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Abstract

A pre-data sensitivity study to search for a high mass Standard Model (SM) Higgs (mH = 200 GeV)

in ATLAS using theH → ZZ → llll channel is presented. It is found that it would be possible to

exclude a SM Higgs in part of this high mass region with limited luminosity. Using this channel a search

at the LHC for the SM Higgs boson in the first∼ 40 pb−1 of data was conducted and is presented in this

thesis, along with the results from theH → ZZ→ llνν andH → ZZ→ llqq channels using a similar

dataset [1]. It is found that the channel with the best sensitivity to a SM Higgs with mass greater than

200 GeV is theH → ZZ→ llνν channel.

A search for the SM Higgs boson using theH → ZZ→ llνν channel is presented, using 4.7 fb−1 of

data at a centre-of-mass energy of
√

s = 7 TeV. A Higgs boson with a mass between 320 and 560 GeV

is excluded at a 95% confidence level using this channel alone. This analysis was published in 2011

and updated in 2012 [2,3], and results from this search are used in the ATLAS paper [4], describing the

discovery of a new Higgs-like boson with∼ mH = 125 GeV.

Finally a direct search is performed for anomalous invisible decays of the Higgs boson candidate at

∼ 125 GeV using both the 4.7 fb−1 2011 dataset and the 13 fb−1 2012 dataset at centre-of-mass energy
√

s= 7 and 8 TeV respectively. An upper limit of 65% is set on the allowedH → inv branching fraction

at 95% confidence level. Additional searches are performed using the same dataset on further invisibly

decaying Higgs-like bosons at masses between 115 and 300 GeV. No excess is observed. This analysis

was published as a preliminary result in March 2013 [5], and apaper using the full 2011 and 2012

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

Chapter 1

Introduction

The Large Hadron Collider (LHC) started colliding protons together with a centre-of-mass energy of
√

s = 7 TeV in early 2010, and nominal data taking started later on in the year. The experiments at the

LHC have since been at the forefront of particle physics, extending our knowledge of the Standard Model

(SM), the current model used to describe the fundamental particles and their interactions. The ATLAS (A

Toroidal LHC ApparatuS) detector, which is located at one ofthe four interaction points along the LHC

ring, has surpassed its expected performance for each year of running, and has recorded over 25 fb−1

of data. The excellent performance of the detector, and of the other detectors at the LHC, has resulted

in hundreds of published papers on a wide variety of particlephysics phenomenon. These include SM

validation, detailed studies of CP violation, Higgs boson searches, searches for super symmetry and

exotic physics. In July 2012, two of the experiments at CERN;ATLAS and CMS, announced that they

had discovered a new particle, thought to be the Higgs boson,which had been predicted over 45 years

earlier. Since then the properties of this new particle havebeen studied.

The outline of this thesis is as follows. The first section introduces the Standard Model, and focuses

on the theory behind the Higgs boson; how it has been searchedfor previously, and how it is produced at

the LHC. This is followed by a description of the ATLAS detector and the methods used to identify and

accurately reconstruct the particles and physics signatures produced in high energy collisions. There are

then three analysis chapters. The first describes a pre-datataking study on the search for the SM Higgs

boson in theH → ZZ → llll channel and presents the expected exclusion limits with 1 fb−1 of data.

Also presented in this section are first exclusion limits in the H → ZZ → llll , H → ZZ → llνν and

H → ZZ→ llqq channels based on the∼ 40 pb−1 2010 dataset. This is followed by a description of the

search for the SM Higgs in theH → ZZ→ llνν channel with the full 2011 dataset, which corresponds

to 4.7 fb−1 of data. The work presented in this chapter contributed directly towards the Higgs discovery

paper produced in July 2012. The final chapter describes the search for an invisibly decaying Higgs boson

in theZH→ ll + inv channel. A signal in this search channel would represent a Beyond Standard Model

(BSM) process. No such signal is observed and limits on the invisible decay of the Higgs candidate, as

well as exclusion limits on other invisibly decaying Higgs-like particles, are set.

7



Theory 2.1 Introduction to the Standard Model

Chapter 2

Theory

In this chapter an overview of the Standard Model of particlephysics is given, with an emphasis on the

Higgs boson. Firstly the particles comprising the SM are introduced. This is followed by an overview

of how mass terms can be identified in the Lagrangian. Some beyond the Standard Model theories are

discussed briefly.

2.1 Introduction to the Standard Model

The Standard Model of particle physics is a theory in which the fundamental constituents of matter and

the interactions between them are described. It is an incomplete theory as it only describes three of the

four known fundamental forces observed in nature; electro-magnetism, the weak force and the strong

force. It does not describe gravity, which as the weakest of all the forces is 1039 times weaker than the

next weakest force [6]. As such its effects at the particle level in the presence of the other forcesare as

yet inaccessible.

The SM is a highly accurate theory that has been tested to extremely high precision [7]. Notably the

prediction of the magnetic dipole moment of the electron agrees to within 10 parts in a billion with the

measured value.

Within the SM the particles are split up into two categories;fermions, which have half integer spin,

and bosons, which have integer or zero spin. The fermions arethe constituents of matter and bosons are

the particles that mediate the forces between them. Every fermion has a corresponding anti-particle with

opposite charge.

2.1.1 Fermions

Fermions are split up into 2 categories; particles that interact via the strong force, called quarks, and

particles that don’t, called leptons. Both quarks and leptons are made up of 2 flavours, separated by a

unit charge, and each flavour has 3 generations that differ only in mass.

The charged leptons are electrons, muons and taus. By convention the leptons are said to be neg-

atively charged, and the corresponding anti-leptons positively charged. Leptons interact with both the

electro-magnetic and weak forces. Each charged lepton and anti-lepton has a neutral partner, called an

8



Theory 2.1 Introduction to the Standard Model

electron, muon or tau neutrino or anti-neutrino. The neutrinos are not charged, and only interact via the

weak force. The masses of the neutrinos are much smaller thanthe electron mass.

There are 6 quarks; 3 with charge+2/3 called the up, charm and top quark (u, c, t), and 3 with

charge−1/3, called the down, strange and bottom quark (d, s, b). The signs of the charges are inverted

for the anti-quarks. Because they are charged, all of the quarks can interact via the electro-magnetic

force. Quarks are the only fermions that also interact via the strong force, because they have a conserved

quantum number called colour. Colour charge is the strong force equivalent of the positive and negative

charge of electro-magnetism. The main difference is that in the strong force there are three possible

charges; red, blue or green. Each quark carries a charge corresponding to one of these colours. Individual

quarks have not been observed, they are only ever seen in colourless states as either mesons (doublets)

or as baryons (triplets).

2.1.2 Bosons

Each fundamental force has associated with it at least one boson. For electro-magnetism this boson is

the photon. The photon is a massless boson with spin 1 and no charge.

There are 3 massive bosons that mediate the weak force, the neutral Z boson and the chargedW+ and

W− bosons. The W bosons only couple to left handed fermions, andas such the weak interaction is parity

violating. All 3 electro-weak bosons have spin 1. The W bosons can couple to the photon because they

are charged. There also exists self coupling between the electro-weak bosons, such that a three-point

ZWWvertex and a four-pointWWWWvertex are possible.

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

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

2.1.3 Particle summary

Fermions
Bosons

I II III

Quarks
u c t γ

d s b g

Leptons
e µ τ Z, W+, W−

νe νµ ντ H

Table 1: The particle content of the Standard Model.
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Theory 2.2 Electro-weak theory

A summary table of the fundamental particles is given in table 1. In total there are 61 distinguishable

fundamental particles predicted by the theory; 6 leptons and the corresponding anti-leptons, 3 lots of 6

quarks and the corresponding anti-quarks, 8 gluons, 3 weak bosons, a photon and a Higgs boson. All

of these particles have been experimentally verified to exist, with the exception of the Higgs boson.

A candidate boson has been identified that has the expected properties of the Higgs boson, but further

testing is required to completely confirm this to be the case.The Higgs boson is the particle left over

from a process called spontaneous symmetry breaking, the mechanism through which the weak vector

bosons obtain their mass.

2.2 Electro-weak theory

The following sub-section firstly highlights how mass termscan be obtained from the Lagrangians of the

SM. The electro-magnetic and electro-weak theories are then introduced, and by imposing an invariance

of the corresponding Lagrangians under a local gauge symmetry the electro-weak interactions between

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

2.2.1 Masses in the Standard Model

To obtain the equations of motion for a given system one starts by specifying a Lagrangian density,L,

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

boson

L = 1
2

(∂µφ∂
µφ) − 1

2

(mc
~

)2
φ2. (1)

Hereφ is the scalar field variable, andµ runs from 0 to 3. The Euler-Lagrange equation is

∂µ

(

∂L
∂(∂µφ)

)

=
∂L
∂φ

, (2)

which when applied to the Lagrangian given in equation 1 yields the familiar Klein-Gordon equation

∂µ∂
µφ +

(mc
~

)2
φ = 0. (3)

The second term on the left hand side is identified as the mass term, which originates from theφ2 term

in the interaction Lagrangian. It is true that all mass termsin the final equations of motion originate

from the terms in the interaction Lagrangian that are quadratic in the field variable. In what follows the

convention of settingc = ~ = 1 is followed.

10



Theory 2.2 Electro-weak theory

2.2.2 Particle interactions

The underlying theory behind the SM is Quantum Field Theory (QFT). In this theory there exist fields

that permeate all space, and the bosons and fermions in the SMare the elementary quanta of excitations

of their associated fields. By imposing local gauge invariance on the Lagrangians that describe the

dynamics of the fermionic fields one can determine the natureof the interactions between the fermions.

One dimensional local gauge transformation takes the form

ψ(x)→ ψ′(x) = eiθ(x)ψ(x), (4)

whereψ, the fermionic field, andθ, the generator of the transformation, both depend onx, the space-

time co-ordinate. The simplest form of local gauge invariance is one in which the generators of the

transformation commute (the generators are Abelian). Physically this corresponds to a theory in which

the mediating bosons have no self coupling. Such transformations belong to the U(1) gauge group, and

are used to describe electro-magnetic interactions in the theory QED.

The remainder of this sub-section describes the procedure of applying a local gauge invariance to

firstly electro-magnetic, and then electro-weak interactions. The latter will result in four massless bosons

which are associated with the three boson of the weak interaction and the photon.

Starting from the Dirac Lagrangian, which describes the free fermionic fields

LD = iψ̄γµ∂µψ −mψψ̄, (5)

and imposing an Abelian local gauge invariance requires oneto introduce a vector field (Aµ) that couples

to the fermion field (ψµ) and that also changes under local gauge transformations by

Aµ → A′µ = Aµ +
1
q
∂µθ(x), (6)

where q can be the charge of any fermion. The changes to the overall Lagrangian from the local gauge

transformations of theψ andAµ fields exactly cancel out, and one is left with a locally gaugeinvariant

Lagrangian

L′D = iψ̄γµ∂µψ −mψψ̄ + q(ψ̄γµψ)Aµ. (7)

To complete the Lagrangian one must add a term which describes this new vector field outside of the

presence of the fermion field. This free field term takes the general form [6]

LFREE=
−1
4

FµνFµν +m2
AAνAν, (8)

whereFµν = ∂µAν − ∂νAµ and the factor of−1/4 has been introduced to ensure the Euler-Lagrange

equations coincide with Maxwell’s equations [8]. The first term of equation 8 is invariant under the

11



Theory 2.2 Electro-weak theory

Abelian local gauge transformation given in equation 6. Thesecond term however, is not. From the

discussion in section 2.2.1 the term on the right hand side ofequation 8 can be identified as a mass term.

To restore local gauge invariance one must impose the condition that the boson associated with the vector

field described by equation 8 is massless, reducing equation8 to the first term only. This constraint can

be thought of as QFT imposing the condition that the force carrying particle of the interactions described

by the U(1) gauge group must be massless.

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

field is

LQED =
−1
4

FµνFµν + ψ̄(i /Dµ −m)ψ (9)

whereDµ = ∂µ + iqAµ, which is simply a change of notation that incorporates the changes to the La-

grangian which result from the transformations in equations 6 without altering the form of the Dirac

equation.

To describe the weak force, in which the mediating bosons have self-interactions, one must extend

the local gauge transformations to the non-Abelian case. Such transformations are described by the more

complicatedS U(2)L group, where the subscript L denotes the fact that only left handed fermions interact

with the weak force. Furthermore, the electro-magnetic theory can be incorporated into the weak theory

by considering the groupS U(2)L ⊕ U(1). This will only modify the Lagrangian for the left handed

components of the fermion fields, the Lagrangian for the right handed components of the fermion fields

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

ψL(x)→ ψ′L(x) = UψL(x),

ψ̄L(x)→ ψ̄L
′(x) = ψ̄L(x)U†, (10)

where U is a unitary matrix, andψL is now a spinor. Adopting this notation means that the transforma-

tions can be extended (or reduced) to any dimensionality, but for SU(2) U is a 2× 2 matrix. Any such

unitary matrix can be expressed in the formU = eiH , whereH is a hermitian matrix. FurthermoreH can

be expressed in terms of four real parameters,θ, a1, a2 anda3, in the formH = θI +~τ.~a, where~τ are the

Pauli spin matrices,~τ.~a is shorthand forτ1a1 + τ2a2 + τ3a3 and I is the identity. In this case the unitary

matrix now takes the formU = eiθ(x)ei~τ.~a(x) whereθ and~a depend onx. Making theS U(2)L⊕U(1) group

locally gauge invariant can now be reduced to considering transformations of the form

ψL(x)→ ψ′L(x) = ei~τ.~a(x)ψL(x) = SψL(x) (11)

since it has already been shown that transformations with generators of the formeiθ(x) can be made locally

gauge invariant.

12
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Following the same procedure as for the U(1) gauge field, an interaction term between the fermion

fields and the gauge field is added to the Dirac Lagrangian. In this case 3 such gauge fields are required,

denoted by~Wµ =W1
µ , W2

µ , W3
µ . The interaction term has the following form

LI = iψ̄L (igW~τ. ~Wµ)ψL, (12)

where the weak coupling parametergW has been introduced. The way in which theWµ fields change

under a local gauge transformation can be determined by applying the local gauge transformations given

in equation 11 to the fermion fields, and requiring that the total Lagrangian is invariant. It can be shown

that the transformation

~τ. ~Wµ(x) → ~τ. ~W′µ(x) = S (~τ. ~Wµ(x)) S−1 +
i
gW

[ ∂µ(S) ] S−1 (13)

yields the correct terms in the Lagrangian to ensure local gauge invariance. Applying this to the case

whereS = e−i~τ.~a(x) gives the form of the local gauge transformation of theWµ fields for electro-weak

theory

W j
µ → W j′

µ = W j
µ +

1
gW

∂µa j + ǫ jkl ak Wl
µ. (14)

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

term gives

LD = i ψ̄L γ
µ ∂µ ψL − mψLψ̄L − (gW ψ̄L γ

µ ~τψL) . ~Wµ = i ψ̄L /Dµ ψL − mψLψ̄L (15)

where

Dµ = ∂µ + igW~τ. ~Wµ (16)

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

fields must be added in order to complete the Lagrangian. These have the form

LF = −
1
4

Wi µνWi
µν −

1
4

BµνBµν, (17)

where

Wi
µν = ∂µW

i
ν − ∂νWi

µ − gWǫ
i jk W j

µW
k
ν , (18)

where i is an index running from 1 to 3,gW is the SU(2) gauge coupling andBµν has the same form

asFµν from equation 8. TheWi
ν are the SU(2) gauge fields andBµν is the U(1) gauge field. The last

term of equation 18 is the self interaction term of the weak bosons, which has arisen due to the non-

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

13



Theory 2.3 The Higgs mechanism

the structure constants of SU(2) [9]. The full Lagrangian for the electro-weak theory is then

LEW = ψ̄Rγ
µ
(

∂µ − igY
YR

2
Bµ

)

ψR

+ ψ̄Lγ
µ

(

∂µ − igY
YL

2
Bµ − igW

τi

2
Wi
µ

)

ψL

− 1
4

Wi
µνW

iµν − 1
4

BµνB
µν (19)

wheregY has been introduced as the electro-magnetic coupling and the termsYR andYL are the weak

hypercharges of right and left handed fermions respectively.

The crucial aspect of equation 19 to note is that it is invariant under a local gauge transformation,

provided that the fields given in equation 17 are massless. The mass eigenstates of theWµ andBµ fields

will be the W and Z bosons and the photon. As there are no mass terms for these fields the weak bosons

must acquire their mass through another mechanism, which does not break the local gauge invariance.

This is the Higgs mechanism.

2.3 The Higgs mechanism

The above calculations started by considering a Lagrangianand imposing an invariance under a local

gauge transformation. For the electro-weak Lagrangian this resulted in 4 massless bosons. It is now

proposed that these bosons are only massless in an unstable equilibrium state, and that there is a true

ground state in which 3 of the 4 bosons will acquire a mass-like term in the Lagrangian.

2.3.1 Spontaneous symmetry breaking

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

the Klein-Gordon equation given in equation 3, such that

LH =
1
2

(∂µφ)(∂µφ) +
1
2
µ2φ2 − 1

4
λ2φ4 (20)

whereφ is a scalar field andµ andλ are real positive constants. As it stands equation 20 has no physical

mass term because the sign of the second term is positive, andyields an imaginary mass. It is invariant

under the transformationφ→ −φ. The first term can be identified as the kinetic energy term, which will

be zero if the field is constant. The second and third terms canbe considered as a potential. Writing the

Lagrangian in the formL = T −U, whereT is the kinetic energy density andU is the potential energy

density, the potential is:

U(φ) = −1
2
µ2φ2 +

1
4
λ2φ4, (21)

14



Theory 2.3 The Higgs mechanism

which must be minimised in order to find the ground state. There are three extrema; the trivialφ = 0,

which is an unstable equilibrium; andφ = ±µ/λ which are the ground states. One can rewrite the

potential in terms of a new variableη, which is 0 at either of the two stable equilibria. The new variable

η is related toφ via

η ≡ φ ± µ
λ
. (22)

The Lagrangian takes the form

LH =
1
2

(∂µη)(∂
µη) + µ2η2 ± µλη3 +

λ2η4

4
− µ4

4λ2
. (23)

The second term now can be identified as a mass term with the correct sign, the third and fourth terms

are self coupling terms and the final term is a constant and therefore is irrelevant for a potential.

This is the process of spontaneous symmetry breaking. The Lagrangian given in equation 20 is

invariant under the transformationφ → −φ, but equation 23, which describes exactly the same physics,

is not invariant underη → −η, thus the symmetry is said to be broken. It happened because one of the

two ground states had to be chosen, and the Lagrangian is not symmetric about the ground states, only

about the unstable equilibrium. In this sense it is called a spontaneously 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 to theU(1) group the Lagrangian must be

formulated such that the initial symmetry has the form of thelocal gauge invariance used in equation 10,

rewritten here for theφ field

φ→ φ′ = U(x)φ. (24)

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

φ = 1√
2
(φ1 + iφ2), the Lagrangian for which is

LH =
1
2

(∂µφ)∗(∂µφ) +
1
2
µ2(φ∗φ) − 1

4
λ2(φ∗φ)2. (25)

This is the equivalent of equation 20, except that it involves a complex field. It is invariant under a global

gauge transformation of the form given in equation 24 exceptthatU is not a function ofx. The potential

which has to be minimised in order to find the ground state is

U(φ) = −1
2
µ2(φ2

1 + φ
2
2) +

1
4
λ2(φ2

1 + φ
2
2)2 (26)

and is shown in fig. 1.
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1
φ2

φ

)
2

φ,
1

φ(U

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

which is broken once a ground state is chosen.

There are a continuum of degenerate ground states which lie on a circle atφ2
1min
+ φ2

2min
= µ2/λ2. Any

of the minima can be chosen in order to break the symmetry, thesimplest isφ1min = µ/λ andφ2min = 0.

The final step to take is to rewrite the Lagrangian in terms of the new minimum, using the coordinates

η ≡ φ1 − µ/λ andζ ≡ φ2. The Lagrangian then becomes

LH =

[

1
2

(∂µη)(∂
µη) − µ2η2

]

+

[

1
2

(∂µζ)(∂
µζ)

]

−
[

µλ(η3 + ηζ2) +
λ2

4
(η4 + ζ4 + 2η2ζ2)

]

+
µ4

4λ2
. (27)

The first term is the free Klein-Gordon equation for a scalar boson of massm2
η = µ. The second term is

the same except this time the scalar boson has no mass,m2
ζ = 0. This is a Goldstone boson, and one such

boson always appears when spontaneously breaking a continuous global symmetry [9]. The third term

describes five different couplings between these bosons, and the constant termcan be ignored.

2.3.3 Spontaneous breaking of a local U(1) symmetry

The next step is to make this global symmetry a local one. The Lagrangian given in equation 25 can

be made invariant under the local U(1) gauge transformationgiven in equation 24 by following the

prescription outlined in sub-section 2.2.2, whereby a massless gauge fieldAµ was introduced and the

derivatives were replaced with covariant derivatives of the form Dµ = ∂µ + igAµ. The locally gauge

invariant Lagrangian is

LH =
1
2

[

(∂µ − igAµ)φ
∗
] [

(∂µ + igAµ)φ
]

+
1
2
µ2(φ∗φ) − 1

4
λ2(φ∗φ)2 − 1

4
FµνFµν. (28)
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The local symmetry of this Lagrangian can be broken in the same way as the global symmetry, by

formulating the Lagrangian around the stable equilibrium.Using the coordinatesη ≡ φ1 − µ/λ and

ζ ≡ φ2 the Lagrangian becomes

LH =

[

1
2

(∂µη)(∂
µη) − µ2η2

]

+

[

1
2

(∂µζ)(∂
µζ)

]

+

[

−1
4

FµνFµν +
g

2

(

µ

λ

)2
AµA

µ

]

+

[

g
{

η(∂µζ) − ζ(∂µη)
}

Aµ +
µ

λ
g2η(AµAµ) +

1
2
g2(ζ2 + η2)(AµAµ)

− λµ(η3 + ηζ2) − 1
4
λ2(η4 + 2η2ζ2 + ζ4)

]

+
µ

λ
(∂µζ)A

µ +

(

µ

2λ

)2
. (29)

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

The second term is the free field term for the gauge field, whichhas now acquired a mass

mA = 2
√
π
(q
λ

)

. (30)

The third term represents the interaction terms of theη, ζ andAµ fields. The final term has a constant,

which is irrelevant for a Lagrangian, but also contains an unwanted interaction term between the Gold-

stone boson and the gauge field. This unwanted term can be removed without loss of generality by

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

components

φ→ φ′ = (cosθ + isinθ)(φ1 + iφ2) = (φ1cosθ − φ2sinθ) + i(φ1sinθ − φ2cosθ) = φ′1 + iφ′2, (31)

and selectingθ = tan−1(φ2/φ1) givesφ′2 = 0. Applying the transformation of equation 31 leaves the

Lagrangian of equation 29 unchanged (due to the local gauge invariance). Using the fact thatζ = φ2 = 0

in this particular gauge the Lagrangian becomes

LH =

[

1
2

(∂µη)(∂
µη) − µ2η2

]

+

[

−1
4

FµνFµν +
g

2

(

µ

λ

)2
AµAµ

]

+

[

µ

λ
g2η(AµAµ) +

1
2
g2η2(AµAµ) − λµ(η3) − 1

4
λ2η4

]

+

(

µ

2λ

)2

(32)

The first term describes a free massive scalar bosonη, the second term describes a free massive gauge

field Aµ 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 consequenceof this is a new massive scalar

boson, which is identified as the SM Higgs boson. In this gaugethe Goldstone bosons of equation 29

have not disappeared entirely, they are absorbed as an extradegree of freedom of theAµ 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 outlined in the previous 2 sub-sections to the

breaking of a local SU(2) symmetry the complex scalar boson fieldφ is extended to an SU(2) doublet of

the form

φ =





















φα

φβ





















=

√

1
2





















φ1 + iφ2

φ3 + iφ4





















(33)

so that the Lagrangian becomes

LH =
1
2

(∂µφ)†(∂µφ) +
1
2
µ2(φ†φ) − 1

4
λ2(φ†φ)2, (34)

which is still invariant under global SU(2) transformations. To extend this global gauge invariance to a

local one the derivatives in equation 34 are replaced by the covariant derivatives of equation 16 which

introduces the threeWµ fields. TheWµ fields transform as shown in equation 14 and the free terms of

equation 17 corresponding to the SU(2) gauge fields are added. The Lagrangian now becomes

LH =
1
2

[(∂µ + igW~τ . ~Wµ)φ]†[(∂µ + igW~τ . ~Wµ)φ] +
1
2
µ2(φ†φ) − 1

4
λ2(φ†φ)2 − 1

4
WµνW

µν, (35)

which is locally gauge invariant under SU(2) transformations. The potential is minimised when

φ†φ = −µ2/λ2, which is the equivalent of the circle of minima in fig. 1, except thatφ now has four

dimensions. A particular gauge is now chosen in whichφ1 = φ2 = φ4 = 0 andφ2
3 = −µ

2/λ2 ≡ ν2. With

this particular gauge equation 33, which gives the general form of φ in terms of the four fieldsφ1,2,3,4,

becomes

φ0 ≡
√

1
2





















0

ν





















=

√

1
2





















0

ν + h(x)





















(36)

where the local gauge invariance has been used in the last step. Substituting equation 36 into the La-

grangian of equation 34 yields a Lagrangian describing 3 massive bosons of massMW = gWν, a massive

scalar, the Higgs boson and the interaction terms between them. The particular gauge chosen ensures that

the Goldstone bosons are not present, but that the degrees offreedom associated with them are absorbed

by the mass terms of the gauge fields.

1This section follows the derivation from [10].
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The final electro-weak Lagrangian including the Higgs termsis

L = −1
4

(Wµν.W
µν + BµνB

µν)

+

[

ψ̄L γ
µ (∂µ + i

gW

2
~τ . ~Wµ + igY

YL

2
Bµ)ψL

]

+

[

ψ̄Rγ
µ (∂µ + igY

YR

2
Bµ)ψR

]

+

[

(∂µ + i
gW

2
~τ . ~Wµ + igY

Y
2

Bµ)φ
]† [

(∂µ + i
gW

2
~τ . ~Wµ + igY

Y
2

Bµ)φ
]

+
1
2
µ2(φ†φ) − 1

4
λ2(φ†φ)2

+ f ermion and Higgs coupling terms. (37)

2.3.5 Masses of the electro-weak bosons

The masses of the electro-weak bosons can be determined by combining the above results and consid-

ering a transformation invariant underS U(2)L ⊕ U(1). This will yield 3 massive vector bosons, 2 of

which are charged and 1 that is neutral, and a massless boson with no charge. These bosons can then be

associated to theW+,W−,Z andγ.

The relevant term to consider in the Lagrangian of equation 37 is

LM =

[

( i
gW

2
~τ . ~Wµ + igY

Y
2

Bµ)φ
]† [

( i
gW

2
~τ . ~Wµ + igY

Y
2

Bµ)φ
]

. (38)

Substituting in equation 36 yields

LM =
1
8





















gWW3
µ + gY Bµ gW(W1

µ −W2
µ)

gW(W1
µ +W2

µ) −gWW3
µ + gY Bµ









































0

ν





















× H.C (39)

where H.C stands for the hermitian conjugate. DefiningW± = 1√
2
(W1 + iW2) gives

LM =

(

1
2
νgW

)2

W+µWµ− +
1
8
ν2(gY Bµ − gWW3

µ)(gY Bµ − gWWµ3). (40)

The first term can be identified as a mass term with massMW =
1
2gν. The remaining term can be written

out in matrix form

1
8
ν2(W3

µ Bµ)





















g2
W −gYgW

−gYgW g2
Y









































W3µ

Bµ





















. (41)

The physical fieldsZµ andAµ corresponding to the Z boson and the photon respectively must diagonalise

the 2×2 matrix in equation 41. The masses of the fields can then be obtained by identifying the resulting

diagonalised matrix equation with12(M2
Z Z2

µ + M2
A A2

µ), which is the appropriate mass term for 2 neutral

vector bosons. The diagonalised fields are given by [10]

Aµ =
gYW3

µ + gWBµ
√

g2
W + g

2
Y

Zµ =
gWW3

µ + gY Bµ
√

g2
W + g

2
Y

, (42)
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which yieldsMZ =
1
2ν
√

(g2
W + g

2
Y) andMA = 0. It is conventional to introduce the Glashow-Weinberg

angle, defined by tanθW ≡ gY/gW, such that the masses of the W and Z fields are related by

MW = MZ cos(θW). (43)

2.4 Searches for the Higgs boson

The Standard Model Higgs boson was predicted in 1964 [11], following earlier work on electro-weak

symmetry breaking [12,13]. There were few theoretical constraints on the mass of the boson at that time.

Early searches focused on nuclear transitions [14] and neutron-nucleus scattering [15] which excluded

the mass ranges 1.03< mH < 18.3 MeV andmH < 15 MeV respectively [16].

The search for a high mass Higgs boson at particle colliders began at LEP, an electron-positron col-

lider. The centre-of-mass energy of the LEP collider started at 90 GeV, and was subsequently increased

to 160 GeV in order to study W pair production. Direct searches for the Higgs boson were performed

by considering theZ→ H + f f andee→ Z + H production mechanisms. An indication of the possible

Higgs mass range was also obtained by probing rare electro-weak processes to high precision. Loop cor-

rections involving the Higgs boson affect the rate of these processes, and exclusion limits were obtained

by fitting all possible Higgs boson masses to the data.

It was not until the discovery of the top quark [17] in 1995 that the strongest predictions for the mass

of the SM Higgs boson could be obtained from these fits, which indicated that the mass of the Higgs

boson was just higher than the W mass of 81 GeV. As a result the centre-of-mass energy at LEP was

gradually increased. By the year 2000 LEP was colliding electrons together at a centre-of-mass energy

of 209 GeV and still no significant excess was observed. LEP operation ended in 2000, to allow work on

the LHC to proceed. The final exclusion limits from LEP placeda lower bound on the mass of the SM

Higgs boson atmH > 114.4 GeV.

Additional exclusion limits were placed on the mass of the Higgs boson using data from the CDF

and D0 experiments located at the Tevatron. The dominant production mechanism for the Higgs bo-

son at the Tevatron was gluon-gluon fusion, for which the Feynman diagram is shown in fig. 3(a).

Using Tevatron data a further experimental constraint on the mass of the Higgs boson was placed at

156 < mH < 177 GeV [18]. The Tevatron data together with that from LEP isused in fig. 2, which

summarizes the state of the searches for the Higgs boson before the LHC. This figure shows theχ2 dis-

tribution obtained from the electro-weak fits as a function of mH. The blue band is an estimate of the

error due to missing higher order terms. The yellow regions represent 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 SM Higgs 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 different Higgs boson production mechanisms at the LHC. The fourmost probable

processes are shown in fig. 3, and the cross sections at
√

s = 7 TeV for these processes as a function of

Higgs mass are shown in fig. 4.

At LHC energies the most probable production mechanism is the gluon-gluon fusion (ggF) process

shown in fig. 3(a), where it is most likely that the quark in thetriangular loop will be a top quark.

This is the dominant production process for the high mass Higgs searches presented in chapters 5 and 6

respectively, where it accounts for approximately 90% of the expected signal. The next most abundant

production mechanism is the Vector Boson Fusion (VBF) process shown in fig. 3(b) in which a Higgs

boson is produced along with two jets. This process accountsfor the remaining 10% of the expected

signal of high mass Higgs production. The associative vector boson production mechanism shown in

fig. 3(c), whereby the Higgs boson can be produced in association with a Z or W boson, is a much rarer

process thanggF and VBF processes, and is particularly useful for decay channels such as theH → bb̄

channel, that have a large amount of QCD background. In this case one can use the leptonic decays of
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(a) (b)

(c) (d)

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

vector boson fusion, (c) associated vector boson production and (d) associated t̄t production.
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Figure 4: Cross sections at
√

s= 7 TeV of the most likely Higgs production mechanisms at the LHCas a function

of Higgs mass [19].

the W or Z boson to help distinguish the signal events. This production mechanism is also used in the

ZH → ll + inv search presented in chapter 7, where the Z boson is required to decay to 2 leptons. The

associatedtt̄ production mechanism, shown in 3(d), is a very rare process,and will be used to extract the

Htt̄ coupling when the LHC has collected more data. It is not considered in the searches presented in

this thesis.
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2.5 Beyond the Standard Model

Despite the success of the Standard Model there is still reason to believe that there is new physics to

be discovered. Perhaps the most compelling evidence comes from cosmological studies, where a large

excess in non-luminous matter has been indirectly observedby numerous experiments [20, 21], and is

given the name Dark Matter (DM). None of the Standard Model particles are a good candidate for dark

matter. A neutral stable particle is required, and the upperbounds on the mass of the neutrinos is found

to be too small. Therefore a new particle is required. There are additional problems with the Standard

Model which motivate dark matter and are described below.

2.5.1 The hierarchy problem

The mass of the candidate Higgs boson is around 125 GeV. Splitting up the mass of the Higgs boson into

the quantum corrections givesM2
H = M2

H0 + ∆M2
H for the physical mass of the Higgs boson, where

∆M2
H =

λ2

16π2

∫ Λ d4p

p2
∼ λ2

16π2
Λ2. (44)

The integral is performed over the momenta of the particles in the loop correction to the bare Higgs

mass, and is valid up untilΛ, which is the cut off at which the SM is no longer valid [21].λ is simply

a coupling constant with unit order of magnitude, thereforethe quantum correction of the mass of the

Higgs boson is of the same order as the scale of new physics. Currently the only known cut off for the

validity of the SM is the Planck mass (Mp), the scale at which quantum effects to gravitational forces

become important. This has a value ofMp =
√

hc/GN ∼ 1.2 × 1019 GeV. If this were indeed the only

scale at which the SM was not valid then the bare mass of the Higgs and the quantum corrections would

both be of order 1019 GeV, but these would have to cancel out to give the observed Higgs mass, which

is 1017 orders of magnitude smaller. This cancellation is called a fine tuning problem. The fact that the

mass of the Higgs is of order 100 GeV is reason to believe that there is a cut off scale around 1 TeV

at which the SM is no longer valid. Such a cut off 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 the weak bosons only couple to left handed

neutrinos and are predicted to be massless. However, the observations that neutrinos oscillate between

flavours [22] indicates that they have mass. This is direct evidence that the SM is incomplete, and is

further reason to believe that there is BSM physics. The measurement of the mass hierarchy of neutrinos,
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which determines the difference in masses of the different flavours, is currently being studied by many

neutrino experiments [23]. The absolute mass of neutrinos is unknown, as is the mechanism through

which they aquire their mass. A measurement of the absolute mass is 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 problem it must couple to the Higgs boson. To ac-

count for the non-luminous matter in the universe and have the correct relic density it must also be weakly

interacting and therefore stable. The detailed measurements of the Z lineshape at LEP investigated the

invisble decay width of the Z boson, and found that it was consistent with 3 generations of neutrinos [25].

As such a DM candidate with mass less thanmZ/2 that couples to the Z boson is excluded. Additional

limits on the anhilation cross-section of dark matter candidates were also performed at LEP [26]. To

allow for a DM candidate that is consistent with the current measurements of the cross-sections of SM

processes it is proposed that the new particle may only be produced in pairs [21], such that, for example,

the decayH → χ+χ would be possible, whereχ represents a DM candidate, but interactions of the form

S M+ S M→ χ → S M+ S Mwould not be allowed. Additionally this constraint naturally requires the

DM candidate to be stable.

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

for DM candidates.

2.7 Supersymmetry

The hierarchy problem is also solved by supersymmetry (SUSY). This theory introduces a new particle

for every particle in the SM, which has the same properties asthe SM particle except that the spin differs

by 1/2. SUSY models require at least 2 Higgs bosons, and most models require 5, which correspond to

a light Higgs, a heavy Higgs, a positively and a negatively charged Higgs and a CP odd Higgs. If the

candidate Higgs boson at 125 GeV is found to have the SM couplings then the search for the heavier

Higgs will be a stringent test of SUSY. SUSY extensions to theSM provide a natural framework for

DM to be incorporated into the SM, as some of the additional particles are natural DM candidates. The

search for SUSY is one of the goals of the LHC. Currently no direct evidence for SUSY has been found.

Some of the simpler models have been constrained using the data from the ATLAS, CMS and LHCb

experiments. Nevertheless there is still unexplored phasespace, 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, anda brief summary of the four main detectors is

given. The main aims of the ATLAS experiment are outlined, the co-ordinate system adopted by ATLAS

is explained and finally this is followed by a detailed account of the components that make up the ATLAS

detector.

3.1 The Large Hadron Collider

The LHC is a hadron-hadron synchrotron collider located at the Franco-Swiss border near Geneva, which

was built at the European Organisation for Nuclear Researchknown as CERN. It was designed to collide

high energy hadronic beams together at large instantaneousluminosities in order to produce rare particle

physics processes at a rate sufficiently high to study them. It consists of a large accelerator located in a

tunnel 26.7 km in circumference, which lies between 45− 170 m underground, into which two counter

rotating hadronic beams are injected. For the majority of time the LHC is used as a proton-proton

collider, but it is also occasionally used to collide heavy ions, such as lead ions [27]. The remainder of

this section focuses on the proton-proton collisions.

Protons are first supplied from a linear accelerator (Linac 2) in which they are accelerated up to

an energy of 50 MeV. They are accelerated further at three increasingly large synchrotron accelerators

- proton synchrotron booster (1.4 GeV), proton synchrotron (25 GeV) and super proton synchrotron

(450 GeV) - until finally they are injected into the LHC.

Integrated luminosity, denoted by L, is a measure of the total number of collisions expected and

has units of cm−2, although it is usually measured in multiples of the ’barn’,b, where 1b= 10−24cm−2.

Instantaneous luminosity, denoted byL, is simply the luminosity per second. The total number of

collisions is calculated from the cross section (σ) which varies for different processes, and is related to

the luminosity through equation 45.

N = σ
∫

Ldt = σL (45)

The LHC is designed to supply an instantaneous luminosity of1034 cm−2s−1 which corresponds to ap-

proximately one billion proton proton collisions per second.

In September 2010 the beams were accelerated to yield a centre-of-mass energy of
√

s= 7 TeV and

nominal data taking started. The beams remained at this energy throughout 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 fb−1 to the two general purpose detectors; ATLAS and CMS (Compact

Muon Solenoid). In total four detectors are located around the ring as shown in fig. 5; ATLAS, CMS and

two smaller, specialised detectors; ALICE (A Large Ion CollidEr) and LHCb (Large Hadron Collider

Beauty). Having two general purpose detectors that utilisedifferent technologies ensures that any new

physics discoveries observed by a single experiment can be cross checked by an independent experiment.

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

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

3.2 The aims of the ATLAS experiment

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

the following, as outlined in the letter of intent [29] in 1992:

• High quality electro-magnetic calorimetry for electron and photon identification and measure-

ments, complemented by hermetic jet and transverse missingenergy calorimetry.

• Efficient tracking at high luminosity for lepton momentum measurements and to enhance electron

and photon identification, and tau and heavy flavour tagging capabilities at lower luminosity.
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• Precision muon momentum measurements with stand-alone capabilities at the highest luminosi-

ties.

• Large acceptance in the polar angle and complete azimuthal angle coverage.

• Triggering and measurements of particles at low momentum thresholds.

3.3 Co-ordinate system and units

A right handed co-ordinate system is used for the ATLAS detector, the origin of which is at the centre of

the detector. The positivex axis points towards the centre of the ring, the positivey axis points vertically

upwards and the positivezaxis points along the beam pipe. The azimuthal angle (φ) and the polar angle

(θ) are defined with respect to these axes. An alternative measure of the polar angle is the pseudo-rapidity

(η) which is defined as

η = − ln tan(θ/2). (46)

The angular separation (∆R) between two objects is defined to be

∆R=
√

(∆φ)2 + (∆η)2. (47)

Because of the high boost along thez axis particles often have their energy and momentum given in

terms of the transverse (x − y plane) components only, where these are defined as (ET = E sinθ) and

(pT = psinθ). When the mass of the particle is small compared to its momentum the mass component

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

3.4 Detector overview

The ATLAS detector is a general purpose detector, designed to explore potential new particle phenom-

ena at the TeV energy scale. It is a 4π detector, with complete azimuthal angle coverage, and a large

acceptance in pseudorapidity. It is forward-backward symmetric with respect to the interaction point.

It consists of an inner detector [30], primarily used for tracking and particle recognition; calorime-

ters [31] [32], for measuring the energies of both electro-magnetic and hadronic particles, and to aid

in particle identification; and muon chambers [33], for precise momentum and position measurements of

muons. The performance goals andη range of these sub-detectors are given in table 2. There are four

superconducting magnets; a thin, 2 T solenoid magnet surrounding the inner detector, and three large

superconducting magnets one in each end cap and one surrounding the calorimeters supplying 1 T and
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Figure 6: The cut away view of the ATLAS detector. Shown are the four super conducting magnets, the muon

chambers, the hadronic and electro-magnetic calorimetersand the inner detector, which consists of the pixel

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

0.5 T magnetic fields respectively. The layout and sub-systemsof the ATLAS detector can be seen in

fig. 6.

The ATLAS detector also has complex trigger systems and luminosity detectors. The trigger system

uses measurements made in all of the sub-systems in the detector, and is split up into three different

levels, L1, L2, and the event filter. A combination of these triggers is required to reduce the raw data

rate (40 MHz [34]) down to approximately 200 Hz so that it can be written to disk. Theη ranges for

the trigger systems of the various sub detectors are given intable 2. The majority of collisions in the

ATLAS detector are ‘soft collisions’ - collisions in which relatively little momentum is exchanged. Such

events can be used to measure the luminosity. Dedicated detectors to 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 units for energy and momentunm are in GeV [35].

Detector component Required resolution
η range

measurement Trigger

Tracking σpT/pT = 0.05%,pT ⊕ 1% ±2.5 -

EM calorimetry σE/E = 10%,
√

E ⊕ 0.7% ±3.2 ±2.5

Hadronic calorimetry (barrel and end cap)σE/E = 50%,
√

E ⊕ 3.0% ±3.2 ±3.2

Hadronic calorimetry (forward) σE/E = 100%,
√

E ⊕ 10.0% 3.1 < |η|4.9 3.2 < |η|4.9

Muon spectrometer σpT/pT = 10.% at pT = 1 TeV ±2.7 ±2.4

3.5 Inner Detector

The Inner Detector is located around the beam pipe at the collision point, and covers a range of

5 < r < 120 cm and|η| < 2.5. It consists of three sub-detectors, two silicon based detectors; the

Pixel Detector and the SiliCon Tracker (SCT), and a straw tube gaseous detector; the Transition Radi-

ation Tracker (TRT), all of which are surrounded by the innersolenoid, a 2T magnet positioned on the

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

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

The three sub-detectors are used to determine the location of the primary vertex and any secondary

vertices, to aid in particle identification and for charged particles to measure both the momentum and

the sign of the charge from the curvature of the track. The inner detector hardware was chosen so as to
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withstand the high radiation environment that it will be subjected to during data taking, and unless stated

otherwise all components are built to survive at least ten years of operation at the LHC.

To ensure good track parameter resolution the location of the sensory elements must be known to

within a few micrometers. This is mostly achieved by an alignment procedure using tracks. The SCT

also has a built in interferometer based alignment monitoring system [36] that under pins these regular

track based alignment procedures.

The amount of material within the ID is kept to a minimum as anymaterials traversed by an outgoing

particle can cause Coulomb scattering, bremsstrahlung, photon conversions or secondaries from nuclear

reactions, all of which can effect the accuracy of the track measurement. The amount of material in each

sub-detector is shown as a function of ofη in fig. 8.
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Figure 8: Cumulative amount of material in terms of radiation length for the Inner Detector as a function of

|η| [37].

Another source of error on the track measurements is the exact value of the magnetic field from

the solenoid surrounding the ID. Prior to the installation of the ID, after only the barrel and endcap

calorimeters were in place, a mobile array of Hall probes were used to map out the magnetic field in

the volume to be occupied by the ID. To monitor any changes in this magnetic field during running four

Nuclear Magnetic Resonance (NMR) probes are used, located near toz= 0 cm.

The inner detector does not contribute to the L1 trigger decision, and therefore all of digitized data

from a single event is simply stored in a buffer and only passed to the off detector 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. The pixel detector consists of 1744 identical pixel

sensors, spread out across three barrel layers and two lots of three end cap disks. Each pixel sensor has

47232 pixels, each of size 50× 400 µm, and is bump bonded to an element of the front end readout

integrated circuit [34]. The three barrel layers are concentric cylinders around the beam axis located

between 50.5 < R< 122.5 mm. The proximity of the barrel layers to the beam means thatthe innermost

layer will have to be replaced after about three years of running due to radiation damage. The end cap

disks are aligned perpendicular to the beam axis, and are located at both sides A and C of the detector.

These are also 250µm thick. The pixel layers are segmented inR− φ andz, and typically three pixel

layers are crossed by each track. The intrinsic measurementaccuracies for each of the layers and disks

are 10µm in theR− φ plane and 155µm along thezaxis, which is sufficient for high precision tracking

measurements.

3.5.2 Silicon Tracker (SCT)

Additional tracking measurements are provided by the SCT, which is located further out from the

beam than the pixel detector, and again consists of a barrel region and two end caps. Located at

255 < R < 549 mm is the barrel region, which consists of four cylindrical layers. There are 2112

barrel SCT modules shared out across the four layers. Each module consists of four silicon sensors, two

of each on the top and bottom, all with 80µm pitch micro-strip sensors.The front and back sensors are

aligned with a stereo angle of 40 mrad and are connected to binary signal readout chips. The shallow

stereo angle reduces the number of ambiguities for a particle passing through a module, and also sim-

plifies the geometrical layout of the module. The modules areorientated such that the bottom sensor is

aligned with the beam line. The precision of each of the barrel SCT modules in theR− φ co-ordinate is

17µm and 580µm for thezco-ordinate.

In order to maximise theη coverage there are also nine disk layers in each of the two endcaps

arranged perpendicular to the beam axis. This ensures that there are at least four precision space-point

measurements for each track within the fiducial detector coverage. The layout of the modules in the end

caps is such that the accuracy of each of the end cap SCT modules in theR− φ co-ordinate is 17µm and

580µm for R.

In order to maintain an acceptably low level of noise during data taking and reduce increases in the

required bias voltage the SCT is kept at a temperature around0◦C.
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3.5.3 Transition Radiation Tracker (TRT)

The outer-most region of the inner detector is occupied by the TRT, located at 554< R < 1082 mm. It

covers the region|η| < 2.0 and enables charged particles to be tracked right through to the calorimeters.

The TRT contains many polyamide tubes of thickness 4 mm, eachmade of two 35µm thick multi-layer

films bonded back to back, immersed in an Argon based gas mixture. Each straw tube is inter-leaved

with transition radiation material and has at its centre anode wires which are read out at either end of the

straw. When passing through the numerous dielectric boundaries of each straw ultra relativistic particles

produce transition radiation photons which ionise the gaseous mixture and enhance the signal.

The TRT consists of barrel and end cap regions. The barrel straws, of length 144 cm, run parallel

to the beam line, and cover the region|η| < 1.0. Perpendicular to these in the end cap regions are radial

straws of length 37 cm, these cover the region 1.0 < |η| < 2.0. Each straw has an intrinsic accuracy

130µm in theR−φ direction. Approximately 36 hits are expected for a chargedparticle passing through

the TRT, and the precise measurement of the timing of these hits, together with the fact that these hits

are spread out over a larger distance than that of the innermost detectors, means that the TRT contributes

significantly to the accuracy of the momentum measurement ofcharged particles.

3.5.4 Inner detector performance

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

data taken in 2011 [37]. Similar agreement is also observed for they andz directions. Fig. 9(b) shows

the invariant mass distribution ofZ → µµ decays from the 702 pb−1 of data collected during spring

2011. The mass is reconstructed using track parameters fromthe ID track of combined muons only. Two

different sets of alignment constants for the data are compared with the ideal alignment performance

based on MC predictions.

3.6 Calorimeters

The ATLAS calorimeters are positioned outside the 2 T solenoid magnet surrounding the inner detector.

The purpose of a calorimeter is to measure the energy of incident particles. There are two types of

calorimeter used in ATLAS.

The electro-magnetic calorimeter (EMCAL) measures the energy of electro-magnetically interacting

particles and the hadronic calorimeter (HCAL) does the samefor strongly interacting particles. Both

consist of a barrel calorimeter and two endcaps and give complete φ coverage. This is necessary for

the accurate reconstruction of missing energy, which is of particular importance to the physics analyses
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described in this thesis. Fig. 10 shows the layout of the ATLAS calorimeters.

The depth of the calorimeters is chosen to maximise the containment of electro-magnetic and hadronic

showers and thus minimise the punch through of jets into the muon system. In total atη = 0, which cor-

responds to the thinnest part, the calorimeters are approximately 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 resolutionas a function of the number of tracks for 2011

data. (b) The invariant mass of muons using only informationform the tracks for702pb−1 of 2011 data. The black

and red dots indicate two different sets of alignment constants.
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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 and electrons, and helps distinguish between

different particle types by accurately measuring the shape of the resulting electro-magnetic shower. It

also measures the electro-magnetic component of incident jets.

The LAr EMCAL uses lead as its absorber and the detection medium is liquid Argon. The LAr is

kept at−88◦C in a cryostat. The EMCAL consists of 3 parts, the barrel part(|η| < 1.475) and two end cap

parts (1.375< |η| < 3.2). The barrel part itself is made of two identical half barrel parts, separated by a

small gap of 4 mm atz= 0 and the end caps are split into two wheels, the outer wheel (1.375< |η| < 2.5)

and the inner wheel (2.5 < |η| < 3.2). The absorber layers have an accordion shaped geometry, as shown

in fig. 11, which allows for completeφ coverage without any azimuthal cracks. In the barrel the absorber

layers are parallel to the beam line and are stacked along theφ direction where as in the end caps the

accordion waves are aligned with the radial direction.

In the pseudorapidity range matched to the inner detector,|η| < 2.5, the calorimeter is split up

into 3 layers to measure the variation in shower shape as a function of depth. The first layer has the

finestφ granularity and is used for detailedφ measurements. The second layer is where most of the

electro-magnetic shower will be absorbed, and the third layer is used to measure possible leakage into

the hadronic calorimeter. An additional layer, referred toas the presampler, is positioned in the region

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

and (b) a schematic view of the part of the barrel section of the EMCAL.
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layer. It has a very fine granularity in pseudorapidity whichhelps thepT resolution as well asγ/π0

separation [31].

3.6.2 Hadronic calorimeters

The hadronic calorimeters are used to measure the strongly interacting component of the incident jets,

and absorb all particles that have passed through the EMCAL except muons.

Along with the forward calorimeters there are two hadronic calorimeters used in ATLAS. Both

calorimeters employ a different technology depending on the performance requirements in the differ-

ent regions of the ATLAS detector. The tile calorimeter (HCAL) uses scintillating tiles for the sampling

medium and steel as the absorber. It is made of three barrel calorimeters, a central barrel of length 5.8 m,

and two extended barrels, each 2.6 m in length and in total covers the psuedorapidity range|η| < 1.7.

The scintillating light in the tiles is read out by fibres connected to photomultiplier tubes located outside

the barrels.

The hadronic endcap calorimeters (HEC) are located in the pseudorapidity region 1.5 < |η| < 3.2.

Like the EMCAL they use LAr as the detection medium due to the high radiation conditions present at

this location, but they use copper for the absorber.

Further calorimetry is located in the forward region of the detector, referred to as the forward

calorimeter (FCal). The FCal is comprised of three longitudinal sections, the first of which is copper

based and measures the EM component of very forward jets. Thesecond and third sections are tung-

sten based and are used to measure forward hadronic activity. The FCal covers the pseudorapidity range

3.1 < η < 4.9 and ensures that the ATLAS calorimeters have a largeη coverage.

3.6.3 Calorimeters summary

Dedicated hardware is used to compute the calorimeter Level1 trigger decision (see section 3.8). Fig. 11(b)

shows the coarse granularity trigger towers (0.1×0.1 in∆η×∆φ) in the EMCAL, and similar sized towers

are used in the HCAL. Analogue signals from these towers are read out and used to associate the event

to a particular bunch crossing and calculate theET for each tower. The data are then transmitted to two

separate sub-systems, one for identifying jet candidates and the other for identifying electron, photon

andτ candidates [35]. Within a time of 2.1 µs, this information is sent to the L1 central trigger processor

allowing the decision to be completed within the target timeof 2.5 µs.

Theη coverage and the thickness in terms of interaction length ofall the calorimeters is displayed

in fig. 12. ThepT , η andφ distributions for electrons and jets, which are mostly measured using the
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calorimeter, for the 2011 dataset are shown in chapter 4.
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Figure 12: Cumulative amount of material in terms of interaction length for all of the calorimetery in ATLAS.

The plot demonstrates the fullη coverage of all of the calorimetry in ATLAS [35]. The unlabelled cyan band

corresponds to the amount of material before the first activelayer of the MS and the band below the EM Calo and

FCAL 1 is the ID.

3.7 Muon spectrometer

The muon spectrometer (MS) is located outside of the calorimeters and covers the pseudorapidity range

|η| < 2.7 [33]. It is used to detect and measure the momenta of muons, the only particles from the

p-p interactions at the centre of ATLAS which make it throughthe calorimeters, except for neutrinos

which do not interact with the detector at all. It consists oftrigger chambers, which cover|η| < 2.4 and

contribute to the L1 trigger decision, and precision tracking chambers which measure the trajectories of

the muons from which the momenta can be inferred.

Three large superconducting air-core toroid magnets bend the trajectories of muons traversing the

MS. In the barrel (|η| < 1.4) the 8 coils of the toroid magnet are housed individually in25.3 m long

cryostats which use liquid helium to keep the coils at 4.6 K. This toroid magnet provides a 0.5 T

field. Two smaller, but more powerful toroid magnets are located in each of the end caps in the range

1.6 < |η| < 2.7 and supply a 1.0 T field. For the psuedorapidity range 1.4 < |η| < 1.6 magnetic deflection

is provided by a combination of the two fields. This configuration, 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 detailed knowledge of the uniformity of the
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Figure 13: Cut away view of the ATLAS muon system [28].

magnetic field is required. The vast conductors that make up the toroids are shifted under the magnetic

and gravitational load they are subjected to, making it difficult to predict the exact position of all the

components, and hence to calculate the magnetic field they produce to the required accuracy. Therefore

the field produced from each of these conductors is measured during running by 1730 Hall sensors

mounted onto the precision tracking chambers. The Hall probe measurements are then compared with

field calculations to determine the position and shape of thetoroid conductors with respect to the MS.

Two NMR sensors are also positioned in the barrel to detect any long term drift in the response of the

3-D Hall sensors.

In the barrel region there are 8 symmetrical precision tracking chambers located on and between the

8 coils of the barrel toroid magnet. Each of the 8 chambers has3 concentric layers that are approximately

positioned atR = 5, 7.5 and 10 m. For the endcaps a precision chamber is located bothin front and be-

hind each of the endcap toroid magnets. These wheel-shaped chambers are positioned perpendicular to

the beam line at|z| ≈ 7.4, 10.8, 14.0 and 21.5 m. For the majority of the MS the tracking chambers are

Monitored Drift Tube (MDT) chambers. There are 1150 MDTs in the MS, each comprised of a pair of

drift tube multi-layers, which themselves are made up of either 3 or 4 monolayers. For a charged particle

traversing the MDTs approximately 20z/r track position measurements are made, with resolutions of

80µm per drift tube, or 35µm per MDT. In the first layer of the endcaps, corresponding to apsuedora-
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pidity range of 2.0 < |η| < 2.7 where the rate of muons is expected to be highest, the precision tracking

chambers are Cathode Strip Chambers (CSC). These have a higher granularity than the MDTs and higher

rate capabilities to cope with the high rate of incident muons.

Dedicated high rate Resistive Plate Chambers (RPCs) positioned in the barrel are used to trigger on

events with muons. There are 606 RPCs in the MS, and they provide 6 position measurements for each

charged particle traversing them. Theφ andz components of the muons are measured with a spatial

resolution of 1 cm, and with a time resolution of 1 ns. In the endcaps the trigger chambers are Thin

Gap Chambers (TGCs). Each TGC unit contains anode wires running parallel to the MDT wires that

will provide a measurement of ther co-ordinate with a 2− 3 mm spatial resolution and a 4 ns temporal

resolution. Separate orthogonal anode wires measure theφ co-ordinate with a 2− 3 mm and 4 ns spatial

and temporal resolution respectively.

The pT , η andφ distributions for muons in the 2011 dataset are shown in chapter 4 fig. 18.

3.8 Triggers

The 50 ns bunch spacing used for the majority of 2011 and all of2012 corresponds to a raw data rate of

20 MHz, and at its design 25 ns bunch spacing the ATLAS detector is required to cope with a raw event

rate a factor of 2 higher. Therefore fast online trigger decisions 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 eventually brings the rate down to below

200 Hz. The criteria required to pass each of the three trigger levels can be altered using a trigger

menu, allowing the triggers to be adjusted to the different running conditions of the detector. The first

decision is made by the Level 1 (L1) trigger, which uses information from the custom built hardware

in the calorimeters and muon chambers to identify interesting events and the regions of interest (ROIs)

within these events, which are used later in the L2 trigger decision. There are separate L1 triggers for

physics objects, such as muons, electrons and photons, jetsandτ leptons. It is also possible to trigger on

global properties of an event, such as largeEmiss
T and the sum of the transverse energy. The L1 trigger is

designed to bring the data rate down from 40 MHz to approximately 75 kHz [34]. The next step in the

trigger chain is the Level 2 (L2) trigger which uses a more refined event selection to reduce the rate to

below 3.5 kHz. The full detector is used in this decision, including the ID which enables the separation

of events containing electrons and photons. Finally the most complex event selection criteria are applied

at the event filter (EF) level which is applied on fully-builtevents. The reconstruction algorithms used

at this stage are similar to those used in the full ATLAS reconstruction, but optimised for the online
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environment. The EF trigger brings the rate down to the desired 200 Hz. The events are then separated

into different streams and recorded for offline analysis.

Throughout data taking of 2011 and 2012 the triggers successfully coped with the high instantaneous

luminosity whilst maintaining lowpT thresholds on all physics objects. Fig. 14 shows the EF ratesof the

lowestpT unprescaled single electron triggers as a function of luminosity during the 2011 run. A similar

plot for muons can be found in [38].
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Figure 14: The unprescaled EF trigger rates for single electrons. The vertical lines indicate the instantaneous lu-

minosity at which the triggers were no longer the main triggers used in physics analyses [39]. In the trigger names

in the legend the number corresponds to the minimum pT , and the letters vh indicate that isolation requirements

are applied.

3.9 Luminosity

Hardware specifically designed to measure the LHC luminosity delivered to the ATLAS detector is lo-

cated in the very forward regions of the detector. It was a design goal of ATLAS to measure the lumi-

nosity with an uncertainty of less than 5%. The actual uncertainties for the complete 2011 and 2012

datasets are 3.9% and 3.6% respectively. Two detectors are used to achieve this low uncertainty; LUCID

(LUminosity measurement using Cerenkov Integrating Detector) and ALFA (Absolute Luminosity For

ATLAS). LUCID is located atz = ±17 m and is the main detector used for luminosity measurements.

It is used to monitor the instantaneous luminosity and beam conditions. It consists of 20 aluminium

tubes, 1.5 m in length and 15 mm in diameter, pointing back towards the interaction point each filled

with C4F10 gas. Forward particles from inelastic p-p scattering traverse these tubes and emit Cerenkov
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light, which is then measured in photo multiplier tubes (PMTs). The signal amplitude from these PMTs

can be used to determine the number of incident particles traversing the tubes. The signal is read out at a

rate faster than the bunch crossing rate so that the luminosity for each bunch crossing can be determined.

ALFA is located atz = ±240 m and lies only 1 mm away from the beam. It measures the elastic

scattering cross-section at small angles from which the total cross-section can be determined, and the

luminosity extracted [35]. It consists of a stack of 10 double-sided scintillating-fibre modules which are

read out using PMTs. The small angles at thiszdistance are smaller than the nominal beam divergences,

and so ALFA is only used during special run conditions in order to calibrate LUCID.

3.10 Summary

In general the sub-detectors and detector systems described above have performed very well during data

taking. A summary of the efficiencies during 2011 of each of the sub-detectors is given intable 3.

Sub-system Sub-detector Efficiency (%)

Inner Detector

Pixel 100

SCT 99.3

TRT 99.5

Calorimeters
LAr 97.2

Tile 99.6

Muon Detectors

MDT 99.9

RPC 99.8

CSC 100

TGC 99.8

Trigger
L1 99.8

HLT 100

Magnets
Solenoid 99.7

Toroid 99.3

Luminosity 99.8

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

Reconstruction

This section describes the reconstruction of physics objects in the ATLAS detector and the data taken

from 2010 up to the end of 2012. The physics objects describedhere are those most relevant to the

analyses presented in chapters 5,6 and 7. The description focuses mainly on the reconstruction as used

in the H → ZZ → llνν search described in chapter 6 which uses the 2011 dataset. Plots showing

reconstructed objects are taken from that search. TheZH → ll + inv search uses the both the 2011 and

2012 dataset. It is highlighted when there are significant changes between the reconstruction in 2011 and

2012.

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

• The H → ZZ → llll search described in chapter 5 and [40] uses the 2010 dataset,as does a

preliminary search in theH → ZZ→ llνν [1].

• TheH → ZZ→ llνν analysis described in chapter 6 and [3] uses the 2011 dataset.

• TheZH→ ll + inv search described in chapter 7 and [5] uses the 2011 dataset and part of the 2012

dataset.

4.1 Data

During an LHC fill after stable beams have been declared the sub-systems of the ATLAS detector must

be declared ready to record data. Any time lost whilst waiting for these sub-detectors to become fully

operational can be seen as a difference in delivered and recorded luminosity. Fig. 15 shows the delivered

and recorded luminosities as a function of time for each yearof running. Small efficiency losses relate to

the turn on time of the high voltage of the pixel, SCT and muon detectors and also to time lost whenever

a problem with a sub-detector prevents any data taking [41].

When a sub-detector is offline, noisy or under efficient during a run but the run continues the loss in

luminosity is not shown in fig. 15, but the run and luminosity block numbers are flagged and a defect is

recorded. The severity of defects is determined offline 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 which all of a given set of sub-detectors were

operational at an acceptably high efficiency. The requirement used to define a GRL may vary depending
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Figure 15: Cumulative luminosity versus day in (a) 2010, (b)2011 and (c) 2012. The luminosity delivered (green),

and recorded by ATLAS (yellow) during stable beams are shown. The total delivered and recorded integrated

luminosities are written on each figure. [41]

on the intended use. For example if one were only interested in the electron performance one would

require a GRL where the ID and calorimeters were fully operational, but it would not matter if there was

a fault in the MS. Hence such an analysis could use a GRL that include runs during which MS defects

occurred. From 2011 onwards GRLs were centrally produced sothat different physics analyses with

similar detector requirements could use the same datasets.The integrated luminosity of a dataset used in

a given analysis is calculated from the GRL to account for anymissing runs or luminosity blocks.

The details of each dataset are given in 4.1.1, 4.1.2 and 4.1.3.

4.1.1 The 2010 dataset

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

7 TeV and continued until the heavy ion collisions started inNovember that year. During this time the
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peak instantaneous luminosity was 2× 1032cm−2s−1 and the number of interactions per bunch crossing

(denoted by< µ >) varied between 0− 4. The time between bunch crossings was 75 ns. The total

delivered (recorded) luminosity was 45445.7 (44060.7 ) nb−1. 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 collide at
√

s= 7 TeV. For the majority of the data the time between

bunch crossings was 50 ns, although 12 pb−1 were taken with 75 ns. Compared to 2010 the number of

protons within each bunch was increased and the peak instantaneous luminosity was 3.65×1033cm−2s−1,

over a factor of 10 higher; as a result< µ > increased. The luminosity weighted< µ > distribution for

2011 is shown in fig. 16. In this figure the complete 2011 dataset has been split up into two sub-datasets,

corresponding to runs before and after a technical stop in September 2011, during whichβ∗, a parameter

related to the transverse beam size, was reduced from 1.5 m to 1 m. It can be seen that the differentβ∗s

have a large effect on the< µ > values. The effect of a larger< µ > on physics analyses is discussed in

4.1.4.
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Figure 16: The mean number of interactions per crossing for the 2011 dataset. The blue line indicates data taken

before the September technical stop (β∗ = 1.5) and the red line after (β∗ = 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 LAr calorimeter were lost due to problems

with the optical readout electronics. Additionally for a fraction of the data a problem with the front-

end board electronics meant that certain regions of the electro-magnetic calorimeter were inactive. The
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number of lost cells changes with time and is included in the simulation of the Monte Carlo samples. For

analyses using the 2011 dataset an Object-Quality cleaningprocedure was provided to remove electrons

in fiducial regions around these lost cells. The procedure isapplied to both the data and the MC.

The cumulative luminosity delivered and recorded throughout 2011 is shown in fig. 15(b). The total

integrated luminosity recorded by ATLAS in 2011 is 5.25 fb−1.

4.1.3 The 2012 dataset

During the winter shutdown between 2011 and 2012 the decision was taken to increase the LHC centre-

of-mass energy to 8 TeV. This increased the cross section forrarer processes including Higgs production.

The peak instantaneous luminosity was 7.73 × 1033cm−2s−1. The 2012 dataset used for theZH →

ll + inv search presented in chapter 7 has an average< µ > of 20. Fig. 17 shows the< µ > distribution

for the first 14 fb−1 of 2012, compared to that of 2011.
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Figure 17: The luminosity-weighted distribution of the mean number of interactions per crossing for the 2011 and

2012 data.

The cumulative luminosity delivered and recorded throughout 2012 is shown in fig. 15 (c). The total

integrated luminosity recorded by ATLAS is 21.7 fb−1. The dataset used for theZH→ ll + inv analysis

presented in chapter 7 is that taken up to September of 2012, and corresponds to 13 fb−1.
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4.1.4 Pileup

In general pile-up refers to additional interactions that occur alongside the hard interaction of interest.

There are two types of pile-up, referred to as in-time and out-of-time pile-up. In-time pile-up refers

to additional proton-proton interactions occurring in thesame bunch crossing as the hard interaction of

interest. Such interactions produce extra soft particles in the detector which can affect the performance.

Higher numbers of pile-up events, higher< µ >, increase the impact on an analysis.

Out-of-time pile-up refers to detector performance effects due to interactions in preceding bunches.

These effects scale with the beam intensity in bunches preceding the one during which a collected event

occurred. This effect is accounted for in the 2011 and 2012 Monte Carlo samples which assume a 50

ns bunch spacing, which was the bunch spacing for the majority (> 99.5%) of the data taken. As the

out-of-time pile up effects depend on the intensity of several prior bunches, the position of a bunch within

the bunch train is important.

4.2 Muons

Muons are identified by reconstructing tracks in the muon spectrometer using the STACO algorithm [34].

This algorithm starts from regions of activity (ROA) in the muon spectrometer identified by the TGC/RPC

systems, local segments are then formed within each of theseROAs using straight line approximations.

These segments are then combined taking into account the non-linear trajectory of muons due to the

magnetic field. Finally a more accurate global track fit usingall hit information from the muon system

is performed. The obtained tracks are extrapolated to the beam line and an attempt is made to find a

matching inner detector track [42]. If a match is found, a combined muon is formed incorporating the

information from both detectors, otherwise a stand-alone muon is formed.

For the analyses presented in chapters 6 and 7 only combined muons are used (although stand alone

muon information is used when determining missing energy).Combined muons give the best perfor-

mance over a wide range of muon momenta due to the two independent measurements of the momentum.

In general the ID dominates the measurement for muons with low pT in both the barrel and the end caps.

The MS dominates for highpT muons.

The analysis presented in chapter 5 uses combined, stand alone muons and tagged muons. Tagged

muons are muons that have an inner detector track but do not have a complete track in the MS. Further

cuts are applied to the muons. The inner detector track associated to the muon is required to pass a series

of additional cuts based on the number of hits and holes (absence of hits) in the various layers of the inner

detector (see Table 4). Muons from cosmic rays are suppressed by requiring the impact parameter with
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respect to the primary vertex satisfy|d0| < 1 mm and|z0| < 10 mm whered0 andz0 are the transverse

and longitudinal impact parameters respectively. A track isolation requirement is applied to reject muons

originating from heavy flavour quark decays. The sum of thepT of all the tracks that lie within a cone of

∆R = 0.2 of a muon is required to be less than 10% of thepT of the muon itself. The track of the muon

itself is not included in the sum.

Small inaccuracies in the simulation of the muon momentum scale (< 1%), resolution (< 3% for

MS, < 1% for ID) and selection efficiencies (< 1%) are corrected for in Monte Carlo; muon momenta

are smeared, and weights are applied to account for the difference in efficiency. The muon momentum

resolution andpT scale is determined from the width ofZ → µµ decays and by comparison of the two

individual tracking measurements from the ID and MS. The smearing is applied as a function ofpT and

is applied separately to the ID and MS tracks. A momentum scale correction is also applied. There are

three contributing factors to the overall reconstruction efficiency of combined muons; the reconstruction

efficiency in the ID, the reconstruction efficiency in the MS and the matching efficiency between theses

measurements. Both the ID efficiency and the MS together with the matching efficiency are measured

using a tag and probe method. Muons fromZ → µµ decays are selected where one muon (the tag)

is required to be a combined muon and the other (the probe) is amuon with either a MS or ID track

only [43]. The efficiency is calculated as a function ofpT , η andφ. The uncertainty in the determination

of the efficiency of muons is accounted for in the analyses by adjustingthe weight applied to each muon.

The pT , η andφ distributions of the muons forming the leptonicZ boson candidate are shown in

fig. 18. It can be seen that the simulation provides a reasonable description of the data, although there

is a modest discrepancy in theη distribution, which is more central in the data than in the Monte Carlo.

This is a known feature of theη distribution of leptons from the AlpgenZ boson production simulation,

and will be discussed further in sub-section 6.7. A summary of the muon selection is given in table 4.

4.3 Electrons

The reconstruction of electrons with|η| < 2.5 is performed using a variety of discriminating variables

from both the calorimeters and the inner detector [34]. Calorimeter variables used are hadronic leakage,

lateral shower shape (Rη), lateral shower width (weta2) and shower shape variables from the first layer

of the ECAL. The hadronic leakage is the ratio of the transverse energies of clusters measured in the

hadronic and electro-magnetic calorimeters, the exact definition of the variable depends on|η|. Rη is the

ratio of the sum of uncalibrated energy cells within two different sized rectangles on the second sampling

layer of the ECAL. Weta2 is related to the spread of the energydeposits overη. The high granularity of
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Figure 18: The pT andη andφ distributions of the two muons forming the leptonic Z boson candidate after the Z

mass selection.

the first layer of the ECAL is used to determine the substructure of the EM showers, which are used in

particular to distinguish between electrons and charged pions and photons and neutral pions.

From the ID the discriminating variables are; track qualityparameters, transition radiation infor-

mation in the TRT and ID/calorimeter spatial and energy matching information. The cuts on the track

quality parameters include; at least 9 precision hits in total from the pixel and SCT; at least 2 hits in the

pixel layers, one of which must be in the b layer and a transverse impact parameter within 1mm of the

primary vertex. The discriminating variable used in the TRTis the ratio of the number of high threshold

hits to the total number of TRT hits. The final discriminatingvariables used are the alignment of theη

andφ co-ordinates of the ID and calorimeter measurements and also the difference between momentum

and energy as measured from the ID and calorimeter respectively (the electrons are highly relativistic
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Identification Combined STACO muons only

Kinematic cuts pµT > 20 GeV

|ηµ| < 2.5

Inner Detector Nb−layer
hits > 0 (except where the muon passes an uninstrumented/dead area)

Npixel
hits + Npixel

dead > 1

NSCT
hits + NSCT

dead> 5

Npixel
holes+ NSCT

holes< 3

|η| < 1.9: NTRT
tot > 5 andNTRT

outliers < 0.9× NTRT
tot

|η| ≥ 1.9: If NTRT
tot > 5, requireNTRT

outliers < 0.9× NTRT
tot ,

whereNTRT
tot = NTRT

hits + NTRT
outliers.

Cosmic rejection |d0| < 1 mm

|z0| < 10 mm

Jet Overlap Removal ∆Rµ, jet > 0.4

Track isolation
∑

trackspT (∆R< 0.2)/pµT < 0.1

Table 4: Summary of muon selection. Nhits (Nholes) represent the number of hits (missing hits) in a particularsub-

detector of the inner tracker, while Ndeadrefers to the number of dead sensors crossed by the muon in a particular

sub-detector.

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

In general there are three particle identification menus (PIDs) used in ATLAS that define the values

at which the above variables are cut. These are named loose, medium and tight. The definition of

these menus changes depending on the year the analysis was performed, and from 2011 onwards three

additional PID menus were used; loose++, medium++ and tight++. These are generally tighter than the

initial PID menus and were changed to cope with the increase in calorimeter activity due to pile-up.

The loose++ menu uses only the hadronic leakage, lateral shower shape and lateral shower width.

It has excellent acceptance but low background rejection. The medium++ menu applies all of the loose

selection criteria and additionally uses the substructureinformation from the first layer of the ECAL and

the tracking hits (except the b layer requirement). It increases the jet rejection by a factor of 4 with respect

to the loose selection, but the identification efficiency is reduced by approximately 10%. A summary of

the selection menus is given in table 5.

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

method using electrons fromZ → ee, W→ eν andJ/Ψ → eedecays [44].Z → eedecays are used for
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Type Description name

Loose/loose++ selection variables

Acceptance |η| < 2.47

Hadronic Leakage
Ratio of theET of the first layer of the HCal with theET of the

EM Cluster, used for|η| < 0.8 and|η| > 1.37

RHad1

Ratio of theET of the HCal with theET of the EM Cluster, used

for |η| < 0.8 and|η| > 1.37

RHad

Middle Layer of

EM calorimeter

Ratio of energy in 3 x 7 cells with the energy in 7 x 7 cells centred

at the electron cluster position

Rη

Lateral shower width ωη

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

Strip Layer of EM

calorimeter

Shower width ωstot

Ratio of the energy difference between the 2 largest energy de-

posit and the sum of the two

Eratio

Track quality

Number of hits in the pixel detector (≥ 1) npixel

Number of total hits in the pixel and SCT detectors (≥ 7) nS i

Transverse impact parameter|d0| < 5 mm d0

Track Cluster

matching

∆η between the cluster position in the strip layer and the extrapo-

lated track (|∆η|)

∆η

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

high pT electrons andW → eν and J/Ψ → eeare used to obtain efficiencies and smearing factors for

electrons with lower momentum. A cross check is also performed by comparing the energy measured in

the calorimeter to the momentum of the track, which is measured in the inner detector. The identification

efficiencies are determined as a function ofpT , η andφ. These efficiencies are then applied by weighting

the simulated events containing electrons. ThepT of simulated electrons are also smeared as a function

of pT , η andφ. The uncertainty of theses measurements is propagated through to 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 isolation requirement is applied to the electrons

to reduce the number of jets faking electrons and to remove electrons that originate from jets. The sum

of the pT of all the tracks that lie within a cone of∆R= 0.2 of an electron is required to be less than 10%
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Reconstruction 4.3 Electrons

of the pT of the electron itself. The momentum of tracks that lie within ∆R = 0.01 are not added to this

sum to avoid including thepT of the track associated to the electron.

The transverse momentum of an electron is determined using the energy from the cluster in the

calorimeter and theη from the track. However if there are fewer than 3 track hits (both SCT and Pixel)

the angle is also taken from the cluster in the calorimeter. The pT , η andφ distributions of electrons

consistent with having originated from a Z boson are shown infig. 19.

In the 2012 dataset and the associated detector simulation,electron tracks are refitted using a Gaus-

sian Sum Filter [45] to account for energy loss due to bremsstrahlung as the electron passes through the

inner detector material.
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(c)

Figure 19: The pT , η andφ distributions of the two electrons forming the leptonic Z candidate after the Z mass

cut, described in chapter 6.
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4.4 Jets

Jets are collimated bunches of stable hadrons which originate from gluons or quarks after they have

fragmented and hadronised. Jets deposit their energy in both the EM and hadronic calorimeters. They

are used in two ways for the analyses presented in chapters 6 and 7; for the accurate determination of the

Emiss
T and to reduce the background using either a complete jet or a b-jet veto.

To measure the energy of a jet the energy deposits are first clustered together using a clustering

algorithm and then these clusters are grouped together using a jet finding algorithm. In the analyses

presented in chapters 6 and 7 the jets are reconstructed fromtopological clusters [46] using an anti-kT

algorithm [47] with a distance parameterR = 0.4. Topological clusters do not have a fixed size and are

identified by combining neighbouring cells with significantenergy deposits. The jet energy as measured

from the calorimeters is corrected to account for dead material, particles not totally contained in the

calorimeter, out of cone effects and clustering inefficiencies via apT andη dependent Jet Energy Scale

(JES) determined from Monte Carlo Simulation [48]. The uncertainties applied on the energy of jets are

obtained from data by considering the single particle response, whereby the objects that make up the jets

are shifted by their corresponding uncertainties [49], andby results from a study in which a slice of the

ATLAS detector was exposed to a beam of pions withpT between 20 and 350 GeV [50]. ThepT , η and

φ distributions for jets in events containing two leptons areshown in fig. 20.

A parameter known as the Jet Vertex Fraction (JVF) is used to remove jets that may have originated

from otherpp collisions occurring in the same bunch-crossing (in-time pile-up). The JVF is defined as

the fraction of tracks that are associated to the jet that areconsistent with having originated from the

primary vertex. Tracks are taken to be associated to a jet if they lie within∆R< 0.4 of the jet axis.

4.4.1 b-Jets

ATLAS b-tagging algorithms are used to establish the likelihood ofa jet to have contained a decay of a

b-hadron, which is any hadron containing ab-quark. These algorithms take advantage of the fact thatb-

hadrons have a significant lifetime (cτ ≈ 450µm). Jets containing such hadrons are primarily identified

by reconstructing a secondary decay vertex from the tracks within the jet, or by combining the distance

of closest approach to the primary vertex (impact parameter) of all tracks in the jet [51].

For theH → ZZ→ llνν analysis theb-tagging algorithm used is MV1 [52]. It is based on a neural

network that combines the output weights from various b-tagging algorithms as input. These algorithms

identify b-jets using the tracks associated to the candidate jet to calculate both the impact parameter with

respect to the primary vertex and the presence of displaced secondary vertices [52]. It gives each jet in
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Figure 20: The pT(a,d),η(b,e) andφ(c,f) distributions of the highest pT jet in events with exactly two electrons or

two muons (as indicated on the plots). Only jets with pT > 25GeV and|η| < 2.5 are included.
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Reconstruction 4.5 Overlap removal

the event a b-weight that indicates the likelihood of it having originated from a b quark, which can then

be cut on if it is above a certain threshold. The threshold chosen for theH → ZZ → llνν analysis

corresponds to ab-tagging efficiency of 85% for trueb-jets intt̄ events [53]. Thec-tag efficiency, defined

as the likelihood of identifying a jet containing ac-quark decay as ab-jet at this working point is 50%.

The mistag efficiency, defined as the probability of mistakenlyb-tagging a jet originating from au, d, s-

quark or a gluon, at this working point is approximately 1%, and is pT dependent. The Monte Carlob

andc-tagging efficiencies and the light jet rejection are corrected to those observed in the data following

the procedure described in [54], which uses the invariant mass of tracks associated to secondary decay

vertices to distinguish between light and heavy jets, and cross checks this by studying the rate of events

with a negative impact parameter, or that are measured to have a negative decay length, intt̄ events.

4.5 Overlap removal

For the analyses presented in chapters 5, 6 and 7 an overlap removal procedure is applied to ensure

that no detector objects are counted twice. Firstly, if an electron is identified as having a track within

∆R< 0.2 of the inner detector track of a candidate muon the electronis removed. It is highly likely that

an electron will also be identified as a jet. Therefore jets are removed from the event if they lie within a

cone of∆R< 0.2 of an electron.

As well as being used to avoid double counting of detector objects the overlap removal is also used

to identify secondary leptons originating from heavy flavour jets which can then be removed. Muons

are removed if they lie within a cone of∆R < 0.4 of a jet. Electrons are removed if they lie within

0.2 < ∆R < 0.4 of a jet. Note that this is applied after the initial overlapremoval of jets which is why

there is a lower bound.

4.6 Missing transverse energy

The missing transverse energy (Emiss
T ) is reconstructed from energy deposits in the calorimetersand from

muons reconstructed in the muon spectrometer. Tracks from the inner detector are also used to recover

low energy particles with modest calorimeter deposits and to help identify muons in regions where there

is incomplete MS coverage [55]. In order to apply the correctcalibrations the calorimeter clusters are

associated to physics objects in the following order; electrons, photons, hadronically decaying taus, jets

and muons.

The definition of each object and the overlap removal are based on maximising theEmiss
T performance

and are independent of those applied in the analysis. The configuration applied to reconstruct theEmiss
T is
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Reconstruction 4.6 Missing transverse energy

known as MetRefFinal, and details of the precise definitionsof all the objects can be found in [56].

After the calibrations have been applied a negative vectorial sum of the energy of cells associated to

each object is calculated using

Emiss i
x(y) =

N
∑

i=0

Emiss i
x(y) (48)

where N is the total number of objects. The total missing transverse energy components are then calcu-

lated using

Emiss
x(y) ≡ Emiss,e

x(y) + Emiss,γ
x(y) + Emiss,τ

x(y) + Emiss, jets
x(y) + Emiss,so f t jets

x(y) + Emiss,caloµ
x(y) + Emiss,CellOut

x(y) + Emiss,µ
x(y) (49)

wheree is an electron,γ is a photon,jets are highpT jets, so f t jetsare low pT jets, caloµ is the en-

ergy deposited by muons in the calorimeter,CellOut is the the energy from cells not associated with

reconstructed objects, andµ is the component of the muon reconstructed in the MS. The objects are re-

constructed in the pseudorapidity range|η| < 4.9, except for theµ term which uses tracks with|η| < 2.7.

The totalEmiss
T and it’sφ co-ordinate are then determined using equations 50.

Emiss
T =

√

(Emiss
x )2 + (Emiss

y )2

φmiss= tan−1(Emiss
y /Emiss

x ) (50)

A value similar toEmiss
T is the missing transverse momentum of all ID tracks (Pmiss

T ) which is determined

using only the information from the inner detector. It is calculated by performing a negative vectorial

sum of the momenta of all tracks in the event that pass a set of cuts. The cuts ensure only good quality

tracks are used and are applied on the transverse and longitudinal impact parameters, the momentum, the

number of SCT and Pixel hits,η andφ. The overall value of thePmiss
T is not used in any of the analyses

presented in this thesis, only theφ angle of thePmiss
T with respect to that ofEmiss

T is used.
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Chapter 5

Search for the SM Higgs boson in the H → ZZ →

llll channel

In this section a feasibility study of a search for a StandardModel Higgs Boson in theH → ZZ →

llll channel is described. The study was conducted in 2010. At this time only cosmic data had been

recorded by the ATLAS detector as the LHC was offline, but it was shortly scheduled to start collisions

at energies of
√

s= 7 TeV with a luminosity of 1 fb−1 expected to be recorded by the end of 2011.

A Standard Model Higgs search in this channel over a wide massrange was already well established

[34]. The search presented here is a dedicated study focusing on the potential to look for a high mass

Higgs using this channel. This study was based on the selection and background studies from the existing

analysis. The analysis, combined with two further high massHiggs boson search channels that are also

briefly described in this chapter, was documented in an internal ATLAS note in 2010 [57].

Following this, a brief section describing a study on the recovery of electrons in the crack region of

the electro-magnetic calorimeters using data taken at the end of 2010 is presented, and its impact on the

Higgs searches containing a leptonically decaying Z boson is discussed.

5.1 The H → ZZ→ llll channel

TheH → ZZ→ llll channel, wherel = e, µ, is one of the most important channels in the search for the

SM Higgs boson. The four lepton final state ensures that thereis good distinguishing power between the

signal and background processes and the possibility for oneof the Z bosons to be off-shell means that

this channel is sensitive across a wide mass range; frommH = 110 GeV up to masses of several hundred

GeV.

The analysis presented in this section focuses on the high Higgs mass range,mH > 2mZ, where both

Z bosons are likely to be on-shell. Although this mass regionwas disfavoured by electro-weak fits [7], it

was important to perform a direct search. It was expected that with a limited amount of LHC data early

limits could be set on the possibility of a high mass SM Higgs Boson.

The branching ratios for a Higgs boson decaying to various particles as a function of the Higgs mass

are shown in fig. 21. From fig. 21 it can be seen that at low masses(mH < 180 GeV) the contribution

of H → ZZ to the total decay of the Higgs is modest. For the higher masses (mH > 2mZ) the dominant
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Figure 21: Branching fractions of the SM Higgs boson as a function of the Higgs mass [19].

decays areH → WW and H → ZZ. The leptonic decay of theWW channel contains neutrinos,

and so cannot be fully reconstructed. There is also a significant background to this final state fromtt̄

production. TheH → ZZ→ llll channel on the other hand has a fully reconstructable final state, and

the only significant background is expected to come from SMZZ production.

The channel is limited however by the low branching ratio of aZ boson to decay to either two

electrons, (3.363±0.004)%, or two muons, (3.366±0.007) [58]. Consequently, of all theH → ZZ events

produced in the ATLAS detector only about 0.5% will decay to four leptons.

The search for the Higgs boson in this channel is performed bylooking for a resonance in the distri-

bution of the invariant mass of the four lepton system in three independent channels,H → ZZ→ eeee,

H → ZZ→ µµµµ andH → ZZ→ µµee.

5.2 Signal samples

Simulated signal samples forH → ZZ → llll , where l = e, µ, τ were generated using the PYTHIA

6.421 event generator. The simulation takes into account both the gluon-gluon and vector boson fusion

production mechanisms for the Higgs boson, diagrams for which can be seen in fig. 3. The cross sections

for H → ZZ are set to NNLO accuracy for the gluon-gluon fusion process and to NLO for the vector

boson fusion production [59]. Samples were generated for all masses in the range 200< mH < 600 GeV

in increments of 20 GeV. The details of these samples are given in table 6.
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mH (GeV) cross section (fb) Events Luminosity (fb−1)

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→ llll (l = e, µ, τ) cross section as a function of mH at
√

s = 7 TeV, the number of events

generated and the corresponding integrated luminosity of the H→ ZZ→ llll signal samples, generated using the

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

5.3 Background samples

As this was a preliminary study aimed at establishing the sensitivity of the H → ZZ→ llll channel in

the ATLAS experiment all backgrounds were taken from MC. It was anticipated that during data taking

more sophisticated techniques for estimating these backgrounds would be developed. The dominant

background for this channel is the irreducible SMZZ → llll background, which has an identical final

state to that of the signal. Other backgrounds considered for this analysis are those fromtt̄ andZ + jets.
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Details of these backgrounds and the samples used to simulate them are described below.

5.3.1 ZZ background

Figure 22: SM production of a Z boson pair.

The tree level Feynman diagram for the SM ZZ production is shown in fig. 22. The SMZZ back-

ground has an identical final state to the signal, and thus cannot easily be estimated directly from data.

Therefore in this study theZZ normalisation and shape were taken from MC.

Two samples were available to simulate this background, generated by MC@NLO [60] interfaced

with JIMMY 4.31 [61] or generated with PYTHIA 6.421 [62]. TheMC@NLO sample only contains

on-shellZ bosons, but includes diagrams to NLO. The PYTHIA sample contains off-shell Z bosons but

only includes LO diagrams. Although this analysis searchesin the regionmH > 200 GeV, where the

Z bosons are likely to be on-shell, a small fraction of events from off-shell Z bosons can still make it

through the selection, particularly for the low mass region(mH < 300 GeV). In order to measure the

effect of off-shell Z bosons on this analysis a direct comparison was madebetween the two samples.

The LO PYTHIA sample is scaled to the overall NLO cross section by a k-factor, which is simply a

ratio of the NLO and LO cross sections. The k-factor used for the PYTHIA sample is 1.25 [63].

Fig. 23 shows the invariant mass of the primary and secondarylepton pair (that are defined in sec-

tion 5.4.3) for both SMZZ MC samples. The width of the primary lepton pair is clearly wider in the

PYTHIA sample which is due to the contribution from off-shell Z bosons. However, the difference be-

tween the two samples is much less pronounced in the final fourlepton mass distribution, as can be

seen in fig. 24. In this distribution good agreement is observed between the two samples. The effect of

including off-shell Z bosons was estimated to have a less than 10% effect on the 4 lepton invariant mass

distributions. Given that the latter distributions are used to calculate the expected limits the MC@NLO
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Figure 23: Comparison of the invariant mass distribution ofthe primary (left) and secondary (right) lepton pair

in ZZ events simulated with MC@NLO or PYTHIA+ k-factors, after the full selection.
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Figure 24: Comparison of the 4 lepton invariant mass distribution in ZZ events simulated with MC@NLO or

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

sample was used to estimate the SMZZ background for the simple reason that it has higher statistics

than the PYTHIA sample. A 10% systematic uncertainty was included for this effect and the PYTHIA

sample was used to give an estimate of the shape uncertainty for the final distributions, as described in

section 5.5.

The cross sections used for the MC@NLO sample is obtained from [64], but an additional factor of

16%, suggested in [63], is applied to account for missing NNLO gluon induced quark box diagrams [65].

This factor is applied to both the MC@NLO and PYTHIA sample. Details of the two samples are given

in table 7.
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process generator cross section (fb) events luminosity (fb−1)

ZZ→ llll MC@NLO 26.181 69908 2670

ZZ→ llll PYTHIA 75.03 59938 1332

Table 7: Cross sections at
√

s = 7 TeV, number of events generated and the corresponding integrated luminosity

for the ZZ→ llll sample generated using the MC@NLO and PYTHIA MC programs. The cross sections given are

at NLO accuracy.

5.3.2 Z + jetsbackground

The Z + jets background can form a background when the Z boson undergoes aleptonic decay and

there are two additional reconstructed leptons; either coming from jets that are misidentified as electrons

or from semi-leptonic decays of heavy flavour hadrons. For the high Higgs masses considered in this

analysis the majority of leptons will have a comparatively largepT . Such leptons are unlikely to be faked

by jets. On top of this the isolation requirements imposed onthe leptons ensure that very few leptons

originate from jets. As a result, this background is very small, and was estimated entirely using MC.

The sample used to simulate this background was generated using ALPGEN [66], which is a NLO

generator. The program generates separate samples forZ production with different numbers of final state

partonsp, wherep runs from 0− 3. A mixture of inclusiveZ samples and specificZbb(Z→ ll ) samples

was used. The overlap between the samples is accounted for ina procedure described in [67]. Details of

the individual samples are given in table 8.

5.3.3 tt̄ background

Although it is unlikely that four isolated leptons are reconstructed intt̄ events the abundance oftt̄ events

in a hadron collider may allow a small fraction of such eventsto pass all cuts. This contribution is

expected to be extremely small, particularly for searches at high Higgs masses. This background was

estimated entirely using MC.

The sample used to simulate this background was generated using MC@NLO interfaced to JIMMY

and includes diagrams to NLO. It is filtered at generator level so that the events contain at least one lepton

(e, µ or τ) originating from a leptonic W decay. Details of this sampleare given in table 9.
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process cross section (fb) events luminosity (fb−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→ µµ 659583 303947 0.461

Z + 1p,Z→ µµ 13462 62996 0.476

Z + 2p,Z→ µµ 41356 18993 0.459

Z + 3p,Z→ µµ 10790 5497 0.509

Zbb̄+ 0p,Z→ ee 6519 149925 23.0

Zbb̄+ 1p,Z→ ee 2490 99973 40.1

Zbb̄+ 2p,Z→ ee 876 39989 45.6

Zbb̄+ 3p,Z→ ee 391 9949 25.4

Zbb̄+ 0p,Z→ µµ 6519 149968 23.0

Zbb̄+ 1p,Z→ µµ 2490 99975 40.1

Zbb̄+ 2p,Z→ µµ 876 39988 45.6

Zbb̄+ 3p,Z→ µµ 391 9997 25.6

Table 8: Cross sections at
√

s = 7 TeV, number of events generated and the corresponding integrated luminosity

of the Z+ jets MC samples generated using the ALPGEN MC program. p refers to the number of partons that

were generated at the matrix element level.

process cross section (fb) filter filtered cross section events weighted events luminosity (fb−1)

tt̄ 156879 0.5562 87256 999387 773167 8.86

Table 9: Cross sections at
√

s = 7 TeV, number of events generated and the corresponding integrated luminosity

for the t̄t sample generated using the MC@NLO MC program. The cross section is NLO accuracy taken from [64],

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

5.4 Event selection

The following event selection was developed in the ATLAS Higgs group to select possibleH → ZZ→

llll candidate events. It is split up into three parts; in the preselection the relevant kinematic and quality

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

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

5.4.1 Preselection

Muons In the central region (|η| < 2.5) muons are required to be either combined or tagged (as defined

in section 4.2), whereas for 2.5 < |η| < 2.7 stand alone muons are also allowed.

Electrons Electrons must lie within the central region of the detector(|η| < 2.47) and are required to

satisfy the medium quality requirements if they havepT < 20 GeV, otherwise they only need to satisfy

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

Leptons It is required that there are at least four reconstructed leptons in the event, two of which must

havepT > 20 GeV and a further two withpT > 7 GeV.

5.4.2 Z candidate selection

• The leptons that make a Z candidate must be the same flavour andhave opposite charge.

• The angular distance between the two leptons is required to satisfy∆R> 0.1.

• In order to reduce the contribution from theZ + jetsandtt̄ backgrounds the leptons are required

to be isolated by demanding that the sum of the transverse energy, ET , of all calorimeter clusters

that lie within a range∆R < 0.3 around the chosen lepton,ΣEcone
T (∆R < 0.3), normalised by the

leptonpT , be less than 0.5.

• A loose dilepton mass cut is then applied requiring that 70< mll < 110 GeV for at least one Z

boson candidate per event.

5.4.3 ZZ candidate selection

From all possible lepton pairs constructed the leading lepton pair is defined to be the one with its invariant

mass closest to the Z boson mass, taken to be 91.187 GeV [58]. The remaining lepton pair with the

highest invariant mass is defined to be the secondary pair. Further cuts are then applied to the event

depending on the invariant mass of the four lepton system:

• For mllll ≥ 300 GeV since both Z bosons will be on-shell a tight dilepton mass cut is applied,

requiring that the invariant mass of both the primary and secondary lepton pair lies within a window
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of ±12 GeV around the Z mass. Formllll < 300 GeV the requirement on the secondary pair is

loosened tomll > 60 GeV to allow for contributions from off-shellZ bosons.

• A tighter isolation cut is applied where the leptons that make up the leading and secondary

pairs are required to satisfy the conditionΣEcone
T (∆R < 0.3)/pT < 0.33 for electrons and

ΣEcone
T (∆R< 0.3)/pT < 0.44 for muons.

The full selection is applied to both the signal and background samples.

5.5 Systematic uncertainties

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

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

correlated across all samples.

Signal cross section The uncertainty on the signal cross section due to the choiceof the renormalisation

and factorisation scales and the chosen PDF parameterisation was taken from [59]. The uncertainty on

the overall normalisation varies between 7.8% and 8.7% over all of the masses considered in this analysis,

so a conservative uncertainty of 10% was applied to all signal samples.

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 was convoluted with a further 10% error

corresponding to the maximum difference seen in the comparison between the k-factor scaled PYTHIA

and MC@NLO MC as described in section 5.3.1. This lead to an overall scale uncertainty of 11% for

the diboson background in this channel. In addition to this ashape uncertainty on the final distribution

was applied. For this the PYTHIAZZ sample was scaled so that it contained the same number of events

as the nominal MC@NLO sample. This additional histogram wasused internally within the limit setting

code as described in section 5.7

For the relatively smallZ + jets background a conservative 10% uncertainty was applied on the

normalisation, and similarly a 20% normalisation uncertainty was used for thett̄ background, which was

estimated from MC.

Electrons There are systematic uncertainties associated with the energy scale, resolution and efficiency

of each electron. In order to implement the energy scale and resolution uncertainties a separate set of
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final distributions were produced for each, and then fed intothe limit setting machinery as described in

section 5.7.

To account for the uncertainty on the electron energy scale the energy of each electron was varied up

and down by 1% [34]. For the resolution uncertainty it was assumed that for each electron the resolu-

tion was known to within 10%, this uncertainty was implemented by applying an additional smearing to

the energy of each electron by an appropriate factor inversely proportional to
√

E. Finally a 1% uncer-

tainty was assumed on the identification efficiency for each electron and this was implemented by simply

scaling the final distributions up and down by 2% for theeeµµ channel and 4% for theeeeechannel.

Muons Similarly to the electrons there are uncertainties on the momentum scaling, the resolution and

identification efficiency for the muons. Again the uncertainties in the momentum scaling and resolution

were accounted for by shifting the central values and rerunning the selection, producing a separate set of

final distributions.

An uncertainty on the muon momentum scale was applied by varying the corresponding momentum

shift up and down by 0.3% [34]. It was assumed that the resolution of each muon was known to within

4%, therefore assuming an average resolution 5% for each muon, this uncertainty was implemented by

applying a 1.4% additional smearing on the muon momenta. For the muon identification efficiency an

uncertainty of 0.3% was assumed for each muon, which corresponds to an overallscaling to the final

distributions of 0.6% for theeeµµ channel and 1.2% for theµµµµ channel.

5.6 Results

The distributions of the invariant mass of thellll system after all cuts have been applied are shown in

fig. 25 for mH = 200, 300, 400, 500, 600 GeV. As can be seen from these distributions thett̄ and the

Z + jetsbackgrounds have been almost completely removed by the selection and the only background

that contributes to the final state is the irreducible SMZZ production. The shape of the signal across

the entire mass range is approximately Gaussian. As the Higgs mass increases the peaks of the signal

broaden and, due to the decrease in the cross section at higher masses, there is a reduction in the final

number of events. The total number of events, after all cuts,for each 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 for1 fb−1 at
√

s = 7 TeV for the Higgs masses mH = 200, 300,

400, 500 and 600 GeV.

5.7 Expected exclusion limits

The sensitivity of the search for a SM Higgs boson in theH → ZZ→ llll channel is expressed in terms of

CLs [68]. This quantity is defined asCLs = CLs+b/CLb, whereCLs+b is the probability that a composite

distribution of signal and background will fluctuate to the observed number of data events or lower and

CLb is the probability that a background only distribution willfluctuate to the observed number of data

events or higher. Low values ofCLs indicate that a background only hypothesis is more likely than a
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Higgs mass (GeV) Low mass cuts High mass cuts

mH = 200 3.36 −

mH = 220 3.20 −

mH = 240 2.85 −

mH = 260 2.51 −

mH = 280 2.30 −

mH = 300 − 1.89

mH = 320 − 1.77

mH = 340 − 1.77

mH = 360 − 1.83

mH = 380 − 1.65

mH = 400 − 1.44

mH = 420 − 1.23

mH = 440 − 1.03

mH = 460 − 0.87

mH = 480 − 0.73

mH = 500 − 0.62

mH = 520 − 0.52

mH = 540 − 0.44

mH = 560 − 0.37

mH = 580 − 0.32

mH = 600 − 0.27

Sample Low mass cuts High mass cuts

ZZ 12.45 12.45

Z 0.05 0.05

tt̄ 0.00 0.00

Table 10: The expected number of signal and background events for 1 fb−1 at
√

s = 7 TeV remaining in the

H → ZZ→ llll search after the full selection. The two columns refer to the different cuts applied for low and high

mass Higgs samples. The dash (−) indicates that these cuts were not applied for a particularHiggs mass.
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background and signal hypothesis, and similarly a high value ofCLs would indicate a possible signal.

The limits are obtained using the mclimit [69] program used at the Tevatron in the search for the SM

Higgs boson and the discovery of the top quark. The program isbased on theCLs method and allows

multiple channels to be combined while taking into account both normalisation and shape uncertainties

on signal and backgrounds.

In the absence of data one can estimate the expected exclusion sensitivity of a channel for a given

luminosity by using pseudo-data distributions that are sampled from the background only prediction.

Within the limit setting program this pseudo-data is treated in the same way as if it were genuine data.

A frequentist approach is used to calculateCLb andCLs+b, whereby many pseudo-experiments are

generated. Each pseudo-experiment is comprised of a pseudo-data, a background only and a signal+

background (s + b) distribution. The final output of each pseudo-experiment is the likelihood ratio,

which is simply a ratio of the Poisson probabilities of the data given a signal plus background and given

a background only hypothesis, as shown in equation 51.

X =
i=Nbins
∏

i=0

e−(si+bi )(si + bi)di

e−bi bdi
i

, (51)

where X is the likelihood ratio,si , bi anddi are the content of theith bin of the signal, background and

data distributions andNbins is the number of bins in the final distribution.

The systematic variations are applied to both thes + b and the background only distributions as

is described in section 5.7.1. The pseudo-data distributions are sampled from the nominal background

prediction, and only include the statistical fluctuations.Internally in the limit setting software aχ2

comparison is performed between the pseudo-data distribution and the distributions of both the signal

plus background and the background only hypotheses. The exact form of theχ2 distribution used for

the fits can be found in [70]. By generating many pseudo-experiments one can see how often, given the

constraints of the analysis, one can exclude or accept either the background only ors+ b hypothesis.

5.7.1 The treatment of systematic uncertainties

Uncertainties in the prediction of the background only model and the signal plus background model

allow the models to be more compatible with any observed data[71]. For example, if the systematic

uncertainties are small, it is less likely that the pseudo-experiment background only distributions will

yield a signal-like distribution, and therefore a strongerexclusion limit (higher value of 1− CLs) is

obtained. Conversely, larger systematic errors make it more likely for a background only experiment to

produce signal like distributions, and so weaker exclusionlimits will be obtained.

68



H → ZZ→ llll - 5.7 Expected exclusion limits

Systematic uncertainties effect both the normalisation and the shape of the final distribution. The

manner in which each systematic is treated in this analysis is described in table 11. The alternative

shape-shifted histograms represent±1σ variations corresponding to a given systematic uncertainty with

respect to the nominal histograms.

Normalisation uncertainties In the case of a normalisation uncertainty the following formula is ap-

plied:

rvaried
i = rnominal

i

∏

k

(1+ sk fk), (52)

where i is an index running over the bins,r i is the content of theith bin, k is an index running over the

systematic uncertainties,fk is the fractional uncertainty of thekth uncertainty andsk is a Gaussian centred

on 0 with unit width, and is often referred to as a nuisance parameter. Pseudo experiments are generated

by applying random Gaussian variations to the nuisance parameters. A positive and negative shift in the

normalisation uncertainties are both considered and in this analysis they are assumed to be symmetric.

The shifts are restricted to never allow negative bin contents [71].

Shape uncertainties Uncertainties in the shape can also be accounted for by applying equation 52.

In this casefk would vary with the bin index i, and is taken from the fractional difference between the

nominal and the varied distribution in each bin. Only one value of sk is used. To allow for the multiple

sources of shape uncertainty on the final distribution the nominal distribution is modified using the first

systematic uncertainty, and then the result of this is used as the starting point for the next modification.

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

Correlation of uncertainties Systematic variations defined for different samples, or even channels,

can be treated as correlated or uncorrelated.

5.7.2 Presentation of the limits

The expected sensitivity of the presented search is expressed in terms of the 1− CLs value, this gives a

direct indication of the confidence level to which one can rule out a signal. For example, if 1−CLs > 0.95

one can rule out the signal hypothesis at a 95% confidence level. Fig. 26 shows 1−CLs as a function of

mH for the H → ZZ→ eeee, H → ZZ→ µµee andH → ZZ→ µµµµ channels separately, as well as

the combination.

The effect of the systematic uncertainties on the final expected limits can be seen in fig. 27, which

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

electron scale up/down yes yes yes yes alternate histogram

electron smearing yes yes yes yes alternate histogram

muon scale up/down yes yes yes yes alternate histogram

muon smearing yes yes yes yes alternate histogram

electron efficiency up/down yes yes no yes normalisation factor

muon efficiency up/down 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 implementedcorrelations in the MCLIMIT program for the confi-

dence level fits.
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Figure 26: Expected(1−CLs) values obtained for the search in the H→ ZZ→ eeee, H→ ZZ→ µµee and the

H → ZZ→ µµµµ channels as well as for the combined H→ ZZ→ llll search. The limits correspond to1 fb−1

of data at
√

s= 7 TeV.

the strongest expected limits are obtained when no systematic variations are applied. The impact of

applying the nominal systematics is to lower the expected exclusion limit across the entire mass range.

At the higher masses, where there are fewer events expected,the statistical uncertainty is dominant.

In this region the reduction in sensitivity due to the systematics is smaller. Overall however the small

variations in the expected limits when removing or doublingthe systematics suggests that this analysis
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is robust against variations in the applied systematics.
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Figure 27: Expected(1−CLs) values obtained for the H→ ZZ→ llll channel, with no systematics, the nominal

systematics or twice the nominal systematics applied. The expected limits correspond to1 fb−1 of data at
√

s =

7 TeV.

Given that the Higgs cross section at all possible masses is predicted by the SM one can plot the

expected limits in a way that is intrinsically linked to the SM predictions, as shown in fig. 28. This figure

shows the expected 95% CL upper limit on the SM production cross section multiplied by the branching

ratio, expressed as multiples of the expected SM rate, as a function of the Higgs mass.

For a given Higgs massmH, a value of 1 on they axis corresponds to a 95% confidence level exclusion

of the Higgs with massmH with a cross section as predicted by the SM. This is indicatedby the dashed

horizontal line. A value of 2 on this axis means one could exclude a SM-like Higgs which has a cross

section twice that predicted by the SM at a confidence level of95%.

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

showing the limits for±1σ and±2σ fluctuations away from the expected background only distribution.

5.8 Conclusions

The analysis presented above demonstrates the sensitivityof the ATLAS detector to a high mass (mH >

200 GeV) Higgs decaying via theH → ZZ → llll channel with 1 fb−1 of data at
√

s = 7 TeV. It

is based on MC predictions for both signal and background. The CLS method is used to determine

expected exclusion limits as a function of Higgs mass where both systematic and statistical uncertainties

are taken into account. The effect of the systematics on the final expected limits was also investigated,

and it was found that doubling the uncertainties leads to a maximum reduction in the expected 1−CLs
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Figure 28: Expected limits for the H→ ZZ → llll channel, expressed as the number of times the SM Higgs

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

sensitivity with±1σ and±2σ statistical fluctuations respectively. The expected limits correspond to1 fb−1 of data

at
√

s= 7 TeV.

values of approximately 3%. The final results indicate that this channel is most sensitive at the mass

mH = 200 GeV, and that at this mass a Higgs with a cross section 1.6 times higher than that predicted by

the SM could be excluded with 1 fb−1 using this channel alone.

5.9 Studies on the 2010 data

Shortly after the analysis presented above concluded, the LHC started collisions at energies of
√

s = 7 TeV, and by the end of 2010 44 pb−1 of data had been recorded. Although this dataset was

too small to exclude a SM Higgs boson at any mass the firstσ × BR(H → ZZ) limits were set using this

dataset.

The studies presented below helped contribute towards the event selection for the ATLASH →

ZZ → llll search using the 2010 dataset [40], as well as the first results of theH → ZZ → llqq and

H → ZZ→ llνν analyses [1].

5.10 Electrons in the crack region

To ensure that electrons can be measured in as wide anη range as possible there are both barrel and end

cap calorimeters in the ATLAS detector, the layout of which is described in section 3.6. The region where

the barrel and end cap calorimeters meet is called the ‘crackregion’, and is located at 1.37< |η| < 1.52.

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

2010H → ZZ→ llll paper [40] a veto is applied on any electrons that lie within this range.
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Approximately 4.6% of electrons lie within thisη range. This can have a significant effect on the

selection efficiency of theH → ZZ→ llll channel for final states that contain two or more electrons. For

example in theH → ZZ→ eeeechannel vetoing electrons in the crack region reduces the overall selec-

tion efficiency by 17%, and there is a smaller but still significant effect on theH → ZZ→ µµee channel.

Therefore any recovery of events with electrons in the crackregion would significantly improve the sen-

sitivity of this channel, as well as improving the sensitivity of other Higgs search channels which contain

a leptonic Z decay, namelyH → ZZ→ llbb andH → ZZ→ llνν.

A study was conducted using the 2010 dataset to investigate the prospects of recovering electrons

from the crack region. This was done by looking at the dilepton invariant mass distributions in events

with either one or two electrons in the crack region and comparing these with the same distributions for

events with no electrons in the crack. A comparison of these distributions in data and MC was performed

to ensure that there is a good description of the degradationof the invariant mass resolution for electrons

in the crack, as well as of the selection efficiencies in this region.

The event selection applied for this study largely follows that outlined in section 5.4.2 with some

improvements:

Trigger The triggers used correspond to the lowestpT unprescaled single electron triggers, which due

to variations in the running conditions changed throughoutthe 2010 data taking. For the early data a

trigger was used which required an electron ofpT ≥ 14 GeV as measured by the level 1 trigger. For later

data an event filter trigger was used that required an electron of pT ≥ 15 GeV and satisfying the medium

selection criteria. The efficiency of these triggers is simulated in MC and verified in data using a tag and

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

Primary vertex In order to reduce the effects of pileup it is required that the electrons must have a

track within 10 mm of the primary vertex. The primary vertex is defined to be the vertex in the event

closest to the extrapolated lepton vertex with at least three tracks associated to it.

Track isolation A track isolation criterion is applied which requires that the ratio of the sum of the

momenta of all tracks within∆R < 0.3 of the electron relative to the momentum of the electron itself is

less than 0.2.

Fig. 29 shows the invariant mass distributions for di-electron events with and without an electron in

the crack region. The MC has been normalised so that there arethe same number of events in the invariant

mass distribution of electrons not from the crack with 70< mee < 110 GeV as in data for fig. 29 (a).
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Figure 29: Invariant mass distributions for events with twoopposite sign electrons, for the cases with (a) no

electrons in the crack and (b) one electron in the crack. The dominant Z+ jets background MC is normalised so

that there are the same number of data and MC events with70< mee < 110GeV in (a). This same normalisation

is applied to (b).
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(b)

Figure 30: Invariant mass distributions for events with twoopposite sign electrons, for the cases with (a) no

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

The same normalisation factor is then applied to the MC in fig.29 (b). The agreement between MC and

data in fig. 29(b) indicates that the energy response of electrons in the crack region is reasonably well

described. A dedicated systematic for electrons in the crack region is applied to account for the loss in

efficiency.

The width of the di-electron invariant mass gives a direct indication of the energy resolution of the
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electrons in the different detector regions. For events where there are no electrons in the crack region

the width of themee distribution is measured to be 3.9 GeV, and for events with at least one electron in

the crack region this width is broadened to 5.6 GeV. The resolution is well described by the MC in both

cases.

For these reasons it was decided that in searches conducted on the 2011 dataset and beyond all three

of the affected Higgs boson search channels,H → ZZ → llll , H → ZZ → llνν and H → ZZ →

llbb would not include a crack region veto for electrons.

As statistics were very limited in the 2010 dataset the same study was repeated using the 2011 dataset.

Fig. 30 shows themee distributions for events without (a) and with (b) an electron in the crack from the

analysis described in chapter 6, which uses an increased dataset of 4.7 fb−1. With the increased statistics

a good agreement between data and MC is observed.

5.11 Results from 2010 dataset

In this sub-section the first Higgs boson searches conductedat ATLAS on real data for the high mass

H → ZZ channels are presented. These searches were done over a dataset corresponding to an integrated

luminosity between 35 pb−1 and 40 pb−1. For theH → ZZ→ llll channel the event selection follows

that outlined in section 5.4, with the modifications described in section 5.10 also applied. TheH →

ZZ→ llνν andH → ZZ→ llqq channels share the same selection for a leptonic Z, and diverge in the

latter selection. The detailed selection for these two channels can be found in [1], but a brief overview is

given here.

H → ZZ→ llνν and H → ZZ→ llqq common selection

• Events must pass single lepton triggers withpT thresholds ranging between 10− 15 GeV.

• All events must contain a primary vertex with at least 3 tracks associated to it.

• 2 same flavour leptons withpT > 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 range 76< |mll | < 106 GeV.

H → ZZ→ llνν selection

• Emiss
T > 66 GeV. This cut is extended to 82 GeV for high Higgs masses (mH ≥ 280 GeV).
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• Reject events identified as likely to have contained a b-jet.

• Varying cuts on the opening angle of the leptons, depending on the Higgs mass.

H → ZZ→ llqq selection

• Emiss
T < 50 GeV.

• At least 2 jets whose invariant mass lies between 70< mj j < 105 GeV.

• Additional Higgs mass dependent cuts on the opening angle ofthe two leptons and the two jets.

The final observed and expected limits for theH → 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 three Higgs search channels containing a leptonic Z;

H → ZZ→ llll [40], H → ZZ→ llνν and H→ ZZ→ llqq [1]. Both the observed (solid) and expected (dashed)

line are shown.

For theH → ZZ→ llll channel the most significant results are obtained atmH = 200 GeV where

a Higgs boson can be excluded at 21 times the SM cross section.This is the mass region where this
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channel has the best expected sensitivity (as indicated by aminimum in the expected exclusion limit).

TheH → ZZ→ llνν channel is most sensitive in the mass rangemH = 320− 380 GeV, although the

most significant result is atmH = 260 GeV where there is an observed (expected) exclusion of a Higgs

with 9 (9.5) times the SM cross section.

Finally for theH → ZZ→ llqq channel the best observed limit is atmH = 200 GeV, where a Higgs

boson with 8.5 times the SM cross section is excluded to a 95% confidence level, whilst the expected limit

is 23.5. The most sensitive mass region is aroundmH = 400 GeV. In conclusion it can be seen that the

most sensitive channel at the higher Higgs masses for the early dataset is theH → ZZ→ llνν channel.
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Chapter 6

Search for the SM Higgs boson in the H → ZZ →

llνν channel

In this section the search for the Standard Model Higgs in theH → ZZ→ llνν channel is presented. This

search was conducted throughout the 2011 data taking period, and after the publication of an initial paper

[2] several updates were also published as conference notes[51, 72], which contained improvements to

the event selection as well as an increased dataset. A final paper for the complete 2011 dataset was

published in early 2012 [3], and it is this analysis which is presented in this chapter. This channel has

contributed to the various ATLAS combined Higgs limits which were published throughout the year, the

most notable of which announced the discovery of a new boson at around 125 GeV and can be found

in [4].

6.1 The H → ZZ→ llνν channel

In the high mass region, wheremH > 200 GeV, the Standard Model Higgs boson decays to two Z

bosons with a high branching fraction. TheH → ZZ→ llll channel, despite its excellent discrimination

between background and signal, has limited sensitivity foran early search due to the small branching

fraction for a Z to decay to either two electrons or two muons.Consequently the limits are dominated by

statistical uncertainties. It is therefore beneficial to increase the statistics by extending the search using

other channels, even if these additional channels have a poorer signal to background ratio.

A particularly useful additional channel is theH → ZZ→ llνν which contains both a leptonically

decaying Z boson and one that decays to two neutrinos. The branching ratio for aZ → νν decay is

(20± 0.06)% [58] which is six times higher than that of eitherZ → ee or Z → µµ and therefore it

is expected that there will be six times moreH → ZZ → llνν events compared toH → ZZ → llll ,

(l = e, µ). This is illustrated in fig. 32 which shows the cross sectionmultiplied by the branching ratio for

theH → ZZ→ llνν andH → ZZ→ llll channels as a function of Higgs mass. The leptons considered

in this plot include taus, and so the difference shown between the two channels is reduced to a factor of

four.

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

presence is inferred from an inbalance in the vectorial sum of the transverse momenta in the event,Emiss
T ,
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Figure 32: Branching fractions of the SM Higgs boson as a function of the Higgs mass [19]. The ZZ channels are

shown separately.

which is defined in section 4.6. In order to observe a significant Emiss
T the Z boson decaying to neutrinos

must be sufficiently boosted so that the two neutrinos are not back to back, as otherwise the missing

energy from each neutrino would cancel out. Hence a Z boson with high momentum is required. When a

Higgs boson decays to two on-shell Z bosons any left over mass-energy is transferred to the Z bosons as

kinetic energy. Therefore high momentum Z bosons would be produced in particular from the decay of a

high mass Higgs (mH >> 2mZ), and highEmiss
T values can be used to distinguish these events. For lower

Higgs masses (mH ≈ 200 GeV or less) no significantEmiss
T values are expected and inclusiveZ → ll

decays form an important background. As a result, this channel is most sensitive at the higher range of

Higgs masses.

The selection ofH → ZZ→ llνν events is outlined in detail in section 6.5, but the general strategy is

to first select the leptonic Z by requiring an electron or muonpair with an invariant mass consistent with

theZ mass, then to apply cuts that are sensitive to the kinematic nature of a high mass Higgs decaying to

aZ pair. These latter cuts are on theEmiss
T of the event and the azimuthal opening angle of the lepton pair.

Additional cuts are applied to reject events with jets likely to have originated fromb-quarks, as well as

cuts that ensure the quality and authenticity of theEmiss
T reconstruction. The final search is performed by

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

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

m2
T ≡

[

√

m2
Z + |~P

ll
T |2 +

√

m2
Z + |~P

miss
T |2

]2

−
[

~Pll
T +

~Pmiss
T

]2
. (53)

This definition explicitly assumes that both the dilepton pair as well as theEmiss
T originate from aZ

boson decay.

6.1.1 Expected sensitivity with 1fb−1

A pre-data study was conducted comparing the sensitivity inthe high mass range for the threeZZ chan-

nels. The results for theH → ZZ→ llll channel from this study have already been presented in chapter 5.

The expected exclusion limits with 1 fb−1 of data for all threeH → ZZ channels are shown in fig. 33

where it can be seen that theH → ZZ→ llνν channel is expected to be the most sensitive for an early

exclusion in the high Higgs mass range. The individual expected limits for theH → ZZ→ llνν channel

expressed in multiples of the predicted SM rate as a functionof the Higgs mass are shown in fig. 34. The

most sensitive mass point for this channel is expected to bemH = 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→ llll , H → ZZ→ llνν and H→ ZZ→ llbb channels as

a function of Higgs mass. The limits correspond to1 fb−1 of data at
√

s= 7 TeV [57].

6.2 Background samples

Several background processes that can mimic the final state of the signal are considered in this analysis.
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data at
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6.2.1 ZZ background

The main background for SMZZ production is from the SMZZ → llνν decay mode, wherel = e, µ,

which has an identical final state to that of the signal. Background processes fromZZ → llqq, ZZ →

ττqq, ZZ → llll , ZZ → llττ andZZ → ττττ decays are also considered, and these backgrounds are

referred to throughout this chapter collectively as theZZ background.

TheZZ samples are simulated using the MC@NLO [60] event generatorinterfaced with HERWIG

and JIMMY 4.31 [61] for simulation of the underlying event. The calculation includes hard scatter-

ing diagrams to NLO accuracy, but only for on shell Z bosons. Alternate inclusive PYTHIA samples,

calculated including hard scattering diagrams to LO accuracy, scaled using k-factors which do include

the contribution from off-shell bosons, are used to determine the systematic uncertainty of theZZ back-

ground, as described in section 6.7. For this channel the effect of not including the off-shell component is

not as important as that presented in section 5.3.1 because the most sensitive region is at a higher Higgs

mass where a larger fraction of the Z bosons will be on shell. Details of the ZZ samples are given in

table 12.

6.2.2 WZand WWbackground

Other diboson backgrounds with genuineEmiss
T are also considered; theWZ→ lνll , which can mimic

the final state of the signal if the lepton from theW → lν decay is missed; andWW→ lνlν, which has
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channel σ (fb)

ZZ→ llqq/ττqq 841.5

ZZ→ llνν 160.4

ZZ→ llll 27.0

ZZ→ llττ 27.0

ZZ→ ττττ 6.8

ZZ→ ττνν 80.3

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

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

an identical final state to the signal, but a much different topology.

These backgrounds are simulated using the MC@NLO generatorinterfaced with HERWIG and

JIMMY for the underlying event. All possible leptonic final states are considered, includingτ decays.

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

channel σ (fb)

W+W− 46230

W+Z 11500

W−Z 6500

Table 13: The MC@NLO WW and WZ background Monte Carlo samples. The 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 realEmiss
T , so this background only contributes in events

with high fakeEmiss
T , either from a poorly reconstructed jet or as a result of highpileup conditions.

Although only a very small fraction of the totalZ + jetsevents will contribute to the background in this

search, the abundance of Z events makes it an important background to consider.

Background samples forZ → ee, Z → µµ andZ → ττ are simulated using the ALPGEN Monte

Carlo program [66] interfaced with HERWIG [76] for parton showers and hadronisation. The program

generates hard matrix elements forZ andZbb̄ production with additional numbers of partonsp in the

final state, wherep runs from 0 to 5. The cross sections, listed in table 14, include a k-factor of 1.25 to
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make the inclusiveZ cross section agree with NLO calculations [75]. Dedicated samples forZ → ee,

Z→ µµ or Z → ττ with additional b-jets are also produced with the same generator. To remove a small

double counting between the inclusive and b-jet samples theoverlap removal procedure described in [67]

is used. Details of allZ+ jetssamples are given in table 14. All samples used correspond toluminosities

of 8.0 fb−1 or greater.

For systematic checks further samples ofZ → ee, Z → µµ andZ → ττ are simulated using the

PYTHIA 6.421 interfaced to PHOTOS [77], for initial state radiation, and TAUOLA [78], for the sim-

ulation of theτ decays. The simulation ofZ production includes the Drell-Yanγ component and the

Zγ interference term, and a minimum mass of 60 GeV is required for the boson. The cross sections are

scaled to the NLO values from [79].

process generator σ(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

Zbb̄+ 0p,Z→ ee MC@NLO 8208

Zbb̄+ 1p,Z→ ee MC@NLO 3100

Zbb̄+ 2p,Z→ ee MC@NLO 1113

Zbb̄+ 3p,Z→ ee MC@NLO 488

Z→ ee PYTHIA 911.6

Z→ µµ PYTHIA 911.6

Z→ ττ PYTHIA 911.6

Table 14: The Z+ jets samples generated using the ALPGEN Monte Carlo programinterfaced with HERWIG,

where p refers to the number of additional partons generatedin the matrix element and inclusive PYTHIA samples.

The cross sections listed are for
√

s = 7 TeV and include a k-factor of 1.25. For the ALPGEN samples thecross

sections for Z→ µµ and Z→ ττ are taken to be the same as those for Z→ ee.
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6.2.4 tt̄ and single top background

Top pair production forms a background to the finalllνν selection when the twoW bosons produced

in a tt̄ decay undergo leptonic decays, and theb-jets are not identified. It contains genuineEmiss
T and

although only a small fraction of the total top events will survive all cuts it is a significant background

due to the large number of top events expected.

Background samples oftt̄ production as well as single top andWt production are simulated using

the MC@NLO event generator interfaced to HERWIG and JIMMY, except for the t-channel single top

quark production, for which AcerMC [80] generator is used. The tt̄ sample is filtered at generator level

to require at least one lepton originating from aW boson with apT > 1 GeV. This ensures only events

with at least one leptonicW decay are retained, wherel = e, µ, τ. The case where bothW bosons decay

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

channel σ (fb) filter σ f iltered (fb)

tt̄ 166800 0.5562 92774

singlet (s-chan,W→ eν) 497

singlet (s-chan,W→ µν) 489

singlet (s-chan,W→ τν) 520

singlet (t-chan,W→ eν) 6941

singlet (t-chan,W→ µν) 6825

singlet (t-chan,W→ τν) 7264

Wt 15740

Table 15: The t̄t samples in the lepton-hadron (lh) or lepton-lepton (ll) decay mode and the single top and Wt

samples, all generated using the MC@NLO Monte Carlo programinterfaced with HERWIG and JIMMY. The tt̄

filter requires at least one of the W bosons from the top decaysto decay leptonically. The cross sections are taken

from the best known theory estimation recommended by the ATLAS top working group [81]. The cross section is

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

6.2.5 Inclusive W background

InclusiveW production is expected to be a small background for this analysis as it only contributes when

a jet is misidentified as a lepton, and the kinematics of the genuine and fake lepton are such that they are

misidentified as having come from a Z decay.

Background samples forW → eν, W → µν andW → τν are simulated using the ALPGEN Monte
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Carlo program [66] interfaced with HERWIG [76] for parton showers and hadronisation. The program

generates hard matrix elements forW, Wc, Wc̄c andWb̄b and production with additional numbers of

partonsp in the final state, wherep runs from 0 to 5. As was the case for theZ samples, the small double

counting between the inclusive, b-jet and c-jet samples is removed using the procedure described in [67].

The cross sections, listed in table 16, include a k-factor of1.2 to make the inclusiveW cross section

agree with NLO calculations [75].

This background mainly affects the electron channel because the rate of jets faking electrons is

much higher than the rate of jets faking muons. To account foran over estimation in the electron mis-

identification rate in the simulation, which affects this background in particular, a scale factor of 0.5 is

applied. Details of the procedure used to determine this scale factor are given in section 6.6. This is

applied for all plots containing theW background unless stated otherwise.

6.2.6 QCD background

The QCD background requires two fake leptons and fakeEmiss
T . Although this background has a high

production cross section it is found to be a very small background. QCD multijet production is evaluated

from a data-driven estimate for the electron channel, as described in section 6.6. In the muon channel

this background is expected to be very small, as the only significant contribution is from semi-leptonicc

andb hadron decays. These events are simulated using the PYTHIA 6.421 [62] event generator via the

dedicated PYTHIAB [82] interface. Samples ofbb̄ andcc̄ production are generated where one of theb

or c hadrons is required to decay to a muon withPT > 15 GeV and|η| < 2.5. Details of these samples

are given in table 17. The control regions and data driven methods for these backgrounds are presented

in section 6.6.

6.3 Signal samples

The main focus of this analysis is to look for genuineH → ZZ → llνν events, but there can also be

events from other Higgs decay channels that survive all cuts. Each of these channels has its own separate

dedicated search, but by keeping the cuts between these searches orthogonal any selected events from

these samples can be considered as part of the signal. One canthen still combine all channels for a

complete Higgs search without any worry of double counting.

Simulated signal samples ofH → ZZ→ llνν , H → ZZ→ llqq , H → ZZ→ llll , andH →WW→

lνlνwherel = e, µ, τ andq = d, u, s, c, b have been generated using the PowHeg [83] generator interfaced

with Pythia [62] showering including matrix elements up to next-to-leading order. Both gluon-gluon
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process σ(fb)

W+ 0p,W→ eν 8300000

W+ 1p,W→ eν 1560000

W+ 2p,W→ eν 453000

W+ 3p,W→ eν 122000

W+ 4p,W→ eν 30900

W+ 5p,W→ eν 8380

Wb̄b+ 0p 56800

Wb̄b+ 1p 42900

Wb̄b+ 2p 20800

Wb̄b+ 3p 7960

Wc̄c+ 0p 153000

Wc̄c+ 1p 125000

Wc̄c+ 2p 625000

Wc̄c+ 3p 20400

Wc+ 0p 51800

Wc+ 1p 192000

Wc+ 2p 51000

Wc+ 3p 119000

Wc+ 4p 27600

W→ eν 9676075

W→ µν 9514057

W→ τν 10126125

Table 16: The W+jet samples generated using the ALPGEN Monte Carlo program interfaced with HERWIG,

where p refers to the number of additional partons generatedin the matrix element. The cross sections listed

include a k-factor of 1.25. The cross sections for W→ µν and W→ τν are assumed the same as those for

W→ eν.

fusion and vector boson fusion production mechanisms are taken into account by the matrix elements.

PYTHIA has been interfaced to PHOTOS [77], for initial stateradiation, and TAUOLA [78], for the

simulation of theτ decays. In addition, a dedicated set ofgg→ H → ZZ→ llνν signal samples are used

to estimate the shape uncertainty of the nominal sample by varying the theory parameters. For this study
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channel σ(fb)

bb→ µµ 7.39× 107

cc→ µµ 2.84× 107

Table 17: The bb and cc samples generated using the PYTHIA Monte Carlo program via the PYTHIAB interface.

The cross sections include diagrams to LO and are taken from PYTHIA. Due to the very large production cross

section, the size of these samples correspond to only few percent of the corresponding amount of data analysed in

the analysis.

only the dominant gg fusion process is considered. These samples are generated with PowHeg [83].

In all cases the cross sections for Higgs production viagg fusion are set to NNLO+NNLL+EW

accuracy and those for vector boson fusion are evaluated at NLO+EW accuracy [59]. Details of the

simulated signal samples are given in table 18. All signal samples correspond to luminosities that are

high (∼ 150 fb−1 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 dataset recorded by the ATLAS detector during 2011

when the LHC was running at a centre-of-mass energy of 7 TeV. The data are subsequently required to

satisfy a number of conditions ensuring that all essential elements of the ATLAS detector were opera-

tional with good efficiency during data taking. This is implemented using a Good Run List (GRL) based

on the ATLAS Data Quality flags. The GRL used for this analysisis a standard ATLAS GRL defined for

W/Z + jetscross section measurements and therefore only contains runs where all parts of the detector

were functional, which is crucial to ensure reliableEmiss
T performance. The total integrated luminosity

after these requirements is 4.7 fb−1.

6.4.1 Pile-up in the data and MC samples

In order to maximise the total integrated luminosity taken in 2011 several of the beam parameters were

optimised throughout the year. In particular a reduction inβ∗ resulted in a sharp jump in the average

number of interactions per bunch crossing,< µ >. As a result, the data taken towards the latter part of

the year are more heavily effected by in time pileup (for details see section 4.1.4). For the first 2.3 fb−1 of

the 2011 data the peak in theµ distribution is at approximately< µ >= 6 whereas in the latter half of the

2011 data, which corresponds to a luminosity of 2.4 fb−1, the peak is at< µ >= 12. Variations in< µ >
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mH H → ZZ→ llνν H → ZZ→ llqq H → ZZ→ llll H →WW→ lνlν

(GeV) σ (fb) σ (fb) σ (fb) σ (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 → llνν , H → ZZ → llqq , H → ZZ → llll , and H → WW→ lνlν (l = e, µ, τ and

q = u, d, s, c, b) signal Monte Carlo samples shown for a range of Higgs masses. The cross sections are a combi-

nation of thegg and VBF fusion processes and are evaluated from theoreticalcalculations [59] for H production

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

are accounted for when simulating the MC by generating a varying number of additional interactions

which correspond to the various periods of data taking for a sub set of each MC sample. These separate

periods are then appropriately reweighted such that the luminosity of each subset is the same as the

luminosity of the corresponding data period.
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6.4.2 Triggers

The changing run conditions throughout the year also had an effect on the triggers. As the luminosity

increased thepT thresholds of the single lepton triggers needed to be increased to keep the trigger rates

at a manageable level. For this analysis the lowestpT un-prescaled single electron and single muon

triggers available throughout the year are used together with di-electron triggers for the electron channel,

which are included to make the selection more robust againstpossible uncertainties around the trigger

thresholds. ThepT thresholds for the single electron triggers vary from 20 to 22 GeV. The di-electron

trigger has a constantpT threshold of 12 GeV. For muons thepT threshold remained at 18 GeV.

For the trigger combinations used in this analysis the trigger efficiency for MC signal events con-

taining two electrons withpT > 20 GeV andpT > 22 GeV is greater than 99.9%, and for MC signal

events containing two muons withpT > 20 GeV this efficiency ranges between 95% and 97%. Electron

and muon trigger efficiencies in ATLAS are verified on data using a tag and probe method described in

section 4.3 and [43,44]. Where appropriate correction factors are applied to the MC.

6.5 Event selection

The event selection for theH → ZZ → llνν analysis was optimised to give the highest exclusion

sensitivity with 1 fb−1 of data. It is split up into a preselection which selects events containing Z bosons

that is shared with theH → ZZ→ llqq analysis and then makes further cuts specific to theH → ZZ→

llνν channel.

6.5.1 Preselection

Firstly all data events are required to pass the Good Runs list selection, as described in section 6.4, and

also pass the trigger selection outlined in section 6.4.2. All triggered events are required to contain a

vertex with at least three tracks associated to it. In order to ensure that the jets in the event are of good

quality a jet cleaning procedure is followed. This takes into account the fraction of energy in the EMCAL

and the HEC, the fraction of energy in each layer of the EMCAL and the fraction of energy in LAr cells

in which the predicted and measured pulse shape vary too much. This cut removes events with jets

likely to be caused or affected by hardware problems or cosmic ray showers, which can ultimately lead

to poorly described high tails in theEmiss
T distribution. In addition to this events in both data and MC are

also removed if a jet withPT > 40 GeV enters the region in which the electro-magnetic calorimeter was

not fully active due to failed front-end electronics. The jet PT is first corrected to account for the missed

energy.
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The events are required to contain exactly two same flavour leptons with pT > 20 GeV and with

opposite charge. Events containing a third lepton withpT > 10 GeV are rejected to reduce contamination

from WZ events. The leptonic Z boson is then formed from thesetwo leptons. To ensure that the

leptons are consistent with having originated from a Z bosondecay a further constraint requiring that the

invariant mass of the lepton pair lies within±15 GeV of the Z boson mass is applied. This mass window

cut strongly reduces the background from events that do not contain a genuine Z boson decay; mainly

the tt̄, WWand QCD backgrounds. The dilepton invariant mass for a combination of both theeeνν and

µµνν channels is shown in fig. 35 after the complete preselection has been applied.
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Figure 35: The dilepton invariant mass for the H→ ZZ→ llνν channel for both the muon and electron channels

combined in events containing two leptons.

6.5.2 H → ZZ→ llνν selection

H → ZZ→ llνν events are characterised by highEmiss
T in the opposite direction to a high momentum

leptonic Z decay and the main cuts in the analysis are chosen to reflect this topology. Additionally, to

reduce the impact of thett̄ background events identified as having contained a b-jet arerejected. As

it is crucial for this analysis that the performance of theEmiss
T measurement in the ATLAS detector is

well understood, additional cuts to improve this performance are applied. These reject events where the

direction of theEmiss
T is not back-to-back with the reconstructedZ or a jet. These cuts were optimised

to give the best sensitivity for a low luminosity dataset (1 fb−1) and are described in detail below. Two

different sets of selection criteria are applied, one optimisedfor a low Higgs mass (mH < 280 GeV), and

one for a high Higgs mass (mH ≥ 280).
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• For mH < 280 GeV the missing transverse energy is required to exceed 66 GeV, while for

mH ≥ 280 GeV the minimum requiredEmiss
T value is 82 GeV. TheEmiss

T is calculated as de-

scribed in section 4.6. The distribution of theEmiss
T after the dilepton mass window cut is shown

in fig. 36(a) and fig. 37(a) for theH → ZZ→ eeνν andH → ZZ→ µµνν channels respectively.

• With increasing Higgs mass theZ bosons from the Higgs decay become more boosted, therefore

a mass dependent upper limit is applied to the azimuthal angle between the two leptons. For

mH < 280 GeV this requirement is∆φll < 2.64, while for mH ≥ 280 GeV the requirement is

∆φll < 2.25. At the lower Higgs masses the boost of theZ bosons is expected to be moderate and

hence formH < 280 GeV an additional lower limit of∆φll > 1 is applied. The distribution of∆φll

after the dilepton mass window cut is shown in fig. 36(b) and fig. 37(b) for theH → ZZ→ eeνν

andH → ZZ→ µµνν channels respectively.

• Events are rejected if they contain a jet which has been identified as more than 80% likely to be

a b-jet, using the b-tagging method described in section 4.4.1. This significantly reduces the top

background. The distribution of the maximumb-tagging weight in the event, after the dilepton

mass window cut, is shown in fig. 36(c) and fig. 37(c) for theH → ZZ→ eeνν andH → ZZ→

µµνν channels respectively.

• In the high mass region, where theEmiss
T is expected to be back-to-back with theZ candidate,

an additional cut is applied on the azimuthal angle between the Z candidate and theEmiss
T . For

mH ≥ 280 GeV it is required that∆φZ,~pmiss
T

> 1. The∆φZ,~pmiss
T

distribution after the dilepton mass

window cut is shown in fig. 36(d) and fig. 37(d).

• Finally to avoid selecting events with a highEmiss
T originating from a badly measured jet, events

are rejected if the phi opening angle between theEmiss
T vector and the nearest jet is∆φ~pmiss

T ,Jet ≤ 1.5

(for mH < 280 GeV) and∆φ~pmiss
T ,Jet ≤ 0.5 (for mH ≥ 280 GeV). Only jets withpT > 25 GeV and

|η| < 2.5 are considered for this cut. The distribution of∆φ~pmiss
T ,Jet after the dilepton mass window

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

After the above selection the search forH → ZZ → llνν is performed by looking for a peak above

background expectation in the transverse mass distribution of theeeνν andµµνν systems.
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Figure 36: Kinematic distributions relevant to the H→ ZZ→ eeνν analysis for the Higgs boson signal and the

main backgrounds: (a) Emiss
T , (b) the opening angle between the leptons,∆φll , (c) the maximum MV1 b-tagging

weight, (d) the opening angle between the lepton pair and the~pmiss
T , ∆φll ,~pmiss

T
and (e) the opening angle between

the ~pmiss
T and the nearest jet,∆φ~pmiss

T ,Jet ,in the event. The signal sample shown corresponds to a Higgswith

mH = 400GeV. The bottom plot shows the ratio between data and the combined MC background samples as well

as a band formed by adding in quadrature all systematic uncertainties.
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Figure 37: Kinematic distributions relevant to the H→ ZZ→ µµνν analysis for the Higgs boson signal and the

main background: (a) Emiss
T , (b) the opening angle between the leptons,∆φll , (c) the maximum MV1 b-tagging

weight, (d) the opening angle between the lepton pair and the~pmiss
T , ∆φll ,~pmiss

T
and (e) the opening angle between

the ~pmiss
T and the nearest jet,∆φ~pmiss

T ,Jet, in the event. The signal sample shown corresponds to a Higgswith

mH = 400GeV. The bottom plot shows the ratio between data and the combined MC background samples as well

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

In order to ensure that the shape of backgrounds taken directly from MC are accurate and that the nor-

malisation is correct a number of the cuts outlined in section 6.5 are inverted to obtain distributions that

are dominated as much as possible by a single background. It is also important that the phase space of

these control regions is not too far removed from that of the signal. Multiple control regions are used

for the same backgrounds where appropriate. Control regions are presented for all of the backgrounds

taken from MC except the irreducibleZZ→ llνν background, for which there is no such control region,

and theWW→ lνlν background. Also presented are the methods used to obtain entirely data-driven

background samples.

6.6.1 ZZ background

As mentioned above theZZ→ llνν background is irreducible. Any cuts specifically designed to isolate

this background would also contain a potential signal and therefore no control region is used. The

MC@NLO MC generator is used to simulate this sample, with an alternate PYTHIA sample used to

determine a systematic on the shape difference of the final distribution. As was shown and discussed

in section 5.3.1 when the samples are scaled to NLO the agreement between these samples is to within

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

6.6.2 Top and W control regions

As these two backgrounds are the only significant backgrounds that do not contain a genuine Z decay

the control regions for each of them are similar. Three different methods are outlined here based on

inverting the Z boson mass window cut, selecting like sign lepton pairs and also using events with an

electron-muon pair.

Events which have a lepton pair with an invariant mass that lies outside of the±15 GeV window

of the Z boson mass are defined as having come from themll sidebands. A lower and upper limit of

60< mll < 150 GeV is also applied.

Fig. 38(a) shows theEmiss
T distribution for events with two same flavour leptons in themll sidebands

that contain ab-tagged jet. At highEmiss
T top events dominate; forEmiss

T > 66 GeV there are 1439

observed events, compared to 1394 total predicted MC events, 1345 of which are top events. Fig. 38(b)

shows the same distribution, only this time for events containing an electron and muon pair. In this case,

again atEmiss
T > 66 GeV, top is the dominant background; 1422 events are observed compared to a total

of 1401 from all backgrounds, 1375 of which are top events.
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Figure 38: Emiss
T distribution for data and Monte Carlo estimated backgroundsamples for events in the sidebands

of the mll distribution with b-jets in the ee and theµµ final states combined (a) and in the eµ (b) final state.

In order to measure the accuracy with which the MC simulates top andW events that do not contain

ab-tagged jet one can look at events containing an oppositely charged electron-muon pair. Distributions

of the invariant mass and theEmiss
T of these pairs can be seen in fig. 39, and in general good agreement

between data and MC is observed. This is an important cross check to perform as it validates the simula-

tion of the untagged top events. This sample is hence very similar to the sample selected by the nominal

cuts in this search. One can obtain a purer top distribution by further requiringEmiss
T > 66 GeV. With this

additional requirement a total of 2856 events are observed,compared to 2929 expected, 2595 of which

are top events.

Another way to select a sample depleted of events with leptonic Z decays, is to require the leptons in

the event to be of identical charge. This also significantly reduces the contribution from top events and

provides a good way to partially isolate theW+ jetsbackground. To further purify theW+ jetscontrol

regionb-tagged events are rejected to reduce the contribution fromtop and it is required that the lepton

pair is in the sidebands of themll distribution, to reduceZ + jetsbackground.

Fig. 40 shows theEmiss
T distributions for like-signeeandeµ pairs. For fig. 40 (a) the normalisation

of theW background is taken directly from the simulation and it is clear that the simulated background

overestimates the data. The contribution from theW background in this search is mainly from events

with a misidentified electron, the rate of which is not described particularly well in the MC. Based on

this observation theW background in this analysis is scaled down by 50% and a conservative 100% sys-

tematic is applied on the normalisation (see section 6.7). This background is not expected to contribute
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Figure 39: mll (a) and Emiss
T (b) for data and Monte Carlo events that contain an oppositely charged electron

and muon. Note that in these plots the multiJet background isincluded from MC and not the data driven method

described below.

significantly to the final distribution, so the large systematic has little effect on the overall limits.
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Figure 40: The Emiss
T distribution for data and Monte Carlo estimated backgroundsamples for events with a

like-sign ee or eµ pair, no b-jets and a dilepton mass in the sidebands of the Z-mass region. In figure (a) the W

background is unscaled, whilst in (b) the W background is scaled by the same factor 0.5 that is applied in all other

figures.

The figure on the right shows the same distribution, but now with this 50% scaling applied to theW

background. After this rescaling, for events withEmiss
T > 66 GeV, 124 events are observed in the data

compared to 127± 8 expected events of which 61± 7 areW events.
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6.6.3 WZ control regions

TheWZ→ lνll background contains a leptonicZ decay and genuineEmiss
T from the leptonicW → lν

decay. It contributes to the signal region when the lepton from theW decay is missed. Therefore thepT

threshold for the veto leptons is lowered to 10 GeV to maximise the identification efficiency of this extra

lepton and suppress the contribution from theWZbackground. As a control region one can obtain aWZ

dominated sample by selecting those events where an extra lepton has been identified. Fig. 41 shows

theEmiss
T distribution for data and MC for events with an oppositely charged electron or muon pair and

an additional lepton. In the highEmiss
T region the distributions are dominated byWZ background. For

Emiss
T > 66 GeV, 100 events are observed compared to 77 expected events of which 70 areWZ events.

The difference corresponds to 2 times the statistical uncertainty.
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Figure 41: Emiss
T distribution for data and Monte Carlo events containing an oppositely 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 modestcontribution at highEmiss
T in both the

low and high mass search regions. In the later periods, in thepresence of more pile-up interactions,

the inclusiveZ background is a leading background in the low mass search, while in the high mass

region it has a similar contribution to the top background. This is because the additional interactions

are significantly broadening theEmiss
T distribution, which can be seen in by comparing fig. 42(a) and

fig. 42(b).
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Figure 42: Emiss
T distributions for events with two leptons for the low pile-up (a) and high pile-up (b) periods.

Contributions of muon and electron pairs are combined. The increased pile up in period L-M significantly broadens

the contribution from backgrounds with fake Emiss
T particularly the inclusive Z sample.

As discussed in section 6.5, events with no genuineEmiss
T are strongly reduced by requiring large

values of∆φ~pmiss
T ,Jet. This discriminator can be inverted to obtain a control region for the inclusiveZ

background for events after theEmiss
T cut. As can be seen in fig. 43 events with fakeEmiss

T pointing

in the same direction as a highpT jet are well described by the MC simulations within the statistical

uncertainties. This figure further illustrates the increase of Z events in the high pileup periods compared

to the low pileup periods.

In the lowmH search region, for∆φ~pmiss
T ,Jet < 1.5, 114 (429) events are observed compared to 131

(431) expected events in the low (high) pile-up region. In the highmH search region, for∆φ~pmiss
T ,Jet < 0.5,

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

cases the disagreement is smaller than the overall systematic applied on theZ background.
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Figure 43: ∆φ~pmiss
T ,Jet distributions for the high mass selection, for the low pile-up period (a) and the high pile-up

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

6.6.5 Data-driven estimate of multijet production

QCD multijet production may contribute to the background iftwo fake leptons are reconstructed with

an invariant mass consistent with aZ boson. Photon conversions also contribute in the case of electrons

while pions decaying in-flight can add to the muon channel. Inaddition, true leptons from the semi-

leptonic decay of heavy flavour hadrons may contribute in both the 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 of thebackground is determined from a sample

dominated by multijets and then subsequently this sample isnormalised to the nominal selection using

the sidebands of themll distribution. A data sample dominated by multijet events isobtained by replacing

the standard requirement of two medium++ 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 medium++, the events can no longer be collected using the standard (medium)

single electron triggers described in section 6.4.2, as this might bias the selection. Instead, a trigger is

used which is based on a signature of two loose photons, but also selects electron pairs, and is chosen

since it is the lowest threshold unprescaled trigger available to trigger on loose electron pairs. The

remaining analysis cuts are applied as usual and the resulting data histograms are used as templates to

describe the shape of the multijet background in the variousdistributions.

Fig. 44 (top) shows themee distributions of electron pairs in the data compared to the combined MC
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Figure 44: The mll distributions of the two electrons forming the leptonic Z candidate. The top plot shows the

distribution in data, the distribution of all background Monte Carlo samples combined and, in red, the distribution

in the “LLnoM” samples. In the bottom plot the data is compared against the sum of the combined Monte Carlo

samples and the “LLnoM” sample scaled with the normalisation factor 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 to describe the tails away from theZ-resonance.

Crucially themee distribution of the “LLnoM” sample shows no evidence of aZ-resonance, indicating

that it is dominated by fake electron pairs. Although the templates describe the shape of the multijet

background, they must be normalised to take into account thedifference in efficiency between the two

electron selections. To estimate the normalisation of the fake electron pair background themee distri-

butions of the combined MC backgrounds and of the “LLnoM” sample are fitted to the data, allowing

only the normalisations of the two to vary. The normalisation of the combined MC sample is unchanged

within ∼1%. Fig. 44 (lower) shows themll distribution in the data along with the MC backgrounds, the

scaled “LLnoM” sample and the sum of the two. A good description over the entire range is obtained

when the “LLnoM” estimate of the fake pairs is added to the combined Monte Carlo samples.

As the template sample used to estimate the QCD background inthe electron channel is expected to

have a different like-sign and opposite sign mixture than the electronpairs selected in the analysis, the

template fit described above is repeated and a separate scaling factor is applied for like-sign events used

in theW+ jetscontrol region.

100



H → ZZ→ llνν - 6.7 Systematic uncertainties

Multijet background in the muon channel The multijet background to the muon channel can be

estimated in two ways. The background due to leptons originating from semi-leptonic heavy flavour

decays is estimated directly from the semi-leptonicbb/cc samples described in section 6.2. Although

the statistics for these background samples is about a factor 10 less 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 to estimate the background of fake muons.

217 events with a like sign muon pair are identified (comparedto 1.75× 106 opposite sign pairs). The

like sign pairs predominantly have lowpT muons and lowEmiss
T . In the remainder of this search multijet

background in theH → ZZ→ µµνν channel are considered to be negligible.

6.7 Systematic uncertainties

This section describes the systematic uncertainties takeninto consideration for this search.

Luminosity The luminosity uncertainty used for the 2011 data is 3.7% for the low pile-up periods and

4.1% for the high pile-up periods. These numbers are based on recommendations from [84, 85]. This

uncertainty is only applied to MC samples for which the normalisation error is not taken directly from

a comparison between data and MC, which are the signal and diboson samples. When it is applied this

systematic is assumed to be correlated across samples.

Signal cross section Higgs boson production cross section calculations have been summarised by the

LHC Higgs cross section working group in [86]. There is an uncertainty in the production cross section

arising from the choice of QCD scale, the Parton Distribution Functions (PDF) andαs. For the QCD

scale this uncertainty is+12
−8 % and±1% for the gluon-gluon fusion and vector boson fusion processes

respectively [86], and for the PDFs andαs it is ±8% and±4% for gluon-intiated and quark-initiated

processes respectively. The cross sections are calculatedwith a zero-width approximation for the Higgs

boson. For the Higgs decays the width is implemented at the event-generator level through a relativis-

tic Breit-Wigner line shape. It has been suggested [87, 88] that for the highest Higgs boson masses

considered in this search (mH > 400 GeV) effects related to off-shell Higgs boson production and inter-

ference with other SM processes may become sizeable. For thegluon-fusion production mechanism at

mH > 400 GeV a lineshape correction is applied whereby the lineshape is reweighted to match a line-

shape calculated in the complex pole estimation [88–90]. For the Vector Boson Fusion (VBF) production

mechanism a full lineshape calculation and a correct account of the interference with SMZZ production

was not available. A conservative estimate of the possible size of such effects is included as a signal
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systematic uncertainty on the normalisation of the signal for both production mechanisms, following a

parametrisation as a function ofmH: 150%×m3
H TeV, for mH ≥ 300 GeV [86].

Signal Acceptance To account for possible effects of theoretical uncertainties on the signal acceptance

a systematic error is evaluated by comparing the selection efficiencies in the nominalH → ZZ → llνν

MC signal samples (PowHegPythia,mH = 200, 400, 600 GeV) with those obtained using samples where

variations have been introduced at the generator level:

• PowHegPythia: For the nominal sample modelling Powheg interfaced with Pythia parton shower

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

• ISR/FSR: The parton shower effects were estimated by varying the parameters sensitive to the

initial and final state radiation in the signal samples. The variation ranges were comparable to the

ranges used in the Pythia tunes Perugia Hard and Perugia Soft[92]. Samples were produced with

variations in the initial and final state radiation that either increased or decreased the parton shower

activity with respect to the nominal sample.

• Perugia2011: The Powheg events were also processed with Pythia using thecentral Perugia2011

tune [92]. As is the case for the nominal sample ATLAS tune, the central Perugia2011 tune relies

on the LHC data. The two tunes however differ in many aspects, as they are obtained from the

independent tuning efforts.

• SRenFacUp/Down: In order to estimate the renormalisation and the factorisation scale system-

atics, two dedicated samples were generated where the Powheg renormalisation and factorisation

scales have been set simultaneously to double or half their default values. The events for these

samples were then processed with the same Pythia setup as forthe nominal sample.

Table 19 summarises the effect of these theoretical uncertainties. They are calculated by taking the

variation in absolute efficiency from the nominal sample, considering each step of theselection. To be

conservative the largest error out of the up and down shifts is applied symmetrically. For the high Mass

region (mH > 280 GeV), the biggest variations between the 400 and 600 samples were taken. The total

error is computed by adding the 3 individual errors in quadrature.

Background cross sections For theZ background a systematic variation is applied on the normalisa-

tion to account for discrepancies between the number of events predicted by MC and observed in the

control regions and in the early parts of the selection process, when theZ background is dominant. MC
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Region ISR/FSR Perugia2011 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 than thedata in theH → ZZ → eeνν channel

and 1.2% fewer events than the data in theH → ZZ→ µµνν channel so a 2.5% systematic variation is

applied. Since the normalisation has been verified by directcomparison between data and Monte Carlo

no additional normalisation error due to the luminosity uncertainty is applied to this sample. All other

systematics are applied to this sample since they are likelyto affect both the shape and normalisation

after the remaining selection cuts.

The largely irreducible SMZZ background is taken directly from the Monte Carlo. A systematic

error based on a 5% combined scale and PDF uncertainty for theNLO cross section is convoluted with a

further 10% error, corresponding to the maximum difference seen in a comparison between the k-factor

scaled PYTHIA and MC@NLO results (section 5.3.1), and applied. This leads to an overall 11% error

on the normalisation.

The relatively smallWZandWWbackgrounds are also taken directly from the Monte Carlo with an

assumed normalisation error of 11%, identical to that takenfor theZZ background. This normalisation

error covers the small discrepancies observed in the highEmiss
T tails of theWZ control region shown in

fig. 41.

Comparisons between data and background expectations in the side-bands of the dilepton mass and

in theeµ control region show discrepancies up to 5% in regions dominated by top background. This is

well within the recommended 9% theory uncertainty which is applied on this background. Experimental

uncertainties are still applied on this channel since the background is from top events failing theb-tagging

veto, for which no direct control region comparison was made.

Comparisons between data and background expectations in the like-signeeandeµ pair control re-

gions indicate an overestimation of theW background in the MC. For this reason theW background is

scaled down by 50%, and a 100% systematic is applied on the remainingW background. As the control

region definition is very similar to the definition of the signal region, in particular involving a similar

Emiss
T cut, no further systematics are applied in this case.
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Electrons Systematic variations on efficiency, scale and smearing corrections for the electrons are

applied to account for the uncertainties in the tag and probemethod used to determine them [44]. These

uncertainties arise from the uncertainties in the amount ofadditional material in the detector, the energy

scale determination method, the object quality requirements, the background fit range and the pile up

present in the sample used for the tag and probe study. The electron energy scale is varied up and

down by 1% in the barrel region, and by 3% in the crack and end caps. Three alternate histograms are

produced (one for smearing and one each for the energy scale shift up and down) which are generated

with these shifts applied and used in the limit setting software described in section 6.9. Furthermore a

2.3% uncertainty is assumed on the combined identification and reconstruction efficiency of electrons.

This is implemented as a 4.6% change, up and down, in the weighting for events with 2 electrons in the

final state.

Muons Systematic variations on scale and smearing corrections are applied following the recommen-

dations in [43, 93]. The uncertainty in the muon scale ispT dependent, and for the range of muon

momenta used in this analysis is of order 0.2%. The uncertainty in the smearing is alsopT dependent

and separate uncertainties are used for the ID and MS tracks.A 1% uncertainty is assumed on the identi-

fication and reconstruction efficiency for muons determined from data and MC comparisons ofJ/Ψ and

Z decays [43, 93]. This is implemented as a±1% shift in the weighting of events with 2 muons in the

final state.

Jets The energy scale and resolution uncertainties are applied as recommended in [48, 49] and [94]

respectively. This includes scale and resolution uncertainties, a dedicated uncertainty in the case of

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

b-tagging efficiency The uncertainty on the efficiency and mistag efficiency of the b-tagging algorithm

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

Trigger No errors are applied for the lepton trigger efficiencies in theH → ZZ→ eeνν channel, since

relative to the applied offline event selection the single electron trigger efficiencies in ATLAS are high.

Therefore in events that have 2 electrons the event trigger efficiency is expected to be near 100% and the

uncertainty is assumed to be negligible.

An uncertainty in the muon trigger weight is obtained from [43] which varies withpT , η andφ. The

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

described in section 6.9.

Emiss
T

The systematic variation inEmiss
T is determined by propagating through all object scale and res-

olution uncertainties to theEmiss
T calculation. Since theEmiss

T is highly sensitive to pile-up an additional

uncertainty on the average number of interactions per bunchcrossing (< µ >) is applied. Theµ values

are rescaled in the MC by±3%, and theEmiss
T distribution with only these variations applied is shown in

fig. 45.

 [GeV]miss
TE

E
ve

nt
s

-210

-110

1

10

210

310

410

510  2e2nu→H 

DATA

MC total

SysMuReScalingUp

SysMuReScalingDo

 [GeV]miss
TE

0 20 40 60 80 100 120 140

R
at

io
 w

.r.
t. 

to
ta

l M
C

 

0.2
0.4
0.6
0.8

1
1.2
1.4

ATLAS Work in Progress

1.6
1.8

(a)

 [GeV]miss
TE

E
ve

nt
s

-210

-110

1

10

210

310

410

510  2mu2nu→H 

DATA

MC total

SysMuReScalingUp

SysMuReScalingDo

 [GeV]miss
TE

0 20 40 60 80 100 120 140

R
at

io
 w

.r.
t. 

to
ta

l M
C

 

0.2
0.4
0.6
0.8

1
1.2

ATLAS Work in Progress

1.4
1.6
1.8

(b)

Figure 45: Emiss
T distribution for both channels with a±3%µ re-scaling factor is also shown.

ZZ shape A shape systematic for theZZ background is taken from the PYTHIA prediction for this

background. Fig. 46 shows this comparison. To avoid adding an extra normalisation systematic, the

final distribution, from the Pythia prediction is scaled to have the same number of events as that of the

MC@NLO sample.

Z shape A shape systematic for theZ background is also taken from the PYTHIA prediction for this

background. Again, to avoid adding an extra normalisation systematic, the final distribution, from the

PYTHIA prediction is scaled to have the same number of eventsas that of the ALPGEN sample.

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

adding each systematic in quadrature. In general all of the distributions important for this analysis agree

within these systematic bands.
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Figure 46: Comparison of the transverse mass distribution between the nominal MC@NLO ZZ background

simulation and the alternative Pythia distribution, whichis used as a systematic shape alternative. The electron

and the muon channels are combined.

6.8 Results

This section presents the final transverse mass distributions after all cuts have been applied. As described

in section 6.3 in this search some signal cross talk from other Higgs decay modes (H → ZZ → llll ,

H → ZZ → llqq andH → WW→ lνlν) is expected. These processes add to the expected sensitivity

and are therefore considered as part of the signal. Table 20 shows the relative contributions from the

different Higgs decay modes in the final selected MC signal samples in theH → ZZ→ llνν channel. In

particular theH →WW→ lνlν admixture is large at the lowest Higgs masses. To avoid double counting

with the ATLAS H → WW→ lνlν analysis an explicit veto is applied in the latter search to events in

which the selected lepton pair consists of same flavour leptons and has a mass consistent with having

originating from aZ-decay, based on the same mass window cut as that applied in this analysis. Similarly

the H → ZZ → llνν and theH → ZZ → llqq channels have no overlap because of the differentEmiss
T

regions selected. TheH → ZZ → llνν selection also excludes events with more than two leptons, so

no overlap is expected between this channel and theH → ZZ→ llll channel. In all results plots shown

in this section, as well as in the limits shown in section 6.9,events from other Higgs decay modes are

included and considered as part of the signal.

The distributions of the transverse mass of thell + Emiss
T system are shown in fig. 49 for

mH = 200, 300, 400, 500 and 600 GeV. At 200 GeV the distribution is clearly dominated by the back-

ground processes. A better separation between the signal and backgrounds is obtained at the higher
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mH(GeV) H → ZZ→ llνν H → ZZ→ llll H → ZZ→ llqq H →WW→ lνlν

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 from different Higgs decay modes relative to the total number of signal events,

after the full H→ ZZ→ llνν selection. In all signal samplesτ leptons are included.

masses. It can also be seen that the transverse mass distribution for the signal peaks near the Higgs mass.

The distribution of data events observed is also shown on theplots. The total number of events, after

all cuts, for each of the Higgs mass samples as well as the backgrounds are given in tables 21 . From

this table it can be seen that for the high mass searches the diboson backgrounds dominate, particularly

in the low pile up data, and that for the most sensitive mass range,mH = 300 to 400 GeV, the signal to

background ratio is higher in the low pile up data.

low mH search highmH search

Source Low pile-up data High pile-up data Low pile-up data High pile-up data

Z 40.1± 5.0± 7.9 264.7± 12.7± 67.3 0.8± 0.3± 0.8 11.6± 2.1± 2.9

W 4.6± 2.2± 4.6 5.8± 1.8± 5.8 1.5± 0.8± 1.5 2.2± 1.3± 2.2

top 23.2± 1.3± 5.4 27.9± 1.3± 5.3 16.0± 1.1± 4.0 17.2± 1.0± 3.9

multijet 1.1± 0.2± 0.5 1.1± 0.2± 0.6 0.1± 0.1± 0.0 0.1± 0.1± 0.0

ZZ 33.4± 0.7± 3.9 36.7± 0.7± 4.3 28.4± 0.6± 3.4 31.9± 0.7± 3.8

WZ 23.3± 1.0± 2.8 25.2± 1.0± 3.0 17.1± 0.8± 2.1 18.9± 0.8± 2.3

WW 25.5± 0.8± 3.0 32.4± 0.9± 3.8 9.4± 0.5± 1.1 13.3± 0.5± 1.6

Total 151.2± 5.8± 11.2 394.0± 13.0± 66.9 73.3± 1.8± 6.1 95.2± 2.9± 6.9

Data 158 442 77 109

mH [GeV] Signal expectation

200 10.3± 0.2± 1.8 11.1± 0.2± 1.9

300 16.4± 0.3± 2.9 17.5± 0.3± 3.1

400 14.4± 0.2± 2.5 15.4± 0.2± 2.7

500 6.2± 0.1± 1.1 6.5± 0.1± 1.1

600 2.7± 0.0± 0.5 2.9± 0.0± 0.5

Table 21: The expected number of background and signal events in the low and high mH search regions in the

H → ZZ→ llνν channel, along with the observed numbers of candidates in data, for an integrated luminosity of

2.05 fb−1 . The quoted uncertainties are statistical and systematic respectively.
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Figure 47: The final transverse mass distribution in the H→ ZZ→ llνν channel as defined in Equation 53 for the

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

6.9 Exclusion limits

As there is no significant excess seen in the data above background expectations in all studied decay

channels it is possible to place limits on the range of possible values ofmH. The nominal limits are

extracted using a fully frequentist profile likelihood treatment described in [96] and implemented in

108



H → ZZ→ llνν - 6.9 Exclusion limits

 [GeV]Tm

150 200 250 300 350 400 450

E
ve

nt
s 

/ 3
0 

G
eV

0

50

100

150

200

250

300

350

400

-1
 L dt = 2.4 fb∫data 

Total BG
Top
ZZ,WZ,WW
Z,W

 = 200 GeV)
H

Signal (m

ATLAS  = 7 TeVsWork in progress

νν ll→ ZZ →H 
High pile-up data

 [GeV]Tm

200 300 400 500 600 700

E
ve

nt
s 

/ 5
0 

G
eV

0

10

20

30

40

50

60

70
-1

 L dt = 2.4 fb∫data 

Total BG
Top
ZZ,WZ,WW
Z,W

 = 300 GeV)
H

Signal (m

ATLAS  = 7 TeVsWork in progress

νν ll→ ZZ →H 
High pile-up data

 [GeV]Tm

200 300 400 500 600 700

E
ve

nt
s 

/ 5
0 

G
eV

0

10

20

30

40

50

60

70
-1

 L dt = 2.4 fb∫data 

Total BG
Top
ZZ,WZ,WW
Z,W

 = 400 GeV)
H

Signal (m

ATLAS  = 7 TeVsWork in progress

νν ll→ ZZ →H 
High pile-up data

 [GeV]Tm

200 300 400 500 600 700 800

E
ve

nt
s 

/ 1
00

 G
eV

-110

1

10

210

310
-1

 L dt = 2.4 fb∫data 

Total BG
Top
ZZ,WZ,WW
Z,W

 = 500 GeV)
H

Signal (m

ATLAS  = 7 TeVsWork in progress

νν ll→ ZZ →H 
High pile-up data

 [GeV]Tm

200 300 400 500 600 700 800

E
ve

nt
s 

/ 1
00

 G
eV

-110

1

10

210

310
-1

 L dt = 2.4 fb∫data 

Total BG
Top
ZZ,WZ,WW
Z,W

 = 600 GeV)
H

Signal (m

ATLAS  = 7 TeVsWork in progress

νν ll→ ZZ →H 
High pile-up data

Figure 48: The final transverse mass distribution in the H→ ZZ→ llνν channel as defined in Equation 53 for the

Higgs masses mH = 200, 300, 400, 500and600GeV for high pile-up data.

the RooStats package [97]. The limits are based on theCLs method introduced in section 5.7. A log

likelihood ratio is used as the test statistic, which corresponds to 2× ln(X), where X was defined in

equation 51. The expected and observed limits are determined by running a simultaneous confidence

level determination in which the distributions from theH → ZZ→ eeνν andH → ZZ→ µµνν channels

are treated independently. Due to the different signal to background ratio in the high and low pile-up
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Figure 49: The final transverse mass distribution in the H→ ZZ→ llνν channel as defined in Equation 53 for the

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

regions the limits are determined separately for each region, and then combined.

Upper limits are set on the Higgs boson production cross section relative to its predicted SM value as

a function ofmH. The limits are extracted from a maximum likelihood fit to themT distribution following

theCLs modified frequentist formalism with the profile likelihood test statistic [68, 96]. Table 22 lists

all systematic uncertainties that are taken into account inthe limit setting software and whether they
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are implemented via an alternative histogram or as a normalisation uncertainty. For practical purposes

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

calculation.

Systematic
ggF sig. VBF sig. ZZ WZ/WW tt̄ Z W QCD

ee µµ ee µµ ee µµ ee µµ ee µµ ee µµ ee µµ ee µµ

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 no no no

esmear yes no yes no yes no yes no yes no yes no no no no no

µ eff. no norm no norm no norm no norm no no no no no no no no

µ ID smear no yes no yes no yes no yes no yes no yes no no no no

µ MS smear no yes no yes no yes no yes no yes no yes no no no no

b/c-tag eff. norm. norm. norm. norm. norm. norm. no no

light-tag eff. 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

PH
T 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

QCD scale 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 confidence level fits in the H→ ZZ → llνν channel. Yes and no

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

The limit setting method differs from the mclimit method presented in section 5.7 in the determina-

tion of the log likelihood ratio distributions from thes+ b andb hypotheses. In mclimit many toy MC

experiments are generated and the log likelihood distribution of each toy experiment is used to form these

2 distributions. This is computationally very expensive. Here, the form of the log likelihood distributions

are approximated by asymptotic distributions for the signal plus background and the background only

case [96], so that the generation of many MC toy experiments is not required.

The systematic variations are taken into account by allowing the values of the nuisance parameters

to shift within their uncertainties with respect to one another such that they maximise the likelihood of

the given hypothesis. This is done separately for the signaland signal plus background hypotheses [68].

The systematic variations thus broaden the likelihood distribution given in equation 51.

Fig. 50 shows the expected and observed limits at the 95% confidence level. Fluctuations in the
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background can lead to better or worse observed limits and the green and yellow bands indicate the

expected sensitivity corresponding to±1σ and±2σ statistical fluctuations in the data respectively.

A range between 260 and 520 GeV is expected to be excluded while observation shows that a SM

Higgs is excluded at the 95% confidence level in the range of 320 and 560 GeV.

 [GeV]Hm

200 250 300 350 400 450 500 550 600

S
M

σ/σ
 9

5%
 C

L 
lim

it 
on

 

0

1

2

3

4

5
Observed

Expected

σ 1±
σ 2±

 2011ATLAS

ννll→ZZ→H

=7TeVs, -1Ldt=4.7fb∫

Figure 50: Expected and observed limits for the H→ ZZ → llνν channel, expressed as the number of times

the Standard Model Higgs cross section that would be excluded at 95% confidence level based on a frequentist

Profile Likelihood CLs formalism. The green and yellow bandsindicate the expected sensitivity with±1σ and

±2σ fluctuations respectively. The limits correspond to2.05 fb−1 of data at
√

s= 7 TeV.

6.10 Conclusion

The search for the SM Higgs boson in theH → ZZ→ llνν channel with 4.7 fb−1 of data is presented

above. This channel alone excludes a Higgs boson with a mass in the range between 320 and 560 GeV.

The exclusion limits for the combination of all of the channels used in ATLAS for the search for the SM

Higgs boson are shown in fig. 51. It can be seen that formH > 350 GeV theH → ZZ→ llνν channel

has the strongest observed exclusion, and dominates entirely at the very high masses.
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s= 7 TeV [98].
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Chapter 7

Search for the invisible decay of the Higgs boson us-

ing the ZH→ ll + inv channel

This chapter describes the search for anomalous invisible decays of the Higgs boson using theZH →

ll + inv channel. This search was adapted from theH → ZZ → llνν search presented in chapter 6,

and was conducted using the 7 TeV 2011 and 8 TeV 2012 datasets.It should be noted that only the first

13 fb−1 of 2012 data is presented in this search, which when combinedwith the 4.7 fb−1 from 2011 gives

a total of integrated luminosity of 17.7 fb−1. The data and MC samples used for the 2011 search were

described in chapter 6, the details given in this section arefor the 2012 dataset.

Throughout this section the decay of a Higgs to ”invisible” particles is discussed. This terminology

refers to any particles which are not directly detected by the ATLAS detector, but are inferred from the

presence ofEmiss
T .

7.1 Discovery of a new boson

During the summer of 2012 it was announced that both CMS and ATLAS observe excesses in the final

state invariant mass distributions for theH → ZZ→ llll andH → γγ channels consistent with a SM

Higgs boson of massmH = 125 GeV [99, 100]. Broad excesses were also observed in theH → WW

channels in both experiments consistent with a Higgs at thismass. Each experiment quoted a confidence

level of greater than 5σ, the required level for the discovery of a new particle. The analysis presented in

chapter 6 was used in the combination of all the search channels for the Higgs boson in ATLAS. Since

then the significance of results from both experiments has increased and couplings and properties of the

candidate boson, measured so far, are in good agreement of those expected for a SM Higgs.

7.2 Introduction of the ZH→ ll + inv decay channel

The SM Higgs boson is predicted to have a negligible branching fraction to an invisible final state. The

only contribution from the SM is from theH → ZZ → νννν channel, which has a branching ratio of

5.3 × 10−3 [101] which for mH = 125 GeV gives a total cross section of 2.96 fb at
√

s = 8 TeV. Any

excess observed consistent with an invisibly decaying Higgs boson could be an indication of a BSM

process.
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Results obtained in theH → ZZ → llll , H → γγ, H → WW, H → ττ andV(H → bb) using the

2011 dataset together with 20.7 fb−1 from 2012 on the Higgs boson candidate atmH = 125 GeV do

not exclude the possibility of a sizeable branching fraction to invisible particles. The search presented

in the following chapter aims to set direct limits on the invisibly decaying branching fraction of the

Higgs boson candidate. In addition, the analysis also searches for invisible decays of further Higgs-like

particles at massesmH > 115 GeV. Prior to this search, the strongest exclusion limiton a Higgs-like

particle decaying completely to invisible particles in association with a Z boson wasmH > 114.1 GeV.

This result was obtained from a direct search in theZH channel at LEP [102], where a SMZH production

cross section and aH → inv branching ratio of 100% were assumed.

7.3 Models involving an invisibly decaying Higgs

There are a number of BSM physics models that have aH → inv decay signature. For example, a pair of

heavy, fourth generation neutrinos would couple to the Higgs boson if the neutrino mass were less than

mH/2. The current mass limits on such a neutrino (ν′) areMν′ > MZ/2, a result obtained at LEP [103]. If

the mass of the fourth generation neutrino wasMZ/2 < Mν′ < MH/2 one would expect a high branching

ratio for H → ν′ν′.

Possible Dark Matter (DM) candidates at the GeV - TeV scale are discussed in [21] and in section 2.5.

In order to solve the hierarchy problem the DM candidate mustcouple to the Higgs boson, and thus would

have to be weakly interacting. They also must be stable, and thus not detected by the ATLAS detector.

Invisible decays of the Higgs boson would therefore indicate a possible DM candidate. Super symmetry

(SUSY) requires 5 Higgs bosons,h, H, A, H+ andH−. SUSY provides a natural framework for DM

to enter into the SM as the lightest super symmetric particleis a natural candidate for DM. As such an

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

7.4 Production mechanism and signature

In theZH→ ll + inv decay channel the invisibly decaying Higgs boson is produced in association with

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

given in fig. 3(c). The search is conducted for the case where the Z boson decays to either electrons or

muons. For the search, it is assumed that the ZH production mechanism is that predicted for a SM Higgs.

The kinematics of the final state are similar to those from theH → ZZ→ llνν decay described in

chapter 6. To distinguish the signal from background this analysis focuses on events with highEmiss
T .

For signal events theEmiss
T is from the invisibly decaying particles, and will be in the opposite direction
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to the leptons from the Z decay. The Z boson produced in this process is selected to be highly boosted,

and therefore the opening angle between the leptons will be small in the rest frame of the detector.

7.5 The 2012 dataset

In February 2012, after the winter shutdown, the LHC began colliding protons with an increased centre-

of-mass energy of
√

s = 8 TeV. A total of 23 fb−1 of data were recorded by ATLAS at this energy, the

first 13 fb−1 of which are used for theZH→ ll + inv search presented here. The data are required to pass

a Good Runs List that ensures all essential elements of the ATLAS detector were operational with good

efficiency during data taking. This is crucial to ensure reliable Emiss
T performance.

7.6 Event selection

The event selection for theH → ZZ→ llνν search was taken as the starting point for this search. To en-

sure that no bias was introduced the optimisation of the selection cuts was performed on MC. In addition

the event selection in the 2012 analysis was blinded, so thatthe signal region withEmiss
T > 80 GeV could

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

ready been investigated extensively in theH → ZZ→ llνν analysis. The optimisation procedure varied

the cuts on several variables to maximise the sensitivity defined as
√

2( (S + B) ln[1 + S
B] − S) [96].

The pT threshold of the triggers increased with respect to theH → ZZ → llνν analysis. For the

electron channel a logical OR is performed between 3 triggers; a single electron trigger which requires

an isolated medium++ electron withpT ≥ 24 GeV, a di-electron trigger which require 2 isolated loose++

electrons withpT ≥ 12 GeV and a further single electron trigger with apT threshold at 60 GeV with no

isolation requirement. For the muon channel a logical OR is again performed between 3 triggers; two

single muon trigger withpT thresholds at 24 and 36 GeV and a di-muon trigger that requires 2 muons

with pT ≥ 13 GeV. The trigger efficiency of signal events passing the full selection described below is

nearly 100% for the electron channel, and is approximately 94% for the muon channel.

CandidateZH → ll + inv events are selected by first applying the preselection cuts described in

section 6.5, with the following modifications:

• To increase the rejection of theWZ background the selection requirements on the third lepton

veto were loosened; The momentum threshold for both electrons and muons was lowered topT >

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

• To aid the separation between signal events and backgroundsthat don’t contain genuineEmiss
T it is

required that the invisibly decaying Higgs boson has a significant boost, thus giving rise to a large
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Figure 52: Kinematic distributions relevant to ZH→ ll + inv analysis for the Higgs boson signal and the main

backgrounds: (a) the Emiss
T (b) the opening angle of the two leptons. The bottom plot shows the ratio between

data and the combined MC background samples as well as a band formed by adding in quadrature all systematic

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

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

90 GeV. TheEmiss
T is calculated as described in section 4.6. The distributionof the Emiss

T after
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Figure 53: Kinematic distributions relevant to ZH→ ll + inv analysis for the Higgs boson signal and the main

backgrounds: (a) the angle between the Z candidate and the~pmiss
T (b) the opening angle between the~pmiss

T and the

track-based Emiss
T (c) the fractional difference between the Emiss

T and the transverse momentum of the lepton pair

and (d) the number of jets in the event, The signal sample shown corresponds to a Higgs with mH = 125GeV. The

bottom plot shows the ratio between data and the combined MC background samples as well as a band formed by

adding in quadrature all systematic uncertainties. All plots are shown after the Emiss
T cut has been applied and for

the 2012 dataset.

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

ZH→ µµ + inv channels.

• In signal events theZ bosons are expected to be more boosted than in some of the background

processes. Therefore an upper limit is applied to the azimuthal angle between the two leptons,

∆φll < 1.7. The distribution of∆φll , after the dilepton mass window cut, is shown in fig. 52(b) for

a combination of theZH→ ee+ inv andZH→ µµ + inv channels.

• In the signal theEmiss
T is expected to be back-to-back with theZ candidate. An additional cut is
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therefore applied on the azimuthal angle between theZ candidate and the~pmiss
T , ∆φZ,~pmiss

T
> 2.6.

The distribution of∆φZ,~pmiss
T

, after theEmiss
T cut, is shown in fig. 53(a) for a combination of the

ZH→ ee+ inv andZH→ µµ + inv channels.

• Apart from the standardEmiss
T , one can also estimate the missing transverse energy using tracks

from the primary vertex. As this variable is based on tracks from the primary vertex only, it is

expected to be relatively robust against pile-up effects. A disagreement between the direction of

the track based missingpT vector and the standard~pmiss
T vector can indicate that the latter was

poorly measured. A cut is therefore applied on the azimuthalangle between these two vectors,

∆φ(~pmiss
T , pmiss,track

T ) < 0.2. The distribution of∆φ(Emiss
T , pmiss,track

T ), after theEmiss
T cut, is shown

in fig. 53(b) for a combination of theZH→ ee+ inv andZH→ µµ + inv channels.

• In the absence of initial or final state radiation, the expected signature of signal events is that of

a Z boson, recoiling against the invisibly decaying Higgs boson. Thus theEmiss
T is expected to be

balanced against thePT of theZ boson. In this analysis events are rejected if|Emiss
T − pll

T |/pll
T > 0.2.

The distribution of|Emiss
T − pll

T |/pll
T , after theEmiss

T cut, is shown in fig. 53(c) for a combination

of theZH→ ee+ inv andZH→ µµ + inv channels.

• Finally to avoid selecting events with highEmiss
T originating from a badly measured jet, events are

rejected if they have a jet withpT > 20 Gev and|η| < 2.5. The distribution of the number of such

jets, in events after theEmiss
T cut, is shown in fig. 53(d).

After the above selection the search forZH → ll + inv is performed by looking for an excess over the

background expectation in theEmiss
T distribution.

7.7 Signal samples

The ZH → ll + inv process is simulated using the HERWIG++ [104] and POWHEG [83] programs.

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

to two leptons (e, µ, or τ). The invisible decay of the Higgs boson is simulated by forcing the Higgs

boson to decay to two Z bosons, which are then forced to decay to neutrinos. TheZH production cross

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

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

a reasonable assumption whenever the invisible particles have weak couplings to all SM particles except

to the Higgs boson.
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The SMZH production cross sections as a function of the Higgs mass arelisted in table 23. These

cross sections are then convoluted with theZ → ll branching fractions [58]. For the signal expec-

tation shown on any figure in this chapter the SM ZH cross section is used and a 100% branching

ratio to invisible particles is assumed. Samples have been generated for a range of Higgs masses,

mH = 115, 120, 125, 130, 150, 200 and 300 GeV, at centre-of-mass energies of both
√

s = 7 and 8 TeV

for the 2011 and 2012 analyses respectively.

mH (7 TeV) (8 TeV)

(GeV) σ(ZH) (fb) σ(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 at
√

s= 7 and8 TeV for SM ZH production at different Higgs masses. The cross sections

are taken from from Ref. [59].

7.8 Backgrounds

The relevant backgrounds for this search are the same as those presented in section 6.2, and for the 2011

MC the same samples were used, except for the diboson samplesfor which the HERWIG generator was

used. The generators used for the 2012 MC are given in this section.

7.8.1 Standard Model ZZ background

The SMZZbackground contributes the most to the final distribution, and is mostly irreducible.ZZ→ llll

andZZ → llνν samples are produced using Sherpa [105]. A dilepton mass filter is applied, where the

invariant mass of charged lepton pair (ee, µµ, orττ) is required to be larger than 4 GeV. The cross sections

for the SherpaZZ samples are given in table 24.
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channel σ (fb)

ZZ→ llνν 504

ZZ→ llll 768.6

WZ→ lνll 2510.2

WW→ lνlν 5679

Table 24: The ZZ, WZ, WW samples generated using the Sherpa Monte Carlo program and cross sections at
√

s= 8 TeV.

7.8.2 Standard Model WZand WWbackground

The WZ background also contributes a significant amount to the finaldistribution. A more modest

contribution is expected for theWW background. Both are simulated using Sherpa and details of the

samples are given in table 24.

WZ control region To determine a control region for theWZ background the same method is used as

that described in section 6.6, in which events with a nominallepton pair and an additional lepton are

selected. Fig. 54 shows theEmiss
T distribution for events with an additional lepton, and it can be see that

the highEmiss
T region is dominated by theWZbackground. ForEmiss

T > 110 GeV, 57 events are observed

in data compared to 54.5 ± 3.7 expected events of which 33.0 ± 2.4 areWZevents.

7.8.3 Z+jets background

Z → ee, Z → µµ andZ → ττ events are simulated using POWHEG [83] and PYTHIA8 [62]. The

simulation ofZ production includes both the Drell-Yanγ∗ component and theZγ interference term,

and a minimum mass of 60 GeV is required for the boson. The cross sections are scaled to NLO by

accuracy [79]. The details of this sample are given in table 25.

7.8.4 tt̄ and single top background

The background from top pair,Wt and single top events in the final selection is very small. It is sim-

ulated using the MC@NLO generator except for the t-channel single top quark production, for which

AcerMC [80] generator is used. Details of thett̄ sample are given in table 26.
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Figure 54: The Emiss
T distribution for events with an additional lepton for the 2012 dataset.

channel σ(pb)

Z→ ee 1150

Z→ µµ 1150

Z→ ττ 1150

Table 25: The inclusive Z→ ll (l = e, µ, τ) samples generated using POWHEG+ PYTHIA8. The cross sections

are at
√

s = 8 TeV and are evaluated from theoretical calculations for Z production [79] convoluted with the

Z branching fractions from [58]. The amount of MC simulated events associated with these samples are about

8.6 fb−1 (4.3 fb−1) for the ee andµµ (ττ) channels.

Top control region In order to ensure that the top background is well understoodin the 2012 data

a control region similar to that described in section 6.6 is used. Fig. 55 shows theEmiss
T distribution

for events containing an electron-muon pair, the highEmiss
T region of which is dominated by the top

background. ForEmiss
T > 90 Gev, 9573 events are observed in data compared to 9756± 79 expected

events of which 9451± 63 are top events. The number of observedeµ events in data is 1.9% lower than

the expected number of events.
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channel σ (fb) filter σ f iltered (fb)

tt̄ 238060 0.543 129167

singlet (s-chan,W→ eν) 606

singlet (s-chan,W→ µν) 606

singlet (s-chan,W→ τν) 606

singlet (t-chan,W→ eν) 9464

singlet (t-chan,W→ µν) 9464

singlet (t-chan,W→ τν) 9464

Wt 22373

Table 26: The t̄t sample in the lepton-hadron (lh) or lepton-lepton (ll) decay mode and the single top and Wt

samples, all generated using the MC@NLO Monte Carlo programexcept the t-channel single top decays, which

use AcerMC. The t̄t filter requires at least one of the W bosons from the top decays to decay leptonically. The cross

sections are at
√

s = 8 TeV and are taken from the best known theory estimation recommended by the ATLAS top

working group [59]. The cross sections listed are convoluted with the relevant branching fractions [58].
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Figure 55: The Emiss
T distribution for events with an electron-muon pair for the 2012 dataset.

7.8.5 Inclusive W jet background

The inclusiveW background is also expected to be a very small background. Itis more likely to contribute

to the electron channel than the muon channel as the jets in the event are more likely to fake electrons
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than muons. This background is simulated using the ALPGEN MCgenerator. Details of the generated

samples are given in table 27.

process σ(fb)

W+ 0p,W→ eν 9645160

W+ 1p,W→ eν 1895720

W+ 2p,W→ eν 572900

W+ 3p,W→ eν 160664

W+ 4p,W→ eν 42736

W+ 5p,W→ eν 12666

Wb̄b+ 0p 66818

Wb̄b+ 1p 54292

Wb̄b+ 2p 27895

Wb̄b+ 3p 13373

Wc̄c+ 0p 180228

Wc̄c+ 1p 159216

Wc̄c+ 2p 86168

Wc̄c+ 3p 36317

Wc+ 0p 1227810

Wc+ 1p 406767

Wc+ 2p 106131

Wc+ 3p 31231

Wc+ 4p 6546

Table 27: The W+jet samples generated using the ALPGEN Monte Carlo program,where p refers to the number

of additional partons generated in the matrix element. The cross sections are given at
√

s = 8 TeV and include

a k-factor of 1.20 for W, Wb̄b and Wc̄c samples and 1.52 for Wc samples. The cross sections for W→ µν and

W→ τν are assumed to be the same as those for W→ eν.

7.8.6 SM Higgs simulation

An additional background considered is that from the decay of a possible SM Higgs boson with mass

mH = 125 GeV. Samples atmH = 125 GeV for theH → ZZ→ llνν andH →WW→ lνlν decay modes,
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where l = e, µ, τ, have been generated using the POWHEG generator interfacedwith PYTHIA [62]

showering including matrix elements up to NLO. Both gluon-gluon fusion and vector boson fusion pro-

duction mechanisms are taken into account by the matrix elements. PYTHIA has been interfaced to

PHOTOS [77], for initial state radiation, and to TAUOLA [78]for the simulation of theτ decays.

The cross sections forH → ZZ/WWvia gg fusion are set to NNLO+NNLL accuracy and those for

vector boson fusion are evaluated at NLO accuracy. Both production mechanisms include EW correc-

tions [59]. All samples correspond to luminosities that arevery high compared the available luminosity

in the data (∼ 150 fb−1 or more). This background is found to be negligible.

7.8.7 QCD data driven estimation

The QCD estimation used for this analysis is similar to that presented in section 6.2. In order to keep

the trigger rates at an acceptable level thepT thresholds for the di-photon trigger used for the QCD

estimation in 2011 were increased beyond 20 GeV, and so an alternative di-electron trigger was used

for this estimation, with apT threshold at 12 GeV and no isolation requirements. This trigger selects

events with two electrons withpT > 12 GeV, which pass all of the criteria for a loose++ (section 4.3)

electron, except for the isolation cuts. To obtain a QCD dominated sample the isolation requirement on

the electrons was inverted with respect to the nominal selection, such that they were required to have

(ΣpT(∆R < 0.2))/pT > 0.1. Themll distribution after this requirement is shown in fig. 56. Withthis

modified selection with respect to theH → ZZ → llνν analysis no evidence of a Z peak is observed

in the obtainedmll distribution. The QCD background was estimated (as in section 6.2) by fitting the

template to the sidebands of themll distribution. This background is found to be negligible forthe

Z → eechannel. The QCD contribution to theZ → µµ 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 luminosity, lepton trigger and identification efficiencies,

lepton energy scale and resolution and background normalisation are the same as those described in

section 6.7, with minor updates to the numerical values. Theuncertainties applied for the 2012 dataset

are listed below.

Luminosity uncertainty The luminosity uncertainty used for the 2012 data is 3.6%. It is derived,

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

estimation.

scale derived from beam-separation scans performed in April 2012. This uncertainty is only applied to

MC samples for which the normalisation error is not taken directly from a comparison between data and

MC.

Leptons and jets Lepton trigger and identification efficiencies as well as energy scale and resolution

uncertainties are derived from high statisticsZ samples. These are implemented into the analysis using

the same method as described in section 6.7. When propagatedto the event selection, these uncertain-

ties contribute typically 1.0 − 1.5% to the overall selection uncertainty in the signal and backgrounds

estimated from the MC simulation. Jet energy scale (JES) andresolution (JER) uncertainties are de-

rived using a combination of techniques that use di-jet, photon + jet, andZ + jet events [106]. These

uncertainties contribute to the jet-veto uncertainties for jets with pT > 20 GeV and|η| < 2.5 and to the

Emiss
T uncertainty for all remaining jets.

Jet veto uncertainty SingleZ-boson data are used to reduce uncertainty on the acceptanceof the jet

veto in Standard ModelZZ background in theZH analysis. TheZ bosons are selected using di-electron

and di-muon data with invariant masses within 15 GeV of theZ-boson mass. Object selection criteria are

the same as for the nominal analysis. A MC correction is applied to account for the difference of jet veto

acceptance betweenZ andZZ events. Both theZ sample and theZZ sample are generated by POWHEG
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and showered by PYTHIA 8. The predicted jet veto acceptance for ZZ can be written as

ǫ
predicted
ZZ = ǫdata

Z

ǫMC
ZZ

ǫMC
Z

. (54)

TheZ boson data provides an effective calibration of the jet energy scale, and the only vetouncertainties

are statistical and from potential background to theZ boson data, which are negligible. The veto uncer-

tainties in theZ andZZ samples are taken to be correlated and thus cancel out in equation 54. The effects

of the experimental (mainly JES and JER) and theoretical (QCD scale, PDF set and parton showering)

uncertainties can be studied by shifting the correspondingparameter in theZ andZZ MC samples [5].

The total systematic uncertainties on the jet veto acceptances forZZevents is 0.77% (0.33% experimental

0.70% theoretical).

Signal sample uncertainties Uncertainties on theZH production cross section are derived from vari-

ations of the QCD scale,αs and PDF variations [59, 86] combined to give an uncertainty of 4.9-5.1%

on the cross section for the SM Higgs boson having a mass between 115 and 300 GeV. This analysis is

sensitive to the simulation of the Higgs bosonpT through theEmiss
T , and uncertainties in thepT boost of

the Higgs boson can affect the signal yield. Currently, an additional systematic uncertainty of 1.9% is

applied to the normalisation [107,108], and differential uncertainties as a function of the Higgs bosonpT

is considered as shape systematics.

ZZ normalisation The normalisation uncertainty on the background Monte Carlo used to estimate the

ZZ background is 5% from varying the PDFs. The theoretical uncertainty on the jet veto is estimated as

0.70% (0.77%) for 2011 (2012) in the diboson events from generator studies. The impact of PDF,αS,

and QCD scale uncertainties on the shape of theEmiss
T distributions are also considered [86], as are the

effects of the missing quark-box diagrams (gg → ZZ). The theoretical uncertainty of theWZ andWW

background is determined in a similar way.

The object and theoretical uncertainties are considered ascorrelated between the 2011 and 2012 data,

and between the signals and all the backgrounds estimated from the MC simulation. The systematic

uncertainties in the data-driven methods are also assumed to be correlated between the two datasets. The

luminosity uncertainty is considered as uncorrelated between the 2011 and 2012 data.

7.10 Results

TheEmiss
T distributions, after all of the analysis cuts described in section 7.6 have been applied, are shown

in fig. 57 for a Higgs of mass 125 GeV for both the 2011 and 2012 datasets. TheEmiss
T distributions for
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Process Estimation method
Uncertainty (%)

2011 2012

ZH Signal MC 8 8

ZZ MC 11 10

WZ MC 12 14

WW MC 14 not used

Top quark MC 50 not used

Top quark,WWandZ→ ττ eµ CR not used 4

Z ABCD method 56 51

W + jets, multijet Matrix method 15 6

Table 28: Summary of the systematic uncertainties on each background and on the signal yield. The method used

to estimate the backgrounds and the associated sources of systematic uncertainties are given. The total systematic

uncertainties for each data taking period are given. For thedefinition of the ABCD, the matrix and the eµ CR

methods see section 7.11.

the other masses have the same backgrounds and a similar signal shape and thus these mostly vary in the

number of expected signal events.
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Figure 57: Distributions of Emiss
T for signal events in the 2011 data taking period (a) and the 2012 data taking

period (b). The observed data are indicated by the black points and the histograms represent the background

predictions. The dashed line indicates the prediction fromthe signal expectation shown and is stacked on the

background prediction. The signal model assumes the SM ZH production cross section for a Higgs with a mass of

125GeV and a100%branching fraction to invisible particles.
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Table 29 gives the total number of expected events for each background with the statistical and

systematic uncertainties for both years. The total number of data events is also given and is consistent

with the total expected backgrounds within the uncertainties.

Process 2011 (7 TeV) 2012 (8 TeV)

ZZ 23.5± 0.8± 2.5 56.5± 1.2± 5.7

WZ 6.2± 0.4± 0.8 13.9± 1.2± 1.9

WW 1.1± 0.2± 0.2 4.7± 0.5± 0.2

Top quark 0.4± 0.1± 0.2 1.1± 0.6± 0.9

Z 0.0± 0.0± 0.0 2.4± 2.4± 0.0

W + jets 0.0± 0.0± 0.0 0.0± 0.0± 0.0

QCD 0.0± 0.0± 0.0 0.0± 0.0± 0.0

SM Higgs 0.0± 0.0± 0.0 0.0± 0.0± 0.0

Total BG 31.2± 1.0± 3.1 78.6± 2.0± 6.8

Observed 27 71

Signal (mH = 125 GeV) 8.1± 0.2± ±0.3 25.4± 0.7± 0.1

Table 29: Observed number of events and expected contributions from each background source and expected

number of signal events for the candidate boson at mH = 125GeV assuming a SM ZH production cross section and

a 100%invisible branching ratio, separated into the 2011 and 2012data taking periods. Uncertainties associated

with the background and signal predictions are presented with the statistical uncertainty first and the systematic

uncertainty second.

7.11 Limits

The limits presented in this section are those calculated using the analysis presented in [5]. The differ-

ences between this published analysis and that presented inthis chapter are small, and are listed below

for completeness.

• The Z background is estimated using a data driven method for both years. This method con-

sists of selecting two variables that partially isolate theZ background, the fractionalpT differ-

ence and∆φ(Emiss
T , pmiss

T ), and defining 4 regions, labelled ABCD, that are made up of combina-

tions of parameter space of the 2 variables with low and high Zconcentration. The number of

events in the signal region (A) is estimated by measuring thenumber of events in regions B (high
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∆φ(Emiss
T , pmiss

T )), C (high fractionalpT diff) and D (high both) and assuming that B/D is equal to

A/C.

• The W and QCD backgrounds are estimated by determining the fake rate of leptons faking jets,

and using a matrix method to calculate the expected contribution to theW (1 fake lepton) and QCD

(2 fake leptons) backgrounds.

• For 2012 a data driven method based on theeµ control regions presented in section 7.12 is used to

estimate the combinedWW, tt̄, WtandZ→ ττ backgrounds. It assumes that the ratio ofeµ events

is twice that of theeeandµµ after appropriate corrections for differences in electron and muon

selection efficiencies.

It must be noted that all of the above differences effect only the less important backgrounds, and that

the estimated number of events in each background are consistent with those obtained from MC in this

analysis.

The limit setting procedure used for this analysis is the fully frequentist method implemented using

RooStats, and is described in section 6.9. There are two scenarios considered in the limits. The first

is to interpret the results as a limit on the invisible branching ratio of the candidate Higgs boson at

mass 125 GeV. In this case one uses the distributions shown infig. 57 and the systematics described in

section 7.9 to set an upper limit on the BR(H → inv) of the Higgs candidate. Fig. 58 (a) shows the

observed and expected 1−CL as a function of the invisible branching ratio, the red linesindicate the 68

and 95% exclusion limits. The observed limit result sets an upper limit of 65% on the invisible branching

ratio of the Higgs candidate at 95% confidence level. The expected limit is 84%. This limit assumes a

SM production rate. The log likelihood ratio is shown in fig. 58 (b) as a function of branching ratio.

The second scenario considered places exclusion limits onσZH × BR(H → inv) for other Higgs-like

bosons at masses in the range 115< mH < 300 GeV. Fig. 59 shows the 95% CL upper limit on the

cross section convoluted with theZ → ll andH → inv branching ratios. The dashed red line represents

the expected cross section for a Higgs candidate assuming the SM ZH production rate and a 100%

branching ratio to invisible particles. For massesmH , 125 GeV no invisible branching ratio of the

125 GeV candidate is assumed. The dashed black line indicates the expected 95% CL upper limit for

a background only experiment. There is a modest deficit in thenumber of observed events in the final

distributions compared to that expected from a background only 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 branchingfraction of a Higgs-like state decaying

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

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

lines show the background only expected limits and solid lines show the observed limit.

 [GeV]Hm

120 140 160 180 200 220 240 260 280 300

in
v)

 [f
b]

→
B

R
(H

×
ll)

→
B

R
(Z

×
Z

H
σ

 9
5%

 C
L 

lim
it:

 

10

20

30

40

50

60

70

80
inv,100%)→BR(H×ll)→BR(Z×ZH,SMσ

Observed

Expected

σ1±

σ2±

 Work in progressATLAS
ll(inv)→ZH

-1 Ldt=4.7fb∫=7TeV, s
-1 Ldt=13.0fb∫=8TeV, s

Figure 59:95%confidence level limits on the cross section times branchingfraction of a Higgs-like state decaying

to invisible particles. The limits shown are a combination of the 2011 and 2012 data and MC samples. The dashed

line show the background only expected limits and the solid line shows the observed limit.

7.12 Conclusion

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

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement
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is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observedcompared to a SM expectation of 32.7 ± 1.0

(stat.)±3.1 (syst.) background events in 4.7 fb−1 of data taken at
√

s = 7 TeV during the 2011 run and

71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ±6.8 (syst.) background events in

13 fb−1 of data taken at
√

s= 8 TeV during part of the 2012 run. No significant excess over the expected

background is observed and limits are set on the allowed invisible branching fraction of the recently

observed 125 GeV Higgs boson candidate. Assuming the SMZH production rate for a 125 GeV SM

Higgs boson, limits are set on the maximum allowed invisiblebranching fraction. The observed upper

limit on theH → inv branching fraction is 65% at 95% confidence level, and the expected limit is 84%.

At the 68% confidence level the observed upper limit is 29%, and the expected limit is 39%. Limits are

also set on the cross section times invisible branching fraction of a possible additional Higgs-like boson

over the mass range 115 GeV< mH < 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 is not scheduled to start again until 2015.

Over the last 3 years it has performed beyond expectations, and has supplied all 4 detectors with vast

amounts of data. The ATLAS detector has recorded data with a high efficiency, allowing the collaboration

to study the Standard Model to a new level of accuracy, discover a new boson and put stringent limits on

many new physics models. Over 130 papers have already been published using the first 3 years of data,

and many more are scheduled to appear after the full 2011-2012 dataset has been analysed. The analyses

presented in this thesis used the data from all 3 years of collisions.

In chapter 5 a pre-data study on the possibility of excludinga high mass SM Higgs boson with a

limited luminosity using theH → ZZ→ llll channel was presented. It was found that the most sensitive

region for this channel was at aroundmH = 200 GeV. Using the 2010 dataset this channel was combined

with the other high mass channels,H → ZZ → llνν andH → ZZ → llqq , and it was found that for

Higgs masses greater than 200 GeV theH → ZZ → llνν channel has the best sensitivity in the high

mass range.

The search for the SM Higgs boson using 4.7 fb−1 of data at
√

s= 7 TeV was presented in chapter 6.

A SM Higgs boson with a mass between 320 and 560 GeV is excludedat a 95% confidence level using

this channel alone. This analysis was one of the channels that went in to the ATLAS Higgs combination

which led to the discovery of a new particle consistent with aHiggs boson, at a mass∼ 125 GeV. The

observation of a new particle at this mass was a joint effort between the ATLAS and CMS collaborations.

Measurements of the spin of the new boson and its couplings toother particles are required in order to

confirm that it is indeed the Standard Model Higgs boson. Although early measurements show that the

discovered boson is consistent with the SM Higgs boson, a much more detailed confirmation will be

possible when data taking starts again in 2015. The centre-of-mass energy after the shutdown will be

increased to
√

s= 13 or 14 TeV and a significant amount of luminosity will be collected. This will allow

a range of decay and production modes of the Higgs boson candidate to be studied to a high level of

accuracy.

Finally a search for anomalous invisible decays of the Higgsboson candidate atmH = 125 GeV using

both the 4.7 fb−1 2011 dataset and the 13 fb−1 2012 dataset was presented in chapter 7. This analysis

was motivated by the possibility of observing a dark matter candidate. An upper limit of 65% was set
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on the allowedH → inv branching fraction at 95% confidence level. Limits were alsoset on further

Higgs-like bosons decaying predominantly to invisible particles at masses between 115 and 300 GeV,

and no excesses were observed.

The increase in centre-of-mass energy after the shutdown and an expected 300 fb−1 of luminosity

will allow ATLAS to probe physics beyond the SM at the TeV scale. A further upgrade of the ATLAS

detector is planned, aimed at ultimately collecting 3000 fb−1 per general purpose experiment. This will

allow very high precision tests of the Higgs boson candidateto be performed, and to possibly measure

the self-coupling of the Higgs. The self-coupling will givethe form of the Higgs potential and is a key

test of the electro-weak symmetry breaking mechanism in theSM.

8.1 Current status of the new boson

As of July 2013 the evidence of the discovery of a new boson with a mass of approximately 125 GeV

from the two experiments, ATLAS and CMS, is incontrovertible. The significance of the observed peak

for each of the channels atmH = 125.5 GeV for ATLAS andmH = 125.7 GeV for CMS is given in

table 30.

Higgs Boson Decay
Significance

ATLAS (mH = 125.5 GeV) CMS (mH = 125.7 GeV)

H → γγ 7.4σ 3.2σ

H → ZZ(∗) → 4l 6.6σ 6.7σ

H →WW 3.8σ 3.9σ

H → ττ 1.1σ 2.8σ

VH→ Vbb − 2.0σ

Table 30: The significance of the excess at mH = 125.5 GeV for ATLAS and mH = 126.5 GeV for CMS for each

channel [109–115]. As no excess was observed in the ATLAS VH→ Vbb channel, no significance is quoted.

A summary plot showing the signal strength of the five channels normalised to the SM expectation

from ATLAS and CMS is shown in fig. 60. The two plots also contain the signal strength for the com-

bination of the channels for the individual experiments. These plots show that the coupling strength for

each of the individual channels does not deviate far from theSM Higgs prediction. Further statistics are

required in order to determine the coupling strengths more precisely, and to conclusively confirm that the

coupling to fermions. An increase in statistics will also allow a measurement of the rate of the different

production mechanisms for each channel to be made.
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Figure 60: The production strengths as measured by (a) ATLASand (b) CMS for a Higgs boson of mass mH=

125.5 and 125.7 GeV respectively, normalised to the SM expectations. The data used for the CMS analyses

corresponds to the full 2011 and 2012 dataset, and for ATLAS the luminosity used is given on the plot [109–114].

8.2 Mass measurement

The mass of the Higgs boson is determined most precisely by the H → γγ and theH → ZZ(∗) → 4l

channels, as the final state can be fully reconstructed. For ATLAS the combined mass measurement is

observed to bemH = 125.5 GeV±0.2(stat)+0.5
−0.6(sys) [109], shown in fig. 61 (a). A 2.5σ discrepancy in the

mass measurement between the two channels is observed. Thisis thought to be a statistical fluctuation.

No such discrepancy is observed for the CMS mass measurement, which measures the mass of the boson

to bemH = 125.7 GeV±0.3(stat)±0.3(sys) [116] as shown in fig. 61 (a). The measurements of the mass

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 positiveparity, denoted byJP = 0+. The

observation of the Higgs decaying to a final state with two photons rules out theJ = 1 spin quantum

number. The measurements of the spin and parity are done simultaneously, using the angular variables

of the final state particles in theH → γγ, the H → ZZ(∗) → 4l and H → WW(∗) → lνlν channels.

The observables used are independent of the coupling strength. The measurement is made separately
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Figure 61: The (a) ATLAS and (b) CMS measurements of the mass of the Higgs boson shown individually for the

H → γγ and the H→ ZZ(∗) → 4l channels, and the combination. For ATLAS the difference between the mass

measurements corresponds to a significance of2.5σ [109,116].

for each experiment using the complete 2011 and 2012 dataset. For ATLAS the data are compatible

with the JP = 0+ scenario, and the alternative spin and parity scenarios,JP = 0−, 1+, 1− and 2+ are

excluded with a confidence level greater than 97.8% [117]. CMS has excluded theJP = 0− scenario with

a confidence level of greater than 99.8% [118]. TheJP = 2+ scenario has also been excluded by CMS

with a confidence level of greater than 99.4% [116].
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