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Abstract
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2012

This thesis presents the first search for a neutral Minimal Supersymmetric Standard
Model Higgs boson decaying to a pair of hadronic taus in proton-proton collisions with
a center-of-mass energy of /s = 7 TeV. Results are presented for an integrated lumi-
nosity of 1.056 fb~! using data from the ATLAS detector at the Large Hadron Collider.
After signal selection, 245 events are observed. The number of events is consistent the
background estimate of 256 + 26. An exclusion limit for the Higgs boson production is
derived as a function of (cross-section)x (branching ratio). This limit is presented as a
function of two parameters: m,4 and tan /5 in the m}*** scenario. A point in the (ma4,

tan ) phase space is excluded if the signal hypothesis is rejected at the 95% confidence

level.
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Chapter 1

Introduction

One of the greatest achievements of twentieth century physics was the development of the
Standard Model of particle physics, a unified description of the elementary particles that
make up our universe, their properties and interactions via four fundamental forces. De-
spite its great successes and the accuracy to which it has been verified experimentally, the
theory has flaws. The mechanisms it describes are incomplete and it makes predictions
only after the insertion of parameters measured by particle and astrophysics experiments.
Most seriously, the theory must break down at higher energies as yet unexplored. The
quest for a theory describing physics beyond the Standard Model has engaged physicists
for the last few decades, with many new ideas postulated, attempting to address the big
unanswered questions. The recently operational Large Hadron Collider will explore new
energies and surely take us from conjecture to concrete discovery. One popular theory
that becomes open to observation with the Large Hadron Collider is Supersymmetry,
where each Standard Model particle is paired with a superpartner. As with the Standard
Model, the Higgs mechanism is still employed to achieve electroweak symmetry breaking,

however a more complex sector containing at least five Higgs bosons is required.

This dissertation describes the search for a neutral Higgs boson in the Minimal Super-

symmetric extension to the Standard Model through the decay channel of two hadronic
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taus. It is the first search for any new physics involving two hadronic taus performed
with the ATLAS detector at the Large Hadron Collider. The Minimally Supersymmetric
Higgs has been sought at lower energy colliders, resulting in exclusion limits from both
the Large Electron Positron Collider (LEP) and the Tevatron. These limits are expressed
in terms of two free parameters from the Minimal Supersymmetric Model: the mass of
one of the five observable Higgs, m 4, and the ratio of the two Higgs doublet’s vacuum
expectation values, tan . Limits are shown in Figure [Tl for a combination from the

Tevatron experiments using 1.8 fb~! of data from CDF, and 2.2 fb=! from DO [1].

%100 Tevatron Run Il Preliminary, L=1.8-2.2 fb?
9 920 m,, max, p=-200 GeV
80 Excluded by LEP
== Observed limit
70 Expected limit
Expected limit + 10
Expected limit £ 2 ¢
60
50

N
NN
R

\
\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\
10

IIII|IIII|IIIWI}‘%IIII'IIII'IIII|IIII|IIII

100 120 140 160 180 200
m, [GeV/c?]

Figure 1.1: 95% Confidence limits on the MSSM Higgs in the ma-tan 8 plane from the Teva-
tron. Limit set using 1.8 fb~' of data from CDF, and 2.2 fb—' from DO recorded with a center-
of-mass energy of 1.96 TeV. The black line denotes the observed limit, above which the phase
space s excluded. The grey line shows the expected limit and the hatched yellow and blue re-

gions denote the £1 and 20 bands around the expectation. The shaded light-green area shows

the limits from LEP.

A recently updated limit from DO alone is given in Figure with 7.3 fb=! of data. [2].

The analysis described in this thesis expands on the LEP and Tevatron searches
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DO, L=7.3fb*

100

€)) m_max, u=-200 GeV
gb - bg

----- DO expected

- DO exclusion
| LEP exclusion

100 150 200 250 300
M, [ GeVic?]

Figure 1.2: 95% Confidence limits on the MSSM Higgs in the ma-tan 8 plane from an updated
DO analysis using 7.3 fo=* of data from the Tevatron. The solid coloured areas show the excluded

phase space from DO in blue, and LEP in green.

using data recorded at a center-of-mass energy higher than ever available before. The
dissertation begins by introducing the theoretical motivation for the search in Chapter 2
The ‘experimental apparatus,” the Large Hadron Collider and the ATLAS detector are
described in ChaptersBlanddl Any expected signal in the Large Hadron Collider has been
calculated theoretically, and will be discussed in Chapter [l Other than the potential
signal, there will be an abundance of other ‘background’ processes, detailed in Chapter 8]
that must be suppressed for a successful analysis. This requires prudent event selection,
documented in Chapter Obviously, hadronic taus are of great importance in this
analysis, and the method of identifying these particles in ATLAS is described in detail

in Chapter

This thesis uses natural units, in which the speed of light and the reduced Planck

constant are set equal to one, ¢ = h = 1. As a result, all of energy, momentum and mass
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are expressed in terms of giga-electron volts, GeV. Any discussion of the electroweak

scale is characterized by an energy of ~100 GeV, and the Planck scale at 101 GeV.



Chapter 2

Theory

The Standard Model of particle physics is the most complete theory of physics at the
subatomic scale [3, 4, [5]. Tt describes the fundamental particles that form our universe,
and their interactions with each other. These interactions are explained in terms of three
forces: the weak, electromagnetic, and strong force. Gravity is not accounted for, the
gravitational interaction between elementary particles is very small and safely neglected
in the description of the other forces. One primary success of the Standard Model is
the unified theory of the electroweak force, which combines electromagnetic and weak

interactions.

The theory is not without its problems. Recently the phenomenon of neutrino flavour
oscillation, which requires neutrinos to have non-zero mass, has been experimentally
established [6, 7]. In the last few decades astrophysics experiments have collected evidence
for the existence of dark matter [8]. Neither of these developments are described by the
Standard Model. Removing the issues of gravity, dark matter, and neutrino oscillations,
the Standard Model has inherent problems. Omne prominent concern is that of ‘fine
tuning.” If we assume the Standard Model reveals the structure of the universe up to
the Planck scale, radiative corrections to the Higgs mass would inevitably make the mass

extremely large, unless incredibly fine tuned cancellations are incorporated.
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This Chapter describes the Standard Model and its particles. The limitations of the
model are discussed and then a popular extension of the standard model, supersymmetry

is introduced, with explanations as to why it fixes some of the problems associated with

the Standard Model.

2.1 The Standard Model

The Standard Model (SM) is a gauge field theory that describes two types of point-like
particles, fermions and bosons, and their interactions. Fermions are particles that carry
an internal angular momentum, spin, of 1/2. Elementary fermions fall into two categories,
quarks and leptons. Bosons are particles with integer spin. Fermionic particles interact
by exchanging vector bosons of spin 1.

In terms of field theories, the SM is a renormalizable quantum field theory that results
from a spontancously broken SUq(3) x SUL(2) x Uy(1) local gauge invariance. Each
of the three forces is associated with a local symmetry transformation. The strong force
is characterized by SU¢(3) transformations, and the weak and electromagnetic forces,
combined in the electroweak force, by an SU.(2) x Uy (1) symmetry |11].

The strong force, often referred to as quantum chromodynamics (QCD), describes
quarks, which form colour triplets of the QCD gauge group. Gluons are the bosons
that mediate the strong force, and they themselves carry colour. The bosons of the
electroweak force are the W*, Z, and the photon (). In the Standard Model there
are three copies (or families) of fermion particles, each copy of which differs only by
mass, with each family successively heavier. All the elementary fermions are listed in
Table 2.1 with their electromagnetic charges and observed masses. Each quark exists in
three varieties, one for each of the colour charges. The mediating gauge bosons are given
in Table Every particle listed has been discovered and is thought to be fundamental.

Not shown, but observed experimentally, are the associated antiparticles to each particle.
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An antiparticle has the opposite internal quantum numbers, including electric charge, to

its related particle.

Leptons ~ Charge  Mass (GeV) | Quarks  Charge  Mass (GeV)
1st Generation | e -1 0.000548 | u —|—§ 0.0023
Ve 0 ~0 | d -3 0.0048
2nd Generation | p -1 0.113 | ¢ +2 1.275
” 0 ~0 | s 1 0.095
3rd Generation | 7 -1 1.776 | t —|—§ 173.5
vy 0 ~0 | b -3 4.65

Table 2.1: The fundamental fermions divided into generations. The electromagnetic charge

and mass, taken from Reference [12], is given for each particle.

Force Boson | Mass (GeV)
Electromagnetic 7y 0
Weak A 80.385
Weak W= 91.188
Strong g 0

Table 2.2: Mediating gauge bosons for each force, with masses in GeV [12]. The photon and

gluons are electromagnetically neutral. There are two W bosons, with positive and negative

charge.
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2.1.1 Quantum field theory and gauge invariance

The dynamics of particles can be described by quantum field theory (QFT), which com-
bines quantum mechanics and special relativity in a Lagrangian formalism. The dynamics
are contained in a single Lagrangian density, .2, where the Euler-Lagrange equations are
solved to obtain the equations of motion. The fields in a Lagrangian are operators that
create and annihilate particles [11].

The Lagrangian that correctly predicts the Dirac equation and describes the motion

of a free fermion field, ¢(z), with mass m, is given by Equation 211

Z = QZ(WHau —m)p = 1;@'7”8#1? — my) (2.1)

We can introduce interactions of fermion fields with gauge bosons by forcing this La-
grangian to be invariant under local transformations of the field. Where ‘local’ indicates
that the transformation depends on some space-time point x. For example, requiring

invariance under a local U(1) phase transformation, as given in equation 2.2]

Y= =Dy, (2.2)

necessitates the introduction of a field, A*. The field enters the Lagrangian (Equation 2.7])

with the following replacement (called the covariant derivative):

0, = D, = 0, + ie AP, (2.3)

The theory is gauge invariant if the covariant derivative transforms as the matter fields

themselves:

D, — (D) = &X@) (D). (2.4)

This new field, A*, known as a gauge field, must therefore transform according to Equa-
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tion 2.0l

, 1
A= A= A= 0 (2.5)

The transformations above describe the quantum electrodynamic (QED) Lagrangian.
Including the kinetic terms for the free electromagnetic field (F* = o*AY — 9" A*) we

have:
| - 1 - _ _
Logp = —ZFWF’“’—H&(w“D“—m)w = —ZFWF“ +iy o, p—maypp—e A it (2.6)

Where we now have a description that includes the original free fermion field, and an
interaction term with the newly introduced gauge field. We cannot add a mass term,
m?A, A", as such a term is not invariant under local U(1) transformations.

In a similar way to the Lagrangian of QED, the SM Lagrangian requires invariance
under a SUx(3) x SUL(2) x Uy(1) local gauge symmetry. The SUx(3) term introduces
eight spin 1 particles, G, with « from 1 to 8. These are the massless, coloured gluons, as
indicated by the C' subscript. The SU(2) invariance produces 3 massless gauge bosons,
Wy, with a from 1 to 3. Finally, Uy (1) invariance has one associated gauge boson,
B,,. The subscript Y distinguishes the group associated with the quantum number of
hypercharge from that of the electromagnetic charge. The four spin 1 gauge bosons from
SUL(2) x Uy (1) invariance are related to the physical bosons that mediate the weak
interactions, W=, Z°, and the photon, in a way that will be described further below.

From experimental observation we know that the charged weak vector bosons (W¥)
only interact with left-handed chiral states (which can be represented using the fifth
gamma matrix as U, = (1 —~°)¥). The subscript L indicates left handed fermions,
and the chirality of the SU(2) transformation.

In its unbroken form, the SUx(3) x SUL(2) x Uy (1) gauge field theory gives a
spectrum of massless particles. The fermion mass term mun), which was acceptable in
the Lagrangian for QED, is no longer invariant because the right and left handed chiral

components transform differently (as, miy = miripr +mabribr). As the particles in the
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universe have mass, the symmetries cannot be left unbroken and a means for the particles
to acquire mass is required. This method is described in the SM by the introduction of the
Higgs sector. The Higgs mechanism spontaneously breaks the electroweak SU(2)x Uy (1)

symmetry down to SUL(2)xUga(1), and in the process introduces the Higgs boson.

2.1.2 Spontaneous symmetry breaking

Masses may be introduced to the gauge invariant SU¢(3) x SUL(2) x Uy (1) Lagrangian
through a process called ‘Spontaneous Symmetry Breaking.” The symmetry breaking
materializes by the addition of scalar fields to the Lagrangian. The degrees of freedom
from these new scalar particles transfer to the gauge boson fields to give them mass.
Spontaneous Symmetry breaking can be understood from a global U(1) symmetry by

considering the Lagrangian given by Equation 2.7

L = (0"01)(0,0) + 11 d — A(oT9) (2.72)
V() = —i*d'o + A(¢'9)? (2.7b)

Where ¢(z) is a single complex scalar field, that transforms according to ¢(z) — e“*¢(x).
Equation .70 explicitly shows the potential term in the Lagrangian. If u? > 0, the po-
tential has a single minimum value V,;, = 0 at ¢ = ¢9 = 0 and the potential preserves the

symmetry of the Lagrangian. In the more interesting case, where p? < 0, the minimum

of the potential lies on a circle on on the complex plane with a radius £5. This minimum
_[p? 0
occurs at ¢g = 4/ 55€

7@7

where v is the vacuum expectation value. The phase is arbitrary and there are an infinite

Only the magnitude of the potential is determined at this minimum, |¢o| = 1/ 55 = =

number of minima, degenerate in all values of #. In a transition from a high energy

density state to low energy density state (such as in the early universe), the field will
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spontaneously fall into one of the degenerate minima. By realizing a particular vacuum
the U(1) symmetry is spontaneously broken, since the vacuum expectation value is not
gauge invariant; there results a symmetry of the Lagrangian that is not shared by the
true, realized vacuum.

By introducing two real fields o(z) and n(x), both of which have zero vacuum expec-

tation value, we can perturb ¢(z) around the chosen vacuum:

b(2) = — (v + o(z) + in(z)) (2.8)

V2

Expanding the Lagrangian in terms of these fields gives the Lagrangian in Equation

1

2 = (0" (0))(0u0(2)) — 5N () + 3 (00(0)) (Bun(a)) + Zi + constant (29)

we see that o field has mass (m, = vv/2)) but that the 7 field remains massless. (In-
teraction terms are denoted by .#7). One massive and one massless scalar boson have
been obtained by introducing the complex scalar field. The massless boson is called a
Goldstone boson.

If we shift to requiring local U(1) invariance, ¢(z) — e *®¢(z), where a is now
dependent on x, the potential term in Equation [2.7]is still invariant but the kinetic term
is not. As previously for QED, we must introduce a gauge field to maintain invariance,
and re-write the Lagrangian. By then considering the ground state for y? < 0, we are
lead to spontaneous symmetry breaking, where now the goldstone boson can be absorbed
to give the gauge field mass.

In the SM, the Higgs field, ¢, is required to be an SU(2) doublet of complex scalar
fields, as represented by Equation 2.I0L This means there are four real fields, or alterna-
tively four degrees of freedom.

+ 40
P = ¢ o= ¢ (2.10)

¢’ ¢~
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The relevant terms in the initial SM Lagrangian are the W7 and B,, which each have
2 degrees of freedom, by including the Higgs field we begin with 12 degrees of freedom.
After spontaneous symmetry breaking, we have a real scalar Higgs, with one degree of
freedom, three massive weak bosons, the W+ and Z, with nine, and one massless photon
with two degrees of freedom, summing again to 12. The scalar degrees of freedom are
‘eaten’ to give the W and Z bosons mass. Despite the added complexity in the SM, the
basic structure of the Higgs mechanism remains unchanged. The vacuum expectation

value, v, in the SM is given by:

1

246 GeV [12], 2.11
v v (12 (211)

v= (=)t

where G is the Fermi coupling constant. After acquiring a vacuum expectation value,
the Higgs doublet can be used to give fermions mass through ‘Yukawa couplings.” The

masses take the form:

\/gyv(‘lle/)R + ¥y (2.12)

where y is a Yukawa coupling constant that is proportional to the fermion mass. Yukawa
couplings are determined by the measured masses of the fermions, therefore the pro-
duction and decay rates of the Higgs boson through fermion pairs are predicted in the

SM.

As a side note we should observe that the quark mass eigenstates are not equal to
the weak eigenstates, and this allows charged weak interactions to involve transitions
between the three generations. This mixing is described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, and it allows charge parity (CP) violation (a symmetry in

which particles are exchanged for their antiparticles, and spatial coordinates switched).
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2.1.3 Problems with the Standard Model

It has been demonstrated that by imposing gauge invariance and spontaneous symmetry
breaking, it is possible to predict the interactions of all the standard model particles, and
their masses. The resulting masses are however, only defined in terms of the introduced
model parameters, no absolute predictions for the interaction strengths are made.

By construction, rather than consequence, the SM describes three generations of
quarks and leptons. The Higgs boson is a particle as yet unobservedE and gravity
is entirely absent. Perhaps of greatest relevance for motivating supersymmetry, and
therefore this thesis, the standard model contains a hierarchy problem.

Fermion and gauge boson masses have been discussed by considering the tree level
couplings to the Higgs field. The tree level couplings generate a bare Higgs mass,
mbare = % To compute the physical mass of the Higgs, we must consider the ra-
diative correction for every particle that couples to the Higgs field. Higher order terms
involve particle loops in which the momenta of particles are not fixed, and an integration
must be performed over all possible momenta. Such an integration leads to a quadratic
divergence, and to fix this, the integral should be cut-off at an energy Ayy , the scale
where new physics is expected. Doing so gives the result for the Higgs mass in Equa-
tion 213, where m; is the mass of the fermion in the loop, A\; the Higgs to fermion
coupling and Ayy the cut-off energy. Suggesting the scale of new physics to be the

Planck scale makes the Higgs mass very heavy.

[As)?

= Ay +...) (2.13)

2 _

Since there are contributions from other loops, including scalars and other particles
coupling to the Higgs, these various terms can cancel out the divergent terms. To do so,

the parameters must be precisely fine-tuned to get a suitable level of cancellation. Such

'Recent observations at the LHC have resulted in the discovery of a new boson at 125-126 GeV [9,110],
possibly the Higgs. Further study is needed to confirm the exact particle and couplings.
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a fine-tuning is generally considered unphysical, since there is no known mechanism to
motivate it. The problem arises since there are 16 orders of magnitude between the EW
scale and the reduced Planck scale. This is known as the SM hierarchy problem, and a

number of possible solutions have been suggested.

2.2 Supersymmetry

Supersymmetry is an extension to the standard model predicting a symmetry between

fermions and bosons. This can be expressed by the transformation operator, () as in

Equation 2141

Q(Boson) = Fermion (2.14a)

Q(Fermion) = Boson (2.14b)

Every fermion has a scalar superpartner and every boson a fermionic superpartner.
Each SM particle is put in a supermultiplet paired with its own superpartner. The su-
perpartner must have the same gauge group representation, and the supermultiplet must
have equal fermionic and bosonic degrees of freedom. Scalar superpartner contributions
to the Higgs mass are given in Equation 2.I51 Where m, is the mass of the relevant
scalar and A is the Higgs to scalar coupling.

A

Am? = 8—7;(A?W +..0) (2.15)

The form of scalar superpartner contributions suggests that if two scalars also exist
for every existing fermion, the divergent fermionic terms (the form for which are given
in 2T3) would cancel with the scalar terms. If [\}] is equal to \,, the cancellation would
exact, and even at the Planck scale, the Higgs mass would remain at the Electroweak

scale.
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Figure 2.1] shows the Higgs couplings for scalar and fermion particles, the leading

terms for the two diagrams have a relative minus sign between them.

scalar
v
H H 7
-__ - -2 Z______
fermion
(a) Coupling to fermions (b) Coupling to scalars

Figure 2.1: MSSM Higgs couplings to fermions and scalar particles.

Unbroken supersymmetry (SUSY) predicts superpartners with identical mass to their
SM counterparts. Since no such particles has yet been discovered, SUSY must be a broken
symmetry, but the method of symmetry breaking is unknown. However, to generate the
correct SM Higgs vacuum expectation value, the breaking scale must be less than ~1

TeV [13].

2.3 Minimal Supersymmetric Standard Model

Here, the minimal extension of the SM Higgs sector required for SUSY is discussed,
which is the sector assumed in the Minimal Supersymmetric Standard Model (MSSM).
The MSSM is specified by the choice of the superpotential given in equation [13].
Where the fields that appear are the chiral superfields corresponding to Table 2.3] all

colour indices are suppressed.

W= y;jﬂinHu — ijJinHd - y;jéiLde +puH, Hy (2.16)

In addition to the Yukawa terms, we require Higgs self couplings which necessitates
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the introduction of a mass dimensional parameter p. In order to generate the correct
electroweak breaking, we need p to be O(myy). Additional gauge invariant terms could
be added to this potential, but these are terms which violate either baryon or lepton

2s43B+L wwhere B and

number. By introducing a symmetry called ‘R-parity,” R = (—1)
L are baryon and lepton numbers respectively, spin (s), prevents these terms from being

added to the superpotential.

The spin 0 partners of the standard model quarks and leptons are called squarks and
sleptons. Both the left-handed and right-handed quarks and leptons have a superpartner.
Although these are labelled by the handedness of their standard model counterpart, they
are themselves spin-less. The squarks and sleptons are notated by drawing a ‘tilde’ over
the top of the symbol for their standard model partners. The spin 1/2 partner of the spin
1 standard model gluon is called a gluino, notated g, the spin 1/2 partners the W* and
WO gauge bosons, ‘winos’ (W* and W?°) and the spin 1/2 counterpart of the B boson,
‘bino’ (B).

Tables 2.3 and 2.4] give the chiral and gauge supermultiplets of the MSSM. The Higgs
particles (which have spin 0) must be put into chiral supermultiplets and the spin 1
vector bosons into gauge supermultiplets. Quarks and leptons must be placed in chiral
supermultiplets so that the left and right-handed spin 1/2 particles transform differently
under Lorentz transformation. Two Higgs doublets are needed to give mass to both the

up and down type quarks in the standard model.

The states in the MSSM (Tables and 2.4]) mix to form the physical mass states.
The neutral bino, wino and higgsino (H?, H9) states mix to form four neutral particles
called neutralinos )2(1)72’374. The charged wino and higgsino (H;", H’d’) states mix to form
two charged charginos, )~<f2- Neutralinos and charginos are both gauginos. Of the quarks,
only the third generation mixes significantly, ¢; and ¢z mixing to form the states ¢; and
t5, and equivalently, b, and bp mixing to form the states by and bs. Up-down family

and charm-strange family mixing is often neglected. Mixing of the leptons in the first
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Names Symbol | SU¢(3), SUL(2),Uy(1) | spin 0 spin 1/2
squarks, quarks Q 3,2,% (dL,dNL) (ur, dr)
(3 families) u 3,1-3 Ur al,

d 3,1,2 dr dl,
sleptons, leptons L 1,2-1 (7, €r) (v, er)
(3 families) e 1,1,2 Er el
Higgs, Higgsinos H, 1,2,1 (Hf, HY) | (H}, HY)

H, 1,21 (HY, Hy) | (HY, Hy)
Table 2.3: Chiral supermultiplet fields in the MSSM.
Names SUx(3), SUL(2),Uy(1) | spin 1/2 | spin 1
gluinos, gluons 8,1,0 g g
winos, W bosons 1,3,0 WwE, WO | w*, wo
bino, B boson 1,1,0 B B

Table 2.4: Gauge supermultiplet fields in the MSSM.
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two generations is also often neglected, but the left-handed and right-handed staus are
commonly taken to mix significantly (7, and 7z mixing to form 7; and 7). The large
left-right mixing between the stops, sbottoms and staus means that they are usually

denoted by subscripts 1 and 2 rather than L and R. This mixing is summarized below:

neutralinos: ﬁg,ﬁg, BO,WO — )2[1)75&8756%7)22
charginos: W Hf Hy = X7, %
stau TL, TR — T1, T2

stop: tr,tr — 1,1

sbottom: BL, ER — 51, 52
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2.3.1 MSSM Higgs Sector

In the MSSM Higgs sector, we have seen there are two complex Higgs doublets. The
H, couples to up type fermions, and the Hy to down type fermions. After spontaneous
symmetry breaking, the doublets acquire vacuum expectation values v, and vy, with a
ratio defined as tan = Z—Z Three degrees of freedom give masses to the W* and Z
bosons, and five physical Higgs states remain. There are two charged scalars, H* and
H~, with equal mass. Two CP even scalars, h’, and H°, and one CP odd scalar, A°.
There are six free parameters that describe the Higgs sector: four Higgs boson masses,
tan 3, and the mixing angle o between the two CP even states. In the MSSM, relation-
ships between the parameters can be determined from the structure of the superpotential,
leaving only two free parameters at tree-level, generally taken to be m 40 and tan 5. All
the coupling strengths to fermions and gauge bosons, as well as the masses, are com-

pletely defined at tree level with these two parameters. The relationships also result in

limits of the Higgs scalars:

m 40 Z X
mpo < My
mgo > My

Mmy+ 2> My

We have not observed the h°, but this does not void the theory as loop corrections
can be significant. Couplings from the top quark and stops can push the mass up to ~
135 GeV. This situation is known as the mj™* scenario [14].

The MSSM Higgs couplings differ from a SM Higgs. The ratio of the couplings for
the W, Z, up type and down type fermions with respect to the SM Higgs coupling are
given in Table 2.5

While decays into ZZ or WW are dominant in the SM for Higgs boson masses above

mpy ~160 GeV, in the MSSM these decay modes are either suppressed by cos(a — () in
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Higgs boson | up type fermions down type fermions W)z
A° 1/tan 3 tan 0
H° sina/sin 3 cosa/ cos 3 cos(a — f3)
ho cos a/ sin 8 —sina/ cos sin(a — )

Table 2.5: Ratio of the Higgs couplings in the MSSM to the SM for up and down type fermions,

and W and Z gauge bosons.

the case of the H?, or even absent as in the case of the A°.
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LHC

To understand the mechanism behind electroweak symmetry breaking, we need to be
able to conduct experiments beyond the electroweak scale. This energy scale, O(1 TeV),
has recently become open to observation with the Large Hadron Collider. High energy
particle colliders are designed to produce inelastic collisions between relativistic particles.
In circular colliders, such as the Large Hadron Collider (LHC), two beams of particles
travelling in opposite directions collide head on. There is zero net momentum before
and after the collision, and the center-of-mass energy is given by twice the beam energy.
These conditions define the kinematic phase space available to the particles produced in

the collision.

The LHC is the world’s highest energy particle collider, capable of a center-of-mass
energy of 14 TeV [15]. The machine collides two beams of protonsH and since protons are
composite particles, a collision occurs between two packets of loosely bundled quarks and
gluons. As the momentum of a proton is distributed amongst the constituent partons

(described further in Appendix[C]), the effective energy available to produce new particles

High energy events occur naturally and have been observed with cosmic ray particles [16]. However
the rate of such events is too small to study electroweak symmetry breaking. (At 1 TeV, the rate is 1
particle per m?/s [17]).

2The LHC can also collide heavy ions, using lead with an energy of 2.8 TeV per nucleon, up to an
instantaneous luminosity of 1027 em~2s~1 [15].

21
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is lower than 14 TeV.

In addition to the center-of-mass energy, the rate of collisions produced in an acceler-
ator are of importance, particularly if we want to study rare processes. The luminosity
of a machine, and the cross-section for an interaction determine the rate of collisions, as

given in Equation 311

Number of interactions per second = £ X Ointeraction (3.1)

2

Where the luminosity is denoted . and has units cm™2s™!. In an accelerator, beams of

particles are separated into bunches of N particles. The geometrical overlap of bunches
as the beams cross is described by o, and o, the transverse components of the collision
area. For identical bunches colliding with a frequency given by f, the luminosity is

defined as:
N2

dro,o,

=

(3.2)

The LHC is designed to reach a luminosity of 103 cm™?s™! [15]. Bunches of protons will
collide every 25 ns, a frequency of 40 MHz.

The main components of the accelerator are radio-frequency (RF) cavities and super-
conducting magnets. The RF cavities group protons together in up to 2808 bunches, and
accelerate these bunches to the collision momentum. The cavities work by generating an
oscillating voltage along the beamline. They use a standing wave whose frequency is set
such that protons get bunched together and each bunch is given an accelerating push as
they pass through the cavity. Two different types of magnets are used for specific oper-
ations on the beams. A total of 1232 dipole magnets curve the beams into their circular
trajectories, and 392 quadruple magnets keep the protons focused. The superconducting
magnetic dipoles stretch the limits of current technology. In order to guide the beam
they must produce a magnetic field of 8.33 T, and to do so, they operate in superfluid
helium at 1.9 K [15].

The LHC is located at CERN, across the borders of France and Switzerland. The ac-
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celerator is housed in the tunnel previously used by the Large Electron Positron Collider
(LEP). The circular tunnel has a circumference of 27 km and is underground at a depth
varying between 50 and 175 meters [15]. There are four points in the LHC | where the
beams intersect for collisions. A detector, delivering data to an experiment, surrounds
each collision point. ATLAS, an acronym for ‘A Toroidal LHC ApparatuS,” and CMS,
‘Compact Muon Solenoid;” are multipurpose detectors, designed to collect high momen-
tum events in the search for Higgs bosons and other phenomena beyond the Standard
Model. LHCD, short for ‘LHC beauty’ is (unsurprisingly) designed for b-physics, in order
to examine discrepancies between the production of matter and antimatter. ALICE,
shortened from ‘A Large Ion Collider Experiment,’ is built to study the formation of a
quark-gluon plasma in heavy ion collisions. A schematic of the LHC experiments is given

in Figure B.11

E

CMS

EastAres
n-TaF
—F i
A L + £
Fa s
b

Figure 3.1: Layout of the CERN accelerator complex and the LHC experiments.

Protons are injected into the LHC with a momentum of 450 GeV and then accelerated

to 3.5 TeV. The initial energy is achieved by a series of accelerators, also shown in
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FigureB.dl First the protons reach an energy of 50 MeV in the linear accelerator LINAC2.
They are then fed into the Proton Synchrotron Booster and accelerated to 1.4 GeV. From
here they enter the Proton Synchrotontron (PS), and are accelerated to 26 GeV. Finally,
the protons reach the Super Proton Synchrotron (SPS), achieving an energy of 450 GeV
with which they enter the LHC . The entire injection chain and proton acceleration in
the LHC takes ~20 minutes.

At the time of writing this thesis, the maximum proton beam energy attained by the
LHC was 3.5 TeV. Collisions were produced every 50 ns, with an intensity of 1.51x 10!
protons per bunch, giving a peak luminosity of 3.6x10% cm~2s7!. Even at the 7 TeV

centre-of-mass energy and lower luminosity, the LHC has surpassed all previous acceler-

ators, unlocking energy regions with the potential for new physics.
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ATLAS Detector

The ATLAS detector is designed to measure many different physics signatures while op-
erating in the LHC’s high luminosity environment. It is the largest volume detector ever
built, with dimensions 46x25x25 m. The 7000 ton apparatus is housed in an under-
ground cavern at a depth of 100 m, surrounding an LHC beam intersection point [18].
The detector, shown in Figure .1 measures the 4-vectors of particles produced in high

energy collisions using a combination of sub-detectors.

Each sub-detector is designed to exploit the energy loss mechanisms of specific parti-
cles, to discern their nature and measure their kinematics. The Inner Detector is closest
to the ATLAS collision point. It is used to measure the momenta and reconstruct the
trajectory of charged particles. The calorimeters measure the energy of most traversing
particles, by causing them to shower through electromagnetic and strong interactions.
Muons exit the calorimeters, only loosing a small amount of energy by ionization, their

momenta and trajectories are reconstructed by the Muon Spectrometer.

The momentum of charged particles in both the Inner Detector and Muon Spectrom-
eter are deduced from their trajectories in a magnetic field. A superconducting solenoidal
magnet surrounds the Inner Detector, generating a field with the strength 2.6 T. The

Muon Spectrometer incorporates a superconducting toroidal magnetic system, formed

25
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25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor tracker

Transition radiation tracker

Figure 4.1: The ATLAS detector with magnets, sub-detectors and overall dimensions labelled.

The width of the detector, not shown, measures the same as the height: 25 m.
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by an arrangement of three sets of eight coils, the field strength is 4.1 T.

Analysis with ATLAS uses a reference frame centred on the nominal interaction point;
this is defined as the origin of the coordinate system. The beam line defines the z
direction, and the zy plane is transverse to the beams. The positive x axis points
from the interaction point to the centre of the LHC, and the positive y direction points
upwards. The detector is symmetric around the z axis, making a cylindrical coordinate
system useful. The azimuthal angle, ¢, sweeps around the z axis. The polar angle, 0,
extends from the beam line; this is usually expressed as the Lorentz invariant variable of
pseudorapidity, n = — In(tan g)

Charged particles are bent in the r¢ plane when traversing the Inner Detector, and
in the rz plane through the Muon Spectrometer. All transverse quantities are defined as
projected values on the transverse (r¢ and zy) plane. For example, the transverse mo-
mentum of a measured particle, pr, is determined by the zy components of the particle’s

momentum vector, p.

4.1 Inner Detector

The Inner Detector (ID) is the innermost sub-detector of ATLAS, positioned closest to
the LHC beam line. It is designed to measure charged track momenta, primary and
secondary vertices; with minimal disturbance to particle energy. This is achieved with
two types of technology: silicon semiconductor detectors, and proportional drift tubes.
The semiconductor detectors are thin wafers of silicon, doped to form diodes. Elec-
trodes applied to the top and bottom of the wafers with a reverse bias configuration
extend the depletion zone, which is free of charge carriers, to cover the full thickness of
the silicon. A charged particle traversing the semiconductor ionizes atoms in the silicon
bulk, forming electron-hole pairs. The electric field generated by the electrodes forces

the charges away before they recombine. This motion of charge results in a current pulse
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proportional to the energy lost by the incident particle. In ATLAS the silicon detectors

register a binary ‘hit’ if a particle passes through the sensitive silicon region.

Proportional drift tubes are cylindrical proportional chambers. A voltage applied to
an anode wire centred in a cathode tube creates an electric field that rises as 1/r towards
the wire. The tube contains a gas that is ionized by a crossing charged particle. Ions drift
towards the tube wall, and free electrons accelerate towards the anode. The motion of
charge produces the detected signal. With a sufficient voltage difference, the electric field
close to the anode causes secondary ionization, enhancing the signal. This amplification

is approximately constant and depends on the electric field and ionized gas.

The ID is divided into three parts: the pixel detector, the Semiconductor Tracker
(SCT), and the Transition Radiation Tracker (TRT). The first two of these are silicon
semiconductors, and the last is constructed from proportional drift tubes. All three sub-
detectors are shown in Figure 4.2l The ID is immersed in an axial magnetic field of 2 T
generated by a solenoidal magnet. The magnetic field curves the trajectory of a charged
particle, allowing a measurement of the particle momentum, which is proportional to the

particle bending radius.

An important aspect of silicon detectors is the occupancy, defined as the fraction of
channels with a hit in the detector at any given moment. High occupancy can become a
problem in a high particle flux environment, such as that close to the interaction point in
ATLAS. One solution to this problem is to reduce the area of the sensitive region, which
implies an increase in the total number of channels, as in the ATLAS pixel detector.
Further away, where particles are less concentrated, the occupancy is reduced and larger

detectors are an option.

The pixel detector is nearest to the collision point, and subject to intense radiation and
particle flux. To support coverage along 7, the detector is divided into a barrel component
to measure particles produced centrally (with a large transverse component), and two

end-caps on either side of the barrel for particles produced in the forward direction. The
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21m

End-cap semiconductor tracker

Figure 4.2: Cross sectional view of the ATLAS inner detector. The pixel sub-detector is
closest to the beam line, followed by the SCT. The TRT, the outermost layer, covers the largest

volume.
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pixel detector measures hits for tracks within |n| < 2.5, with full coverage in ¢. The barrel
is constructed from three cylindrical layers and each end-cap is made of three disks. The
main components of the detector are 1744 identical modules, arranged along the barrel
cylinders and end-cap disks. The sensor is made of a silicon semiconductor junction
256+3 pm thick. Each module contains 47 232 pixels, with a typical pixel size of 50x400
pm?, corresponding to 80.4 million channels for the entire detector. The longer sensing
edge of the pixels is laid along the z direction in the barrel, and the radial direction in
the end-caps. Combining measurements from three pixel hits, the sub-detector has an

intrinsic spatial resolution of 10 ym in the r¢ direction, and 115 pm in the z (r) direction

for the barrel (end-caps).

The second ID sub-detector is the SCT. The technology is similar to that of the
pixels, with differences in the size and shape of the sensitive regions. There are 4088 SCT
modules spread across the barrel and end-caps. These are arranged on four cylinders in
the barrel region, and on nine disks in each end-cap. Modules consist of four silicon strip
sensors. Two sensors are chained together, and a second pair of identical sensors are
glued back to back with the first, at a stereo angle of 40 mrad to provide space points.
Each module is 12 cm in length, and has a total of 768 strips. Strips in the barrel are
approximately parallel to the beam line, with a pitch of 80 ym. In the end-caps the
strip direction is radial and of variable pitch, averaging 80 ym. In total the SCT readout
consists of ~6.3 million channels. The entire SCT has an intrinsic spatial resolution of

17 pm in the r¢ direction, and 580 pm in the z (r) direction for the barrel (end-caps).

Currently both the pixels and SCT operate with an applied voltage of ~150 V. This
will be increased to maintain the depletion zones as more data is collected, and radiation
damage is experienced. The signal readout from silicon detectors is very fast, approxi-

mately 20 ns.

The largest and outermost layer of the ID is the TRT. The TRT consists of 298 304

proportional drift tubes, 4 mm in diameter, readout by ~351 000 channels. The cathode
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tubes are made from carbon polymide, with layered films of aluminium and kapton.
The anode wire at the centre of each TRT tube is made from gold-plated tungsten, and
measures 30 ym in diameter. The drift tubes operates with a gas mixture of 70% Xe,
27% COg, and 3% O,. A voltage of 1530 V is applied between the central anode and
the cathode tube walls to create an electric field between them. When a charged particle
passes through a tube chamber it ionizes the gas molecules inside along its trajectory.
Close to the anode, secondary ionization creates a gas gain of 2.5x10*. The collection of

these charged particles is registered as a hit.

The straws in the barrel region are arranged in three cylindrical layers and orientated
in the z direction. The straws in the end-caps are arranged in wheel structures, radially
oriented. This sub-detector has an intrinsic accuracy of 130 pm on the position of a track
in the r-¢ direction. The maximum drift time in the TRT is 48 ns, for charged particles

furthest away from readout areas.

The TRT is also used for electron identification. All drift tubes are interleaved with
layers of polypoplene fibres and foils. A charged particle that passes through the bound-
ary region between materials with a different refraction index emits X-ray radiation with
an intensity proportional to its relativistic v factor. The TRT operates with hits based
on two threshold levels. Lighter electrons, with a larger value of v will emit a higher
number of X-rays, producing more high threshold hits, as opposed to heavier charged

pions, which usually only meet the lower threshold requirements.

Individually the silicon detectors give better spatial resolution than the TRT. How-
ever, silicon is denser (interfering with particle energy) and more costly than the propor-
tional drift tubes. The TRT compensates for its lower resolution by providing a larger
number of track hits over a greater distance. An average track with pr > 0.5 GeV will
have 36 ID hits, 30 of which come from the TRT. Figure shows a schematic image

of a charged particle traversing the entire ID. Including all sub-detectors, the ID gives a
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momentum resolution of:

e — 0.05%pr ® 1%
pr

("R =1082 mm

TRT <

TRT

R=122.5 mm
Pixels { R = 88.5 mm
R =50.5 mm

R=0mm

Pixels

Figure 4.3: Schematic diagram of a charged particle (with pr > 0.5 GeV) traversing the
Inner Detector barrel. The particle will produce a mazximum of seven silicon detector hits, and

approrimately 30 TRT hits.
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4.2 Calorimeters

The purpose of the calorimeters is to measure the energy and position of particles. To
do this, particles must shower within calorimeters, and this dictates the material and
size requirements. The calorimeter system is divided into two parts: the electromagnetic
(EM) calorimeter, and the hadronic (HAD) calorimeter. The first is dedicated to the
measurement of photons and electrons, the latter to measurement of hadrons.

Electron and photon energy loss is best discussed in terms of radiation lengths, Xj.
One X is the mean distance over which a high energy electron looses all but 1/e of its
energy by bremsstrahlung, and 7/9 of the mean free path for pair production by a high
energy photon [12]. The unit of measurement is g:cm™2, and therefore in practice, the
number of radiation lengths a particle encounters depends on the density of the medium,
and the length of the material it passes through. Travelling through matter a high energy
electron will radiate a photon, which in turn produces an electron-positron pair. This
process is repeated, doubling the number of particles after each X, until the electrons
and photons reach a critical energy below which no more particles are produced. Once
the electron energy is below this threshold, of approximately 10 MeV, it losses energy by
ionizing the medium. Low energy photons (~ 1.02 MeV ~ 2m,) loose energy through
Compton scattering and the photoelectric effect.

Hadronic particle energy loss is measured in terms of interaction lengths, A, with
units g-cm~2. An interaction length is the mean path length for a high energy baryon
or meson to undergo a nuclear interaction [12]. It is longer than X, because the cross-
section of nuclear interactions is smaller than electromagnetic interactions. Energy loss
through nuclear interactions are more complex and more difficult to measure accurately
than electromagnetic processes. A large, and fluctuating, amount of energy lost by
incident hadrons is converted into the excitation and break up of nuclei. However, only
a small fraction of this energy is detectable, resulting in variations of the measured

energy. Secondary particles produced in hadronic interactions are mostly pions and
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kaons. Neutral pions decay to two photons, which shower electromagnetically. A fraction
of the kaons and charged pions will decay to muons and neutrinos, and are not measured
as part of hadronic interactions. Any emitted neutrons or protons interact strongly, with

protons loosing energy by ionization.

The EM calorimeter ranges from 22 to 33 X in the barrel, and from 24 to 38 Xj in
the end-caps. The HAD calorimeter is ~11 A, in the barrel and end-caps, including 1.3
A from the outer support material [18]. Both the EM and HAD calorimeters are sam-
pling calorimeters, meaning the functions of particle absorption and active signal readout
are separated, and the sensitive medium only samples shower energy. Each calorimeter
system provides full coverage in azimuthal angle; this is essential for measuring missing
energy from un-detected particles, such as neutrinos. The ATLAS calorimeters cover
the range |n| < 4.9, using a variety of materials suited to the radiation environment.

Figure 4.4l shows the layout of the ATLAS calorimeters.

The EM calorimeter is a lead and liquid Argon (LAr) detector. The dense absorber
material, lead, contributes most of the radiation lengths, where one X, corresponds to
a 5.6mm thickness of lead [19]. The active material, LAr, produces an output signal
from ionization that is proportional to the energy of the showering electron or photon.
The detection mechanism is similar to gas ionization chambers, with the advantage of a
higher density medium that has greater absorption. For full azimuthal coverage the EM
calorimeter is designed with an accordion geometry, the structure is shown in Figure .5
Sheets of lead absorber are folded, and placed so that an incident particle from the
interaction point traverses multiple absorber layers from a single sheet. The accordion
waves vary with distance from the interaction point, to keep the LAr drift gap constant
at 2.1 mm. This is necessary for uniform detector performance. Readout electrodes,
made up of three copper layers, are positioned in the gaps between the absorber. The
two outer copper layers form a voltage difference across the drift gap, and the middle

layer serves to readout the signal. Segmentation in the 7 direction is etched onto the
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readout surface, and ¢ segmentation is obtained by grouping together the appropriate

number of electrode layers.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEQ)

barrel
LAr forward (FCal)

Figure 4.4: Cross sectional view of the ATLAS calorimeters, which surround the Inner Detec-
tor. All calorimeters, other than the hadronic Tile, use liquid argon based technology and must

be contained in cryostats.
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Figure 4.5: Barrel electromagnetic calorimeter in construction. The accordion waves are

clearly visible.
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The EM calorimeter is divided into a barrel section, covering |n| < 1.47, and two
end-caps in the range 1.37 < |n| < 3.2. Each of these is housed in an individual cryostat
to keep the LAr at a temperature of 88 K [18]. The barrel cryostat shares a vessel wall
with the solenoidal magnet that surrounds the ID, this minimizes the amount of material
a particle crosses before the calorimeter. The barrel calorimeter is made of two identical
cylinders, with a gap between them of 4 mm at z = 0. Each end-cap calorimeter is divided
into two coaxial wheels, an outer wheel that covers 1.37 < |n| < 2.5, and an inner wheel
from 2.5 < |n| < 3.2. In the region devoted to precision physics, || < 2.5, the EM
calorimeter is segmented into three longitudinal layers. The first layer is finely grained
in the n direction, with values ranging from An = 0.0031 for |n| <1.4 to An =0.025
for 2.4 < |n| < 2.5. Azimuthal readout division is A¢ = 0.1 radians for all 7, the unit
radians will be omitted henceforth. The granular n readout is designed to resolve the two
photons in 7 — v decays, this helps reduce background for single photon signals. The
second layer is the deepest, ~16 Xy, and captures the majority of an electromagnetic
shower, the average cell size is An x A¢ = 0.025 x 0.025. Any residual showering is
contained in the third and coarsest layer, with a cell size An x A¢ = 0.05 x 0.025. In the
range |n| < 1.8, there is an additional presampler layer, 11lmm of LAr with no absorber,
used to correct for energy lost by electrons and photons before reaching the calorimeter.
The transition between the barrel and end-cap EM calorimeters, 1.37 < |n| < 1.52, gives
poorer performance because of support structure and readout material in the area. The

resulting energy resolution from the EM calorimeter is:

U_E_l()%
E VE

The hadronic calorimeter is made of different materials in the central and forward

® 0.7%

regions. The Tile calorimeter covers the central region, |n| < 1.7, and is divided into a
barrel component (|| < 1.0) and two extended barrels (0.8 < |n| < 1.7). It sits directly
outside the EM barrel, as seen in Figure 4.4l The Tile is a sampling calorimeter that

uses a steel absorber, and active scintillating tiles. Such scintillation detectors work by
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converting the excitation caused by incident particle energy loss into light. The light is
transferred via a fibre light guide into a photomultiplier. In the Tile calorimeter, the
sensitive elements are 3 mm thick polystyrene tiles placed in planes perpendicular to the
beam line. Scintillation photons from these tiles causes the emission of wavelength shifted
photons in fibres lining the sides of the tiles; these secondary photons are then detected
by photomultiplier tubes located along the outer edge of the calorimeter. Shifting the
wavelength of the primary photons into secondary photons with a wavelength of 400 to
450 nm traps light in the fibres and generates a more efficient readout from the photo-
multiplier tubes. The tiles are separated by 14 mm thick steel absorber plates; one A in
iron corresponds to a length of ~17 cm [19]. Fibres are combined at the photomultipliers
to subdivide the calorimeter into cells. The calorimeter is divided longitudinally into
three layers 1.5 A\, 4.1 X and 1.8 A thick at n = 0. The cells have dimension of An x A¢
= 0.1 x 0.1 in the first two layers, and 0.2 x 0.1 in the final layer.

In the region 1.5 < |n| < 3.1, hadronic energy measurement is performed with the
Hadronic end-cap calorimeter (HEC). This consists of two independent wheels in two end-
caps, located directly behind the EM end-cap calorimeters, sharing the same cryostats.
The HEC uses similar technology to the EM calorimeter but substitutes copper, which
has A ~15 cm [19], for the absorber material. Each wheel is divided into two longitudinal
segments, for a total of four layers per end-cap. The wheels closest to the interaction
point are built with 25 mm parallel copper plate absorbers, while those further away use
50 mm copper plates. The absorbers are interleaved with 8.5 mm LAr gaps, the active
medium for this sampling calorimeter. The energy resolution of the HAD barrel and
end-cap calorimeters is:

OR . 50%

E  VE

The Forward Calorimeter (FCal) covers 3.1 < |n| < 4.9 and is also a LAr based

& 3%

detector. It is integrated into the end-cap cryostats, as this provides clear benefits in

terms of uniformity of the calorimetric coverage as well as reduced radiation background



CHAPTER 4. ATLAS DETECTOR 39

levels in the muon spectrometer. The FCal is approximately 10 A deep, and consists of
three modules in each end-cap. The first module uses a copper absorber, for EM shower
containment. The other two modules use a tungsten absorber, where one A ~ 10 cm [19],
to measure the energy of hadronic interactions. The location of the FCal is very close
to the beam pipe, and the particle flux is high. Therefore the electrode structure is
different from the accordion and plate geometry of the EM and HEC calorimeters. The
structure consists of concentric rods and tubes parallel to the beam axis. The LAr in the
gap between the rod and the tube is the sensitive medium. The energy resolution of the

hadronic FCal is:
oE 100%

= 10
E - yg D%

All of the LAr calorimeters have a signal drift time and readout between 400 to 500 ns,

but the signal is shaped for a faster response. The signal propagation for Tile calorimeter

takes approximately 50 ns.

4.3 Muon Spectrometer

The layout of the muon spectrometer is shown in Figure The spectrometer is used
to trigger on muons and measure their momenta, muons being the only charged particles
that can traverse the entire calorimeter system. Measurement is based on the magnetic
deflection of muon trajectories. The muon sub-detectors are immersed in a magnetic
field generated by three toroidal magnets. A barrel toroid serves the range |n| < 1.4, and
two smaller end-cap toroids tilted by 22.5° with respect to the beam line are positioned
in the regions 1.6 < |n| < 2.7. A combination of the two form the magnetic field in the
transition region 1.4 < |n| < 1.6. This configuration gives a magnetic field that is mostly
orthogonal to the muon trajectories.

Muon tracking is performed over most of the n range with Monitored Drift Tubes

(MDTs). At large |n|, close to the beam line and interaction point, Cathode Strip
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Thin-gap chambers (TGC)
i \ gl Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 4.6: ATLAS muon spectrometer, with all the sub-detectors visible and labelled. As
these sub-detectors are positioned far from the interaction point, in order to envelope a collision

they must cover a large volume.
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Chambers (CSCs) with higher granularity are used. The CSCs are designed to measure
multiple tracks in a high particle flux region. Individual detector components are aligned
relative to one another using an optical alignment system that is integrated into the

supporting structure.

The MDTs are cylindrical ionization chambers operated at a pressure of 3 bar, lim-
iting gas diffusion, covering |n| < 2.7. Tubes are bundled together into chambers, each
containing 3 to 8 layers of drift tubes. The cathode tube is constructed from aluminum
and has a diameter of 30 mm. The anode is a 50 pm thick tungsten-rhenium wire. Each
tube contains a gas mixture of Ar (93%) and COy (7%). The length of the tubes varies
with location between 1 m to 6 m. The wire sag must be contained to within 10 pm,
and this provides a spatial resolution of 80 pum per tube, or 35 um per chamber in the z
direction. The layout is such that the chamber size, including the number of tubes con-
tained, increases proportional to the distance from the interaction point. The operating
voltage of 3080 V gives a gas gain of ~2x10* per tube. Since the chambers are located
far from the interaction point they cover a large spatial area, this results in a signal that

takes 700 ns to propagate and be read out.

The CSCs are positioned in the first layer of tracking in the forward region: 2 < |n| <
2.7, replacing a layer of MDTs. The CSCs are better suited for the high rate of particle
flux and muon track density; CSCs can function effectively up to a counting rate of 1000
Hz/cm?, while MDTs are limited to 150 Hz/cm?. The CSCs are multi-wire proportional
chambers, operating in a gas mixture of Ar (80%) and CO, (20%). Each anode wire is 30
pm thick and positioned in the radial direction, with an applied voltage of 1900 V. The
cathode planes are segmented in strips, orthogonal to one another on each plane; this
allows two coordinates to be measured. The track position is obtained by interpolating
between charges induced on neighbouring cathode strips. Those cathodes segmented
perpendicular to the wire measure the z coordinate, and those parallel measure the

transverse component. There is a gas gain of 6x10%, caused by an avalanche induced
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close to the anodes and spread out over 3 to 5 cathode readout strips. Each CSC chamber
is constructed from four CSC planes, giving four independent measurements in n and ¢
along each track path. Each plane has a readout time of ~7 ns. Combined, the CSC
chambers give an intrinsic accuracy of 40 um in the radial direction and 5 mm in the ¢

direction for a traversing muon.

The triggering components of the muon spectrometer cover |n| < 2.4. Resistive Plate
Chambers (RPC) are used in the barrel and Thin Gap Chambers (TGC) in the end-caps.
The trigger chambers for the muon spectrometer serve a two fold purpose: to provide
well defined transverse momentum thresholds for triggering, and to measure the muon
coordinate in the direction orthogonal to that determined by the MDT and CSC tracking

chambers.

The RPCs are positioned on three cylinders concentric with the beam axis, at radii
of about 5, 7.5, and 10 m, in the range |n| < 1.05. A cylinder holds two independent
chambers, each measuring n and ¢. A track through all three stations delivers six mea-
surements. Each chamber is constructed from a 3 mm plate of rigid polystyrene immersed
in a gas mixture of CoHyF,/Iso-CyH10/SFg (94.7%/5%/0.3%). Measuring strips 25-35
mm wide and 17pm thick made of copper are glued on top, separated by 2 mm, with a
readout time of 7 ns. The two inner chambers are used for low pr muon triggers, from 6
to 9 GeV. The outer chamber triggers on higher pr muons, 9 to 35 GeV. The RPC gives
an intrinsic spatial resolution of 10 mm in both the z and radial directions and 5 mm in

the ¢ direction.

The TGCs are multi-wire proportional chambers that give triggering capability, and
also a measurement in the azimuthal coordinate to compliment the MDT detectors,
within 1.05 < |n| < 2.4. They are positioned in seven layers in the middle of the muon
end-caps. The high quenching gas used is a mixture of COy and n-CsHio (55% and 45%),
operated using a wire potential of 2900 V. The TGC has a readout time of 4 ns and gives

a spatial resolution of 2-6 mm in the radial direction, and 3-7 mm in the ¢ direction.
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For muons with pr of 1 TeV, the resolution of the muon spectrometer, (%T, is 10%.

4.4 'Trigger

At design luminosity LHC bunches will cross at a rate of 40 MHz. Each bunch crossing
is referred to as an ‘event.” Hardware limitations restrict the number of events ATLAS
is capable of writing to disk to a rate of approximately 400 Hz [20]. To ensure collisions
of interest are recorded within these constraints, events are ‘triggered’ in a three step
system. These three stages of event selection are known as the Level 1, Level 2 and
Event Filter (EF) trigger system. The latter two are collectively referred to as the High
Level Trigger (HLT). Each trigger level refines the previous decision by applying further
selection criteria. To trigger on an event, the detector is scanned in a search for specific
physics signatures constructed from electrons, photons, quark/gluon jets, hadronically
decaying taus, and missing energy signals. If the trigger requirements are met, an event
is accepted, if not, it is rejected.

The Level 1 (L1) trigger decision is based on reduced granularity information from the
ATLAS sub-detectors. The muon trigger chambers select muons, and basic information
from the calorimeters crudely identify electrons, photons, jets and hadronic taus. A
combination of L1 triggers reduce the event rate to 75 kHz. To meet this rate ‘prescaling’
is necessary for L1 triggers selecting events based on low momentum particles. Each
prescale is a numerical value, designated to a particular trigger. Only one event from the
prescaled number of events is kept.

During data taking there is latency period of 2.5 us to reduce dead time, when data
is stored in buffers on front-end electronics attached to each sub-detector. If an event
passes an L1 trigger, an accept signal is sent by the central trigger processor (CTP) that
prompts the sub-detector read out drivers (RoDs) to send formatted information to the

readout system. Here the data is stored temporarily on readout buffers (RoBs). The
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stored information includes the specific L1 triggers that accepted the event each trigger’s
region of interest (Rol). The Rol is the locality of the detector that caused the trigger
accept.

At Level 2 (1.2), the trigger focuses on information in the Rols, which contain < 2%
of the entire event information. This step allows more thorough signal reconstruction,
including information from the ID. The rate of events is reduced to 3.5 kHz during a 40
ms processing time window. The EF level performs event reconstruction using the entire
detector, with software similar to that used for analyses. This allows a complete and
detailed picture of the event to which refined selection criteria is applied, ensuring the
event acceptance rate is reduced down to the required 400 Hz. Once an event has passed

the EF it is stored to disk.

4.5 Pile-up

Conditions at the LHC will produce ~23 independent proton-proton collisions every
bunch crossing at design luminosity [15]. This means there are multiple processes in
a single event. These additional collisions, that usually do not cause a trigger accept,
are called in-time pile-up. Furthermore, in the calorimeters and MDTs, the drift time
for signals can be > 400 ns. Therefore signal from more than 20 bunch crossings are
superimposed. This is referred to as out-of-time pile-up. Pile-up adds spurious energy
to an event, and thus degrades energy resolution.

In-time pile-up consists mainly of minimum bias collisions. There is a global structure
to the events due to purely statistical effects. Such pile-up is modelled in ATLAS based
on observations in data, as described in References [21] and [22]. To limit the effects of
out-of-time pile-up signals are shaped for faster readout.

In analysis, pile-up is treated as a source of noise, although in reality it is not purely

random [24]. However, the number of collisions in the LHC is very high, and pile-up can
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be treated as a continuous background, and therefore as noise.
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Chapter 5

Object Reconstruction

Events in ATLAS are recorded as energy measurements in calorimeter cells and hits
in the ID and muon spectrometer. The stored electrical outputs are converted to the
4-vectors of physical particles, used in analyses, by various reconstruction algorithms.
This Chapter describes the process of reconstructing quark and gluon jets, hadronically
decaying taus, electrons, photons, muons, and missing energy. Before discussing particle
reconstruction, there are brief explanations of track and ‘cluster’ formation. Clusters
are a group of calorimeter cells containing energy deposits from a common particle. A
synopsis of hadronic calibration methods is also given, the calibration of reconstructed

hadronic particles is crucial for correct energy measurement.

5.1 Track Reconstruction with the Inner Detector

There are two complementary methods for track reconstruction in ATLAS. The first is
an ‘inside-out’ approach for charged particles originating from the interaction region. It
begins with hits from the pixel detector and progresses to the SCT and TRT. The second
is an ‘outside-in’ approach, initiated in the TRT and continuing towards the pixels. The
latter technique can reconstruct tracks from secondary vertex decays.

The inside-out algorithm begins by grouping hits in the silicon detectors that are

46
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consistent with tracks emerging from the collision region. Grouping is constrained by
the predicted curvature of a track, in order to restrict the number of combinations of
individual silicon hits. In each group, the inside-out procedure takes the hit closest to the
beam line, and then searches for successive hits on the track using a fitting procedure [25].
With every additional hit, information on the track curvature is updated to improve the
fit. Not all initial groupings of hits result in a reconstructed track, the success rate is
approximately 10% [26]. Additionally, if two track candidates share a large number of
hits, both candidates are combined. Once a track is established from the silicon hits, the
matching method is extended to the TRT.

The outside-in procedure addresses the reconstruction of tracks that originate beyond
the interaction point. Track formation begins in the TRT, and is based on a histogram-
ming method documented in Reference [27]. The method uses a transformation to convert
the curved trajectory expected from a particle in the TRT straws to a straight line in
a rotated coordinate system. The track segments built in the TRT are extended to the
silicon detectors, with which space points can be formed.

Doubly counted tracks, built from both algorithms, are merged. For a track to be
reconstructed by either of the two methods, a minimum transverse momentum of py >
0.5 GeV is required throughout the ID.

The extrapolation of tracks back towards the beam line from the ID reconstructs
the vertices at which physics interactions occurred. A primary vertex, as opposed to a
pile-up vertex, is defined as one with at least four ‘quality’ tracks associated to it. Where

a quality track is defined as one with:

pr > 1 GeV

Number of pixel hits > 2

Number of pixel and SCT hits > 7

|do| < 1.0 mm
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® |2 sinf| < 1.5 mm

5.2 Cluster formation in the Calorimeters

Particles that shower in the calorimeters deposit their energy among individual cells and
these cells are combined in three dimensions across all calorimeters to produce clusters.
There are multiple ways to construct a cluster, each giving a slightly different result. The
method discussed here is called ‘topological clustering.” Topological clusters are built
from individual cells in the calorimeters by collecting neighbouring cells that contain
significant energy compared to the expected noise. The cell by cell noise varies across the
detector by orders of magnitude, depending on the electronics and pile up conditions [28].
Each cell that satisfies a signal to noise ratio greater than four (signal/noise > 4) is
referred to as the seed for a cluster. The neighbouring cells of each seed are included in
the cluster provided they satisfy signal/noise > 2. This process is continued iteratively to
include or reject all neighbours of the cells within a cluster. When all cells that satisfy the
signal/noise condition have been included, a final layer of neighbouring cells are added
to each cluster, regardless of energy. The inclusion of these bordering cells ensures that
energy deposits from the tails of a particle shower are not discarded. The method of
topological clustering suppresses electronics noise as well as pile up from minimum bias

events.

5.3 Hadronic calibration

The ATLAS calorimeter is non-compensating; the response for electromagnetic showers
and hadronic showers differs. An energy scaling procedure must thus be applied to each
reconstructed jet and hadronic tau in order to obtain an estimate of the original parton
or tau energy. The calibration can be performed on the jet/tau object, this is referred

to as global hadronic calibration, or on the constituent clusters, this is known as local
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hadronic calibration. Both methods correct the energy by applying weights that are
derived from simulated data (the simulation of data is described later, in Chapter [f] and
in Appendix [B]). Although not the case at the time of this thesis, the weights could also

be derived using a data driven approach.

Local hadronic calibration works by designating clusters as either em-like or hadronic-
like; the goal is to distinguish between clusters dominated by electromagnetic showers
and those dominated by hadronic interactions. As a single final decay particle is usually
contained within one to two clusters [29], this is essentially a separation of electrons,
photons, and neutral pions from charged pions, and neutrons. The clusters are classified
based on shape variables, which are a result of the way different particles interact with
matter, as discussed briefly in Section 21 The most promising shape variables for
separating hadronic and electromagnetic showers are the depth of the shower, the energy
density, the width and the length of the shower. Hadronic showers are broader, deeper
into the detector and less energy dense than electromagnetic showers. Each hadronic-like

cluster has a weight assigned, dependent on its shape variables, its energy, and 7.

The benefit of local calibration over global calibration is that it determines the en-
ergy with a better resolution [29]. This is due directly to the ability to separate the

electromagnetic and hadronic components of an object and treat them accordingly.

Additionally, both the electromagnetic and hadronic clusters are corrected for energy
lost in the dead material that comes before the calorimeter systems. The dead material
includes the cryostats, the ID, and structural support material. Energy loss in dead
material is also addressed with the global calibration approach, as the weighting method
based on the comparison of reconstructed objects to generated objects in simulation must

inherently do so.
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5.4 Jets

Quarks and gluons produced from interactions in ATLAS fragment and hadronize to
form collimated jets of hadronic particles. These jets manifest themselves as localized
energy deposits in the calorimeters. Jets used in this analysis are reconstructed with the

anti-kt algorithm [30, 31, 132]; this takes topological clusters [28] as inputs.

5.4.1 anti-kp algorithm

To reconstruct the jet, topological clusters are combined using the anti-kr algorithm.
This combination process ensures soft particles cluster with harder transverse momentum
particles, rather than amongst themselves [30]. The algorithm uses two sets of criteria.
Firstly, the transverse momentum weighted distance between two clusters labelled ¢ and
J, dij, as given in Equation 5.l Secondly, the inverse of the cluster p%, labelled d; g, as

in Equation 5.2l

1 1 AR?,
oG o (53
1
divB:pT (52)
T,

Clusters are combined to form jets by calculating the smallest of d;; or d; p. If it
is d; j, clusters ¢ and j are combined and treated as a single entity. Note that, clusters
physically close together (within AR;; < 0.4) are preferred due to the imposed factor
of 0.4% in the denominator of d; ;. If d; 5 is smaller, the cluster(s) represented by i is
labelled a jet. This process is performed until no entities remain. Jets constructed by
the anti-kt algorithm are not greatly altered by soft particles, and tend to be conical
structures formed around isolated hard pr objects.

The topological clusters used in the anti-kp algorithm are at the electromagnetic

energy scale. Therefore the jets are corrected to the hadronic energy scale using a global
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hadronic calibration method. As described in Reference [33], calibration weights to shift
the jet reconstructed energy back to the generator level were extracted in fine bins of the

jet pr and 7 from simulated data, and applied to all reconstructed jets in data.

5.5 Hadronically decaying 7 leptons

Hadronically decaying tau leptons are reconstructed using anti-kt jets. These jets are
referred to as seeds for the tau reconstruction algorithm, which then associates tracks to

each seed jet. Tau reconstruction uses all seed jets within |n| < 2.5, the range of the ID.

For taus, the clusters that compose an anti-kt jet are first calibrated with the local
hadronic method. To correct for any residual calibration effects that are not sufficiently
addressed by local hadronic calibration, a final global calibration correction is also ap-

plied [33]. As for jets, this is performed in separate regions of pr and 7.

The n and ¢ directions of the 75, are determined by calculating the sum of the four-
vectors of the constituent topological clusters, assuming zero mass for each cluster [33].
The tau mass is defined to be zero during reconstruction, meaning the 7, momentum
and energy are identical. Quality tracks are associated to each tau candidate if they are
within AR < 0.2 of the tau axis. The distance measurement, AR, is defined in terms of
n and ¢ as \/m . The tau axis is the direction from the energy weighted centre
of the constituent topological clusters to the interaction point. Reconstructed taus are

classified as single or multi-prong depending on the number of associated tracks.

Taus that decay leptonically are reconstructed directly as an electron or muon, the
contribution from neutrinos is measured by the missing energy term. In this thesis, the

term tau refers only to hadronically decaying taus.
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5.6 Electrons

Electrons from the interaction point leave a single track in the ID and shower in the
EM calorimeters. Reconstruction begins with a calorimeter seed cluster of Er > 2.5
GeV. Seed clusters are formed using a sliding window algorithm [28], not with topological
clustering. The sliding window algorithm begins by calculating the energy within a region
of 3 x 5 in units of n and ¢ around high energy cells in the EM calorimeters. The region
size corresponds to the shape of an electromagnetic shower. The algorithm proceeds by
displacing the block of selected cells around the original position and recalculating the
contained energy, until a stable energy cluster is established. An inner detector track
with pr > 0.5 GeV is matched to the cluster within An x A¢ of 0.05 x 0.1. The larger
allowance in the ¢ direction is to compensate for the curvature of tracks bent by the field

of the solenoidal magnet.

5.7 Muons

High energy muons produced in collisions will traverse the calorimeters, depositing very
little energy. However, they create track hits in both the inner detector and the muon
spectrometer. Initially muon track reconstruction algorithms use information solely from
the muon spectrometer. Line track segments that point towards the interaction point are
constructed in the magnetic bending plane (rz) by linking hits in the MDTs and CSCs.
These segments are combined to form a track. The tracks from the muon spectrometer are
propagated back to the ID, by modelling the effect of detector material on the trajectory
of the muon and on the measured or parametrized energy loss in the calorimeters. The
resulting track parameters are compared to the reconstructed ID tracks using a x? fitting
procedure [34]. If a match is found with a x? probability larger than 0.001, the ID
and muon spectrometer tracks are combined in a global track refit, providing a muon

candidate. The momentum of the combined track is corrected for the average ~3 GeV
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of energy that a muon will deposit in the calorimeters.

5.8 Missing transverse energy

Neutrinos do not interact with the ATLAS detector and their presence in an event leads
to missing transverse energy (EX?%). Conceptually, the reconstruction of EX®** in an
event is based on the difference between the detected E7 and the initial E7 of the beams,
which is zero.

To compute the total Er in the detector, topological clusters are constructed in || <
4.5, and calibrated using the local hadronic method. The contribution from muons is
given by their reconstructed py. The energy deposited by muons in the calorimeters is
corrected for [35].

Energy from all the clusters and muons in an event is summed, where the cluster
directions are taken from each topological cluster to the interaction point. Explicitly, the

EMiss term is defined as:

EjMiSS _ Z E%luster + E[; _p/% (53)

5.9 Object Identification

The reconstruction algorithms for particle objects are generally quite efficient since they
are based on loose detector properties. For use in analysis particles are subject to addi-
tional ‘identification’ requirements. There are individual identification criteria for each
particle object, pertaining to the detector cluster shapes and tracks expected for the
physical particle. Identification criteria for taus are discussed in detail in Chapter [O.

Identification of other particles used in this thesis are detailed in Chapter [10l



Chapter 6

Data and Monte Carlo

6.1 Data sets used in this analysis

Data recorded by the ATLAS detector corresponds to continuous time periods called
‘runs.” This thesis uses data from 89 runs recorded in 2011, with an integrated luminosity
of 1.056 fb~!. Multiple runs are combined into chronological data taking periods for runs
that share common parameters such as beam intensity and amount of pileup. The data
periods are assigned letters, those used in this analysis are given in Table 6.l A complete

list of the run numbers is given in Appendix [Al

6.2 Monte Carlo

Experimental observations in data are compared to theoretical predictions using simu-
lated data, called Monte Carlo (MC). In simulated events, generators play the role of the
LHC, and detector simulation programs the role of ATLAS. The observed and simulated
data share the same event reconstruction framework and subsequent physics analysis. A

general description of Monte Carlo methods is given in this Chapter.

Monte Carlo is produced in three sequential steps:
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Generation A generator begins by producing an interaction between partons in the
colliding protons. The process is specified in the input, and is usually chosen
to be a hard scattering process. The production amplitudes are processed using
matrix elements which can be calculated perturbatively using Feynman calculus.
Additionally, any radiative emissions from the partons before and after the hard
interaction are generated, as well as any interactions of the additional partons in
the proton. Finally, all unstable particles produced that will decay before reaching
a material layer in the ATLAS detector are forced to do so. For ‘free’ quarks
and gluons this involves hadronization and fragmentation into jets of hadronic
particles. The results of the generator are a list of final state particles, and their 4-
vectors, as produced in the event. A filter can be applied to select only events with
specific properties (e.g. events containing a leptonic decay, or more complicated

requirements such as angular separations of decay products).

Simulation The particle record from the event generation stage is the input of the sim-
ulation. Each particle is propagated through a geometric model of the ATLAS
detector by Geant4 [36, [37], which provides detailed models of physics interactions
and the infrastructure to propagate particles through material layers. As the parti-
cles are propagated through the detector layers they may decay or radiate causing
the generation of new particles, which are themselves propagated by the simula-
tion. In particular, interactions in the calorimeters often lead to the development of
large particle showers. Finally, energy deposited by particles in the sensitive regions
of the detector are recorded as hits containing information on energy deposition,

position, and time.

Digitization Hits from simulation are read into the digitization. Detector noise is added
to the energy depositions and the decisions from the L1 trigger are evaluated and

recorded, however no events are discarded. The energy depositions in the various
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detector components are converted into voltages and currents. In the real detector
these signals are converted into digital output via the read out drivers. In the
digitization, the performance of these drivers is emulated to obtain a final data
format identical to the output of the real detector, allowing it to be processed by

the standard reconstruction algorithms.

The search for the MSSM Higgs would not be feasible without Monte Carlo. A
comparison to the Standard Model expectations is needed in order to form a quantitative
statement on the discovery or exclusion of the Higgs. Such a comparison requires an
accurate description of theoretical predictions, in a form that is directly comparable with
data. The Monte Carlo provides just that. Of course, it is naive to trust the Monte Carlo
implicitly. Whenever possible, it is verified that the Monte Carlo provides an accurate
description of the data it is attempting to model.

A list of the physics processes modelled with Monte Carlo for use in this analysis are
given in Table [6.2] along with the generators used. A more detailed description of the

generators is given in Appendix Bl
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Data Period | Included runs | Total number of runs
B, 178044 - 178109
D 179710 - 180481
E 180614 - 180776
F 182013 - 182519
G 182726 - 183462
H 183544 - 184169

3
23
3
17
28
13

57

Table 6.1: Data periods used in this analysis, with the number of runs in each data period

indicated.

Physics process Generator

QCD jets PYTHIA

Z+ jets ALPCEN

W+ jets ALPCEN

tt MC@NLO

single top (s and t channel) | MCQNLO
single top (associated W) | MCQNLO
Diboson HERWIG

bbA SHERPA

g9 — A MC@NLO

Table 6.2: Complete list of the event generators in this analysis, along with the physics process

they were used to emulate.



Chapter 7

MSSM Higgs signal

7.1 Higgs production

In the MSSM, neutral Higgs bosons are produced through gluon fusion or in association
with b-quarks. Gluon fusion dominates for low Higgs boson masses and small values of
tan 8. The leading order production processes are shown in Figure [.1l

Exploring the entire MSSM phase space is difficult because of the large number of
free parameters. Therefore, searches at the LHC, and previously at LEP [38] and the
Tevatron [1], are performed in specific benchmark scenarios [14]. Parameters in this anal-

ysis are defined by the m}'®* scenario; this gives maximum values for the CP even Higgs

g
t,b
tby > ------
AJH/h
t,b
g
(a) gluon fusion (b) Associated b-quarks

Figure 7.1: Dominant MSSM Higgs production mechanisms at the LHC.
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boson mass, mpo, as a function of tan 5. The fixed parameters in the m}*** benchmark

are as follows:
® Myp = 172.5 GeV
o my(my) = 4.213 GeV
e ag(My) =0.119

(] MSUSY =1 TeV

X; = 2 TeV (the stop mixing parameter)

M, = 200 GeV (the gaugino mass parameter)

o 1 = 200 GeV

max

In the m}*** scenario the Higgs search depends on two unknown quantities: the mass
of the CP odd Higgs, m4, and the ratio of vacuum expectation values, tan 5. Monte
Carlo samples are generated with tan 3 = 20 for fourteen different mass points, ma,
ranging from 110 to 350 GeV. Associated b-quark processes (bbA/H/h) are simulated
with SHERPA [68], and gluon fusion production (g9 — A/H/h) with MC@QNLO [67].
The signal samples are listed in Appendix [Dl This Monte Carlo is also used to study the
h/H bosons, assuming the same final state kinematics as for the A. Figure shows
the relationship between m 4 and my,/m 4 for a representative value of tan § = 20. Above
~140 GeV, for all tan 5, the A and H bosons have similar masses. For all m4 and tan 3,

my, remains close to 130 GeV.

7.1.1 Production cross-section

A/H/h cross-sections, with m®®* parameters, are computed separately for each produc-
tion mechanism. Details of the calculation methods are not given, but are available in

the associated references. The gluon fusion production cross-section is calculated using
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Figure 7.2: Higgs A/H/h masses as a function of ma, using tan 8 = 20.

HIGLU [39] and ggh@nnlo [40]. The b-associated production cross-section is calculated
with bbh@nnlo [41] for both the 4 flavour scheme [43], where b-quarks parton distribution
functions are omitted in the calculation, and the 5 flavour scheme. A combined result
from both b-associated production schemes is obtained using the Santander [45] matching
method. Expected cross-sections are given in Table [Tl for m, = 200 and 300 GeV, with
tan 8 = 20 and 40. Cross-sections for all Monte Carlo generated mass points are given
in Appendix [Dl Additional details for production cross-section calculations are available

in Reference [42].

Theoretically, the natural width the of the Higgs grows as tan increases. The
expected width for my = 300 GeV is ~1 GeV for tan § = 20, compared to ~10 GeV
for tan 5 = 50. However, Monte Carlo samples are only generated with tan g = 20,
as the visible mass distribution from a Higgs decaying to two hadronic taus is broad
compared to the natural width. To evaluate cross-sections for tan § values other than
20 a multiplicative scaling of tan 32/20? is applied to the tan 8 = 20 production cross-

sections, for the A and H bosons. Figure shows the theoretical production cross-
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ma, tan 8 g9 — AJH/h cross-section (pb) | bbA/H/h cross-section (pb)
200 GeV, 20 2.58/3.03/11.90 0.72/9.52/0.62

300 GeV, 20 0.21/0.32/12.31 1.71/1.70/0.27

200 GeV, 40 0.84/9.76/11.52 34.41/34.20/0.63

200 GeV, 40 0.89/9.54/12.21 6.07/6.04/0.28

Table 7.1: Theoretical production cross-sections for MSSM neutral Higgs at the LHC, with

ma = 200 or 300 GeV and tan 8 = 20 or 40.

sections of bbA/H/h and gg — A/H/h as a function of tan 3 for m4 = 200 GeV and
300 GeV, as well as the scaled cross-section values derived from tan § = 20. The scaling
is not applicable for the h boson. Effectively, for a specific m 4, the production cross-
section for the h remains constant. Uncertainties in the production cross-section of the
MSSM neutral Higgs, including branching ratios, are obtained with mssm_zs_tool [46],
which is based on HIGLU [39], ggh@nnlo [40], bbh@nnlo [41] and FeynHiggs [44]. These

uncertainties are discussed further in Section MH.1.1.
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Figure 7.3: Theoretical production cross-section of bbA/H/h and gg — AJ/H/h processes as a
function of tan 8 for ma =200 GeV and 300 GeV. Dashed lines show estimated cross-sections

from the values of tan 3 = 20 by multiplying with a factor of tan 52/202.
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7.2 Higgs decay to taus

The Higgs couplings to taus in the MSSM are given by Equations [(.1] and [7.2l (The

coupling has the same form for the b quark, with the obvious replacement of m, with

mb).
gms; \ = sina,,  cosa
— vy | — '+ —H 7.1
(Qmw) (cosﬁ +cosﬁ ) (7.1)
i ( gl ) tan f~; U A° (7.2)
2mW

In contrast, the Standard Model couplings are given by Equation [7.3

- ( grms ) VU Hgy, (7.3)

2myy
In particular, we see there can be a large enhancement by the value of tan 5 in the
MSSM coupling. Additionally, in Section 2.3.1l we found that the coupling between the
A and W/Z bosons was zero. Numerically the branching fractions for A/H/h — bb
and A/H/h — 77 are ~0.9 and ~0.08 respectively. Consequently, these are the relevant
decay modes for neutral MSSM Higgs searches. Despite the large advantage in branching
fraction of the bb mode, the 77 channel is very relevant. Because of the large QCD jet

background at the LHC, bb final states are extremely difficult signatures to analyze.

7.3 Tau decay modes

A tau decays to the lighter leptons with a branching fraction of 0.352. This is to elec-
trons and the associated neutrinos with a fraction 0.178, and to muons (and associated

neutrinos) with a fraction 0.174. The basic decay mode of the tau is shown in Figure [[4l
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Figure 7.4: Tau decay modes. The leptonic decay process has two associated neutrinos.

The remaining tau branching fraction (~0.65) is through hadronic decays. Taus are
the only leptons with sufficient mass to decay hadronically. Of these hadronic decays,
77% result in one charged particle. This occurs either by the process shown in Figure [7.4]
for about a quarter of the cases, and through resonance states of either the p(770) or
al(1260) for the remaining.

Another 22% of the total hadronic decays produce three charged particles, and the
small remainder go to five charged particles. The charged particles are mostly pions, but
~5% of the decays involve kaons. The decays involving the strange quark are thought to
proceed via kaon resonances. More than 60% of the hadronic decays also have neutral

pions in the process [12].
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Background Processes

Collisions in the LHC result in a variety of physics processes, with relative rates dictated
by the individual production cross-sections. We’ve seen from Section [Z.I1.1] that the
A/H/h — 1,7, signal, if it exists, is expected with a cross-section of @(0.5 pb), including
the relevant branching ratios. Other background processes are known to exist with
significantly larger cross-sections. To detect a signal, events must be carefully selected
from the background. This Chapter describes the background processes, and the event

selection is detailed later, in Chapter [10l

Broadly speaking, any event with a reconstructed signature of two high momentum
hadronic taus, and a significant amount of missing energy can contribute to background.
This can occur because of mis-measured particles, a quark jet mis-identified as a 7, for

example, or through irreducible backgrounds, where the signature is identical to signal.

The theoretical cross sections for Standard Model backgrounds are summarized in
Table 8.2l where the signal process is also shown for comparison. Although the number
of events from QCD jets are estimated with data (as will be described in Chapter [[3)),
Table Bl lists the theoretical cross-sections for completeness. References [48,149] describe
the calculations of all cross sections. It is possible that SUSY processes themselves

contribute to background, but the theoretical production cross-sections are in general
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much lower than for the major Standard Model backgrounds.

8.1 QCD multi-jet events

Jet production through strong interactions in the LHC occur at a rate many orders
of magnitude larger than the signal. Table B gives the multi-jet cross-sections, as
calculated with the generator PYTHIA [66], divided into categories of the highest-pr
generated jet. Typically the signature from QCD events is different from the signal, but
the volume of QCD means that any residual events that appear signal-like will contribute
significantly to the background. In fact, mis-reconstructed dijet events with each jet
incorrectly identified as a hadronically decaying tau constitute the dominant background
source. Understanding this background process, and suppressing it effectively is crucial in
this analysis. However it is not possible to produce Monte Carlo data with the equivalent
number of dijet events expected in real events. Instead, an approach based on real data
is used to obtain the number of background events and shapes of distributions coming

from QCD. This method is detailed in Chapter I3l

Range of highest jet pr cross-section (nb)

< 17 GeV 9752970
17 - 35 GeV 673020
35 - 70 GeV 41194.7
70 - 140 GeV 2193.25

140 - 280 GeV 87.2487
280 - 560 GeV 2.32856
560 - 1120 GeV 0.03385

Table 8.1: Cross-sections for inclusive QCD dijet events in the LHC using the PYTHIA

generator. The cross-sections are divided into categories by the generated leading jet pr.
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8.2 Z —ee/upand W — ev/pv + jets

Z and W decays to electrons or muons are minor backgrounds in this analysis. Events
with well reconstructed electrons or muons are rejected in this study, as will be described
in Chapter [I0l To assess the number of events that result in mis-identified taus forming
a signal-like signature in W and Z boson decays, Monte Carlo data generated with
ALPGEN [69] is analyzed. The ALPGEN generator is a collection of LO generators with
up to six associated jets. It is used for W+ and Z+ jet processes in order to better model
the influence of additional jets, which are abundant in the QCD dominated background
at the LHC . Separate samples of W/Z+ 0, 1, 2, 3, 4, 5 partons are generated, and are
summed together to get a complete W/Z+ jets sample. The inclusive Z — ee/up cross-
section is calculated as 1.07 + 0.05 nb [49], and inclusive W — ev/uv cross-section as
10.46 £ 0.52 nb [49]. Figure Rl displays all decay mechanisms of the Z and W bosons,

no additional jets are shown.

q77—?/’l’76 Q7T_7/’L_76_

—~ ~ +~+ 1+ -t
anT7Vu7Ve q, 7T 1 €

(a) W decay (b) Z decay

Figure 8.1: W and Z decay processes.
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83 W — 1v + jets

W bosons that decay to taus are a source of background when the tau decays hadronically,
and there is large E2* in the event, as expected from the associated neutrino. An
additional QCD jet accompanying the WW can be mis-identified as a 73, leading to a signal-
like signature. The inclusive W — 7v,+ jets background is analyzed with ALPGEN

generated samples. The process has a calculated cross-section of 10.46 + 0.52 nb [49].

8.4 Z/v"— 17 (+ jets)

Z decays to hadronic taus are an irreducible background. The final state is identical to
signal, with similar kinematics. In particular, the background is important for low mass
Higgs bosons, when the signal falls in the tail region of the Z mass peak. The effect
is enhanced in this analysis, since we do not consider the invariant mass from the 77
process, but rather the visible mass (75,75,), which omits neutrinos. As the contribution
from neutrinos varies, the visible mass has a broader spread than the invariant mass. The
calculated inclusive cross-section of Z — 77+ jets is 1.07 £ 0.05 nb [49]. Z/~* samples
are used to assess this background, cross-sections are given for the full mass spectrum in
Table B.2l The number of background events is evaluated with Monte Carlo generated
with ALPGEN.

8.5 top quark production

The branching ratio of ¢ events decaying to bb and two W bosons exceeds 98%, and tends
to result in a high jet multiplicity. This leads to a large fraction of mis-identified taus, and
a small fraction of events with real taus, as shown in Figure 8.2 However, ¢t production
has a small cross-section, and for that reason the number of expected background events

is small. Calculated to NLO QCD, using a top mass of 172.5 GeV, the cross-section
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is 164.57 +11.45 pb —15.78 pb [48]. This background is evaluated with MC@QNLO [67]

generated samples.

Figure 8.2: tt decay to two hadronic taus and b-jets.

Single tops are produced in t-channel processes, as shown in Figure 8.3} s-channel
processes, shown on the left side of Figure B.4} and also in association with a W boson,
shown on the right side of Figure[8.4l Calculated cross-sections are 58.7 pb for t-channel,
3.94 pb for s-channel and 13.1 pb for associated W production, each with a 5% uncer-
tainty [48]. Monte Carlo samples used for the analysis of background from these channels

are generated with MCQNLO.

q q q q
— —
W:I:
t
W:I:
b
- —
b t g b

Figure 8.3: t-channel single top production.
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8.6 Diboson: WW, WZ, ZZ

The electroweak production of pairs of vector bosons (WW, WZ and ZZ) can lead to
final states with hadronic taus, or to quark jets that can be misidentified as such. The
inclusive WW cross-section is 44.9 £ 2.2 pb, W Z is 18.0 = 1.3 pb, and ZZ is 5.64 £ 0.28
pb [49]. Figure shows the production modes for dibson events, which are studied with
MC@NLO generated Monte Carlo samples. Overall the diboson background cross-section
is small, as is the expected contribution of background events.

All background from W — v, W — ev, W — uv, Z — ee, Z — pu, 2 — 7T
and diboson processes are collectively referred to as electroweak (EW) background. Top
background consists of contributions from both t¢ and single-t. In this thesis, the number
of events that pass selection for both the EW and top backgrounds are analyzed using
Monte Carlo; there is no data driven approach. A summary of EW and top background
cross-sections is given in Table.[8.2] signal cross-sections with m4 = 200 GeV and tan 5 =

20 are also shown for comparison.
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(a) s-channel (b) Associated W

Figure 8.4: s-channel and W associated single top production.

q Vi
q
q Va
(a) Triple gauge coupling (b) t-channel

Figure 8.5: Diboson production.
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Process cross-section (pb)
W — l+jets (I =e,pu, T) 10.46x 103
Z[v* — ll+jets (my > 40 GeV) 1.07x103
Z/v* — ll+jets (10 < my > 40 GeV) 3.89x10?
tt 164.6
Single top: t, s, assoc. W 58.7, 3.9, 13.1
Diboson: WW W Z, ZZ 46.2, 18.0, 5.6
99 — A/H/h — 77 0.31/0.37/1.09
bbA/H/h — 7T 1.17/1.17/0.06

Table 8.2: Cross-sections (multiplied by relevant branching ratios). NNLO calculation for
W/Z+ jets and bbA/H/h — 77, NLO+NNLL for tt, NLO for single top and dibsons, NNLO (top

loop)+NLO(bottom loop and top/bottom loop interference) for g9 — A/H/h — 77. Signal with
ma = 200 GeV and tan 8 = 20.



Chapter 9

Tau Identification

Candidates for reconstructed hadronic taus that are to be used in analyses are produced
from all anti-kt jets within the fiducial region of the inner detector (|n| < 2.5), as dis-
cussed in Section (.5l The rejection of quark and gluon jets from the tau candidate
pool is performed in a separate identification step using a set of discriminating variables
based on distinct properties of hadronically decaying taus. These variables are input to
a projective likelihood identification method, and the resulting discriminant separates
hadronically decaying taus from QCD jets. The likelihood identification is trained using
Monte Carlo input for signal 7, candidates, and dijet selected data events for background
QCD jets. Efficiency values for the identification method obtained from Monte Carlo are

verified with data.

9.1 Tau Identification variables

Taus decay hadronically in a relatively collimated region compared to QCD jets, which
tend to be broader. Additionally, hadronic taus, on average have a larger fractional
contribution of neutral pions than QCD jets. This results in large energy deposits in
the electromagnetic calorimeters. Of the taus that decay hadronically, 77% do so with

a single charged particle, and ~23% to three charged particles. These are referred to
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as single-prong and multi-prong taus respectively. The small fraction of taus that decay
to five or more charged particles are ignored, as it becomes difficult to distinguish these
from QCD background. Figure shows the number of reconstructed tracks associated
to a 75, candidate. Single-prong candidates dominate for generated taus, as expected.
Reconstructed multi-prong taus usually have three tracks, as would a generated tau,
however due to track reconstruction inefficiencies, these can also be reconstructed with
two tracks. To avoid repeating terms in the description below, we’ll define the core cone
as the region within AR < 0.2 of the tau axis, and the isolation anulus as 0.2 > AR <

0.4 from the tau axis.
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Figure 9.1: Number of core tracks associated to T, candidates coming from Z — 77, W — Tv,
and dijet PYTHIA generated Monte Carlo. Data points shown with markers are from dijet

selection applied to data.

Taus are divided into single-prong and multi-prong candidates to provide better sep-
aration from QCD background. Discriminating variables are produced individually for
each category [50]. Variables are described below with corresponding figures of the dis-
tributions. In each figure the 7, is taken from Monte Carlo samples using the PYTHIA

generated [66] Z — 77 and W — 7v events. The QCD background is shown from
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PYTHIA dijet samples, as well as dijets selected events from 23 pb~! of data. All 7,
candidates are required to have 15 GeV < pr < 60 GeV. Low pr taus are difficult to
identify under the dense background of QCD jets. The QCD background cross-section is
generally orders of magnitude larger than expected tau signals, and it falls off exponen-
tially with py. All distributions are normalized to unit area. The discriminating variables

between hadronic taus and QCD jets are as follows:

Electromagnetic radius: Transverse energy weighted shower width in the electromag-

netic calorimeters
AR;<0.4
YT Eri AR,
AR;<0.4 )
) Er;

(2

REM =

where 7 runs over all cells associated to the tau candidate in the EM calorimeter
presampler, and the first and second layer. AR; is defined between a calorimeter
cell and the tau jet seed axis. This variable is a measure of the lateral shower spread
in the EM calorimeter. QCD jets are broader than hadronic taus as can be seen
from Fig.[0.2l Rgy is used to suppress background for both single and multi-prong

taus.

Track radius: pr weighted track distribution
ZAR¢<O.4 pri AR,

7JZ'ARZ'<0.4 D )

i T,i

Rtrack -

where 7 runs over all core and isolation tracks of the tau candidate. The distance
AR, is defined relative to the tau seed axis, and pr; is the track transverse momen-
tum. For candidates with only one track in the core cone and isolation annulus,
Riacc simplifies to the AR between the track and the axis of the seed jet. The
discriminating power of this variable is useful for single-prong taus only, and is

shown in Figure [0.3

Cluster mass: Invariant mass of the constituent clusters of the tau candidate calibrated

at the EM scale.
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Although the reconstructed 7, mass is set to zero during reconstruction, the mass
calculated from the constituent clusters composing a single-prong tau aids in dis-
criminating against QCD jets. Figure shows the cluster mass for single-prong

tau candidates.

Inverse leading track momentum fraction: Total transverse momentum of a tau

candidate divided by the transverse momentum of the leading core track:

-

f Dy

track — “rack 1-
bt

Here p7. is the total transverse momentum of the tau candidate as measured in
the calorimeters using the assumption that the tau is massless. This term includes
contributions from neutral pions. QDtTraCk’1 is that of the highest-pr single track. The

variable distribution is shown in Figure 0.5 for multi-prong taus only, it is not used

for single prong tau discrimination.

Electromagnetic fraction: Fraction of transverse energy of the tau candidate mea-
sured in the EM calorimeter

ZvARi <0.4 ETJ'

1
R]' <04 :
Z J ETJ

fem =

Where i runs over all cells associated to the tau candidate in the presampler and first
two layers of the EM calorimeter, and j runs over the cells from all layers of both
calorimeters. The cell energy is calibrated at the EM scale. The variable fgy only
gives significant discriminating power for multi-prong taus, and this distribution is

shown in Figure 0.6

Track mass: Invariant mass of the tracks associated to a tau. Tracks are used from both
the core and isolation regions, however this variable is only used to discriminate
between multi-prong tau candidates and QCD jets. The corresponding distribution

is shown in Figure [0.7]
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Figure 9.2: FElectromagnetic radius, Rgm, distributions for tau candidates taken from Z — 7,
W — v, and dijet PYTHIA generated Monte Carlo. Data points shown with markers are from

dijet selection applied to data.
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Figure 9.3: Track radius, Rirack, distributions for single-prong tau candidates taken from
Z =17, W — 1v, and dijet PYTHIA generated Monte Carlo. Data points shown with markers

are from dijet selection applied to data.
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Figure 9.4: Mass constructed from topological clusters, meiusters, that form hadronic tau.
Distributions for single-prong tau candidates taken from Z — 77, W — 1v, and dijet PYTHIA
generated Monte Carlo. Data points shown with markers are from dijet selection applied to

data.
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Figure 9.6: Electromagnetic fraction, fgm, distribution for multi-prong tau candidates taken
from Z — 1, W — 1v, and dijet PYTHIA generated Monte Carlo. Data points shown with

markers are from dijet selection applied to data.
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with markers are from dijet selection applied to data.
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9.2 Log likelihood ratio discriminant

The likelihood function for some variable x described by the probability density function

p(z) is given by the joint probability density function in Equation 011

L= »t). (0.1

The index j runs over all measurements of x. When considering the likelihood from

multiple uncorrelated probability density functions, assigned the index 4, this extends to:

L=T11Iwe), 92)

i=1j=1

In tau identification the likelihood is constructed from the discriminating variables, un-
der the assumption that these are uncorrelated. The discriminating variables are in
histograms that are normalized to unity. For a particular discriminating variable, the
measurement x; has a value p(z;) = n;, where n; is the number of entries in bin j. We

define the likelihood function as given in Equation 0.3

Lsy = [[ T2 (2)) (9.3)

j=11i=1

The term pf(B)(

x;) is the signal or background discriminating variable histogram for
1 of N variables, where pf(B) (x;) corresponds to some n; for discriminating variable
i. The function is constructed for signal (Lg) and background (Lp) individually. All
identification variables used for 7, discrimination against QCD jets have been described
in section 0.1, and are summarized in Table for both single and multi-prong taus.

The test discriminant used is the log-likelihood-ratio between signal and background is

given in Equation [0.4]

d=1In (é-i) :Zim <pf(xj)>. (9.4)

= =1 piB(@"j)
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N (Number of variables) | p; (discriminating variables)

single-prong 7, 3 Renr, Rirack,; Melusters

. flight
multi-prong 7, by Ren, fiacks fEM, Miracks, St

Table 9.1: Identification variables for single and multi-prong taus that are input for the like-

lihood functions.

The log-likelihood-ratio is constructed in categories in order to maximize the method’s
discrimination power [50]. The categories are defined by the tau pr, 7, and the number of
vertices in an event. The 1 regions (0 < |n| < 1.3, 1.3 < |n| < 1.6, 1.6 < |n| < 2.5) coarsely
divide the barrel region of the detector from the endcap. The central bin corresponds to
the transition region of the electromagnetic barrel and endcap calorimeters. There are
three tau pr bins (15-30, 30-60, 60+ GeV) giving equal statistics from Z — 77 and W —
7v Monte Carlo samples. Finally, in order to deal with the different pile-up conditions,
the log-likelihood-ratio is produced for each category depending on the number of primary
vertices in an event [50]. The resulting distributions from Equation [@.4] referred to as
the Likelihood score are shown inclusively for low pile up tau candidates with 15 GeV

< pr < 60 GeV in Fig. Q.8
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Figure 9.8: Log-likelihood-ratio scores for tau candidates taken from Z — v, W — v, and
dijet PYTHIA generated Monte Carlo. Data points shown with markers are from dijet selection

applied to data. All tau candidates displayed are required to have 15 GeV < pp < 60 GeV.
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Three levels of identification, denoted loose, medium, and tight, are defined from
the log-likelihood-score. These correspond to 7, efficiencies of 30%, 50%, and 60%. The

efficiency is defined from Monte Carlo samples with real generated taus as:

Number of reconstructed taus that are generator matched and pass identification

Number of generated taus

Reconstructed taus are considered generator matched if there is a simulated hadronic
tau shower within AR < 0.2. The background efficiency, taken from dijet selected data

events, is given as:

Number of identified tau candidates

Number of reconstructed tau candidates

Figure displays the discriminant performance. Tau identification efficiency is
shown against the inverse background efficiency. The reason the background efficiency is
not simply referred to as the ‘rejection’ is because typically this term would be defined
as the number of accepted tau candidates to rejected tau candidates. In most analyses it
is more useful to consider the background efficiency since this involves the total number
of reconstructed taus. Performance is shown for single-prong and multi-prong taus in
three pr bins, for inclusive 7, separated for different numbers of primary vertices. The
medium identification point (with 50% tau efficiency) is used in the bulk of this analysis,

the loose point is used in QCD background estimation.
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Figure 9.9: Log-likelihood-ratio efficiency against inverse of jet efficiency. Tau candidates
taken from Z — 117, W — 7v, and jets from dijet PYTHIA generated Monte Carlo. Distri-
butions are divided into single-prong (left column) and multi-prong (right column) taus. Tau
candidates are shown in three pr bins, from 15 - 30 GeV, 30 - 60 GeV and 60 GeV onwards.

Each plot shows the effect of number of primary vertices on identification, the black markers

show the inclusive result.
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9.3 7, Identification Efficiency in Data

So far we have discussed the discrimination power given by the Monte Carlo. Data is
used to verify these values and measure their uncertainty. The data driven approach
employs a tag-and-probe method. When considering a two particle decay, where only
one of the decay legs is of interest (the probe), we can employ stringent conditions on
the other leg (the tag) to ensure we select appropriate events. The probe particle is
largely independent of any requirements, providing an unbiased sample pool. The data
based tag-and-probe analysis is outlined here, and full documentation is available in
Reference [53]. Z — 77 — uy, events were selected by an isolated muon trigger, giving
an unbiased probe tau. The analysis was performed with 730 pb~! of data, up to period
H. Strict selection was applied to the reconstructed tag muon, and to event kinematics to
ensure a pure sample of Z events. Minimal criteria were applied to the probe 7,. Object

and event selection are listed in Table 0.2

Event Selection b criteria Ty, criteria
e EF mul8 trigger e pr > 20 GeV e pr > 30 GeV
e Dilepton veto o |n] <25 o [n] <25
e IV boson suppression e No additional tracks within | e Exactly 1 or 3 core tracks
e Opposite charged 7, and p | AR < 0.2 of muon e Charge =+ 1
® 40 GeV < my, < 80 GeV | e Isolation requirement of
ErBR<0D) < 0.04

Table 9.2: Selection for tau identification efficiency study with data.

Any events with selected probe taus within AR < 0.2 of an identified muon were
eliminated to reduce contamination from Z — pp processes with a mis-reconstructed
7 candidate. For events with multiple probe taus, the highest-pr tau was used. The

EF_mul8 trigger was the lowest py un-prescaled muon trigger available in the data taking
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period. All events containing more than one muon or identified electron with pr > 10
GeV were rejected. Background from Z — ee and Z — pup is reduced by 60% with

this selection, with negligible effect on signal. W — uv suppression was based on the

transverse mass, my, which is defined as /2p5EM cos(A¢). The angle A¢ is the
separation in the transverse plane between the tagged muon and event E®s. For a
process such as W decay, where one decay leg is a neutrino, my tends to be larger than
other two body decays, with a maximum attainable value of my . Specifically the W
boson suppression requirement was mr < 50 GeV, which reduced W — uv events to
12.5% of the original number, and retained 90% of signal events. The visible mass, m,, -,
is defined as the invariant mass of the probe tau and tagged muon. This mass term does
not contain any contribution from the neutrinos associated to the tau decay. Events
are kept if the visible mass has a value between 40 and 80 GeV. This window includes
the bulk of the signal, but excludes background Z — ee and Z — pu events which are

distributed tightly around the Z boson mass peak.

Despite the event selection requirements it is difficult to remove most background
without any criteria on tau identification. The probe tau sample is contaminated with
fake taus, and no more than 50% purity is attained. An accurate estimation of back-
ground contributions is necessary in order to subtract the fakes from the tau samples.
All background estimations, other than QCD, come from a Monte Carlo based approach,
as detailed in Reference [53]. Although W backgrounds are estimated from Monte Carlo,
they are corrected to the expected rate in data, while QCD background is estimated di-
rectly from data. Once events and objects are selected the medium log-likelihood-ratio
identification is applied to the probe taus, to obtain a sample of identified 75, objects.

The identification efficiency is given by the ratio of identified taus to probe taus.
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9.3.1 W background scale factors

The probability for a QCD jet to be misidentified as a tau is known to be overestimated
in the Monte Carlo simulation |51, 52]. This affects the Monte Carlo based prediction
of W+ jet background events. To correct the estimation, the number of W background
events must be scaled to match the observation in data. A W control region is defined in
data, containing events that pass the dilepton event selection but fail the W suppression
cuts. To ensure adequate statistics none of the subsequent event level cuts are applied.
The high transverse mass cut, mr > 50 GeV, makes the QCD jet background negligible
in the control region. Other small backgrounds, Z — Il and t¢, are removed by using
predictions from Monte Carlo. The visible mass distribution from W — uv/7v/erv Monte
Carlo samples are then collectively scaled by a factor ky/, such that the predicted number
of W events in the Monte Carlo is equal to the events observed in the visible mass from
the data control region. The scale factors are derived for the probe tau sample, using the
method just described, and also for samples with the additional requirement of medium
identification on the selected probe taus. This allows us to correct for the W background

expected in both the probe and identified Z samples individually.
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9.3.2 QCD background

Multijet background in the selected Z events is estimated from data directly using what
is called the ABCD method. The ABCD method divides the data into four sections
using two uncorrelated parameters. One of these sections, referred to as region A in
this analysis, contains the expected signal and is the phase space in which we want to
estimate the shape and normalization of the background. Here the shape refers to any
kinematic distribution or constructed mass distribution from the background, and the
normalization is the overall number of events. The shapes can be taken from either
of region B or C, where the choice usually depends on the available statistics. The
normalization is taken from the ratio of background events in regions B to D, or C to D,
depending on which region is used to extract background shapes. Table illustrates
the independent data regions constructed from two uncorrelated parameters (labelled 1

and 2), satisfying some requirements, generically referred to X and Y.

Parameter 1 Parameter 1

satisfying requirement X | satisfying requirement NOT X

Parameter 2 satisfying
A (signal) B
requirement Y

Parameter 2 satisfying

requirement NOT Y

Table 9.3: Division of data based on the ABCD method. The method works provided that

parameter 1 and 2 are uncorrelated.

In this analysis, the parameters used to divide the data are the muon isolation, and
the sign of the tag muon and probe tau. The key assumption in the ABCD method is
that the p isolation is uncorrelated to the charge sign of the ;4 and 7. An isolated muon

is defined by W < 0.04; the calorimeter section traversed by the muon should
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contain less than 4% of the muon transverse momentum. Specifically the regions are

defined as:

Region A: Isolated muon and opposite signed charges for muon and 7, candidate
Region B: Non-isolated muon and opposite signed charges for muon and 7
Region C: Isolated muon and same signed charges for muon and 7

Region D: Non-isolated muon and same signed charges for muon and 7

Region A contains the Z signal. The visible mass distribution from QCD is taken from
region C. All remaining background distributions and normalizations in each region,
including Z — pp, tt and Z — 77, come directly from Monte Carlo. The number of
QCD background events in the signal region is predicted by taking the number in region
C, and scaling by the ratio of events in region B to D. [!:

Ng

Ny = NC(N—D)

where N;, for « = A,B,C and D, indicates the number of events in the corresponding
region. As with the W scale factors, these values were calculated separately with and
without 7, identification for background expected in both the probe and identified Z
samples individually. The difference is statistics between the combined regions BD and
AC is treated as a systematic uncertainty, denoted ARy;,s Visible mass distributions

after the event selection for probe and identified 73, candidates are shown in Figure 0.10L

IThis is different to the procedure used in [53] for Z observation, where the initial number was taken
from region B and scaled by the ratio in region C and D.
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The final 73, identification efficiency is calculated as:

NB.P

P P P C QCD P
Np = Ny Bk = Nocpyg > — Nother 05
C )
P+F _ ArP+F A pprobe _ Ngop B,P+F\ _ ArP+F
Np™ = Ny Dky™ — 57>  Noeo Nother

Np gives the number of events found after event selection in data. Ny, is the estimated
number of W events, which only presents itself scaled by Aky . The terms Ngc D Ngc D
and NgCD are the number of QCD background events passing selection in regions B,
C and D. Nyper gives the number of non-truth matched events from Z — ppu, tt and
Z — 11 Monte Carlo. The superscripts P and F' refer to events with tau candidates
passing or failing the medium log-likelihood-ratio discriminant.

There are two main sources of uncertainty in the study. The first comes from the
statistical uncertainty on the W scale factors, Ak%* and Akl,. The second from the
statistical uncertainty in the QCD background regions, AR and ARE,.. These are
summarized in Table [0.4] which also give the statistical uncertainty for Monte Carlo and

data.

eve At (%) | e Aeii (%) Aegyr, (%) Acguien (%) Aeiih, (%)
0.536 424 | 0497  +7.4 +0.9 +3.4 +8.5

Table 9.4: Medium tau identification efficiency in Monte Carlo, epc, and in data, €gqtq-

Statistical uncertainty for Monte Carlo, and uncertainty for data are given.

In the analysis for A/H/h — 7,73, the difference between tau identification efficiency
predicted from Monte Carlo and measured in data is treated as a systematic uncertainty

in this analysis. This is discussed with other sources of uncertainty in Chapter [I5



Chapter 10

Event Selection

This analysis searches for an MSSM Higgs through the process A/H/h — 1,7,. The
search method relies on the mass constructed from the two hadronic taus, the visible
mass. Reconstructing the invariant mass is difficult since the individual momenta carried
by the neutrinos in the tau decays are unknown. Only the summed pr of the two neutrinos
is available from the £} term in an event. Techniques to form the invariant mass exist,
assuming the neutrinos from tau decay travel in the same direction as the tau. However,
the methods place restrictions on the angular separation between the two hadronic taus,
and also require confidence in the measured E}. Criteria on the separation of the taus
reduces the available statistics substantially. Additionally, to ensure the EM¥* term is
correct, all other particles must be measured accurately. In particular the calibration
of hadronic particles is very important, since any mis-calibration exhibits itself in the
measurement of E}%S. Due to these constraints, at the time of this analysis it was

decided to consider the visible mass.

Before beginning with event selection, we should note that a given particle in the
detector can be identified as different reconstructed objects. To select a single recon-
structed object, ‘overlap’ removal is applied. This is achieved by removing reconstructed

objects that coincide geometrically within AR < 0.2. If a muon and jet are found in the

93
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same location, the object is defined as a muon and no longer considered a jet. The over-
lap removal in this analysis prioritizes muons, followed by electrons, medium identified
hadronic taus, and then jets.

Event selection is optimized for a neutral MSSM Higgs boson mass greater than 200
GeV. The search for a lower Higgs mass is difficult due to the irreducible Z/v* — 77
background. Below are given the criteria for selected events. Following this Table [0.1]
presents the results of this selection on data and Monte Carlo, including expected signal
for my = 200 GeV and tan § = 20. Table gives results for data, expected signal,
and combined Monte Carlo background. QCD background is unaccounted for in both
Table [I0.1] and The data driven background estimates for QCD are presented in

Section I3

Data quality. We only use data within a run when the two proton beams are colliding
bunches and all sub-detectors are recording data. Events that meet this criteria
are stored in a good runs list (GRL). This is in contrast to data stored where the

beams are still being accelerated to their full energy, or a sub-detector malfunctions.

Event trigger. All events in this analysis have satisfied the EF trigger
‘EF_tau29_medium1_tau20_medium1.” The selection uses all three ATLAS trig-
ger levels: Level-1, 2 and the event filter (EF) [20]. The associated L1 trig-
ger (L1.2TAU8_TAU11) selects two narrow clusters in the calorimeters with a py
threshold of 8 GeV and 11 GeV. At L2, tracks are reconstructed around the L1
clusters. L2 track selection differs between data periods Bo-E and F-H. In the later
periods, tracks were selected more rigorously to comply with trigger rate require-
ments for higher luminosity. During the EF stage, two reconstructed 7, candidates
with pr thresholds of 29 GeV and 20 GeV, both within |n| < 2.5, are required. The

‘medium1’ indicates comparable selections as the offline medium tau identifica-

!The GRL used in this analysis is: datall_7TeV.periodAllYear _DetStatus-v18pro08-04_
CoolRunQuery-00-03-98 _Higgs _tautau_lh.xml.
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tion. This choice is the lowest pr un-prescaled dihadronic tau trigger available in
the data taking periods. Trigger efficiency and fake rates are analyzed with Monte
Carlo and data, and will be described in Chapter [LTl

Event cleaning. In addition to the good quality data requirements from the GRL, there
are three other criteria the event must satisy. The selection is designed to ensure a

high rejection of events without proton-proton collisions.

Firstly, an event must contain at least one primary vertex from which originate at

least four quality tracks.

Secondly, we reject events where the electronics in the LAr have malfunctioned
causing significant noise bursts and other data integrity errors. Events containing

such errors are flagged by data quality algorithms [58], and vetoed.

Finally, during data taking period E the electronics corresponding to part of the
LAr calorimeter malfunctioned, and lost output signal [35]. This region, a strip
along -0.05 < 1 < 1.45 at ¢ ~ -0.7, can contribute to fake EM®* if a jet or 7,
candidate points in its direction. Therefore an event is rejected if a jet of pr > 20
GeV is reconstructed inside the affected region, -0.1 < n < 1.5 and -0.9 < ¢ < -0.5,
and also if at least one of the two leading 7, candidates is within -0.1< 1 <1.55

and -0.9 < ¢ < -0.5.

Electron and muon veto. In this analysis reconstructed electrons are required to pass
what is termed the medium identification requirements [35]. This offers ~80%
efficiency for correctly identifying reconstructed electrons, and a jet rejection of 103.
Identification is based on electromagnetic particle shower shapes in the calorimeters,
which are shorter and narrower in comparison to quark jets, denser in energy, and
contained predominantly in the EM calorimeter [56]. Only electrons with py > 15
GeV, within |n| < 2.5 (and excluded from the electromagnetic calorimeter transition

region, 1.37 < |n| < 1.52) are considered. Muons used in this analysis are required
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to have pr > 10 GeV and |n| < 2.5. The over all efficiency for muon reconstruction
is ~95%, with a high rejection of all backgrounds. To suppress background events
containing real electrons or muons, an event containing either a selected electron

or muon is rejected.

Selection of hadronic tau decays. Two 7, candidates must be reconstructed in an
event, both satisfying the medium log-likelihood-ratio requirements. The medium
working point is chosen as a compromise between signal selection efficiency and
background suppression. Tight identification results in a very small data sample
and very few data events in the background control regions, limiting the precision
of the QCD background estimation in Chapter [[3l Only taus with one or three
tracks, with a charge of £1, are considered. An event is rejected if either leading
7, candidate is reconstructed in the pseudorapidity range 1.37 < |n| < 1.52, corre-
sponding to the transition region of the electromagnetic calorimeter. This avoids
any mis-reconstruction resulting in fake E}%*. Note that tau reconstruction nec-
essarily is confined to n < 2.5, the range of the ID. Finally, the two leading taus

must satisfy pr > 45 GeV and pr > 30 GeV.

If there are three or more 75, candidates satisfying all the requirements above, with
the exception of the third tau meeting pr > 20 GeV, rather than 45 or 30 GeV, the
event is also rejected. The two selected 7, candidates must have opposite charges,

and each must match one of the two trigger Rols within a cone of AR < 0.2.

EMiss > 25 GeV. Missing energy is expected in signal events from the neutrinos in 7
decays. From Monte Carlo simulation we know that E}*$ > 25 GeV suppresses
the QCD jet background, but retains adequate signal. Figure [0.1shows the E}s
distribution for data, Z/v* — 77 + jets, W+ jets, top and di-boson backgrounds.
The difference between estimated Monte Carlo backgrounds and data is associated

with the QCD background.
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Figure 10.1: E%/”SS distribution for data, Z/v* — 11 + jets, W+ jets, top and diboson
backgrounds after all event selection criteria other than E%V”sscut. Also included is the potential
signal from an MSSM Higgs with m4 = 200 GeV and tan 8 = 20. The difference between the

Monte Carlo backgrounds and data corresponds to the QCD background.
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10.1 Scale factors

The Monte Carlo does not model the data perfectly, and for an effective analysis we apply
various corrections to the simulated data. In most situations the Monte Carlo describes
the shape of various distributions well, but not the rate of events. To correct for this, we
apply a numerical scale factor to the Monte Carlo simulation. All scale factors in this

analysis are described below.

Pile-up The average number of interactions per bunch crossing varies considerably dur-
ing the course of data taking. It was not possible to generate adequate Monte Carlo
statistics with pile-up conditions for all data periods. To scale the Monte Carlo to
data, a re-weighting procedure based on the average number of bunch crossings per
interaction is constructed, described in Reference [59]. This re-weighting procedure

is applied in this analysis.

Trigger efficiency The Monte Carlo does not model the
EF_tau29_medium1_tau20_medium1 performance in data accurately. To correct the
Monte Carlo triggering of identified and generator matched taus, scale factors are

constructed in Section [11.2

Trigger fake rates: To correct the Monte Carlo triggering of mis-identified taus (fake
taus), scale factors are constructed in Section 1.3l These are applied to taus
reconstructed and identified in Monte Carlo, but not matched to a generator level

tau.

10.2 Summary of Event selection

In summary, the key steps in the selection of candidate MSSM A/H/h — 7,73, events in

data are:
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1. Good quality data, dictated by beams colliding at full energy and all sub-detectors

operational.

2. EF _tau29_medium]1_tau20_mediuml trigger accept. This is a combination of two

Ty, triggers with 29 GeV and 20 GeV pr thresholds.

3. Event cleaning that removes LAr detector malfunctions and requires a primary

vertex.

4. No electrons reconstructed with pr > 15 GeV or muons reconstructed with pr >

10 GeV in the event.
5. First 7, requirements:

e The highest-pr 7, candidate in event must have py > 45 GeV.

e [t must be identified as a medium candidate by the log-likelihood-ratio dis-

criminant.

e [t must match either one of the 7, trigger Rols within a cone of AR < 0.2.
6. Second 7, requirements:

e The second highest-py 7, candidate in event must have pr > 30 GeV.

e [t must be identified as a medium candidate by the log-likelihood-ratio dis-

criminant.

e It must match the remaining 7, trigger Rol within a cone of AR < 0.2.

7. Reject the event if there are any additional identified medium 7, candidates with

pr > 20 GeV
8. The two selected taus must have opposite charge.

9. Reconstructed EMs > 25 GeV.
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Tables [I0.1] and list the number of data events, simulated signal events, elec-
troweak and top background events after applying each of the requirements described
above. The uncertainties correspond only to the Monte Carlo statistical uncertainty.
The selection results in 245 events in the data sample for an integrated luminosity of
1.056 fb='. From Monte Carlo simulation, the expected number of background events
from electroweak processes and top is 76 + 7. The largest contribution from electroweak
background events after all selection criteria is from W — 7,4 one or two jets and
Z — T+ zero jets. Electroweak background events with electrons or muons in the
final signature are strongly suppressed by the lepton vetoes, with very few events satisfy-
ing the full event selection. The QCD background cannot be determined from simulated
data because of a lack of Monte Carlo simulation and because of the large uncertainties
on the QCD jet cross sections. This background contribution is estimated from data in
Chapter I3l The full list of Monte Carlo samples used to estimate the electroweak and

top backgrounds are in Appendix [El



Data bbb A— m7, gg—A— T W + jets Z/~v* + jets Top Di-boson
No cuts 1.9x10% 2622 1136 3322x10% 15740%103 2139x 102 10725
Trigger/GRL 8.7x10%  369.9+5.8 147.4+1.9 48195.4+272.9 (3428.4+3.9) %102 3958.7+£36.0 891.8+8.1
Event cleaning 8.3x106 344.345.6 136.2+1.8 44983.84264.0 (3168.4+3.8)x10% 3410.3+33.3 815.2+7.8
Electron veto 8.3x10% 341.6+5.6 135.8+1.8 44327.74263.0  (3163.24+3.8)x 102 2922.14+30.8 763.3+7.6
Muon veto 7.8x10% 331.3+£5.5 131.3+1.8 11759.6+133.6  18493.5+91.4 850.9+16.6  68.8+2.5
First 7, candidate 7.8x10% 331.34+5.5 131.3+1.8 11758.84133.6 18493.2+91.4 850.9+16.6  68.8+2.5
First 7, pr > 45 GeV 3.9x106  273.04+4.8 109.94+1.7 7622.2+99.9 7604.9+59.1 817.7+16.3  51.3£2.2
First 7, LLH medium 85311 119.943.2 42.5+1.0 681.8429.6 1352.54+24.8 30.0+2.9 8.4+0.7
First 7, trigger-matched 85197 119.7+3.2 42.4+1.0 680.1£29.6 1347.44+24.7 29.5+2.9 8.4+0.7
Second 7, selection 85135  119.743.2 42.44+1.0 678.0+29.5 1346.54+24.7 29.54+2.9 8.4+0.7
Second 1, pr > 30 GeV 69258 103.0+2.9 37.7+1.0 526.2+25.8 940.8420.8 29.1£2.9 7.0+0.6
Second 7, LLH medium 3361 53.84+2.1 16.640.7 47.5+6.7 328.14+12.2 2.941.0 2.1+0.4
Second 7y, trigger-matched 3354 53.84+2.1 16.6+0.7 47.5+6.7 326.0+12.2 2.94+1.0 2.1+04
Third , veto 3352 53.8+2.1 16.6+0.7 47.54+6.7 326.0+12.2 2.9+1.0 2.1+0.4
Opposite charge 1985 53.442.1 16.5+0.7 36.34+5.8 319.6+12.1 2.840.9 2.04+0.3
E%liss > 25 GeV 245 17.9+1.2 5.240.3 24.9+4.8 47.6+4.6 2.04+0.9 1.440.3

Table 10.1: Number of events passing the selection criteria for data and expected values for Monte Carlo signal, electroweak and

top backgrounds normalized to the integrated luminosity of 1.056 fb—*.

ma = 200 GeV and tan 5 = 20.

The MSSM Higgs signal is shown in the my'®* scenario for

NOILLOHTHS LNHAH QT Y4LdVH)
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Data Signal Total MC bkg

No cuts 1.9%x108 3758 4919x10*
Trigger/GRL 8.7x105 517.3+6.1 (3958.8+4.8)x10?
Event cleaning 8.3x10° 480.6+5.9 (3660.5+4.6)x10?
Electron veto 8.3x10% 477.5+5.9 (3643.34+4.6)x10?
Muon veto 7.8x10% 462.6+5.8 31172.8+162.7
First 7, candidate 7.8%x10% 462.6+£5.8 31171.84162.7
First 7, pr > 45 GeV 3.9x10% 382.945.1 16096.0+117.2
First 7, LLH medium 85311  162.4+3.4  2072.7£38.7

First 7, trigger-matched 85197  162.1£3.3  2065.4£38.7

Second T, selection 85135  162.1£3.3  2062.4+38.6
Second 7, pr > 30 GeV 69258  140.6+£3.1  1503.1+£33.3
Second 73, LLH medium 3361 70.442.2 380.7+14.0

Second 7, trigger-matched 3354 70.34+2.2 378.5+14.0

Third 7, veto 3352 70.3+2.2 378.5+14.0
Opposite charge 1985 69.9+2.2 360.6+13.4
ErTniSS > 25 GeV 245 23.24+1.2 75.9+6.6

Table 10.2: Number of events passing the selection criteria for data and expected values for
Monte Carlo signal (my = 200 GeV and tan 8 = 20), EW and top backgrounds normalized to

the integrated luminosity of 1.056 fb=1.



Chapter 11

Trigger scale factors

The scale factors applied to Monte Carlo for the EF_tau29_mediuml_tau20_mediuml
trigger rates are derived in this Chapter. There are two sets of scale factors constructed
for two different situations. One for Monte Carlo that contains generated hadronic taus,
and another for Monte Carlo with jets that are falsely identified as hadronic taus. The
discrepancy between data and simulation differs for the two, and therefore each is calcu-
lated individually. The first scale factor, which we call the trigger efficiency, is applied
to Monte Carlo in which there is a reconstructed hadronic tau that can be matched to a
generator tau within AR < 0.2. The second, called the trigger fake rate, is applied when
the reconstructed tau is not matched to a generator tau. Both are applied to the taus as

a function of pr.

11.1 Trigger Factorization

Neither the trigger efficiency nor the fake rate of the EF _tau29_medium1_tau20_medium1
trigger, can be measured directly from data. Obviously, these rates are necessary when de-
riving scale factors to correct Monte Carlo to data. Since the EF _tau29 medium1_tau20_medium1
trigger is essentially a combination of two independent triggers, we solve the problem by

estimating the values from the factorization of the corresponding single 7, triggers. These

103
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are EF_tau29_mediuml and EF_tau20_mediuml.

As the combined trigger contains two different pr thresholds, the efficiency and fake
rate must be determined as a function of both the leading and sub-leading tau candidate
pr. To prove that the combined trigger efficiency can be factorized by the single triggers,
a Monte Carlo study using Z — 77 events was performed, and tested on A/H/h — 77

samples.

First the two efficiency distributions for EF _tau29 medium1 and EF _tau20_medium1l
were determined as a function of the hadronic tau py in Z — 77 Monte Carlo events.
For the high threshold trigger, EF tau29 mediuml, reconstructed 7, candidates were
required to have pr > 45 GeV, |n| < 2.5, and pass medium tau identification. For the
lower threshold trigger, EF _tau20_mediuml, the pr selection was dropped to > 30 GeV.
The efficiency distributions were constructed individually for each trigger by taking the
number of taus that pass the criteria and are matched to the corresponding trigger Rol
within AR < 0.2, divided by the total number of selected taus. This ratio was calculated

in bins of pr, and both resulting distributions are shown in Figure ITT.11

The same tau selections were then made in A/H/h — 77 Monte Carlo. The factorized
trigger efficiency was established by taking all selected taus and multiplying them by both
single trigger efficiency values per py bin. Additionally, the combined trigger efficiency
was determined directly, also in bins of py. This was calculated by taking all the selected
taus satisfying the EF_tau29_mediuml_tau20-mediuml trigger, divided by the number

of selected taus in all events.

The factorized and direct efficiencies were compared bin by bin by to verify the validity
of the approach. The results of the comparison are shown in Figure for two different
Higgs masses, m4 = 100, 200, and 300 GeV. The histograms display the difference in
the calculated efficiency for each bin. As can be seen the discrepancy between the two

approaches is compatible with zero.

To compute the EF _tau29_medium1_tau20_medium1 trigger scale factors from data,
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Figure 11.1:  Efficiency as a function of tau pr for the EF_tau29_mediuml and

EF_tau20_mediuml triggers.

we calculate the trigger efficiency and fake rate for the two individual triggers, EF_tau29_medium1

and EF_tau20_mediuml, and combine the results multiplicatively.

11.2 Single trigger efficiency measurement

In data the single tau trigger efficiency is measured with respect to an identified hadronic
tau using a tag-and-probe analysis with Z — 77 — u7, events. The procedure follows di-
rectly from the method used in Section [0.3] to determine the tau identification efficiency.
While previously the probe taus had very loose selection criteria, now we include a re-
quirement of medium identification. This way the identification and trigger efficiencies
are measured in two steps. By splitting the measurements, the calculated trigger effi-
ciency has greater accuracy since the W and QCD backgrounds are reduced. The event,
tag muon and probe tau selection criteria are listed in Table [T1.1l Although the events
are triggered using EF_mul8, data is stored with the information of all other triggers that
could cause the event to be accepted. We only consider events where there is the possi-
bility of either the EF_tau29_mediuml or EF _tau20_medium]l trigger accept. Once the

events are selected, and we have an unbiased sample of probe taus, the trigger efficiency is
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Carlo samples, and the combined trigger when applied to two Higgs mass values. The difference

1s effectively zero, validating the factorization approach.
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determined. It is calculated separately for EF _tau29 mediuml and EF _tau20_mediuml,
in bins of hadronic tau pr. The efficiency is the ratio of the number of hadronic taus
that match the single tau trigger Rol within AR < 0.2 to the number of probe taus. The
results from data are then compared to ALPGEN generated Z — 77 processes, where
the reconstructed hadronic tau must match a generator tau within AR < 0.2. Scale

factors are constructed from the value in data divided by the value in Monte Carlo.

Event Selection 4 criteria Tp, criteria
e EF mul8 trigger e pr > 20 GeV e pr > 30 GeV
e Dilepton veto o |n <25 o |n <25
e IV boson suppression e No additional tracks within | e Exactly 1 or 3 core tracks
e Opposite charged 75, and p AR < 0.2 of muon e Charge =+ 1
e 40 GeV < m,, < 80 GeV e [solation requirement of ¢ medium identification
e Possible EF_tau29 mediuml W < 0.04
or EF _tau20_mediuml accept

Table 11.1: Selection of Z — 71 — Ty, events for single tau trigger efficiency in data.

Efficiencies for both the EF_tau20_medium1 and EF_tau29_mediuml triggers are mea-
sured for run periods By to E and F to H separately, because of a change made to the
selection in the L2 tau trigger decisions from period F onwards. This change is not im-
plemented in the Monte Carlo, so scale factors necessarily differ between periods. The
efficiencies for each EF trigger are shown in Figures [[1.3] and [IT.4] as a function of the

tau pr. The data to Monte Carlo scale factors are given in Table [[1.2] in bins of pr.
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Figure 11.3: Trigger efficiencies for hadronic taus as a function of pr. Data periods Bo to F.
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Figure 11.4: Trigger efficiencies for hadronic taus as a function of pr. Data periods F to H.
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EF_tau20_medium1

EF_tau29_medium1

pr [GeV] | Byto E FtoH B, to E FtoH
20-25 0.96 £ 0.17 | 0.55 £ 0.04 - -
25-30 0.91+0.09 | 1.034+0.07 | 1.30 £0.16 | 0.68 £0.15
30-35 0.90 £ 0.07 | 1.024£0.05 | 0.93 £0.10 | 0.91 £ 0.07
35-40 0.89 +£0.09 | 1.06 £0.05 | 0.92 £0.10 | 1.02 £ 0.07
40-45 0.91£0.10 | 1.09 £0.06 | 0.88 £0.11 | 1.07 £ 0.06
45-100 0.95+0.13 | 1.06 £0.08 | 0.96 £0.13 | 1.02 £0.08
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Table 11.2: Trigger efficiency scale factors for medium identified hadronic taus in bins of pr.

The scale factors are constructed by taking the number of events in data divided by the events

in Monte Carlo: Data/MC. They are applied to MC in the same bins to correct the number of

events to data.
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11.3 Single trigger fake rate measurement

Falsely triggered events from QCD jets were studied using jets accompanying W — uv
production. The muon decay channel ensures a high purity sample, as muons are effi-
ciently reconstructed and identified particles. The single tau triggers, EF_tau29_medium
and EF_tau20_medium were studied separately, and the results combined as for the trig-
ger efficiency. Event selection criteria are based on W studies from previous ATLAS
analysis [54]. Data with an integrated luminosity of 730 pb™!, with events selected by
the un-prescaled EF_mu_18 trigger were used. The full event, muon and tau selection is

given in Table. 113l

Event Selection W criteria Ty, criteria
e EF mul8 trigger e pr > 20 GeV e pr > 15 GeV
e Electron veto o |n| <25 o |n] <25
o EMiss > 30 GeV e No additional tracks within | e Exactly 1 or 3 core tracks
o my(p, E}Miss) < 60 GeV AR < 0.2 of muon e Charge = + 1
e Possible EF _tau29_mediuml | e Isolation requirement of e medium
or EF tau20_mediuml accept W < 0.04 identification

Table 11.3: Selection for W — pv+ jet events for singel tau trigger fake rate in data.

Event selection criteria and efficient muon reconstruction gives inclusive W — puv
events with > 90% purity and QCD contamination less than 1%. The fake rate is
evaluated using the recoiling jet in an event. Results are obtained as a function of the
falsely identified medium tau candidate py. The fake rate is determined by the ratio
of the number of identified taus that match one of the single tau trigger Rols within
AR < 0.2 to the number of identified taus. Results from data are compared to inclusive
ALPGEN generated W — uv processes to construct scale factors. In the Monte Carlo,

the identified tau must not be matched to any generator tau within AR < 0.2.
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Results are divided between two data taking periods, B; to E, and F onwards. The

scale factors in bins of the fake tau pr are given in Table 1.4l

EF_tau20_mediuml EF _tau29_mediuml
pr [GeV] | By to E FtoH B, to E FtoH
20-30 0.52£0.12 | 0.51 £0.08 - -
30-45 0.65+0.14 | 0.79+0.08 | 0.71 £0.14 | 0.66 £ 0.09
45-100 0.57+0.23 | 0.57£0.14 | 0.58 £0.23 | 0.55 £ 0.15

Table 11.4: Trigger fake rate scale factors for medium mis-identified hadronic taus in bins
of pr. The scale factors are constructed by taking the number of events in data divided by the
events in Monte Carlo: Data/MC. They are applied to MC in the same bins to correct the

number of events to data.

Monte Carlo samples are corrected to model the trigger efficiency for data by applying
the derived scale factors to reconstructed taus that are matched to a generator tau within
AR < 0.2. Alternatively, the trigger fake rate is applied to reconstructed taus that are
not matched to a generator tau in this range. In each case the EF _tau29 _medium]l scale
factor is applied to the highest-pr tau, and the EF_tau20_mediuml scale factor to the

sub-leading tau.



Chapter 12

Electroweak Background

All electroweak backgrounds are estimated from Monte Carlo in this analysis. Results for
the expected event yield were given previously in Table [I0.Jl To ensure that the largest
simulated EW backgrounds, Z — 77 and W — 7v, model the kinematic and mass shapes
in data, an embedded data technique is used [60]. An embedded data sample uses either
selected Z — pp or W — pv events, where the muons are replaced at the detector level,

with full simulation 7, decays as follows:

1. All calorimeter cell energy in a cone of AR < 0.1 around the muon direction,

defined by its track, is removed from the event.

2. Z — mm, (W — mp) is simulated in TAUOLA [77] using the same kinematics as

the removed Z — pup (W — pv).

3. Full detector simulation, without any calorimeter noise, underlying events, or pileup,

is run for the extracted Z — 7, (W — 7,v) event.

4. The tracks and calorimeter cells from the simulated Z — 7,7, (W — 7,v) event
are inserted into the initial data event, and a reconstruction of the hybrid event is

performed.
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Trigger information is not included in the embedding method, therefore such ac-
ceptances and efficiencies cannot be determined for the embedded samples themselves.
Uncertainties are not derived from the embedded approach, since the samples are con-
structed with different event and object criteria than used in the A/H/h — 7,7, analysis.
However, by a comparison of the embedded samples to Monte Carlo for the ALPGEN
generated Z — 77+ jets and W — 7v+ jets samples, we verify that the Monte Carlo

models the data well.

12.1 7 — 7,7, background estimation

Data samples are selected for Z — up by requiring two muons, both with pyr > 20 GeV,
originating from the same primary vertex. Combined, the muons must have an invariant
mass of m,,, > 40 GeV. The embedding technique is then applied to this data. ALPGEN
generated Z — 7,7, Monte Carlo is compared to the embedded data with the following

event selection:

e Event cleaning (as described in Chapter [I0])
e Electron and muon lepton veto (as described in Chapter [I0])

e Exactly two medium identified taus with opposite charge, with pr > 25 GeV and

pr > 20 GeV

The E}ss distribution for events passing selection, and the pr distribution of the
leading 7, candidates are shown in Fig. [2.1]

Figure[I2.2lshows the visible mass distribution coming from the 4-momentum addition
of the two 7, candidates in the event, ignoring any effect of the neutrinos. The plot shows
both the ALPGEN generated Monte Carlo sample and the embedded data.

The agreement observed in Figures[I2.1]and between Monte Carlo and embedded

data gives confidence that the ALPGEN generated samples can be used to estimate the
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expected irreducible Z — 7,7, background in this analysis, including underlying events

and pileup conditions.

12.2 W — 7v background estimation

In this analysis, W — 7v+ jet events are a source of background when a real 73, and
a mis-identificated hadronic tau coming from a QCD jet, pass the event selection re-
quirements. By studying this process with the embedded data technique, we compare
the event kinematics in the simulation to data, including the QCD jets mis-identified as
hadronic taus.

The W — pv events are selected in data by requiring a muon with py > 20 GeV, and

E}iss > 30 GeV. The transverse mass generated by the muon and EX* is restricted to

myp > 40 GeV. The transverse mass, my, is defined as \/2p4 EM® cos(A¢), where A¢
is the angular separation in the transverse plane between the 7, and EX®s. ALPGEN
generated Monte Carlo and the embedded W — 7, distributions were compared after

the following event selection:

e Event cleaning (as described in Chapter [I0)

Electron and muon lepton veto (as described in Chapter [I0))

Exactly two medium identified taus with opposite charge, with pr > 25 GeV and

pr > 20 GeV

EMiss > 30 GeV

my > 40 GeV

The transverse mass cut in is necessary when comparing simulation to the embedded
data, because of the original W — uv data selection. Although there are no requirements

on mr in the Monte Carlo W background estimation for the A/H/h — 7,7, analysis,
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it is needed here to select the same kinematic phase space in ALPGEN Monte Carlo as
in the embedded events. Figure compares the kinematic distributions of the Monte
Carlo and the embedded data, the pr distributions of the two leading 75, candidates and
the event EXs are shown. Figure [2.4] shows the visible mass distribution of the two 7,
candidates.

Figure shows the jet multiplicity spectrum for W — 71, v events selected requiring

7, candidates with log-likelihood-ratio derived medium identification.
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Again, good agreement is seen between data and the ALPGEN Monte Carlo dis-
tributions. Although the uncertainties from the figures in this section are not used in
the final analysis, the values are within the final systematic uncertainty derived directly
from altering ALPGEN generator conditions to construct Monte Carlo, as described in

Section [5.1.2]



Chapter 13

QCD Background Estimation

It is possible to understand the QCD background directly from data, unlike other back-
ground processes. Consequently, this analysis does not rely on simulated event samples

to predict the rate of QCD processes, but uses a data-driven approach.

13.1 ABCD Method

The data-driven approach is based on the ABCD method (as described in Section [0.3.2),
by the selection of four independent data samples, three in QCD background-dominated
regions (control regions) and one in the signal region. Regions are defined by same sign
and opposite sign (OS and SS) taus, and the 75, log-likelihood-ratio identification level
(loose and medium) of the two highest-pr 7, candidates. The charge and identification

variables are assumed to be uncorrelated. The following four regions are used:

Region A: events where the two highest-pr 75, candidates satisfy the medium 7, iden-

tification requirements and have opposite charge.

Region B: events where the two highest-pr 7, candidates satisfy the medium 7, iden-

tification requirements and have same charge.

121
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Region C: events where the two highest-pr 7, candidates satisfy the loose 7, fail the

medium 73, identification requirements and have opposite charge.

Region D: events where the two highest-p; 7, candidates satisfy the loose 7y, fail the

medium 7, identification requirements and have same charge.

In all regions the remaining analysis event selection, as described in Chapter [L0], was
also applied, with the exception of modifications in steps 5, 6 and 8 of Section
to comply with the definitions above. Region A contains the signal, and B, C and D,
referred to as the ‘control regions’ primarily contain QCD jets. Table [[3.1]illustrates the

division of events by the ABCD method.

(O} SS

medium 7,-ID | A (Signal) B
loose 7,-1D C D

Table 13.1: Definition of signal and control regions based on the charge correlation of the two
highest-pr the 13, candidates (OS and SS) and the 13, identification, medium 7, identification

and (loose but not medium) 7, identification.

Table shows the numbers of measured data events, the number of non-QCD
background events, and the number of signal events predicted from simulation (m 4 = 200
GeV, tan § = 20). The term non-QCD background refers to the combined background
from EW and top processes.

The shape of distributions from QCD background can be estimated from regions B and
C. As there are fewer events in region B, and a higher associated statistical uncertainty,
the shape is taken from region C. Variables related to the 73, identification (e.g. Rgps, log-
likelihood-ratio output score) are correlated to the 7, identification level and the shape
from region C is biased. For these variables the shape from region B is used even though

this leads to a higher statistical uncertainty. Tau identification variables are only used to
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A B C D

Data 245 131 624 480
WA= 7, 14.441.0 01401 16403 0
99 -A— 7,71, 3.3£0.3 0 0.3+0.1 0
Z/v* + jets  47.64+4.6 23408 7.14+1.7 0.94+0.6
W + jets 24.944.8 3.6x1.5 15.1+4.6 1.3+0.6
Top 2.0£0.9 0.1£0.1 0.5+£04 0
Di-boson 1.440.3 0.1£0.0 0.2+0.1 0

Table 13.2: Observed number of events in data and expected number of events from simula-
tion in the signal and the three control regions used for the QCD background estimation. The
full event selection with exception of the criteria defining the control regions (charge product,
Th tdentification) is applied. For the simulated signal my = 200 GeV and a value of tan § = 20

18 used. Statistical uncertainties are quoted.

validate the background estimation approach, and not explicitly necessary for the MSSM
Higgs search. The normalization is adjusted by the ratio of events in regions B and D.
The estimate for the expected number of QCD background events in signal region A,

NQEPestimate g then obtained by:

Ndatafnon QCD
NQCD estimate B
A

data—non QCD
- Ndata—nonQCD X NC ' (131)
D

Where N{ata—nonQED _ Ndata__ N1on QOD Ndata propresents the number of observed events in
region 7, and N;*" Qe gives the estimated number of events from non-QCD backgrounds
taken from Monte Carlo, i.e. Z/y*+jets, W+jets, top and di-boson backgrounds, in

region i (i = B, C,or D).
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The estimate of the total number of events from QCD background in the signal region

obtained from [[3.1] and the values from Table 3.2 is:

pQePestimate — 157 4 18, (13.2)

13.2 Verification of the underlying assumptions

The QCD background estimation in this method is based on three assumptions, namely:

e The contribution of signal, electroweak and top backgrounds in the three control

regions is small.

e The charge product between the two 75, candidates, and the 75, identification are

uncorrelated.

e The shape of the m,;s distribution for QCD background (constructed from the two

tau candidates) is the same in both regions A and C.

Table [[3.2] shows that only a small contribution from non-QCD background events is
present, at the level of 10%, in region B, and below 5% in all other control regions. As
detailed in Section [[3.], these backgrounds are subtracted from the observed number of
events in data.

The 7, identification is dependent on the log-likelihood-ratio output score, calculated
based on several input variables, discussed in Section [@.Il The assumption that the
variables used to define the control regions for the QCD background estimation are
uncorrelated is checked in Figures [13.1] and [[3.3 by comparing the distributions for

events where the same sign highest-py 7, candidates to the opposite sign events.
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Figure 13.1: Comparison of the log-likelihood-ratio output score for m, identification for events
where the two highest-pr hadronic tau candidates have same and opposite charge. Shown is the

observed number of events in data, non-QCD backgrounds are subtracted.
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Figure 13.2: Comparison of the number of tracks associated to the highest-pr and second-
highest-pr hadronic tau candidates for events where the two highest-pr taus candidates have
same and opposite charge. Shown is the observed number of events in data, non-QCD back-

grounds are subtracted.
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The shape of the m,;s distribution agrees in regions AB and CD, where AB (CD)

refers to a combination of regions A and B (C and D). Figure [[3.4] shows that the two

distributions agree within the statistical uncertainties.
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Figure 13.4: Comparison of the shape of the my;s distribution in regions with medium (re-

gions A and B) and loose but not medium Ty, identification (regions C and D). Shown is the

observed number of events in data with electroweak and top background subtracted.
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Validation of the Combined

Background Estimation

Distributions of the kinematic variables from events and inputs for 73, identification inputs
are shown for both Monte Carlo simulation and real data in this chapter. At this stage,
all the events used in the analysis have been selected. If the Monte Carlo models the
data well, and the QCD background is correctly predicted the distributions should show
agreement.

The following variables are considered:
e transverse momentum pp of the two highest-pr 7, candidates (Figure [4.1])
e pseudorapidity 7 of the two highest-pr 7, candidates (Figure [4.2)
e azimuthal angle ¢ of the two highest-pr 7, candidates (Figure [4.3))
e charge of the two highest-pr 7, candidates (Figure [14.4))
e number of tracks of the two highest-pr 7, candidates (Figure [4.5])
e clectromagnetic radius of the two highest-pr 7, candidates (Figure [[4.6])

e missing transverse energy EXs (Figure [[4.7)

129
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e difference in azimuthal angle of the highest and second highest-pr 7, candidate A¢

(Figure [T4.8))

In all distributions shown, the potential signal from a Higgs, with m4 = 200 GeV,

and tan § = 20 is also shown with a red dashed line.
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Figure 14.1: Transverse momentum of the highest and second highest-pr hadronic tau candi-

date.
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Overall there is a good agreement between the distributions from data and from Monte
Carlo, confirming that the background estimation methods work well. Now systematic
uncertainties are considered, after which we're ready to consider the visible mass from

the 7,75, signal.



Chapter 15

Systematic Uncertainties

The systematic uncertainties considered in this analysis are determined using Monte
Carlo. The data driven QCD background calculation is also affected by the system-
atic uncertainties on the Monte Carlo, since the non-QCD background contribution is
subtracted from the observed number of events in data in each control region. The sys-
tematic uncertainties on the QCD background are evaluated by varying the non-QCD

background per control region by their associated systematic uncertainties.

15.1 Monte Carlo cross-section predictions

15.1.1 Signal cross-section

An uncertainty on the production and decay cross section (o¢g) is assigned for both signal
and background Monte Carlo. The signal ocg uncertainty is both m4 and tan § depen-
dent. The Monte Carlo for the signal processes, bbA/H/h — 7,73, and gg — A/H/h —
ThTh, have been described in Section [[.1.1l For both production mechanisms, the cross
section uncertainty is obtained by adding together linearly the parton distribution func-
tion (PDF) and «g scale uncertainties. (PDFs are described further in Appendix [C)).

Table [15.1] gives the total uncertainty for m 4 values of 200 and 300 GeV, with tan § =20.

139
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The final cross section uncertainty does not exceed 20% for signal sample generated for

different values of my4.

Table 15.1: Production cross-section uncertainty for the signal with ma of 200 GeV and

300 GeV, with tan B = 20.

my = 200 GeV  my4 = 300 GeV

bbA +9.0%/-12.0%  +8.6%/-10.7%
g9 — A | +15.4%/-14.8% +16.1%/-15.9%

Figures [I5.1l and show uncertainties on production cross section of bbA/H /h and
g9 — A/H/h processes as a function of my for tan 3 = 20. For bbA/H/h the total
uncertainty is displayed, for gg — A/H/h the PDF and scale uncertainty are shown
independently as well as the combined uncertainty. In both cases the scale uncertainty

dominates.
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Figure 15.1: Uncertainties on production cross section of bbA/H /h process as a function m4

for tan 8 = 20
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15.1.2 7 and W Background cross-section

The Z and W backgrounds are estimated from ALPGEN generated samples. Uncer-
tainties on the production cross-section were assigned by varying generator parameters,
whilst the shapes of the distributions coming from these samples have been verified with
the embedding technique described in Chapter [I2l Table lists the varied parameters

for the ALPGEN W/Z+jet samples with the associated uncertainties.

Table 15.2: Systematic uncertainty for the Z+jets and W +jets production cross section from

varying ALPGEN generator parameters.

Sources Z+jets  Wjets

MLM matching condition (pp 20 GeV) 27.0% 26.4 %
MLM matching condition (AR 0.4 ) -15.5 % -15.7 %

Matrix element parton 12 GeV 296 % 0.14 %
Matrix element parton AR >0.4 6.11 % 0.13 %
Different scale definition (iqopt2) 1.12% 043 %
Different PDF set (MRST2001J) 594 % 5.23 %
Q? Scale (double) 0.36 % 0.33 %
Q? Scale (half) 045 % 0.78 %
kt factor (double) 037 % 044 %
kt factor (half) 0.37%  0.31 %

The dominant uncertainties come from MLM [86] matching conditions. ALPGEN
generates a hard scattering process with an output that includes quarks and gluons. The
showering of the partons is simulated in a different stage of Monte Carlo production,
a more detailed description of which is given in Appendix Bl If we wish to consider

additional jets in the ALPGEN samples, these are included as partons radiated from
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the hard scatter. This approach introduces the risk of adding a theoretically equivalent
parton to one already generated in the hard scatter. Such double counting is avoided
using MLM matching. This approach rejects generated events where the additional
parton is contained in a region of phase space that is already treated by the hard scatter.
In ATLAS this phase space is defined by jet pr and the distance between two jets. By
default the additional jets in ALPGEN have pr > 15 GeV, and must be separated from
the hard scatter products by AR < 0.7. Changing these conditions introduces the largest
uncertainties on the ALPGEN generated Z and W samples.

The cross-section uncertainties on other Monte Carlo backgrounds were assigned by
varying the PDF set. Since the event yield from the other background were small, any

uncertainty on the cross-section leads to a small effect over all.

15.2 75, identification efficiency

The measured 75, identification efficiency is consistent with the efficiency predicted by
Monte Carlo. The systematic uncertainties for 7, identification efficiency have been
evaluated following the recommendations from Reference [79] and the uncertainties sum-
marized in Table 0.4l For reconstructed 7, decays matched to a generator tau within
AR < 0.4 we apply a scale factor to the over all event. The scale factor is 14 0.085 for
7, candidates passing medium identification requirements. The difference of the event
yield based on this fluctuated event weight and the nominal event yield is used as a

systematic uncertainty. Results are shown in Table [15.3]

15.3 Trigger efficiencies for 7, decays

For the 7, trigger selection efficiency, scale factors were derived for each 7, trigger with
a Z — 77 tag-and-probe method. These scale factors were applied to 75, candidates that

cause the EF _tau29_medium1 or EF_tau20_mediuml trigger accept and are matched to
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a hadronic 7 decay at generator level within AR < 0.2. The systematic uncertainty
is evaluated by varying the multiplicative scale factors according to their uncertainties
documented in Table I1.2l The difference of the event yield based on this adapted event
weight and the nominal event yield is used as a systematic uncertainty. Results are shown

in Table 5.3

15.4 Trigger fake rates of 7, candidates

Mis-identified jets reconstructed as taus that trigger events are treated with fake rate scale
factors, derived from W — puv,+ jet events. A scale factor is applied to events where
an object that fires the EF tau29_medium1 or EF_tau20_mediuml trigger is identified as
a medium 7, candidate, and is not matched to a hadronic tau decay at generator level
within AR < 0.2. A systematic uncertainty on the event yield is estimated by varying

the scale factor due to the uncertainties documented in Table [IT.4l Results are shown in

Table 153l
bb A= 17, gg—A— 1, W+ jets Z/y* 4+ jets  Top  Di-boson QCD
Trigger efficiency +13% +14% +6.6% +13% +12% 3% £9%%
7, id. eff +15% +15% +11% +15% +13% 5% 1%
Jet — 7, fake rate 0% 0% +20% +0.9% +19%  +£04%  +1.2%

Table 15.3: Systematic uncertainties from the variation of trigger, T, identification efficiency

and the combined trigger and jet — T3, fake rate.

15.5 Tau energy scale

The pr of the tau candidates is scaled according to the uncertainties obtained in an inde-

pendent study, with the results documented in Reference [79]. The scaling is dependent
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on:

e Number of tracks associated to 7,

e pr of the 7, candidate

e 1 of the 7, candidate

The uncertainties vary between 3.5% and 5%, and are given in Table [[5.4] for relevant

single and multi-prong taus.

pr 0. <[pl <13 13 <fnl <16 1.6<|n <25
single-prong: > 30 GeV 3.5% 5% 4.5%
multi-prong: 30 - 40 GeV 5.5% 5.5% 5.5%
multi-prong: > 40 GeV 4.5% 5% 5%

Table 15.4: Single and multi-prong T, energy scale systematics.

15.6 E}s uncertainties

Acceptance of an event in this analysis depends on EM®* which is constructed from
topological clusters. To address uncertainties in the E}** procedures that have been
implemented in previous analyses and documented in [62,163,64] were used. The system-
atic uncertainties from topological cluster energy, discussed below, will also effect the tau

energy scale, and these effects have been taken into account in the values in Table [15.4

15.6.1 Topological cluster energy scale

Uncertainty on the topological cluster energy scale have been derived using energy /momentum

(E/p) studies from single charged hadrons [33, 180, 81, 182]. An E/p study considers the

reconstructed momentum from the track, and the deviation in the reconstructed energy
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of associated topological clusters. This deviation is at maximum 10% for a pr of 500
MeV, and approximately 3% at higher pr values. Clusters within || < 3.2, where 7,
objects are expected from W/Z and Higgs decays, are scaled according to the following

empirically derived factor:

I S (15.1)
a .
pr GeV

Here, equation [I5.0] a indicates the jet energy scale deviation at high momentum,
and b is fixed at 2.2 to give a 10% scale factor at 500 MeV. The empirical functions, with

a = 3%, are shown in Figure [5.3
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Figure 15.3: Functions used to scale topological cluster energy.

In the forward region of the detector, |n| > 3.2, the energy scale uncertainty is esti-
mated by data to correspond to a = 10% [80]. Topological clusters in the forward region
are scaled by this amount. However, the effect on event acceptance is small since most
selected events do not have large transverse energy in this region. The results on the
accepted number of events are summarized in Table for signal (m4 =200 GeV and

tan § =20), W+ jets, Z/v*+ jets, top, di-boson and QCD background contributions.

15.6.2 EZ7'** resolution

The E}i% resolution has been measured as 0.49y/) Ep in minimum bias events [83].

This resolution is degraded in the presence of high pr jets [81]. To understand the effect
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bb A= 1,1, gg—A— T, W 4 jets  Z/y* +jets Top Di-boson QCD

In| < 3.2

a b

0.03 2.2 11% 6% 34% 63% 12% 26% -1.2%
-0.03 2.2 -10% -6% -21% -23% 13%  -12% 1.5%
In| = 3.2

a

0.10 0.0% 0.0% 0.0% 0.0% 0.0%  0.0% 0.0%
-0.10 -0.7% -0.1% -1.4% -0.3% 0.0%  2.5% 0.1%

Table 15.5: Relative variation of acceptances due to systematic uncertainty of the topological

cluster energy scale for signal, electroweak and top backgrounds.

of the B33 resolution on the acceptance of this analysis a gaussian smearing was applied
on the z and y components of the E**. The smearing parameters were chosen to allow
the factor a in a\/ﬁ to cover the uncertainty produced by high pr jets in an event.
Table reftab:Sys:ERes shows the acceptance uncertainty for a of 0.5 and 0.55. The larger

uncertainty, from o = 0.5 was used.

bb A— 11, gg—A— T, W +jets  Z/y* 4+ jets Top Di-boson QCD

o [GeVl/?]
0.50 -0.7% 0.9% -3.3% -2.5% 0.0%  22%  -1.3%
0.55 -0.2% 0.0% 0.0% 0.0% 0.0%  0.0%  0.0%

Table 15.6: Effect on event acceptance by varying E%/”SS resolution.

15.7 Electron and Muon associated uncertainties

Any mis-measurement of the electron (muon) reconstruction, identification, or energy
calculation will influence the analysis event selection at the electron (muon) veto. Since

the contribution of events from all Z — ee, W — ev, Z — pp and W — pv is small, as
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shown in Table [I0.1l we expect this effect to be small also.

15.7.1 Reconstruction and Identification efficiencies

Other electron and muon based studies have derived scale factors applicable to Monte
Carlo [61], to reproduce what is seen in data. For electrons two independent scale factors
are provided for reconstruction and identification. Each of these depends on the electron
pr and n. With muons, a combined reconstruction and identification scale factor binned
in muon pr and 7 is given. To understand the effect these scale factors have on an event
veto in the presence of an electron or muon, we consider events with one or no electrons
(muons) separately. Here a reconstructed electron or muon refers to the criteria used in
Chapter [0l For each event with one reconstructed electron (muon), we weight the event

under the assumption that this is fake electron (muon):

_ 1 — Scale factor(pr,n)  one electron (muon) was reconstructed
Event weight =
1 no electron (muon) was reconstructed
(15.2)

The Scale factor used in equation refers to either the product of the electron
identification and reconstruction factors, or the combined muon factor, all of which are
less than 3% for all bins. In the case of Monte Carlo with one generated electron (muon),
the effect of an electron (muon) veto is well reproduced in reconstruction. The cut
efficiency is correctly described using this event weight procedure. However, with two
truth generated electrons (muons), the scale factor dependent event weight does not
model the electron (muon) veto well. This is primarily because this veto is very effective
against backgrounds with more than one true electron (muon). These are completely
suppressed, within the statistical limitations of the available simulated data. Therefore,
the systematic effect on such backgrounds is assumed negligible. For events with one

reconstructed electron or muon, a systematic uncertainty is assigned by the difference
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in event acceptance with and without the event weight given in equation 0521 Any
uncertainty on the scale factors themselves are ignored. Table [5.7 summarizes the

result for the electron and muon identification uncertainty.

bb A= 1471, gg—A— 1, W +jets Z/y* 4+ jets  Top  Di-boson QCD
Electron rec. eff. +0.1% +0.1% +0.7% +0.4% +0.3% +£0.7%  +0.2%
Electron id. eff. +0.1% +0.1% +0.3% +0.3% +0.1% +08%  +0.1%
Muon eff. +0.1% +0.1% +0.3% +0.4% +0.0% +08% +0.1%

Table 15.7: Effect on analysis acceptance by the systematic uncertainties from electron and

muon reconstruction and identification.

15.7.2 Energy scale

There are also scaling and smearing factors for the energy or momenta of electrons
or muons provided from other analyses. These factors allow the Monte Carlo electron
Er distribution and muon pr distribution to match the distributions from data. No
acceptance changes were seen by the application of these scale/smearing factors, and any

systematic uncertainty here is neglected.

15.8 Luminosity in data

The uncertainty on the integrated luminosity recorded by ATLAS is 3.7% [65].

15.9 Summary of Systematic Uncertainties

All individual systematic uncertainties considered are shown in Table [[5.8 The relative
uncertainty is given for individual sources, and a combined absolute uncertainty on the

number selected events is given in the final row.
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A large uncertainty in the Z and W acceptance comes from the hadronic 7 energy
scale. This occurs because of the shape of the tau Er distribution coming from these
sources. The generator level pr forms a landau distribution, peaked at approximately
30 GeV, with most statistics falling within the 15 to 60 GeV range. Any systematic
uncertainty on the Erp scale shifts this entire distribution to the right or left. Since this
analysis cuts on 7 pr at 45 and 30 GeV, where a large number of events from Zs and

W are expected, any shift in the pr spectrum greatly effects the acceptance.



bb A= 7,1, gg—A— T, W +jets  Z/v* + jets Top Di-boson QCD

Central values [events] 17.9 5.2 25 48 2.0 1.4 157
Statistical unc. [events] + 1.2 +0.3 +5 +5 +0.9 +0.3 + 18
+7 F0.4

oos +9% +9% +20% +14% +9% +7% 1.4%
Luminosity +3.7% +3.7% +3.7% +3.7% + 3. 7% +3.7% F0.3%
Trigger efficiency +13% +13% +6.6% +13% +12% +13% F0.5%
T, id. eff. +15% +15% +7.4% +15% +13% +15% F0.7%
Jet 7, misid. 0 0 +20% +0.9% +4.8% +0.4% F1.2%
Energy scale +10% 6% 134%/-21%  +63%/-23%  +£12%  +26%/-12%  F1%
Muon and elec. rec./id. +0.2% +0.2% +0.8% +0.6% +0.3% +1.3% F0.2%
Total syst. unc. [events] +5 +1.4 +10 +33/—16 +0.5 +0.4 F4

Table 15.8: All systematic uncertainties for the electroweak, top, and di-boson backgrounds, the signal based simulation, as well as the
data-driven estimation of QCD background. Statistical uncertainty is given for the Monte Carlo samples, and is propagated to the QCD
background. Individual systematic uncertainties are quoted as relative values, and the combined uncertainty is given as an absolute value.

Uncertainties with similar lower and upper variations are quoted symmetrically.
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Chapter 16

Results

The visible mass from the two hadronic taus in selected events is shown in Figure [16.1]
along with the signal expected from a Higgs with m4 = 200 GeV and tan 5 = 20. No
excess of events above the expectation is observed, and we set exclusion limits for the

production of neutral MSSM Higgs bosons as function of the parameters m4 and tan (.

The expected number of events for signal (s) and background (b), and the observed
number of events (N) for each bin in the visible mass distribution are combined in a
likelihood function, £(u,6). The p term is a signal strength parameter that multiplies
the expected signal in each bin. The value ¢ = 0 corresponds to the background only
hypothesis, and g = 1 is the nominal signal plus background hypothesis [85]. If we take
1 > 1, we are enhancing the theoretical predications for the neutral MSSM Higgs bosons
cross-sections. Signal and background predictions depend on systematic uncertainties
that are parameterised by nuisance parameters 6, which in turn are constrained using

Gaussian functions. The likelihood is then defined as:

L(p,0) = H Poisson(N;|us; + bj) H Gaussian(6]0, 1), (16.1)
j 0

J

where j labels each bin in the visible mass distribution. A ratio of likelihoods is used to
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Figure 16.1: Visible mass of the two leading 7, candidates for backgrounds, signal and data.

Also shown is a ma = 200 GeV Higgs Boson in the m*** scenario with tan 8 = 20.
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construct a test statistic given by:

L(0,6(0))
o= {_omielw) <<y, (16.2)
L(,0)
0 >

\

~
~ ~
—

Here, g represents the nuisance parameters, [, 5, and 6(u) are the Maximum Likelihood
Estimators (MLE) of p, g, and the nuisance parameters evaluated at i, respectively. From

the test statistic, the p-value for signal plus background, using some , is calculated from:

o0

Ps+b = f((ju|:ua e(lu)) dQM (163)

[i,u,obs

1833

The p-value for the background only hypothesis is given by:

‘iu:O,obs 2
Py — / F(@ueolie = 0.6(0)) da, (16.4)

—0o0

A point in the (tan 3, m4) phase space is excluded if the signal hypothesis is rejected
at the 95% Confidence Level, using the CLg method. The CLg method protects against
excluding models when there is little or no sensitivity, by considering the p-value for both
the background plus signal and background only hypotheses. A signal model is regarded
as excluded if:

Lottt 0,95 (16.5)

The exclusion, set using p = 1, for the m}'** scenario, in the m 4 and tan 5 phase space
is shown in Figure[I[6.2l The expected and observed 95% confidence-level limits are shown
as solid and dashed black lines, respectively. The green and yellow bands correspond to
the 1o and 20 error bands. The obtained limit excludes regions of parameters space
beyond the existing limits from previous experiments at the Tevatron [1].

Additionally, it is possible to set a production cross-section limit on a model inde-

pendent Higgs, denoted ¢, that can decay to two taus. Figure [16.3] shows this limit for
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Figure 16.2: Limit in ma and tan B phase space for MSSM Higgs derived in this analysis.

The grey shaded area shows the limit from LEP.
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b quark association (blue line) and gluon fusion (black line) separately. Expected limit

and observed limit are shown as solid and dash lines respectively, the area above the lines

is excluded. For comparison, the cross-section for a Standard Model Higgs decaying to

two taus is shown in magenta.
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Figure 16.3: Limit for cross-section of a generic Higgs boson, denoted ¢, decaying to two

hadronic taus as derived in this analysis.
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Conclusions

The MSSM addresses some of the major theoretical concerns associated with the SM. The
Higgs sector contains five physical Higgs bosons, which have different particle couplings
than a SM Higgs. The tau decay channel is one of the most promising in the search for
an MSSM Higgs, and since taus decay hadronically in the majority of cases, the search

for A/H/h — 7,73, is valuable.

This thesis has presented the first such search at the LHC, using proton-proton col-
lisions with a center-of-mass energy of y/s = 7 TeV, recorded with the ATLAS detector.
With 1.056 fb~! of collected data 245 selected events were observed, consistent with the
expected background of 256 + 26 events. As no excess of events was seen, exclusion
limits for MSSM Higgs production were derived as a function of m4 and tan g in the

max

mj'** scenario.

The ATLAS detector continues to take data, and at the time of writing the LHC
center-of-mass energy has increased to /s = 8 TeV. Recent discovery of a new boson at
125-126 GeV has stirred excitement, and the increased data will help gain a complete
understanding of the particle, including coupling to taus. We have seen from this anal-

ysis that tau final states become difficult to probe at low resonant masses because of a

dominant irreducible Z — 77 background. Studies to better understand taus in the pp
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range produced from Z decays are in progress, and necessary for a full understanding
of the newly discovered boson. Such studies and additional data will also extend our
exploration of the MSSM phase space, and in time we will see if the theory can survive

the observed reality.



Appendices

160



Appendix A

Run numbers and data periods

A subset of 2011 data with all ATLAS sub-detectors functioning well are used. There

are 84 run numbers:

178044, 178047, 178109, 179725, 179739, 179771, 179804, 179938, 179939, 179940,
180122, 180124, 180139, 180144, 180149, 180153, 180164, 180212, 180225, 180241, 180242,
180309, 180400, 180448, 180481, 180614, 180636, 180664, 180710, 180776, 182013, 182161,
182284, 182346, 182372, 182424, 182449, 182450, 182454, 182455, 182456, 182486, 182516,
182726, 182747, 182766, 182787, 182796, 182879, 182886, 182997, 183003, 183021, 183038,
183045, 183054, 183078, 183079, 183081, 183127, 183129, 183130, 183216, 183272, 183286,
183347, 183391, 183407, 183412, 183426, 183462, 183544, 183580, 183581, 183602, 183780,
183963, 184022, 184066, 184072, 184074, 184088, 184130, 184169.

Each run consists of 50 ns bunch trains. Runs are combined in data taking periods
with common parameters such as beam intensity and trigger menus. Generally, the later
data periods have higher beam intensity and the triggers are altered to constrain event
write out. In particular, trigger performance is evaluated separately between Periods B,

- E and F - H because of 7, Level 1 trigger changes to accommodate rising instantaneous
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luminosity.

The data periods referenced in this analysis are listed in table [Al

Data Period

Included runs

Total number of runs

B,

= Q2 = = -

178044 - 178109
179710 - 180481
180614 - 180776
182013 - 182519
182726 - 183462
183544 - 184169

3
23
5
17
28
13

Table A.1: ATLAS data periods and runs used in this analysis.

During data period E 6 front end boards on the A-side of the LAr Barrel calorimeter

lost operational function. The localized region of lost output is referred to as the LAr

hole, and is treated in this analysis (see Chapter [[0). Tau identification performance in

data has been analyzed using data between periods By to G as detailed in Section. [0.3]
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Monte Carlo Generators

The main MC generators used in this analysis are PYTHIA [66], HERWIG [70], and
SHERPA [68]. Each of these is a general purpose generator capable of simulating all
components in an event. All three use leading order calculations, which at times is of
limited accuracy for effective comparison with data. Additional specialized generators
can be interfaced with the general purpose generators to replace or improve a part of
the simulation chain. In this analysis, these additional generators are: gg2WW [73],
ALPGEN [69], and MC@QNLO [67]. The next-to-leading order calculations for the loop
induced gluon-fusion process gg — W*W™* — leptons are available in gg2WW. While
this is greatly beneficially in H — WW searches, the effect is negligible for this analysis
as the improvement is applied to a very small diboson background. MC@QNLO includes
a full NLO treatment for certain events with up to one extra parton, this generator is
used whenever the hard interaction is available. The ALPGEN generator is a collection
of LO generators for a variety of processes with up to six associated jets. This is used
for W and Z+ jets events, in order to better model the influence of additional jets,
which are abundant in the QCD dominated background at the LHC . For these events
separate samples of W/Z+ 0, 1, 2, 3, 4, 5 partons are generated, which are summed

together to get a complete W/Z+ jets set of events. Each of these subprocesses includes
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additional jets as hard radiation that are processed in the parton showering phase of
the generation. Parton showering and hadronization is simulated with HERWIG [70] for
MC@QNLO, ALPGEN and gg2WW, and by PYTHIA itself for the PYTHIA generator.

In parton showering the radiation from incoming and outgoing coloured objects is
approximated by DGLAP splitting functions [87] together with Sudakov form factors. [71]
for both PYTHIA and HERWIG. Splitting functions allow one quark or gluon to split into
two coloured partons, depending on the number of avours and the momentum fractions
carried away by the two outgoing functions. Only three splitting functions exist for QCD
at leading order, these account for ¢ — qg, ¢ — gg and ¢ — ¢qq. The Sudakov form
factors give the probability of evolving from an initial time ¢y to a later time ¢ without
branching [71]. Both initial and final state radiation are part of the parton showering
step.

A double counting complication arises in some regions of phase space, as emissions
are accounted for using both matrix elements and parton showering. ALPGEN, the
generator where this is most relevant as we consider it for all W/Z+ jets processes, using
a scheme called MLM matching [86] to overcome the problem. It uses a veto on events
that contain emissions from parton showers in the region already covered by the matrix
elements. In ATLAS the phase space for MLM matching is defined by jet transverse

energy and the radial distance between two jets (AR).

B.0.1 QCD interlude

The theory and modelling of the electroweak processes is fairly well understood. QCD
on the other hand is more complicated when generating events. In theory, QCD explains
the interaction between quarks and gluons through three colour charges. The strength of
the interaction is described by a running coupling that depends on the four momentum

transfer, Q?. The coupling decreases logarithmically, with a proportionality that depends
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on @? and the QCD energy scale, Agep, as given by Equation [B.1}

1
In(Q?*/Agep)

This is referred to as asymptotic freedom. The QCD energy scale is not defined, but

as(Q?) o (B.1)

determined experimentally to be ~200 MeV. A consequence of asymptotic freedom is
that interactions between quarks and gluons becomes weak at high energy. In the region
where Q? >> Agcp, it is possible to apply perturbative techniques to the theory. In
this energy range the quarks and gluons can be thought of as free. Experimentally,
however, isolated quarks have not been observed. We have only seen the results of QCD
interactions in the production of familiar mesons and baryons. This is due to a concept
called colour confinement, which is why we only observe colourless particles. The process
through which ‘free’ quarks and gluons produce a jet of colourless particles is not well
understood. The mechanism is modelled through hadronization and fragmentation.

Hadronization describes the formation of colourless hadrons. PYTHIA uses a string
fragmentation model, and HERWIG uses a cluster fragmentation model. In string frag-
mentation the colour eld is represented as a string between a quark-antiquark pair. As
partons move apart, the string breaks creating new ¢qg pairs. Hadrons are formed from
all the available quarks at a preset low enough energy. In cluster fragmentation glu-
ons remaining after parton showering are split into quark antiquark pairs. All available
quarks and antiquarks are combined into massive clusters of colour singlets (ie: colourless
particles), that are allowed to decay into two hadrons [70]. After all final hadrons have
been formed, the unstable ones are decayed into stable particles. The decay branching
ratios are taken from experimental data as much as possible.

The underlying events are simulated using JIMMY [72] for HERWIG, and PYTHIA
uses its own internal mechanism. Both models use the idea that other than hard inter-
actions, the 2—2 QCD process dominates, because it is the lowest order in ag. ATLAS

specific details for the data period used in this thesis can be found in reference |21].
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TAUOLA [77] and PHOTOS [78] are used to model the tau lepton decay and ad-
ditional photon radiation from charged leptons in the leading-log approximation for all

generators except for SHERPA.



Appendix C

Parton Distribution Functions

A parton distribution function (PDF) is the probability density for finding a parton
with longitudinal momentum fraction x at momentum transfer Q2. As QCD is non-
perturbative for partons bound in a proton, PDFs cannot be obtained through pertur-
bative calculations. The known PDFs are instead obtained empirically by fits to data.

Figure [Cdlshows the PDFs from MRST2008 [8g], for Q% = 10 GeV? and Q? = 10* GeV2.

MSTW 2008 NLO PDFs (68% C.L.)
~1.2 ™

xf(x,Q?

0.8
0.6~
0.4

0.2

G- vl vl [ ERITT

10* 10° 10?2 10" 1

Figure C.1: MSTW 2008 NLO PDFs at Q> =10 GeV? and Q* = 10* GeV?2.
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In proton-proton collisions at the LHC, the computation of cross-sections require the
initial energies of the colliding partons. As these are inferred from emperical data, there

is an associated uncertainty that must be considered.



Appendix D

Signal cross-sections predicted from

Monte Carlo

This appendix lists all mass points generated for the signal (CP odd A° Higgs boson).
b-associated production samples were generated with SHERPA. Gluon fusion samples

were generated with MC@NLQO. All samples are generated for tan g = 20.
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Table D.1: b-associated production signal MC samples and cross section including branching

ratios. BR is a branching ratio of A/H — 717 — 73,7, which is BR(A/H — 77)xBR?(T —

T )(=0.648).

Process ma TA/HX
(GeV) BR(A/H — 77 — m13) (fb)
for tan § = 20 with 5FS

bbA, A — 77 — m1, 100 20546.2/34.8
A, A — 11 — T, 110 15229.5/92.1
A, A — 1 — T, 120 11489.2/370.8
WA, A— 77 — 7 130 8801.9/3738.0
WA, A — 77 — T 140 6834.9/6327.8
bbA, A — 1 — T, 150 5371.6/5239.4
bbA, A — 117 — T, 170 3422.9/3393.9
bbA, A — 77 — T, 200 1846.5/1847.0
bbA, A — 1 — T, 250 747.8/755.5
bbA, A — 71 — 1, 300 335.4/344.2
bbA, A — 77 — T, 350 155.7/166.9
bbA, A — 1 — T, 400 80.8/86.3
bbA, A — 71 — T, 450 44.1/44.9
bbA, A — 171 — T, 500 25.1/24.7

bbA, A — 1 — 1,7, 600 8.7/8.7
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Table D.2: gluon fusion produced signal MC samples and cross section including branching

ratios. BR is a branching ratio of A/H — 71 — 73,73, which is BR(A/H — 77 )x BR? (T —

)(=0.648).

Process ma TA/HX

(GeV) BR(A/H — 771) (fb)

for tan g = 20
99 > AJA— 717 =171 110 11560.5/849.0
g9 = AJA—=T17 => 11 120 7486.9/1102.7
99 = AJA—> 717 = 71 130 4990.6/2977.3
99—~ AJA—= 1T = 11 140 3410.6/3314.7
g9 = AJA— 711 = 1 150 2382.0/2340.8
99 = A A = 1T — T 170 1227.8/1211.6
99 > AJA— 11— 11 200 504.5/506.3
99 = AA—= 717 = 11 250 141.0/147.3
99 = A, A =717 = 7, 300 46.3/51.7

99 > AJA— 11— 11 350 16.8/20.4




Appendix E

Electroweak and top Monte Carlo

This appendix lists all the generated background samples used in this analysis. The pro-
duction of W and Z bosons in association with jets via strong interactions was simulated
with the ALPGEN [69] generator, which employs the MLM matching scheme [86] between
the hard process, calculated with leading-order matrix elements for up to 5 jets, and the
parton shower. The ¢, single-top (¢/s-channels, Wt) and di-boson (WW, W Z, ZZ) pro-
cesses were generated using MC@QNLO [67]. For all the event samples described above
the parton shower and hadronisation were simulated with HERWIG [70] and the activity
of the underlying event with JIMMY [72]. The loop-induced gg — WW processes were

generated using gg2WW [73]. QCD jet events were generated using PYTHIA [66].
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Table E.1: W +jets background samples and cross-sections

Process oxBR (pb) k-factor Generator
W — ev + NpO 6913.3 1.20 ALPGEN
W — ev + Npl 1293.0 1.20 ALPGEN
W — ev + Np2 377.1 1.20 ALPGEN
W — ev + Np3 100.9 1.20 ALPGEN
W — ev + Np4 25.3 1.20 ALPGEN
W — ev + Npb 6.9 1.20 ALPGEN
W — pv + Np0 6935.4 1.20  ALPGEN
W — uv 4+ Npl 1281.2 1.20 ALPGEN
W — pv 4 Np2 375.3 1.20 ALPGEN
W — pv + Np3 101.1 1.20 ALPGEN
W — pv 4+ Np4 25.7 1.20 ALPGEN
W — v + Np5 7.0 120  ALPGEN
W — 7v + NpO 6835.8 1.20 ALPGEN
W — 7v + Npl 1276.8 1.20 ALPGEN
W — v 4+ Np2 376.6 1.20  ALPGEN
W — tv + Np3 100.8 1.20 ALPGEN
W — 7v + Npd 25.7 1.20  ALPGEN

W — 7v + Npb 7.0 1.20 ALPGEN
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Table E.2: Z/v* background samples and cross-sections (40 GeV< mg <2 TeV)

Process oxBR (pb) k-factor Generator
Z — ee (40 GeV< my <2 TeV) + Np0 661.9 1.26  ALPGEN
Z — ee (40 GeV< my <2 TeV) + Npl 133.3 1.26 ALPGEN
Z — ee (40 GeV< my <2 TeV) 4+ Np2 40.3 1.26 ALPGEN
Z — ee (40 GeV< my <2 TeV) 4+ Np3 11.2 1.26  ALPGEN
Z — ee (40 GeV< my <2 TeV) + Np4d 2.7 1.26  ALPGEN
Z = ee (40 GeV< my <2 TeV) + Np5 0.8 1.26  ALPGEN
Z — pp (40 GeV< my <2 TeV) + Np0 657.7 1.26  ALPGEN
Z — pp (40 GeV< my <2 TeV) 4+ Npl 132.8 1.26  ALPGEN
Z — pp (40 GeV< my <2 TeV) + Np2 39.6 1.26  ALPGEN
Z — pp (40 GeV< my <2 TeV) + Np3 11.1 1.26  ALPGEN
Z — pp (40 GeV< my <2 TeV) + Np4 2.8 1.26  ALPGEN
Z — pp (40 GeV< myy <2 TeV) + Npb 0.8 1.26  ALPGEN

Z — 7 (40 GeV< my <2 TeV) + Np0  657.4 126  ALPGEN
Z — 17 (40 GeV< my <2 TeV) 4+ Npl 133.0 1.26 ALPGEN
Z — 7 (40 GeV< my <2 TeV) + Np2 40.4 1.26  ALPGEN
Z — 171 (40 GeV< my <2 TeV) + Np3 11.0 1.26  ALPGEN
Z — 7171 (40 GeV< my <2 TeV) + Np4 2.9 1.26  ALPGEN
( )

Z — 171 (40 GeV< my <2 TeV) 4+ Npb 0.7 1.26 ALPGEN
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Table E.3: Z/~* background samples and cross-sections (10 GeV< myy <40 GeV)

Process oxBR (pb) k-factor Generator
Z — ee (10 GeV< my <40 GeV) + Np0 3051.62 1.22  ALPGEN
Z — ee (10 GeV< my <40 GeV) + Npl 87.87 1.22  ALPGEN
Z — ee (10 GeV< my <40 GeV) + Np2 41.10 1.22  ALPGEN
Z — ee (10 GeV< my <40 GeV) + Np3 8.46 1.22  ALPGEN
Z — ee (10 GeV< my <40 GeV) + Np4 1.84 1.22  ALPGEN
Z — ee (10 GeV< my <40 GeV) + Npb 0.46 1.22  ALPGEN

Z = up (10 GeV< mye <40 GeV) + Np0  3051.62 122 ALPCGEN
Z — pp (10 GeV< my, <40 GeV) + Npl 87.87 1.22  ALPGEN
Z — pp (10 GeV< my <40 GeV) + Np2 40.95 1.22  ALPGEN
Z — pp (10 GeV< my <40 GeV) + Np3 8.41 1.22 ALPGEN
Z — pp (10 GeV< my, <40 GeV) + Np4 1.85 1.22 ALPGEN
Z — pp (10 GeV< my, <40 GeV) + Npb 0.46 1.22  ALPGEN

Z — 17 (10 GeV< my <40 GeV) + Npl 86.48 1.22 ALPGEN
Z — 17 (10 GeV< my <40 GeV) + Np2 41.53 1.22 ALPGEN

(
(
(
(
(
(
Z — 17 (10 GeV< my, <40 GeV) + Np0 3054.68 1.22 ALPGEN
(
(
(
Z — 71 (10 GeV< my <40 GeV) + Np4d 1.84 1.22 ALPGEN
(

)
)
)
Z — 77 (10 GeV< my <40 GeV) + Np3 8.37 122 ALPGEN
)
)

Z — 17 (10 GeV< my <40 GeV) + Npb 0.46 1.22 ALPGEN
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Table E.4: tt and single top background samples and cross-sections

Process oxBR (pb) k-factor Generator
tt (no fully hadronic decays) 164.570 1 MC@NLO
tt (fully hadronic decays) 164.570 1 MC@NLO
single top : t-channel W — ev 6.342 1 MC@QNLO
single top : t-channel W — uv 6.342 1 MCQ@NLO
single top : t-channel W — 7v 6.342 1 MCQ@NLO
single top : s-channel W — ev 0.4252 1 MCQ@NLO
single top : s-channel W — uv 0.4252 1 MCQ@NLO
single top : s-channel W — v 0.4252 1 MCQ@NLO

single top : Wt-channel 13.102 1 MC@NLO
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Table E.5: WW background samples and cross-sections

Process oxBR (pb) k-factor Generator
qf = WTW~ = efve v 0.52371 1 MC@NLO
qf = WTW~ = etvu v 0.52371 1 MCQ@NLO
qf = WTW~ = etvr v 0.52371 1 MC@NLO
qf = WTW~ = utvu v 0.52371 1 MCQ@QNLO
qf = WTW~ = ptve v 0.52371 1 MCQ@QNLO
qf = WTW~ = ptvr v 0.52371 1 MC@NLO
qf - WW~ = 7tvr v 0.52371 1 MCQNLO
qf - WTW~ = 7ve v 0.52371 1 MCQNLO
qf > WTW~ = 7rvu v 0.52371 1 MC@QNLO
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Table E.6: WZ and ZZ background samples and cross-sections

Process oxBR (pb) k-factor Generator

W*Z — lvqq 1.736 1 MC@NLO
W7 — il 0.167 1 MC@NLO
W+Z — qqtl 0.522 1 MC@NLO
W7 — rvil 0.083 1 MC@NLO
W7 — bvrr 0.083 1 MC@NLO
W7 — rvrr 0.042 1 MC@NLO
W7 — qqrr 0.261 1 MC@NLO
W=7 — lvqq 0.977 1 MC@NLO
W=7 — vl 0.094 1 MC@NLO
W~Z — qqll 0.294 1 MCQNLO
W=7 — vl 0.047 1 MC@NLO
W=Z — lvrr 0.047 1 MC@NLO
W=Z — tvrt 0.023 1 MC@NLO
W-Z — qqrr 0.147 1 MCQNLO
47 — llqq 0.5299 1 MC@NLO
Z7 — el 0.0255 1 MC@NLO
27 — Uy 0.1517 1 MC@NLO
27 — Tt 0.0255 1 MC@NLO
47 — TTTT 0.0064 1 MC@NLO
47 — TTVY 0.0758 1 MC@NLO

27 — 17qq 0.2649 1 MC@NLO
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