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Abstract

The vector boson fusion production rate of the Standard Model Higgs
boson has been measured in decays into two W bosons, each subsequently
decaying into an electron or muon and a neutrino, with the ATLAS detector
at the Large Hadron Collider (LHC). The vector boson fusion production
cross section in the Standard Model is about an order of magnitude smaller
than the dominant Higgs boson production cross section from gluon fusion.
Proton-proton collision data at a center-of-mass energy of 8 TeV delivered by
the LHC recorded with the ATLAS detector corresponding to an integrated
luminosity of 21 fb~! have been analyzed. Motivated by the recent discovery
of a Higgs-like boson with a mass of (125.5+0.6) GeV and (125.7+0.4) GeV
by the ATLAS and CMS collaborations at the LHC, the analysis is optimized
for this mass. An excess of events, compatible with the Standard Model expec-
tation for a Higgs boson with mp = 125 GeV, is observed with a significance
of 2.8 standard deviations when compared to the background-only expecta-
tion. The corresponding signal strength, the observed event rate relative to
the Standard Model prediction of mpy = 125 GeV is 2.131):2. A Higgs boson
produced via vector boson fusion is excluded with 95% confidence level in
the mass range between 152 GeV and 185 GeV.

When combined with measurements of other Higgs boson production and
decay channels by ATLAS, evidence for vector boson fusion production with
a significance of 3.3 standard deviations is observed. All measurements of
Higgs boson couplings to Standard Model particles are in agreement with
the predictions of the Standard Model.
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Chapter 1

Introduction

The Standard Model, developed in the second half of the 20th century, successfully
describes the interactions between the elementary particles via the principle of local
gauge symmetry. Its predictions have been precisely confirmed by experiments. No
contradictions to the Standard Model have yet been observed. In particular, the Standard
Model explains the masses of the gauge bosons mediating the weak interaction and the
origin of fermion masses by the Higgs mechanism developed by Englert, Brout [1] and
Higgs [2,3] as well as Hagen, Guralnik and Kibbel [4]. The mechanism predicts a massive
scalar particle, the Higgs boson, which couples to all massive Standard Model particles.
A description of the Standard Model and the Higgs mechanism as well as a summary of

the predictions of the Higgs boson properties is given in Chapter 2.

The discovery of the Higgs boson is an essential step in verifying the Higgs mechanism.
The Large Hadron Collider (LHC) at CERN, designed for colliding proton beams with
a center-of-mass energy of 14 TeV, has been constructed in order to finally discover the
Higgs boson. It is in operation since autumn 2009 with an interruption for repairs in
2013 and 2014. The beam energies reached 4 TeV in 2012. Data corresponding to an
integrated luminosity of 21 fb~! were collected at this energy. Another 5fb~! of data
were collected at a center-of-mass energy of 7 TeV in 2011. The design energy is expected
to be reached with the restart of the LHC in 2015.

The data used in this thesis have been recorded with the ATLAS* detector at the
LHC. The detector is described together with the LHC accelerator system in Chapter 3.

The reconstruction of particles and jets, physics objects needed for the analysis, is
described in Chapter 4.

*ATLAS: A Toroidal LHC AparatuS
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In July 2012 the ATLAS [5] and CMS* [6] experiments discovered a Higgs boson
candidate. Employing the full available dataset a mass of 125.5 GeV [7] and 125.7 GeV [§]
was measured by the ATLAS and CMS experiments, respectively. The properties of
the boson have been tested in detail for their compatibility with the Standard Model
predictions. One necessary test is the verification of the different production and decay
processes predicted by the Standard Model.

The thesis focusses on the measurement of the production of the Higgs boson through
Vector Boson Fusion (VBF) in the decay channel into two W bosons, each subsequently
decaying into an electron or muon accompanied by a neutrino, i.e. H — WW®) — fufv.
This final state is one of the most important Higgs boson search channels due to the
large branching fraction and clear signature. The VBF production mode is identified by
its characteristic signature with two energetic jets in the final state produced dominantly
in forward direction and well separated in rapidity.

Different processes contribute to the background of this channel. The largest ones are
W boson and top-quark-pair production as well as Drell-Yan processes. The gluon fusion
production of the Higgs boson with an order of magnitude larger cross section than the
VBF production counts as a background contribution. The background expectation from
Monte-Carlo simulations are, wherever possible, corrected for using control measurements.
The event selection, background determinations and results for this analysis are presented
in Chapter 5.

Finally, the combination of the above result with other Higgs boson decay channels
in VBF and gluon fusion preselection measurements by the ATLAS experiment are
presented in Chapter 6. The result of a combined VBF production rate measurement
as well as the measurement of the Higgs boson couplings to Standard Model particles

are discussed.

*CMS: Compact Muon Solenoid



Chapter 2

The Higgs Boson
in the Standard Model

This chapter introduces the theoretical framework for this thesis. It begins with an
introduction to the Standard Model of particle physics in Section 2.1 (see also [9]).
In Section 2.2 the theoretical predictions for Higgs boson production cross sections at
hadron colliders and the Higgs boson decay branching ratios are discussed. The discovery
of the Higgs boson candidate and the results of its property measurements with the
ATLAS and CMS experiments at the LHC are outlined in Section 2.3.

Throughout this thesis natural units are used, with 2 = ¢ = 1, such that momentum

and mass have units of energy.

2.1 The Standard Model of Elementary Particles

The Standard Model is a quantum field theory based on local gauge symmetries with
the symmetry group
SUB)@SU2)eU(1) (2.1)

comprising the color symmetry SU(3) of the strong interaction and the symmetry
SU(2) ® U(1) of the electroweak interaction®. The latter is spontaneously broken by
the Higgs-mechanims. The properties of the interactions are determined by the group
structure of the gauge symmetry. Since the gauge theories are renormalizable precise
predictions in higher-order perturbation theory are possible (see Section 2.2). The

Standard Model has been verified in many experimental tests. Up to now no significant

*The gravitational force is not included in the Standard Model.
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deviations from the Standard Model have been found.
All particles described by the Standard Model have been observed, including a Higgs
boson candidate. The elementary particles of the Standard Model (see Table 2.1) are

classified in the following way:

Fermions: Two types of fermions, both with spin-1/2, are the building blocks of matter:
quarks and leptons. There are charged leptons and neutral leptons, the neutrinos.
While quarks participate in all known interactions, leptons do not interact strongly
and neutrinos in addition do not interact electromagnetically. Three generations
of quarks and leptons have been observed. The masses of the fermions spread
over a large range. For each fermion f an anti-fermion f with the same mass and

opposite electric charge and parity quantum number exists.

Vector Bosons carrying spin-one are the mediators of the fundamental interactions:
Eight gluons for the strong, W+ and Z° bosons for the weak and the photon for
the electromagnetic interaction. The W* and Z° bosons are massive while the

gluons and the photon are massless.

Higgs Boson: The only elementary spin-zero particle described by the Standard Model

is the scalar (CP even) Higgs boson. It is predicted to be massive.

The fundamental interactions of the particles in the Standard Model are described
by local quantum gauge field theories with the simplest unitary symmetry groups U(1),
SU(2) and SU(3):

¢ Quantum electrodynamics (QED) [12-17] describes the electromagnetic in-
teraction between electrically charged particles which is mediated by the massless

photon and defined by the Abelian U(1) gauge symmetry.

e The weak interaction is described together with the electromagentic interaction
by the Glashow-Salam-Weinberg theory [18-21], a non-Abelian SU(2)@U (1) gauge
theory. It is mediated by the massive W+, W~ and Z° bosons.

e Quantum chromodynamics (QCD) [22] describes the strong interaction be-
tween particles carrying color charge and is defined by the non-Abelian SU(3)
gauge symmetry. Eight massless gluons carrying different combinations of color

and anti-color are the mediators of the strong interaction. A characteristic of QCD
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Table 2.1: Overview of the particles in the Standard Model. J denotes the spin and P the
parity of the particle. The masses are taken from [7,10,11]. The uncertainties for the lepton
masses are below 0.01%.

Name Symbol Chargele] Mass
Electron neutrino Ve 0 < 2eV
" & Electron e -1 0.511 MeV
8 ]‘ Myon neutrino vy 0 < 0.12MeV
g o Myon M -1 105.7 MeV
" =S Tau neutrino Uy 0 < 18.2MeV
S Tau T -1 1.777 GeV
g Up u +2/3 2.310-F MeV
+
& E g Down d -1/3 4.8155 MeV
& Il Strange s +2/3 95 + 5MeV
& % Charm c ~1/3 1.275 + 0.025 GeV
Bottom b +2/3 4.18 + 0.03 GeV
Top t -1/3 173.29 + 0.95 GeV
o Gluon g 0 0
o L
= | Photon ol 0 0
7 g N W boson w* +1 80.385 £ 0.015 GeV
2 Z boson z° 0 91.1876 + 0.0021 GeV
e
AL &
g . +0.5
g . Higgs boson H 0 125.67 )¢ GeV
n o~
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is that the strong coupling constant «a; increases with distance. Particles carrying
color charges, gluons and quarks, are confined in color-singlet bound states of
either quark-antiquark pairs (mesons) or triplets of quarks (baryons). At short
distances, the strong coupling strength decreases and quarks and gluons behave

like free particles inside the bound states (asymptotic freedom).

Non-Abelian gauge symmetries, as for QCD and the weak interaction, lead to self
interaction of the mediating vector bosons which is not present for the photon. Local
gauge theories predict massless gauge bosons mediating the interactions, like the photon
and the gluons. This is in contradiction with the observed large masses of the weak
gauge bosons W* and Z°. The theory of the electroweak interaction unifying the

electromagnetic and weak forces provides a mechanism to overcome this problem.

Electroweak Unification The electroweak interaction is a unification of the elec-
tromagnetic and weak forces with the gauge symmetry SU(2) ® U(1) introduced by
Glashow [18], Salam [20,21] and Weinberg [19]. The SU(2) and U(1) gauge symmetries
require four massless vector fields. The vector fields corresponding to the SU(2) group
are denoted by W (a =1, 2, 3) and the vector field of the U(1) group by B,. The
observed Wﬁt and Z,, boson fields and the photon field A, are related to the four vector
fields W and By, by the transformation

1
+ _ 1 72
Wu — E(Wu :FZWM) I
Z, = Wj’ -costhy — By, -sinfy (2.2)
A, = WE'Singw—i-Bu-COSQW

where the rotation angle Oy is the weak mizing angle. It relates the elementary charge e
and the gauge coupling strengths g and ¢’ corresponding to the SU(2) and U(1) groups,
respectively, by

e=g-sinfy =g -cosby . (2.3)

The Higgs-Mechanism The electroweak gauge symmetry SU(2) ® U(1) is sponta-

neously broken to the U(1) symmetry of the electromagnetic interaction,

spontaneous

SU(2) @ U(1) U (2.4)

symmetry breaking
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r=-u%2\ =v/2

Figure 2.1: [Illustration of the shape of the Higgs potential V' depending on the real and
imaginary parts ®; and ®5 of a complex scalar field breaking local U(1) symmetry. The minima
of the potential lie on a circle with radius r = \/®% + ®3 = v/2 around the origin.

giving masses to the weak gauge bosons W and Z° while the photon corresponding to
the remaining unbroken U(1) symmetry of QED stays massless. This mechanism, the
Higgs-mechanism, was independently proposed by Higgs [2, 3], Englert and Brout [1] as
well as Guralnik, Hagen and Kibble [4].

In its minimal version, the Higgs-mechanism of the Standard Model introduces a
SU(2) doublet of complex scalar fields

+
- (3) -

The self-interaction potential of this scaler Higgs doublet field,
V(®) = p20Td + A(@TD)? | (2.6)

has, for A > 0 and p? < 0, a shape as illustrated in Fig. 2.1 in the example of U(1)

symmetry breaking. The potential has a minimum fulfilling the criterion

2
ot = —’2‘7 = (2.7)

o<

where v is called the vacuum expectation value of the scalar field. While the full set
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of ground states is SU(2) x U(1) symmetric, choosing one specific ground state or
vacuum spontaneously breaks the symmetry leaving only a U(1) symmetry for the

electromagnetic interaction. A possible choice of ground state is

By = \2 (S) . (2.8)

Excitations from the ground state can be parameterized by:

_expliT,0%(x)] 0
O(z) = — 5 (v N H(x)) (2.9)

where 6% are three scalar fields corresponding to massless Goldstone bosons which
accompany the symmetry breaking [23,24]. The Goldstone bosons correspond to excita-
tions within the set of symmetric ground states, i.e. tangential to the circle of minima
in the example in Fig. 2.1. The Goldstone fields can be eliminated by a local gauge

transformation (unitary gauge)
d(x) — &' (z) exp[—iT,0%(x)] . (2.10)
The additional scalar field H(x), a massive excitation, i.e. orthogonal to the set of ground

states, cannot be transformed away. H(z) is called the Higgs boson field.

The W/f and Z, boson acquire masses by absorbing the degrees of freedom of
the three Goldstone bosons after the gauge transformation, while the photon field A,

remains massless. The masses of the weak gauge bosons are given by

my = % =mgcosby , (2.11)

in lowest order of perturbation theory. The Higgs boson mechanism also leads to cou-

plings between the Higgs boson H and the weak vector bosons V = W, Z with a strength

given by
2 2
.m .m
gHVV = _QZTV and JHHVV = —22@—;/ . (2.12)

Since the masses of the W and Z° bosons are related via the weak mixing angle Oy
(Eq. (2.11)), the strengths of the Higgs boson coupling to the W* and Z° are related

as well which is referred to as custodial symmetry.
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Fermions acquire their masses by Yukawa couplings to the scalar field with a strength

of gy proportional to the fermion masses my not predicted by the Standard Model:

V2
gy =img =~ . (2.13)

The mass my = V2 v? of the Higgs boson, is also not predicted by the Standard
Model like the Higgs self interaction strength A\. However, since A > 0 is required for
spontaneous symmetry breaking, the Higgs boson cannot be massless. The existence
of a massive scalar particle, like the Higgs boson is needed to preserve, for instance,

unitarity in WW scattering.

2.2 Higgs Boson Production in Proton-Proton Collisions

In this section the theoretical predictions for Higgs boson production and decays at
proton colliders are outlined (see [25]). The calculation of production cross sections
at proton colliders has to take into account that protons are composite particles. The
processes of interest take place between proton constituents and are accompanied by
interactions of the residual constituents. These calculations are explained in Section 2.2.1.
A more detailed summary can be found in [26].

The main mechanisms of Higgs boson productions are discussed in Section 2.2.2.
The most important Higgs boson decays are discussed in Section 2.2.3. The predicted
differential cross sections and decay rates for signal and background processes are used
in Monte-Carlo generators to simulate events that can be compared to real collision

data. The event generators used are described in Section 2.2.4.

2.2.1 Phenomenology of Proton-Proton Scattering

Protons are composite particles, consisting of three valence quarks, gluons and sea
quarks, together called partons. A parton-parton collisions is classified as either hard
or soft depending on the momentum transfer in the collision. QCD calculations are
much more precise for hard than for soft processes, since for large momentum transfer
perturbation theory is applicable. The soft processes however, are by far dominating at
hadron colliders. A hard scattering process is, therefore, usually accompanied by soft

reactions taking place between the partons not participating in the hard scatter process.
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X (HS)

UE

.
A —’—|fa/A|'///

a’ O'ab \

//*/‘Ifb/B|—<— B

X (HS)

Figure 2.2: Factorization of proton-proton scattering into the hard scattering (HS) process
ab — X with cross section 64, x and the remaining soft scattering processes leading to the
underlying event (UE). The functions f,,4 and f,,p are the experimentally determined Parton
Distribution Functions (PDF) describing the momentum distribution of quarks and gluons in
the proton.

The soft part of a proton-proton collision is referred to as the underlying event.

To describe the proton-proton interaction of two protons A and B, the process is
factorized into its hard and its soft part (see Fig. 2.2). For the hard reaction ab — X
of two partons a and b in the two protons into a final state X pertubation theory can
be used to calculate the cross section &4, x. The total proton scattering cross section

o 4p can then be determined as:

OAB Z/da?a dxp foya(Ta 1F) foy (2o, 17) Gabosx - (2.14)

The function f,/4(7,) is the Parton Distribution Function (PDF), which depends on
the parton momentum fraction x, = py/Epeam-

Perturbative QCD corrections, in particular from collinear gluon radiation from the
incoming quarks, leads to large logarithmic terms. Factorization theorems [27] tell that
the logarithmic terms for the hard scattering processes can be absorbed in the PDF
introducing a dependence on the factorization scale prp which can be understood as the

energy scale separating hard and soft physics.

The perturbative calculation of the hard scattering processes leads to expressions in
powers of the strong coupling constant s depending on the renormalization scale ug

relevant for the process:

Oab—sX :5'0—%015(#%3)5'1 +... . (215)

10
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proton - (anti)proton cross sections

10° e — — -5109
10° 410
10 F 110
10° E 410
10° 110°
10 410 _
g 1 D
3 1 4q3 °
10° 1100 §
£ e ] 8
1k o, (E > vs/20) 119
E E 1
2 10F Ow 410 7
- 3 o, E 2
b 10 F et < 10° o
= 0, (E;” > 100 GeV) 3 K
10 F 410 &
F E 8
10% E 10°
10° 5, 1 10°
10 F 0 (E > Vs 4 10°
10° é_cy'_"ggS(MH =150 GeV) _é 10°
10° - ] 10°
= 0,,5:(M,, = 500 GeV) ‘ ‘
107 ool Ll B N .'10.7
0.1 1 10
Vs (TeV)

Figure 2.3: Next-to-leading-order cross sections o as well as the expected number of events
for an integrated lumniosity of L = 10?3 s~tem~2 of Standard Model processes in pp (LHC) and
pp (Tevatron) collisions as a function of the center-of-mass energy /s (from [26]).
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o(pp — H+X) [pb] \s = 14 TeV

10°

1100 120 140 160 180 200 220 240 260 280 300
M, [GeV]

Figure 2.4: Inclusive Higgs boson cross section in proton-proton collisions as a function of the
Higgs boson mass (from [26]).

Cross sections at hadron colliders calculated up to next-to-leading order in perturbation
theory as a function of the center-of-mass energy are shown in Fig. 2.3. Figure 2.4 shows
the inclusive Higgs boson cross section as a function of the Higgs boson mass calculated
at leading-order (LO), next-to-leading-order (NLO) and next-to-next-to-leading-order
(NNLO) in perturbation theory. The higher-order corrections are significant.

The calculated cross sections do not depend on the choice of the two scales pup and
up if all terms of the perturbation series are included. However, at finite order, a proper
choice for the scales has to be made. A very common choice is up = pur = @, with
the momentum transfer ) of the hard scattering process. The more higher-order terms
there are calculated, the smaller the dependence on the scales is expected to be. To
account for the residual scale dependence from unknown higher-order terms, a theoretical
uncertainty is assigned to the predicted cross sections estimated from variations of g
and pp.

While the dependence of the PDFs on pp can be determined theoretically [28],
the dependence on the parton momentum z,, is obtained from fitting deep inelastic
scattering data. Two PDF determinations, CT10 [29] and CTEQ6L1 [30] , are used
for this thesis. As an example, the CT10 parton distribution functions for different

quark flavors and gluons are shown in Fig. 2.5. On average gluons carry much smaller

12
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CT10.00 PDFs

0.8

0.7
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o
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0 , s
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X

Figure 2.5: Parton distribution functions determined from CT10 [29] for a factorization scale
un=2GeV.

momentum fractions than the valence quarks. Uncertainties in the PDFs propagate to

the predicted cross sections [31].

2.2.2 Higgs Boson Production at the LHC

The Standard Model Higgs boson is produced via several production mechanisms (see
Fig. 2.6). An overview of the most important production mechanism is given in Table 2.2
together with the predicted cross sections at a center-of-mass energy of /s = 8 TeV and
for a Higgs boson mass of myg = 125 GeV.

The by far dominant production process is via gluon fusion (ggF) occurring through
quark loops dominated by heavy quarks, followed by the vector boson fusion (VBF)
with by an order of magnitude smaller cross section. The cross sections for associated
productions (V H) with vector bosons, V' = W and Z, are yet further factors of two
(WH) and four (ZH ) smaller than the VBF production. Production in association with
a top-quark-pair occurs even less frequently. The cross sections as a function of the
Higgs boson mass are shown in Fig. 2.7a. The cross section falls rapidly with increasing
Higgs boson mass for all production modes. The calculations of the cross sections are
described in [32]. A summary of the calculations relevant for this thesis is given below.

The ggF cross section has been computed up to NNLO in QCD [34-39] including

13
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Table 2.2: The dominant Higgs boson production processes at the LHC and their cross section
at a center-of-mass energy of /s = 8 TeV for a Higgs boson mass of my = 125 GeV [33].

Cross section [pb] Diagram

Production mode Symbol (mu = 125GeV)  (Figure)

g9 — H ggF 19.52 T14T% 2.6a
+2.8%

qq — qqH VBF 1585 0a 2.6b

aq — WH WH 0.70 7377 2.6¢

qq — ZH ZH 0.39 75-1% 2.6¢
+11.6%

gg — ttH ttH 0.13 77 0% 2.6d

(b)

(d)

Figure 2.6: Leading-order Feynman diagrams for the dominant Higgs boson production mech-
anisms (a) gluon fusion (ggF), (b) weak vector boson fusion (VBF), (c) associated production
with W or Z bosons (V H) and (d) associated production with a top-quark-pair (¢tH).
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Figure 2.7: Predictions for (a) Higgs boson production cross section for proton-proton collisions
at /s = 8 TeV and (b) branching ratios for the most important Higgs boson decay channels as
a function of the Higgs boson mass my (from [33]). The uncertainties are indicated as bands.

NLO electroweak (EW) corrections [40,41] and QCD soft-gluon resummation up to
next-to-next-to-leading logarithmic (NNLL) terms [42]. These calculations are detailed

in [43-45] and assume factorization of QCD and EW corrections.

The VBF cross section has been computed with full NLO QCD and EW correc-
tions [46-48] and approximate NNLO QCD corrections [49] and full NLO QCD and
EW corrections [46-48]. The cross section for the associated V H production has been
calculated using NLO QCD and approximate NNLO corrections [50,51] and NLO EW
corrections [52]. The t¢tH production, not relevant here due to the small cross section,
has been calculated only in NLO QCD.

The uncertainties, given in Table 2.2 and indicated by the bands in Fig. 2.7a, arise
from uncertainties in the PDFs as well as from uncertainties from the choice of the
factorization and normalization scales [32,53].

The production mode through vector boson fusion is the focus of this thesis. Even
though the cross section is smaller than for the dominant ggF production, it has the
advantage of a characteristic signature with additional forward jets in the final state

which can be exploited to separate the VBF production process from the background.

15



Chapter 2. The Higgs Boson in the Standard Model

The ggF process contributing due to its much larger cross section is considered as
additional background.

The two quarks in the final state of the VBF production, remnants of the incoming
protons, are produced in forward direction while the Higgs boson decay products are
expected in the central region of the detector. Since quarks from the incoming protons
carry larger momenta than gluons (see Fig. 2.5) the invariant mass of the two additional
quarks in the VBF process is expected to be larger than for QCD background processes
where predominantly gluons are emitted from the incoming quarks. Since there is no
color exchange between the initial and final state particles in the lowest-order weak
VBF production, hadron activity in the central region, between the two quarks is sup-
pressed [54-57]. In contrast, most backgrounds as well as the ggF production are QCD
processes with hadronic activity expected in the central region. The exploitation of these

characteristic properties for the selection of VBF events is explained in Chapter 5.

2.2.3 Higgs Boson Decays

The Higgs boson, as predicted by the Standard Model, decays through many different
decay modes. The Standard Model Higgs boson favors decays to heavy vector bosons
and fermions. Table 2.3 lists the dominant decay modes, ordered according to their
branching fractions exemplary for mg = 125 GeV. A Higgs boson with mpg = 125 GeV
dominantly decays into a b-quark-pair, followed by the decay into two W bosons. The
decay to photons occurs predominantly via W boson and top quark loops. The H — gg
decay process occurs in a similar manner via heavy quark loops like in ggF production
(see Fig. 2.6a).

The sensitivity of the Higgs boson search depends not only on the branching fraction
but also the final state signature and the amount of background for a particular final
state. Strongly interacting decay products, such as b and ¢ quarks, gluons or hadronic
decays of W and Z bosons therefore are less sensitive final states in a hadron collider
environment than final states with leptons.

When estimating the sensitivity for different Higgs boson decay channels, the subse-
quent decays of unstable daughter particles, such as the massive vector bosons, have to
be considered as well. The analysis in this thesis uses H — WW®*) — fvfv decays where
both W bosons decay leptonically. A theoretical study of this final state in combination
with VBF production can be found in [59].
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Table 2.3: Overview of the dominant Higgs boson decay modes for a Higgs boson mass
my = 125 GeV [58]. Details on the branching fraction calculations can be found in [53].

Branching fraction Diagram

Decay mode (mg =125GeV)  (Figure)

H — bb 577132 107! 2.8¢
H—WwWw® 21573 1071 2.8b
H — gg 8.571102.1072 2.6a
H — ce 2.911122.1072 2.8¢
H— 717 6.32727 1072 2.8¢
H—7zZ% 264713 1072 2.8b
H — vy 2.28 750 1073 2.8a
H — pji 2.20%9 107 2.8¢

w/z f

W)z f
(b) (c)

Figure 2.8: Leading-order Feynman diagrams for the main decay modes of the Standard Model
Higgs boson.
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The HDECAY [60] program computes Higgs boson decay widths and branching ratios
for all channels. All available higher-order QCD corrections are taken into account. The
Monte-Carlo generator PROPHECY4F [61,62] simulates Higgs boson decays into four-
leptons and is used for the branching fraction calculation. It takes into account all
NLO QCD and electroweak corrections as well as interference terms from higher-order
processes at LO and NLO, contributing to both the H — V'V and the subsequent
V — ff decays.

The determination of the uncertainties in the branching fraction calculations is
detailed in [53]. Uncertainties in the input parameters as and m., m; and m; and
uncertainties due to missing higher-order corrections are taken into account. Both
contribute at the same level to the uncertainty in the branching ratio of dibosonic

decays.

2.2.4 Event Generation and Simulation

In order to compare proton-proton collision data with theoretical predictions, large
samples of simulated events are needed. The simulation proceeds in several steps, starting
from the hard scattering process at the parton-level using the highest-order matriz
element (ME) calculation available. In a second step, parton shower (PS) algorithms
are used to simulate higher-order processes like gluon radiation by initial or final state
particles, not taken into account in the matrix element calculation. The Monte-Carlo
event generation is described in [63].

The hadronization of the final state partons is simulated using Monte-Carlo methods
like the Lund String model [64]. The model parameters are tuned to electron-positron
annihilation data where the hadronization process can be investigated in a clean envi-
ronment.

In the last step, the underlying event is simulated. Like for the hadronization, the
underlying event descriptions are tuned to data. Besides the underlying event, additional
soft proton-proton interactions not involved in the hard scatter process, so called pile-up
events, discussed in Section 3.1, have to be taken into account. The simulation of the
pile-up contributions is performed in the same way as it is done for the underlying event.

The presented analysis uses several Monte-Carlo generators for the simulation of
the signal and background processes. An overview is given in Table 2.4. The generators

are specialized either for the simulation of the hard or the soft part of the process
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Table 2.4: Overview of the Monte-Carlo event generators used in the presented analysis. The
part of the event simulation the program is used for is indicated by HS for hard scattering
process; had. for hadronization; PS for parton showering; UE+PU for underlying event and pile-
up modelling. “All” indicates the case where the generator is used for the full event description.

Name Application Remarks
8 POwHEG [66] HS
Z. MCQNLO [67] HS
Combined with HERwWIG and
ALPGEN [68] HS JiMMY using MLM [65]
matching scheme
AcCeErMC [69] HS
MADGRAPH [70-72] HS
3 GG2WW 3.2.1 [73,74] HS Dedicated to gg — WW
SHERPA [75] All Includes higher—ordfar
electroweak corrections
PYTHIAG/8 [76,77] had., PS, UE+PU Also for q¢ — VH HS
HErwIG [78] had., PS
JiMmmy  [79] UE+PU Combined with HERWIG

and, therefore, are combined for the full event simulation. Most generators only include
leading-order calculations. The POWHEG generator used for the signal simulation takes
next-to-leading order corrections into account. The ALPGEN generator is based only on
leading-order ME calculations but employs the MLM scheme [65] to match parton shower
contributions generated by the HERWIG program to the matrix-element calculations in

an optimal way.

The generators used for simulation of the hard scattering process need Parton Dis-
tribution Functions (PDF) as input. The POWHEG and MCQNLO generators use the
PDF set of CT10 [29] while the ALPGEN, MADGRAPH and PYTHIAG/8 generators use
the PDF set of CTEQ6L1 [30].
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2.3 Higgs Boson Properties

The Standard Model Higgs boson is a scalar CP-even particle, i.e. J© = 07 where J
denotes the spin and P the parity. Furthermore, all couplings of the Higgs boson to
Standard Model particles are determined, and can be tested experimentally. The mass of
the Higgs boson is not predicted by the Standard Model. However, upper limits on the
Higgs boson mass arise from the requirement of unitarity in WW scattering amplitudes
(mpg < 870 [80]), from the requirement of perturbativity of the branching fraction
calculation of H — VV®) decays (my < 700 GeV [81]) as well as from constraints due
to quadratic Higgs boson self coupling terms leading to a divergence (Landau pole) at a
scale depending on the Higgs boson mass ( my < 170 [82]). A lower bound on the Higgs
boson mass arises from the claim for a stable vacuum (mg > (129.44+1.8) GeV* [83]). The
constraints arising from Higgs boson self coupling terms and from the vacuum stability
claim assume no new physics up to the Planck scale (M, ~ 2 X 10'® GeV). In addition
electroweak precision measurements, sensitive to the Higgs boson mass through higher-
order corrections, are best compatible with a Higgs boson with my = 9432 GeV [84].

Since the startup of the LHC the Higgs boson has been searched for extensively by the
LHC experiments ATLAS and CMS. In the higher mass range (mpg 2 2xmyy) the decays
into W and Z boson pairs are most sensitive for Higgs boson searches due to the large
branching fractions (see Fig. 2.7b) while in the lower mass range (mg < 2 X myy) despite
the small branching fraction decays into two photons provide the highest sensitivity due
to the very clean signature and high Higgs boson mass resolution.

Already in July 2012 the ATLAS [5] and CMS [6] experiments observed a significant
excess of events, well compatible with the expectations for a Standard Model Higgs boson
with a mass around 125 GeV, with a fraction of the full dataset (5fb~! at \/s = 7 TeV
and 5.8 fb~! at \/s = 8 TeV). Except for a small mass region around 125 GeV a Standard
Model Higgs boson is excluded (see Fig. 2.9) in the mass region favored by theoretical
and electroweak precision measurement constraints. Once the full dataset was analyzed
the excluded mass region was extended to 110-123 GeV and 127-710 GeV [5,85-88].

Employing the full available dataset measurements in the most sensitive decays to

*The measured Higgs boson mass (mg = (125.5 + 0.6) GeV [7] and my = (125.7 £ 0.4) GeV [g]) is
in contradiction to this constraint with a significance of two standard deviations. In case of confirmation
with higher precision this leads to the conclusion that either there has to be new physics before the
Planck scale or the vacuum is meta-stable. The lifetime of the meta-stable vacuum could, however, be
longer than the age of the universe [82].

20



2.3 - Higgs Boson Properties

3 10 I I —
s [ ATLAS 2011-2012 E+ ]
= [ Js=7Tev: [Ldt-d6asf’ L Jt20 .
=S | Vs=8TeV:JLdt=58591" — Observed q
e Bkg. Expected
@)
PO e R R
N
T}
o
10" CL, Limits —
110 150 200 300 400 500
m, [GeV]

Figure 2.9: Exclusion limit at 95% confidence level as a function of the Higgs boson mass,
mpy. The observed limit (solid line) is compared to the limit expected from the background-only
hypothesis (dashed line) including the +1o (green) and +20 (yellow) uncertainty bands in the
expectation (from [5]).

two photons by the ATLAS [89] experiment, and two Z bosons by the ATLAS [86] and
CMS [90] experiments show discovery-level signal significances with over six standard
deviations, while the diphoton channel measurement by the CMS [87] experiment shows
a significance of 3.2 standard deviations. These two channels additionally provide a
precise measurement of the Higgs boson mass by means of the invariant mass computed
from the final state particle four-momenta. Combining the two mass measurements a
value of my = (125.5 £ 0.6) GeV [7] and my = (125.7 £ 0.4) GeV [8] is found by the
ATLAS and CMS experiments, respectively.

Evidence, with roughly four standard deviation significance is found for the decays
into two W bosons [91,92] and two 7 leptons [93,94]. The former will be discussed in
detail in Chapters 5 and 6. The latter is of particular interest since the coupling of
the Higgs boson to leptons is directly confirmed. Indirect confirmation of the Yukawa
coupling of the quark sector is given by the production via gluon fusion. No significant
signal, i.e. with above three standard deviations, is yet observed in the decay modes to

b quarks [95,96] and muons [97,98].
An important test to identify the new boson as the Standard Model Higgs boson is
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the measurement of spin and parity which are investigated in angular distributions of
final state particles. The most sensitive Higgs boson decay channel is H — ZZ®*) — 4¢
where the final state can be fully described by six angles defined between the final state
leptons as well as between the leptons and the beam axis. Those angles are sensitive to
spin and parity of the Higgs boson. For the measurement of the spin also the H —
and H — WW® channels can be used. The spin-1 hypothesis is excluded already by
the observation of the decays to two photons with spin-1 and zero mass because of the
Landau-Yang theorem [99,100]. Evidence against eigenstates J© = 17, 1F, 2+* is found
at a significance level of three standard deviations and the odd-parity eigenstate 07 is
disfavored at a level of two standard deviations [90,102].

The Higgs boson mass, spin, parity and decay rates have been measured as well as the
couplings of the Higgs boson to Standard Model particles and the different production
mechanisms. The latter two are described in Chapter 6. All measurements show good
agreement with the Standard Model predictions and the results of the ATLAS and CMS

experiments are well compatible with each other.

*A large number of spin-2 models are possible. A specific one, corresponding to a graviton-inspired
tensor with minimal couplings to Standard Model particles is investigated by ATLAS and CMS as
described in [101].
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Chapter 3

The ATLAS Detector at the Large
Hadron Collider

The Large Hadron Collider (LHC) is a proton storage ring with 27km circumference
located at the European Organization for Nuclear Research CERN which collides proton
beams circulating in opposite directions. It was designed to provide collision energies
and beam intensities sufficient for either the discovery or the exclusion of the Standard
Model Higgs boson. The technologies needed to reach this goal, are summarized in
Section 3.1 following the detailed description in [103-106].

The LHC provides proton-proton collisions for several experiments. The main ones
are ATLAS [107], CMS [108], LHCb* [109] and ALICE' [110]. LHCb is dedicated to
heavy flavor physics while ALICE studies the quark-gluon-plasma using special fills of
the LHC with lead ions. ATLAS and CMS are multi-purpose experiments, dedicated to
the search for the Higgs boson and for new physics beyond the Standard Model. The
ATLAS detector, which delivered the data for the presented analysis, will be described

in Section 3.2.

3.1 The Large Hadron Collider

The LHC physics goals require large collision energy since the cross sections of processes
of interest, such as Higgs boson productions, raise faster with increasing collision energy
compared to the cross sections of most background processes (see Fig. 2.3). Since the

processes of interests are rare, many collision events are needed to gain statistical

*LHCDb: Large Hadron Collider Beauty
TALICE: A Large Ion Collider Experiment
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significance. This requires high beam intensity. The LHC collides proton beams in the
tunnel of the former LEP electron-positron collider [111,112] using superconducting
dipole magnets to keep the protons on their orbits.

The protons are pre-accelerated before injected into the LHC as illustrated in Fig. 3.1.
Linac 2 accelerates the protons to 50 MeV before they are injected into the booster which
accelerates them further to 1.4 GeV. The Proton Synchrothron (PS) increases the energy
to 25 GeV and the Super Proton Synchrotron (SPS) to 450 GeV. The protons are then
injected into the LHC in two opposite directions where they are accelerated to their
final energies. The maximum design energy is 7 TeV per beam.

The pre-acceleration stages provide protons in bunches. The LHC is designed to
accelerate up to ny = 2835 bunches per beam with N, ~ 10! protons per bunch and
collisions every 25ns. The event rate, dN/dt = Lo, for a given process with cross
section ¢ is determined by the instantaneous luminosity L, which depends on the beam

parameters: ,

Nynp frevyr
L= 12171'67 F (3.1)
where froy is the revolution frequency of the protons, «, their relativistic gamma-factor,
€, the beam emittance, 5* the transverse beam amplitude at the interaction point and
F' a geometric reduction factor taking into account that the beams cross under an angle.

The design peak luminosity of the LHC is 10>*s~!cm™2. However, not all beam
parameters have reached their design values in the past years. In the year 2011, the
LHC was running with a beam energy of 3.5 TeV which was increased to 4 TeV in 2012.
The number of bunches per beam was increased from 200 to 1380 during 2011 and kept
at 1380 in 2012. Peak luminosities of about 4 x 1033 s~ lem™2 and 8 x 1023 s~ tem ™2 have
been reached in 2011 and 2012, respectively.

The physics program relies on the integrated luminosity ¢ = [ Ldt collected over
time. The integrated luminosities delivered by the LHC and recorded by the ATLAS
detector are shown in Fig. 3.2a. An integrated luminosity of 5.46 fb~! was delivered by
the LHC at a collision energy of 7 TeV in the year 2011 of which 4.57 fb~! were recorded
by ATLAS and classified as good quality data. In the year 2012 an integrated luminosity
of 22.8 fb~! was delivered by the LHC at a collision energy of 8 TeV of which 20.3 fb~!
were recorded under good conditions by the ATLAS detector.

For a given peak luminosity, the expected number of inelastic proton-proton inter-

actions per bunch crossing can be calculated from the total inelastic cross section oot
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Figure 3.1: Illustration (from [113]) of the CERN accelerator system. The acceleration chain
starts with Linac 2 and is followed by the acceleration in the booster. The protons are then
accelerated further by the Proton Synchrothron (PS) and the Super Proton Synchrotron (SPS)

before they are injected into the LHC.
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shown in Fig. 2.3. For the design parameters of the LHC and the ones used in the
years 2011 and 2012, the expected numbers of inelastic proton-proton interactions per
bunch crossing are 23, 9 and 20, respectively. The distributions of the mean numbers of
interactions per bunch crossing measured by the ATLAS detector in 2011 and 2012 are
shown in Fig. 3.2b.

The rates of most processes of interest, such as Higgs boson production, are small
(see Fig. 2.3). The processes of interest are therefore accompanied by additional inelastic
proton-proton interactions in the same event due to the large inelastic cross section.
These contributions to the event are referred to as in-time pile-up, if the additional
inelastic proton-proton interaction occurred in the same bunch crossing. In particular
for 25 ns bunch spacing, also proton-proton interactions from previous bunch crossings
contribute which is referred to as out-of-time pile-up. In addition neutrons and ~-rays
from interactions of protons produced in collisions with the detector material, referred
to as cavern background, and cosmic-ray particles maybe overlaid to the event of interest.

In-time pile-up has by far the largest impact on the physics analyses.
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Figure 3.2: (a) Total integrated luminosity delivered by the LHC (green), recorded by ATLAS
(yellow) and classified as good quality data (blue) at /s = 7TeV and /s = 8 TeV in 2011 and
2012, respectively. (b) Luminosity weighted distributions of the mean number of interactions per
bunch crossing for 2011 and 2012. The figures are from [114].
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3.2 The ATLAS Detector

The ATLAS detector is designed both for precision measurements of Standard Model
processes as well as for discovery of new physics processes with small cross sections
including Higgs boson production. Very good spacial and time resolution is needed to
reconstruct proton-proton interactions at the large instantaneous luminosity and the
high collision rate at the LHC. An overview of the ATLAS detector is given below
following [107].

The physics goals of the ATLAS experiment lead to the following requirements on
the detector design [107]:

e High granularity of the detector elements to cope with the large particle densities.
e Large solid angle coverage.
e High momentum resolution for charged particle tracks.

e High energy and angular resolution for electrons and photons in the electromagnetic

calorimeters.

e Accurate jet and missing transverse energy measurements in the electromagnetic

and hadronic calorimeters.

e High muon reconstruction efficiency and momentum resolution up to very high

muon momenta.
e Highly selective triggering with high efficiency for the processes of interest.

e Fast, radiation hard detectors and readout electronics to cope with the high particle

rates.

A schematic view of the ATLAS detector is shown in Fig. 3.3. The detector is 44 m
long and 25 m high. It consists of cylindrical layers around the beam pipe in the barrel
part of the detector complimented by dishes in the forward regions, the endcaps. The

ATLAS detector can be subdivided in three main parts which are from the inside out:

The Inner Detector performs track and momentum measurement of charged particles
in a 2T magnetic field generated by a super-conducting solenoid. It has a length

of 5.3m and a diameter of 2.5 m.
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The Calorimeter System is subdivided into electromagnetic and hadron calorimeters
performing energy measurement of electrons and photons and of hadrons and jets,

respectively.

The Muon Spectrometer performs identification and precise momentum measure-
ment of muons in a toroidal magnetic field of 0.2-2.5T in the barrel and of up to
3.5T in the endcaps. To minimize the material in the path of the muons and thus
the multiple scattering, three large super-conducting air-core toroid magnets, one

for the barrel and one for each endcap, are used.

The three sub-detector systems are described in Sections 3.2.2, 3.2.3 and 3.2.4, respec-
tively. An overview of the trigger system is given in Section 3.2.5. Beforehand, the
ATLAS coordinate system is outlined in Section 3.2.1.

The luminosity measurement described in Section 3.2.6 employs, in addition to
the Inner Detector, two dedicated detectors: the Beam Condition Monitor (BCM) and
the LUCID detector which is a Cherenkov detector consisting of sixteen aluminum
tubes filled with C4F1¢ and surrounding the beam pipe at a distance of 17m from the
interaction point. LUCID measures photons created by charged particles in the gas. The
BCM detects charged particles from the interaction region with four diamond sensors of
about 1 cm? arranged around the beam pipe at a distance of 184 cm from the interaction
point.

The ATLAS detector simulation needed to compare the Standard Model predictions

to data is described in Section 3.2.7.

3.2.1 The ATLAS Coordinate System

The interaction region is located at the origin of the coordinate system. The z-axis
points along the beam direction, the y-axis upwards and the z-axis towards the center
of the LHC ring. The azimuthal angle ¢ is defined around the beam axis starting
from the positive z-axis. Related to the polar angle 6 measured from the z-axis, is the
pseudorapidity variable

n=1/2-Intané/2 (3.2)

in which the cross sections at colliders are more uniform. For massive particles the
rapidity
E+p.

=1/2-1n
y=1/ p.

(3.3)
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Figure 3.3: Cut-away view of the ATLAS detector showing its main components (from [107]):
The Inner Detector consisting of the Pixel detector, the Semi-Conductor Tracker (SCT) and
the Transition Radiation Tracker (TRT), the calorimeter system with the Liquid Argon (LAr)
electromagnetic calorimeters, the hadronic endcaps and the hadron Tile Calorimeters and the
Muon Spectrometer with its large superconducting toroid magnets.
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21m
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Figure 3.4: Cut-away view of the ATLAS Inner Detector (from [107]).

is used, which is equal to the pseudorapidity in the limit of large ' /m. Angular separation
between two particles is measured by the distance parameter AR = \/m .
While the center-of-mass energy of two colliding partons is not known since they carry
only a fraction of the proton momentum, their momentum in transverse direction to
the beam is small enough to be neglected. The transverse momenta pr of the particles
produced in the collision must therefore be balanced. Particles not identified in the
detector, like neutrinos, contribute to the missing transverse energy Efrniss which due to
transverse momentum conservation is given by the vectorial sum of the visible transverse

momenta.

3.2.2 The Inner Detector

On average 1000 tracks per bunch-crossing are produced at the LHC design luminosity
leading to a very high track density in the inner tracking detectors. Therefore, highly
granular detectors are used to provide sufficient spatial resolution to reconstruct all the
tracks. The Inner Detector consists of three independent detector systems, sketched in

Fig. 3.4.

The Pixel Detector is the innermost detector consisting of silicon pixel sensors in
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three cylindrical layers in the barrel and in disks in each endcap. The cylindrical layer
closest to the beam pipe is referred to as the B-Layer because it is most important for
b quark identification. The pixel detectors are arranged in such a way that each particle
originating from the interaction region traverses a minimum of three layers.

The Semi-Conductor Tracker (SCT), surrounds the Pixel Detector with four cylin-
drical layers of silicon strip sensors in the barrel and nine disks in each endcap. The SCT
sensor modules in the barrel consist of two layers, with strips oriented along the beam
axis under a small angle of £20 mrad allowing for a measurement of the z-coordinate.
The orientation of the strips in the modules on the endcap disks is alternating between
radial and azimuthal orientation.

The spatial resolution of the pixel sensors is 10 um in the transverse and 115 um
in the longitudinal direction with respect to the beam. The SCT achieves a transverse
resolution of 17 um and a longitudinal resolution of 590 pm. The two silicon detector
tracking systems cover a pseudorapidity region of |n| < 2.5.

The outermost layer of the Inner Detector is the Transition Radiation Tracker (TRT)
composed of 4 mm diameter Kapton straw tubes with 30 pm diameter tungsten-rhenium
anode wires in their center. The tubes are filled with a gas mixture (70% Xe, 27%
CO2 and 3% O3) allowing for the detection of transition radiation photons. The TRT
extends up to |n| = 2.0. Traversing charged particles hit on average 36 straw tubes each

providing a spatial resolution of 130 ym in the transverse plane.

3.2.3 The Calorimeter System

The ATLAS calorimeter system consists of the electromagnetic and the hadron calorime-
ter as shown in Fig. 3.5. The electromagnetic calorimeter surrounds the Inner Detector
and the solenoid coil and is dedicated to identify electrons and photons and measure
their energy and direction, whereas the subsequent hadronic calorimeter measures the
energy of hadrons and jets. Both calorimeters are sampling calorimeters consisting of
alternating layers of passive absorber material and of active material where the energy
deposition in form of secondary particles is measured.

The electromagnetic calorimeter extends up to |n| = 1.5 in the barrel while the
endcaps cover the region 1.4 < |n| < 3.2. The active material of the electromagnetic
calorimeters is liquid argon while lead is used as absorber material. To achieve homo-

geneous ¢-coverage, the lead absorber plates have an accordion-like shape in particle
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Figure 3.5: Cut-away view of the ATLAS calorimeter system (from [107]).

direction.

The hadron calorimeter consists of three parts. The Tile Calorimeter covers the
region |n| < 1.0 with an extension to 0.8 < |n| < 1.7 as shown in Fig. 3.5. Scintillating
tiles are used as active material and steel as absorber. The Tile Calorimeter is segmented

in three radial layers.

The hadronic endcap calorimeter uses liquid argon as active and copper as absorber
material. It covers the region 1.5 < |n| < 3.2 overlapping with the Tile Calorimeter to
guarantee sufficient material thickness also in the transition region between the calorime-
ters, which nevertheless has less energy resolution. Electron candidates traversing the
pseudorapidity region 1.37 < |n| < 1.52, referred to as the crack region, are, therefore,
excluded from the analysis to prevent from hadrons misidentified as electrons.

The Liquid Argon Forward CALorimeter (FCAL) consists of three consecutive mod-
ules in z-direction in each endcap. The module closest to the interaction region uses
copper as absorber material, whereas the other two modules use tungsten. The FCAL

covers a region 3.1 < |n| < 4.9.
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Figure 3.6: Cut-away view of the Muon Spectrometer (from [107]).

3.2.4 The Muon Spectrometer

The Muon Spectrometer forms the outermost layer of the ATLAS detector and is used
for muon identification and precise momentum measurement in the magnetic field of
superconducting air-core toroid magnets up to || = 2.7 where |n| < 1.4 is the barrel
and 1.6 < |n| < 2.7 the endcap region. The region 1.4 < |n| < 1.6 is referred to as the
transition region of the Muon Spectrometer, where the fields of the barrel and endcap
toroids overlap resulting in a relatively inhomogeneous magnetic field. Muons above
3 GeV reach the Muon Spectrometer. Precise momentum measurement is possible up
to momenta of 1 TeV. Best momentum resolution of 3-4% is reached for muons with
pr ~ 100 GeV. Resolutions of 10% are reached for muons with momenta up to 1TeV.

An overview of the Muon Spectrometer is shown in Fig. 3.6.

In the barrel region, three cylindrical layers of muon chambers are installed between
and on the magnet coils. In the transition and endcap regions the chambers are installed

on wheels perpendicular to the beam.

For precise momentum measurement Monitored Drift Tube (MDT) chambers are
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used which, combined with Cathode Strip Chambers (CSC) in the innermost endcap
layer, cover 2.0 < |n| < 2.7. CSCs are multi-wire proportional chambers with cathodes

segmented into strips.

The relative alignment of the different chambers traversed by a muon has crucial im-
pact on the muon momentum resolution. High alignment precision, on the order of 50 ym
is achieved by means of an optical alignment monitoring system and by measurements

of muon tracks from cosmic rays and from proton-proton collisions.

For the fast muon trigger decision, Resistive Plate Chambers (RPC) and Thin Gap
Chambers (TGC) are used in the barrel and endcaps, respectively, covering a region up
to |n| = 2.4.

3.2.5 The Trigger and Data Acquisition System

The high instantaneous luminosity and the high bunch crossing frequency demand a
fast and highly selective trigger system to reduce the event rate to an acceptable level
while keeping the rare interesting events with high efficiency. Three consecutive trigger
levels are used referred to as Level-1, Level-2 and Ewvent Filter, each refining the trigger
decision of the previous one. The event rate is reduced in this way from 40 MHz to
75-100 kHz after the Level-1 trigger stage to 3.5 kHz after the Level-2 trigger and to the
final rate of 200 Hz after the Event Filter.

The Level-1 trigger defines the Regions of Interest (Rol) in n and ¢ for the higher-
level trigger decisions and detector readout. The region to be investigated by the detailed
and time consuming reconstruction at the Level-2 and Event Filter stages is reduced
in this way to 2-6% of the full detector coverage. The Level-1 trigger exploits the fast
muon trigger chambers (RPC and TGC) and the calorimeter information. The decision
is taken in less than 2.5 us and the event rate reduced from 40 MHz to 75-100 kHz.

The event rate after the Level-1 stage is further reduced to 3.5 kHz by the Level-2
triggers using the full detector granularity in the Rols defined by the Level-1 trigger.
A fast event reconstruction is performed including identification of muons, electrons,
photons and jets and determination of their four-momenta. The Event Filter finally
employs the full ATLAS reconstruction algorithms reducing the event rate to the required

200 Hz. A detailed description of the reconstruction algorithms is given in Chapter 4.
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3.2.6 Luminosity Measurements

The luminosity delivered by the LHC varies over time and is monitored by measure-
ments of the Inner Detector, the BCM and the LUCID detector. Several independent
measurements are performed to control the systematic uncertainty in the measurement
of the luminosity which is needed for the determination of cross sections of the physics
processes studied. A detailed description of the luminosity measurements can be found
in [115]. A luminosity measurement is recorded about once per minute corresponding
to a luminosity block of data. The integrated luminosity is calculated by summing over
all luminosity blocks of a given data taking run.

The ATLAS detector monitors the interaction rate per bunch crossing from which
the luminosity can be calculated. The measurement is calibrated using dedicated beam-
separation scans [116,117].

The Inner Detector measures the luminosity by counting the number of reconstructed
proton-proton interaction vertices from the intersections of charged particle tracks (see
Section 4.1). The distribution of the vertex multiplicity is proportional to the luminosity
delivered by the LHC.

LUCID measures the luminosity per-bunch by the number of Cherenkov photons,
which is proportional to the number of charged particles produced. The BCM equipped
with a very fast readout counts the number of collisions per bunch crossing and hence

provides an independent luminosity estimate.

3.2.7 Detector Simulation

To compare the Standard Model predictions to real collision data, events simulated by
the event generators (see Section 2.2.4) are passed through a detailed detector simulation
with particle interactions in the detector material described by the GEANT4 program
[118]. The detector geometry, material distribution and the magnetic fields are described
in detail, as well as the trigger and detector response and the readout electronics. Details
on the full ATLAS detector simulation can be found in [119]. The output of the detector
simulation is reconstructed in the same way as is the collision data (see Chapter 4).
The full detector simulation is time consuming due to the detailed detector descrip-
tion. In particular, the complex shower processes in the calorimeters require significant
simulation time. An alternative to the full simulation has been developed using a fast

calorimeter simulation [120], employing shower parameterizations.
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Chapter 4

Reconstruction of Physics
Objects

The presented analysis depends on the objects present in the signal final state, electrons,
muons, neutrinos and quarks. Their reconstruction, employing the ATLAS event recon-
struction software framework ATHENA [121], is described in this section. Electrons and
muons are stable® charged particles and can be reconstructed in the tracking detectors
and calorimeters as discussed in Sections 4.4 and 4.5. Neutrinos and quarks, on the
other hand, are not directly observable.

Quarks do not exist as free particles and immediately hadronize after being produced
in a proton-proton collision forming jets consisting of a large number of hadrons in a
narrow cone around the quark direction. Jets are detected in the calorimeters but the
reconstruction also exploits information from the tracking system. The jet reconstruction
is outlined in Section 4.2.

Gluons, produced mainly via initial or final state radiation, form hadron jets as
well. No attempt is made to distinguish between quark- and gluon-jets. The discrim-
ination between jets from different quark-flavors is impossible, with the exception of
jets originating from b quarks (and to some extend also from ¢ quarks) as discussed in
Section 4.3.

Neutrinos are stable particles interacting only weakly and are, therefore, not directly
detectable. However, neutrinos escaping the detector carry away part of the total energy
and momentum. In proton-proton collisions, energy and momentum is lost in the z-

direction, where there are no detectors. Therefore, energy-momentum conservation can

*For muons with kinetic energy above a few MeV, the decay length is larger than the radius of the
detector.
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only be exploited in the plane orthogonal to the direction of the incoming protons.
Neutrinos are, for instance, identified by missing transverse energy in the event. The
reconstruction of the missing transverse energy is discussed in Section 4.6.

Charged particle tracks are reconstructed in the Inner Detector. About 1000 tracks
per bunch crossing are observed at the maximum luminosity recorded in 2012, which
have to be simultaneously reconstructed. Tracks of charged particles are essential for the
object reconstruction of electrons, muons, jets and missing transverse energy and are
needed to identify the proton collision and particle decay vertices. The reconstruction
of charged particles is discussed in Section 4.1.

The last section is dedicated to describe the trigger definitions used for the presented

analysis.

4.1 Inner Detector Track and Vertex Reconstruction

Charged particles follow a circular trajectory in the transverse plane in the magnetic
field of the Inner Detector. A circular track is described by a set of five parameters with

respect to a reference point. The following parameter set is chosen:

e The inverse transverse momentum ¢/pr, where ¢ is the particle charge,

the azimuthal angle ¢,

the polar angle 6,

the transverse impact parameter dy and

the longitudinal impact parameter zj.

The impact parameters dy and zy are the distances of the points of closest approach to
the reference point in the transverse and longitudinal plane, respectively.

The reference point used is the reconstructed proton-proton interaction point of
interest, the so called the hard scatter primary vertex. The reconstruction of the primary
vertices from the intersection of tracks extrapolated to the proton-proton interaction
region in an event and the selection of the hard scatter vertex are described in Sec-
tion 4.1.2. When the primary vertex is not yet known, the center of the beam spot is

used as a preliminary reference point for track finding and fitting procedures. The beam
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spot is the proton-proton interaction region and depends on the beam conditions. It is
monitored during each LHC run (see Section 4.1.2).
The track reconstruction relies on Pixel Detector and SCT information and is, there-

fore, limited to the region || < 2.5.

4.1.1 Track Reconstruction

Track reconstruction is described in [122,123]. The standard track finding algorithm
uses an inside-out approach where track candidates are build from silicon detector hits
(r & 5 — 56 cm) which are, in a later step, extrapolated to the TRT region (r =~ 55-
— 108 cm). An outside-in track finding algorithm, seeded from TRT hits, complements
the standard algorithm in order to recover tracks from decays of long lived particles,
like kaons, where less hits may be present in the inner-most detector layers.

For the standard inside-out approach, track seeds are built from three-dimensional
space-points of pixel hits and SCT cluster pairs*. The directional information of a track
seed is sufficient to build roads where further hits from the same track are expected.
The track fit is performed using a Kalman filter algorithm [124]. Hits on the road of
the track candidate are added iteratively, and the track is refitted every time a new hit
is added. A newly added hit is identified as an “outlier”, if its contribution to the x? of
the fit is larger than a predefined value. The performance of the silicon detector track
reconstruction has been tested with data at /s = 7TeV and a good description by the
Monte-Carlo simulation was found [125].

Before the track is extended towards the TRT, ambiguities in the cluster-to-track
association are resolved while fake tracks are rejected by applying track quality criteria.
The surviving track candidates are extrapolated searching for additional hits in the
TRT. A combined fit of the silicon track and matching TRT hits is performed providing
the final track parameters. Tracks with pt > 100 MeV are written to the database for

further usage by the object reconstruction.

4.1.2 Primary Vertex Reconstruction

The primary vertex finding and fitting algorithm is adapted to the pile-up conditions at

the LHC. On average 21 proton-proton collisions occurred per bunch crossing in the year

*The information of two SCT modules glued back-to-back under a stereo angle are combined to
provide a three-dimensional space-point.
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2012 (see Fig. 3.2b). The algorithm therefore needs to reconstruct multiple interactions
simultaneously taking into account sharing of tracks by close-by vertices. The vertex
reconstruction method and performance is described in [126,127].

The vertex finding algorithm starts from all well reconstructed tracks. A first vertex
is found at the maximum of the distribution of track z-coordinates, computed at the
point of closest approach to the beam spot center. The position of the vertex is then
determined using the adaptive vertez fitter [128] taking as input the seed z-position.
Tracks incompatible with the fitted vertex by more than seven standard deviations are
used as input to the fit of the next vertex. The procedure is repeated until no tracks are
left. A refit of all tracks is performed, constraining the tracks to intersect at the position
of the vertex they are associated with.

The vertex as well as the track fitting rely on the beam spot position which is
determined every few minutes during collisions. It is derived from the distribution of
vertices reconstructed without the beam spot constraint.

The vertex with the largest sum of squared transverse momenta of tracks associated
to this vertex is identified as the hard scatter primary vertex and used as reference point
for all track parameters used in the further analysis. All other vertices are assumed to
result from minimum bias interactions also referred to as pile-up interactions.

The analysis presented uses the selected hard scatter vertex position to identify
objects originating from the collision of interest. It requires that the selected hard
scatter vertex is reconstructed from at least three tracks. In addition, the primary vertex
multiplicity per event is used to estimate the pile-up level, for example for correcting
the pile-up model used in the simulation to realistically describe pile-up conditions in
the data.

4.2 Jet Reconstruction and Energy Calibration

The jet reconstruction and identification is described in [129,130] and a description of

the jet energy calibration can be found in [131]. The procedures are outlined below.

4.2.1 Jet Reconstruction

As a first step, energy depositions in the approximately 200,000 calorimeter cells are

associated to “objects” with 1 and ¢ coordinates and transverse momentum pt values
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by a topological cluster algorithm as described in [129]. The algorithm starts from a seed
cell with a signal-to-noise ratio larger than a given threshold. All neighboring cells are
added to the cluster while neighbors of neighbors are added only if their signal-to-noise
ratio passes a second, lower threshold. A cluster is finally surrounded by “guard cells”,
passing a very low signal-to-noise ratio. Clusters can be split if several maxima are found
within one cluster.

Topological clusters are the starting point for the jet algorithm. For the presented
analysis a sequential jet finder using an anti-k; algorithm [130] in the FASTJET program
[132,133] is used. Sequential jet finders search for the smallest distance d;; or d;p between
two clusters 7 and j or between any cluster ¢ and the beam axis, respectively. If the
smallest distance is a d;p, the cluster ¢ is labeled as an individual jet and removed from
the list. If the smallest distance is a d;;, cluster ¢ and j are combined and the combined
cluster is added to the list. The procedure is repeated until no more clusters are found
in the list. The main difference between different sequential jet finders is the definition

of the distance, which can be written in a generalized form as:

AR,
RQ
dip = k! (4.2)

dij = min(kZ k") (4.1)

where k;; is the transverse momentum of the i-th cluster and AR;; = /A@?j + Ayizj is
the angular distance in y-¢ space. R is a fixed distance parameter with R = 0.4 chosen
for this analysis. The exponent p is chosen to be p = —1 for the anti-k; algorithm*.
The anti-k; algorithm prefers clustering of soft activity to large energy deposits over
combining two close-by soft energy deposits. Hence, a high-pr jet will accumulate the soft
activity surrounding it leading to conical jet shapes, which are insensitive to fluctuations
in the soft activity, which is difficult to simulate.

It is expected that a large fraction of jets does not originate from the hard scatter
process, but from pile-up proton-proton interactions. It is important to distinguish jets
from the hard scatter process, referred to as hard scatter jets, from jets produced in
pile-up interactions, referred to as pile-up jets. The jet direction measurement in the
calorimeters is not precise enough to allow for the association of a jet to a vertex. Instead

Inner Detector track information is exploited by defining the so called jet vertex fraction:

*The ki-algorithm corresponds to p = 1.
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Figure 4.1: Jet energy response R = E
and jet energies [131]

JVF = Z pT/ZPT ; (4.3)

track,PV track

where the sums are over all tracks associated to the jet and the tracks of the jet associated
to the hard scatter primary vertex (PV), respectively. If many tracks in the jet originate
from the hard scatter primary vertex, the JVF is close to one. For pile-up jets, where
many tracks originate from a pile-up vertex, the JVF will be small. Since it relies on
track reconstruction, the JVF is only properly defined within the Inner Detector coverage
(In| < 2.5), while jet reconstruction in the calorimeters with good efficiency is possible

up to |n| < 4.5.

4.2.2 Jet Energy Calibration

The calorimeters have initially been calibrated using test beam measurements with
electrons (see [134]) to provide a correct response for electromagnetic showers. Hence,
at first the jet energy is measured at the electromagnetic (EM) scale which correctly
measures the energy of particles produced in electromagnetic showers. The jet energy
scale (JES) is further calibrated for clusters identified as originating from hadronic
deposits employing single pion Monte-Carlo simulation.

Further, two corrections are applied to account for an energy offset introduced by
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Figure 4.2: Breakdown of contributions to the jet energy scale uncertainty for jets with
pr = 25GeV as a function of the jet pseudorapidity 7 [131]

pile-up. The first is based on the event transverse momentum and jet area which is a
measure of the jets susceptibility to diffuse noise as described in [135]. The second is
based on Monte-Carlo simulation and depends on the primary vertex multiplicity, the jet
pseudorapidity and transverse momentum. The direction of the jet is further corrected
to point to the hard scatter primary vertex. The jet energy is then corrected to the
true jet energy using simulation including pile-up. The corrections range from 15% to
100% depending on the detector region and jet energy, as can be seen in Fig. 4.1, where
the average energy response R = EJE%V[ / Ejtgtu‘:h, the inverse of the calibration correction
factor, is shown.

Several off-line jet energy scale corrections are applied for better agreement between
data and simulation. From those the systematic uncertainties in the JES description
in the simulation are derived. The total systematic uncertainty in the jet energy scale
simulation and its main contributions are shown in Fig. 4.2 as a function of the jet
pseudorapidity, for jets with pr = 25 GeV as an example. A correction based on well
balanced Z+jets or y+jets events is applied. The uncertainties arise mainly from Monte-
Carlo modelling, detector inefficiencies and the photon purity of the v+jets data sample.
For jets with large transverse momenta (pp > 1TeV) a system with many soft jets
recoiling against a hard jet are used for further JES correction (denoted with multijet
balance in Fig. 4.2). Forward jets are further corrected, employing calibration coeflicients

derived from jets in the central region. An uncertainty arising from this extrapolation is

43



Chapter 4. Reconstruction of Physics Objects

assigned, which is estimated from generator comparisons (denoted with n-intercalibration
in Fig. 4.2). Central high-pt jets are further corrected from measurements of single
hadron responses (denoted with single particle in Fig. 4.2 but not visible for pt = 25 GeV

since it is only relevant for very high-pr jets).

In addition to the jet energy scale also the jet energy resolution (JER) is corrected for
better agreement between data and simulation. The procedure exploits the momentum
balance between two leading jets in dijet events. Uncertainties in the jet energy resolution

are 10-20% depending on the jet pseudorapidity and transverse momentum [136].

4.3 b-jet Identification

Jets originating from b quarks, b-jets, can be identified based on the relatively long life
time of B mesons. B meson decays result in secondary decay vertices displaced from the
hard scatter primary vertex. The identification of b-jets, called b-tagging, relies mainly
on the reconstruction of tracks and vertices in the Inner Detector. The jet momentum
and direction measured in the calorimeters, however, is needed for the association of
tracks to the jet.

All tracks associated to a jet and to the hard scatter primary vertex are input to
the b-tagging algorithms. Different methods, exploiting different properties of B meson
decays, are used [137]. The MV tagging algorithm, used in the presented analysis,
combines three different methods using an artificial neural network. One is based on the
track impact parameters, one on a secondary vertex finding algorithm and one on the

reconstruction of the full B meson decay chain including subsequent D meson decays.

The performance of a b-tagging algorithm is given by the b-tagging efficiency €p.tagq,
the fraction of correctly tagged b-jets, as a function of the mistag rate, defined as the
fraction of falsely tagged non-b-jets. For the presented analysis a working point of

€p-tag = 35% is used.

The b-tagging efficiency and the mistag rate have been measured in data and com-
pared to simulation results in [138-140]. Good agreement has been found. A correction
for residual efficiency differences between data and simulation due to the slightly better

impact parameter resolution in the simulation, is applied in the presented analysis.
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4.4 Electron Reconstruction

Electrons are reconstructed combining calorimeter and Inner Detector information. In
order to reduce the probability of jets faking electrons a sophisticated electron identifi-
cation procedure is employed [141] which is outlined below.

Electrons are reconstructed from clusters in the electromagnetic calorimeters which
are matched to Inner Detector tracks. A sliding window algorithm finds cluster seeds with
energy deposits larger then 2.5 GeV in a region of 3 x5 middle layer cells, corresponding to
an angular range of Anx A¢ = 0.025 x 0.025. Within the tracking acceptance (|| < 2.5),
energy clusters are matched to Inner Detector tracks by extrapolating from the outer-
most measurement in the Inner Detector to the second layer in the electromagnetic
calorimeter. If successful an electron candidate is found.

The cluster energy is now recomputed and corrections are applied accounting for
the electron energy loss in the material in front of the calorimeters, the lateral energy
leakage and the energy loss when the electron shower is not fully contained in the
electromagnetic calorimeter. While the energy of electrons is taken from the calorimeter
measurement, the direction in 7 and ¢ and the impact parameters are taken from the
assigned track measurements in the Inner Detector.

Electrons have a significant radiation probability when traversing detector material
due to their low mass. This is taken into account by refitting the tracks using a Gaussian
Sum Filter (GSF) [142]. The use of the GSF significantly improves the track parameter
and, hence, the electron four-momentum measurement and the track-to-cluster matching.

Reconstructed electrons without further selection are contaminated by backgrounds
of jets and converted photons. Loose, medium and tight electron quality requirements
are therefore applied, where the loose and the medium category is contained in the

medium and the tight category, respectively. The identification criteria are:
Loose: Only shower shape and hadronic leakage variables are used.

Medium: Information from the strip layer of the electromagnetic calorimeter is used

and stricter track quality and track-to-cluster matching requirements are applied.

Tight: Even tighter track-to-cluster matching and track quality requirements are used.
Converted photons are rejected by requiring a hit in the B-layer, if it is expected

from the direction, and the TRT electron identification capability is employed.
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Figure 4.3: Identification efficiency of tight electron candidates measured as a function of (a)
the electron transverse energy Er and of (b) the electron pseudorapidity 7 using Z — ee events
in data and simulation [143].

Tight electron candidates are used in the presented analysis. The quality criteria are
slightly modified compared to [141] to adapt to the larger pile-up in 2012.

The electron identification efficiency is measured using a tag-and-probe method in
Z — ee, W — ev and J/W¥ — ee events. This method requires a high quality electron
(or missing transverse energy in case of W — ev), called the tag object, and a probe
electron which may fulfill much looser requirements. The tag-probe pair has to be
compatible with a Z, W or J/W¥ decay. The fraction of correctly identified probes is
the identification efficiency. In Fig. 4.3 the efficiency measured in data is compared to
the one determined from simulation using Z — ee decays, where the tight selection
criteria are used (see [143]). An n- and pr-dependent efficiency correction is applied to
simulated electron candidates to weight them to the data.

Additional corrections are applied to the energy scale and resolution of simulated
electrons [143]. The energy scale is determined, both in data and in simulation, from the
di-electron mass in Z — ee and J/¥ — ee decays as well as from the F/p measurement
in W — ev events. The energy resolution is determined from the width of the Z boson
resonance in Z — ee decays. The resolution found in simulation is slightly better than
the one in data. The simulated electron transverse momentum hence is smeared in order
to correctly describe the observed Z mass resolution.

Another important lepton property for the presented analysis is the isolation from

neighboring particles and jets. The isolation is measured by summing up the activity in
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a cone around the electron of a given radius, AR = 0.3 in this analysis. Two types of
isolation criteria are used:

Track isolation measured by the scalar sum chone30 of the track transverse momenta

within a cone of radius AR = 0.3 around the electron direction. The electron

transverse momentum itself is left out of the summation.

Calorimeter isolation measured by the scalar sum E%Opo’conego of topological energy

clusters within in a cone of radius AR = 0.3 around the electron direction. Clusters

associated to the electron are left out of the summation.

The calorimeter isolation is corrected for pile-up contributions estimated from the vertex

multiplicity.

4.5 Muon Reconstruction

Muons traversing the ATLAS detector leave a trace in all detector parts. The outer-
most layer, the Muon Spectrometer, is the main detector to identify muons, since all
other detectable particles are essentially stopped in the calorimeters. Besides muon
identification, the precise measurement of the muon momentum is the task of the Muon
Spectrometer. Both identification and momentum measurement can be significantly
improved by exploiting information provided by the Inner Detector and the calorimeters.
Two muon reconstruction chains are in use (see [129]). The discussion below focusses on
the muon reconstruction algorithm used in this analysis, referred to as chain I muon
reconstruction [144].

For muons reconstructed by stand-alone measurements in the Muon Spectrometer,
referred to as stand-alone muons, straight track segments are reconstructed from hits in
each of the three muon detector layers and then combined to form a track. This track is
extrapolated to the hard scatter primary vertex taking into account multiple scattering
and energy loss in the calorimeters. The algorithm used to perform this task is called
Muonboy [144].

The advantage of the stand-alone measurement is the large Muon Spectrometer
coverage up to |n| = 2.7. Only small gaps exist at |n| < 0.1 for Inner Detector services
and at |n| ~ 1.2 where muon chambers were not yet installed in 2012. However, stand-
alone muons are prone to background from weak pion and kaon decays into muons in

the calorimeters or the Inner Detector.
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The background can be efficiently reduced by exploiting the independent momentum
measurement of the muon track in the Inner Detector. Each stand-alone muon track
detected in the Muon Spectrometer is matched to an Inner Detector track taking into
account the covariance matrices of both track measurements. Successful matches are
referred to as combined muons. The combination of the two measurements considerably
improves the momentum resolution over a wide momentum range. The Inner Detector
dominates the momentum resolution of low-pr, the Muon Spectrometer the one of
high-pt muons. The reconstruction of combined muons is limited to the Inner Detector

coverage |n| < 2.5.

A looser muon reconstruction category, called MuTag [144], starts the reconstruc-
tion in the Inner Detector rather than in the Muon Spectrometer. It recovers partially
instrumented detector regions and very low-pp muons which do not reach the outer
Muon Spectrometer layers. Taking into account so called CaloMuons reconstructed
from energy deposits in the calorimeters compatible with the ones expected from mini-
mum ionizing particles, increase the muon reconstruction efficiency even more. As the
presented analysis is very sensitive to background, however, only high-purity combined

muons are used in the reduced n coverage of the Inner Detector.

Muon reconstruction efficiency, momentum resolution and energy scale are compared
between data and simulation [145]. The comparison for chain 1 muons is shown in
Fig. 4.4a. Correction factors have been determined to correct for detector inefficiencies

over time which are not accounted for in the simulation.

The reconstruction efficiency correction is measured in Z — pp events using a
tag-and-probe method, as described in Section 4.4. The probe-muon can either be
a CaloMuon, if the efficiency of stand-alone or combined muons is to be measured,
or a stand-alone muon, if the efficiency of the Inner Detector reconstruction is to be

determined.

The purity of Z — uu events is higher than 99.9% in the dataset used for efficiency
measurements. Uncertainties in the efficiency measurement arise from residual back-
ground and from the probe selection. The systematic uncertainties due to the residual
background and from comparing the correction factors determined using as probes Inner
Detector tracks and CaloMuons, respectively, add up to 0.2%. The efficiency measure-
ment can be performed only in the muon transverse momentum range covered by the

Z — pp selection. Within this range no pp-dependence of the efficiency is observed (see
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Figure 4.4: Muon Spectrometer reconstruction efficiency for chain 1 combined muons as a
function of (a) the pseudorapididty n and (b) the transverse momentum pr in Z — pu data
and Monte-Carlo simulation and their ratio in the lower panel which is the efficiency correction
factor applied to the simulation [145].

Fig. 4.4b). The correction factors derived in this pp-range are also applied to muons
with higher and lower transverse momenta with increased systematic uncertainties. In
the low momentum regime, a comparison with muons from J/¥ — pu decays is per-
formed leading to uncertainties of 2%, 1% and 0.5% in the pr intervals pp < 7GeV,
7GeV < pr < 10GeV and 10 GeV < pr < 20 GeV, respectively. In the high momentum
regime, Monte-Carlo simulations with variations of the muon energy loss in the detector
by 10% resulting in an uncertainty of 10% in the muon momentum for pp > 100 GeV

are used.

In addition to the reconstruction efficiency, the muon momentum scale and resolution
are measured and corrected using di-muon decays of Z, T and J/W¥ [145]. The simulation
predicts a slightly larger momentum scale and better resolution than observed in the data.
Figure 4.5a compares the uncorrected simulated and observed di-muon mass spectrum
from Z — pu events. A template fit to the mass spectrum is applied to determine
muon momentum resolution and scale and to correct the simulation as a function of the
pseudorapidity and transverse momentum (see Fig. 4.5b). A systematic uncertainty in
the resolution correction arises from the di-muon event selection including the choice of
the di-muon mass window. Systematic uncertainties of 1% in the central region and of

2% in the forward regions are assigned to the momentum scale correction to take into
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Figure 4.5: Simulated and measured dimuon invariant mass distribution for chain 1, combined
muons with pr > 25GeV from Z — pup events. The distribution is shown (a) without any
corrections and (b) with momentum smearing and scale corrections [145].

account a possible pr dependence which is validated using J/¥ and T decays.

As in the case of electrons, isolation criteria are used also for muons summing
transverse momenta of Inner Detector tracks and energy deposits in the calorimeters
within a cone of radius AR = 0.3 around the muon direction. While the track isolation is
defined in the same way as for electrons, the calorimeter isolation criteria use calorimeter
cell deposits rather than topological clusters. The track and energy deposits of the muon
itself are left out of the sum as for electrons. The calorimeter isolation variable is

corrected for pile-up effects.

4.6 Missing Transverse Energy Reconstruction

The missing transverse energy is the absolute value of the vectorial sum of the transverse
momenta in the event. For a complete reconstruction of the event it is expected to be
zero. Undetected particles, such as neutrinos or other only weakly interacting particles,
lead to non-zero values of missing transverse energy which is the essential signal for such

particles. The reconstruction of the missing transverse energy relies on the reconstruction
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of all physics objects in the event (see [146,147]).

The missing transverse energy reconstruction includes energy deposits in the calorime-
ters and muon tracks. Inner Detector tracks are included to take into account low-pt
particles not well reconstructed in the calorimeters. The calorimeter cells are associated
to reconstructed objects in a specific order, first electrons, then photons, hadronically
decaying 7-leptons, jets and muons. The cells are then calibrated depending on the
object they are associated with. Cells not associated to any object are included as the
so called CellOut term of the missing transverse energy.

The z- and y-components of the missing transverse energy vector Er’fliss =—>pr

consists of the following contributions:

miss __ Emiss,e + Emiss,'y + Emiss,‘r + Emiss,jets

z(y) — Ta(y) z(y) z(y) z(y)
+ Emiss,softjets + Emiss,calo,,u + Emiss,CellOut + Emiss,,u (44)
z(y) z(y) z(y) z(y)
miss, [

Each associated term, except E , is the negative sum of calibrated cell energies

z(y)
associated to the respective objects projected onto the z- and y-axes. To suppress
noise contributions, only cells belonging to topological clusters are included. E;T;; &
is determined from the momenta of muon tracks. The energy loss of muons in the

calorimeters, is included in the term E;q(lys)s @Ok Tow-pr (10 GeV < pp < 20 GeV) and
high-pr (pr > 20 GeV) jets are treated separately in the terms EzHEIyS)S softjets 4 nd E;IE;S)S ’jets,
respectively, (see [146]). The magnitude EX*5 and the azimuthal coordinate ¢™** of the

missing energy vector are given by:

ETmiss — \/(E;niss)2 + (E?rJniss)2 ,

(bmiss — aI‘CtaIl(E;/niSS/E;niSS)

(4.5)

The performance of the missing transverse energy reconstruction has been studied
in leptonic Z and W boson decays [147]. To measure the missing transverse energy scale
W — fv decays are used, where E%‘iss > 0 is expected because of the neutrino in the
final state. For events with E%liss > 40 GeV, 5% and 3% difference between the data
and simulation is found in the E%ﬁss scale in W — ev and W — uv events, respectively.

No genuine ER is expected in Z — ee/upu events. The widths of the E™- and
Eymiss—distributions for Z — ee/uu events are therefore used to estimate the Elfliss resolu-

tion, limited by the imperfections of the calorimeter response and energy reconstruction.
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Figure 4.6: E”USS resolution in measured (full symbols) and simulated (empty symbols) Z — uu
events as a functlon of the primary vertex multiplicity Npy for the standard and the pile-up
suppressed definition of the missing transverse energy [147]. The red dots correspond to the
standard EX'* definition and the black triangles and blue squares to the version with pile-up
suppression by STVF and by STVF and JVF, respectively (see text).

A comparison between the resolution measured in data and simulation of Z — puu
events is shown in Fig. 4.6 as a function of the primary vertex multiplicity Npy which
is a measure of pile-up. The ENS resolution degrades with increasing pile-up. The

simulation provides a good description of the data.

The terms in the missing transverse energy measurement most affected by pile-up
are the CellOut and soft-jet terms which are combined in the so called soft term

miss,SoftTerm __ p-miss,softjets miss,CellOut
Erw) =By T P : (4.6)

A modified definition of the missing transverse energy denoted by %nsshTVF is used in
the presented analysis in addition to suppress the impact of pile-up on the soft term,

where the soft term is scaled with the soft term vertex fraction

STVF = Y pr/ Y pr (4.7)

track,PV track

with sums over all tracks not matched to physics objects and the subset associated to

the hard scatter primary vertex (PV). The pile-up dependence of the E%liss—resolution
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Figure 4.7: Relative systematic uncertainty of EX' and its different contributions as a function
of the total transverse energy > FEr [147].

is considerably reduced by this scaling (see Fig. 4.6). The residual pile-up dependence
resulting from the jet term is reduced by scaling each jet with the jet vertex fraction
(JVF) explained in Section 4.2.

Systematic uncertainties in the E%liss reconstruction arise from the reconstruction of
different objects with the largest contribution from electron, jet and soft term reconstruc-
tion. The relative uncertainty of E%ﬁss estimated in simulated W — ev events is shown

in Fig. 4.7 as a function of the total transverse energy measured in the calorimeters,

Y Br=> Ef+> E}+Y Eq+) EF®

+ ZE%alo,,u + ZE%oftjets + ZE%eHOut ,

the scalar sum of the transverse energies of cells associated to different objects and

(4.8)

calibrated accordingly. The uncertainty due to the soft term, for example is determined
from differences between Z — uu data and simulation, where no electrons and jets are

present in the final state and differences mainly result from the soft term itself.

4.7 'Trigger Requirements

An overview of the ATLAS trigger system and its performance is given in [148]. Here

only the muon and electron triggers used in the presented analysis are discussed. A
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detailed description of the muon and electron triggers can be found in [149,150].

The ATLAS trigger system consists of three stages. The Level-1 (L1) trigger is a
hardware trigger which reduces the event rate to ~100kHz and selects the Regions of
Interest (Rol) to be further investigated by the High Level Trigger (HLT). The HLT
comprises the Level-2 (L2) trigger employing fast reconstruction algorithms and the
Event Filter exploiting the full ATLAS event reconstruction.

The muon and electron trigger efficiencies are determined using a tag-and-probe
method (see Section 4.4) [149,150]. For the 2012 data, the efficiencies were found to be
90% for electrons and 90% and 65% for muons in the barrel and endcaps, respectively.
To correct for efficiency differences between data and simulation, the analysis applies a

per-event weighting factor to the simulation.

4.7.1 Muon Trigger

The L1 muon trigger exploits information from the fast muon trigger chambers, RPCs
covering 80% of the barrel part of the Muon Spectrometer and TGCs covering 99% of
the endcaps, requiring coincidences between different chamber layers along the track.
An estimate of the transverse momentum and the information about the Rol is passed
on to the L2 trigger. The Rol information reduce the area of the detector that needs to
be checked by the L2 trigger algorithms to 2-6% of the total detector coverage.

The L2 trigger uses also the information of the MDT and CSC precision chambers.
A fast track finding algorithm reconstructs stand-alone muons. A refined estimate of
the muon transverse momentum is made using look-up tables storing information for
a fast pr assignment. The stand-alone muons are combined with Inner Detector tracks
reconstructed in the Rols. The muon is classified as isolated, if no other tracks in the
Inner Detector and no energy deposits in the calorimeters are found around the muon
trajectory. About one out of 30 events passes the L2 muon trigger.

The Event Filter has access to the complete event data such that the full muon recon-
struction described in Section 4.5 can be used. The position of the hard scatter primary
vertex is exploited such that muons from the hard scatter event can be distinguished
from pile-up interactions. Except for muon reconstruction efficiency, momentum scale
and momentum resolution corrections not applied in the Event Filter, the transverse
momentum reconstruction employed by the Event Filter, corresponds to the one used

in the off-line analysis.
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Several trigger criteria exploiting muon reconstruction quality, transverse momentum
and isolation in different combinations have been used for the 2012 data taking period
with the aim to reject as few interesting events as possible while keeping the trigger rate
low. The presented analysis uses events selected by at least one of the two single-muon

trigger requirements:
e A combined, isolated muon with pr > 24 GeV or
e a combined muon with pp > 36 GeV,

where the pr measurement is at the Event Filter level.

4.7.2 Electron Trigger

At the L1 trigger stage, calorimeter measurements with reduced granularity are used in
trigger towers of An x A¢ = 0.1 x 0.1 to define the Rols. The calorimeter cells in each
trigger tower, including the hadronic calorimeters with the exception of their outer-most
layers, are summed in order to obtain a measure of the energy. Electromagnetic clusters
are found by a sliding window algorithm based on a group of 4 x 4 n-¢ trigger towers.
The energy in the central region of the window is required to exceed a given energy
threshold.

At the L2 trigger stage, electron and photon reconstruction algorithms building cell
clusters in the Rols provided by the L1 trigger are used. Due to limitations in the trigger
latency, only the second layer of the electromagnetic calorimeter is used to identify the
so called pre-seeds, the cells with the largest transverse energy deposit within a Rol.
The cluster position is determined as the energy-weighted center-of-gravity in a 3 x 7
cell grid around the pre-seed. Simplified track reconstruction in the Inner Detector and
cluster-to-track matching algorithms are used in the Rols to refine the position and
transverse energy measurements. A first electron identification is performed, using the
energy deposition shower shapes in the electromagnetic calorimeter.

At the Event Filter level, the full reconstruction algorithms, as described in Section 4.4
are used. Only reconstruction and identification efficiency, energy scale and energy
resolution corrections are not applied.

Electron trigger requirements based on different combinations of transverse momen-
tum thresholds, isolation and electron reconstruction quality are used. The presented

analysis uses events selected by at least one of two electron trigger requirements:
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e One isolated electron with pt > 24 GeV measured at the Event Filter level fulfill-
ing the tight quality criteria together with a veto against events with significant

hadronic leakage at the L1 stage or
e one medium-quality electron with pp > 60 GeV at the Event Filter level.

The requirement on the hadronic leakage in the first set of requirements had to be applied
due to the large L1 trigger rates in 2012. The second set of requirements recovers for
electrons, which have failed the tight quality and isolation requirements in the first set

of trigger definitions.

56



Chapter 5

Measurement of the
VBF H — ¢vfr Production Rate

5.1 Analysis Strategy

The analysis is aimed at the investigation of the properties of the newly discovered Higgs
boson with a mass of (125.5 4+ 0.6) GeV [7], to test the compatibility with the Standard
Model predictions. The Standard Model Higgs boson production via Vector Boson Fusion
(VBF) is studied in events where the Higgs boson decays into two oppositely charged W
bosons, which subsequently decay into a charged lepton (electron or muon, denoted by
¢) and a neutrino, i.e. in the process q¢ — qqH — qqWW™* — qqlvlv. Both the Higgs
boson production process and the decay have several characteristic properties that can
be exploited to separate the Higgs-signal from background processes. Based on these
properties, event selection criteria are defined that reduce the contamination by different
processes while preserving as much as possible the signal contribution.

Due to the two neutrinos in the final state, the mass of the Higgs boson cannot be
fully reconstructed from its decay products. Instead, the so called transverse mass is
used as a discriminant between the signal and background processes with a relatively
poor resolution. The similar shapes of the transverse mass distributions for signal and
background processes call for precise understanding of all background contributions.

There is a large variety of background processes passing the analysis selection criteria.
The contribution of each background process can be predicted from Monte-Carlo simu-
lated events. Event generators take into account the currently best theoretical knowledge
of the generated processes as discussed in Section 2.2.4. Generated events are fed into

a detector simulation (see Section 3.2.7) with detailed description of the material and
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response of the detector. The predictions from simulation are nevertheless subject to
uncertainties in the theoretical description of the process or from time dependent de-
tector conditions that cannot be taken into account by the simulation. To reduce the
impact of such uncertainties on the analysis results, the background predictions from
simulation are corrected, wherever possible, or even replaced by control measurements.

The final results are expressed in terms of observed and expected exclusion limits
or significance in the signal strength with respect to the Standard Model predictions.
They are obtained by comparing the transverse mass distribution of observed events
that have passed the full selection to the corresponding predictions from simulation
or data-based control measurements. A statistical hypothesis test using a frequentist
approach [151] is carried out to evaluate the agreement of the background-only and
signal-plus-background hypotheses with the observation.

Motivated by the recent discovery, the event selection criteria are optimized assuming
a signal with a Higgs boson mass of 125 GeV. The same selection criteria are applied in
the search for a Higgs boson signal with different mass, scanning the mass range from
110 GeV to 200 GeV. The analysis is performed on a dataset of proton-proton collisions
recorded in the year 2012 with the ATLAS detector corresponding to an integrated
luminosity of [ Ldt = 20.7fb~*.

This chapter is structured in the following way: The properties of the signal and
background processes are discussed in Section 5.2. The event selection criteria are
described in Section 5.3. The measurement of the background contributions is presented
in Section 5.4. Systematic uncertainties and their impact on the analysis are discussed in
Section 5.5. In Section 5.6, the final results are shown, obtained with a statistical method
described in Section 5.6.2. Finally, possibilities to improve the analysis are discussed in
Section 5.7.

5.2 Signal and Background Processes

The analysis aims not only at measuring the rate of VBF Higgs boson productions but
also, in a further step, at measuring the couplings of the Higgs boson to vector bosons.

Therefore, the production of a Higgs boson in association with a vector boson (V H)

*An additional [ Ldt=4.6 fb~! of collision data is available from the data taking in the year 2011.
Due to different pile-up conditions this dataset has been analyzed separately and only the final results
of both analyses are combined, as shown in Section 5.6.3.
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is also considered as part of the signal. In practice, this process is not relevant for the
final event selection due to the small cross section (Fig. 2.7a). In the following the V H
production process will not be explicitly mentioned, but is considered as part of the

signal and not of the background.

The cross section of gluon fusion production (ggF'), on the contrary, is an order of
magnitude larger compared to the VBF production cross section. Gluon fusion produc-
tion depends on the coupling strength of the Higgs boson to fermions and is therefore

considered as a background contribution in the analysis.

This section introduces the main signal and background properties. The key features
of the VBF Higgs boson signal are given in Section 5.2.1 followed by a description of

the most important backgrounds and their properties in Section 5.2.2.

5.2.1 The Signal Signature

The lowest-order Feynman diagram of the Higgs boson production via vector boson
fusion with subsequent Higgs boson decay into two W bosons is shown in Fig. 5.1.
Initial state quarks from the two colliding protons radiate vector bosons (W or Z),
which fuse to produce the Higgs boson. The energy transfer of the incoming quarks
to the vector bosons is relatively small compared to their initial energy. Therefore, the
two final state quarks are only slightly diffracted and tend to follow the original proton
trajectory. The quarks hadronize and can be reconstructed in the detector as jets (see
Section 4.2). Hence, the VBF Higgs boson production leads to two highly energetic,
forward jets in the final state that are well separated in rapidity. In addition, the Higgs
boson decay products are expected to be observed in between the two jets.

The Higgs boson decay investigated is the decay into two oppositely charged W
bosons, each subsequently decaying into a charged lepton and a neutrino. Due to their
short lifetime, 7 leptons decay before entering the detector and, hence, are more difficult
to reconstruct and identify than electrons and muons. For the analysis presented here

only final states with electrons and muons are considered*.

*An electron or muon (¢ = e, u) is produced in a W boson decay either directly (W — fv) or
indirectly in a secondary 7 lepton decay (W — 70, — €0,v,v7). The contribution of the processes with
leptonically decaying 7 leptons is small due to the small branching fractions of the leptonic W boson
and 7 lepton decays (B(W — 7v) = 11% and B(r — fvv) =~ 17% [10]) and due to the lower energies of
electrons and muons from the secondary 7 lepton decays.
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Figure 5.1: Tree-level Feynman diagram for VBF Higgs boson production and the subsequent
Higgs boson decay into a pair of W bosons, each decaying leptonically.

Two final states are distinguished because of different background compositions:
e Same-flavor final states: H — wEWT® e Ve Ue /T vy p 0,
e Different-flavor final states: H — wEWTH e Ve U/t vye .

In the Standard Model the Higgs boson is a scalar particle with spin quantum
number sy = 0. This leads to an angular correlation between the two charged leptons,
as illustrated in Fig. 5.2. In the rest frame of the Higgs boson and for Higgs boson
masses of up to about twice the W boson mass the two W bosons are produced at
rest. Hence, the two W boson decay products, the lepton and the neutrino, are emitted
back-to-back. For sy = 0, the spin directions of the W bosons are anti-parallel and the
spin directions of lepton and neutrino from the W boson decays are parallel to each
other. Since the neutrinos are left-handed, the neutrino originating from the W+ boson
is emitted in anti-parallel direction to its spin, while the momentum of the anti-neutrino
from the W~ boson decay points in the direction of its spin. Since the spin directions
of the two neutrinos are anti-parallel, the two neutrinos tend to be emitted in the same
direction. As the charged lepton is produced back-to-back with its neutrino-partner, the
two leptons will also be emitted in the same direction resulting in a small opening angle
A¢p(Ll) between them and a small dilepton invariant mass my,. This spin correlation is
used to separate signal from background.

Due to the presence of two neutrinos with unknown four-momenta in the final

state it is not possible to fully reconstruct the mass of the Higgs boson. Instead, the
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Figure 5.2: Illustration of the angular correlation of the final state leptons in the example of
the spin-0 Higgs boson decay into two W bosons with positive helicity. In this case the directions
of the charged leptons are parallel to the W+ momentum whereas the directions of the neutrinos
are parallel to the W~ momentum.

transverse mass mr is reconstructed from the measured lepton four-momenta and the
missing transverse energy vector Ef**, which corresponds to the sum of the transverse

components of the neutrino four-momenta:

o = (B + B~ plf o+ B with B = i )

where p@re and myy are the transverse momentum and invariant mass of the dilepton

system, respectively.

Figure 5.3 shows the transverse mass distribution for the VBF H — WW®) — fuy
signal for different Higgs boson mass values. The mass resolution is rather poor, on the
order of 50-100 GeV depending on the Higgs boson mass. Nevertheless, the mrp-variable
is powerful in rejecting background contributions as will be shown in Section 5.3.

The cross sections of the signal processes are shown in Table 5.1 for a Higgs boson
mass of 125 GeV together with the Monte-Carlo generators used for the signal modelling.
The cross sections for other mass values are given in Appendix A . The calculation of

the cross sections and decay branching fractions is discussed in Section 2.2.

5.2.2 The Background Processes

The contribution of different backgrounds to the analysis depends on their cross sections
and on their resemblance to the signal topology. The most important backgrounds to
the presented analysis arise from diboson production processes, in particular of W-
boson-pairs, as well as from top quark production where the largest contribution is

expected from processes with top-quark-pairs in the final state. Drell-Yan processes
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Table 5.1: List of signal (my = 125GeV) and background processes together with the event
generators used for the simulation (compare also Table 2.4). The corresponding cross sections
(o) times the branching fractions (B) are given for /s = 8 TeV (in case of unspecified initial
and final state particles all possible production and decay mechanisms are taken into account).
Here, ¢ denotes all lepton flavors (¢ = e/u/7). Corresponding figures with lowest-order Feynman
diagrams are also indicated.

oxB Diagrams
Process Monte-Carlo generator (pb) (Figure)
= qq — qqH — qqtvty POWHEG +PYTHIA8 0.035 5.1,2.6b
'[%D qq — VH — Viv(lv or qq) PYTHIAS 0.13 2.6¢
ng g9 — H — tvly POWHEG+PYTHIAS 0.44 2.6a
qq,9q9 & WW — lvly POWHEG+PYTHIAG 5.7 5.4a—c
g9 = WW — tviv GG2WW 3.1.24+HERWIG 0.20 5.4c
A
O WZ/v* — i, (my >7GeV) POWHEG+PYTHIAS 0.83
g < Wr* — Lvll (my < 7GeV) MadGraph +PYTHIAG 11 5.4a,b
é W~ = vy (ph > 8GeV) ALPGEN+HERWIG 116
A Z*7* — el POWHEG+PYTHIAS 0.73 5.4a
WW — iy +2j SHERPA with no O(ay) 0.039
Z WZ bty +2j SHERPA with 10 O(a,) 0.013 5.4d
ZZ — vy + 2j SHERPA with no O(ay) 0.0012
77 — 00l + 25 SHERPA with no O(ay) 0.00074
é tt — qqWW — qqlviv MC@NLO-+HERWIG 26 5.5a—¢
2, W (— )t MC@NLO+HERWIG 22 5.5d,e
& t(— ¢W — qlv)gb (t-channel) AcerMC+PYTHIAG 30 5.5g,h
&= t(— ¢W — ¢lv)b (s-channel) MCQ@QNLO-+HERWIG 1.8 5.5f
)
x 8 Z[v* — Ll (mge > 10 GeV) ALPGEN+HERWIG 16000 5.6b
N =
599 = qqZ* — qqll SHERPA up to O(as) 1.2 5.6¢
g
r W — v ALPGEN-+HERWIG 37000 5.6b
=
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Figure 5.3: Distribution of the transverse mass mr, calculated from the reconstructed leptons
and missing transverse energy, for simulated VBF H — WW®) events in the fvfv final state
requiring two oppositely charged leptons and two jets for different Higgs boson masses my.

play a significant role in same-flavor final states. Only minor contributions are expected
from single W boson production with accompanying jets (WW+jets). Finally, gluon fusion

Higgs boson production is considered as additional background.

An overview of the different background processes together with the corresponding
event generators is given in Table 5.1. A detailed list of Monte-Carlo samples generated
for background modelling is given in Appendix A. For the background cross sections
the highest-order calculations available are used. In particular, diboson production cross
sections are calculated up to next-to-leading order using the MCFM program [152].
The top-quark-pair production cross section is calculated at approximate next-to-next-
to-leading-order [153].

Background from Gluon Fusion Higgs Boson Production

The Higgs boson production via gluon fusion (ggF') contaminates the analysis due to
the larger cross section compared to the VBF signal process (see Table 5.1). While
the lepton and missing transverse momentum kinematics from Higgs boson decays are
almost identical for signal and ggF background, the jet kinematics, are very distinct

between the VBF and ggF production process.
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Figure 5.4: Tree-level Feynman diagrams of the most important diboson background processes.
Vector boson production via quark-antiquark annihilation and quark-quark scattering is shown
in (a) and (b). Diboson production via gluon-gluon or quark-gluon scattering in higher-orders
is shown in (c). Electroweak diboson production is shown in (d).

Diboson Background

At the LHC, gauge boson pairs (VV = WW , WZ/’y(*) , ZZ)* are produced via several
mechanisms. Examples of Feynman diagrams are shown in Fig. 5.4. The processes are

classified in two groups:

e Non-VBF-like V'V production, referred to as QCD V'V processes, where the jets in
the final state are produced via initial or final state radiation, i.e. via higher-order
QCD processes (Figs. 5.4a—c).

e VBF-like V'V production, referred to as electroweak (EW) V'V processes, where
production of jets does not require higher-order QCD processes (Fig. 5.4d).

QCD V'V production predominantly proceeds through interaction of two quarks (see

Figs. 5.4a and b). The production via gluon-quark or gluon-gluon scattering is possible

*Here, W~ and W~™ are distinguished since their modelling is performed by different event generators
(compare Table 5.1). Generally, the production of virtual photons is denoted by the symbol “x”. While
for the heavy gauge bosons the main background contribution is expected from on-shell production, the
contribution of virtual photon production is significant and therefore emphasized by the label “(x)”,
indicating that both real and virtual photon production contributes.
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in higher-order perturbation theory (Fig. 5.4c). The EW V'V process (Fig. 5.4d) involves
fusion of two vector bosons irradiated from the two incoming quarks.

The most important diboson background is WTW ™= (or simply WW) production,
with very a signal-like topology. While the QCD WW background can be rejected by re-
quiring two forward jets with signal-like kinematic properties, the EW WW background
is almost irreducible. A separation from the signal is still possible to some extent using
the spin correlation in Higgs boson decays.

Other diboson backgrounds such as WZ, W~™) and ZZ are less important. These
processes have a lower probability to pass the event selection due to different lepton
multiplicities compared to the signal. They only contribute because of lepton misiden-
tification or inefficiencies. Exceptions are the ZZ — flvv and WZ — qqlf processes
which contribute only to same-flavor final states and either miss two jets or genuine

missing transverse energy.

Backgrounds with Top Quarks

Top quarks are expected to decay with a branching ratio of essentially 100% into a W
boson and a b quark (¢ — Wb). Since the signal is accompanied by jets originating
mostly from u and d quarks, so called light-jets, the absence of b-jets (originating from
b quarks) can be used to separate the signal from top quark processes.

Two background processes with top quarks are distinguished, the dominant top-
quark-pair production (¢t) shown in Figs. 5.5a—c and the less important single top quark
production (see Figs. 5.5d-h). The latter is further categorized into top quark production
in association with a W boson (Wt) as shown in Fig. 5.5d and e and the s- and t-channel
production shown in Fig. 5.5f and Figs. 5.5g and h, respectively.

Processes including top quarks, in particular the ¢t process, are important back-
grounds due to their large cross section (see Table 5.1). However, the presence of b-jets
in the final state and the different origin of the jets allows for rejection of a large fraction

of the top quark background.

Z/~* Background

Z/~* bosons are produced predominantly via the Drell-Yan process qqg — Z/~* shown
in Fig. 5.6a. Additional jets in the final state occur only via initial state radiation.

Smaller contributions from gluon-gluon and gluon-quark interactions involve higher-

65



Chapter 5. Measurement of the VBF H — /vfv Production Rate

g t g t q t
t
g g
g t g t q t
(a) (b) (c)
q 114 a/g w
t
b
g t a/9 t
(d) (e)
q t b t g b
t
w t
w w
q b q b q q
() (8) (h)

Figure 5.5: Tree-level Feynman diagrams for top quark production. ¢ production is shown in
(a) to (c), top quark production in association with a W boson (Wt) in (d) and (e) and single
top quark production in the s-channel and t-channel in (f) and in (g) and (h), respectively.
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Figure 5.6: Tree-level Feynman diagrams for vector boson and multijet production. The Drell-
Yan process is shown in (a), vector boson production in gluon-quark and gluon-gluon interactions
in (b) and electroweak Z boson production in (c¢). Dijet production, the dominant QCD multijet
process at the LHC, is shown in (d).

order diagrams (see Fig. 5.6b). Jets, required by the analysis selection, originate from
higher-order QCD production in the above processes which are therefore referred to as
the QCD Z/~v* background.

In addition to the QCD processes, there is electroweak Z boson production (see
Fig. 5.6¢c) which has a VBF-like topology. This is only a small background despite of
the signal-like production mechanism, due to the much smaller cross section compared
to the QCD Z/~* process.

Two decay modes of the Z/~4* bosons are distinguished:

e 7/v* — 0l decays, which contribute only to same-flavor final states, differ from

the signal since no neutrinos are produced.

e 7/v* — 717 — Lvvlvr decays contribute to both same-flavor and different-flavor
final states. This background is more difficult to reject due to neutrinos produced
in leptonic 7 lepton decays. However, the contribution of this background is sup-

pressed by the small branching ratio for 7 lepton decays into electrons and muons.
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W +jets and Multijet Background

Single W bosons are produced via the same processes as Z bosons shown in Figs. 5.6a
and b. Despite the large cross section, this is a minor background since it involves only
one prompt lepton from the W boson decay. The second lepton can originate in this case
from a jet either misidentified as a lepton or containing a lepton which is in both cases
rare and well rejectable. Such leptons are in the following referred to as fake leptons.
In addition, as the analysis requires two jets in the final state, the fake lepton needs to
originate from a third jet significantly reducing the W+jets contribution.

Similarly, the multijet QCD background (see Fig. 5.6d) contributes only if two fake
leptons occur in the final state. In addition, no highly energetic neutrinos are present

such that the missing transverse energy is expected to be small.

5.3 The Event Selection

In this section a detailed description of the event selection shall be given based on the
signal and background topologies described. The selection is performed in several stages
correlated with the selection of control data for the measurement of various background

contributions which will be addressed in Section 5.4.

Preselection The preselection applies data quality criteria and requires the presence
of a primary interaction vertex reconstructed from at least three charged particle tracks.
Furthermore, exactly two oppositely charged leptons with pr > 15GeV and at least
two jets are required in each event passing the single electron or single muon triggers.
At least one of the two selected leptons is required to have pp > 25 GeV to ensure pp-
independent trigger efficiencies. The invariant mass my, of the two leptons is required
to be greater than 10 GeV and 12 GeV for different-flavor and same-flavor final states,
respectively. This criterion rejects events from low mass Drell-Yan processes and from
J/¢ or T decays.

The leptons are required to originate from the primary interaction vertex by means
of cuts on the transverse and longitudinal impact parameters and to be isolated by
employing both track and calorimeter isolation criteria. The thresholds of isolation
requirements depend on the lepton transverse momentum pr.

Jets are required to have a transverse momentum greater than 25 GeV in the central
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Table 5.2: Requirements on the physics objects used in the analysis. The calorimeter isolation
variables are corrected for effects of pile-up (PU). The reconstruction of the different objects is
described in Chapter 4.

Trigger

Electron

Muon

Medium isolated electron with pp > 24 GeV
OR medium electron with pp > 60 GeV
Combined isolated muon with pp > 24 GeV
OR combined muon with pt > 36 GeV

Muons

Reconstruction algorithm
Identification quality
Pseudorapidity range
Transverse momentum range

Isolation

Transverse impact parameter

Longitudinal impact parameter

Combined muon

In] < 2.5
pr > 15GeV
cone30

B0 /pr < min[0.014 py — 0.15,0.20]
P30 /pr < minf0.01 pr — 0.105, 0.15]
do/O’(do) < 3.0

zp -sinf < 1.0 mm

Electrons
Identification quality Tight
Pseudorapidity range In| < 2.47, 1.37 < |n| < 1.52 excluded
Transverse momentum range pr > 15GeV

Isolation

Transverse impact parameter

Longitudinal impact parameter

Blopeeensi e < 0,16
psene0 /pp < 0.12(0.16) for pr = 15 — 25(> 25) GeV
do/o‘(do) < 3.0

|z0] sin @ < 0.4 mm

Jets

Reconstruction algorithm
Pseudorapidity range
Transverse momentum range
Pile-up suppression

AntiKt (distance parameter R = 0.4)

In| < 4.5

pr > 25(30) GeV for |n| < (>)2.4

|[JVF| > 0.5 for pr < 50 GeV and || < 2.4

b-jets

b-tagging
likelihood discriminant

MV1 < 0.148 (€p1ag = 85%)
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Figure 5.7: Monte-Carlo predicted and observed distributions of the dilepton invariant mass
myy for same-flavor final states after the preselection without the requirement my, > 12 GeV.

In the bottom part the pull = % distribution is shown with N°" and N® being the

numbers of observed and expected events, respectively, and o(N®P) the Poisson error. The
background contributions are stacked on top of each other. The expected signal is overlaid in
red. The black hatched area represents the statistical uncertainty in the background prediction.
The statistical errors of the data are smaller than the data points.

(In] < 2.4) and greater than 30 GeV in the forward region (|n| > 2.4) of the detector.
To remove jets from pile-up interactions, the absolute value of the jet vertex fraction
(JVF) is required to be greater then 0.5 for jets with pt < 50GeV and |n| < 2.4.
Furthermore, the rapidity regions of the leptons and jets are constrained to the detector
coverage needed for lepton and jet reconstruction. The preselection requirements for all

reconstructed physics objects used in the analysis are summarized in Table 5.2.

Z Background Rejection After the preselection the following requirements are

applied mainly to remove Z/v* — ¢¢ background:

e The Z — (l-veto requiring |my — myz| > 15 GeV, where my is the mass of the Z
boson, is applied for same-flavor final states and rejects the bulk of the Z — £/
background. The dilepton invariant mass distribution after the preselection is

shown in Fig. 5.7 for the signal and background processes.
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Figure 5.8: Monte-Carlo predicted and observed distributions of the missing transverse energy
Efrniss for different-flavor final states after the preselection. The background contributions are
stacked on top of each other. The expected signal is overlaid in red. The statistical uncertainty
in the background prediction (black hatched area) is invisible on this scale. The vertical error
bars indicate the statistical uncertainty of the data.

e In addition, the presence of the two neutrinos in the final state is exploited by requir-
ing high missing transverse energy. For different-flavor final states EXs > 20 GeV
is required to reject multijet processes. The E%iss—distribution for these final states
is shown in Fig. 5.8. For same-flavor final states Efrniss > 45 GeV, and subsequently
with STVF pile-up corrections %}SSSTVF > 35 GeV, are required rejecting mainly
the Z/y* — ¢ background. The E}'**-distribution and the T.sryr-distribution
after requiring E}'*° > 45 GeV are shown for same-flavor final states in Figs. 5.9a
and b, respectively. Even though the two missing transverse energy variables are
highly correlated, E%ISS%VF gives additional rejection of Z/v* — ¢¢ background

since it is less sensitive to pile-up.

The Z/v* — ¢l background rejection criteria are followed by additional requirements

for suppressing other background processes.

b-Jet Veto It is required that no reconstructed jet in the event is identified as a b-jet.

This reduces the contribution of the top quark background by one order of magnitude.
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Figure 5.9: Monte-Carlo predicted and observed distributions of the missing transverse energy
for same-flavor final states: (a) EX after the Z — fl-veto and (b) EEFHISS%VF after requiring

EXiss > 45 GeV. The background contributions are stacked on top of each other. The expected
signal is overlaid in red. The black hatched area represents the statistical uncertainty in the
background prediction. The vertical error bars indicate the statistical uncertainty of the data.

Total Transverse Momentum p®* The absolute value of the vectorial sum of the
transverse momenta of all selected leptons, jets and the missing transverse energy in the
event, the total transverse momentum pﬁf’t =3 DT, lep + > DT jet + E%liss, is expected to
be small because of transverse momentum conservation. The requirement of small total
transverse momentum suppresses the contamination by mis-reconstructed events such
as Z/~v* — £ production with large missing transverse energy due to mis-measurements.
A rather loose requirement of pﬂ?t < 45 GeV is chosen, since the separation between

signal and background is small as shown in Fig. 5.10a.

Z — 11 Veto To reject the Z/v* — 77 — fvvlvv contribution, the di-tau invariant
mass m,, is required to obey |m,, — mz| > 25GeV. It is determined in the collinear
approzimation, i.e. assuming that the leptons (e/u) and neutrinos from the 7 lepton
decay are emitted collinearly to the 7 lepton due to their strong boost. This assumption

makes it possible to determine separately the contributions of each 7 lepton decay
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Figure 5.10: Expected distributions for signal and background processes of (a) the total

transverse momentum pf* and (b) the di-tau mass m., after the preselection and the Z rejection

criteria combining different-flavor and same-flavor events. The Z/+* — 77 contribution in (b)
appears enhanced compared to the other background, since events with unphysical solutions of
the m,, calculation are not included. The vertical lines indicate the selection criteria.

to the total missing transverse energy and thus to reconstruct the four-momenta of
the 7 leptons and hence their invariant mass m,,. The m,.-distribution is shown in
Fig. 5.10b. Since the m,; requirement introduces an additional implicit dependence on
the missing transverse energy and associated systematic uncertainties, the criterion is

not applied to same-flavor final states, where there is no net gain in sensitivity.

VBF selection The VBF selection criteria exploit the topology of the VBF Higgs

boson production.

e First, the two highest momentum jets in the event are assumed to be the jets
originating from the VBF Higgs boson production, tagging this production process.
A large rapidity gap AYj; between the two tagging jets and a high dijet invariant
mass mj; are required: AYj; > 2.8 and mj; > 500 GeV. The distributions of these

discriminating variables are shown in Figs. 5.11a and b, respectively.

e Properties of jets reconstructed in addition to the tagging jets are also exploited.
For the signal, the probability for the emission of jets between the tagging jets
is reduced compared to the ggF Higgs boson production and other backgrounds
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Figure 5.11: Expected distributions of (a) the rapidity gap AYj; and (b) the invariant mass my;
of the two tagging jets after the preselection and the Z rejection criteria combining different-flavor
and same-flavor events. The vertical lines indicate the selection criteria.

[54] due to the color singlet exchange in VBF production [55,57]. In the signal,
additional jets can only arise from gluon radiation of the two initial or final state
quarks. These jets are soft and collinear to the quarks. Hence no central jets, i.e.
additional jets in between the two tagging jet rapidities, appear. In contrast, most
background processes, including the ggF Higgs boson production, have high-pr
QCD jet activity in the central rapidity region. The pp-distribution of the highest
momentum central jet is shown in Fig. 5.12. A central jet veto (CJV) is applied

rejecting events containing central jets with pp > 20 GeV.

Finally, it is expected that the two leptons produced in the Higgs boson decay are
emitted in between the two tagging jets in the rz-plane. Therefore, the so called
outside lepton veto (OLV) is applied rejecting events with at least one lepton in

the rapidity range between the two tagging jets.

Higgs Boson Decay Topology The final selection requirements are based on the

Higgs boson decay topology.

e Motivated by the spin correlation small dilepton invariant masses, my < 60 GeV

are required as well as small dilepton opening angles, A¢(¢¢) < 1.8. The corre-

sponding distributions are shown in Fig. 5.13a and b, respectively.
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Figure 5.12: FExpected distribution of the transverse momentum of the highest momentum
central jet after the preselection and the Z rejection criteria combining different-flavor and
same-flavor events. The vertical lines indicate the selection criteria.

e The statistical interpretation (see Section 5.6.2) of the data in comparison with the
signal and background predictions is based on the shape and normalization of the
transverse mass (mr) distribution, shown in Fig. 5.13c. To estimate the analysis
sensitivity, without employing the full formalism of the statistical interpretation,

a requirement of mt < 1.2 - mpy is applied for optimization purposes.

Figure 5.14 shows the signal and background contributions after each selection re-
quirement, together with the corresponding signal-to-background ratio s/b and the signal
significance s/v/b. It can be seen that after the full selection, including the requirement
mt < 1.2 - mp, the signal-to-background ratio reaches 0.42 for different-flavor and 0.13
for same-flavor final states. Same-flavor final states have a lower signal fraction than
different-flavor final states due to the additional Z/~4* — ¢¢ background in the former.

For different-flavor final states, the main backgrounds are top quark and diboson
processes as well as smaller contributions from Z/~4* — 77 processes and ggF Higgs
boson production at comparable levels. In same-flavor final states, the Z/~* — ¢/
background is by far the most important background. However, Z/v* — 77, diboson
and top quark processes also contribute.

For both final states, 30% of the total diboson background is from electroweak
processes. Prior to the requirements based on the Higgs boson topology, this electroweak
contribution is even about 50% of the total diboson background. Roughly 12% of the

total top quark background comes from single top quark production. More details on
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Figure 5.13: Expected distributions of (a) the dilepton invariant mass mye, (b) the dilepton
opening angle A¢(¢¢) and (c) the transverse mass mr for signal and background processes after
the preselection and the Z rejection criteria combining different-flavor and same-flavor events.
The my-distributions are sculpted by the requirements myg, > 12(10) GeV for same(different)-
flavor events and |myg, — mz| < 15 GeV for same-flavor events. The vertical lines indicate the
selection criteria.
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Figure 5.14: Expected signal and background yields and relative contribution for (a) different-
flavor and (b) same-flavor final states for an integrated luminosity of 21 fb~! after each selection
requirement together with the expected signal-to-background ratio s/b and the signal significance
s/ Vb, where s and b denote the expected signal and background yields, respectively. The shaded
areas indicate the statistical uncertainty.
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the background yields are given in Appendix B.

Where possible, the background contributions are estimated using control datasets
for the final results rather than relying on the calculated cross sections and the Monte-
Carlo simulation. The next section describes the selection criteria for determining the
background contributions from data resulting in correction factors applied to the theo-

retically predicted cross sections.

5.4 Background Determination from Data

Due to the poor Higgs boson mass resolution in H — WW®) — ¢uly decays, the
discrimination power between signal and background by means of the transverse mass
distribution (see Fig. 5.13c) is limited. The shape of the total background distribution,
essential for the statistical interpretation of the data, depends on the relative contri-
butions of the individual background processes. Simulation-based predictions of the
background normalizations have large theoretical and detector-based systematic uncer-
tainties. These can be reduced by auxiliary measurements of the background yields
using signal-depleted control datasets. For most background processes the measurement
of the yield is extrapolated from the control (CR) to the signal region (SR) of the
discriminating variable space based on the predictions from simulation. Uncertainties
arising from this extrapolation are usually smaller than the uncertainties of the purely

Monte-Carlo based predictions.

Selection criteria defining control regions are chosen to be orthogonal to the signal
selection such that the signal and the control data sample are distinct. This is achieved
by inverting one or more signal selection criteria. At the same time, event kinematics
like the distributions of lepton and jet properties in the control region should be similar
to those in the signal region, in order to minimize the uncertainty of the extrapolation of
the measured yields to the signal region. The control regions are defined such that they
contain only small contributions from signal and from other contaminating backgrounds.
The number of selected events in the control region must be large enough to allow for a

sufficiently low statistical uncertainty of the auxiliary measurement.

Comparison of data and predictions from simulation in a given control region is used
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to derive a correction factor:

Number of observed events in -CR

(5.2)

@i= Number of simulated events of process ¢ in +-CR
The normalization of the background ¢ in the signal region is corrected by multiplying
with a;. The determination of the correction factors for the QCD Z/~* — ¢/, top
quark and QCD Z/~v* — 77 background is explained in Sections 5.4.2, 5.4.3 and 5.4.4,
respectively. The control data sample is used to fully replace the simulation in the case
of Wjets processes as described in Section 5.4.1.

Some of the control regions are contaminated by other background processes. The
contamination is determined from simulation and, wherever possible, corrected using
auxiliary measurements as for the signal region. The correction factors are denoted
by 6](3311% where CR stands for the control region while Bkg denotes the contaminating
background. Contributions from contaminating backgrounds are subtracted from the
number of observed events in the control region, before o (Eq. (5.2)) is derived.

The diboson background estimate fully relies on simulation, due to the lack of a
large enough control data sample free of top quark events. The EW Z/~4* contribution
is estimated by simulation as well. The Higgs boson production via gluon fusion is also
considered as a background process and is within this section described by simulation
assuming the Higgs boson mass of 125 GeV. For the final results, the number of events
expected from the ggF processes is constrained using a dedicated dataset enhanced
with ggF events as discussed in Section 5.6.3 (see also [91]). A schematic overview of
the background estimation procedures used is given in Fig. 5.15. A summary of the
background determinations is given in Section 5.4.5.

The correction factors for the top quark background are derived combining different-
flavor and same-flavor events in the top quark control region to reduce the statistical
uncertainty of the measurement. In case of the Z/+* — 77 background, the correction
factor is derived using only different-flavor events in the control region to reduce large
contaminations from the Z/v* — (¢ process. The correction is applied to both different-
flavor and same-flavor contributions in the signal region. The Z/v* — ¢¢ background
correction is solely derived from and applied to same-flavor events since no Z/v* — ¢
events are expected to pass the selection criteria for different-flavor final states. The
W +jets control datasets give independent estimates for different-flavor and same-flavor

W +jets contributions in the signal region.
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Figure 5.15: Overview of the procedures (see text) used for the estimation of background
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predictions are indicated by “(mc)”, predictions employing auxiliary control measurements by
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5.4 - Background Determination from Data

5.4.1 Measurement of the W+jets and Multijet Background

The production of W bosons in association with jets is a rather small background in
the presented analysis. After the full signal selection (before the requirement on mr) it
contributes with 3% and 0.2% to the total background in different-flavor and same-flavor
final states, respectively. Multijet processes are expected to contribute significantly less.
The contribution of the two backgrounds has to be estimated from data, since it is not
possible to simulate a sufficient number of events that pass the full signal selection. For
both final states, signal-like events are caused by jets misidentified as electrons or jets
containing a muon. Such leptons are in the following referred to as fake leptons. While
any jet matching with an Inner Detector track is a possible fake electron, fake muons
arise mainly from heavy flavor decays.

The contribution of backgrounds with fake leptons is estimated from a control data
sample referred to as W+jets control sample. This sample contains events with one lepton
passing the full lepton selection as summarized in Table 5.2 and a second lepton, called
the anti-identified lepton, which fails at least one of those requirements and instead
passes a looser set of selection criteria. The modified criteria defining anti-identified

leptons are summarized in Table 5.3.

Table 5.3: Summary of selection criteria which differ for identified and anti-identified leptons

Identified Anti-identified
Electron EtTOI;,%ngff’ O/pr < 0.16 E%O%%ngff O/pr < 0.3

selection Passes tight quality criteria Fails medium quality criteria

Muon B9, /pr < min[0.014pr —0.15,0.20] B, /pr < 0.3
selection do/o(dy) < 3.0 No requirement on dy/o(dp)

For both muons and electrons the calorimeter isolation requirement is looser for the
anti-identified lepton increasing the probability of accepting jets. The anti-identified
electrons are required to fail the medium electron quality requirements. Fake muons
predominantly arise from heavy flavor decays. Due to the long lifetimes of bottom
and charm hadrons, large transverse impact parameters are expected for the final state
muons. Thus the requirement on the transverse impact parameter is not applied for

anti-identified muons.
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Figure 5.16: Fake factor fr.e for (a) muons and (b) electrons as a function of lepton trans-
verse momentum and pseudorapidity. The numbers in brackets indicate the relative systematic
uncertainty.

To correctly predict the normalization of the W+jets background in the signal region,

each event is weighted depending on the lepton pt and n by the fake factor

Nia(n, pr)

Srake (777 pT) - m

(5.3)
where Njq is the number of reconstructed objects (predominantly jets) passing the
full lepton selection and Naptiig the number of reconstructed objects passing the anti-
identified lepton selection. The fake factors, measured separately for electrons and muons
using a dedicated dijet data sample (see [91]) are shown in Fig. 5.16 as a function of
the lepton transverse momentum and pseudorapidity.

The total systematic uncertainty in the fake factor ranges between 20-50% for
electrons and between 40-60% for muons. This uncertainty arises mainly from differences
in the jet kinematics and the flavor composition of the W +jets and dijet samples causing
differences in the fake factor derived from the two. The differences are determined using
Monte-Carlo simulation. The uncertainty in the muon fake factor is larger due to the
greater impact of the flavor composition since fake muons predominantly originate from
heavy flavor decays. Additional uncertainty arises from changing pile-up conditions
during LHC operation and due to contamination of the dijet control sample with real

leptons from W and Z boson decays.
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The multijet background, predominantly dijet events, is estimated to contribute with
less than 5% to the W+jets control sample. It contributes to the signal region if there
are two fakes leptons rather than just one. The expected number of multijet events in
the signal region is therefore

SR,exp _ p2 anti-id+anti-id
multijet — ffake X Nmultijet )

(5.4)

anti-id+anti-id
Nmultijet

criteria of the anti-identified lepton selection. The contribution of multijet events to the

where is the total number of multijet events in which two jets pass the

W +jets control region is however

CR,exp __ anti-id+anti-id
Niultijet = 2 X frake X Nuitiiet )

(5.5)

where the factor two arises from the fact that either of the two jets in a dijet event can
be misidentified as a lepton. The extrapolation from the W+jets control to the signal
region by multiplying with the fake factor then leads to an estimated number of multijet

events in the signal region:

SR,est _ A7CR,exp
Nmultijet _Nmultijet X ffake (56)
_ 2 anti-id+anti-id
=2 X ffake X Nmultijet (57)
o SR,exp
=2 X Nrnultijet : (58)

The multijet background, therefore, is double counted when extrapolated from the
W+jets control region to the signal region. However, since the contribution of the
multijet background is very small, this is acceptable within the uncertainty of the

background estimate.

The observed number NCRoPs of different-flavor and same-flavor events in the

SR,est
N W +jets

of W+jets events in the signal region at sequential stages of the signal selection. The

W +jets data samples is shown in Table 5.4 together with the estimated number

estimate is derived by weighting each event in the W+jets control region by the cor-
CR,est .

Nnon_?;,ﬂ.ets of non-W+jets

backgrounds predicted from simulation (see Table 5.4). The contribution of non-W+jets

responding fake factor and subtracting the contribution

processes to the total number of selected events ranges from 20-30% for different-flavor

and from 30-50% for same-flavor final states. The W+jets data sample, hence, is highly
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Table 5.4: Number N R:°Ps of different-flavor and same-flavor events in the W +jets control data
sample after the different selection requirements together with the estimated number NEVRQEES
of W+jets events in the signal region obtained by event-by-event weighting with the fake factor
ftake- The numbers Nrii’_%’f,ijets of non-W+jets background events in the W+jets control region,
obtained from simulation, are subtracted. The errors are due to the control region data sample

and Monte-Carlo statistics.

N 008 N, IS)Priﬁ/)I(/Ijrjets NS/RJ:J?ZES
n FPreselection 55364 17241 £230 537+ 8
% ERiss > 20 GeV 46985 14868 4192 444 +8
£ bjet veto 21044 45224160 17145
= PP <45GeV 14406 3184+ 131 126 +4
& Z— 77 veto 12420 2657 + 124 108 + 4
5 AYj > 28 2255 561 4 67 19+2
z  my > 500 GeV 501 12146 4.440.7
% Central jet veto 282 6214 3.1+0.6
% Outside lepton veto 221 46+4 2.44+0.5
5 myp < 60GeV 66 17+3 1.0£0.4
S Ag(0) <18 47 14+2 0.6+0.3
R o <12-my 43 1242 0.6+£0.3
Preselection 172070 105086 +1225 1032+ 55
. Z = Ul veto 67456 29521 + 454 555 + 22
9 EXSS > 45GeV 23618 9117 £ 150 20349
g ERSiyp > 35GeV 21146 7964 + 122 191+7
= b-jet veto 8107 1998 + 102 58 + 4
& Pt <45GeV 5064 1385 £ 92 4343
r AY>28 876 300+ 79 641
= mj > 500 GeV 222 80 +4.2 1.440.6
= Central jet veto 118 39+2.8 0.7+0.4
g Outside lepton veto 82 31+25 0.3+£0.3
& my < 60GeV 37 18+2.1 0.1+0.2
Ag(Ll) < 1.8 29 14+1.9 0.1+0.2
mr < 1.2-myg 26 12+1.8 0.1+0.2
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contaminated by background mainly from top quark, diboson and Z/v* events. The
latter background is particularly important for same-flavor final states (see Fig. 5.15).
The weighted W4jets control sample replaces the Monte-Carlo simulation as esti-
mate of the W+jets and multijet background processes. This estimate is used for the
signal region and for all control regions described below so that the analysis does not

rely on W+jets and multijet simulation.

5.4.2 Measurement of the Z/+* — £¢ Background

Due to its large cross section, Z/v* — ¢¢ production is the dominant background
for same-flavor final states even though it is suppressed by more than four orders of
magnitude by the signal selection criteria. Since no neutrinos are present in Z/y* — ¢
decays, large missing transverse energy as required in the signal selection can only
be caused by detector resolution or pile-up effects. Especially the latter are not well
modelled by the Monte-Carlo simulation.

Also, the dilepton invariant mass distribution is not expected to be well described
by the simulation, in particular for low mass values in the signal region. This is due to
the my,-dependence of higher-order corrections to the Z/v* cross section [154] not taken
into account in the scaling of the NLO predictions to the total NNLO cross sections.

In addition, the properties of the two tagging jets are difficult to model by Monte-
Carlo simulation, since the jets are produced through higher-order QCD processes for
the QCD Z/~* background, which is the bulk of the Z/+* background. In contrast, the
EW Z/~v* background contributes at leading-order making the predictions more reliable.
The EW Z/~* background, therefore, is estimated by simulation.

A control data sample for same-flavor final states enriched with Z/v* — £ events

can be selected by
e requiring |my — myz| < 15GeV or
e by applying inverted signal selection cuts ER% < 45 GeV and rTissTVF < 35 GeV.

A discrepancy between data and simulation can be seen in both cases. Figure 5.17a
and b show the distributions of EEFiSS and %I,E%VF’ respectively, after the preselection
and the requirement |mg — mz| < 15GeV. The difference between data and simulation

is larger for E%“iss than for %ﬁSSSTVF, and originates mainly from deficiencies in the
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Events / 4 GeV

Figure 5.17: Expected and observed distributions of (a) ERS and (b) EEFH‘SS%VF
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Figure 5.18

pile-up modelling. Fig. 5.17c shows the dilepton invariant mass distribution in the low-

E%iss region, i.e. after the requirements E%iss < 45 GeV and E%“SS%VF < 35GeV. The

disagreement between data and simulation is greatest for low dilepton invariant masses.

By combining the constraints on the dilepton invariant mass and the missing trans-

verse energy, three control regions B, C and D illustrated in Fig. 5.18 are defined to

predict the Z/v* — ¢ background contribution in the signal-like region A, using the

so called ABCD-method. In the signal-like region A, the requirements in myy, Elfniss

and E

SS%VF are as in the signal-region, while in the B, C and D region at least one

Ml
T7

requirement is inverted. Events in each of the four regions are required to satisfy the

preselection criteria as well as the b-jet veto, to reject top quark background, and the

requirements on p{* and mj;, which are applied in order to obtain in region A events

with kinematic properties as similar as possible to those in the real signal region.

Other signal selection criteria are not applied in the above control regions to minimize

the statistical uncertainty in the ABCD estimate. The cuts in the discriminating variables

mj; and pﬁﬁt are applied because these variables show the largest correlation with the

missing transverse energy as shown in Fig. 5.19a and b. The remaining discriminating

variables used in the signal selection, such as AYj; shown in Fig. 5.19¢, show smaller

correlations with the missing transverse energy and are corrected for in a separate step.
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Figure 5.19: Simulated distributions of (a) the total transverse momentum p°®, (b) the dijet
invariant mass mj; and (c) the dijet rapidity gap of same-flavor Z/v* — €€ events for different
requirements on the missing transverse energy applied in addition to the preselection.
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5.4 - Background Determination from Data

The number Né/e;f —>€€(QCD)'Of QCD Z/~v* — £l events in the signal-like region A is
estimated from the numbers N of observed QCD Z/~* — ¢¢ events in the

Z/v*—00(QCD)
regions i = B, C, D

NC,obs
NA,est _ NB,obs Z/v*—£L(QCD) _ 59
Z]y*—0QCD) T NZjy*tiQCD) T \Dobs + feorrelation (5.9)
Z/7*—L0(QCD)
where sz?t;i L 0(QCD) is obtained by subtracting the expected contaminations as given

in Table 5.5 from the total number of observed events N“°" in each region 4. The factor
Seorrelation accounts for correlation between the my, and Effniss variables and is derived

from the simulation:

A exp . ND,exp
Z [v*—££(QCD Z[v*—£L(QCD)
fcorrelation = NB’/(;(p ( ) . ch/;(p ( =1.03+£0.10 (stat.) . (510)

Z/7y*—0(QCD) "~ N Z/v*—0(QCD)

According to the simulation, there are no significant correlations between EIiSS and
myy. Effects of possible correlations in data due to mys and missing transverse energy

mis-measurements are taken into account in the systematic errors (see Section 5.5).

Table 5.5 shows the expected and observed yields in the B, C and D control regions
as well as in the signal-like region A. The largest contamination of 2-6% of the expected

events arises from EW Z/v* — (¢ production (NZZ%p LuEw))

W+jets and Z/v* — 77 processes (N;(f;fpz Iyt o ) also contribute. Nevertheless, the

three control regions contain to about 95% events of QCD Z/v* — ¢¢ processes.

. Diboson, top quark,

The contribution of the QCD Z/v* — ¢¢ background in the final signal region (SR)
is obtained by multiplying the expected number of Z/~* — ¢/ events in the signal region

from simulation with the correction factor

A est
afBOP = W = 0.81 +0.06 (stat.) |, (5.11)

Z/y*—£6(QCD)

the ratio of the QCD Z/~* — ¢/ yield N‘gﬁff_)wQCD) estimated by the ABCD-method

Asexp in region A from simulation, which is about 20%

Z/v*—L6(QCD)
higher compared to the estimate.

and the expected yield N
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Chapter 5. Measurement of the VBF H — /vfv Production Rate

Table 5.5: Expected and observed same-flavor event yields N***P and N%°b* in the B, C and
D control regions as well as in the signal-like region A as defined in Fig. 5.18. The errors are
due to the control region data sample and Monte-Carlo statistics.

B region C region D region A region (signal-like)
Niobs 1246 957 12786 168
N;/eijgﬁze(]aw) 34.7+0.8 18.2+£0.6 689 +4 0.7+0.1
Nyt e 53+3 18+2 20£5 61+3
Nﬁfgxgs 0.131+0.08 26=+0.1 0.05+0.01 7.2+£0.2
NP oopy 1525+ T4 740+£18 10347206 112£9
Ng?];f%”(QCD) 1158 £ 35 921+31  12077+113 107£13

As mentioned before, several signal selection criteria are omitted for the selection
of the regions A, B, C and D in order to determine agfﬁz 0 With sufficient statistical
precision. However, some of the discriminating variables of omitted cuts are difficult
to model in the simulation, in particular the variables used for the VBF selection:
AYj; > 2.8, central jet veto (CJV) and the outside lepton veto (OLV). In Fig. 5.20,
disagreement between the expected and observed dijet distributions can be seen. While
disagreements due to the requirement on mj; are already accounted for by the ABCD
correction factor, an additional correction is necessary for mis-modelling of the other

discriminating variables using a correction factor

Eobs .
aYPE = Eg{,ﬁw =1.10 £ 0.02 (stat.) (5.12)
Z/v*—06(QCD)

for the expected and observed selection efficiencies

obs/exp .
obs/exp B NZ/’y*HM(QCD) (before VBF requirements) (5.13)
Z/v*—06(QCD) — b . )
/77 —HQCD) N, /iéeiié(QCD)(after VBF requirements)
of the residual VBF requirements. Ng?iieirze(QCD) are the numbers of events in the
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5.4 - Background Determination from Data

Table 5.6: Expected and observed same-flavor event yields before and after applying the VBF
selection criteria AYj; > 2.8, the central jet veto and the outside lepton veto in the low-Emiss
region, in addition to the ABCD selection described in the text. The errors are due to the control
region data sample and Monte-Carlo statistics.

Low- E2sS region + ABCD selection
Before VBF requirements After VBF requirements

Nobs 14778 5307
NZE. omw) TTT+4 49743
Ny 24—t 6346 2943
Nifips 3.04+0.1 2.240.1
N unqeD) 11865 + 21 3709 + 124
NP uqen) 13938 +122 4782£73

low- B3 region (EEFi(SSSTVF) < 45(35) GeV)* including the ABCD selection (b-jet veto,
PPt < 45 GeV and mj; > 500 GeV) shown in Table 5.6. To obtain the observed number
Ngk/’fy*%mQCD) of QCD Z/~* — ¢l events the contributions from the EW Z/y* — ¢
background and other non-Z/v* — ¢¢ backgrounds are subtracted from the total number

of observed events.

The correction factor a\Z”/SWF* _, 40 bogether with O‘%]/ch*]i o0 gives the final QCD Z/~* — 4

correction factor of
gyt = OGPy Qe g = 0.89 +0.07 (stat.). (5.14)

Splitting the correction factor az,«_¢ into two separate factors aABCD - and

Z/y* sl
agﬁﬁ _,¢ 18 not optimal, but necessary to reduce the statistical error. Implications of

the factorization have been investigated by replacing the requirements on mj; and pe*
in the ABCD-method one-by-one with the requirements on AYj;, the central jet veto
and the outside lepton veto and monitoring the change in the correction factor az/ .

No significant changes have been found.

*The region |mg — mz| < 15GeV is not used for the efficiency determination because the dijet
kinematical properties in Z/y* — €€ processes are correlated with the dilepton invariant mass.
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Figure 5.20: Expected and observed distributions of (a) m;; and (b) AYj; for same-flavor
events in the low-ET"® region. The black hatched area represents the statistical uncertainty in
the background prediction. The vertical error bars indicate the statistical uncertainty of the
data.

The procedure described above does not take into account the signal selection criteria
for the dilepton opening angle A¢(¢¢) and the transverse mass mr . The measurement
relies on a good description of those variables by the simulation. Figure 5.21 shows the
distributions of the two variables after the preselection, the Z rejection criteria and the
b-jet veto. The expected signal contribution at this selection stage is still very small
(< 0.5%) and Z/~* — ¢ production is dominating the background. The correction
factor a%%gga is applied to the Z/~* — ¢ background normalization. Except for an
insignificant disagreement in the low-mT range, the agreement between the expected

and observed distributions is good.

5.4.3 Measurement of the Top Quark Background

The signal selection reduces the top quark contribution (¢t and single top quark processes)
by four orders of magnitude. Nevertheless, top quark production, with 25% (11%) for
different-flavor (same-flavor) final states, is one of the largest background contributions

after the full signal selection. The kinematical properties of events passing the selection,
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Figure 5.21: Expected and observed distributions of (a) A¢(¢¢) and (b) mr for same-flavor

events after the preselection, the Z rejection criteria and the b-jet veto. The correction factors

O‘%}B»yc*]iee and Quop quark (See Section 5.4.3) are applied to the normalization of the Z/v* — &/

and the top quark background, respectively. The black hatched area represents the statistical un-
certainty in the background prediction. The vertical error bars indicate the statistical uncertainty
of the data.

hence, are rather atypical for top quark production processes. The modelling of such
events by the Monte-Carlo generators may therefore be unreliable.

A top quark control region is built by inverting the b-jet veto. To keep the kinematics
closer to the signal region, ezactly one identified b-jet is required (/Npjet = 1) rather than

requiring at least one b-jet (Np.jer > 1), for the following reasons:

e Identification of b-jets is possible only in the pseudorapidity range covered by the
Inner Detector (|n| < 2.5). The b-jet veto (Npjet = 0), therefore, mainly rejects
events with jets in the central detector region introducing even a bump in the jet n
distribution at about |n| = 2.5 as shown in Fig. 5.22. In contrast, the requirements
of exactly one or at least one b-jet select events with jets in the central region.
In this respect, requiring exactly one b-jet is closer to the signal region, since a
larger fraction of events with forward jets, in particular subleading forward jets,
is retained (see Fig. 5.22b).
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Figure 5.22: Pseudorapidity distribution of simulated top quark events for (a) leading and
(b) subleading jets after the preselection and the Z rejection criteria. Different requirements on
the b-jet multiplicity Np_je; are compared. Npjer = 0 corresponds to the b-jet veto applied in the
signal region. Same-flavor and different-flavor events are combined.

e The generator-level flavor composition of the jets in the signal region is better
reproduced by the requirement Ny je; = 1 as illustrated in Table 5.7. Table 5.7a
shows the fractions of simulated ¢t events with zero, one or two reconstructed jets
associated with a generated b quark for different stages of the signal selection. The
sample is dominated by events with one jet originating from a b quark while the
second jet results from higher-order QCD processes (e.g. ISR/FSR). This is even
more pronounced after the VBF selection. Table 5.7b shows the event fractions
after the OLV for different requirements on the b-jet multiplicity. The ratio of the
event fractions with two and one reconstructed jet originating from a b quark in

the signal-like region is closer to the value for Ny e = 1 than for Ny e > 1.

As can be seen in Table 5.7b, a non-negligible fraction of the expected ¢t background
surviving the signal selection are events where both jets originate from higher-order
processes, such as ISR or FSR, and not from the leading-order process tt — WbWb —
fvblrb. While one extra jet is still described by the the next-to-leading order matrix
element calculation of the generator MC@NLO, the properties of the second jet are
determined by the parton shower model which is not reliable in particular for high-pr
jets. This has to be taken into account when comparing the top quark background

measured in data with the predictions of the simulation.
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Table 5.7: Fraction of simulated tf events with zero, one or two reconstructed jets associated to a
generated b quark (a) for different stages of the signal selection and (b) for different requirements
on Npjey after all requirements up to the OLV. Ny e = 0 corresponds to the signal region (SR)
and Ny_jet = 1 to the top quark control region. The errors are due to Monte-Carlo statistics.

]Vjets from b quarks 0 [%] 1 [%] 2 [%}
b-jet veto 194+0 5440 27+0
pfl?t<45GeV 17+0 5310 30+0
Z — 1T veto 17+0 53+0 30+0
AYj; > 2.8 23+1 60+1 1641
mj; > 500 GeV 33+2 62+2 641
Central jet veto 2842 66+2 T+1
Outside lepton veto  30+2  63+2 T+1
(a)
]Vjets from b quarks 0 [%] 1 [%} 2 [%] f 32:2
Npijet =0 (SR) 30+£2 63 +2 7T+£1 0.11
Npjet = 1 (top quark CR) 2+1 84+1 1441 0.16
Npjer > 1 2+1 8+1 201  0.25
(b)

The criteria defining the top quark control region include the signal selection criteria
up to and including the VBF selection, except for the b-jet veto which is replaced by the
requirement Nyt = 1. The topological signal selection requirements (mg < 60 GeV,
Ap(ll) < 1.8, mp < 1.2 - mpy) are not applied to retain sufficient statistics. In top
quark events no differences are expected between same-flavor and different-flavor final
states. Therefore, the statistical uncertainty can be reduced by combining the two final
states. This is possible also because the additional Z/v* — ¢¢ background contribution

to same-flavor final states is small after requiring N jer = 1.

The expected and observed event yields after the successive selection requirements
are shown in Fig. 5.23. The top quark control sample is rather pure with over 90%
top quark events. Single top quark and ¢t production cannot be distinguished in data
and the ratio of the two is estimated using simulation. The fraction of single top quark

events is, however, expected to be only 15% of all top quark events. The final top quark
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Figure 5.23: Expected and observed event yields for combined different-flavor and same-flavor
final states depending on the stage of the top quark control region selection. The statistical
uncertainty in the background prediction (black hatched area) is invisible on this scale. The
statistical errors of the data are smaller than the data points. The middle panel shows the top

quark event purity and the t# event fraction in the control region and the bottom panel the
measured correction factor ouep quark-

control region after the OLV is contaminated with 4% diboson, 3% Z/v* — ¢¢ and 1%
Z/~* — 77 background. While the first contribution is estimated from simulation, the

other two are estimated from dedicated data, as described below.

The expectation for the QCD Z/~v* — ¢ contribution in the top quark control region
is corrected in a similar way as in the signal region. However, the ABCD-method de-
scribed in the previous section cannot be used, since the requirement my; < 60 GeV is not
applied for the top quark control region. Instead, the correction factor ﬁtz(}%?fﬁ{ CR(E%ﬁSS)
for the normalization of the QCD Z/~* — ¢¢ background in the top quark control region

is obtained from the data sample satisfying |mg — mz| < 15 GeV:

robs (Emiss)
top quark CR EmiSS) _Z/y*—=e(QCD)\TT (5 15)
BZ/’y*—)U (BT =P (Emiss) ’
Z[y*—(QCD)\'T
= 0.77 £ 0.01 (stat.), (5.16)
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Table 5.8: Expected and observed same-flavor event yields NP and N°PS after the additional
requirement |mg — mz| < 15 GeV for the signal-like and the inverted missing transverse energy
cuts. The errors are due to the control region data sample and Monte-Carlo statistics.

Preselection + |myg —myz| < 15 GeV
Ef Sy > 45(35) GeV  EfGryp) < 45(35) GeV

(Signal-like) (Inverted)
Nobs 40988 607760
N 24 st 7639 + 32 2156 + 48
N;’;‘;*_}a(EW) 204+ 2 291248
Nﬁ’i(ggs 5.0+0.5 4.8+0.5
N;’;I;*_W(QCD) 42845 4+ 422 596518 + 1670
b
Ng/i*ﬁéf(QCD) 33145 £ 205 602692 £ 781
with
obs/exp i
Tobs/exp(EmiSS) _ NZ/'Y*HM(QCD) (E’III}(I?SSTVF) > 45(35) GGV) (5 17)
T " Arobs/exp i ’
Ny v Suqepy (Br(srve < 45(35) GeV)
where r(EX5%) is the ratio of the numbers Ng};f//*efzz(QCD) of QCD Z/v* — ¢/ events after

applying signal-like (E%l(iSSSTVF) > 45(35) GeV) and inverted (E%lgSSSTVF) < 45(35) GeV)
missing transverse energy requirements. Again, non-Z/v* — (¢ contributions and the
EW Z/v* — ¢ background expectation are subtracted from the observed numbers of
events before TOZ'%* L 0(QCD) is calculated. The numbers of expected and observed events

in the two missing transverse energy regions are shown in Table 5.8.

The above measurement still needs a correction for the impact of additional VBF

selection criteria. A further efficiency correction factor Btzo/lfy?fg CR(VBF) is determined

in the low-Ef™ region with Ef§pyy) < 45(35) GeV, and for Np.jer = 1

€Obs .
Bigp sy R(VBF) = g =320 — 1.3 £ 0.08 (stat.) (5.18)
Z/v*—00(QCD)
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Table 5.9: Expected and observed same-flavor event yields in the low-ERsS region with
Ni.jet = 1 before and after the top quark control region requirements. The errors are due to the
control region data sample and Monte-Carlo statistics.

LOW-E%iss region + Npjer = 1
Before top quark CR req. After top quark CR req.

Nobs 168984 866
N Ew) 930 +5 133+2
Ny 2/ s 1t 3147+ 31 16 +4
Niiees 8.74+0.5 0.38+0.04
N E. L uwqen) 156523 4 889 490 + 48
NG . uqep) 164908 4 412 717+ 30

with the top quark control region selection efficiency

obs/exp .
obs/exp B NZ/W*—MZ(QCD) (after top quark CR requirements) (5.19)
Z/v*—2(QCD) — Nobs/exp ’ '

7/ 0(QCD) (before top quark CR requirements)

where the top quark CR requirements are all signal selection requirements applied in the
top quark control region*. The expected and observed event yields in the low—Efl?iss region
before and after the top quark control region requirements are shown in Table 5.9. The
non-Z/v* — ¢¢ backgrounds and the significant contribution from the EW Z/~v* — ¢/
background are subtracted from the number of observed events before e%b/sv* L 0(QCD)
is calculated. The final correction factor to the expected number of QCD Z/v* — ¢/

same-flavor events in the top quark control region is
Biph Ay O = g Qo CR(piss) . gp M OR(VBF) = 1,07+ 0.06 (stat.)  (5.20)

The small (1%) contribution of Z/+* — 77 events in the top quark control region is

corrected for mis-modelling of the dijet kinematics. The correction is derived in a similar

*The correction factor ﬁ?ﬁ/?fﬁf CR(VBF) deviates more from unity than C“Z%F*au in Eq. (5.13)

due to the mj; requirement in the VBF selection criteria. In the case of the a?f,f* _,¢¢ Measurement, the
m;; requirement is applied in both the numerator and the denominator.
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Table 5.10: Expected and observed event yields combined for different-flavor and same-flavor
final states after the different stages of the top quark control region selection. The errors are
due to the control region data sample and Monte-Carlo statistics.

N obs N I(:I)i(ggs r?z)(ﬁ—top quark f;g) quark N, 1?01[1)35 quark
Exactly one b-jet 29837  40.6+£0.9 2540 + 56 26478 £59 27297+ 182
PPt < 45 GeV 24124  33.6+0.8 1970 £ 49 21732454 221544163
Z — 7T veto 22880  32.1+0.8 1767 £ 48 20628 £53  21113£159
AY;; > 2.8 2973 8.5+0.3 256 £19 3042 + 20 2718 £ 58
mj; > 500 GeV 724 3.3+0.1 67+3 918+ 11 657 + 27
Central jet veto 227 2.240.1 2742 3367 200+ 15
Outside lepton veto 126 2.0+0.1 17+£2 184+5 109+ 11

way as ﬁtzo/l;?le}{ “R(VBF) using same-flavor Z/v* — £¢ events. Since this correction is

identical to the one applied to the QCD Z/v* — 77 background contribution in the
signal region, it is explained in detail in Section 5.4.4. The correction factor to the QCD
Z/~* — 771 event yield in the top quark control region is

k CR
ﬁtz"/?yﬁf; =1.20 +0.02 (stat.) . (5.21)

The numbers of expected and observed events in the top quark control region after
the individual selection requirements, including the above corrections on the Z/~* yields,
are shown in Table 5.10.

The correction factor cep quark for the expected top quark background contribution
in the signal region is determined from the numbers NOP  and N, obs .. of expected

top quar top quar.
and observed events in the top quark control region, respectively, according to

NS s
Otop quark = N‘;f’piq“ (5.22)
top quark
with Ntool;f’ quark = IV obs _ NP op quark- The result, after the outside lepton veto is
Qtop quark = 0.59 = 0.06 (stat.) . (5.23)

As can be seen in Fig. 5.23, the correction factor deviates from unity after the VBF
requirements. This is due to the rather poor modelling of the dijet kinematics by the
MCQ@NLO generator as illustrated in Fig. 5.24. A systematic uncertainty of 15% in the
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Figure 5.24: Expected and observed distributions of (a) AYj; and (b) m;; in the top quark
control region combining both dilepton final states. The distributions are shown just before
the corresponding cut on them is applied. The expected top quark yields are normalized to
the observation to better show possible shape differences. The black hatched area represents
the statistical uncertainty in the background prediction. The vertical error bars indicate the
statistical uncertainty of the data.

extrapolation from the control to the signal region due to differences in the description of
the dijet-system is derived by comparing different generators. The procedure is described
in Appendix C.

The top quark background measurement relies on a good description of the topolog-
ical variables mys, A¢p(¢¢) and mr since they are not used in the selection of the top
quark control region. Good agreement is found for the my, and A¢(¢¢) distributions (see
Fig. 5.25) as well as for the mp-distribution (see Fig. 5.26).

5.4.4 Measurement of the Z/~* — 77 — fvlv Background

In the same way as for the QCD Z/v* — ¢¢ background, two corrections have been
derived for the QCD Z/v* — 77 background. One accounts for the acceptance of
Z/v* — 77 events by a selection requiring at least two jets and the other one for dijet

kinematics.

100



5.4 - Background Determination from Data

34000 g T T T T T T T T T > A N B I I
3 F ¢ obs.  — VBF signal 8 40 [ combined final states ¢ obs.  — VBF signal
©3500 }ILdt =21 bt N exp. (background-only) pet J'Ldt ~ o1 fpt N exp. (background-only)
Z £7 (s=8TeV [0 tt-pair [ singlet &35 Vs=8TeV [0 tt-pair [ singlet
£3000 W Ziy- Il B Zlys ot £ 30 W Ziy- Il B Zlys ot

g | WY EW WV g | Y EW VWV
2500 M w+jets B ggF-WwW m M w+jets B ggF-WW

N

o

o

o
TTT T T T[T T T T[T T T T TTTT 7T
I I I I I

+4

s Za ¢ LA [ S SR T TG AU 0 N 3
& S 1 B o e Y £
Al Al
50 100 150 200 250 50 100 150 200 250
m, [GeV] m, [GeV]
(a) (b)
% 7\\\\‘\\\\‘\\\\‘\\\\‘.\\\-\\\\\‘\ %45;\\\\‘\\\\‘\\\\‘\\\\‘.\\\-\\\\\‘
_20007¢ obs. — VBF signal combined final states o E ¢ obs. — VBF signal combined final states
:,f :%& exp. (background-only) J‘Ldtz 21 ot Q 40 ?& exp. (background-only) J‘Ldtz 21 it
e 00 tt-pair [ singlet Vs=8TeV e E 0 tt-pair [ singlet Vs=8TeV
P FEl Ziy oz o SO mzeL 1 I Ziy Tt
c1500mw  eww S gorMwW  CIEWW
O -l W+jets M ggF - WwW o CIl W+jets M ggF-WwW
25
1000 E

2;¥““‘w“‘w“w SSSSSSSS 2;“‘_“‘_“w“‘w“‘w“w‘%
= 2874 ¢ ¢t ) - 2F 5
2 of-tidlpag iy R e e
e N B B AR B B IR B B R B
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
qu" [rad] A(p" [rad]

(c) (d)

Figure 5.25: Expected and observed distributions of the dilepton invariant mass my, and the
dilepton opening angle A¢(¢¢) at the beginning ((a) and (c¢)) and end ((b) and (d)) of the top
quark control region requirements summed over all lepton final states. The expected top quark
event yields are normalized to the data to better show possible shape differences. The black
hatched area represents the statistical uncertainty in the background prediction. The vertical
error bars indicate the statistical uncertainty of the data.
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Figure 5.26: Expected and observed distributions of mr at (a) the beginning and (b) the end
of the top quark control region requirements summed over all lepton final states. The expected
top quark event yields are normalized to the data to better show possible shape differences.
The black hatched area represents the statistical uncertainty in the background prediction. The
vertical error bars indicate the statistical uncertainty of the data.

For the first correction, a Z/~* — 77 control region, enriched with Z/~* — 77 — (vlv

events is defined by the following selection:

e Only different-flavor events are selected to avoid the contamination with Z/v* — ¢4

events.
e The signal selection criteria up to the requirement ptl?t < 45 GeV are applied.

e The cut my < 80 GeV is chosen slightly looser than the one in the signal selection,

to increase statistics.

e The requirement A¢(¢¢) > 2.8 on the dilepton opening angle is inverted, ensuring

a control region selection orthogonal to the signal selection.

Remaining signal selection requirements are assumed to factorize similarly as for the
measurement of the Z/v* — ¢¢ background.

The myp and A¢(¢) distributions after the pfP* cut in the signal selection are shown
in Figs. 5.27a and b, respectively. The requirement of my, < 80 GeV is used mainly to
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Figure 5.27: Expected and observed distributions of (a) the dilepton invariant mass mg, and
(b) the dilepton opening angle A¢(¢¢) in different-flavor events after the pi* cut. The black
hatched area represents the statistical uncertainty in the background prediction. The vertical
error bars indicate the statistical uncertainty of the data.

suppress top quark background. After the full selection, the Z/v* — 77 control region
is contaminated with 22% top quark, 7% diboson, 4% W +jets and 2% Z/v* — ¢
background (see Fig. 5.15 and Table 5.11).

While the diboson and Z/v* — ¢¢ contributions are estimated from simulation, the

W +jets background is estimated from data as described in Section 5.4.1. Also, the top

quark contribution is corrected using a factor derived in the top quark control region

where only the requirements up to the pﬁft cut have been applied (see Fig. 5.23, second

bin). This leads to a correction to the top quark contribution in the Z/v* — 77 control
region by the factor of

BER T = 1.02+£0.01 (stat.) (5.24)

Figure 5.28a shows the mry-distribution in the Z/y* — 77 control region. The

total expected Z/v* — 77 event yield and the shape of the mp-distribution are well

described. The correction factor to the expected Z/v* — 77 background normalization
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Table 5.11: Expected and observed different-flavor event yields in the Z/y* — 77 control
region. The errors are due to the control region data sample and Monte-Carlo statistics.

Z/v* — 77 control region

Nobs 212

Nf(f[t) quark 49+3
NSi)i)poson 16+1
NG 0+1
N;?S*—MZ(QCD) 444
NP ew) 0.6£0.1
NG 1.740.1
NP riqom) 1435

b
Ngb. . qoD) 133415

for same-flavor and different-flavor final states in the signal region is

Nobs
Acpt. _ Z/y*—=717(QCD) _
2y ore = NEP =0.9340.11 (stat.) (5.25)
/v*—717(QCD)
with Nobs — Nobs _ NeXp

Z/~*—77(QCD) non-Z/v* — 7 (QCD)"
The number of events and the purity in the Z/y* — 77 control region, in particular
in the far tails of the dijet kinematic distributions corresponding to the signal region
selection (see Figs. 5.28b and c), is not sufficient to investigate also the impact of the
residual signal selection requirements. To correct for mis-modelling of the remaining
selection variables, same-flavor events passing the pre-selection and the requirement
|mee — myz| < 15GeV are used. In addition the b-jet veto and the pie* cut are applied.
This set of selection criteria is called Z — ¢/ selection below. As for the Z/v* — &/

background, the ratio of the observed and predicted VBF signal selection efficiencies
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Figure 5.28: Expected and observed distributions of (a) the transverse mass mr, (b) the dijet
invariant mass mj; and (c) the dijet rapidity gap AYj; in the Z/4* — 77 control region. The
normalization of the top quark contribution is corrected. The black hatched area represents
the statistical uncertainty in the background prediction. The vertical error bars indicate the
statistical uncertainty of the data.
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Table 5.12: Expected and observed same-flavor event yields before and after the VBF require-
ments in a region with Z — ¢¢ selection. The errors are due to the control region data sample
and Monte-Carlo statistics.

Z — 0l selection
Before VBF requirements After VBF requirements

Nobs 493230 6506

N Ew) 2199 £7 524+3
Ny 2/ s 1t 1599 + 41 33+5
Nifiees 6.4+0.6 0.0940.01
NP uqep) 506378 + 1497 5151+ 148
NG . uqep) 489432 + 704 5949 £ 81

gives the correction factor

6obs .
ayhh = 22O — 1904 0.02 (stat.) with (5.26)
€Z/y*—00(QCD)
obs/exp .
obs/exp B NZ/W*_W(QCD)(after VBF requirements) (5.27)
Z/’y*%f@(QCD) - NObS/eXp . .

7/4* —06(QCD) (before VBF requirements)

As the jet production processes are identical for Z/v* — 77 — vlv and Z/~v* — U
events, it is justified to use same-flavor Z/~* — ¢¢ events, to determine the VBF selection
efficiencies, rather than different-flavor Z/v* — 77 events. In contrast to the Z/vy* — 77
control region, the Z — £/ selection provides a pure and high-statistics control sample.
The expected and observed event yields used to calculate the correction factor a\Z/}%:

Y —TT
are shown in Table 5.12. As before, non-Z/~v* — ¢¢ and EW Z/v* — ¢¢ backgrounds

are subtracted from the number of observed events in the different regions to obtain

VBF
Z[y*—TT

resulting in the final correction factor

Ng??y* L 0(QCD)* The correction factor « is multiplied with the correction factor

Acpt.
Ayt yrr = Qg agpl = 1.12£0.13 (stat.) (5.28)
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Table 5.13: Summary of the correction factors for the background contributions in the signal
region (SR) and in different control regions (CR). SF and DF denote same-flavor and different-
flavor final states, which have been combined if they are not mentioned. The errors are due to
the control region data sample and Monte-Carlo statistics.

Bkg Derived in Applied to Symbol Value
N
1 B,C,D region (SF) SR (SF) Qg /e stk 0.89 +0.07
;Q B,C.D region (SF) top quark CR (SF) 5;’;;31“;;‘ R 1.07£0.06
f% top quark CR SR Qttop quark 0.59 4+ 0.06
_% top quark CR Z/v* — 1 CR ﬁig;:a;: R 1.0240.01
~ Z/v*— 11 CR (DF) o
,F and B,C,D region (SF) SR Z|y*—TT 1.12+0.13
S Zowcr (SF) t k CR top quark CR 4 90 4 0.02
N op quar B, It . .

for the different-flavor and same-flavor Z/v* — 77 event yields in the signal region.

VBF
OéZ/'y* —TT

events in the top quark control region:

is also used as correction factor 5;}%3?;5 CR applied to QCD Z /v =TT

op quark CR
By = ay P =1.20+0.02 (stat.) . (5.29)

VBF
Z|y* =TT

ment in the top quark control region, which is not the case for «

This is possible because the measurement of « is independent of the measure-

Acpt.
Z[y*—TT

contamination of the Z/v* — 77 control region with top quark events has to be taken

where the

into account.

5.4.5 Summary of the Background Measurements

Using the procedures described in this section, the simulated top quark and Z/~v* back-
ground contributions in the signal region are corrected using the correction factors
summarized in Table 5.13. For the final results a fit of the my-distribution to the data is

performed where the o and 8 factors are free parameters and are allowed to vary around

107



Chapter 5. Measurement of the VBF H — /vfv Production Rate

the central values shown Table 5.13 within the uncertainties of the control measurements
(see Section 5.6.2). The W+jets event yields are estimated by direct extrapolation from
the W+jets control region using event-by-event weighting factors derived from a sup-
plementary dijet control sample. The diboson background as well as the contribution of
ggF Higgs boson production are estimated using the simulation. The expected yields of
the different backgrounds after corrections are shown in Table 5.14 at different stages

of the signal selection .

Table 5.14: Expected different-flavor and same-flavor event yields for [ Ldt = 21fb~* of data
after each stage of the signal selection. The W-jets, Z/~* and top quark background yields
have been corrected using auxiliary measurements as described in the text. The errors are due
to Monte-Carlo statistics.

€Xp €Xp est est est
NggF Ndiboson Ntop quark NZ/v* NW+jcts

Different-flavor final states

Preselection 74.6+£1.0 1352417 45655+ 76 2268 £ 31 537+ 8
E%iss > 20 GeV 66.94+0.9 1239+16 42902+ 74 1799 + 28 444 +8
b-jet veto 49.1+£0.8 888+ 9 3281 4+22 1297 + 22 17145
PPt < 45 GeV 40.8£0.7 746 +9 2604 £ 20 1100+ 19 126 =4
Z — 1T veto 38.0£0.7 686+ 9 2411+19 602 £ 15 108 +4
AY;; > 2.8 9.54+0.3 125+4 4317 95+5 19+2
mj; > 500 GeV 2.9+0.2 3941 105+ 3 1942 4.4+40.7
Central jet veto 1.7£0.1 28+1 35+2 9+1 3.1+0.6
Outside lepton veto 1.6+£0.1 20.8+0.9 27T+1 T+1 2.44+0.5
myp < 60 GeV 1.5+0.1 4.5+0.4 5.1£0.8 4.440.8 1.0£0.4
Ap(Ll) < 1.8 1.3+0.1 4.1+04 4.4+0.7 1.94+0.5 0.6+0.3
mr <1.2-myg 1.3+0.1 2.8+0.4 3.3+£0.6 1.74+0.5 0.64+0.3
Same-flavor final states
Preselection 74.0+1.0 2333 +17 4571676 901948 1967 1032+55
Z — Ul veto 72.9+1.0 1200+ 15 3583868 114542+ 537 555 + 22
E%‘iss > 45 GeV 43.0£0.7 766 +£11 26152458 11565 + 159 203+ 9
E{E‘E%VF > 35 GeV 39.7+£0.7 72010 25169+ 57 5417 +94 191+7
b-jet veto 29.6 0.6 521 +8 1947 £ 17 3809+ 76 58 +4
PPt < 45 GeV 24.44+0.5 428+ 7 1543 +15 2794 + 66 43+3
AYj; > 2.8 6.2+0.3 73+2 288+ 6 560 + 33 6+t1
mg; > 500 GeV 2.1+0.2 28+1 72+3 142+5 1.44+0.6
Central jet veto 1.14+0.1 19+1 23+1 74+3 0.7£04
Outside lepton veto 0.9+0.1 15+1 17+1 51£3 0.3+0.3
mye < 60 GeV 0.814+0.1 5+1 4.5+0.6 30+£2 0.14+0.2
Ap(ll) < 1.8 0.724+0.09 4+1 4.0+£0.6 25+2 0.14+0.2
mr <1.2-mg 0.68 +0.09 3+1 2.1+0.5 20+2 0.14+0.2
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5.5 Systematic Uncertainties

Systematic uncertainties are reduced if the background contributions can be measured
from control data samples, as in the case of the top quark, Z/v* and W+jets back-
grounds, rather than relying on the simulation. The contributions of VBF and ggF
Higgs boson production and of diboson processes, on the contrary, can only be predicted
from simulation and, hence, are more susceptible to systematic uncertainties.
Systematic errors in the modelling of the shape of the mrp-distribution have also
been evaluated. The uncertainty in the shape is dominated by the uncertainties in the

normalization of the different background processes.
syst

The main classes of systematic uncertainties are uncertainties O heoretica

, in the
. . . . syst
theoretical calculations, uncertainties o experimenta

syst
luminosity

relative systematic uncertainty in the expected signal and background yields after the

| in detector response and efficiencies
and the uncertainty o in the integrated luminosity of the analyzed dataset. The
A¢() requirement are shown in Tables 5.15 and 5.16 for different-flavor and same-flavor
final states, respectively. The different theoretical and experimental uncertainties are

added in quadrature. Their components are discussed below.

5.5.1 Theoretical Uncertainties

The theoretical uncertainties are evaluated following the prescription in [32, 53] (see
also Section 2.2) with the exception of the uncertainties in the top quark and WW

normalization.

QCD cross section calculations (QCD scales)
Uncertainties in the inclusive cross sections for both VBF (¢qq¢ — q¢H) and ggF
(99 — H) Higgs boson production due to the choice of renormalization and
factorization scales are estimated, using the MCFM generator [155], by varying
these scales independently by a factor of two. The uncertainties from this variation
are on the order of 4%. In addition, an uncertainty on the order of 30% in the
ggF production cross section with two or more jets in the final state arises from

missing higher-order corrections.

Underlying event and parton shower processes (UE and PS)

Other sources of uncertainties arise from the Monte-Carlo description of the under-
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Table 5.15: Relative systematic errors o; in the expected different-flavor event yields for
the different signal and background processes ¢ after the A¢(¢¢) requirement. The symbol “-”
indicates that the uncertainty is below 0.5%. The uncertainties arising from the control region

dataset and Monte-Carlo statistics (0%*2*) are also shown.
Uncertainty [%] OVBF OggF Odiboson Otop quark O0Z/y* OW-+jets
QCD scale 4 30 - - - -
= UE and PS 3 17 - - - -
© PDF modelling 3 8 4 - 4 -
T BH->WW®) 4 4 - - - -
3 WW normalization - - 26 1 1 -
'ﬁ Top quark normalization - - - 15 - -
Fake factor - - - - - 34
—
O-:l}iZOretical 7 36 26 15 4 34
—_ JES/JER 5 3 12 12 52 -
g b-tagging efficiency 1 1 1 27 8 -
GEJ Lepton reconstruction 2 2 2 4 2 -
- EITrliss reconstruction 1 1 2 1 9 -
a Pile-up modelling 3 2 1 5 8 -
ﬁ Trigger efficiency 1 1 1 - 1 -
t
Zi;erimental 6 5 13 30 54
t
lsli,rsninosity 4 4 4 - - -
o 10 37 29 34 54 34
gstat 2 8 8 19 29 50
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Table 5.16: Relative systematic errors o; in the expected same-flavor event yields for the dif-
ferent signal and background processes i after the A¢(¢¢) requirement. The symbol “-” indicates
that the uncertainty is below 0.5%. The uncertainties arising from the control region dataset

and Monte-Carlo statistics (¢5%*) are also shown.
Uncertainty [%] OVBF OggF Odiboson Otop quark O0Z/y* OW-jets
QCD scale 4 30 - - - -
= UE and PS 3 17 - - - -
.© PDF modelling 3 8 4 - - -
T BH->WWW) 4 4 - - - -
3 WW normalization - - 20 1 - -
ﬁ Top quark normalization - - - 15 - -
Fake factor - - - - - 37
U:izgretical 7 36 20 15 - 37
— JES/JER 7 33 14 11 13 -
g b-tagging efficiency 1 1 1 19 2 -
g Lepton reconstruction 2 2 2 2 3 -
.= E%‘iss reconstruction 1 2 1 2 3 -
g Pile-up modelling 4 3 ) 4 ) -
é Trigger efficiency 1 1 1 - - -
t
zi]cf)erimental 8 33 15 22 14
t
lsgrilinosity 4 4 4 - - -
o 12 49 25 27 14 37
ostat 2 16 26 18 10 350

111



Chapter 5. Measurement of the VBF H — /vfv Production Rate

lying event (UE), i.e. of the contribution of spectator quarks to the final state, and
from the parton shower model (PS) describing the hadronization process of quarks
and gluons. The uncertainty in the underlying event description is estimated by
comparing simulated event samples generated with and without the underlying
event contribution. The uncertainty from the parton shower model is estimated
by comparing the baseline signal generator POWHEG+PYTHIAG to the generator
MCQ@NLO-+HERWIG, where PYTHIA and HERWIG use different models for the

parton shower process.

Parton distribution functions (PDF modelling)
The effects of uncertainties in the parton distribution functions (PDF) are evalu-
ated by comparing simulation with different PDF sets from CT10 [29], MSTW [156]
and NNPDF [157] following the prescription in [31]. Variations are performed sep-
arately for quark-quark, quark-gluon and gluon-gluon initiated processes for both

the signal and background processes.

H — WW?* branching ratio (B(H —» WW?¥))
The uncertainty in the branching ratio for the Higgs boson decay into two W
bosons, determined using the procedure described in [53], amounts to 4%. The un-
certainty arises from missing higher-order calculations as well as from uncertainties

in the input parameters, in particular in « and in the heavy quark masses.

WW background normalization
The theoretical uncertainty in the diboson production cross section is evaluated
separately for the electroweak and the QCD diboson production. The uncertainties
in the QCD diboson background are large compared to the ones for the electroweak
production, because the jets in the former are produced via higher-order QCD
corrections. An uncertainty of 40% is assigned to the QCD diboson production
cross section, based on variations of the QCD scales and PDF sets, while the
uncertainty in the electroweak diboson production cross section is only 10% based
on the comparison of the SHERPA and MADGRAPH generators. The uncertainty
in the electroweak contribution includes effects from QCD scale variations and
from the interference of the electroweak diboson process with VBF Higgs boson
production. The uncertainty from the interference between the electroweak and

QCD diboson production is estimated by comparing the cross sections of the two
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separate contributions to the cross section including interference of both processes
using the MADGRAPH generator. The top quark and Z/v* background estimates
are slightly affected by the WW background normalization uncertainty due to the

contamination of the respective control regions with diboson processes.

Top quark background normalization
The uncertainty in the normalization of the top quark background arises from the
extrapolation of the event yields from the control to the signal region. It is evaluated
by comparing the predictions of the baseline generator MC@QNLO-+HERWIG with
the ones of the ALPGEN+HERWIG and POWHEG+PYTHIAS generators. The top
quark event yields in the signal region after applying the normalization correction
vary by about 15% for different generators. This variation is taken as the theoretical

uncertainty in the top quark background estimate (see more details Appendix C).

W +jet background prediction (Fake factor)
An uncertainty in the W+jets background arises from the reweighting of the
background events by means of fake factors. The uncertainty arises mainly from

differences in the fake factors for the dijet and W+jets control samples (see Sec-
tion 5.4.1).

5.5.2 Experimental Uncertainties

Below the sources of experimental systematic uncertainties are summarized (see also
Chapter 4).

Jet energy scale and resolution (JES/JER)
The signal selection depends in many ways on the jet reconstruction, directly
through the requirement of at least two jets and the selection cuts on mj; and AYj;
and indirectly through, for example, the requirements on the missing transverse
energy. Uncertainties in the jet energy scale and resolution, therefore, dominate
the experimental uncertainties in the signal and background event yields except
for the top quark background yield. The JES and JER uncertainty contribute at a
similar level. The uncertainty is particularly large for the Z/v* background, since

the definitions of the control regions depend on the missing transverse energy.

b-jet identification (b-tagging)

Due to the b-jet veto in the signal selection, systematic uncertainties arise from
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the measurement of the b-jet identification efficiency and misidentification rate
of light-jets as b-jets. Particularly sensitive to this uncertainty is the top quark
background due to the different requirements on the b-jet multiplicity in the top

quark control region and in the signal region.

Lepton reconstruction Uncertainties arising from the measurement of the lepton
identification efficiencies, momentum and energy scales and resolutions have only

a small impact on the signal and background event yields.

Missing transverse energy (E,’f‘iss) reconstruction
Since the missing transverse energy (EEF’rliSS and EEFnISS?FVF) depends directly on the
measurement of the jet and lepton energy, the related jet and lepton uncertainties
are directly propagated to the uncertainty in the measurement of the missing
transverse energy. An additional contribution arises from the soft term, i.e. the
contributions to the missing transverse energy from soft jets and energy depositions

in the calorimeters not associated with any high-pt object.

Pile-up modelling
The simulation incorporates a detailed description of pile-up events. However, the
expected amount of pile-up events accompanying the hard-scatter proton-proton
collision, was not precisely known at the time the large-scale event simulation was
launched. The simulated events are therefore reweighted to describe the observed
amount of pile-up in the data, based on the distribution of the average number
of proton-proton interactions per bunch crossing (see Fig. 3.2b). An uncertainty,
evaluated by varying the event weights up and down by 10%, is assigned to this

procedure.

Trigger efficiency
The trigger efficiencies provided by simulation have to be scaled by a small amount
(the average trigger event weight is 0.98 4+ 0.04 and 0.99 4+ 0.07 for events with
a leading electron and muon, respectively) to describe the efficiencies measured
in data. An uncertainty in this weighting procedure is derived from varying the

trigger scale factors within their statistical uncertainty.
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5.6 Results

In this section the results of the VBF Higgs boson production measurement in H —
WW® — fuly decays are summarized. In Section 5.6.1 data is compared to the
expectation in the signal region with the background contributions determined from
data as described in Section 5.4. The statistical methods used for the final statistical
interpretation are summarized in Section 5.6.2. The resulting exclusion limits and signal
significance as well as the result of the production rate measurement are discussed in
Section 5.6.3.

5.6.1 Comparison of Data and Predictions

To ensure that the total background yield after the final signal selection predicted by
the simulation and corrected with the control measurement described in Section 5.4 is in
agreement with the observation, good modelling of discriminating variables is essential.
The modelling of the main discriminating variables is investigated by comparing the
data with the predicted background distributions. Figure 5.29 shows the AYj;- and
mjj-distributions after combining the same-flavor and different-flavor channel prior to
applying the selection cut on the respective variable. No significant amount of signal
is expected at this stage of the signal selection. The data are mainly well described by
the total background expectation. Some smaller disagreement can be seen in the AYj;-
distribution for AYj; ~ 0.5. Taking into account a 20-40% systematic uncertainty on the
total background, not shown in this comparison, the disagreement is well compatible
with a statistical fluctuation. Since the signal selection requires AYj; > 2.8, the observed
discrepancy is not expected to affect the final result.

The myp-, Ap(£0)- and mp-distributions describing characteristic topological prop-
erties of the Higgs boson decay are shown separately for same-flavor and different-flavor
final states in Figs. 5.30 and 5.31, again before applying the selection cuts on the re-
spective variables. At this stage of the event selection, the VBF Higgs boson signal
contribution is no longer negligible. Thus the signal distribution is stacked on top of
the total background to better compare the signal-plus-background expectation to the
data. The lower panel shows the distribution of the expected signal and the data after
the subtraction of the total background. An excess of events is observed compared to

the total background expectation which is in agreement with the signal expectation.
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Figure 5.29: Expected and observed distributions of (a) the dijet rapidity gap AYj; and (b) the
invariant mass mj; after combining same-flavor and different-flavor final states. The distributions
are shown before the cut on the respective variable has been applied. The background contribu-
tions are stacked on top of each other. The expected signal multiplied by 150 is overlaid in red.
The black hatched area represents the statistical uncertainty in the background prediction. The
vertical error bars indicate the statistical uncertainty of the data.

One exception can be seen in the A¢(¢/)-distribution of same-flavor final states shown
in Fig. 5.30d where the data exceeds both the background-only as well as the signal-
plus-background expectation in two bins (A@(¢f) ~ 1.1 and A¢p(¢¢) ~ 2). In both cases
the data is still compatible with the signal-plus-background and the background-only
hypothesis within 2.5 standard deviations considering statistical uncertainties alone.
The expected and observed event yields after each stage of the event selection are
shown separately for different-flavor and same-flavor final states in Table 5.18 and in
Fig. 5.32. The expected event yields can only be compared to the observed event yields
from the b-jet veto on, since before that the data driven corrections are not yet applied
and processes, such as bb and semi-leptonic tf decays, are contributing, that are not in-
cluded in the simulated processes. After all selection criteria are applied, including the cut
on the transverse mass mr, a ratio of N°b%/ ng_ only = 2-1£0.5 (statistical uncertainty)
for different-flavor and 1.3 & 0.25 (statistical uncertainty) for same-flavor final states is

found for the background-only expectation (see Fig. 5.32). The observed yields are in

116



5.6 - Results

Table 5.17: Expected and observed event yields for [ Ldt = 21fb~! of data after the selection
requirement on A¢(¢), shown separately for different-flavor and same-flavor final states. Un-
certainties resulting from statistic (0%'**) and from systematical (0%5') sources are shown. The
former includes the uncertainty from the limited number of events in the control regions and in
the simulated samples.

Different-flavor Same-flavor

Yield o5%t%] oY %] Yield o5 %] oY %]
Nypr 5.1 2 10 3.7 2 12
N gng 1.3 8 37 0.7 16 49
NG on 4.1 8 29 4.4 26 25
Nfgl‘; 4.4 19 34 4.0 18 27
Ngs/t,y* 1.9 29 54 25 10 14
Nﬁﬁtﬂets 0.6 50 34 0.06 350 37
Niotal Bkg  12.3 17 36 34.2 14 18
Nobs: 23 42

better agreement with the signal-plus-background expectation than with the background-
only expectation. The significance of the observed excess over the background-only
expectation is evaluated in Section 5.6.3.

The last selection criteria, mt < 1.2 - mpg, shown in Fig. 5.32 and Table 5.18 is not
applied for the final result. Instead the full information stored in the mr-distribution is
exploited by means of a fit of both the background-only and the signal-plus-background
prediction to data as will be detailed in Section 5.6.3. The input to the final statistical
interpretation are hence the event yields expected after the selection criterion on the
A¢(L0) variable is applied. Table 5.17 summarizes the event yields and the uncertainties
oSt from the limited number of events in the simulated samples and in the control

syst after this selection stage.

data samples as well as from the systematic uncertainties o
The statistical uncertainty of the W+jets same-flavor event yield is large due to the
small number of events both in the simulated samples used to subtract non-W-+jets
background in the control region as well as the small number of observed events in the

W +jets control region itself (see Table 5.4).
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Figure 5.30: Expected and observed distributions of the dilepton invariant mass my, in (a)
and (b) and the dilepton opening angle in (c) and (d) for same-flavor and different-flavor events,
respectively. The distributions are shown before the cut on the respective variable is applied.
The predicted VBF Higgs signal is stacked on top of the total expected background. The black
hatched area represents the statistical uncertainty in the signal-plus-background prediction. The
vertical error bars indicate the statistical uncertainty of the data. The lower panel compares
the residuals of the data with respect to the expected backgrounds to the distribution expected
from a Standard Model VBF Higgs boson (red line). The red and blue hatched areas indicate

. . . syst t . .
the systematic uncertainties o\pp and olsgylfg on signal and background, respectively.
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Figure 5.31: Expected and observed distributions of the transverse mass mr for (a) the
different-flavor, (b) the same-flavor and (c) the different-flavor and same-flavor combined chan-
nel. The distributions are shown after the A¢(¢¢) criteria. The predicted VBF Higgs signal is
stacked on top of the total expected background. The black hatched area represents the sta-
tistical uncertainty in the signal-plus-background prediction. The vertical error bars indicate
the statistical uncertainty of the data. The bottom panel compares the residuals of the data
with respect to the expected backgrounds to the mry-distribution expected from a Standard
Model VBF Higgs boson (red line). The red and blue hatched areas indicate the systematic

uncertainties o3y and a%ylf; on the signal and total background, respectively.
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Table 5.18: Expected and observed event yields for [ L dt = 21 fb~! of data after the subsequent
signal selection criteria in different-flavor and same-flavor final states. The W+jets, Z/v* and
top quark yields are corrected from auxiliary measurements as described in the text. The errors

are due to Monte-Carlo statistics.

N NG Ny

s FPreselection 52488 49886 4 85 47.3+1.0
£ B >20GeV 48723 46450 £81 42.6 £0.9
£ bjet veto 5852 5685 + 33 30.6+0.7
= DPRY < 45GeV 4790 4616 £+ 29 26.6+0.7
& Z — 717 veto 4007 3844+ 26 24.540.6
5 AYj > 28 696 681+ 10 11.940.2
z  mg > 500 GeV 198 170+ 4 7.5+0.1
T (Central jet veto 92 77 £2 6.3+0.1
% Outside lepton veto 78 5942 6.1+0.1
5 mg < 60GeV 31 17+1 5.49+0.1
& A¢(tr) < 1.8 23 12+1 5.1140.09
R e <1.2-my 20 9.740.9 5.04+0.09

Preselection 947948 951102 4 1969 59+1
. Z =l veto 157566 152207 =+ 542 47.54+1.0
9 EXSS > 45GeV 38333 38728 +170 28.34+0.7
g ERSiyp > 35GeV 32877 31537+111 26.4+0.7
= b-jet veto 6538 6366+ 79 18.940.6
& PRt <45GeV 4903 4832+ 68 16.7+0.5
o AY;; > 2.8 958 934 + 33 8.1+0.2
S mj > 500GeV 298 245+ 6 5.5+0.1
& Central jet veto 147 119+4 4.65+0.1
g Outside lepton veto 108 85+3 4.45+0.09
& my < 60CeV 52 4043 4.0340.09

Ap(ll) < 1.8 42 34+2 3.7+0.09

mp <1.2-mpy 35 27 +2 3.62 +0.09
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Figure 5.32: Expected and observed event yields after the subsequent selection criteria for (a)
different-flavor and (b) same-flavor final states. The background contributions are stacked on top
of each other. The expected signal is overlaid in red. The statistical uncertainty in the background
prediction (black hatched area) is invisible on this scale. The statistical errors of the data are
smaller than the data points. In the bottom part the ratio N°" /NP of observed and expected
numbers of events is shown (for the background-only and signal-plus-background expectation).
The statistical uncertainties of the data, the signal and total background expectation are shown

as hatched bands.
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5.6.2 Statistical Methods

After the candidate events have been selected and control regions have been defined for
all background processes, the significance of a possible signal in the data is evaluated
using the profile likelihood method [151,158]. The analysis is performed for different-
flavor and same-flavor final states separately and the mp-distribution is divided in four
mr-bins as shown in Fig. 5.33a and b to exploit the variation in the signal-to-background
ratio along mr, leading to in total eight signal region categories.

The expected signal and background is fitted to the data simultaneously in the
different lepton final states (m = SF, DF) and mr-categories (n = 1,..., N)'T) using the
likelihood function L.

EVBF(M1a757C) = (530)
total bkg b in SR

SF, DF N[3.T ;
H H { n (VR |- SR (C) + >_abi(¢) )} (5.31)

CRs
x JT B (VR sOR(C) + i 5RO + DO BHERQ) ) (5.32)
i JF#i
non-¢ bkg. in i-CR

H (kl0, 1) (5.33)

with the Poisson probability function P, (Eq. (5.31)) for observing NSE data events
in the n-th bin of the myp-distribution for the dilepton final state m given the number
of signal events s expected from the Standard Model (for a given mass hypothesis) and
background events b. b is the sum of all expected background contributions b; multiplied
by correction factors cy;. The signal strength parameter p is a free parameter in the fit
that scales the signal relative to the prediction of the Standard Model. The case =0
corresponds to the background-only and g = 1 to the signal-plus-background hypothesis.

For the top quark and the QCD Z/~4* background the expected yields a;b; in the
signal region (SR) are determined from auxiliary measurements N*"“® in control regions
(CR). For each control region a poisson term is added to the Likelihood function (see

Eq. (5.32)). The measurement is extrapolated from the control to the signal region
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Figure 5.33: Expected and observed numbers of events in different mr-ranges as employed by
the likelihood function for (a) the different-flavor and (b) the same-flavor channel. The distribu-
tions are shown after the A¢(¢¢) criteria. The predicted VBF Higgs signal is stacked on top of
the total expected background. The black hatched area represents the statistical uncertainty in
the signal-plus-background prediction. The vertical error bars indicate the statistical uncertainty
of the data. The bottom panel compares the residuals of the data with respect to the expected
backgrounds to the mp-distribution expected from a Standard Model VBF Higgs boson (red
line). The red and blue hatched areas indicate the systematic uncertainties oy and agyf; on
signal and background, respectively.

applying the normalization factors «;, which are treated as free parameters. The small
contribution sC® of the expected signal to the control region is scaled with the signal
strength parameter p. Backgrounds b;-'CR that contaminate the control region for the
background ¢ are scaled with factors 3; to extrapolate from control regions for back-
grounds j as described in Section 5.4. In this analysis only the top quark and the QCD
Z/v* background have free a- and S-parameters. For the diboson and electroweak Z/~v*
which are not determined by auxiliary measurements, the a- and S-parameters are set to
unity. Two treatments of the gluon fusion process are tested in Section 5.6.3, one where
the ggF contribution is fixed to the Standard Model predictions and estimated from
Monte-Carlo simulation and treated like the diboson and electroweak Z/~* processes

and one where it is determined from an auxiliary measurement and treated as the top

123



Chapter 5. Measurement of the VBF H — /vfv Production Rate

quark and the QCD Z/~* background. The expected background from W +jets processes
is taken directly from the measurement in the W+jets control region (see Section 5.4.1)

applying the fake factor as an event-by-event weight and o'V tiets = gWiets — 1,

The expected signal and background yields f; (= s, b;) in the signal region are

affected by Nt different sources of systematic uncertainties
lnom _ lk-var

Ol = —fznom (5.34)

where f°™ is the yield of the I-th process after the nominal analysis is applied and

flk‘Var is the yield found if the k-th source of systematic uncertainty is varied by one

standard deviation. For each systematic uncertainty o, a free parameter (; is added

to the Likelihood function. The signal and background yields f; are parameterized as a

function of oy, and (g:
Fillow), (G)) = 1™ x [ explce - \/log (1 + 03,)] (5.35)
k

i.e. the nominal value f/°™ is multiplied by the function exp[(s - 1/log (1 + 03.)] of ¢
shown in Fig. 5.34a for different assumptions on oj,. The last term in the likelihood
function (Eq. (5.33)) defines the distribution of (; and constrains the range in which
(; and hence the yields are allowed to vary in the fit taking the size of the systematic

uncertainty into account. For a distribution of (; according to a standard Gaussian,

2
G(Gl0.1) = —exp[- %] (5.36)

1
V2T
the yields f; are log-normally distributed as illustrated in Fig. 5.34b for different sys-
tematic uncertainties. The larger the relative uncertainty is, the less constraint is the

yield to its nominal value in the fit.

Because in some cases the source of a systematic uncertainty k& on a process de-
termined in a control region affects the control region yield bg'CR((k) in a similar way
as the signal region yield bf’R(Ck), the effect of this uncertainty is absorbed by the «;
factor and largely cancels. In other words, the total yield «; - bZ-SR(Ck) is stable against
modifications in (i, while the expected background yield biSR(Ck) and the parameter q;

themselves are susceptible to the uncertainty.
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Figure 5.34: Impact of a relative systematic uncertainties oy, on (a) the functional depen-
dence of the yields on the constraint parameter (i and (b) the log-normal distribution of the
yield fi(ou, ;) for Gaussian distributed ¢ normalized to its nominal value f°™. The relative
uncertainty is varied between 0% and 100% in steps of 20%.

Since control region selections have to be kinematically different from the signal
region, to enhance the targeted background and reduce the signal contamination (see
Section 5.4) some systematic uncertainties will affect signal and control region yields
in different ways. For example the uncertainty in the b-tagging efficiency will impact
the yields in the signal and the top quark control region differently, since the latter is
defined by inverting the b-jet veto. The control measurement does not reduce the impact
of the source of uncertainty in this case. The uncertainty in the b-tagging efficiency
therefore has a large impact on the top quark yields (see Tables 5.15 and 5.16). In such
a case the signal and background yields are treated as anti-correlated with respect to

the uncertainty k.

The signal strength u, the a = (o;) and 8 = (3;) factors as well as the constraint
parameters ¢ = (i) for the systematic uncertainties are free parameters in the fit of
the models to the data maximizing the likelihood function. While the signal strength p

is the parameter of interest, @ = (a, 3, ) are nuisance parameters.

In order to test the compatibility of the signal-plus-background model with the data
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for a given signal strength parameter p, the profile likelihood ratio S\(M) is introduced:

A(p) = § £0:00) (5.37)
Lbw)
cbp) M=

~

The numerator £(u, 8(p1)) is maximized over all nuisance parameters 6 for a given value
of u, referred to as profiling of the nuisance parameters 6. 9(,u) are the conditional
maximum likelihood estimators of the nuisance parameters for a given value of u. The
denominator £(fi,8(j1)) is maximized over all parameters including p, such that /i and
(i) are the likelihood estimators of y and 6 which maximize the likelihood function
unconditionally. Only hypotheses with 4 > 0 are physical, while the case i < 0 is

considered a downward fluctuation of the background.

The validity of the signal-plus-background hypothesis for a given signal strength p

is calculated using the test statistic
Gu=—2InX(p) . (5.38)

The hypothesis is less likely to be compatible with the data the higher the observed

value of g, is. Hence, the absolute minimum of the test statistic is found for ;1 = i with
gp = 0.
The probability p, that the hypothesis with signal strength p results in the observed

or higher values of g, is

P = /q " Gl 0(0) dy (5.39)

obs
m

where f(G,|u, (1)) is the probability density function of the test statistic qu- This func-
tion is determined using asymptotic formulae as described in [158] avoiding computation

time consuming Monte-Carlo simulation.

The test statistic is used to define exclusion limits and signal significances as described

below.
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Exclusion Limits If no signal is evident in the data, an upper limit can be set on

the signal strength parameter p using the definition

) —21In iiggio))) i<0
_ —2InA(p) A<p
qu = = —21 E(/L,O(A )) <0< . (540)
"o A>u D ey OSASH
0 0> p

The restriction to 4 < u prevents an upward fluctuation of the data from being consid-
ered incompatible with the tested signal-plus-background hypothesis. In order to protect
against excluding the signal-plus-background hypothesis when the sensitivity of the hy-
pothesis test is small, a modified frequentist method, the so called CLg method [151],
with the conditional probability

Pu
CLg := —F— 5.41
S 1 o pb ’ ( )

instead of CLg41, = p,, is used to calculate the confidence interval with

~obs

g _ 2 B

m= [ Ha0.60)ds . (5.42)
— 00

The denominator 1 — p;, in Eq. (5.41) can be interpreted as the probability that the

background alone describes the data. The 95% CLg exclusion limit on the signal strength

is then found as the largest value pu,, for which CLg is greater than 5%. For p,, <1 a

signal as predicted by the Standard Model is excluded.

The CLg approach is more conservative than the approach using confidence intervals
based on CLgyy, = py, since the latter only requires incompatibility of the signal-plus-
background hypothesis with the data whereas CLg requires in addition compatibility of
the background-only hypothesis with the data.

obs
up

the expected value jy, determined from a fit to the expected background-only event

To quantify the sensitivity of the analysis, the observed value u9> is compared to

sample from simulation and auxiliary measurements in the control region. An uncertainty
o due to uncertainties in the background model, is associated to " replacing (jﬁbs.
Confidence regions corresponding to n standard deviations for uyy are then calculated

using G, +n - o instead of g, " as an integration bound in Egs. (5.39) and (5.42).
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Signal Significance The significance of a possible signal is evaluated based on the
incompatibility of the data with the background-only hypothesis (u = 0 in Egs. (5.31)
and (5.32)). The probability that a background fluctuation leads to the observed or
higher values of ¢y (Eq. (5.38) for u = 0) is given by

P = / " F(@0l0.6(0) dio (5.43)

The expected pp-value py™® is calculated assuming the presence of a signal, i.e cal-
culating the test statistics g5 © from Eq. (5.38) for 1 = 0 but with a fit to a signal-
plus-background event sample with u = 1. Replacing the lower integration bound in
Eq. (5.43) by g;™" leads to p; ", the probability that a background fluctuation leads to
values expected from the signal-plus-background model or greater. Again, as in the case
of the expected exclusion limits, uncertainties in the model, signal-plus-background in

the case of the pyP-value, are propagate to the expected pg-value.
0

The signal significance in units of standard deviations is given by
Z =311 —pop) (5.44)

where ®(z) is the cumulative probability distribution of a standard Gaussian function
f(z) as shown in Fig. 5.35.

Figure 5.35: Illustration of the relation between the signal significance Z and the pg-value
using a standard Gaussian distribution f(z) [159]
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A significance of at least Z = 3, corresponding to a po-value of 1.5 - 1073, is usually
required for evidence for a signal, while a significance of at least Z = 5, corresponding

to a po-value of 2.9 - 1077, is required to claim a discovery.

5.6.3 The Final Results

Motivated by the discovery of the Higgs boson candidate [5,6] with a mass of 125.5 GeV
[7] the signal significances and exclusion limits are quoted for a Higgs boson mass
hypothesis of 125 GeV as a final result. However, mass hypothesis 110 GeV < my <
200 GeV are tested as well. Searches for a Higgs boson signal at masses above 200 GeV
require a different event selection to separate the signal from the backgrounds due to
different signal topology™ [85].

The main aim of the analysis here is not the discovery of the Higgs boson in H —
WW®) — ¢ulv final states, which was done with higher sensitivity in an VBF and ggF
inclusive search [91] but rather to independently probe for the production of the Higgs
boson via VBF. According to the Standard Model prediction, VBF production is the
dominant Higgs boson contribution after all selection criteria described in Section 5.3.
However, about 15% contribution from gluon fusion production to Higgs boson processes
is expected in the Standard Model. This fraction is considered part of the background
for the VBF production rate measurement.

The Standard Model prediction for the gluon fusion cross section is not yet fully con-
firmed experimentally. Therefore two scenarios are investigated where the contribution

from the ggF process is treated in different ways:
Scenario 1 The ggF cross section is taken from the Standard Model prediction.

Scenario 2 The ggF cross section is measured in a dedicated analysis (see [91]) in the

same H — WW®) — fufv decay mode.

Scenario 1 Assuming Standard Model ggF cross section for the Higgs boson, the
expected event yield is estimated from Monte-Carlo simulation. Only the mass hypothesis
mp = 125 GeV is tested, since the Standard Model predictions for ggF poduction of the
Higgs boson for other mass hypotheses is excluded by ATLAS and CMS [5,85-88|.

*For example, the spin correlation described in Section 5.2.1 is only applicable for mg < 2 X myy.
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The fitted signal strengths, exclusion limits and signal significances for my = 125 GeV
seperatly for different-flavor and same-flavor final states and for their combination are

summarized in Table 5.19.

Combining different-flavor and same-flavor final states, a fitted signal strength of
(e (my = 125GeV) = 2.2750 (5.45)

is observed in H — WW®) — ¢ulv decays. The observed signal strength is about twice
the prediction of the Standard Model (pvpr = 1), but compatible with it within 1.5
standard deviations. The different contributions to the uncertainty in the signal strength
will be discussed at the end of this section. A CLg upper limit of ufll;s = 3.39 at 95%
confidence level is set on the VBF signal strength in the H — WW®) — (uvlv decay
channel at my = 125 GeV, while a lower upper limit of pyup’ = 1.57 is expected. The
observed upper limit is higher than the expectation due to an excess of data events with
respect to the background-only model. This excess is quantified as an observed signal
significance of 2.9 standard deviations while a significance of 1.5 standard deviations
is expected for a Standard Model Higgs boson with mpg = 125 GeV. Same-flavor final
states contributes only with 7% to the observed and expected signal significance (see
Table 5.19).

Scenario 2 In order to account for a possible deviation of the gluon fusion Higgs boson
production cross section from the Standard Model prediction an additional scenario is
investigated. A separate signal strength parameter jiger, scaling the ggF yield in the
signal region, is introduced as a free parameter in the likelihood fit. The number or
expected events in the signal region in Eq. (5.31) in the likelihood function is modified

accordingly:
e s + ) aibfR(C) (5.46)

e sVR(Q) F g k() + Db (Q) L (547)

This parameter pger is constrained by a dedicated measurement using a data sample
enriched in gluon fusion production with Higgs boson decays H — WW®*) — (vl as in
the VBF analysis. The likelihood of the VBF analysis (Eq. (5.30)) is multiplied with the
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Table 5.19: Summary of results for the VBF Higgs boson production rate measurement in the
qqfvly final state for mpy = 125 GeV. The fitted signal strength [ivpr, the 95% upper CLg limit
tup and the signal significance in standard deviations (s.d.) are given separately for different-
flavor (DF) and same-flavor (SF) final states and for their combination (DF+SF). Two different
treatments of the gluon fusion production are compared, either taken from the Standard Model
prediction (scenario 1) or from a dedicated ggF measurement [91] (scenario 2).

Signal strength ~ 95% upper CLg Limit Signal significance [s.d.]

i fryse pobs fap Observed  Expected

= DF+SF 22702 1.0703 3.93 1.57 2.9 1.5
E 11 0.9

g DF 2.1%59 10703 4.02 1.70 2.7 1.4
»  SF 2.3722  1.0M75 6.77 4.43 1.3 0.6
% DF+SF 21758 10703 3.80 1.59 2.8 1.5
B 1.0 0.9

= DF 2.1%59 10703 3.90 1.69 2.6 1.4
@ SF 2.2%°5  1.0M71 6.64 4.45 1.2 0.6

likelihood Lger of the ggF dedicated analysis and a combined fit is performed. When
measuring pypr the gluon fusion signal strength parameter is like any other a-parameter

a profiled nuisance parameter constrained by the ggF dedicated measurement.

The selection of the ggF data sample is described in [91]. The main differences of
the ggF event selection compared to the VBF event selection is the requirement of less
than two jets (nje; < 1) in the final state making it orthogonal to the VBF selection. In
addition, there are no requirements on the dijet system. The likelihood function Lger
contains six signal region categories accounting for different jet multiplicity, dilepton final
state and dilepton invariant mass range (see Section 6.1) which are used to measure the
ggF contribution. Poisson terms for control measurements of background contributions
in the ggF categories are added as well. The constraints on the systematic uncertainties
are treated as correlated between the ggF and VBF analysis, if appropriate, i.e. if the
two analysis are affected in the same way by the source of systematic.

The ggF' and VBF signal strength parameter pig.r and pypr can be measured simul-
taneously by profiling either the ggF contribution and constraining it based on the data
sample with nje; < 2 when measuring the pvpr, or, vice versa, profiling pyvpr using the

data with nje; > 2 to constrain the VBF contribution when measuring pie,r in final states
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with n;e < 2. The VBF contribution in the latter case is, however, negligibly small. In
this chapter only the measurement of uypr is discussed. Results on the measurements

of pger will be given in the next chapter.

Since the ggF cross section is now constrained from data, also Higgs boson mass
hypotheses for which the ggF production has already been experimentally excluded are
physically meaningful. For such mass values the fitted value of pgr will simply be close
to zero. However, due to the poor mass resolution in the final states with two leptons
and two neutrinos, different mass hypothesis are not easily distinguishable by means
of their corresponding transverse mass distributions. A Higgs boson of 125 GeV mass
produced through gluon fusion will contaminate the search for a Higgs boson produced
via VBF at a hypothesized mass of e.g. 115 GeV. The expected normalization of the
ggF background corresponding to mpy = 125 GeV is fitted to data and hence correctly
treated in the VBF search for a mass of mpy = 115 GeV. However, the shape of the
gluon fusion mr-distribution is taken from simulation for my = 115 GeV. Therefore,
the treatment of the ggF production is not fully correct for mass hypotheses different
from 125 GeV. Nevertheless it is the most model independent method to perform a VBF
search for mass hypothesis different from 125 GeV.

Figure 5.36 shows the observed and expected CLg upper limits on the signal strength
w at 95% confidence level as a function of the Higgs boson mass. Standard Model Higgs
bosons produced through VBF are excluded in a mass range of 152GeV < mpy <
185 GeV, corresponding to an expected larger range of 130 GeV < mpyg < 200 GeV. The
maximum sensitivity is reached for my =~ 2 - my = 160 GeV where the branching
fraction of the Higgs boson decaying into two W bosons is largest (see Fig. 2.7b). At
smaller Higgs boson masses the branching ratio of the H — WW®) decay decreases
rapidly. For larger Higgs boson masses the sensitivity degrades since the Higgs boson
production cross section drops rapidly (see Fig. 2.7a) and the mrp-distribution of the
signal shifts to larger values, making it more difficult to separate the signal from the
WW and top quark backgrounds (see Fig. 5.13c). The one (two) standard deviation
confidence regions on the expected upper limit are shown as yellow (green) bands. The
observation agrees with the expectation within two standard deviations over a large
range. However, a broad excess greater than two standard deviations is observed for

myp < 140 GeV indicating the presence of the Higgs boson signal in the data.

The excess of observed events above the expected background is quantified in terms
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Figure 5.36: Expected and observed 95% CL upper limits on the signal strength for different-
flavor and same-flavor final states combined as a function of the Higgs boson mass hypothesis
mpy. The ggF background is determined from a dedicated ggF measurement [91] (scenario 2).

of the probability pg shown as a function of myg in Fig. 5.37. A very broad dip around
125 GeV is observed. The expected pg-values for the p = 1 hypothesis, i.e. for the
Standard Model prediction are shown for comparison. Two cases are distinguished: the
black dashed line shows pg-values evaluated assuming a Higgs boson signal with the
same mass hypothesis searched for. The red dashed line corresponds to the assumption
of a signal with myg = 125 GeV, independent of the mass hypothesis, accompanied by
the 1o and 20 uncertainty bands. The observed distribution is compatible within two
standard deviations with the distribution expected for a Standard Model Higgs boson
with 125 GeV mass.

The fitted observed and expected (mpy = 125 GeV) signal strength parameters fiyvpp
are shown as a function of the Higgs boson mass hypothesis in Fig. 5.38 with its
uncertainty band, defined by —21In A(u) < 1, corresponding to one standard deviation.
The observed signal strength rapidly increases for decreasing Higgs boson mass. This
is not an indication of a low mass Higgs boson signal amounting for example to five
times the Standard Model predictions at my = 115 GeV. The behavior is rather an
artefact of the poor mass resolution in the final state with two leptons and two neutrinos
in combination with the rapidly falling H — WW®) branching fraction for decreasing

Higgs boson mass (see Fig. 2.7b). Due to the poor mass resolution, the mp-spectrum
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Figure 5.37: Expected and observed py BF-values for different-flavor and same-flavor final states

combined. The right-hand side y-axis shows the corresponding signal significance in units of
standard deviations as a function of the Higgs boson mass hypothesis my. The ggF background
is determined from a dedicated ggF measurement [91] (scenario 2).

of the decay of a Higgs boson with my = 115GeV is not distinguishable from the
one for mpg = 125 GeV. Consequently, due to the much smaller predicted event rate
of mpy = 115 GeV, the presence of a Higgs boson with my = 125 GeV can mimic a
Higgs boson with mg = 115 GeV with apparently larger signal strength. To demonstrate
the validity of this argument, the expected distribution of the signal strength jiypr is
shown for comparison for a signal-plus-background hypothesis with mpg = 125 GeV.
The increase of the signal strength with decreasing Higgs boson mass is seen as in the
observed data.

The results from scenario 2 for a Higgs boson mass of mpy = 125 GeV are summa-
rized in Table 5.19. Very similar results as in the first scenario, where the used ggF
production cross section is predicted by the Standard Model, are found. The observed
signal significance for VBF production of the Higgs boson with my = 125GeV in
H — WW® — fuly decays amounts to 2.8 standard deviations while 1.5 standard

deviations are expected. The corresponding VBF signal strength parameter ﬂ‘\’}ﬁF is:
(e (my = 125 GeV) = 21700 (5.48)

The result is compatible with the Standard Model prediction for VBF Higgs boson
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Figure 5.38: Observed and expected (for mpy = 125 GeV) signal strengths fiypr for different-
flavor and same-flavor final states combined as a function of the Higgs boson mass hypothesis
my shown as the black and red line, respectively. The ggF background is determined from a
dedicated ggF measurement [91] (scenario 2).

production in this channel within 1.5 standard deviations.

The uncertainty on ﬂ%}ﬁp in Eq. (5.48) can be broken down in its statistical and
systematic components, as shown in Table 5.20. The total uncertainty is dominated
by statistical sources. The different-flavor final state, for which top quark processes are
under the dominant background contributions is more affected by statistical sources,
since the top quark control region has limited number of events (compare Tables 5.15
and 5.16). The same-flavor final state, dominated by Z/v* processes is less affected by

statistical sources.

Table 5.20: Statistical and systematic components of the uncertainty on the observed signal
strength A5y for different-flavor and same-flavor final states separately and for their combination.
Results are shown for scenario 2 where the ggF cross section is determined from a dedicated

ggF measurement [91].

ﬂg/ki?s)F O.stat oSyst
Different-flavor 2.1 1993 (86%) 037 (14%)
Same-flavor 2.2 T8 (63%) T10Z (37%)
Combined 2.1 T8 (76%) 1035 (24%)
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In Table 5.21 the systematic uncertainty in /l%bﬁF is further broken down into the

different experimental and theoretical contributions. For combined different-flavor and
same-flavor final states experimental errors contribute with 62%, theoretical ones with
31% and the luminosity error with 6%. The by far dominant experimental uncertainty
is in the jet energy scale and resolution. The dominant source of theoretical uncertainty
is in QCD scales followed by the prediction of the WW background normalization and
the H — WW®) branching fraction. Other theoretical errors come from the description
of the W~™ background contribution which only affects the data sample used for deter-
mining the ggF contribution. The uncertainties in different-flavor and same-flavor event
yields are estimated separately. The contribution to the uncertainty in the combined
measurement from the dilepton final states scales with the contribution of the individual
final state to the final result, i.e. if the same-flavor measurements contributes to the
signal significance with 7%, the uncertainty in the same-flavor measurement contributes
accordingly to the uncertainty in the combined measurement.

The categorization of the gluon fusion process as part of the total background to
the analysis is motivated by the aim of the analysis to measure the VBF production
rate. It it also possible to include events from gluon fusion production as an additional
contribution to the signal*. Results of such an analysis are shown in Appendix D. Here,
also individual different-flavor and same-flavor results for the full range of tested mass
hypothesis are given.

The analysis described in this chapter only includes the dataset from 2012. The
results are combined with results from the 2011 dataset and published in [91]. The
selection requirements for the analysis of the 2011 dataset are identical to the ones
used for the analysis of the 2012 dataset, with the exception of the jet vertex fraction
and missing transverse energy requirements which are adapted for the lower pile-up
rate. Additionally, slightly different trigger definitions were used in the 2011 data taking
period. The 7TeV and 8TeV data are treated as separate event categories and are
combined only for the final statistical interpretation.

The fitted signal strength and signal significances for the 7TeV and 8 TeV data
combined are shown in Fig. 5.39. For a Higgs boson mass of 125 GeV the observed

excess is significant with 2.5 standard deviations while 1.6 standard deviations are

“The selection criteria presented in Section 5.3 are not optimal for this case since they are optimized
assuming that the ggF production is a part of the background. The difference with respect to the results
with optimum selection criteria are, however, expected to be very small.
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Table 5.21: Breakdown of the systematic uncertainty in 4% in its experimental and theoretical
components for different-flavor, same-flavor and the combined final states. The ggF process is
determined using a dedicated ggF measurement [91] (scenario 2).

O experimental Otheoretical O lumi
OCD scale 11%
5 JES/JER 24%  B(H — WW®) 8%
=  b-tagging efficiency 12% WW normalization 8%
% Lepton reconstruction 4% PDF modelling %
% Pile-up modelling 4% UE and PS ™%
5 ET"™ reconstruction 0.5% Top quark normalization 3%
&  Trigger efficiency 0.4% Fake factor 2%
A Other <0.1%

45% 47% 9%
WW normalization 1%
JES/JER 90% OCD scale 0.9%
g8  Pile-up modelling 3% PDF modelling 0.8%
% B reconstruction  0.6% B(H — WW®) 0.8%
q:-) Lepton reconstruction 0.6% Top quark normalization 0.6%
g  Trigger efficiency 0.1% UE and PS 0.6%
% b-tagging efficiency 0.1% Other <0.1%
Fake factor <0.1%

94% 5% 1%
OCD scale ™%
JES/JER 50% WW normalization 6%
=  b-tagging efficiency 5% B(H — WW®) 6%
£ Pile-up modelling 4%  PDF modelling 5%
'—g Lepton reconstruction 2% UE and PS 4%
o  Trigger efficiency 0.4% Top quark normalization 3%
O E%‘iss reconstruction 0.3% Fake factor 0.9%
Other <0.1%

62% 31% 6%
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Figure 5.39: Results of the VBF Higgs boson production measurement in H — WW®) — fviy
decays as a function of the Higgs boson mass my for different-flavor and same-flavor final states
and for 7TeV and 8 TeV data combined showing (a) the fitted signal strength and (b) the
po-value and signal significance (from [91]).

expected. Comparing these results to the results obtained from the 2012 dataset only
(scenario 2, Table 5.19) one finds that the 2011 dataset adds 7% in signal significance to
the expected 2012 results. The observed signal significance is smaller compared to the
combined result since no excess of events was observed in 2011 in H — WW®) — (uvlv

decays. A fitted signal strength of
[SSE (my = 125 GeV) = 1.66 + 0.79 (5.49)

is measured, which is lower compared to the signal strength observed in 2012 data alone.
Since the datasets of the two results are highly correlated, compatibility between the
measurements are tested for the individual results of the 7 TeV and 8 TeV dataset. For
an H — WW®) — ¢ulv inclusive search the measurements with the two datasets are
compatible within 1.8 standard deviations [91].

The results presented here are further combined with ATLAS measurements of other

Higgs boson decay and production modes which will be described in the Chapter 6.
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5.7 Analysis Improvements

Two possible future improvements of the analysis are considered in this section, a
categorization of the signal event candidates into two samples with different signal-to-
background ratio is investigated in Section 5.7.1 and new discriminating variables for
further suppression of the large Z/v* — ¢¢ background in same-flavor final states are
studied in Section 5.7.2.

The full implementation of these modifications into the analysis is beyond the scope of
this thesis, because redefinition of the control regions and reevaluation of the systematic
uncertainties is required. In the study here, no corrections from auxiliary measurements
are applied to any of the background processes and only simulated background contri-
butions are used. The systematic uncertainties are assumed to be the same as for the
standard analysis given in Table 5.17. The analyses below are performed for a Higgs
boson mass hypothesis of mpy = 125 GeV.

Rather than using the fit procedure and statistical analysis described in Section 5.6.2,
the sensitivity of the improved analysis is estimated after the criteria mt < 1.2 X myg
defining the signal significance by s/4/b + Jg, where s an b are the expected signal and

background yields and oy is the absolute systematic uncertainty in b.

5.7.1 Event Categorization in the Signal Region

The analysis gains sensitivity by dividing the signal region in categories with different
signal-to-background ratios. By performing a categorization the analysis exploits the
probability of an event to be signal-like depending on the category it is found in. When
combining the two categories this information is lost and the analysis sensitivity de-
grades. In the simplest case, assuming no systematic uncertainty and sufficient number
of background events, such that the statistical uncertainty in the background b can be
estimated by v/b, the sensitivity of an analysis is given by the signal significance s/v/b

where s is the number of signal events. It can be shown that,

2 2
as GE) (i)
Sm o o (2 , (5.50)
bm + bn Vo bm
which means that the significances of two categories with s,,(,,,) signal and by,,,) back-

ground events in the category n(m) added in quadrature are always grater or equal to the
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Figure 5.40: Simulated mj;-distribution for VBF signal (my = 125GeV) and backgrounds
in different-flavor final states after all selection criteria except for the requirement on m;j;. The
black hatched area represents the statistical uncertainty in the total background prediction. The
lower panel shows the signal-to-background ratio s/b with error margins.

sensitivity of a single category with s, + s, signal and b,, + b,, background events. The
above relation is an exact equation for s,, /b, = s, /by, i.e. if the signal-to-background
ratios are identical in the two categories no improvement is expected by the categoriza-
tion. The standard analysis already performs a categorization in different-flavor and
same-flavor events and in four mp-bins, to exploit the different signal-to-background
ratios in the dilepton categories and the distinct shape of the signal and background
mp-distributions (see Fig. 5.33).

The shape of the dijet invariant mass (mjj) distribution is, like the shape of the m-
distribution, distinct between signal and backgrounds containing QCD jets (see Fig. 5.40).
The background mjj-distribution falls much more rapidly than the signal distribution
does, such that the signal-to-background ratio increases with increasing dijet invariant
mass. The mj; variable is, hence, a good candidate to investigate a categorization defined
by a split in m;j;. Only different-flavor final states are used for this study.

Table 5.22 compares the sensitivities of the standard analysis, with m;;-threshold of
mj; > 500 GeV with the sensitivity of the analysis with a split into a low-mj; (500 GeV <
mj; < 800 GeV) and a high-mj; (mj; > 800 GeV) region. The threshold choice of 800 GeV

maximizes the combined signal significance of the high- and low-mj; regions, calculated
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Table 5.22: Signal significance s/4/b+ o7 for different-flavor final states with the standard
requirement m;; > 500 GeV and with splitting the signal sample at m;; = 800 GeV. The errors
are due to the limited Monte-Carlo statistics, in particular due to the ¢ background Monte-Carlo
sample.

Signal significance

my > 500 GeV 1.240.19
500 GeV < my; < 800GeV  0.67+0.12 .

bined: 1.5240.1
mg; > 800 GeV 1.3640.20 }Com med: 1.520.19

by adding the individual signal significances in quadrature. The signal significance in
different-flavor final states is improved by 23% using the described categorization. It
is assumed that the systematic uncertainties on the different backgrounds as well as
the correction factors from auxiliary measurements are independent of the m;; region.
However, the second assumption is not valid for the Z/~* and the top quark background
where observed and predicted mj;-distributions disagree in the corresponding control
regions (see Figs. 5.20a and 5.24b). Also, systematic uncertainties are expected to
increase when adding more cuts to the analysis. The influence on the estimated signal

significance has not been studied.

Figures 5.41a and 5.41b show the mr-distribution after the event selection in the low
and high mg; regions, respectively. While a large fraction of the background accumulates
in the low sensitivity region, the high sensitivity (mj; > 800 GeV) region now has a
signal-to-background ratio close to one in the lower my-range. The thresholds defining
the four mr-bins used for the standard analysis shown in Fig. 5.41 may not be optimal
when applying the mj;-split and need to be reevaluated ideally individually for the high-

and the low-mj; category.

The analysis can be further improved by optimizing the cuts in discriminating
variables that are correlated with the dijet invariant mass separately for the low-m;;
and high-mj; regions. Figure 5.42a shows, as an example, the two-dimensional mj;-AYj;-
distribution for VBF Higgs boson signal events, where a significant correlation exists.
Figure 5.42b shows the AYj;-distributions for signal and background which are shifted to
larger values in the high- compared to the low-m;; region. While the standard requirement
of AYj; > 2.8 remains a good choice in the low-mj; region, the selection can be improved

by a stricter requirement in the high-mj; regime.
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Figure 5.41: Expected mr-distribution of different-flavor events after all signal selection criteria
excluding the requirement on mt for (a) the low and (b) the high sensitivity mj; region. The
signal is stacked on top of the backgrounds. The black hatched area represents the statistical

uncertainty in the signal-plus-background prediction.
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Figure 5.42: Illustration of the correlation between the dijet invariant mass m;; and rapidity
gap AYj; in (a) the expected two-dimensional distribution for VBF Higgs boson signal events
(mp = 125GeV) and in (b) the comparison of the expected AYjj-distributions for signal and
background in the high and low sensitivity mj; regions. The distributions are shown after the

preselection and Z rejection criteria.
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Figure 5.43: Expected distributions of (a) the transverse momentum pflfzjm of the dilepton-

plus-jets system and (b) the frecoil variable after the requirement pff‘jm > 50 GeV for the VBF
signal (my = 125GeV) and the different backgrounds. The distributions are normalized to
unity.

Correlations are expected not only in dijet kinematic properties but also in the
properties of the dijet-dilepton system. To fully exploit those correlations, a multi-variate

approach may be used which accounts for correlations in an optimal way.

5.7.2 Background Rejection in Same-Flavor Final States

Due to the large additional Z/v* — ¢¢ background, same-flavor final states contribute
only 5-10% to the total signal significance (see Table 5.19). Additional discriminating
variables exploiting the Z/v* — ¢¢ topology, can be used to significantly reduce the
Z/~* — ¢ background.

A characteristic property of Z/v* — £¢ events is the visible momentum balance due
to the absence of neutrinos in the final state. Jets, predominantly from initial state
radiation, recoil against the dilepton system. The total transverse momentum pffejets
of the dilepton-plus-jets system hence is expected to be small. Figure 5.43a shows the
pffjets—distribution for the VBF H — WW®) signal, the Z/y* — ¢ and non-Z/~* — £(
backgrounds. The variable shows a good separation between the signal and Z/~v* — ¢
background. However, a significant fraction of reconstructed Z/v* — ¢ events has rather

large values of pfrejets. This is due to reconstructed objects, such as low-pr jets, which
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Table 5.23: Expected signal and background yields and signal significance s/1/b+ o7, with
signal and background yields s and b, respectively and o} the systematic uncertainty in b. The
errors are due to Monte-Carlo statistics.

X X X 2
Nypp Ng/lz,* .y, NI?OII:—Z/’Y* Su S/Jb+op
Standard selection 3.62+0.09 16 £2 13+£2 0.38 £0.05
pfFZJEtS > 50 GeV 2.97+0.08 6+1 1242 0.50 +0.08
frecoil < 0.35 2.64+0.08 2.7+£0.6 9+1 0.63+0.09
fail the object selection criteria and therefore do not enter in the p{FEjetS calculation. Such

objects can recoil against the lepton-plus-jets system and lead to large values of pETEjets

in Z/~v* — 0 events. The frecoi variable,

S [IVE| x pi'
frecoil = péﬁjets y (551)

T
measures the momentum recoil against the leptons-plus-jets system. The sum in the
numerator is over all jets with pll?t > 10 GeV in the ¢-quadrant opposite to the direction
of the pgjets vector. The jet vertex fraction JVF (Eq. (4.3)) is applied as a weight
for each jet, to reduce the impact of jets originating from pile-up interactions. The
distribution of the f..con variable after the requirement peTejetS > 50 GeV is shown in
Fig. 5.43b. While the signal and non-Z/~* — ¢¢ backgrounds accumulate at small values

of frecoil, Z/7* — £ events have larger recoiling momenta.
An optimization using s/4/b + ag as figure of merit, as in the previous section, results

in the highest signal significance for the requirements pffjets > 50GeV and frecoil < 0.35
indicated in Fig. 5.43. The numbers of expected signal and background events and the
signal significance s/4/b + og after applying these above requirements in addition to the
standard selection are shown in Table 5.23. The Z/v* — ¢/ background is reduced by
almost a factor of six while more than 70% of the signal remains. The signal significance

increases by 60% with respect to the standard analysis of same-flavor final states.

The new variables allow for a strong rejection of Z/y* — ¢ events, but rely on
complex kinematic correlations between jets and leptons as well as on soft jet reconstruc-
tion, for which the predictions by Monte-Carlo simulation are less reliable. A detailed

investigation of the modelling of these variables using data and a detailed study of

144



5.7 - Analysis Improvements

systematic uncertainties are still needed.

Additional discriminating variables improve the sensitivity in same-flavor final states
by 60%, which increases the contribution of same-flavor final states to the total analysis
sensitivity from 5% to 11%. Combining the improvement of the new variables in same-
flavor final states with the mj;-categorization for different-flavor final states the combined
signal significance is expected to improve by 23%. In a further step the mjj-categorization
can also be applied to same-flavor final states leading to 32% expected improvement
in signal significance compared to the standard analysis. A summary of the different
analysis modifications comparing the corresponding expected signal significances is
shown in Table 5.24.

All of the suggested improvements require a detailed understanding of the background
predictions and of the systematic uncertainties. This may change the estimates given

here. Nevertheless, it is worthwhile to further investigate these analysis modifications.

Table 5.24: Summary of the expected signal significance Z = s/1/b+ o} for different-flavor
(DF) and same-flavor (SF) final states as well as for their combination (DF+SF) for different
analysis modifications. The contribution of same-flavor final states (ZPF+5F — ZDF) / 7DF+SF apq
the expected improvement in signal significance (ZPF+SF — ZzDFFSE y ) 7DEESE ¢ the combined

: . standard standard
final state with respect to the standard event selection are also shown.

DF+SF DF DF+SF _ DF+SF
Z -7 Z Zstandard

7 — S/ b+ O_g ZDF ZSF ZDF+SF

7DF+SF DF+SF
standard
Standard 1.24 0.38 1.30 5% -
Frocoit /D™ (SF) 124 0.63  1.39 11% 7%
my-split (DF) 152 0.63 1.6 8% 23%
mj;-split (SF) 152 078 171 1% 32%
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Chapter 6

Combined Analysis of Higgs

Production and Decay Channels

The results of the analysis of VBF Higgs boson production in H — WW® — (uviv
decays presented in Chapter 5 are combined with the results for Higgs boson production
and decays in other final state analyses. The Higgs boson properties obtained from the
combined measurement are compared to the Standard Model predictions in order to
probe for possible deviations. Two properties are discussed in particular in Sections 6.3
and 6.4: the signal strengths for different Higgs boson production channels and the Higgs

boson couplings to vector bosons.

The results presented in this chapter are based on the combination of results for
the three electroweak diboson final states H — vy, H — WW* with W) — fv and
H — ZZ* with Z*) — ¢4~ [7]. The fermionic final states, such as the decay to b quarks
or 7 leptons are not included in the combination presented here. Results including the

fermion final states can be found in [160].

In each of the weak diboson decay modes, the events are categorized such that
the different Higgs boson production mechanisms are separated as much as possible.
The analysis of the event category for VBF production in the fvfv final state is the
one presented in Chapter 5. A short description of the remaining analyses is given
in Sections 6.1 and 6.2 for the fvfv and for the diphoton and four-lepton final states,
respectively. Details on the different analyses can be found in [86,89,91].

The analyses described below are based on the full dataset collected in the years
2011 and 2012, at /s = 7TeV and 8 TeV. The 7TeV and 8 TeV data are treated as

separate event categories in the final combination.
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6.1 The fvfr Final State

For the analysis of the £vfv final state, six event categories are built, distinguishing into
same-flavor and different-flavor events as well as the jet multiplicity njer = 0, = 1 and
> 2. The categories based on the jet multiplicity are in the following called zero-jet,
one-jet and inclusive two-jet. The inclusive two-jet event categories are dedicated to the
measurement of the VBF Higgs boson production rate, while the zero-jet and one-jet
event categories are sensitive to ggF' Higgs boson production. Analyses dedicated to the
measurement of the V.H Higgs boson production are described elsewhere [161].

The background composition differs between the different event categories as can be
seen in Fig. 6.1. While the zero-jet category is dominated by Z/~* and WW background
processes, the top quark background dominates the higher jet multiplicity event samples.
The Z/~v* background contributes more to same-flavor final states due to the contribution
from Z/~* — €l decays. Because of the nje-dependent background composition, the
selection criteria differ between the event categories (see Table 6.1). The definition of
reconstructed objects and the preselection criteria are identical to those described in
Chapter 4 and Section 5.3.

The main difference in the analysis of the VBF event categories compared to one
of the ggF categories are the VBF topological criteria which are only applied for inclu-
sive two-jet final states. The analyses of the ggF categories apply instead additional
requirements to reduce the larger contribution of the Z/v* and diboson backgrounds.
Kinematic properties of the Higgs boson decay are exploited using the missing transverse
energy, the dilepton transverse momentum pfg and the azimuthal angle A¢y vpT between
the dilepton system and the missing transverse energy. Additional suppression of the
Z/~* — €0 background in same-flavor final states can be achieved by exploiting the
soft hadronic recoil against the dilepton-plus-jet system. The variable fiecoii defined in
Eq. (5.51) is used for this purpose. Also, a modified definition of the missing transverse

energy is employed,

Eﬂ%liss1 _ E%liss ' Sin(A¢closest) A¢closest S 77/2 (6 1)
;re . .
E&‘HISS A(bclosest > 77/ 2,

where Adclosest 1S the azimuthal angle between the Effniss vector and the closest high-

energy jet or lepton in the event. In same-flavor final states, additional suppression of
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Figure 6.1: Expected and observed distributions of the jet multiplicity in events with two
leptons and large missing transverse energy for (a) different-flavor and (b) same-flavor final
states [7]. The hatched area corresponds to the statistical and systematic uncertainty.

the Z/~v* background is achieved by a requirement on the track-based missing transverse

momentum p%irsjl which is given by the total transverse momentum of charged tracks in

the event replacing the rngsTVF variable in the inclusive two-jet selection.

In the case of the different-flavor ggF categories, the events are split into a high-
and low-sensitivity my, region, corresponding to 10 GeV < my, < 30 GeV and 30 GeV <
mye < 50 GeV, respectively. The high-sensitivity region is more pure in signal, since
the myg-distribution of backgrounds like diboson and top quark productions fall more
rapidly with decreasing dilepton invariant mass than the signal distribution. Due to the
stricter requirements for Z/v* — ¢¢ background reduction in same-flavor final states,
fewer events pass the event selection compared to different-flavor final states. A weaker
requirement on the dijet invariant mass of myy < 50 GeV is, hence, applied to retain a
sufficient number of same-flavor events. Considering the split in my, for different-flavor
zero and one-jet final states, in total six gluon fusion categories, three (one same-flavor

and two different-flavor categories) for each jet multiplicity, are present.

While the WW background estimation in the VBF categories is solely based on
simulation, it is determined by an auxiliary measurement in a dedicated control region
in the ggF categories. The events in this control region are selected by removing the
requirements on A¢(¢¢) from the signal selection and requiring 50 GeV < myy < 100 GeV
for the zero-jet and my, > 80 GeV for the one-jet event category, respectively. The
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Table 6.1: Summary of the fvfv event selection criteria for the analysis of the dataset recorded
in 2012. The criteria are applied equally to both lepton final states, unless indicated otherwise
(“DF” for different-flavor, “SF” for same-flavor).

gegF categories ‘ VBF category

Njet = 0 ‘ Njet = 1 ‘ Njet = 2
Missing DF: Efs > 25GeV DF: Episs > 20 GeV
transverse SF: Ex'a > 45GeV SF: B3 > 45GeV
momentum SF: ppra > 45GeV SF: Ep§ryr > 35GeV
SE: frecoil < 0.05 | <02 |-

P > 30GeV -

General SF: |A¢€€,MET| >m/2 | -

selection b-jet veto

- DF: Z/v* — 77 veto

, ‘ PPt > 45 GeV

- ms; > 500 GeV
VBF - AY;; > 2.8
topology - CJV

- OLV

myp < 50 GeV myp < 60 GeV
Higgs boson DF: split in myy -
decay topology A() < 1.8

mr fit

W+jets and Z/v* — 77 background contributions as well as the top quark background
contribution in one-jet final states are estimated using the same methods as presented
in Section 5.4 with selection criteria adapted for the zero- and one-jet analysis. The
top quark background contribution in the zero-jet event categories is estimated using a
control data sample with large missing transverse energy and without requirement on

the jet multiplicity and a further constraint from a similar control region with b-jets [91].

The mp-distribution of the combined zero- and one-jet events is shown in Fig. 6.2a,
for the two dilepton final states and the 2011 and 2012 datasets combined. Fig. 6.2b
shows the mrp-distribution of inclusive two-jet different-flavor events for the 2011 and

2012 datasets combined. An excess of events is observed, well compatible with the
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Figure 6.2: Expected and observed distributions of the transverse mass mr for (a) the two
dilepton final states and the zero-jet and one-jet categories combined and (b) for different-flavor
final states in the inclusive two-jet category. Datasets of the years 2011 and 2012 are combined [7].
The hatched areas corresponds to the total systematic and statistical uncertainty in signal and
background. The lower panel in (a) compares the data after background subtraction to the
expected Standard Model Higgs boson signal.
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prediction for a Standard Model Higgs boson with mass mpy = 125 GeV. As for the VBF
analysis described in the previous chapter, a fit to the mp-distribution of the data is
performed for the zero- and one-jet categories. However, a different binning is chosen
compared to the inclusive two-jet final states. The mp-distribution is subdivided into
five and three bins for the zero-jet and the one-jet channel, respectively. The bins are
chosen such that they contain about the same amount of background. Combining the
VBF and ggF event categories, the observed excess has a significance of 3.8 standard
deviations for my = 125.5 GeV corresponding to the combined mass measurement in

the diphoton and the four-lepton Higgs boson decay channel (see next section).

6.2 The Diphoton and Four-Lepton Final State

Diphoton decays of the Higgs boson are selected requiring two well reconstructed iso-
lated photons. The background is dominated by continuum 7+ production with smaller
contributions from y+jet and dijet events. The expected background yield and shape is
determined directly from data by fitting an analytic function to the diphoton invariant
mass spectrum in a my,-range of 100—160 GeV. The analysis is performed in mutually
exclusive final states separating the VBF, VH and ggF production modes. The selec-
tion criteria defining the categories are summarized in Table 6.2. The categorization
is performed in sequence, such that only events that failed the selection of previously

listed categories are considered for the preceding categories.

V H Categories Three categories are defined depending on the decay products of the
vector boson, either charged leptons, missing transverse energy for neutrinos or
jets for hadronic decays. The latter is defined at low dijet invariant masses to be

mutually exclusive with the VBF categories.

VBF Categories A multi-variate method called Boosted Decision Tree [162] (BDT) is
used to combine several variables into one output BDT discriminator, exploiting the
VBEF topology. A tight (high signal-to-background ratio) and a loose (lower signal-
to-background ratio) VBF category is defined by ranges in the BDT-discriminator.

ggF Categories From all events not passing the V H or VBF selections, categories with
different signal-to-background ratio and different Higgs boson mass resolutions are

built. The selection depends on weather or not one of the photons converted into an
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Table 6.2: Categorization of diphoton final states in mutually exclusive categories dedicated
to measure the VH, VBF and ggF production channels. The categorization is performed in
sequence, i.e. events have to fail all selection requirements of previous categories.

Category

Selection

Targeted process

One-lepton

At least one
electron or muon

VH — Uv)yy

High- piss

E%HISS/UE¥155 > 5

Wlth O'Efrniss ==

VH — vv(l)yy

§ 0.67[v/GeV]y/SET
Njet > 2
Low-mass two-jet GAOnieI?)ijj < 100 GeV VH — qqvy
PTt > 70 GeV
Loose Miet 2 2
. 0.44 < BDT < 0.74
E qqH — qqyy
Tight o =2
g BDT > 0.74
Uncomverted Two unconverted
photons
At least one
Converted converted photon
In| < 0.75
Central for both photons
k= At least
% east one
Rest non-central photon =
ngh—th th > 60 Gev
Low-pr¢ pri < 60 GeV

Converted transition

One converted photon
One photon with
1.3 < |n| < 1.75
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electron-positron pair, the photon pseudorapidities and the diphoton transverse
momentum prt; orthogonal to the diphoton thrust axis in the transverse plain
[163,164]. The categories are combined, such that all 23 combinations exist. An
additional category, converted transition, is added, where the mass resolution is
particularly poor, due to the poor electron resolution in the transition region,

leading to a total of nine ggF categories.

The analytical fit function is composed of a signal contribution described by the sum
of a Chrystal Ball [165] and Gaussian function and a background contribution described
by either a forth-order Bernstein polynomial [166], an exponential of a second-order
polynomial or a single exponential function, depending on the event category.

The inclusive m,-distribution for both data taking years is shown in Fig. 6.3a
together with the result of the fit. The maximum deviation from the background ex-
pectation is reached at mp = 126.8 GeV. The significance of the observed excess is 7.4
standard deviations compared to 4.3 standard deviations expected for a Standard Model
Higgs boson with my = 126.8 GeV. Figure 6.3b shows the m,, distribution of the VH
and VBF categories. The significance of the excess observed here will be discussed in
Section 6.3.

The search for Higgs boson decays into two Z bosons, each subsequently decaying to a
pair of oppositely charged leptons, suffers from a small branching ratio. But the final state
provides an excellent signal-to-background ratio, because of the large number of leptons.
The dominant background is continuum (Z®*) /~4*)(Z™) /4*) production with smaller
contributions from Z boson production with additional jets and from ¢ productions.

Events are selected by requiring four well reconstructed energetic and isolated leptons
with small impact parameters. The four-lepton invariant mass myy is the final discrimi-
nating variable used for the statistical interpretation of the observed data. The observed
and expected myy-distributions are shown in Fig. 6.4. The fitted signal corresponds to
the Higgs boson mass of mpg = 124.3 GeV. The signal significance of the observed excess
is 6.6 standard deviations while 4.4 standard deviations are expected for a Standard
Model Higgs boson with mpy = 124.3 GeV.

As in the case of the fvfv and diphoton channels, a categorization of final states
is performed to separate out the different production mechanisms. V. H and VBF pro-
duction is separated from the dominant ggF production by requiring additional jets

or leptons with kinematic properties expected for VH and VBF processes. Those are
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Figure 6.3: Invariant diphoton mass (m».) distribution for H — ~ events (a) for all categories
combined and (b) for the VH and VBF categories combining 7 TeV and 8 TeV data [7]. The
fitted signal and background contributions for my = 126.8 GeV are also shown. The bottom
figure shows the signal after background subtraction.
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summarized in Table 6.3. The signal-to-background ratio, in particular for the VBF
category, is very high. However, the number of expected events in the VBF category is
very small due to the small production cross section and the small branching fraction,
giving rise to large statistical uncertainties in the measurement of the VBF production

rate in the four-lepton final state.

E 40 © Data2011+2012 ATLAS
© - [ SM Higgs Boson H—77* 4]
£ gsf  Me1248GeV(m fs=7TeV |Ldt=461b"
5 | [ ]Backoroundz 2z’ Vs=8TeV |Ldt=20.7 fo"
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Figure 6.4: Observed four-lepton invariant mass distribution of selected H — ZZ* events,
combining the 7 TeV and 8 TeV data [7]. The fitted signal (my = 124.3 GeV) and the expected
background contributions of the Standard Model Higgs boson are also shown.

The Higgs boson mass measurement in the four-lepton and diphoton final states are

combined giving a value of
mg = (125.5 £ 0.6) GeV , (6.2)

which is used for the signal strength and coupling measurements shown in the next
section. The fvfv final state does not contribute to the measurement of the Higgs boson

mass, because of the poor mass determination in this final state.
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Table 6.3: Categorization of four-lepton final states in mutually exclusive categories dedicated
to measure the VBF, VH and ggF production channels.

Category Selection
Njet = 2
VBF AT]jj >3

mij > 350 GeV

At least one additional
lepton pp > 8 GeV

Not in VH
or VBF category

VH

ggF

6.3 Measurement of the Signal Production Strengths

A combined fit as described in Section 5.6.2 is performed comprising all final states

described above. A signal strength
uw=1.334+0.20 (6.3)

of all Higgs boson production and diboson decay modes is determined for a fixed mass
of mpy = 125.5 GeV assuming relative rates of the different production modes as in the
Standard Model. The result is in good agreement with the Standard Model expectation.
Statistical and systematic uncertainties contribute on similar level to the total uncer-
tainty as shown in Fig. 6.5a which summarizes the result of the combined fit and of the
measurements for individual production and decay event categories. The signal strength
= 1.4J_r8:g obtained for VBF production in inclusive two-jet fvfv final states can be
compared to the result Eq. (5.49) in Section 5.6.3 of 1.66 £ 0.79, which treats the ggF
production as a background while the former treats the ggF contribution as a signal.
The results are well compatible.

The assumption that the relative contributions of the different production mecha-
nisms follow the Standard Model predictions can be relaxed by measuring separately
the signal strengths for vector boson mediated production (uypr+ve X B/Bsm) and
fermion mediated production (pgeryim x B/Bswm) relative to the Standard Model for
each decay channel. For this purpose, a simultaneous fit of these parameters is performed.

The results for the three diboson final states are shown in Fig. 6.6. The sensitivity of
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Figure 6.5: (a) Measured Higgs boson production strengths p relative to the Standard Model
expectation and (b) measurement of the ratio pver4v i/ fegr+1m. Results are shown for a Higgs
boson mass of 125.5 GeV, for each diboson final state separately and for their combination [7].

the VBF+V H measurement in the fvfv channel presented in this thesis is comparable
to the one in the diphoton final state. The four-lepton final state is less sensitive due to
the small number of events in the VBF and V H event category*. The highest sensitivity
ggF+ttH production strength measurement is achieved in the diphoton and four-lepton
channels. Even though the absolute uncertainty in the fvfv channel ggF+ttH measure-
ment is of similar size as the one in the diphoton and four-lepton measurement (see
Fig. 6.6) the fvfv channel contributes less since the measured value is lower and hence,
the relative uncertainty is larger.

The above results cannot be combined without making assumptions on the size of

the different dibosonic branching fractions. A combination of the different final state

*The sharp lower edge of the four-lepton final state contour is due to the requirement of the total
number of signal-plus-background events us + b to be positive, hence p > —b/s, and the small amount
of expected background. There is no requirement on the sign of the signal strength itself.
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Figure 6.6: Profile likelihood ratio contours as a function of the production strength measure-
ments in the diphoton, four-lepton and ¢vfv channels [7].

results is therefore not possible in a model-independent way. This can be resolved by

measuring the ratios,
pvBF+vH X B/Bsm
MegF+iti X B/Bsum

, (6.4)

where the impact of the branching ratios B cancel. The results of fits of uvBrv i/ fleeF+ttH
as a free parameter are shown in Fig. 6.5b for the individual diboson channels and for
their combination. Good agreement with the Standard Model expectation is found. The

combined result is:
EVBRAVH _ 497 . (6.5)
HggF+ttH ’

A similar test for VBF production alone, without the small V H contribution results

in the same value
HVBF

= 14T (6.6)

HggF+ttH
The profiled likelihood ratio of this measurement as a function of pvBr /plggF++1 is shown
in Fig. 6.7. The probability of a vanishing VBF contribution is 0.04% corresponding to
an 3.3 standard deviation evidence for VBF Higgs boson production. The sensitivity
of the measurement is dominated by the diphoton channel since both ggF and VBF

production measurements contribute to the ratio. The fvfv channel contributes to this
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Figure 6.7: Observed and expected profiled log-likelihood ratio for the combined diphoton,
four-lepton and ¢vfv channels as a function of pver/legrtir [7)-

result with about 20%.

6.4 Measurement of Coupling Strengths

The measurement of the production strengths described above requires assumptions on
the relative contributions of different Higgs boson production and decay processes. New
physics processes beyond the Standard Model possibly modify both the production cross
sections and the decay branching ratios. Such effects may not be visible by measuring
only production and decay rates. In order to test for deviations from the Standard
Model predictions in a model-independent way, the couplings of the Higgs boson to
each Standard Model particle have to be measured. In this way correlations between
production and decay strength are taken into account in different combinations of
couplings. Two examples of coupling strength measurements to which the analysis
presented in Chapter 5 contributes significantly are given below: The universal Higgs
boson couplings to fermions and vector bosons, respectively, and the ratio between the
Higgs boson coupling to W and Z bosons.

For the coupling measurements the production cross section times the branching
ratio for the signal in the different event categories is expressed in terms of individual

coupling strength parameters. A leading-order framework described in [167] is employed
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which makes the following assumptions:

e The observed signal results from a single resonance with a mass of my = 125.5 GeV,

neglecting the uncertainty in the mass measurement.

e The width of the Higgs boson resonance is assumed to be negligible such that the
production and decay process are independent and factorize. Hence, the product
of the cross section and the branching ratio for a given channel i - H — f can

be decomposed as
g; Ff

Iy
where o; is the production cross section through the initial state i, Iy the partial
decay width into the final state f and I'y the total decay width of the Higgs boson.

c-B(i—H— f)= (6.7)

e The boson under investigation is a CP-even scalar as predicted by the Standard
Model (see Section 2.3) allowing only for modifications of the signal strengths, but
not of the tensor structure of the Higgs boson coupling compared to the Standard
Model.

A Higgs boson coupling scale factor x; is introduced for each process type j =

g, W, Z, ~, (vZ)* and fermions with respect to the Standard Model coupling strength.

The partial decay widths I'j; and the production cross sections o;; are proportional to
2

Kj

2_ %y _ i 6.8
ATy Y
where I',, I'yz and o4y (also denoted as oger) are effective coupling strength for the
decay to photons, to Z+ and the gluon fusion production that can be parameterized as a
function of Ky and Kfermions When assuming no beyond Standard Model contributions to
the loops. Deviations of x; from unity would indicate new physics beyond the Standard
Model.

As an example, the signal strength for the process q¢ — qqH — qqW W (see Fig. 6.8a)
studied in this thesis scales in the following way:

Howw® _ 0 X Blgq = qqH — qqWW) K{Br * Ky

_ - , 6.9
HVBF osm(qq — qqH) x Bsm(H — WW) K (6.9)

*The notation, adapted from [167], is slightly misleading for the decay to vZ due to two different
particles in the final state. The corresponding scale factor is denoted with s, z).
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Chapter 6. Combined Analysis of Higgs Production and Decay Channels

where Iﬁl%{ is the scale factor for the total Higgs boson decay width and xvygr is the scale

factor for VBF production given by

/'4312/‘/ . awp(mH) + /€2Z . azp(mH)
owr(mp) + ozr(mp)

Ky (Rw, Kz, mr) = : (6.10)
where oy and ozp are the cross sections for the Higgs boson production via W and
Z boson fusion, respectively, taken from [48]*.

The scale factor kg can be written as a function of the coupling scale factors &,

Ti(k;) k2SM
wa () =) ]IZSM] = %sﬁ ; (6.11)
J H j H

with j = W, Z, v, g and all Standard Model fermions dominated by bottom quarks.
Parameterizing the total width as a function of couplings to Standard Model particles
assumes no additional decays into particles beyond the Standard Model. For the ggF
production as well as for the Higgs boson decay to photon pairs effective coupling scale
factors kger and k4 are introduced which, similarly as in the case of kygr, can be written
as a function of the scale factors ky, kp, k¢ and k. (see Fig. 6.8b and [167]), assuming
that only the heaviest fermions contribute to the loops. For k. the interference term
between the top quark and W boson loop cannot be neglected such that x, depends on
a term kK - Ky, mixing fermion and vector boson coupling strengths.

The measured signal strength for the different production and decay channels can now
be described in terms of the scale factors «;. Due to the limited data statistics, it is not
possible to perform a fit of all coupling scale factors. Instead, assumptions are made such
that the couplings to all fermions (F') have equal scale factors kp := k¢ = Ky = Kk, and
similarly all couplings to vector bosons (V') ky := ky = kz. The relative contribution
of vector bosons and fermions to the H — 7 loop are expected to follow the Standard
Model predictions. The result of a fit to the observed data with kg and ky as free
parameters is shown in Fig. 6.9 for the individual final states and their combination.
Only the diphoton channel is sensitive to the relative sign of kg and xy due to the
interference between W boson and top quark loops in H — v decays (see Fig. 6.8b).

The measurement is not sensitive to the absolute sign of either the vector boson or

*VBF Higgs boson production is predicted by the Standard Model to occur with about 75 (25)%
probability through W (Z) boson fusion. Interference, between W and Z boson fusion is found to be
smaller than 0.1% and can be ignored [47].
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Figure 6.8: Dependence of the processes (a) q¢ — gqqH — q¢gWW and (b) gg - H — 7y on
the coupling scale factors x; illustrated on their lowest-order Feynman diagrams.
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Figure 6.9: Profile likelihood ratio contours (68% CL) as a function of the fermion and weak
vector boson coupling scale factors kp and Ky, respectively, for the different final states considered
and for their combination [7]. For the combined measurement also the 95% CL contour is shown.

fermion coupling scale factor. Hence, the measurement is only shown for xy > 0. The
measurement favors the kg > 0 as in the Standard Model. However, also negative kp-
values are compatible with the data at the two standard deviation level. The 68% CL

intervals

0.76 <rkp< 118 (6.12)
1.05 <rkpy < 1.22 (6.13)

are obtained when profiling over ky and kp, respectively. The presented measurement
has access to the fermion coupling only via the ggF- and H — ~y-loops. The sensitivity
of the kK measurement significantly increase when the decays to b quarks and 7 leptons
are added to the combination [160].

The custodial symmetry in the Standard Model requires that the couplings of the
W and Z boson to the Higgs boson are identical as described in Section 2.1. This can
be tested by measuring the ratio A\yyz = Ky /kz. The ratio is measured in decays into
WW* and ZZ* normalized to the Standard Model expectation,

) B(H — WW*)/B(H — ZZ*)
Awz = : :
BSM(H—> YA )/BSM(H—> Ww )

(6.14)

where no assumptions on the different production mechanisms are needed. The fit to
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Figure 6.10: Observed and expected profile log-likelihood ratio as a function of the coupling
scale factor probing the custodial symmetry [7]. The dotted line indicates the continuation of
the observed likelihood ratio for the second solution.

the data profiling pieeritrr X B(H — ZZ*)/Bsm(H — ZZ*) gives Awz = 0.81J_r8:%g in
agreement with Standard Model prediction Ay z = 1.

A more sensitive measurement can be achieved if information from the VH and
VBF production modes and from the H — vy decay mode are included. The likelihood
function can then be parameterized in terms of three free parameters: Az, Apz =
kpkz/kp and kKzz = kzkz/kp* assuming absence of new physics contributing to the
loops. A fit to the data with profiled A\pz and kzz parameters gives the log-likelihood
ratio as a function of Ay z shown in Fig. 6.10. The 68% CL interval is found to be:

0.61 < Az < 1.04 (6.15)

in agreement with the expectation from the Standard Model.

New physics can lead to loop contributions to the H — 7~ decay, causing devia-
tions of Az from unity without violating the custodial symmetry. Therefore, a test is
performed with the additional profiled parameter A,z = k+/kz introduced to absorb
effects of hypothetical particles beyond the Standard Model. This measurement gives

Awz =0.82£0.15 . (6.16)

*Using Arz and kzz as profiled parameters rather than kz and kpr has the advantage that no
assumptions on the total Higgs boson width are needed.
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All measurements discussed in this chapter show no significant deviation from the
Standard Model predictions for a Higgs boson with mp ~ 125 GeV. The precision of
the measurements increases when the fermion final states are added to the combination
(see [160]) and when more data at higher energies becomes available. Assuming that the
theoretical uncertainties will halve, the precision of the measurements presented above
are expected to decrease by roughly a factor of three and an other factor of two for
300fb~! and 3000 fb~! of proton-proton collisions at /s = 14 TeV, respectively [168].
An integrated luminosity of 300fb~! is expected to be delivered by the LHC by 2022
and 3000 fb~! is the goal of the High-Luminosity-LHC [169)].
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Chapter 7

Summary

The Standard Model successfully describes the interactions between elementary particles
based on the principle of local gauge symmetry. The predictions of the Standard Model
have been experimentally verified with high precision. The discovery of a new boson
with mass of (125.5 + 0.6) GeV and (125.7 4 0.4) GeV compatible with the Standard
Model Higgs boson by the LHC experiments ATLAS and CMS, respectively, completes
the experimental verification of the Standard Model particle content. The properties of
the Higgs boson candidate have been compared to the Standard Model predictions, e.g.
by measurements of the different production and decay rates. A measurement of the
Vector Boson Fusion (VBF) production rate in decays into two W bosons each decaying
into a muon or electron and a neutrino, H — WW®) — ¢ufv, has been performed in
this thesis.

The VBF production has a characteristic signature with two jets with large dijet
invariant mass and rapidity gap accompanying the Higgs boson. At low Higgs boson
masses, the H — WW®) — (vl decay is characterized by small dilepton opening angles
and invariant masses. The event selection achieves signal-to-background ratios of 0.4 and
0.1 with different-flavor (evur) and same-flavor (evev/uvuv) final states, respectively.
Diboson, top quark, Drell-Yan and single W boson production dominate the background.
The yields of top quark, W boson and Drell-Yan background are determined from
auxiliary measurements using signal depleted control data. The diboson background is
determined from Monte-Carlo simulation. Gluon fusion (ggF') production contributes
to the background as well and is determined from H — WW®) — fufv events enriched

in ggF production.

Due to the two invisible neutrinos in the final state, the Higgs boson mass cannot

be directly reconstructed. Instead, the transverse mass m, determined from the lepton
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four-momenta and the missing transverse energy, is used as final discriminating variable.
Since the transverse mass gives a rather poor Higgs boson mass determination the
analysis relies on mass measurements in diphoton and four-lepton Higgs boson decays
with a combined result of my = 125.5 GeV by the ATLAS experiment.

Proton-proton collision data recorded by the ATLAS detector at a center-of-mass
energy of 8 TeV and corresponding to an integrated luminosity of 21fb~! has been
analyzed. After the event selection, 23 (42) events are observed in the different-flavor
(same-flavor) channel, where 541 (4 £ 1) signal and 12 + 5 (34 4 8) background events
are expected. The observed mp-distribution is interpreted in terms of a background-only
and a signal-plus-background hypothesis. With the latter Standard Model Higgs boson
production via vector boson fusion is excluded in a mass range of 152 GeV < mpy <
185 GeV.

For my = 125 GeV, an excess of events compared to the background-only expectation
is observed with a significance of 2.8 standard deviations. The same-flavor channel
contributes only 7% to the total significance due to the larger Drell-Yan background
in this final state. The measured signal strength, the observed event rate relative to
the vector boson fusion production rate in the Standard Model for myg = 125 GeV is
2.1:1):% The uncertainty is dominated by statistics, systematic uncertainties contribute
only about 25% to the total uncertainty. The dominant systematic uncertainties are
from the jet energy scale and resolution as well as from cross section predictions for
signal and background processes.

The measurement presented has been combined with ATLAS measurements of other
diboson decays of the Higgs boson resulting in an evidence of VBF Higgs boson produc-
tion with a significance of 3.3 standard deviations. The analysis furthermore contributes
to the combined measurement of Higgs boson couplings to vector bosons and to the
test of the custodial symmetry of the Standard Model predicting equal couplings of the
Higgs boson to W and Z bosons. The results show no significant deviation from the
Standard Model predictions. More precise tests will be performed at upcoming runs of
the LHC at center-of-mass energies of 13-14 TeV and integrated luminosities of about
300fb~! expected by the end of the decade.

168



Appendices

169






Appendix A

Monte-Carlo Samples

In this chapter details, such as the number of generated events Neyents, the cross section
times branching fraction ¢ x B used to normalize the simulated events to the measured
luminosity, the generator filter efficiency egier and the integrated luminosity [ Ldt, to
which the amount of simulated events corresponds are given for the different Monte-Carlo

samples used in the analysis. The event generators are listed in Table 5.1.

Table A.1: Number of simulated events Neyents and the expected rate (o x B) of the VBF
Higgs boson process for different Higgs boson masses my including the corresponding integrated
luminosity calculated taking into account the generator filter efficiency egjter-

mi[GeV]  Neyents 0 X Blpb]  €fiter [ Ldt[fb™! ]

110 300000 0.0091 0.46 71509.2
115 299899 0.016 0.48 40115.3
120 299900 0.024 049 24872.5
125 300000 0.036 0.51 16610.9
130 299899 0.048  0.52 12056.4
135 299999 0.061  0.53 9384.4
140 299998 0.073  0.53 7697.4
145 299899 0.084 0.54 6606.0
150 299999 0.094  0.55 5872.4
155 99998 0.10 0.55 1764.5
160 99999 0.11 0.56 1582.9
165 99898 0.11 0.56 1539.3
170 100000 0.11 0.56 1592.9
175 100000 0.11 0.57 1668.0
180 100000 0.099 0.57 1774.3
185 99900 0.086  0.57 2028.0
190 99900 0.077  0.57 2272.5
195 99998 0.072  0.57 2461.0
200 99900 0.068  0.57 2584.2
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Table A.2: Number of simulated events Neyents and the expected rate (o x B) of the WH
Higgs boson process for different Higgs boson masses my including the corresponding integrated
luminosity calculated taking into account the generator filter efficiency egte;-

mp[GeV]  Nevents 0 X B[pb]  €gilter det[fb_l ]

110 20000 0.0052 1.0 3822.1
115 15000 0.0083 1.0 1812.9
120 20000 0.012 1.0 1696.2
125 20000 0.016 1.0 1272.1
130 20000 0.019 1.0 1031.6
135 20000 0.022 1.0 890.1
140 19999 0.025 1.0 806.8
145 20000 0.026 1.0 762.6
150 20000 0.027 1.0 743.6
155 20000 0.027 1.0 737.9
160 20000 0.027 1.0 744.8
165 20000 0.026 1.0 765.7
170 20000 0.024 1.0 848.6
175 20000 0.021 1.0 952.0
180 20000 0.018 1.0 1085.6
185 20000 0.015 1.0 1316.2
190 20000 0.013 1.0 1557.8
195 20000 0.011 1.0 1777.4
200 20000 0.010 1.0 1999.3
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Table A.3: Number of simulated events Neyvents and the expected rate (o x B) of the ZH
Higgs boson process for different Higgs boson masses my including the corresponding integrated
luminosity calculated taking into account the generator filter efficiency egjtey-

mp[GeV]  Nevents 0 X Blpb]  €giter [ Ldt[fb~! ]

110 20000 0.0028 1.0 6805.5
115 20000 0.0046 1.0 4329.4
120 20000 0.0066 1.0 3014.1
125 20000 0.0089 1.0 22474
130 20000 0.011 1.0 1810.5
135 20000 0.013 1.0 1549.5
140 20000 0.014 1.0 1394.0
145 20000 0.015 1.0 1310.0
150 20000 0.016 1.0 1267.9
155 20000 0.016 1.0 1247.8
160 20000 0.016 1.0 1243.8
165 20000 0.016 1.0 1271.4
170 20000 0.014 1.0 1403.7
175 20000 0.013 1.0 1570.9
180 20000 0.011 1.0 1797.9
185 20000 0.0092 1.0 2174.7
190 20000 0.0078 1.0 2571.0
195 20000 0.0068 1.0 2931.9
200 20000 0.0061 1.0 3284.9
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Table A.4: Number of simulated events Neyents and the expected rate (o x B) of the ggF
Higgs boson process for different Higgs boson masses my including the corresponding integrated
luminosity calculated taking into account the generator filter efficiency egger.

mH[GeV} Nevents 0 X B[pb] €filter det[fb_l ]

110 499998 0.13 0.44 9090.9
115 500000 0.21 0.46 5251.4
120 497397 0.31 0.48 3337.0
125 500000 0.44 0.49 2311.2
130 499900 0.56 0.5 1728.7
135 499299 0.71 0.51 1379.8
140 499998 0.82 0.52 1165.2
145 499999 0.92 0.53 1028.7
150 499798 1.99 0.54 933.7
155 200000 1.10 0.54 346.3
160 200000 1.10 0.55 319.8
165 199997 1.10 0.55 329.0
170 200000 1.9 0.56 350.9
175 200000 0.95 0.56 376.0
180 199999 0.87 0.56 413.3
185 199900 0.74 0.56 484.2
190 200000 0.65 0.56 546.6
195 199499 0.59 0.56 600.7
200 199999 0.55 0.56 639.9

Table A.5: Number of simulated events Neyents and the expected rate (o x B) of top quark
processes including the corresponding integrated luminosity calculated taking into account the
generator filter efficiency egrer. The simulation of the tf process uses a generator dilepton filter
indicated with (2¢).

Process Nevents 0 X B[pb]  €ger [ Ldt[fb™1 ]
tt (20) 9977340 238.2143 0.11 399.2
t-channel — e 2000000 9.86 1.0 211.0
t-channel — p 1991000 9.86 1.0 210.0
t-channel — 7 1999000 9.86 1.0 210.9
s-channel — e 999000 0.61 1.0 1648.5
s-channel — . 998000 0.61 1.0 1646.9
s-channel — 7 999000 0.61 1.0 1648.5
Wt 4967000 22.202 1.0 222.0
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Table A.6: Number of simulated events Neyents and the expected rate (o x B) of WW QCD
processes including the corresponding integrated luminosity calculated taking into account the
generator filter efficiency egter-

Process Nevents 0 X Blpb]  €fiter [ Ldt[fb™!]
g9 = WW — eevv 30000 0.024 1.0 1271.2
gg — WW — euvv 30000 0.021 1.0 1442.3
gg — WW — eTtvv 30000 0.021 1.0 1442.3
gg — WW — uuvv 30000 0.024 1.0 1271.2
g9 — WW — uevv 30000 0.021 1.0 1442.3
gg — WW — urvv 30000 0.021 1.0 1442.3
gg — WW — r1rvv 30000 0.024 1.0 1271.2
g9 > WW — tevv 30000 0.021 1.0 1442.3
gg — WW — tuvv 30000 0.021 1.0 1442.3
qq,q9 — WW — eevv 300000 0.63 1.0 475.4
qq,q9 — WW — pevrv 300000 0.63 1.0 475.4
qq,q9 = WW — tevv 300000 0.63 1.0 475.4
qq,q9 = WW — epvr 300000 0.63 1.0 475.4
qq,q9 — WW — uuvv 300000 0.63 1.0 475.4
qq,q9 = WW — tuvv 300000 0.63 1.0 475.4
qq,q9 = WW — ervrv 300000 0.63 1.0 475.4
qq,q9 = WW — urvv 300000 0.63 1.0 475.4
qq,q9 = WW — rrvv - 299999 0.63 1.0 475.4

175



Appendix A Monte-Carlo Samples

Table A.7: Number of simulated events Neyents and the expected rate (o x B) of QCD ZZ
processes including the corresponding integrated luminosity calculated taking into account the
generator filter efficiency egger.

Process Nevents 0 x Blpb]  €fiter [ Ldt[fb™]
qq,q99 — ZZ — 4de 599998 0.074 0.91 8993.8
Q9,99 — ZZ — 2e2u 599799 0.17 0.83 4245.1
qq,q99 — ZZ — 2e2r 599899 0.17 0.58 6026.8
9,99 — ZZ — 4u 600000 0.074 0.91 8946.9
4,99 — ZZ — 2u27 600000 0.17 0.59 5981.9
q4,q99 — ZZ — 4t 300000 0.074 0.11 38491.4
qq,q99 — ZZ — eevvy 299400 0.17 1.0 1782.1
Q9,99 — ZZ — puvyr 300000 0.17 1.0 1785.7
Q9,99 — ZZ — tTvr 299999 0.17 1.0 1785.7
99 — ZZ — 4de 90000 0.00067 1.0 134328.4
99 = Z7Z — 4p 89699 0.00067 1.0 133879.1
99 — ZZ — 2e2u 89899 0.0014 1.0 66591.9
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Table A.8: Number of simulated events Neyents and the expected rate (o x B) of WZ, W
and W~* QCD diboson processes including the corresponding integrated luminosity calculated
taking into account the generator filter efficiency egyer. For the W Z sample a generator filter
requiring two charged leptons with mg > 7 GeV is applied. The W~* samples are simulated for
a " decay with myy < 7GeV. For part of the W+ samples a lepton-plus-photon filter, indicated
with (1€ 4 1v), is employed.

Process Nevents 0 X B[pb]  €qiger [ Ldt [fb! ]
W+Z — evee 190000 1.13 0.29 458.4
WtZ — evuu 190000 0.94 0.35 575.1
W+Z — evrr 76000 0.17 0.17 2609.3
W7 — uvee 189999 1.13 0.29 462.7
WrZ — pvpp 190000 0.95 0.35 567.1
W+Z — pvrr 76000 0.17 0.17 2581.3
W*Z — Tvee 75400 1.13 0.14 377.2
W+Z — tvup 76000 0.94 0.18 443.7
W*Z — tvrt 19000 0.17 0.06 1888.8
W=7 — evee 189899 0.98 0.3 652.9
W=Z — evup 190000 0.64 0.35 842.3
W~=Z — evrt 76000 0.11 0.16 4230.4
W~=Z — pvee 190000 0.94 0.3 682.0
W~=Z = uvup 190000 0.65 0.35 826.9
W=Z — pvrt 76000 0.11 0.16 4216.2
W~=Z — Tree 76000 0.94 0.15 548.6
W=Z = tvup 76000 0.64 0.19 637.5
W=Z — tvrt 19000 0.11 0.06 3029.7
W~* — lvee 399699 5.51 1.0 714
WA* — lvup 299800 113 1.0 217.6
W~* = lvrt 30000 0.15 1.0 203.8
W~ 4 Opartons (1£ + 1) 14296300 229.2070 0.31 198.2
W~ + 1parton (14 + 1) 5393980 59.536  0.45 202.0
W~ 4 2partons (1 + 1) 2899390 21.193 0.54 248.9
W~ + 3 partons (14 + 1) 859697 7.64 0.63 191.7
W~ + 4 partons 364999 2.19 1.0 172.0
W~ + 5 or more partons 60000 0.47 1.0 128.7
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Appendix A Monte-Carlo Samples

Table A.9: Number of simulated events Neyents and the expected rate (o x B) of electroweak
diboson and Drell-Yan processes including the corresponding integrated luminosity calculated
taking into account the generator filter efficiency egger-

Process Nevents 0 X Blpb]  €fiter [ Ldt[fb™!]
WW — lvly + 2 jets from EW 199898 0.039 1.0 5125.6
WZ — by + 2 jets from EW 20000 0.013 1.0 1592.5
77 — vy 4 2 jets from EW 100000 0.0011 1.0 81208.4
Z7Z — 0000 + 2 jets from EW 499994 0.00074 1.0 679635.2
Z — ee + 2 jets from EW 499996 0.36 1.0 1392.8
Z — pp 2 jets from EW 499898 0.36 1.0 1394.7
Z — 17 + 2 jets from EW 499896 0.46 1.0 1084.7

Table A.10: Number of simulated events Neyents and the expected rate (o x B) of Drell-Yan
QCD processes with 10 GeV < myy < 60 GeV including the corresponding integrated luminosity
calculated taking into account the generator filter efficiency egte,. The processes for which a
dilepton filter was employed are indicated with (2¢).

Process Nevents 0 X B[pb] eftter J Ldt[fb™!]
Z — ee + 0 partons (2¢) 6994180  3477.31302 0.01 192.3
Z — ee + 1 parton (2¢) 4497280 108.979 0.2 202.9
Z — ee + 2 partons (2¢) 1468390 52.476 0.14 200.8
Z — ee + 3 partons (2¢) 438397 11.102 0.21 186.6
Z — ee + 4 partons (2¢) 108930 2.24 0.25 166.8
Z — ee + 5 or more partons 112180 0.69 1.0 162.0
Z — pp + 0 partons (2/4) 6984690  3477.31300 0.01 184.9
Z — pp ~+ 1 parton (2/) 4491590 108.979 0.21 195.8
Z — pp + 2 partons (2/0) 1503400 52.476 0.14 199.7
Z — pupu + 3 partons (2/¢) 153599 11.102 0.21 63.6
Z — pp + 4 partons (2/0) 108890 2.24 0.26 163.2
Z — pp+ 5 or more partons 115000 0.69 1.0 165.8
Z — 77 + 0 partons (2¢) 27969  3477.31302 0.0 330.3
Z — 77 + 1 parton (2/) 30000 108.979 0.0 202.8
Z — 77 + 2 partons (2/) 27610 52.476 0.0 300.3
Z — 7T + 3 partons (2/) 29600 11.102 0.0 675.7
Z — 77 + 4 partons 365497 2.24 1.0 141.0
Z — 17T + 5 or more partons 114420 0.69 1.0 165.1
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Table A.11: Number of simulated events Neyents and the expected rate (o x B) of Drell-Yan
QCD processes with 60 GeV < myp < 2TeV including the corresponding integrated luminosity
calculated taking into account the generator filter efficiency egiter. The processes for which a
dilepton filter was employed are indicated with (2¢). Samples employing a VBF filter, requiring
two jets with large dijet invariant mass and rapidity gap, are indicated with (VBF) and are used
in the analysis if the selection criteria mj; and AYj; are already applied.

Process Nevents 0 X B[pb]  €fiter [ Ldt[fb™! ]
Z — ee + O partons 6604280 711.6407 1.0 9.3
Z — ee + 1 parton 1329990 155.1397 1.0 8.6
Z — ee + 2 partons 404798 48.439 1.0 8.3
Z — ee + 3 partons 109998 14.128 1.0 7.7
Z — ee + 4 partons 30000 3.35 1.0 8.0
Z — ee + 5 or more partons 295000 1.10 1.0 260.3
Z — pp + 0 partons 6389980 712.6409 1.0 9.0
Z — pp + 1parton 1334900 154.1394 1.0 8.6
Z — pp + 2 partons 404897 48.441 1.0 8.3
Z — pp + 3 partons 110000 14.128 1.0 7.7
Z — pp + 4partons 29999 3.35 1.0 7.9
Z — pp+ 5 or more partons 303498 1.10 1.0 267.6
Z — 771 + 0 partons (2() 5468790  712.6409 0.04 193.8
Z — 77 + 1 parton (2/) 2459600 155.1395 0.05 335.8
Z — 7T + 2 partons (2/) 513399 48.440  0.05 198.9
Z — 1T + 3 partons (2¢) 176599 14.128  0.06 211.1
Z — 77 + 4 partons (2() 29600 3.35 0.07 114.8
Z — 177+ 5 or more partons 308896 1.10 1.0 271.8
Z — ee + O partons (VBF) 6419080 712.6409 0.03 268.9
Z — ee + 1 parton (VBF) 3394290 155.1395 0.08 270.7
Z — ee + 2 partons (VBF) 3134990 48.440  0.25 260.7
Z — ee + 3 partons (VBF) 1636800 14.128  0.47 246.0
Z — ee + 4 partons (VBF) 653597 3.35 0.68 253.8
Z — v+ 0 partons (VBF) 1261800 712.6409 0.01 272.3
Z — pp ~+ 1 parton (VBF) 1584690 155.1395 0.04 266.9
Z — pp + 2 partons (VBF) 1734590 48.441  0.14 251.3
Z — pp + 3 partons (VBF) 1345590 14.128  0.35 268.2
Z — pp + 4 partons (VBF) 534799 3.35 0.59 238.0
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Appendix B

Background Composition

In this chapter tables showing the event yields after the different stages of the signal
selection are presented where the different considered backgrounds are further broken
down into their components.

The event yields of different diboson processes are shown in Tables B.1 and B.2 for
different-flavor and same-flavor events, respectively. W boson and Z boson pair pro-
cesses with higher-order electroweak (EW) and QCD jet production are given separately.
Diboson event yields with higher-order QCD jet production from WZ and W~®™ pro-
cesses are given as well. Since the contribution of W~ processes with higher-order
electroweak jet production is expected to be small and no simulated sample exist for
this process only the W Z electroweak process is included in the analysis and shown in
the table.

The top quark background broken down into the contribution from top-quark-pair
production (¢t), single top quark production in association with a W boson (Wt), the
single top t- and the s-channel production (see also Fig. 5.5) is shown in Table B.3. A
breakdown of Z/+* processes in their decays to muons or electrons as well as to 7 leptons
is shown in Table B.4. The yields are shown separately for processes with higher-order

electroweak and QCD jet production (see also Fig. 5.6).
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Appendix B Background Composition

Table B.1: Expected event yields of the different considered diboson processes throughout the different stages of the signal
selection in different-flavor events. The errors are due to Monte-Carlo statistics.

Nqocoww  Newww  Nwzywywy  Newwz  Nqep zz New zz
Preselection 946+£8 62.0+0.6 312+£15 6.3+0.3 28.34+0.4 0.36340.005
mye > 10 GeV 946+8 62.0+0.6 310+15 6.3+£0.3 28.2+0.4 0.363+0.005
mﬂumm > 20 GeV 881+7 58.7+0.6 274415 5.7+0.3 18.940.3 0.27740.004
b-jet veto 64816 37.1+£0.5 1867 3.0£0.2 13.64+0.3 0.155+0.003
Emm; < 45 GeV 559+6 31.940.4 14347 2.240.2 9.440.2 0.08740.003
Z — 7T veto 514+6 29.840.4 13147 2.0+0.2 7.940.2 0.077£0.003
AY;; > 2.8 8542 15.34+0.3 23+3 0.940.1 1.27+0.09 0.03240.002
mj; > 500 GeV 2241 12.140.3 4.6+0.6 0.740.1 0.2340.04 0.025+0.002
Central jet veto 15.6+1.0 9.840.2 2.3+£0.4 0.32+0.07 0.14+0.03 0.011+£0.001
Outside lepton veto 10.340.8 8.44+0.2 1.640.3 0.3+£0.07  0.11£0.03 0.00840.001
myp < 60 GeV 2.5+0.4 1.3840.09 0.5%0.2 0.09£0.04  0.03£0.02  0.002540.0007
Ap(ll) < 1.8 2.3+0.4 1.2+0.08 0.5%+0.2 0.09+0.04 0.01240.008 0.0018+0.0006
mr < 1.2-mg 1.6+0.3 0.77+0.07 0.440.2 0.09+£0.04 0.00940.007 0.001140.0004
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Appendix B Background Composition

Table B.3: Expected event yields of the different considered top quark processes throughout
the different stages of the signal selection. The expected yields are corrected with the auxiliary
measurement in the top quark control region. The errors are due to Monte-Carlo statistics.

Ny Nw Nt channel  Ns-channel
Preselection 43236173  2437+21 16£2 0.5£0.1
mye > 10 GeV 43203+£73 2436421 1642 0.5+0.1
Elfniss > 20 GeV 40604+71 2282420 1442 0.540.1
b-jet veto 2930+21 345+8 o+1 0.0240.02
ptrf?t < 45 GeV 2318+18 28248 4.04+0.9 0.0240.02
Z — 7T veto 2147418 260+7 3.940.9 0.0240.02
AYj; > 2.8 3767 54+3 1.0+0.4 0.0£0.0
mj; > 500 GeV 93+3 1141 02402 0.040.0
Central jet veto 3041 5.140.8 0.1+0.1 0.040.0
Outside lepton veto 22+1 4.240.7 0.1£0.1 0.0£0.0
mye < 60 GeV 4.5+0.7 0.7£0.3 0.0£0.0 0.0£0.0
Ap(ll) < 1.8 3.7+0.6 0.7+£0.3 0.0£0.0 0.0£0.0
mt < 1.2-mpg 2.8£0.6 0.5£0.3 0.0£0.0 0.0£0.0

(a) different-flavor final states

N, tt Ny Nt-channel Ny_channel
Preselection 43421+£74 2413421 15+2 0.5+0.1
myp > 12 GeV 43296473 2404421 15£2 0.5+0.1
Z — bl veto 33924465 1904+19 9+1 0.4+0.1
E%iss > 45 GeV 24756456 1390416 6+1 0.26+0.09
EIFISS?FVF > 35GeV 23824455 1340+16 5+1 0.2540.09
b-jet veto 1745416 20046 2.6+0.7 0.05+0.04
PPt < 45 GeV 1373414 16846  2.4+0.7  0.0540.04
AY; > 2.8 25345 3542 0.5+0.3 0.0+0.0
mj; > 500 GeV 62+2 9+1 0.2+0.2 0.0+0.0
Central jet veto 19+1 4.1£0.7 0.0£0.0 0.0£0.0
Outside lepton veto 14+1 3.1+0.6  0.0£0.0 0.0+0.0
mye < 60 GeV 3.7+0.6 0.8+0.3 0.0+0.0 0.0+0.0
Ap(ll) < 1.8 3.3+0.5 0.7+0.3 0.0£0.0 0.0+0.0
mp <1.2-mg 1.84+0.4 0.4+0.2 0.0£0.0 0.0+0.0

(b) same-flavor final states
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Table B.4: Expected event yields of the different considered Z/v* processes throughout the
different stages of the signal selection. The expected yields are corrected with the auxiliary
measurement in the Z boson enriched control regions. The errors are due to Monte-Carlo
statistics.

NQCD Z[v* — NEW Z[y* — NQCD Z/y* = 1T NEW Z/v* — 1T

Preselection 142424 0.9+0.1 2113420 17.5+0.7
mgp > 10 GeV 141424 0.9+0.1 2108420 17.5+0.7
Emiss > 20 GeV 112422 0.640.1 1671+18 15.5+0.6
b-jet veto 63+16 0.384+0.08 1223+15 10.240.5
PPt < 45 GeV 46+14 0.24+0.07 1045+14 8.8+0.5
Z — 7T veto 30411 0.084+0.03 567+10 4.6+0.3
AYj > 2.8 5+4 0.044+0.03 88+4 2.740.3
ms; > 500 GeV 0.8+0.3 0.04+0.03 1642 1.840.2
Central jet veto 0.1£0.1 0.04+0.03 8+1 1.64+0.2
Outside lepton veto  0.1+0.1 0.04+0.03 5.5+1.0 1.6£0.2
myp < 60 GeV 0.0+0.0 0.0+0.0 3.710.8 0.7£0.1
Ag(ll) < 1.8 0.040.0 0.040.0 1.440.5 0.440.1
mrp < 1.2-mg 0.04+0.0 0.040.0 1.3+0.5 0.440.1

(a) different-flavor final states

Nqoep z/v+ 5w New z/v 5w Nqep z/4* — 7 NVEW 2/v = or

Preselection 899339+1967 421349 2148420 18.3£0.7
mygp > 12 GeV 895581+1967  4213+9 2136420 18.3+0.7
Z — Ul veto 112052+£537 445+3 2029419 16.6+0.7
Emiss > 45 GeV 107394159 43.5+0.9 T72£12 10.410.5
E%“g’bTVF > 35GeV 4711493 23.2+0.7 673£11 9.7+0.5
b-jet veto 3290+£76 13.5+0.5 499+9 6.7+£0.4
PPt < 45 GeV 2354+65 9.1+£0.4 42449 6.0£0.4
AY;; > 2.8 500+33 4.14+0.3 5343 3.240.3
mj; > 500 GeV 119+4 2.840.2 1842 2.4+40.3
Central jet veto 61+3 2.0£0.2 10+1 2.14£0.2
Outside lepton veto 4143 1.6£0.2 7+1 1.8£0.2
mye < 60 GeV 2242 0.2740.07 6.1£1.0 1.34+0.2
Ap(ll) < 1.8 1942 0.2£0.06 4.5£0.9 1.240.2
mr < 1.2-mpyg 15+2 0.08+0.04 4.5+0.9 1.240.2

(b) same-flavor final states
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Appendix C

Top Quark Background

Uncertainty

The default Monte-Carlo generator for ¢t processes MCQNLO-+HERWIG fails to de-
scribe the dijet distributions correctly, which leads to a correction factor aiop quark = 0.6
when requirements on the dijet kinematics are applied (see Section 5.4.3). The back-
ground determination procedure corrects for those mis-descriptions, however, whether
the description in the signal region shows the same behavior is not certain. To estimate
this uncertainty the default ¢t generator MC@NLO+HERWIG is compared to available
alternative generators: ALPGEN+HERWIG and POWHEG+PYTHIA8. No comparison on
single top processes is performed due to lack of alternative generators available for this
process.

The analysis is sensitive to NLO and NNLO corrections (see Section 5.4.3). A com-
parison with ALPGEN+HERWIG, which uses the MLM matching scheme allows for
investigations on the extra jet production in higher-order processes. The additional com-
parison to POWHEG+PYTHIAS gives the possibility to investigate differences between
the different parton shower algorithms HERWIG and PYTHIA.

A shape comparison of the dijet invariant mass and rapidity gap of the default and
alternative generators in the signal and top quark control region is shown in Fig. C.1.
A shift is observed for both alternative generators compared to the default one. The
comparison in the signal region shows a similar behavior, however, this is less significant
due to the smaller statistics available.

The yields of the different generators are compared for the different selection criteria
in the top quark control region and signal region selection (see Table C.1). Large

deviations of up to 50% are found in the top quark control region. The yields in the
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Appendix C Top Quark Background Uncertainty
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Figure C.1: Generator comparison of the dijet rapidity gap (AYj;) and invariant mass (m;;)
distributions of the t£ process. The distributions are normalized to unity. The lower panel shows
the ratio (fratio) of the distributions of the two alternative generators ALPGEN+HERWIG and
POWHEG+PYTHIAS to the default generator MCQNLO-+HERWIG. The uncertainties shown
are from statistical sources.
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signal regions are corrected to the data in the control region as described in Section 5.4.3,
for each generator individually before they are compared. The differences between the
generators are smaller in the signal region after the correction compared to the ones
in the control region. The background determination, hence, reduces the differences
between the generators. A maximal difference, with a significance level of at least three
standard deviations, in the signal region is found to be 15% for the comparison of the
default generator with the ALPGEN+HERWIG generator after the criteria, AYj; > 2.8,
is applied. The 15% difference is taken as a theoretical systematic uncertainty in the

top quark background determination.

fPOWHEG [%] fALPGEN [%]

b-jet veto 10+£1 62
DTttt <45 GeV 10+1 6+2
Z — 1T veto 10£1 T2
AY;; > 2.8 7+3 15+5
mj; > 500 GeV 7+6 2047
central jet veto 12+11 16£14
outside lepton veto  9+12 26+15

(a) Signal-like selection

fPOWHEG [%] fALPGEN [%]

exactly one b-jet 14+0 2+1
DT 1ot <45 GeV 1+1 3+1
Z — 1T veto 1+1 97+1
AY;; > 2.8 13+1 2542
mj; > 500 GeV 2442 3443
central jet veto 46+3 49+4
outside lepton veto 4544 4945

(b) Top quark control region selection

Table C.1: Difference fpownre and farpeen between the expected tf yields of the default
generator MCQNLO+HERWIG and the alternative generators POWHEG+PYTHIA8 and ALP-
GEN+HERWIG, respectively. The differences are given in percent with respect to the yield of
the default generator: falternative = |Nalternative — Ndefault|/Ndefaut- The yields in the signal-like
selection are corrected to the data in the top quark control region for each generator individually
before faiternative 18 calculated. The errors are due to Monte-Carlo statistics.
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Appendix D

Individual Dilepton Flavor Results

This chapter contains additional material in order to compare the results of the different-
flavor and same-flavor analysis (compare Fig. D.1b to Fig. D.2b). In addition, results
of an analysis where the ggF Higgs boson process is considered as part of the signal
(inclusive search) are compared with results, where the ggF contribution is considered
as background (exclusive search) and profiled (see Table D.1 and compare the right and
left-hand-side figures in Figs. D.1-3).

Table D.1: Comparison of the results for Higgs boson searches at my = 125 GeV in the gqlvlv
final state between a Higgs boson inclusive search where the ggF process is considered part of the
signal and a VBF exclusive search where the ggF process is considered part of the background
and profiled using a dedicated ggF measurement [91].

95% upper CLg Limit Signal significance [s.d.]  Signal strength

ug‘;)s Hp Observed Expected f1oPs [SXP
o DF+SF  3.80 1.59 2.8 1.5 21759 1.0798
Zoa ' '
Z g DF 3.90 1.69 2.6 1.4 21705 1.070%
Q o
5 SF 6.64 4.45 1.2 0.6 22425 102!
o DF+SF  3.43 1.26 3.3 1.9 2.010%  1.0M0%
25 ’ '
n © 0.9 0.7
EN DF 3.45 1.34 3.1 1.8 1.9%02  1.0704
n
= SF 6.02 3.77 1.5 0.7 2222 10t18
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Appendix D Individual Dilepton Flavor Results
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(b) VBF exclusive search (scenario 2)

Figure D.1: Expected and observed 95% CL upper limits on the signal strength (top row),
local pg-value and signal significance (middle row) and the best-fit signal strength i (bottom
row) for different-flavor final states as a function of the Higgs boson mass my. In (a) the results
for the Higgs boson inclusive search are shown, where the ggF process is considered part of
the signal. In (b) the results of the VBF exclusive search are shown, where the ggF process is
considered part of the background and profiled using a dedicated ggF measurement [91].
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Figure D.2: Expected and observed 95% CL upper limits on the signal strength (top row),
local po-value and signal significance (middle row) and the best-fit signal strength i (bottom
row) for same-flavor final states as a function of the Higgs boson mass my. In (a) the results
for the Higgs boson inclusive search are shown, where the ggF process is considered part of
the signal. In (b) the results of the VBF exclusive search are shown, where the ggF process is
considered part of the background and profiled using a dedicated ggF measurement [91].
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Figure D.3: Expected and observed 95% CL upper limits on the signal strength (top row),
local po-value and signal significance (middle row) and the best-fit signal strength fi (bottom
row) for combined different-flavor and same-flavor final states as a function of the Higgs boson
mass my. In (a) the results for the Higgs boson inclusive search are shown, where the ggF
process is considered part of the signal. In (b) the results of the VBF exclusive search are shown,
where the ggF process is considered part of the background and profiled using a dedicated ggF
measurement [91].
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