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1. Introduction

Sacrifice these crutches to the crackling flames
Stand as silhouettes against the dawn
It’s far too late to try to sleep now
Seems I'm never tired any more
New Model Army
Ballad of Bodmin Pill

In 2012 the Standard Model (SM) [1-4] of particle physics was com-
pleted when the last piece of the puzzle, the Higgs boson, was discov-
ered by the ATLAS and CMS experiments at the Large Hadron Collider
(LHC) [5, 6]. The couplings of the Higgs boson to vector bosons and to
photons via loops of top quarks were measured as part of the discovery,
but more work was required to measure the coupling to fermions. This
coupling is arguably best measured in decays to pairs of 7-leptons, be-
cause they have a large mass and can be identified relatively well in the
detector.

Despite the remarkable predictive power of the SM, it fails to be a com-
plete theory of nature. It predicts that the neutral leptons, the neutrinos,
are massless, which is known to be false from measurements of neutrino
oscillations. It also fails to present a good candidate for dark matter, and
it does not include a description of gravity or an explanation for dark
energy. Supersymmetry is a theory that attempts to recover many of the
shortcomings of the SM by effectively doubling the particle content. The
minimal supersymmetric theory predicts that the number of Higgs bosons
are five, rather than just one, and that two of them are charged. This
expanded Higgs sector can also be realized as an extension to the SM
without supersymmetry, giving rise to a set of models called Two-Higgs
Doublet Models (2HDM). Also when considering the fermionic couplings
in this class of models, signatures with 7-leptons in the final state are
favourable.

This thesis has a focus on the reconstruction of and triggering by
7-leptons that decay into hadrons, and their use in measurements and
searches in ATLAS. It describes a measurement of the SM Higgs boson
coupling to fermions through decays to two 7-leptons, and a search for
the charged Higgs boson predicted by 2HDM in decays to a 7-lepton and
a neutrino. The analyses are performed using data from proton—proton
collisions at 7 TeV collected by the ATLAS experiment in 2011, at 8 TeV
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collected in 2012, and at 13 TeV collected in 2015-2016. The feasibility of
using computing resources in the cloud as a tool to perform these analyses
is also discussed.

A review of the SM, the motivation to look for theories beyond the
SM, as well as an introduction to supersymmetry and 2HDM are given
in Chapter 2. Chapter 3 describes CERN, the LHC, and the associated
experiments, while Chapter 4 gives a more detailed description of the
ATLAS detector. Reconstruction and identification of, as well as trigger-
ing by, hadronically decaying 7-leptons are treated in Chapter 5, where a
measurement of the performance of the 7 trigger is also presented. Chap-
ter 6 reviews the analysis techniques used in the ATLAS experiment,
and continues with presenting the measurement of the SM Higgs boson
coupling to fermions, and the search for charged Higgs bosons. A sum-
mary of the papers included in this thesis is given in Chapter 7, detailing
the author’s contributions. The thesis is concluded in Chapter 8 and a
summary in Swedish can be found in Chapter 9.
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2. Theoretical background

— Three quarks for Muster Mark!

Sure he hasn’t got much of a bark

And sure any he has it’s all beside the mark.

But O, Wreneagle Almighty, wouldn’t un be a sky of a lark

To see that old buzzard whooping about for uns shirt in the dark

And he hunting round for uns speckled trousers around by Palmer-

stown Park?

Hohohoho, moulty Mark!

You're the rummest old rooster ever flopped out of a Noah’s ark

And you think you’re cock of the wark.

Fowls, up! Tristy’s the spry young spark

That’ll tread her and wed her and bed her and red her

Without ever winking the tail of a feather

And that’s how that chap’s going to make his money and mark!

James Joyce

Finnegan’s Wake

2.1 The Standard Model

The SM [1-4] describes the fundamental constituents of matter and their
interactions. It is a quantum field theory which combines the states of
matter with three of the fundamental interactions. Figure 2.1 is an illus-
tration of the particle content of the SM!.

Quarks and leptons are the two families of matter particles. They are
fermions (spin %), and come in three generations and two types. The
quark family consists of the up, charm, and top quarks with charge —l—%,
and of the down, strange, and bottom quarks with charge —%. The mem-
bers of the lepton family are the electron (e), muon (u), and tau lepton (7)
with charge —1, and the corresponding neutrinos: v,, v, and v, which
are neutral. The 7-lepton is a major subject in this thesis, the proper-
ties and decays of which are described in detail in Chapter 5. Quarks
and charged leptons have corresponding anti-matter variants with oppo-
site charge?, and they become increasingly massive with each generation.

!Quantities in particle physics are usually given in natural units, thatise = 4 = ¢ = 1.
Masses are given in electronvolt (eV), meaning that ¢ = 1 for this unit.
2Throughout this thesis, whenever a process is given with the matter particle, the
inclusion of the charge conjugate processes is implied.
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Figure 2.1. The particle content of the SM. The masses are obtained from
experimental data [7]. The neutrinos are massless in the SM.

Whether the neutrinos are their own anti-particles (Majorana particles),
or Dirac particles as the charged leptons and their anti-particles have not
yet been observed, is an area of active research.

The SM also contains four vector bosons (spin 1) carrying three of
the four fundamental forces of nature. The electromagnetic interaction is
mediated by the massless photon, and acts on the electric charge. It is ex-
plained by quantum electrodynamics (QED), the theory of physics which
maintains the highest verification precision from experimental measure-
ments. Since the photon is massless, the electromagnetic force is active
over an infinite range. The quarks, the charged leptons, and the W
bosons all carry electric charge, and are affected by the electromagnetic
interaction.

Two massive vector bosons (W and Z) are the force carriers of the weak
interaction, which acts on the weak isospin. Due to their large masses, the
weak interaction only operates at short distances. Weak isospin is carried
by all fermions, and the exchange of a W boson transforms a fermion to
the second type in the same family and generation, e.g. an electron to an
electron neutrino. Quarks can also change generation via the weak inter-
action, according to the off-diagonal elements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. The CKM matrix can be parametrized by three
mixing angles and the charge—parity (CP)-violating phase, where the lat-
ter is responsible for all processes violating CP conservation in the SM.
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The electromagnetic and weak interactions are unified in the electroweak
interaction.

The gluon is the mediator of the strong force, and it acts on colour.
Colour comes in three varieties (red, green, blue), and their opposites
(anti-red, anti-green, anti-blue), and is carried by the quarks and the
gluons themselves. The theory of quark and gluon interactions is called
quantum chromodynamics (QCD). The gluon is massless, but its colour
gives rise to a self-interaction among gluons which polarizes the vacuum,
and strengthens the force with increasing distance. This phenomenon
causes quarks to only appear as colour neutral bound states of multi-
plicity two or more, and is called colour confinement. The vacuum po-
larization of colour has many implications for hadron colliders. Due to
its presence, the momentum carried by each of the three bound quarks
(valence quarks) do not add up to the total momentum of the hadron.
Some fraction is instead distributed among the so-called sea-quarks being
constantly created and annihilated inside the hadron, or to the gluons
responsible for the polarization. At short distances, the strength of the
strong interaction is diminished and the bound quarks experience what
is known as asymptotic freedom. Despite being an accidental symme-
try, hence not forbidden by construction, CP-violation is not observed in
QCD.

The SM handles all the symmetries of a relativistic quantum field the-
ory: translational (including time) and rotational symmetries, as well as
symmetry under boosts. These symmetries are collectively known as the
Poincaré symmetry, and are global symmetries giving rise to the conser-
vation of energy, momentum, and angular momentum. The SM exhibits
four accidental global U(1) symmetries, which, by Noether’s theorem [8],
give rise to baryon, electron, muon, and 7-lepton number conservation.

The SM also has several local (gauge) symmetries. QCD is governed by
a SU(3) symmetry, resulting in colour conservation. Similarly, the com-
bined SU(2); x U(1)y symmetry describes the electroweak interaction,
and conserves weak isospin (generated by SU(2)), and weak hypercharge
(generated by U(1)y). The SU(2); x U(1)y symmetry is spontaneously
broken in the SM by the Brout-Englert-Higgs mechanism into a new sym-
metry U(1),,,, causing conservation of electric charge.

em?

2.1.1 The Brout-Englert-Higgs mechanism

The SU(2); x U(1)y symmetry of the electroweak interaction has four
corresponding gauge fields. The three gauge fields carrying weak isospin
are Wy (a = 1,2,3), and the gauge field carrying weak hypercharge is B "
The presumed gauge invariance of the theory requires that the bosons of
the gauge fields be massless, in contrast to what is observed for the W and
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Z bosons. Direct introduction of a mass term in the Lagrangian breaks
the renormalizability of the theory, and it is instead introduced via the
Brout-Englert-Higgs (or Englert—Brout-Higgs—Guralnik—-Hagen—Kibble)
mechanism [9-14].

The most economic choice, in terms of additional fields, to provide
masses to the W and Z bosons is through a complex scalar doublet field

qﬁ*(%‘))

®(x) = , 2.1
(z) ( ¢ (z) (2.1)
called the Higgs field. The Lagrangian for this field is

£ = (D,®)(Drd) — V(®), (2.2)

where D, is the covariant derivative connecting the Higgs field with the
W and B, fields

D,® = (9, — igWio®/2 —ig'Y B, /2)®. (2.3)

Here, 0% are the Pauli matrices, g and ¢’ the couplings for SU(2); and
U(1)y, respectively, and Y the weak hypercharge quantum number.

Through this connection, the Nambu-Goldstone bosons that would nor-
mally result from a complex scalar doublet field, are eaten while giving
mass to the W and Z bosons. These masses are generated by break-
ing the gauge symmetry of the vacuum state, which happens if, at the
minimum of the potential V(®), ® has a non-zero value (the vacuum ex-
pectation value, v). By the requirements of renormalizability and gauge
invariance, only terms of order 2 or 4 are allowed in the potential. It is
thus parametrized by

V(®) = —p2(®T0) + \(@T)2, (2.4)

where A > 0 is a requirement for the vacuum to remain stable. With p? <
0, two degenerate minima of the potential emerge for ®T® = —u2/(2)\) =
v? /2.

To conserve electric charge, the non-zero expectation value must enter
via the neutral field component of Eq. (2.1), thus

(®) = — (0> . (2.5)

Expanding Eq. (2.2) around this minimum results in a parametrization
for the physical fields of the weak interaction as follows:

We = (W, FW2)/V2, miy == (2.6)
’2 2,2
Z, = cos by W3 —sinfy, B, m% = m, (2.7)
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where:

/

g g

cosbyy = ——, sin by, = —, (2.8)
4/g2_|_g/2 /92+g/2
and with this relation between the W and Z mass
2
2 mz
= . 2.9
Mz = Gos? O (29)

The relation between my;, and m, fixes the vacuum expectation value,
which has also been measured via the Fermi coupling constant (G ) in
muon decays with a high accuracy [15]:

2m 1 \'?
v="Y = ( ) ~ 246 GeV. (2.10)
g V2G g

The degree of freedom that remains after the W and Z bosons have
acquired their masses manifests itself in the SM as the Higgs boson. The
mass of the Higgs boson is a free parameter of the SM, and the Higgs field
exhibits self-interactions that contribute to its mass. The Higgs boson was
discovered in 2012 by the CMS and ATLAS experiments [5, 6], making
the SM a complete theory.

To be a satisfactory solution, the Higgs field must also be able to gen-
erate masses for the fermions. The fermion fields in the SM are chiral
eigenstates formed by left-handed doublet and right-handed singlet rep-
resentations of SU(2),. The left- and right-handed fields have different
transformation properties, and the naive fermion mass term

L, = —m (g +Ppiy) (2.11)

does not preserve gauge symmetry. Instead, a Yukewa coupling to the
Higgs field is responsible for generating the masses of the quarks and the
charged leptons [2, 16, 17]. The Lagrangian for the Yukawa coupling in
the mass eigenstate basis, and for the first generation of particles, is

Lyiawa = Yadr ®dg + 3,4 (102 @)ug + yl, Pey + hec., (2.12)

The neutrinos do not have a right-handed representation, and are massless
in the SM. y,; and y, (i =1,2,3) are the Yukawa coupling constants
for the quarks: and are used to form the CKM matrix, while y;, are the
coupling constants for the charged leptons. Expanding Eq. (2.123 around
the vacuum expectation value gives this expression for the fermion masses

S
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2.1.2 Higgs boson production and decay

At the LHC, the SM Higgs boson is predominantly produced in the merg-
ing of two gluons (gluon-gluon fusion). Other production modes are, in
order of decreasing production cross-section, vector boson fusion (VBF),
production in association with a vector boson (V H), and in association
with a top-quark pair (¢¢H). The Feynman diagrams for three of these
modes are shown in Figure 2.2, while the production cross-sections are
given in Table 2.1.

v

Figure 2.2. Feynman diagrams of the three main production modes for the
Higgs boson: gluon-gluon fusion (left), VBF (middle), and V H (right).

Table 2.1. Production cross-section for a Higgs boson with a mass of
125.1 GeV in pp collisions at the LHC with a centre-of-mass energy of
Vs =8 TeV [18]. The cross-sections are calculated at different orders of per-
tubation theory.

Production mode Cross-section

Gluon-gluon fusion 19 pb
VBF 1.6 pb
WH 0.70pb
ZH 0.41pb
ttH 0.13pb

The Higgs boson in the SM can decay into pairs of vector bosons
(WHW—, ZZ*) or pairs of fermions (bb, 7~ 77, etc.) at tree-level. For the
Higgs boson to decay to two photons (), it must do so via a next-to-
leading-order (NLO) loop involving predominantly top or bottom quarks.
Figure 2.3 shows the Higgs boson branching fractions to the different de-
cays. Section 6.2 describes a measurement of the Higgs boson branching
fraction in decays to two 7-leptons.
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Figure 2.3. Branching fractions of the decays of the SM Higgs boson, as a
function of its mass [18].

2.2 Beyond the Standard Model

Despite its successes, the SM can not be a complete theory of nature.
Most prominently, it lacks a description of gravity, and is incompatible
with general relativity. It does not provide a credible particle candidate
for Dark Matter (DM), and no explanation for dark energy or inflation.

It is also incomplete with respect to the particles and interactions that
it does cover. It predicts that neutrinos should be massless, which is in-
compatible with the observation of neutrino oscillations [19]. Further, if
the neutrino masses are generated by Yukawa couplings, it would require
the existence of right-handed neutrinos and that the corresponding cou-
plings are unnaturally small. While CP-violation of quarks is allowed via
the CKM matrix of the weak interaction, no occurrence of lepton flavour
or CP-violation has been observed, hence the SM can not explain the
matter—anti-matter asymmetry in the Universe.

Other aspects of the SM are more aesthetic in nature. It does not
explain why the number of particle generations is restricted to three, nor
why there is no CP-violation in QCD. Further, there is no scale at which
the strengths of the strong, weak, and electromagnetic interactions unify,
there is no explanation for the apparently arbitrary values of the free
parameters of the SM, and the observed mass of the Higgs bosons requires
a remarkable fine-tuning of the contributions from loop corrections.
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2.2.1 The Minimal Supersymmetric Standard Model

Since symmetry has been such a successful principle in guiding the devel-
opment of theories for particle physics, it is natural to try to resolve the
problems that the SM exhibits with one more symmetry.

The fine-tuning problem would essentially disappear if loop corrections
from particles were cancelled out by partners with similar properties. One
way to do this is to postulate that for every fermion field, there is a corre-
sponding bosonic field, and vice versa. Supersymmetry (SUSY) doubles
the particle content of the SM by introducing superpartners (sparticles)
for each particle type, thus bosonic sleptons and squarks, and fermionic
gauginos and higgsinos. Since these sparticles are not observed, their
masses must be at a higher scale than the SM particles, and SUSY must
be broken at the SM scale.

The gauginos and the higgsinos of SUSY mix into six different mass
eigenstates. These are the four neutralinos ()Z'ZO) and the two charginos
(5( +). To resolve problems with baryon and lepton number conservation
in SUSY, a discrete parity called R-parity is introduced, given by

R = (_1)SB+L+25’ (214)

where B is the baryon number (1/3 for quarks), L the lepton number,
and S the spin. Thus, SM particles have R = +1, and sparticles R = —1.
If this parity is exactly conserved, SUSY particles can only be produced
in pairs, and the )Z'? with the lowest mass is stable. A stable )2? may
manifest itself as missing energy signatures at colliders, and is an excellent
candidate for cold DM.

A single Higgs field is incompatible with SUSY, because it would lead
to the theory being non-renormalizable. An additional Higgs field is in-
troduced to resolve these problems. The new set of Higgs fields are given

by:
HY H
= (i) () e

with vacuum expectation values:

) =5 (). = (). ew

and where the overall scale is fixed to v? = (v3 + v2). The ratio of the
two vacuum expectation values has a large impact on the parameters of
this expanded Higgs sector, and it is defined as

tan § = Yu (2.17)
Vq
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Of the eight degrees of freedom of the two Higgs fields, three are again
used to give mass to the W and Z bosons, while the remaining form five
Higgs boson eigenstates. These are the CP-even Higgs bosons h and H,
the latter of which has higher mass, the CP-odd Higgs boson A, and two
charged Higgs bosons H*. One of h or H takes the role of the Higgs
boson in the SM, while the A and the H* are completely new types of
particles. The charged Higgs boson is one of the focuses of this thesis,
and its properties and phenomenology are covered in Section 2.3, while a
search in ATLAS is presented in Section 6.3.

The Higgs boson masses are not independent of each other, and one of
them, along with tan 3, is sufficient to describe all masses at tree-level.
Selecting m 4 as the free parameter, the other masses are:

1
mi g = 5 (0% 4 m T\ md)? — dmAm? cos?26)
(2.18)
Mg = mj + mz. (2.19)

The neutral h and H are formed from mixing the real parts of Hg and
H? with an angle . It is given by

2
"Z tan 28, (2.20)
Z

2
m*5 +

tan2a = ‘247
A

such that o and tan § determine the couplings of the neutral Higgs bosons
to the fermions and the gauge bosons.

Beyond tree-level, the mass of the lightest neutral Higgs boson is influ-
enced via radiative corrections by the average of the stop particle masses
Mausy = \/’I?W, as well the stop mixing parameter X, = A, —p cot 3.
Here A, is is the Higgs-stop coupling which is responsible for the soft
SUSY-breaking, and g is the higgsino mass.

2.2.2 Two-Higgs Doublet Models

The Higgs sector of the MSSM is an example of a larger class of models for
an expanded Higgs sector: the 2HDM [20]. These are characterized by the
presence of two Higgs fields, but do not require SUSY. To avoid flavour-
changing neutral currents, which have not been observed in nature, it
is necessary that all quarks and leptons with the same charge couple to
the same Higgs field according to the Paschos-Glashow-Weinberg theo-
rem [21, 22]. Thus, the 2HDM are classified depending on which Higgs
field up-type quarks, down-type quarks, and leptons couple to. The four
classes of 2HDM and their couplings are given in Table 2.2.
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Table 2.2. The different types of 2HDM and which Higgs field each type of
charged particle couple to, where up are up-type quarks, dp down-type quarks,
and l i the charged leptons.

Type up dr g
Type I P, P, P,
Type II o, @, P,
Lepton specific &, &, @,
Flipped P, P, P,

2.2.3 MSSM benchmark scenarios

Several benchmarking scenarios have been devised to place conservative
upper bounds on the exclusion limits of the MSSM Higgs sector. The
mj** scenario maximizes the mass of the lightest neutral Higgs boson to
provide conservative upper bounds on tan /5 from searches [23]. In light
of the discovered Higgs boson with m;, = 125GeV, only a very small
region of the m 4—tan 8 plane is still available in this scenario. Modified
scenarios (m‘,;mdi) have been suggested to allow for a larger parameter
space [24], where X, is adjusted to reduce the contribution to my; from
radiative corrections, and the + refers to its sign.

The hMSSM scenario uses a different approach to assert that when one
considers m;, = 126 + 3 GeV (where the uncertainty includes the expected
theoretical and experimental components) the radiative corrections to the
Higgs sector masses are already fixed to a good approximation [25, 26]. It
does so by varying p, mgygqy, and X, and observing that the changes to
the other Higgs boson masses are small. Figure 2.4 shows the exclusion
limits from direct searches and measurements of the couplings of the
observed Higgs boson in the hMSSM scenario.

With the increasing lower bounds on SUSY particles (in particular for
the stops) from direct searches, low mgygy and high tan 5 values become
less compatible with the observed results. Ref. [27] discusses the hMSSM
scenario at low tan 3, and suggests the low-tb-high scenario which takes

additional logarithmic corrections into account.

2.3 Charged Higgs bosons

2.3.1 Production of charged Higgs bosons

Because of their coupling to mass, the charged Higgs bosons predicted by
2HDM are produced in decays of or association with top quarks at the
LHC. In the SM, the top-quark decays to a b-quark and a W boson. The
charged Higgs boson is called light or heavy if its mass (my.) is lower
or higher than the top-quark mass (m), respectively. For light charged
Higgs bosons, it can substitute the W in top-quark decays. Production
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Figure 2.4. Excluded regions in the tan S-m 4 plane in the hMSSM scenario
from direct searches of neutral and charged Higgs bosons, and from constraints
on fits to the Higgs boson couplings to up- and down-type quarks, and to vector
bosons.

of heavy charged Higgs bosons can be described with the five-flavour
scheme (5FS) where the b-quark is considered as one of the partons, or
the four-flavour scheme (4FS) where the charged Higgs boson is produced
via gluon-gluon fusion. The descriptions are theoretically equivalent, but
present different computational challenges. They are usually averaged
according to the Santander matching [28] to produce the most reliable
estimate of the production cross-section. Figure 2.5 shows the Feynman
diagrams of the main production modes of the charged Higgs boson.

Figure 2.5. The main production modes of the charged Higgs boson in 2HDM
for m g+ < m, (left), and for m g > m, in the 5FS (middle) and 4FS (right).
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2.3.2 Decays of charged Higgs bosons

The charged Higgs boson decays almost exclusively to v for my. < m,
in most of the tan 8 range, while c¢s becomes increasingly important at
low tan 8 values. Above m,, it predominantly decays to tb, and, in the
MSSM, to heavier sparticles. Figure 2.6 shows the branching fractions
for charged Higgs boson decays in the mr}?Od“L MSSM scenario.
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Figure 2.6. Branching fractions of charged Higgs boson decays in the mf°d+
MSSM scenario for tan 8 = 10 as a function of m . [18]. Branching fractions
to sparticles are not shown.

2.3.3 Charged Higgs boson searches

Charged Higgs boson searches have been performed by the ATLAS and
CMS experiments with collision data at 7TeV and 8 TeV collected in
2011-2012. They cover the H™ — ¢s [29, 30], H" — 7v [31, 32], and
H* — tb decays [32, 33|, for masses both below and above m,. No
excess above the SM expectation is found in any of the searches. 95 %
confidence-level (CL) exclusion limits are shown in Figure 2.7 for searches
in H* — ¢s and H" — 7v decays with ATLAS and CMS. For heavy
charged Higgs bosons, the exclusion limit is shown in Figure 2.8 for the
searches in H" — tb as well as H" — W Z decays with ATLAS. Exclu-
sion limits are further discussed in Section 6.1.4. The search for heavy
charged Higgs bosons in H™ — 7v decays, using 13 TeV data with ATLAS
is described in more detail in Section 6.3. Exclusion limits on charged
Higgs bosons from searches using data from the Large Electron Positron
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(LEP) collider, as well as from from B-physics and other measurements,

are not presented in this thesis.
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Figure 2.7. 95% CL exclusion limit on the branching fraction B(t — H'b)
(assuming B(HT — ¢s) = 100 %) (left) and on B(t — Htb) x B(HT — 7v)
(right), as a function of m ., with ATLAS (top) and CMS (bottom).
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3. CERN and the Large Hadron Collider

3.1 CERN

The European Organization for Nuclear Research (CERN) is an interna-
tional laboratory situated on the border between Switzerland and France
near Geneva. Founded in 1952, it is governed by an international collabo-
ration with 23 member states. Many more states and organizations have
co-operation agreements and scientific contact with CERN. Its facilities
are used by over 600 universities and institutes, corresponding to about
12000 scientists from over 70 countries and of 120 different nationalities
visiting CERN to conduct their research.

The CERN laboratory hosts particle accelerators and experiments de-
signed to examine the constituents of matter and the fundamental forces
of nature. CERN itself is mainly responsible for providing the particle
accelerators and infrastructure used by the experiments, and most of its
funding goes toward designing, building, and operating machines such as
the LHC (see Section 3.3). For this purpose, CERN employs about 2500
scientific and technical staff.

3.2 Past accelerators and experiments

CERN has a very successful history of building and running particle accel-
erators and their corresponding experiments. In 1976, the Super Proton
Synchrotron started up, accelerating protons to about 400 GeV. It was
converted into a proton—antiproton (pp) collider in 1979, and was used to
discover the W [34, 35] and Z [36, 37] bosons in 1983 together with the
attached experiments UA1 and UA2. This discovery awarded two CERN
scientists, Carlo Rubbia and Simon van der Meer, the Nobel Prize the
following year.

The 27 km underground tunnel which was to host the Large Electron-
Positron (LEP) Collider [38, 39] was completed in 1988. The machine
was commissioned the following year and proceeded to deliver ete™ colli-
sions until it was shut down in 2000, reaching a maximum centre-of-mass
energy of 209 GeV. Data from LEP’s four detectors (ALEPH, DELPHI,
L3, and OPAL) provide precision measurements of the electroweak the-
ory, for instance by proving that there are only three generations of light
neutrinos (with a mass lighter than half the Z boson mass) [40].
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3.3 The Large Hadron Collider

The Large Hadron Collider (LHC) [41] is the largest and most powerful
accelerator ever built. A schematic of the LHC ring, its accelerator in-
frastructure, and the locations of its four main experiments is shown in
Figure 3.1.
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Figure 3.1. Schematic of the LHC ring with its accelerator infrastructure, and
the locations of the main and auxiliary experiments shown.

The main operating mode of the LHC is pp collisions, but it is also
used to collide lead ions with protons (p—Pb) and with other lead ions
(Pb-Pb). It was approved in 1994, and started operation in November
2009 (following an incident during its initial startup in September 2008).
It was successfully commissioned in 2010, and delivered collisions during
2011 and 2012. After the first long shutdown (LS1) in 2013-2014, the
LHC started up again in June 2015 and has continued to deliver collisions
in 2016.

The LHC is constructed in the same tunnel that housed LEP. The
ring is divided into octants, where four of the points between two con-
secutive octants are interaction points for the different experiments, two
are used for beam cleaning and focusing, and one is used to dump the
beam. The LHC uses superconducting NbTi/Cu dipole magnets creating
an 8 T magnetic field to keep the protons in their almost circular orbit.
The operating temperature of the magnets is 1.9 K, and this is achieved
with a liquid helium cryogenic system. The eight accelerating cavities
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per beam accelerate the protons to the operating energy. The cavities
are also responsible for keeping the bunches tight along the beam axis,
while quadrupole magnets are used to focus the beams in transverse di-
rections. The beam pipe operates under ultra-high vacuum, of the order
of 10719 mbar.

The journey of the protons begins at a bottle of hydrogen gas. The
hydrogen atoms are stripped of their electrons and are accelerated in a
linear accelerator (Linac) from 2MeV to 50 MeV. They are then acceler-
ated by, in sequence, the Proton Synchrotron Booster (PSB) to 1.4 GeV,
the Proton Synchrotron (PS) to 25GeV, and finally the Super Proton
Synchrotron (SPS) to 450 GeV, before being eventually injected into the
LHC.

Two figures of merit are used when designing an accelerator. The
centre-of-mass energy is defined as the total energy of two colliding par-
ticles in the centre-of-mass reference frame. The LHC was originally
designed to accelerate protons to 7 TeV, resulting in a 14 TeV centre-of-
mass energy. The second figure is the instantaneous luminosity, which is
a measure of the surface density of collisions per unit time. With a 25ns
spacing between bunches (40 MHz bunch-crossing rate), and with about
2800 bunches and 10! protons per bunch, the designed instantaneous
luminosity is 103* cm™2 s7!. The integrated luminosity states the num-
ber of interactions over a time period relative to a given cross-section.
For instance, 1 pb~! is the integrated luminosity that corresponds to, on
average, one interaction for a process with a cross-section of 1pb.

The LHC delivered collisions corresponding to an integrated luminosity
of 5.5fb~! at 7TeV in 2011 and 22.8fb~! at 8 TeV in 2012. In 2015, the
LHC started operating at 6.5 TeV per beam, and has in 2016 exceeded
the design instantaneous luminosity with 1.32 x 103* cm™2 s7!. It has
delivered collisions at 13 TeV corresponding to an integrated luminosity
of 4.2fb~! in 2015 and, at the time of writing, to 31.9 fb=! in 2016.

3.4 The LHC experiments

At opposite sides of the LHC sit its two largest experiments: ATLAS (A
Toroidal LHC ApparatuS) [42] and CMS (Compact Muon Solenoid) [43].
These general-purpose experiments were built to study the SM (including
finding the Higgs boson) and to search for signs of physics beyond the
SM, e.g. signatures of extra dimensions, new gauge bosons, additional
Higgs bosons, dark matter candidates, and SUSY particles.

In the ATLAS experiment, tracking of charged particles is provided
by the inner detector, which consists of the pixel and silicon microstrip
(SCT) detectors, as well as the Transition Radiation Tracker (TRT). A
2 T magnetic field generated by a superconducting solenoid enables charge
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and momentum measurements. Surrounding the inner detector is the
electromagnetic and hadronic calorimeters, which record energy deposits
mainly from electrons, photons, and hadrons, and are also used for par-
ticle identification and triggering. The calorimeters are subdivided into
barrel and end-cap components, allowing near-hermetic enclosure of the
collisions. Outside the calorimeters sits the muon spectrometer, which
provides tracking, momentum measurement, identification, and trigger-
ing for muons. The muon spectrometer is supported by a 4T magnetic
field provided by superconducting toroids in both the barrel and end-caps.
The ATLAS experiment is described in more detail in Chapter 4.

The CMS experiment is similar to the ATLAS experiment in many
aspects. It relies on pixel and microstrip silicon detectors for tracking,
electromagnetic and hadronic calorimeters that completely enclose the
collisions, and a muon spectrometer. Where it differs from ATLAS is
the lack of a TRT, the choice of material in the calorimeters, and that
CMS has a homogenous electromagnetic calorimeter, while a sampling
technique is used in ATLAS. Most importantly, CMS relies on a single
superconducting solenoid to provide a 3.8 T magnetic field to the tracker,
and uses the returning magnetic field for the muon spectrometer.

The ATLAS and CMS experiments proved the existence of the Higgs
boson in 2012 [5, 6]. The mass of the Higgs boson has been measured to
be 125.09 4 0.21(stat.) 4+ 0.11(syst.) GeV [44], and Figure 3.2 shows the
individual and combined results of the different mass measurements.

LN s s s B B . s s s S B A
ATLAS and CMS —iTotal Stat. [ Syst
LHC Run 1 Total  Stat. Syst.
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Figure 3.2. Summary of the Higgs boson mass measurements of the individual
analyses with ATLAS and CMS, and their combination. Both experiments use
the H — vy and H — ZZ* — 4l channels for their measurements.

In the nearest clockwise octant from ATLAS sits ALICE (A Large Ion
Collider Experiment) [45]. This detector is designed to study the quark-
gluon plasma, a state of matter where the energy density is so large that
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quarks and gluons are not bound into hadrons (colour confinement) [46].
ALICE provides experimental data that are fundamental for improving
the understanding of QCD and for solving the problem of chiral symmetry
restoration.

In the nearest octant on the opposite side from ATLAS is the LHCbh
(Large Hadron Collider Beauty) experiment [47]. Contrary to ATLAS,
CMS, and ALICE, the LHCb only covers one forward region, i.e. the
region nearest the beam axis in one direction. It specializes in b-physics,
and studies asymmetries in decays of b- and b-quarks with the aim of
unveiling the reason for the matter-antimatter asymmetry in the universe.
The LHCD experiment is also searching for exotic composite particles that
cannot be described in a model where only hadrons with two (mesons) or
three (baryons) quarks exist.

The TOTEM [48] experiment covers almost half a kilometre around
the CMS experiment and makes precise measurements of particles es-
caping the detector at small angles. It is designed to measure the pp
cross-section, and to improve the knowledge about the proton structure.

The LHCf (Large Hadron Collider forward) experiment [49] consists of
two detectors situated on either side of ATLAS. Similarly to TOTEM,
it uses particles escaping the detector in the forward direction, and these
are used to simulate how cosmic rays cause cascades of particles when
colliding with nuclei in the atmosphere.

The latest experiment to be added to the LHC is the Monopole and
Exotics Detector at the LHC (MoEDAL) [50]. Its main task is to search
for magnetic monopoles and highly ionizing stable massive particles.

3.5 Other experiments at CERN

Many other experiments are housed at CERN covering a wide range of
topics in particle physics. Several of these use the SPS as their source of
beam particles:

o the COMPASS (Common Muon and Proton Apparatus for Struc-
ture and Spectroscopy) [51], which uses muons from pion and kaon
decays, produced by firing protons at a target, to examine how spin
is produced in protons and neutrons,

« the NA61/SHINE (SPS Heavy Ion and Neutrino Experiment) [52],
which studies hadron production in collisions of beam particles with
fixed targets,

o the NA62 and NA48/2 [53] experiments, which study rates of rare
kaon decays to determine the |V,,;| element of the CKM matrix.

The DIRAC (Dimeson Relativistic Atom Complex) [54] uses the PS to
study the behaviour of the strong force at relatively low energies. The
Antiproton Decelerator (AD) [55] provides antiprotons to:
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ACE (Antiproton Cell Experiment), which studies the suitability of
antiprotons for cancer treatment,

AEGIS (Antihydrogen Experiment: Gravity, Interferometry, Spec-
troscopy), which measures the Earth’s gravitational acceleration (g)
on antihydrogen atoms,

ALPHA, which produces and studies the properties of antihydrogen
atoms,

ASACUSA (Atomic Spectroscopy And Collisions Using Slow An-
tiprotons), which probes matter-antimatter symmetries using atoms
containing antiprotons,

ATRAP (Antihydrogen trap), which compares the properties of hy-
drogen and antihydrogen atoms.

ISOLDE (Isotope mass Separator On-Line facility) [56] provides low

energy beams of unstable radioactive nuclides, and the n'TOF (neutron
time-of-flight facility) provides beams of neutrons over a large range of
energies. The CLOUD (Cosmics Leaving Outdoor Droplets) [57] experi-
ment uses a cloud chamber to investigate a possible link between cosmic
rays and cloud formation in the atmosphere, and the CAST (CERN Axion
Solar Telescope) [58] experiment searches for axion particles originating
from the Sun.
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4. The ATLAS experiment

The ATLAS experiment is an international collaboration consisting of
about 5000 scientists from nearly 180 institutions in 38 countries. It is a
general-purpose experiment which uses collisions from the LHC to make
precise measurements of the predictions of the SM, and to search for new
particles and phenomena.

4.1 Description of the ATLAS detector

The ATLAS detector [42] is constructed as a 46 m long and 25 m diameter
cylinder weighing about 7000 tonnes. It consists of many sub-systems: the
inner detector provides tracking of charged particles, and is described in
Section 4.1.2; the calorimeter system measures the energy of all particles
except muons and neutrinos, as described in Section 4.1.3; the muon
spectrometer is responsible for measuring momenta and charges of muons
(which punch through the calorimeter system), as well as triggering events
where muons are present, and is described in Section 4.1.4. Finally, the
magnet system bends the trajectories of charged particles in the inner
detector and the muon spectrometer and is described in Section 4.1.6.
Figure 4.1 shows a cut-away drawing of the ATLAS detector and its
sub-systems.

A multi-level trigger [59], involving different parts of the detector, is
responsible for selecting events that are interesting for physics analyses.
The trigger system, the electronics for read-out of the event information,
and the system for initial storage of the data are collectively called the
Trigger and Data Acquisition System (TDAQ), and are described in Sec-
tion 4.3.

To store, process, and analyze the huge amounts of data produced by
the detector, as well as to produce simulation of known and hypothe-
sized physical processes, ATLAS employs the Grid, a large computing
system distributed over 130 computing centres worldwide. The ATLAS
computing system is described in Section 4.4.

4.1.1 Overview

The ATLAS detector is symmetric around the beam axis and in the
forward-backward direction with respect to the collision point. It uses
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Figure 4.1. Schematic of the ATLAS detector at the LHC.

a right-handed coordinate system, where the z axis is directed along the
beam, the y axis points upwards, and the z axis towards the centre of
the LHC ring, with the origin at the interaction point. In spherical coor-
dinates, 6 describes the direction in the y—z plane and is called the polar
angle, while the azimuthal angle ¢ represents the direction in the z—y
(transverse) plane.

Rapidity is a measure of relativistic velocity and is defined as

_ L Etp
YT E
Differences in rapidity are invariant under Lorentz boosts along the z

axis, which makes it a convenient substitute for the polar angle. In the
low-mass limit, it can be approximated by the pseudorapidity

= —Intan —.
n ntan g

The quantity used to measure angular distances in the n—¢ plane is
AR = /(An)* + (Ag)>.

The ATLAS detector is constructed to cover the whole azimuthal range,
and almost the entire pseudorapidity range. The LHC collides hadrons
and the longitudinal momentum fractions of their constituents remain
unknown, thus the total energy going into an individual interaction is

34



also unknown. Full coverage in n and ¢ enables measurement of the
total energy of the event, and to determine the energy balance in the
transverse plane. This is important to be able to analyze events that
contain undetectable neutrinos or other weakly interacting particles.
The ATLAS detector is divided into several regions in |n|. The high-
precision region covers the range |n| < 2.5 and corresponds to the barrel
and parts of the end-cap. Here the trackers, calorimeters, and the muon
spectrometer have the highest precision. The muon spectrometer has

coverage up to |n| = 2.7, while the calorimeters in the end-cap extend
up to |n| = 3.2, and the forward calorimeters extend even further, up to
In| = 4.9.

With the high instantaneous and integrated luminosities of the LHC
come two significant challenges for the detector. Firstly, as the instanta-
neous luminosity increases, so does the occupancy in the inner detector,
calorimeters, and muon spectrometer, due to additional interactions in
the same or neighbouring bunch crossings (pile-up). This requires that
the sub-systems have short response times, hence the read-out electronics
must be fast, and the granularity sufficiently fine to avoid degradation
in resolution. Another challenge that comes with high luminosity is the
large amount of radiation; both primary radiation from the interactions
of the beam particles, and secondary radiation from the materials in the
detector. The inner detector and the forward regions are particularly ex-
posed, and radiation can damage the silicon detectors (pixel and silicon
microstrip sub-detectors) and read-out electronics, cause ageing in wire
detectors (such as the transition radiation tracker and the muon cham-
bers), and change the logical state of electronic signals. To tackle these
problems, a combination of shielding and materials robust to radiation
are used. The design lifetime of the experiment is limited to ten years
due to the effects of radiation damage.

4.1.2 Inner detector

The inner detector provides pattern recognition and momentum measure-
ments for tracks from charged particles, where the transverse momentum
(pr) threshold for individual tracks can be as low as 0.1 GeV [60]; deter-
mination of the primary interaction vertex (defined as the vertex with the
highest " p2 of all associated tracks), as well as vertices from pile-up [61]
and secondary vertices from 7-lepton and b-quark decays. The tracking
resolution is designed to be o, /pp = 0.05%/pr @ 1%.

The inner detector is shaped as a cylinder with a length of about 3.5m
and a radius of about 1.2m, and is immersed in a 2T magnetic field
from the superconducting solenoid (see Section 4.1.6). It consists of three
independent sub-detectors. Closest to the beam pipe sits the pixel sub-

35



detector, which is arranged in four layers in the barrel and three disks
in each of the end-caps. The barrel layer closest to the beam pipe is the
insertable b-layer (IBL) [62, 63], which is part of the detector upgrade
for Run 2. Further away from the beam pipe is the silicon microstrip
(SCT) sub-detector, which is arranged in four cylindrical layers in the
barrel and nine disks in each end-cap. The transition radiation tracker
(TRT) contains straw tube detectors in up to 73 layers in the barrel, and
160 planes in each end-cap. Figure 4.2 shows a cut-away drawing of the
inner detector.
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Figure 4.2. Cut-away drawing of the ATLAS inner detector.

The construction of the inner detector is tightly constrained to mini-
mize the material budget. Spatially it must fit inside the solenoid and con-
siderations must also be given to the placement and size of the calorime-
ters and the muon spectrometer. A power (or temperature) budget must
also be respected. As the silicon sensor modules deteriorate from radia-
tion damage, their leakage currents increase. The heat dissipated inside
the entire inner detector is projected to be at least 40 kW, and requires a
stable and sufficient cooling system. Against the minimizing constraints
on the budget stand the requirement for mechanical stability and the
requirement of high tracking granularity to compensate for the extreme
pile-up conditions. The inner detector weighs about 4.5 tonnes in total,
and the distribution of material is expected to have a large impact on some
particles: electrons losing some of their energy through bremsstrahlung;
photons undergoing e~ e™ conversions before reaching the electromagnetic
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calorimeter (see Section 4.1.3); and low-energy charged pions undergoing
inelastic hadronic scattering.

The mechanical support, cooling, and electronics of the inner detector
are only briefly mentioned in the following. More information about these
topics can be found in Ref. [42].

Pixel

The pixel sensors are double-sided n-type silicon detectors with a thick-
ness of 250 pm. To reduce the leakage current, the sensors are operated at
temperatures between —5°C and —10°C. The sensor material is highly
oxygenated as this has proven to yield better robustness against radiation
of charged hadrons.

There are 1744 identical pixel sensors of dimension 19 mm x 63 mm.
Each module has 46080 read-out channels, for a total of approximately
40.8 million channels. The pixel size is 50 pm x 400 pm, except in the
interchip regions (50 pm x 600 pm). The modules in the innermost layer
as well as the IBL must be replaced after about three years of operation
under the design luminosity, while modules in the two outer layers are
expected to last for the lifetime of the experiment.

SCT

The SCT sensors are single-sided n-type silicon detectors with p-type
implants and a thickness of about 285 um. Each SCT module consists
of two pairs of sensors of strips radially rotated by 40 mrad to provide
stereoscopic information. The strips in the barrel are parallel with a
80 pm pitch, while in the end-cap disks, they are radially distributed with
a constant azimuthal angle and a mean pitch of about 80 pm. Each SCT
module has 768 active strips. There are 2112 SCT modules in the barrel,
and 1976 divided between the two end-caps. The number of read-out
channels in the SCT is approximately 6.3 million.

TRT
The TRT straw tubes are 4 mm thick and 144 cm (37 cm) long drift tubes
in the barrel (end-caps) made of polyimide, with a 31 pum gold plated
tungsten wire as the anode, and filled with a XeCO,04 gas mixture. The
total number of read-out channels for the TRT is approximately 351 000.
Low-energy photons from transition radiation are absorbed by the
xenon, and therefore yield a much larger signal in the straw tube than the
minimum-ionizing signal from charged particles traversing the detector.
By using different thresholds in the front-end electronics for each straw,
it is possible to identify transition radiation from electrons.
Charged particles with pp > 0.5 GeV produce hits in at least 22 straws
in the transition region between the barrel and end-cap TRT detectors
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(0.8 < |n| < 1.0), while in the majority of the |n| < 2.0 region, the mini-
mum number of hits is 36. The continuous tracking offered by the TRT
thus improves the pattern recognition capabilities and the momentum
resolution of the inner detector. Electrons with energies above 2 GeV
typically yield 7-10 transition radiation hits, providing electron identi-
fication information complementary to that from the calorimeters (see
Section 4.2).

4.1.3 Calorimeters

The calorimeters are constructed using different materials and use various
techniques optimized to cover a wide range of physical processes over the
range |n| < 4.9. They are sampling calorimeters, meaning that they
consist of both passive (absorbers) and active material, where the energy
deposited in the active material yields a signal that is representative for
the total deposited energy. Nearest the inner detector, a calorimeter
using liquid argon (LAr) as the active material and lead as the absorber
provides electromagnetic calorimetry in the barrel. Around it as well as
in the extended barrel, scintillating tiles are used as the active material for
hadronic calorimetry, with steel plate absorbers. In the end-caps and the
forward region (3.2 < |n| < 4.9), LAr is used as the active material for
both electromagnetic and hadronic calorimetry, while copper or tungsten
are used as absorbers. Figure 4.3 shows a cut-away drawing of the barrel
and end-cap calorimeters.

Tile barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

Figure 4.3. Cut-away drawing of the ATLAS barrel and end-cap calorimeters.
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The main purposes of the calorimeters are to provide identification
and energy measurements for electrons, photons, hadronic jets from b-,
c-, and light quarks, as well as from hadronically decaying 7-leptons,
and to provide triggering on these objects. The almost-full coverage in
n is essential to capture the full energy of a collision, and in turn to
correctly reconstruct the missing transverse energy (ER) in the events.
For a detailed overview of particle identification and reconstruction in the
ATLAS detector, see Section 4.2, while triggering is treated in Section 4.3.

Contrary to the inner detector, the main requirement on the calorime-
ters is that they must be sufficienty thick to completely capture the energy
of electrons, photons, and hadrons, and prevent particles from punching
through into the muon spectrometer. The thickness of the calorimeters
corresponds to at least 22 radiation lengths (X)) for the electromagnetic
calorimeters and approximately 10 interaction lengths (\) in the hadronic
calorimeters!.

Electromagnetic calorimeters

The electromagnetic calorimeters consist of a barrel part with three lay-
ers, covering |n| < 1.475, and two end-caps covering 1.375 < |n| < 3.2.
The end-cap calorimeters are further divided into two wheels, where the
innermost wheel covers the range 2.5 < |n| < 3.2 and has two layers,
while the outermost wheel covers the high-precision part of the end-cap
(1.375 < |n| < 2.5). The calorimeter parts in the high-precision region
have the finest granularity. A presampler is installed closest to the inner
detector, in the range |n| < 1.8, to correct for energy losses by electrons
and photons in the material upstream (the inner detector and the sole-
noid).

The electromagnetic calorimeter in the barrel has an accordion geom-
etry, which allows full coverage in ¢ without cracks as illustrated by the
left-hand plot of Figure 4.4. The first layer has the finest segmentation in
1 to precisely determine the location of the head of the electromagnetic
shower. The largest amount of energy is absorbed by the middle layer,
and the third layer captures the tails of the electromagnetic shower and
has a coarser segmentation. The barrel is made of two halves, each 3.2m
long and weighing 57 tonnes. The inner and outer diameters of the elec-
tromagnetic barrel are, respectively, 2.8 m and 4m. FEach half is made
out of 1024 absorbers, interleaved with gaps for the LAr active medium
and the electrodes. The presampler is a separate 11 mm thick LAr layer
that sits inside the barrel.

!The radiation length (X)) is the average distance over which a high-energy electron
looses all energy but 1/e, and, simultaneously, 5/9 of the mean free path for ete™
pair-production by a high-energy photon. The nuclear interaction length () is the
mean free path between nuclear interactions by high-energy hadrons.
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The end-cap electromagnetic calorimeters are approximately 2m in di-
ameter and 0.6 m thick, each weighing 27 tonnes. The amount of material
in front of the calorimeter is largest in the region 1.5 < |n| < 1.8, and
here also the end-cap calorimeter is supplemented by a presampler.

The number of read-out channels are around 102000 (8000) for the
electromagnetic calorimeter (pre-sampler) in the barrel, while for both
end-caps they amount to 62000 (1500).

The energy resolution (o /E) is measured to be 10 %/vE & 0.17 %,
in the range 10-245GeV. The position resolution is measured to be
1.5 x 1074-3.3 x 10~* in 7.

Hadronic calorimeters
The hadronic calorimeters consist of the tile calorimeter, covering |n| <
1.7, and two hadronic end-cap calorimeters, covering 1.5 < |n| < 3.2.

The tile calorimeter consists of a 5.8 m long central barrel, and two
2.6 m long extended barrels. It is located outside the barrel electromag-
netic calorimeter, and has an inner radius of 2.28 m and an outer radius
of 4.25 m. Each barrel consists of 64 wedge shaped modules of size 5.625°
in ¢, as illustrated by right-hand plot of Figure 4.4. Between each mod-
ule, at the inner radius, is a 1.5 mm gap in the azimuthal direction. The
support structure at the outer radius of each module is a steel girder,
which also contains the photo-multiplier tubes and read-out electronics,
as well as the flux return for the magnetic field in the inner detector
(see Section 4.1.6). The absorber structure consists of 5mm steel plates
that form the shell of the module, and 4 mm steel plates used as spacing
between each pair of scintillating tiles.

The active medium of the tile calorimeter is scintillating polystyrene
tiles of 3mm thickness, 97-187 mm radial length, and 200-400 mm az-
imuthal length. Optical fibres transmit the scintillation light to the
photo-multiplier tubes located in the girder, where it is transformed to
electrical signals. Each tile has two edges, connected to two different
photo-multiplier tubes to normalize signals depending on where in the
tile a particle has hit, and for redundancy.

The tiles are organized into cells in three radial layers, where the cells
have the dimensions 0.1 x 0.1 and 0.2 x 0.1 in 1 x ¢ for the first two and
the third layers, respectively. The number of read-out channels is 5760
in the central barrel, and 4092 in total in the two extended barrels. The
energy resolution has a significant dependence on 7 due to the difference
in interaction lengths. For || = 0.35, the fractional energy resolution has
been measured with a test beam of pions to be 50 %/\/E ®5.5%, in the
energy range 20-350 GeV.

The hadronic end-cap calorimeters consist of two wheels of radius 2m
each. The active medium is LAr, with lead as the absorbing material.
They are partitioned into read-out cells of size 0.1 x 0.1 in n x ¢ for
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Photomultiplier

Cells in Layer 3
AQXAN = 0.0245:0.05

Wavelength-shifting fibre

Scintillator Steel

Figure 4.4. Drawing of a barrel module of the electromagnetic LAr calorimeter,
showing the three layers and the accordion shape (left) and schematic of a barrel
module in the tile calorimeter (right). The schematic of the tile calorimeter
module shows the relative placement of the scintillating tiles and the absorber
plates, as well as wavelength-shifting fibres, the photo-multiplier tubes, and the
girder.

In| < 2.5, and 0.2 x 0.2 up to |n| = 3.2, with a total of 5632 cells. The
energy resolution was measured to be 71%/vE @ 6 %.

Forward calorimeter

The forward calorimeters cover the region 3.1 < |n| < 4.9, and their
fronts are placed about 1.2m beyond the fronts of the hadronic end-cap
calorimeters. They thus have a limited depth and therefore more stringent
requirements on density. The forward calorimeters consist of three layers,
each made out of a 0.45m long module. The first layer uses copper for
the absorber and is optimized for electromagnetic interactions, while the
last two use tungsten and are optimized for hadronic interactions. The
forward calorimeters on both sides have a total of 3524 read-out channels.
Their energy resolution has been measured with test beams of electrons

and pions to be 29%/VE @ 3.5% and 70 %/v'E & 3%, respectively.

4.1.4 Muon spectrometer

The muon spectrometer is designed for tracking of and triggering by (see
Section 4.3) charged particles that are not stopped by the calorimeters.
The tracking operates in the region |n| < 2.7 and triggering in the region
In| < 2.4. The muon spectrometer consists of four sub-detectors. The
Monitored Drift Tubes (MDT) provide precision tracking in the bending
plane in the range |n| < 2.7. The first layer of the MDT is replaced by
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Cathode Strip Chambers (CSC) in the region 2.0 < |n| < 2.7. Trigger-
ing and measurement of the ¢-coordinate is provided by Resistive Plate
Chambers (RPC) in the region |n| < 1.05, and Thin Gap Chambers
(TGC) in 1.05 < |n| < 2.7 (|n| < 2.4 for triggering). Figure 4.5 shows a
cut-away drawing of the muon spectrometer.

Thin-gap chambers (T&C)
b Cathode strip chambers (C5C)

Barrel foroid

" Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 4.5. Cut-away drawing of the ATLAS muon spectrometer.

The resolution for a measurement where only the muon spectrometer
is involved is about 10 % for a track with a pp of 1 TeV. This translates
into a resolution requirement along the z-axis of about 50 pm. The muon
spectrometer provides momentum measurement and charge identification
from about 3 GeV up to about 3 TeV, which means that the the relative
alignment of the tracking chambers must be known to an accuracy of
about 30 pm.

By matching the hits in the bending plane between the precision cham-
bers (MDT and CSC) and trigger chambers (RPC and TGC), the mea-
surement of 7 from the precision chambers can be combined with the
measurement of ¢ from the trigger chambers.

The magnetic field for the muon spectrometer is provided by eight
superconducting toroid coils in the barrel, and two end-cap toroids (see
Section 4.1.6). To correctly and precisely determine the momentum of
muons through the bending of their tracks, it is necessary to know the
magnetic field down to the per mille level. This is achieved through about
1800 Hall sensors that are distributed throughout the spectrometer.
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4.1.5 Forward detectors

There are three detectors in the forward region of ATLAS. LUCID (LU-
minosity measurement using Cherenkov Integrating Detector) is a relative
luminosity detector, which measures inelastic pp scattering in the forward
direction. It is used to measure the integrated as well as instantaneous
luminosity, and acts as an online monitor of beam conditions. The ALFA
(Absolute Luminosity For ATLAS) detector measures elastic Coulomb
scattering at very small angles (3purad). It requires special beam condi-
tions (high £* and reduced beam emittance), and results from ALFA can
be used to calibrate LUCID. Finally, the ZDC (Zero-Degree Calorime-
ters) are used to detect neutrons in the forward region with |n| > 8.3 in
heavy-ion collisions, in order to determine the centrality of such collisions.

4.1.6 Magnet system

The ATLAS magnet system consists of two parts: a central solenoid
placed between the electromagnetic calorimeter and the inner detector,
and a system of eight barrel and two end-cap toroids housed inside the
muon spectrometer.

The superconducting solenoid provides bending of charged particles in
the inner detector through an axial magnetic field of 2'T. The magnetic
flux is returned through the steel girder of the barrel hadronic calorimeter.
The support structure for the central solenoid consists of a 12 mm thick
aluminium cylinder. The coil is made of NbTi/Cu and strengthened with
aluminium, and it is wound in a single layer inside the support cylinder.
The LAr calorimeters share the vacuum vessel with the solenoid, in order
to minimize the amount of material in front of them. The solenoid con-
tributes to about 0.66 X, at an incidence normal to the beam axis. The
length of the solenoid is 5.4 m, its inner diameter is 2.46 m, its thickness
is 0.1 m, and it weighs 5.4 tonnes. The peak magnetic field of the solenoid
is 2.6 T, and the stored energy is 40 MJ.

The barrel toroid is a system of eight superconducting coils that pro-
vide bending of charged particles in the volume of the muon spectrometer
through a toroidal magnetic field of approximately 0.5T. It extends over
25.3m in length, has inner and outer diameters of 9.4m and 20.1 m re-
spectively, and weighs about 830 tonnes. The coils are made of the same
material as the solenoid coil. They have a core of air and are contained in
vacuum vessels of stainless steel. The operating temperature of the barrel
toroid is 4.6 K. The peak magnetic field of the barrel toroid is 3.9T, and
the stored energy is 1.1 GJ.

The end-cap toroids complement the barrel toroid in the high-n region
by providing extra bending power through a magnetic field of about 1 T.
Each end-cap toroid consists of eight flat, square coils and eight wedges,
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in order to support the structure against the considerable Lorentz force
which the toroid is subject to under operation. The end-cap toroids are
made of the same superconducting material as the barrel toroids, and they
share the operating temperature. Each end-cap toroid weighs 239 tonnes,
is 5m in length, and has inner and outer diameters of 1.65m and 10.7 m
respectively. The peak magnetic field is 4.1 T, and the stored energy is
0.25 GJ per toroid.

4.2 Particle reconstruction and identification

Particles arising from pp collisions yield different responses in the various
sub-detectors depending on their type. Figure 4.6 shows a representation
of how particles of different types interact with the ATLAS detector. The
particle reconstruction and identification is described here with respect
to the ATLAS detector in Run 2.

Tracking {

Figure 4.6. Representation of how particles of different types are detected in
the ATLAS detector.

4.2.1 Electrons

Electrons are seeded by projective regions in 7 and ¢ (towers) in the
electromagnetic calorimeter [64]. A clustering algorithm [65] is used to
form clusters of towers in the electromagnetic calorimeter around the
seed, and to remove duplicate clusters.
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Track seeds are formed by hits in the silicon detectors, and are fitted
to tracks using pattern recognition algorithms [66, 67]. The track fit-
ting algorithms take the effects from bremsstrahlung into account. The
tracks are matched to the electromagnetic clusters based on the distance
in n and ¢. If multiple tracks can be matched to a cluster, the one clos-
est in AR is considered as the primary track. Electromagnetic clusters
without a matched track are considered as photons (see Section 4.2.2).
The acceptance is restricted to the range |n| < 2.37, with the transi-
tion region between the barrel and end-cap electromagnetic calorimeters
(1.37 < |n| < 1.52) excluded.

The energy of the cluster is calibrated to the true electron energy using
multi-variate analysis (MVA) techniques based on simulation [68]. Elec-
tron isolation is measured for both tracks and clusters, and is based on
the sum of energies from tracks or clusters, respectively, in a cone around
the electron direction.

An MVA technique called the likelihood-based (LH) method is used
to distinguish electrons from converted photons or charged pions [64].
It uses the probability density functions (PDF) of variables that have
different shape for electrons and backgrounds. Electrons are more likely
to deposit all of their energy in the electromagnetic calorimeter as com-
pared to hadrons, which makes leakage into the hadronic calorimeters
a powerful discriminator. The number of hits in the IBL discriminates
against photon conversions, and the amount of transition radiation de-
tected by the TRT discriminates electrons from charged hadrons. Other
variables are related to the shape of the cluster in the different layers
of the electromagnetic calorimeter, and to the associated tracks. Three
working points (loose, medium, and tight) define different pairs of values
of signal efficiency and background rejection power.

4.2.2 Photons

A cluster of energy (formed as in Section 4.2.1) is considered as an un-
converted photon if it has no associated track, and as a converted photon
if it has two oppositely charged tracks that are collinear and compatible
with electrons based on information from the TRT [69]. A cluster with
only one associated track can also be considered as a converted photon if
it has no hit in the IBL.

The acceptance is restricted to the range |n| < 2.37 (with 1.37 < || <
1.52 excluded) where the first high-granularity (strip) layer of the elec-
tromagnetic calorimeter has fine enough segmentation to reject neutral
hadrons (e.g. 7™ — v decays). The photon identification algorithm em-
ploys cuts on discriminating variables to select signal photons, and reject
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backgrounds. Among them are variable describing the cluster shape, and
leakage into the hadronic calorimeters.

Track- and cluster-based isolation variables similar to those described
in Section 4.2.1 can be used to discriminate photons originating from the
hard interaction from background photons.

4.2.3 Muons

Muon reconstruction is done separately in the inner detector and the
muon spectrometer. Then, information from the two reconstructions is
combined to form muon candidates for physics analyses [70].

Tracks in the inner detector are formed from hits in its sub-detectors,
with a similar procedure as that described in Section 4.2.1. In the muon
spectrometer, track segments are formed from hits in each sub-detector
layer. A combinatorial algorithm forms track candidates with segments
in the middle MDT layer as seeds, and then adding segments from the
inner and outer layers. In the case of overlapping tracks, the candidate
with the best segment alignment is selected.

The information from the inner detector, muon spectrometer, and the
calorimeters are used to reconstruct four types of muons. Combined and
extrapolated muons are the default for physics analyses, and are described
here, while the other two types are segment-tagged and calorimeter-
tagged muons. Combined muons are reconstructed from a refit of the
hits the inner detector and the muon spectrometer. Extrapolated muons
are reconstructed from a track in the muon spectrometer that is com-
patible with the interaction point, and are used to extend the muon cov-
erage outside the inner detector (2.5 < |n| < 2.7). If several types of
muons overlap, priority is given in the order combined, segment-tagged,
calorimeter-tagged, and extrapolated.

Identification criteria for muons are aimed at suppressing backgrounds
mainly from decays of pions and kaons. Muons originating from charged-
hadron decays in the inner detector result in a poorer track fit quality.
Incompatibilities between the momentum measurements of inner detector
and muon spectrometer tracks can also be used.

4.2.4 Jets

Jets are usually reconstructed [71] using the anti-k, [72] algorithm with
a distance parameter of R = 0.4. Topological clusters are formed from
groups of calorimeter cells that follow the evolution of the shower as a
jet enters the calorimeters, and are used as inputs to the reconstruction.
The energy of a topological cluster is defined as the sum of energies of
each cell belonging to that cluster, and the direction is calculated from
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weighted averages of n and ¢ of these cells. Energy calibration is per-
formed by removing the average contribution from pile-up interactions,
and then applying an energy- and n-dependent response function derived
from simulation [73].

Timing variables are used to separate jets from the collision from those
originating from beam gas, beam halo events, or cosmic rays. Pulse-shape
variables are used to effectively reject jets due to calorimeter noise. An
MVA technique called the jet vertex tagger (JVT) [74] is used to distin-
guish jets from the hard interaction from pile-up jets.

4.2.5 T1-leptons

The 7-leptons have a short decay time, and can only be detected through
their decay products. Leptonic decays of 7-leptons are reconstructed in
the same way as prompt electrons (Section 4.2.1) or muons (Section 4.2.3).
Hadronic decays of 7-leptons are the main focus of this thesis, and are
used to measure the performance of the 7 trigger (Section 5.3.6), to de-
termine the Higgs boson coupling to fermions in the H — 77 analysis
(Section 6.2), and to search for charged Higgs bosons in H — 7v decays
(Section 6.3). The descriptions of the reconstruction, identification, and
energy calibration of hadronically decaying 7-lepton candidates (7;,4) are
deferred to Chapter 5.

4.2.6 Flavour tagging

Identification of jets originating from hadrons containing b- or c-quarks
is important in many analyses, including the 7 trigger performance mea-
surement using top—antitop-quark pairs (#t) events in Section 5.3.6 and
the charged Higgs boson search in Section 6.3. Flavour tagging, or
b(c)-tagging, depends on specific properties of b(c)-hadrons. They include
the long lifetime, high mass, and decay particle multiplicity in b-hadrons,
as well as the difference in fragmentation of the b-quark compared to its
lighter counterparts.

The output of three algorithms are used as input to a boosted decision
tree (BDT) algorithm [75, 76]. The first algorithm is based on the impact
parameter of the tracks associated with the jet. The second algorithm
tries to reconstruct a secondary vertex, which is displaced from the pri-
mary vertex. The third algorithm, called the JetFitter algorithm, tries
to exploit the topology of weak decays of b(c)-hadrons by reconstructing
the full decay chain.

The multi-variate algorithm MV2 uses the outputs from the three basic
algorithms as input to discriminate b-jets from light and c-jets. The MV2
algorithm is trained with ¢¢ simulated events, where true b-jets are defined
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as a signal while a mixture of light /c-jets constitute the background. The
default training for the 2016 data taking is called MV2c10, and uses a
mixture of 90 % b-jets and 10 % c-jets. Four working points with different
b-tagging efficiencies are defined: 60 %, 70 %, 77 %, and 85 %.

4.2.7 Overlapping objects

Object reconstruction allows for multiple objects to be reconstructed from
the same signals in the detector. Such objects will have a geometri-
cal overlap within some distance AR. The most prominent examples of
overlapping objects are between electrons, 7,4 candidates, and jets, be-
cause they produce similar signatures in the calorimeters. Despite efforts
to correctly identify from what object a signature comes, different re-
quirements in different analyses might not allow for a unique decision.
To resolve ambiguities between overlapping objects, after a selection has
been made on the quality of the reconstructed objects, a procedure called
overlap remowal is used.

Overlap removal is done by removing geometrically overlapping objects
in a defined priority. Two objects are said to overlap if they are separated
by a distance AR less than a given cut value, typically 0.1-0.4 depending
on the object. A common priority for analyses is to:

1. keep all selected muons,

2. iteratively remove selected electrons that overlap with muons,

3. iteratively remove selected 73,4 candidates that overlap with muons

or electrons,

4. iteratively remove selected jets that overlap with muons, electrons,

or Tj,q candidates.
A looser selection is commonly used for the objects against which overlap
is checked. For instance, an analysis using medium electrons and medium
muons might require that the electrons do not overlap with loose muons.

4.2.8 Missing transverse energy

By construction of the coordinate system of the detector, colliding par-
ticles only have momentum in the longitudinal direction. Hence, the
momenta of all particles from a collision must sum up to zero in the trans-
verse direction. Deviations occur either when there are undetectable par-
ticles in the event, such as neutrinos or other weakly interacting particles,
or when normally detectable particles escape detection or are incorrectly
measured. The overall imbalance in py is called missing transverse mo-
mentum, and is described by its magnitude (E¥%) and its direction in
the transverse plane (¢p™iss).
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EMiss s a key component in the searches for both the charged Higgs
boson and the Higgs boson decaying into two 7-leptons that are described
in Chapter 6. EX is a significant part of the signature of the H* — 7v
process, and it is used to trigger these events. In H — 77 events, s
is used to reconstruct the Higgs boson mass using the missing mass-
calculator (MMC) technique [77].

Undetectable particles coming from the hard interaction cause true
Emiss - while pile-up interactions can cause real imbalances from unde-
tectable particles, and apparent imbalances through reconstruction ineffi-
ciencies. Apparent imbalances can also occur if particles from the hard
interaction fail to deposit all their energy in the calorimeters, are not effi-
ciently reconstructed by the inner detector and the muon spectrometer,
or when they pass through areas where the detector has no or limited
coverage.

The ER is calculated from the negative of the summed pp of all
reconstructed objects in the event [78, 79]. It is computed separately for
each object and for each cartesian component:

miss __ rmiss,e miss,y miss, T miss,
oty = o) T Ea o) TEay + (@)
miss,jets miss,soft :
B ” tHay

The soft term (EEE;S S0ty can be computed either from tracks or calorime-
ter deposits not associated with reconstructed objects. The default is the
track-based soft term, which uses tracks associated with the primary ver-

tex and is robust against contributions from pile-up [80].

4.3 Trigger and data acquisition

The ATLAS TDAQ system is responsible for selecting events that are po-
tentially interesting for physics analyses, reading event data from the de-
tector electronics, and permanently storing selected events. It is described
in detail in Refs. [59, 81]. The trigger system consists of a Level-1 (L1)
trigger, which is implemented in hardware and closely integrated with the
detector read-out electronics, capable of making a decision within 2.5 ps,
and a High-Level Trigger (HLT'), which is implemented in software and
runs on a computer farm with more than 30000 cores.

4.3.1 Level-1 trigger

The L1 trigger selects events with signatures from muons, electrons, pho-
tons, jets, and hadronically decaying 7-leptons with high pr, and, option-
ally, isolation criteria. The L1 trigger also selects events which contain

miss

large amounts of energy, or have a large EY
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Information from the calorimeters and the trigger chambers of the
muon spectrometer are used for the L1 trigger decision. This information
is at a lower granularity than what is eventually read out if the event is
selected. The L1 trigger also defines Regions-of-Interest (Rol) which the
HLT uses to make a more careful decision.

The L1 trigger must be able to identify the bunch crossing in which a
trigger item was fired. Due to the size of the detector, the bunch crossing
interval of 25 ns is much smaller than the travel time for electrical signals
to the L1 trigger processors. Pipeline memories are used to buffer the
read-out signals, and these place a constraint on the time from the bunch
crossing to the L1 trigger decision. The maximum output rate of the L1
trigger to the HLT is 100 kHz.

The L1 7 and E trigger algorithms are described in detail in Ref. [82]
and are summarized here. The L1 7 trigger uses deposited energy in tow-
ers in the calorimeter, and defines a Rol based on a local energy maximum
among the towers. The towers around the Rol are called the isolation re-
gion, and an upper threshold is applied on the energy deposited in them.
Figure 4.7 illustrates the Rol and the isolation regions used in the L1 7
trigger algorithm. The L1 EXS trigger uses sums of deposited energy in
towers in the calorimeter, together with their location, to compute the x
and y components of the ERs,

Hadronic
calorimeter

Electromagnetic
calorimeter

Trigger towers (An x A¢p = 0.1 x 0.1)

[ . Electromagnetic
Vertical sums isolation ring

Local maximum/ and isolation ring
Region-of-interest

Horizontal sums - Hadronic inner core

Figure 4.7. Illustration of how combinations of trigger towers are used in the
T trigger algorithm.
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4.3.2 High-Level Trigger

The HLT runs reconstruction and identification algorithms, in order to
find event properties that match a list of physics signatures. These signa-
tures can be object candidates (electrons, photons, muons, 7,4, jets, and
b-jets), topological features, or global event properties (total transverse
energy and ER). Its purpose is to decide whether an event should be
rejected or accepted for final storage.

The HLT first uses the information gathered from the L1 Rols at full
granularity, corresponding to about 10% of the total event data. As
the HLT proceeds, more information about the event needs to be recon-
structed. Rejection of a specific signature occurs as early as possible, and
as soon as no viable signatures remain, the whole event is rejected. The
HLT is designed to process events at a rate of 100 kHz, with a maximum
output rate of 1kHz.

T trigger

The 7 trigger is one of the focuses of this thesis. Its performance is
measured in the analyses described in Section 5.3, where the efficiencies
in Z — 77 and tt events are studied. Furthermore, the two-object T
trigger is used in the H — 77 analysis described in Section 6.2. The 7
trigger is described in detail in Refs. [59, 83], and is only summarized
here.

In the initial stages, the 7 trigger uses information from the calorime-
ters and about tracks in the inner detector, in the Rol. The transverse mo-
mentum is computed from calorimeter cells, while tracking is performed
in two steps, with increasing precision and requirement on computing
times. After this initial reconstruction, a selection based on track isola-
tion is applied to reject backgrounds.

Full reconstruction of the 7,4 candidate is done at a later stage, using
the anti-k, algorithm within the Rol. The BDT algorithm described in
Section 5.2.2 is used to reject jets.

Emiss trigger

Five different algorithms, with various levels of complexity, have been
developed for the EMS trigger. The algorithms use information from
calorimeter cells, topological clusters, or reconstructed jets. The topo-
logical-cluster-based algorithm is also complemented with two different
methods for correcting the effects from pile-up. The EMSS trigger is de-
scribed in detail in Ref. [59].

The H" — Tv search, described in Section 6.3, uses the KIS trigger
with the jet-based algorithm for 2016 data, and the topological-cluster-
based algorithm for 2015 data. The trigger efficiency is measured in data
and applied to simulated events.
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4.3.3 Data acquisition

The ATLAS data acquisition system is responsible for transporting and
assembling all data, starting from the front-end electronics inside each
sub-detector, through the sub-detector read-out drivers, via the read-out
system, which buffers the data until requested by the HLT, and, finally,
storing the events that fire the HLT to disk.

4.4 Computing and data model

4.4.1 The LHC computing model

The Worldwide LHC Computing Grid (WLCG), commonly referred to
as the Grid [84], provides the computing model to ATLAS and the other
experiments at the LHC. The Grid is a global collaboration, involving
about 170 computing centres worldwide. It is divided into four levels [85],
where for ATLAS the Tier-0 is the CERN data centre and an off-site cen-
tre located in Hungary. The Tier-0 centre is responsible for storing the
raw data from the experiments and redistributing data to the 13 Tier-1
centres, one of which is the NDGF centre run by Sweden, Norway, and
Denmark. They have a shared responsibility of storing raw and recon-
structed data, and are also used to perform large-scale reprocessing and
simulation tasks. They redistribute data to the numerous Tier-2 centres,
which are typically universities and other scientific institutes. The Tier-2
centres are responsible for running the bulk of the analysis jobs launched
by individual scientists and groups, and also proportionally share the
production of simulated events. Tier-3 centres are local computing re-
sources belonging to e.g. a university department. They have no formal
engagement with the Grid, and usually restrict access to their members.

4.4.2 The ATLAS data model

Data

The raw data (RAW) from the event read-out is processed in two steps,
resulting in two formats. The Event Summary Data (ESD) contain suffi-
cient information to perform object identification, refitting of tracks, cali-
bration of jets, etc. It is used for tuning reconstruction algorithms and cal-
ibrations. Analysis Object Data (AOD) contain the reconstructed events
with reduced detail, and has enough information to perform most analy-
ses.

Simulation
The production of simulated events (Monte Carlo, MC) start with the
generation of the hard scattering of a physical process. This step is called
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event generation and can be performed by a multitude of generator pro-
grams, e.g. POWHEG [86, 87], PyTHIA [88, 89], ALPGEN [90], and MAD-
GRAPH [91].

The resulting EVNT files undergo detector simulation, using either the
full simulation, with a GEANT4 [92] model of the detector, or ATLFAST-
IT [93], combining calorimeter simulation using FastCaloSim and the
GEANT4 model for the inner detector. In the FastCaloSim calorime-
ter simulation, observables such as energy, momentum, and position are
parametrized and smeared to give as realistic a response as possible with-
out having to use the time consuming, detailed GEANT4 detector simu-
lation. The simulation results in HITS files.

The next step involves adding the pile-up simulation and performing
the digitization, in turn producing Raw Data Object (RDO) files. The
trigger simulation is then performed, with a new set of RDO files as the
output. These RDO files undergo the reconstruction process, resulting in
ESD and AOD files, just as for data.

Analysis

The analysis data model, including both collision data and simulated
events, starts from AOD files as the common data format. The AOD
files may undergo several iterations of refinements, with respect to recon-
struction and calibration. They can be used directly in analyses using
either the ATLAS-specific Athena or the general ROOT [94] framework,
but a more common workflow is to use one of the various Derived AOD
(DAOD) formats.

The DAOD files are produced from AOD files with a derivation frame-
work, where the file size is reduced through two methods. Skimming
removes entire events that are not expected to be interesting in the given
type of analysis, whereas slimming removes information that is not re-
quired from the remaining events.

A multitude of DAOD formats exist, targeting different physics anal-
yses or object performance studies, which are produced and managed
centrally. The size reduction minimizes the effect of event duplication
across the different DAOD formats. The considerably smaller size of the
DAQD files also result in faster execution of analysis jobs.

A last reduction step is usually performed on the DAOD files, which
implements pre-selections for specific analyses, and can also produce out-
puts in different data formats. The final data analysis is usually done us-
ing the ROOT framework, and common formats include further skimmed
and slimmed DAOD files, or ROOT files (flat ntuples).
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4.4.3 ATLAS computing model

Roles of the tiers

The data from the HLT are distributed to the Tier-0, which stores the
raw data. The typical event size for an average of 40 interactions per
bunch crossing is 1 MB. With a HLT output rate of 1kHz, the stream-
ing throughput of raw data at Tier-0 is about 1000 MB/s. The Tier-0
in ATLAS performs a first event reconstruction on the RAW files, and
produces files of the ESD and AOD formats. In case of serious congestion
at Tier-0, the computing model allows for some of the RAW processing
to be taken over by Tier-1 sites.

Tier-1 sites are responsible for keeping a second copy of the RAW data,
and they are distinguished by being the sites where the most memory- and
input/output-intense jobs are run. All central or communal workflows,
such as reprocessing of data, production of simulated events, and group
production, can be run on both Tier-1 and Tier-2 sites. This enables
load and throughput optimization by allowing sites to run a mixture of
job types in terms of input/output usage, memory consumption, and CPU
load.

Other computing resources

At times when the HLT farm is not used for its main purpose, e.g. when
there are no collisions in the LHC, it can be temporarily repurposed to
act as a Grid site. This may also occur during collisions, to allow for
efficient usage of the approximately 30 % of the farm that is idle.

In addition to Grid sites, ATLAS has also investigated the use of op-
portunistic resources, such as commercial or scientific cloud resources, or
temporary resources at High Performance Computing (HPC) centres [95].
ATLAS has successfully used Infrastructure-as-a-Service (IaaS) cloud re-
sources from Amazon EC2, Google Compute Engine (GCE), and Helix-
Nebula. For the author’s own work about using Puppet to contextualize
computing resources on GCE, see Section 4.4.4.

ATLAS distributed computing environment
The ATLAS distributed computing environment consists of many parts,
from the job definition interface to monitoring. JEDI (Job Execution and
Definition Interface) is the system for defining, prioritizing, matching, and
executing jobs. It provides the interface for running distributed analy-
sis jobs using e.g. the pathena or prun programs. The DEfT (Database
Engine for Tasks) is the interface used for larger tasks, such as the produc-
tion of simulated events. PanDA is the system responsible for monitoring
the status and manage the workflow of the jobs. It executes sub-jobs on
computing resources using a pilot program.

Data management is handled by Rucio, which both end-users and re-
source administrators use to download, upload, copy, delete, and manage
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datasets. When jobs run on a site, the input data can be either copied or
accessed remotely. Remote access is provided via the HT'TP protocol, or
by XRootD through Federated XRootD Storage (FAX). The SRM and
GridFTP programs are used for file transfers.

The different types and versions of softwares required to run ATLAS
jobs on the Grid are distributed through a shared file system called
CernVM-FS.

4.4.4 Cloud computing R&D

So-called Infrastructure-as-a-Service (IaaS) cloud services, where a user
essentially rents a (virtual) computer for a period of time, have become
increasingly popular over the past years. ATLAS experiences peaks in
computing resource usage in times of hectic data analysis or large produc-
tion campaigns. During these peaks, it may be beneficial to temporarily
increase the amount of available computing resources. This can be done
using IaaS cloud services, and with some monitoring, it can also be done
opportunistically, i.e. using the resources at times when the cost is lowest.

Google Compute Engine (GCE) is an Iaa$S service run by Google. At
the time of research, it was not possible to upload machine images to
GCE, hence using images with the necessary software for ATLAS com-
puting nodes pre-installed was not possible. The author has developed
an alternative approach [96], where the contextualization of the machine
is done on-the-fly as the machine starts.

The contextualization is performed using Puppet, a system adminis-
tration software used to automate many administrative tasks. It uses
declarative manifests to define the desired state of a system, and ensures
that the system configuration does not drift from the said state. A set of
Puppet modules have been created to install and configure the necessary
software to run an ATLAS computing cluster on GCE.

The node configuration consists of one manager node and any number
of worker nodes. The manager node runs AutoPyFactory for the creation
of pilots, and retrieval of jobs from a PanDA queue, HTCondor for the
job scheduling, and an XRootD redirector for data access through FAX.
The worker nodes run CernVM-FS for accessing the software necessary
to run ATLAS distributed analysis jobs. They also run HTCondor in a
node capacity to be able to accept jobs from the scheduler, and XRootD
as a file access and cacheing service. Figure 4.8 shows a schematic of a
cluster configuration on GCE, and a schematic of the contextualization
of a node.

The time needed for a bare instance to become a fully configured node
suitable for running ATLAS distributed analysis jobs has been measured
to 5-7 minutes. The instantiation of nodes can be done in parallel, and it
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Figure 4.8. Schematic of a cluster configuration for ATLAS analysis on Google
Compute Engine (left), and a typical contextualization procedure for a node
in the cluster (right).

is possible to dynamically add and remove nodes from the cluster. Using
an laaS service, such as GCE, together with Puppet is found to be a
viable option to temporarily increase computing resources, even when
considering such short periods as a few hours.
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5. Reconstruction, identification, and
triggering of hadronically decaying 7-leptons

5.1 Introduction

7-leptons offer a unique handle on Higgs boson physics both in and beyond
the SM. Their relatively large mass means that they couple strongly
to Higgs bosons, and their decays provide reasonably clean signatures
compared to processes involving b- or top quarks. The first measurement
of the Higgs boson coupling to fermions was performed in the H — 77
analysis, which is covered in Section 6.2. Searches for charged Higgs
bosons decaying through H™ — 7v are presented in Section 6.3.

T-leptons have a very short (0.3 ps) lifetime [7] and typically decay
within the volume of the beam pipe. They can decay leptonically into
lighter leptons (muons or electrons, collectively denoted 1), or hadronically
into an odd number of charged, and zero or more neutral hadrons. The
branching fraction for leptonic decays is about 35 %, where the fraction
for individual leptons are similar as a consequence of lepton universality.
In these decays, the lighter lepton is accompanied by two neutrinos: one
of 7 type (v,) and one of the type of the light lepton (1), i.e. 7 — lyv..

Hadronic decays of T-leptons occur in about 65 % of the cases and are
classified depending on the number of charged particles (prongs) in the
final state. The decays are composed of 1-prong decays (50 %), 3-prong
decays (15 %), and in much more rare cases 5-prong (0.1 %) and 7-prong
decays (< 3.0 x 107°%). The particle content of hadronically decaying
7-leptons consists mostly of charged and neutral pions (7%, 7°), but also
to a lesser extent kaons (K*, K°, K3, K?), p, n, and w mesons, and other
rare mesons. In all cases, hadronic decays of 7-leptons are accompanied
by a v._.

The neutrinos present in 7-lepton decays are required by the lepton
number conservation. They are a source of true missing energy in the
event, which means that the original energy and momentum of 7-leptons
cannot be fully reconstructed. Consequently, neither can the mass of
particles decaying into 7-leptons, such as the Higgs boson in H — 77
decays. Several techniques exist to work around this limitation, and some
of these are discussed in Section 6.2.2.

Leptonic decays of 7-leptons are reconstructed in the same way as
prompt electrons or muons, and their reconstruction, identification, and
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energy calibration are not discussed further. The detection of hadron-
ically decaying 7-leptons is introduced in Section 5.2, and their recon-
struction is discussed in Section 5.2.1. Precise identification, with dis-
crimination against jets and electrons, is covered by Section 5.2.2, and
their energy scale is discussed in Section 5.2.3. Finally, Section 5.3 is
devoted to efficiency measurements of the 7 trigger in Z — 77 and tt
events.

5.2 Detection, reconstruction, and identification

Hadronically decaying 7-leptons carry tell-tale signs that make them iden-
tifiable in a detector. The charged hadrons leave tracks in the inner detec-
tor, and all hadrons deposit energy in the electromagnetic and hadronic
calorimeters. The result is a highly collimated jet with usually one or
three associated tracks.

For the hadronic decays, sophisticated methods are required to discrim-
inate against other objects. The dominant backgrounds to hadronically
decaying 7-leptons are electrons (for 1-prong 7 decays) and jets initiated
by quarks and gluons. Electrons typically deposit most of their energy in
the electromagnetic calorimeter, and are much more affected by transi-
tion radiation detectable in the TRT. Conversely, 7° — v+ decays from 7
decays leave a large fraction of energy in the electromagnetic calorimeter.
Since hadronically decaying 7-leptons are usually more collimated than
jets initiated by quarks or gluons, many background jets can be rejected
by requiring that the associated tracks are in the core region (AR < 0.2
around its direction), and that no tracks are found in a surrounding iso-
lation region (0.2 < AR < 0.4).

5.2.1 Reconstructing hadroniclly decaying 7-leptons

Jets reconstructed with the anti-k, algorithm with a distance parameter
of R = 0.4 are used as seeds to the 7 reconstruction algorithm [83, 97].
The jets are required to have pp > 10 GeV and |n| < 2.5.

The 7,4 candidate is not always produced in the selected primary
vertex. To improve the reconstruction efficiency, the 7 vertex (TV) as-
sociation algorithm searches for the best match among all the primary
vertex candidates in the event. The py of tracks within AR < 0.2 of
the jet seed direction are summed, and the primary vertex candidate to
which the largest fraction of pp can be matched is selected as the TV.
The TV is subsequently used to define the direction and coordinate sys-
tem of the 7,4 candidate, as well as for track association. Figure 5.1
shows the efficiency estimated in simulated events, for correctly assigning
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the 7 production vertex using the default primary vertex with the highest
3" pA as compared to the TV.
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Figure 5.1. The efficiency for correctly assigning the 7 production vertex by
using the default primary vertex and by using the TV, as a function of the 7,4
pr (left) and the number of reconstructed vertices (right).

The three-momentum of the 7,4, candidate is calculated in several
steps. First, the centre in 7 and ¢ of the topological clusters of the
jet seed is found. This calculation is done at the local hadronic (LC)
scale [98], where a zero mass approximation is used for all constituents
in the clusters. The four-momenta of all clusters in a cone AR < 0.2
around the centre are recomputed using the TV as the origin. The sum
of the four-momenta yields the direction of the 73,4 candidate, and the
momentum magnitude at the LC scale. The mass of the 7,4 candidate
is defined to be zero.

Tracks are associated with the 73,4 candidate if found in the core region
and have pp > 1 GeV. Cuts on the number of hits in the pixel and SCT
sub-detectors, as well as on the transverse and longitudinal distances from
the TV, are also applied.

The reconstruction efficiency for hadronically decaying 7-leptons is de-
fined as the fraction of 7,4 candidates that are reconstructed with the
correct number of tracks, separately for 1- and 3-prong decays. The
efficiency varies at different steps in the reconstruction. For instance,
the efficiency for finding a jet seed for 75,4 candidates with calibrated
pr > 20GeV is almost 100 %. For 1-prong decays, increased pp means
that the decay might happen after the pixel detector, which causes the
track to fail the quality requirements. Electrons from photon conversions
also have a higher chance to meet the track quality criteria with higher pp.
If isolated tracks from such electrons coincide with the 73,4 core region,
they result in an incorrect number of charged particles. At high py the
charged particles from 3-prong decays are more collimated, which might
result in overlapping tracks and an underestimation of their number. On
the other hand, at low p the charged particles might not leave tracks
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with pp > 1.0 GeV. The reconstruction efficiency estimated in simulated
events, where the reconstructed 7,4 candidate is matched to a generated
1- or 3-prong decay, is shown in Figure 5.2.
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Figure 5.2. The reconstruction efficiency of 1- and 3-prong hadronic 7 decays
in simulated events. The efficiency is given as a function of the pp of the
generated visible decay products.

5.2.2 Identification of hadronically decaying 7-leptons

The reconstruction step provides very little rejection against background
jets, and discrimination against these is performed in a separate iden-
tification step. Boosted Decision Tree (BDT) algorithms [99, 100] are
trained separately for 1- and 3-prong 7,4 candidates, and track- and
topological cluster-based variables are used as input to these algorithms.
The variables include impact parameter (IP) related variables, the frac-
tions of energy in the calorimeter in the central region (AR < 0.1 around
the 7,4 candidate direction), of energy of the track with the highest p,
of the track pr in the isolation region. Other variables are e.g. related
to the number of neutral pions (7°) in the event. Three working points
are defined: loose, medium, and tight, corresponding to different pairs of
values of identification efficiency and jet-rejection power.

The main difference between the 2012 and 20152016 data taking pe-
riods consists of harmonizing the input variables of the BDT algorithms,
and the pile-up correction procedure, between the event reconstruction
and the HLT. The average number of pile-up interactions in the event
({u)) is used for the pile-up corrections, since the number of reconstructed
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primary vertices in the event is not available in the HLT. The output from
the 70 reconstruction algorithm was also replaced with some of the in-
put variables to this algorithm. The set of input variables used in the
2015-2016 BDT algorithms offers the same rejection power as the set
used in 2012. The presence of the IBL also improves the resolution of the
[P-related variables.

For the 2012 data taking, the BDT algorithms were trained with a
combination of simulated Z — 77, Z’ — 77, and W — 7v events as
signal, and a large sample of multi-jet data, collected using jet triggers,
as background. For the 2015-2016 data taking, the BDT algorithms are
instead trained with simulated Z — 77 events as signal, and simulated
di-jet events as background.

The combined reconstruction and identification efficiency is defined as
the fraction of 73,4 candidates that are reconstructed with the correct
number of tracks, where the 73,4 candidate fulfills specific identification
criteria. It is used to define three working points: loose, medium, and
tight. The working points are defined as pp-dependent cuts on the BDT
score, in order to ensure that they yield a constant efficiency indepen-
dent of the pr of the 73,4 candidate. The combined efficiencies of the
working points are 60 %, 55 %, and 45 % for 1-prong decays, and 50 %,
40 %, and 30 % for 3-prong decays, for the loose, medium, and tight work-
ing points, respectively. The inverse identification efficiency of jets from
multi-jet events misidentified as 73,4 candidates is shown in Figure 5.3,
as a function of the 7,4 identification efficiency.

1-prong 7 decays can also be mimicked by electrons. Hence, 7,4 can-
didates that geometrically overlap with an electron within AR < 0.4 are
rejected, if the electron fulfills a requirement on the likelihood identifi-
cation score. The cut value on the electron likelihood score depends on
the 7,4 candidate p, and the 7 of the track, in order to have a con-
stant identification efficiency of 95 % with respect to loose 1-prong 7.4
candidates.

After the identification procedure, some 7,4 candidates which are in-
correctly reconstructed remain. These constitute important backgrounds
to all analyses involving hadronically decaying 7-leptons. Various meth-
ods to estimate their contributions are described in Section 6.1. The
behaviour of misidentified 7,4 candidates in W+jets samples, simulated
with ATLFAST [93], is studied in Section 6.2.3. The modelling of mis-
identified 73,4 candidates using the same-sign contribution, in analyses
where the signal events are sign-asymmetric, is discussed primarily in
Section 5.3.4. The usage of fake factors to model misidentified 7,4 can-
didates is described in Section 6.1.2.
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Figure 5.3. The inverse identification efficiency of jets from simulated multi-jet
events misidentified as 7,4 candidates, as a function of the 7,4 identification
efficiency. The markers indicate the loose, medium, and tight working points.
The reconstruction efficiency is not included.

5.2.3 T energy calibration

The energy of the 7,4 candidate is reconstructed at the LC scale. The
LC scale calibration accounts for energy losses in the calorimeter and the
fraction of energy deposited outside the clusters, but is neither optimized
for the narrow cone size of the core region of the 7,4 candidate, nor for
the mixture of hadrons (typically charged and neutral pions) that make
up hadronic 7 decays. Neither does the LC scale calibration correct for
contributions from the underlying event or pile-up interactions. To bring
the 73,4 energy to the energy scale of the visible decay products, two cor-
rection functions are applied. The first correction pertains to the amount
of pile-up interactions in the event, and increases linearly with the num-
ber of primary vertices. The second correction is the detector response
function, which is derived as the Gaussian mean of the ratio of the LC
energy, with the contribution from pile-up interactions removed, and the
visible energy of the generated decay products. The detector response
functions are derived from simulation, separately for 1- and 3-prong 7
decays, and they are parametrized by pile-up corrected energy at the L.C
scale and |n|. The energy resolution, defined as the Gaussian width of
the calibrated energy divided by the energy of the generated visible decay
products, estimated in simulated Z — 77 events is shown in Figure 5.4.
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Figure 5.4. The energy resolution for 1-prong (left) and multi-prong (right)
hadronic 7 decays. The resolution is measured per response function, as a
function of the calibrated energy.

5.2.4 Performance measurement in data

Measurements of identification and energy scale performance for 7,4 can-
didates are done using a tag-and-probe technique. This technique relies
on the presence of a muon and one hadronically decaying 7-lepton in the
final state. The muon is the tag, which also is used to trigger the event,
and it can come from leptonic decays of 7-leptons in Z — 77 events. The
hadronically decaying 7-lepton in the event is the probe, the performance
of which is to be studied.

The anti-correlation of the sign of the charges of the muon and the
hadronically decaying 7-lepton, as well as the knowledge about the Z
boson mass, are used to reject events from the background of misidentified
Tiaq candidates from multi-jet, W-jets, Z+jets, tt, and single-top-quark
events. After subtracting the background from the data, the performance
of the identification and energy scale of hadronically decaying 7-leptons
in data can be compared to those in simulated events. Differences in the
identification performance are compensated by applying scale factors to
the 7,4 candidates in simulated events, and by corrections to the energy
scale. The values of the scale factors are optimally equal to unity, while
any energy scale correction should be small.

Figure 5.5 shows the distribution of the visible mass (m;s(f; Thaq))s
the invariant mass of the muon and the visible decay products of the 7,4
candidate, measured with 13TeV data corresponding to an integrated
luminosity of 7.1fb~!, collected in 2016.

5.3 The 7 trigger

Triggering on hadronically decaying 7-leptons is important for selecting
events for many physics analyses, either as a stand-alone object or in
combination with electrons, muons, or EF"®. Due to the intrinsic diffi-
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of Z — 771 events, selected by a muon trigger. The Z boson mass peak is visible
on top of a background consisting mostly of misidentified 7,4 candidates from
multi-jet and W-+jets events.

culty of correctly reconstructing and identifying hadronically decaying
7-leptons, and the large amount of jets at the LHC, the pp-threshold is
typically higher than for the corresponding lepton triggers. It is therefore
primarily used to select events in decays where no leptons are present, or
in combination with other triggers, the thresholds of which can then be
lowered.

In analyses where two 7-leptons decay hadronically, a two-object 7
trigger is typically used. The single 7 trigger has a significantly higher
pp-threshold than its two-object counterpart, and events selected by this
trigger can be included as a complement. The two-object 7 trigger is used
to select Ty,qThaq €vents in the Run 1 H — 77 analysis [101] described in
Section 6.2.

H* — 7v decays have a unique signature with a hadronically decaying
T-lepton and ER and a combined 7+ EX trigger has been specifically
tailored for these decays. For the Run 1 search [31], the thresholds were
pr > 27 GeV or 29 GeV and ET > 40 GeV or 50 GeV. The same trigger
with thresholds of pp > 35GeV and ET5 > 70 GeV might be used in
future searches.
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5.3.1 7 trigger performance analyses

The reconstruction of hadronically decaying 7-leptons at the HLT is sim-
ilar to the one used in the event reconstruction. For Run 2 the inputs
to the identification algorithms are harmonized at the HLT and event re-
construction steps (see Section 5.2.2). However, the identification at the
HLT is not 100 % efficient with respect to 7,4 candidates in the event re-
construction. Two measurements of the trigger efficiency are performed.
Both employ a tag-and-probe technique, where a muon acts as the tag
and a 7,4 candidate as the probe.

One measurement targets the Z — 77 process and, while it provides a
selection of 73,4 candidates with high purity and statistics, it is limited in
pr reach. The Z boson mass of 91 GeV yields 7-leptons with pp < 45 GeV
at rest, and to measure efficiencies at higher p, the Z boson must be
boosted.

In the tt process, each top-quark decay produces a W boson, which
in turn can decay into a 7-lepton. Thanks to the larger top-quark mass
of 173 GeV, the tt process provides hadronically decaying 7-leptons in a
higher pp-range. The second measurement targets these events, where
the muon originates from W — uv or from a leptonic 7 decay, while the
hadronically decaying 7-lepton is a product of W — 7v. The tt pro-
duction cross-section is measured in 13 TeV pp collisions to be o,; = 818
+8(stat) +27(syst) £18(lumi) +12(beam) pb [102]. With data corre-
sponding to integrated luminosities of 3.2fb~! and 11.5fb~!, the 2015
dataset and part of the 2016 dataset used in this thesis contain about 2.5
and 10 million such pairs, respectively. The combined branching fraction
for tt — [buw,|[bTv,] is about 1%.

Efficiencies and scale factors

The trigger efficiency is measured with respect to the various identifica-
tion working points. In the following, medium identification criteria are
required unless explicitly stated otherwise.

The efficiency is defined as the number of events that pass the tag-and-
probe event selection and the specified 7 trigger (PASS), divided by the
number of events that pass the tag-and-probe event selection (TOT). The
ratio of the signal efficiency and data efficiency is called the scale factor
(SF).

The signal is composed of simulated events where a 7,4 candidate
is geometrically matched to a generated hadronically decaying 7-lepton.
When calculating the efficiency in data, the backgrounds are subtracted.
The scale factor is compatible with unity if the reconstruction and identifi-
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cation of hadronically decaying 7-leptons are well modelled in simulation.

"8 Niie -(TOT)
Ndata(pass) — NPke(pass)
€data — (52)
Ndata(ToT) — NPk&(TOT)

SF = Sdata (5.3)
5sig

Treatment of systematic uncertainties

The systematic uncertainties considered for the efficiencies and scale fac-
tors arise from the subtraction of background events from the data, and
affect €4,:,. The systematic uncertainties are applied as upwards and
downwards variations of a given parameter with the magnitude of 1o,
and these corrections may affect the final event yields positively or nega-
tively. They propagate to the efficiencies through the difference in yields
for the event selections with and without the trigger. The nominal effi-
ciency is then subtracted from the efficiency variations for each systematic
uncertainty, and the positive and negative contributions are summed in
quadrature to form the total systematic uncertainty on the efficiency. In
cases where both variations are positive or negative, the largest in mag-
nitude is used in that direction, while the contribution in the opposite
direction is set to zero.

The systematic uncertainties are either considered correlated or uncor-
related with respect to the event selections with and without the trigger.
For correlated systematic uncertainties, the numerator and the denomi-
nator have the corrections applied simultaneously to form the efficiency
uncertainty

cor Ndata—bkg (PASS, i) Ndata—bkg (PASS)
0y = Ndata—bkg(TOT’ :|:> - Ndata—bkg(TOT) (54)

where + refers to the upwards and downwards systematic variations.

In the treatment of systematic uncertainties that are uncorrelated with
respect to applying the trigger, the numerator and denominator are varied
separately, resulting in two individual uncertainties on the efficiency:

uncor, total __ Ndata-bkg<PASS> Ndata_bkg(PASS

~—

= - 5.5
* N data-bkg (TOT, :l:) N data-bkg (TOT) ( )
uncor, passed Ndata_bkg(PASS, j:) B Ndata-bkg<PASS> (5 6)
+ ~ Ndatabkg(ToT) Ndata-bkg (TQT) :
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5.3.2 Data and simulation samples

The data used in these studies are collected with the ATLAS experiment
in pp collisions at 13 TeV, and correspond to an integrated luminosity of
3.2fb~1in 2015 and 11.5fb~! in 2016. Only data where all sub-detectors
are fully functional are considered.

Signal and background samples are produced with Monte Carlo (MC)
simulation. The detector response is simulated using GEANT4 [92], and
events are reconstructed with the same algorithms as data. The trigger
response is emulated during reconstruction. Production of W and Z
bosons in association with jets are generated with POWHEG [87] interfaced
to PYTHIAS [89] for the showering. ¢t and single-top-quark production
are also generated with POWHEG, but interfaced to PyTHIAG [88] for
the showering. Pile-up interactions are simulated from minimum-bias
events, and are overlaid on the generated events according to the expected
multiplicity of pile-up interactions per bunch crossing, later corrected to
the measured distribution.

5.3.3 Object and event selection

The object and event selection for the 7 trigger performance analyses in
Run 1 are described in detail in Ref. [83]. The selections for the analyses
in Run 2 are similar, and are summarized here.

Combined muons with medium identification are considered. They are
required to have |n| < 2.5, and pp > 22GeV (26 GeV) for 2015 (2016)
data. In the signal regions, they are also required to pass the gradient
isolation criteria [70]. When considered, electrons must satisfy medium
LH identification criteria, and have |n| < 2.5 (with 1.37 < |n| < 1.52
excluded) and pp > 15 GeV.

Jets are reconstructed using the anti-k, algorithm and are required to
have pp > 20 GeV and |n| < 4.5. The JVT threshold for jets with |n| <
2.4 and pp < 50GeV is 0.64. A b-tagging algorithm is used to identify jets
coming from a b-quark decay, with a 77 % (70 %) efficient working point
in 2015 (2016) data. Hadronically decaying 7-leptons are reconstructed
from anti-k, jet seeds, and are required to have |n| < 2.5 (with 1.37 <
In| < 1.52 excluded), pp > 20 GeV, and one or three associated tracks.
The identification working point for the 7,4 candidates varies with the
measurement. Object overlap is resolved in the order: muons, electrons,
Thaq candidates, and jets. See Section 4.2 for more information about
particle identification and object overlap.

Events are selected by a muon trigger with a threshold of pp > 20 GeV
(24 GeV) in 2015 (2016). They are required to pass basic event cleaning
criteria, and events with bad quality jets are rejected. Opposite-sign
charges are required for the muon and the 7,4 candidate.
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The event selection for the Z — 71 tag-and-probe measurement has
cuts on the E3"°, and on the transverse mass of the muon and the E3"*

ey = /200 B3 (1 — cos Ag(l, E), (5.7)

where [ represents the muon, to reject W-jets events. The m (14, Thaq)
is required to be compatible with the Z boson mass. The threshold on the
sum of azimuthal distances between the muon and the EX5 and between
the T,,q candidate and the EXS is Y cos A¢ > —0.5. The purity,
defined as the fraction of events in data that come from the Z — 77
process, is about 65 %.

The event selection for the t¢ tag-and-probe measurement has two re-
quirements to ensure a reasonable purity of ¢t events. The events must
contain at least two jets with pp > 25GeV and |n| < 4.5. Additionally,
one of the jets must be b-tagged and have |n| < 2.5. The purity of the
selection is about 60 %, and increases to about 70 % when requiring that
the 7,4 candidate has pp > 60 GeV.

5.3.4 Background strategies

Since the signal purity is not 100 % in either of the analyses, it is nec-
essary to subtract the expected background events from the data. In
both the Z — 77 and tt tag-and-probe analyses, the backgrounds are
mostly estimated with data-driven methods. In the Z — 77 analysis, the
background consists of a mixture of multi-jet and W+jets events, with
small contributions from other Z+jets events. The tt analysis has inher-
ently stronger rejection against multi-jet, W+jets, and Z+jets events, but
suffers from misidentified 73,4 candidates originating from quark-initiated
jets in the hadronic decay of one of the W bosons in tt events.

In both analyses, the shape of the multi-jet background is taken from
the same-sign (SS) data distribution, and scaled using normalization
factors. The normalization factors (rqcp) are derived as the ratio of
opposite-sign (OS) and SS events in a multi-jet control region where the
isolation criteria on the muon are inverted. Muons that are not a result of
the hard interaction (e.g. coming directly from the Z or W boson decays)
are often produced in association with other particles. The amount of
momentum of tracks and energy deposits in the calorimeter in a narrow
cone around, but not associated with the muon, is generally larger for
these muons.

The background estimate for W+jets events in the Z — 77 analysis
uses the shape from simulated events and is normalized to the number of
events in data. In order to avoid double counting, the SS contribution is
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subtracted from the W+jets background. The normalization factors are
derived as ratios of events in data and simulation.

In the tt analysis, the requirement of a b-tagged jet already suppresses
much of the contribution from W+jets and Z+-jets events. Hence, the
background from quark- or gluon-initiated jets or leptons misidentified
as Tyq candidates in Wjets and Z+jets events is less than 1%. The
simulated events from these processes are found to sometimes have large
weights attached to them, which is problematic for the overall background
estimation. Hence, they are assumed to be completely OS—SS symmetric,
and covered by the SS data background.

In the Z — 77 analysis, the small background from light leptons mis-
identified as 7,4 candidates is modelled by simulation for all processes,
while in the ¢t analysis these events are modelled by simulation for the ¢t
and single-top-quark processes.

5.3.5 Z — 77 tag-and-probe analysis

The 7 trigger efficiency is measured in an enriched sample of Z — 77
events, in the L1 and the HLT. The L1 trigger has a transverse energy
(E7) threshold of 12 GeV and an isolation requirement. The HLT trigger
has a threshold of pp > 25GeV. The 7 trigger efficiencies as measured
in 13 TeV data corresponding to an integrated luminosity of 8.0fb~!, col-
lected in 2016, are shown in Figure 5.6. The trigger reaches the efficiency
plateau at pp = 45 GeV, and shows reasonable stability with respect to
pile-up.
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Figure 5.6. The trigger efficiency for 7,4 candidates fulfilling medium identi-
fication criteria as a function of their pp (left) and (u) (right), measured for
the L1 trigger with E > 12 GeV and the HLT trigger with pp > 25 GeV.
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The HLT trigger efficiency in data is compared to that in simulated
Z — 77 events in Figure 5.7. It is well modelled for 7,4 candidates with
pp > 30 GeV, and the scale factors are compatible with unity.
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Figure 5.7. The trigger efficiency for the HLT trigger with a threshold of
pr > 25 GeV, for 1,4 candidates fulfilling medium identification criteria, and
as a function of their pp. The efficiency is measured both in data and sim-
ulated events, and the scale factor is computed as the the ratio of the two.
The expected background has been subtracted from the data. Only statistical
uncertainties are shown.

5.3.6 tt tag-and-probe analysis

The tt tag-and-probe analysis used for the 7 trigger efficiency measure-
ment described in the following is entirely performed by the author.

Signal events and background estimation

Simulated ¢, single-top-quark, W+jets, and Z+jets events, where the
Thaq candidate is matched to a generated hadronically decaying 7-lepton,
are considered as signal events.

The multi-jet control region is defined as the signal region with inverted
isolation criteria for the muon. It is chosen to be as close to the signal
region as possible, while retaining a high purity in multi-jet events. The
inclusion of the b-tagging requirement sacrifices some purity in exchange
for a larger degree of similitude with the signal region. It results in fewer
events in the control region and therefore a higher statistical uncertainty
on the rocp factors, but also a greater confidence in their accuracy.
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rqep factors are derived separately for 1- and 3-prong 7,4 candidates;
for loose, medium, and tight identification criteria; with and without =
trigger; and in different regions in 7,4 candidate p

NData _ NMC
TQep = N%Sata N?/ISC ' (58)
Ss T *'0Ss
The rqep factors are applied to SS events in the signal region to form
the SS data background

SS data =) " rgep x SS°, (5.9)
where 4 represents the pp-regions of the rqp factors.

Systematic uncertainties

The systematic uncertainties considered in the ¢t tag-and-probe analysis
are related to the triggering by, and reconstruction and identification of
muons, the identification efficiency of b-tagged jets, and the systematic
and statistical uncertainties related to the rqcp factors.

The uncertainties on the rqcp computation have statistical and sys-
tematic components. The statistical component is computed assuming
that the numbers of OS and SS events in the multi-jet control region
follow the normal distribution. To derive the systematic component, the
distributions of track- and calorimeter-based isolation variables are used.
Their thresholds relative to the muon track py and calorimeter E are var-
ied individually, and the envelope of the change of the rqocp factor under
each variation makes one component of the systematic uncertainty. The
total systematic uncertainty on the roop factor is computed by adding
the two components in quadrature.

The total effect of systematic uncertainties on the weighted-average
efficiency for the trigger with a threshold of p; > 25 GeV is 3.2 % (0.8 %),
while the effect on any single efficiency bin is 4.6 % (2.4 %), for 2015
(2016) data. The effects of individual systematic uncertainties are shown
in Table 5.1.

Results

Trigger efficiencies are measured with the complete 2015 dataset corre-
sponding an integrated luminosity of 3.2 fb~1, and part of the 2016 dataset
corresponding to an integrated luminosity of 11.5fb~!. Distributions of
the 7,4 candidate p are shown in Figure 5.8 and Figure 5.10, for 2015
and 2016 data, respectively. Reasonable agreement is observed, except
for a large deficit in the expected distribution from simulation and data-
driven methods as compared to the 2016 data. This deficit is found to
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Table 5.1. The effects of individual systematic variations on the trigger effi-
ciency in 2015 and 2016 data. The effects are shown as relative to the weighted-
average efficiency for the T trigger with a threshold of pp > 25 GeV, for 7},,4
candidates with 1 or & reconstructed tracks, pp > 60 GeV, and which pass
medium identification criteria.

Systematic uncertainty 2015 2016

racn 32%  0.8%
Pile-up 0.4% 0.1%
b-jets <01% <0.1%
Muons <01% <0.1%

originate from differences in the BDT output score for 1-prong 7,4 can-
didates in data and simulated events. The yields as well as the fractions
of the expected signal and backgrounds are given in Table 5.2.

Table 5.2. Yields of events in data and expected events from simulation and
data-driven methods, as well as their fractions. FEvents are considered in 2015
and 2016 data, where the Ty,,, candidate passes medium identification criteria,
and its p p-threshold is 25 GeV.

2015 2016
Events Fraction Events Fraction
Data 5299 - 17918 -
Signal (MC) 3034 58.1% 9097 57.0%
Mis-ID 7 (SS data) 1462 28.0% 4579 28.7%
Mis-ID 7 (MC) 721 13.8% 2292 14.4%
Total 5217 100% 15968 100 %

For the trigger efficiency measurement, the pp-threshold on the 7,4
candidate is increased to 60 GeV, leading to a purity of about 70 % (72 %)
in 2015 (2016) data. The trigger efficiencies and scale factors for the trig-
ger with a threshold of pp > 25 GeV are shown in Figure 5.9 and Fig-
ure 5.11. The scale factors in 2015 data are nearly compatible with unity
for the 1-prong 7,4 candidates. The differences compared to the results
from the Z — 77 analysis, can most likely be explained by statistical
fluctuations affecting the OS and SS data distributions. In 2016 data,
the 1-prong scale factors show a clear decline towards higher p,. Here,
both the statistical and systematic uncertainties are tightly constrained.

The lowest 7 trigger for analysis in 2015 pp-threshold of 80 GeV, while
in the 2016 data considered in this thesis, the threshold is 125 GeV. The
efficiencies and scale factors for these triggers are shown in Figure 5.12
and Figure 5.13, respectively.
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Figure 5.8. Distributions of the py for 7,4 candidates with 1 (left) and 3
(right) reconstructed tracks. Events are considered in 2015 data, where the
Thaa Candidate passes medium identification criteria (top) and additionally fires
the 7 trigger with a threshold of pp > 25 GeV (bottom).
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Figure 5.9. Trigger efficiency for 7,4 candidates with 1 (left) and 3 (right)
reconstructed tracks. Events are considered in 2015 data, where the 7,4 can-
didate passes medium identification criteria, and has a pp-threshold of 60 GeV.
The expected background has been subtracted from the data.
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Figure 5.10. Distributions of the pp for 7,4 candidates with 1 (left) and 3
(right) reconstructed tracks. Events are considered in 2016 data, where the 7,4
candidate passes medium identification criteria (top) and additionally fires the
T trigger with a threshold of pp > 25 GeV (bottom).
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Figure 5.11. Trigger efficiency for 7,4 candidates with 1 (left) and 3 (right)
reconstructed tracks. Events are considered in 2016 data, where the 73,4 can-
didate passes medium identification criteria, and has a pp-threshold of 60 GeV.

The expected background has been subtracted from the data.
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Figure 5.12. Trigger efficiency for 7,4 candidates with 1 (left) and 3 (right)
reconstructed tracks, where the trigger has a threshold of pp > 80 GeV. Events
are considered in 2015 data, where the 7,4 candidate passes medium identifi-
cation criteria. The expected background has been subtracted from the data.
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Figure 5.13. Trigger efficiency for 7,4 candidates with 1 (left) and 3 (right)
reconstructed tracks, where the trigger has a threshold of pp > 125 GeV. And
events are considered in 2016 data, where the 7,4 candidate passes medium
identification criteria. The expected background has been subtracted from the
data.
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6. Higgs boson analyses with hadronically
decaying 7-leptons

6.1 Analysis techniques

Analysis of data from the ATLAS experiment is a complex procedure
that consists of several steps. Common to all analyses is choosing a
trigger, selecting properties that define physics objects, and requirements
on global event properties and kinematics.

Analyses commonly define a signal region, where the search for a sig-
nal or the extraction of a found signal is performed. The background
contributions are modelled by simulated events, data-driven methods, or
a combination thereof. Control regions are used to validate and con-
strain backgrounds, and to derive parameters for data-driven methods.
The concepts of signal and control regions are described in Section 6.1.1.
Modelling of backgrounds is discussed in Section 6.1.2. Discrimination be-
tween a potential signal and its backgrounds is covered in Section 6.1.3,
and the statistical analysis to extract signal or set limits in Section 6.1.4.

6.1.1 Signal and control regions

The signal region is an event selection where the amount of signal is
enhanced over the backgrounds. The enhancement is maximized through
optimization. In cut-based analyses, the threshold on kinematic variables
are scanned until an optimum is found, while in multivariate analyses,
the input variables and parameters of the method are varied.

Control regions are selections that are similar but orthogonal to the
signal region, and which are enriched with specific background processes.
Common control regions cover events from multi-jet interactions, W +jets
and Z+jets processes, and single-top-quark and ¢t processes. Special con-
trol regions are also used to enhance the fraction of misidentified 7,4
candidates, typically by requiring very loose identification criteria. Such
control regions are used for the fake factor background model (see Sec-
tion 6.1.2).

6.1.2 Modelling of backgrounds

Backgrounds are preferably modelled with data-driven methods, since
simulated events come with systematic uncertainties related to the event
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generation, trigger emulation, detector response simulation, and object
reconstruction. In some cases, the shape of the background can be taken
from simulated events and the normalization from control regions in data.
Control regions that are pure in background events can then be used to
provide normalization factors in the signal region.

The fake factor method uses a side-band in data with looser 7,4 iden-
tification criteria (anti-7), which is extrapolated into the signal region to
estimate the number of misidentified 7,4 candidates. In the H — 77
analysis (see Section 6.2.4), fake factors are derived separately for multi-
jet events, as well as for the Wjets, Z — Il + jets, and tt processes.
They are obtained from selections that are enriched in misidentified 7,4
candidates, in separate control regions for each process, and then applied
to the anti-7 events in the signal region to form the background where a
quark- or gluon-initiated jet is misidentified as a 7,4 candidate. In the
H* — 7v analysis (see Section 6.3.3), a single control region is used to
obtain fake factors for all processes.

6.1.3 Signal-to-background discrimination

The background model is optimized to provide an adequate description
of the background in the signal region. A signal can be extracted as
the remainder of events, when the background has been subtracted. The
extraction of the 7 signal in the performance analyses in Chapter 5 are
examples of such a procedure. In searches for new particles, a signal
can be found as an excess of events over the expected background. This
method is used to interpret the results from the H — 77 analysis.

Using a combination of variables can yield a higher discriminating
power than just one. A common MVA technique in ATLAS analyses
uses BDT algorithms. A decision whether the event is more compati-
ble with signal or background is made at each level of the tree, based
on the value of an input variable. A BDT algorithm uses a collection
(ensemble) of decision trees, where each individual tree is given a weight
during training (boosting), indicating its relative importance in the entire
training sample. The BDT score for a single event is the sum of weights
of all the decision trees in the BDT algorithm for that particular event.
BDT algorithms are used to provide signal-to-background discrimination
in the H — 77 analysis described in Section 6.2, but also to discriminate
hadronically decaying 7-leptons from quark- and gluon-initiated jets in
the 73,4 identification algorithms described in Section 5.2.2.
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6.1.4 Statistical analysis

Statistical analysis of data involves hypothesis testing. For searches, the
null hypothesis (H,) is usually represented by the background-only hy-
pothesis, while the signal+background model constitutes the alternative
hypothesis (H;). These roles are reversed when setting limits. The level
of agreement between data and a given hypothesis is quantified with the
p-value, i.e. the predicted probability of finding data with an incompati-
bility greater than or equal to what is observed. The hypothesis is con-
sidered excluded if its p-value is below a certain threshold.

For signal searches, the p-value is usually converted to a significance
Z, which corresponds to the number of standard deviations above the
mean of a Gaussian distributed variable that has a probability of p in its
tail. Fuvidence for a new signal is reached with Z = 3, while Z = 5 is the
convention for a discovery. To exclude a signal+background hypothesis,
a 95 % confidence level (CL) (p = 0.05 or Z = 1.64) is regularly used.

The profile likelihood ratio [103] is used to form the test statistic. The
likelihood functions entering the ratio are parametrized as a function of
a signal strength (p) and a set of nuisance parameters (6) describing the
impact of systematic uncertainties on the signal and background distri-
butions.

The likelihood function for binned analyses is defined as a product of
Poisson distributions

N < n; N my

MS—’—b) i . ] u u

L(p,0) = | lljnijlje (15 +b;) kl Il Y uy (6.1)
Jj= =

Here, n; is the number of observed events in the j:th bin in the signal

region, while my, is the corresponding number for the control regions. The

signal+background model is described in the j:th bin by the expression

ps; + b;, where s; and b; are the number of expected signal and back-

ground events respectively, and p represents the signal strength. Similarly

uy, is the number of expected events in the k:th bin of the control regions.

5;(0), b;(0), and u, (@) are all functions of the nuisance parameters.
The profile likelihood ratio is defined as

Ap) = : (6.2)

Here p is the expected signal strength, where u = 0 corresponds to the
background-only hypothesis, and © = 1 the nominal signal strength (e.g.

for the SM Higgs boson). 6 is the set of nuisance parameters that maxi-

mizes the likelihood for a given u, while 6 and i1 is the combination that
unconditionally maximizes L.
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A convenient test statistic is
t, =—2InA(p). (6.3)

With f(Z,|u) the probability density function (PDF) of ¢,, given the
signal strength p, the p-value can be defined as

(e o]

p, = / f(t, ) dt,. (6.4)

t,,,0bs

Two specialized test statistics are given for assessing the significance
of an observed excess or setting of upper limits, respectively. The test
statistic for the latter is:

{—2ln)\(0) i >0,
do = ~

6.5
0 n<0. (6:5)

For this test statistic a greater number of events than the background-only
hypothesis corresponds to an increasing likelihood of a signal, while a
deficit of events is considered compatible with the background-only model.
The test statistic for determining the strength of an observed signal is:

6 = { A A2 p (6.6)
0 < ph.
Here, a higher value of g, represents a greater incompatibility between
the data and the signal+background hypothesis for a signal strength p.
Confidence levels can be assigned to both the background-only and
signal+background hypotheses. If the data appears to be compatible
with the background-only hypothesis, it is useful to set exclusion limits
on the signal+background hypothesis. The frequentist confidence level
for the exclusion of the signal+background hypothesis is defined as

CLyyy = Plg, > q;;bS) < a, (6.7)

where 1 — « is the desired level of confidence. However, CL,, , and the
confidence level for the background-only hypothesis (CL,) are sensitive to
downwards statistical fluctuations when dealing with small sample sizes.
The modified frequentist confidence level [104, 105]

CL
CL, = —stb 6.8
is often used to avoid this problem. CL, attempts to make a statement
about the signal hypothesis alone, and while it is more conservative than
CL, 4, it is also more robust against low statistics.
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By allowing that the signal strength ;i that maximizes the likelihood
can take negative values, it can be modelled as a variable distributed
according to the normal distribution with median " and standard devi-
ation o. The estimate of the simulated datasets can then be replaced by
a single representative artificial dataset called the Asimov dataset [103].
It is defined such that when evaluating the values of all parameters (u,
0) their true values are obtained. From this the Asimov likelihood (L, )
and the corresponding profile likelihood ratio (A, ) can be found:

_ LA(M70> _ LA(:u’a é)

- L = B (6.9)
A LA(/,L,0> LA(M 70)
The standard deviation of i then becomes
— )2
o2 = (1 —p') , (6.10)
qp,,A

where ¢, = —2In A, (p). The distribution of fi obtained in this way
can be used to compute the expected significance of an analysis.

6.2 H — 77 analyses

In order to establish the mass generation of fermions in the SM, it is
important to measure the Higgs boson coupling in decays to these parti-
cles. Since the Higgs boson couples to mass, the leptons and quarks with
the highest masses are the prime candidates for such measurements. The
Higgs boson decay to two b-quarks is hampered by the large multi-jet
background at the LHC. The Higgs boson decay to two 7-leptons has a
lower branching fraction, and presents similar challenges for the hadron-
ically decaying 7-leptons, but this is compensated by the high identifica-
tion efficiency for muons and electrons in the semi-leptonic decay modes.

6.2.1 Analysis overview

In the following, the measurement of the Higgs boson coupling to fermions
in decays to two 7-leptons, as detailed in Ref. [101], is presented. The
full Run-1 dataset is used, with 7TeV (8 TeV) data corresponding to an
integrated luminosity of 4.7 fb=! (20.3fb~1) collected in 2011 (2012).

Analysis categories

The search is conducted in three channels: the fully hadronic channel
(H = ThaqThaa), the semi-leptonic channel (H — 7y, 7y,q), and the fully
leptonic channel (H — 7y, 7,,), Where 7., indicates a leptonic 7 decay.
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The search is further divided into two categories. The boosted category is
sensitive to Higgs bosons with a high py, and is dominated by gluon-gluon
fusion production in association with an extra jet from gluon radiation,
while the vector-boson fusion (VBF) category is characterized by two
extra jets with a large nm-separation. Events from the production of a
Higgs boson in association with a vector boson (V H) predominantly fall
in the VBF category. See Section 2.1.2 for details on the Higgs boson
production modes.

Trigger

The single-object electron trigger is used for the er,4 and ey channels,
and the single-object muon trigger for the um,4, pp, and ey channels.
The two-object electron trigger is used for the ee channel, and the two-
object 7 trigger for the 7y,47.q channel. The trigger thresholds vary to
accommodate for the increasing instantaneous luminosity of the LHC un-
der the data collection period, and the analysis level thresholds are set
accordingly, to reach the efficiency plateau of the corresponding trigger.

Backgrounds

Events from the Z — 77 process are the dominant background for all
channels. It is largely irreducible, and a technique called embedding is
used to model these events. Embedding uses Z — pu events from data,
which can be identified with a high purity, and substitutes the muons
with simulated 7 decays.

Events from quark- and gluon-initiated jets misidentified as hadroni-
cally decaying 7-leptons constitute a major background in both the H —
ThadThad and H — T Tp,q channels, while events with misidentified lep-
tons play the same role in the H — 7., 73, channel. These backgrounds
are to a large degree modelled with various data-driven methods.

Event selection

Among the event selections of the three decay modes, only a short over-
view for the 7,,7,,4 channel is given here. In the e7,,q channel, the
electron is required to have pp > 25(26) GeV in 7(8) TeV data, while
in the pm,,4 channel, the muon is required to have pp > 22(26) GeV in
7(8) TeV data. Track- and calorimeter-based isolation criteria are also
applied. The 7,4 candidate is required to have pp > 20 GeV. The lepton
and 7,4 candidates are required to have opposite-sign charges, and the
reducible W+jets and tt backgrounds are suppressed by rejecting events
with mp > 70GeV (Eq. (5.7)), and by requiring a b-tagged jet with
pr > 30 GeV, respectively.
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Signal-to-background discrimination

BDT algorithms are used to separate the H — 77 signal from the back-
ground. Separate BDT algorithms are trained for each channel and cat-
egory, based on expected signal and background distributions at 8 TeV.
They are then applied to both 7TeV and 8 TeV data. A few BDT input
variables that are common to all channels include the MMC mass, which
is used for both categories, the separation in pseudorapidity between two
jets in the VBF category, and the centrality in the azimuthal direction of
the B in the boosted category.

6.2.2 Mass reconstruction techniques

Due to the presence of two to four neutrinos, a complete reconstruction
of the Higgs boson mass is not possible in H — 77 decays. Several
techniques exist to work around this limitation and produce an estimate
of the Higgs boson mass that can be used to discriminate against Z — 77
decays.

The collinear approximation assumes that the neutrinos are aligned
with the visible decay products, and thus the fraction of missing energy
associated with each 7 decay can be determined. A limitation is its inabil-
ity to reconstruct the 77 invariant mass in events where the two 7-leptons
are produced back-to-back, and that it tends to overestimate the mass,
which in turn leads to long tails in the Z — 77 mass distribution, and
hence a low degree of discrimination against these events.

The MMC technique [77] was developed to circumvent the limitations
of the collinear approximation. The kinematics of the H — 77 and
Z — 771 decays include six to eight unknown variables, corresponding to
the 3-momenta of the two neutrino systems, and their masses in the case of
leptonic decays. Only four equations relate these unknowns, resulting in
an under-constrained system. The MMC scans the phase space consisting
of:

o EMSS and E;niss, within the detector resolution,

o the angles between the 7-leptons and the neutrino systems,

o the masses of the neutrino systems (for leptonic decays),
and finds the best solution by minimizing a likelihood function in the
physically allowed region. This function is defined as a product of prob-
abilities for each point in phase space, and where the probability density
functions (PDF) for the angles and masses of the neutrino system are
derived in simulated Z — 77 and H — 77 events.

The author has investigated an alternative approach, where some of
the PDFs are replaced by a kinematic fit using Lagrangian multipliers.
The full kinematics of the decay is reconstructed using the corresponding
matrix element of each 7 decay, solving the quartic equation, and selecting
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the most probable solution. While the alternative approach was found to
be faster, it performed slightly worse with respect to the reconstructed
Higgs boson mass resolution.

6.2.3 Validation of ATLFAST-II simulation

Events from the W — fv processes, where an extra jet in the event is
misidentified as a hadronically decaying 7-lepton, are a small background
in the H — 7y, Tjaq channel. The decay topology is very different from
the H — 771 decays, and only a very small amount of these events are
expected to fulfill the event selection criteria. For this reason, a very large
number of simulated W — fv events are required to obtain sufficient
statistical precision.

The ATLFAST-II detector simulation can be used to reduce the com-
putation time, compared to the full GEANT4 detector simulation. Since
the calorimeter response is simulated through a smearing of the energy,
ATLFAST-IT is expected to perform worse than the full simulation for
hadronically decaying 7-leptons. In particular, the simulation of misid-
entified 7,4 candidates must be validated. This validation was performed
by the author, and it was found that the simulation of misidentified 7,4
candidates in ATLFAST-II is adequate. Figure 6.1 shows the py distribu-
tions of 7y,,4 candidates for the two simulation methods.
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Figure 6.1. Distribution of the 7,4 candidate pp for W — ev (left) and
W — pv (right) events, generated with ALPGEN+PYTHIA, and simulated
with the full detector simulation as well as ATLFAST-I1. The distributions have
been scaled so that their integrals equal unity. A preselection has been applied,
where events are required to have one lepton, and one 7,4 candidate fulfilling
medium identification criteria. The bottom plot shows the ratio of normalized
events for the two simulation methods.
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6.2.4 Estimation of misidentified 7-leptons

The fake-factor method is used to estimate the background contribution
where a quark- or gluon-initiated jet is misidentified as a hadronically
decaying 7-lepton in the H — 7j,,7},,q channel. The fake factors are ap-
plied to anti-7 events in the signal region, and weighted by the estimated
size of the contribution from each process. The author has worked with
developing the fake-factor method for the H — 7j.,Tj,q channel in the
analysis of 7TeV data. Figure 6.2 shows the distribution of the MMC
mass in the boosted and VBF categories, where the contribution from
misidentified 73,4 candidates is estimated with the fake-factor method.
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Figure 6.2. Distribution of the MMC mass in the boosted (left) and VBF
(right) categories in the H — 7y, 7},,q channel with 7 TeV data. The bottom
plot shows the ratio of events in data and the expected background. The

uncertainty includes the statistical and systematic components, as obtained
before the profile likelihood fit.

6.2.5 Results

The signal is extracted using a maximum likelihood fit simultaneously in
the two categories of all three channels. The distributions of the BDT
score in the signal regions are used for the likelihood maximization, and
information from control regions helps constrain backgrounds.

Using my = 125.36 GeV [106], the signal strength corresponding to
the best fit is

p= 1437027 (stat.) 532 (syst.) + 0.09(th.), (6.11)

where (th.) refers to the theoretical uncertainty on the Higgs boson pro-
duction cross section, and the branching fraction to H — 77. The mea-
sured signal strength corresponds to a deviation from the background-only
hypothesis of 4.50, providing the first evidence for Higgs boson decays into
T-leptons in ATLAS.
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Figure 6.3 shows the event yield as a function of log  (S/B), where
S/B is the signal-to-background ratio calculated for each BDT score bin
in the signal region, assuming p = 1.4. Figure 6.4 shows the distribution
of the MMC mass, where each event is weighted with In(1+.5/B) in order
to visualize the excess over the background.
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Figure 6.3. The event yield in all channels and categories as a function of
log, O(S /B). S/B is the signal-to-background ratio calculated for each BDT
score bin in the signal region. The background prediction is obtained from the
maximum likelihood fit, using m; = 125 GeV and p = 1.4. The correspond-
ing signal hypothesis, with strength 4 = 1.0 or p = 1.4, is shown on top of
the background prediction. The fit to the background-only hypothesis (1 = 0)
is shown for comparison.

The data are also divided into two topologies, separating the VBF
and V H production modes from the gluon-gluon fusion, and the corre-
sponding signal strengths (f1,,p, ftypp v ) are measured. The results are
shown in Figure 6.5, along with likelihood contours and the corresponding
values from the SM prediction.

6.3 H" — 7 analyses

The existence of charged Higgs bosons is predicted by 2HDM, and no-
tably the MSSM. Due to its coupling to mass, the charged Higgs boson is
predicted to decay predominantly to H™ — tb for masses above the top-
quark mass. This signature is difficult to separate from the ¢t background
with extra heavy-flavour jets [33, 107]. For this reason, the H* — tv
decay mode plays an important role, owing to its cleaner signature. See
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Figure 6.4. The distribution of the MMC mass in all channels and categories,
where each event is weighted by In(1+.S/B). S/ B is the signal-to-background
ratio calculated for each BDT score bin in the signal region. The background
prediction is obtained from the maximum likelihood fit, using m ; = 125 GeV
and g = 1.4. The corresponding signal hypothesis with p = 1.4 is shown on
top of the background.
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Figure 6.5. The best fit to the data of the signal strengths for the VBF+V H
and gluon-gluon fusion production modes, along with its 68 % and 95 % CL
contours. The fit uses the mass hypothesis m; = 125.63GeV. The SM
prediction (ftgep = pyppy g = 1) is also shown.
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Section 2.3 for details on the charged Higgs boson production and decay
modes.

6.3.1 Analysis overview

The fully hadronic mode of the H* — 7v decay, where both the T-lepton
and the top quark decay hadronically, has the greatest branching fraction.
This signature consists of a hadronically decaying 7-lepton, large amount
of EMiss due to the two neutrinos, at least one jet from b-quark decays, and
two jets from the hadronic decay of a W boson. An analysis of this mode
performed with 13 TeV data corresponding to an integrated luminosity of
3.2fb~1, collected in 2015, is detailed in Ref. [108]. It is updated with
data corresponding to an integrated luminosity of 11.5fb~!, collected in
2016, in Ref. [109]. This analysis is summarized in the following.

Trigger

The topological-cluster-based trigger with a threshold of EI > 70 GeV
is used to select events in data collected in 2015, and the jet-based trigger
with a threshold of B > 90 GeV is used in 2016. The trigger efficiency
in the signal region is estimated from data, using the method described
in Section 6.3.2.

Event selection

Events are required to have at least one 7,4 candidate, and the highest-pp
candidate must pass medium identification criteria. Three or more jets
with pp > 25GeV are required, of which at least one is b-tagged, and
the threshold on the reconstructed E¥™ is 150 GeV to ensure a high
efficiency of the trigger. Events with additional muons or electrons with
pp > 20 GeV are vetoed.

Signal-to-background discrimination

The discriminant used is the transverse mass of the 73,4 candidate and
the ET"*, defined as

My = /2R ERS(1— cos Ag (6.12)

T,miSS)'

An additional requirement of my > 50 GeV is applied to reject events
where the BT is incorrectly measured, due to the 7,4 candidate being
nearly ahgned with the direction of the ERss,

Backgrounds

The dominant background arises from event where a jet is misidentified
as a hadronically decaying 7-lepton, arising from the ¢t process in the
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low-m, region and the multi-jet process in the high-my region. It is
modelled with the fake factor method. Backgrounds with misidentified
electrons or muons, and with true hadronically decaying 7-lepton, are
modelled with simulated events and validated in control regions.

6.3.2 EXs trigger efficiency measurement

Due to the complexity involved in emulating the ER trigger, an al-
ternative approach is used to select events in simulated samples. The
author has developed a method to measure the trigger efficiency in data,
in a control region designed to select mostly events from semi-leptonic
tt decays. Simulated events are then weighted by the measured trigger
efficiency, based on their reconstructed FEMss.

The control region used to measure the trigger efficiency consists of one
electron and one 7,4 candidate, both passing loose identification criteria,
as well as at least two jets with pp > 25 GeV, of which at least one is
b-tagged. The events are selected with a single-electron trigger with a
pr-threshold of 24 GeV. The control region is designed to be similar to
the signal region, while the loosened identification criteria ensures good
statistical precision.

The trigger efficiency is defined as the inverse ratio between events that
pass the event selection (TOT), and those additionally firing the selected
EXiss trigger (PASS)

_ N(paAss)
~ N(tor)’

The efficiency is derived in bins of the reconstructed EXS and then fitted
to the error function (erf) with the following parametrization

F(z) = p, - [1+erf($;2pl)] + ps. (6.14)

(6.13)

This fit results in an efficiency curve.

The systematic uncertainties on the efficiency curve are estimated by
the following variations to the event selection, and the statistical precision
of the measurement:

 tightening the electron identification criteria,

o tightening the 73,4 identification criteria,

o increasing the number of jets from two to three,

o increasing the magnitude of the statistical uncertainties by a factor

of four.

The systematic variations are fitted to the error function with the same
parametrization as in Eq. (6.14), and are measured as deviations from the
nominal efficiency curve. Figure 6.6 shows the trigger efficiency curves,
with their systematic uncertainties, measured in 2015 and 2016 data.
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Figure 6.6. Trigger efficiency for the ERS trigger with an ER threshold
of 70 GeV, measured in 2015 data (left), and 90 GeV, measured in 2016 data
(right), as a function of the reconstructed EX'*. The data points represent the
measured efficiency, while the curve represents the fit of the data points to the
error function. The systematic uncertainty is estimated from variations in the
event selection and the statistical precision.

6.3.3 Estimation of misidentified 7-leptons

A fake factor method is used to estimate the background from misid-
entified 7,4 candidates. It uses a single set of fake factors, measured
in a control region enriched in quark- and gluon-initiated jets, to esti-
mate misidentified 7,4 candidates from all processes. The fake factors
are parametrized by py, and measured separately for 1- and 3-prong 73,4
candidates, and for 2015 and 2016 data.

6.3.4 Results

The profile likelihood ratio is used to test the compatibility of the data
with the background-only hypothesis. The likelihood uses the my dis-
tribution in the signal region as the discriminating variable. Systematic
uncertainties are included in the fit in the form of nuisance parameters.
Figure 6.7 shows the distribution of the m in the signal region, after the
fit to the background-only hypothesis.

No deviation from the background-only hypothesis is found, and the
data is found to be compatible with the SM. 95 % CL exclusion limits are
set on o(pp — [b]tH") x (Ht — 7v), using the CL, procedure. The ob-
served exclusion limits are 1.8 pb—14 fb in the range 200-2000 GeV. They
are shown together with the expected exclusion limits in in Figure 6.8.

These limits are also used to exclude an H' signal in the hMSSM
scenario. Figure 6.9 shows the observed and expected exclusion in the
tan S—my; plane. At tan 8 = 60, above which no reliable theoretical pre-
dictions exist, the H™ signal is excluded in the mass range 200-540 GeV.
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Figure 6.7. Distribution of the my in the signal region, after the fit to the
background-only hypothesis. The signal for three charged Higgs bosons mass
hypotheses at m g = 200GeV, my: = 500GeV, and mg: = 1000 GeV,
scaled to 5, 5, and 10 times the cross section, predicted by the hMSSM sce-
nario at tan 8 = 60, respectively, are plotted on top of the background distri-
bution. The uncertainty includes the statistical and systematic components,
as obtained from the profile likelihood ratio fit.
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Figure 6.8. Observed and expected 95 % CL exclusion limits as a function of

m .. The cross section times branching fraction o(pp — [bJtH™)
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Tv), as predicted by the hMSSM scenario at tan 8 = 60, is also shown.
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Figure 6.9. Observed and expected 95% CL exclusion limits on tan 3, as
a function of m ., interpreted in the hMSSM scenario. The observed and
expected exclusion limits using only data collected in 2015 is also shown.
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7. Summary of Papers

Paper |

This paper describes a method to configure machines on the fly using
Puppet. The author has used this method to configure virtual machines
in Google’s TaaS cloud Google Compute Engine. He has demonstrated
that this method is a viable alternative to using pre-configured machine
images to configure computing nodes for ATLAS analysis.

Paper II

This paper describes the measurement of the Higgs boson coupling to
fermions in H — 77 decays with the complete 7 TeV and 8 TeV datasets.
The best-fit signal strength is u = 1.4, corresponding to an excess over
the background-only hypothesis of 4.50, providing evidence for Higgs bo-
son decays into a pair of 7-leptons. The author has contributed through
validating W+jets samples simulated with ATLFAST-II, implementing
calibrations of and recommendations for physics objects, producing end-
user analysis samples, performing validation of signal and control regions,
and working with data-driven background estimation methods for misid-
entified hadronic 7 decays.

Paper II1

This paper describes the commissioning of the reconstruction, identifi-
cation, and energy scale of hadronically decaying 7-leptons for the 2015
data-taking period. The author has contributed through the matching
algorithm that associates a reconstructed 7,4 with its counterpart in the
HLT (trigger matching).

Paper IV

This paper describes the search for charged Higgs bosons in Ht —
Tv decays using 13 TeV data corresponding to an integrated luminos-
ity of 3.2fb~!. No excess over the SM background is found, and the
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observed 95 % CL exclusion limits on o(pp — [b]JtH) x (H™ — Tv) are
1.8 pb—141fb in the range 200-2000 GeV. The author has contributed by
developing a method to measure the trigger efficiency and the associated
systematic uncertainties in data, and applying it to simulated events.

Paper V

This paper describes the reconstruction and identification algorithms, as
well as the energy scale calibration for hadronically decaying 7-leptons
in Run 2 of the LHC. The performance of these algorithms in the event
reconstruction and at the HLT in 13 TeV data collected in 2015 is also
presented. The paper is entirely written by the author.

Paper VI

This paper presents results from searches for charged Higgs bosons in
ATLAS and CMS. The searches cover singly charged Higgs boson decays
in the H* — v, H" — tb, H"* — c¢5, and H" — W*'Z modes, as
well as for doubly charged Higgs boson decays in the ®**®~~ — 4] and
®Tt®~ — 31 modes, with 7TeV and 8 TeV data from the Run 1 of the
LHC. The first search for charged Higgs bosons with 13 TeV data in the
H" — 7v decay mode with ATLAS is also presented. The results are
interpreted in various theoretical models. The paper is entirely written
by the author.

Paper VII

This paper describes a search for charged Higgs bosons in H™ — 7v de-
cays that is similar to Paper IV, however with 13 TeV data corresponding
to an integrated luminosity of 14.7 fb~! collected in 2015 and 2016. The
observed 95 % CL exclusion limits on o(pp — [b]tH") x (HT — Tv) are
2.0 pb—-81fb in the range 200-2000 GeV.

The author has contributed by measuring the trigger efficiency and the
associated systematic uncertainties using the method developed for Paper
IV, for the two different triggers used for 2015 and 2016 data.
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8. Conclusion

Our revels now are ended. These our actors,
As T foretold you, were all spirits, and
Are melted into air, into thin air;
And, like the baseless fabric of this vision,
The cloud-capp’d towers, the gorgeous palaces,
The solemn temples, the great globe itself,
Yea, all which it inherit, shall dissolve,
And, like this insubstantial pageant faded,
Leave not a rack behind. We are such stuff
As dreams are made on; and our little life
Is rounded with a sleep.
William Shakespeare
The Tempest, Act IV, Scene I

This thesis focuses on the hadronic decays of 7-leptons and their ap-
plication to measurements of the SM Higgs boson coupling to fermions,
and to searches for charged Higgs bosons as predicted by the MSSM and
other 2HDM models.

The SM is a remarkably precise theory of particle physics, which has
made many successful predictions including the existence of the Higgs
boson. However, it is known to be an incomplete theory, and many ex-
tensions exist that attempt to reconcile its shortcomings. SUSY, and in
particular the MSSM, is one such theory that also has the appealing prop-
erty of fixing many of the perceived inelegances of the SM. The MSSM
Higgs sector is one example of a 2HDM, a larger class of extensions to
the SM Higgs sector that are investigated in their own right.

The organization CERN is home to the largest particle accelerator in
the world, the LHC, and it provides pp collisions at 13 TeV to, among
others, the ATLAS experiment. At the time of writing, it has delivered
collisions corresponding to 31.9fb~! in 2016 alone.

The ATLAS experiment is a general-purpose detector built to study
the SM, and to search for signatures of extra dimensions, new gauge
bosons, additional Higgs bosons, dark matter candidates, and SUSY par-
ticles. Together with the CMS experiment, it discovered the Higgs boson
in 2012. The ATLAS detector consists of an inner detector that tracks
charged particles, a calorimeter system that measures hadronic and elec-
tromagnetic energy deposits, a muon spectrometer, and a magnet system
providing solenoidal and toroidal magnetic fields.
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The 7-lepton is the heaviest of the leptons, and the only one which
can decay into hadrons. Hadronic decays of 7-leptons are reconstructed
and triggered on by the ATLAS experiment. The efficiency of the 7
trigger is measured in tt events, as a complement to the standard Z — 77
measurement, since the pp-spectrum of the 7,4 candidates is higher.

With their high mass and relatively clean detector signature, 7-leptons
offer a good handle on processes involving Higgs bosons. The SM Higgs
boson coupling to fermions is measured in H — 77 decays. The resulting
signal strength of © = 1.4 corresponds to an excess over the background-
only hypothesis of 4.50, providing evidence for the process. A search is
also conducted for the charged Higgs boson in H* — 7v decays. No
excess is found over the SM prediction, and the observed 95 % CL exclu-
sion limits on o(pp — [b]tH') x (H* — 7v) are 2.0pb-8 b in the range
200-2000 GeV
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9. Sammanfattning pa svenska

Lindorm solar sig pa sten
Som ett sammet vit och len
Vill i barnets vagga ga
Men det ska han aldrig fa
Han ska bli bunden
Uti grona lunden
Alice Tegnér
Ute blaser sommarvind

Inom elementarpartikelfysiken studeras universums byggstenar, de fun-
damentala partiklar som utgor all materia, och de krafter som verkar
mellan dem. Den teori som sammanfattar elementarpartikelfysiken heter
standardmodellen (Figur 2.1). De fundamentala partiklarna bestar till
exempel av upp- och nerkvarkar, som i olika kombinationer utgoér proto-
nerna och neutronerna i atomer, samt elektroner. Dessa partiklar utgor
all massa!, men de ger inte en fullstindig bild av verkligheten. Bade
elektronerna och upp- och nerkvarkarna har tyngre slaktingar i tva ge-
nerationer. Uppkvarkens sléktingar heter charm- och toppkvark, och ner-
kvarkens sér- och bottenkvark, medan elektronens sléktingar heter myon
och tau-lepton. Dessa sléktingar ar instabila och sénderfaller mycket fort.

Kvarkarna reagerar med varandra via en kraft som kallas den starka
kdarnkraften. Den formedlas av gluoner som ser till att protonerna och
neutronerna sitter ihop, och inte faller sénder i sina bestandsdelar. Det
ar bara kvarkarna och gluonerna sjalva som kanner av den starka karn-
kraften.

Béde kvarkarna och de laddade leptonerna bér pa elektrisk laddning
och péaverkas av den elektromagnetiska kraften. Den formedlas av fotoner
och ir allorstddes ndrvarande i var vardag, dar den beskriver ljuset fran
solen, hur elektroniken i en dator fungerar och manga andra saker. Teorin
om den elektromagnetiska kraften ar en av de mest vilstuderade inom
fysiken.

Den tredje kraften som beskrivs av standardmodellen heter den svaga
karnkraften, och den orsakar bland annat radioaktiva sonderfall hos ato-
mer. Den formedlas av vektorbosonerna W och Z, vilka har massa till

Det vill siga all massa som vi kan se. Vi vet &nnu inte vad den mérka materian
bestar av, och den utgér en mycket storre del av universums totala massa.
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skillnad fran gluonen och fotonen. Deras existens férutsades av standard-
modellen, och deras upptéckt ar en av teorins storsta framgangar. Den
svaga kdrnkraften paverkar bade kvarkar och leptoner.

Elektronen, myonen och tau-leptonen har ocksa varsin valdigt 1att part-
ner som kallas neutrino, och med dessa blir leptonerna lika manga till
antalet (sex) som kvarkarna. Till skillnad frain de laddade leptonerna
ar neutrinerna elektriskt oladdade, och véixelverkar bara via den svaga
kéarnkraften. Detta far till f6ljd att de inte kan upptéckas i detektorer,
utan bara tillkdnnager sig genom en avsaknad av energi som leder till en
obalans i métningarna®. Sammanfattningsvis kallas gruppen av kvarkar,
laddade leptoner, och neutriner fér fermioner, medan gluonen, fotonen,
och vektorbosonerna heter bosoner. Alla partiklar har som regel ocksa en
antipartikel?.

Standardmodellen ar uppbyggd kring lagar som féljer symmetrier hos
de fundamentala partiklarnas egenskaper. Dessa symmetrier kréver att
partiklarna saknar massa, vilket forstas ar helt i kontrast med vad vi ser
omkring oss. For att 16sa detta problem inférdes den sékallade Higgsme-
kanismen. Den féreskriver att grundtillstdndet? inte dr energilost, utan
ar befast med en energiméngd kallad vakumenergin. Higgsmekanismen
formedlar massa till alla fundamentala partiklar, férutom neutrinerna,
fotonen och gluonen som férblir masslosa. Med dess inforande i standard-
modellen l&dmnas dven rum for ytterligare en boson vid namn Higgsboso-
nen, och den var den sista partikeln i standardmodellen som upptécktes.

ATLAS-experimentet ér ett internationellt samarbete med cirka 5000
medlemmar fran 38 lainder. ATLAS-detektorn ér installerad i LHC (Large
Hadron Collider) vid kdrn- och partikelfysiklaboratoriet CERN i Gene-
ve, Schweiz. Forskningen i denna avhandling har utférts med data som
samlats in av ATLAS-detektorn under aren 2011-2016.

ATLAS-detektorn kan upptécka spar efter partiklar med hjalp av olika
detektortekniker. Den inre delen av detektorn anvinder sig bland annat
av halvledarteknik for att bestdmma rorelseméngd hos laddade partiklar,
medan kalorimetern ar en massiv del av detektorn som har till syfte att
samla upp all energi fran elektroner, fotoner, och partiklar sammansatta
av kvarkar (hadroner), och d& framfor allt pioner®. Den yttre delen av
detektorn &r specifikt skapad for att bestdmma roérelseméangd hos myo-
ner, som har relativt lang livslingd och som knappt vaxelverkar med
kalorimetern. De namnda partiklarna kénns igen genom att de skapar
olika moénster i detektorn. Tau-leptonen sénderfaller dock antingen till

2Energins och rérelseméngdens bevarande dr grundliggande lagar inom fysiken.
3Med vissa undantag: Z-bosonen, fotonen, och gluonen ir sina egna antipartiklar,
medan det fortfarande &r oklart hur neutrinernas antipartiklar ser ut.
4Grundtillstdndet #r det ligsta energitillstdnd ett system kan ha.

5Pioner ir ett samlingsnamn for elektriskt laddade och oladdade par av en upp- eller
nerkvark, och en av deras antipartiklar
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en elektron eller en myon och en neutrino, eller till hadroner innan de
kommer fram till detektorn. De kan enbart identifieras via det senare
sonderfallet.

Den hér avhandlingen beskriver hadroniska sonderfall av tau-leptoner,
hur de kan aterskapas och identifieras, och &ven hur de kan anvindas for
att vélja ut handelser som ar intressanta nog att spara med hjélp av "tau-
triggern”®. En métning av “tau-triggerns” effektivitet med avseende pé
energin hos tau-leptonens sénderfallsprodukter i handelser som till storsta
delen bestar av par av topp- och antitoppkvarkar aterges i avhandlingen.

ATLAS-experimentet upptéckte tillsammans med CMS-experimentet
(ocksa vid LHC) den saknade Higgsbosonen 2012, och gjorde darmed
standardmodellen komplett. Elementarpartikelfysik som dmne ar dock
inte begransat till att bara goéra nya upptéickter, utan minst lika viktigt
ar att granska de upptéackta partiklarna och bestdmma deras egenskaper.
Vissa av dessa ges av symmetrierna i teorin, medan andra méste bestam-
mas pa experimentell vig. Kopplingarna mellan Higgsbosonen och andra
partiklar ar exempel pa sadana egenskaper.

En del av forskningen i den hér avhandlingen bestar i att bestdmma
kopplingen mellan Higgsbosonen och tau-leptonen. Anledningen till att
man véljer just tau-leptonen fér denna maétning &r for att den har hog
massa, och Higgsbosonen sénderfaller helst till sadana partiklar. Vad be-
traffar kopplingen till fermioner 6verlag sa dr antalet Higgsbosoner som
sonderfaller till tva bottenkvarkar mycket hogre, men dessa héndelser ar
svarare att skilja ut fran héndelser som inte kommer fran sénderfall av
Higgsbosonen (sa kallade bakgrundshéndelser). Forfattaren har deltagit
i forskningen for att bestamma Higgsbosonens koppling till tau-leptonen
framfor allt genom att pa olika sétt beskriva bakgrundshéndelser, s& att
sonderfall fran Higgsbosonen kan urskiljas mot dessa.

Standardmodellen ar trots sina stora framgéngar inte en komplett te-
ori over verkligheten. Den innehéller till exempel inte en beskrivning av
gravitationen, som ju &r en hogst pataglig kraft i vardagen. Den forklarar
inte heller varfér neutrinerna har massa, vad mork matera bestar av, eller
vad mork energi dr. Aven i sig sjilv har den vissa egenskaper som kan
betraktas som oeleganta, som exemplevis den stora skillnaden i massa
mellan generationerna’. Det finns ménga forslag pa hur man kan utoka
standardmodellen till en storre teori, dar nagra av dessa problem far en
naturlig 16sning. En sadan utokning ar teorin om supersymmetri, dar var-
je partikel i standardmodellen har en superpartner av motsatt typ. For
varje fermion i standardmodellen, finns en boson, och fér varje boson en

SEn vildigt stor del av hindelserna i detektorn &r ointressanta ur forskningssynpunkt.
P& grund av begrédnsningar i hur snabbt man kan ldsa ut hidndelser ur detektorn och
hur mycket data man har mojlighet att spara véiljer man att anvinda en sa kallad
"trigger” for att vdlja ut hidndelser som vid en forsta anblick verkar vara intressanta.
"Till exempel ér tau-leptonen cirka 3500 ginger tyngre an elektronen.
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fermion. En effekt av den minst invecklade supersymmetriska modellen
ar att det krévs ytterligare fyra Higgsbosoner for att generera massa till
alla partiklar. Tva av dessa har ingen elektrisk laddning, medan tva ar
laddade. Aven andra teorier utokar standardmodellen med fler Higgsbo-
soner, och att soka efter dessa och andra patiankta partiklar ar ett aktivt
forskningsomrade inom ATLAS-experimentet.

Forfattaren har deltagit i tva eftersokningar efter laddade Higgsboso-
ner, dar den forsta gjordes med data fran 2015, vilken senare utokades
med en mycket storre dataméngd fran 2016. Dessa eftersokningar har
skett i sonderfall till en tau-lepton och en neutrino, dar neutrinon ger
upphov till en stor avsaknad av energi. Denna avsaknad anvinds som en
“trigger”, och forfattaren har méatt hur effektiv den ar pa att vélja ut han-
delser. Resultaten visar inga tecken pa att en laddad Higgsboson skulle
existera, men ocksa att det inte ar ett slutgiltigt resultat, utan att det ar
vart att fortsitta eftersdkningen med &nnu mer data i framtiden.

Sammanfattningsvis har ATLAS-experimentet hjilpt oss att ligga den
sista pusselbiten i standardmodellen, vilket a4r att betrakta som ett stor
framgang for elementarpartikelfysiken. Men denna upptéickt dr bara ett
skrapande pa ytan av den stora potential som LHC och ATLAS-experi-
mentet besitter. LHC har under 2016 levererat mer data d4n under 2011,
2012 och 2015 tillsammans, och det finns en nést intill odndlig méngd nya
teorier att testa, och manga foreslagna nya partiklar att leta efter.
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