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Chapter 1
Introduction

For decades the Standard Model of Particle Physics has been studied and tested extensively. It describes
the fundamental particles and the forces acting on them, except for gravity. The forces or interactions
are the electromagnetic force, known from everyday life, and the weak and the strong interactions, the
source of radioactive decays and the force holding together the nuclei, respectively. The particles of
the Standard Model that have been observed by experiments are the quarks (up, down, charm, strange,
bottom and top), the leptons (electron, muon, tau, electron neutrino, muon neutrino, tau neutrino) and
the gauge bosons that are the mediator particles of the forces. The gauge bosons are the photon, the
W and Z bosons and the gluons, mediating the electromagnetic, the weak and the strong interaction,
respectively.

Since the discovery of the top quark in 1995 [1, 2] and the tau neutrino in 2000 [3], the Higgs
boson has been the last missing piece predicted by the Standard Model. The very recent discovery
of a particle [4, 5] that is compatible with a Standard Model Higgs boson at the Large Hadron Collider
(“LHC”) at CERN! promises to complete the Standard Model. The Higgs boson is a central particle
in the Standard Model as its existence is a direct consequence of electroweak symmetry breaking, the
mechanism that can explain the origin of the masses of the fundamental particles.

Albeit the success of the Standard Model in describing experimental data, it is believed to be an
effective theory that may not be valid at energies much higher than those probed so far. Therefore,
extensions of the Standard Model that can overcome its shortcomings have been proposed by theorists,
and evidence for their existence has been searched for by experiments for decades. A popular extension
is the concept of Supersymmetry. Introducing new particles as partners to the Standard Model ones,
Supersymmetry could solve many problems of the Standard Model and it also provides a promising
candidate particle for cold dark matter, which is known to exist from astrophysical measurements, but
cannot be explained within the Standard Model. The Higgs sector in Supersymmetry is more complex
than in the Standard Model: Five Higgs bosons are expected, three neutral and two charged ones.
Interestingly in many Supersymmetry models, one of the neutral Higgs bosons preferentially couples
to down-type” particles and therefore searches for supersymmetric Higgs bosons in final states with
e.g. tau leptons or b quarks are very promising.

In this thesis, a search for neutral Higgs bosons in the Minimal Supersymmetric Standard Model with
the ATLAS detector at the Large Hadron Collider is described. As backgrounds from QCD processes
to final states including b quarks have large cross sections for proton—proton collisions at the Large
Hadron Collider, final states with pairs of tau leptons are analyzed. In the analysis, no requirement on
the number of () jets in the event is made.

The work presented in this thesis has been an important part of the first ATLAS analysis [6] using
LHC data (equivalent to an integrated luminosity of 36 pb~!) published on the topic and of an update

"Buropean Organization for Nuclear Research, located near Geneva, Switzerland.
These are the down, strange and bottom quarks and the electron, muon and tau leptons in the Standard Model.
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from summer 2011 [7] that used a larger dataset (1fb~!). The analysis presented in this thesis is based
on data equivalent to an integrated luminosity of 2.1fb~!.

This thesis starts with a description of the Standard Model of Particle Physics, the Minimal Super-
symmetric Standard Model and its Higgs sector in Chapter 2. The experimental environment, the used
datasets and relevant physics processes are described in Chapter 3 and 4. In Chapter 5, the event selec-
tion applied to the data is described. The understanding and estimation of the different background pro-
cesses using data control regions, a main part of all particle physics analyses, is described in Chapter 6.
Systematic uncertainties that affect the results are discussed and evaluated in Chapter 7. In Chapter 8,
the statistical interpretation of the analysis is introduced and the resulting exclusion limits are presen-
ted. Results from similar searches at other experiments and at ATLAS are given. A summary of the
measurement performed in this thesis is given in Chapter 9.



Chapter 2
Theory

The theoretical framework describing particle physics phenomena, the Standard Model, is one of the
most successful theories in physics, that has withstood decades of intense testing and still holds. It de-
scribes the interactions of the fundamental spin s = % fermions, the quarks and leptons (see Table 2.1).
The interactions are mediated by spin s = 1 bosons, the massless photon and gluons for the elec-
tromagnetic and the strong interaction, respectively, and the massive W* and Z° bosons for the weak
interaction. Gravity, the forth known force, is negligible for most particle physics phenomena and is not
included. While the Standard Model describes the phenomena at the energy scales accessible at present
it is known not to be valid at higher scales and that the electroweak symmetry needs to be broken some-
how. The Higgs mechanism is the easiest and most popular way to achieve this. It predicts an observable
Higgs boson that has not been proven to exist yet and is actively searched for at the LHC.

In the following a short overview of the Standard Model is given and the Higgs mechanism is intro-
duced.

Some shortcomings of the Standard Model will be discussed and one of its most popular extensions,
Supersymmetry, will be briefly introduced, focusing on the Minimal Supersymmetric Standard Model
(“MSSM”) and its Higgs sector.

Finally, the phenomenology of physics at a hadron collider, i.e. the LHC, will be introduced.

As the theory of particle physics is a very diverse field only the aspects important for the search
described in this thesis will be focused on. A good overview of the electroweak symmetry breaking
mechanism and Higgs boson physics is given in [8, 9], which is used as a guideline here.

Electric 1% Generation 2" Generation 3'd Generation
Charge Name Symbol Name Symbol Name Symbol
2/3e u u charm c to t
Quarks / P p
—-1/3e down d strange s bottom b
0 electron neutrino Ve muon neutrino Vi tau neutrino Ve
Leptons
—le electron e muon u tau T

Table 2.1: The fermions of the Standard Model.

2.1 The Standard Model of Particle Physics

The electroweak theory by Glashow, Weinberg and Salam, describes the electromagnetic and weak
interactions between quarks and leptons and is a Yang-Mills theory based on the SU(2) x U(1) symmetry
group.

In combination with the SU(3) based quantum chromodynamics (“QCD”), which describes strong
interactions, it provides the framework of the Standard Model.
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Before electroweak symmetry breaking there are two kinds of fields in the Standard Model:

e The matter fields: Three generations of left and right-handed chiral quarks and leptons, fiz =
%( 1 ¥ y5)f, with the left-handed ones in weak isospin doublets and the right-handed ones in
isospin singlets:

V, _ u
L]:( i),eRl:eR’le(d)auR]:uRadR|:dR

e
1 v _ c
I;L"m = 15,0 L, = ( Mli )aeRz =g, Q2 = ( ¢ )inRz = CR,dR, = SR (2.1
Ve _ t
L3 = T_ ,eR3 = TR’ Q3 = b 7“R3 = tR,dR3 = bR
2.2)
With the third component of the weak isospin /73 and the electric charge O fl defining the fermion
hypercharge
Yy =2Qr—2Is3. (2.3)
This leads to 3. Y = 3. QO = 0, which is important for the renormalizability of the electroweak
theory.

In QCD quarks are grouped in color triplets, while leptons form color singlets under SU(3)¢ and
therefore only quarks take part in the strong interaction.

e The gauge fields: These correspond to the spin s = 1 bosons mediating the forces. In the
electroweak sector there are the three fields, Wﬁ’2’3, corresponding to the generators 7¢ (with
a =1,2,3) of the SU(2),, group, given by the Pauli matrices multiplied by %:

1 0 1 0 —i 1 0

a _ — _a. I _ 2 _ 3 _

T—20',0' (10),0' (iO)’O- (0 _1) 2.4)
and the field B, corresponding to the generator Y of the U(1)y group. The commutation relations
are

|7, 7" = i T, and [Y,¥] =0, (2.5)

where €% is the antisymmetric tensor.

T“ of the SU(3)¢ group is needed. The generators obey the relations
1
[T“, Tb] = if*%°T,, with Tr[T”Tb] = 5. (2.6)

where f“bc stands for the structure constants of the SU(3)¢ group.

'In units of the proton charge +e.
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The field strength tensors are

G4, = 0,G4 - 0,G4 + g5 f**° GG,
Wi, = 8, Wy — 8, Wy + goe™ W Wy, 2.7)

B, = 0,B, — 0,B,.
with g5 and g, being the coupling constants of SU(3)¢ and SU(2)., respectivelyz. Due to the non-

Abelian nature of the SU(3)¢ and SU(2); groups there are self interactions between their gauge fields
(Vu = W, or G,), namely triple and quartic gauge boson couplings:

igiTr(0,,Vy = V) [Vur Vi (triple), (2.8)
1
59 [V Vi (quartio). 2.9)

The covariant derivative D, defined e.g. for quarks as

Y,
Dy = (aﬂ — igsTuGligaTaWy; — iglEqBﬂ) W (2.10)

couples matter fields i to gauge fields, leading to couplings between fermions and gauge fields V,, of
the form:

— gV /'y (2.11)

Without mass terms, the Lagrangian® is given by
_lalﬂ’laﬂvl v 2.12
Lgsw = _ZG’”G” - ZWW,WQ - ZB’”'B (2.12)

+iL;Dyy"L; + ieg, D, y* er, + iQiDyy* Q; + iiig, Dy ug, + idg, Dyy"dp,

and it is invariant under local SU(3)¢xSU(2) xU(1)y gauge transformations. All gauge and fermion
fields have been kept massless. For the strong interaction the gluons are actually known to be massless
and mass terms for the colored quarks could be added in an SU(3)¢ gauge invariant way.

However, in the electroweak sector we know that the W* and the Z gauge bosons are massive, but
adding mass terms %M‘Z,Wﬂ WH for the gauge fields would violate SU(2).xU(1)y gauge invariance.

As just inserting the masses explicitly does not work an alternative way of generating them without
violating SU(2).xU(1)y gauge invariance is needed.

The easiest and most popular way to do this is the Higgs mechanism for electroweak symmetry
breaking [10-14].

The coupling constant of U(1)y is called g;.
*Named after Glashow, Salam and Weinberg.
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2.1.1 The Higgs Mechanism
Spontaneous Symmetry Breaking and the Goldstone Theorem

For a simple real scalar field ¢ the usual Lagrangian is

1
L=3 L1 $0'd — V(). (2.13)

with the potential
1 1
V() = 5u2¢2 + Zw‘ (2.14)

and the mass and the self-coupling terms > and A, respectively. The Lagrangian is invariant under the
reflexion symmetry ¢ — —¢, as there are no cubic terms. The parameter A needs to be positive for the
potential to be bounded from below, as illustrated in Figure 2.1.

If ,u2 is positive the minimum of the potential is at (O | ¢ | 0) = ¢¢ = 0 (left in Figure 2.1) and the
Lagrangian £ is simply the one of a spin s = 0 particle with mass u.

For the more interesting case ,u2 < 0 (right in Figure 2.1) the minimum of V(¢) is at (0 | ¢52 | 0) =

¢% = —”721)2, with the quantity +v = (0 | ¢ | 0) being called the vacuum expectation value (“vev”) of the
scalar field ¢. To interpret L it needs to be expanded around the minimum v. By defining the field o as

¢ = v+ o, the Lagrangian becomes:

1 A
L= 56#0'6“0' — W*)o? — |20 - 10'4 + const. (2.15)

This is the Lagrangian of a scalar field of mass m? = —2u?, with self interactions proportional to o>
and o*. As £ now has cubic terms it is no longer invariant under reflexion symmetry; the symmetry is
said to be broken, as it is no longer apparent in L. This is the simplest case of spontaneous symmetry
breaking and a reflection of the Goldstone theorem [15] that states:

For every spontaneously broken continuous symmetry, the theory contains massless scalar (s = 0)
particles called Goldstone bosons, with the number of the Goldstone bosons being equal to the number
of broken generators.

The Higgs Mechanism in the Standard Model

In the Standard Model masses for the three gauge bosons W* and Z need to be generated, while the
photon remains massless. Hence at least three degrees of freedom are needed for the scalar fields. The
simplest choice is a complex SU(2) doublet of scalar fields ¢

@ :( zg ) with Y = +1. (2.16)

The invariant terms of the scalar field

Ls = (D"®)" (D, @) - 20T D - (@ D) (2.17)
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are added to the electroweak Lagrangian Lgsw . The neutral component of the doublet field ® obtains
a non-vanishing vacuum expectation value for > < 0:

(@) =0[D|0)=| o [, withv=q/——. (2.18)
V2 A

A similar exercise as the one presented in the previous paragraph leads to spontaneous breaking of the
SUR) . xU(1)y symmetry and the W and Z bosons acquire masses by absorbing the Goldstone bosons,
while the photon stays massless:

1 1
MW = Evgz s MZ = EU g% + g% . My =0. (219)

For the fermions, masses can be generated using the same scalar field ® and the hypercharge ¥ = -1
isospin doublet @ = io,®* by introducing the SU(2),xU(1)y invariant Yukawa Lagrangian

-EF = —AeZq)eR - /ldQ(DdR — /luQ_(DMR + h.c. (220)

The masses can be evaluated to be

ApU 14,0 1 A4v
my = 5@ mg = 5@

Therefore with the same isospin doublet of scalar fields @ the masses of both the weak vector bosons

and the fermions can be generated, while the SU(2); X U(1)y symmetry is broken into SU(2)yeax and
U(1),. The color symmetry SU(3)¢ stays unbroken.

(2.21)

“Ignoring the strong interaction part.

V(©)

Figure 2.1: The potential V of the scalar field ¢ for the mass term 1* > 0 (left) and u> < 0 (right) [8].
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The Lagrangian containing the Higgs field H is given by
1 2 2172 3 Ay
Ly = E(G”H) - AW H” — WwH” - ZH . (2.22)
The Higgs boson mass is given by
M3, =20 = —242, (2.23)

the Feynman rules for the Higgs self interactions are

M? M?
g = 3iTH, gyt = 31'0—;’, (2.24)

the couplings to gauge bosons and fermions are

.m .MV ,MV
guff = le’ gHVY = —217, 9gHHVV = —21U—2. (2.25)

The vacuum expectation value v is fixed and can be expressed in dependence of the mass of the W gauge
boson or the Fermi constant Gg

1
1 [\/Egé)z 1
ﬁ

My = —gov = V= ———
2 8Gr (V2Gr)?

~ 246 GeV. (2.26)

Higgs Boson Production

At hadron colliders the main production processes of the Higgs boson are the ones where the Higgs
boson couples to particles with large masses, i.e. the Z and W bosons, the top quark and to a lesser
extent the bottom quark.

These are:

e associated production with W/Z bosons gg — V + H,

e vector boson fusion gg —» V*V* — gq + H,

e gluon-gluon fusion gg — H,

e and associated production with heavy quarks gg — QQ + H,

where Q denotes a heavy quarks. Diagrams of these processes are shown in Figure 2.2 and their cross
sections in dependence of the Higgs boson mass My for the LHC running at its design center-of-mass
energy of 14 TeV are shown in Figure 2.3.

Decays of the Higgs Boson

Since the Higgs couplings to both gauge bosons and fermions are directly proportional to the masses of
the particles it will predominantly decay into the heaviest particles kinematically allowed. It can decay
into pairs of quarks or leptons or into real and or virtual gauge bosons. A decay into two photons is
possible via a fermion loop.

In Figure 2.4 the branching ratios of the Higgs bosons as a function of its mass My is shown.
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Figure 2.2: Dominant Standard Model Higgs boson production processes in hadronic collisions, from top left to
bottom right: associated production with W/Z bosons, vector boson fusion, gluon-gluon fusion and associated
production with heavy quarks.

100 p——— . . —_——
E g9 — H O’(ppHH+X) [pb}
r Vs =14 TeV
MRST/NLO
my; = 178 GeV
10 E
F g — Haq - __
Lagswr . e .
| ¢ — ZH . N
1k pp—ttH -
0.1

.100 . — . I . — ‘lUOO
My [GeV]

Figure 2.3: Standard Model Higgs boson production cross sections for the dominant production processes in
dependence of the Higgs boson mass My for the LHC running at its design center-of-mass energy of 14 TeV. The
MSTW parton distribution function (“PDF”, see also 2.3.) set has been used [8].
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0.1}

0.001 |

0.0001

100 130 160 200 300 500 700 1000
My [GeV]

Figure 2.4: The Standard Model Higgs boson decay branching ratios as a function of the Higgs boson mass
My [8].

Constraints on the Higgs Boson Mass

There are both experimental and theoretical constraints on the Higgs boson mass. The constraints from
experiments are from direct searches at the e*e™-collider LEP [16], the hadron collider Tevatron and
lately the LHC and from precise measurements of electroweak observables. All parameters measured
in the electroweak sector are influenced by the Higgs boson mass through radiative corrections.

A combined fit of this precision data yields a most likely value of

My = 11478 GeV (2.27)

for the Standard Model Higgs boson mass Mg [17].

Recent results of direct searches performed by ATLAS [4] and CMS [5] at the LHC indicate the
discovery of a boson with a mass of 125 GeV that seems to be compatible with a Standard Model Higgs
boson so far. Further experimental test using the large dataset that will be collected until the end of 2012
at a higher center-of-mass energy will help to better understand the new particle.

In theory, problems arise for example in high energy longitudinal W*W~ — W*W~ scattering where
the cross section rises proportional to the scattering energy and thus violates unitarity unless the effect is
canceled by processes involving a scalar particle such as the Higgs boson. From this unitarity argument
an upper limit in the range of 1 TeV can be set on My. Keeping the vacuum stable and disallowing a
non-interacting theory leads to the so-called stability and triviality bounds that restrict the Higgs boson
mass My in dependence of a new physics cut-off scale A. This dependence is shown in Figure 2.5.

10
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my = 175 GeV
ag(Mz) = 0.118

|IIII|IIII|I]I

200

IIIIIIII

[

0 (| I [ | [ | [ | [ |
103 106 109 101% 1019 1018
A [GeV]

Figure 2.5: Distribution of the triviality and vacuum stability bounds on the Standard Model Higgs boson mass
My in dependence of the new physics cut-off scale A. The allowed region lies within the colored bands, the width
of the bands implies the impact of various uncertainties. A top quark mass of M, = 175+6 and the strong coupling
constant at the Z boson mass scale ag(Mz) = 0.118 + 0.002 have been assumed [18].

2.2 Supersymmetry

Although the Standard Model has been extremely successful at describing all experimental data so far it
is widely believed to be an effective theory only valid at the energies presently accessible. It cannot be
the final answer, as it does not include the fourth force — gravity — and does not explain the mass pattern
of the fermions.

In addition, it has at least three major problems:

e The mathematical representation of the Standard Model is the direct product of three gauge
groups, but with different coupling constants and does not provide a unification of the electroweak
and the strong interactions. This unification is expected to happen at a much larger energy scale,
where a single gauge group may describe the three forces in a more fundamental Grand Unified
Theory (“GUT”, scale: Agur = 10'® GeV). Based on the measurements performed so far, the
extrapolation of the measured coupling constants to higher energies using renormalization group
equations show that the couplings do not meet at a common point. This is referred to as the
unification problem.

e For some time it has been known from cosmological observations that a large part of the energy
content of our universe is due to dark matter. A particle that could explain the existence of
this non-luminous, non-baryonic and most probably non-relativistic (“cold”) matter has not been
discovered and therefore it has to be electrically neutral and weakly interacting. In particular the
Standard Model does not provide a particle that is a candidate for dark matter.

o The radiative corrections to the square of the Higgs boson mass M%, are quadratically divergent in
the cut-off scale A; at this energy the theory becomes invalid and new physics must appear. The
cut-off scale can be chosen to be at the GUT scale but then the Higgs boson mass would preferably
be close to the GUT scale. However, due to experimental and theoretical constraints the Higgs

11
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boson mass should be of the order of the electroweak symmetry breaking scale v ~ 250 GeV. In
the Standard Model this problem can only be solved by an unnatural fine tuning of the parameters
involved (order of 10'%). This is called the fine-tuning or naturalness problem. It is related to
the hierarchy problem, which refers to the fact that there is no explanation in the Standard Model
why the GUT scale is so much larger than the electroweak scale, A > v.

Supersymmetry is one, if not the most, popular extension to the Standard Model, that can address the
above mentioned problems.
Supersymmetry Fundamentals

Supersymmetry is a symmetry that relates bosons, particles of integer spin (s = 0, 1,...) and fermions,

particles of half-integer spin (s = %, %, o)
Q | Fermion) =| Boson), @ | Boson) =| Fermion) (2.28)

with Q being the Supersymmetry generator. Due to the symmetry the particles and their superpartners’

have the same masses and quantum numbers, except for the spin. This is clearly not the case, as e.g. no

particle of spin s = 0 with the electron mass and the same properties as the electron (other than the spin)

exists, hence Supersymmetry needs to be a broken symmetry. The Supersymmetry breaking needs to

occur in such a way that the Supersymmetry particles are not too heavy in order not to reintroduce the

hierarchy problem. It needs to conserve gauge invariance and the theory must remain renormalizable.
Supersymmetry can solve the aforementioned problems:

e The added new Supersymmetry particles contribute to the renormalization group evolution of the
coupling constants and alter their slopes so that they meet close to the GUT scale.

e As lepton and baryon number violating terms are allowed in the Supersymmetry Lagrangian the
discrete and multiplicative R-parity defined as

RP — (_1)2S+3B+L (229)

where L and B are the lepton and baryon numbers and s is the spin quantum number, is imposed
to enforce lepton and baryon number conservation. Standard Model particles carry Rp = +1
while their supersymmetric partners carry Rp = —1, hence R-parity conservation implies that
Supersymmetry particles can only be produced in pairs and that the lightest one needs to be
stable. In many Supersymmetry models this particle is a massive, electrically neutral and weakly
interacting particle and hence a good dark matter candidate.

e The new symmetry also prevents the Higgs bosons mass from acquiring large radiative correc-
tions, as the quadratic divergences due to loop contributions of the Standard Model model particles
are canceled by the corresponding loop contributions from their supersymmetric partners if their
masses are the same. Therefore no unnatural fine-tuning is required.

In the following the Minimal Supersymmetric Standard Model (“MSSM") is discussed and its Higgs
boson sector is explored.

5The superpartners to the Standard Model fermions are referred to as sfermions, e.g. the partner of the electron is the selectron,
which is a slepton, in short it can be written as & and superfields are also marked with a tilde. The superpartners of the
Standard Model bosons are getting the suffix “ino”. e.g. the partner of the W is called wino, and also marked with a tilde.
Note that each chiral Standard Model field obtains a superpartner field, e.g. there are superpartners for each ey and ¢} .

12



2.2 Supersymmetry

2.2.1 The Minimal Supersymmetric Standard Model

The MSSM is the most basic supersymmetric extension of the Standard Model, defined by four assump-
tions:

e Minimal gauge group: The MSSM is based on the Standard Model gauge symmetry, i.e. the
SUB)c x SUR2), x U(1)y group. Therefore before electroweak symmetry breaking, the spin
s = 1 gauge boson fields have s = % superpartners the gaugino fields (the bino B, the three wino
W13 and the eight gluino G_g fields).

e Minimal particle content: As in the Standard Model there are only three generations of spin s = %

quarks and leptons in the MSSM. Together with their spin s = 0 superpartners, the squarks and
sleptons, they form chiral superfields Q, Ug, Dg, L and Eg, where e.g. Q contains the quark fields
(ur,dr) and their squark superpartner fields denoted (i, dr). In addition two chiral superfields
Hi, H, of opposite hypercharges —1 and +1 are needed. Their scalar components H;, H, give
masses to the down and up-type fermions, respectively. This leads to five Higgs particles, dis-
cussed below, the two CP-even /& and H bosons, a CP-odd A boson and two charged H* bosons.
The Higgs field’s superpartner fields, the higgsino fields, mix with the wino and bino fields to
form mass eigenstates, two charginos sz and four neutralinos X?,2,3, 4

e R-parity conservation (see Equation 2.29).

e Minimal Supersymmetry breaking: As mentioned before Supersymmetry is a broken symmetry.
It is assumed that some fields at higher mass (in the “hidden sector”) scales spontaneously break
the symmetry and that this broken symmetry is then observed at the lower mass scale (i.e. the
“visible sector”’) of the MSSM particles. Supersymmetry breaking scenarios are based on how the
breaking is mediated from the hidden to the visible sector, e.g. gravity mediated (“mSugra”) [19—

] or gauge mediated (“GMSB”) [22-27]. Instead of using an explicit breaking scenario in the
MSSM only soft breaking terms [28] are added to the Lagrangian. These are mass terms for
the gauginos and the scalar fermions, mass and bilinear terms for the Higgs bosons and trilinear
couplings between sfermions and Higgs bosons.

These conditions define the so-called unconstrained MSSM that introduces 105 additional unknown
parameters to the theory. Using phenomenological assumptions, e.g. about unification at the GUT scale,
this can be simplified to the constrained MSSM that needs 22 parameters in addition to the Standard
Model parameters. Those are the masses of the bino, wino, the gluinos and the sfermions, the ratio of
the vacuum expectation values of the two Higgs doublet fields, tan 8, the CP-odd Higgs boson’s mass
M % and the Higgs-higgsino mass parameter u [28].

For a given set of these parameters the according MSSM mass spectrum for the sparticles can be
predicted. Searches for squarks and sleptons are an important part of the physics program at the LHC.
In the following the focus will be on the MSSM Higgs sector.

®Within this chapter the masses of the Higgs bosons will be denoted with M, as e.g. My, for internal consistency, which is
interchangeable with m, e.g. my, used in the other chapters.
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2.2.2 The MSSM Higgs Sector
Masses of the MSSM Higgs Bosons

In the MSSM two doublets’ of complex scalar fields of opposite hypercharge

HY H;
Hi=| ' |with Yy, =—1, Hy=| 2 | with Y, = +1 (2.30)
H,; H,

are needed to break the electroweak symmetry. The neutral components of the Higgs fields acquire
vacuum expectation values:

4] 0 U2
(H)y = —, (H)=—. 2.31)
YUY
They are related to the Standard Model vacuum expectation value v:
4M,
o +03 = 0? = 525 = (246 GeV)?, (2.32)
91+ 9;
and appear in the definition of the important parameter
tang = 2 = LS8 (2.33)
vy vcosp

The quantity 8 can also be interpreted as a rotation angle in the mixing of the fields to the physical
CP-odd and charged Higgs bosons and the Goldstone bosons G°, G*

GO | cosp  sinp Im (H?) (2.34)
A |- sinf8 cospf Im (Hg) ’ .
G* | [ cosp sinp Re (HI—') (235)
) | - sinB cosfB J| Re (H;-’) ' '

The physical CP-even Higgs bosons are a mixture of the real parts of the fields H? and Hg

H cosa sina Re (H(l))
= , (2.36)
h —sina cosa

Re (HY)
with the mixing angle a given by

1 M3 + M2
a = 3 arctan | tan 2ﬁﬁ . (2.37)
AT Mz

"Two Higgs-doublet models (“2HDM”) are classified in three types, Type-I, where one doublet couples to up and down type
quarks simultaneously, Type-II where one doublet couples only to up and the other only to down type particles and Type-I11
where both doublets couple to up and down type quarks simultaneously. The MSSM Higgs sector is a 2HDM Type-I1.
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2.2 Supersymmetry

up-type | down-type Wiz AZ H*W*
Standard Model 1 1 1 0 0
h cosa/sinf | -sina/cosB | sin(8—a) | cos(B—a) | Fcos(B — )
H sina/sinfB | cosa/cosf | cos(B—a) | -sin(B— @) | +sin(B — @)
A cotf3 tan g 0 0 1

Table 2.2: Couplings of the MSSM Higgs bosons to fermions and gauge bosons normalized to the Standard Model
couplings.

On tree-level the masses of the charged Higgs bosons and the CP-even neutral Higgs bosons can be
expressed in dependence of the parameter tan 8 and the mass of the CP-odd Higgs boson M4:

My = Mj + My, (2.38)
1 2
2 2 2
Miy =5 (MA + M2 F \/ (M3 + M2)" - AM2 M2 cos* 23 | (2.39)
The theory thus imposes strong constraints on the MSSM Higgs boson masses, most notably
M, < min(My, Mz) - |cos 28| < M. (2.40)

A mass smaller than the mass of the Z boson, M, is predicted for the lighter CP-even Higgs boson /£ at
tree-level. However, radiative corrections turn out to be significant and push the mass M}, high enough
for it not to be already excluded by experiments. To get an upper bound on M}, the corrections can be
evaluated in the limits of M, > My and tan8 > 1 and under the assumption that the two stops® have the
same mass around the Supersymmetry scale Mg and do not mix with each other (X; = A;—ucotf8 <« My,
where A, is the trilinear coupling of the Higgs bosons to the stops.).

The corrections can be written as

(2.41)

and shift the mass M}, up to = 140 GeV.

The maximal light Higgs boson mass M), is realized in the maximal mixing or M;™* scenario [29],
where the stops are heavy and the mixing in the stop sector is maximal (X, = V6Ms). In Figure 2.6
the dependence of My, M and My on M, for two values of tanS is shown. For masses M, above
~ 150 GeV the mass of the lightest Higgs boson My saturates to a maximum value of My ~ 140 GeV,
while the masses of A, H and H* become degenerate and are only weakly dependent on tan 3.

Couplings of the MSSM Higgs Bosons

The couplings of the MSSM Higgs bosons to fermions and gauge bosons depend on tanS and on the
mixing angle « for the CP-even Higgs bosons. Normalized to the Standard Model couplings they are
listed in Table 2.2. For large values of tan g the coupling of the CP-odd Higgs boson A to down-type
particles is enhanced and therefore bottom quarks and 7 leptons as the heaviest down-type fermions are
coupled to preferentially.

8The left- and right handed field components of the stop mix into two different mass eigenstates.
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Figure 2.6: Higgs boson masses Mg+, M;, and My in dependence of M4 for tan 8 = 3 (solid line) and tan 8 = 30
(dashed line). [9].
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Production of the Neutral MSSM Higgs Bosons

The dominant production processes of the neutral MSSM Higgs bosons at the LHC, which are the main
topic of this thesis, are similar to those in the Standard Model (Section 2.1.1), but with the important
difference that for large tan 8 the main contribution to the gluon fusion and the associated production
processes is from b instead of top quarks. The Feynman graphs for the production processes are shown
in Figure 2.7.

The production cross section in dependence of the masses of the Higgs bosons for tang = 3 and
tan8 = 30 is shown in Figure 2.8. The enhanced coupling for large tang is reflected in the cross
sections being larger by about one order of magnitude. More general, for large tan S the production
cross section can approximately be described by o4 ~ tan?. Thus the parameter space with larger
tan 3 is easier to explore as more potential Higgs bosons are produced.

A/H/h A/H/h

y /b —->/——/— v———l—/—
700000° >
q q t/b

Figure 2.7: Dominant MSSM Higgs boson production processes in hadronic collisions, from top left to bottom
right: associated production with W/Z bosons, vector boson fusion, gluon-gluon fusion and associated production
with heavy quarks.

Decays of the Neutral MSSM Higgs Bosons

The most important decay modes of the neutral MSSM Higgs bosons are those that are also important
in the Standard Model. In addition, depending on the masses of the Higgs bosons and those of the
other Supersymmetry particles new decay channels into Supersymmetry particles can open up. In the
context of this thesis the most interesting case is for large tan S where the decays into pairs of b quarks
and 7 leptons become dominant. In Figure 2.9 (2.10) the branching ratios of the CP-even (CP-odd)
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Figure 2.8: MSSM Higgs boson production cross section in hadronic collisions in dependence of the Higgs boson
mass Mg, where @ is a placeholder for the different MSSM Higgs bosons, for tanS = 3 (left) and tanS = 30
(right) [9].

Higgs bosons in dependence of their masses for tan8 = 3 and tan = 30 is presented. While for the
lower value of tan g the behavior is not too different compared with the Standard Model case, for high
tan 8, the Higgs bosons almost exclusively decay into b quarks (= 90%) and 7 leptons (= 10%). Due to
the much lower background rates expected from final states with 7 leptons compared to the vast QCD
multi-jet background for final states with multiple b jets, the di-7 channel is the most promising channel
and the search presented here is performed in it.

Constraints on the MSSM Higgs Boson Masses

Out of the two parameters M, and tan S that govern the MSSM Higgs sector, the second can be con-
strained, e.g. in models with universal boundary conditions at the GUT scale [30]:

1 <tanfB < m;/my, (2.42)

which at the Supersymmetry scale Mg ~ 1 TeV translates to about 1 < tan8 < 60.
As mentioned earlier the upper bound on light Higgs boson mass is of the order of

M ~ 140 GeV. (2.43)

The masses of the heavy Higgs bosons My and My can in principle not be constrained and therefore
can become very large, as unlike in the Standard Model case the CP-even Higgs boson will decouple
from the gauge bosons W/Z and the CP-odd Higgs boson does not couple to them at all and therefore
unitarity arguments do not apply. However, since the particles are the remnants of electroweak symmetry
breaking their masses are not expected to be too far from the breaking scale, i.e. My < 1 TeV.
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Figure 2.9: Branching ratios of the light (top) and heavy (bottom) CP-even MSSM Higgs bosons in dependence
of their masses for tan 8 = 3 (left) and tan 8 = 30 (right). The maximal mixing scenario is used. [9].
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Figure 2.10: Branching ratio of the CP-odd MSSM Higgs boson in dependence of its mass for tan 8 = 3 (left) and
tan 8 = 30 (right). The maximal mixing scenario is used [9].

The LEP collaborations have set 95% confidence limits on M}, and M4 [31]

My, > 91.0 GeV, and M4 > 91.9 GeV, (2.44)

in the e"e™ — hA/HA channel in the scenario where the coupling of the Z boson to hA pairs is maximal
and for large tanf.

Searches for the neutral MSSM Higgs bosons are actively conducted at the LHC and the resulting
exclusion limits will be discussed later in this thesis (see Chapter 8).

2.2.3 Decay Channels and Signal Signature of A/H/h —» 7*7~

In the following a search for neutral MSSM Higgs bosons in final states with 7 pairs will be presented.
The 7 lepton, as the heaviest known lepton, decays not only to electrons or muons but due to is mass also
to hadrons. The leptonic branching fractions are (17.85 +0.05)% for 7~ — e~ ¥,v;° and (17.36 +0.05)%
for ™ — umv, v, [32].

Thus almost 65% of the decays are into hadrons: 7~ — hadrons + v;.

Hence, when reconstructing di-7 final states one has the choice of three classes of final states:

e the fully leptonic channel, where both 7 leptons decay into electrons or muons, i.e. 7777 —
ete” +4v(3%), Tt - utum +4v (B3%) and T —> ety + 4v (6%),

e the fully hadronic channel, where both 7 leptons decay into hadrons, i.e. ¥~ — hadrons + 2v
(42%) and

o the “lepton-hadron” channel, where one 7 leptons decays into leptons and the other into hadrons,
i.e. 7"t — e hadrons + 3v (23%) and t*7~ — u hadrons + 3v (23%)

The charge conjugate modes are included implicitly, if not mentioned otherwise.
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All three categories have experimental advantages and disadvantages. The two light leptons in the
fully leptonic channel are a clean signature at hadron colliders, especially in the final state with an
electron and a muon as most potential backgrounds are more likely to produce pairs of electrons or
muons and not a mixture. In addition, requiring two light leptons in the final state allows for the use
of low kinematic thresholds for the leptons, hence the channel is sensitive to low Higgs boson masses,
where the 7 leptons and their decay products are of rather low momentum. The fully hadronic channel
has the advantage of the large branching fraction and as only two neutrinos are produced in this final
state it potentially allows for the most precise reconstruction of the mass of the di-7 system and thus the
Higgs boson mass. The main disadvantage is that 7 leptons reconstructed in the hadronic final state are
hard to differentiate from jets produced in QCD interactions, and therefore stringent kinematic selection
criteria and high trigger thresholds must be applied, hence this channel is most sensitive for large Higgs
boson masses.

Finally the lepton-hadron channel, that will be used for the search presented here, offers a large
branching fraction and one light lepton whose signature is useful to discriminate a potential signal from
the vast background from QCD processes. Hence the most sensitive kinematic region explorable by this
channel is in between the other two channels and this channel offers the best sensitivity over a much
larger range of potential Higgs boson masses then the two other channels.

In conclusion the experimental signatures considered in this analysis are:

o Exactly one light lepton, i.e. an electron or a muon; the channels will be referred to as etp,g and
UThad accordingly.

e Exactly one hadronic 7 decay, in the following referred to as 7p,q decay, or Th,q candidate for the
actual reconstructed object.

e Missing energy and momentum, due to the three neutrinos that are not detectable within a collider
experiment.

In Chapter 5.3 a signal selection exploiting this signal topology will be presented.

2.3 Physics at Hadron Colliders

Measuring physics processes at hadron colliders, e.g. in proton-proton collisions at the LHC, is very
challenging for several reasons. Unlike in electron-positron collision experiments where the center-of-
mass energy /s of the interacting particles is known very precisely, it is a priori unknown which partons
in the protons interact and what part of the total proton momentum they carry. A consequence of the
uncertainty on the initial state is that an estimation of the initial energy is not possible in the direction
of the colliding beams.

In the following, the calculation of hadron collider processes in the framework of perturbative QCD
and the experimental challenges to measure them are briefly introduced. An overview can be found
in [33].

2.3.1 Cross Sections for Hadronic Interactions

The Standard Model does not describe the interactions of hadrons but those of elementary particles such
as quarks and gluons, which are referred to as partons (as they are the parts that make up hadrons). For
the production of heavy particles the so-called “hard interaction”, which involves a high energy scale,
can be described by perturbative QCD. However, perturbative QCD is not valid for strong interactions
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at low energies. In other words the dynamics of the hard process, e.g. W/Z or Higgs boson production
from two hard interacting partons — one from each hadron — can be calculated perturbatively, while the
soft processes cannot. To solve this problem a basic property of QCD, factorisation, can be exploited.
It allows for a separation of the dynamics at different scales, i.e. hard (short-distance) and soft (long-
distance) physics, and the cutoff separating the scales is called factorisation scale .

The proton—proton cross section can be expressed as a convolution of the hard partonic interaction
and the probability to find a parton carrying the fraction x of the proton’s momentum [33]:

o= Y, [ dndestpmso.m- o 2.45)

where the parton distribution functions (“PDFs”) f; describe the probability to find a quark, anti-quark
or gluon i carrying the momentum fraction x; of the proton momentum. The hard parton cross sec-
tion &;; describes the short distance interaction of the partons from the colliding protons and can be
calculated. The PDFs cannot be calculated from first principles, but have to be obtained from fits to
experimental data. Many groups provide parametrization of PDFs including uncertainties for the LHC,
e.g. the CTEQ [34] and MSTW [35] collaborations. The MSTW PDFs for a four momentum transfer of
0? = 10 GeV and Q? = 10* GeV are shown in Figure 2.11.

MSTW 2008 NLO PDFs (68% C.L.)
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Figure 2.11: MSTW 2008 PDFs for Q? = 10 GeV and Q? = 10* GeV [35].

In the Standard Model, cross sections can usually not be calculated analytically and therefore need
to be expressed in a power series expansion in the coupling constants, i.e. in perturbation theory. Cor-
rections from higher order terms, e.g. loop corrections, can introduce divergences as particles in loops
can violate energy and momentum conservation. These unphysical divergences can be absorbed into
redefinitions of the coupling constants, masses and fields in a technique referred to as renormaliza-
tion. The renormalized quantities then correspond to the observable physical ones. The downside of
this technique is that an energy scale dependence is introduced and the parameters now depend on the
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renormalization scale y,. Hence the calculation of the hadronic cross section also depends on ;.

In Figure 2.12 the cross sections of important Standard Model processes in dependence of the center-
of-mass energy /s is shown. It is noteworthy that for center-of-mass energies of order 10 TeV, rare
processes, e.g. Higgs production, happen only in about one out of ~ 10'? interactions. Therefore select-
ing events of interest while rejecting the large backgrounds is of great importance.

2.3.2 Underlying Event and Pileup

In addition to the hard process, the interactions of partons in the proton not involved in the hard process
have to be considered to fully describe the events recorded in proton-proton collisions. This is referred
to as the “underlying event”, e.g. the term underlying event refers to everything of the proton-proton
collision but the hard interaction.

Furthermore, as proton beams at the LHC have a bunch structure, more than one proton—proton
interaction can occur when two bunches are collided. Hence, more than one hard interaction per “bunch
crossing” can happen. This is referred to as (“in-time”) “pile-up”. On top of this, additional proton-
proton interactions from previous bunch crossings can influence the measurement of an event due to
overlapping signals in the detector (“‘out-of-time pile-up”).

2.3.3 Hadronization and Jets

The quarks and gluons created in the hard interaction cannot exist freely and need to form color neutral
hadrons. The processes in which the partons form hadrons, which then may further decay and can be
observed in the detector, is called “hadronization”. As it involves non-perturbative aspects of QCD,
hadronization can only be described by phenomenological models.

Jets are a concept used to reconstruct the particles resulting from quarks and gluons after the complex
process of hadronization. The partons will radiate off other quarks or gluons and the resulting hadrons
will in general fly in the same direction as the original quark or gluon. This collimated stream of hadrons
is referred to as a jet. Different jet algorithms that group clusters of particles together to form jets exist.
In this analysis the so-called “anti-kt”” algorithm [37, 38] is used.
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proton - (anti)proton cross sections
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Figure 2.12: Standard Model cross sections at the Tevatron and the LHC colliders as a function of the center-of-
mass energy /s [36].
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Chapter 3

The ATLAS Experiment at the Large Hadron
Collider

The Large Hadron Collider [39] (“LHC”) at CERN was designed to deliver high luminosities and un-
precedented high energies. Eventually it will collide bunches of up to 10'! protons 40 million times
per second and provide proton—proton collisions at a center-of-mass energy of /s = 14 TeV at a design
luminosity of 10**cm™2s~!. In addition, heavy ions, in particular lead nuclei, can be collided. At four
interaction points around the accelerator ring large experiments are installed. The two multi-purpose de-
tectors ATLAS [40] (“A Toroidal LHC ApparatuS”) and CMS [41] (“Compact Muon Solenoid”) have
been searching for the Higgs boson and for phenomena of physics beyond the Standard Model like new
heavy particles. The LHCb [42] experiment is dedicated to perform precise measurements in the flavor
sector of the Standard Model, such as studies of CP violation and the phenomenology of mesons with
heavy quarks. ALICE [43] (“A Large Ion Collider Experiment”) is designed to investigate heavy-ion
collisions and to search for the quark gluon plasma [44].

3.1 The Large Hadron Collider

LHC is installed in the tunnel of the former Large Electron Positron collider [16] (LEP). A schematic
overview is shown in Figure 3.1. The tunnel is located about 100 m underground and has a circumfer-
ence of 27 km. Superconducting dipole magnets that can be kept at a working temperature of 1.9 K
using liquid helium cooling are used to keep the protons on bent trajectories. Their nominal magnetic
field is 8.3 T, designed for an energy of up to 7 TeV per proton and hence a center-of-mass energy of
/s = 14 TeV. Quadrupole magnets are used to focus the beams. Using the existing CERN accelerator
complex, protons with an energy of 450 GeV are injected into the LHC, where they are further acceler-
ated by superconducting radio-frequency cavities operating at 400 MHz. Bunches of up to 2808 protons
with a spacing of about 7.5 m are collided leading to a time of 25 ns between two bunch-crossings or a
frequency of about 40 MHz.

In September 2008 the first protons were injected into the LHC, but after only a few days of running a
major incident caused by a broken connection between the superconducting magnets cause the machine
to be stopped for repairs that took more than a year. Operation restarted in November 2009 and first
collisions at /s = 900 GeV and +/s = 2.36 TeV were delivered. First collisions at /s = 7 TeV have
been provided from March 2010 and to June 2011, only interrupted by a one-month heavy-ion run and
a short maintenance period.

The instantaneous luminosities were steadily increased during operation in 2010 and 2011. The
highest luminosities achieved were 2 x 1032cm™2s~! in 2010 and 3.6 x 10¥3cm™2s~! in 2011 and integ-
rated luminosities of 50 pb™! and 5.6 fb~! were delivered to the ATLAS experiment, respectively. The
integrated luminosity over time is shown in Figure 3.2. The average number of interactions per bunch
crossing, u, went up from about ¢ = 3 in 2010 to above u = 15 until the end of the 2011 running.
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Figure 3.1: Overview of the LHC [45].

In April 2012, the LHC started running at an increased center-of-mass energy of /s = 8 TeV and
until the beginning of August 2012 an integrated luminosity of 10 fb~! has been delivered by the LHC.
The current proton-proton run will continue for the rest of 2012 and be followed by a month of proton—
lead collisions in 2013. After that a long technical stop that will last at least until the end of 2014 is
planned in order to prepare the machine for /s = 14 TeV proton—proton collisions, e.g. by installing
additional safety measures to avoid accidents similar to the one that happened in 2008.
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Figure 3.2: Integrated luminosity of proton—proton collisions at a center-of-mass energy of /s = 7 TeV delivered
to and recorded by the ATLAS experiment for the 2010 (left) and 2011 (right) data taking periods.

26



3.2 The ATLAS Experiment

3.2 The ATLAS Experiment

The ATLAS experiment is designed as a multi-purpose detector that can be used to measure a wide
range of both Standard Model and new physics processes.

As a consequence of the high rate of collisions provided by the LHC, the ATLAS experiment needs
to withstand high radiation doses, to resolve vertices from an average of more than 25 pile-up events
(at v/s = 14 TeV) and to be able to trigger events from interesting Standard Model and new physics
processes, e.g. Higgs boson production, that have much smaller rates compared to the backgrounds due
to Standard Model processes. The ATLAS detector [46] was therefore designed with the following
requirements in mind:

e Radiation-hard sensors and electronics; high-granularity sensors.
e Large acceptance in the forward/backward directions with almost full azimuthal coverage.

e Good charged-particle reconstruction efficiency and momentum resolution in the tracking sys-
tem and vertex detectors close to the interaction region for identifying b-jets and 7 leptons via a
secondary vertex.

e Very good electromagnetic calorimetry for electron and photon identification/measurements. Full-
coverage hadronic calorimetry for accurate jet and missing transverse energy measurements.

e Good muon identification and momentum resolution over a wide momentum range. Reliable
charge determination up to highest transverse momenta.

o A fast and flexible trigger system that is highly efficient at selecting events of interest and rejecting
the background events.

A brief description of the ATLAS detector is given in the following, focusing on the detector components
that are relevant for the analyses. A detailed description of all detector components is given in [40, 46].
The origin of the ATLAS coordinate system is defined by the nominal proton—proton interaction
point. The beam direction defines the z-axis and the x — y plane is transverse to the beam direction. The
(positive) x-axis points to the center of the LHC ring and the (positive) y-axis points upwards.

The azimuthal angle ¢ is measured around the beam axis and the polar angle 8 is the angle with
respect to the beam axis. The pseudorapidity is defined as = —Intan(6/2), which is equal to the
rapidity y = In((E + p;) / (E — p;)) in the limit of massless objects (E = |p|, where E denotes the
energy of the particle and j = (py, p, p;) is its momentum). The difference in rapidity of two objects
is invariant under Lorentz boosts along the beam axis and hence variables that are invariant under boost
along the z-axis are preferred. The distance AR in the pseudorapidity-azimuthal angle space is defined
as AR = +/(An)? + (Ap)2.

The transverse momentum pr, is defined with respect to the x — y plane, i.e. pr = /pZ + p%, with
px and py being the momenta in direction of the x- and y-axis, respectively. Similarly, the missing
transverse energy E%‘iss can be defined (see Section 5.2 for more details).

A three dimensional cut-away overview of the ATLAS detector is shown in Figure 3.3. It is forward-
backward symmetric with respect to the interaction point and its main sub-detectors extend radially
around the beam axis. It consists of three main detector systems:

o The Inner Detector (“ID”) is contained in a solenoid magnet which creates a 2 T magnetic field.
Trajectories of charged particles are bent in the field and therefore their momenta can be measured
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Figure 3.3: Cut-away view of the ATLAS detector [46]. The detector is 25 m high, 40 m long and has a mass of
about 7000 tons. The individual components are described in the text.

from three or more space points. A combination of high-resolution semiconductor pixel (“PXD”)
and silicon microstrip (“SCT”) detectors (with a pseudorapidity coverage of || < 2.5) in the
innermost part are complemented with a straw-tube tracking detector (with a pseudorapidity cov-
erage of || < 2.0) in the outer part of the tracking volume. The latter is also capable of generating
and detecting transition radiation (“TRT”). The ID is used for pattern recognition, momentum and
vertex measurements and electron identification.

e The ID is enclosed by high-granularity liquid-argon (“LAr”) electromagnetic sampling calorimet-
ers that cover the pseudorapidity range of || < 3.2. In the range of || < 1.7 a scintillator-tile
calorimeter is used for hadronic calorimetry. It is complemented by a LAr-based hadronic calori-
meter, covering the range of 1.5 < || < 3.2. Forward LAr calorimeters covering the pseudorapid-
ity range up to || < 4.9 complete the calorimeter system by providing both electromagnetic and
hadronic energy measurements.

e The calorimeter system is surrounded by the muon spectrometer that uses an air-core toroid mag-
net system to bend the trajectories of charged particles. High precision tracking chambers used to
measure the momentum and dedicated fast trigger chambers are installed.

In addition detectors installed in the forward region are used for dedicated luminosity measurements.

To reduce the high event rates from QCD processes, a three-level trigger system is used, consisting
of a hardware-based and two subsequent software-based triggers.
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3.2.1 Inner Detector

The inner detector is designed to cope with the large track density due to about 1000 particles emer-
ging from the interaction point every 25 ns. To achieve the desired momentum and vertex resolutions
(needed to search for new physics phenomena) detectors with a high granularity, in particular close to
the interaction point are needed. The space points measured by the PXD and SCT used together with
the TRT drift circle measurements at larger distances provide these features. While the TRT is operated
at room temperature the silicon based detectors (PXD and SCT) need to be operated at temperatures of
approximately —5°C to —10°C and therefore must be cooled. The ID layout is shown in Figure 3.4.

End-cap semiconductor tracker

Figure 3.4: Cut-away view of the ATLAS Inner Detector [46].

Pixel Detector

The Pixel detector, located close to the interaction point, has the highest granularity. The detector has
approximately 80.4 million readout channels. In the inner central region (|| < 1.7, “barrel”) the sensors
are arranged in layers on three concentric cylinders around the beam axis with radii of 50.5 mm < R <
122.5 mm. In the end-cap region (1.7 < || < 2.5) they are located on three disks in each forward- and
backward-direction arranged perpendicular to the beam axis with radii of 88.8 mm < R < 149.9 mm.
The layers are segmented in R—¢ and z, and typically three pixel layers are crossed by each track. All
pixel sensors are identical and have a minimum size in R-¢ X z of 50 x 400 um?. The intrinsic precision
of the sensors are 10 um (R—¢) and 115 um (z) in the barrel and 10 um (R—¢) and 115 um (R) in the
disks.
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Silicon Microstrip Detector

Similar to the pixel detector the sensors of the SCT are arranged in cylinders with radii of 299 mm <
R < 514 mm in the barrel region (|| < 1.4) and on disks with radii of 275 mm < R < 560 mm in the
end-cap region (1.4 < || < 2.5). The modules consist of pairs of sensor layers glued together in a back—
to—back configuration, tilted by a small stereo angle (40 mrad) in order to measure three dimensional
space points. There are four of these double layers in the barrel region, each with one strip oriented
parallel to the beam axis. In each end-cap region nine disks, each with one strip oriented radially, are
used. Typically eight layers, corresponding to four space points, are crossed by each track in the SCT.
The strip pitch is 80 um in the barrel region and approximately the same in the end-cap regions. In
the barrel region the intrinsic precision per module are 17 pm (R—¢) and 580 um (z), and 17 pm (R—¢)
and 580 um (R) in the end-cap region respectively. The total number of readout channels in the SCT is
approximately 6.3 million.

Transition Radiation Tracker

In the barrel region of || < 0.7, the TRT consists of more than 50000 straw tubes with a diameter of
4 mm and a length of 144 cm. Their wires are divided into two halves (approximately at n = 0) that
are oriented parallel to the beam axis and hence provide only R—¢ information. In the end-cap region
(0.7 < |n| < 2.0) more than 120000 straw tubes with a length of 37 cm are arranged radially in wheels.
The intrinsic precision is 130 um per straw tube (R—¢), about an order of magnitude worse compared
to the PXD and SCT. However, the combination of the higher typical number of hits per track (about
36) and the longer lever arm make up for this shortcoming and let the TRT contribute to the overall
momentum measurement resolution. In addition, photons created by transition radiation in the material
by high momentum electrons and detected in the Xe-based gas mixture in the straw tubes yield much
larger signal amplitudes than minimum-ionizing charged particles. To distinguish transition radiation
from tracking signals separate low and high thresholds are used in the front-end electronic on a straw-
by-straw basis. This effect is used in the electron identification as other charged particles do not emit
transition radiation in the TRT. The total number of TRT readout channels is approximately 351000.

Material Distribution in the Inner Detector

As the material in the inner detector significantly affects the event reconstruction, e.g. the energy deposit
of particles in the calorimeter, the material distribution has been accurately mapped and introduced
into the ATLAS simulation. The material budget can be expressed in terms of radiation length Xy or
interaction length A. The material distributions are shown in Figure 3.5 both in terms of X and A.
As a consequence of the material in the detector
e many electrons lose a large part of their energy through bremsstrahlung;
o approximately 40% of all photons convert in an electron—positron pair;

e a significant fraction of low-energy charged pions undergo inelastic hadronic interactions

inside the ID volume before reaching the calorimeters. Therefore understanding the material distribution
is important for a reliable reconstruction of particle charge and electron identification.
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Figure 3.5: Material distribution in terms of radiation length X (left) and interaction length A (right) at the exit of
the ID envelope, including services and thermal enclosures, shown as a function of || and averaged over ¢ [46].

3.2.2 The Calorimeters

An overview of the calorimeters is shown in Figure 3.6. They are all sampling calorimeters, i.e. they
consist of alternating layers of active and absorbing material that measure and absorb energy, respect-
ively. The calorimeters cover a large pseudorapidity range of || < 4.9 using different technologies in
order to suit the varying requirements imposed by the different physics processes and the radiation en-
vironment over this range. The fine granularity of the electromagnetic calorimeter in the pseudorapidity
region matched to the ID is perfectly suited for precision measurements of electrons and photons. The
coarser granularity of the rest of the calorimeters is sufficient to satisfy the physics requirements for jet
reconstruction and E‘Tniss measurements.

As electromagnetic and hadronic showers must be contained in the calorimeters and punch-through
to the muon system must be limited, a sufficient calorimeter depth is important. The electromagnetic
calorimeter has a total depth of more than 22 radiation lengths in the barrel and more than 24 Xj in
the end-cap regions, respectively. The active material of the hadronic calorimeter is approximately
equivalent to 9.7 (10) interaction lengths A in the barrel (end-cap) region adequate to provide good
energy resolution for high-energy jets. The total thickness, including outer support, is 11 2 atn = 0 and
sufficiently reduces punch-through, as was shown with data measurements and detector simulations.
The combination of the large pseudorapidity coverage and the sufficient depth allow for good E%liss
measurements.

LAr Electromagnetic Calorimeter

The EM calorimeter is divided into a barrel part (|| < 1.475) and two end-cap components (1.375 <
Inl < 3.2). The end-cap calorimeter is divided into two coaxial wheels, an outer and an inner one,
covering the pseudorapidity regions of 1.375 < || < 2.5 and 2.5 < || < 3.2 respectively. The EM
calorimeter is a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates
over its full coverage. This geometry provides full coverage in ¢ without azimuthal cracks. A sketch
of a barrel module is shown in Figure 3.7. Over the central region that is important for many physics
measurements (|| < 2.5) the EM calorimeter is divided into three sections along its depth. The first layer
(about 4X deep) has the highest granularity of up to Ap = 0.0031 for || < 1.8 and is coarser beyond
that. It allows for measuring shower shapes to separate electrons and photons from hadronic objects
in the calorimeter and is suited to resolve single photons from 7° decays. The azimuthal granularity
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Figure 3.6: Cut-away view of the ATLAS calorimeter system [40].

in the first layer is coarser, with A¢ = 0.1. The subsequent two layers have a coarser granularity of
0.025 x 0.025 in A x A¢. Most of the energy of electrons and photons is contained within the second
layer (= 16Xy) while the third layer (= 2Xj) is used to correct for electrons and photons with very high
energies. A presampler located in front of the inner barrel region (|| < 1.8) and consisting of a thin
active LAr layer is used to recover the energy lost in the material of the ID (see Section 3.5). The inner
wheel end-cap calorimeter is segmented in two sections in depth and has a coarser lateral granularity
than the rest of the EM calorimeter.

The resolution of the EM calorimeter in the barrel according to test beam studies is o(E)/E =

10%/ VE[GeV] ® 0.17%.

Hadronic Calorimeters

The tile calorimeter covers the region || < 1.7 and surrounds the EM calorimeter. It is a sampling
calorimeter using steel as the absorber and scintillating tiles as the active material. It is divided into
three layers with a granularity of 0.1 X 0.1 (0.1 X 0.2) in A X A¢ in the first two (the third) layers. Two
sides of the scintillating tiles are read out by wavelength shifting fibers with two separate photomultiplier
tubes. The hadronic end-cap calorimeter (“HEC”) covers the pseudorapidity region of 1.5 < || < 3.2.
It is located in the same cryostat as the LAr EM calorimeter and uses LAr as its active medium as well.
Copper plates are used as the passive medium.

The design resolution for jet energies in the hadronic barrel and end-cap calorimeters is og/E =

50%/ VE[ GeV] & 10%.
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LAr Forward Calorimeter

The Forward Calorimeter (“FCal”) covers the range of 3.1 < || < 4.9. It uses LAr as its active medium.
The first out of its three layers uses copper as the passive medium and is dedicated for measuring
electromagnetic energy deposits. The other two layers use tungsten as the passive medium and are
dedicated to measure hadronic energy deposits. The design energy resolution for jets in the FCal is

op/E =100%/ VE[ GeV] @ 10%.

Cells in Layer 3
ApxAn = 0.0245x0.05

Tri
¢ = 0.0982

Square cells in
Layer 2

3
75[1211/8 <460 N
N=0, m
0031 Strip cells in Layer 1
l

Figure 3.7: Sketch of a barrel module of the LAr electromagnetic calorimeter [46]. The granularity in n and ¢
of the cells of each of the three layers and of the trigger towers is also shown. In the trigger system not the full
granularity of the calorimeter is used to improve the read-out speed and hence coarser projective towers are read
out. They are referred to as “trigger towers”.

3.2.3 The Muon System

The muon system encloses the rest of the detector and is the subdetector with the largest volume.

Its layout is shown in Figure 3.8. Charged particle trajectories are bent by large superconducting air-
core toroid magnets, hence the bending is orthogonal to that in the solenoid field in the ID. The central
region (|| < 1.4) is covered by the large barrel toroid, while two smaller toroids cover the end-cap
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Figure 3.8: Cut-away view of the ATLAS muon system. [46].
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region (1.6 < || < 2.7). In between (1.4 < || < 1.6) magnetic bending is provided by a combination of
barrel and end-cap fields'.

For most of the pseudorapidity range, precision measurements of the track coordinates are provided
by Monitored Drift Tubes (“MDT”). Cathode Strip Chambers (“CSC”), which are multiwire propor-
tional chambers with cathodes segmented into strips, provide higher granularity and are therefore used
in the innermost plane in the pseudorapidity region 2 < || < 2.7. For fast triggering within the pseu-
dorapidity range || < 2.4 the barrel region is equipped with Resistive Plate Chambers (“RPC”), while
in the end-cap regions Thin Gap Chambers (“TGC”) are used.

3.2.4 Forward Detector Systems

The forward region is covered with three smaller detector systems. The first two systems measure
the luminosity delivered to ATLAS. LUCID, the Luminosity measurement using Cerenkov Integrating
Detector, is located at z = +17m from the interaction point and detects inelastic p—p scattering in
the forward region. It is the main online luminosity monitor for ATLAS. The second detector ALFA
(Absolute Luminosity For ATLAS) located at z = +240 m consists of scintillating fiber trackers located
inside Roman pots designed to approach as close as 1 mm to the beam. The third system is the Zero-
Degree Calorimeter (“ZDC”), located at z = +140 m, which is mainly used for measuring the centrality

of heavy-ion collisions?.

3.2.5 Trigger System

The trigger system fore-mostly needs to reduce the high event rates that are due to background processes,
while maintaining high efficiencies for interesting events. The hardware-based first trigger (“L1”) uses
information from the calorimeter and the muon systems. It searches for high-transverse-momentum
muons, electrons, photons, jets, and 7 leptons decaying into hadrons, as well as large missing and total
transverse energy. This information is used to define one or more regions of interest (“Rol”) in 1 and
¢. Only a subset of the detectors is read out with coarser granularity. A trigger decision takes less than
2.5 us and the rate is reduced from 40 MHz to 75 — 100 kHz.

The Rols are passed to the software-based second trigger level (“L2”) and are then analyzed using all
sub-detectors with their nominal granularity. L2 decisions are made within approximately 40 ms and
the event rate is reduced to roughly 3.5 kHz.

The final trigger stage, the event filter (“EF”) utilizes the full detector information and further reduces
the event rate to about 300Hz. The processing time for each event is of the order of four seconds and
the events passing the EF are permanently stored and have a typical size of about one to two MB. The
stored events can then be further reprocessed and distributed for physics analyses.

!"The “bending power” can be characterized as the field integral f Bdl, where B is the magnetic field component perpendicular
to the muon direction. The barrel (end-cap) toroid provides 1.5 to 5.5 Tm (approximately 1 to 7.5 Tm) of bending power.

2Centrality describes the “overlap” of the nuclei in a heavy-ion collision, where 100%, 50% and 0% centrality correspond to
a central collision, half the nuclei overlapping and no overlapping, respectively.
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Chapter 4
Datasets and Cross Sections

In the following the data collected with the ATLAS detector and the signal and background samples
from Monte Carlo simulations used in this analysis are presented.

The typical event topology of a hard interaction and the underlying event (as discussed in Section 2.3)
is reproduced in the Monte Carlo simulations. First the hard interaction of the colliding partons, taking
into account the PDFs and also the decay of short lived heavy particles like the Z boson is calculated up
to a certain precision in perturbation theory, usually next-to-leading order. Then higher order processes
like initial and final state radiation (ISR/FSR) are added to the calculation. This is followed by a had-
ronization step where particles carrying color form color neutral hadrons, that then, if short lived, decay
further to final state particles. In addition, the proton remnants from the underlying event are considered
and additional pile-up events are overlayed.

The generated event, i.e. the four vectors of the final state particles, is then passed through a full
simulation of the ATLAS detector based on GEANT4 [47, 48] and the standard ATLAS reconstruction
algorithms are applied. The simulated events are reconstructed in exactly the same way as the data
events. Reconstructed data and simulated events contain, e.g. information on charged particle tracks,
calorimeter energy clusters and reconstructed particles. In addition, simulated events include informa-
tion on what process is generated, what particles are produced, what their four momenta are, etc.

Some generators produce certain types of events more often than they would be produced in p—p
collisions and must therefore correct this by reweighting these events to the correct probability, using
so-called generator event weights.

4.1 ATLAS Data

The data used in the following were recorded with the ATLAS detector in proton-proton collisions at
a center-of-mass energy of /s = 7 TeV during the 2011 LHC run. The integrated luminosity of the
data sample, considering only data recorded when the detector was fully operational, is 2.08 fb~!. Fully
operational in this context means that almost all the detector systems were working properly to allow for
a reliable reconstruction of all final state particles used in this analysis (see Chapter 5). The distribution
of the average number of interactions per bunch crossings, y, for this dataset is shown in Figure 4.1, the
mean is < u >= 6.1.

4.2 Signal Samples and Cross Sections

Simulated samples of Higgs bosons that are produced in the gluon-fusion and the b-quark associated
processes are used to estimate the expected yield of neutral MSSM Higgs boson decays in dependence
of the parameters m4 and tanS. The production in association with W/Z bosons and the vector boson
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Figure 4.1: Average number of interactions per bunch crossing u.

fusion production processes are negligible as the couplings are small or non existent in case of the
CP-odd Higgs boson A.

The masses, couplings, and branching ratios of the Higgs bosons are computed with FeynHiggs [49].
Details of the calculations and the associated strong coupling constant a5, PDFs and scale uncertainties
can be found in [50].

The direct gg — A/H/h production is simulated with POWHEG [51], and the associated bbA/H/h
production with SHERPA [52], where only the processes involving the Higgs boson A are simulated.
Both gg — A and bbA samples are generated at values of my in the range from 90 to 600 GeV and
for tan 8 = 20. There is a small dependence of the Higgs bosons’ natural widths on tan 8. The effect is
illustrated in Table 4.1 for the Higgs boson A and a few values of its mass my4 and of tan 8. The widths of
the 4 and H Higgs boson are of the same order or smaller. As this variation of the width in dependence
of tan § is small compared to the experimental mass resolution, the samples can be used to estimated the
signal yields for other values of tan 8 as well, by normalizing them using the appropriate cross sections
(see Section 2.2.2 for details).

125GeV  200GeV  300GeV
5 | 0.05% 0.1% 0.3%

20| 0.7% 0.7% 0.8%
30 1.5% 1.4% 1.4%

Table 4.1: Total width of the Higgs boson A (in percent of its mass) for a few values of its mass m4 and of

tan g3 [49].

The samples are also used for the decays of the H and & bosons, by using the generated sample with
the mass m4 closest to the calculated mass My or my,. For any given combination of my4 and tan S, the
masses My and my, of the H and & bosons are calculated in the m;l“‘”‘ scenario [29]. For my = 120 GeV
and tan 8 = 20 the masses are my ~ 118 GeV and My =~ 130 GeV, thus the gg — A and bbA samples
simulated with my = 120 GeV are used to simulate the decays of the # and A Higgs bosons and the
sample with ms = 130 GeV is used for the H Higgs boson. A signal sample for A/H/h production at
each point is then obtained by combining the gg — A and bbA samples scaled according to the cross

sections for 4, H and A production.
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The cross sections for Higgs boson production in the gluon fusion process have been calculated using
HIGLU [53] and ggh@nnlo [54]. For the b-quark associated production, two approaches to calculate
the cross section are commonly used, the four-flavor scheme [55, 56] that does not consider b-quarks
as partons in the proton and the five-flavor scheme [57] that does. If all orders in perturbation theory
could be taken into account the schemes would yield identical results. Currently, the cross sections are
available at next-to-leading order and next-to-next-to leading order for the four-flavor and the five-flavor
scheme, respectively. A matching scheme described in [58] is used to combine the two approaches. It
interpolates between the asymptotic limits of very small (Mg /M, — 1) and very high (Mg /M) — o)
Higgs boson masses where the four- and five-flavor scheme offer unique descriptions, respectively. In
both cases, the MSTW2008 set of parton distribution functions (PDFs) [35] has been used.

The signal cross section times branching ratio are shown in Table 4.2 for tan 8 = 20 at m4 = 120, 200
and 300 GeV.

Signal process ma o X BR [pb]
bbA/H/h(— 17) 120 GeV 7.62/0.69/7.3
gg — A/H/h(— 17) 120 GeV 4.93/2.21/4.1
bbA/H/h(— 17) 200 GeV  0.49/0.49/0.02
g9 — A/H/h(— 17) 200 GeV  0.13/0.16/0.46
bbA/H/h(— 17) 300 GeV  0.02/0.03/0.002
g9 — A/H/h(— 17) 300 GeV  0.003/0.005/0.11
Background process o [pb]
W (=eut)ve 10.5 x 10°
Z/y* — €0 (mge > 10 GeV) 4.96 x 103
Diboson (WW, WZ and ZZ) 46.2,18.0,5.6
tt 165
Single-top (¢-, s- and W¢-channels) 58.7,3.9,13.1

Table 4.2: Cross sections for signal and background processes. For A/H/h production, the cross section is multi-
plied by the branching ratio for A/H/h — t%1~. The signal cross sections are given for tan 8 = 20 and the three
values quoted correspond to A/H/h production, respectively. For my = 120/200/300 GeV and tan 8 = 20, the H
and h boson masses in the m;"™* scenario are My = 132/200/300 GeV and m;, = 118/130/130 GeV.

4.3 Background Samples and Cross Sections

The cross sections of the considered Standard Model background processes are listed in Table 4.2, with
the notable exception of the QCD multi-jet background, that will be estimated from data control regions.

The most important background processes in this MSSM Higgs boson search are those where real
leptons are produced. In the following, the considered background processes are described.

e W and Z boson production: Production of W and Z! bosons that subsequently decay into leptons
is the most important source of backgrounds. W and Z decays can involve light leptons or 7
leptons and missing transverse energy EmeSS if neutrinos are produced. In Figure 4.2 the produc-
tion of a Z boson in a proton—proton collision with a subsequent decay to electrons is illustrated.

'Instead of a Z boson, a virtual photon y* can mediate the decay and lead to the same final state.
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40

Figure 4.2: Feynman graph of the proton—proton to Z/y* — e*e™ process.

— Z/y* — t*77: This is the most important background process, especially at lower Higgs
boson masses, as it has exactly the same signature as the signal process and hence is irredu-
cible. Therefore reconstructing the di-t mass with high resolution is very important in order
to distinguish the signal from this background.

- Z/y* — eTe” [utu + jets: Decays of the Z boson into electrons or muons in combination
with a jet or with one of the light leptons accidentally reconstructed as a 7p,q candidate
also mimic the signal signature. As no neutrinos are involved, missing transverse energy
E%liss mostly originates from mis-measurement of the jets produced in association with the
Z boson.

— W + jets: A real tp,g candidate (W — 7v;) or a real light lepton (W — {v;) are produced
in combination with missing transverse energy E?iss from the neutrinos. Hence either a
light lepton or a 1,4 candidate has to originate from mis-identification of a jet produced in
association with the W boson.

— Diboson: While the production of WW, WZ or ZZ can potentially mimic the signal signature
if the bosons decay into Th,q candidates, light leptons and neutrinos it is a minor background
process due to the small cross section (see Table 4.2).

o tt and single top production: As top quarks decay almost always into a W boson and a b quark
that both can produce light leptons, Thyg candidates and neutrinos in their subsequent decays
processes involving top quarks can mimic the signal signature. In Figure 4.3 7 production in
proton—proton collisions, with the top quarks subsequently decaying into leptons and quarks is
illustrated. Leptons originating from semi-leptonic decays of the b quarks are mostly not isolated
as the b quarks will be boosted and therefore all its decay products, including the light leptons,
will be close to each other and form a jet. Hence they can be distinguished from isolated leptons
originating from W, Z or signal decays.



4.3 Background Samples and Cross Sections

Figure 4.3: Feynman graph of the proton—proton to #f process, with the top quark decaying leptonically and its
anti-particle decaying hadronically.

¢ QCD multi-jet production: In QCD multi-jet events no real leptons are produced in the initial
hard scattering. However, due to the large QCD multi-jet production cross section, QCD processes
where jets are accidentally reconstructed as lepton candidates or where real leptons are produced
in secondary heavy quark decays cannot be neglected. Due to the rareness of these processes
it is impossible to generate a sufficiently large dataset. Due to this and also due to the large
uncertainties on the production cross section, the QCD multi-jet background component will be
estimated from data control regions and no simulated event samples are used.

Figure 4.4: Feynman graph of the proton—proton to QCD di-jets process.
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The production of W and Z bosons in association with jets is simulated with the ALPGEN [59]
generator. The ¢ and single-top processes are generated with the MC@NLO [60] and ACER MC [6]]
generators, respectively. For diboson production, the HERWIG [62] and MC@NLO generators are
used. The loop-induced process gg — WW is generated with gg2WW [63]. For events generated with
the ALPGEN, HERWIG, MC@NLO, and gg2WW, parton shower and hadronization are simulated
with HERWIG and the underlying event with JIMMY [64]. The program TAUOLA [65, 66] is used to
model the decays of 7 leptons in all samples except those generated with SHERPA which handles them
internally. The QED radiation in decays, is simulated by PHOTOS [67], again with the exception of
samples simulated with SHERPA.

In Table 4.3 an overview of the processes simulated, the generators used and the numbers of generated
events is shown.

Process Generator Number of generated Events
bbA SHERPA 5 x 10* (for each my)
gg — A POWHEG 5 x 10* (for each my)
W ¢ ALPGEN 1.1 x 107 (for each e, u, 7)
Zly* — e ALPGEN 1.0 x 107 (for each e, u, 7)
Diboson (WW, WZ and ZZ) HERWIG/MC@NLO (1.8/0.2/0.3) x 108
it MC@NLO 1.6 x 107
Single-top (-, s- and Wr-channels) ACER MC (6/6/3) x 10°

Table 4.3: Generator used and number of generated events for the simulated signal and background processes.
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Chapter 5
Event Selection

In this chapter the signal selection is introduced. Starting with the trigger selection used, each part of the
event selection is described. The reconstructed physics objects — with a focus on the hadronic 7 decay
candidates — are discussed and the more advanced selection criteria that help to distinguish signal from
background events are motivated.

5.1 Trigger

The data was recorded using a single-electron trigger for the eth,q and a single-muon trigger for the
UThag final state. Only events from data-taking periods where the detector and all sub-systems were
fully operational are considered.

The pr threshold for the single-muon trigger is 18 GeV over the whole data-taking period. For the
single-electron trigger the pr thresholds are 20 GeV in earlier data-taking periods — while lower instant-
aneous luminosity was delivered by LHC — and 22 GeV in later periods (with an integrated luminosity
of 1.4fb~! at 20 GeV and of 0.7fb~! at 22 GeV). To ensure that the triggers are in the plateau of their ef-
ficiency curves the event selection described below (Section 5.3) requires sufficiently higher thresholds.

The trigger efficiencies are 99% and 82% for electrons and muons [7], respectively.

5.2 Object Definition

5.2.1 Electrons

Electron candidates are reconstructed from energy clusters in the electromagnetic calorimeter that are
matched to an inner detector track. Clusters are identified as an electron candidate if they have a profile
consistent with an electromagnetic shower. In Figure 5.1 the electron identification efficiency versus
the transverse energy Et and versus the pseudorapidity |n| of the electron candidate is shown. The effi-
ciencies shown have been determined with Z/y* — e*e™ simulated samples [68]. Results using the data
recorded in 2011 are not publicly available yet. However, as presented in Figure 5.2 similar efficiency
distributions were obtained from W — ev events selected in 2010 data and simulated samples [69].

The three standard ATLAS 2011 (i.e. as in Figure 5.1) electron identification working points, called
“loose”, “medium” and “tight” correspond to efficiencies for e.g. electrons with transverse momenta
pr = 18 GeV of roughly 90%, 82% and 60%, respectively. In the following electron candidates that
satisfy the tight selection criteria are used, unless stated otherwise.

Electron candidates are required to have a transverse energy E7. > 20 GeV and to be in the fiducial
volume of the barrel and endcaps (7] < 1.32 or 1.52 < || < 2.47). For the final event selection (see
Section 5.3) electrons are required to have transverse momenta E7 > 25 GeV, in order to assure that the
triggers are fully efficient.
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Figure 5.1: Distribution of the electron identification efficiency versus the transverse energy Et and the pseu-
dorapidity || of the electron candidate for the loose, medium and tight working points for Z/y* — e*e~simulated
events [68].

Calorimeter isolation is imposed by requiring that the calorimeter energy in a cone of radius AR = 0.2
around the electron direction is less then 8% of the electron’s transverse energy'. In addition, the sum
of the transverse momenta of all tracks with pr > 1 GeV in a cone of radius AR = 0.4 around the
candidate’s direction must be less then 6% of its track transverse momentum”. The combination of
these track and calorimeter isolation requirements will be referred to as “isolation” in the following.

5.2.2 Muons

Muon candidates are reconstructed from tracks found in the muon spectrometer® that are matched to
tracks found in the inner detector. The muon identification efficiency versus the pseudorapidity 7 of
the muon candidate determined in data and simulation by reconstructing Z/y* — u*u~ decays [70] is
shown in Figure 5.3.

Muon candidates are required to have a transverse momentum p’{ > 10 GeV and a pseudorapidity
Il < 2.5. For the final event selection (see Section 5.3) muons are required to have transverse momenta
p’{ > 20 GeV, in order to assure that the trigger is fully efficient. Calorimeter isolation is imposed by
requiring that the energy deposited in a cone of radius AR = (0.2 centered around the muon direction is
less than 4% of its transverse momentum. In addition, the sum of the transverse momenta of all tracks
with pr > 1 GeV in a cone of radius AR < 0.4 around the muon direction is required to be smaller than
6% of the muon track transverse momentum.

!The calorimeter isolation variable will be referred to as Ex*<%2/pr in the following.

*The track isolation variable will be referred to as p4*<04/py in the following.

3The reconstruction is initiated locally in a muon chamber by searching for straight line track segment in the bending plane
that point to the center of ATLAS. This is referred to as “Chain 1” muon reconstruction, while the alternative called “Chain
2” is based on global pattern recognition in the full muon spectrometer.
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Figure 5.2: Distribution of the electron identification efficiency versus the transverse energy Et (top, integrated
over || < 2.7, ignoring the transition region 1.37 < |n| < 1.52) and the pseudorapidity ;7 (bottom, integrated over
20 < Et < 50 GeV) of the electron candidate for the medium (left) and tight (right) working points for W — ev
simulated and data events [69]. The results for the data are shown with their statistical (inner error bars) and total
(outer error bars) uncertainties. The statistical error on the MC efficiencies plotted as open squares is negligible.
For clarity, the data and MC points are slightly displaced horizontally in opposite directions.

5 B e N I L L B R T R
c =, |
=== -
Soos =
b 0.9 =
E - 3
0.85 E —
08 |- 5
0.75 - ATLAS Preliminary + MC =
8 -1 + data2011 7
0.7 ; Ldt=193 pb Chain 1 E
1.05 [ 3
5 1Fe-e-9o o o o 0 0 o tg. 0 o o 0 o o oo
0.95 E 5
25 2 15 1 05 0 05 1 15 2 25
n

Figure 5.3: Distribution of the muon identification efficiency versus the pseudorapidity  of muon candidates with
pr > 20 GeV, determined from reconstructed Z/y* — u*u~decays in data and simulation [70]. “Chain 17 refers to
the way the muon reconstruction is initiated>. The panel at the bottom shows the ratio of the efficiencies measured
in data and simulation [70].
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5.2.3 Jets

Jets are reconstructed using the anti-kt algorithm [37, 38], an infrared and collinear safe jet recon-
struction algorithm, with a radius parameter of AR = 0.4, seeded by three-dimensional topological
calorimeter energy clusters [71]. The clustering algorithm is seeded by calorimeter cells with measured
energies Ecep > 4 - Opojse, Where opoise 1S the width of the noise distribution of the cell. The noise
measurement includes electronic noise and pile-up effects. After a seed cell has been found adjacent*
cells with Ecepp > 2 - 0poise are added to the cluster until only cells with E.;; = 0 are found.

Jets are required to have a transverse momentum pt > 10 GeV and a pseudorapidity || < 4.5.

5.2.4 Hadronically Decaying T Leptons

Hadronic 7 decays usually result in one or three charged pions (7*) that can be accompanied by neutral
pions. Therefore these decays produce one or three charged tracks and clusters of energy deposits in
both the electromagnetic and the hadronic calorimeter. The main background for this signature are jets
originating from QCD multi-jet events. The main differences between this background and hadronic 7
decays are

e on average jets produced in multi-jet processes are much broader compared to the more narrow
pencil shaped hadronic 7 decay signature and

o higher track multiplicities in the jets from QCD multi-jet processes.

Technically the reconstruction of hadronic 7 decays [72] is based on calorimeter jets reconstructed
with the anti-kt algorithm. All jets with a transverse momentum pr > 10 GeV which are in the pseu-
dorapidity range of the tracking system (|| < 2.5) are considered 7y,,4 candidates and 7 identification
(explained in the following) is performed on them to distinguish them from the background due to jets
from QCD multi-jet events.

Track Association

Tracks are associated with a Tp,q candidate if they are within a cone of radius AR = 0.2 centered around
the p,q candidate’s direction (i.e. the jet’s direction) and if they fulfill the following quality criteria:

e Transverse momentum pt > 1 GeV,

Number of hits in the pixel detector > 2,

Total number of the hits in the pixel and the semiconductor detectors > 7,

|do| < 1.0 mm,

|zo sin 6| < 1.5 mm,

where dy (z0) is the distance of closest approach of the track to the reconstructed primary vertex in
the transverse (longitudinal) plane. Tp,q candidates are classified as single or multi-prong depending
on the number of associated tracks. Within the context of this analysis only one- and three-prong Thag
candidates are considered.

4 Adjacency in this case includes cells in the same and the neighboring calorimeter layers.
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Identification Variables

As the reconstruction of Th,q candidates provides only limited rejection against jets from QCD multi-jet
production, additional identification criteria are needed. Furthermore, one prong ty,q candidates can
originate from true electrons.

Variables that offer additional rejection of jets from QCD multi-jet production and true electrons that
are used in this analysis are discussed in the following [72]. Figure 5.4 shows a few selected distributions
of those variables for simulated Z/y* — 77~ and W — 7v samples and di-jet samples selected in data.

e Hadronic radius (Ry,q): the transverse energy weighted width of the shower in the hadronic calor-
imeter associated with the 1,,4 candidate:

AR;<0.4

Zie{ll-lad,EM3} Er;i AR;

Rnad = AR;<04 B
ie{Had,EM3} ~T.

S.D

where i runs over cells associated with the 7,,4 candidate in the hadronic calorimeter and also the
third layer of the EM calorimeter. Only cells in a cone of radius AR = 0.4 around the 7,4 direction
are considered. The calorimeter cells are associated to a Thyq candidate if they are part of the
topological clusters the original jet is made of. The distance AR; is defined between a calorimeter
cell i and the 7p,q direction. Et; is the cell transverse energy, calibrated at the electromagnetic
energy scale.

e Calorimetric radius (Rca): the transverse energy weighted shower width in the electromagnetic

and hadronic calorimeters: AR <04
i<V . .
Zie{all} EriAR;

AR;<O.4 .
Zie{all} Er,;

(5.2)

Rca =

where i runs over cells in all layers of the EM and hadronic calorimeters in a cone of radius
AR = 0.4 around the Th,q direction (see Figure 5.4a). Jets from the QCD di-jet sample tend to
have larger calorimeter radii than signal events.

o Track radius (Ry,ck): the pr weighted track width:

ARi<0.4
S04 b AR

i
AR;<0.4
Z,‘ Pr,i

Ryack = s (5-3)

where i runs over all tracks fulfilling the above defined criteria in a cone of radius AR = 0.4
around the Th,q direction and pr; is the transverse momentum of track i.

e Number of isolation tracks (Ntirs;ck): the number of tracks within an isolation annulus of inner and

outer radii R; = 0.2 and R, = 0.4, respectively, around the Ty,,q direction (see Figure 5.4b). As
expected, Thyg candidates on average have fewer tracks then jets from QCD di-jet events.

o | eading track momentum fraction ( firack):

track

p
Jirack = Ll s 5.4)

PT.1paq
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48

where ptTraICk is the transverse momentum of the highest-pr (leading) track associated with the

Thad candidate and PThag is the transverse momentum of the 7,9 candidate, calibrated at the
electromagnetic energy scale.

Core energy fraction (feore): the fraction of transverse energy within a cone of radius AR = 0.1
around the direction of the 1,4 candidate:

AR1<0.1 .
_ Zie{al]} Er; 55
foore = b — (5.5)
jelall) Et

where i runs over all cells associated with the 7,4 candidate within a cone of radius AR = 0.1
around the direction of the 7p,q candidate and j runs over all cells in a cone of radius AR = 0.4
around the direction of the 1,4 candidate.

Electromagnetic fraction (fgm): the fraction of transverse energy of the T4 candidate deposited
in the electromagnetic calorimeter:

Z:AR,»<0.4 Ev.
ie(EM 0-2} “T.

Jem = TOAR <04 (5.6)

Jjedally Er,

where Et; is the transverse energy deposited in cell i, and i runs over the cells in the first three
layers of the EM calorimeter, while j runs over the cells in all layers of the calorimeter.

Cluster mass (M. clusters): the invariant mass of the constituent clusters of the 1,9 candidate:

2 2
Meft, clusters = [ Z E] _( Z ﬁ) . (5.7)

clusters clusters

To minimize the effect of pileup, only the first N leading E clusters (effective clusters) are used
in the calculation, where N is defined as

32
N = (ZiETl) ‘ (5.8)

> Er?

Here i runs over all clusters associated with the 7y,,4 candidate (see Figure 5.4c). On average
background events tend to have larger meg, clusters then signal events.

Track mass (myacks): the invariant mass of the tracks in a cone of radius AR = 0.4 around the
direction of the 1,54 candidate:

2 2
Miracks = [Z EJ - [ Z p) . 5.9)
tracks tracks
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e Transverse flight path significance (S gight): the decay length significance of the secondary vertex

reconstructed for multi-prong 1,4 candidates in the transverse plane:

flight
S glght = Tﬂight’ (5.10)
0Ly
flight . . 5 flight . . . .
where L= is the reconstructed signed decay length’, and 6L " is its estimated uncertainty.

Only tracks associated with the 1y,,4 are used to fit the vertex (see Figure 5.4d). As jets from QCD
di-jet events originate from the primary vertex, their transverse flight path significance distribution
is centered around zero. Due to the proper lifetime of 7 leptons, signal Th,q candidates tend to
have larger than zero values of the transverse flight path significance.

e TRT HT fraction (fgr): the ratio of high-threshold to low-threshold hits, in the Transition Radi-
ation Tracker (TRT), for the leading pt track associated with the 14,4 candidate.

High-threshold TRT hits
Low-threshold TRT hits °

Jar = (5.11)
As mentioned in the description of the TRT (see chapter 3) electrons are more likely to produce
transition radiation then pions from hadronic 7 decays, as they are lighter and therefore have
higher Lorentz vy factors at similar energies.

e Hadronic track fraction (EITe‘;‘llz1 o)+ the ratio of the hadronic transverse energy over the transverse

momentum of the leading track:

SR04

leak _ “i€{Had} *

ET,had - track K (5.12)
T,1

where i runs over all cells in the hadronic calorimeter within a cone of radius AR = 0.4 around
the direction of the 7y,q candidate.

e Electromagnetic track fraction (E]Te"‘EkM): the ratio of the transverse energy deposited in the elec-

tromagnetic calorimeter over the transverse momentum of the leading track:

AR<04 pr
leak _ “<i€{EM} ot
ET,EM - track > (5.13)
T,1

where i runs over all cells in the EM calorimeter within a cone of radius AR = 0.4 around the
direction of the 1,4 candidate.

. . strip . . . . .
¢ Maximum strip transverse energy (Ep . ): the maximum transverse energy deposited in a cell in

the pre-sampler layer of the electromagnetic calorimeter, which is not associated with that of the
leading track.

e Ring isolation (fiso): LeAR<02
Zl" < <V. ET,i

P (5.14)
Z?R<O.4 ET,j

fiso =

>The decay length is considered positive if the secondary vertex is found on the same side of the primary vertex as the
calorimeter energy deposits associated to the 1,4 candidate and negative if it is found on the other side.
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where i runs over cells in the first three layers of the EM calorimeter in an annulus of inner
and outer radii R; = 0.1 and R, = 0.2, respectively, around the 7y,q direction and j runs over
electromagnetic cells in a cone of radius AR = 0.4 around the direction of the 1,4 candidate.

o [ eading track IP significance (S iead track): the impact parameter (“IP”) significance of the leading

track of the ,,q candidate:
do

6dy’
where d is the distance of closest approach of the track to the reconstructed primary vertex in the
transverse plane, and ddj is its estimated uncertainty.

S'iead track = (5.15)

e Maximum AR (ARnax): the maximal AR between a track associated with a 1,4 candidate and the
Thad direction (see Figure 5.4e). For 1h,9 decays the tracks are much closer to the 7h,q candidate
direction then in the broader jets in QCD di-jet background events.

e Ratio of first three leading clusters energies over total energy. (f3ead clusters): the ratio of the
energy of the first three leading clusters (highest energy first) over the total energy of all clusters
associated with the 7p,q candidate (see Figure 5.4f). Larger ratios f3 jead clusters are observed in the
QCD di-jet background.

Identification Methods

The identification variables are used as input for three standard ATLAS identification methods, one
based on 1-dimensional selection criteria (“cuts”), the others based on multivariate analysis techniques,
namely boosted decision trees (“BDT”) and a projective likelihood (“Likelihood™) [73].

Electron vetos based on one-dimensional and multivariate (BDT) selection criteria are available.

For this analysis, a BDT is used for the 1,54 candidate identification and the electron veto. In Table 5.1
the variables that are used for the identification and the electron veto are presented.

Identification Performance

The performance of the 1y, identification can be judged in terms of the signal efficiency versus the
inverse background efficiency, defined as follows:

o Signal efficiency:

(# of Thaq candidates with n reconstructed tracks, passing)
nprong _ \ID, and matched to a simulated n prong decay

. = 5.16
s1g (# of simulated visible hadronic 7p,q With n prongs) ( )
e Background efficiency:
n-prong _ (# of Thag candidates with n reconstructed tracks, passing ID) (5.17)
bkg (# of Thaq candidates with n reconstructed tracks) '
o Inverse background efficiency:
1
bkg
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Figure 5.4: Distributions of a selection of 7,9 identification variables for simulated Z/y* — 777~ and W — v
samples and a di-jet background sample selected from 2011 data. The distributions are normalized to unity [72].
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BDT 1h,q ID BDT e-Veto
1-prong multi-prong 1-prong

Rhad i
Rcal L .
Rt.rack ° b b
Nizack . .

track ° b i
Jeore hd b
Jem .
Meff. clusters b i
Miracks b
S gight .
Jur .

T.EM

L :
fiso b
S lead track b i
ARpmax b
J3 lead clusters o ®

Table 5.1: Complete list of variables used by the boosted decision tree (BDT) for 7y,q identification, and the
BDT discriminant for electron rejection (BDT e-Veto). The used variables are listed separately for 1-prong and
multi-prong candidates.
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Where visible refers to the 1,4 decay products that can be detected in ATLAS, i.e. everything but the
neutrinos. Here, simulated visible 7,4 candidates are taken directly from Monte Carlo generator in-
formation. Their visible four-momentum is defined as the sum of the transverse momenta of all the 7p,,q
decay products, excluding neutrinos. They are required to have a transverse momentum E%is > 10 GeV
and a pseudorapidity || < 2.5. A Th,q candidate is matched to a simulated visible Ty,q if their direction
lies in a cone of radius AR = 0.2 around the direction of the simulated visible 1,4 candidate. Figure 5.5
shows the distribution of the inverse background efficiency as a function of the signal efficiency for the
three 7h,q identification methods in different kinematic regions and for one and three prong candidates.
The BDT performance is best overall and therefore used in the following to select Th,q candidates. The
Thad 1dentification efficiency hence results to about 45%, while the background is rejected by a factor of
70 —130.
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Figure 5.5: Distribution of inverse background efficiency as a function of signal efficiency for 1-prong (left) and
3-prong (right) Th,q candidates, in the pr ranges of 20 < pr < 40 GeV (top) and 40 < pr < 100 GeV (bottom),
for all y,4 identification discriminants [72].

The discriminant output of the BDT electron veto is shown in Figure 5.6 for simulated Z/y* — 71~
decays and Z/y* — e*e” decays selected in data. 1,4 candidates with a discriminant value bigger than
0.51 are accepted in the following, resulting in a background rejection factor of 100 — 1000.
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Figure 5.6: Discriminant output (“Score”) of the BDT-based electron veto for simulated 7,4 decays and electron
candidates selected from data. 1,4 candidates with a score > 0.51 are accepted [72].

5.2.5 Overlap Removal

When electron, muon, jet and 7,4 candidates fulfilling the above selection criteria overlap geometrically
(i.e. one candidate’s direction is found to lie inside of a cone with radius AR = 0.2 of another’s direction)
only one of them is selected. The overlap is resolved by selecting muons, electrons, Th,q candidates and
jets in this order of priority.

5.2.6 Missing Transverse Energy E';‘iss

The missing transverse energy vector E)rTniSS = (EMiss, Eymiss) is defined as the negative vectorial sum of
the transverse energies deposited in calorimeter cells with pseudorapidities || < 4.5, using the topolo-
gical clusters that are also used for jet reconstruction. It is corrected for the contribution of identified
muons [74].
Assuming a perfect detector and perfect reconstruction ﬁ‘TniSS is equal to the vector sum of the trans-
verse momenta of all undetectable particles, e.g. the neutrinos from the 7 decays in the signal topology.
In the following the magnitude of the vector ﬁaniSS will be called missing transverse energy E%‘iss.

5.3 Event Selection

Events passing the trigger are selected as collision events if they have a reconstructed vertex formed
by at least four tracks that lies within 15 cm of the nominal interaction point along the beam axis.
Standard quality criteria on jets are applied in order to suppress beam and non-collision backgrounds
that are sources for badly measured missing transverse energy. Events with particles measured close to
inefficient LAr-calorimeter regions are rejected.

While those selection criteria are purely driven by detector and performance issues, the following
criteria are imposed to select events with signal-like topologies, e.g. featuring a 1,9 candidate, an isol-
ated light lepton from a leptonic decay of the second 7 lepton and missing transverse energy due to the
undetected neutrinos, using the object definitions described above.

e 1 lepton®: One electron or muon with transverse momentum P > 25GeV or p’% > 20 GeV. In

SLepton or ¢ refers to electrons and muons in the following.
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Figure 5.7 the transverse momentum distribution of the selected leading electron (p5) and muon
(p’;) before the 1 lepton selection is shown for the simulated background and a signal sample.
As no simulated QCD multi-jet event samples with sufficiently high amounts of events generated
exist, this background is not included. The histograms representing the backgrounds are stacked
on top of each other, the shape of the signal sample distribution is indicated by the red dashed
line.

Di-lepton veto: Events with more than one light lepton are rejected to suppress events from
Z/y* — eTe” /utu, tf and single top processes. To provide a harsher suppression of these back-
grounds the isolation requirements are dropped from the muon selection and a looser identification
for electrons is applied for the veto.

1 Thaq candidate: Exactly one identified 1h,q candidate with a transverse momentum of Pl >
20 GeV is required. To illustrate the performance of the 7 identification in this analysis the dis-
tribution of PTtpaq and the discriminator output of the BDT 7,4 identification method for data,
a signal sample (m4 = 120 GeV, tan = 20) and two background samples are presented in Fig-
ure 5.8. For the simulated samples the reconstructed 1,9 candidates are matched to hadronically
decaying, generator level 7 leptons that lie in a cone of radius AR = 0.2 around the reconstructed
candidate’s direction. If a match is found the p,,4 candidate is categorized as “true”, otherwise as
“fake”. As expected, the signal and the Z/y* — 7*7~ samples have a large number of true 7haq
candidates that also have high BDT scores and are therefore selected in the analysis.

Charge correlation: The charges of the lepton g, and the Th,q candidate g, , are required to
have opposite signs: g¢ X g, = —1 as they are supposed to be the decay products of a neutral
Higgs boson. In Figure 5.9 the distribution of the product of the charges of the e/u and the Th,qg
candidates after the 1 7p,q selection step are shown for the simulated background samples and a
signal sample.

In the following, events passing this criterion are referred to as opposite-sign (“OS”) events, while

events not passing are called same-sign (“SS”’) events.

Eme“: The missing transverse energy E?iss is required to be bigger than 20 GeV to reject events
from QCD multi-jet and Z/y* — e*e™ /u*u~ processes. The ET'* distribution after the charge
correlation selection is applied is shown in Figure 5.10.

Transverse mass: The transverse mass of the lepton-E7"*system is defined as:

mr = J2pLETS (1 - cos Ag), (5.19)

where pg denotes the transverse momentum of the lepton and A¢ is the angle between the lepton
and E_)%li“ in the plane perpendicular to the beam direction. The distribution of mt for background
samples from simulation and a signal sample are shown in Figure 5.11. To reduce contributions
from backgrounds with real W bosons such as W + jets, tf and single-top processes, events are
required to have mt < 30 GeV. In addition, the high-mr region is dominated by the W + jets
background and can be used to study this background.
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Figure 5.7: Simulated distribution of the transverse momentum of the selected leading electron, peT, (left) and
muon, p‘;, (right) before the 1 lepton selection. Shown are a signal sample (my = 120 GeV, tan = 20, with the
yield increased by a factor of 5 for better visibility) indicated by the dashed red line and background samples from
simulation (with the samples stacked on top of each other) and their statistical uncertainty shown as a hatched error
band. No simulated QCD multi-jet sample events are included.
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included.

5.4 Results of the Selection

In Tables 5.2 and 5.3 the effect of the selection on the data, a hypothetical signal (m4 = 120 GeV,
tan 8 = 20) and background samples from simulation is shown for the etp,q and the yrp,g channels. In
addition, the efficiency of each criterion is given. In data 4239 events (eThag: 1456, uthaq: 2783) are
selected. The signal efficiency is = 0.7% for my = 120 GeV, tan g = 20.

The data are compared with the simulated background samples at different steps of the selection. In
Figure 5.12 the distribution of the transverse mass mrt is shown for the data, an example signal sample
(ma = 120 GeV, tanS = 20) and the simulated background samples before the mt selection criterion
is applied. The histograms for the simulated samples are stacked on top of each other. The simulation
does not agree with the data and the distribution suggests that the normalization of the W + jets sample
needs to be corrected. Furthermore no estimate for the background from QCD multi-jet processes is
included.

Additional examples with the full selection applied are shown in Figure 5.13, namely the distribution
of transverse momentum PTtpaq of the 1,9 candidate and the missing transverse energy E%‘iss. The
simulation results do not agree with the data at this selection step either. In Chapter 6 methods to
improve the agreement by estimating the Z/y* — ™17, W + jets and QCD multi-jet background with
the help of data control regions will be introduced. These two distributions are going to be shown
repeatedly to illustrate the effect of the data based background estimation methods presented in the
following Chapter 6.
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5.5 Mass Reconstruction

After selecting signal candidate events the di-T mass is the most promising distribution to find a Higgs
boson signal in. Different mass reconstruction methods are studied. The simplest one is the so-called
visible di-r mass, mY$?®_ defined as the invariant mass of the Ty, and lepton system. It can be expanded
to the effective mass, m¢e°e by calculating the invariant mass of the Tp,q, lepton and E‘T]rliSS according

to

mje_ifective — \/(pThad +pr+ p$i55)2, (5.20)

where Phad and p, denote the four-vectors of the 7,g and the lepton candidates, respectively, and the
missing momentum four-vector is defined as p?iss = (ErTni“, EMiss, E;ni“, 0).

A clear disadvantage of these methods is that they cannot reproduce the mass of the di-7 resonance,
as they do not properly account for the neutrinos in the 7 decays. Hence the masses estimated with them
will be lower than the true mass of the resonance.

An accurate mass reconstruction is challenging, as it needs to estimate the contribution of the neut-
rinos. Furthermore, more advanced mass reconstruction techniques do not necessarily find a solution
for all events and hence have a lower efficiency, defined as the ratio of the number of events where a
solution is found divided by the number of all events passed as input to the algorithm.

The collinear approximation [75] assumes strict collinearity of the visible and invisible 7 decay
products and therefore suffers from not being able to describe back-to-back configurations and hence
reduced mass reconstruction efficiency.

The so-called “Missing Mass Calculator (MMC)” a novel technique, introduced in [76], does not
assume a strict collinearity and therefore has a higher efficiency.

For each event the MMC solves a system of four equations:

EP™S = P(vpvr) sin O(vp77) €OS D(vp37) + P sin 6, cos ¢y, (5.21)
EV™ = D(yoe) SINO(yy50) SN (y ) + Py, SINGy, SN Py, (5.22)
2 _ 2 2 [2, 2 [2 2
M= M) T 2Py T \/”wm )
—Zpgp(vﬂT) coS 95’(,,[%), (5.23)
2 2 [
my = mg  +2 PR ¥ ey Pres
_2pThadeT cos 6)Thad"’T (>-24)

where the known quantities are
e the x- and y- components of the p?i“ vector, EMSS and E;“iss,
o the invariant mass of the 7 lepton, m, = 1.777 GeV,

o the “visible” components of the two T decays:

— the momentum, the invariant mass, the azimuthal and the polar angle of the lepton from one
7 decay, p¢, me, 0¢ and ¢y,

— the momentum, the invariant mass, the azimuthal and the polar angle of the 7,4 decay
products from the other 7 decay, pr, . mz . 07, and ¢ ..

The unknown quantities are
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o the “invisible” products of the two 7 decays:

— the momentum, the invariant mass, the polar and the azimuthal angle of the combined two
neutrino system from the leptonic T decay, P(vgie) M(vpoe) Ovpoe) P(vpoe)

— the momentum, the polar and the azimuthal angle of the neutrino from the 7,9 decay, py,,
Oy., ¢y, and

¢ the difference between the polar angles of the visible and the invisible parts of the two 7 decays,
95,(\/5%) s O e

The number of unknowns exceeds the number of constraints and thus the system can only be solved
numerically. A grid of points in the (A¢;, Ag,) parameter space, with A¢; = ¢ — gb(v 77 and Ag, =
Prpg — P is scanned. The system is solved for each point and the di-t mass m, and the 3-dimensional
angle between the directions of the visible and the invisible products of the T decays, Afsp are calculated.
A probability density function for Af;p is used to weight each grid point. The position of the maximum
of the resulting m,, distribution is used as the mass estimate for a given event and called MMC m,,
in the following. The probability density function is estimated with simulated Z/y* — 77~ events for
leptonic, 1- and 3-prong 7 decays separately and a comparison of the function to the distribution of Afsp
in simulated Z/y* — 71" events is shown in Figure 5.14. As a cross-check, similar probability density
functions are obtained from a simulated sample of H(120 GeV) — 77 events and the Af;p distributions
are found to be compatible [7]. To account for effects of finite E‘Tniss resolution, two additional scans

over E™ and Eryniss are performed according to the measured E‘T]rliss resolution of O'(EITmSS) = Ao+ pT,
with Ag = 0.50 + 0.05 [77].
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Figure 5.14: Angular distance distributions between neutrinos and visible decay products for 7 leptons with gen-
erated momentum 45 < p < 50 GeV obtained from simulated Z — 77 events. The three distributions correspond
to the three dominant types of 7 decays [7].

In Table 5.4 the MMC efficiency is shown. It is defined as the number of events the MMC finds a
solution for divided by the number of selected events that served as input to the algorithm, for simulated
Z]y* — t+7~ and signal samples. The efficiency for non-Z-boson backgrounds is smaller (see Tables
5.2 and 5.3 for efficiencies on all samples). For the Z-boson backgrounds and signal samples with
masses up to My = 150 GeV, the MMC mass resolution is about 17% and below 23% for the higher
masses considered.

The MMC mass for several signal samples is shown in Figure 5.15 after the full selection.

After reconstructing the m,; mass with the MMC, 4065 data events (eThaq: 1410, utpag: 2655) are
retained. The distribution of the transverse momentum of the Thyq candidate prr, , and the missing
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transverse energy E%liss are shown in Figure 5.16 for the data, an example signal sample and the simu-
lated background samples with the full selection and the MMC mass reconstruction applied. The agree-
ment of the simulation with the data is similar to the one found before the MMC m., reconstruction (see
Figure 5.12).
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Figure 5.16: Distribution of the transverse momentum of the 7,4 candidate Pl (left) and the missing transverse
energy E?iss (right) after the full selection and the MMC m,, mass reconstruction. Shown are the data, a signal
sample (m4 = 120 GeV, tan 8 = 20) on top of background samples from simulation (with the background samples
stacked on top of each other) and their statistical uncertainty. No simulated QCD multi-jet events are included.
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Data Signal Diboson W + jets Zly* — ete” Zly* - 1ttt Top

Yield Eff. Yield Eff. Yield Eff. Yield Eff. Yield Eff. Yield Eff. Yield Eff.
Processed 2.7x 108 - 2.6 x 10* - 2.9 x 10* - 7.0 x 107 - 1.0 x 107 - 1.0 x 107 - 53x%x10° -
Generator Weight - - 26x10% 100% | 2.1x10* 72% | 7.0x 107 100% | 1.0x 107 100% | 1.0x 107 100% | 42x10° 80%
Trigger LIx 108 43% | 3.6x10° 14% | 7.7x 103 36% | 12x107 17% | 1.6x10° 16% | 1.0x10° 1% | 7.3x10* 17%
Cleaning L1x108 95% | 34x10° 95% | 7.3x 103 95% | 1.1x107 95% | 1.6x10° 95% | 9.7x10* 95% | 6.6x10* 91%
1 Electron 95x10° 9% | 1.8x10° 52% | 5.1x10° 70% | 6.9x10° 61% | 1.1x10° 72% | 39x10* 40% | 42x10* 63%
Di-lepton Veto 89x10° 94% | 1.7x10° 99% | 3.1x10° 60% | 6.9x10° 100% | 5.9%x10° 53% | 3.4x10* 87% | 3.2x10* 77%
1 Thad 2.8x10* 0% 509 29% 178 6% | 2.1x10* 0.3% 4582 1% 5221 15% 984 3%
Gr X Gy = 1 2.1x10* 73% 496 99% 150 85% | 1.7x10* 78% 3018 71% 5115 98% 851 86%
EMss > 20 GeV 1.2x10* 55% 211 43% 122 82% | 1.4x10* 84% 838 28% 1850 36% 766 90%
mr < 30 GeV 1456 13% 125 59% 8 7% 440 3% 170 20% 939 51% 84 11%
Mass reco. (MMC) 1410 97% 123 98% 8 93% 406 92% 167 98% 918 98% 78 93%

Table 5.2: Overview of the event yields for the eTy,q channel after the application of each selection criterion and of the efficiency (Eff.) of each criterion for
the data, a hypothetical signal of ms = 120 GeV and tan 8 = 20 and for all background samples from simulation. For data the item “Trigger” also includes the
requirement that the detector was fully operational and data taking was successful for all sub-systems, which was the case in ~ 86% of the events.
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Chapter 5 Event Selection

Mass[GeV] 92 120 150 200 250 300 400 600
MMCEft. | 8% 98% 98% 97% 96% 92% 81% 81%

Table 5.4: MMC efficiency for the Z/y* — 771~ background and for signal samples with mass My = 120 GeV,
150 GeV, 200 GeV, 250 GeV, 300 GeV, 400 GeV and with 600 GeV.
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Chapter 6
Background Estimation

As understanding the normalization and the shape of the MMC m, distribution for the main background
components is crucial for discovering or excluding a potential Higgs boson signal, data control samples
are used as much as possible. In the following, methods to estimate the Z/y* — 47—, the W + jets and
the QCD multi-jet backgrounds from data are presented.

6.1 Z - v~ Embedding

The shape of the MMC m., distribution from the irreducible Z/y* — 71~ background is estimated
with a data-driven method based on a so-called embedding technique [7]. This method uses a Z/y* —
uu~ sample selected from data by requiring two muons with transverse momenta p’% > 20 GeV, no
isolation criteria applied, and a di-muon mass m,, > 40 GeV. The muons in these events are replaced
by simulated 7 leptons according to the following procedure:

e The kinematics of the di-u system are used as an estimate for the Z boson kinematics.

e The muon tracks and associated calorimeter cells (within a cone of radius AR = 0.1 around the
muon direction) are removed from the event.

e An event fragment is generated that contains only a Z/y* — %1~ decay with the same kinematics
as the Z/y* — u*u~ decay. The 7 lepton decays are generated with TAUOLA [65].

o The original data event after the removal of the muons and the simulated event fragment are
combined and the full reconstruction is performed on the combined event.

Thus only the 7 decays and the corresponding detector response are taken from simulation, while the
Z decay kinematics and all other properties of the event, including underlying event, pile-up, etc., are
taken directly from data. Figure 6.1 shows a shape comparison for Z/y* — 7"t~ from simulation,
generated with ALPGEN, and Z/y* — 77~ from embedding samples for the MMC m,, distribution.
The comparison is shown for two steps of the selection: Without the E?i“ and m selection criteria
applied and after the full event selection. The distributions agree within the statistical uncertainties.

As no trigger response has been implemented in the embedding samples the normalization is taken
from simulation, by normalizing the yield of the embedding samples to the prediction after the charge
correlation criterion is applied. In the following, embedding samples are used instead of simulated
Z]y* — t+1~ samples unless stated otherwise. For comparison with the overall background prediction
using only simulated background samples shown in Figure 5.16, in Figure 6.2 the distribution of the
transverse momentum of the h,q candidate pr7,  , and the missing transverse energy E%‘iss are presented
for the data, the simulated background sample and the Z/y* — 777~ embedding sample. As expected
the differences are small, as the simulated and the embedded Z/y* — "1~ samples agree well.

67



Chapter 6 Background Estimation

o
(M)
&

E : T 1T TTTT L TTTT L T 1T TTTT L : E 0.2?‘\ L TTTT L T 1T T 1T L TTTT T \\7;
Z 0.2 [ IALPGEN Zot - = 0 16i ! IALPGEN Zot E
2 | . ] E i ] 1
S r * 1 $ 0.14 -
1 0.151- 1 dogqof :
w - - — Embedding Z>wc 1 0.1 2; ! i —— Embedding Z-tt
L . 1 0.1;* 7;
ot * ] 0.08/- ¥ E
. I oos ]
0.05- ] 0.04 L] & =
- . ] 0.02F ‘, =
71\&&-‘\\\\‘\\\\"‘“ | (RO A MMM

0O 50 100 150 200 250 300 350 400 00 50 100 150 200 250 300 350 400
MMC m,, [GeV] MMC m_, [GeV]

Figure 6.1: Distribution of the MMC m.,, shape for events generated with ALPGEN and embedding events after
the charge correlation criterion (left) and after the full event selection (right). The distributions are normalized
to unity. The bin below zero contains events where the MMC m,, calculation did not converge. The shown
uncertainties are only statistical.
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Figure 6.2: Distribution of the transverse momentum of the 7,4 candidate DTy (left) and the missing transverse
energy E’Tniss (right) after the full selection and the MMC m,, mass reconstruction. Shown are the data, a signal
sample (my = 120 GeV, tanf = 20) on top of background samples from simulation and the Z/y* — 777~
embedding sample and the statistical uncertainty of the combined background samples. No simulated QCD
multi-jet events are included.

68



6.2 W + Jets Normalization

6.2 W + Jets Normalization

Backgrounds from W + jets processes are estimated using events from simulation, however the normal-
ization is checked in a data control region, namely the high transverse mass region, where the simulated
W + jets sample has been shown not to agree well with the data in Chapter 5.4. For events with a real W
boson decaying into a lepton and a neutrino the transverse mass distribution mt has a peak around the
mass of the W boson. For background events that do not contain real W bosons and for signal events the
mr distribution is peaking at zero. In particular events from QCD multi-jet production are not expected
to result in high values of mr.

In Figure 6.3 the distribution of the transverse mass mr after the charge correlation criterion (a) and
after the EITniSS criterion (b) is shown in data and simulation. As expected almost all events at high values
of the mr distribution are due to W + jets background events, as this process is the most abundant one
containing real W bosons. Hence the high transverse mass region can be used to check and correct
the normalization of the W + jets background with data. The comparison is made after the charge
correlation criterion (Figure 6.3 (a)) as the correction can be different for OS and SS events. The mr
distribution after the E‘Tniss selection criterion, the latest possible selection step before the mr distribution
itself is used in the selection, is shown in Figure 6.3 (b). The distribution at this selection step can later
be used to judge the effect of the correction applied to the W + jets backgrounds.

A correction is needed as the yield of W + jets events is clearly overestimated in the simulation,
which is due to fake tau candidates not being correctly modeled.To correct the normalization, correction
factors fy are obtained by comparing the transverse mass distribution of data and simulation in the
region dominated by W decays (70 GeV to 110 GeV), this is done for both the OS and the SS region.
The factors are obtained after the charge correlation selection step (i.e. for opposite-sign events) by
subtracting the small non-W contribution (estimated from simulation) from the data and then dividing
by the number of events found in the W + jets simulated sample:

o Ndata (70 GeV, 110 GeV) — npon—w, mc (70 GeV, 110 GeV). ©.1)

W nw, mc (70 GeV, 110 GeV)

Events from QCD multi-jet production, where no simulation samples are used, are neglected as they are
not expected to contribute in the control region. In addition, correction factors are estimated for same-
sign events as the QCD multi-jet background estimate described in the next section needs a prediction
for the W + jets background in the low mT same-sign region.

For opposite-sign events the factor is found to be fi;, = (60.4 +2.6)% for the electron channel and
f"fV = (55.0 £2.2)% for the muon channel and for same-sign events it is f‘fVSS = (80.0 = 5.0)% and
fi55 = (75.8 £ 4.0)%.

The transverse mass distributions with the correction factors applied are shown in Figure 6.3, both
after requiring charge correlation (c) and after the E‘Tniss selection criterion (d). The agreement of the
simulation with the data is much improved in the W boson mass peak region. After the charge correlation
criterion a lack of events in the simulation at lower values of mr is visible, that is due to the QCD multi-
jet background not being considered here. As this background is strongly suppressed by the E?iss
selection criterion the agreement is also much better overall after it has been applied.

The estimated W + jets background after the full selection, including the application of the MMC,
amounts to 467 + 20 events.

In Figure 6.4 the distribution of the transverse momentum of the Tn,q candidate pr 7, and the missing
transverse energy EITIliss are presented for comparison again, now with the W + jets correction factors
applied.
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Figure 6.3: Distribution of the transverse mass mr without (top) and with (bottom) W + jets correction factors
applied after the charge correlation (left) and the E%‘iss(right) selection are applied. Shown are the data, a hy-
pothetical signal (ms = 120, tanB = 20) sample, background samples from simulation and the Z/y* — 77~
embedding sample. No QCD multi-jet estimation is included.
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Except for small values of pr and ErTniSSin the first bin of the distribution the estimated background
samples agree well with the data. The only relevant background events that have not been included yet
are those from QCD multi-jet processes. As events from QCD multi-jet processes can only pass the
event selection if objects, most probably jets, have been misidentified as 1,4 candidates and as isolated
light leptons, which is more likely to happen at low transverse momenta, and as they tend not to have
any significant amount of E%‘iss, the missing events in Figure 6.4 are very likely due to QCD multi-jet
processes. In the following Section 6.3 a method to estimated this last missing background sample will
be introduced.
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Figure 6.4: Distribution of the transverse momentum of the 7,4 candidate PTorpg (left) and the missing transverse
energy E’Tniss (right) with the W + jets correction factor applied after the full selection including the application of
the MMC. Shown are the data, a signal sample (m4 = 120 GeV, tan8 = 20) on top of background samples from
simulation and the Z/y* — %7~ embedding sample and the statistical uncertainty of the combined background
samples. No simulated QCD multi-jet events are included.

6.3 QCD Multi-Jet Estimate

As has been visible in the distributions in Figure 6.4 events from QCD multi-jet processes seem to pass
the selection and need to be estimated. Even though the contribution of this background is expected to
be small compared to the Z/y* — 751~ and W + jets backgrounds it is important to estimate it from data
as both the simulation and the prediction of the production cross section for QCD multi-jet processes
are difficult and therefore simulation normalized to theory prediction cannot be relied on.

A method to estimate both the shape of the MMC m, distribution and the normalization of the QCD
multi-jet background is described in the following. It uses two variables to split the data sample into
four sub-regions, one of those being the signal region, while the other three are data control regions and
should be free from signal contributions. The regions are labeled A,B,C and D. The two variables used
are the charge correlation between the light lepton and the 7 lepton (“‘opposite-sign” versus “same-sign”)
and the isolation of the lepton' (“isolation” versus “inverted isolation”).

'For electrons (muons) the isolation criteria are E2*<%2/py < 0.08 and p5*<04/pr < 0.06 (EX*<"2/pr < 0.04 and p4*<*4/pr <
0.06), also see Section 5.2.
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In Table 6.1 it is illustrated which selection corresponds to which region.

Isolation Inverted Isolation
Opposite-Sign | A (Signal) B
Same-Sign C D

Table 6.1: Definition of signal and control regions for the QCD multi-jet estimate in dependence of the charge
correlation between the light lepton and the 7 lepton (opposite-sign vs. same-sign) and the isolation of the light
lepton (isolation vs. inverted isolation).

To estimate the QCD multi-jet background in the signal region the data in control Region C is used
to estimate the MMC m, shape and it is normalized by comparing Region B to D.

The two variables used for this method should not be correlated and the control regions should ideally
be dominated by events originating from QCD multi-jet processes. However, small residual contamin-
ation from electroweak processes are subtracted using the Monte Carlo simulation prediction and the
Z]y* — t*1~ embedding samples.

Control Regions

The distributions of the isolation variables defining the control regions are shown in Figures 6.5 and 6.6
for selected electrons and muons, respectively. The regions with the inverted isolation (B and D) are
dominated by QCD multi-jet events and hardly any non-QCD multi-jet backgrounds are left. The same-
sign region with isolated leptons (C) has a significant non-QCD multi-jet background contribution that
needs to be subtracted. The corresponding numbers of data, simulation and embedding events are shown
in Table 6.2. The ratio of events from the two regions used for the normalization, rg,p, after subtraction
of non-QCD multi-jet components is

rgp = 1.16 £ 0.02, (6.2)

were only the statistical uncertainty is given.
Using the ratio rg/p and the number of non-QCD multi-jet subtracted data events from region C,
nibracted the number of estimated QCD multi-jet events in Region A is given by
neAstimate = rg/p X nglbtracted =308 + 37, (63)

were only the statistical uncertainty is given.

Method Validation

To check if the variables are correlated, the combined regions A + Band C + D (A + C and B + D),
i.e. opposite-sign versus same-sign (isolation versus inverted isolation), are compared.

If the variables are uncorrelated for QCD multi-jet processes all distributions should have the same
shapes in the half-planes, i.e. A + B (A + C) should be similar to C + D (B + D). As no simulated
QCD multi-jet samples of sufficient statistics are available the data has to be used for this check. After
subtracting the non-QCD multi-jet background contributions from the data in control regions B, C and
D the remaining events are from QCD multi-jet processes. However, in the signal region a potential
signal contribution cannot be subtracted. Therefore to avoid a potentially large signal contribution in
region A the comparison of the half-planes is shown at an earlier selection step, namely before the EITniss
selection criterion is applied, where the backgrounds are dominant.
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Figure 6.5: Distribution of the isolation variable (ratio of the calorimeter energy in a cone of radius AR = 0.2
around the electron direction and pf) for selected electrons in the four control regions. The data are compared
to the backgrounds estimated from simulation and embedding at the end of the selection. As expected, the data
is not described by the simulation in the control regions as no contribution for the QCD multi-jet background is

included.
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Figure 6.6: Distribution of the isolation variable (ratio of the calorimeter energy in a cone of radius AR = 0.2
around the muon direction and p’T') for selected muons in the four control regions. The data are compared to
the backgrounds estimated from simulation and embedding at the end of the selection. As expected, the data is
not described by the simulation in the control regions as no contribution for the QCD multi-jet background is

included.
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A B C D
Data 4065 9674 654 8306
Signal (ms = 120 GeV,tang = 20) 342+ 11 24+0.6 23+0.8 -
Di-Boson 193+12 04+0.1 20=04 003001
W + jets 467+20 268+6.1 198+15 25+08
Zly* — ete 167+9 24+13 54x5 1.0+07
Zly* — s 233+12 41+15 48+6  1.1+05
Zly — Tt 2790+49 18.7+3.0 57«8  14x12
Top 167£3  51+3  28=+1 40 + 3
Sum 3844+56 103+8 388+190 46+4

Table 6.2: Observed data events and expected numbers of events from simulation and embedding in the four
regions used in the QCD multi-jet background estimation. For the W + jets samples the correction factors (see
Section 6.1) are applied. The full event selection is applied and the MMC m., has been reconstruction. The
quoted errors are statistical.

It is worth noting, that the potential signal is not a problem for the actual estimate, only for the
correlation check, as the estimate only uses regions B, C and D.

In Figure 6.7 this comparison of QCD multi-jet (data with non-QCD multi-jet backgrounds subtrac-
ted) is shown in the combined regions A + B and C + D (A + C and B + D) for the E‘T’fliss and the
MMC m. distributions before the E™* selection criterion is applied. For the comparison of A + B and
C + D the distributions agree within their statistical uncertainties. Due to the small number of events in
A + C a comparison with B + D is more difficult. The observed differences while statistically significant
can be considered small enough, especially as there are additional systematic uncertainties not being
considered at this point (see Chapter 7). Hence the two variables are assumed to be uncorrelated.

As an additional check, the isolation requirement is varied and the background estimate is then re-
peated with stricter and less strict isolation for electrons and muons separately. While the amount of
estimated QCD multi-jet events is expected to change with different isolation criteria applied, the ratio
B/D> 1.€. the ratio of opposite-sign and same-sign events in the inverted isolation control region is expec-
ted to be independent of the isolation criterion chosen. The results presented in Table 6.3 and Figure 6.8
show no significant deviation in the ratio.

In conclusion, the QCD multi-jet estimation method is reliable and stable under various checks per-
formed, and is hence used in the following.

'B/D Less Strict Isolation Normal Isolation  Stricter Isolation
Electron Channel 1.04 +£0.08 1.04 + 0.07 1.00 + 0.06
Muon Channel 1.16 £ 0.02 1.17 £ 0.02 1.16 = 0.02
Combined 1.16 £ 0.02 1.16 £ 0.02 1.15+0.02

Table 6.3: Ratio rg/p, i.e. the ratio of opposite-sign and same-sign events in the inverted isolation control re-
gion, for less strict isolation (EX*<2/py < 0.10 (0.06) for electrons (muons)), normal isolation (EZ*<%2/pr <
0.08 (0.04) for electrons (muons)) and stricter Isolation (E*<%2/pr < 0.06 (0.02) for electrons (muons)).
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Figure 6.7: Top: Comparison of the combined regions A + B (green) and C + D (blue) (i.e. opposite-sign versus
same-sign). Bottom: Comparison of combined regions A + C (green) and B + D (blue) (i.e. isolation versus
inverted isolation). Shown are the non-QCD multi-jet subtracted data distributions of E?iss (left) and MMC m,
(right) before the ET"* selection criterion is applied. In the top (bottom) two figures the distribution in the
combined region C + D (B + D) is normalized to the yield in the combined region A + B (A + C).
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Figure 6.8: Ratio rg,p, i.e. the ratio of opposite-sign versus same-sign events in the inverted isolation control
region in dependence of EZ®<02/pr.

6.4 Results with Background Estimates from Data

The final comparisons of the distributions of the transverse momentum of the 74,4 candidate PTrpag and
the missing transverse energy E?iss in the data and the estimated background samples is presented in
Figure 6.9. With the addition of the QCD multi-jet background estimate the overall agreement is good.
However, the presence of a resonant signal can be observed best in the di-7 mass distribution. Different
methods to estimated it are available (as described earlier, see Section 5.5). The final MMC m. dis-
tribution is shown in Figure 6.10. For comparison the visible mass distribution is shown in the same
figure. The main difference between the two mass distributions is that the Z/y* — t¥7~ peak region
is correctly located close to the mass of the Z boson in the MMC m distribution and located at much
lower values for the visible mass distribution.

The estimated background distributions agree with the data within the shown statistical and the sys-
tematic uncertainties discussed in Chapter 7.

In Figure 6.11 and 6.12 distributions (pT,Tha P lepton pr, E‘TniSS and MMC m.,) after the final selection
and with the full background estimation are shown for the etp,g and the urp,q channels separately. The
disagreement of the simulation with the data around the Z boson mass peak, i.e. for Z/y* — 41~ events
is observed in the statistically less precise eThyq channel, while the uth,q channel shows better, but also
not perfect agreement.

For both channels, as well as for the combination of the two, the difference between simulation and
data, e.g. in the MMC mass distribution between roughly 50 GeV and 150 GeV, is covered by the large
uncertainty on the Z/y* — 747~ background due to the h,4 and jet energy scale uncertainty that will be
discussed, together with all other systematic uncertainties, in the next chapter (see Section 7.1.1).
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Figure 6.11: eThaq channel: Distribution of the 74,4 candidate PTorpg (), the electron pf. (b), the missing trans-
verse energy E%“iss (¢) and the MMC m., (d) mass after the full selection after the full selection and the MMC mi,
mass reconstruction. Shown are the data, a hypothetical signal sample with m,4 = 120 and tang = 20, the QCD
multi-jet sample estimated from data control region C, the Z/y* — "1~ embedding sample, the W + jets sample
normalized in the high-mr data control region and the other backgrounds from simulated samples.
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Figure 6.12: putphaq channel: Distribution of the 74,9 candidate PTtpag (a), the electron p’% (b), the missing trans-
verse energy E?iss (¢) and the MMC m., (d) mass after the full selection and the MMC m,, mass reconstruction.
Shown are the data, a hypothetical signal sample with m, = 120 and tan8 = 20, the QCD multi-jet sample es-
timated from data control region C, the Z/y* — %7~ embedding sample, the W + jets sample normalized in the
high-my data control region and the other backgrounds from simulated samples.
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Chapter 7
Systematic Uncertainties

The modeling of both the detector response and the physics processes in the simulation as well as the
needed theoretical predictions used in the analysis are not perfect. Therefore they lead to systematic
uncertainties on the yield and the shape of the MMC m distribution that need to be taken into account.

In addition, uncertainties due to the background estimation methods used and the uncertainty on the
luminosity measurement are considered.

7.1 Reconstruction Uncertainties

7.1.1 Energy Scales and Resolutions

Due to disagreement between the energy measurement in data and in simulation both the overall energy
scale and the resolution need to be corrected in the simulation and have a systematic uncertainty assigned
to them. The uncertainties on the energy of the object in question, e.g. electrons, jets, etc., are propagated
to the missing transverse energy vector' E),‘Fiss.

Typical electron energy scale uncertainties are in the 1% region [69]. To correct the electron energy
resolution in the simulation, the measured energy is folded with a Gaussian resolution function with
an average width of 1 —4%. This correction itself has an uncertainty of 0.2% — 2%. The effect of the
electron energy uncertainties on the event yield is given in Table 7.1. No significant deviation in the
MMC mass shapes are observed.

For muon candidates the transverse momentum in both the inner detector and the muon system are
smeared within their resolution to estimate the uncertainty on the transverse momentum. The resolution
in the inner detector (muon system) is given by o(pr)/pr = +/(0.00624)2 + (0.000299 - (p1/ GeV))>
(o(p1)/pT = \/(0.02035)2 +(0.000129 - (pr/ GeV))2) for muons in the central detector region (|n <
1.05 [78]. The effect of this uncertainty on the event yield is small (< 0.5%) for most samples (see
Table 7.1). The effect is only of notable size for Z/v* — u*u~ (0.6%) and the statistical less precise
background samples Z/y* — e*e™ (2.11%) and QCD multi-jet estimated from data (0.6%). Here only
a very small sample containing reconstructed muons is selected and hence the resulting uncertainies are
negligible.

The typical energy scale uncertainty for jets and 7h,q candidates is of the order of 5% [72, 79]. As
Thad candidates are seeded from jets the uncertainty is treated as being fully correlated for jets and 7hag
candidates. Jets in the Z/y* — 777~ embedding samples are assumed to have no uncertainty as they are
taken directly from data. In Table 7.1 the effect of the jet/Th,q energy uncertainties on the event yield is
shown. The jet/Th,q energy uncertainty has the biggest influence on the overall result and its effect on
the shape of the MMC mass distributions is taken into account.

! As the analysis selection is not directly using jets this is the only way the jet energy scale uncertainty has an effect on the final
results.
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In Figure 7.1 comparisons of the MMC mass distributions for the nominal jet/Th,g energy scale and
its up- and down variations are shown. A clear difference in the shapes of the distributions is visible.
Therefore this uncertainty on the MMC mass shapes due to the jet/Tp,q energy scale uncertainty is
propagated into the final limit estimation (see Chapter 8).

The typical energy resolution for jets in the central detector region and with transverse momenta of
pr = 250 GeV (10 GeV) is 4% (20%) [80].

The resolution of the missing transverse energy E?iss is & 3 (7) GeV for a sum of all transverse
energies Ey = 3, Er = 50 (7) GeV [31]. In order to estimate the uncertainty due to the limited E;"™*
resolution, E7"* is varied within the resolution. The results are shown in Table 7.1.

Electron Electron Jet/Tau Energy  Jet Energy ErTniss

Energy Scale Energy Resolution Scale Up/Down Resolution Resolution

. +17

Signal (my = 120 GeV) 0.1 0.01 . 0.3 0.1
. +13

Diboson 0.4 0.4 0.5 0.3
-13
) +11

W + jets 0.9 0.2 1.1 04
14
+37

Zly* — ete” 2.3 1.7 3.1 2.4
=25
+24

Zly* - utu 04 04 6 0.4 0.4
+25

Zly* -ttt 0.3 0.3 0.4 04
-16
+7

Top 0.2 0.2 0.1 0.1
-15
o -34

QCD multi-jet 1.2 1.8 1.3 0.3
+24

Table 7.1: Effect on the event yield in % of the energy scale and resolution uncertainties on an example signal
sample, simulated background samples, the Z/y* — 777~ embedding sample and the QCD multi-jet sample
estimated from data.

7.1.2 Particle Identification, Reconstruction and Trigger Efficiency

The efficiency of the identification of electrons [69], muons [78] and Tph,q candidates [72] is different in
data and simulation and correction factors are applied.
In case of the electrons the n dependent scale factors are within ~ 10% of unity and have relative
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Figure 7.1: Comparison of the MMC mass distribution with the nominal jet/T,q energy scale and the up- and
downward variations applied. The distributions are shown for a potential signal (m4 = 120 GeV, tan 8 = 20 GeV),
the Z/y* — 71~ embedding sample, the W + jets sample from simulation and the QCD multi-jet sample obtained
from data.
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uncertainties of ~ 1 — 2% for the identification, and within = 1 — 3% of unity with relative uncertainties
of = 1% for both the track reconstruction and the trigger modeling. The effect on the event yield of
this electron identification and reconstruction uncertainties is shown in Table 7.2. The biggest effect is
observed for the Z/y* — e*e™ sample, where two electrons are present. As events with more than one
identified electron are vetoed, the yield for this sample depends highly on the electron identification and
reconstruction efficiencies.

For muons the scale factors used to correct the simulation are consistent with unity and have a relative
uncertainty of 1.8%. In Table 7.2 the event yield uncertainties due to the muon identification uncertanties
are shown. Again the Z/y* — e*e™ sample is affected, mostly due to changing numbers of electons
being removed by muons in the overlap removal step and by the di-lepton veto. The muon trigger
efficiency has a relative uncertainty of 1%.

For 4 candidates a relative identification efficiency uncertainty of 9.1% is obtained for all regions
of phase space. In addition, the efficiency of true electrons to be mis-identified as 1,4 candidates needs
to be corrected in the simulation in dependence of the electron veto used. For the W + jets and QCD
multi-jet backgrounds the uncertainties due to the 71,54 identification are estimated by varying the other
backgrounds accordingly and propagating the changes to the background estimates. The correction
factors used for the BDT electron veto used in this analysis (see Section 5.2.4) are shown in Table 7.3.
The effect of these 7,4 identification uncertainties on the event yield can be found in Table 7.2 as well.

Electron ID Muon ID | 7haq ID  Electron as 7y,q Mis-ID
Signal (my4 = 120 GeV) 0.8 0.2 9.1 0.4
Diboson 1.0 0.2 9.1 0.5
W + jets 0.8 0.4 1.4 0.6
Zly" — ete” 3.8 2.1 9.1 4.8
Z/y* - utu 0.8 0.3 9.1 0.4
Zly* -ttt 0.8 0.2 9.1 04
Top 0.8 0.2 9.1 0.3
QCD multi-jet 0.8 0.6 5.7 1.3

Table 7.2: Effect on the event yield in % of the electron, muon, Ty, identification (“ID”’) uncertainties and the
uncertainty of the mis-identification of electrons as 14,4 candidates for an example signal sample, simulated back-
ground samples, the Z/y* — 777~ embedding sample and the QCD multi-jet sample estimated from data.

nl<1.37 137>|n<152 |n>1.52
Correction Factor 0.98 + 0.30 1.0+£1.0 1.59 £ 0.66

Table 7.3: Correction factors for the electron as 74,9 mis-identification efficiency, when using the BDT electron
veto.
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7.2 Background Estimation Uncertainties

7.2.1 Embedding Uncertainties

The systematic uncertainties of the embedding method are estimated by using alternative event samples
with varied settings (see Section 6.1).
The variations are:

o Isolation: The muons that are replaced by 7,4 candidates are not required to be isolated in the
standard embedding procedure. For this variation the sum of all tracks with pt > 1 GeV in a
cone of radius AR = 0.2 around the muon’s direction is required to be less then 20% of its track
transverse momentum.

e Muon energy: For this variation, instead of removing all calorimeter energy within a cone of
radius AR = 0.1 around the (to be replaced) muon’s direction, no energy is removed.

Requiring isolation leads to a 3.4% decrease in the yield of the Z/y* — %1~ embedding sample, while
not removing the muon energy decreases the yield by 3.3%. In addition, changes in the embedding
procedure indirectly influence the QCD multi-jet estimate as Z/y* — 7"t~ embedding events are sub-
tracted in the control regions, used for the multi-jet estimate. The yield increases by 3.7% and 4.4% for
the isolation and the muon energy variations, respectively. The W + jets estimate is not influenced, as
it is performed at an earlier selection step where Z/y* — t+7~ from simulation is used. In Figure 7.2
comparisons of the MMC mass distributions for the nominal embedding settings, the isolation change
and the muon energy change are shown. While the effect on shape of the MMC mass distribution is
negligible for the QCD multi-jet estimate, it will be propagated to the final limit for the Z/y* — %1~
embedding sample.
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Figure 7.2: Comparison of the MMC mass distribution with the nominal embedding settings, the isolation change
and the muon energy change. The distributions are shown for the Z/y* — 771~ embedding sample (left) and the
QCD multi-jet samples obtained from data (right).
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7.2.2 W + Jets Normalization Uncertainty

The uncertainties of the normalization correction factors estimated for the W + jets background (see
Equation 6.1) are considered by varying the factors within their uncertainties. This leads to a 4.1%
uncertainty on the W + jets event yield. As the QCD multi-jet estimation depends on the W + jets
event yield in the control regions the normalization variation results in a 4.2% uncertainty on the QCD
multi-jet event yield.

7.3 Theory and Monte Carlo Modeling Uncertainties

Both the theoretical cross section calculations and the simulation of the signal and background processes
carry uncertainties. The uncertainties of the individual theoretical inclusive cross sections are obtained
by varying the renormalization and factorization scales (ug, ur) by factors of % and 2, the strong coup-
ling constant &g and the PDF sets within their uncertainties. The QCD multi-jet estimate from data and
the W + jets normalization depend on the normalization of the other backgrounds and therefore they are
affected by this theory uncertainty as well.

The acceptance uncertainty is estimated by a variation of ug and ug, the ALPGEN matching para-
meters and by changing the default PDF(MSTW2008) to MRST2001J [82]. This is performed using
simulated” samples [6] and therefore the effect on the QCD multi-jet background estimated from data
and the W + jets normalization that depends on the full simulation of the other background samples
cannot be assessed. However, the effect of the acceptance uncertainties is assumed to be of smaller or
similar size as the uncertainty due to the cross sections and therefore to be negligible when compared to
the much larger jet energy scale uncertainty. In Table 7.4 the effect of these variations on the yields of
an example signal sample, the simulated backgrounds and the background samples estimated from data
is presented.

7.4 Luminosity Uncertainty

The integrated luminosity uncertainty is 3.7% [84] and it is taken into account for all background
samples taken from simulation. The QCD multi-jet and the W + jets backgrounds are only affected
indirectly, as the contents of the control regions change. This results in a 2.3% (0.6%) uncertainty for
the QCD multi-jet (W + jets) background.

7.5 Summary of Systematic Uncertainties

An overview of all systematic uncertainties considered and their effect on the event yield for all samples
is given in Table 7.4.

The large uncertainties on the Z/y* — e*e™ sample is unproblematic as the event yield of this sample
is very small. The uncertainty on the QCD multi-jet estimate are large, as the uncertainties on all other
samples are propagated to it, and as it is estimated from data with a limited statistical precision. The
estimated number of QCD multi-jet events, including systematic uncertainties, is

ngCD M 2 308 & 3754 £ 95 = 308 & 102. (7.1)

2These samples are produced using the fast ATLAS simulation ATLFAST II [83].

86



7.5 Summary of Systematic Uncertainties

where the total systematic O't;;tﬁl. is given by the single systematic uncertainties added in quadrature,

with the energy scale and resolution uncertainties symmetrized and the total uncertainty is given as

V@S2 + (@

The effect of the jet/thag energy scale uncertainty dominates the overall uncertainties especially for
the signal sample and the Z/y* — t*7~ embedding sample® which constitutes a large background
contribution. In addition, it leads to significant differences of the shape of the MMC mass distribution
that need to be considered for the final limit estimation (see Chapter 8). The final estimate for the
Z]y* — 1t~ background yield is:

P2 =TT 2 9790 + 4981 1 781 = 2790 + 783, (7.2)

while the result for the estimated W + jets background yield is

n" S = 467 + 207 £ 657 = 467 + 68. (7.3)

Assuming the uncertainties to be uncorrelated the total expected background event yield is 4151 +
66°3 + 79255 = 4151 + 795. In the statistical methods presented in the next Chapter 8 the correlations
between the uncertainties for all samples will be taken into account properly, i.e. the jet energy scale
uncertainty is treated as being correlated for all samples.

Signal Diboson W +jets Z—ee Z—-puu Z-—-1r Top QCD

Cinclusive 12.4 7 0.5 5 5 5 10 2.7
Acceptance 7 2 - 14 14 14 2 -
e Efficiency 0.8 1.0 0.8 3.8 0.8 0.8 0.8 0.8
w1 Efficiency 0.2 0.2 0.4 2.1 0.3 0.2 0.2 0.6
Thad Eff./Mis-ID 9.1 9.1 1.5 10.3 9.1 9.1 9.1 5.8
Energy Scale/Reso. +17 13 +11 +37 +24 +25 +7 -34
—-13 -14 -26 -16 -16 -15 +25
W+jets Normalization - - 4.1 - - - - 4.2
Embedding - - - - - 4.7 - 5.7
Luminosity 3.7 3.7 0.6 3.7 3.7 3.7 3.7 23
ool 23 18 14 37 27 28 18 31
O stat. 4 6 4 6 5 2 2 12
Total Uncertainty 23 19 14 37 27 28 18 33

Table 7.4: Overview of the effect of the systematic uncertainties on the event yield in % for all samples. The signal
sample is shown for my = 120 GeV and tan = 20. The table is divided into a theory, a detector, a background
estimation and a luminosity part. The three bottom lines give the total systematic 0'2‘;1?;1., the statistic o, and the
total uncertainties.

3Note: Without the embedding method, relying on simulation only, the effect of the jet energy scale uncertainty would have to
be considered as well and the uncertainty on the Z/y* — 7*7~ sample would be even bigger.
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Chapter 8
Statistical Interpretation and Exclusion Limits

No significant excess of data events compared with the Standard Model prediction is observed in the
MMC m, distribution (see Figures 6.10 and 7.1). Therefore, exclusion limits on the Higgs boson
production are set at the 95% confidence level. The statistical method applied in the following is the
profile likelihood method [85] based on the CL; parameter [86, 87] from an analysis of the MMC mi.,
distribution. In the following the methods are briefly introduced and the resulting exclusion limits are
presented.

8.1 The Profile Likelihood Method

8.1.1 Test Statistic and Likelihood Function

In order to apply the CL; method a test statistic, g, used to distinguish between the hypothesis that the
data contain signal and background (s + ) and the background-only hypothesis (b) is defined in terms
of a likelihood function L. It takes the systematic uncertainties of the measurement into account. The
Likelihood is given by:

Ll,s,b,0) = [ | P0uld; - 51,5, 0) x | | Psyst (0,62) (8.1)
i J

where n is the measured distribution in the signal region, i.e. a vector with each of its elements represent-
ing one of the bins i of the MMC m distribution in the signal region, s and b are for the expected signal
and background distribution in the signal region, accordingly. The parameter y is the signal strength'
and @ represents the nuisance parameters’ that parametrize the systematic uncertainties. The first term
P (n]4;) is the Poisson probability of observing n; events given an expectation of A; (u - s;, b;, 8) events.
The expected A; depends on the number of the expected signal events, u - s;, for a given signal strength
u, the expected background b; and the nuisance parameters 6. The second term Psyg takes the system-
atic uncertainties, in the form of the nuisance parameters 6;, into account. The nuisance parameters
are allowed to vary around their nominal value 6? according to a Gaussian distribution with a width
corresponding to their uncertainty.
Suppressing all parameters but ¢ and € for simplicity, one specific test statistic g, is defined as

oy L8

= > 8.2
qu L. 0) (8.2)

' = 1 corresponds to the s + b hypothesis with nominal signal strength and u = 0 corresponds to the background-only
hypothesis.
There are j nuisance parameters.
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Chapter 8 Statistical Interpretation and Exclusion Limits

where /1 and @ maximize L unconditionally and () maximizes L for any given u. The expression is
only valid for 0 < i < p. It is called profile log likelihood ratio, hence the name profile likelihood
method. In the following the test statistic g, is used. To simplify the notation and as the next subsection
is also true for other test statistic definitions, the notation g is used in the following.

8.1.2 The CL, Technique

With a test statistic g given, a so-called p-value can be constructed. It is defined as the probability,
assuming a hypothesis H is correct, to observe data with equal or lesser compatibility to H than the
measured data. The tested hypotheses are the null or background-only hypothesis b and the signal plus
background hypothesis s + b. An example of the distribution of ¢ under the two hypotheses f(g|b) and
f(gls + b) is given in Figure 8.1.

—~ 0.2
o L
B qobs
0.15 — ‘
. f(als*b)
0,1; f(qlb)
0.05 - P,
B ps+b
ol \‘\| e
-20 -10 0 10 20

q

Figure 8.1: Distribution of the test statistic variable g assuming the s + b and b hypothesis [88]. The p-values for
the two hypotheses, as defined in equations 8.3 and 8.4, correspond to the yellow and green areas.

In this example, assuming an observed value of gqps the p-value of the s + b hypothesis is the probab-
ility to find a g greater than or equal to g,ps under the assumption of the s + b hypothesis

(0o

Ps+b = P(q 2 qobs|s + b) = f(qls + b)dgq. (8.3)
9obs

Similarly, the p-value of the background-only hypothesis is

dobs
pp = P(q < qapslb) = f Flglb)dg. (84)

The p-value p,4j, can be used to test the hypothesis e.g. to exclude it at a confidence level of 1 —a = 95%
if ps1p < @. A problem arises with this so-called CL;,, method if the sensitivity to the hypothesis is
low or non-existent. This is illustrated in Figure 8.2.

For example if the expected number of signal events 7, is much smaller than the expected number
of background events ny, i.e. n, > ng and if then the observed number of events due to statistical
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g 0.5 [
0.3 ;
0.2 f—
0.1 ;
-1_OI | 0
q

Figure 8.2: Distribution of the test statistic ¢ assuming the s+b and b hypothesis [88]. An experiment less sensitive
to the hypothesis than the one illustrated in Figure 8.1 is indicated. The p-values for the two hypotheses, as defined
in equations 8.3 and 8.4, correspond to the yellow and green areas.

fluctuations is smaller than the expected number ng + n, (which is ~ ny) this value of ng leads to an
exclusion, while intuitively one would like the probability to make an exclusion to be zero in this case.

In order to not exclude models that one is not sensitive to, the CL; method is used. It excludes a
signal model if

CLy=———<ua, (8.5)

thus penalizing the p-value p,,; by dividing it by 1 — p;, which is close to unity if the distributions
f(gls + b) and f(q|b) are well separated, i.e. the experiment is sensitive to the hypotheses. However, if
the experiment is not sensitive and hence the distributions are close together 1 — p, becomes small and
the value of CL; is increased, and therefore no exclusion can be made. In that sense the CL; method
is the more conservative method compared to the CL;,, method as it excludes only a subset of the
hypotheses that the later would exclude.

The distributions of g for various hypotheses can be obtained by simulating many experiments or by
using asymptotic formulae, if the number of events in the signal region is sufficient, which is the case in
this analysis.

8.2 Exclusion Limits

Using the methods described in Section 8.1 the MMC m,, distribution of the estimated backgrounds
and the hypothetical signal are compared with the data and two different exclusion limits are set at the
95% confidence level:

1. Expected limit on the production cross section times branching ratio, ¢ X BR(® — 77), for a
generic Higgs boson @ as a function of its mass mgq. The limit is shown for the gluon fusion and
the b-associated production processes separately.

2. Exclusion limit in the tan 8-m4 plane in the MSSM interpretation.

91



Chapter 8 Statistical Interpretation and Exclusion Limits

8.2.1 Limit on the Cross Section Times Branching Ratio

Upper limits on the cross section times branching ratio op X BR(® — 77) as a function of the Higgs
boson mass mg are calculated for both production processes separately, assuming only one generic
Higgs boson ®. These results are independent of the MSSM theory predictions. In Figure 8.3 the
resulting expected and observed limits for the gluon fusion and the b-associated production processes
are shown. In addition, the expected limits from the summer 2011 analysis [7] that was performed with
an integrated luminosity of 1fb~! and the Standard Model theory prediction are shown for comparison.
Besides the mg = 100 GeV point, where the b-associated production sample suffers from large statistical
uncertainties, both production processes give similar results, as expected since the signal acceptance for
both production processes is similar. An additional comparison of the limits for the two processes
is shown in Figure A.1, where the resulting limits are shown separately, including the =10 and +20
uncertainties on the expected limits. The uncertainties are correlated to a large degree as the same
background predictions and uncertainties are used. The difference between the two production processes
is small.
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had —e— Observed gg—® CL
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-..-..- Expected bb® CLg
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2 N S Expected bbd CL, 1fb
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Figure 8.3: Upper limit on the production cross section times branching ratio, o X BR(® — 77), in dependence
of the mass of a generic Higgs boson, mg, at 95 % confidence level for the gluon fusion and the b-associated
production processes. The black (blue) dashed and full lines are the expected and observed limit for the gluon
fusion (b-associated) production process. For comparison, the expected limits from the summer 2011 analysis [7]
(red/brown dashed) that was performed with an integrated luminosity of 1fb~! are given, as well as the prediction
for the Standard Model Higgs boson (magenta).

A nuisance parameter is defined for each of the systematic uncertainties® described in Section 8.1.
The nuisance parameters are allowed to vary to find the smallest value of the log likelihood ratio.

3As a reminder: Included are uncertainties due to theory predictions, e.g. on the cross sections used, due to detector and
reconstruction effects, e.g. on the jet energy scale, identification of 7,4 candidates, due to the background estimates, e.g. the
uncertainty on the QCD multi-jet estimate and due to the uncertainty on the luminosity.
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8.2 Exclusion Limits

In Figure 8.4 distributions of a few example nuisance parameters as a function of ¢ X BR(® — 77)
are shown for the point where the mass of the generic Higgs boson @ is assumed to be mg = 120 GeV
(more distributions are shown in Figure A.2). On the one hand the influence of the jet energy scale
uncertainty is bigger than the one of the other two examples, i.e. the uncertainty on the 7y,4 identification
and the inclusive Z cross section, and varies the most with changing signal strength o X BR(® — 77),
on the other hand the uncertainty on the 7h,q identification and the inclusive Z cross section have a
much smaller impact on the exclusion limit and do not vary as much. None of the distributions show
any pathological behavior, e.g. large fluctuations or discontinuities, indicating that the fitting procedure
works. Accordingly the resulting log likelihood ratio in dependence of o¢ X BR(® — 77) presented in
Figure 8.5 looks as expected. This validates the limit setting procedure.
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Figure 8.4: Distributions of fitted nuisance parameters (in units of standard deviations) as a function of og X
BR(® — 77) for the limit on the generic Higgs boson @ at a mass of mgy = 120 GeV, including uncertainties
(green band). The distributions shown are for the uncertainty on the jet energy scale (a), the 7p,¢ identification
efficiency (b) and the inclusive Z cross section (c).

Compared with the summer 2011 results the limits seem not to have improved by much, even though
the integrated luminosity has doubled. This is mostly due to a change in the limit setting procedure. For
the 2011 results it ignored statistical uncertainties of the background estimates. To illustrate the effect,
the 1fb~! expected limits compared with the 2.1fb~! ones but with the statistical uncertainties of the
backgrounds ignored for the later are shown in Figure 8.6. The new limits are improved for high masses
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Figure 8.5: Distribution of the log likelihood ratio as a function of ¢ X BR(® — 77) for the limit on the generic
Higgs boson © at a mass of mg = 120 GeV.

mg while they are comparable for low masses, where the systematic uncertainties from the Z/y* — t+7~
background are dominant.

No useful constraints on the Standard Model prediction are possible, as the limits are more than a
factor of ten away from the predicted value of o¢ X BR(® — 77) for the Standard Model Higgs boson.
The analysis has not been designed for the Standard Model Higgs search and newer results specifically
aiming for discovering the Standard Model Higgs boson in the di-t channel have recently been made
public by ATLAS [89]. No significant excess over the expected background has been reported in this
channel yet.
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Figure 8.6: Expected upper limit on the production cross section times branching ratio, g X BR(® — 77), in
dependence of the mass of a generic Higgs boson, mg, at 95 % confidence level for the gluon fusion (black)
and the b-associated (blue) production processes with an integrated luminosity of 2.1fb™! and for the summer
2011 analysis [7] (gluon fusion in red, b-associated production in brown) that was performed with an integrated
luminosity of 1fb~!. The statistical uncertainties of the background estimation are neglected for the 2.1fb~!
analysis as well.
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8.2 Exclusion Limits

8.2.2 MSSM Limit

The MSSM interpretation of the results is presented in Figure 8.7. Shown are the limits in the my4-
tan 3 plane in the my4 range of 100 GeV to about 450 GeV in the m;™** scenario. The observed and the
expected limit with its +10- and +20 uncertainty are presented. For comparison, the expected limit
from the summer 2011 analysis [7], and limits observed in direct searches by the LEP experiments
[31] are shown (due to the changes discussed in the previous section the limit is not improved much
compared to the previous results). Values of tan S ranging as low as 15 are excluded and the result is
shown up to masses my of 420 GeV. For masses above my ~ 400 GeV the observed limit is above
tanS = 60, usually considered the highest tan 8 value allowed by theory. The LEP results exclude a
complementary region at low values of tan 8. Checks on the limit setting procedure similar to the ones
discussed in Section 8.2.1 have been performed and the resulting validation distributions can be found
in Appendix A.
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Figure 8.7: Expected and observed upper limits in the tan-my plane in the m;™ scenario at 95 % confidence
level. The black hashed and full lines are the expected and observed limit, the green and yellow bands are the
+10 and +20 uncertainties on the expected limits, respectively. For comparison the expected limit from the
summer 2011 analysis [7] (red) and the LEP limit [31] are given.

In Figures 8.8 and 8.9 similar exclusion limits from the combined results of the DO and CDF exper-
iments at the Tevatron [90] and from CMS [91] are shown. The results from the Tevatron are based on
pp collision data corresponding to 1.8fb~! and 2.2fb~! of integrated luminosity collected with the CDF
and DO experiments at a center-of-mass energy of 1.96 TeV. The eTyaq, 4Thaq and the ey final states were
analyzed. The limit set by CMS shown in Figure 8.9 is based on an analysis using data corresponding
to an integrated luminosity of 4.6fb~! and reconstructing the eThaq, UThad and the ey final states.

Since ATLAS aims at producing updates of the MSSM Higgs analysis quickly as the recorded ATLAS
dataset increases, during the time of writing this thesis already the preliminary results of an analysis
using the full 2011 dataset have recently been published [92]. The dataset used is equivalent to 4.7 —
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Figure 8.8: Expected and observed upper limits in the tan-my4 plane in the m;™* scenario from the Tevatron
experiments [90] at 95 % confidence level. The blue and black lines are the expected and observed limit, the
yellow and blue bands are the +10 and +20" uncertainties on the expected limits, respectively. The LEP limit [31]
is given in green.

4.8tb~!, depending on the decay channel. While the analysis shares some features with this analysis it
uses more channels (eThad, UThad, €U, (it and ThadThad) and is no longer jet inclusive, as it separates final
states with and without b quarks using b tagging. The exclusion limits in the tan 8-m4 plane are shown
in Figure 8.10.

In summary, the methods developed and the results obtained in this thesis have been important con-
tributions to MSSM searches at the LHC and to the first exclusion limits on MSSM Higgs production at
ATLAS resulting in limits that are significant improvements compared with previous results from LEP
and the Tevatron experiments.
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Figure 8.9: Expected and observed upper limits in the tan 8-my4 plane in the m;'** scenario from the CMS experi-
ment [91] at 95 % confidence level. The blue area is the observed excluded area, the fine black line is the expected
limit with its =10 and +20" uncertainties indicated by the two grey bands. The LEP limit [31] is given in green.
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Figure 8.10: Latest expected (dashed black line) and observed (solid black line) upper limits in the tan S-my4 plane

in the m;l“ax

scenario from the ATLAS experiment [92] at 95 % confidence level using a dataset with an integrated

lumiosity of 4.7 — 4.8fb™". In the left figure the green and yellow bands are the +10- and +20- uncertainties on the
expected limits, respectively. In the right figure the contributing channels are presented separately.
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Chapter 9
Conclusions

In this thesis, a search for neutral MSSM Higgs bosons decaying into pairs of 7 leptons has been presen-
ted. One of the final state 7 leptons is reconstructed in a leptonic decay channel, the other in a hadronic
one. The analysis has contributed to the first ATLAS result in this search channel using LHC data that
was obtained on a dataset corresponding to an integrated luminosity of 36pb~! and an update of it that
has used a larger dataset (1fb~!). In the course of this analysis, the dataset has been extended to a total
integrated luminosity of 2.1fb~!.

An event selection that relies on the identification of hadronically decaying 7 leptons has been intro-
duced. In total 4065 data events have been selected and the total signal selection efficiency has been
estimated to be = 0.7% for my = 120 GeV and tanS = 20. The di-t mass is reconstructed using a
novel likelihood based method [76] that takes the undetectable neutrinos into account via the missing
transverse energy EITniSS.

The contributions of the main background processes have been estimated using data driven methods.
For the Z/y* — 71~ background an embedding method has been used that replaces the muons in
reconstructed Z/y* — u*u~ events with simulated 7 leptons. The event yield of the W + jets background
has been studied in a sideband control region and the simulation has been normalized to agree with the
sideband data. The contribution from QCD multi-jet processes has been estimated from three data
control regions.

Systematic uncertainties due to these background estimates have been identified and studied as well as
systematic uncertainties affecting the simulated signal and background event samples. The dominating
systematic uncertainty is due to the uncertainty on the energy scales of jets and 1h,9 candidates.

As no excess over the expected backgrounds has been observed, exclusion limits have been set on
the o0p X BR(® — 77) of a generic Higgs boson ® in dependence of its mass, mg, and in the MSSM
interpretation, i.e. in the my-tan 8 plane. The statistical treatment has been improved compared to the
previous publications and the exclusion limits are stronger.

Results from ATLAS and CMS that use larger datasets have recently improved these limits. Due to
the larger sample size these analyses can divide the signal region further, e.g. into regions differing by
the number of reconstructed b jets. Thus these analyses can even more exploit features of the specific
signal topologies, e.g. by reconstructing at least one of the b jets in the bbA final state.

Recent results from measurements of B-meson decays with D™ty final states [93] seem to disagree
with the expectations from the Standard Model at the 3.4 o level. A charged Higgs boson H* can
potentially contribute to these decays. However, the excess cannot be explained by the charged Higgs
boson within the Type-II two Higgs doublet models like the MSSM. The Belle collaboration has not yet
published any results on this topic. A current theory publication [94] considers a possible explanation
of the disagreement with the Standard Model with Type-III two Higgs doublet models. Therefore it is
still useful to look for heavy Higgs bosons, in particular when exclusion limits on o¢ X BR(® — 77) in
dependence of the mass of a generic Higgs boson for different production processes are set, as presented
in this thesis.
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Chapter 9 Conclusions

In the light of the recent discovery of a new particle with a mass of about 125 GeV by ATLAS [4]
and CMS [5], which is so far consistent with a Standard Model Higgs boson, searches for the Standard
Model Higgs boson in the di-7 final state are very important, as currently the evidence for the new
particle has only been found in bosonic final states, e.g. H — yy, H — ZZ and H — W*W~. Therefore
scenarios involving a fermiophobic Higgs boson [95-97], i.e. one that couples less strongly or not at
all to fermions, cannot be excluded yet. As the Standard Model Higgs boson couples stronger to b
quarks and 7 leptons than to the much lighter fermions, the experimentally challenging H — bb and the
H — 7*1~ channels have the largest discovery or exclusion potential.

In summary, the work presented here has been an important part of one of the first searches for
physics beyond the Standard Model using ALTAS data. The applied methods proved ground for current
and future searches for di-7 resonances. Given the recent discovery of a new particle and the increasing
dataset provided by the LHC, the next years will be very exciting for particle physics. The search for
heavy non-Standard Model Higgs bosons will continue to be important to show if nature provides one
or several Higgs bosons.
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Appendix A
Additional Limit Setting Validation Figures
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Figure A.1: Upper limit on the production cross section times branching ratio, ¢ X BR(® — 77), in dependence
of the mass of a generic Higgs boson, mg, for the gluon fusion (top) and the b-associated (bottom) production
processes. The black (blue) dashed and full lines are the expected and observed limit for the gluon fusion (b-
associated) production process. The green and yellow bands are the +10 and +20 uncertainties on the expected
limits, respectively. For comparison the expected limit from the summer 2011 analysis [7] (red) that was per-
formed with an integrated luminosity of 1fb~! is given.
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on the generic Higgs boson ® at a mass of mg = 120 GeV, including uncertainties (green band).
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Appendix A Additional Limit Setting Validation Figures

Figure A.4: Selected distributions of fitted nuisance parameters as a function of the signal strength u for the limit
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