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1 Introduction

Over the last century, the evolution of particle accelerators has helped to broaden our under-
standing of the universe. Observations and measurements at numerous high-energy experi-
ments have led to the evolution of a consistent Standard Model (SM) of particle physics [1,2],
which describes the dominant interactions of elementary particles in a gauge theory. The
observation of massive gauge bosons requires the inclusion of a mechanism of electroweak
symmetry breaking (EWSB), which is accomplished by the Englert-Brout—Higgs-Guralnik—
Hagen—Kibble [3] mechanism. This mechanism involves an omnipresent scalar field with
non-vanishing vacuum expectation value (VEV) and implies the existence of a Higgs boson
(HM) as an excitation of this field.

Conclusive proof for the existence (or non-existence) of such a particle remained elusive
for more than 40 years despite the intense search efforts at the Large Electron—Positron
Collider (LEP) and the Tevatron. The design properties of the Large Hadron Collider (LHC)
and its experiments were strongly influenced by the requirement of covering the gap between
the lower bound of 114.4 GeV from the LEP experiments and theoretical upper bounds on
the Higgs boson mass, which is the only free parameter of the SM.

While EWSB can be included in the SM by virtue of the Englert—-Brout—Higgs—Guralnik—
Hagen—Kibble mechanism, a variety of open questions persist. There is no mechanism in the
SM that protects the Higgs boson mass from large quantum corrections. SM parameters must
therefore be fine-tuned to high precision to ensure that the Higgs boson mass falls into the
desired range, which ensures vacuum stability and unitarity. Supersymmetry (SUSY) [4, 5]
accomplishes this by introducing a superpartner particle for each particle of the SM—with a
difference of i% in spin to the respective SM particle. SUSY acts as a custodial symmetry
to the Higgs boson mass: If SUSY were a perfect symmetry—implying equal masses of SM
particles and their respective superpartners—the corresponding quantum corrections would
cancel exactly. Superpartners of equal mass would have already been found in previous
experiments if they existed. If it is realized at all in nature, SUSY must therefore be broken,
and a mass scale of the order O(1TeV) of the superpartners is expected.

For this and other reasons, the Higgs sectors of the simplest supersymmetric extensions
is of great interest—also after the discovery [6,7] of a SM-like Higgs boson by A Toroidal
LHC Apparatus (ATLAS) [8] and the Compact Muon Solenoid (CMS) [9] at a mass of
about 126 GeV in 2012. The Minimal Supersymmetric Standard Model (MSSM) predicts
the existence of three neutral and two charged Higgs bosons. Large portions of allowed
parameter space for the Higgs sectors of supersymmetric models still exist, to which the LHC
experiments are sensitive.

In large parts of the parameter space, the couplings of the neutral Higgs bosons to 7
leptons and b-quarks are enhanced with respect to the SM, greatly improving the sensitivity
of searches focusing on b-associated production and on decays into 7 lepton pairs. The decay
mode covered by this thesis (h?/A%/H® — 7.7,,)! involves two leptonically decaying 7 leptons?

!Unless the context requires it, the distinction between particles and anti-particles is dropped, e.g., e is used
instead of et for an electron or positron.

27 leptons are distinguished by their decay mode: Hadronically decaying T leptons are denoted by the symbol
Thad, While the leptonic decay modes are named for the flavor of the decay products: Tiep = Te/Ty.
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and contributes to the combined sensitivity of the ATLAS experiment to supersymmetric
Higgs sectors. These are evaluated in the mji™ scenario and a scenario that assumes only
one generic neutral Higgs boson.

Using data taken by ATLAS in 2011, the goal is to probe the region of the m 4o0—tan 3
parameter space which are excluded neither from the LEP experiments nor from the Teva-
tron. The studies presented within this thesis have been statistically combined with analyses
concerned with other decay channels and jointly published by the ATLAS Collaboration in
Ref. [10,11].

The results supercede an analysis of inclusive 7.7, final states in 1.06 fb~! of ATLAS
data [12], which was published in combination with other 77 decay channels in Ref. [13]. The
extension to the full dataset of 4.7fb~! taken in 2011 provides sufficient event yields to sep-
arately target events from b-associated Higgs boson production in a sample with exactly one
b-tagged jet. A complementary sample without b-jets also receives a significant contribution
from the gluon fusion signal process.

In order to avoid sources of systematic uncertainty attached to simulation, data-driven
background estimation methods have been adopted and developed. The dominant Z/v* — 77
background is estimated by the established embedding technique [14], which has been ex-
tended in the context of this thesis to better reproduce the impact of the trigger on the
transverse momentum spectra of the final-state leptons. For the estimation of the multi-jet
background, the low levels of correlation between the reconstructed charge of lepton signa-
tures, isolation variables, and the final discriminant in multi-jet events are exploited by the
ABCD method [15]. In the context of this thesis, a method was developed to estimate resid-
ual correlations and consider them in the final result. Due to the enhanced role of the t-quark
pair production contribution in the b-tagged sample, a data-driven estimation method has
been developed for this thesis to enhance the overall sensitivity.

The SM is reviewed briefly in Chapter 2. An emphasis is placed on the electroweak sector
and EWSB. The same Chapter motivates the extension of the model by supersymmetry
(SUSY) and thus the search for neutral Higgs bosons in the MSSM, whose phenomenology
is discussed in more detail.

Chapter 3 then summarizes the key features of the experimental apparatus, focusing on
those most relevant to the search presented within this thesis. Chapter 4 gives an overview
of the simulation of hadron collisions and introduces the relevant background processes.

Chapter 5 introduces the analysis strategy and the discriminants used to search for Higgs
boson decays to 7 lepton pairs which subsequently decay to different-flavor light lepton?® pairs.
A special emphasis is placed on the reconstruction of the mass of the Higgs boson candidate.
Chapter 6 details the selection criteria applied to the reconstructed objects and to the overall
events in the two signal samples. Chapter 7 elaborates on the various background estimation
techniques employed in order to optimize the sensitivity of the analysis. Chapter 8 discusses
the various sources of systematic uncertainty. Chapter 9 provides a statistical interpretation
of the results, and Chapter 10, a conclusion.

3Charged leptons are denoted by the symbol I = e/u/7, while only light leptons are referred to by £ = e/p.



2 Theory Basics

The Standard Model (SM) of particle physics [1,2] describes the particles and interactions
governing the phenomena of high-energy physics.

This Chapter gives an overview of the SM in Section 2.1, introducing the elementary
particles and fields. The electroweak interaction is discussed in more detail, motivating the
need for a mechanism of electroweak symmetry breaking (EWSB). Subsection 2.1.5 reviews
the model and concludes the need for its extension.

Section 2.2 consequently introduces the class of supersymmetric models, which solve some
of the limitations of the SM. The Minimal Supersymmetric Standard Model (MSSM) is taken
into special account.

The Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism! [3] is briefly introduced
as a mechanism of EWSB in the context of the SM and the MSSM. A more thorough
introduction can be found in Ref. [16] for the SM Higgs sector and in Ref. [17] for that of the
MSSM.

Past and present findings from theory and various experiments are reviewed in Section 2.3,
outlining constraints on the electroweak sectors of the SM and the MSSM. They define the
context for the analysis presented within this thesis.

2.1. The Standard Model of Particle Physics

The SM is the result of the endeavor to develop a single theory to describe the interactions of
elementary particles. In 1960, Glashow showed that electromagnetism and weak interactions
of leptons can be described within a single theoretical framework [1]. The subsequent exten-
sions to include the Higgs mechanism [3] for EWSB, electroweak interactions of quarks [2],
and finally quantum chromodynamics (QCD) [18] yielded a gauge theory that proved to be
capable of describing a wide range of high-energy phenomena at high precision.

The discovery of the W and Z bosons [19] and of third-generation fermions verified the
existence of all its key ingredients by the year 2000 [20]—except for the Higgs boson. This
made the search for the Higgs boson a crucial test for our understanding of electroweak
interactions within the SM.

The SM contains elementary particles with spins of half-numbered multiples of &
(fermions)? as constituents of matter. Forces between them are mediated by particles
with a spin value of A (bosons®), which are associated to gauge fields and couple to the
respective eigenstates of the interactions:

1. The strong interaction applies to particles carrying color charge. Among the elementary
fermions, this defines the group of quarks. The force is mediated by massless gluons,
which carry color charge themselves.

'In 2013, P.W. Higgs and F. Englert have been awarded the Nobel Prize in Physics for this work.

%In order to improve the readability and compatibility with the Figure style by the ATLAS Collaboration,
h =c =1 is used throughout this thesis.

3In general, bosons may carry a spin equal to any integral multiple of #.
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Table 2.1.: Mass values of the three generations of fermions [21]. Electric charges are given
in multiples of the elementary charge, quark masses refer to the MS scheme [22].
All fermions also have anti-particles of identical mass and opposite charge. The

uncertainties on the masses of charged leptons are below the permille level.

GENERATION ELECTRIC
1 2 3 CHARGE
UP-TYPE u c t s
QUARKS up quark charm quark top quark
Mass [MeV] 23161 1275 4 25 (173.54 0.6 £ 0.8) x 10°
DOWN-TYPE d s b 1y
QUARKS down quark strange quark bottom quark
Mass [MeV] 48707 95+5 (4.18 £ 0.03) x 10°
NEUTRINOS Ve Vi vro 0
electron neutrino muon neutrino tau neutrino
Mass[eV] <2(95% CL)  <0.19%x 10°(90% CL) < 18.2 x 10°(95% CL)
CHARGED e K T -1
LEPTONS electron muon tau lepton
Mass [MeV] 0.511 106 1.78 x 103

Table 2.2.: Bosonic mass eigenstates of the SM. Mass values are taken from [21]. Electric
charges are given in multiples of the elementary charge.

| INTERACTION | MEDIATOR | Mass[GeV] | ELECTRIC CHARGE |
STRONG Gluon (g) 0 0
W boson (WF) 80.4 +1
WEAK Z boson (Z) 91.2 0
ELECTROMAGNETIC Photon (7) 0 0

2. The electroweak interaction is the unified description of the electromagnetic interaction
and the weak interaction. Its mediators are the massless photon () and the massive
gauge bosons (W, W=, Z%). They are superpositions of the gauge fields Wu and B,
which couple according to weak isospin (Tj3,) for W;,Wi,W;’ and hypercharge (Y )
for B,.

Of the interactions of the SM, only the weak force is mediated by massive gauge bosons.
Massive gauge mediators require a mechanism of EWSB, as discussed in Subsection 2.1.2.
The significant mediator masses are responsible for the small range O(107'¢m) and hence
for suppressing cross-sections of weak interactions at low energies. While electromagnetic
interactions are effective over infinite ranges, the weak interaction has a limited range
because the force carriers (W™, W ™) are massive. The limited range of the strong interaction
is a consequence of the color charge carried by the gluons.

Table 2.1 lists the three generations of fermions along with their masses and electric charges,
Table 2.2 shows the same quantities for the gauge bosons.

2.1.1. Interactions of the Standard Model

The group representation of the SM is the direct product of groups with conserved quantities
called color (C), weak isospin (Tw), and weak hypercharge (Y ), respectively:

SU@3)e x SU2). x U(1)y- (2.1)



2.1 THE STANDARD MODEL OF PARTICLE PHYSICS

Table 2.3.: Electroweak quantum numbers of fermionic electroweak eigenstates of the SM.

FERMION GENERATIONS |

QUANTUM NUMBERS

|

o Tw | T3, | Yw q

i (uh 1|+ 1 +2

QUARKS L -3 -3
' 0 | +3 +2

] 2 1

dg 0] -3 —3

- () R T

LEPTONS AL -1 —1
V}{ 0 0 0 0

A 00| —2 -1

The first group describes QCD, i.e., the strong interaction of colored fermions (quarks) and
its mediators (gluons). Its three quantum numbers specify the color components, called red,
green, and blue. The properties of this group are discussed in more detail, e.g., in Ref. [23].
The relevant parts of its phenomenology are discussed in Section 4.1. Elementary fermions
without color are called leptons.

The other two groups together describe the electroweak interaction. Due to its chiral
nature [2], electroweak eigenstates are either right-handed singlets (denoted by a subscript
R; Tyy = 0) or left-handed doublets (denoted by a subscript L; Ty = 1). The Gell-Mann-
Nishijima relation

¢=—+Ty

: (2.2)

connects the electric charge ¢, which determines the electromagnetic interaction strength, to
the electroweak quantum numbers.

The fermionic eigenstates each exist in three generations, which have identical electroweak
quantum numbers and form the mass eigenstates shown in Table 2.1.

The quantum numbers of the electroweak eigenstates are summarized in Table 2.3. Like the
mass eigenstates (see Table 2.1), they each exist in three generations. The mass eigenstates
for up-type quarks (u%)* and charged leptons (I%) are identical to the flavor eigenstates,
while the associated down-type quark mass eigenstates and neutrino mass eigenstates mix
according to unitary matrices V;, U;;:

dlL Vud Vus Vub dL
sp | = Vea Ves V| | sz (2.3)
b, Via Vis Vi) \bL
CKM matrix Vj; [24]
Vel Uer Ue2 Ues Ve,L
V;;,,L = U,ul UMZ U,u3 Vu,L (24)
V;,L UTI U7'2 U7'3 Vr L

PMNS matrix U;; [25]

“The imaginary number is 2, while 7 denotes a counting index.
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As a consequence of flavor mixing of left-handed neutrinos v%, they oscillate between
generations and must therefore have masses. This can be explained, e.g., with the so-called
type-one seesaw mechanism [26], which requires the existence of very heavy, sterile, right-
handed neutrinos I/}é. Neutrino masses are neglected in the following.

The electroweak Lagrangian can be constructed from all states =; of the doublets Q’Li, L’Li
and singlets u’, d’é, V}%, l}é of the three generations and the covariant derivative D,:

- 1 a Yw
L=) 1EH"D,E; - 7 " D, =0, + zg W, 419 —B (2.5)
J
The field strength tensor (F),) consists of an Abelian component with a coupling ¢’ to
hypercharge

w = 0,B, — 0,8, (2.6)
and three non-Abelian components with coupling strength g to the weak isospin:
Wy = 0, W, — 0,W,, — 1gW,, x W,. (2.7)
The observable gauge boson states are linear combinations of VT/'# and B,
+ 1 = 1
A O N
Wilzolve v 0 0 W (2.8)
Zy, 0 0 cosbyy  sin by W#
Yu 0 0 —sinfy cosby B,

The gauge fields W3 B,, both have Ty = ¢ = 0. They mix with an electroweak mizing
angle (Ow ) and form the photon and the Z boson. The W+ bosons carry electroweak isospin
Tw = #£1 and couple exclusively to particles with non-vanishing electroweak isospin.

The Lagrangian is invariant under local gauge transformations, because the left- and right-
handed fermions (L(z), R(x)) and the fields (Wﬂ(x), B, (x)) transform as:

L(z) = L'(z) = @@ TH@YW) () (2.9)
R(z) = R'(z) = @YW R(z) (2.10)
W(z) = Wi(z) = Wy(z) — ;aﬂa(gg) — d(x) x Wy(x) (2.11)
B(a) = By (w) = Bu(@) = ~0,8(0) (2.12)

The local gauge invariance carries the advantage of renormalizability if certain conditions
are satisfied [27]. This avoids divergences and thus enables predictions at arbitrary precision
from the evaluation of a perturbative series.

The Pauli matrices (&) are used as basis of SU(2)r. Explicitly inserting the electroweak
quantum numbers, Eq. (2.5) becomes:

L= Z Zéj")/uauzj (2.13)
J

7 YW i i YW i
—L/L<g Wty 5 BM>L/L ’<92 W, +g 5 Bu) T

_ Y; . Yiy o Y .
1 <0+g';VB#> I — <O+g - B >u;§—d’1§ (O—I—g';VBu> d

— % (04 0) v — fW S — ZB ,B".
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The observation of non-zero masses for the W and Z bosons poses a problem to this con-
struction of the electroweak sector. This is because the addition of mass terms for gauge
bosons or fermions in the Lagrangian would violate local gauge invariance and thus destroy
renormalizability. Fermion masses are also forbidden by the difference in SU(2)[, represen-
tations between left- and right-chiral fermions.

Ref. [28] describes another problem of this model: The s-wave component of the scat-
tering amplitude of oppositely charged W boson pairs is proportional to the Mandelstam
variable s. Unitarity imposes an upper bound on the real component of each partial wave
amplitude. Therefore, an additional interaction is needed to conserve unitarity above
s = % ~ (1.2 TeV)?, where G is the Fermi constant.

EWSB by virtue of the Englert—Brout-Higgs—Guralnik—Hagen—Kibble mechanism provides
an additional scalar field that serves this purpose.

2.1.2. Electroweak Symmetry Breaking and the Higgs Mechanism

In order to give masses to the electroweak gauge bosons and fermions while maintaining
gauge invariance, a potential

V= —p?¢'¢+ A(67¢)%, A >0 (2.14)

is considered, acting on a complex isospin doublet (¢) with Yy =1, Ty = %:

6= <¢3 + 194

b1+ w52> , ¢; real. (2.15)

Considering the transition from p? < 0 to p? > 0, the state of lowest energy ¢vacuum
becomes degenerate (shown for two dimensions in Figure 2.1):

prow
vacuum| — N = 2.1
bl = 1/ B = = (216)

This defines the vacuum expectation value (VEV):

,l/
v= (\@GF) x 246 GeV. (2.17)

As the degenerate vacuum state emerges, the system spontaneously “chooses” a direction

in ¢, say dvacuum = @1 = \/g . In the vicinity of this ground state, V' is no longer symmetric
in ¢;, but a function of ¢; (and does not vary with ¢234).

This loss of symmetry with respect to ¢ in the ground state is called spontaneous sym-
metry breaking (SSB). The electroweak symmetry SU(2);, x U(1)y is broken, and only the
electromagnetic symmetry (U(1)em) remains. Oscillations around ¢yacuum can be interpreted
as quantum excitations resulting in physical particles. Massless and massive particles both
have two degrees of freedom corresponding to transverse oscillations, and massive particles
have an additional degree of freedom to accommodate longitudinal oscillations. Because V
only varies with ¢; in the ground state after SSB, oscillations in ¢s, ¢3, and ¢4 do not corre-
spond to physical particles. Instead, the corresponding terms can be eliminated by applying
a gauge transformation, leading to the so-called unitary gauge:

(2 5 )
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Figure 2.1.: Higgs potential V' (¢1, ¢2) in two dimensions for the case of spontaneous symmetry
breaking p > 0, drawn with WolframAlpha®.

The eliminated particles are called Goldstone bosons. In the unitary gauge, the corresponding
degrees of freedom are absorbed by the longitudinal degrees of freedom of the (massive) W
and Z bosons. By SSB, the electroweak Lagrangian (2.13) gains the following contributions
in the gauge sector:

At o1 1
Lsp = % + 50uH (@)0" H () = W2H(2) = WH () — JAH (@) (2.19)
¢ 0 0 0 w,
1 0 g2 0 0| |w?
— pl 2 H3 Iz H
+8 (v+ H(z)) (W W w B ) 0 0 & gd WS
0 0 gg g° B,

The scalar field H(z) (Higgs field) can be excited to produce a particle (Higgs boson) of
mass mpysm = vv/2X and with cubic and quartic self-couplings. The last term contains the
couplings to the electroweak eigenstates of the gauge bosons. The couplings are proportional
to the masses of the gauge bosons squared:

2

2m
mw = ’U% ggsMw+w— — TW (220)
2 /2 2
9°+g mw 2my
mz =0 5 cos Oy GHSM 7070 ( )
my =0 grsMyy = 0. (2.22)

The gauge boson masses are proportional to the VEV, and the masses of the W boson and
the Z boson differ by a factor of cos 0y, resulting from the mixing of WE and B,,.

The Higgs mechanism further allows the addition of so-called Yukawa coupling terms to
generate fermion masses:

EYukavva = )\UQ%U’%{(ﬁ =+ AdQ/LZ,d/Il%(g =+ All_//[l/l}%(b + )\VE%V%& +h.c. (223)
While the up-type quarks and charged leptons receive mass by interaction with the Higgs

field given in Eq. (2.18), down-type quarks interact with the charge conjugated Higgs field
¢ = 109¢*. The masses and couplings to the Higgs boson are:
As my

=v—= F=—. 2.24
my U\/é gHSMff U ( )
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Using these coupling strengths, the production cross-sections and branching ratios of pro-
cesses involving Higgs bosons can be computed, mgsm being the only free parameter.

2.1.3. Parameters of the Standard Model
Neglecting neutrino masses, the SM contains 19 free parameters:
e six quark masses and three masses of charged leptons,
e three mixing angles of the CKM matrix,
e one C'P violating phase (Uj;),
e the Z boson mass,
_ V2¢°

e the Fermi constant (Gp = 2 ),
w

e the strong coupling strength (as,) and the fine-structure constant (aem = %) or the
elementary charge (e = gsinfy = ¢’ cos Oy ),

e the mass of the Higgs boson (mgswm), and
e the C'P-violating parameter () of the strong interaction.

Massive Dirac neutrinos require seven additional parameters, which are not considered in this
thesis:

e three neutrino masses,
e three mixing angles, and

e a (C'P-violating phase.

2.1.4. Production and Decay of Higgs Bosons

Two main factors determine the feasibility of the observation of Higgs bosons in a given
process:

e The expected number of selected signal events should be as large as possible to limit
the statistical uncertainty on the event yield, and

e the event topology should be sufficiently discriminable from more abundant background
events.

The fulfillment of these conditions creates sensitivity to the signal process, i.e., a significant
difference in likelihood of the background—only and the signal-plus—background hypotheses
in expected outcomes predicted for either hypothesis.

Figure 2.2 shows the expected production cross-sections and decay branching ratios for
SM Higgs bosons at the Large Hadron Collider (LHC) as a function of the mass of the Higgs
boson. The dominant production processes for proton-proton collisions at a center—of—mass
energy of /s = 7TeV are:
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Figure 2.2.: Comparison of the production cross-sections of the dominant production pro-
cesses for pp collisions at a center—of-mass energy of 7TeV (left) and decay
branching ratios (right) of the SM Higgs boson as a function of the Higgs boson
mass. [29].

Gluon Fusion (pp — H5M) Gluons form a heavy virtual quark pair, which couples to the
Higgs boson (see Figure 2.3(a)). A significant increase in cross-section is predicted at
mygsm = 2my, when a loop of t-quarks is on-shell. The production cross-section for
gluon fusion eclipses all other SM Higgs boson production modes by about an order of
magnitude below mgsm ~ 500 GeV at the LHC because of the abundance of energetic
gluons and because the matrix element (ME) is proportional to A\;a?. The cross-section
for Higgs boson production in gluon fusion has been calculated in Ref. [29], using the
QCD corrections at next—to-next—to-leading order (NNLO)+next-to-next—to-leading
logarithm (NNLL) and the electroweak corrections at next-to-leading order (NLO)
accuracy from Refs. [30,31].

Vector Boson Fusion (VBF; pp — qqH®M) Quarks or anti-quarks emit a virtual pair of
vector bosons (W+W~/Z°Z°), which then produce a Higgs boson (see Figure 2.3(b)).
The quarks subsequently hadronize, forming two highly energetic jets with large sepa-
ration in pseudo-rapidity. This process is suppressed with respect to gluon fusion for
two reasons: Firstly, the parton density of gluons with sufficient momentum is larger
than the respective quark parton densities at LHC energies. Secondly, the leading
gluon fusion diagram contains two strong vertices, while they are replaced by elec-

troweak vertices in VBF. The ME is thus proportional to a?, "W/Z The cross-section

for Higgs boson production in VBF has been calculated in Ref. [29] with QCD (elec-
troweak) corrections at NNLO (NLO) accuracy, using HAWK [32], VBFNLO [33], and
VBFQ@QNNLO [34].

Higgs-Strahlung (pp — VHSM, vV =W, Z) The Higgs boson is produced in association
with a vector boson, which decays into a pair of quarks or leptons (see Figure 2.3(c)).

2
My, z

The ME is proportional to aeyw , so the production cross-section for the W HSM
process is comparable to VBF at mgsm ~ 90 GeV despite the involvement of one anti-
quark. Because two distinct W bosons exist in contrast to only one Z boson, the
cross-section of the ZHSM process is smaller by a factor of approximately 2. The
smaller available phase space volume leads to a faster decline of the pp — VHSM
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Figure 2.3.: Leading order Feynman diagrams for the dominant production modes of neutral
Higgs bosons (HM) in the SM: The gluon fusion (left) and VBF (right) processes
are shown in the top row, while the Higgs-strahlung process (left) and Higgs boson
production in association with t-quark pairs (right) are shown in the bottom row.

cross-section with growing Higgs boson mass values than gluon fusion or VBF. The
cross-section for Higgs boson production in association with a vector boson has been
calculated in Ref. [29] with QCD (electroweak) corrections at NNLO (NLO) accuracy,
using VHQNNLO [35] and the procedures described in Refs. [35,36].

Higgs Boson Production in Association with t-Quark Pairs A t-quark pair is produced,
which couples to the Higgs boson (see Figure 2.3(d)). The production cross-section
is greatly reduced by the large invariant mass of one Higgs boson and two t-quarks
(despite the large factor of )\tag in the ME). Consequently, the production cross-
section is about one order of magnitude smaller than that of Higgs boson production in
Higgs-strahlung. The calculation in Ref. [29] uses QCD corrections at NLO accuracy
from Refs. [37].

The branching ratios for neutral SM Higgs bosons are governed by the dependence of Higgs
boson couplings on the masses of the decay products as well as mass threshold effects. They
have been calculated in Ref. [29] with HDECAY [38] and PROPHECY4F [39].

HSM _ bb At low Higgs boson masses, before decays to heavy gauge bosons set in, b-
quarks constitute the most massive elementary particles the Higgs boson can decay
to. The coupling strength is proportional to the Yukawa coupling (X\,). HSM — bb
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HSM

HSM

is therefore the dominant decay mode in the mass range until about 135 GeV. The
uncertainty of the result from Ref. [29] is about 1 — 2% for mpgsm < 135 GeV because
the electroweak corrections have been calculated at NLO accuracy in the small Higgs
boson mass approximation.

— 771 7 leptons offer the largest branching ratio of all leptonic decay modes (with
a coupling strength proportional to A;) and therefore a better discrimination from
background processes involving multi-jet production than hadronic decay modes. They
carry the same 1 — 2% uncertainty as HSM — bb decays from the small Higgs boson
mass approximation.

— v7v/gg The decaying Higgs boson couples to a virtual quark pair, which then emits
a pair of photons or gluons, producing jets in the final state in the latter case. The ME
is thus proportional to A;a? for the dominant t-quark loop with o = cvey for HM — ~7
and a = a, for HSM — gg. While the branching ratio of decays into photon pairs
is known to an accuracy of about 1%, the scale dependence of the QCD corrections
at NNLO leads to an uncertainty of about 10%. The HSM — ~+ decay mode plays
an important role in the LHC SM Higgs boson searches because the resolution of the
invariant di-photon mass is very good in both experiments.

— WW/ZZ The decaying Higgs boson produces a pair of massive gauge bosons,
whose decay products are then detected. Because of the large values of my and my,
decays to massive gauge bosons are suppressed for low Higgs boson masses. For Higgs
boson masses above approximately 150 GeV, they eclipse all other decay modes be-

2
My z

cause the respective MEs are proportional to ey Comparing Eqgs. (2.20) and
(2.21) to Eq. (2.24), the growing dominance for larger Higgs boson masses can be un-
derstood: The denominator of Eq. (2.24) is proportional to mysm = vV 2\, while v
cancels in Egs. (2.20) and (2.21) when inserting the gauge boson masses. Outside the
threshold region mgsm ~ 2myy, 7, the distinctness of W+ and W~ bosons implies that
BR(HSM w+w—)

BR(HSM 5 Z0Z20)
the respective branching ratio is about 0.5 % [29].

~ 2. For Higgs boson mass values below 500 GeV, the uncertainty of

— tt Because of the large Yukawa coupling of t-quarks ()\;), Higgs boson decays
to t-quark pairs are the subdominant decay mode above the mass threshold of
mpsm = 2my. The corresponding branching ratio uncertainty first decreases from 5 %
to 2% at 500 GeV and then increases again for larger Higgs boson mass values because
the uncertainty of the electroweak corrections grows with mpysw [29].

2.1.5. Limitations of the Standard Model

The SM with the Englert-Brout-Higgs—Guralnik—Hagen—Kibble mechanism offers a descrip-
tion of the phenomenology of high-energy physics, incorporating the electroweak and strong
interactions in one consistent gauge theory.

However, the multitude of free parameters is commonly considered a weakness of the model:
No mechanisms exist that constrain their values. Also, the evolution of the coupling strengths
with growing center—of-mass energy does not feature a scale where all values coincide (see
Figure 2.4), i.e., a scale of grand unification. Both statements are compatible with the hypoth-
esis that the SM is merely a low-energy effective theory of a more fundamental theory with a
particle content beyond the experimental reach of present high-energy physics experiments.
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Other important arguments for the incompleteness of the SM are the exclusion of all SM
particles as possible dark matter candidates (as argued in Ref. [40]) and the fact that the SM
does not include gravity.

Within the Higgs sector, the Higgs boson mass is subject to large positive (negative) correc-
tions from boson (fermion) loops, causing quadratic divergences, whose leading contributions
are of the form:

(Ampysu)? = £AAEy, (2.25)

with the ultraviolet momentum cutoff scale Ayy and a constant (A). In order to keep the
Higgs boson mass within the preferred range despite large positive and negative corrections,
the parameters have to be fine-tuned at each order of perturbative calculations.

The same issue is often called the hierarchy problem [41-45]: The only energy scales relevant
to the model are the Planck scale O(10'? GeV) and the scale of the vacuum expectation value
(v =~ 246 GeV). The SM proposes no mechanism that accounts for the 17 orders of magnitude
that separate the two scales.

Ideas to solve these problems include the theoretical frameworks of compositeness [44] or
technicolor [42,46]. However, it is hard to construct phenomenologically acceptable models
with either class of models [47,48].

The following Section introduces the class of supersymmetric models, which meet these
challenges with greater ease.

2.2. Supersymmetry and the Minimal Supersymmetric Standard
Model

This Section gives a conceptual overview of supersymmetry (SUSY), focusing on its simplest
variety, the Minimal Supersymmetric Standard Model (MSSM). The consequences for the
phenomenology of EWSB are summarized. More details can be found, e.g., in Refs. [17,49].

2.2.1. Supersymmetry

As shown in Subsection 2.1.5, the SM offers an incomplete description of the phenomenology
of particle physics, but excels at precision and consistency of its predictions. As a consequence,
extending the SM by new symmetries and fields is preferable over attempting to construct a
fundamentally different framework.

Supersymmetry [4, 5] extends the SM by adding partner particles® (called sparticles) for
all SM particles in such a way that the spin difference between any SM particle and its
supersymmetric partner (called superpartners in the following) is i% and all other quantum
numbers (and the mass®) are identical. They are connected via an operator ) and form chiral
and gauge supermultiplets:

@ |fermion) = |boson)

@ |boson) = |fermion) .

According to the Coleman-Mandula theorem [50], only a trivial combination of an addi-
tional space-time symmetry and the internal symmetries of the SM is possible. The Haag-
Lopuszanski-Sohnius extension [51] examines all possible generators of such theories, con-
cluding that ) presents the highest grade of symmetry.

5denoted by a tilde symbol
5This requirement is lifted for broken SUSY—see below.
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Because loops involving the superpartners of SM fermions (bosons) lead to positive (nega-
tive) contributions to the mass of the Higgs boson (m), SUSY acts as a custodial symmetry
protecting it from loop corrections in Eq. (2.25), avoiding the need for fine-tuning while
maintaining naturalness:

(Amy)? ~ FN Ay (2.26)

As shown in Refs. [52], the resulting corrections to the Higgs boson mass from fermions
Eq. (2.25) and from their supersymmetric partners Eq. (2.26) cancel exactly if there are two
supersymmetric partners of the same mass as the SM fermion, leading a coupling strength
relation 2\ = A. The same cancellation occurs for loop corrections involving SM bosons and
loops involving their supersymmetric partners.

The Lagrangian of the MSSM is discussed in Subsection 2.2.2.

R-Parity

An important difference between the SM and supersymmetric models is the existence of
renormalizible terms that violate the baryon number (B) or the lepton number (L).

—i—% for quarks and their superpartners (squarks)
B =< —3 for antiquarks and antisquarks (2.27)
0 for all others
+1 for leptons and their superpartners (sleptons)
L=< —1 for antileptons and antisleptons (2.28)

0 for all others

Such terms are well-constrained from the non-observation of proton decays [49] and therefore
motivate the introduction of a symmetry protecting B and L, called R-parity [5]. Its quantum
number is multiplicatively conserved and includes spin (s):

Pr = (—1)3B=1)+2s (2.29)

This definition of Pr assigns +1 to all SM particles and —1 to their superpartners.

As a consequence, the lightest supersymmetric particle, which in most supersymmetric
models with R-parity is the lightest neutralino [53-55], is stable. As it is electrically neutral
and interacts only weakly, it constitutes a good candidate for cold dark matter [53,54]. Also,
superpartners of SM particles can only be produced in pairs.

2.2.2. The Minimal Supersymmetric Standard Model

The MSSM extends the SM by SUSY, introducing as few particles as possible (see Table 2.4).

For each SM fermion and boson, one superpartner is introduced.” EWSB requires a second
doublet of Higgs fields to cancel gauge anomalies, which arise from the higgsinos. The second
doublet also gives mass to quarks and squarks with positive weak isospin, which, in contrast
to the SM, cannot be achieved with the conjugated field of the original Higgs boson doublet.
Because of equal electroweak quantum numbers, the left- and right-handed superpartners of
the SM fermions mix to form the squark and slepton mass eigenstates. The superpartners of
the electroweak gauge bosons and those of the Higgs bosons also mix: The winos and charged
higgsinos form four charginos, and the zino, photino, and neutral higgsinos mix to form four
neutralinos.

"This gives rise to the denomination as N = 1 SUSY.
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Table 2.4.: Additional gauge and mass eigenstates in the MSSM with respect to the SM
along with their spin and R-parity quantum numbers [49]. Mixing in the first two

generations is neglected.

] | SPIN | Pr | GAUGE EIGENSTATES | MAsSs EIGENSTATES |
HIGGS BOSONS | 0 | +1 HY HY,H} H; hO, HO A% H*
ir,ip,dr, dg (same)
SQUARKS 0 -1 Sr,SR,CL,CR (same)
tr,tr,br,br t1,t2,b1,bo
€L, €R, Ve, Ly Ve, R (same)
SLEPTONS 0 -1 BLy bRy VL, Vp,R (same)
7:L77:R75T,L75T,R 7:17%2757—,17777,2
NEUTRALINOS | 1/2 | —1 B, W° HO HY Ni, Na, N3, Ny
CHARGINOS /2 | —1 W HF Hy CE,C5
GLUINO 2 | =1 g (same)
GOLDSTINO 12 | -1 G (same)
60_ T T T T T T T T T T
(1) S E
50F e o
E -‘\H‘:}g\”:—:"’
40p ST .
FsU@R) - <
a-1 30; — ,,’ ]
20F |
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Figure 2.4.: Energy evolution of the inverse gauge couplings in the SM (dashed) and two
MSSM scenarios [49]. The sparticle masses are taken to be 500 GeV (blue lines)
or 1.5 TeV (red lines), and a3(mz) is adjusted between 0.117 and 0.121 to achieve

exact unification.
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Table 2.5.: Chiral supermultiplets of the MSSM [49]. The fermions and sfermions each exist

in three generations ¢ = 1,2, 3.

| SUPERMULTIPLET | SPINO | SPIN 1/2 |

Q (ay,dy) | (uf,dp)
i oo
d di 4

L (7,e) | (ep)
e i el
R R

H, (HS,HY) | (Hf, HY)

Hd (Hc(l)aH(;) (Hg,H;)

Another favorable feature of the MSSM is the possibility to achieve apparent gauge coupling
unification [49]: As shown in Figure 2.4, the gauge couplings of the SM intersect at different
energy scales. The introduction of superpartners at the TeV scale modifies the evolution of
the couplings in such a way that the three couplings nearly coincide in value. Exact equality
can be achieved by modifying a; at the Z boson mass by approximately 3 % or by assuming
different masses for the various superpartners [56].

The interactions between the chiral and the gauge superfields are constrained by SUSY
and the gauge symmetries. The mass terms from interaction with the Higgs fields are similar
to the SM, and the Yukawa couplings are constrained by their SM equivalents.

The model is thus constrained®, except for the choice of the so-called superpotential W,
which is a holomorphic function of the chiral superfields. In the absence of parameters with
dimensions of [mass]? and without processes violating baryon or lepton number, it can be
written as [49]:

Wassm = tywQHy, — dyaQHy — eéyeLHy + pH, Hy, (2.30)

where Q,u,d, L,e, H,, H; are the chiral supermultiplets from Table 2.5, and yu, Y4, Ye are
3 x 3 matrices containing the Yukawa couplings, which are known from SM measurements.
Because the third-generation fermions are much heavier than those of the first and second
generations, the components corresponding to t-quarks, b-quarks, and 7 leptons dominate:

Whassm ~ ye(ttHy — 0HT) — yp(btHy — bbHg) — y-(TvrHy — T7Hg) + p(H Hy — HyHyg).

Supersymmetry Breaking

If SUSY was an exact symmetry, the supersymmetric partners of SM particles would carry
the same masses as their SM counterparts and therefore be very easy to discover. If realized at
all in nature, SUSY must therefore be broken, featuring sparticle masses beyond the present
reach of accelerator-based experiments.

The requirement that quadratic divergences should cancel motivates the concept of soft
SUSY breaking, implying that we can write the effective SUSY Lagrangian as:

L = Lsusy + Leoft.- (2.31)

8As shown later in this Subsection, the MSSM Higgs boson masses are no free parameters (as in the SM),
but determined by the parameters m 40 and tan 3.
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Lsusy preserves SUSY and describes the gauge and Yukawa interactions as well as the scalar
potential. The soft SUSY-breaking term Lq.¢ contains only mass terms and coupling param-
eters with positive mass dimension, avoiding quadratic divergences.

SSB of SUSY at the mass scale of the SM particles cannot exist because the mass spectrum
of the superpartners would be too light [57]. SSB may therefore only occur in an inaccessible
(or hidden) sector of a fundamental theory, mediated to the mass scale of the SM particles
by a messenger field.

While various viable theories exist for the nature of the messenger field (notably Refs. [58—
62], which are outlined, e.g., in Ref. [49]), the MSSM Lagrangian contains explicit soft SUSY
breaking terms [49]:

1 s -
LM = — 2 (Mggg + MyWW + MyBB + h.c.) (2.32)
— Q'mQ — L'm}L — u'm2i — c?rmgc?— e'm2é
- (ﬁauQHu — dagQH, — éaoLH, + h.c.)
—miy, HiH, — mi HjHg — (bH,Hy + hoc.).

The first line contains mass terms for the gauginos, the second, for the sfermions. The
third line describes trilinear couplings between scalar particles, and the last line describes
additional terms within the Higgs potential.

Altogether, the MSSM introduces 105 additional parameters with respect to the SM, in-
cluding the masses and mixing parameters of the superpartners [63]:

21 sfermion masses,

e 36 real mixing angles,

40 C P-violating phases,
e three real mass parameters and two phases in the gaugino sector, and
e two mass parameters and one phase in the Higgs sector.

However, there are numerous experimental constraints on the parameters of SUSY break-
ing, see Refs. [64,65] for constraints relevant to the MSSM.

In order to reduce the number of free parameters, the following assumptions [63] can be
made without a relevant phenomenological impact on the Higgs sector:

e At a (large) energy scale of grand unification (Agyr), all gauginos have the same mass
(My = My = M3 = m,5), which is equivalent to the unification of the gauge couplings
in a grand unified theory (GUT). Their values at lower scales can be derived from the
renormalization group equations [63].

e The sfermion masses are equal to a value mg for all three generations at the GUT scale,
and the Higgs mass parameters are also equal to my.

e The trilinear couplings (a = Agl) are equal for all three generations at the GUT scale
and diagonal.

The resulting model is called minimal supergravity (mSUGRA) or also constrained Minimal
Supersymmetric Standard Model (cMSSM)? [63]. By eliminating all free parameters except

9Note that the name cMSSM can also refer to other sets of constraints, such as constraints from precision
measurements (see below).
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for my 3, mo, Ao, tan 8, and the sign of p, it provides a good framework for probing the
Higgs sector. Furthermore, Subsection 2.2.3 describes a benchmark scenario which fixes all
parameters but the tree-level parameters m 40 and tan 8 to probe the properties of the MSSM
Higgs sector.

Higgs Sector

As mentioned before, the charge-conjugated Higgs boson fields create gauge anomalies and
can therefore not be used to create masses for the u-, c-, and t-quarks in the MSSM, in
contrast to the SM. Also, the charge-conjugated Higgs boson fields cannot be used in the
superpotential in Eq. (2.30) because terms such as 4y @QH are not holomorphic in the chiral
superfields. Renormalizability can be restored by introducing another doublet of complex
scalar fields with opposite hypercharge (Yir = —1) and a VEV of its own (v,,):

Ht

H, = <H%) VEV: v, Yw = -1 (2.33)
HO

Hd = (Hd_> VEV: Va YW =+1. (2.34)
d

The three longitudinal degrees of freedom are absorbed into the masses of the W and
Z bosons, leaving five physical Higgs particles that are mixtures of the fields H, and Hy,
with two mixing angles, a and 8. At the Born level, the Higgs sector depends on only two
parameters. The mixing angle a connects the neutral C'P-even Higgs bosons, and S the
CP-odd and charged Higgs bosons with the respective Goldstone bosons. The mixing angle
[ can be related to the VEVs, which add up quadratically to the SM value:

tan g = 24 /12 + 02 ~ 246 GeV. (2.35)
Uy,

The CP-even Higgs bosons (hg and Hp) can be written as:
RO cosae —sina\ (Re (HY) — vy
<H0> = V2 <sina cos o ) (Re (Hg) —vg)’ (2.36)
the C'P-odd Higgs boson (Ag) and the associated neutral Goldstone boson (G°):
G% cosf —sinf) (Im (Hg)
<A0> = V2 <sinﬁ cos f3 Im (H)) )’ (2.37)
and the two charged Higgs bosons (H*) with the charged Goldstone bosons (G¥):
G™\ [cosfB —sinp\ (H;
(H‘) a (sinﬁ cos f3 > (H;LL* (2.38)

(5)-(57). -

The masses of the MSSM Higgs bosons are connected at the tree level [66]:

mipe = m%o + mip s (2.40)

1 2
m%m/ho =3 (mi‘o +m% £ \/(mio +m%,)” — 4m?,m%, cos? 25) . (2.41)
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Eq. (2.41) suggests that the lighter C'P-even Higgs boson (hg) should be lighter than the Z
boson [67], which would have made it possible to discover it at the Large Electron-Positron
Collider (LEP). However, the upper bound of the mass of the h° boson is subject to significant
loop corrections, leading to an upper bound [68-70]:

mpo < 135 GeV (2.42)

if the supersymmetric particles that affect loop corrections are lighter than 1TeV and the
value of tan 8 does not exceed 50. Consequently, the non-observation of neutral MSSM Higgs
bosons lighter than the Z boson by the LEP experiments [71] only excludes parts of the
MSSM parameter space (see Subsubsection 2.3.2.3).

The two-dimensional sub-space which affects tree-level processes involving Higgs bosons
is parameterized in tan 3 and the mass of the A boson (m40). This parametrization is
commonly used for the interpretation of searches for neutral MSSM Higgs bosons.

Only seven of the other MSSM parameters have a strong impact on the Higgs sector.
In order to probe the Higgs sector, they are set to benchmark values, such as the m;*
scenario [72]: The masses of the gauginos of the SU(2);, group are set to My = 200 GeV.
They are connected to the U(1)y gaugino masses by the relation: M; = 5/3tan® fy, M. The
third-generation squarks dominate the sfermion loop contributions, and their masses are set
to my = m;, = my = mz, = 1000GeV. The mixing parameter in the t sector is set to
X; = 2000 GeV. The mass parameter p is set to a value of +200 GeV, and the trilinear Higgs—
t coupling is: Ay = X; + pcot B. The gluino mass is set to 800 GeV, and no CP-violating
phase is assumed in the gluino sector.

This scenario represents a parameter choice that maximizes the mass of the lightest CP-
even neutral Higgs boson, leading to the smallest contour of the exclusion limit from LEP (see
Subsubsection 2.3.2.3). It is therefore the default choice in the most recent Tevatron-based
and LHC-based searches (see Subsubsection 2.3.2.3), whose results complement those from
the LEP (see below).

The relation between the mass of the C'P-odd Higgs boson (AY) and the masses of the C'P-
even and the charged Higgs bosons is shown in Figure 2.6, using FEYNHIGGS 2.7.4 [69,73,74],
taking into account the one-loop and the most important two-loop corrections. For large
values of tanf and for m o values significantly different from the critical mass (m¢) of
approximately 130 GeV, either the lighter (for m 0 < m¢) or the heavier (for m 4o > m¢)
neutral C'P-even Higgs boson is nearly mass-degenerate with the A° boson.

The region where all three neutral Higgs bosons are approximately mass-degenerate is called
the intense-coupling region. This scenario requires a very accurate mass reconstruction of
Higgs boson candidates to distinguish it from the case of a single boson (as in the SM). A
more thorough discussion of the intense-coupling region is given in Ref. [17].

The couplings of the neutral Higgs bosons of the MSSM are modified by functions of the
mixing angles « and 3 with respect to the SM values as shown in Table 2.6. The A° boson
has no tree-level coupling to gauge bosons. The couplings of the C'P-even neutral MSSM
Higgs bosons are connected by the sum rules:

1 1
Iroaq + Ipoaq = o2 § Ihoua T 9HOua = s’ 3 grovy + groyy = 1. (2.43)

As demonstrated in Ref. [75], a and ( are connected. Their relation can be used to
eliminate « from the equations that describe the masses and couplings of the Higgs bosons
in favor of the cMSSM parameters.
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(a) bb — ¢ (b) gg — bbo

Figure 2.5.:

Figure 2.6.:

(c) gb— bo (d) bb — go¢

Leading order Feynman diagrams for the b-associated production processes of
neutral Higgs bosons (¢). Note that gb — b¢ and bb — g¢ are connected by
crossing and do also have s-channel contributions. The bb — ¢ and bb — g¢
processes can be considered b-associated in the 4FS, where a b-quark pair is
produced by a splitting gluon.

30— +—T T
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L =3 ¢=h’ tan p=12
- %% ¢=h’ tan p=25

m, [GeV]
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Masses of the C'P-even and charged Higgs bosons in dependence of the mass
of the C'P-odd Higgs boson (m4o) and the ratio of the VEVs (tan ) in the
mys™ scenario. The mass values and uncertainties have been computed with
FeyNHIGGS 2.7.4 [69,73,74].
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Table 2.6.: Yukawa couplings and gauge boson couplings of the neutral MSSM Higgs bosons
divided by the respective values for a SM Higgs boson [75]. The limit for tan > 1
is given for the cases of a heavy (m 40 > m¢, upper value) and a light (m 40 < mc,
lower value) C'P-odd neutral Higgs boson in red.

Jopuu 9edd dovv
IHSM 5 IESM gg IgSMyy
¢ =h' Z?ﬁgifﬁfz/@ 3 *%:;{%an PR sin(B — O‘):lfflf(l{rfz)/tar} 3
o=H | Shg IR e T, | cos(B —a) R
6= A tarllﬁ tan 8 0

The mixing angle « is eliminated from the couplings by introducing two functions [75]:

e m2, +m?2
foo A R 1) (2.44)
2(mi0 —mi,) Mi0 — Mio

where €’ is a function of the MSSM parameters that are fixed in the m}if™ scenario. For large
values of tan 8, the couplings can then be approximated by the red terms given in Table 2.6,
which apply to the cases m40 < mg and m4o > me. For large values of m 40, f1 and fo
converge to 0 and 1, respectively. In this decoupling limit, the Higgs sector of the MSSM thus
becomes identical to that of the SM because the A and H® bosons become kinematically
inaccessible, while the couplings of the h? boson are equal to those predicted by the SM.

Details are given in Refs. [17,76].

2.2.3. Production and Decay of Neutral Higgs Bosons in the MSSM

At the LEP, Higgs-strahlung off Z bosons and the pair production process (Z — A°h?)
constitute the dominant production modes. At the Tevatron and the LHC, b-associated
production (see Figure 2.5) and gluon fusion dominate.

This is due to the enhancement of the coupling to down-type fermions (g¢da7) with growing
values of tan 8 for the CP-odd and one of the CP-even Higgs bosons. As a consequence,
the production and decay processes that involve b-quarks or 7 leptons play a dominant role
in searches at the LHC. Therefore, the gluon fusion process (driven by b-quark loops) and
the production in association with b-quarks are the most promising production modes for
large values of tan 8. Figure 2.7 shows the production cross-sections for both signal processes
in the m 4o—tan 8 plane of the m}™ scenario. While the production cross-sections for the
C P-odd Higgs boson simply decline with growing m 40 and falling tan 3, the couplings of the
C'P-even Higgs bosons differ for the two cases m 40 < m¢ and m 40 > me, leading to a more
complex dependency of the production cross-sections on m 40 and tan 3.

Decays to b-quark pairs dominate with a branching ratio of about 80 — 90 %, followed by
decays to pairs of 7 leptons with a branching ratio of 8 — 16 % for the tan 8 and m 40 values
considered (see Figure 2.8).

Because decays to 7 leptons are probed, all three neutral Higgs bosons contribute to the
signal. Figure 2.9 shows the combined signal cross-sections for gluon fusion and b-associated
production with a subsequent decay to a 7 lepton pair. From Figure 2.7, it is clear that the
hY (H°) boson contributes significantly less to the total signal for m 40 > m¢ (M40 < me)
than the other C'P-even Higgs boson. Because of the limited resolution of the reconstructed
di-7 invariant mass, it is very challenging to separately observe the three types of neutral



292 2 THEORY BAsIcS

@ 3 —
5 E R
A o
i e}
] Q
- ©
B 102
=10
1 ]
L L B 1
200 250 300
myo [GeV]
(b) bbh°
=Y @ 60T 5
8 8 g 10° 2
50— Es
F a
r ©
40 102
30
20F 10
10
L | 1
250 300 10
myo [GeV] myo [GeV]
0
(c) g9 — H
. oy (=1 3 =
é - .-% E 10 -%
< %
I )
2 102 ©
102 °
10 10
I S S S AN S S 1 1
200 250 300
myo [GeV] myo [GeV]
0 0
(e) g9 — A (f) bbA

Figure 2.7.: Production cross-sections of the neutral MSSM Higgs bosons (line-wise) through

gluon fusion (left) and b-associated production (right) in the mj§™ scenario,

calculated with the recipe from Ref. [29], which uses Ref. [69, 73,74, 77-80].
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Figure 2.8.: Decay branching ratios of the neutral MSSM Higgs bosons in the m ™ scenario,

calculated with FEYNHIGGS 2.7.4 [69,73,74], following the recipe from Ref. [29].
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Figure 2.9.: Total signal contributions of the gluon fusion (left) and b-associated production
(right) processes in the myi™ scenario. The products of the production cross-
section and the branching ratio, calculated with the recipe from Ref. [29], which
uses Ref. [69,73,74,77-80], have been summed for all three types of neutral Higgs

bosons.
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Figure 2.10.: Total decay widths of the MSSM Higgs bosons for tan 8 values of 3 (left) and
30 (right) [17].

Higgs bosons, and Figure 2.9 is a good indication of the signal cross-section falling into a
given mass window.

The total decay width of the MSSM Higgs bosons is shown in Figure 2.10. Because of the
large coupling to down-type fermions for large values of tan 3, features in the mass dependence
of the partial widths of other decay modes only impact the total decay width for tan 5 = 3.
Due to the experimental di-t mass resolution, which is larger or equal to 25 GeV for the
analysis presented within this thesis, the decay width plays no role in this analysis.

2.3. Present Understanding of Electroweak Symmetry Breaking

This Section reviews the theoretical bounds, constraints from precision measurements, and
results from direct searches for neutral Higgs bosons in the contexts of the SM and the MSSM.

2.3.1. Standard Model Interpretation
2.3.1.1. Theoretical Constraints

Even though the Higgs boson mass in the SM is a free parameter, three main theoretical
considerations limit the possible mass range:

e As mentioned before, the Higgs mechanism in the SM can serve to restore unitarity in
the scattering of oppositely charged W boson pairs [28]. This is only possible if the
Higgs boson mass is less than about 850 GeV.

e The requirement that perturbation theory holds until a given scale (A)—implying the
absence of a Landau pole—leads to an upper bound on the Higgs boson mass.

e Vacuum stability implies a positive value of A in Eq. (2.14), which is impacted by
radiative corrections. This implies a lower bound on the mass of the Higgs boson.
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Figure 2.11.: Allowed Higgs boson mass range as a function of the scale (A) at which new
physics processes become relevant [16,81].

These bounds depend on the scale up to which the SM is valid as shown in Figure 2.11.
The theoretical uncertainty of the bounds has been obtained by comparing the results with
and without one-loop contributions as well as variations of the respective cutoff value of the
quartic coupling (\) and the evaluated impact of the o and ¢t-quark mass uncertainties. The
experimental sources of uncertainty are dominated by the t-quark mass m; = (175 £+ 6) GeV
and ag(mzo) = 0.118 + 0.002. The possible mass range shrinks significantly when requiring
the SM to remain valid until a grand unification scale (Aqyr) of about 106 GeV.

2.3.1.2. Constraints on the SM Higgs Boson Mass from Precision Measurements

Because the interactions of Higgs bosons with SM particles have mgsu as the only free pa-
rameter, indirect constraints can be derived from precision measurements of SM processes.
Measurements of the hadronic vacuum polarization (Aafi)d), 14 results from measurements
at the Z-pole, and measurements of the t-quark mass, W boson mass, and the W boson
decay width have been combined by the LEP Electroweak Working Group [82,83] (see Fig-
ure 2.12(a)). The Figure shows the goodness of the fit to results from high-energy experiments
and to a set of results that also includes low-energy observables. The result of a theory-driven
determination of the vacuum polarization is given for reference. From high-Q? results from
the LEP, the Stanford Linear Collider (SLC), and the Tevatron as well as measurements of
the hadronic vacuum polarisation, a Higgs boson mass of mgsm = 891’%2 GeV is predicted [82].

The values of the t-quark mass, the W boson mass, and the hadronic vacuum polarization
strongly impact the result: The relation of myy and m; depends on the Higgs boson mass,
and the data from run 2 of the LEP and from the Tevatron are only compatible with light
Higgs boson masses [82,83].

2.3.1.3. Direct Searches for Higgs Bosons in the SM

Proof that the mechanism of EWSB indeed involves the presence of a Higgs field relies on the
direct observation of Higgs boson decays. Such searches have been performed at the LEP,
the Tevatron collider, and the LHC. They are summarized below. More detail about these
searches is given in Ref. [89].
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Figure 2.12.: Global x? — anin value of SM fit to precision data as a function of mgswm
(left) [82,83]: The plot shows the dependence on mpysm of the goodness of
the fit to results from only high-energy experiments (solid line) and to a fit
that also includes low-energy observables (magenta dots). The red dashed line
is based on a calculation of total contribution of the five light quark flavors to
the hadronic vacuum polarisation (Aa}(i)d) from perturbation theory, reducing
the level of systematic uncertainty. Taking theory uncertainties into account
this leads to a limit of mysu < 152 GeV. The results from the direct searches
at the LEP (mpgsu > 114.4GeV at 95% CL [84]) and from CMS (excluding
127 GeV < mysu < 600 GeV at 95 % CL [85], labeled “LHC excluded”) are also
shown. The range excluded by CMS at the time was almost identical to the
range excluded by ATLAS at 95% CL [86] and covers the range excluded by
the Tevatron experiments [87].
Upper end of excluded mpysm range for the statistical combination of the
LEP2 direct Higgs boson searches (right), implying mysm < 114.4GeV at
95 % CL [84], using the C'Lg technique [88] (see Chapter 9).

Higgs boson Searches at the LEP

The LEP experiments probed Higgs boson masses from 0 to 114.4 GeV: During the first period
of LEP runs (LEP1), the accelerator was operated at center—of-mass energies /s close to
the mass of the Z boson. This enabled the exclusion of the mass range from approximately
zero, where the lifetime of the Higgs bosons becomes relevant, up to Higgs boson mass
values of 63.9 GeV (ALEPH [90]), 55.7 GeV (DELPHI [91]), 60.2 GeV (L3 [92]), and 59.6 GeV
(OPAL [93]). The dominant production mode is Higgs-strahlung, where the Z boson decay
mode to neutrino pairs offers the best sensitivity, followed by Z — ete™ /utu~ decays [89].

In the following years, the center—of-mass energy of the LEP was gradually increased
to 209 GeV. Analysis strategies were refined, the luminosity was increased, and the find-
ings of all four LEP experiments were combined. This expanded the mass reach to exclude
mysm < 114.4 GeV at 95 % CL [84], see Figure 2.12(b). Hadronic decay modes of the Z boson
dominate the overall sensitivity [89].
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Higgs boson searches at the Tevatron collider

At the pp collider Tevatron, gluon fusion is the dominant production mode for Higgs bosons.
Higgs boson production in association with gauge bosons has the second-largest cross-section
of all production modes [16]. By reconstruction of leptonic gauge boson decays, better
signal-to—background ratios can be achieved in this mode, though. Therefore, the gauge-
boson-associated production with HSM — bb dominates the total sensitivity of the ex-
periments for mysm < 130 GeV, while Higgs boson production from gluon fusion with
HM 5 WHW~ — (t¢~ + 2v dominates for larger values of m ysu.

A statistical combination of both Tevatron experiments results in a 95 % CL exclusion of the
ranges 90 GeV < mpysu < 109 GeV, which was already excluded by the LEP experiments [84],
and 149 GeV < mpysu < 182GeV. The H — bb channel shows an excess of about two standard
deviations, and the combined significance is about 2.6 standard deviations [94]. This is in
good agreement with the discovery of a Higgs boson by the LHC experiments.

Discovery of a Higgs Boson at the LHC

The ATLAS and CMS experiments at the LHC (described in Chapter 3) have greatly extended
the experimental reach by their searches for SM Higgs bosons at center—of-mass energies of
7 and 8TeV, leading to the discovery of a Higgs boson with a mass of about mysm =
126 GeV [6,7]. The sensitivity of the combination of the various search channels is dominated
by Higgs boson decays to boson pairs:

Higgs boson decays into photon pairs can be searched for in all production modes because
of the excellent photon energy resolution of both experiments. ATLAS [6] and CMS [7]
distinguish several signal regions, based on the kinematic properties of the reconstructed
photons and the presence of highly energetic jets. Due to the large available production
cross-section and the great mass resolution, the di-photon channel had the largest observed
significance of the Higgs boson-like particle in the ATLAS result [6]—and the second-largest
significance for the CMS result [7]—despite the abundance of backgrounds and the low decay
branching to photon pairs.

SM Higgs boson candidates decaying into two pairs of light leptons via on- or off-shell
Z bosons (H — ZZ* — 4¢) offer a great mass resolution. Both ATLAS [6] and CMS [7]
sort the 2e2u, 4e, and 4u final states into separate channels to improve sensitivity. Both
experiments obtain the largest contribution to the overall sensitivity from these channels
near 126 GeV [6,7].

Decays into W boson pairs with WTW~ — (¢~ + 2v dominate the sensitivity for large
values of mysu, while they constitute the third-largest contribution near the mpysu value
that results in the largest observed significance. They are categorized by both ATLAS [6]
and CMS [7] by the number of additional jets and the flavor of the final state leptons.

As shown in Figure 2.13, a statistical combination of all search channels leads to local
p-values'® of about 10723 for 25fb~! of ATLAS data [96] and about 107! for 17fb~! of
CMS data [95] as well as to an exclusion for heavier SM-like Higgs bosons almost up to the
unitarity bound.

ATLAS and CMS found good agreement between the SM expectation and data: The
ratios of observed to expected signal strengths in all decay channels are consistent with unity
within (at most) two standard deviations (see Figure 2.14), implying consistency with the
SM predictions for the couplings of Higgs bosons to 7 leptons, heavy quarks, and vector

10The local p-value is the probability (assuming the background—only hypothesis) for the observed outcome
or a more signal-like outcome.
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Figure 2.13.: Results of statistical combinations of ATLAS searches (top row) and CMS

searches (bottom row) for a SM Higgs boson.

The exclusion limits for the

signal cross-section for the SM Higgs boson mass for ATLAS [6] and CMS [95]
are shown in the left Figures. The right Figures show the local p-value as a
function of the SM Higgs boson mass for ATLAS [96] and CMS [95]. For the
determination of the local p-value, ATLAS used the same decay channels as

CMS.
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Figure 2.14.: Best fit values by ATLAS [97] (left) and CMS [98] (right) for the measured signal
cross-sections of the examined Higgs boson decay modes, relative to the SM ex-
pectation for the Higgs boson mass with the largest observed signal significance.

bosons. Further studies of the spin and the parity of the Higgs boson [99, 100] support the
SM prediction of a spin-0 scalar particle (J P— 0%), while excluding the J P = 9% hypothesis
at more than 97.8% CL [99].

2.3.2. MSSM Interpretation
2.3.2.1. Theoretical Constraints

In the MSSM, the tree-level parameter tan 8 is constrained by the requirement that the
couplings of the Higgs bosons to fermions should remain perturbative. Requiring that the
Yukawa coupling to the third-generation quarks is smaller than v/47 leads to a rather weak
constraint for the general MSSM case [17]:

0.3 < tan g < 150.

In the cMSSM (see Subsection 2.2.2), however, the universal boundary conditions at the GUT
scale further restrict this range, as demonstrated in Ref. [101]:

1 <tan B < my/my =~ 60.

Because the C'P-odd Higgs boson has no coupling to W bosons and the respective coupling
of the heavier C'P-even Higgs boson also vanishes in the decoupling limit, no upper bound
on their mass follows from the requirement of perturbative unitarity [16]. Also, the trilinear
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The right plot shows a comparison of the measured ratios R(D™)) =
BR (B — DWr~p,) /BR (B — D™¢~1;) (blue) and the prediction for type-
IT 2HDMs (red) [103].

and quartic Higgs boson couplings are proportional to the gauge couplings in the MSSM and
thus do not impose a lower bound on the Higgs boson masses.

As mentioned before, the lightest neutral Higgs boson can be heavier than the Z boson
only by virtue of loop corrections. In the case of the cMSSM, the mass of the lighter C P-even
Higgs boson is constrained even more tightly than in the general case of Eq. (2.42) [102]:

msy oM < 127 GeV.

2.3.2.2. Constraints on the MSSM Higgs Sector from Precision Measurements

Precision measurements of SM observables [83] and the density of cold dark matter [104]
(discussed in Refs. [105]) can be used to compute indirect constraints [106] on the MSSM
parameters. Model-sensitive parameters, such as the branching ratio BR (b — s7), rare decays
Bs — ppu~, the anomalous magnetic moment of the muon, and the abundance of cold dark
matter, are used to constrain the MSSM parameters, as detailed in Ref. [102]. Figure 2.15(a)
shows the goodness of the MSSM fit to electroweak precision variables as a function of myo!t.

The resulting prediction for the mass of the lighter C P-even Higgs boson in the MSSM is:
myeoM = (110 *) (exp.) £ 3 (theo.)) GeV.

The LEP exclusion range shown in Figure 2.15(a) relies on SM-like couplings of the lighter
C P-even Higgs boson to gauge bosons, which is true only for a part of the non-excluded
parameter space.

"' Note that this cMSSM differs from the mSUGRA model introduced above.
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Figure 2.16.: Exclusion limits in the m}i™ scenario. The left plot shows the areas excluded

at 95% CL (light green) and at 99.7 % CL (dark green) as well as the expected
exclusion contour at 95% CL (dashed line) [71]. The right Figure compares
this exclusion to the expected and observed upper limits from the searches by
D@ [110]. The comparison to LHC results is discussed in Chapter 10.

Another test of the SM and the MSSM can be inferred from a combination of branching
ratios of B mesons for decays involving either 7 leptons or light leptons [103]. In a recent
measurement by BABAR [103], the ratios R(D) = BR (B — D7 ;) /BR (B — D{" %) and
R(D*) = BR(B — D*r~ ;) /BR (B — D*{" 1) deviate from the SM expectation with a
combined significance of 3.40. These ratios have been shown to be sensitive to the presence of
charged Higgs bosons [107,108]. Their dependence on tan'B has been calculated for the general

case of a type-II model with two Higgs fields (type- H QHDM, as in the MSSM) [107,109].
Figure 2.15(b) shows a comparison of the results by BABAR and the predicted values for type-
IT 2HDMs. The ranges of agreement between prediction and measurement (a0 5/m . )p py =

(0.4440.02) GeV~! and (tanB/my ) g py = (0.75+0.04) GeV~! do not overlap. The observed
disagreement has a significance of 3.1¢ for type-II 2HDM models—almost as much as for the
SM prediction [103].

2.3.2.3. Direct Searches for Higgs Bosons in the MSSM

The LEP experiments have performed direct searches for Higgs bosons produced in Higgs-
strahlung and Higgs boson pair production. The Higgs-strahlung process dominates the
combined sensitivity for tan8 < 5. The Higgs boson pair production process dominates
for larger values of tan 3 and allows to exclude m 40, mpo < 93 GeV in the m™* scenario.
No neutral Higgs bosons were found, and parts of the parameter space could be excluded, as
shown in Figure 2.16(a) for the m i scenario [71]. The upper tan 3 boundary of the excluded
region is a consequence of the decrease in coupling strength for larger values of tan 3, reducing
the cross-section of Higgs boson pair production, and of kinematics. The lower boundary for
m 4o 2 250 GeV results from the limited center—of-mass energy. The LEP collaborations have
also published and combined search results concerning charged Higgs bosons (Higgs boson
pair production), excluding my+ < 80 GeV at 95% CL [111].
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The Tevatron experiments searched for neutral MSSM Higgs bosons with subsequent decays
to 7 lepton pairs. The CDF and D@ collaborations have taken into account the gluon fusion
production mode and b-associated Higgs boson production. D@ presented the most stringent
limit in the m 4o—tan 8 plane for the m;§™ scenario of the MSSM derived at the Tevatron
(see Figure 2.16(b)), using 7.3fb™! of collision data [110]. D@ [110,112] and CDF [112] also
took Higgs boson decays to b-quark pairs into account, but the sensitivity of this channel
is significantly worse than those involving decays to 7 lepton pairs. Upper limits on the
production cross-section were previously combined with CDF results and published, using
1.8 — 2.2fb~! [113]. The results in the m 40-tan 3 plane are compared to the results from
ATLAS and CMS in Chapter 10. CDF and D@ have also performed searches for charged
Higgs bosons, resulting in upper limits on the branching fraction of t-quark decays involving
Higgs bosons [114].

ATLAS and CMS have performed searches for neutral MSSM Higgs bosons in the gluon
fusion and b-associated Higgs boson production modes with decays to pairs of 7 leptons
and muon pairs (ATLAS: 7.7, in this thesis and a combined search in Ref. [10] with other
channels) or only pairs of 7 leptons (CMS [115], see comparison in Section 9.4). Searches for
charged Higgs bosons yielded improved limits for BR (¢t — H*b) for both ATLAS [116] and
CMS [117].

The analysis presented within this thesis improves the sensitivity (primarily) to light neu-
tral Higgs bosons of the MSSM by evaluating 4.7 fb~! of ATLAS data containing leptonically
decaying 7 lepton pairs in two regions. These regions are designed to provide sensitivity to
signal events from gluon fusion and from b-associated production. The results are statistically
combined with similar regions aimed at different decay modes in a joint publication [10].
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Interpretation of the Discovery of a Higgs Boson Within the MSSM

The observation of a Higgs boson [6,7] constrains the Higgs sector of the MSSM strongly by
requiring to interpret it as either the kY particle (light-Higgs case) or the H® particle (heavy-
Higgs case). Both cases have been evaluated [118] by probing a seven-dimensional parameter
subspace (pMSSM-7) of the MSSM, containing the parameters most relevant to the Higgs
sector: m 4o, tan 5, u, my, =My, =My, =My, Mi, = M, = Mg, Ay = Ay = A, and M.
For each set of parameters, a fit to the individually measured signal strengths of the search
channels in Refs. [6,7] as well as the measurements from the LEP and the Tevatron and a set of
low-energy observables has been performed. The measured value of the anomalous magnetic
moment of the muon drives the x? value of the SM fit, while it can be accommodated well by
the pMSSM-7. In order to avoid that this effect dominates the comparison of the goodness of
the SM and pMSSM-7 fits, the mass of the second-generation sleptons have been fixed in the
pMSSM-7 fit. The parameter sets are displayed in Figure 2.17, color-coded according to the
difference of their x? values (Ax?) to the best-fitting parameter sets. In the Gaussian limit,
the thresholds of Ax? = 2.3 and Ax? = 5.99 correspond to the 68 and 95 % CL contours for
two degrees of freedom, respectively. Areas in parameter space with very good agreement
with data exist for both cases. However, the respective area for the light-Higgs case is larger
and features a better x? value at the optimum than that of the heavy-Higgs case. The
measured signal strengths of the various channels considered by ATLAS and CMS in up to
18fb~1 [95,119] can be accommodated well within present uncertainties for either case. The
two cases differ strongly in their phenomenological implications: The light-Higgs case fits
best with the tree-level parameter values m 40 = 669 GeV,tan 8 = 16.5. It is therefore similar
to the decoupling limit (see Section 2.2), featuring one light and two significantly heavier
Higgs bosons. The heavy-Higgs case with the preferred values m 40 = 124.2 GeV,tan 5 = 9.8
implies the presence of a light Higgs boson with a mass of myo = 65.3 GeV. This value is
well below the LEP lower limit, but the couplings to vector bosons are sufficiently reduced
to be consistent with exclusion limits from the LEP experiments. On the other hand, the
observed resonance would need to consist of two nearly mass-degenerate Higgs bosons A°
and HY (with mgo = 125.8 GeV) of different couplings [118].






3 The ATLAS Experiment at the Large
Hadron Collider

Designed to exploit the discovery potential of the Large Hadron Collider (LHC), A Toroidal
LHC Apparatus (ATLAS) records events at unprecedented center—of-mass energies (v/s =
1 — 14 TeV in proton (pp) collisions) and interaction rates (up to 10° Hz) [8].

This Chapter briefly introduces the key features and proton collision performance of the
LHC in Section 3.1. Section 3.2 first provides an overview of the detector design and then
details the features with the greatest relevance to this thesis.

3.1. The Large Hadron Collider

The LHC is today’s most powerful hadron collider. It is located in the circular tunnel of
the decommissioned Large Electron-Positron Collider (LEP), which has a circumference of
26 660 m, at the European Laboratory for Particle Physics (CERN).

The luminosity of the LHC is given by [120]:

N2nyVreyy
L=t p 3.1
dme, B* (3.1)
with
_1/2
0.0, 2
F=11 . 2
( + (20*> ) (3:2)

The design luminosity of £ = 10%* cm™2s7! is achieved with the following values for /s =

14GeV [120]: Ny = 1.15 x 10! denotes the number of protons (with relativistic gamma
factor v = 7461) per bunch, n, = 2808 the number of bunches in a beam, o, = 11245 Hz
the revolution frequency, €, = 3.75 umrad the normalized transverse beam emittance, and
£* = 0.55m the beta function at the interaction point (IP). F' = 0.84 models the impact of
the finite crossing angle between the beams: 6. = 285 urad is the crossing angle, o, = 7.55 cm
the root mean square (RMS) of the longitudinal bunch profile, and ¢* = 16.7 um the RMS
of the transverse bunch profile.

Relativistic proton beams consisting of up to 2808 bunches can be injected in opposite
directions into the two LHC beam pipes at 450 GeV from a chain of smaller accelerators (see
Figure 3.1) [120]. The LHC provides hadron collisions at four IPs, which are each equipped
with a large experiment (see Figure 3.2). The beam setup provides the largest luminosity
values at the IPs of the ATLAS and Compact Muon Solenoid (CMS) experiments, whose
physics programs overlap and benefit most from high luminosities. The research programs of
A Large Ion Collider Experiment (ALICE) and the LHCb experiment focus mainly on heavy
ion collisions and the physics of b-hadrons, respectively, so they require lower instantaneous
luminosities. In order to achieve different instantaneous luminosities at different IPs, the
beam profile is not as strongly focused in the IPs of ALICE and LHCb as in those of ATLAS

35
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Figure 3.1.: Overview of the LHC injection chain (not to scale) [121].
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between the Jura mountains (right) and the lake of Geneva (not to scale) [122].
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and the CMS experiment. This mitigates the problem of pileup, which can refer to two related
circumstances: In-time pileup refers to concurrent interactions, i.e., multiple interactions
during the same bunch crossing. Qut-of-time pileup refers to remnant signals from previous
interactions, which plays a role when the time resolution of a sub-detector is comparable to
or worse than the time between bunch crossings.

The specialized ALICE and LHCb experiments are not discussed in this thesis. ATLAS
and the CMS are general-purpose experiments, whose strengths and weaknesses complement
each other.

The ATLAS detectors are summarized in Section 3.2, which draws many details from
Ref. [8]. A thorough description of the CMS can be found in Ref. [9].

The super-conducting dipole magnets of the synchrotron are designed to provide a nominal
bending field of up to 8.33 T, corresponding to a center—of-mass energy of up to 14 TeV [120].
Due to safety concerns after the failure of an electric connection, the center—of-mass energy
was limited to 7 (8) TeV in the first (second) year of operation before upgrading the quench
protection systems in 2013/14.

The LHC can also accelerate heavy ions at energies up to the design value of 2.76 TeV /nu-
cleon for lead nuclei at a luminosity of up to £ = 102" em~2s~! [120]. Collisions of heavy
ions produce lower parton momenta and a larger event complexity, so heavy ion runs are
irrelevant to this thesis.

3.1.1. LHC Performance Evolution and ATLAS Data Acquisition

The data-taking in 2010 was dominated by the constraints of machine commissioning and
only about 48 pb™! were delivered to ATLAS at /s = 7TeV. In 2011, peak instantaneous
luminosity was ramped up gradually to about 3.65 x 1033 cm™2s~!, and an integrated lumi-
nosity of 5.61 fb~! was delivered to ATLAS. In 2012, the center—of-mass energy was increased
to /s = 8 TeV, and the instantaneous luminosity was again increased, so an integrated lumi-
nosity of about 22.8 fb™! was delivered to ATLAS and CMS [123].

The mean number of interactions (x) can be calculated in data from the measured in-
stantaneous luminosity (£, see Subsection 3.2.6), the total inelastic cross-section (cinel), the
number of colliding bunches (n3), and the revolution frequency (yev) [124]:

- Eainel

(3.3)

Nplrev

The 2011 proton run has been divided into data-taking periods of comparable conditions
for data taking at ATLAS (denoted as A-M), of which only those with nominal magnetic fields
in the detector and a center—of-mass energy of 7TeV (B,D-M) have been used for this thesis.
The performance of all sub-detectors was monitored throughout the run. Requiring those of
relevance for this thesis to be operational leaves a dataset that corresponds to an integrated
luminosity of (4.66 & 0.18) fb~1 [125,126].

As shown in Figure 3.3, comparable amounts of data were taken with configurations includ-
ing values of the optical § function (at the IP) of 1.5m (B,D-K) and then 1.0m (L-M) [127].

While the instantaneous luminosity reached only a fraction of its design value of
10** cm~2s~!, the corresponding number of mean interactions per bunch crossing (23)
has already been approached during the last runs of the year. Apart from the 8* value, the
bunch spacing can account for the difference in luminosity: A bunch spacing of 50 ns' was
used rather than the design value of 25ns [127].

Lwith the exception of 75 ns used during data-taking period B
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Figure 3.3.: Evolution of the performance of the LHC in 2011 [127]. The top left Figure shows
the distribution of the mean number of interactions per bunch crossing for all
recorded data, highlighting the difference between data-taking periods with 5*
values of 1.5 m (data-taking periods B-K) and 1.0m (L-M). The top right Figure
shows the gradual increase in peak instantaneous luminosity throughout 2011.
The bottom left Figure shows the evolution of the mean (“BCID Average”) and
largest observed (“Single BCID”) interaction multiplicities at peak luminosity
throughout 2011. The data-taking period names (B-M) have been overlaid. The
bottom right Figure shows the cumulated integrated luminosity delivered to and

recorded by ATLAS.

The overlay of several interactions in a single event poses a challenge to the LHC ex-
The experiments must therefore exploit differences between “interesting” and
“common” interactions as well as resolve individual interactions: During 2011, the trans-
verse beam profile at the ATLAS TP was characterized by the RMS values o, = 15.7 um,
oy = 13.5pum, 0, = 56.8mm at /s = 7TeV [128]. As shown in Subsection 3.2.2, the tracking
information can be used to match charged particles and associated objects, such as jets, to
individual interactions. Subsection 3.2.7 discusses how the ATLAS experiment deals with
the large event rate it receives from LHC collisions, using a sophisticated trigger and data
acquisition (TDAQ) system.

periments.
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Figure 3.4.: Schematic view of the ATLAS detector, including the main detector components
and overall dimensions [129].

3.2. Key Features of the ATLAS Experiment

The ATLAS detector has been conceived [130] as a general-purpose experiment at the LHC
with a main focus on analyzing proton collisions at a luminosity of up to £ = 10> cm™2s 1.
Its name means A Toroidal LHC Apparatus, conveying the prominent use of large air-core
toroid magnets in the muon spectrometer, as shown in Figure 3.4.

The sub-detectors are all designed to cover the largest possible fraction of the solid angle
around the IP. This is reflected by their layout of concentric cylinders (barrels) and matching
disk-shaped endcaps, which are assembled along the beampipe.

In order to detect particles originating from the IP, the inner tracking detectors, the
calorimetry, and the muon spectrometer are placed, in that order, from the IP outwards.
For the measurement of momenta, a solenoidal magnetic field of 2T pervades the inner
tracking detectors, and a toroidal field with a local field strength of up to 3.5T is generated
in the muon spectrometer [8].

3.2.1. The ATLAS Coordinate System

A right-handed spherical coordinate system [8] is employed within this thesis. The Cartesian
(z,y, z) and spherical (r, ¢, #) coordinates pertain to the reconstructed IP—with the exception
of the nominal coordinates, whose origin is located at the geometrical center of the detector.
The z-, y-, and z-axes point to the center of the LHC, upwards, and along the direction
of the counter-clockwise beam (when viewed from above), respectively. The beams cross
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(vertically) in the y—z plane. With respect to the axis of symmetry of the detector, the beam
direction differs by a rotation of 0.5 mrad about the y-axis and 0.08 mrad about the x-axis.
Consequently, the coordinate system has been rotated about the y-axis to compensate for
this [131]. From the polar angle (), the pseudo-rapidity (n) is derived:

0
n = —Intan 3 (3.4)

The pseudo-rapidity of a massless particle is equal to its rapidity (y). Because the pseudo-
rapidity is good approximation of the rapidity for relativistic particles, rapidity differences
are invariant under Lorentz transformations along the beam direction. The pseudo-rapidities
of particles are therefore very useful in describing hadron collisions in a lab frame due to the
fact that parton momenta are statistically distributed, resulting in an unknown z-component
of the velocity of the center—of-mass system. By choosing the coefficient of % for the polar

d s
0= 5)‘ =1,

so the pseudo-rapidity is also used in the definition of opening angles (AR) of two vectors
(11, ¢1,01) and (r2, g2, 02):

angle in Eq. (3.4), dimensions are preserved in the central detector area,

AR =+/(A¢)* + (An)?, (3.5)

where A¢ is the transverse opening angle and An is the difference in 7 of the two vectors.

When assessing the compatibility of a track and a vertex position, the track is extrapolated?
to find the point of closest approach (PCA) to the vertex in the transverse projection. The
difference of the z-coordinates of the PCA and the vertex is the longitudinal impact parameter
(20). The transverse distance of the PCA and the vertex is the transverse impact parameter
(dp), which is defined to be positive (negative) if the momentum of the particle at the PCA
has a clockwise (counter-clockwise) direction in the transverse plane.

3.2.2. The Inner Detector

In order to reconstruct decay vertices, measure the momenta of charged particles, and to
distinguish particles from different interactions occurring during the same bunch crossing
(in-time pileup), space-points of tracks of charged particles must be precisely measured as
close as possible to the IP. This task is accomplished with the Inner Detector, which consists
of three sub-detectors (see Figure 3.5):

e The Pixel detector is located closest to the IP and consists of three layers of identical sil-
icon pixel modules both in the barrel and in the endcaps. These modules are segmented
into rectangles of 50 um x 400 pum for 90 % of the active surface and 50 ym x 600 pum for
the remaining 10 %. The modules are oriented to have the direction of higher granular-
ity in the tangent direction to the barrels, coinciding with the bending plane of charged
particles. The layer closest to the IP is called the B-layer [§].

e The semi-conductor tracker (SCT) surrounds the Pixel detector. It consists of silicon
modules that each contain two layers of sensitive strips with a strip pitch of 80 ym, which
draw an angle of 40 mrad. The barrel region contains four such concentric double layers,
which each contain one layer with a strip orientation parallel to the beam axis. The
forward region is covered by nine discs with radial strip orientation on each side of the
IP [§].

2taking into account magnetic fields within the detector
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region (bottom) [8].
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e The transition radiation tracker (TRT) is a gaseous straw-tube detector, whose barrel
and end-caps are shaped like hollow cylinders, which radially envelope the Pixel and
SCT detectors. It consists of 73 layers of tubes in the barrel region and 160 layers in the
endcaps, each measuring 4 mm in diameter. The layers are interleaved with transition
radiation material [8]. The TRT registers ionizations from charged particles. The
transition radiation material provides an additional means of distinguishing between
electrons and pions: The former induce transition radiation, which leads to a larger
signal in the TRT tubes [132].

This combination of three different sub-detectors has been chosen to address the challenge
of providing high-precision tracking in the high-occupancy environment close to the IP. The
Pixel detector is located 50.5 to 122.5mm from the nominal beam axis?, so it contributes
the space points closest to the IP. The Pixel detector therefore dominates the resolution
of the reconstruction of impact parameters and vertices. For tt events, a vertex resolution
with a RMS of 11 gm in the transverse and 40 gm in the longitudinal direction is achieved.
The resolution of a track parameter X depends on the transverse momentum of the track as
follows [8]:

2
Ux(pT) = Jx(pT — OO) 1+ <pX) . (3.6)
pr

The impact parameter resolution of pions with large momenta has been determined to be
04y (pT — 00) = 10 pm (12 pm) in the transverse and o, xsing(pr — 00) = 91 pm (71 pm)
in the longitudinal directions for the pseudo-rapidity range 0.25 < |n| < 0.50 (1.50 < |n| <
1.75) [8]. While the amount of material in the Inner Detector is approximately minimal for
0.25 < |n| < 0.50, particles in the range 1.50 < |n| < 1.75 pass through the most material.
For muons, the pp value for which the uncertainty on the measured transverse momentum
equals the contribution from multiple scattering ranges from p,,, = 44 — 80 GeV and results
in a relative transverse momentum uncertainty of 1.5 — 1.9 % for muons with pp = 10 GeV,
underlining the importance of material budgeting in the Inner Detector [8]. As shown for
electrons and pions in Ref. [8], the track reconstruction efficiency of non-minimally ionizing
particles is sensitive to additional material, leading to a degradation of the performance in
the forward regions.

In order to minimize the amount of passive material while maintaining a high granularity in
the transverse plane, silicon strips are used in the SCT. The small angle of 40 mrad between
the two strip layers of a SCT module serves two purposes: They provide a good spatial
separation of ghost hits, i.e., ambiguities that arise from coinciding particles traversing the
same module, and improve the resolution in the transverse plane. Besides the advantage
of improved discrimination of electrons and pions, the 73 (160) straw planes of the TRT
in the barrel (endcap) add typically 36 space points per track, improving the resolution of
ambiguities from ghost and noise hits as well as the accuracy of track extrapolation into the
calorimeters and the muon spectrometer. The TRT only covers the pseudo-rapidity range
In| < 2.0, while the Pixel and SCT detector extend to |n| = 2.5 [8].

The pattern finding algorithms of the Inner Detector can be used to reconstruct tracks
of charged particles down to a pr threshold of 0.1 GeV for performance studies. For other
measurements, a threshold of 0.5 GeV is typically applied to select tracks for vertexing. A
track reconstruction efficiency of more than 99 % is achieved for muons with a transverse
momentum of 5GeV, except in the regions with 2.25 < |n| < 2.5, where it degrades to
98 % [8].

3up to 149.6 mm in the endcap region
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Figure 3.6.: Impact of pileup conditions on the tracking performance [124].
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The number
of reconstructed vertices is shown as a function of the mean number of proton
interactions (top left), which is calculated with Eq. (3.3). For the total inelastic
cross-section, the value ojnel = 71.5mb from PyTHIA [133] has been used. The
decreasing slope corresponds to a declining vertexing efficiency for large numbers
of proton interactions, as shown in simulation in the top right Figure. This decline
is shown both for the default track requirements and for tighter requirements on
the number of tracker hits (robust). The robust requirement has also been
evaluated with respect to only interactions with at least two generated particles
with |n| < 2.5 that satisfy the track py cut ppr > 400 MeV. The bottom Figures
show the transverse (left) and longitudinal (right) impact parameter distributions
of tracks in data that pass the robust requirement.

Tracks originating in the luminous region are used to seed primary vertex candidates. These

are evaluated using an adaptive vertex fitting algorithm [134], which is based on Kalman
filtering [135]. Figure 3.6 shows the dependence of the efficiency of reconstructing the primary
vertex of an interaction on the mean number of concurrent interactions in the event and the
associated impact parameter distributions.
for a good vertex candidate. The tails of the longitudinal impact parameter distribution
are more pronounced for larger interaction multiplicities because tracks are associated to
the most compatible vertex if insufficient separation prevents the reconstruction of close
vertices as additional vertices. This simultaneously leads to a decline in the primary vertex
reconstruction efficiency. While the transverse bunch dimension is of the order of the dy
resolution, such additional tracks enter the tail regions of the zgsin 6 distribution.

At least three compatible tracks are required
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Figure 3.7.: Overview of the calorimetry [8].

3.2.3. Calorimetry

The electromagnetic and hadronic calorimeters (see Figure 3.7) surround the central solenoid,
which encloses the Inner Detector.

The pseudo-rapidity range |n| < 3.2 is covered by a combination of a presampler, an
electromagnetic calorimeter, and a hadronic calorimeter; each is a combination of barrel and
endcap parts. The presampler is a thin liquid Argon (LAr) calorimeter layer that records
the transverse profile of the shower at the entry into the calorimetry, so the previous energy
loss from showering can be taken into account. It is deployed in the range |n| < 1.8, covering
the region with the largest variations in the amount of material before the calorimeters. The
adjoining LAr calorimeter consists of zig-zag-bent structures (combining lead absorbers and
kapton electrodes) in two to three layers, designed to obtain symmetry in the azimuthal
direction and leading to the name accordion calorimeter (see Figure 3.8). In the pseudo-
rapidity range (almost) coinciding with the coverage by the Inner Detector (|n| < 2.4), its
cells have a size of 0.025 x 0.1 in 7 X ¢, and they are further sub-divided into strips in 7. The
second layer is also segmented into finer cells for |n| < 2.5 (0.025 x 0.025 in n X ¢), where
a third layer (0.05 x 0.025 in 7 X ¢) exists for better resolution of the longitudinal shower
shape, and the second layer has coarser sub-divisions for 2.5 < || < 3.2 (0.1 x 0.1 in 1 x ¢).

The region up to |n| = 3.2 is covered by dedicated hadronic calorimeters: a scintillator
tile sampling calorimeter with steel absorbers (consisting of a three-layered barrel) covers
the region with |n| < 1.7, and a LAr hadronic calorimeter with copper plates, the regions
with 1.5 < |n| < 3.2. Because of space constraints, the use of separate electromagnetic and
hadronic calorimeters is not feasible in the very forward regions, so a combined, three-layered
LAr forward calorimeter (FCal) is deployed in the regions with 3.1 < |n| < 4.9. The first
layer again uses copper as absorber material and is optimized for measuring electromagnetic
showers, while the other two layers use tungsten [8].

Because showers induced by electrons and photons are attenuated more easily by interac-
tions with matter than those induced by hadrons, the column density of the total material
between the interaction point and the entry point into the electromagnetic calorimeter plays
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tral detector region [8]. The dimension of depth is labeled both in units of length
and in radiation lengths.
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of radiation lengths (Xy). The left Figure shows the barrel region, the right
Figure, the endcap. [8].
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Figure 3.10.: Material before muon spectrometer, normalized to the hadronic interaction
length. The first and last stacked contributions pertain to material before entry
into the calorimetry and that between the hadronic calorimeters and the first
sensitive layer of the Muon Spectrometer [8].

an important role in the design of the Inner Detector and central solenoid. The amount of
material before the accordion calorimeter is shown in Figure 3.9 in units of the radiation
length (Xp). The amount of material varies between about 2X, and 10Xy, depending on the
pseudo-rapidity. For precision measurements of electromagnetic showers, the total column
density before the hadronic calorimeter corresponds to between about 25Xy and 40Xy, with
the exception of the ends of the barrel (1.3 < |n| < 1.5), where the equivalent column den-
sity declines to about 14Xy, while the amount before the accordion calorimeter increases to
about 6X. Besides limiting the amount of material before the calorimetry, it is important to
contain showers within the hadronic calorimeter in order to avoid a loss in accuracy of the en-
ergy measurement and to attenuate the shower before the muon spectrometer. The hadronic
calorimeters and the FCal provide at least the equivalent of ten hadronic interaction lengths
in front of the muon spectrometer for pseudo-rapidities up to |n| < 4.9 (see Figure 3.10) [8].

The electromagnetic calorimeter and the Inner Detector allow the reconstruction of elec-
trons with transverse momentum values between 20 and 50 GeV at an efficiency of more than
98 % throughout the tracker coverage (see Figure 3.11) [136]. Depending on the transverse
momentum and pseudo-rapidity of the electron, the identification efficiency varies between
72 and 86 % for the tight electron identification criteria (see Subsection 6.1.2). The elec-
tron reconstruction is designed to provide an energy resolution of 1 to 4%, depending on
the transverse momentum and pseudo-rapidity of the electron (see Figure 3.12) [8]. Because
precision and efficiency are drastically reduced in the transition region 1.37 < |n| < 1.52,
electron candidates from these regions are not considered for the analysis presented in this
thesis. The uncertainty of the energy scale calibration varies from 0.5 — 1% in the central
detector region to 0.8 — 1.6 % near the barrel-endcap transition region (see Figure 3.13) [136].

The amount of calorimeter activity in LHC collisions at ATLAS favors the use of anti-
kt jets for the good performance in splitting overlapping jet candidates of this algorithm
(see Subsection 4.1.3). The ratio of the reconstructed energy deposits to the energy of the
incident parton (jet response at electromagnetic scale) for quark-induced kr jets depends
strongly on the transverse energy and the pseudo-rapidity of the jet (see Figure 3.14). The
jet energy scale has been determined from simulation and calibrated to match the performance
in collision data within 1 —3 % in the central detector region (with uncertainties up to 6 % in
the forward regions). Depending on the topology of the event and the flavor of the incident
parton, additional uncertainties of typically 0.5 to 3% apply [137].
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Figure 3.11.: Electron reconstruction efficiency across the relevant pseudo-rapidity range
(top) and efficiency of the tight electron identification criteria as a function
of the transverse energy (left) and the pseudo-rapidity (right), obtained from
Z/y* — ee decays recorded in 2010 [136].
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an electron energy of 100 GeV), taken from simulation [8].
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Figure 3.14.: Jet response at the electromagnetic scale as a function of pseudo-rapidity are
compared for |n| < 1.2 in the right Figure, citing the statistical and total un-
certainty [137].

3.2.4. The Muon Spectrometer

The Muon Spectrometer with its toroid magnets (see Figure 3.15) defines the overall dimen-
sions of the detector. The various detector components used in the Muon Spectrometer are
planar, so they are assembled in alternating smaller and larger overlapping segments to ac-
commodate the toroid coils in the barrel region. Because of services from the Inner Detector
and the central solenoid, a gap exists between the two half-barrels of the Muon Spectrom-
eter for || < 0.1. The magnetic field is created by an air-core toroid in the barrel region
and two endcap toroids, so the impact of multiple scattering on the momentum resolution
is mitigated. The detector components are placed in three stations in the barrel, at radii of
approximately 5, 7.5, and 10m. The endcaps are realized as discs, one in front of and two
behind the endcap toroid (from the IP), the outermost endcaps placed at z = £23m [8].

While the Muon Spectrometer measures the sagitta of the track in the toroid field in the
barrel, the measurement in the endcap relies on determining the change in direction after the
traversal of an endcap toroid.
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Figure 3.15.: Quarter section of the Muon Spectrometer in the y—z plane [138].

The low particle multiplicities in the Muon Spectrometer enable its use for triggering.
Subsection 3.2.7 describes how a trigger decision can be reached within 2.5 us, thus avoiding
an overflow of the buffers which temporarily store all events. The design goal of 10 % accuracy
in measurements of the transverse momentum of muons with up to 1TeV requires a sagitta
measurement with an uncertainty below 50 pm. This cannot be achieved with fast chambers,
so most stations are equipped with separate chambers for precise (monitored drift tubes
(MDTs) in the barrel, MDTs and cathode strip chambers (CSCs) in the endcaps) and for
fast measurements (resistive plate chambers (RPCs) in the barrel, thin gap chambers (TGCs)
in the endcaps?, see Figure 3.15). The resolution of the azimuthal coordinate is irrelevant for
measuring the sagitta, so only the first barrel station uses precision chambers to measure it,
while the ¢ measurement relies on the fast chambers in the other stations®. Because of the
size of the Muon Spectrometer, the position of the precision (MDT) chambers is constantly
monitored to avoid systematic uncertainties from detector deformations. They are used in
all barrel and endcap stations, covering the pseudo-rapidity range |n| < 2.7, except in the
innermost endcap, where they are substituted by CSCs in the range 2.0 < |n| < 2.7 because
they can manage higher expected muon rates and offer a better time resolution [8].

The MDT chambers deliver an accuracy of 35 um in the direction perpendicular to the
tubes at a maximum drift time of 700 ns, while the CSCs have a resolution of 40 um at a
maximum drift time of 40 ns [8].

By combining the Inner Detector and Muon Spectrometer measurements, the transverse
momentum resolution for muons with low transverse momenta can be drastically improved
with respect to a stand-alone reconstruction in the Muon Spectrometer (see Figure 3.16) [8].
A di-muon mass resolution of 1.6 — 2.8 % can be achieved for Z/y* — pu events (see Fig-
ure 3.17). The combined and stand-alone measurements rely on Muon Spectrometer hits, so
the efficiency for n =~ 0 is degraded because services (such as cooling, power supply, read-out
connections, and detector control connections) for the Inner Detector and for the central

4The signal spread of 15-25ns of the trigger chambers is sufficient for identifying individual bunch crossings,
as exploited by the TDAQ system (see Subsection 3.2.7) [8].
5The cathode strip chambers offer a resolution of 5mm in this direction.
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Figure 3.16.: Comparison of the transverse momentum resolutions for muons in the barrel
(left) and endcap (right) regions as a function of the transverse momentum,
taken from simulation [8]. “Stand-alone” muons are reconstructed only from
Muon Spectrometer information, while “combined” muons use Muon Spectrom-
eter and Inner Detector information.

solenoid prevent the placement of muon chambers there [139]. Muon candidates which are
reconstructed from their Inner Detector track and minimal ionization in the calorimeters
(“calomuons”) show a smaller efficiency loss in the central detector region.

3.2.5. Missing Transverse Energy

While the longitudinal component of the momentum of the center—of—mass system is unknown
in pp collision events, momenta of final-state particles are balanced in the transverse plane.
Given the great detector coverage (up to || = 4.9), the momentum vectors of all detected
objects are added®, and any significant imbalance is attributed to non-interacting particles.
Because calorimeter-based measurements dominate the overall uncertainty, the resolutions of
the z- and y-components are proportional to the square root of the scalar transverse energy

sum (> Er):

Opmiss = 2 Fr
T.z/y GeV
with a coefficient @ = 0.7GeV in Z/y* — pp events (see Figure 3.18). The resolution is
worse for simulated W — ev decays than for Z/4* — uu events by about 1GeV. In both
Z boson and W boson decays, the impact of pileup can be significantly mitigated by using
tracking information: Calorimeter clusters which do not belong to any reconstructed objects
are neglected, unless a track from the primary interaction points to the respective calorimeter
region (drawing an angle of less than AR < 0.3). This use of pileup suppression limits the
variation of the resolution coefficient to about Aa = 0.02 GeV between p = 8 and p = 40 in
Z/v* — pp events and reduces the resolution degradation by about half in W — ev events.
Missing transverse energy can thus be exploited even under high-pileup conditions [140]. A
good missing transverse energy resolution is crucial for the analysis presented within this
thesis.

(3.7)

SMore details about the computation of missing transverse energy are summarized in Subsection 6.1.6.
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Figure 3.17.: Measured di-muon mass resolution for Z/v* — uu events (top row). The com-
bined measurement (top left) profits from the strengths of the Inner Detector
measurement (top center) in the central region and those of the Muon Spec-
trometer in the forward regions (top right). The bottom row shows the re-
construction efficiency for muons as a function of the pseudo-rapidity (bottom
left) and the transverse momentum (bottom right) of the candidate [139]. The
bottom left plot also compares the efficiency of reconstructing the same muon
either from matching the Inner Detector track to a Muon Spectrometer track
segment or by combining the full Muon Spectrometer and Inner Detector track
measurements (“CB+ST muons”) to the efficiency of reconstructing the muon
from Inner Detector and calorimeter information (“calomuons”).
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Figure 3.18.: Measured missing transverse energy resolution for events containing Z boson
decays to electron and muon pairs as a function of Y Et (top left). The per-
formance agrees well with simulation (top right); the simulated resolution is
lower for W boson decays. The lower left-hand Figure shows the degradation
of the expected missing transverse energy resolution for larger mean numbers
of interactions per bunch-crossing (p) without and with tracker-based pileup
suppression for Z/vy* — pp events. The lower right-hand Figure shows the
dependence of the missing transverse energy resolution on the number of recon-
structed primary vertices in simulated W — ev events with and without pileup
correction [140].
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3.2.6. Forward Detectors and Luminosity Measurement

The experimental site of the ATLAS detector is equipped with additional detectors that
extend into regions of very high pseudo-rapidities: The beam conditions monitor (BCM) is
an integral part of the ATLAS TDAQ system which supplies fast feedback on beam conditions,
emitting a beam-abort signal in case of impending beam loss into the detector. It consists of
two pairs of diamond sensors on each side of the IP at z = +184 cm, |n| = 4.2, each featuring
a very fast signal rise time of 1ns [8].

The luminosity measurement using Cerenkov integrating detector (LUCID) uses sensors
located at z = £17m, 5.6 < |n| < 6.0 and provides a luminosity measurement by registering
collision remnants after bunch crossings, which can also be obtained from the BCM [8]. This
method requires a calibration using van der Meer scans [141] to determine the transverse
beam size at the IP (0* in Eq. (3.2)). In a horizontal and a vertical scan, the focus of
two beams is offset from the center of the nominal luminous area, so their overlap in the
transverse plane as a function of the offset is probed. By continuously monitoring the rate
change of bunch crossings without reconstructible vertices, the RMS of the transverse bunch
structure can be inferred in each scan direction. Consequently, the absolute value of the
luminosity can be calculated with Eq. (3.2) if the number of protons per bunch is known. As
an alternative, the integrated luminosity per bunch crossing during the van der Meer scans
can be normalized by using the total inelastic pp cross-section.

The zero-degree calorimeter (ZDC) is located at z = £140m in the LHC tunnel. Its main
use is the detection of neutrons with pseudo-rapidities above || = 8.3 to determine the
centrality of heavy ion collisions [8].

The absolute luminosity for ATLAS (ALFA) detectors are placed at z = +240m from the
ATLASIP. Its scintillating-fiber trackers measure elastic scattering to infer the luminosity [8].

The BCM, LUCID, and ALFA detectors as well as the Inner Detector can be used alone
or in various logical combinations to register bunch crossings without interactions. Taking
the mean number of interactions from Inner Detector data, the luminosity results from the
evaluated algorithms agree within 2%. The logical disjunction of the BCM detectors has
been selected as baseline luminosity measurement [125], and a corresponding uncertainty of
3.9% is assigned to the dataset used within this thesis.

3.2.7. Trigger, Data Acquisition, Computing Model

The ATLAS subdetectors together offer more than 87.7 million readout channels. Per collision
event, about 1300 kBytes of detector data are produced, leading to an unmanageable amount
of (mostly irrelevant) data [8]. A three-staged trigger system selects events at a sustainable
rate of about 400 Hz [142, 143], requiring the persistification and reconstruction of about
500 MBytes/s of raw ATLAS data.

The detector is fully read out into buffers by 932 readout drivers (RODs), with a buffer
depth corresponding to 2.5 us of collisions at a bunch spacing of 25 ns, defining the maximum
L1 trigger latency. This is achieved by using specialized hardware relying on lookup tables
rather than sophisticated reconstruction software, so the L1 trigger cannot use Inner Detector
data, must limit the granularity from the calorimetry, and relies on the faster (but less precise)
RPCs and TGCs of the Muon Spectrometer. This step is illustrated in Figure 3.19. The later
stages of the trigger selection (level 2 (L2) trigger and Event Filter (EF), together known as
high-level trigger (HLT)) can use data from all subsystems.

The L1 trigger processes Muon Spectrometer hits using coincidence-matrix boards, starting
from hits in the middle station of the barrel or the outermost trigger station in the endcap
region. These boards can be programmed with coincidence matrices for three low transverse
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Figure 3.19.: Schematic representation of the L1 trigger [8].

momentum thresholds (up to 10 GeV) and three high transverse momentum thresholds, re-
quiring coinciding hits from two and three stations, respectively. In order to evaluate jet
triggers, signatures of electrons or photons, hadronic 7 lepton decay triggers, and triggers on
large > E1 or E%liss values within the allowed L1 latency, calorimeter cells are merged to
form trigger towers with a granularity of no more than 0.1 x 0.1 in 7 x ¢ (see Figure 3.8).
These are then subjected to a sliding-window seed search, and lookup tables are used to
match the signature to predefined patterns [8].

Whenever a pattern from the trigger menu stored in the central trigger processor (CTP) is
recognized, the CTP emits a L1 accept signal and the full detector response from the region
surrounding it (region of interest (Rol)) is passed to the Rol builder (about 2% of the full
event data), unless the rejection of a fixed fraction of passing events has been set (prescaling).
The full event data are passed to the data acquisition (DAQ) system. The DAQ and Rol
builder systems are designed to handle L1 accept rates up to 75-100 kHz [8]. In 2011, the L1
accept rate has been kept below 60kHz to limit HLT computing demands [142].

The Rols are subsequently input to the L2 trigger, which applies the appropriate feature
extraction algorithms, whose output is used to test L2 hypotheses. The L2 trigger has a
mean latency of 40 ms and reduces the event rate to approximately 3.5 kHz (design value, [8])
or 5kHz (value in 2011, [142]).

The event is then fully reconstructed from the buffered detector data, employing the same
algorithms that are used in the offline analysis. According to the L2 hypotheses the event
passes, it is then subjected to the feature extraction and hypothesis algorithms of the EF,
which require an average processing time of about 4s [8]. The sequential application of L1
signatures and matching L.2 and EF hypotheses is called a trigger chain. The choice of trigger
conditions in the various chains has to match both the available computing power of the
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Figure 3.20.: Trigger bandwidth used by the single-electron trigger signatures used as a func-
tion of the instantaneous luminosity (top). The dashed lines mark the thresholds
until which the corresponding trigger was available without prescaling. The
pr thresholds (20 and 22 GeV) are cited, and “vh_mediuml” pertains to the
tighter track criteria and additional hadronic leakage requirement. The bottom
row shows the trigger efficiency in data with respect to offline reconstructed
medium electrons (using looser quality requirements than the event selection,
see Subsection 6.1.2) as a function of the pseudo-rapidity (left) and of the trans-
verse momentum (right) of the electron [142].

HLT computing farm and the available trigger bandwidth of, on average, 400 Hz [142,143].
Furthermore, the menu must be balanced across the various chains to enable as broad a
physics program as possible.

The performance of the single-electron trigger used within this thesis is summarized in
Figure 3.20. The rise in instantaneous luminosity throughout 2011 data-taking required
the tightening of the pr threshold and identification criteria to limit the usage of trigger
bandwidth: A pr threshold of 20 GeV for single electrons was used for £ < 2-10%3cm™2s71,
and a threshold of 22 GeV, for higher luminosities. For £ > 2.3 -10%3 cm™2s7!, track quality
criteria were tightened and a threshold to the amount of energy leaking into the hadronic
calorimeter was set. A plateau value of 95 — 97 % efficiency is achieved for electrons with a
transverse momentum of more than 40 GeV. The central detector region, where services from
the Inner Detector and the central solenoid are led out of the detector, as well as the regions
at || ~ 1.5, which include the crack between the barrel and endcaps of the electromagnetic
calorimeter, exhibit a reduced trigger efficiency. Electrons from the crack regions are removed
in the analysis (see Subsection 6.1.2) because they carry larger systematic uncertainties [142].



56 3 THE ATLAS EXPERIMENT AT THE LARGE HADRON COLLIDER

i 120 ; ATLAS Trigger Operations (Oct. 22, 2011) 3__-# é

o) E _ E

£ 110 Vs=7TeV &3:* 3

o E :&$ =

100 =

= hal 3

90 =4 =

= =4 |

80 g —

= == 3

70— - e mu18_medium inside-out  —]

60; $$$ o mui8_medium outside-in é

— - = | il L |

E» [ ]

= E

%ng E 855555585885885588855 ]

o g. 350 N
1 15 2 25 3 3.5

Luminosity [10°3 cm2s]

% 1= T T T T L S e % 1e ———— T — T
o 09t ATLAS Preliminary S 09k 000 07
Q E 3 Q9 E 3
E 0'8; -0—.—0._0—0—*—'——.—_._; ﬁ 0.8;* < —;
0.75 S e 0.7F E
E + E E ATLAS Preliminar E
0.6 - Data 2011 Vs =7 TeV S 0.6 & ! E
05 -+ |n“|<1.05 3 055 Data 2011 Vs = 7TeVé
E 3 E In|>1.05 E
0.4 ®  L1_MU10 (2-station coincidence) ~ —]| 0.4 W -
= - < ©  L1_MUI11 (3-station coincidence) E E E
0-3? E 0-3? O L1_MUT1 (3-slation coincidence)
0.2 — 0.2 -
iy - e 3 E he 3
0.1 = 0.1 =
OE - o ) e T ot oo ] . P B
3 4567810 20 30 40 10? 3 4567810 20 30 40 10°
p; [GeV] p, [GeV]
> 1E = > 1= T
9 E E| 3 E
& 0.9; é o 0.9; FOO—O0———O0— o —=
£ 08 = 2 085 °
Yoore e U075
gg;: - ATLAS Preliminary E gg;: ATLAS Preliminary
E o Data 2011 Vs = 7 TeV VE Data 2011 s =7 TeV
0.4 In,| < 1.05 0.4 . | > 1.05
0.3; mu18 medium outside-in 0.3 ; o mu18 medium outside-in
0.2 O Data 0.2 O Data
0.1 1) B vc 0.1 B vc =
o O ! = = —
= 1055 = 1.055 E
Kl E 3 E E|
8 o g B |mo i 4
0.95? —+—; 095? i é
10 20 30 40 50 60 7080 10? 10 20 30 40 50 60 7080 10?

p, [GeV]

(o)
V)
=

Figure 3.21.: Trigger bandwidth used by the single-muon trigger signatures used as a function
of the instantaneous luminosity (top). The middle (bottom) row shows the L1
(EF) trigger efficiency with respect to offline reconstructed muons as a function
of the transverse momentum of the muon, distinguishing the central (left) and
forward (right) regions [143].



3.2 KEY FEATURES OF THE ATLAS EXPERIMENT 57

The performance of the single-muon trigger is summarized in Figure 3.21. Besides the
introduction of medium quality cuts in muon identification in period I, the same trigger
threshold of 18 GeV in the HLT could be used, limiting the acceptance rate to 120 Hz. The
L1 trigger requirement was tightened in the barrel region to a three-station coincidence at
a threshold of 11 GeV in period I, leading to an efficiency loss of about 6% in the barrel
for muons with a transverse momentum of more than 20 GeV. The L1 muon trigger offers
an efficiency of about 72 % (93 %) for the barrel (endcap) three-station coincidence at a pp
threshold of 11 GeV. The value in the barrel region is reduced by the Muon Spectrometer gap
at z = 0 and the support structures. For both regions, the rising flank of the efficiency curve
ranges from 6 — 10 GeV, while the HLT efficiency rises within a few GeV, justifying the offset
of 7GeV in pr thresholds between the L1 trigger and the HLT [142]. The HLT reconstructs
muons both starting from Muon Spectrometer tracks (outside-in) and from Inner Detector
tracks (inside-out), at similar efficiencies, to optimize the total reconstruction efficiency.

The electron and muon triggers are also used to form combined signatures, such as the
electron—muon trigger used within this thesis (see Subsection 6.1.3 for the contributions of
the individual triggers to the overall signal acceptance).

3.2.8. The World-Wide Large Hadron Collider Computing Grid

ATLAS and the other LHC experiments require the persistification of huge amounts of data
(500 MBytes/s by ATLAS alone), which must constantly be available for calibration and
analysis. In order to avoid reliance of every data-related activity on a single computing center,
a hierarchical system of computing centers distributed around the world, the World-Wide
Large Hadron Collider Computing Grid (WLCG) [144], has been set up. The central system
at CERN ( Tier-0 facility) receives the raw data from all events that the experiments select for
analysis. A copy is created in persistent storage, and event reconstruction is performed with
a given calibration. Consequently, the reconstructed events are exported to eleven computing
centers serving ATLAS (Tier-1 sites), which each have multiple adjoined computing centers,
collectively referred to as clouds. The Tier-0 center as well as most Tier-1 sites are exempt
from executing physics analyses, which are executed at lower-Tier Grid sites. The Tier-1
and lower-Tier Grid sites are also used for storing a copy of the raw data, reconstructing it
again when new calibration data is available, and for the generation and simulation of Monte
Carlo (MC) data.






4 Characterization of Physics Processes and
Event Simulation

In the generation of simulated events, a combination of analytical and phenomenological
methods is used to model the proton collisions and subsequent interactions, which produce
the final-state particles. The final-state particles interact with the matter around them, and
the detector response to energy deposits in active detector regions is simulated. The various
classes of signal and background processes impose different challenges to the generators, so
different programs are used for the individual processes.

Section 4.1 introduces the various aspects of proton interactions that are simulated and
describes the jet definition used within this thesis. Section 4.2 summarizes how these elements
are combined to model complete Large Hadron Collider (LHC) events and how the detector
response is simulated.

4.1. Elements of Proton Collision Events

The description of proton collisions requires the simulation of three main stages: The parton
distribution functions (PDFs) model the probabilities of finding a certain parton flavor at a
certain momentum fraction of the incoming proton (z12). The hard interaction is governed
by the interaction Lagrangian at an energy scale (Q)). The transition matrix element (ME)
can be calculated perturbatively up to an arbitrary order of the coupling strengths (aew, as),
achieving ever smaller associated uncertainties at each order (see below).

The transition to the lower scale of the outgoing particles is modeled in two steps: A parton
shower (PS) models the emission of quantum chromodynamics (QCD) radiation, which itera-
tively reduces the energy of the partons while o grows. Eventually, an energy scale is reached
where a phenomenological model can be applied to simulate the formation of hadrons (called
hadronization process). This process results in jets of color-neutral particles (confinement, see
Subsections 4.1.2 and 4.1.3). According to the factorization theorem, the overall cross-section
(0) can be factorized into the hard interaction, QCD-induced showers (connecting the hard
process with both the initial-state partons and the (final-state) hadronization process), and
the PDFs:

parton pair

1 1
S [ [ dmidead T i) e b ). (@)
0 0

This separates the two domains of scales where perturbation theory holds (Q > pr) and where
non-perturbative processes dominate (@ < pp). The factor 0'?;-1 E,PS depends on the sampled
parton momenta x; and describes the hard interaction and QCD-induced showers, based on
perturbation theory. The ME calculation also depends on the scale choice in the renormal-
ization (ug), which is performed to avoid large logarithmic terms in fixed-order calculations.
The PDF's (f;, fj) provide a phenomenological description of the non-perturbative processes
in the protons. The scale dependences are unphysical, and the cross-section is evaluated for

99
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Figure 4.1.: Visualization of a simulated proton collision involving the t-quark-associated pro-
duction of the lightest neutral Higgs boson [145]. The ISR before the main in-
teraction (dark red dot) is shown. While the Higgs boson (dotted line) decays
into two quarks, the t-quarks undergo FSR (red lines). The left t-quark decays
hadronically and the right one, leptonically. The light red dots mark the decay
vertices. A second interaction from other partons is shown in purple. The stage
of hadronization is shown in light green, the decay of the hadrons in dark green.

lines indicate final-state leptons and photons.

different values of ur and up to estimate the systematic uncertainty (see Subsection 8.1.1)
associated to the scale choices.

To illustrate these stages, a proton collision event is shown in Figure 4.1. Partons from both
initial-state protons, which are both symbolized by three incoming valence quarks, produce
initial-state radiation (ISR), and some of the resulting quarks and gluons interact. The main
interaction, in this illustration t-quark-associated production of the lightest neutral Higgs
boson, is evaluated at the electroweak scale. The outgoing partons (including the Higgs
boson decay products) emit final-state radiation (FSR) and then hadronize. The unstable
particles finally decay in one or more steps to form the final-state particles.

Particles from additional parton interactions and the proton remnants of a pp collision are
collectively referred to as underlying event (UE).
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4.1.1. Modeling of Parton Distribution Functions

The PDFs cannot be directly derived from theory, but they can be measured, e.g., in electron—
proton collisions. Even though such collisions involve much lower center—of-mass energy
values, the Dokshitzer—Gribov—Lipatov—Altarelli-Parisi (DGLAP) evolution equations can be
used to infer the scale dependence of the PDFs and hence a prediction at LHC energies [146]:

1

dfi(xi,Q*) _os [dy ([, z; T

e 5 ]y (507 (5) +a0000m (T)) a2
1

dg(zi, Q s [d i i

fl(lfjggz) -2/ o (fi(y, Q*)Poq (fj) + 9y, Q%) Pyg <”;)> . (4.3)

T

The parton emission probability (Pxy ) gives the probability for a parton Y to split, producing
a parton X with a momentum fraction z:

Pyq(z) = g <1 i ZQ) (4.4)

1—=z
Pu(z) = 5 (2 +(1-2) (4.5
— )2
P =5 () (46)
ng(z):6<1;z+1iz+z(1—z)>. (4.7)

The singularities in Eqgs. (4.4), (4.6), and (4.7) are connected to the emission of soft gluons
and lead to infrared divergences that cancel with virtual corrections.

Egs. (4.2) and (4.3) relate the scale dependence of the PDF's for quarks (f;) and gluons (g)
to the circumstance that the respective particle is a daughter particle of a harder (momentum
share y > x) quark (f; terms) or gluon (g terms). Therefore, each term carries the appropriate
splitting probability ((4.4) through (4.7)) as a factor.

PDFs are supplied as sets that contain the central values and the error eigenvectors
associated to the 68 % CL intervals. For the analysis presented within this thesis, the
MSTW2008 [147] PDF set has been used for the computation of next-to-—next-to-leading
order (NNLO) cross-sections. The set contains PDFs at leading order (LO), next-to-leading
order (NLO), and NNLO, which are selected to match the order in a; that is used for the
ME calculation. The PyTHIA [133] and AcerMC [148] samples use the MRST2007 LO**!
PDF set [149], CT10 [150] is used for MC@NLO [151], and CTEQG6L1 [152] for Alpgen [153],
HERWIG [154], and SHERPA [145].

4.1.2. Modeling of QCD Radiation and Bremsstrahlung

In the collision of two hadrons, QCD radiation occurs at two stages: before the hard inter-
action (ISR) and afterwards (FSR). In either case, a PS arises from splitting vertices and
provides a transition between different energy scales: The total energy is shared among more
and more particles. Given the energy scale of the main interaction, the energy scales after ISR

IThe ** notation refers to a modification introduced to better reproduce higher-order results with LO gen-
erators, while maintaining a similar value of as as in LO PDFs.
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and before FSR are fixed. FSR is therefore simulated as sequential splittings, starting from
the scale of the hard interaction. ISR modeling must perform the same evolution backwards
from the scale of the hard interaction to the momentum of the incident partons.

QED-bremsstrahlung is simulated with PHOTOS [155], except for SHERPA, which uses the
built-in PHOTONS-++ program.

4.1.3. Jet Algorithms

The process of separating quarks or gluons is accompanied by a sharp increase in poten-
tial energy, which culminates in the creation of additional quark—anti-quark pairs. During
hadronization, these? recombine with the original quarks to form color-neutral objects, such
as mesons (consisting a quark—anti-quark pair) or baryons (consisting of three quarks (or
three anti-quarks) of different color). Owing to the momentum of the original parton and
high probabilities for the emission of soft and collinear gluons, the final-state particles form
a more or less collimated jet of particles. However, for this analysis, the momenta of the
outgoing partons (of the hard interaction) are of interest—rather than those of the final-state
hadrons. This is reflected in the reconstruction of jets, which are ideally reconstructed as a
single object per outgoing parton.

In order to minimize the adverse impact of detector noise and pileup, information from
neighboring calorimeter cells is merged into topological clusters, and jets are then recon-
structed from the clusters. Topological clusters require the energy measured by a seed cell to
exceed a threshold that is significantly higher than the noise level (by a factor of 4 —6 [156]).
Due to the large multiplicities of soft particles from minimum-bias interactions in LHC colli-
sions, noise and pileup contributions are considered in the energy calibration of the calorimeter
cells.

The reconstruction of jets from calorimeter clusters can be performed in different ways,
which offer different levels of robustness against pileup influences. As laid out in the Snow-
mass accord [157], an acceptable jet definition should be simple to relate to theoretical and
experimental quantities and result in finite cross-sections at any order of perturbation the-
ory. The latter feature is known as infrared safety and implies that infinite terms from soft
and collinear emissions cancel with virtual corrections. The cross-section prediction should
depend only weakly on how partons recombine during the hadronization process.

A simple ansatz for the reconstruction of jets is given by cone algorithms, which search
for local maxima in the calorimeter activity within a cone of fixed opening angle AR. How-
ever, such algorithms lack infrared safety and perform poorly in events with overlapping jets
because the opening angle between the jet axis and a calorimeter cluster does not take the
properties of QCD radiation into account.

Sequential algorithms therefore use opening angles and cluster energies to determine a
quantity which takes QCD properties into account, such as the Durham distance measure
(yij) [158] in electron—positron collisions:

min(E7, E7)
Yij = Qf(l — COS 02]) (4.8)
i and j name two clusters with energies E; and Ej, and /s is the center-of-mass energy.
For hadron collisions, the geometric opening angle 6;; is replaced by ARij?’, /s is replaced

2and partons from final-state radiation (FSR)
3using the same definition as in Eq. (3.5)
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by the distance parameter R, and only the transverse component of the energies is used [159]:

. 2p 2p
min(E.5, Ep) 9
The use of AR;; maintains approximate Lorentz invariance of the distance measure. As
shown in the following, the exponent 2p determines the order in which clusters are merged
and R is the maximal opening angle between the jet axis and any associated cluster.

For each cluster and combination of two clusters, the distance measure is computed, using
d; = EP (4.10)

for a single cluster. The smallest of the d; and d;; results is considered: If one of the two—
cluster combinations d;; yields the minimum, they are merged by adding their corresponding
four-vectors. Otherwise, the respective cluster is accepted as a jet candidate and both it
and the associated d;; values are removed from the list of clusters to be merged. From the
structure of Egs. (4.9) and (4.10), it is clear that one of the (single-cluster) values d; or d; is
always smaller than the corresponding d;; value if AR;; > R.

The case p = 1 is known as the k; algorithm, p = 0 is called Cambridge—Aachen algorithm,
and p = —1 corresponds to anti-k; jets, which are used within this thesis.

The resulting jet candidates are compared for the three cases in Figure 4.2, using a distance
parameter value of R = 1, which is larger than the optimized? value of 0.4 used within this
thesis to illustrate how clusters are split among overlapping jets. The main difference lies
in the way energy deposits located in between two jet candidates are attributed: While the
Cambridge—Aachen algorithm splits such areas evenly, the k; algorithm attributes clusters
to the softer seed, and the anti-k; algorithms, to the harder seed. For all three types of
jet algorithms, the number of jets above a given threshold is infrared-safe. An important
advantage of the anti-k; algorithms lies in the fact that jets have a circular shape in the n—¢
plane even in the presence of a soft seed, given that the hard seeds are not too close together.
The distance measure R is then directly proportional to the size of the jet area, which is
beneficial to the calibration against noise and soft energy deposits from pileup.

4.1.4. Main Interaction

The main interaction occurs at a large energy scale O(100 GeV), so as < 1 enables a precise
prediction of the cross-section by considering a finite perturbative expansion up to NLO or
NNLO in ag.

Each cross-section contribution can be computed by applying the appropriate Feynman
rules. Soft and collinear divergences cancel when taking virtual corrections into account.

Soft and collinear emissions are modeled by PSs, which are simulated with HERWIG or
PYTHIA [133]°. Because higher-order corrections in the ME calculation and emissions within
the PS both describe the same process, the combined use of the ME and PS methods results
in double counting. A distance measure, such as d;; in the sequential algorithms mentioned
above, is therefore used to separate emissions into the “hard” domain (described by the ME)
or the “soft” domain (treated by the PS).

One such scheme is CKKW matching® [162], which is used within SHERPA. This scheme
correctly treats the no—emission probability within the parton shower already within the
event generation step by reweighting events with the analytical Sudakov form factor [163].

4The resolution degradation from energy deposits outside the jet area and from energy deposits of the
underlying event (UE) are minimal for R =~ 0.4 at a center—of-mass energy of 7TeV [161].

®SHERPA does not use an external shower Monte Carlo (MC) program—see below.

Snamed for the original authors
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Figure 4.2.: Outcome of three sequential algorithms applied to a generic simulated event (us-
ing HERWIG) overlaid with randomly distributed soft deposits [160]. The energy
deposits are shown in the 1n—¢ plane, and colors indicate to which jet candidate
clusters are associated. The top Figure shows the result of the k; algorithm, the
bottom Figures show the results of the Cambridge-Aachen algorithm (left) and
of the anti-k; algorithm (right).

If different programs are used for calculating the ME and for simulating the PS, the Sudakov
suppression has to be applied after the PS simulation and before simulating the hadronization
step, as in the MLM matching scheme” [164]. For the given use case, it carries the advantage of
requiring neither a veto on jets that fall into the domain of the ME corrections nor knowledge
of the analytical form of the Sudakov factor used by the PS simulation. In contrast to CKKW
matching, the retention or rejection of events is decided only after the simulation of the parton
shower, while MC generators using CKKW matching do not need to discard events after the
generation step.

The simulation of the hard interaction and the PSs require substantially less computing
power per event than the simulation of subsequent interactions with the detector. In the
presence of cuts at the reconstruction or analysis steps and taking the limit solid angle
coverage of tracking and calorimetry into account, many generated events do not require
the detector simulation step because their kinematic properties render them ineligible. A

"named for the original author
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generator event filter (GEF) can be used to reject such events. By taking the filter efficiency
into account, the cross-section of the resulting dataset can be computed from the inclusive
cross-section value.

The decay of 7 leptons produced in the hard process is simulated in TAUOLA [165] for
the gluon fusion and Z/v* — 77 processes, to take spin correlations into account. 7 lepton
decays in b-associated Higgs boson production (including spin correlations) are simulated by
SHERPA itself.

The production cross-sections of the signal processes are discussed in Subsection 2.2.3.
The production cross-sections of the background processes whose event yields are taken from
simulation are listed in Table 8.1.

b-Associated Production

b-associated Higgs boson production (bb¢) is the most promising signal process for the given
analysis. As shown later in Figure 6.3, the transverse momentum spectra of the final-state
leptons contain a large fraction which is either too soft or outside the detector coverage. In
order to reduce the statistical uncertainty for the selected events, the 2LepEF GEF is applied
after the event generation step, requiring the presence of two light leptons that each fulfill a
pseudo-rapidity cut of || < 3 and have a minimum transverse momentum value of 5(10) GeV
for muons (electrons).

The process is modeled at LO by SHERPA®, and the PDFs from MSTW2008 at LO have
been used. Only the CP-odd boson is simulated?, and the tan 3 value is not varied for the
different scenarios examined within this thesis because the differences in the shapes of dis-
tributions are negligible. Therefore, one to three A templates for different m 40 values are
combined and the event yields are appropriately scaled to reproduce the Minimal Supersym-
metric Standard Model (MSSM) scenario to be probed. As mentioned in Subsection 2.2.2; the
one-loop and most important two-loop corrections are taken into account for the prediction
of the production cross-section.

The Santander matching scheme [166] is used for combining two ways of treating the
incident b-quarks in the calculation of the production cross-section: The five-flavor scheme
(5FS) takes the incident b-quarks from a b-quark PDF, while the four-flavor scheme (4FS)
prediction includes the b-quark production in the signal process. For larger Higgs boson
masses, the 4FS suffers from large logarithms. The 5FS (¢°FS) prediction at NNLO from
bbH@NNLO [79] and the 4FS prediction (¢4'%) from Ref. [80] at NLO are therefore weighted
by a factor w according to the Higgs boson mass (my):

oSantander _ M w=ln me _ . (4.11)
14w my

Gluon Fusion

The Higgs boson production from gluon fusion (gg — ¢) exhibits a softer Higgs boson trans-
verse momentum spectrum than b-associated Higgs boson production because there are no
recoiling objects at leading order. POWHEG [167,168] is used for the ME calculation at
NLO, and PyTHIA, for the PS. POWHEG uses modified shower generators that always
consider the hardest emission first (pr ordering). The matching scheme therefore does not

8with up to three additional partons

9The b-quarks are treated as massless quarks for the central cross-section value, so the couplings are identical
for scalar and pseudo-scalar Higgs bosons. The difference between the results for massless and massive
b-quarks is small, as shown in Subsection 8.1.2.
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Figure 4.3.: Dominant tree-level processes for Z/v* boson production at the LHC.

Q)

need to consider other emissions, and negative event weights are avoided. In contrast to the
CKKW matching method, color connections in soft emissions are respected [167].

The Higgs boson transverse momentum spectrum is subject to sizable higher-order correc-
tions. A reweighting technique is therefore used to reproduce the spectrum to NNLO-+next—
to—next—to—leading logarithm (NNLL) accuracy, obtained from HqT [169]. Squark loops are
neglected. The NNLO cross-section is approximated by scaling the Standard Model (SM)
cross-section contributions from the t-quark and the b-quark loops and their interference term
by the appropriate coupling modifications for the MSSM at NLO from HIGLU [77]. For the
t-quark loop contribution, the NNLO corrections from ggH@NNLO [78] have also been taken
into account [29].

In preparation of an update to Ref. [29], the contributions from third-generation squark
loops, NNLO contributions involving t-quarks, and the supersymmetric correction to the
light-quark contribution have been calculated for the m} ™ scenario. The evaluation was per-
formed [170] with the POWHEG-Box framework [171], based on POWHEG, and SusHi [172]
at a center—of—mass energy of 8 TeV. For the lightest C P-even Higgs boson, the contributions
from squarks and electroweak corrections have an effect of at most 2% on the production
cross-section for 110 GeV < m 40 < 1000 GeV, while the impact on the heavier C' P-even Higgs
boson grows to about 5% for small values of tan 8 ~ 5. The variations are for a center—of—
mass energy of 7TeV are expected to be similar, so they are covered by the cross-section
uncertainties assumed in Subsection 8.1.1.

Z/v*+Jets

The production of Z/v* bosons with or without additional jets is the most important back-
ground to the search channel investigated within this thesis. The dominant production modes
are shown in Figure 4.3. The Z/v* — ee and Z/~v* — pu processes can be efficiently rejected
by selecting only events with exactly one electron and one muon that pass the identification
criteria or by requiring a large amount of missing transverse energy. As described later, the
Z/v* — 77 background represents an irreducible background, which can only be discrimi-
nated against by reconstructing the invariant di-r mass (m,,) and by exploiting the different
flavor composition of the associated jets in b-associated Higgs boson production.

While the natural width of the Z boson is (2.4952 + 0.0023) GeV [21] and the lepton
pr resolutions are 1.5 — 3%, the presence of neutrinos from 7 lepton decays increases the
reconstructed width of the Z boson resonance, so the corresponding root mean square (RMS)
is about 25 GeV (see Section 5.3). Because the m . mass resolution degrades with increasing
boson masses, the separation of neutral Higgs bosons and Z bosons improves slowly with the
hypothetical Higgs boson mass.

Both a PyTHIA dataset and a dataset with ME calculation from Alpgen and PS simulation
from HERWIG (shower) in conjunction with Jimmy [173] (hadronization and UE)!® have

Ohenceforth referred to as HERWIG-+Jimmy
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Figure 4.4.: Dominant tree-level production modes for t-quark pairs at the LHC.

been used. The overlap between additional emissions in the ME and the PS is removed,
using the MLM matching scheme. Previous studies have concluded that both generators are
equally reliable in predicting the pt spectrum of the Z boson, but that Alpgen can predict
the properties of additional (hard) jets more accurately. The ME is calculated at NLO in
Alpgen, while the ME calculation at LO in PYTHIA is reweighted to NLO.

t-Quark Pair Production

t-Quark pairs are mainly produced in the processes shown at tree level in Figure 4.4. In
the search for b-associated Higgs boson production, ¢t production constitutes an important
background when selecting events with a b-jet. t-quarks have only been observed to decay
in the t — ¢W™ modes, whose dominant contribution with (91 4= 4) % is the process t —
bW [21].

The b-quarks in the final state can be used for for discrimination against other processes.
A large mean jet multiplicity (also the decays of the W bosons) and hard spectra of the jets
and leptons dominate the detector signature. As the final-state leptons do not originate from
a di-T resonance, the m,, spectrum of ¢t events is flat.

In the analysis presented within this thesis, tf events are generated with two NLO gen-
erators: MC@NLO in conjunction with HERWIG+Jimmy for the simulation of the ME and
PS, UE, and hadronization, respectively, while POWHEG with HERWIG+Jimmy is used to
assess the theoretical uncertainty related to the description of kinematic distributions in the
generation step (see Subsection 8.2.3). A GEF requiring at least one of the W bosons to de-
cay via W~ — ly; is applied in order to enhance the fraction of events with isolated leptons,
which are required by the analysis (see Section 6.1).

MC@NLO uses a modified subtraction scheme [151], which performs a resummation of
large logarithmic terms in the generation which is consistent with the resummation used in
the PS generator. This procedure results in events with positive and negative weights, so a
larger dataset is required to achieve the same level of statistical uncertainty when compared
to event generation with equal weights.

Single t-Quark Production

The production of single t-quarks contributes significantly to samples requiring the presence
of an identified b-jet. Like in ¢t events, the reconstructed objects in single t-quark produc-
tion exhibit large momenta and lead to a rather flat shape of the contribution to the m,,
distribution.

Three tree-level processes contribute to the production of single t-quarks (see Figure 4.5):
the exchange of a W boson in the s- (3.9pb at NLO [151]) and ¢-channels (58.7pb at
NLO [151]) and the production in association with a W boson (Wt, 13.1pb at NLO [151]).
The latter constitutes the largest contribution to the selected single t-quark production events
in this thesis (96.7 % in a sample without b-jets and 99.5 % for exactly one tagged b-jet) for
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Figure 4.5.: Dominant tree- level Feynman diagrams for single t-quark production.

=

Figure 4.6.: Contributing Feynman diagrams of Wt processes, differing in the role of the
incident b-quark (b). While heavy flavor production is unambiguous at LO (left),
the matching scheme [174] used in AcerMC is needed to avoid the double-counting
of flavor production processes from gluon splitting in the NLO diagram (middle)
and the b-quark PDF (right).

b

two reasons: This process contains one strong vertex in addition to the Wtb vertex, rather
than another electroweak vertex. Furthermore, the abundance of energetic gluons in reactions
with soft b-quarks enables the production of t-quarks despite their large mass.

When using a NLO ME calculation, the b-quark in the initial states of the t-channel and
Wt processes can be viewed as either an initial-state parton or as stemming from an energetic
gluon splitting into a b-quark pair (see Figure 4.6). The latter case is indistinct from the
emission of ISR, so a matching scheme [174] is derived from the DGLAP evolution equations
(see Subsection 4.1.1) to remove the overlap, again leading to a fraction of events which are
assigned negative weights. This scheme is implemented in AcerMC, which is used for the
generation of all single t-quark production processes.

Di-Boson Production

Because of their decay modes involving leptons and also heavy quarks, gauge boson pairs
also contribute to the di-lepton samples analyzed within this thesis. The corresponding m, .
distribution is rather flat in shape for lack of particles decaying to a pair of vector bosons.
While all gauge boson combinations with a total charge of zero or one elementary charge
can be produced in quark pair annihilation (see leading-order contributions in Figure 4.7), W
boson pairs and Z boson pairs can also be produced from gluon pairs (see Figure 4.8). For the
case of W boson pairs, this contribution makes up 2.9 % of the total cross-section [175], while
the loop-induced production of Z boson pairs is negligible. For the analysis of the sample
without b-tagged jets, quark-induced processes are simulated in MC@QNLO, while GG2WW [176]
has been used for gluon-induced production. The same UE and hadronization configuration
as in the production of ¢t events with MC@NLO is used for both programs. The PDF CT10
is used for the MC@QNLO datasets, CTEQ6m for the GG2WW datasets, and MRST2007 LO**
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Figure 4.7.: Dominant tree-level Feynman diagrams for di-boson production.
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Figure 4.8.: 1-loop Feynman diagram for ZZ/WW production.

for the HERWIG datasets. These datasets provide a more accurate description of di-boson
backgrounds than the HERWIG datasets used for the sample with one b-tagged jet.!!

A GEF is applied to the GG2WwW (HERWIG) datasets, requiring at least one lepton with a
transverse momentum above 10 GeV within the pseudo-rapidity range || < 2.7(2.8).

W +Jets

W bosons are produced in similar processes as Z bosons, and the same Alpgen configuration
is used as for the Z/v* + Jets background. Despite the large production cross-section, this
background plays a minor role: Only single leptons are produced by W boson decays, so
either another lepton must be produced in the decay of a heavy quark or another object
be misidentified as a lepton. Because of a strong rejection of non-isolated muons and other
objects producing similar detector signatures (see Section 6.1), the W (— uv,) + jets process
dominates. In order to describe W boson production in association with jets, Alpgen is used.

Multi-Jet Background

The large production cross-section (O(100mb)) makes multi-jet events another important
background—despite a very low acceptance for lepton candidates from multi-jet events and
a good suppression by the consequent analysis cuts.

This combination leads to large uncertainties when estimating the multi-jet background
from a MC dataset of a realistic size. The present analysis therefore uses a purely data-driven
approach for the multi-jet contribution.

4.2. Detector Simulation, Pileup, Underlying Event

In order to imitate real collision events, the hadronization step is followed by simulating the
interactions of all particles with the detector. In order to reflect the concurrent interactions

"The decision for HERWIG in the sample with one b-tagged jet had already been finalized when the use of
the MC@NLO and GG2WW was proposed for the sample without b-tagged jets. The difference in the sample
with one b-tagged jet kinematics is negligible because of its low acceptance of di-boson events.
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(in the same as well as in previous bunch crossings), the energy deposits from multiple inter-
actions are overlaid. The resulting event takes the proton remnants and other backgrounds
into account.

The complete set of energy deposits is then passed through the hit digitization, whose
output is of the same format as the real detector output. The various reconstruction and
identification algorithms are then applied to the event using the Athena framework [177],
which is based on the Gaudi framework [178].

The following Subsections represent only a rough overview. More details can be found in
Ref. [179].

4.2.1. Detector Simulation

In order to accurately reproduce the detector response, a detailed detector model exists [179]
for use with GEANT4 [180]. All active and passive material is included, and the placement
inaccuracies of the various components (misalignment) are taken into account.

GEANT4 thus models the interactions of particles from pp collisions and other sources with
the detector. This step consumes about 95 % of the simulation time per event [179]. The
detector response is then simulated in the digitization step (see Subsection 4.2.4).

4.2.2. Pileup

As mentioned in Section 3.1, the interaction rate is much larger than the bunch crossing
rate, and the time between bunch crossings is smaller than the time resolution of several
sub-detectors. Both aspects are taken into account by simulating additional, overlapping
interactions whose signals are synchronous (in—time) with those from the primary interaction
or shifted (out—of-time) after digitization.

4.2.3. Underlying Event

The particles from the UE undergo non-perturbative interactions, whose impact is parameter-
ized within Jimmy and within PyTHIA. The parameters are fixed in the AUET2B LO** [181]
and Perugia 2011 [182] tunes—the former is used as default.

Additional contributions from background radiation and beam-gas interactions are also
considered before the digitization step.

4.2.4. Digitization, Reconstruction

Given the thorough knowledge of the real detector response from performance studies, the
simulated energy deposits can be translated into a detector response, which can then be
subjected to the downstream processing of raw data: The reconstruction and identification
procedures are identical for collision data and simulated events.

Both steps exhibit significant dependencies on the run conditions present during the repre-
sented data-taking period. In-time and out—of-time pileup affect the performance in various
ways. Tolerable detector defects, which do not require vetoing all events from the respective
data-taking period, mainly impact efficiency and resolution values. Simulated data must
therefore reproduce the fraction of collision-data events taken at a given instantaneous lu-
minosity and detector status as accurately as possible. Residual discrepancies can then be
compensated by weighting simulated events according to various kinematic properties (see
Section 6.1).



5 Analysis Overview

The searches for Minimal Supersymmetric Standard Model (MSSM) Higgs bosons using
4.7fb~! to 4.8fb~1 of ATLAS data, including the analysis detailed within this thesis, have
been combined and published [10]. Section 5.1 summarizes these searches, and Section 5.2
presents an overview over the analysis strategy followed within this thesis for ep final states.
Section 5.3 explains the mass reconstruction technique employed by this analysis, which al-
lows for the discrimination of events according to the reconstructed Higgs boson candidate
mass.

5.1. Searches for Neutral Higgs Bosons in the MSSM with ATLAS

As outlined in Subsection 2.2.3, Higgs boson production in association with b-quarks or from
gluon fusion offer the largest discovery potential in the MSSM with tan 3 values significantly
larger than 1 (as well as in other type-II models with two Higgs fields and enhanced Higgs
boson couplings to down-type fermions). Subsequent decays to 7 lepton pairs, which have
a very clean detector signature, are also enhanced, making their observation feasible. Final
states with only hadronic (ThaqThad channel), one leptonic in combination with one hadronic
(TlepThad channel), and only leptonic (TiepTiep channel) charged decay products are considered
separately. This strategy allows to account for the different background compositions of the
channels in 4.7fb~! of ATLAS data. In order to better select events with b-associated Higgs
boson production and with gluon fusion, each channel is divided into a b-tagged and a b-
vetoed sample according to the jet content of the respective events. The event selection of
the ThadThad (TlepThad) channels contain a veto against events with one (two) light leptons
in the final state to avoid double-counting of events across channels. Higgs boson decays to
muon pairs have also been considered (up channel), again with separate b-tagged and b-vetoed
selections and 4.8 fb™1 of collision data. Because of the good mass resolution for muon pairs,
the pp channel contributes to the combined sensitivity—despite the much larger coupling of
Higgs bosons to 7 leptons.

The TiepTiep and TiepThad selections have been optimized with respect to the expected ex-
clusion for Higgs boson masses near mo = 120GeV (m 4o = 130 GeV for the pu channel),
while the Thaq7Thaq selection has been optimized for m 40 = 300 GeV. Low pr thresholds on
electrons and muons (compared to Th,q candidates) matter most for low Higgs boson masses,
so the 7jepTiep contributes most significantly in this region.

The event selections of the other channels and their contributions to the combined sensi-
tivity are discussed in more detain in Section 9.4.

As no significant excess of signal-like events has been observed across the mass range
90 GeV < my < 500 GeV, the results have been combined to obtain 95 % CL upper limits on
tan 8 in the mJi™ scenario of the MSSM and on the four combinations of production cross-

section times branching fraction o(bb¢ or gg — ¢) x BR (¢ — 77 or uu) (see Section 9.4).

71
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5.2. The TiepTiep Channel

Among the TipTiep decay modes, both the same-flavor modes (¢ — Te7e/7,7,) and the
different-flavor modes have initially been taken into account. Even though same-flavor signal
events are as abundant as different-flavor signal events, the contribution from the Z/v* —
ee/up backgrounds is considerable and hard to suppress for these decay modes, spoiling the
signal-to-background ratio and, ultimately, the sensitivity. Therefore, only the 7.7, final
state is considered within this thesis.

An event preselection is applied, requiring exactly one electron and muon (see Section 6.1
for details), whose electric charges must add up to zero and whose invariant mass must be
at least 30 GeV. This cut has been adopted from the Standard Model (SM) Higgs boson
search [183]. It removes the flank of the Drell-Yan continuum and several low-mass reso-
nances.

A cut-based selection has been optimized with respect to the MSSM signal hypothesis
m o = 120 GeV, tan 8 = 20, assuming the mji™ scenario. This hypothesis corresponds to a
total signal cross-section! of about 3.3pb and m 40 ~ mye = 118.2GeV, myo = 132.0 GeV.
58 % of the signal cross-section pertain to b-associated production, where the contributions
of the hY and A° bosons dominate (about 96 % of bb¢ — 77 — £{). For gluon fusion, the
cross-section share of the h® and A° bosons is about 80 %.

The expected significance values (S;) are calculated from the expected signal yields S; and
background yields B; in two samples (7):

S =2 <(si + B;)In <1 + g) - sz-) : (5.1)

7

and the expected significance values are added in quadrature.

The samples are defined by the jet content? of the respective events as either events with
exactly one tagged b-jet (called b-tagged events) or events without tagged b-jet (called b-
vetoed events), according to the flavor tagging algorithm MV1 [184], which is explained in
Subsection 6.1.4.

Figure 5.1 shows the kinematic properties of b-jets in simulated events with b-associated
Higgs boson production. A looser set of cuts® is applied on particle-level (compared to the
preselection of the analysis) in order to illustrate the soft transverse momentum spectra. The
pT spectrum requires the selection of soft b-jets to maintain a high selection efficiency for such
events. Because of the p threshold (pr p-jes > 20 GeV) applied to jets and the limited tracker
coverage of |n| < 2.5, at most 15 % of events with b-associated Higgs boson production can
be expected to contain detectable b-jets. Only a minuscule fraction of gluon fusion events is
expected in the b-tagged sample because of a low b-jet multiplicity and a good rejection of
light jets (see Subsection 6.1.4).

The following discriminating variables have been considered for the selection:

e the transverse momentum of the di-lepton system (pr(ep)),

e the scalar sum of the transverse momenta of jets Hy = ) pr,
jet

e the scalar sum of the transverse momenta of the leptons and the missing transverse
energy (ET™ +pre +pru),

tincluding the decay branching ratios ¢ — 77 — £¢

2taking into account jets with transverse momenta pr je > 20 GeV and pseudo-rapidity values in the range
[Mjet| < 2.5

requiring an electron and a muon of opposite charge and with pr ¢, > 2GeV, a jet pr threshold of 10 GeV,
and a minimal separation of electrons, muons, and jets of AR > 0.2

3
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The di-lepton invariant mass has not been considered because of strong correlations with
the Higgs boson candidate mass (mMMC). The shapes of the distributions of the reconstructed
variables are shown in Figures 5.2 through 5.5 to illustrate their discriminating power against
other electroweak backgrounds®. As a preselection, exactly one electron and one muon of
opposite charge and with an invariant mass (m.,) of more than 30 GeV are required (see
Subsection 6.2.1) in addition to a b-jet veto or the presence of exactly one b-jet.

The distributions for signal and background events are much more similar in shape for the
b-vetoed sample than for the b-tagged sample—a consequence of the different flavor content
of the various backgrounds: Events containing ¢-quark decays are produced at a much higher
rate than signal events and are very likely to have b-tagged jets. Therefore, they dominate
the b-tagged sample at the preselection stage (92 % of all expected background events®). In
the b-vetoed sample, Z/v* — 77 events contribute 68 % of the expected background events
at the preselection stage. The selection detailed in Chapter 6 therefore consists of effective
cuts against events with t-quarks for the b-tagged sample, while a high selection efficiency
for signal events is favored for the selection applied to the b-vetoed sample because ¢t and di-
boson backgrounds play a smaller role (and the only good discriminant against the Z/v* — 77
background is the di-7 invariant mass). The selection cuts (see Chapter 6) are also optimal
for the expected limit® for m 40 = 120 GeV, tan 3 = 20 as figure of merit.

Among the selection variables, Errfniss +pr.e+pry (see Figure 5.2) plays a special role: An
upper cut is imposed, which is very efficient only in selecting signal events with low Higgs
boson masses, while the decay of heavy Higgs bosons produces significantly harder lepton
(and thus EF 4+ pr . +pr ,) spectra (see Figure 6.10 as well as Tables 6.7 and 6.9). Because
no other selection variables can substitute its discriminating power and because this analysis
contributes most for low Higgs boson masses (compared to the TjepThad and ThadThad channels),
this inefficiency is unavoidable.

It is possible to restrict the jet definition in Hr to rely only on central jets (|n| < 2.4), whose
original interaction can be identified using the technique described in Subsection 6.1.4. The
resulting variable (H:}VF) is shown in Figure 5.5. However, the optimization favors the more
general definition used in Hr, and the large Ht threshold effectively mitigates the influence
of additional jets from pileup interactions.

5.3. Reconstruction of Di-7 Invariant Mass

In the presence of the irreducible Z/v* — 77 background, the di-r-invariant mass (m,,) is
the logical choice as final discriminant because it corresponds to the (unknown) Higgs boson
mass(es). In order to investigate the presence of one or more narrow di-7 resonances on top
of the various backgrounds, an accurate m,, reconstruction is crucial for the sensitivity.
Because each 7 lepton decay involves one (for hadronic decays) or two (for leptonic decays)
neutrinos, which cannot be directly detected, an unambiguous m,, reconstruction requires
additional assumptions. The primary assumption states that sources of missing transverse
momentum other than the momenta of the neutrinos from the 7 lepton decays are negligible.
In this case, the missing transverse momentum can be interpreted as the vectorial sum of
the transverse momenta of the neutrinos. The following discussion assumes the case of two

‘dominated at this stage by Z/vy* — 77 (t) in the b-vetoed (b-tagged) sample; the composition at the various
stages of the selection is discussed in Section 6.2

Sincluding the multi-jet background

Sthe factor by which the predicted cross-section has to be scaled to obtain an expected exclusion at a CL of
95 %
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Figure 5.5.: Normalized distributions of additional variables, drawn after the preselection for
the b-tagged and b-vetoed samples.

(different-flavor) final state leptons (7.7,). m,r can be calculated in similar ways for TepThad
and ThadThaq decays.

Neglecting the invariant mass (m”7"¢¥7"») and z-component of the momentum (ps "“""*) of

the neutrino system defines the effective mass (mef). The effective mass is thus calculated as
the invariant mass of the sum of the missing transverse momentum four-vector and the lepton
four-vectors. Though this mass reconstruction technique yields a result for any preselected

event, the resulting mf value depends on the momentum of the Higgs boson and how this

momentum is distributed among the final state particles. The neglected terms p.”"*"""* and
mVrve¥mVn lead to lower results for m< than the true di-7 invariant mass m™"®—even for

perfectly well-measured lepton and neutrino momenta. It has been used as final discriminant
in the predecessor [13] to the present analysis.

vivevrVy = prYe" Vi — (), the collinear mass (m<) [185] exploits

Instead of assuming m oo
the large momenta of the 7 leptons, which result from m%"® >> m, for Z bosons and Higgs
bosons. In consequence, the momenta of each 7 lepton and its invisible decay products are
assumed to be collinear with that of the charged lepton in the final state, as depicted in

Figure 5.6. This assumption is called the collinear approximation.

This method decomposes the missing transverse momentum vector into two components
along the directions of the lepton momenta, so the mass resolution deteriorates if the trans-
verse opening angle between the two final state leptons gets close to either 0 or 7. In general,
the collinear mass reconstruction performs best when the di-7 resonance recoils against other
objects, such as additional jets in the event.

The di-7 invariant mass in the collinear approximation can be reconstructed from the
invariant mass of the sum of the four-momenta of the electron and the muon (me,) as:
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Figure 5.6.: Illustration of the collinear mass reconstruction (not to scale). The Higgs boson
(momentum pyg) decays to two (much lighter) 7 leptons with momenta p, and
Pr,, whose directions coincide with those of their (even lighter) daughter particles
(Pes Dyus Puyys Pves Pury s Prrp)- If the 7 lepton momenta draw an angle significantly
different from 0 and =, the missing transverse energy vector (pp'*®) can be un-
ambiguously decomposed into components parallel to the measured directions of

the electron (p,) and the muon (p),).

The visible momentum fractions (x;) of the of the 7 leptons are:

r = PT.u _ Pu,xPey — Pu,yPe,x (5 3)
P71 Pu,xPe,y + Pg“sspe,y — Pu,yPe,x — p?rJnlsspe7x
2y = PTe Pu,xPey — Pu,yPe,x (54)

PTr2  PuazPey — Pz Puy — PuyPea + Py Pua

In cases where z1x9 < 0, the collinear mass is undefined, leading to an inefficiency of the mass
reconstruction. This inefficiency and the di-7 mass resolution depend on the true invariant
di-7 mass and the transverse momentum of the di-7 system.

It is, however, also possible to drop the assumption of collinearity by use of the missing mass
calculator (MMC) technique [186]: This introduces three degrees of freedom” per leptonically
decaying 7 lepton (index i = 1,2; mass m,): The spatial direction (¢,.4,0,.) and the
invariant mass m,, ; of each vy system. A full reconstruction of the event therefore involves
solving a set of four equations for eight unknowns:

miss . :
Ez =Pvy,1 511 91/1/,1 COs ¢1/1/,1 + Puy,2 SN 91/1/,2 COS ¢1/1/,2

miss __ . . . .
Ey =Pvy,1 S 91/1/,1 sin sz/u,l + Puy,2 SIn 01/1/,2 sin QSVV,Z

m2 =2,y mdy 2[5+ mJp (5.7)
- 2P€,1PW,1 Ccos Aa(lm,é),l
m2 =, +miy + 2 /pF, + m 5\ [Pl + M2 (5.8)

- 2p£,2puu,2 COos Ae(ule),?

EMiss and E;niss are the measured z- and y-components of E%liss. Ab(,u0),; are the opening

"in addition to the momentum of the di-v system (p.. ;)
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angles between p,,; and py; in the rest systems of the 7 leptons. They can be calculated
from the values in the lab frame by a Lorentz transformation.

This system of equations is under-constrained, but subject to well-known three-body decay
kinematics, assuming unpolarized 7 leptons. A probability is thus assigned, and the m,,
value of the solution that best fulfills® Eqgs. (5.5) to (5.8) is registered in a histogram with
equidistant binning, using the probability as a weight. The mass bin with the largest sum of
weights is then taken as MMC mass (mMMC).

The MMC implementation used within this thesis, described in detail in Ref. [187], extends
this procedure to better take into account the El}liss resolution as largest source of uncertainty
in the mMTMC computation. The above procedure is repeated for a grid of (E™ss, E;niss) pairs
that lie within three standard deviations of the measured ETmiSS vector before selecting the
best mMMC value.

The three m,, definitions are compared for three Higgs boson mass hypotheses in Figure 5.7
for the b-tagged sample and in Figure 5.8 for the b-vetoed sample. The mean and RMS
values of the distributions are summarized in Table 5.1 along with the efficiency of the mass
reconstruction after the selection®. The distributions in the b-tagged sample are narrower
than those in the b-vetoed sample, and the reconstruction efficiencies for mMMC and m<! are
larger in the b-tagged sample. In each case, the mean values follow mef < mMMC < peoll
and the mean value for the collinear mass is significantly higher than the true Higgs boson
mass. Also, the mS!! distributions have large tails, which are associated to a low efficiency of
reconstructing a mass in the range from 0 to 480 GeV. Note that the analysis is not optimized
for best separation and reconstruction efficiency of the collinear mass.

Taking into account the reconstruction efficiency and the separation between different Higgs
boson masses in the crucial mass range between 90 and 150 GeV'?, the MMC constitutes the

best available m,, definition.

8to account for numerical imprecision
9 An upper cut of 480 GeV is also included in this number to remove the extended tail of the m! distributions.
Owhere the signal and the Z/~* — 77 backgrounds have a large overlap in all m., distributions
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quirement that a solution was found for m ) for the three definitions con-

sidered in the text, given for b-associated Higgs boson production, using three
different mass hypotheses. The events for which a mass reconstruction technique
fails (underflow) or yields a result above 480 GeV (overflow) are also considered

in the normalization.
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Figure 5.8.: Comparison of m,, distributions after the b-vetoed selection (excluding the re-

quirement that a solution was found for mMMC) for the three definitions con-
sidered in the text, given for b-associated Higgs boson production (left) and for
gluon fusion (right), using three different mass hypotheses. The events for which
a mass reconstruction technique fails (underflow) or yields a result above 480 GeV

(overflow) are also considered in the normalization.
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Table 5.1.: Mean and RMS values of the m., distributions for the MMC, the collinear mass,
and the effective mass after the application of all selection cuts (excluding the

requirement that a solution was found for m

1, as denoted by an asterisk (*).

MMC
T

mg | Mmrr | Mean [GeV] | RMS [GeV] Emer in range
0GeV < mr+ < 480 GeV
b-TAGGED SAMPLE
mMMC 1 108.4 +1.3 | 25.1 £1.0 1.000
90 | mel | 119 45 83 43 0.890
meft 76.3 £1.0 | 19.3 £0.7 1™
mMMC 11298 +0.8 | 29.7 +0.6 0.999
bbp | 120 | el | 139 42 81.3 £1.7 0.883
mett 91.6 £0.6 | 22.5 +0.5 1)
mMMC 11473 +1.3 36.0 £0.9 1.000
150 | el | 160 +£3 85 42 0.891
melt 99.6 +0.8 | 23.3 +0.6 1)
b-VETOED SAMPLE

mMMC 1 104.2 £0.3 | 25.8 40.2 0.996
90 | mel | 132.7 £1.5 | 103.6 +1.1 0.818
mel 76.6 £0.3 | 20.2 +0.2 10
mMMC | 126.8 +£0.3 | 34.9840.19 0.997
bbp | 120 | m< | 1525 £0.9 | 107.4 £0.7 0.782
meft 90.2140.18 | 24.1340.13 1)
mMMC | 1476 £04 | 43.7 +0.3 0.997
150 | me | 170.9 £1.3 | 111.8 £0.9 0.754
meft 103.3 +£0.3 | 28.7 +0.2 1)
mMMC | 103.1 +£0.8 | 23.8 +0.6 0.996
90 | me | 126 43 95 42 0.846
melt 76.5 £0.7 | 20.7 £0.5 1)
mMMC | 126.2 £0.8 | 32.6 +0.6 0.999
gg — ¢ | 120 | me | 146 +3 96.4 +1.9 0.817
melt 91.7 £0.6 | 24.9 405 1)
mMMC 1 149.0 £0.8 | 40.2 £0.6 0.997
150 | mel | 169 £2 101.3 £1.5 0.811
mel 105.2 £0.6 | 29.1 +0.4 1)

). The efficiency of mef is exactly






6 Event Selection

This Chapter first summarizes the definitions of the detector signatures used within this
thesis (Section 6.1) and then details the event preselection and the selection applied to the
b-tagged and b-vetoed samples (Section 6.2).

6.1. Object Reconstruction

The analysis presented within this thesis relies on a thorough understanding of the recon-
struction and identification of leptons, jets (including the identification of b-jets), and miss-
ing transverse energy in order to correctly estimate selection efficiencies and uncertainties of
quantities derived from these objects, such as the final discriminant (myTMC).

In order to achieve a more accurate description of collision data by simulation, simulated
events are weighted according to performance parameters, such as the average number of
interactions that were simulated per bunch crossing, and to kinematic properties of recon-
structed objects.

To adjust the simulated distribution of the average number of interactions per bunch cross-
ing, which is crucial for the simulation of pileup, an event weight with a mean value of 1 and
a root mean square (RMS) of 11.9 % is applied. The weights are calculated in such a way that
they also correct the fractions of simulated events pertaining to four groups of data-taking
periods! to match collision data. This is particularly important for the trigger simulation
because the trigger menu changes according to the data-taking period. These second-order
corrections allow a further reduction of systematic uncertainties related to simulation.

The performance of the measurements of the various detector signatures are summarized
in Section 3.2.

6.1.1. Muons

For the reconstruction and identification of muons, input from the Inner Detector and from
the Muon Spectrometer is used. Additional data from the calorimetry and the Inner Detector
allows for the discrimination of isolated muon candidates: By imposing upper limits on the
surrounding activity (tracks and energy deposits in the calorimeters), muons originating from
hadron decays can be suppressed further.

Tracks from the Inner Detector and the Muon Spectrometer are combined in pairs, and a
x? matching procedure selects the most likely combination, based on the track momentum
vectors from the Inner Detector and from the Muon Spectrometer, taking into account the
prevalent magnetic fields within the detector. The varying precision of the individual space
points is considered by the algorithm, resulting in Statistically Combined (STACO) combined
muon candidates [188].

The direction of the muon candidate is taken from the combined track as reconstructed,
while the momentum and the energy are “smeared” with a Gaussian distribution for simulated
muons, according to the individual and combined momentum and direction measurements

!The data-taking conditions are similar for each of these four groups: A—D, E—H, I—K, and L—M.

85
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by the Inner Detector and Muon Spectrometer [189]. This correction slightly degrades the
momentum resolution in simulation (which is set to a value slightly better than the expected
performance), so the resolution of corrected muons better resembles the resolution measured
in collision data. The reconstruction efficiency is corrected by applying an event weight
that depends on the pseudo-rapidity and the azimuthal angle of the muon momentum. The
reconstruction efficiency from simulation is thus corrected by on average —1.6 %2 with a RMS
of 2.0 %. The efficiency of the isolation cuts has been verified in the context of Ref. [183].

The muon objects are chosen from the STACO data collection by application of the fol-
lowing cuts on the object properties:

e The transverse momentum of the muon candidate must exceed 10 GeV.

e The pseudo-rapidity of the combined track must be within the tracker coverage
(In| < 2.5).

e The candidate must have an Inner Detector and a Muon Spectrometer track associated
to it.

e In order to suppress muons from cosmic radiation further, the z-component of the point
of closest approach between the Inner Detector track of the muon and the proton beam
must not differ by more than 1cm from that of the primary vertex position.

Muon candidates are then subjected to a set of cuts that apply to the Inner Detector
track [189]:

e To guarantee correct vertex association and facilitate the removal of muons from cosmic
rays, at least one hit must come from the Pixel B-layer if a hit is expected.

e There must be hits (or the respective sensors registered as non-operational) from at
least two Pixel layers and six semi-conductor tracker (SCT) sensor layers.

e There must be at most two layers of silicon sensors not registering a matching hit.

e The requirement on transition radiation tracker (TRT) hits depends on the pseudo-
rapidity of the combined track:

— In the central TRT region (|n| < 1.9), there need to be at least six TRT hits that
are rated good or outlier3, with the latter group representing less than 10 % of the
TRT hits.

— In the forward TRT region (|n| > 1.9), there must be at most five TRT hits or
outliers, or the outliers are required to represent less than 10 % of the TRT hits.

Muons are called isolated or anti-isolated according to tracking and calorimetry information
pertaining to cones around the muon direction: If the scalar sum of the transverse momenta of
tracks not matched to the muon candidate does not exceed 6 % of the transverse momentum
of the candidate (track isolation fraction) and other energy deposits in the calorimeters do
not exceed 4% (calorimeter isolation fraction), the muon candidate is called isolated. Cone
radii of AR = 0.2 (0.4) are used for calorimetric (track) isolation. Figure 6.1 shows a
comparison of the distributions of the isolation variables in signal events and collision data

2evaluated in bbg, me = 120 GeV and it events
3TRT hits from within the correct corridor through the TRT whose inclusion in the combined track fit would
lead to an unacceptable x? value [188].
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Figure 6.1.: Track (left) and calorimeter (right) isolation variables for muons that pass the
identification cuts in the bbg, my = 120 GeV signal dataset and in collision data.
Because the calorimeter calibration takes the mean noise and pileup levels into
account, negative cell energy values (and thus negative calorimeter isolation frac-
tion values) can arise.

Table 6.1.: Pileup offset per reconstructed primary vertex (a) for the three relevant pseudo-
rapidity ranges [190]. Because the calorimeter calibration takes the mean noise
and pileup levels into account, negative cell energy values (and thus negative
calorimeter isolation fraction values) can arise.

| PSEUDO-RAPIDITY RANGE | a[MeV] |
] < 1.05 45.49 + 0.33
1.05 < ] < 2.0 38.70 £ 0.41
2.0 < |n| < 2.5 34.18 £ 0.54

before the application of the preselection cuts. Only muon candidates that pass all above
criteria are considered, so the isolation criteria play an important role in the rejection of
muons with large surrounding activity, such as muons from the multi-jet background, whose
contribution is estimated by inverting the isolation criteria (see Subsection 7.1.2). Pileup
effects are taken into special account for calorimetric isolation by subtracting an offset value
AE$20 = q(n) - Npy, according to the number of reconstructed primary vertices* Npy and
the pseudo-rapidity of the muon candidate (see Table 6.1) [190].

6.1.2. Electrons

Electron candidates are reconstructed from calorimeter clusters and matching Inner Detector
tracks (cluster-based reconstruction). Discrimination against jets and hadronically decaying 7
leptons is achieved by exploiting differences in the shower evolution and by isolation require-
ments to avoid misidentified electron candidates. Sets of cuts with different prioritizations
of reconstruction efficiency and rejection of misreconstructed electrons have been introduced

dwith at least two associated tracks
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before Large Hadron Collider (LHC) collision data was available [188] and tuned based on
the measured performance in collision data [136,191]. In the present analysis, an electron
object definition that emphasizes the rejection of misreconstructed electrons® is used without
modification to the identification criteria (see Ref. [192] for a summary). The reconstruction
and identification efficiencies are corrected by applying the product of two event weights that
each depend on the pseudo-rapidity and the transverse momentum of the electron candi-
date. The reconstruction efficiency from simulation is thus corrected by on average —1.7 %
in bbp, my = 120 GeV events, and no mean correction results for t¢ events. The RMS of of
the associated scale factor is 2.7 % for bbg, mgy = 120 GeV events and 2.2 % for tt events. The
efficiency of the isolation cuts has been verified in the context of Ref. [183].

The four-momentum of an electron candidate uses the precision of the directional mea-
surement of the Inner Detector and the calorimetric energy measurement. The transverse
momentum pr is calculated from the pseudo-rapidity n and the total energy E:

E
coshn’

pr =

The total energy is then corrected, according to the recipe described in Ref. [193]:

e The energy is calibrated for electron candidates from collision data by a factor that
depends on the energy and on the nominal pseudo-rapidity and azimuthal angle of the
point at which the electron enters the calorimeter, accounting for an inhomogeneous
detector response.

e The energy for electrons from simulation and from collision data with nominal pseu-
dorapidities in the range 1.42 < |n| < 1.55 is corrected upwards by 5 — 10 %. Because
electrons from the core of the barrel-endcap transition region of the electromagnetic
calorimeter are not taken into account (see below), the correction is effective only in
the range 1.52 < |n| < 1.55.

e For electron candidates from simulation, the energy is additionally “smeared” with a
Gaussian distribution to reproduce the energy resolution in collision data.

Subsequently, the following selection cuts are applied to the electron candidates:
e The transverse momentum of the electron candidate must exceed 15 GeV.
e The pseudo-rapidity of the track must be within the tracker coverage |n| < 2.47.

e Electrons from the barrel-endcap transition region of the electromagnetic calorimeter
(with nominal pseudo-rapidities in the range 1.37 < |n| < 1.52) are rejected.

e The object quality bit mask is checked for intolerable defects® of the electromagnetic
calorimeter near the electron candidate [194].

Electron isolation criteria are again defined in terms of cones around the track direction: If
the scalar sum of the transverse momenta of tracks not matched to the electron candidate
does not exceed 6 % of the transverse momentum of the candidate (track isolation fraction)
and other energy deposits in the calorimeters do not exceed 8 % of the transverse momentum
of the candidate (calorimeter isolation fraction), the electron candidate is called isolated.
Cone radii of AR = 0.2 (0.4) are used for calorimetric (track) isolation. Figure 6.2 shows

Scalled tightPP
Sleading to a level of uncertainty which is not covered by the nominal uncertainty
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Figure 6.2.: Track (left) and calorimeter (right) isolation variables for electrons that pass
the identification cuts in the bbp, mg = 120 GeV signal dataset and in collision
data. Because the calorimeter calibration takes the mean noise and pileup levels
into account, negative cell energy values (and thus negative calorimeter isolation
fraction values) can arise.

a comparison of the distributions of the isolation variables in signal events and collision
data before the application of the preselection cuts. Only electron candidates that pass all
above criteria are considered. The calorimetric isolation value Efi?ne?o is corrected for pileup”
and calibrated to account for the shape of the shower, the electron candidate energy for
subtraction, and the nominal pseudo-rapidity. For simulated electrons, the E%OHQQO value is

additionally “smeared” to reproduce the ES"*?0 energy resolution determined from collision
data [195].

6.1.3. Lepton Triggers

The two final state leptons present the opportunity to perform the analysis on the data
streams dedicated to events with muons and events with electrons or photons as a part of
their trigger signature.

As discussed in Subsection 3.2.7, the repeated increases in the instantaneous luminosity at
the beginning of a fill of the accelerator (see Subsection 3.1.1) made it necessary to tighten
the loosest trigger conditions between data-taking periods in 2011. An inclusive disjunction
(denoted by ||) of a single-electron, a single-muon, and an electron—muon trigger (see pr
thresholds in Table 6.2) was used to maximize the recorded number of signal events. In
order to limit the impact of the uncertainty from the trigger efficiencies, the pr cuts on
reconstructed analysis objects restrict the transverse momenta to ranges where the trigger
efficiencies are approximately constant with respect to pr (plateau regions).

The trigger efficiencies in simulated events (ell\fc(nu, gbu),eyc(ne,pT,e)) and collision data
(sgata(nu,¢u),s§“a(n€,ije)) for the single-muon and single-electron triggers are available
from Ref. [196]. The performance of the electron-muon trigger has been studied in the
context of Ref. [183], finding that the difference of the efficiencies of the electron signature

Taccording to the number of reconstructed primary vertices with at least two associated tracks
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Table 6.2.: Evolution of the lepton prt thresholds used within the trigger and within the
analysis for the three types of trigger signatures used within the preselection.

TRIGGER OBJECT ELECTRON | MUON | ELECTRON + MUON
DATA-TAKING PERIODS | B-H I-M B—M B—M
CORRESPONDING

INTEGRATED 1.2 3.5 4.7 4.7
LuMINosITY £ [fb™]

PEET GV ] 20 22 - 10

PR [GeV] 24 24 15 15

P (G - s 6

P [GeV] 10 10 20 10

in data and in simulation is negligible. The efficiency of the muon signature is correctly
reproduced by simulation for muons with pseudo-rapidities of || > 1 and has to be corrected
by —2% (+4%) for 0 < n < 1 (=1 < n < 0). The efficiency for collision data taken in
2011 was 90 % (75 %) for |n| > 1 (|n| < 1) for the electron—muon trigger with respect to the
reconstruction and identification of an electron—muon pair as described above.

The correct assessment of trigger efficiencies relies on correctly determining the correspon-
dence between objects reconstructed by the trigger and the lepton candidates of the analysis.
For electrons, this matching procedure looks for an Event Filter (EF) object from the same
trigger chain® within a cone of AR < 0.15 around the track. Because muon trigger objects
are not grouped by trigger chain, the presence of both a level 2 (L2) object and an EF object
are verified within a cone of AR < 0.1 around the combined track. Subsequently, the pr
of the EF object is checked. For the electron—muon trigger, the presence of an EF electron
object from the same trigger chain alongside a L2 and an EF muon object is verified, using
the same cone sizes as for the single-lepton triggers.

The assumption that the three triggers are uncorrelated leads to a good description of the
overall trigger efficiency [183] by event reweighting: The event reweighting factor (SF) is then
simply the product of the scale factors (SFs) per trigger i = e, p, epu:

data
€ (7757 ¢>57 pT,Z)
SF = —tlkllen = I[ sm (6.1)
Eellullen 71> D6 PT.0) i—e nep
with

gdata P
o if 4 passed
7ldaa

SFi=q 1500 it failed (6.2)

if no matching lepton(s) for i.

The calculation of the inefficiency SF (i failed) relies on the fact that the probabilities that
a trigger is passed or failed add up to unity.

Figure 6.3 shows a particle-level comparison of the pr spectra and 7 distributions for the
Higgs boson mass hypotheses 120 GeV (for b-associated Higgs boson production and gluon
fusion) and 200 GeV (for b-associated Higgs boson production only)?, highlighting the trigger-
based analysis-level pp thresholds. A looser set of cuts is applied on particle level (compared

8see Subsection 3.2.7

9These datasets were also used for the particle-level assessment of systematic errors from Monte Carlo (MC)
event simulation (see Section 8.1).
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dashed and solid lines, respectively.
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Table 6.3.: Total trigger efficiency of the logical disjunction (denoted by ||) of all three trig-
gers (e||p||ep) with respect to all bbp, mg = 120 GeV events passing the kinematic
selection of either the b-tagged or the b-vetoed sample (first data column, in
percent). The fractions of events (with respect to e||u||lep, in percent) that are
selected by using only the single-electron, single-muon, or the electron—muon trig-
gers as well as combinations of two triggers are given also given. The efficiencies
are taken from simulation and distinguish between the data-taking periods D, G,
I, and L, which represent the various data-taking conditions and versions of the
trigger menu employed in 2011.

TOoTAL RELATIVE RELATIVE

DAta-
TAKING TRIGGER SINGLE-TRIGGER DUAL-TRIGGER
EFFICIENCY [%] | EFFICIENCY [%)] EFFICIENCY [%)]

PERIOD
ellpllep e | w | en [pllep [ ellep | elln
D 76.4 80.0 | 60.5 | 82.7 | 83.7 | 99.7 | 100.0
G 80.2 78.9 | 60.2 | 82.9 | 83.3 | 99.6 | 100.0
I 92.9 68.1 | 55.2 | 84.7 | 85.9 | 98.8 89.0
L 94.6 69.5 | 55.3 | 85.2 | 85.7 | 99.6 89.2

to the preselection of the analysis) in order to illustrate the soft transverse momentum spectra.
The impact of the 2LepEF generator event filter (GEF) cut, introduced in Subsection 4.1.4,
can be seen in the pt spectra and 7 distributions of the two bb¢ samples.

Due to inefficiencies in the lepton triggers (see Figures 3.20 and 3.21), the best signal
selection efficiency is achieved by an inclusive disjunction of the single-electron, the single-
muon, and the combined electron—muon triggers (e||u||lep): About 76 — 95 %—depending on
data-taking conditions—of events passing the kinematic selection are selected by the e||u||ep
trigger condition. For the signal scenario ¢ = 120 GeV, the combined electron—muon trigger
is the most efficient individual trigger, and the extension by single-electron and single-muon
triggers increases the signal acceptance by approximately 18 % after the selection of an oppo-
sitely charged electron—muon pair. Table 6.3 shows the total trigger efficiency of the el|u||en
trigger condition and the fractions of all triggered signal events from the b-tagged and b-vetoed
samples (using e||u|lep as reference) that single triggers and disjunctions of two triggers se-
lect. The inefficiency introduced into the complete selection by requiring the e||u||ep trigger
condition rather than only requiring the reconstruction of an electron—muon pair decreases
for the later data-taking periods'”. The single-electron trigger cuts, which have been progres-
sively tightened with increasing instantaneous luminosity, enhance the relative contribution
of the electron—muon trigger in data-taking periods I to M.

6.1.4. Jets, Flavor Tagging

As jets play an important role in the event selection, jet observables must be defined in a way
that ensures robustness against theoretical and experimental uncertainties. In order to miti-
gate the effects of detector noise, jet objects are reconstructed from topological clusters [156],
which use known noise levels to select only calorimeter cells with significant energy deposits.
The overlap of jets poses an important challenge at high interaction rates. The performance
of simple sliding-window algorithms deteriorates faster in such environments than that of
sequential recombination jet finding algorithms, such as the anti-kr algorithm [160,197] used

ONote that this quantity depends on the efficiency of the selection cuts.
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for jet finding within this thesis (distance parameter R = 0.4).

In order to limit the impact of pileup and the overall size of systematic uncertainties, a
lower pr cut of 20 GeV is imposed. Energy deposits are reconstructed at the electromagnetic
scale and corrected to reflect the approximate energy of the initial parton [137]. Jets with
nominal pseudo-rapidities |n| < 4.5 are used. For jet pseudo-rapidities in the range |n| < 2.4,
Inner Detector tracks are matched to overlapping jets by extrapolating the tracks to the
calorimetry boundary and selecting the jet whose axis encloses the smallest angle AR with
the track impact point. Jets can thus be assigned prt contributions associated to any of the
reconstructed vertices [198]. Jets with |n| < 2.4 are accepted if more than 75 % of the total
track pr sum is associated to the main interaction vertex. This measure is known as jet
vertex fraction (JVF). The vertex belonging to the main interaction is selected by finding

N
the vertex candidate with the largest squared track pr sum < > p?RZ-), where N is the

track i
number of associated tracks.

The flavor of the initial parton is determined for each jet with a nominal pseudo-rapidity
within the tracker coverage |n| < 2.5 (flavor tagging), which can be exploited for the search for
neutral Higgs bosons produced in association with b-quarks. Jets originating from b-quarks
show a set of characteristics that can be used to discriminate against jets from light quarks
or gluons: b-quarks form b-hadrons during hadronization, such as the B® meson, which have
significant mean decay lengths (c7go = (0.455 4 0.002) mm, relativistically enhanced in the
lab frame) and masses (mpgo = (5279.58+0.17) MeV [21]). b-hadron decays frequently involve
other hadrons with significant lifetimes, such as D mesons. As a result, b-jets can be identi-
fied by searching for tracks within the jet that show a significant offset (impact parameter)
from the closest reconstructed primary vertex candidate (used by impact parameter taggers).
Another method involves quantifying the significance of the separation between a primary
and a secondary vertex (secondary vertex taggers). The Jet Fitter tagger [199] considers
various b-hadron decay chains and attempts to reconstruct a b-hadron and a c-hadron decay
vertex along the jet axis.

These three types of flavor tagging algorithms use complementary sets of input informa-
tion. As a result, a combination of tagger outputs leads to a better performance (see Fig-
ure 6.4 and Table 6.4): Of the tagging algorithms considered in the original optimization, the
IP3D+JetFitter [202] algorithm performs best. It uses an artificial neural network (ANN)
which combines the outputs from Jet Fitter and the IP3D impact parameter tagger. It was
then superseded as best performing flavor tagging algorithm by the MV1 tagger [184], which
uses another ANN to combine the IP3D+JetFitter result with the secondary vertex tagger
SV1. The working points are summarized in Table 6.4. The result of MV1 is used as flavor
tagging observable in this analysis. A working point corresponding to 5€T>15Gev = T74.6%
tagging efficiency in simulated ¢t events [200] (using jets with pp > 15 GeV and |n| < 2.5) has
been chosen: The optimization described in Section 5.2 had been executed for all calibrated
working points of the flavor tagging algorithms SV0, IP3D+SV1, and IP3D+JetFitter!!. The
sum of the squared significance values favored the 69.5 % efficient IP3D+JetFitter working
point and showed a strong dependence on €§T>15 GV Furthermore, the larger 52T>15 GV
value allows for a better rejection of t-quark backgrounds and a more efficient selection of a
tt control sample, justifying the working point selection for MV1.

The performance has been evaluated with b-jets from collision data, selecting a tt sam-
ple [184]. Mistag rates have been measured with two independent methods for light jets [203]
and with a sample of events containing D** decays for the c-jet rejection factor [204].

HThe MV1 tagger was not available at the time the optimization was performed. The choice of the cut values
was later verified with the MV1 tagger.
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Table 6.4.:

Flavor tagging working points used within the optimization of the event selection
and the working points of the MV1 tagger. The efficiency for b-jets above 15 GeV

(7> 15GYVY and inverse efficiencies for light jets (Rﬁg}im GVY | c-jets (RETZIPGVY
and Tpag-induced jet candidates (RET>' Gev) are given. A simulated tf dataset

has been used to obtain these numbers [200]. The optimal IP3D+JetFitter work-
ing point and the MV1 working point chosen for this analysis are highlighted in

1 Data ok (stat+syst)

g

rel

boldface.
FLAVOR TAGGING ALGORITHM | g™~ 196V Rﬁg}im GV ppr>15GeV | ppr>15GeV
SVo 49.6 384 9 32
59.4 373 7 24
IP3D+SV1 69.4 71 5 8
79.8 13 3 3
59.4 422 8 25
IP3D+JetFitter 69.5 92 5 11
79.6 16 3 4
59.6 635 8 27
69.6 134 5 13
Mv1 74.6 58 4 9
84.7 9 2 3
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Figure 6.4.:

b-jet efficiency Jet p_ [GeV]

Inverse probability to incorrectly tag a jet from a light quark or gluon as a b-
jet (light jet rejection), drawn in dependence of the efficiency for true b-jets for
various tagging algorithms (left). The right Figure shows the tagging efficiency
for a b-jet as a function of its transverse momentum for the working point used
within this thesis [201].



6.1 OBJECT RECONSTRUCTION 95

Events with simulated flavor tagging response can be corrected by application of an event
weight [205]: For best discrimination against ¢t events, this analysis takes flavor tagging re-
sults from all jets satisfying pr > 20 GeV and |n| < 2.5 into account. The per-event correction
factor weyent is therefore calculated as the product of the per-jet correction factors w; [205]:

Wevent = H ws. (63)
jet ¢

The per-jet correction factors (w;) are the ratios of probabilities in simulated and in collision
data for the tagger result (tagger response above or below threshold) that was found in the
simulated event. It can be expressed in terms of the flavor-dependent!? tagging probabilities

Eggfgr and eg/ggor, which depend on the transverse momentum pr; and the pseudo-rapidity 7;
of the jet:

eqa (pr,imi)

MO :
w; = fayor (PT,6:7:)
1_6ﬂgv?)r (pT,i 7771')

L—egiSor (PT,5m5)

if the jet ¢ passes as b-jet
(6.4)
if the jet ¢ fails b-jet requirement.

In principle, the flavor tagging efficiencies (€%€Or(pT,i,77i)) depend on the topology of the

simulated event. The efficiency values for ¢¢ events are available from Ref. [184]. It has been
verified for signal events from b-associated production (m o = 120GeV, tan 8 = 20) that
the values of 51f\1£€or(pT,ia77i) agree with those for ¢¢ within 1%, and the estimation of the
other main backgrounds does not rely on simulated jets. Therefore, the values from ¢t can
be used for all events with simulated jets without loss of accuracy. The per-event correction
factor is—by construction—close to 1 on average in inclusive samples. The RMS is 4.1 % in
bbp, my = 120 GeV events, while it is substantially larger in £ events (11.4 %) because of the
larger jet multiplicities.

6.1.5. Overlap removal

As the various types of physics objects are reconstructed independently, electrons, muons, and
jets may overlap geometrically!3. If the opening angle between two objects (AR) is smaller
than 0.2, only one object is accepted, following the prioritization (in descending order):

1. muon candidates,
2. electron candidates, and
3. jets.

This order has been chosen to reflect the good rejection against electrons and jets in recon-
structed muons and the fact that electrons are also valid seeds for jet finding. Note that
lepton isolation requirements are taken into account along with the other quality criteria.
As a consequence, a jet with an overlapping muon will be considered a jet in an “isolated”
sample because the muon fails the isolation cut. On the other hand, it will be considered a
muon in an “anti-isolated” sample because of the above prioritization.

12 distinguishing b-, ¢-, and light jets
13This includes the possibility that objects of the same type overlap, though lepton isolation and electron
quality cuts reject the majority of such candidates.
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6.1.6. Missing Transverse Energy

The transverse energy sum (> Et) and the missing transverse energy vector are reconstructed
from all mutually exclusive objects in the event [206]:

e muon candidates with |7,| < 2.7, including candidates which are reconstructed only
from the Inner Detector (to compensate insensitive areas in the Muon Spectrometer,
which are occupied by detector support structures and cables),

e clectron candidates, following the calibration scheme outlined in Ref. [136],
e photon candidates at the electromagnetic scale,
e 7 lepton candidates, using the local hadronic calibration (LCW) [207],

e jets, using the LCW scheme for transverse momentum values in the range
10 GeV < prjet < 20GeV and the LCW scheme in conjunction with the jet energy
scale (JES) calibration above 20 GeV [207],

e tracks not associated to another object, and

e calorimeter topoclusters with |7ciuster| < 4.9 that are not associated to any jet or lepton
candidate, using the LCW calibration.

In events without non-interacting final-state particles, the x- and y-components of the vec-
torial sum of the above contributions should vanish (within the uncertainties) because of
momentum balance. The x- and y-components of the missing transverse energy vector are
therefore introduced to absorb any imbalance:

0= Z Eypyi+ %f;jy. (6.5)

contribution ¢

. N2 N2
In case that the missing transverse energy K" = \/ (E%“;S) + (E%“;S) is significantly

larger than zero, it is attributed to non-interacting particles escaping the detector.

6.2. Event Selection

The event selection consists of the preselection of a sample with an electron and a muon
candidate and the subsequent application of kinematic cuts to improve the sensitivity of the
search for the signal processes in a b-tagged and a b-vetoed sample.

6.2.1. Preselection

The data streams dedicated to events with muons and events either electrons or photons
as a part of their trigger signature are filtered by application of a Good Runs List, which
removes events that were recorded during times of degraded detector performance and leaves
a dataset corresponding to an integrated luminosity of (4.66 + 0.18) fb—1.

Reconstructed events from good runs are then checked for the presence of at least one good
vertex with at least three associated Inner Detector tracks. All jets with transverse momenta
above 20 GeV that do not overlap with a preselected electron or muon are required to pass the
looser bad set of quality cuts defined in Ref. [208]. These cuts remove events with calorime-
ter clusters of bad accuracy from the hadronic endcap calorimeter, from coherent noise in the
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(R) with the ABC'D method.

Figure 6.5.: Signal and control regions used within this thesis (left). The control regions
for multi-jet backgrounds are illustrated on the right.

electromagnetic calorimeter as well as backgrounds from non-collision backgrounds, such as
cosmic rays.

In data-taking periods E—H, a tolerable defect of several front-end boards affected the read-
out of a part of the liquid-argon calorimeter. This defect has been reproduced in simulation,
so its effects are accurately modeled. However, in case of significant energy deposits in the
affected region—which can be detected by the functional calorimeter parts that surround the
defect—the energy measurement of the associated object and the overall E%}liss measurement
would be degraded to an unacceptable extent. Consequently, such events from data-taking
periods E-H are rejected if they contain at least one jet with a pp value'* of more than
20 GeV and with the reconstructed jet axis in the affected region (—0.2 < n < 1.65 and
—0.988 < ¢ < —0.392). Events with electron candidates (pr > 15GeV) in a smaller region'®
(—0.1 < n < 1.55 and —0.888 < ¢ < —0.492) are also rejected [208]. The object quality
cuts and overlap removal procedure are not applied to these electron candidates in the veto
decision.

Only events with exactly one electron (satisfying the criteria in Subsection 6.1.2) and one
muon (satisfying the criteria in Subsection 6.1.1) whose invariant mass (m.,) must be at least
30 GeV (see Section 5.2) are taken into account, so Z/~* — ¢ and W +jets events are strongly
suppressed. Events are then split into signal and control regions, according to the properties
of the leptons (isolation variables and relative charge) and b-jet content (see Figure 6.5):
Events without tagged b-jets with pr > 20GeV enter the b-vetoed sample. Exactly one
b-tagged jet is required in the b-tagged sample. Events with two or more b-tagged jets are
collected in control samples to estimate the contribution by ¢t events. Each of these samples
is sub-divided into six regions (R) to estimate the contribution from multi-jet events:

Mafter approximate correction for the impact of the defect
15The lateral energy deposition profile of electrons is generally smaller than that of jets.
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Apr Events with exactly one isolated electron and exactly one isolated muon of opposite
electric charge enter the signal regions (Ag with zero or one b-jet(s)) and the tf control
regions (Ag with two b-jets).

Bpr Events with exactly one isolated electron and exactly one isolated muon of the same
electric charge enter regions Bg.

Cpr Events with exactly one anti-isolated electron and exactly one anti-isolated muon of
opposite electric charge enter regions Cg.

Dpg Events with exactly one anti-isolated electron and exactly one anti-isolated muon of the
same electric charge enter regions Dg.

ERr Events with exactly one isolated electron and exactly one anti-isolated muon of opposite
electric charge enter regions ER.

Fr Events with exactly one isolated electron and exactly one anti-isolated muon of the same
electric charge enter regions Fg.

The background estimation techniques that use the above control regions are described in
Subsections 7.1.2 and 7.1.3. The efficiencies for the preselection of regions A are summarized
in Table 6.5 for all signal datasets along with the fractions of preselected events entering the
b-vetoed, b-tagged, and tt control samples. The fact that at most 14 % of bb¢ events enter
the b-tagged sample is a consequence of the soft b-jet spectrum (see Section 5.2).

6.2.2. Selection of b-Tagged Sample

As illustrated in Section 5.2 and Table 6.5, the requirement of exactly one b-tagged jet
focuses sensitivity on the production of Higgs bosons in association with b-quarks. It leads
to a background composed of 92 % events with t-quarks and 5 % events with Z boson decays
at the preselection stage, evaluated with the background estimation techniques detailed in
Chapter 7. As shown in Figures 5.2 and 5.3, the shapes of kinematic distributions (taken
from simulation) after the preselection and b-jet requirement differ significantly between
signal and electroweak background events. The resulting prediction, based on the background
estimation techniques detailed in Chapter 7, is compared to the observation from collision
data in Figures 6.6 and 6.7(a). The background contributions can be reduced by imposing a

set of requirements, which optimize the sensitivity of the analysis (see Section 5.2):

The scalar sum of lepton transverse momenta and
missing transverse energy can greatly reduce the con-
tributions from events with ¢-quarks and di-bosons (see
Figure 6.7(a)).

The large mass and the soft transverse momentum
spectrum of Higgs bosons can be exploited to suppress
events in which the ancestors of the final-state leptons
have high transverse momenta and low invariant masses
by selecting a back—to—back topology of the leptons (see
Figure 6.7(b)).

E%nss +p1e +prp < 125 GeV

Agpey > 2
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Table 6.5.: Preselection efficiencies of the b-tagged and b-vetoed samples with isolated leptons
for all signal datasets. The efficiency of the di-lepton requirement (epresel.) refers
to the complete datasets (with the 2LepEF requirement applied), while the other
columns also take the 2LepEF filter efficiency (eareprr) into account. The last
three columns give the fractions of the preselected events entering the b-vetoed
(€0b-tags): D-tagged (£1p-tag), and tt control samples (1 p-tags)-

me Epresel. | E2LepEF * Epresel. NUMBER OF TAGGED b-JETS
[GGV} [1073] [1073] €0 b-tags [%] €1 b-tag [%] €>1b-tags [%]
90 73.5 28.3 91.2 8.4 0.4
100 85.9 36.5 90.8 8.8 0.4
110 95.1 43.8 89.9 9.6 0.5
120 107 52.8 90.2 9.3 0.5
130 116 60.5 89.6 9.7 0.7
bbo 140 124 67.5 89.2 10.2 0.6
150 134 76.3 88.6 10.8 0.6
170 144 87.6 87.7 114 0.8
200 168 110 86.7 12.4 0.9
250 134 no 2LepEF 85.2 13.8 1.1
300 154 no 2LepEF 84.7 14.3 1.1
90 23.5 no 2LepEF 98.3 1.6 0.1
100 32.9 no 2LepEF 98.1 1.8 0.1
110 41.3 no 2LepEF 97.1 2.6 0.2
120 46.7 no 2LepEF 97.0 2.9 0.1
130 53.2 no 2LepEF 96.5 3.3 0.1
gg — ¢ | 140 61.4 no 2LepEF 96.5 3.4 0.1
150 68.0 no 2LepEF 96.7 3.2 0.1
170 82.3 no 2LepEF 97.0 2.9 0.1
200 99.3 no 2LepEF 96.8 3.0 0.2
250 121 no 2LepEF 96.0 3.7 0.3
300 141 no 2LepEF 96.0 3.7 0.3

The directions of the missing transverse energy vec-
tor and the lepton momenta in backgrounds involving ¢-
quark production show no clear correlation. A combina-
tion of the transverse opening angles between the lepton
directions and the direction of missing transverse energy
can therefore be used to enhance events with EEFiSS from
di-7 decays by exploiting the flat distribution for such
backgrounds (see Figure 6.7(c)).

Zeze’# COS A(;SE%iss’e > _0.2
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Figure 6.6.: Selection variables after the preselection of the b-tagged sample.

The scalar jet ET sum exploits the higher mean jet
multiplicity and harder spectrum of jets from back-
ground processes such as t-quark production (see Fig-
ure 6.7(d)).

The successful m,, reconstruction by the missing
mass calculator (MMC) is required, which rejects con-
figurations that are very unlikely for di-r decays and MMC
is very efficient for signal events (failing in fewer than Merr
1% of the selected events for all signal hypotheses, see
Table 5.1).

Ht < 100 GeV

reconstructible
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Figure 6.7.: Selection variables of the b-tagged sample.

The distributions of the selection variables are shown in Figures 6.7 and 6.8, using the

background estimation techniques described in Chapter 7. The mji™

scenario is used in

these Figures with the tree-level parameter choice m 40 = 150 GeV, tan 5 = 20 for illustration.

The MMC mass (mMMC

TT

) is shown in Figure 6.8 along with the statistical and systematic

uncertainties. The expected event yields with their statistical and systematic uncertainties
(discussed in depth in Chapter 8) are summarized in Table 6.6. While ¢-quark production
dominates the b-tagged sample after the preselection, its contributions (¢t and single t-quark
production) can be strongly suppressed, so Z/v* — 77 events contribute about half the total
background after the complete kinematic selection.
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Table 6.7.: Total selection efficiencies of the b-tagged sample for all signal datasets. Values

are given after the requirement of exactly one b-tagged jet (€p-tag presel. = €2LepEF *
Epresel. * €1 b-tag, using the values from Table 6.5) and after the application of all
tOpOIOgical cuts (5b—tag sel. = Eb-tag presel. * Eb-tag kin. sel.)~ The impaCt of the relative
efficiency of the EF*** + p . + pr ,, cut (e Emiss p +PT,u) ON E€p-tag kin. sel. 15 shown

in the final three columns.

Eb-tag kin. sel.

me €b-tag presel. | Eb-tag sel. | €b-tag kin. sel. 5E:lzliss.A,_pT,e_A,_pT,M EE%iSSJrPT,eJrPT,M
[Gev] | [1077] [107°] (%] %] (%]
90 2.4 1.4 Y 92 63
100 3.2 2.0 63 91 69
110 4.2 2.6 61 88 69
120 4.9 3.1 63 86 73
130 5.9 3.7 64 82 7
bbo 140 6.9 4.1 60 78 7
150 8.2 4.5 55 71 7
170 10.0 5.3 53 63 84
200 13.7 5.7 42 51 81
250 18.5 44 24 29 83
300 22.0 3.9 18 23 79
90 0.4 0.1 30 o7 53
100 0.6 0.2 40 62 63
110 1.1 0.4 38 69 54
120 1.4 0.5 37 57 65
130 1.8 0.8 43 61 70
g9 — ¢ | 140 2.1 1.0 50 72 70
150 2.2 1.0 44 59 75
170 24 1.0 42 52 81
200 3.0 1.0 35 43 82
250 4.4 0.9 21 24 86
300 0.2 0.4 9 14 60

Besides the MMC mass (see Figure 6.9), the shape of the EXS + pp . + pr , distribution
also shows a strong correlation with the Higgs boson mass hypothesis (see Figure 6.10). The
E%liss + pr,e + pr,u cut drives the dependence of the selection efficiency on the Higgs boson
mass hypothesis (see Table 6.7). However, the E%liss + pr.e + pr,y cut is crucial for the
sensitivity for mg ~ 120 GeV.
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Figure 6.11.: Selection variables after the preselection of the b-vetoed sample.

6.2.3. Selection of b-Vetoed Sample

In contrast to the b-tagged sample, Z/v* — 77 decays dominate the background composition
already after requiring the absence of b-jets (about 68 % of the expected background). As
shown in Figures 5.2 and 5.3, the kinematic variables (taken from simulation) at this stage are
distributed similarly for signal and electroweak background events. The resulting prediction,
based on the background estimation techniques detailed in Chapter 7, is compared to the
observation from collision data in Figures 6.11 and 6.12(a). Because of this similarity in
shape, only a small improvement of the signal-to—background ratio is possible in this sample
by applying kinematic cuts, which optimize the sensitivity of the analysis (see Section 5.2):

A cut on the scalar sum of lepton transverse momenta
and missing transverse energy is performed to reduce
contributions from events with t-quarks and di-bosons
(see Figure 6.12(a)).

E%ﬁss +pr.e +pr,u < 150 GeV



106 6 EVENT SELECTION

The large mass and the soft transverse momentum
spectrum of Higgs bosons can be exploited to suppress
events in which the ancestors of the final-state leptons
have high transverse momenta and low invariant masses
by selecting a back—to—back topology of the leptons (see
Figure 6.12(b)).

A cut on a combination of the transverse opening an-
gles between the lepton directions and the direction of
missing transverse energy can be used to enhance events > _,_, , cos A¢ pmiss g > —0.4
with ET" from di-7 decays by exploiting the flat dis-
tribution in di-boson events (see Figure 6.12(c)).

The successful m,, reconstruction by the MMC is re-
quired, which rejects configurations that are very un-
likely for di-7 decays and is very efficient for signal
events (failing in fewer than 1% of the selected events
for all signal hypotheses, see Table 5.1).

The distributions of the selection variables are shown in Figures 6.12 and 6.13, using
the background estimation techniques described in Chapter 7. The m; ™ scenario is used in
these Figures with the tree-level parameter choice m 40 = 150 GeV, tan 5 = 20 for illustration.
The MMC mass (mMMC) is shown in Figure 6.13 along with the statistical and systematic
uncertainties. The expected event yields with their statistical and systematic uncertainties
(discussed in depth in Chapter 8) are summarized in Table 6.8'6. Because the irreducible
Z/~* — 77 contribution remains the dominant background throughout the selection, the
optimization yielded a softer set of cuts than for the b-tagged sample. While the efficiency
of the kinematic selection ranges from 42 — 57 % for bbp, mgy = 90 — 200 GeV in the b-tagged
sample (see Table 6.7), signal events from b-associated production and gluon fusion with
mg = 90 — 200 GeV are selected with efficiencies between 77 and 95 % here (see Table 6.9).

As in the b-tagged sample, the MMC mass (see Figure 6.14) and the shape of the
Emiss 4 pr . + pr, distribution (see Figure 6.15) show a strong correlation with the Higgs
boson mass hypothesis. The Effniss + pr,e + pr,u cut drives the dependence of the selection
efficiency on the Higgs boson mass hypothesis (see Table 6.9) and plays an important role in

the reduction of the t-quark- and the di-boson-induced background contributions!”.

Agey > 1.6

mMMC

7~ reconstructible

1Note that the expected di-boson contributions are estimated from different simulated datasets in the b-
tagged (Table 6.6) and b-vetoed samples (Table 6.8). The two predictions agree within one standard
deviation.

"Note that the optimized selection of the b-vetoed sample does not contain a cut on Hr.
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Table 6.9.: Total selection efficiencies of the b-vetoed sample for all signal datasets. Val-

ues are given after the b'jet veto (gb-veto presel. — E2LepEF ° Epresel. * €0b-tags; US-
ing the values from Table 6.5) and after the application of all topological cuts
(Eb-veto sel. = Eb-veto presel. * Eb-veto kin. sel.). The impact of the relative efficiency of
the EX"° + pr .+ pr,u cut (sEITmss_FpTY#pTYM) O €p_yeto kin. sel. 1S shown in the final

three columns.

Eb-veto kin. sel.

Mg | Ebveto presel. | Ebveto sel. | Eb-veto kin. sel. | EEmissipr 4pr EE%SSL;EH;H
GeV] | [1077] [1077] (%] %] (%]
90 25.8 24.6 95 100 95
100 33.2 31.8 96 100 96
110 394 37.9 96 100 97
120 47.6 46.3 97 99 98
130 54.2 52.9 98 100 98
bbo 140 60.2 58.5 97 99 98
150 67.6 65.1 96 98 99
170 76.8 71.2 93 94 99
200 95.6 80.0 84 84 99
250 115 4.7 65 66 99
300 131 66.0 51 51 100
90 23.1 20.2 87 97 91
100 32.3 29.0 90 96 93
110 40.1 36.3 91 96 94
120 45.4 41.3 91 94 97
130 51.3 46.7 91 94 97
99— & | 140 59.3 53.9 91 94 97
150 65.8 59.0 90 92 97
170 79.8 69.2 87 88 98
200 96.1 74.1 77 78 99
250 116 66.8 57 58 99
300 135 58.6 43 44 99







4 Background Estimation

The precise estimation of background contributions to the signal regions is crucial for the
sensitivity and robustness of the analysis. Both the event yields and the shapes of the mMM©
distributions have to be predicted at the lowest possible level of systematic uncertainty.

The main backgrounds are therefore estimated from data if possible (see Section 7.1),
resulting in smaller systematic uncertainties than an estimation that is purely based on
simulation. Other background contributions are sufficiently small, so the sensitivity of the
analysis is hardly affected by the uncertainties introduced by the simulation of these processes
(see Section 7.2).

7.1. Data-Driven Background Estimation Techniques

In order to reduce the level of systematic uncertainty within the background estimation, the
Z/~v* — 77 background is estimated with the embedding technique [14] (see Subsection 7.1.1),
which has been augmented for this thesis by the emulation of the lepton trigger. The cut
efficiencies of all cuts after the preselection and the shape of all discriminating variables can
thus be estimated from data.

The multi-jet background is estimated from sets of control regions with an extended ABC' D
Method (see Subsection 7.1.2), which enables the estimation of the event yields and the shape
of the discriminating variables from data. The method employed within this thesis uses
additional control regions to estimate systematic uncertainties from correlations on the event
yield in the signal regions (as in Ref. [12]) and on the shape of the mMMC distributions.

The background contribution from t-quark pairs is estimated with a method developed for
this thesis. It takes the event yield from control regions (see Subsection 7.1.3), while the
shape of the discriminating variables is taken from simulation.

7.1.1. Z/~* — 77 Background Estimation from Hybrid “Embedded” Events

As mentioned before, Z boson decays to 7 lepton pairs constitute a background that is
difficult to distinguish from the signal and is produced at a much larger cross-section than
the signal. The suppression of this background relies on two factors: Depending on the
Higgs boson mass hypothesis, the mass difference of the Higgs boson and the Z boson can be
exploited by reconstructing the di-7 invariant mass. The mass of the Higgs boson candidates
(reconstructed with the missing mass calculator (MMC) technique [186,187], see Section 5.3)
is therefore taken as final discriminant, whose shape is used within the test statistic (see
Section 9.1). Furthermore, the relatively lower b-jet multiplicity in Z boson decays (when
compared to Higgs boson production in association with b-quarks) leads to a better ratio
of the signal yield to the Z/v* — 77 background yield in the b-tagged sample than in the
b-vetoed sample.

It is challenging to accurately describe the jet content (including its flavor composition),
the missing transverse energy (used within the m,, reconstruction)—especially the contri-
butions from the underlying event (UE) and additional interactions from pileup—and the
event kinematics in simulation. The resulting uncertainties can be avoided by estimating
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Figure 7.1.: Illustration of the embedding procedure. Solid lines symbolize whole events;
broken lines, partial events. Black lines represent collision data used in the
event; red lines, simulation. Alternating colors refer to hybrid events, i.e., events
that contain objects from the original collision event as well as from simulation.
The outer boxes represent reconstructed events, while the smaller boxes refer
to tracks or energy deposits. Fine dashed lines symbolize a collection of two
four-vectors only.

the Z/v* — 77 background from data. However, no sufficiently signal-free control region is
easily found for this process. A solution to this is the embedding technique [14], whose cur-
rent implementation is described in Ref. [209]. This method produces “hybrid” events, i.e.,
events that combine detector signatures from collision data and from simulation. The proce-
dure takes collision events with Z/v* — pu decays and replaces the reconstructed muons by
simulated 7 lepton decays (see Figure 7.1):

As a first step, a more than 99% pure [210] sample of events containing Z boson de-
cays into muon pairs is selected by requiring two muons with an invariant mass satisfying
my, > 40 GeV from all runs in the Good Runs List also used for the signal region. This
procedure ensures consistency of the data taking conditions, such as the instantaneous lu-
minosity, in the embedded sample and the collision data evaluated for the analysis. Muon
candidates must satisfy a cut on their transverse momenta (pr , > 15GeV), have a pseudo-
rapidity value of |n| < 2.4, and fulfill a track-based isolation criterion applying to a cone of
AR < 0.2 around the direction of the muon track: p$2*°/pr, < 0.2'. Due to the small
coupling of Higgs bosons to muons, the signal contamination is negligible within this sample.

The reconstructed muon momenta are input into the detector simulation step to determine
their expected energy deposits within the calorimeter cells. These deposits are subtracted
from the original event, and the original tracks are subsequently removed, resulting in a
simulated event resembling a Z/~* — v decay with kinematics and calorimeter objects from
collision data.

The reconstructed muons with modified momenta

are replaced by 7 leptons

I This matches the definition of the track isolation fraction in Subsection 6.1.1.
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pr =4/ EZ—m2, thus taking into account the mass difference between muons and 7

leptons. TAUOLA [165] is used to simulate 7 lepton decays into electrons or muons; and
PHOTOS [155] simulates the bremsstrahlung of the final state leptons.

The final state leptons are input into the detector simulation and the tracks and energy
deposits in the calorimeter cells from the resulting mini event are superimposed on the quasi-
Z/~v* — v event. The digitization step is then run on the calorimeter information of the
entire event—without the emulation of detector noise in order to avoid double-counting of
noise contributions.

Because the 7 lepton decay kinematics and interactions of electrons and muons with the de-
tector can be modeled very accurately, the embedding technique provides a hybrid Z/v* — 77
control sample with a very low associated systematic uncertainty (see Subsection 8.2.1). Each
leptonic 7 lepton decay involves two neutrinos, so the cut on the momentum of the original
muon (pp > 15 GeV), which is then replaced by a 7 lepton, translates to a lower cutoff value
for the momentum distributions of the final state leptons. This fact strongly mitigates the
impact on the muon transverse momentum spectrum (see Figure 7.3). The pseudo-rapidity
and azimuthal angle distributions of leptons in the embedded sample follow the respective
muon efficiencies for the triggering, the reconstruction, and the identification of the original
muons. Because the reconstruction efficiency for muons varies significantly throughout the
pseudo-rapidity range |n| < 2.5 and because a cut |n,| < 2.4 is applied to the original muons,
the kinematic properties of the final state leptons from the embedded sample differ from those
of leptons from true Z/v* — 77 events. However, the discriminating variables used within
the kinematic selection do not directly depend on the lepton directions, and the impact of
this bias is much smaller than the observed differences in the missing transverse energy and
Hr distributions (see below).

The replacement procedure has been validated in the context of Ref. [183]: By simulating
muons instead of decaying 7 leptons, the Z/v* — pu hybrid events can be compared to the
original Z/~v* — pu events. Figure 7.2 shows three basic quantities: the transverse momenta
of the muons, the missing transverse energy, and the sum of transverse energy contributions.
The transverse mass of the puu—FEXSS system, which is calculated from missing transverse en-
ergy, the transverse momentum of the di-muon system (pr ), and the transverse projection
of the opening angle between the di-muon system and missing transverse energy (A¢ m EITniss),
is also shown:

mom = \/2pT7MHErIII‘nSS(]. — COS AquH’Er}niss). (7.1)

Only small differences occur in samples with pp — pp embedding, most noticeably in the
pr,, and mt distributions. The differences in these quantities can be attributed to the
embedding technique, and the small differences that can be observed are covered by the
systematic variations used in Subsection 8.2.1 to estimate the contribution to the systematic
uncertainty.

Currently, the effect of the trigger cannot be simulated in embedded samples. To obtain the
correct normalization, the event yield is determined from simulation at the preselection stage,
which includes the trigger condition and the requirement that an electron—muon pair has
been found, avoiding any larger dependence on simulated jets or missing transverse energy.
The predicted event yields? are (11623 + 64)events for Alpgen and (11663 4 347) events
for PYTHIA, so the predictions agree within the statistical uncertainties. The value from
Alpgen is therefore taken as central prediction to determine the Z/+* — 77 event yield after
preselection.

Znormalized to the production cross-section result of Refs. [175,211,211-213], see Table 8.1
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Figure 7.2.: Comparison of the transverse momentum (top left) [209], the transverse mass
distribution (top right) [209], the missing transverse energy (bottom left) [183,
209], and the total transverse energy sum (bottom right) [209] from the selected
data and the embedded Z/~v* — pu sample. The embedded sample is normalized
to the number of Z/~* — uu events in data.

Because of the lack of a proper trigger simulation in the embedded sample, differences in
kinematic distributions between simulation and embedded Z/v* — 77 events can arise. In
particular, the various lepton pr thresholds imposed by the trigger (see Table 6.2) change the
lepton pr distributions: Figure 7.3 shows the lepton p spectra in simulation (Alpgen) and
those obtained from the embedded sample (noTrig). The comparison shows that a feature
exists near the single-lepton trigger thresholds in simulation, but not in the embedded sample,
which shows smooth falling flanks in the pr spectra. In order to correctly reproduce this
feature, which is also expected in data, in the embedded sample, a correction is applied to
emulate the trigger efficiency. Three cases are discussed:

e All events are weighted equally, so no trigger emulation is performed (notated as
noTrig).
data

ellullep
Refs. [183,196] (see Subsection 6.1.3) applied as event weight (trigReweighting), or

e Events are reweighted?, using the trigger efficiency obtained from data e from

e using factors of 0 or 1, based on the trigger emulation detailed below (trigEmula-
tion).

3The normalization of the embedded sample is corrected according to the sum of weights.
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Figure 7.3.: Comparison of the electron (left) and muon (right) pr spectra for Z/v* — 77
events in the embedded sample and for Alpgen after the preselection (electron—
muon pair of opposite charge, irrespective of the jet content).

The embedding trigger emulation (trigEmulation) provides a trigger decision, based on
the trigger efficiencies of the single-lepton triggers obtained from data [196], by subsequently
checking the three available triggers:

1. If the transverse momentum of the muon in the event fulfills pr , > 20 GeV, the event

is accepted with a probability of egata(nﬂ, ¢,) (emulating the single-muon trigger).

2. If the event is not accepted by the previous condition, the event is accepted with
a probability of egata(ne,pT’e) if the momentum of the electron in the event fulfills

pr,e > 24 GeV (emulating the single-electron trigger).

3. Events not accepted by the previous conditions are accepted with a probability of
52“3(77“, ¢,) because the contribution by the muon trigger dominates the total ineffi-
ciency of the electron-muon trigger (emulating the electron—muon trigger).

The resulting kinematics of the three cases are compared to those obtained from simulation
and two other weighting schemes for the embedded sample in Figures 7.3 through 7.5.

Of the three weighting methods, the embedding trigger emulation best reproduces the fea-
ture that the combination of the single-lepton and the electron—muon triggers introduces into
the transverse momentum spectra of the final state leptons (see Figure 7.3), which is accu-
rately described by simulation (see Subsection 3.2.7). Even though the feature cannot be per-
fectly modeled by the simple reweighting schemes detailed above, the associated uncertainty
is reduced to the level of the other uncertainties (see Subsection 8.2.1). It can be modeled
by comparing the distributions obtained using trigEmulation and trigReweighting.

Trigger emulation is therefore applied to the nominal Z/v* — 77 prediction in the b-vetoed
sample. In the b-tagged sample, the statistical uncertainties dominate, so all events are used
with equal weights (noTrig) for the central Z/y* — 77 prediction in the b-tagged sample?.

4 As the analysis of the b-tagged sample was finalized and preliminarily published [214] before this difference
was discovered in the b-vetoed sample and it constitutes a subdominant effect, no trigger emulation was
included in the analysis of the b-tagged sample.
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Figure 7.4.: Comparison of the mMMC (left) and EMs* (right) distributions for Z/y* — 77
events in the embedded sample and for Alpgen after the preselection (electron—

muon pair of opposite charge, irrespective of the jet content).

While the three weighting methods produce different lepton pr spectra, the effect on the
reconstructed Higgs boson candidate mass (mMMC) is only noticeable between values of about
50 and 85 GeV (see Figure 7.4). The predicted distribution from the corresponding Alpgen
datasets, on the other hand, exhibits a systematic shift, which can be attributed to the E‘T]rliss
distribution, shown in the same Figure.

The distributions of the variables used within the kinematic selection (see Figure 7.5)
show several differences: While the A¢,,, and ZZ:&M cos Aqu%nssj distributions agree well
between all four predictions, the three different lepton trigger weighting scenarios in the
embedded samples only significantly impact the ErTniss +p1,e + P11 and mMMC distributions.
The different predictions of the distributions of missing transverse energy and the lepton
transverse momenta (see Figures 7.3 and 7.4) lead to differences in the Effmss + Pre+Prpu
distribution below values of 100 GeV®, and simulation shows a significantly larger fraction
of events without valid jets (Hr = 0). The estimation of missing transverse energy and
jet-related quantities from data in Z/v* — 77 events is therefore one of the most important
advantages of the embedded sample (see Subsection 8.1.3).

Because the impact of the missing trigger simulation can be recovered with trigger em-
ulation and many sources of systematic uncertainty can be eliminated by the data-driven
approach, the embedded sample constitutes the most promising source for an accurate de-
scription of the Z/v* — 77 background.

5Note that the lowest cut value is 125GeV in the kinematic selection of the b-tagged sample, so these
differences are irrelevant to the cut efficiencies.
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Figure 7.5.: Distributions of the variables used within the kinematic selection in simulation
and embedded events at the preselection stage (electron—muon pair of opposite
charge, irrespective of the jet content).
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7.1.2. Multi-Jet Background Estimation from Control Regions

As shown in Ref. [15] for a previous analysis of the TjepThaq final states, the multi-jet contribu-
tion can be estimated with the so-called ABC'D method by using a set of control regions (as
mentioned in Subsection 6.2.1 and illustrated in Figure 6.5). The method uses two selection
variables which must be uncorrelated with each other and with the final discriminant (mMMO)
for the multi-jet background. The multi-jet contribution in a signal region can be computed
from the event yields in the control regions, and the shape of the mMTMC distribution is
obtained from a control region.

The control regions differ from the respective signal region Agr of the sample R only by
the isolation or charge requirements applied:

Apr Events with exactly one isolated electron and exactly one isolated muon of opposite elec-
tric charge enter the signal regions (Ap-tag, Ab-veto) and the t¢ control regions (Acr p-tag:

ACR b-veto)-

Bpr Events with exactly one isolated electron and exactly one isolated muon of the same
electric charge enter regions Bp.

CRr Events with exactly one anti-isolated electron and exactly one anti-isolated muon of
opposite electric charge enter regions C'r. The shapes of distributions in the signal
region are extracted from this region (see below).

Dpg Events with exactly one anti-isolated electron and exactly one anti-isolated muon of the
same electric charge enter regions Dg.

The ABCD method exploits the small correlations between these quantities and the final
discriminant (mMMC) in order to obtain an estimate for the event yield as well as the shapes
of distributions of kinematic variables from the control regions Bgr, Cr, and Dg. In order to
assess the impact of correlations, the method is extended by another set of isolation criteria,
which introduce the additional control regions, EFr and Fg:

ERr Events with exactly one isolated electron and exactly one anti-isolated muon of opposite
electric charge enter regions Eg.

Fr Events with exactly one isolated electron and exactly one anti-isolated muon of the same
electric charge enter regions Fp.

By selecting one isolated electron and one anti-isolated muon in regions Er and Fr, the good
rejection against misreconstructed muons from the identification cuts is combined with the
good rejection from the isolation cuts applied to electron candidates.

The multi-jet contribution in the signal regions can be estimated by first subtracting
the electroweak contributions (NfV') from the yield in data (N&8) for all control regions
1= BR,CR,DR,ER,FR:

NRultHet _ ydata_ prew. (7.2)

7
The event yield is then extrapolated to the signal region: Assuming that the lepton isolation
variables and the relative charge of the leptons are uncorrelated for multi-jet backgrounds,
the ratio of yields is same for each set of regions with identical isolation requirements:

Nmulti—j et Nmulti— jet Nmulti—jet

multi-jet multi-jet multi-jet ° :
N ! N J N J
Bgr Dpg Fr

5The region index R refers to the signal regions of the b-tagged or b-vetoed samples or the associated tf
control regions (see Subsection 7.1.3).
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The event yield for the signal regions can then be calculated using either regions C'r and
Dpg or Er and Fr, which differ in the electron isolation requirement:
multi-jet
multi-jet _ “'Cpg multi-jet (7 4)

AR - Ngl;lti—jet "*'Bpg

or

multi-jet
gl;ltl—Jet _ ?nilti_jet ) g;ltl—Jet' (75)
Npp,

In the present analysis, Eq. (7.4) is used for the central value of the multi-jet prediction,
while the difference between the predictions from Eq. (7.4) and Eq. (7.5) is used as measure
for the systematic uncertainty. The shape of the kinematic distributions in the regions Apg is
taken from region Cr. The preference of regions C'r and Dg to obtain the central value of the
prediction for the multi-jet background is founded in their purity and multi-jet event yields,
which are better than those for regions Fr and Fg (see Table 7.1). A sufficient event yield
is particularly important in the region from which the shapes of kinematic distributions are
taken (see below). For each multi-jet control region, the individual electroweak contributions
of all background classes and the event yield in collision data are given in Table 7.2. The
expected signal contribution for the mji™ scenario and m 40 = 150 GeV, tan 8 = 20 is below
1% of the event yield in data for all control regions.

The Z/v* — 77 contribution has been estimated from the Alpgen samples because the
isolation variables are also taken from simulation in the embedded sample and carry an
additional systematic uncertainty from the subtraction of energy deposits in calorimeter cells
in the embedding procedure. The tt contribution has been estimated from the MC@QNLO
sample because of its small contribution to regions Br through Fr (see Table 7.2), and the
di-boson contribution from the HERWIG samples. The uncertainty from the subtraction of
electroweak backgrounds is neglected here, but it is taken into account as a normalization
uncertainty in the calculation of exclusion limits.

As mentioned before, the shapes of distributions of kinematic variables can be obtained
from the control regions. The shapes of the mMMC distributions after the subtraction of
electroweak background contributions for regions Bj.tag t0 Fytag and Bp_yeto t0 Fiyyeto are
shown in Figure 7.6. The mMMC distributions of the various control regions show significant
shape differences when comparing control regions with different lepton isolation criteria.
These differences are expected because of differences in the transverse momenta of the leptons
(see Figure 7.7), which affect the reconstruction of mMM¢. From this point of view, it would
be preferable to take the shape from region Br because the impact of the isolation variables
on the mMTMC distributions is larger than those of the relative lepton charge. However, the
low event yield in data would lead to unacceptable statistical uncertainties for the ml;/ITMC
shape prediction.

The resulting uncertainty on the shapes of the mMMC distributions in the signal regions
can be estimated from regions Cr and Fr: The nominal shape is taken from region Cr, while

the difference to the shape from region Eg is taken as measure of the systematic uncertainty.
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Table 7.1.: Multi-jet estimation for an integrated luminosity of 4.7 fb~!.
the numbers that refer to regions Bgr through Fr. The second error component of the signal region estimate

Only the statistical component of the uncertainties is given for

ltiet
N tJet s the
R

Zac:mwmmn Zacgw@mn
systematic error component, calculated from the difference of Zm,msia and Zwm_a‘wi
Dr Fr
multi-jet multi-jet P
SELECTION STEP Region B | Region C' | Region D Tm;_:r“m, Region F | Region F Tm_:_:‘wi zwézig
D F
b-TAGGED SAMPLE
Preselection e®y Data 1252 166726 85436 1.951+0.008 37642 21531 1.507+0.024 || 1474£93+336
ew. background | 496432 929+37 461424 160834135 | 7221+74
Exactly one b-jet Data 83 13102 7933 1.662+0.024 5146 3974 1.277+0.089 61+£16+ 14
ew. background | 46+4 203+5 171+16 3475430 | 2665£26
Emiss + pr o+ pr,, < 125GeV Data 49 12809 7715 1.669£0.025 2973 2324 1.306£0.086 50£13+ 11
ew. background | 19+4 121+5 112+16 1572426 1251+£23
Aey > 2 Data 25 10999 6514 1.694+0.027 1930 1488 1.366+0.087 23+£10+ 5
ew. background 1143 6212 5612 T72£17 640£15
M@Hm& cos D%maaamﬁ > —0.2 Data 18 9203 5367 1.719+0.030 1431 1081 1.443+0.099 144+ 9+ 2
ew. background 10£3 3842 3612 49549 433+14
Hp <100 GeV Data 15 7953 4345 1.831£0.035 952 669 1.400+0.085 15+ 9+ 3
ew. background 7+3 8.7£1.3 7.1£14 152+6 97+£5
mMMC reconstructible Data 15 7944 4344 1.830£0.035 942 665 1.393+0.084 15+ 9+ 4
ew. background | 7.0£3.3 8.6+£1.3 7.0+14 146+6 94+5
b-VETOED SAMPLE
Preselection ety Data 1252 166726 85436 1.951+0.008 37642 21531 1.507+0.024 || 1474£93+336
ew. background | 496432 929437 461424 160834135 | 7221+74
No b-jets Data 1144 152998 76981 1.985+0.009 31417 17000 1.522+0.024 || 14114+92+329
ew. background | 433432 659437 250£18 115094131 | 3922469
ERiss 4 pr .+ pr,, < 150 GeV Data 1023 152537 76655 1.987£0.009 28896 15582 1.522+0.024 || 1328+88+311
ew. background | 355+30 602437 208+18 9563+123 | 2880+65
Ape, > 1.6 Data 843 145286 75157 1.983£0.009 26111 13856 1.539+0.024 || 1163£73£261
ew. background | 257422 525136 170+17 82444116 | 2246+£56
Mu?mi cos D%mmamﬁ > —0.4 Data 686 136394 68263 1.995+0.009 21898 11876 1.540+0.025 9824614224
ew. background | 194415 399433 107+£11 6015+97 1565+46
mMMC reconstructible Data 679 136142 68126 | 1.99640.009 21504 11711 1.53940.024 || 9824604225
ew. background | 187+15 378433 99+11 5729494 | 1460+45
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Table 7.2.: The contribution of non-multi-jet background to the multi-jet control regions (Br
through Fgr) and the event yield in collision data after all topological selection

criteria have been applied. The expected signal contribution for the m

max
hO

scenario

and m 40 = 150 GeV, tan 8 = 20 is below 1% of the event yield in data for all
control regions.

b-TAGGED SAMPLE

|

Z/v* =TT tt Single ¢ Diboson | Z/y* — ¢ Wjets Data
Bb_tag 1.0+ 0.6 0.24+0.1 0.6+0.2 0.44+0.2 0.6+ 0.6 4 + 3 15
Cb_tag 1.2+ 0.5 4.740.6 1.1£0.4 0.24+0.1 0 1.3+ 1.0 7944
Db_tag 0 3.7+0.5 1.04+0.2 0 0 244+ 1.3 4344
Eytag 21 £ 3 63 +£2 22.9+1.1 3.1£0.3 7.8+ 2.3 28 £ 5 942
Iy tag 1.8+ 0.8 53.441.8 15.4+0.9 1.3+£0.2 5.3+ 2.0 17 £ 4 665
] b-VETOED SAMPLE
Z/v* =TT tt Single ¢ Diboson | Z/~v* — ¢ Wjets Data
By veto 58 £ 5 1.9+0.3 1.7£0.4 | 21.3£0.7 60 £ 6 44 413 679
Ch-veto 131 £ 7 40.1+1.5 15.9£1.0 4.3+0.4 22 £ 3 165 =+32 136142
Dp_veto 9.3+ 1.7 32.6+1.3 9.1+0.7 1.3+0.2 15 £ 3 32 =+11 68126
FEpveto | 1480 +23 339 +4 240 +4 69.94+1.5 | 246 £12 3353 +90 21504
Fy_veto 5 £ 5 336 +4 139 +3 14.1+£0.6 | 237 =11 677 +43 11711
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Figure 7.6.: Shapes of the m

M
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-jet control regions By_tag through

Fy_tag (left) and By_yeto through Fy_yeto (right), after all topological cuts have been
applied. Contributions from non-multi-jet processes have been subtracted from
the distributions observed in data. The distribution from region Bj.tae is not
shown because of the low event yield in this region. The signal region estimate

is taken from regions Cy_ag /p-veto-
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Figure 7.7.: Shapes of the lepton pr distributions from multi-jet control regions Br through
Fp, after all topological cuts have been applied. Contributions from non-multi-
jet processes have been subtracted from the distributions observed in data. The
distribution from region Bj._ta is not shown because of the low event yield in this
region.
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7.1.3. t-Quark Pair Background Estimation from Control Regions

t-quark pair production contributes significantly to the b-tagged sample with 28 % of the
total background after the kinematic selection. In the b-vetoed sample, tt contributes only
1% of the total background. In order to control systematic uncertainties from simulation, it
should therefore also be estimated from data, especially in the b-tagged sample.

It has therefore been investigated whether the ¢t background can be estimated from data
in a similar way as the multi-jet background by using an ABC'D method, taking different
sets of variables into account:

e The impact parameters of the final-state leptons have initially been considered as dis-
criminating variables, exploiting the fact that about 90 % of the ey final states in tt
decays originate from ¢ — W(e/u + v)b decays. Leptonically decaying 7 leptons in the
signal and Z/~v* — 77 processes, however, have too small decay lengths to be separated
sufficiently well, so they were not considered for the optimization of the event selection
or the final tf estimation.

e For the b-tagged sample, an estimation with the variables ErTniSS + pre + p1,u and
Hr is possible (see Appendix A), but it requires the compensation of correlations from
simulation. Because Ht (or an equally well-suited second discriminant against ¢ events)
is not used in the kinematic selection of the b-vetoed sample, this method cannot be as
easily adopted to the b-vetoed sample as the background estimation method detailed
within this Subsection.

No set of variables has been found that offers negligible correlations of the variables to each
other and to m%MC, while also having sufficient event yields in the control regions.

In this analysis, the event yields of the ¢ background are obtained from a control region,
using an extrapolation factor taken from simulation, and the shapes of the kinematic variables
in the signal regions are also taken from simulation: While the b-tagged (b-vetoed) samples re-
quire exactly 1 (0) b-jets with transverse momenta above 20 GeV (at an efficiency of e, = 75 %

for b-jets with pr > 15 GeV in simulated ¢t events), these control regions contain events with

SR b-tag/b-vet
ag/b-ve o) can

at least two tagged b-jets. The event yields in the signal regions in data ( i

CR b-tag/b-veto

be obtained from the event yields in the control regions ( e ) , using extrapolation

-t - . .
factors (ki/[gg/ b Veto) from simulation:

tSt_R b-tag/b-veto _ ki/[tgg/b veto t(t_TR b-tag/b Veto. (76)
For the b-tagged sample, the Ht requirement is dropped in the control region to reduce the
statistical uncertainties. Because of different b-jet multiplicities, the contribution from the
production of single t-quarks cannot be estimated from the same control regions, so it is
taken from simulation. The control regions for the b-tagged and the b-vetoed sample are
both defined by the requirement of at least two b-tagged jets. The set of cuts applied to
the control region for the b-tagged sample is tighter than that of the control region for the
b-vetoed sample. Consequently, the former is a subset of the latter.

For simulated ¢t samples from MC@QNLO and POWHEG+Jimmy, the event yields in the
signal and control regions are determined, and their ratios give the extrapolation factors
k‘i/'[tgg, kbrsto for each Monte Carlo (MC) event generator (see Table 7.3). For each sample,
the predictions from the two simulated samples are weighted with their uncertainties. The

weighted mean is used as central value for k:ﬁ/_[tcag/ b_veto, using half the difference of the two
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Table 7.3.: Determination of the ¢t extrapolation factors kg/}tcaé/lgﬁgto and klbj'g%gv/lggéti Jimmy for

each stage of the selection of the b-tagged and b-vetoed samples.
b-TAGGED SAMPLE \

MC@NLO
SR yield | CR yield k8 Lo
Preselection et 6993419 | 2545411 | 2.748+0.014
Exactly one b-jet 3314+13 | 254511 | 1.30240.008
ERSS 4 pp o+ pr < 125GeV 504+5 414+4 | 1.21640.018
Adey > 2 19843 166+3 | 1.19240.028
D e COS A pmiss ¢ > —0.2 13543 | 110.142.3 | 1.22240.035
Hr < 100 GeV 46.341.5 | 110.142.3 | 0.42040.016
mMMC yeconstructible 44.841.5 | 107.94£2.3 | 0.41640.016
PowHEG+Jimmy
SR yield | CRyield | kpiwimc s simmy
Preselection e* T 667579 | 2881+£52 | 2.31740.050
Exactly one b-jet 2004452 | 2881452 | 1.008+0.026
EYS 4+ pr e+ pry < 125 GeV 457421 | 446+19 | 1.025+0.064
Aoy > 2 171413 | 168412 | 1.019+0.104
ey €08 A pmiss o > —0.2 118410 | 122410 | 0.96340.115
Hr < 100 GeV 5147 122410 | 0.41340.063
mMMC reconstructible 49+6 120410 | 0.40940.064
] b-VETOED SAMPLE
MC@NLO
SR yield | CR yield Khrsto o
Preselection et ™ 6993419 | 2545411 | 2.748+0.014
No b-jets 1133.248.1 | 2545+11 | 0.445+0.004
ERSS 4 pp o+ pr, < 150GeV | 356.1+4.6 | 840.246.4 | 0.42440.006
Apey > 1.6 200.9+3.4 | 452.44+4.6 | 0.4444-0.009
ey 08 Adpmiss g > —0.4 | 140.242.8 | 324.3£4.0 | 0.432£0.011
mMMC reconstructible 126.142.6 | 297.6+3.8 | 0.42440.010
POWHEG+Jimmy
SR yield CR yield k%‘&’)‘{,t\})HEG +Jimmy
Preselection et ™ 6675479 | 2881452 | 2.317+0.050
No b-jets 890429 | 2881+52 | 0.30940.012
ERSS 4 pp o+ pr < 150 GeV 205417 | 928428 | 0.318+0.021
Apey > 1.6 158412 | 477420 | 0.33140.029
>ty €08 A pmics p > —0.4 110410 | 347417 | 0.31840.033
mMMC reconstructible 97.549.4 | 325417 | 0.30040.033




7.1 DATA-DRIVEN BACKGROUND ESTIMATION TECHNIQUES 127

Table 7.4.: tt extrapolation factors k‘ﬁ/}tgg/ bveto with systematic uncertainties included. Cen-

tral values are obtained as weighted means, the systematic uncertainty reflects the
difference between the values obtained from MC@QNLO and POWHEG+Jimmy.

b-TAGGED SAMPLE

b-tag
kMC

Preselection ety
Exactly one b-jet
ET' + pre +pru < 125GeV

Aoy > 2
Zf:e,u coS AQSE’%niss’Z > —0.2
Ht <100 GeV
mMMC reconstructible

2.716+0.014+0.231
1.278+0.007£0.163
1.20240.018+0.103
1.180+0.027£0.092
1.199+0.034£0.143

0.420+0.016+0.004
0.41540.01610.004

| b-VETOED SAMPLE

b-veto
kMC

Preselection ety

2.716+0.014+0.231

No b-jets 0.433+0.004+0.078

Effniss +pr.e + P, < 150 GeV | 0.4324+0.004£0.078
Ay > 1.6 0.415+0.006+0.059

Eeze# cos AqﬁE%usW > —0.4 0.43440.008+0.063
mMMC reconstructible 0.412+0.010+0.070

TT

single predictions as measure of the systematic uncertainty (see Table 7.4). This estimate
assumes that the differences in the jet properties of the two samples are characteristic for the
overall theoretical uncertainties. Because t-quark pairs are produced predominantly at low
|n], two central b-jets from the t-quark decays are expected for most events already at leading
order. As a consequence, the b-jet multiplicity can be expected to be well-described by both
generators. The ¢t control regions have a purity of 92% (96 %) after the application of the
selection cuts (with exception of the Ht cut, see above). Other contributions (predominantly
events with Z/+* — 77 or single t-quark decays) are estimated from simulation, except for the
multi-jet background, which is estimated using an ABC' D method in the ¢f control regions as
described in Subsection 7.1.2. Their contributions are subtracted from the number of observed
events, and the result is scaled by kyic to obtain the signal region prediction (see Table 7.5).
A comparison of the signal region predictions by MCQNLO and the extrapolation method
shows that the prediction from simulation is lower by 20 % (17 %) for the b-tagged (b-vetoed)
sample. This is consistent with the observations of the Standard Model H — WW ™) — futy
search [215].

Figure 7.8 shows the tt background and other contributions to the control regions of the
b-tagged and b-vetoed samples. The tt background has been normalized to N gR b-tag/b-veto,
Figure 7.9 shows a comparison of the mMMC shapes in the control regions (left) and the
signal regions (right) after the application of all selection cuts. The signal region predictions
of the two simulated datasets agree within statistical uncertainties, and the collision-data
distributions in the control regions (with non-t¢ contributions subtracted) agree with simu-
lation. This is supported by the high p-values obtained from KS tests between the simulated
datasets”, which are quoted in the figure. Therefore (and because of the agreement observed

"The p-value of a KS test for two sets of data that stem from the same underlying probability density function
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expected signal contamination for m 40 = 150 GeV, tan 8 = 20 is below 1 %.

Table 7.5.: Determination of event yields for different processes in the ¢t control regions, and the final signal region prediction. The second
error quoted in the final column is derived from the systematic uncertainty of the extrapolation factor (cf. Table 7.4). The

b-TAGGED SAMPLE

N ao%wm Z — 11 | Single t | Di-boson | Multi-jet ZMM-W&@W N MW b-tag N, Mm b-tag
Preselection e*pu¥ 3104 | 26.2+2.5 | 77.542.5 | 1.2+£0.2 | 13.9+£6.0 | 118.9+7.0 | 2985+57 | 8107+£161+689
Exactly one b-jet 3104 | 26.242.5 | 77.542.5 | 1.240.2 | 13.94£6.0 | 118.9+7.0 | 2985457 | 3814+ 76+486
Emiss 4 pr +pr, < 125GeV | 561 | 14.841.9 | 10.6+£0.9 | 0.5+0.1 5.043.2 | 30.9+3.8 | 530+25 637+ 31+ 54
Aey > 2 214 | 9.0+£1.5 | 3.940.5 | 0.3+0.1 1.742.1 | 14.942.6 | 199+15 235+ 19+ 18
e COS A pmiss o > —0.2 148 | 6.8+1.3 | 3.2+0.5 | 0.3+0.1 1.541.8 | 11.742.3 | 136+13 163+ 16+ 19
Hr < 100 GeV 148 | 6.8+1.3 | 3.2+0.5 | 0.3+0.1 1.541.8 | 11.742.3 | 136+13 | 57.2+5.84+0.5
mMME reconstructible 146 | 6.8+1.3 | 3.2+0.5 | 0.3+0.1 1.541.8 | 11.742.3 | 134+13 | 55.7+5.7+0.5

b-VETOED SAMPLE

NGR | Z— 77 | Singlet | Di-boson | Multi-jet | NCR boveto | yOR b-veto | SR b-veto
Preselection e*pu¥ 3104 | 26.5+2.6 | 77.54+2.5 | 2.0£0.3 | 13.2+£6.0 | 106.0+£3.6 | 2985+56 | 8107+158+689
No b-jets 3104 | 26.5+2.6 | 77.542.5 | 2.0+£0.3 | 13.2+6.0 | 106.0+£3.6 | 2985+56 | 1292+ 27+233
Emiss 4 pr o+ pr, < 150GeV | 1097 | 17.542.1 | 23.2£1.3 | 0.740.2 7.344.0 | 41.4+2.5 | 1048+33 453+ 15+ 82
Agey, > 1.6 578 | 11.5+1.7 | 12.6+£1.0 | 0.5+0.2 5.843.4 | 24.6+2.0 | 548424 2274+ 114+ 32
ey €08 Appmiss o > —0.4 419 | 9.4+1.6 | 8.5+0.8 | 0.340.1 2.04£2.3 | 18.241.8 | 399+21 173+ 10+ 25
mMMC reconstructible 386 | 9.1+1.5 | 7.6+0.8 | 0.3+0.1 1.04£2.1 | 17.0+1.7 | 368+20 152+ 9+ 26

TT
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Figure 7.8.: Distributions of m;7"'“ in the ¢t control regions of the b-tagged (left) and the
b-vetoed sample (right) after the full selection. The ¢t distribution is taken from
MC@NLO and rescaled from data. Good agreement between the shape of the
MC prediction and data in this control region is observed.

in the alternative shape estimation in Chapter A), the mMMC shape in the signal region
is taken from MCQ@NLO, which has lower statistical uncertainties than the predicted shape
from data.

7.2. Background Estimation from Simulation

The single t-quark, di-boson, W+jets, and Z/+* — [l processes are estimated from simulation.
Because the expected event yields are sufficiently low, the associated uncertainties have only
a small impact on the sensitivity.

The production of single t-quarks constitutes about 8% (0.3 %) of the b-tagged b-vetoed
sample. It cannot be estimated from the ¢t control regions because the jets in single t-quark
production exhibit different multiplicity distributions, flavor compositions, and spectra than
those in tt events. In order to obtain the best description of additional jets in events with
single t-quark production, AcerMC [148] is used.

HERWIG has been used for the estimation of the di-boson background in the b-tagged
sample, to which it contributes about 2 % of the background, and its corresponding control
samples. MC@NLO has been used in the signal (about 4% of the total background) and
control regions of the b-vetoed sample.® This background is dominated by W boson pair
production (95 % of the di-boson contribution).

The Z/~v* — £ contribution is strongly suppressed by lepton identification. It is dominated
by Z/v* — up events (97 % of the Z/v* — €¢ backgrounds at the preselection stage) and
contributes about 0.5% (1.5 %) of the total background in the b-tagged (b-vetoed) sample.
W boson production in association with jets also plays a minor role due to the requirement

is uniformly distributed between 0 and 1.

8The di-boson background plays a more important role in the b-vetoed sample. After the finalization of
the analysis of the b-tagged sample, MCQNLO was adopted for the analysis of the b-vetoed sample for
consistency with the analyses of the TiepThad and ThadThad channels.
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Figure 7.9.: Shape of reconstructed m,, (MMC) in the ¢t control regions (left) and in the sig-
nal regions (right) for the b-tagged (top) and the b-vetoed (bottom) samples after
the full selection. Other background contributions have been subtracted from
data in the control region. The results of KS tests that quantify the similarity of
the m%MC shapes predicted by MCQNLO on one hand and POWHEG+Jimmy
or data on the other hand are also given.
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of two good leptons (0.6 % (0.9 %) of the total background in the b-tagged (b-vetoed) sam-
ple). Because of the importance of a good description of additional jets in the event, these
backgrounds are estimated from simulated events produced with Alpgen. The simulation of
Z/~* — 0 and W boson production is supplemented by events with enhanced b-jet fractions
to provide a more accurate estimate in the b-tagged sample.






3 Systematic Uncertainties

The presence of a signal in addition to the Standard Model (SM) background is assessed
with a hypothesis test that is based on the predicted and observed mMMC distributions (see
Chapter 9 for details). Therefore, uncertainties associated to the expected event yields (nor-
malization uncertainties) have to be taken into account to quantify the sensitivity. Because
the test statistic depends on the shapes of the mMTMC distributions, shape uncertainties must
also be estimated.

For each signal and background contribution, the normalization and shape uncertainties
must be evaluated according to the estimation method used. The contributions that were
estimated with simulated datasets are discussed in Section 8.1. The uncertainties of the
data-driven background estimation techniques are described in Section 8.2.

The systematic uncertainties are summarized in Section 8.3.

8.1. Uncertainties of Event Simulation

The uncertainties associated to simulated events can be divided into three groups: The
uncertainty of the production cross-section affects the normalization of the event sample.

The prediction of kinematic distributions of a given final state imposes another class of
uncertainties in the presence of kinematic cuts, which are called acceptance uncertainties.
This uncertainty is treated purely as a normalization uncertainty, so the contribution to the
shape uncertainty is neglected.

The precision of the detector response, including reconstruction, identification, and iso-
lation efficiencies as well as energy scales and resolutions, is determined by the kinematic
properties of each event. The resulting mMMC distributions for variations of the detector
response have been compared to the central estimate. In cases where a significantly different
shape was observed, they were taken into account as shape and normalization uncertainties,
otherwise, as pure normalization uncertainties.

8.1.1. Production Cross-Sections

The calculation of the cross-section values is described in Subsection 4.1.4. They take the one-
loop and most important two-loop corrections into account. For the estimation of the cross-
section uncertainties, variations of the parton distribution function (PDF) as well as of the
factorization and renormalization scales must be considered. The total error is calculated from
the error eigenvectors of the PDF MSTW2008 at next-to—next-to-leading order (NNLO)
and variations of the factorization and renormalization scales by factors of two around the
central value [147]: By assuming that the goodness of the global PDF fit (x?) is quadratic
in the parameters of the PDF near the best fit value, variations can be expressed as a linear
combination of eigenvectors! of the associated Hessian matrix [216].

The production cross-section is evaluated for the central value and variations by +1 times
each of the 20 error eigenvectors, using the respective a; value of the variation. Furthermore,

Leach describing a variation of one standard deviation

133
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Figure 8.1.: Relative uncertainties of the total signal cross-sections for Higgs boson production
in association with b-quarks (left) and for the gluon fusion production process
(right), calculated with the recipe from Ref. [29], which uses Ref. [69,73,74,77-80].
The contributions of all three neutral Higgs bosons have been considered. To
account for asymmetries, the mean values of the positive and negative errors are
shown.

the cross-section is calculated for variations of the factorization and renormalization scales
by factors of two and 1/2. After evaluating each set i of opposite variations from the error
eigenvectors (1 and |), the larger positive and the larger negative (signed) variations (V} and
V}) from all sets are separately added in quadrature to find the uncertainty values of PDF
and a; in the positive (X4 ) and negative (3_) directions:

SR \/Z (max(0, V3, V]))? (5.

yo= \/Z (min(0, V4, V)2 (8.2)

Finally, the error component from the variation of the factorization and renormalization scales
is added linearly to the uncertainty of PDF and «; to find the total cross-section uncertainty.

The uncertainty of the production cross-section is discussed in depth in Ref. [29] and ranges
from 6 —13 %, depending on the choice of m 40 and tan 5. The uncertainties of the total signal
cross-sections are shown in Figure 8.1 for Higgs boson production in association with b-quarks
and for the gluon fusion production process. The relative uncertainties of all three neutral
Higgs bosons have been weighted with the respective cross-section contributions.

Except for the t¢ and multi-jet backgrounds, which are normalized with data-driven meth-
ods, all background predictions rely on theoretical predictions of the underlying production
cross-section. These are calculated as perturbative series up to varying orders in «, and
Qew, and the associated uncertainties have again been evaluated by varying the renormaliza-
tion and factorization scales and repeatedly evaluating the cross-section for each of the error
eigenvectors of the respective PDF. The results and the associated uncertainties are sum-
marized in Table 8.1. For the di-boson contribution, the uncertainty for W2 production has
been assumed for all three processes in the statistical combination with the other channels
in Ref. [10] to simplify the background model.
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Table 8.1.: Inclusive cross-sections used for background processes within the analysis. The
highest order of perturbative corrections considered and the associated uncertainty
are given along with the reference of the calculation. For the di-boson contribu-
tion, the uncertainty for W Z production has been assumed for all three processes
in the statistical combination with the other channels [10]. The ¢ background is
normalized from data within the analysis, so the production cross-section is only
given for completeness.

CENTRAL RELATIVE

PROCESS VALUE [pb] ORDER UNCERTAINTY [%] REFERENCE
Z/y* — 1, my > 40 GeV 1070 NNLO s [175,211,213]
Z/v* — 1, 10GeV < my < 40 GeV 3900 [175,211-213)]
58.7 (t-channel),
Single t 3.9 (s-channel), NLO 13 [151]
13.1 (Wt)
46.2 (WW), 5/7
Di-Boson 18.0 (WZ), NLO 7)1 [175,211,213]/ [10]
5.6 (Z22) 5/7
W + jets 10460 NNLO 5 [175,211,213]
] tt \ 160.1 \ NNLL \ 8 \ [217] ‘

8.1.2. Acceptance Uncertainties

The accurate modeling of kinematic distributions in simulated samples is very challenging:
Even though perturbation theory can, in principle, yield results at arbitrarily high precision,
the input parameters still limit the precision of the resulting predictions. The PDF choice and
generator settings impact the distributions of observables like momenta and pseudo-rapidities.
The resulting normalization uncertainties are assumed to outweigh the accompanying shape
uncertainties, which are neglected. This significantly simplifies the signal and background
models.

Main Acceptance Uncertainty Contributions of Signal Processes

The signal samples for b-associated Higgs boson production have been produced using
SHERPA [145]. The acceptance uncertainties are evaluated by implementing the analysis cuts
on particle level and reweighting the events according to the flavor tagging efficiency obtained
from data in Ref. [201]. The predicted event yields in the b-tagged and b-vetoed samples is
determined for the following variations [218] of the bbA® samples with m 40 = 120 GeV and
m 0 = 200 GeV:

e The CKKW matching parameter Qe is by default set to a value of /20 GeV/Ecs,
where Ecys is the center—of-mass energy. The variations 1 and | refer to values of

/30GeV/Ecyms and /15 GeV /Ecys, respectively.

e The factorization scale is by default set to a value of ug = % and has been varied to
values of 240 (1) and & ().

e The renormalization scale is by default set to a value of py = m 0. Because SHERPA
uses the same scale for the simulation of parton showers, it is only varied up and down
by 10 % by recommendation of the SHERPA authors [219].

e b-quarks are by default treated as massless particles. A varied sample simulates mas-
sive b-quarks to estimate the systematic uncertainty on this assumption. Only two
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Table 8.2.: Relative changes in the signal event yield after selection cuts (evaluated on particle
level) for the bb¢ signal process. In the b-tagged sample, the observed change in
the event yield for the alternative PDF choice has been inflated from —6.2%
(—6.5%) for my = 120(200) GeV to £12% because taking CTEQ6.6m as only
available alternative PDF choice does not comply with the recommendations of

the PDFALHC Working Group [220].

mg = 120 GeV

me = 200 GeV

] b-TAGGED SAMPLE

|

CKKW matching parameter 1/ |
Factorization scale T/ |
Renormalization scale 1/ |
Massive b-quarks

PDF choice

UE activity 1/ |

+13.9% /—12.4%
—10.2% / —4.6 %
—0.1%/+0.4%
—4.7%
—62% — +12%
+0.5% / +2.0%

+15.4% / —11.8%
—4.8%/—6.5%
—04%/+1.8%

+1.2%

—6.5% — +£12%
+0.4% / +0.3%

’ Total acceptance uncertainty

|

+19%/ -21%

|

+20% / —18%

|

] b-VETOED SAMPLE

|

CKKW matching parameter 1 / |
Factorization scale 1/ |
Renormalization scale 1/ |
Massive b-quarks

PDF choice

UE activity 1/ |

—-22%/+1.3%
+1.6%/—0.9%
-02%/-0.2%
+0.1%
—0.7%
-11%/-0.1%

—16%/+2.8%
+2.7%/+1.1%
+0.8% /+0.7%
+0.6 %
+0.2%
+0.6% / +0.6%

Total acceptance uncertainty

+21%/-2.9%

142%/-1.6%

additional partons can be considered in SHERPA when treating b-quarks as massive
(rather than three for massless b-quarks). Samples with up to two additional partons

are therefore compared to assess the impact of neglecting the b-quark mass.

e The default PDF (CTEQ6L1) has been replaced by CTEQ6.6m in one sample to as-
sess the uncertainty from the PDF choice, following a recommendation of the SHERPA

authors [219].

e The activity from the underlying event (UE) (measured in the transverse region) has
been increased (1) or decreased (J) by 10 %, following a recommendation of the SHERPA

authors [219].

The resulting relative uncertainties on the acceptance are summarized in Table 8.2. The
total uncertainty is again calculated using Eqgs. (8.1) and (8.2). In the b-tagged sample, the
observed change in the event yield for the alternative PDF choice has been inflated from
about +6 % to £12% because taking CTEQ6.6m as only available alternative PDF choice
does not comply with the recommendations of the PDF4ALHC Working Group [220], but
rather follows the recommendations of the SHERPA authors [219]. The uncertainties for the
b-tagged sample are much larger than for the b-vetoed sample because of the tighter cuts of
the kinematic selection. In both cases, the uncertainties from the variations of the CKKW
matching parameter and the factorization scale contribute significantly. The inflation of the
estimated uncertainty from the PDF choice in the b-tagged sample also results in a significant

contribution.
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Table 8.3.: Relative changes in the signal event yield in the b-vetoed samples after selection
cuts (evaluated on particle level) for the gg — ¢ signal process.

mg = 120 GeV
] b-VETOED SAMPLE \
Perugia 2011 +2.6 %
Final State Radiation 1 / | +2.0%/4+2.0%
Initial State Radiation 1 / | +2.0%/+23%
Renormalisation/Factorisation Scale 1 /| | +1.7% / +1.4%
Herwig Shower +2.7%
’ Total acceptance uncertainty ‘ +51%/-0% ‘

The gluon fusion signal process has been simulated with the POWHEG generator. The
following variations of the default parameters have been evaluated:

e The default UE tune AUET2B LO** has been replaced by the Perugia underlying event
tune of 2011 [182].

e The amount of final state radiation simulated by PYTHIA has been increased (1) or
decreased (/) by varying the A value in running «y for time-like showers by a factor of
2 or 1/2, respectively [133].

e The amount of initial state radiation simulated by PYTHIA has been increased (1) or
decreased (J) by varying the space-like parton-shower evolution the squared transverse
momentum evolution scale down by a factor of 1/4 or up by a factor of 4 and the scale
of the hard interaction (and thus the maximum parton virtuality allowed in Q?-ordered
space-like showers) up by a factor of 1.5 or down by a factor of 1/8, respectively [133].

e Both the renormalization and factorization scales have been varied by a factor of 2 (1)
or 0.5 () around the central value of m 4o.

e HERWIG instead of PYTHIA has been used to simulate the parton shower.

The resulting relative uncertainties on the acceptance are summarized in Table 8.3 for the
b-vetoed sample. The total uncertainty is again calculated using Eqs. (8.1) and (8.2). The
gluon fusion contribution to the signal event yield in the b-tagged sample is very small, so
an explicit evaluation would introduce large statistical uncertainties because of the limited
size of simulated samples. Instead, the same uncertainties as for b-associated Higgs boson
production are assumed. The POWHEG samples cannot be reevaluated with other PDFs
because the Bjorken scaling variables X; are unavailable. The impact of the PDF choice is
therefore neglected for the gluon fusion production mode.

These considerations motivate the estimate of the acceptance uncertainties used within
Ref. [10], summarized in Table 8.4. For b-associated Higgs boson production, the uncertain-
ties? for masses between 120 and 200 GeV have been determined by linear interpolation, while
the values for mgy < 120 GeV and mg > 200 GeV have been taken from the samples with 120
and 200 GeV, respectively. For gluon fusion, the same uncertainties have been assumed for
the entire mass range.

Zexcluding the uncertainty stemming from the discrimination according to the number of tagged b-jets, see
below
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Table 8.4.: Relative signal acceptance uncertainty values from the main acceptance uncer-
tainty contributions.

SIGNAL PROCESS SIGNAL ACCEPTANCE UNCERTAINTY
mg [GeV] | b-TAGGED SAMPLE | b-VETOED SAMPLE

90 +19%/ —21% +21%/ —29%

100 +19%/ —21% +21%/ —29%

110 +19%/ —21% +21%/ —29%

120 +19%/ —21% +21%/ —29%

130 +19%/ —21% +24%/) —2.7%

bbo 140 +19%/ —20% +2.6%/ —2.6%
150 +19%/ —20% +29%/) —24%

170 +20%/ —19% +34%/) —21%

200 +20%/ —18% +42%/ —1.6%

250 +20%/ — 18% +42%/ —1.6%

300 +20%/ —18% +42%/ —16%

90 +20%/ —20% +51%/ -0 %

100 +20%/ —20% +51%/ -0 %

110 +20%/ —20% +51%/ -0 %

120 +20%/ —20% +51%/ -0 %

130 +20%/ —20% +51%/ -0 %

g9 — @ 140 +20%/ —20% +51%/ -0 %
150 +20%/ —20% +51%/ -0 %

170 +20%/ —20% +51%/ -0 %

200 +20%/ —20% +51%/ -0 %

250 +20%/ —20% +51%/ -0 %

300 +20%/ —20% +51%/ -0 %

Flavor Tagging of Signal Events

The predicted multiplicity distribution of b-tagged jets also needs to be considered as a source
of acceptance uncertainty of the bb¢ and gg — ¢ samples because the events are sorted into
samples of different b-jet content. Such considerations lead to moderate uncertainties, which
is shown explicitly for b-associated production in the following. However, as shown below,
such considerations only have a small impact on the sensitivity of the analysis, so they are
neglected in Ref. [10] and are taken into account only in this thesis. For gluon fusion, an
estimate is given, justifying to neglect this contribution both in Ref. [10] and in this thesis.
Following a recipe from Ref. [221], the exclusive contributions with 0, 1, or 2 b-quarks
with pp > 20GeV, |n| < 2.4 (UoNgglgrksv O{\Ill%qouarwo-%bo—quarks) can be used to approximate the
exclusive contributions with 0 or 1 b-tagged jets (Jgnli%a%ged jets,alNIg_ct)agged jet) at the same
order in ag:
NNLO NNLO NLO 2_LO
99 b-tagged jets — 00 b-quarks + (1 - 517)0-1 b-quark + (1 - 55) 02 b-quarks (83)
NLO NLO LO
01 b-tagged jet — €p01 b-quark + 251)(1 - 6b)02 b-quarks*
The efficiency e, at which true b-jets with pp > 20 GeV, |n| < 2.5 are tagged as b-jets has
been determined for the selected flavor tagging working point from the simulated samples with
Higgs boson masses of 100, 120, 160, 200, and 300 GeV (see Table 8.5) and is approximately
60 % for the five mass hypotheses. For other Higgs boson mass hypotheses, the value is
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Table 8.5.: Exclusive and inclusive cross-sections and uncertainties for b-associated Higgs bo-
son production of neutral Higgs bosons. The Yukawa coupling strengths predicted
by the SM have been assumed. agjlt\]a]fo, O'é\%\jgﬁgrks, Ull\IbL_guark, and O-%bo—quarks and
the associated uncertainties have been taken from Ref. [221], except for the PDF,

s uncertainty of oNNLO [222].

| me [GeV] | 100 | 120 | 160 | 200 | 300 |
E %] | 59 | 61 | 62 [ 63 | 62 |

ooni© [fb] | 349 | 188 | 66.4 | 27.9 | 4.98
Scale uncertainty (%] | T35 | Toq | £ | faE | 130
PDF, o, uncertainty [%] | T35 | T35 | =59 | 3 | 20
Total uncertainty %] | Tios | Tow | T35 | A58 | 83
OO e ks [fb] | 239 | 124 | 412 | 165 | 2.71
Scale uncertainty %) | 2520 | T304 | Foir | Too | 83
PDF, a, uncertainty [%] | T35 | 30 | £30 | 43 431
Total uncertainty %) | F6 | Fiao | Fo6 | T10s | T
O bk [fb] | 101 | 58.6 | 22.9 | 10.3 | 2.02
Scale uncertainty (%] | T35 | T3 | T30 | | 5
PDF, a, uncertainty (%] | T3¢ | 732 | T34 | D0 | T2
Total uncertainty (%] | Too | T59 | ftEa | fi2 | T8
OFS quarks [fb] | 12.0 | 7.20 | 2.97 | 1.39 | 0.29
Scale uncertainty (%] | TS5 | fG2 A5 A e
PDF, a, uncertainty [%] | '3 2 2 3 i

Total uncertainty (%] | TS5 | f82 | AT | e
TN b ngsed jot [fb] | 65.4 | 39.2 | 15.6 | 7.14 | 1.39
Scale uncertainty (%] | *9% | 153 | Tos | T5s | Tias
PDF, oy uncertainty (%] | T35 | 29 | 31 | T3 | The
Total uncertainty %] | 7105 1 H00 | TS | fis | T
Acceptance uncertainty 461 | 462 | +6.6 | +6.1 | +55
contribution (%] | —© —04 ) —18 | =36 | —43
T0 btagged jots [fb] | 282 | 148 | 50.3 | 20.5 | 3.52
Scale uncertainty (%] | $85 | 83, 1 T | 158 | BT
PDF, a, uncertainty [%] | T5% | *38 | 30 | 2 | 20
Total uncertainty %] | 209, | B0 |5 A [ Hd
Acceptance uncertainty +4.5 +45 +4.7 | 446 +4.1
contribution [%] | 46 | —43 | =86 | —28 | -25

obtained by linear interpolation, and the value for a Higgs boson mass of 100 GeV is also
used at 90 GeV.

By comparison of the uncertainties of the inclusive cross-section and the sums in Egs. (8.3)
and (8.4), the additional acceptance uncertainty introduced by flavor tagging can be assessed.

: : : NNLO : : NNLO NLO
The inclusive cross-section o, ("~ and the exclusive cross-sections o bequarks® 01 b-quark>
LO

O5'%.quarks 2r€ given in Ref. [221] along with the uncertainties from PDF, as, and scale varia-
tions. The total uncertainty of the inclusive cross-section is compared to the total uncertainty
of the sums in Eqgs. (8.3) or (8.4), adding linearly the uncertainties of the exclusive contri-
butions. The difference is taken as measure of the additional acceptance uncertainty from



140 8 SYSTEMATIC UNCERTAINTIES

the sorting into different samples. The calculation is shown in Table 8.5. The additional
acceptance uncertainty reaches up to fg% at my = 200 GeV for the b-tagged sample and
up to £5% at mg = 100 GeV. The double-counting of effects is avoided by considering only
the difference of uncertainties: The scale, PDF, and «; variations have been performed in a
consistent manner between the inclusive and exclusive cross-sections.

While the acceptance uncertainty for bb¢ arising from the selection of events with exactly
one b-jet does not significantly contribute to the total acceptance uncertainty in the b-tagged
sample, the effect exceeds the magnitude of the other sources of acceptance uncertainty in
the b-vetoed sample.

The impact on the expected exclusion limits on the product of the production cross-section
and the branching fraction to 7 lepton pairs from the b-tagged (b-vetoed) sample is less than
0.8% (0.5%) across the examined mass range for b-associated production. Consequently, the
published result from the combination with the other channels [10], which does not take this
contribution into account, remains valid.

For signal events with Higgs boson production from gluon fusion, no explicit evaluation
of the exclusive cross-sections is necessary: At next—to—leading order (NLO), such events on
average only contain about 0.02 true b-jets on particle level at the preselection stage (see
Figure 5.1(c)).

The acceptance of signal events with Higgs boson production from gluon fusion into the
b-tagged sample relies on the mistagging of light jets. The selected flavor tagging algorithm
offers a powerful rejection against light jets Rﬁg}il‘r’ GeV ~ 58 as other source of b-tagged jets.
Given that no jets are expected at leading order (LO) and that the ratio of the NNLO and
NLO cross-sections 2O is approximately 1.16 [223], a rough upper limit on the impact of

oLO
flavor tagging uncertainties can be calculated:

Say that a fraction of events matching the relative cross-section difference of NLO and
NNLO , which is approximately 115-1 =14 % in the mass range from 125 to 300 GeV [223],
obtained an additional light jet when taking NNLO and higher-order corrections into account.

This would lead to a Z,Tlfif?cev ~ 0.2 % change (with respect to the inclusive cross-section)
light
from the b-vetoed sample into the b-tagged sample at the preselection stage. For gluon fusion

in the b-vetoed sample, the expected limit on the product of the production cross-section
and the branching fraction to 7 lepton pairs changes by less than 0.2 % for all Higgs boson
mass hypotheses when assuming an additional uncertainty of even 0.7 %. This contribution
is therefore neglected.

The impact on the sensitivity for Minimal Supersymmetric Standard Model (MSSM) sce-
narios is also small: Even though 0.2 % of the gluon fusion cross-section at the preselection
stage correspond to between 6 and 15%?2 of the contribution from gluon fusion after the
requirement of exactly one b-tagged jet, the resulting absolute uncertainty is dwarfed by the
acceptance uncertainty and the cross-section uncertainties of the MSSM from the dominant
process bbao.

The resulting total signal acceptance uncertainties are summarized in Table 8.6.

Acceptance Uncertainties of Background Processes

The use of data-driven background estimation techniques reduces the reliance on simulation
for the background estimates, leading to an improved sensitivity of the analysis. The es-
timation of the dominant Z/v* — 77 background mainly relies on an accurate description
of the lepton pr spectra in simulation (for obtaining the correct normalization factor for

3depending on the mass hypothesis, see Table 6.5
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Table 8.6.: Relative signal acceptance uncertainty values, including the contribution from
the selection of either no b-jets (b-vetoed sample) or exactly one b-jet (b-tagged

sample).

SIGNAL PROCESS SIGNAL ACCEPTANCE UNCERTAINTY
mg [GeV] | b-TAGGED SAMPLE | b-VETOED SAMPLE

90 +20%/ —21% +5.0%/ —5.5%

100 +20%/ —21% +5.0%/ —55%

110 +20% /) —21% +5.0%/ —5.3%

120 +20%/ —21% +5.0%/ —52%

130 +20% /) —21% +5.2%/ —4.9%

bbg 140 +20%/ —20% +53%/) —4.7%
150 +20% /) —20% +55%/) —4.5%

170 +21%/ —19% +5.8%/ —4.0%

200 +21%/ — 18% +6.2%/ —32%

250 +21%/ —18% +6.0%/ —3.1%

300 +21%/ —19% +5.9%/ —2.9%

90 +20% /) —20% +51%/ -0 %

100 +20%/ —20% +51%/ -0 %

110 +20%/ —20% +51%/ -0 %

120 +20%/ —20% +51%/ -0 %

130 +20% /) —20% +5.1%/ -0 %

gg — ¢ 140 +20%/ —20% +51%/ -0 %
150 +20%/ —20% +51%/ -0 %

170 +20% /) —20% +5.1%/ -0 %

200 +20%/ —20% +51%/ -0 %

250 +20%/ —20% +51%/ -0 %

300 +20%/ —20% +51%/ -0 %

the embedded sample after the preselection, see Subsection 7.1.1). An uncertainty of 5% is
assumed, based on a comparison to the results obtained with the CTEQ6.6 PDF and with
different scale choices in Ref. [12].

The same uncertainty is assumed for the Z/~4* — ¢/ backgrounds, based on the almost
identical kinematic properties of the daughter particles of the Z/+* boson.

As the tt sample is normalized from a control region, the acceptance uncertainty affects
the extrapolation factor (kﬁ;lté‘g/ b'veto). The impact is estimated from tf samples of two dif-
ferent Monte Carlo (MC) event generators. The systematic uncertainties of this method are
described in Subsection 8.2.3.

Because of their relatively low contribution to the selected samples, a value of 5% has also
been assumed for the acceptance uncertainty for the W + jets and di-boson samples without
further studies.

8.1.3. Simulated Detector Response

In order to minimize and correctly assess the uncertainties of the detector response in sim-
ulation, a wide range of performance measurements have been performed with the ATLAS
detector. The results were used to calibrate the simulated detector response to match the
measured performance and to provide variations of the nominal performance which reflect the
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uncertainty of the nominal performance and can be propagated through analyses to quantify
the impact of each source of systematic uncertainty.

Because the detector response also depends on the data-taking conditions, a precise pre-
diction first relies on a good description of their evolution in 2011 (see Subsection 3.1.1). The
simulated performance of the detector sub-systems is then corrected to match the measured
performance for the given data-taking conditions on an event—by—event basis.

The impact on the shapes of the mMMC distributions has been examined for all systematic
variations, considering both the b-tagged and the b-vetoed sample, in order to determine
which uncertainties can be treated as pure normalization uncertainties and whose impact
on the shapes of the mMMC distributions must be taken into account for the final results.
The shapes of m&{MC distributions of variations not considered as shape uncertainties are

collected in Appendix B.

Data-Taking Conditions

The relative systematic uncertainty of the integrated luminosity for the full set of collision
data considered for this thesis was 3.9 % [125,126] when the data was evaluated for publi-
cation [10]. Before finalizing the results, an improved luminosity measurement [224] with a
relative uncertainty of 1.8 % became available. Because the impact on the sensitivity of the
statistical combination of all channels has been determined to be marginal, the event yields
and uncertainties have not been reevaluated for Ref. [10] or this thesis.

Muons

The momentum resolution for muons has been determined from collision data for the Inner
Detector and the Muon Spectrometer [189,225]. To reflect the uncertainty of this measure-
ment, the calibration applied to the transverse momentum values obtained from the Inner
Detector and the Muon Spectrometer (see Subsection 6.1.1) can be varied by one standard
deviation (“u ID track py 17/“w ID track pr |” and “p MS track pr 17/“nw MS track pr
}” in Tables 8.7 and 8.8). The impact on the shapes of the mMMC distributions is negligible
(see Figures B.1 and B.2).

The combined efficiency of the reconstruction and identification in simulated data is also
corrected by reweighting (see Subsection 6.1.1). The central value of the respective scale
factor (SF) is distributed with a root mean square (RMS) of 0.02 around the central value
of 0.98. The variations of the respective SF by one standard deviation are denoted as
“p recon./ID eff. 17 /“u recon./ID eff. |” in Tables 8.7 and 8.8. The impact on the shapes of
the mMMC distributions is negligible (see Figure B.3).

The efficiency of the isolation requirements has been found to agree between simulation
and collision data within the systematic uncertainties of the measurement. These have been
estimated to be 4% for transverse momenta between 10 and 20 GeV and 1% for larger pr
values [183]. These variations are denoted as “u iso. SF 17 /“u iso. SF |” in Tables 8.7 and
8.8. The impact on the shapes of the mMMC distributions is negligible (see Figure B.4).

The normalization uncertainty contribution from muon simulation is about 2 %.

Electrons

The energy scale and resolution for electrons has been measured, and the performance in
simulation is corrected [136,193]. The systematic uncertainties from these studies are re-
flected by the “e energy scale 1”/“e energy scale |” and “e energy res. 1”7 /“e energy res. |”
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variations, respectively. The impact on the shapes of the mMTMC distributions is negligible
(see Figures B.5 and B.6).

The efficiencies of the reconstruction step (including the track quality cuts) and the identifi-
cation step are also corrected by reweighting [136,191], resulting in a SF, which is distributed
with a RMS of about 0.02 around the mean value of 1. The efficiency of the reconstruction
and identification steps are varied by one standard deviation, denoted as “e recon./track qual.
eff. 17 /“e recon. /track qual. eff. |” and “e ID 1”7 /“e ID | “ in Tables 8.7 and 8.8, respectively.
The impact on the shapes of the mMMC distributions is negligible (see Figures B.7 and B.8).

Just as for muons, the efficiency of the electron isolation requirements has been found to
agree between simulation and collision data. The uncertainties of the measurement are 4 %
for transverse momenta between 15 and 20 GeV and 2% for larger pr values [183]. These
variations are denoted as “e iso. SF 1”7 /“e iso. SF |* in Tables 8.7 and 8.8. The impact on
the shapes of the mMMC distributions is negligible (see Figure B.9).

The total normalization uncertainty contribution from electron simulation is about 3 %.

Trigger Efficiencies

A precise knowledge of the efficiencies of the electron, muon, and electron—muon triggers is
very important for the overall uncertainties. In order to minimize the normalization uncer-
tainty contribution related to the trigger and to avoid any bias in the kinematic distributions
that rely on lepton properties, reconstructed leptons were matched to the relevant trigger sig-
natures, and the transverse momenta were restricted to ranges above the trigger thresholds
(see Subsection 6.1.3).

Events passing these requirements are reweighted to match the performance measured in
collision data (see Subsection 6.1.3). The remaining uncertainty has been determined for the
electron trigger (0.3 %) and the muon trigger (0.5 %) [196], so it is negligible in comparison
to the lepton reconstruction, identification, and isolation efficiency uncertainties.

Jets, Flavor Tagging

The jet energy reconstruction has been calibrated and validated [226,227], allowing for a
calibration of the scale and the resolution of the reconstructed jet energy. The jet energy
scale (JES) uncertainty consists of several components: The transverse momenta of jets carry
an uncertainty of up to about 3% for light-flavored jets, depending mainly on the transverse
momentum [226]. This contribution also takes into account the number of reconstructed
vertices and other jets in the event.

A flavor-dependent component is added quadratically for simulated b-jets to match the
measured resolution increase with respect to light jets. It amounts to 2.5% in the pt range
from 20 to 40 GeV and gradually declines to 0.76 % above 600 GeV [226].

The associated systematic uncertainties are propagated to the analysis by evaluating the
variation by one standard deviation: “Jet energy scale 1”/“Jet energy scale |” and “Jet
energy resolution 1”. These are compared to the nominal distributions for tf, simulated
Z/y* — 77, and signal events in Figures 8.2 and 8.3. For ¢t events in the b-vetoed sample
and Higgs boson production by gluon fusion in the b-tagged sample, statistical uncertainties
dominate.

These variations have a significant impact on the shapes of the m%MC distributions: Both
the “Jet energy scale 17 and “Jet energy resolution 1 variations shift the mMTMC distributions
to higher values, while the “Jet energy scale |” variation shifts the mMMC distributions to
lower values. The effect is more pronounced in the b-tagged than in the b-vetoed sample
because of the larger jet multiplicity of the b-tagged sample and the larger pt uncertainty for
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Figure 8.2.: Impact of the jet energy scale uncertainty on the shapes of the mMMC distribu-
tions of the b-tagged (first three Figures) and the b-vetoed (last three Figures)
samples for ¢, simulated Z/~v* — 77 events, and the two Higgs boson production
modes. Note that the statistical uncertainties for ¢t (gluon fusion) are too large
to compare shapes in the b-vetoed (b-tagged) sample.
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simulated Z/v* — 77 events, and the two Higgs boson production modes. Note
that the statistical uncertainties for ¢¢ (gluon fusion) are too large to compare
shapes in the b-vetoed (b-tagged) sample.
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b-jets (see below). The given variations are used to quantify the shape uncertainties of the
mMMC distributions for signal and background events.

In the description of Z/v* — 77 events, different shapes have been observed in the Hry
distribution (see Figure 7.5) at the preselection stage in simulation on one hand and in
the embedded sample on the other hand. As discussed in Subsection 8.2.1, the data-driven
estimate from the embedded sample is preferred over the estimate based purely on simulation
because of the lower overall uncertainties.

Furthermore, the flavor tagging result in simulated events is calibrated to reproduce the effi-
ciency measured in data by reweighting the event according to the flavor and kinematic prop-
erties of the jets (see Subsection 6.1.4). The systematic uncertainties of the efficiency mea-
surements of light jets, b-jets and c-jets [200] are represented by the “Mistag light 17 /“Mistag
light |7, “ep 17 /“ep |7, and “e. 17 /“e. |” variations, respectively. The impact on the shapes
of the mMMC distributions is negligible (see Figures B.10 through B.12).

Missing Transverse Energy

The reconstruction of missing transverse energy (see Subsection 6.1.6) depends on the mea-
sured momenta of all objects in the event. For the missing transverse energy calculation [206],
the quality criteria detailed in Subsection 6.1.6 are applied to the various reconstructed ob-
jects. The impact of all object-related systematic variations on the missing transverse energy
and Y FE7 values is considered [228].

The missing transverse energy value is also sensitive to changes of the pileup activity and
the calibration of calorimeter clusters that do not belong to any reconstructed objects. The
associated uncertainties are evaluated by considering the variations “Pileup 1”/“Pileup |”
and “Calo. clusters 17 /“Calo. clusters |”, respectively.

As shown in Figures 8.4 and 8.5, these variations have a significant impact on the shapes
of the mMMC distributions: The “Pileup 1”7 and “Calo. clusters 1 variations shift the mMMC
distributions to higher values, while the shift for the “Pileup |” and “Calo. clusters |” vari-
ations goes into the opposite direction. The impact on the b-tagged and b-vetoed samples
by the EITniss uncertainties is similarly pronounced. The given variations are used to quantify
the shape uncertainties for the mMMC distributions of signal and background events.

In the description of Z/v* — 77 events, different shapes have been observed in the miss-
ing transverse energy and mMMC distributions (see Figure 7.4) at the preselection stage in
simulation on one hand and in the embedded sample on the other hand. As discussed in
Subsection 8.2.1, the data-driven estimate from the embedded sample is preferred over the

estimate based purely on simulation because of the lower overall uncertainties.
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Figure 8.5.: Impact of the “Pileup 1”7 /“Pileup |” variations on the shapes of the m%MC

distributions of the b-tagged (first three Figures) and the b-vetoed (last three
Figures) samples for t¢, simulated Z/v* — 77 events, and the two Higgs boson
production modes. Note that the statistical uncertainties for ¢ (gluon fusion)
are too large to compare shapes in the b-vetoed (b-tagged) sample.
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8.2. Uncertainties of Data-Driven Methods

Data-driven background estimation techniques can mitigate or even eliminate some of the
uncertainties discussed in Section 8.1. This Section gives an overview of the uncertainties
that these methods carry.

8.2.1. Method Uncertainties of the Embedding Technique

The embedding technique produces hybrid events by selecting collision data event and sub-
sequently subtracting and adding detector hits and energy deposits from the original muons
and the simulated 7, decay products (see Subsection 7.1.1). Uncertainties related to the
modeling of the UE and pileup effects therefore only affect the normalization, which relies
on simulating the event yield at the preselection stage. The simulated detector response to
jets plays only a minor role because no cuts on jets are applied at the preselection stage,
but energy deposits by jets impact the lepton isolation variables and other quantities used
for their identification in the case of overlap. For the b-tagged sample, on the other hand, it
constitutes the dominant contribution to the systematic uncertainty for a simulation-based
estimation of the Z/v* — 77 contribution (see Table 8.9): By using the embedding technique
instead of simulation to estimate the mMMC shape and the cut efficiencies for the Z/y* — 77
contribution, the detector-related normalization uncertainty is reduced from ﬂgggg to J_rg:?g;,
including the uncertainties introduced by the embedding procedure, which are explained in
Subsection 7.1.1.

All applicable variations are evaluated at the preselection level for the Alpgen and em-
bedded samples and after the kinematic selection for the embedded sample to quantify their
impact:

e The removal of the original muons includes a subtraction of their energy deposits in
the calorimeters. In order to account for mismodeling, the subtracted energy in each
calorimeter cell is scaled up (down) by 30% in the “Subtracted p calo. deposits 17
(“Subtracted p calo. deposits |”) variation.

e In order to estimate the potential bias of the isolation requirements applied to the
original muons (see Subsection 7.1.1), the isolation requirements are dropped in the
“No isolation” variation and tightened in the “Tighter isolation” variation (applying
the same isolation cuts as in this analysis, see Subsection 6.1.1).

e The uncertainty of the emulation of a trigger decision in embedded events in the b-
vetoed sample is evaluated by assigning a shape uncertainty to the central shape from
trigger emulation, using the “Trigger reweighting” variation (see Subsection 7.1.1).

As shown in Figure 8.6, these variations have a significant impact on the shapes of the
MMC distributions in the b-tagged and the b-vetoed samples. They are therefore used to
define shape uncertainties for signal and background events. Because of the larger statistical
uncertainties in the b-tagged sample (compared to the b-vetoed sample), the impact of the
lack of trigger simulation in embedded events is insignificant, so no trigger correction and no
additional shape uncertainty needs to be applied for the central prediction in the b-tagged
sample (noTrig, which carries smaller statistical uncertainties than the trigger emulation or
event reweighting variations).

As mentioned in Subsection 7.1.1, the selection of Z/v* — uu events for the embedded
sample has a purity of about 99 % [210]. The largest other contribution comes from ¢t events.
Because of the b-jet veto in the b-vetoed sample and further kinematic cuts particularly in the

m
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b-tagged sample, such events constitute an even smaller fraction of the b-tagged and b-vetoed
samples at the end of the selection and therefore do not significantly bias the Z/4* — 77
prediction.

In comparison to the uncertainties which affect simulated samples (related to the mod-
eling of the UE, the detector response to jets, and pileup effects), the embedding method
offers significantly lower normalization uncertainties in the b-tagged sample (see Table 8.7).
For the b-vetoed sample, the contribution from jets to the normalization uncertainty plays
only a small role (see Table 8.8), leading to a relative uncertainty of +£4.0 % stemming from
uncertainties related to the description of the detector performance in both the embedded
sample and in simulation. As shown in Table 8.9, the total relative systematic uncertainty
of the embedded sample (ﬂ(l) %) is lower than that of a prediction purely based on simula-
tion (fig %) in the b-tagged sample, while the total relative systematic uncertainty of both
methods is £9.0 % in the b-vetoed sample.

MMC

As mentioned before, simulation and embedded events have significantly different m: =
distributions, which are covered by neither the detector-related shape uncertainties (see Fig-
ures 8.2 through 8.5) nor by those related to the embedding method (see Figure 8.6). The
observed differences in the mMMC distributions at the preselection stage persist even after
correcting for trigger effects (see Subsection 7.1.1), and they can be attributed to the differ-
ent E%iss distributions (see Figure 7.4). The shape from the embedded sample is therefore

preferred, estimating Efrniss from a data-driven method.

8.2.2. Uncertainties of the Multi-Jet Estimation

The estimation of the multi-jet background has been introduced in Subsection 7.1.2. It uses
control regions of different lepton isolation and lepton charge criteria to predict the event
yield and shape of the mMMC distributions in the signal region. The other backgrounds are
subtracted in the control regions to obtain the multi-jet contribution, taking the associated
uncertainties into account. Either anti-isolated regions Cr, Dgr or half-isolated regions Fg,
Fg can then be used in conjunction with the isolated region with same-sign requirement (Bg)

to obtain a prediction:

N Ng’lulti-jet N
Nzlultl—Jet _ R, Nglultl—Jet (74)
R Nmultl—Jet R
Dpg

or

multi-jet
erqnulti-jet _ Er . Nglulti-jet‘ (75)
R Nmultl—]et R
Fr

multi-jet multi-jet

E . C
The value of W is lower than that of W

Fp DR
sample (see Table 7.1) because of correlations between the isolation criteria and the lepton
pr spectra. To take this discrepancy into account, the full difference is taken as systematic
uncertainty of the multi-jet estimate.

by 24 % (23 %) for the b-tagged (b-vetoed)

Similarly, the shape differences between regions Cr and ER are used to estimate the shape
uncertainties of the mMMC distributions in the signal regions (see Figure 7.6).
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8.2.3. Uncertainties of the t-Quark Pair Background Prediction

As introduced in Subsection 7.1.3, the contribution of ¢t events to the signal regions is esti-
mated by extrapolation from control regions:

thR b-tag/b-veto _ kll:/[télg/b veto tCtTJR b-tag/b veto' (76)
Because the control regions have a high purity of t¢ events of 92% (96 %) in the control
regions of the b-tagged (b-vetoed) sample, the uncertainties introduced by the subtraction of
other backgrounds are negligible compared to the uncertainties of k:ﬁ/}?g/ b_veto, but taken into
account for the final results nonetheless.

One source of systematic uncertainty on ki/'[tgg/ b-veto arises from the underlying theoret-
ical uncertainty: The different kinematic cuts of the signal and control regions require
an accurate description of quantities such as the b-jet multiplicity and the jet pt spec-
tra in ¢t events. These uncertainties are taken into account by comparing the predic-
tions from MCQ@NLO [151], which uses HERWIG [154] for the parton shower (PS), and

POWHEG+Jimmy [167,168]. The values of kﬁ/_[tgg/ bveto are determined for both genera-
tors, and the weighted mean is taken as central value because both generators lead to similar
values. As mentioned in Subsection 7.1.3, half the difference of the predicted values is cited
as theoretical uncertainty (see Table 7.4). The uncertainty on the event yields is 0.9 % for
the b-tagged sample and 17 %* for the b-vetoed sample.

The uncertainties of the simulated detector response also contribute to the k:i/'[tcag/ b-veto
uncertainty. The variations cited in Subsection 8.1.3 are therefore evaluated for MC@QNLO
in the signal and control regions. Because cuts on the b-jet multiplicity and on jet energies
are applied, uncertainties on flavor tagging efficiency and the jet energy scale dominate the
overall uncertainty on the ¢ contribution to the b-tagged and b-vetoed samples (see Tables 8.7
and 8.8).

As shown in Figure 7.9, the mMMC shapes that the two generators predict agree in the
signal regions. In the control regions, there is also good agreement with the shape obtained
from data, and the ABC D method shown in Appendix A demonstrates the agreement with a
data-driven shape estimate in the signal region of the b-tagged sample. MCQNLO is therefore
used to predict the mMMC shapes in the signal regions in order to reduce the statistical
uncertainties of the shape prediction. The shape uncertainties associated to the prediction
of the event kinematics are negligible, and shape uncertainties from the description of the
detector performance (see Subsection 8.1.3) dominate.

Compared to a purely simulation-based tt estimation, the cross-section and preselection
acceptance uncertainties are avoided. The lepton reconstruction, identification, and isolation
efficiency uncertainties cancel, and the impact of the uncertainties of the jet energy scale
and resolution as well as the flavor tagging efficiency uncertainty are more pronounced be-
cause they oppositely impact the event yields in the signal and control regions: The signal
regions have upper cuts on the number of tagged b-jets and, in the b-tagged sample, on Hr,
while the control regions require at least two tagged b-jets and impose no Ht requirement.
In the b-tagged sample, to which the tf background contributes about 28 % of the total
background, the total relative uncertainty is reduced from *1f % to *17 % by the use of the
data-driven background estimation technique. In the b-vetoed sample, the total uncertainty
of the data-driven method (T35 %) is larger than that of a simulation-based ¢f estimation
(£23%). Because of the much smaller relative contribution of ¢¢ production to the b-vetoed

4The uncertainty is expected to be larger because there is a larger difference in the b-jet requirements of the
control region (at least two tagged b-jets) and the b-vetoed sample (no tagged b-jets) than for the b-tagged
sample (exactly one tagged b-jet).



8.3 SUMMARY OF THE SYSTEMATIC UNCERTAINTIES 153

sample (about 1.2 %), the larger uncertainty has a negligible impact on the sensitivity of the
search.

8.3. Summary of the Systematic Uncertainties

The detector-related normalization uncertainties and the normalization uncertainties intro-
duced by the embedding technique are summarized in Tables 8.7 and 8.8 for three Higgs
boson mass hypotheses, the dominant backgrounds, and the cumulated other electroweak
backgrounds for the b-tagged and b-vetoed samples, respectively. Furthermore, the horizon-
tal lines group uncertainties which have been assumed to be fully correlated in the limit
derivation in Ref. [10].

In the b-tagged sample, jet-related uncertainties dominate the overall normalization uncer-
tainties for most background processes. Consequently, the use of the embedding technique
for the Z/* — 77 estimation reduces the detector-related normalization uncertainty from
ﬂggg; to fg:?gg despite the uncertainties introduced by the selection and subtraction of the
original muons in the embedded sample.

Due to the low jet multiplicity in the b-vetoed sample, the impact of jet-related uncertainties
is much smaller. An exception is the flavor tagging efficiency of the t¢ background because
the event yields in the signal and control regions have a stronger anti-correlation than in the
b-tagged sample. As mentioned before, the uncertainty of the ¢¢ estimation from a control
region with at least two b-jets is larger than that of an estimation that relies purely on
simulation in the b-vetoed sample. However, because tt contributes only about 1.2 % of the
total background in the b-vetoed sample, the impact on the overall sensitivity is negligible,
so the same technique as in the b-tagged sample can be employed. In the b-tagged sample,
the total relative uncertainty can be reduced from ﬂg % to ﬂg %, and the normalization is
corrected by a factor consistent with the findings of Ref. [215] (see Subsection 7.1.3).

Apart from detector-related uncertainties, the uncertainties of the integrated luminosity,
the cross-section, and the acceptance are considered for the appropriate processes. The re-
sulting overall uncertainties are shown in Figures 8.7 through 8.10 and Table 8.9. Figures 8.7
and 8.9 show a bin-by-bin assessment of the uncertainties of the background contributions,
which—in contrast to the previous Figures—are evaluated separately for each process and
also take shape uncertainties into account. In order to simplify the background model, the
subdominant backgrounds have been merged, and the binning has been adjusted to limit
statistical uncertainties. Figures 8.8 and 8.10 show the same for the signal processes of the
myg™ scenario with m 4o = 150 GeV, tan 8 = 20. Only the shape uncertainties with a signifi-
cant impact on the mMMC distributions are taken into account in Figures 8.7 through 8.10.
The impact of the jet energy scale and resolution as well as the contributions from pileup
and calorimeter clusters dominate. In the embedded Z/v* — 77 sample, these uncertain-
ties are eliminated by taking the respective quantities from data. Instead, the uncertainties
from the subtraction of energy deposits from calorimeter cells and the shape uncertainty
stemming from the trigger emulation are taken into account as most important shape uncer-
tainties. The mMMC shapes of Z/y* — 77 events taken from simulation on one hand and
from the embedded sample on the other hand differ beyond their respective evaluated shape
uncertainties. The difference is attributed to differences in the missing transverse energy dis-
tributions, which is estimated from data in the embedded sample, justifying the preference
of the embedded sample over simulation also for the estimation of the mMMC shape.

Figures 8.7 through 8.10 represent the input from the signal regions that is used for the
statistical assessment of the results in Chapter 9.
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Figure 8.7.: mMTMC distribution in the b-tagged sample. The background prediction shown

uses the techniques detailed in Chapter 7 to predict the background composition
in each bin and the respective uncertainties. The variations described in this
Chapter have been used to assess the systematic uncertainties. The statistical
uncertainties as well as the systematic normalization uncertainties (including the
uncertainty on the integrated luminosity) and the shape uncertainties have been
added in quadrature to estimate the total background uncertainty.
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Figure 8.8.: Expected m%MC distribution of the signal processes in the b-tagged sample. The

variations described in this Chapter have been used to assess the systematic un-
certainties. The statistical uncertainties as well as the systematic normalization
uncertainties (including the uncertainty on the integrated luminosity) and the
shape uncertainties have been added in quadrature to estimate the total back-
ground uncertainty.



156 8 SYSTEMATIC UNCERTAINTIES

III|IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII—l—

TT,, D-vetoed sample

%2200
G2000
o
gy 1800
£21600
c

Data 2011
mA=150 GeV, tanf=20

R

Z->11

/////A Other electroweak

\

)
>1400 | «
L 3 g
1 200 :i Multi-jet
32020, — .
:?g%: § Bkg. syst. normalization uncertainty

1000
800
600
400
200

&\\\\\\\\\\\\ Bkg. shape uncertainty

Bkg. total uncertainty

SR
LS

SEEE
LR
KL

NN

0

% R
CRIKKKIKRRRLRRRRRS

ls=7TeV. |Ldt=47"

XX

KN
il prriiviiae, 8

III|III|III|III|III|III|III|III|III|III|III+

NP ’0
\“v’o

Illll‘lllll

0 100 200 300 400 500
mVMC [GeV]

Figure 8.9.: mMTMC distribution in the b-vetoed sample. The background prediction shown

uses the techniques detailed in Chapter 7 to predict the background composition
in each bin and the respective uncertainties. The variations described in this
Chapter have been used to assess the systematic uncertainties. The statistical
uncertainties as well as the systematic normalization uncertainties (including the
uncertainty on the integrated luminosity) and the shape uncertainties have been
added in quadrature to estimate the total background uncertainty.
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Expected mE/ITMC distribution of the signal processes in the b-vetoed sample. The

variations described in this Chapter have been used to assess the systematic un-
certainties. The statistical uncertainties as well as the systematic normalization
uncertainties (including the uncertainty on the integrated luminosity) and the
shape uncertainties have been added in quadrature to estimate the total back-
ground uncertainty.



8 SYSTEMATIC UNCERTAINTIES
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Table 8.7.: Relative uncertainties in percent from the modeling of the simulated detector response for the b-tagged sample.

lines group variations that have been merged in the statistical combination with the other channels.

The horizontal

Signal Process Background Process
bbp, my = 99 — ¢, Mg = tt Z/yv* =TT Other
90GeV | 150GeV [ 200GeV | 90GeV [ 150GeV | 200GeV | from CR | simulation | embedded | Alpgen | ew.
elID 1 1.6 1.3 1.3 1.6 14 1.3 < 0.1 1.2 1.7 1.6 1.3
elD | —1.6 -1.3 -1.3 —-1.6 —14 —-1.3 < 0.1 —-1.2 —-1.7 —-1.6 -1.3
e recon./track qual. eff. T 0.9 0.9 0.8 0.7 0.8 0.8 < 0.1 0.2 0.8 0.8 0.9
e recon./track qual. eff. | —-0.9 -0.9 -0.8 -0.7 -0.8 -0.8 <0.1 -0.9 —-0.8 -0.8 -0.9
e iso. SF 1 2.5 2.2 2.2 2.5 2.3 2.1 <0.1 2.1 2.5 2.4 2.3
e iso. SF | —2.5 —2.2 —2.2 —-2.5 —2.3 —2.1 < 0.1 -2.1 —2.5 —2.4 —2.3
u recon./ID eff. 1 0.2 0.2 0.2 0.2 0.2 0.2 <0.1 0.2 0.2 0.2 0.2
w recon./ID eff. | —-0.2 —0.2 -0.2 -0.2 —-0.2 —0.2 <0.1 —-0.2 —-0.2 -0.2 -0.2
w iso. SF 1 2.4 1.9 1.8 1.6 1.8 2.2 —0.1 1.6 2.4 2.6 1.6
wiso. SF | —2.4 -1.9 —-1.8 —-1.6 —-1.8 —2.2 0.1 —-1.6 —2.4 —2.6 —-1.6
e energy scale 1 3.3 3.2 3.0 2.4 2.4 2.0 —4.0 1.3 0.4 2.0 3.8
e energy scale | —0.2 < 0.1 0.2 < 0.1 —24 < 0.1 —0.2 0.1 —0.4 —-0.7 0.6
e energy res. T —0.3 0.3 —0.1 <0.1 3.2 <0.1 —0.1 —0.1 —0.7 0.3 0.8
e energy res. | —0.3 0.8 0.7 < 0.1 < 0.1 1.7 0.2 0.2 —0.2 —0.2 —-0.3
w 1D track pp 1 <0.1 <0.1 0.2 < 0.1 < 0.1 < 0.1 <0.1 <0.1 —0.2 <0.1 < 0.1
w ID track pr | < 0.1 <0.1 -0.1 <0.1 < 0.1 < 0.1 <0.1 -0.1 < 0.1 <0.1 < 0.1
u MS track pr 1 0.3 —0.7 —-0.7 <0.1 < 0.1 < 0.1 -1.8 —4.4 —-0.5 -0.1 -0.8
© MS track pr | < 0.1 < 0.1 0.2 < 0.1 < 0.1 < 0.1 -0.4 -0.3 < 0.1 <0.1 < 0.1
Jet energy scale 1 —0.1 —-2.9 —4.7 1.1 < 0.1 —-9.6 —6.1 —11.6 —2.7 —6.8
Jet energy scale | —4.9 —5.7 —2.3 —11.9 —-0.9 —4.0 11.9 10.1 -7.3 3.1
Jet energy resolution 1 1.4 —-1.4 —4.3 23.6 —-8.0 —2.5 2.6 —-0.1 —2.6 —10.3
Pileup 1 < 0.1 —-0.5 —2.4 < 0.1 <0.1 —-3.3 0.2 —0.7 —-1.4 —2.7
Pileup | —0.6 1.7 1.0 <0.1 4.2 —4.2 0.8 0.9 0.2 -0.6
Calo. clusters 1 0.2 —1.8 —-3.0 < 0.1 —3.6 —4.8 —0.2 —2.1 —-1.6 1.7
Calo. clusters | —1.9 1.9 1.0 <0.1 5.6 —4.2 1.1 1.5 0.1 —0.3
Mistag light 1 1.2 0.9 1.1 11.3 11.3 104 —-0.4 <0.1 11.8 3.2
Mistag light | —-1.2 -0.9 -1.1 —11.3 —11.4 —10.4 0.4 < 0.1 —-11.9 —-3.2
ep T 4.7 4.6 4.7 0.8 1.0 0.9 —-9.7 1.8 0.5 3.6
ey 4 —4.7 —4.7 —4.7 —0.8 —1.0 —-0.9 11.3 —2.0 —-0.5 —-3.7
ec T 0.1 0.4 0.1 5.9 3.0 4.0 -0.1 <0.1 4.8 0.6
ec 4 —-0.1 —-0.4 -0.1 -5.9 -3.0 —-4.0 0.1 < 0.1 —4.8 —-0.6
Subtracted p calo. deposits T —1.0
Subtracted p calo. deposits | —-3.9
No isolation 5.7
Tighter isolation —2.4
Total up 7.2 7.1 6.7 27.1 14.6 11.9 16.7 14.8 6.9 13.5 7.6
Total down —8.2 —-8.5 —-9.5 —17.8 —15.4 —16.6 —12.3 —16.9 —6.1 —15.6 —14.1
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Table 8.9.: Relative systematic uncertainties in percent in the b-tagged and b-vetoed samples. Three Higgs boson mass hypotheses are shown.
For the ¢t and Z/v* — 77 backgrounds, both the data-driven estimation methods (along with the uncertainties introduced by the
method) and an estimation from simulation are shown. For ¢, the cross-section uncertainty pertains to the MC@QNLO prediction.
The uncertainties of the other electroweak backgrounds and the multi-jet background are also given.

Signal Process Background Process
bbo, my = gg — ¢, my = tt Z/y* =TT Other | Multi-
90 GeV 4 150 GeV 4 200 GeV | 90 GeV 4 150 GeV 4 200 GeV | from CR 4 simulation | embedded 4 Alpgen ew. jet bg.
b-TAGGED SAMPLE
Det. response up 7.2 7.2 6.7 27.1 13.5 11.9 16.7 10.9 4.0 13.5 7.6
Det. response down —8.2 —8.2 -9.5 —17.8 —15.6 —16.6 —-12.3 —13.1 —4.1 —15.6 | —14.1
Luminosity 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9
Prod. cross-section 5 5
Acceptance up 20 20 21 20 20 20 13 5 5 13
Acceptance down —21 20 18 20 20 20 -5 -5
Method uncert. up 0.9 5.7 24
Method uncert. down —-0.9 —4.6 —24
Total up 22 22 22 34 24 24 17 17 11 16 16 24
Total down —23 —22 —21 —27 —26 —26 —12 —-19 —10 —18 —20 —24
7 b-VETOED SAMPLE

Det. response up 4.1 4.1 3.4 4.1 4 3.4 33.9 18.3 4.0 4 3.1
Det. response down —-4.1 —-4.1 -3.5 —4.1 —4 —-3.8 —28.2 —18.6 —-4.0 -4 -3.6
Luminosity 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9
Prod. cross-section 5 5
Acceptance up 5 5.5 6.2 5.1 5.1 5.1 13 5 5 7
Acceptance down -5.5 —4.5 —-3.2 0 0 0 -5 -5
Method uncert. up 17 0.1 23
Method uncert. down —17 -0.5 -23
Total up 7.6 7.9 8.1 7.6 7.6 7.3 38 23 9.0 9.0 8.6 23
Total down -7.9 —-7.2 —6.1 —5.7 —5.6 —5.4 —-33 —-23 -9.0 -9.0 —8.8 —-23




0 Statistical Assessment of Results

The mMMC distributions in the b-tagged and b-vetoed samples are used to quantitatively
evaluate the signal-plus—background and background—only hypotheses.

In absence of a clear signal, exclusion limits are derived, using the C'Ls method [88]. The
procedure, summarized in Section 9.1, uses the profile likelihood as a test statistic [229]
to assess the compatibility of binned distributions under the two hypotheses. Section 9.2
describes the signal and background model used to construct the likelihood functions that
enter the calculation of the test statistic.

The individual and combined results from the b-tagged and b-vetoed samples are shown in
Section 9.3. The combination with the other decay channels is discussed in Section 9.4.

9.1. The Profile Likelihood and the C L, Method

In the most basic terms, the evaluation of an upper limit on the cross-section of a signal
process is performed by considering a test statistic derived from the expected mMMC dis-
tributions under the assumption of the background—only and the signal-plus—background
hypotheses and evaluating it for the measured mMMC distributions. The profile likelihood
ratio (PLR) is selected as test statistic [229], and the limit is calculated using the modified
frequentist method [88], called C'Ls method in the following.

The expected event yield in bin i of the mMMC histogram from region R is given by
the sum of the expected signal event yield (Sﬁz) and the expected background event yield
(B%). A signal strength parameter (u) is defined to scale the signal event yield, leading to
an expected event yield of ,quq + Bﬁg in the signal-plus-background hypothesis. The signal
strength is defined as parameter of interest of the test, with a value of zero pertaining to the
background—only hypothesis and a value of one to the signal-plus—background hypothesis.

Taking into account the expected contributions from signal and background events, a single-
bin likelihood function for the signal strength is given for N}é events in this bin by a Poisson

distribution with expectation value <Nf%) = NS}'% + B}'%;
[’312(“) = fPoisson(N;2|MS§z + BZR) (91)

The overall likelihood value is obtained by multiplying all single-bin likelihood functions:

ﬁstah(:u) = Hﬁﬁ(ﬂ) (92)
R,i

The signal and background models are parametrized in such a way that they can accom-
modate systematic uncertainties. The additional parameters are called nuisance parameters
(NPs) of the model (5 ). Using the systematic normalization and shape variations pertaining
to the +10/—10 variations' of the model, the NPs are inserted into the model in such a way

that a value of @« = +1 (o« = —1) in the model then leads to the normalization or shape of

Lwhich are obtained from auxiliary measurements

161
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Figure 9.1.: Illustration of the distributions of the test statistic for the signal-plus—
background and background-only hypotheses. The p-values pp and p, for an
observed value ¢, of the test statistic are also shown.

the +10 (—10) variation of the associated source of systematic uncertainty. Assuming each
NP follows a normal distribution, the likelihood function becomes:

ﬁ(:“/a 0 stat H fnormal (9-3)

ach

The test statistic is derived from the overall likelihood:

o Ll g i <0,

~ L(0, ff’)

U = —21n£(“7’9;’f) for0<pg<p (9-4)
L(f1,0)
0 for i > p.

The first and last cases limit the model to non-negative signal strength values and enforce

the requirement that a one-sided limit is to be obtained, respectively. The hat symbol (/, 5)
refers to the corresponding maximum-likelihood estimators (MLEs) from a global fit to data.

5# and 6 refer to MLEs from a fit to data which constrains x to the given value (called
profiling). The test statistic is therefore called PLR, and the MLEs of the NPs are functions
of the parameter of interest (y). This enables the straight-forward evaluation of a confidence
interval for pu.

Figure 9.1 illustrates the probability distributions of the test statistic for the signal-plus—
background and background—only cases. The distribution of the signal-plus—background
case is shifted to the left with respect to the background—only case because the numerator in
Eq. (9.4) is larger in the former case.

The probability density functions for the signal-plus-background (f(q,|u, gu)) and back-

ground-only (f(q,l0, 50)) hypotheses can be obtained by performing a large number of
pseudo-experiments. The median of g, along with the surrounding ranges that contain 68 or
95 % of the results of the pseudo-experiments from background-only pseudo-experiments can
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be used to obtain an expected limit with error bands corresponding to one or two standard
deviations.

It has been verified by comparison to pseudo-experiments in the context of Ref. [10] that
the median values and the associated error bands of the test statistic under the background—
only and signal-plus—background hypotheses can be obtained by the so-called asymptotic
approzimation: As shown in Ref. [229] by use of Wilks’ theorem [230] and the Wald approx-
imation [231], an Asimov dataset can be used to estimate the median and error bands of the
test statistic in under the background—only hypothesis.

The separation of the probability density functions for the signal-plus—background

(f(qulps 5;0) and background-only (f(gy.|0, 6o)) hypotheses is a measure for the sensi-
tivity of the measurement. It can be calculated from the p-values of the two hypotheses for
an observed value (g,,) of the test statistic: pg is the probability to observe a more signal-like
outcome of the experiment (compared to the actual outcome) under the background-only
hypothesis. It constitutes the probability to reject the background—only hypothesis based
on the experiment if the background-only hypothesis is true. p, is the probability to ob-
serve a more background-like outcome of the experiment (compared to the actual outcome)
under the signal-plus—background hypothesis. It constitutes the probability to reject the
signal—-plus—background hypothesis based on the experiment if the signal-plus—background
hypothesis is true:

dn

po = / da 1(4,10, ) (9.5)
Py = / da f(qulis, B,). (9.6)
dn

The two p-values can be used to define [88]:

CLy(p) = 72 (9.7)

An upper limit on the signal strength at a confidence level (CL) of 95% = 1 — « can
be computed by setting & = CLs(n) = 5%. Eq. (9.6) is tested for different values of p to
iteratively find the smallest value of u with C'Ls(u) < 5%. Larger signal strengths are thus
excluded at the 95% CL.

An important advantage of the CLs; method lies in the behavior for very similar dis-
tributions of the test statistic in the signal-plus—background and background—only cases,
i.e., the case of vanishing sensitivity to the signal: In this case, an exclusion based solely
on the requirement p, < « occurs with approximately the same probability whether the
background-only or the signal-plus—background hypothesis is true. With the C'L; method,
the signal-plus—background hypothesis is not excluded in the case of a downward fluctua-
tion of the background because the numerator and the denominator of Eq. (9.7) have almost
identical values.



164 9 STATISTICAL ASSESSMENT OF RESULTS

9.2. Summary of the Full Signal and Background Models

MMC

~+ % value in his-

Events passing the kinematic cuts are collected with respect to their m
tograms with these bin borders:

b-tagged sample: [0, 50,80, 100, 120, 140, 160, 180, 220, 280, 500] GeV
b-vetoed sample: [0, 50,60, 70, 80, 90, 100, 110, 120, 130, 140, 150,
160, 170, 180, 190, 200, 210, 220, 240, 260, 280, 330, 380, 500] GeV.

This binning enables the distinction between various Higgs boson mass hypotheses, while
avoiding large statistical uncertainties in the individual bins.

For the production of neutral Higgs bosons in association with b-quarks or from gluon
fusion, simulated signal events are available for the mass hypotheses my = 90, 100, 110, 120,
130, 140, 150, 170, 200, 250, and 300 GeV.

Out of these templates, two types of signal models are formed:

e For upper limits on cross-sections of neutral Higgs boson production in association with
b-quarks or in gluon fusion, a single signal template (containing only ¢ — 77 — €0+ 4v
decays) is normalized corresponding to an arbitrary cross-section. The product of this
cross-section value, the branching fraction for di-leptonic 77 decays, and the resulting
upper limit on the signal strength is given as upper limit on the product of production
cross-section and decay branching fraction into 7 leptons.? Given the low sensitivity to
the width of the decaying bosons (because of the low m,, resolution, see Section 5.3),
this signal model can be used to obtain model-independent limits on the production of
generic Higgs bosons (¢) that couple to 7 leptons.

e In order to probe the m 4o—tan 8 plane of the m ;™ scenario of the Minimal Supersym-
metric Standard Model (MSSM), the contributions of the three neutral Higgs bosons
h0, A% and HY are matched to the templates with the smallest mass differences, which
are then assigned the associated cross-section times branching ratio values. The same
signal strength (u) is used to scale the (up to six) signal templates of a given choice
of myo,tanB. A wvalue of 1 corresponds to cross-section values equal to the MSSM
prediction. The respective point in the m 40—tan 5 plane is (expected to be) excluded if
the observed (expected) upper limit on p is smaller than one3. Because the signal event
yield grows with tan 3 for a fixed value of m 40, an upper limit on the signal strength
translates to an upper limit on tan 3.

These signal models define the signal contributions uS}é for each region R and bin i. The
uncertainty introduced by the distinction of events according to the number of tagged b-jets
is taken into account as described in Subsection 8.1.2.

As mentioned in Section 9.1, the likelihood function can accommodate statistical and
systematic uncertainties, which are modeled by Poisson and Gaussian distributions. For
both the b-tagged and the b-vetoed samples, the likelihood function is the product of the
single-bin likelihood functions from one ¢t control region (CR), three multi-jet control regions

2The efficiency of the 2LepEF generator event filter (GEF) (see Table 6.5), which applies to the bb¢ samples
with 90 GeV < mg < 200 GeV, is also applied as a factor.

3The excluded contour is evaluated by linear interpolation between the points in the m 40—tan 3 plane for
which the C'L; values are explicitly calculated.
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(B-D), and all bins of the respective signal region (SR):

7 b-tag/b-veto 7 b-tag/b-veto Vit b-tag/b-veto it
0) =L, o B) - £, §) - L, B):

[T cos™ " u, 6). (9.8)

mr- bin 7

it b-tag/b-veto
Ly. tag/b- veto(u’ 0) ’ ‘CBt /et (

The impact of shape uncertainties of other backgrounds, which are subtracted in control
regions Cr and Egr, on the shape of the mMM€ distributions of multi-jet events is neglected.
This simplification is justified by the high purity of multi-jet events (particularly) in regions
CR, which leads to very small correlations between the shapes of the mMMC distributions of
multi-jet events observed in the control regions and variations of the other backgrounds.

As explained in Subsection 7.1.3, only the event yield is taken from data for ¢t events, while

the shape of the mMMC distributions in the signal regions is taken from simulation. The tf

b-tag/b-veto , 7; . . .
contribution to bin ¢ in the signal regions (kMgg/ YUt ) carries a common normalization

factor for the b-tagged (b-vetoed) sample (kb tag/b- V%) " which is constrained in the fit pre-

dominantly from the ¢t control region due to its high purity. The MC@NLO prediction for

tfi is used in the signal and control regions, so this definition of kﬁ;[tcag/ bveto qoes not take

the (small) difference of the MC@QNLO prediction of k:b tag/ brveto (ki&?%ﬁivgm in Table 7.3)
and the weighted mean of the two generators (see Table 7.4) into account. The contribution
is therefore corrected by a factor ki’;tr?g/ b'veto, which is equal to one in the tt control regions
and equal to the ratio of the combined value and the MC@QNLO prediction in the signal and
multi-jet control regions. Because the statistical uncertainty in the ¢ control regions is much
smaller than the systematic uncertainties, the impact of the overlap between the ¢t control
regions on the statistical uncertainties of the t¢ estimation is neglected in the background
model. As mentioned in Subsection 7.1.3, half the difference of the extrapolation factors
obtained from MC@QNLO and POWHEG+Jimmy and the statistical error of their weighted
mean are assigned as normalization uncertainties (with NPs @ following normal distributions)
in the signal regions.

In the multi-jet estimate with the ABC'D method (see Subsection 7.1.2), the normalization

multi-jet
N =)

in the signal regions ( ) is constrained from the event yields in the control regions

Bpg through Dpg. They are 1mplemented as:

multi-jet .
NA : Rsame charge/opposite charge for region BR

R
Nmultl—Jet

i _ .
Nmulti-jeLR - Ap : Ranti—isol./isol. for region Cr (99)

multi-jet .

NAR ' Rsame charge/opposite charge Ranti-isol./isol. for region DRv
with

Ngl;lti-jet Nm;lti-jet

Rsame charge/opposite charge — Nmultl jet Ranti-isol./isol. = Nmulti—jet : (910)
Br
multl -jet multl jet
The uncertainty on Rt isol./isol., Which is determined by comparing W and W’
Dp F

is taken into account as an explicit normalization uncertainty; the corresponding shape dif-
ference, as an independent shape uncertainty.

All other background contributions are merged into a category “other electroweak”, which
is dominated by single t-quark production in the b-tagged sample and by di-boson produc-
tion in the b-vetoed sample and assigned the corresponding cross-section and acceptance
uncertainties.
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The bin-wise expectation value of Eq. (9.1) is thus extended to:
<N1%2> :uSR + kb tag/b Vetokb gag/b Vetottz + N others,R + Nl?nulti—jet,R' (911)

Contributions which are normalized from simulation additionally carry cross-section?, ac-
ceptance, and luminosity uncertainties, which are modeled by NPs (&) with underlying nor-
mal distributions as described above. The shape uncertainties mentioned in Subsection 8.1.3
and Section 8.2 are taken into account. They are treated as fully correlated to the respective
normalization uncertainties. N

The parameters kb tag/b VetO’ le:ltlﬂetv Rsame charge/opposite charge» and Ranti—isol./isol. are mod-
eled as NPs with underlying flat probability density distributions (7°), so the likelihood func-
tion only depends on them implicitly (due to their correlations with the other NPs and Bi).

U;ta_t,R
Bk
5% and thus becomes relevant for a bin i, it is taken into account by an additional NP (%)
with an underlying Gamma distribution. The Gamma distribution of a variable () depends
on three parameters: the shape parameter (@), the location parameter (@), and the scale

parameter (3):

If the relative statistical uncertainty of the total background estimation ( ) exceeds

_\%1 o
Foummalzl6. x. ) = (7) _er(=7) (9.12)

I'(6) = [y dtt*Lexp(—t) is the Gamma function. For each bin in each region with a
relative statistical uncertainty larger than 5 % of the background expectation (B}'DL), the shape

parameter is set to § = (Ugtat R> + 1, the location parameter to y = 0, and the scale
, 2
parameter to § = (Jgtam R)

The full likelihood function is therefore given by:

‘C(:U’v 5) = H FPoisson (NR‘,USR( ) + BR(é)) : (913)

ReEregions
i€bins

H Fnormal(aj)'

j€Esyst. uncert.

k k B 2
H FGamma ’YR‘ (Gstat,R) + 1,0, ( Ostat R) :

REregions
bins with large

kerelA stat. uncert.

The expected signal (uS%) and background (B%) event yields depend on different subsets of
the NPs: The signal event yields depend on the signal strength (u) as parameter of interest
and on the values of the NPs pertaining to simulated events (&, with underlying normal
distributions). The background event yields depend on @ and also on the NP pertaining to
the statistical uncertainty (7) and the free parameters (7):

Si(6)
Bjp(6) =

The likelihood functions for the b-tagged and the b-vetoed samples each contain twelve NPs
pertaining to statistical uncertainties (7) and four free parameters (7). Fifteen NPs with

Il
O).
@

(9.14)
‘ (*ﬁ, 7). (9.15)

“except for signal processes in the determination of limits on cross-section times branching ratio ¢ — 77
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underlying normal distributions (@) appear in both samples, which have four (five®) unique
NPs to accommodate the uncertainties of the data-driven background estimation methods.

For the published results, the signal and background models have been simplified as de-
scribed in Appendix C to improve the numerical stability of the combination with the other
channels.

9.3. Results from the b-Tagged and b-Vetoed Samples

Using the C'Lg method, limits at the 95 % CL have been derived for three different scenarios.

9.3.1. Model-Independent Limit

As discussed in Section 9.2, the presence of the individual signal processes can be probed indi-
vidually by computing a cross-section limit for each individual signal template. The excluded
signal strength represents the product of the production cross-section and the branching ra-
tio. By probing both processes across the mass range, a model-independent limit can be
set. A wide range of models can be probed, including the parameter sets of the pMSSM-7
(see Subsubsection 2.3.2.3) that agree best with the observation of a Higgs boson at about
126 GeV, as discussed in Subsection 9.3.3.

The model-independent limits are shown in Figure 9.2 for the b-tagged and b-vetoed sam-
ples and their statistical combination. Because of the low signal acceptance of the gluon
fusion process in the b-tagged sample, no limit is given for this case. For both production
modes, lower values of the product of production cross-section and branching fraction to 7
lepton pairs can be excluded with increasing Higgs boson mass. This is connected to the simi-
larity of the mMMC shapes of the signal and Z/v* — 77 background: In the case of coinciding
Higgs boson and Z boson masses, the signal is concentrated in mMMC bins which also contain
a large portion of the background, while the estimated background event yield is generally
smaller for the high-mass region. Because Z/v* — 77 events account for a smaller fraction of
the total background in the b-tagged sample than in the b-vetoed sample, this effect is much
less pronounced in the b-tagged sample. The combined cross-section limit is driven mainly by
the b-vetoed sample—with the exception of the limit on b-associated Higgs boson production
with mg values below approximately 150 GeV, where the reduced Z/y* — 77 background
yield in the b-tagged sample most benefits the sensitivity.

The inclusion of the b-tagged sample also leads to an improvement of the combined gluon
fusion limit with respect to considering only the b-vetoed sample because it provides addi-
tional constraints to common NPs. Figure 9.3 shows a comparison for both signal processes
between the expected and observed limits, using both samples in the limit calculation, with
respect to the limits derived by considering only the b-vetoed sample. The expected limit
shows the largest improvement for Higgs boson mass values close to the Z boson mass: about
8 % for gluon fusion and 55 % for b-associated Higgs boson production.

Another noteworthy feature of the limits on the product of production cross-section and
branching fraction to 7 lepton pairs is the similarity of the expected limits in the b-vetoed
sample for both production modes. This is the consequence of two opposing effects, which
almost cancel: On one hand, the multiplicity of tagged b-jets in b-associated Higgs boson
production is larger than in gluon fusion (see Table 6.5), leading to a lower fraction of events
entering of the b-vetoed sample. On the other hand, the efficiencies of the kinematic cuts

5As mentioned in Subsection 7.1.1, the shape uncertainty associated with the trigger emulation is only
considered in the b-vetoed sample.
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Figure 9.2.: Upper limits at 95 % CL on the product of production cross-section and branch-
ing fraction to 7 lepton pairs for the signal processes. The results for Higgs boson
production in association with b-quarks (black) are given for the b-tagged sample
(top), the b-vetoed sample (bottom left), and their statistical combination (bot-
tom right), while a limit on Higgs boson production in gluon fusion events (red)
has been evaluated only for the b-vetoed sample and the statistical combination
of both samples.
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Figure 9.3.: Absolute (left) and relative (right) impact of the inclusion of the b-tagged sample
on the expected and observed 95 % CL limit on the product of production cross-
section and branching fraction to 7 lepton pairs for b-associated Higgs boson
production (top) and the gluon fusion production mode (bottom). The width
of the +10 bands of the results from only the b-vetoed sample are given for
reference.

imposed are generally larger for signal events with Higgs bosons produced in association with
b-quarks than in signal events with gluon fusion (see Table 6.9).

The shape differences between simulated and embedded Z/~* — 77 samples that were
observed for boson masses near the Z boson mass impact the observed limit in the b-vetoed
sample because they are larger than the estimated uncertainty in the individual bins. De-
spite a good agreement of the event yield predicted by the background—only hypothesis (see
Table 6.8), a small signal admixture is favored by the fit to the corresponding missing mass
calculator (MMC) mass distribution of the b-vetoed sample for mg < 110 GeV. This effect
is not observed in the combined observed limit on b-associated Higgs boson production from
the combination of the two samples. Here, the b-tagged sample constrains common NPs
(such as those connected to the electron and muon scale factors and those connected to the
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Figure 9.4.: Comparison of the upper limits on the product of the production cross-section
of neutral Higgs bosons and the branching fraction to 7 lepton pairs for gluon
fusion (solid black dots) and b-associated production (hollow blue dots). The left
Figure shows the previous ATLAS result from Ref. [13], while the right Figure
shows the results of this thesis on the same scale.

cross-section and acceptance uncertainties of the Z/v* — 77 and di-boson backgrounds) and
the signal strength, leading to a combined observed limit that is smaller than the combined
expected limitS.

In consequence, the production of neutral Higgs bosons can be excluded up to values of
3 —5pb for the product of the production cross-section and the branching fraction to 7 lepton
pairs for both production modes in the Higgs boson mass range between 170 and 300 GeV (see
Figure 9.2). The exclusion limit gradually declines to about 230 pb (32pb) at mg = 90 GeV
for gluon fusion (b-associated Higgs boson production) because of growing overlap between
the expected signal shape and that of Z/y* — 77 decays. The much weaker limit for gluon
fusion at mg = 90 GeV is a result of the very low signal acceptance of the b-tagged sample
for this process.

Figure 9.4 shows a comparison of the results of the 7.7, channel to the previous ATLAS
result of 7.7, final states [13], which does not rely on the distinction of a b-tagged and
a b-vetoed sample and uses a dataset that corresponds to 1.06fb~!. While the observed
fluctuation prevented an improvement of the observed limit for gluon fusion for mg = 90 —
100 GeV, the overall sensitivity was improved by a factor of about four.

9.3.2. Limit in the m so—tan 3 plane of the MSSM

The results are also interpreted in the mjg™ scenario of the MSSM (see Figure 9.5). The
m o0 dependence of the expected sensitivity is a convolution of the expected limit on the
product of production cross-section and branching fraction to 7 lepton pairs and the decline
of the production cross-section with growing values of m 4o (see Figures 2.7 through 2.9).
Furthermore, in the intense coupling region (m 40 ~ 130 GeV, tan 8 > 1), the mass differences

5The event yield for gluon fusion in the b-tagged sample is too small to impose a strong constraint on the
signal strength.
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MMC

' resolution, resulting in a

between all neutral Higgs bosons are small compared to the m
single, narrow signal peak.

As in the model-independent limit, the fit to the b-vetoed sample favors a small—but non-
zero—signal strength value at my = 90 — 100 GeV. As shown in the my§™ interpretation, the
observed limit of the statistical combination of both processes does not exceed the 20 band
in the b-vetoed sample. Furthermore, the combined limit from the 7.7, channel stays within
one standard deviation of the expected exclusion for m 40 = 90 GeV because p = 0 is favored

by the data from the b-tagged sample.

From the 7.7, channel, an upper limit on tan 3 of about 12-14 for m 4o values between
110 and 150 GeV is derived (see Figure 9.5). For lower masses, the proximity of the Z boson
resonance deteriorates the exclusion limit to about 24 at m 0 = 90GeV. Both the cuts
against high-pt objects and the declining production cross-section values predicted by the
MSSM lead to weaker limits with growing m 40 values above m 40 = 130 GeV.
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9.3.3. Limit on pMSSM-7 Scenarios

As mentioned in Subsubsection 2.3.2.3, Ref. [118] demonstrates the compatibility of the
MSSM with various Standard Model (SM) precision measurements and an interpretation
of the observed Higgs boson as either the lightest Higgs boson (hY interpretation) or as
the heavier C'P-even Higgs boson (H interpretation). FEYNHIGGS 2.9.4 has been used for
obtaining the corresponding values for the production cross-section, branching fraction to 7
lepton pairs, and Higgs boson mass for each of the Higgs bosons h?, H? and A°. Their
decay widths are below 5 GeV whenever a mass below 300 GeV is predicted—and each of the
best-fitting pMSSM-7 points predicts at least one Higgs boson in the mass range probed.
Consequently, the model-independent limits of Subsection 9.3.1 can be used to evaluate the
compatibility of a given pMSSM-7 point with the results from the 7.7, channel.

The limit calculation for the combined signal contributions from gluon fusion and b-
associated production for each parameter set requires considerable computational effort.
Therefore, the contributions (o4 x BR(¢ — 77)) of the three neutral Higgs bosons of the
pMSSM-7 are computed for the pMSSM-7 points with a low x? value of the fit to data (see
Subsubsection 2.3.2.3). The contributions are then compared to the model-independent limit,
merging the signal expectation from Higgs bosons that are not individually resolved due to
the limited mMMC resolution: The contributions of Higgs bosons within 15GeV of a given
sliding mass m are added and drawn at the weighted” mean mg value, color-coded according
to the goodness of the fit from Ref. [118], in Figure 9.6. As in Subsubsection 2.3.2.3, the
color-coding refers to the difference of the x? values (Ax?) to the best-fitting parameter sets
of the two scenarios. In the Gaussian limit, the thresholds of Ay? = 2.3 and Ax? = 5.99
correspond to the 68 and 95 % CL contours for two degrees of freedom, respectively.

Depending on how many Higgs boson masses lie within the same mass windows, a given
pMSSM-7 point can thus correspond to between one and three dots in the o4 x BR(¢p — 77)-
mg plane. Only the dot with the largest value of the ratio of 3, 0y X BR(¢ — 77) to the
expected limit is drawn to provide a measure for the sensitivity to this scenario. For both
signal processes and interpretations, most parameter points feature their most prominent
signal contribution near the mass of the discovered Higgs boson. Because the sensitivity of
the search improves with growing values of m, and because the coupling of a SM-like h?
boson to b-quarks is small, a fraction of the best-fitting pMSSM-7 points exist in another
region of the m 4o-tan 8 plane: For the green dots and the red dots points at higher my
values, the sensitivity to decays of A? and H” bosons exceeds the sensitivity to the observed
Higgs boson.

The measured signal strengths in the individual SM search channels favor SM-like contri-
butions near the measured Higgs boson mass for the best-fitting pMSSM-7 point in the h®
interpretation. In comparison, the H? interpretation results in larger signal contributions
near the mass of the discovered Higgs boson. The bulk of the best-fitting points in the H°
interpretation corresponds to signal contributions below the excluded level by a factor of
three to five, while only a few of the best-fitting points in the A" interpretation are within
one to two orders of magnitude of the observed cross-section limit.

Because of smaller Yukawa couplings to down-type fermions in the SM and, as a conse-
quence, a smaller contribution of the b-quark loop, its gluon fusion prediction is out of the
reach of the presented analysis by at least one order of magnitude despite sensitivity to pre-
viously not excluded parts of the MSSM parameter space. The same holds true for the SM
prediction for Higgs boson production in association with b-quarks, which is out of reach by
four orders of magnitude.

Taccording to their o4 x BR(¢ — 77) contribution
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Figure 9.6.: Comparison of the upper limits at 95 % CL on the product of production cross-
section and branching fraction to 7 lepton pairs for the signal processes gluon
fusion (top row) and b-associated Higgs boson production (bottom row) with
the predictions of the SM [29] (only gluon fusion) and the best-fitting pMSSM-
7 parameter sets for the h" (left) and HY interpretations (right) [118]. Red
points pertain to a deviation of the goodness of the fit from the respective best-
fitting sets (Axio / o) below 2.3, while the green points pertain to values of

2.3 < AXiO/Ho < 5.99.
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0.4. Statistical Combination

In Ref. [10], the analysis of the 7.7, channel from this thesis is combined with the TiepThad,
ThadThad, and pu decay channels to maximize the sensitivity to neutral MSSM Higgs bosons.
A brief description of the corresponding analyses is given in this Section, followed by a
discussion of the results of the combined results.

The signal and background uncertainty models in the b-tagged and b-vetoed samples have
been simplified as described in Appendix C to overcome computational problems in the com-
bination with the other decay channels. It has been verified that the expected exclusion limit
is robust under these simplifications: The expected limit on the product of the production
cross-section and the branching ratio to 7 lepton pairs obtained from the simplified signal
and background models agrees with the result of the full model within 5% for the b-tagged
sample and within 15 % for the b-vetoed sample and the 7.7, combination. The widths of
the 1o bands of the expected limit, for comparison, are about J_rgg % for the b-tagged sample
and J_rgg % for the b-vetoed sample.

The pp Channel

The good momentum resolution for muon candidates and the good rejection against fake
muon signatures can be exploited for the search for Higgs boson decays to muon pairs. The
same single-muon trigger and subsequent pr cuts as in the 7.7, channel are used. The
oppositely charged muon pair with the largest transverse momenta in the event are subjected
to a cut on their invariant mass: my,, > 70GeV. Also, the absolute value of the missing
transverse energy vector is required to be smaller than 40 GeV. Depending on whether a b-
tagged jet with a transverse momentum pt > 20 GeV exists, events are collected in a b-tagged
or a b-vetoed sample [10].

The shape of the total background contribution is modeled by a rational function which
depends on the natural width of the Z boson and five other parameters, which are constrained
from sidebands in data [10].

The shape of the signal contributions is also parametrized, taking the sum of a Landau
function and the convolution of a Breit—Wigner function and a Gaussian function. The result-
ing parametrization is fitted to each available fully simulated signal sample and interpolated
to obtain templates for other signal hypotheses [10].

Because of the good mass resolution, the b-tagged and b-vetoed samples can achieve an
expected upper limit on the product of the production cross-section and the branching fraction
to muon pairs which is better than that of the di-7 channel combination by a factor of about
100 in the mass range 120 GeV < my < 300GeV [10]. In the m}§™ scenario of the MSSM,
however, the contribution to the combined sensitivity is small because of the smaller predicted
decay branching fraction to muon pairs (about 0.04 %), compared to 8 — 10 % for 7 lepton
pairs. The best expected limit (tan 8 < 20) is achieved at m 0 = 120 GeV, and it rapidly
deteriorates at larger Higgs boson masses.

The T™hadThaa Channel

The analysis of the T,,qThaa channel relies on the reconstruction and identification of 7,4
candidates. The presence of at least one 7 lepton with a transverse momentum above 29 GeV
and another 7 lepton with pt > 20 GeV is required at the trigger level. This requirement is
tightened to 45 GeV and 30 GeV, respectively, at the analysis level and opposite reconstructed
charge signs of the 7,4 candidates are required [10].
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The absolute value of the missing transverse energy vector is required to be larger than
25 GeV. Events with jets with a transverse momentum value above 50 GeV are rejected. If
the jet with the largest transverse momentum value is identified as a b-jet, the event enters
the b-tagged sample; otherwise, it is sorted into the b-vetoed sample. The cut on the 7 lepton
with the largest pt value is tightened to 60 GeV for the b-vetoed sample [10].

The electroweak backgrounds are estimated from simulation, while an ABC'D method is
used for the contribution of multi-jet backgrounds, using the 7 lepton charge product and
Thad identification criteria as discriminants [10].

Because of the tight pt cuts applied to the m,,q candidates, the sensitivity deteriorates
quickly below Higgs boson masses of 150 GeV, but a good suppression of Z boson decays and
a good sensitivity to heavy Higgs bosons are achieved [10]. For Higgs boson masses above
190 GeV, the ThaqThaq channel constitutes the second-largest contribution to the combined
sensitivity.

The TiepThaa Channel

Events containing neutral Higgs bosons that decay via the TjepThaq channel can be selected
by using the same single-lepton triggers as in the 7.7, channel. A transverse momentum cut
of 25 (20) GeV is applied to the electron (muon) in the event, the 7,,q candidates must be of
opposite charge and have a transverse momentum above 20 GeV [10].

A cut on the transverse mass (as defined in Eq. (7.1)) of the momentum vector of the light
lepton and the missing transverse energy vector (mr < 30GeV) reduces the contributions
from the W + jets and tt backgrounds. Events are sorted into a b-tagged and a b-vetoed
sample, following the same prescription as in the Th,q7haq channel. A cut on the missing
transverse energy vector (EXSS > 20 GeV) is applied to the b-vetoed sample [10].

The tt contribution is normalized from a control region with at least two b-tagged jets
and with a modified requirement for the jet with the largest transverse momentum value
(50GeV < prjet < 150GeV instead of 20 GeV < prjet < 50GeV in the signal regions).
The Z/v* — 77 background is estimated with the embedding technique. The multi-jet
background is estimated with an ABCD method, like in the other di-7 channels, using the
relative charge sign of the 7 lepton and the light lepton as well as the light lepton isolation
variables as discriminants [10].

The TiepThad channel dominates the sensitivity for Higgs boson masses above 100 GeV. This
dominance stems from the large branching fraction of TjepThaq decays, low pr thresholds, and a
good background rejection. Because the contributions from ¢-quark and di-boson decays play
a smaller role, the selection in both samples of the 7i¢pThag channel does not rely on kinematic
cuts against large momenta of Higgs boson decay products (like the cut on E%‘iss +PTe+PT
in the 7.7, channel). The TjepThad channel thus offers the best sensitivity also for large Higgs
boson masses [10].

Combined Results

Results for the products of production cross-section and branching fraction to 7 lepton pairs
and to muon pairs as well as their interpretation in the mji™* scenario of the MSSM are
published in Ref. [10] (see Figure 9.7).

As for the 7.7, channel, the combined model-independent limit is lowest for large Higgs
boson masses, where the production of neutral Higgs bosons can be excluded down to values
of about 0.27 pb for the product of the production cross-section and the branching fraction
to 7 lepton pairs for both production modes. The limit gradually declines to about 105 pb
(38 pb) at my = 90 GeV for gluon fusion (b-associated Higgs boson production). A limit on
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Figure 9.7.: Published combined upper limits on tan 3 in the mji™ scenario of the MSSM
as a function of m 4o [10] and the exclusion area from the LEP experiments [71]
(top row). The top right Figure shows the expected and observed limits from
each of the contributing channels individually and their statistical combination.
The bottom Figure shows the corresponding limits on the products of production
cross-section and branching fraction to 7 lepton pairs and to muon pairs [10].
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Figure 9.8.: Upper limits on tan  in the mpi™* scenario of the MSSM as a function of m 4.

The left Figure shows the expected and observed upper limits from the searches
by D@, using 7.3fb~! of pp collision data [110]. They are compared to the
earliest results from ATLAS [232] and CMS [233]. The sensitivity from the
Tevatron searches was already surpassed by the subsequent ATLAS searches,
which used 1.06 fb~! of pp collision data [13] (right). The exclusion area from
the LEP experiments [71] is also shown.

the product of the production cross-section and the branching fraction to muon pairs is set
at values that are about a factor of 50 lower than the respective values for 7 lepton pairs.

Even though the sensitivity in the m 4o—tan 8 plane of the MSSM by a previous ATLAS
search for the di-7 channels [13] already surpassed the reach of the latest published results
from the Tevatron and a first ATLAS search for neutral MSSM Higgs bosons (see Figure 9.8),
the new ATLAS combination presented in Ref. [10] again constitutes a significant improve-
ment of the sensitivity across the entire investigated range of Higgs boson masses (see Fig-
ure 9.9). As shown in the top right of Figure 9.7, the 7.7, channel contributes significantly
to the sensitivity in the range 90 GeV < m 40 < 170 GeV.

Figure 9.9 also shows a comparison to the results published by CMS for datasets corre-
sponding to 4.6 fb~1 at a center—of mass energy of 7 TeV [234] and 25fb~! at 7 — 8 TeV [115].
A significantly better sensitivity is claimed already with 4.6fb~!, mostly because of lower
levels of systematic uncertainties [234]. The analysis of 25 fb~! of data significantly improves
the reach again to provide the most stringent limit available for the m;§* scenario of the
MSSM [115]. Figure 9.9 illustrates that the deviation of the observed limit from the expected
limit in 25 fb~! of CMS data, which is below two standard deviations across the mass range,
is consistent with the presence of a SM-like Higgs boson at mgsm = 126 GeV.
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Figure 9.9.: Comparison of the upper limits on tan 8 in the mji** scenario of the MSSM as a
function of m 40. The results of the combination with the other decay channels
are compared to the respective results from CMS in the left Figure: The upper
limits from CMS for the same LHC run [234] are given along with the results
of the update to 25fb~! [115]. The region excluded by the LEP experiments is
also shown [71]. The right Figure shows a comparison of the observed MSSM
limit by CMS to the expected limit in the absence of Higgs bosons and under
the assumption of a single SM-like Higgs boson at mysu = 126 GeV [115].
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A search for Higgs bosons decaying to 7 lepton pairs has been performed in the 7.7, final
state, using 4.6 fb~! of ATLAS pp collision data at a center—of -mass energy of 7 TeV.

In order to exploit the signatures of b-associated Higgs boson production and of Higgs boson
production in gluon fusion events, the signal selection distinguishes events with exactly one
b-tagged jet and events without b-tagged jets. The analysis presented within this thesis was
combined with other searches for neutral Minimal Supersymmetric Standard Model (MSSM)
Higgs bosons with ATLAS and jointly published in Ref. [10].

By selecting events with exactly one electron and one muon of opposite charge with low
pr thresholds on the final-state leptons and applying a set of kinematic cuts, a good signal
acceptance is achieved for low Higgs boson mass values (close to the mass of the Z boson)
and backgrounds with different kinematic properties are strongly suppressed.

Because Z boson decays constitute an irreducible background, the detection of one or more
di-7 resonances in the vicinity of the Z boson peak is intrinsically challenging and relies on a
good reconstruction of the di-7 invariant mass (m,,). This is particularly true for the decay
channels whose final-states contain neutrinos because of their adverse impact on the mass
resolution. The use of the missing mass calculator (MMC) technique [186,187] offers the best
di-7 mass resolution of all available methods.

After the application of the kinematic selection, 181 and 12947 events have been ob-
served in the b-tagged and b-vetoed samples, respectively. This is compatible with the

background—only expectation of 201 + 12(stat.)ﬂi(syst.) events in the b-tagged sample and

12664 + 89(stat.) T 59s (syst.) events in the b-vetoed sample. The background estimation uses
data-driven techniques for the main backgrounds. The Z/v* — 77 contribution is estimated
with the embedding technique [14], and the background contribution from multi-jet events is
estimated with the ABC'D method [15]. The ¢t contribution to the background event yield
is estimated from a control region, and the MMC mass shape is taken from simulation.

Given the agreement with the background—only hypothesis, exclusion limits for two differ-
ent signal models are derived from a test statistic based on the profile likelihood of MMC
mass distributions after the kinematic selection.

The production of neutral MSSM-like Higgs bosons can be excluded up to values of 3—5pb
for the product of the production cross-section and the branching fraction to 7 lepton pairs
for both production modes in the Higgs boson mass range between 170 and 300 GeV. The
exclusion limit gradually declines to about 230 pb (32 pb) at mg = 90 GeV for gluon fusion (b-
associated Higgs boson production) because of growing overlap between the expected signal
shape and that of Z/v* — 77 decays.

When interpreted in the mj g™ scenario of the MSSM, this corresponds to an upper limit on
tan 8 of about 12 — 14 for m 40 values between 110 and 150 GeV. For lower masses, the prox-
imity of the Z boson resonance deteriorates the exclusion limit to about 24 at m 40 = 90 GeV.
Both the cuts against high-pr objects and the declining production cross-section values pre-
dicted by the MSSM lead to weaker limits with growing m 40 values above m 40 = 130 GeV.

ATLAS is currently preparing an update that exploits the dataset of 2012, corresponding
to an integrated luminosity of 20 fb~!, collected at a center—of mass energy of 8 TeV. Given
the exclusion of the lowest m 40 values that are compatible with the results from the Large
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Electron—Positron Collider (LEP) experiments by Ref. [115], the improvement of the sensi-
tivity to high Higgs boson masses (m 40 2 200 GeV) is particularly interesting. The analysis
of 7,7, final states presented within this thesis has been developed to optimally contribute
to the sensitivity to light Higgs bosons, so several aspects could be modified for a search
focusing on heavier Higgs bosons:

e The same-flavor decay modes 7.7, and 7,7, should be taken into account: Because of a
better separation between the di-lepton invariant mass distributions of Z boson decays
and decays of heavier Higgs bosons, the sensitivity of analyses of these decay modes
can be expected to gain disproportionately.

e Because the MMC mass distributions of the t¢ and di-boson backgrounds differ sig-
nificantly from those expected for the signal, it is promising to trade off background
rejection for a better signal acceptance for higher Higgs bosons mass values by loosening
kinematic cuts.

e Heavier Higgs bosons that are produced at similar momenta result in larger opening
angles between the 7 leptons. This has consequences both for the efficiency of the
kinematic cuts described within this thesis (especially the cut on Age,) and for the
performance of the di-7 mass reconstruction.

The last two points suggest that it might be beneficial to optimize a future analysis separately
for various points in the parameter space to achieve the optimal sensitivity everywhere.

Because of the expected reach to tan 3 =~ 5 for m 40 < 200 GeV of an analysis of 20 fb~*
of data taken at a center—of-mass energy of 8 TeV, squark contributions and electroweak
corrections should be taken into account in the calculation of the gluon fusion cross-section.
Furthermore, the result of Ref. [115] indicates that the sensitivity of a search with 20 fb~?
of ATLAS data to the Higgs sector of the Standard Model (SM) might also be considerable:
The background—only hypothesis would, in this case, have to be amended to include the SM
prediction, and the signal prediction taken into account by the statistical evaluation would
refer to the difference of the MSSM and SM predictions.

All in all, neither the discovery of a SM-like Higgs boson nor the results of this thesis can
falsify the existence of supersymmetry. The work presented in this thesis has contributed to
the sensitivity of the combined search [10] and thus to the exclusion of a significant portion
of the MSSM (mj™) parameter space that could not be probed before. The background
estimation methods that were developed or refined in the context of this thesis can, by and
large, be applied to upcoming Large Hadron Collider (LHC) searches at higher center—of-mass
energies and with larger datasets.
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A Alternative Estimation of the tt
Contribution in the b-Tagged Sample

Among the variables of the kinematic selection of the b-tagged sample, ER + pp o+ pr, u and
Hr are most suitable for an estimation of the ¢¢ background with the ABC D method because
they suppress the t¢ background more effectively than other processes (see Table 6.6).

An estimation method based on four regions with different cuts on Efrmss +p1,e +p1,) and
Hrt has been evaluated for the b-tagged sample:

Apr Events that satisfy the signal selection cuts E%iss +pTe+pr,u < 125GeV, Hr < 100 GeV
enter the signal region (Ap-tag)-

Bpr Events with E%liss +pre + o1, > 125GeV, Hr < 100 GeV enter region Bg.

Cr Events with E%‘iss +p1.e+p1, < 125GeV, Hr > 100 GeV enter region Cr. The veto on
additional b-jets is dropped. The shape of the mMMC distribution in the signal region
is extracted from this region.

Dpr Events with EmsS 4 pr o+ pr, > 125GeV, Hr > 100 GeV enter region Dp. The veto
on additional b-jets is dropped.

Each of those regions contains multi-jet events, which are estimated by an ABCD method
as described in Subsection 7.1.2. The signal and background contributions for regions Bb_tag
through Db_tag are summarized in Table A.1. The expected fraction of ¢t events is 93 % in
region Cp.tag, Which is comparable to the control region introduced in Subsection 7.1.3 (92 %).
In contrast, regions Bb_tag and Db_tag exhibit only purities of 75 — 78 %.

Table A.1.: Estimated contributions of non-tt backgrounds to the tf control regions (B’b_tag
through ﬁb_tag) and the signal region (Ap_tag). All cuts of the kinematic selection
have been applied, with the exception of the veto on additional b-jets in regions
éb_tag and Db_tag. The numbers of ¢ events as predicted by MCQNLO and
POWHEG+Jimmy are given along with the purity in parentheses. The expected
signal contribution for the my i scenario and m 40 = 150 GeV, tan 8 = 20 is also
shown. The given uncertainties only reflect the statistical component.

Signal Z/y =TT Single ¢ Multi-jet Others i Data
MCGNLO | POWHEG

Ap-tag | 20.7£0.7 |109 + 5 15.7+1.2 |15 +9 6.1 +1.2 44.8+1.5 4946 181

By-tag 5.0+0.4 3.7+ 1.0 43 +£2 0.3+ 2.0 4.9 +0.8 170+3 160+12 225
(77 %) (75 %)

C’b,tag 3.2+03 | 40 £ 3 6.9+£0.7 | 2.1+ 2.8 0.74+0.15 1814+3 168+12 249
(78 %) (77 %)

Db—tag 2.440.3 | 11.9+ 1.8 54 +2 3.4+ 3.1 2.4 +0.5 9657 940429 1124
(93 %) (93 %)
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Figure A.1.: Shape of the reconstructed MMC mass in the signal region of the b-tagged sample
and the associated tt control regions of the alternative estimation method after
the full selection. Other background contributions have been subtracted from
data in the control regions. The KS test results between the distributions from
the same region and between the MC@NLO predictions in the signal region and
region éb_tag are also given.
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Figure A.2.: Correlation of EXS + pp . + pr,, and Hr in the signal region of the b-tagged
sample and the associated tt control regions of the alternative estimation method
after the full selection.

By subtracting all other background contributions from the collision data in the control
regions, the mMMC shape of the tf contribution is obtained (see Figure A.1). The shape
obtained from the MC@QNLO sample matches that from POWHEG+Jimmy well in all control
regions and the signal region: Kolmogorov—Smirnov (KS) tests yield p-values of at least 70 %.
The shape obtained by MC@NLO in the signal region agrees with the MC@QNLO prediction
for region Cy. -tag, and the ratio of the predicted event yield for region Cp. -tag tO that of the
signal region is about four. Therefore, it can be used to obtain the mMMC shape of the tf
contribution in the signal region.

In order to estimate the event yield of the ¢ contribution in the signal region (Nt‘?b'tag)
correlations must be taken into account. Figure A.2 shows the correlation between
E%iss + pr.e +pr,u and Hr in the four regions (Ap-tag, Bb-tag through Db-tag)- A visible
correlation exists both in the MCQNLO dataset and in the POWHEG+Jimmy dataset,
resulting in correlation coefficients of 0.18 and 0.16, respectively.

In the absence of correlations, the event yield can be calculated from the event yields in the

9

. . Bi-ta By_ta
control regions (after subtraction of other backgrounds, denoted as N, tfb't £ through N, tfb )

as in Eq. (7.4). Otherwise, the formula can be amended by including the correlations seen in
the simulated samples:

Cb-tag ~ Ab tagNDb tag

Aprng N By.
Nt = vt ot tE (A.1)
Db—tag Bb -tag Cb tag
N; N N
tt tt
taken from data taken from simulation

The value of the first brace (33+4 events) in Eq. (A.1) is thus corrected by values of 1.41+0.06
(MC@NLO) or 1.71 £+ 0.28 (POWHEG+Jimmy).

As for the extrapolation factors in the estimation method described in Subsection 7.1.3,
the two values can be combined to a weighted mean, using half the difference of the two input
values as systematic error, resulting in a correction factor of 1.42 + 0.06(stat.) + 0.14(syst.).

The estimated event yield from tt events in the b-tagged sample is thus evaluated to be
(46 £ 5(stat.) £ 5(syst.)) events. The extrapolation method and the ABCD method agree
within the uncertainties (see Table 7.5, in both cases excluding other sources of systematic
uncertainty).

The illustrated method confirms the goodness of the shape estimate obtained from the
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MC@NLO sample for the signal region. The estimate of the systematic uncertainty from
the comparison of the two simulated datasets is larger than that of the method described in
Subsection 7.1.3. Because the optimal selection for the b-vetoed sample does not include Hp
or an adequate substitute, the ABC'D method as presented here can only be applied to the
b-tagged sample.



B Systematic Variations Without Significant
Impact on the MMC Mass Shape

This Appendix shows the systematic variations with the smallest observed impact on the
shapes of the missing mass calculator (MMC) mass distributions. The description of the

variations is given in Subsection 8.1.3.
Note that the statistical uncertainties for ¢t (gluon fusion) are too large to compare shapes

in the b-vetoed (b-tagged) sample.
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Figure B.1.: Impact of the muon momentum uncertainty from the Inner Detector measure-
ment (“p ID track py 17/“w ID track pp |” variations) on the shapes of the
mMMC distributions of the b-tagged (first three Figures) and the b-vetoed (last
three Figures) samples for tt, embedded Z/v* — 77 events, and the two Higgs
boson production modes.



189

> 0_357 T T T T ‘ T T T T ‘ T T T T T T T T T T T ] > 0_67 T T T T ‘ T T T T ‘ T T T T T T T T T T T ]
8 [ 74T, b-tagged sample 3 8 [ 7T, b-tagged sample ]
8 0.3 —e— Nominal ti i 8 0.5 —e— Nominal Z — 1t -
N r —m— u MS track P, N NG r (embedded) ]
£ .25~ —+— uMStrack p_ T J @ H —=— uMS trackp_| ]
S I 1% 0.4; — uMStrackaT {
> r 1 = L ]
o 0.2 = - ]
o r 1 © r 1
put F 1 ¢ 03p -
S 0.15 4 9 - 1
o r .1 © r 4]
] . fL dt=47%" 3 & QoF J-L dt=471" J
L 0.1 -4 b C i
L Vs=7TeV b L Vs =7TeV ]
0.05F = 0.1¢ ]
O: L I IR IR R % P g O: P IR g gl | :

0 100 200 300 400 0 100 200 300 400
m“MC [GeV] m“MC [GeV]
> F T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T B > [ T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T ]
8 0.45; 7T, b-tagged sample E 8 0050 T b-vetoed sample B
S 04 —e— Nominal bbo, 4 © C —e— Nominal Z - 1t ]
hig E m,=120 GeV 1 — - (embedded) b
» 0.35F —m— p MS track pTi 4 © 0 2; —=— | MS track pTi N
c E —&— uMStrackp_T 1 < =t —a— pu MStrackp_T 1
2 03F i 4 2 i T ]
() c 1 r ]
S 0.25( 4 © 015 ]
s L s | :
= 0.2 = [ ]
S fraare 1 8 01 [rat-azm® -
i 0.15F ’ 4 T [ ’ ]
F Vs=7TeV E 8 Vs =7TeV ]
0.1 7 005" ]
0.05F E r ]
Ol ol v I 1] ) P N R, PSP FAPPPOr PR

0 100 200 300 400 0 100 200 300 400
mYMC [GeV] m¥YMC [GeV]
% 0.2: T T T T ‘ T T T T ‘ T T T T T T T T ‘ T T T : %) O 4;\ T T T ‘ T T T T ‘ T T T T T T T T ‘ T T \;
G 0.18F T, b-vetoed sample 1 ® TE T b-vetoed sample 1
w r —e— Nominal bbo, 7 8 0.35F —e— Nominal gg—¢, 3
T 0161 m,=120 GeV 4 2 r m,=120 GeV ]
2 F —a— P MStrack p_ d i 2 o030 —=— pMStrack p_ { A
S 0-14; —a— 1 MS track pTT B S r —.—uMStrackaT ]
® 0.12F 4 @ 0.25F .
5 " 1 %5 r ]
c Ol 1 g 02 -
£ 0.08" 18 ]
8 F J.Ldt _47t" 1 ® 0.15F J.Ldt=4.7 '
w 0.06r 4 I r ]
F Vs=7TeV b 0.1 Vs =7TeV 1
0.04 = F .
0.02F 4 005 E
O: 1 0: | I R gl g ]

0 100 200 300 400 0 100 200 300 400
m¥MC [GeV] m“MC [GeV]

Figure B.2.: Impact of the muon momentum uncertainty from the Muon Spectrometer mea-

surement (“p MS track pp 17/“p MS track py |” variations) on the shapes of
the mMMC distributions of the b-tagged (first three Figures) and the b-vetoed

(last three Figures) samples for ¢, embedded Z/v* — 77 events, and the two
Higgs boson production modes.
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Figure B.3.: Impact of the muon combined efficiency of the reconstruction and identification

(“u recon. /ID eff. 17 /“u recon. /ID eff. |” variations) on the shapes of the mMM©
distributions of the b-tagged (first three Figures) and the b-vetoed (last three
Figures) samples for tf, embedded Z/v* — 77 events, and the two Higgs boson

production modes.
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Z/~v* — 771 events, and the two Higgs boson production modes.
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Figure B.5.: Impact of the electron energy scale uncertainty (“e energy scale 17 /“e energy
scale |”) on the shapes of the mMMC distributions of the b-tagged (first three

Figures) and the b-vetoed (last three Figures) samples for ¢, embedded Z/v* —
77 events, and the two Higgs boson production modes.
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Figure B.6.: Impact of the electron energy resolution uncertainty (“e energy res. 1”7 /“e energy

res. |” variations) on the shapes of the mMMC distributions of the b-tagged (first

three Figures) and the b-vetoed (last three Figures) samples for ¢t, embedded
Z/~v* — 771 events, and the two Higgs boson production modes.
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Figure B.7.: Impact of the electron reconstruction efficiency uncertainty ( “e recon./track qual.
eff. 17 /“e recon. /track qual. eff. |” variations) on the shapes of the mMMC distri-
butions of the b-tagged (first three Figures) and the b-vetoed (last three Figures)
samples for tf, embedded Z/v* — 77 events, and the two Higgs boson production
modes.
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Figure B.9.: Impact of the electron isolation efficiency uncertainty (“e iso. SF 17 /“e iso. SF

1 variations) on the shapes of the mMMC distributions of the b-tagged (first

three Figures) and the b-vetoed (last three Figures) samples for ¢t, embedded
Z/~v* — 771 events, and the two Higgs boson production modes.
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C Simplified Signal and Background Models
for the Published Results

In the combination with the TiepThads ThadThad, and pp decay channels [10], the complexity of
the signal and background models complicates the fit to the likelihood function. The least
significant shape uncertainties have therefore been removed, and nuisance parameters (NPs)
have been coupled. The impact of each change has been verified to result only in small
changes of the combined limit from the b-tagged and b-vetoed samples of this thesis:

e The “Jet energy scale 17 /“Jet energy scale |”, “Jet energy resolution 1”, “Calo. clus-
ters 17 /“Calo. clusters |”, and “Pileup 1”/“Pileup |” variations have been merged!,
and the shape variations “Jet energy scale 17 /“Jet energy scale |”"—as most signifi-
cant variations—are used to represent the correlated shape uncertainty (see Subsec-
tion 8.1.3).

e The normalization uncertainty from the isolation criteria on muons in the selection
of Z/v* — pp events for the embedded sample (see Subsection 8.2.1) is determined
only from the “Tighter isolation” variation. The difference (A) to the central value is
symmetrized as estimate of the uncertainty: +A.

e Small shape uncertainties have been neglected for the following processes and variations:

— The merged “Jet energy scale 17/“Jet energy scale |” variations (see Subsec-
tion 8.1.3) have been demoted to pure normalization uncertainties for the “other
electroweak” contribution and Higgs boson production in association with b-quarks
in both samples and for the ¢t contribution to the b-tagged sample.

— The shape uncertainties of the “Tighter isolation” and “No isolation” variations
of the embedded Z/v* — 77 events (see Subsection 8.2.1) have been neglected in
both samples.

— The shape uncertainties of the “Subtracted p calo. deposits 17/ “Subtracted p calo.
deposits |” variations of the embedded Z/v* — 77 events (see Subsection 8.2.1)
have been neglected in the b-tagged sample.

e The resolution and scale uncertainties for simulated electrons (see Subsection 8.1.3)
have been merged.

e The NPs associated to the uncertainty of Rutiisol./isol. and the corresponding shape
uncertainty (see Subsection 8.2.2 and Section 9.2) have been coupled both in the b-
tagged and the b-vetoed sample.

e Normalization uncertainties whose associated 1o variations impact the event yield of a
contribution by less than 0.5 % have been neglected.

'adding separately in quadrature the upper and the lower uncertainties
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Figure C.1.: mMMC distribution in the b-tagged sample. The background prediction shown

uses the techniques detailed in Chapter 7 to predict the background composi-
tion in each bin and the respective uncertainties. The variations described in
Chapter 8 have been used to assess the systematic uncertainties, and the signal
and background uncertainty models have been simplified for the combination
with the TiepThad, ThadThad, and pp decay channels. The statistical uncertainties
as well as the systematic normalization uncertainties (including the uncertainty
on the integrated luminosity) and the shape uncertainties have been added in
quadrature to estimate the total background uncertainty.

e The acceptance uncertainty contribution from the distinction of samples with no, one,
or more b-jets (see Subsection 8.1.2) has been neglected. Its impact on expected limits
on the product of the production cross-section and the branching ratio to 7 leptons has
been evaluated to be below 0.5 %.

As shown in Figures 8.7 through 8.10 for the full signal and background models, Figures C.1
through C.4 show the simplified signal region input to the limit calculation. The published
exclusion limits are shown in Figure C.5.
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Figure C.2.: Expected mMMC distribution of the signal processes in the b-tagged sample. The

variations described in Chapter 8 have been used to assess the systematic uncer-
tainties, and the signal and background uncertainty models have been simplified
for the combination with the TiepThad, ThadThad, and pu decay channels. The sta-
tistical uncertainties and the systematic normalization uncertainties (including
the uncertainty on the integrated luminosity) have been added in quadrature to
estimate the total background uncertainty. All shape uncertainties have been
neglected.
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uses the techniques detailed in Chapter 7 to predict the background composi-
tion in each bin and the respective uncertainties. The variations described in
Chapter 8 have been used to assess the systematic uncertainties, and the signal
and background uncertainty models have been simplified for the combination
with the TiepThad, ThadThad, and pp decay channels. The statistical uncertainties
as well as the systematic normalization uncertainties (including the uncertainty
on the integrated luminosity) and the shape uncertainties have been added in
quadrature to estimate the total background uncertainty.
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Expected mMTMC distribution of the signal processes in the b-vetoed sample. The

variations described in Chapter 8 have been used to assess the systematic uncer-
tainties, and the signal and background uncertainty models have been simplified
for the combination with the TiepThad, ThadThad, and pu decay channels. The sta-
tistical uncertainties as well as the systematic normalization uncertainties (in-
cluding the uncertainty on the integrated luminosity) and the shape uncertainties
have been added in quadrature to estimate the total background uncertainty.
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Figure C.5.: Published upper limits at 95 % CL on the product of production cross-section and
branching fraction to 7 lepton pairs for the signal processes, using the simplified
signal and background models (left). The right Figure shows the interpretation
of these results in the mj™ scenario of the MSSM [10].
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