshold remained at 18 GeV.

For the trigger combinations used in this analysis the &iggficiency for MC signal events con-
taining two electrons wittpr > 20 GeV andpt > 22 GeV is greater than 9%, and for MC signal
events containing two muons wifly > 20 GeV this #ficiency ranges between 95% and 97%. Electron
and muon trigger ficiencies in ATLAS are verified on data using a tag and probénatetiescribed in

section 4.3 and [43, 44]. Where appropriate correctiorofacare applied to the MC.

6.5 Event selection

The event selection for thel — ZZ — llvy analysis was optimised to give the highest exclusion
sensitivity with 1 fo! of data. It is split up into a preselection which selects é&veontaining Z bosons
that is shared with thel — ZZ — llgq analysis and then makes further cuts specific tahe Z2Z —

[lvy channel.

6.5.1 Presdection

Firstly all data events are required to pass the Good Runsdisction, as described in section 6.4, and
also pass the trigger selection outlined in section 6.4.R.triggered events are required to contain a
vertex with at least three tracks associated to it. In ordarisure that the jets in the event are of good
quality a jet cleaning procedure is followed. This takes imtcount the fraction of energy in the EMCAL
and the HEC, the fraction of energy in each layer of the EMCAM the fraction of energy in LAr cells

in which the predicted and measured pulse shape vary too.muibls cut removes events with jets
likely to be caused orfeected by hardware problems or cosmic ray showers, which ltemately lead

to poorly described high tails in tt‘é'T“iSS distribution. In addition to this events in both data and M€ a
also removed if a jet witliPt > 40 GeV enters the region in which the electro-magnetic caketer was
not fully active due to failed front-end electronics. Thekg is first corrected to account for the missed

energy.
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The events are required to contain exactly two same flavqtoms withpy > 20 GeV and with
opposite charge. Events containing a third lepton with> 10 GeV are rejected to reduce contamination
from WZ events. The leptonic Z boson is then formed from thee® leptons. To ensure that the
leptons are consistent with having originated from a Z baderay a further constraint requiring that the
invariant mass of the lepton pair lies withirl5 GeV of the Z boson mass is applied. This mass window
cut strongly reduces the background from events that do omtiain a genuine Z boson decay; mainly
thett, WWand QCD backgrounds. The dilepton invariant mass for a ceatioin of both theee/v and

uuvv channels is shown in fig. 35 after the complete preselectsbeen applied.
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Figure 35: The dilepton invariant mass for the-d ZZ — llyy channel for both the muon and electron channels

combined in events containing two leptons.

652 H — ZZ — llvy selection

H — ZZ — llvv events are characterised by hiﬁfﬁ“ss in the opposite direction to a high momentum
leptonic Z decay and the main cuts in the analysis are chasesflect this topology. Additionally, to
reduce the impact of th# background events identified as having contained a b-jetejeeted. As

it is crucial for this analysis that the performance of EEiESS measurement in the ATLAS detector is
well understood, additional cuts to improve this perforagare applied. These reject events where the
direction of theE?‘iSS is not back-to-back with the reconstructgdr a jet. These cuts were optimised
to give the best sensitivity for a low luminosity dataset§1'j and are described in detail below. Two
different sets of selection criteria are applied, one optimised low Higgs massnjy < 280 GeV), and

one for a high Higgs massy; > 280).
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e Formy < 280 GeV the missing transverse energy is required to excéeGev, while for
my > 280 GeV the minimum require&™sS value is 82 GeV. Th&EMsS is calculated as de-
scribed in section 4.6. The distribution of tlsTé‘iSS after the dilepton mass window cut is shown

in fig. 36(a) and fig. 37(a) for thel - ZZ — eerv andH — ZZ — uuvv channels respectively.

e With increasing Higgs mass tt#bosons from the Higgs decay become more boosted, therefore
a mass dependent upper limit is applied to the azimuthaleabgtween the two leptons. For
my < 280 GeV this requirement i&¢; < 2.64, while formy > 280 GeV the requirement is
Agy < 2.25. At the lower Higgs masses the boost of Zheosons is expected to be moderate and
hence fomy < 280 GeV an additional lower limit oh¢; > 1 is applied. The distribution af¢y
after the dilepton mass window cut is shown in fig. 36(b) and3ig(b) for theH — ZZ — eewv

andH — ZZ — uuvv channels respectively.

e Events are rejected if they contain a jet which has beenifteshias more than 80% likely to be
a b-jet, using the b-tagging method described in sectiorl 4. Bhis significantly reduces the top
background. The distribution of the maximupriagging weight in the event, after the dilepton
mass window cut, is shown in fig. 36(c) and fig. 37(c) for the» ZZ — eerv andH — ZZ —

upvy channels respectively.

¢ In the high mass region, where tIE#“SS is expected to be back-to-back with tBecandidate,
an additional cut is applied on the azimuthal angle betwkerZtcandidate and thE?‘SS. For
my > 280 GeV it is required tha&¢z’ﬁ¥1iss > 1. TheAgbz’mliss distribution after the dilepton mass
window cut is shown in fig. 36(d) and fig. 37(d).

e Finally to avoid selecting events with a hi@ﬁ}‘iss originating from a badly measured jet, events
are rejected if the phi opening angle betweenEﬁi@S vector and the nearestjetA'aﬁﬁrTmss’ Jet <15
(for my < 280 GeV) andﬁ(bﬁ?iss’\]et < 0.5 (for my > 280 GeV). Only jets withpr > 25 GeV and
Inl < 2.5 are considered for this cut. The distributionmlfp@ss,Jet after the dilepton mass window

cut is shown in fig. 36(e) and fig. 37(e).

After the above selection the search for— ZZ — llvv is performed by looking for a peak above

background expectation in the transverse mass distribaticheee/v anduuvy systems.
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Figure 36: Kinematic distributions relevant to the H ZZ — eeyv analysis for the Higgs boson signal and the
main backgrounds: (a) IESS, (b) the opening angle between the leptofigy, (c) the maximum MV1 b-tagging
weight, (d) the opening angle between the lepton pair an(ﬁ;’ﬂ’i%i Ay s and (e) the opening angle between
the p1"'* and the nearest jetAgﬁﬁrpiss’Jet ,in the event. The signal sample shown corresponds to a Higfips
my = 400GeV. The bottom plot shows the ratio between data and theicechiMC background samples as well

as a band formed by adding in quadrature all systematic uageties.
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Figure 37: Kinematic distributions relevant to the # ZZ — uuvv analysis for the Higgs boson signal and the
main background: (a) Eiss, (b) the opening angle between the leptafigy, (c) the maximum MV1 b-tagging
weight, (d) the opening angle between the lepton pair an(ﬁ;’ﬂ’i%i Ay gyiss and (e) the opening angle between
the pf"** and the nearest jetA(bprTniss"]et, in the event. The signal sample shown corresponds to a Higfips
my = 400GeV. The bottom plot shows the ratio between data and theicechiMC background samples as well

as a band formed by adding in quadrature all systematic uageties.
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6.6 Background control regions and data driven estimates

In order to ensure that the shape of backgrounds taken lgifecin MC are accurate and that the nor-
malisation is correct a number of the cuts outlined in sec@id are inverted to obtain distributions that
are dominated as much as possible by a single backgrounslaléa important that the phase space of
these control regions is not too far removed from that of flgea. Multiple control regions are used
for the same backgrounds where appropriate. Control regioe presented for all of the backgrounds
taken from MC except the irreducibleZ — llvv background, for which there is no such control region,
and theWW — Ivly background. Also presented are the methods used to obttislgmata-driven

background samples.

6.6.1 ZZ background

As mentioned above theZ — llvy background is irreducible. Any cuts specifically designedsolate

this background would also contain a potential signal artetiore no control region is used. The
MC@NLO MC generator is used to simulate this sample, with lesrrsate PYTHIA sample used to
determine a systematic on the shapiedence of the final distribution. As was shown and discussed
in section 5.3.1 when the samples are scaled to NLO the agrddmtween these samples is to within

10%. This number will be included in the normalisation systic for theZZ sample.

6.6.2 Top and W control regions

As these two backgrounds are the only significant backgrethat do not contain a genuine Z decay
the control regions for each of them are similar. Threfedent methods are outlined here based on
inverting the Z boson mass window cut, selecting like signda pairs and also using events with an
electron-muon pair.

Events which have a lepton pair with an invariant mass tlegt diutside of thee15 GeV window
of the Z boson mass are defined as having come fromrhsidebands. A lower and upper limit of
60 < my < 150 GeV is also applied.

Fig. 38(a) shows thErTniss distribution for events with two same flavour leptons in thesidebands
that contain a-tagged jet. At highErTniss top events dominate; derT“iSS> 66 GeV there are 1439
observed events, compared to 1394 total predicted MC evEBdS of which are top events. Fig. 38(b)
shows the same distribution, only this time for events daoirig an electron and muon pair. In this case,
again atE'TT“SS> 66 GeV, top is the dominant background; 1422 events are wbde@ompared to a total

of 1401 from all backgrounds, 1375 of which are top events.
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Figure 38: E‘TﬂiSS distribution for data and Monte Carlo estimated backgrosadples for events in the sidebands

of the m distribution with b-jets in the ee and thg final states combined (a) and in the é) final state.

In order to measure the accuracy with which the MC simulaipsandW events that do not contain
ab-tagged jet one can look at events containing an oppositelyged electron-muon pair. Distributions
of the invariant mass and trEiPiSS of these pairs can be seen in fig. 39, and in general good agrgem
between data and MC is observed. This is an important crasskdb perform as it validates the simula-
tion of the untagged top events. This sample is hence verijasita the sample selected by the nominal
cuts in this search. One can obtain a purer top distributiofutiher requiringErT“iSS> 66 GeV. With this
additional requirement a total of 2856 events are obsemehpared to 2929 expected, 2595 of which
are top events.

Another way to select a sample depleted of events with léptddecays, is to require the leptons in
the event to be of identical charge. This also significargijyuces the contribution from top events and
provides a good way to partially isolate tiié+ jetsbackground. To further purify the/ + jetscontrol
regionb-tagged events are rejected to reduce the contribution fopnand it is required that the lepton
pair is in the sidebands of thi distribution, to reduc& + jetsbackground.

Fig. 40 shows theE$qiss distributions for like-sigreeandeu pairs. For fig. 40 (a) the normalisation
of the W background is taken directly from the simulation and it isaglthat the simulated background
overestimates the data. The contribution from YMeéoackground in this search is mainly from events
with a misidentified electron, the rate of which is not ddsed particularly well in the MC. Based on
this observation th&/ background in this analysis is scaled down by 50% and a coatbex 100% sys-

tematic is applied on the normalisation (see section 6.fj)s Background is not expected to contribute
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Figure 39: m (a) and E‘Tniss (b) for data and Monte Carlo events that contain an oppogitdarged electron
and muon. Note that in these plots the multiJet backgroumnttisded from MC and not the data driven method

described below.

significantly to the final distribution, so the large systéimhas little éfect on the overall limits.
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Figure 40: The F;"S%jistribution for data and Monte Carlo estimated backgrowaiples for events with a
like-sign ee or g pair, no b-jets and a dilepton mass in the sidebands of theagsmegion. In figure (a) the W
background is unscaled, whilst in (b) the W background i¢esthy the same factor 0.5 that is applied in all other

figures.

The figure on the right shows the same distribution, but noth is 50% scaling applied to tha'
background. After this rescaling, for events wEIf[P‘SS > 66 GeV, 124 events are observed in the data

compared to 127 8 expected events of which 64 7 areW events.
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6.6.3 WZ control regions

TheWZ — Ivll background contains a leptoricdecay and genuinErT‘”iSS from the leptonicW — Iv
decay. It contributes to the signal region when the leptomftheW decay is missed. Therefore tipg
threshold for the veto leptons is lowered to 10 GeV to maxintlie identification giciency of this extra
lepton and suppress the contribution from W& background. As a control region one can obtaWVZ
dominated sample by selecting those events where an eptienidas been identified. Fig. 41 shows
the E?‘SS distribution for data and MC for events with an oppositehaied electron or muon pair and
an additional lepton. In the higE\;niss region the distributions are dominated WZ background. For
ErT‘”iSS > 66 GeV, 100 events are observed compared to 77 expecteds@femhich 70 araVZ events.

The diference corresponds to 2 times the statistical uncertainty.
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Figure 41: E’Tniss distribution for data and Monte Carlo events containing apositely charged electron or muon

pair and an additional (a) muon, (b) electron or (c) either.
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6.6.4 Z+ jetscontrol regions

In the early data taking periods this background has a mazt@sribution at higthT“iSﬁn both the
low and high mass search regions. In the later periods, irptesence of more pile-up interactions,
the inclusiveZ background is a leading background in the low mass searche \whthe high mass
region it has a similar contribution to the top backgroundhisTis because the additional interactions

are significantly broadening tHE?iSS distribution, which can be seen in by comparing fig. 42(a) and
fig. 42(b).
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Figure 42: ET“‘SSdistributions for events with two leptons for the low pile-{&) and high pile-up (b) periods.
Contributions of muon and electron pairs are combined. Tieesiased pile up in period L-M significantly broadens

the contribution from backgrounds with fakQ‘iES particularly the inclusive Z sample.

As discussed in section 6.5, events with no gemlEﬁﬂ?S are strongly reduced by requiring large
values ofAd)pa?iSS’ Jer This discriminator can be inverted to obtain a control eegior the inclusiveZ
background for events after tft‘éPiSS cut. As can be seen in fig. 43 events with fd}'siéiss pointing
in the same direction as a high jet are well described by the MC simulations within the statal
uncertainties. This figure further illustrates the inceeatZ events in the high pileup periods compared
to the low pileup periods.

In the low my search region, fOA(]&ﬁ_Irpiss’ Jet < 1.5, 114 (429) events are observed compared to 131
(431) expected events in the low (high) pile-up region. mhighmy search region, foA¢pa¥uss,Jet < 0.5,

33 (73) events are observed compared to 34 (68) expectetsamehe low (high) pile-up region. In all

cases the disagreement is smaller than the overall systeapgiied on theZ background.
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Figure 43: A(bprpiss,JetdiStributionS for the high mass selection, for the low pileperiod (a) and the high pile-up

period (b). Contributions of muon and electron pairs are bamed.

6.6.5 Data-driven estimate of multijet production

QCD multijet production may contribute to the backgroundwib fake leptons are reconstructed with
an invariant mass consistent wittZéboson. Photon conversions also contribute in the case direfes
while pions decaying in-flight can add to the muon channeladdition, true leptons from the semi-

leptonic decay of heavy flavour hadrons may contribute i bioé electron and muon channels.

Multijet background in the electron channel The multijet background in the electron channel is
estimated from data using a template method. The shape bathground is determined from a sample
dominated by multijets and then subsequently this sampierimalised to the nominal selection using
the sidebands of thay distribution. A data sample dominated by multijet eventsatained by replacing
the standard requirement of two meditm electrons in the analysis by two loose electrons which are
explicitly required to not pass the medium selection (“LLnoM”). Since this sample contains loose
electrons, rather than mediu, the events can no longer be collected using the standardiymg
single electron triggers described in section 6.4.2, asrthight bias the selection. Instead, a trigger is
used which is based on a signature of two loose photons, dotselects electron pairs, and is chosen
since it is the lowest threshold unprescaled trigger albkgldo trigger on loose electron pairs. The
remaining analysis cuts are applied as usual and the mguwtta histograms are used as templates to
describe the shape of the multijet background in the varibstsibutions.

Fig. 44 (top) shows thene distributions of electron pairs in the data compared to thalined MC
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Figure 44: The m distributions of the two electrons forming the leptonic Admate. The top plot shows the

distribution in data, the distribution of all background Mi@ Carlo samples combined and, in red, the distribution
in the “LLnoM” samples. In the bottom plot the data is comphegainst the sum of the combined Monte Carlo
samples and the “LLnoM” sample scaled with the normalisatfactor from the fit described in the text. The

scaled “LLnoM” sample on its own is shown in red.

backgrounds, which, although not easily visible, fail techbe the tails away from th&-resonance.
Crucially themge distribution of the “LLnoM” sample shows no evidence oZaesonance, indicating
that it is dominated by fake electron pairs. Although the tes describe the shape of the multijet
background, they must be normalised to take into accounditfierence in ficiency between the two
electron selections. To estimate the normalisation of #ke flectron pair background tine distri-
butions of the combined MC backgrounds and of the “LLnoM” pérare fitted to the data, allowing
only the normalisations of the two to vary. The normalisatid the combined MC sample is unchanged
within ~1%. Fig. 44 (lower) shows the, distribution in the data along with the MC backgrounds, the
scaled “LLnoM” sample and the sum of the two. A good desaiptver the entire range is obtained
when the “LLnoM” estimate of the fake pairs is added to the bimad Monte Carlo samples.

As the template sample used to estimate the QCD backgrouheé iElectron channel is expected to
have a diferent like-sign and opposite sign mixture than the elecpains selected in the analysis, the
template fit described above is repeated and a separategstadior is applied for like-sign events used

in theW + jetscontrol region.
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Multijet background in the muon channel The multijet background to the muon channel can be
estimated in two ways. The background due to leptons otligigdrom semi-leptonic heavy flavour
decays is estimated directly from the semi-leptdblicc samples described in section 6.2. Although
the statistics for these background samples is about arfagtiess than that in the data, no Monte Carlo
events survive after the lepton pair selection.

In addition a selection of like-sign muon pairs is used taneste the background of fake muons.
217 events with a like sign muon pair are identified (compaoeti 75 x 10° opposite sign pairs). The
like sign pairs predominantly have lop+ muons and IOV\EQ“SS. In the remainder of this search multijet

background in théd — ZZ — uuvv channel are considered to be negligible.

6.7 Systematic uncertainties

This section describes the systematic uncertainties tiamterconsideration for this search.

Luminosity The luminosity uncertainty used for the 2011 data.i®3 for the low pile-up periods and
4.1% for the high pile-up periods. These numbers are basedcommendations from [84,85]. This
uncertainty is only applied to MC samples for which the ndigaéion error is not taken directly from
a comparison between data and MC, which are the signal andatibsamples. When it is applied this

systematic is assumed to be correlated across samples.

Signal cross section  Higgs boson production cross section calculations have bemmarised by the
LHC Higgs cross section working group in [86]. There is anertainty in the production cross section
arising from the choice of QCD scale, the Parton Distributiunctions (PDF) ands. For the QCD
scale this uncertainty i$§2% and+1% for the gluon-gluon fusion and vector boson fusion preess
respectively [86], and for the PDFs and it is +8% and+4% for gluon-intiated and quark-initiated
processes respectively. The cross sections are calcwlatiee zero-width approximation for the Higgs
boson. For the Higgs decays the width is implemented at teatayenerator level through a relativis-
tic Breit-Wigner line shape. It has been suggested [87, B&] for the highest Higgs boson masses
considered in this searcim(; > 400 GeV) dtects related toft-shell Higgs boson production and inter-
ference with other SM processes may become sizeable. Fgiuba-fusion production mechanism at
my > 400 GeV a lineshape correction is applied whereby the liaygshs reweighted to match a line-
shape calculated in the complex pole estimation [88—9Q]tH&Vector Boson Fusion (VBF) production
mechanism a full lineshape calculation and a correct adagfithe interference with SN Z production

was not available. A conservative estimate of the possilzle a&f such &ects is included as a signal
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systematic uncertainty on the normalisation of the sigaabbth production mechanisms, following a

parametrisation as a function of,: 150%x mfj| TeV, formy > 300 GeV [86].

Signal Acceptance To account for possiblefkacts of theoretical uncertainties on the signal acceptance
a systematic error is evaluated by comparing the selecfigtiencies in the nominagd — ZZ — llyy
MC signal samples (PowHegPythia, = 200 400 600 GeV) with those obtained using samples where

variations have been introduced at the generator level:

e PowHegPythia: For the nominal sample modelling Powheg interfaced witthRyparton shower

and ATLAS tune AUET2B-CTEQ6L1 [91] has been used.

e ISR/FSR: The parton showerfiects were estimated by varying the parameters sensitivieeto t
initial and final state radiation in the signal samples. Tagation ranges were comparable to the
ranges used in the Pythia tunes Perugia Hard and Perugig@3pfSamples were produced with
variations in the initial and final state radiation that eitincreased or decreased the parton shower

activity with respect to the nominal sample.

e Perugia2011: The Powheg events were also processed with Pythia usingetiteal Perugia2011
tune [92]. As is the case for the nominal sample ATLAS tune,déntral Perugia2011 tune relies
on the LHC data. The two tunes howevefteli in many aspects, as they are obtained from the

independent tuningfiorts.

e SRenFacUp/Down: In order to estimate the renormalisation and the factbdesascale system-
atics, two dedicated samples were generated where the Boahermalisation and factorisation
scales have been set simultaneously to double or half tleéault values. The events for these

samples were then processed with the same Pythia setuptas feominal sample.

Table 19 summarises thdfect of these theoretical uncertainties. They are calailaie taking the
variation in absolute faciency from the nominal sample, considering each step o$éhection. To be
conservative the largest error out of the up and down shiftgpplied symmetrically. For the high Mass
region (ny > 280 GeV), the biggest variations between the 400 and 600Isamere taken. The total

error is computed by adding the 3 individual errors in quadea

Background cross sections  For theZ background a systematic variation is applied on the nosaali
tion to account for discrepancies between the number ofteyaedicted by MC and observed in the

control regions and in the early parts of the selection mecehen th& background is dominant. MC
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Region ISR/FSR | Perugia2011f SRenFac| Total

Low-Mass | 5.89% 5.50% 2.46% 8.43%
High-Mass| 2.38% 1.38% 2.01% 3.41%

Table 19: Summary of the signal acceptance systematics.

predictions have on average about 2.4% fewer events thadattzein theH — ZZ — eewv channel
and 1.2% fewer events than the data in the> ZZ — uuvv channel so a.8% systematic variation is
applied. Since the normalisation has been verified by dreniparison between data and Monte Carlo
no additional normalisation error due to the luminosity emainty is applied to this sample. All other
systematics are applied to this sample since they are licebffect both the shape and normalisation
after the remaining selection cuts.

The largely irreducible SNZZ background is taken directly from the Monte Carlo. A systBma
error based on a 5% combined scale and PDF uncertainty fotltkecross section is convoluted with a
further 10% error, corresponding to the maximurftfelience seen in a comparison between the k-factor
scaled PYTHIA and MC@NLO results (section 5.3.1), and &apliThis leads to an overall 11% error
on the normalisation.

The relatively smalWZandW W backgrounds are also taken directly from the Monte Carlb ait
assumed normalisation error of 11%, identical to that tekerthe ZZ background. This normalisation
error covers the small discrepancies observed in the E@F’F tails of theWZ control region shown in
fig. 41.

Comparisons between data and background expectations sidé-bands of the dilepton mass and
in the eu control region show discrepancies up to 5% in regions dotadhay top background. This is
well within the recommended 9% theory uncertainty whichgdpleed on this background. Experimental
uncertainties are still applied on this channel since tloidpeound is from top events failing thetagging
veto, for which no direct control region comparison was made

Comparisons between data and background expectationg iik#éhsigneeand eu pair control re-
gions indicate an overestimation of tké background in the MC. For this reason tfiébackground is
scaled down by 50%, and a 100% systematic is applied on thaimerg W background. As the control
region definition is very similar to the definition of the sarregion, in particular involving a similar

E?‘SS cut, no further systematics are applied in this case.
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Electrons Systematic variations onffeciency, scale and smearing corrections for the electroas ar
applied to account for the uncertainties in the tag and probthod used to determine them [44]. These
uncertainties arise from the uncertainties in the amouadditional material in the detector, the energy
scale determination method, the object quality requirdsahe background fit range and the pile up
present in the sample used for the tag and probe study. Th&aleenergy scale is varied up and
down by 1% in the barrel region, and by 3% in the crack and epd.c@hree alternate histograms are
produced (one for smearing and one each for the energy duftiels and down) which are generated
with these shifts applied and used in the limit setting safewvdescribed in section 6.9. Furthermore a
2.3% uncertainty is assumed on the combined identificati@hraconstruction fciency of electrons.
This is implemented as a 4.6% change, up and down, in the vtugggtor events with 2 electrons in the

final state.

Muons Systematic variations on scale and smearing correctiang@gplied following the recommen-
dations in [43, 93]. The uncertainty in the muon scalgisdependent, and for the range of muon
momenta used in this analysis is of orde2%. The uncertainty in the smearing is alsp dependent
and separate uncertainties are used for the ID and MS trAck%b uncertainty is assumed on the identi-
fication and reconstructionfieciency for muons determined from data and MC comparisons Bfand

Z decays [43,93]. This is implemented as#% shift in the weighting of events with 2 muons in the

final state.

Jets The energy scale and resolution uncertainties are appiiedc@mmended in [48,49] and [94]
respectively. This includes scale and resolution unceres, a dedicated uncertainty in the case of

nearby jets, an extra uncertainty due to pile-up and an exicartainty forb-jets.

b-tagging efficiency The uncertainty on thefigciency and mistagf@ciency of the b-tagging algorithm

used in this analysis follows the recommendations from.[95]

Trigger No errors are applied for the lepton triggefieiencies in thed — ZZ — eerv channel, since
relative to the appliedftliine event selection the single electron triggéicgencies in ATLAS are high.
Therefore in events that have 2 electrons the event trigdjeremcy is expected to be near 100% and the
uncertainty is assumed to be negligible.

An uncertainty in the muon trigger weight is obtained fror3][#vhich varies withpr, n and¢. The

muon trigger weight applied to each event containing eigheruon or multiple muons is shifted up and
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down by this uncertainty so that separate histograms carbtzéned and used when setting limits, as

described in section 6.9.

ErTniSS The systematic variation iIf‘t?‘iSS is determined by propagating through all object scale amd re
olution uncertainties to thETmisscaIcuIation. Since thE;”iSS is highly sensitive to pile-up an additional
uncertainty on the average number of interactions per bena$sing € u >) is applied. Theu values

are rescaled in the MC hy3%, and theE?"Ssdistribution with only these variations applied is shown in
fig. 45.
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Figure 45: ET‘“SSdistribution for both channels with a3% i re-scaling factor is also shown.

ZZ shape A shape systematic for theZ background is taken from the PYTHIA prediction for this
background. Fig. 46 shows this comparison. To avoid addm@xra normalisation systematic, the

final distribution, from the Pythia prediction is scaled tavh the same number of events as that of the
MC@NLO sample.

Z shape A shape systematic for th& background is also taken from the PYTHIA prediction for this
background. Again, to avoid adding an extra normalisatigstesnatic, the final distribution, from the
PYTHIA prediction is scaled to have the same number of evantbat of the ALPGEN sample.

All of the above systematics are included in the plots shgveiystematic bands, which are made by

adding each systematic in quadrature. In general all of i$telslitions important for this analysis agree

within these systematic bands.
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Figure 46: Comparison of the transverse mass distributietween the nominal MC@NLO ZZ background
simulation and the alternative Pythia distribution, whichused as a systematic shape alternative. The electron

and the muon channels are combined.

6.8 Results

This section presents the final transverse mass distritmitifter all cuts have been applied. As described
in section 6.3 in this search some signal cross talk fromrattiggs decay modesH — zZZ — |,
H — ZZ — llgg andH - WW — Ivly) is expected. These processes add to the expected sépsitivi
and are therefore considered as part of the signal. Tabldn@@ssthe relative contributions from the
different Higgs decay modes in the final selected MC signal sanpkheH — ZZ — llvv channel. In
particular theH — WW — Ivly admixture is large at the lowest Higgs masses. To avoid @oudainting
with the ATLASH — WW — Ivly analysis an explicit veto is applied in the latter searchvienés in
which the selected lepton pair consists of same flavour hespémd has a mass consistent with having
originating from aZ-decay, based on the same mass window cut as that applidd antilysis. Similarly
theH — ZZ — llvv and theH — ZZ — llgq channels have no overlap because of ttfﬁacéntE'T“iSS
regions selected. Thd — ZZ — llyv selection also excludes events with more than two leptams, s
no overlap is expected between this channel andthe ZZ — llll channel. In all results plots shown
in this section, as well as in the limits shown in section @®&nts from other Higgs decay modes are
included and considered as part of the signal.

The distributions of the transverse mass of the+ E?‘SS system are shown in fig. 49 for
my = 200, 300, 400, 500 and 600 GeV. At 200 GeV the distributioriearty dominated by the back-

ground processes. A better separation between the sigdabackgrounds is obtained at the higher
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my(GeV) | H - 2ZZ—>llw | H—-2ZZ->Il |H—->2ZZ—-llgg | H—-> WW- Ivlv
200 25.5% 0.4% 0.0% 74.1%
300 87.0% 0.8% 0.0% 12.2%
400 94.5% 1.0% 0.0% 4.5%
500 96.9% 0.9% 0.0% 2.2%
600 97.4% 0.8% 0.0% 1.8%

Table 20: The number of events fronffelient Higgs decay modes relative to the total number of $ignents,

after the full H— ZZ — llvv selection. In all signal samplesleptons are included.

masses. It can also be seen that the transverse mass tiistriton the signal peaks near the Higgs mass.
The distribution of data events observed is also shown omlibts. The total number of events, after
all cuts, for each of the Higgs mass samples as well as theglmakds are given in tables 21 . From
this table it can be seen that for the high mass searcheshibsati backgrounds dominate, particularly
in the low pile up data, and that for the most sensitive masgaany = 300 to 400 GeV, the signal to

background ratio is higher in the low pile up data.

low my search highmy search
Source Low pile-up data High pile-up data  Low pile-up data ghHpile-up data
z 401+50+79 2647+127+67.3 08+0.3+0.8 116+21+29
w 46+22+46 58+1.8+58 15+08+15 22+13+22
top 232+13+54 279+13+53 160+1.1+4.0 172+1.0+3.9
multijet 11+02+05 11+02+06 01+01+0.0 01+01+0.0
Y4 334+07+39 367+0.7+43 284+ 0.6+34 319+0.7+ 38
wz 233+10+28 252+1.0+30 171+08+21 189+0.8+23
Ww 255+08+30 324+09+38 94+05+11 133+ 05+ 16
Total 1512+ 58+ 112 3940+ 130+ 66.9 733+18+6.1 952+29+6.9
Data 158 442 7 109
my [GeV] Signal expectation
200 103+0.2+1.8 111+02+19
300 164+03+29 175+03+3.1
400 144+02+25 154+02+27
500 62+01+11 65+01+11
600 27+00+05 29+00+05

Table 21: The expected number of background and signal wernhe low and high @ search regions in the
H — ZZ — llvy channel, along with the observed numbers of candidatestia, diar an integrated luminosity of

2.05 fb~! . The quoted uncertainties are statistical and systematpectively.
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Figure 47: The final transverse mass distribution in the-HZZ — Ilvy channel as defined in Equation 53 for the

Higgs masses ;= 200, 300, 400, 500and600GeV for low pile-up data.

6.9 Exclusion limits

As there is no significant excess seen in the data above lmacidjrexpectations in all studied decay
channels it is possible to place limits on the range of péssiblues ofmy. The nominal limits are

extracted using a fully frequentist profile likelihood teeent described in [96] and implemented in
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Figure 48: The final transverse mass distribution in the-HZZ — Ilvy channel as defined in Equation 53 for the
Higgs masses m= 200, 300, 400, 500and600GeV for high pile-up data.

the RooStats package [97]. The limits are based orCthemethod introduced in section 5.7. A log
likelihood ratio is used as the test statistic, which cqroggls to 2x In(X), where X was defined in
equation 51. The expected and observed limits are detedthtipgunning a simultaneous confidence
level determination in which the distributions from tHe— ZZ — eerv andH — ZZ — uuvv channels

are treated independently. Due to th&elent signal to background ratio in the high and low pile-up
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Figure 49: The final transverse mass distribution in the-HZZ — Ilvy channel as defined in Equation 53 for the

Higgs masses ;= 200, 300, 400, 500and600GeV for the full 2011 dataset.

regions the limits are determined separately for each regind then combined.

Upper limits are set on the Higgs boson production crossaselative to its predicted SM value as
a function ofmy. The limits are extracted from a maximum likelihood fit to the distribution following
the CLs modified frequentist formalism with the profile likelihoodst statistic [68, 96]. Table 22 lists

all systematic uncertainties that are taken into accourhénlimit setting software and whether they
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are implemented via an alternative histogram or as a nosat&n uncertainty. For practical purposes

systematics that were found to have a negligilffea on the final limit are not included in the final limit

calculation.
ggF sig. VBF sig. zZ WZ/WW tt Z W QCD

Systematic

ee e ee e ee e ee Hp ee uu ee uu | ee puu | ee  puu
eeff. norm no norm no norm no norm no no no | no no| no no|no no
escale yes no yes no yes no yes no (yes no|yes no|no nojflno no
esmear yes no yes no yes no yes no [yes no|yes no|no no| no no
w eff. no norm no norm no norm no norm | no no | no no| no no| no no
u 1D smear no yes no yes no yes no yes | no yes| no yes| no no| no no
1 MS smear no yes no yes no yes no yes | no yes| no yes|{ no no| no no
b/c-tag df. norm. norm. norm. norm. norm. norm. no no
light-tag «f. norm. norm. norm. norm. norm. norm. no no
jet scale yes yes yes yes yes yes no no
jet smear yes yes yes yes yes yes no no
shape alt. MC no no no no no shape no no
P? reweight norm. no no no no no no no
Accep. MC model norm. no no no no no no no
PDF norm. norm. norm. norm. no no no no
QCDscale norm. norm. norm. norm. no no no no
Add correction no no norm. norm. no no no no
CR correction no no no no norm. norm. norm. norm.
luminosity norm. norm. norm. norm. no no no no

Table 22: Systematic variations applied in the confidengelléts in the H— ZZ — llvy channel. Yes and no

refer to whether or not a shape systematic is used and nornmmgrteés uncertainty only impacts normalisation.

The limit setting method dliers from the mclimit method presented in section 5.7 in therdana-
tion of the log likelihood ratio distributions from the+ b andb hypotheses. In mclimit many toy MC
experiments are generated and the log likelihood disiobutf each toy experiment is used to form these
2 distributions. This is computationally very expensivearé] the form of the log likelihood distributions
are approximated by asymptotic distributions for the sigitas background and the background only
case [96], so that the generation of many MC toy experimen®i required.

The systematic variations are taken into account by allgvifre values of the nuisance parameters
to shift within their uncertainties with respect to one dmstsuch that they maximise the likelihood of
the given hypothesis. This is done separately for the signdlsignal plus background hypotheses [68].
The systematic variations thus broaden the likelihooditigion given in equation 51.

Fig. 50 shows the expected and observed limits at the 95%demde level. Fluctuations in the
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background can lead to better or worse observed limits aadgteen and yellow bands indicate the
expected sensitivity corresponding#Go- and+20 statistical fluctuations in the data respectively.

A range between 260 and 520 GeV is expected to be excludeé widervation shows that a SM
Higgs is excluded at the 95% confidence level in the range 0fa32l 560 GeV.
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Figure 50: Expected and observed limits for the-Hl ZZ — llvv channel, expressed as the number of times
the Standard Model Higgs cross section that would be exdwed®5% confidence level based on a frequentist
Profile Likelihood CLs formalism. The green and yellow baimdicate the expected sensitivity wittioc and

+20 fluctuations respectively. The limits correspon@1@5 fo! of data at+/s = 7 TeV.

6.10 Conclusion

The search for the SM Higgs boson in tHe— ZZ — llyv channel with 47 fb~! of data is presented
above. This channel alone excludes a Higgs boson with a mabke range between 320 and 560 GeV.
The exclusion limits for the combination of all of the chalsnesed in ATLAS for the search for the SM
Higgs boson are shown in fig. 51. It can be seen thairigr> 350 GeV theH — ZZ — llvy channel

has the strongest observed exclusion, and dominateslgmtirde very high masses.
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Figure 51: Expected and observed limits for the all of theroiels in the ATLAS SM Higgs search expressed as the
number of times the Standard Model Higgs cross section thatdibe excluded at 95% confidence level based on

a frequentist Profile Likelihood CLs formalism. The limitsrespond tet.7 — 4.9 fb~! of data at+/s = 7 TeV [98].
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Chapter 7

Search for theinvisible decay of the Higgs boson us-

ingtheZH — Il + inv channel

This chapter describes the search for anomalous invisiebays of the Higgs boson using tAél —
Il +inv channel. This search was adapted fromlthe-» ZZ — llvy search presented in chapter 6,
and was conducted using the 7 TeV 2011 and 8 TeV 2012 datéissitmuld be noted that only the first
13 fb! of 2012 data is presented in this search, which when combiitedthe 47 fo~! from 2011 gives
a total of integrated luminosity of 17 fo~t. The data and MC samples used for the 2011 search were
described in chapter 6, the details given in this sectiorfarthe 2012 dataset.

Throughout this section the decay of a Higgs to "invisibl&ftgles is discussed. This terminology
refers to any particles which are not directly detected leyALAS detector, but are inferred from the

miss
presence oET"®"

7.1 Discovery of a new boson

During the summer of 2012 it was announced that both CMS arld\&Tobserve excesses in the final
state invariant mass distributions for thk— ZZ — Il andH — yy channels consistent with a SM
Higgs boson of massy = 125 GeV [99, 100]. Broad excesses were also observed iklthe WW
channels in both experiments consistent with a Higgs antlaiss. Each experiment quoted a confidence
level of greater thand, the required level for the discovery of a new particle. Thalgsis presented in
chapter 6 was used in the combination of all the search chaforethe Higgs boson in ATLAS. Since
then the significance of results from both experiments hagased and couplings and properties of the

candidate boson, measured so far, are in good agreemerasef éxpected for a SM Higgs.

7.2 Introduction of theZH — Il + inv decay channel

The SM Higgs boson is predicted to have a negligible bramgcfraction to an invisible final state. The
only contribution from the SM is from thél — ZZ — vyvyv channel, which has a branching ratio of
5.3 x 1073 [101] which formy = 125 GeV gives a total cross section 09@ fb at /s = 8 TeV. Any

excess observed consistent with an invisibly decaying $liggson could be an indication of a BSM

process.
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Results obtained inthel - Z2Z - llllLH - yy, H - WW, H — rr andV(H — bb) using the
2011 dataset together with Z0fb~1 from 2012 on the Higgs boson candidatenat = 125 GeV do
not exclude the possibility of a sizeable branching fractio invisible particles. The search presented
in the following chapter aims to set direct limits on the Bibly decaying branching fraction of the
Higgs boson candidate. In addition, the analysis also kearfor invisible decays of further Higgs-like
particles at massa®y > 115 GeV. Prior to this search, the strongest exclusion lonita Higgs-like
particle decaying completely to invisible particles in@sation with a Z boson wasy > 1141 GeV.
This result was obtained from a direct search inZtirbchannel at LEP [102], where a SEH production

cross section andld — inv branching ratio of 100% were assumed.

7.3 Modesinvolving an invisibly decaying Higgs

There are a number of BSM physics models that hade-a inv decay signature. For example, a pair of
heavy, fourth generation neutrinos would couple to the Eliggson if the neutrino mass were less than
my /2. The current mass limits on such a neutring areM,, > Mz/2, aresult obtained at LEP [103]. If
the mass of the fourth generation neutrino Was/2 < M,» < My /2 one would expect a high branching
ratio forH — v'v'.

Possible Dark Matter (DM) candidates at the GeV - TeV scaalacussed in [21] and in section 2.5.
In order to solve the hierarchy problem the DM candidate roasple to the Higgs boson, and thus would
have to be weakly interacting. They also must be stable, launsiiot detected by the ATLAS detector.
Invisible decays of the Higgs boson would therefore indiapossible DM candidate. Super symmetry
(SUSY) requires 5 Higgs bosons, H, A, H" andH~. SUSY provides a natural framework for DM
to enter into the SM as the lightest super symmetric parigcke natural candidate for DM. As such an

invisibly decaying Higgs would strongly motivate SUSY sewes, as well as constraining others.

7.4 Production mechanism and signature

IntheZH — Il + inv decay channel the invisibly decaying Higgs boson is produlc&ssociation with

a leptonically decaying Z boson. The Feynman diagram of thdyzction mechanism for this process is

given in fig. 3(c). The search is conducted for the case whmr&tboson decays to either electrons or

muons. For the search, it is assumed that the ZH productiamamesm is that predicted for a SM Higgs.
The kinematics of the final state are similar to those fromithe> ZZ — llyy decay described in

chapter 6. To distinguish the signal from background thislysis focuses on events with hi@ﬁ}‘iss.

For signal events tthT"iSS is from the invisibly decaying particles, and will be in thepmsite direction

115



ZH—= Il +inv -7.5 The 2012 dataset

to the leptons from the Z decay. The Z boson produced in tliegss is selected to be highly boosted,

and therefore the opening angle between the leptons wiliizdl $n the rest frame of the detector.

7.5 The 2012 dataset

In February 2012, after the winter shutdown, the LHC begadlidang protons with an increased centre-
of-mass energy ofy's = 8 TeV. A total of 23 fo! of data were recorded by ATLAS at this energy, the
first 13 fo* of which are used for théH — Il +inv search presented here. The data are required to pass
a Good Runs List that ensures all essential elements of th&B&Tdetector were operational with good

efficiency during data taking. This is crucial to ensure reéaﬁ}“ss performance.

7.6 Event salection

The event selection for thd — ZZ — llvv search was taken as the starting point for this search. To en-
sure that no bias was introduced the optimisation of theeietecuts was performed on MC. In addition
the event selection in the 2012 analysis was blinded, sdhbatignal region witHErTniss > 80 GeV could

not be seen until the cuts were frozen. The 2011 dataset wadimded because the signal region had al-

ready been investigated extensively in the» ZZ — llyv analysis. The optimisation procedure varied

the cuts on several variables to maximise the sensitivityndd as\/2( (S+B)In[1+ %] - S) [96].

The pt threshold of the triggers increased with respect tokhe> ZZ — llvv analysis. For the
electron channel a logical OR is performed between 3 trigggeisingle electron trigger which requires
an isolated medium+ electron withpy > 24 GeV, a di-electron trigger which require 2 isolated loese
electrons withpr > 12 GeV and a further single electron trigger witipathreshold at 60 GeV with no
isolation requirement. For the muon channel a logical ORyairaperformed between 3 triggers; two
single muon trigger withpy thresholds at 24 and 36 GeV and a di-muon trigger that regj@rsmuons
with pr > 13 GeV. The trigger &iciency of signal events passing the full selection desdrieow is
nearly 100% for the electron channel, and is approximatd $or the muon channel.

CandidatezH — |l + inv events are selected by first applying the preselection cegsribed in

section 6.5, with the following modifications:

e To increase the rejection of th&Z background the selection requirements on the third lepton
veto were loosened; The momentum threshold for both elestamd muons was lowered pg >

7 GeV and the identification requirement on electrons wasdned to loose+.

e To aid the separation between signal events and backgrdoatddon’t contain genuinl§$qiss itis

required that the invisibly decaying Higgs boson has a fimamt boost, thus giving rise to a large
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Figure 52: Kinematic distributions relevant to ZH Il + inv analysis for the Higgs boson signal and the main
backgrounds: (a) the !ESS (b) the opening angle of the two leptons. The bottom plot shbe ratio between

data and the combined MC background samples as well as a loame:él by adding in quadrature all systematic

uncertainties. Both plots are shown after thg window has been applied and for the 2012 dataset.

missing transverse energy. For this reason the missinguease energy is required to exceed

90 GeV. TheEQ1iss is calculated as described in section 4.6. The distributibthe EfTniss after
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Figure 53: Kinematic distributions relevant to ZH Il + inv analysis for the Higgs boson signal and the main
backgrounds: (a) the angle between the Z candidate andﬁﬁ"fé (b) the opening angle between tﬁ!E‘SSand the
track-based Eiss(c) the fractional diference between theT"l"E’S and the transverse momentum of the lepton pair
and (d) the number of jets in the event, The signal samplerskowesponds to a Higgs withgn= 125GeV. The
bottom plot shows the ratio between data and the combined &t&ground samples as well as a band formed by

adding in quadrature all systematic uncertainties. Alltslare shown after the%]’_iSS cut has been applied and for
the 2012 dataset.

the lepton mass window cut is shown in fig. 52(a) for a comimmatf theZH — ee+ inv and

ZH — uu + inv channels.

e In signal events th& bosons are expected to be more boosted than in some of thgrbaoh
processes. Therefore an upper limit is applied to the atiaiuangle between the two leptons,
A¢y < 1.7. The distribution ofA¢), after the dilepton mass window cut, is shown in fig. 52(b) for

a combination of th& H — ee+ inv andZH — uu + inv channels.
e In the signal theEQqiSS is expected to be back-to-back with tAecandidate. An additional cut is
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therefore applied on the azimuthal angle betweenZtlvandidate and thé?iss, Az ggmiss > 2.6.
The distribution OfA(ﬁz’ﬁ_lrpiss, after theE$qiss cut, is shown in fig. 53(a) for a combination of the

ZH — ee+ inv andZH — uu + inv channels.

Apart from the standartErT“iSS, one can also estimate the missing transverse energy usicigst
from the primary vertex. As this variable is based on tragksnf the primary vertex only, it is
expected to be relatively robust against pile-tifeets. A disagreement between the direction of
the track based missingr vector and the standanﬂ}‘iss vector can indicate that the latter was
poorly measured. A cut is therefore applied on the azimudinglle between these two vectors,
Ag(priss, pisstracky < 0.2, The distribution 0R\G(ETSS, p'SS@)  after theET'SS cut, is shown

in fig. 53(b) for a combination of theH — ee+ inv andZH — uu + inv channels.

In the absence of initial or final state radiation, the expedignature of signal events is that of
aZ boson, recoiling against the invisibly decaying Higgs lmsbhus theEfTniss is expected to be
balanced against the; of theZ boson. In this analysis events are rejecteﬁlﬁss— p4| / p¥ > 0.2.
The distribution off EMsS— plt|/pll | after theEMSS cut, is shown in fig. 53(c) for a combination

of theZH — ee+ inv andZH — uu + inv channels.

Finally to avoid selecting events with hi@tﬁl‘iss originating from a badly measured jet, events are
rejected if they have a jet witht > 20 Gev andy| < 2.5. The distribution of the number of such

jets, in events after thE?‘iss cut, is shown in fig. 53(d).

After the above selection the search i — Il + inv is performed by looking for an excess over the

background expectation in ttE*PiSS distribution.

7.7 Signal samples

TheZH — Il +inv process is simulated using the HERWI& [104] and POWHEG [83] programs.

In the simulation, the Higgs boson is produced in associatith a Z boson which is forced to decay

to two leptons €, u, or 7). The invisible decay of the Higgs boson is simulated byif@yahe Higgs

boson to decay to two Z bosons, which are then forced to decagutrinos. Th&H production cross

section is taken to be that predicted by the SM, thus assuthaighe impact from any BSM physics

that might lead to invisible Higgs decays would not signifithya affect the production processes. This is

a reasonable assumption whenever the invisible partieles Weak couplings to all SM patrticles except

to the Higgs boson.
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The SMZH production cross sections as a function of the Higgs maskséed in table 23. These
cross sections are then convoluted with the— Il branching fractions [58]. For the signal expec-
tation shown on any figure in this chapter the SM ZH cross sedt used and a 100% branching
ratio to invisible particles is assumed. Samples have besergted for a range of Higgs masses,
my = 115120 125 130 150,200 and 300 GeV, at centre-of-mass energies of bggh= 7 and 8 TeV
for the 2011 and 2012 analyses respectively.

My (7 TeV) (8 TeV)
(GeV) | o(ZH) (fb) | o(ZH) (fb)

110 472 587
115 411 512
120 360 448
125 316 394
130 278 347
150 171 216
200 61 78
300 12 15

Table 23: Cross sections afs = 7 and8 TeV for SM ZH production at gferent Higgs masses. The cross sections

are taken from from Ref. [59].

7.8 Backgrounds

The relevant backgrounds for this search are the same & pihesented in section 6.2, and for the 2011
MC the same samples were used, except for the diboson safapiekich the HERWIG generator was

used. The generators used for the 2012 MC are given in thimeec

7.8.1 Standard Model ZZ background

The SMZZ background contributes the most to the final distributiord i mostly irreduciblezZ — lllI
andZZ — llvy samples are produced using Sherpa [105]. A dilepton mass iillapplied, where the
invariant mass of charged lepton paée(uu, or r7) is required to be larger than 4 GeV. The cross sections

for the Sherp&Z samples are given in table 24.
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channel | o (fb)

ZZ — llyy 504
zZ - 768.6
WZ— vl | 2510.2

WW — Ivly | 5679

Table 24: The ZZ, WZ, WW samples generated using the Shemie [darlo program and cross sections at
Vs=8TeV.

7.8.2 Standard Model WZand WW background

The WZ background also contributes a significant amount to the filigtibution. A more modest
contribution is expected for thé&/W background. Both are simulated using Sherpa and detailseof t

samples are given in table 24.

WZcontrol region To determine a control region for th& Z background the same method is used as
that described in section 6.6, in which events with a nomigion pair and an additional lepton are
selected. Fig. 54 shows tIEé,}“SS distribution for events with an additional lepton, and indze see that
the highET"SS region is dominated by thé/Zbackground. FOETSS> 110 GeV, 57 events are observed

in data compared to 58 + 3.7 expected events of which 83+ 2.4 areWZevents.

7.8.3 Z+jetsbackground

Z - ee Z — uypandZ — 77 events are simulated using POWHEG [83] and PYTHIAS8 [62]. The
simulation ofZ production includes both the Drell-Yayi* component and th&y interference term,
and a minimum mass of 60 GeV is required for the boson. Thescsestions are scaled to NLO by

accuracy [79]. The details of this sample are given in table 2

7.8.4 ttand singletop background

The background from top paivVt and single top events in the final selection is very smalls Bim-
ulated using the MC@NLO generator except for the t-chanimglles top quark production, for which

AcerMC [80] generator is used. Details of thesample are given in table 26.
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Figure 54: The E"S distribution for events with an additional lepton for thelZDdataset.

channel| o(pb)

Z—ee| 1150
Z— uu | 1150
Z—7tr | 1150

Table 25: The inclusive Z Il (I = e u, 7) samples generated using POWHEGYTHIA8. The cross sections
are at /s = 8 TeV and are evaluated from theoretical calculations for Hdurction [79] convoluted with the
Z branching fractions from [58]. The amount of MC simulate@s associated with these samples are about

8.6 fbr! (4.3 fo'?) for the ee angiu (77) channels.

Top control region In order to ensure that the top background is well undersiadtie 2012 data
a control region similar to that described in section 6.69ed1 Fig. 55 shows thEQqiss distribution
for events containing an electron-muon pair, the t’@iss region of which is dominated by the top
background. FoErT‘“iss > 90 Gev, 9573 events are observed in data compared to 975® expected
events of which 9451 63 are top events. The number of obseregavents in data is 1.9% lower than

the expected number of events.
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channel o (fb) | filter | o fiiereq (fb)

tt 238060 0.543 129167
singlet (s-chanW — ev) 606
singlet (s-chanW — uv) 606
singlet (s-chanyW — 1v) 606
singlet (t-chanW — ev) | 9464
singlet (t-chanW — uv) | 9464
singlet (t-chanW — 7v) | 9464

Wt 22373

Table 26: Thettsample in the lepton-hadron (Ih) or lepton-lepton (Il) dganode and the single top and Wt
samples, all generated using the MC@NLO Monte Carlo progeaoept the t-channel single top decays, which
use AcerMC. Thé filter requires at least one of the W bosons from the top detmglecay leptonically. The cross
sections are at/s = 8 TeV and are taken from the best known theory estimation reeorded by the ATLAS top

working group [59]. The cross sections listed are convalutéth the relevant branching fractions [58].
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Figure 55: The E;"SS distribution for events with an electron-muon pair for th&l2 dataset.

7.8.5 Inclusive W jet background

The inclusiveWW background is also expected to be a very small backgroumgimiore likely to contribute

to the electron channel than the muon channel as the jete iavdnt are more likely to fake electrons
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than muons. This background is simulated using the ALPGENgd@erator. Details of the generated

samples are given in table 27.

process o (fb)
W+ 0p,W — ev | 9645160
W+ 1p,W — ev | 1895720
W +2p,W - ev | 572900
W+ 3p,W — ev | 160664
W+4p,W — ev | 42736
W+5p,W — ey | 12666
Wib + Op 66818
Whb + 1p 54292
Whb + 2p 27895
Whb + 3p 13373
W+ 0p 180228
W+ 1p 159216
W+ 2p 86168
W+ 3p 36317
Wc+0p 1227810
We+ 1p 406767
Wc+2p 106131
We+3p 31231
Wc+4p 6546

Table 27: The Wjet samples generated using the ALPGEN Monte Carlo progvamare p refers to the number
of additional partons generated in the matrix element. Tiss sections are given affs = 8 TeV and include
a k-factor of 1.20 for W, Wband W¢ samples and 1.52 for Wc samples. The cross sections fer Y and

W — 1v are assumed to be the same as those for\ey.

7.8.6 SM Higgssimulation

An additional background considered is that from the deday jpossible SM Higgs boson with mass
my = 125 GeV. Samples aty = 125 GeV fortheH — ZZ — llyy andH — WW — Ivly decay modes,
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wherel = e u, 7, have been generated using the POWHEG generator interfaitbdPYTHIA [62]
showering including matrix elements up to NLO. Both gludnem fusion and vector boson fusion pro-
duction mechanisms are taken into account by the matrix esiésn PYTHIA has been interfaced to
PHOTOS [77], for initial state radiation, and to TAUOLA [7&]r the simulation of the decays.

The cross sections fdl — ZZ/WW via gg fusion are set to NNL@NNLL accuracy and those for
vector boson fusion are evaluated at NLO accuracy. Bothymtimh mechanisms include EW correc-
tions [59]. All samples correspond to luminosities that\eeey high compared the available luminosity

in the data { 150 fbo™t or more). This background is found to be negligible.

7.8.7 QCD datadriven estimation

The QCD estimation used for this analysis is similar to thaspnted in section 6.2. In order to keep
the trigger rates at an acceptable level fiethresholds for the di-photon trigger used for the QCD
estimation in 2011 were increased beyond 20 GeV, and so emaitive di-electron trigger was used
for this estimation, with gr threshold at 12 GeV and no isolation requirements. Thigéigelects
events with two electrons witpy > 12 GeV, which pass all of the criteria for a loase (section 4.3)
electron, except for the isolation cuts. To obtain a QCD dwmidd sample the isolation requirement on
the electrons was inverted with respect to the nominal selecsuch that they were required to have
Epr(AR < 0.2))/pr > 0.1. Themy distribution after this requirement is shown in fig. 56. Withs
modified selection with respect to the — ZZ — llvy analysis no evidence of a Z peak is observed
in the obtainedm; distribution. The QCD background was estimated (as in @edi2) by fitting the
template to the sidebands of tihg distribution. This background is found to be negligible the

Z — eechannel. The QCD contribution to tle— uu channel is expected to be much smaller than in

theZ — eechannel. This background is taken to be negligible.

7.9 Systematic uncertainties

For the 2011 dataset the uncertainties on the luminosiptotetrigger and identificationfigciencies,
lepton energy scale and resolution and background noratialis are the same as those described in
section 6.7, with minor updates to the numerical values. Uieertainties applied for the 2012 dataset

are listed below.

Luminosity uncertainty The luminosity uncertainty used for the 2012 data .898. It is derived,

following the same methodology as that detailed in [85]pfr@ preliminary calibration of the luminosity
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Figure 56: The dilepton invariant mass for events with 2 s anti-isolated electrons for the QCD background

estimation.

scale derived from beam-separation scans performed il 2@ti2. This uncertainty is only applied to
MC samples for which the normalisation error is not takereclly from a comparison between data and

MC.

Leptonsand jets Lepton trigger and identificationfiéciencies as well as energy scale and resolution
uncertainties are derived from high statisti€samples. These are implemented into the analysis using
the same method as described in section 6.7. When propaigatieel event selection, these uncertain-
ties contribute typically D — 1.5% to the overall selection uncertainty in the signal andkbemunds
estimated from the MC simulation. Jet energy scale (JES)rasolution (JER) uncertainties are de-
rived using a combination of techniques that use di-jettqhe jet, andZ + jet events [106]. These
uncertainties contribute to the jet-veto uncertaintiasjdts with pr > 20 GeV andp| < 2.5 and to the

ErT‘”iSS uncertainty for all remaining jets.

Jet veto uncertainty  SingleZ-boson data are used to reduce uncertainty on the accepitive jet
veto in Standard Model Z background in th&H analysis. The& bosons are selected using di-electron
and di-muon data with invariant masses within 15 GeV ofZH®son mass. Object selection criteria are
the same as for the nominal analysis. A MC correction is apidid account for the flierence of jet veto

acceptance betweehandZZ events. Both th& sample and th&Z sample are generated by POWHEG
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and showered by PYTHIA 8. The predicted jet veto acceptaoicéZ can be written as

dicted _ _data 22
preaictea __ ata
2z =2 _wc (54)

z

TheZ boson data provides afftective calibration of the jet energy scale, and the only wetcertainties
are statistical and from potential background to Zheoson data, which are negligible. The veto uncer-
tainties in theZ andZZ samples are taken to be correlated and thus cancel out iti@u6d. The fects
of the experimental (mainly JES and JER) and theoretical¥@€ale, PDF set and parton showering)
uncertainties can be studied by shifting the correspongamgmeter in th& andZZ MC samples [5].
The total systematic uncertainties on the jet veto acceptaforZZ events is 0/ 7% (Q33% experimental

0.70% theoretical).

Signal sample uncertainties Uncertainties on th&H production cross section are derived from vari-
ations of the QCD scaleys and PDF variations [59, 86] combined to give an uncertairitg.8-5.1%
on the cross section for the SM Higgs boson having a mass betivE5 and 300 GeV. This analysis is
sensitive to the simulation of the Higgs bospnthrough theEQ“‘SS, and uncertainties in ther boost of
the Higgs boson canffect the signal yield. Currently, an additional systematicartainty of 1.9% is
applied to the normalisation [107,108], andfeiential uncertainties as a function of the Higgs boppn

is considered as shape systematics.

ZZ normalisation The normalisation uncertainty on the background Montedaskd to estimate the
ZZ background is 5% from varying the PDFs. The theoretical ttaag#y on the jet veto is estimated as
0.70% (0.77%) for 2011 (2012) in the diboson events from geoe studies. The impact of PDé&sg,
and QCD scale uncertainties on the shape oEﬁESdistributions are also considered [86], as are the
effects of the missing quark-box diagranag (— ZZ). The theoretical uncertainty of th& ZandWW
background is determined in a similar way.

The object and theoretical uncertainties are consideredraslated between the 2011 and 2012 data,
and between the signals and all the backgrounds estimaietdtfire MC simulation. The systematic
uncertainties in the data-driven methods are also assunieldorrelated between the two datasets. The

luminosity uncertainty is considered as uncorrelated betwthe 2011 and 2012 data.

7.10 Results

The E?‘SS distributions, after all of the analysis cuts describeckict®n 7.6 have been applied, are shown

in fig. 57 for a Higgs of mass 125 GeV for both the 2011 and 2012s@4s. Th£$‘55 distributions for
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Uncertainty (%)

Process Estimation method

2011 2012
ZH Signal MC 8 8
Y4 MC 11 10
wZz MC 12 14
wWw MC 14 not used
Top quark MC 50 not used
Top quark WWandZ — rr eu CR not used 4
z ABCD method 56 51
W + jets, multijet Matrix method 15 6

Table 28: Summary of the systematic uncertainties on eackgoaund and on the signal yield. The method used
to estimate the backgrounds and the associated sourcestefisgtic uncertainties are given. The total systematic
uncertainties for each data taking period are given. For ti&dinition of the ABCD, the matrix and thg €R

methods see section 7.11.

the other masses have the same backgrounds and a similalr stigqpe and thus these mostly vary in the

number of expected signal events.
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Figure 57: Distributions of E;“issfor signal events in the 2011 data taking period (a) and th&@2@ata taking

period (b). The observed data are indicated by the black tsoamd the histograms represent the background
predictions. The dashed line indicates the prediction fiti signal expectation shown and is stacked on the
background prediction. The signal model assumes the SM @#iluption cross section for a Higgs with a mass of

125GeV and al00%branching fraction to invisible particles.
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Table 29 gives the total number of expected events for eackgbaund with the statistical and
systematic uncertainties for both years. The total numbeata events is also given and is consistent

with the total expected backgrounds within the uncertasnti

Process 2011 (7 TeV) 2012 (8 TeV)
Y4 235+08+25 565+12+57
Wz 6.2+04+08 139+12+19
WW 11+02+02 47+05+02
Top quark M+01+02 11+06=+09
z 00+00+£00 24+24+00
W + jets 00+00+00 00+00+00
QCD 00+00+00 00+0.0+0.0
SM Higgs 00+0.0+£00 00+0.0+0.0
Total BG 312+10+31 786+20+638
Observed 27 71

Signal fny =125GeV) 81+02++03 254+07+01

Table 29: Observed number of events and expected contitsufrom each background source and expected
number of signal events for the candidate bosonat1125GeV assuming a SM ZH production cross section and
a 100%invisible branching ratio, separated into the 2011 and 2@&2a taking periods. Uncertainties associated
with the background and signal predictions are presentetl tie statistical uncertainty first and the systematic

uncertainty second.

711 Limits

The limits presented in this section are those calculatetjube analysis presented in [5]. Thefdi-
ences between this published analysis and that presentbis ichapter are small, and are listed below

for completeness.

e The Z background is estimated using a data driven method for be#dnsy This method con-
sists of selecting two variables that partially isolate fheackground, the fractiongby differ-
ence and&¢(E$“‘SS, p?‘s“), and defining 4 regions, labelled ABCD, that are made up oflina-
tions of parameter space of the 2 variables with low and higlodcentration. The number of

events in the signal region (A) is estimated by measuringitireber of events in regions B (high
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A¢(ErT"iSS, p?iss)), C (high fractionalpr diff) and D (high both) and assuming thaBis equal to
A/C.

e TheW and QCD backgrounds are estimated by determining the fakeofdeptons faking jets,
and using a matrix method to calculate the expected cotiwibto theW (1 fake lepton) and QCD
(2 fake leptons) backgrounds.

e For 2012 a data driven method based ondineontrol regions presented in section 7.12 is used to
estimate the combin@/W, tt, WtandZ — rr backgrounds. It assumes that the rati@otvents
is twice that of theeeand uu after appropriate corrections forftkrences in electron and muon

selection éiciencies.

It must be noted that all of the abovdidrences fect only the less important backgrounds, and that
the estimated number of events in each background are temsigith those obtained from MC in this
analysis.

The limit setting procedure used for this analysis is thé/firequentist method implemented using
RooStats, and is described in section 6.9. There are twasdosrconsidered in the limits. The first
is to interpret the results as a limit on the invisible branghratio of the candidate Higgs boson at
mass 125 GeV. In this case one uses the distributions shofign 7 and the systematics described in
section 7.9 to set an upper limit on the BR(— inv) of the Higgs candidate. Fig. 58 (a) shows the
observed and expected-ICL as a function of the invisible branching ratio, the red limeficate the 68
and 95% exclusion limits. The observed limit result setsueu limit of 65% on the invisible branching
ratio of the Higgs candidate at 95% confidence level. The &rpdimit is 84%. This limit assumes a
SM production rate. The log likelihood ratio is shown in fi@. ) as a function of branching ratio.

The second scenario considered places exclusion limitszgnx BR(H — inv) for other Higgs-like
bosons at masses in the range K3ny < 300 GeV. Fig. 59 shows the 95% CL upper limit on the
cross section convoluted with tiZe— Il andH — inv branching ratios. The dashed red line represents
the expected cross section for a Higgs candidate assumin@th ZH production rate and a 100%
branching ratio to invisible particles. For massas # 125 GeV no invisible branching ratio of the
125 GeV candidate is assumed. The dashed black line inditla¢eexpected 95% CL upper limit for
a background only experiment. There is a modest deficit imtimaber of observed events in the final
distributions compared to that expected from a backgroumyg experiment. Therefore the observed

cross section limits are somewhat stronger than expected.
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Figure 58: 95%confidence level limits on the cross section times brandnagion of a Higgs-like state decaying

to invisible particles. Figure (a) shows limits derivedrfrahe 2011 data taking period, figure (b) shows limits for

the 2012 data taking period, and figure (c) shows the limitsvée from the combination of both periods. Dashed

lines show the background only expected limits and sol&slshow the observed limit.
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Figure 59: 95%confidence level limits on the cross section times brandnagion of a Higgs-like state decaying
to invisible particles. The limits shown are a combinatidéthe 2011 and 2012 data and MC samples. The dashed

line show the background only expected limits and the swlaldhows the observed limit.

7.12 Conclusion

A direct search for evidence of invisible decays of a Higgsdmoat the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is towadl to be accessible, this measurement
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is sensitive to enhancements of the invisible branchingtive, such as from decays to dark matter
particles. After the full selection, 27 events are obserwemhpared to a SM expectation of.32- 1.0
(stat.) 3.1 (syst.) background events in74b! of data taken at/s = 7 TeV during the 2011 run and
71 events are observed compared to an expectddl+78.0 (stat.) +£6.8 (syst.) background events in
13 fb! of data taken at/s = 8 TeV during part of the 2012 run. No significant excess overekpected
background is observed and limits are set on the allowediltei branching fraction of the recently
observed 125 GeV Higgs boson candidate. Assuming thez&Mproduction rate for a 125 GeV SM
Higgs boson, limits are set on the maximum allowed invistimanching fraction. The observed upper
limit on theH — inv branching fraction is 65% at 95% confidence level, and theebeal limit is 84%.
At the 68% confidence level the observed upper limit is 29%, the expected limit is 39%. Limits are
also set on the cross section times invisible branchingifraof a possible additional Higgs-like boson

over the mass range 115 GeVmy < 300 GeV. No excess is observed over the mass range [5].
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Chapter 8

Summary

The LHC stopped colliding protons at the end of 2012, and tssnbeduled to start again until 2015.
Over the last 3 years it has performed beyond expectatiorishas supplied all 4 detectors with vast
amounts of data. The ATLAS detector has recorded data wildjreefficiency, allowing the collaboration

to study the Standard Model to a new level of accuracy, dscavnew boson and put stringent limits on
many new physics models. Over 130 papers have already bédishmd using the first 3 years of data,
and many more are scheduled to appear after the full 2012-@8thset has been analysed. The analyses
presented in this thesis used the data from all 3 years aicolk.

In chapter 5 a pre-data study on the possibility of excludingigh mass SM Higgs boson with a
limited luminosity using thed — ZZ — Il channel was presented. It was found that the most sensitive
region for this channel was at aroung; = 200 GeV. Using the 2010 dataset this channel was combined
with the other high mass channeld,—» ZZ — llvw andH — ZZ — llqq , and it was found that for
Higgs masses greater than 200 GeV bhe—» ZZ — llyvy channel has the best sensitivity in the high
mass range.

The search for the SM Higgs boson using #~ of data aty/s = 7 TeV was presented in chapter 6.

A SM Higgs boson with a mass between 320 and 560 GeV is exclada®5% confidence level using
this channel alone. This analysis was one of the channelsvéna in to the ATLAS Higgs combination
which led to the discovery of a new particle consistent witHiggs boson, at a mass 125 GeV. The
observation of a new particle at this mass was a jdiiarebetween the ATLAS and CMS collaborations.
Measurements of the spin of the new boson and its couplingghir particles are required in order to
confirm that it is indeed the Standard Model Higgs boson. &lgh early measurements show that the
discovered boson is consistent with the SM Higgs boson, ehmuare detailed confirmation will be
possible when data taking starts again in 2015. The ceffineass energy after the shutdown will be
increased toy's = 13 or 14 TeV and a significant amount of luminosity will be ectied. This will allow

a range of decay and production modes of the Higgs bosondztedio be studied to a high level of
accuracy.

Finally a search for anomalous invisible decays of the Higggon candidate aty = 125 GeV using
both the 47 fb~! 2011 dataset and the 132012 dataset was presented in chapter 7. This analysis

was motivated by the possibility of observing a dark mattardidate. An upper limit of 65% was set
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on the allowedH — inv branching fraction at 95% confidence level. Limits were asbon further
Higgs-like bosons decaying predominantly to invisibletipdgs at masses between 115 and 300 GeV,
and no excesses were observed.

The increase in centre-of-mass energy after the shutdowraarexpected 300 ff of luminosity
will allow ATLAS to probe physics beyond the SM at the TeV scal further upgrade of the ATLAS
detector is planned, aimed at ultimately collecting 300¢ frer general purpose experiment. This will
allow very high precision tests of the Higgs boson candidatee performed, and to possibly measure
the self-coupling of the Higgs. The self-coupling will gitlee form of the Higgs potential and is a key

test of the electro-weak symmetry breaking mechanism irstide

8.1 Current status of the new boson

As of July 2013 the evidence of the discovery of a new bosoh wimass of approximately 125 GeV
from the two experiments, ATLAS and CMS, is incontroveribll he significance of the observed peak
for each of the channels atH = 1255 GeV for ATLAS andmy = 1257 GeV for CMS is given in
table 30.

_ Significance
Higgs Boson Decay
ATLAS (my = 1255 GeV) | CMS (my = 1257 GeV)

H—vyy 140 320
H— zz® - 4 6.60 6.70
H - WW 3.80 3.90
H-rr 110 2.80
VH — Vbb - 2.00

Table 30: The significance of the excess gt1255 GeV for ATLAS and m= 1265 GeV for CMS for each

channel [109-115]. As no excess was observed in the ATLAS>WHbb channel, no significance is quoted.

A summary plot showing the signal strength of the five chasinekrmalised to the SM expectation
from ATLAS and CMS is shown in fig. 60. The two plots also conttiie signal strength for the com-
bination of the channels for the individual experimentsedéplots show that the coupling strength for
each of the individual channels does not deviate far fronStlieHiggs prediction. Further statistics are
required in order to determine the coupling strengths meeeipely, and to conclusively confirm that the
coupling to fermions. An increase in statistics will alstoal a measurement of the rate of théfdrent

production mechanisms for each channel to be made.
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Figure 60: The production strengths as measured by (a) ATaA®d(b) CMS for a Higgs boson of mass mH
1255 and 1257 GeV respectively, normalised to the SM expectations. The wsed for the CMS analyses
corresponds to the full 2011 and 2012 dataset, and for ATbaSuminosity used is given on the plot [109-114].

8.2 Mass measurement

The mass of the Higgs boson is determined most precisely édfth> yy and theH — zZ®) — 4|
channels, as the final state can be fully reconstructed. FoAS the combined mass measurement is
observed to beny = 1255 GeViO.Z(stat)igjg(sys) [109], shown in fig. 61 (a). Ao discrepancy in the
mass measurement between the two channels is observeds Tisight to be a statistical fluctuation.
No such discrepancy is observed for the CMS mass measurewigoh measures the mass of the boson
to bemy = 1257 GeV+0.3(stat)+0.3(sys) [116] as shown in fig. 61 (a). The measurements of tlesma

from the two experiments are in agreement.

8.3 Spin and parity measurement

The SM Higgs boson is predicted to be spin 0, and have positwity, denoted by® = 0*. The
observation of the Higgs decaying to a final state with twotph® rules out the)l = 1 spin quantum
number. The measurements of the spin and parity are dondtaimaausly, using the angular variables
of the final state particles in thd — vy, theH — 2Z*) — 4l andH — WW* — Iyly channels.

The observables used are independent of the coupling gtrefine measurement is made separately
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Figure 61: The (a) ATLAS and (b) CMS measurements of the nfiiss Bliggs boson shown individually for the

H — yy and the H— ZZ® — 4l channels, and the combination. For ATLAS thgaience between the mass

measurements corresponds to a significancg®f [109, 116].

for each experiment using the complete 2011 and 2012 dat&setATLAS the data are compatible

with the J° = 0* scenario, and the alternative spin and parity scenatdBsz 0~,1*,1~ and 2 are

excluded with a confidence level greater tharB9@ [117]. CMS has excluded thi€ = 0~ scenario with

a confidence level of greater than.8% [118]. TheJ® = 2* scenario has also been excluded by CMS

with a confidence level of greater than.% [116].
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