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There are two possible outcomes:

if the result confirms the hypothesis,
then you've made a measurement,

if the result is contrary to the hypothesis,
then you've made a discovery.

— Enrico Fermi
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Abstract

The search of the Standard Model Higgs boson decaying into a pair of weak bosons with the
subsequent leptonic decay of the W or Z bosons is presented. The contributions achieved
by this work range from the reevaluation of Higgs boson normalisation cross-sections, to the
development of the analysis strategies using detailed Monte Carlo simulations and the search
results for the H — ZZ — ¢*¢~vv decay mode based on 4.7 fb~! of proton-proton collision
data at /s = 7 TeV taken during 2011 by the ATLAS detector.

The computation of cross-sections values for Higgs boson production at centre-of-mass
energies varying from 6 to 14 TeV, for the main production mechanisms at the LHC were
documented for posterior usage among the Collaboration. Preliminary detector resolution
studies on Z — pu events using early data collected by ATLAS are also described.
Simulation studies for the H — ZZ"*) — ¢*¢=¢*¢~ and H — W*W~ — ¢*v/~v channels
included feasibility checks used to quantify the expected sensitivity of the analyses for various
scenarios with different centre-of-mass energy, luminosity and detector calibration conditions.
These results were part of the input that the Collaboration used to feed the schedule and plans
of the LHC.

Onthe H — ZZ — ¢*¢~v¥ channel, upper limits on the Higgs boson production cross-section
in a mass range between 200 and 900 GeV are set. With this channel by itself, the Standard
Model Higgs boson particle is excluded at 95% confidence level in the mass range between 319
and 558 GeV. To complete the current picture of the Higgs boson searches in the ATLAS detector,
a compilation of the different Higgs boson analyses performed by the ATLAS Collaboration
are introduced. The Higgs boson existence is constrained to be in a narrow window between
122.5 GeV and 129 GeV with 95% confidence level; where an excess of 2.6 o local significance
is observed.

Keywords: Higgs boson, LHC, ATLAS, Standard Model, Electro-weak symmetry breaking, ZZ
and WW Higgs decay modes






Résumé

La recherche du boson de Higgs du modéle standard, se désintégrant en une paire de bosons
faibles W ol Z se désintégrant a leur tour leptoniquement, est présentée. Les contributions
obtenus par ce travail, inclus la réévaluation des sections efficaces du boson de Higgs, le
développement des stratégies d’analyse en utilisant des simulations Monté Carlo détaillées,
ainsi que des résultats pour le mode de désintégration H — ZZ — ¢* ¢~ vV, basée sur 4.7 fb ™!
de données de collisions proton-proton a /s = 7 TeV collectés durant I’année 2011 par le
détecteur ATLAS.

Le calcul des valeurs de sections efficaces pour les principaux mode de production du boson
de Higgs du modele standard au LHC pour des énergies dans le centre de masse variant de
6 a 14 TeV, sont documentés pour un usage postérieur au sein de la collaboration ATLAS.
Des études de la résolution du spectrometre a muon de I'expérience ATLAS en utilisant
des événements Z — pu pris lors du début de 'opération du détecteur a haut energie sont
également décrits.

Les études de simulation Monté Carlo pour les canaux H — ZZ®) — ¢*¢=¢*¢~ et H —
W*W~™ — ¢*v¢~v, inclus son faisabilité de telle analyses, la quantification de la sensibilité
attendue pour différentes énergie dans le centre de masse , différente luminosité et différentes
conditions de calibration du détecteur. Ces résultats faisaient partie de données collecté par la
collaboration ATLAS et utilisée pour la mise en place du calendrier et des plans du LHC.
Pour les limites du canal H — ZZ — ¢* ¢~ vv, une limite supérieur sur la section efficace de
production du boson de Higgs dans une plage de masse comprise entre 200 et 900 GeV est
présentée. Avec uniquement ce canal, le boson de Higgs du modele standard est exclu a un
niveau de 95% de confiance dans la gamme de masse allant de 319 a 558 GeV. Pour compléter
’état actuel des recherches du boson de Higgs du modéle standard avec détecteur ATLAS,
la compilation des différentes analyses pour la recherche du boson de Higgs effectuées par
la collaboration ATLAS sont introduits. L'existence du boson de Higgs du modele standard
est contraint a étre dans une fenétre en masse compris entre 122.5 GeV et 129 GeV a 95% de
niveau de confiance, ol un exces avec une significance locale de 2.5 o est observée.

Mots-clés : Le boson de Higgs, LHC, ATLAS, Modél Standard, brisure de symétrie électro-faible,
ZZ et WW comme modes de désintégration du boson de Higgs
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Introduction

“Science is the belief in the ignorance of experts.”

Richard Feynman.

be Large Jadron collider (LHC) is a particle accelerator built at the european organisation for
nuclear research (CERN) which collides high energy proton beams recreating near-Big-Bang
conditions. Among the different goals of the LHC, it is to probe the existence of new physics
needed to satisfactory explain observations and measurements that lie outside our current
understanding of nature. In particular, the search of the Higgs boson particle which somehow
became the flagship of high energy physics agenda.

The Higgs boson particle is the “missing-link” of the so called Standard Model (SM) the-
ory [1-3], it is the manifestation responsible to give mass to each of the elementary particles, in
particularly to the charged and neutral electroweak currents, the W and Z bosons respectively.
This theory has been extensively targeted and probed by a vast number of searches in many
previous experiments. Up to early this year, the Higgs boson existence was constrained at a
95% Confidence Level (CL) to have a mass larger than 114 GeV by the Large Electron-Positron
Collider (LEP) searches [4]. The Tevatron accelerator host of the D@ and CDF detectors, also
excluded a SM Higgs boson in the window between 147-179 GeV [5, 6]. The Tevatron stopped
operations on September 2011, leaving the LHC as the only experiment on earth able to hunt
the Higgs boson.

The design and construction of the LHC and its detectors took several decades. A vast number
of studies aimed to estimate the expected sensitivity reach of different searches as function
of luminosity and centre-of-mass energy played a crucial role not only for the design of the
experiment, but also for the optimisation of running-parameters and arrangement of opera-
tion schedules. Monte Carlo (MC) simulations have been a key aspect for the determination
of these expectations; they are a vital input to the accelerator team which have to find a
compromise of delivering a high intensity and energetic beam without compromising the
reliability and health of the LHC, this was particularly important after the incident occurred



List of Tables

during the LHC start-up on September 2008 [7]

During 2010, the LHC successfully started its commissioning and physics programs colliding
protons at a record centre of mass energy of /s = 7 TeV. It delivered a small but invaluable
integrated luminosity of [ #dt =40 pb~! which allowed the community to start the calibra-
tion phase of the detectors. During 2011 with a more stable machine and beam instantaneous
luminosities starting from 103! cm™2s™! up to 1033 cm™2s7!, the ATLAS detector was able to
collect a record integrated luminosity of about [ %dt=5fb™!, 125 times what was recorded
in 2010. This allows to set record constraints on the existence (or not) of the Higgs boson
particle.

The content of this document is distributed as follows: Chapter 1 provides a brief summary
of the Standard Model theory, the Higgs boson mechanism and the electroweak symmetry
breaking theory. Chapter 2 describes more in detail the state-of-the-art estimations for the
SM Higgs boson production cross-sections, and branching fractions including several high
order corrections. In Chapter 3 the LHC with its detectors and in particular the ATLAS detector
are introduced. The different subsystems and the technologies used by ATLAS to measure
the different properties of particles passing through the detector are described. Chapter 4
delineates the main aspects of the MC simulations, from the event generation with parton level
calculations to the detailed fully-simulated interaction of particles with the detector materials.
In Chapter 5, results obtained with the H — ZZ — ¢*¢~vv channel using [ £dt=4.7 fb~! of
V/s =7 TeV data are presented as well as the results of the statistical combination of all of the
Higgs boson searches obtained by the ATLAS collaboration with the 2011 dataset. Chapter 6
describes MC simulation studies, evaluated on different LHC and ATLAS running scenarios
forthe H— ZZ™) — ¢*¢=¢*¢~ and H— W*W~ — ¢*v/~V channels.
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) “The more the universe seems comprehensible, the more it also seems pointless.”

Steven Weinberg.

This chapter describes the main aspects of the Standard Model theory. It provides a short
description of the electroweak symmetry breaking mechanism; as well as an introduction
of the quark parton model formalism and the parton distribution functions parametrisa-

tion.

1.1 The Standard Model

be Theory of the Standard Model (SM) of elementary particle physics, successfully embeds
electromagnetic, weak and strong interactions into the same structure. It consists of three
generations of fermions together with several mediators gauge bosons plus the Higgs boson
(see Fig. 1.1) with invariance under non-abelian local SU(3), ® SU(2); ® U(1)y gauge transfor-
mations.

Leptons are defined as those fundamental particles with spin half-integer that carry no SU(3)
colour charge (e, u, 7; Ve, vy, V¢; with their correspondent anti-matter conjugates). Those
other fermions that do carry a colour charge are defined as quarks (u,d,c,s, t,b; plus their cor-
respondent anti-matter conjugates). Free quarks have never been observed; they agglomerate
inside colour neutral particles denominated hadrons. Hadrons are sub-categorised in mesons
and baryons depending if they are made of two or three quarks. Gluons are massless vector
gauge bosons that mediate the strong interactions of these quarks inside hadrons. Gluons are
responsible for the strong force condensed under the so-called theory of quantum chromody-
namics (QCD). In Sec. 1.3 of the present chapter some further details of the so-called quark
parton model are given.
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THE STANDARD MODEL

Fermions Bosons

u c t Y
= up charm top photon
ivd s | b | Z
down sirange bottom Z boson 3
o D B

electron muon tau

e u T 9

gluon

*Yelt to be confirmed ~ SRSRENIEEEN

Figure 1.1: Particles in the SM.

The SU(2); ® U(1)y accounts for the electroweak (EW) interactions. The weak interaction
is known to violate parity symmetry acting exclusively on left-hand particles or right-hand
anti-particles. The gauge bosons that serves as mediators for the EW interactions are called
charged and neutral weak currents (W*, and Z bosons respectively).

1.2 The Higgs mechanism

In the SM the left-handed charged and neutral leptons in each generation transform as an
SU(2) doublet, while the right-handed leptons transforms as an SU(2) singlet.

%
Er=| °|, Er=ér (1.1)

L

e

Their Lagrangian is required to be invariant under transformations:

(a’(x)+”7+ﬁ(x)/2) E;, Er— expiﬁ(x)/2 Eg (1.2)

E; — expi
With a and B differentiable arbitrary functions and o’ the Pauli matrices.
The Lagrangian is also required to have mass terms to account for the fact that the charged
leptons are known to be massive; the doublet and singlet component would have different
quantum numbers, so a term with the form mE; Er + h.c would violate charge conservation.
Instead, in the SM, one can introduce a scalar field ¢ that adds to the Lagrangian terms like
EL(PER +h.c.
To be able to re-normalise such a field, it is required to have spin zero, and to be invariant
under SU(2) transformations.
Under SU(2) ® U(1) gauge transformations:

¢+ a ~a 2
¢ — ((p_)’ ¢ - exp“ g?/2 explﬁ/z(/) (1.3)
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its covariant derivative would be written as

_ i
D=0, - l%AZU“— Eg'Bﬂ)(p (1.4)

With Az and By, corresponding to the SU(2) and U(1) gauge bosons respectively. The most
general Lagrangian for this field preserving renormalisability is

A 2
Chiges = 1Dl +1°9"9~ 7 (¢'0) (1.5)

where the coupling to fermions have been ignored. If u? > 0, then the ¢ = 0 fails to represent a
stable vacuum; its minimum is instead a set of points with

2 172
=y= 1.6
(p)=v ( 1 ) (1.6)
this is known as the vacuum expectation value of ¢.
An alternative parametrisation can be chosen
¢=Luw|’ (.7
V2 v '

with U(x) an operator which represents arbitrary SU(2) transformations; this parametrisation
allows to chose a convenient gauge where U(x) is equal to one.

The kinetic term of the Higgs Lagrangian (Eq. 1.5) which absorbs terms that take account of
¢ coupling with fields A and B, can be evaluated the scalar field vacuum expectation value
(Eq. 1.6)

0

1 1
AL = (o v)( Ao+ g’Bu) (%Ab“ab +3 g’B“) .

112

=31 (1.8)

g* (AL)Z +g° (Ai)z + (—gAft + g’BM)2

In order to read the massive vector boson as physical particles one can notate mass eigenstates

as:
Wi_i( 1+ Az) with mass my = g;
[ \/_ .u W_gZ’
ZO:;( Al -¢'B ) with mass myz =1/g%+ Y,
(7 2+g7? §4u= 8 By d & e 2’
_ 1 ! 43 : —
AU_ W(g A#+gB/J) with mass ma=0 (1.9)
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The covariant derivative acting on a fermion field belonging to a general SU(2) representation
with U(1) charge Y, can be written in terms of these mass eigenstate fields

Dy=0,~-igA T ~ig'YBy
i B (W T W T ) i X 7 (G273 _ o2
=0, z\/z(W“T FWLT) =i g2+g,2Z#(gT g2y)
!

—i—88 A (T3+Y), (1.10)

) . 3 I . .
with T* = (T' +iT?) and T® = &. One can choose a normalisation so that, in the spinor
£_1

representation of SU(2), T* = § (0! £ io?) = o*. The electron charge, can be written in terms
of the coefficient of the electromagnetic interaction as e = —£5—; and the electric charge
Ver+g?

quantum number as Q = T° + Y. Additionally the definition of weak mixing angle 6, (angle
that appears in the change of basis from (A3, B) to (Z°, A))

7% [cos@, —sinf,) (A 11

A \sinf, cosf, ||B '
with

!/
cosf,, = & and sinf, = & (1.12)
/g2 + g7 2+ g2

allow one to write Eq. 1.10 as

Dy=0y— i (Wi T+ Wy T=) - i—5— 7, (1% —5in0,,Q%) - ieA,Q (1.13)

Y A H cosf,, * v K '

The couplings of all the weak boson can be described by two parameters; the e charge and the
mixing angle 8,, [8]. From Egs. 1.9 and 1.10 one can obtain the dependency that exist between
the W and Z masses:

mw = mycosO,, (1.14)

Including an omitted real-valued term v — v + h(x) when ¢ was parametrised, and using
expression 1.10; the kinematic term of the Lagrangian in Eq. 1.5 can be then be written as

1 _1 h\?
A£K=§(ah)2+ miy, WH W, +Em22ZuZ“ (1+;) (1.15)

This Lagrangian, describes scalar neutral particle i, known as the Higgs boson. The strength
of the coupling to the W and Z bosons happens to be proportional to their masses.
Out of the ¢'¢p and ((,b‘L(p)2 terms in Eq. 1.5 one can obtain a mass term for the Higgs, together
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with the three-point and four-point self-couplings:

1 A A A
AEV:—EmHhZ—mH\/;hS—Zh‘l, where mH=U\/; (1.16)

Similar deductions on a Lagrangian with E;¢Eg + h.c would also lead to mass terms where
the coupling strength will be proportional to the electron, muon, tau and also quark masses.

The coupling of the leptons to the gauge bosons arise from the kinematic term in the La-

grangian:
SKzE_'L (l'}f“D’u) Er+ep (l'}/“D’u) eR+h.c (1.17)
defining J, = coslew [VLYZHVL +epyt (-3 +sin®0,,) e + egy* (sinzﬁw)eR], ]L“ = %(VL)/“@L),

T = \% (éry*vy), and JE,, = —éy"e, the Eq. 1.17 can be written as

,SK =EL (zy“éu) Ep+eg (17/”6#) erp+h.c

+g (Wi Tty + Wl + 201 ) + eAutyy (1.18)

Up to here, one have implicitly made the assumption that there is only one ¢ doublet. In reality,
there is no reason besides simplicity to make this assumption. Two or more doublets could
exist, in such scenarios most of the theoretical arguments still apply. At least one field that
transforms as a complex scalar SU(2) doublet is needed. Gauge bosons and fermions acquire
their masses from their couplings to the Higgs sector when SU(2) symmetry is spontaneously
broken.

Phenomenological consequences are translated into the existence of multiple neutral and
charged Higgs bosons. A particularly important model, the Two Higgs Doublet Model (2HDM),
assumes the existence of two separate scalar complex doublets: ¢; = (Z%) and ¢, = (Z%) with

vacuum expectation values (¢,) = (1?1) and (¢,) = (1?2). When SU(2) symmetry in the 2HDM is
broken, five observable Higgs fields are found:

« alight neutral scalar: h°,

« aheavy neutral scalar H°,

« apseudoscalar A,

« and two charged Higgs bosons: H*
Out of the five Higgs bosons in the 2HDM, only the h° and H° would couple with the WW

and ZZ final states. The definition of a mixing angle « in this neutral sector (h° and H°), and
the ratio = z—f allow to evaluate the coupling behaviour of the Higgs bosons with the weak

7
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bosons: sin(8— @) and cos(B— a) scale the V'V coupling strengthens of 4° and H° respectively,
while coupling to quarks and leptons are in general modified by factors involving sin ¢ and
cos a; if the mixing angle tends to one: cosa — 0, the h° f f coupling — 0, this implies that the
light Higgs boson could be fermiophobic.

In terms of elementary particles, the SM provides a very convincing description of the funda-
mental structure of the observable matter, with bosons serving as mediators in their interac-
tions. In general, it requires only 19 independent and arbitrary input parameters.

¢ 6 quarks masses, 3 lepton masses,

* 3 gauge couplings (e, 8, and «ay),

¢ 3 Cabibbo mixing angles and the CP-violating Kobayashi-Maskawa complex phase,
¢ the QCD vacuum angle,

* the Higgs boson mass and the vacuum expectation value v.

Experiments have measured with unprecedented precision quantities that confirm accurate
predictions of the SM. A typical example is the high order corrections of the electron gyromag-
netic ratio. The Dirac equation suggests g=2, corrections of this value have been theoretically
calculated pertubartively up to order a*:

=

) lth =0.001159652140(5) (4)(27) (1.19)

with experimental evidence showing

(gT—Z) lexp = 0.001159652187(4) (1.20)
Although such impressive predictions are seen, experiments have also shown that the SM
might need extensions to satisfactorily account for observations. Open questions like the
particles mass hierarchy, the absence of right handed neutrino sector, the matter anti-matter
asymmetry, the apparent inconsistency of measurement of galaxy masses based on luminosi-
ties information and their rotational speeds; could be partially solve in scenarios with a theory
beyond the SM.

The most popular of these extensions is the so-called Supersymmetry theory (SUSY) [9-17].
It relates fermions and bosons by introducing one or more operators that turns fermionic
states into bosonic states and vice versa. It then predicts the existence of a new set of particles
supersymmetric partners of the SM (higgsinos, squarks, sleptons, neutralinos, charginos,
gluinos, and goldstinos).

8
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1.3 Quark parton model and Parton Distribution Functions

The quark parton model is one of the fundamental pillars of particle physics. An adequate
description of the content of hadrons is crucial for a proper interpretation and prediction
of probability amplitudes and in general any physical quantity of any process that involves
hadrons.

Using deep inelastic scattering (DIS) data from electron-hadron collisions, it was possible to
infer structure functions, as well as describe the properties of the partons inside protons and
neutrons. Furthermore, the usage of neutrino beams allowed an important confirmation of
the theory, proving the extension of the model and showing the independence of the probe
(photons or weak charged currents) that is used. Conserved quantities defined in terms of
sum rules and scale invariance/violation would help to parametrise and evaluate the struc-
ture functions; in fact, even though DIS does not provide a direct measurement of strong
interaction, it was possible to estimate gluon distributions and their evolution based on scale
violation principles.

Currently it is known that gluons carry about half of the momentum of a hadron, while the
valence and sea quarks carry the second half, also being responsible of carrying the charge
of any hadron. The theory is not fully complete yet, indeed several experiments are trying to
better understand the nature of the spin of protons and neutrons. It is also an open question
in particle physics.

Parametrisation and evolution equations through y? fits on more than 3000 data points across
awide phase space allowed the definition of parton distribution functions (PDFs). Data from
many experiments/collaborations are used; this includes DIS data from SLAC, BCDMS, NMC,
E665, CCFR, H1, ZEUS, NuTeV, CHORUS,...; Drell-Yan data from E605, E772, E866,..., and
recently high E7 jets, Z boson rapidity and W boson asymmetry constraints from CDF and
D@ Tevatron’s run I and II [18].

Different Collaborations approach the PDF puzzle in different ways. Diverse assumptions and
procedures yield to different results. Treatments of important aspects like alpha strong a or
uncertainties estimations are the main concerns for hadron-hadron experiments where data is
still extensively analysed; like in the Tevatron and the LHC where, in many cases, PDFs are (and
will be) one of the largest sources of uncertainty. These uncertainties would definitely play an
important role on Higgs boson searches where the main production mechanism is initiated by
gluons from unexplored regions of the energy scale and parton momentum fraction.

1.3.1 Deep Inelastic Scattering and the Structure Functions

The usage of EW interactions from leptons as probe in lepton-hadron collisions is the simplest
mechanism to disentangle the structure of hadrons.

Consider an electron that scatters from an atomic target by exchanging a photon (see Fig. 1.2).
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p

Figure 1.2: Electron scattering by the exchange of one photon.

The target will react differently depending on the amount of energy carried by the virtual
photon: it can elastically recoil, it can become excited or it can break up.

The energy transfer is defined as v = E — E' where E and E’ are the initial and final state
electron energies. It can also be written as the invariant mass of the virtual photon (squared
four-momenta)

1

q* = (k—k')? = —2EE'(1 - cos) = —4EE'sin® (56) when Eand E' are > m, (1.21)
the target would be “excited” into a state with mass W:

W= (p+q)®=p°+2pq+q* (1.22)
defining Q? = —g? and with p? = M? (since the target is at rest), and p- g = Mv

W2 = M? +2Mv - Q. (1.23)
At Q2 ~ 0.1 GeV? the electron is able to resolve the internal structure of a nucleus, but protons
are still seen as point-like objects; for higher Q? of the order of ~1 GeV? the form factor of the
protons starts to become evident.

If the coordinate frame of the target is viewed as a system with a very large momentum along
the z-axis (much larger than its mass), the four-momenta of the target can be written as:

p" = (E; pr, p2) (1.24)

conventionally the Pr of the parton can be neglected, as well as its mass, then it can assume
that the linear momentum of the parton is:

p=XPz (1.25)

where x is the momentum fraction carried by the parton.

10



1.3. Quark parton model and Parton Distribution Functions

The parton’s momentum is usually expressed in terms of f;(x), the probability of finding a
parton i carrying a momentum fraction x. The total cross-section for electron scattering from
the cloud of partons would be the addition of these individual contributions

d’c

d’c
107 dv :Zi:fdx fi(x) (dQ2 dv)l-’ (1.26)

experimentally it is possible to measure the left side of this equation, and it is usually divided

in two contributions [19]: W} and W.

2 4 2 !
P gzzv - ’(’2‘18 % [cos® (30) Wa(v, Q%) +2sin’ (30) Wi (v,Q%)], (1.27)

these two structure functions control both the angular dependence and the magnitude of the
cross-section.

From Eq. 1.22 and by the definition of x, one can conveniently rewrite the functions describing
the structure in terms of x. Here it is important to address the so called Bjorken scaling
limit [19] where, at Q% — oo and v — oo, the Q?/v ratio is finite

VWZ(V; Qz) - Fg(xE QZ/ZMV) :Ze?xﬂ(x)
MW (v, Q%) — F;(x = Q*/2Mv) = F>(x)/2x. (1.28)

A conventional quantity measurable in the laboratory is the ratio of the longitudinal and
transverse cross-sections:

ol W Vz
R=—=— 1+—2 -1. (1.29)

T W Q
For the case of spin zero particles, where W; =0, o1/0 1 — oco. For spin 1/2 parton the Callan-

Q*—o0

0 [20].
The ratio defined in Eq. 1.29 in general depends of R = R(Q?,V), and can be considered as a

Gross relation is satisfied (F, ~2xF;) and o /o1

structure function; indeed it can be related to the longitudinal structure function F; (Q?,v) =
F>(Q?,v)—2xF;(Q?%,v). Usually instead of F; and F», R and F, are commonly used to described
the proton. In order to measure R a, scan over the beam energy is needed.

Similar formalisms also apply for neutrino-hadron scattering. In this case the exchange of
weak currents would suppress the pure elastic scattering contribution leaving place to the
quasi-elastic process: vyn — u~ p. Experimentally one of the main difficulties is that the
incoming v, beam energy is not well determined, but it can be inferred from the scattered
lepton and the final state of the hadronic system.

Similar to electron or muon scattering, neutrino scattering involves spins in a similar way, but

11



Chapter 1. Theory introduction

with the advantage that weak currents can distinguish quarks and anti-quarks due to the V-A
interaction (see Fig. 1.3). An additional structure function F3 is introduced to take care of this
parity violating component.

In neutrino scattering, from a diagram similar to Fig. 1.2, it is possible to define the angular
parameter y:
cos? %Qz 1-y (1.30)

this would help to explicitly separate quark anti-quark contribution as seen in Fig. 1.3.

I I I I
E,=30-200 GeV
- °ov —
7
(1-y)? -
(antiquarks )

_\ Constant

(quarks)

0.5 -

. {I--yll2
(quarks)

(antiguarks)
|

0 ] ]
Q 0.2 04 Y 06 0.8 1.0

Figure 1.3: Quark anti-quark distributions for v and ¥ scattering [21].

After taking into account parity violation (o # og) and considering some other details like
W boson polarisations and with the assumption of the Callan-Gross relation (F, = 2xF; —
spinl/2), the final cross-section for a neutrino-nucleon scattering (on an isoscalar target) is:

2 GZME F» + xF. F> ¥ xF
do __ CpMby 2218 oyt (1.31)
dxdy m(l+ Q% mi,)? 2 2
Keeping in mind the analogy with Eq. 1.28, F» and F; can be seen
Fo(x) =2 [g7 xfi(x) + g5 xfj ()]
xF3(x) =2 (g7 xfi(x) — gjx fj(x); (1.32)

These structure functions for neutrino/anti-neutrino nucleon interactions are, to a first ap-

12



1.3. Quark parton model and Parton Distribution Functions

proximation'!,?
vp: F,=2x[d+ s+ i+ ] F3=2x[d+s—ii—C]
vn: F2:2x[u+s+d_+c"] F3:2x[u+s—d_—é]
vp: F2=2x[u+c+cf+§] F3:2x[u+c—d—§]
vn: F=2xld+c+1t+35] F3=2x[c+d—-u-35)]. (1.33)

Since additional flavor families contribute to the sea quark components only, i.e. s = § and
¢ = ¢, in an isoscalar target, the symmetry relations F»(VN) = F>(vN) and F3(VN) = F3(vN) —
4x[s—c] = 2x[uy + dy] can be assumed.

This provides an important statement, showing that F3 would mainly contain valence quark
distributions. Quantities like the average w =2x(u+d-a—d] =2x[uy +dy] could
also lead to clean measurements.

1.3.2 Quark Parton Model

The evidence that supports the idea of point-like particles as constituents of the proton,
initially relied on the independence of vI¥, on data from experiments made during the 70s
exploring different Q% and an extended range of scattering angles, see Fig. 1.4. [22]. The phase
space scanned corresponded to a region of x close to 0.25. In addition to this, data also showed
that a small size of the ratio R would favour spin 1/2 particles as the main carriers of the
proton’s charge. 3

05

v W2

02( GeV)‘2

Figure 1.4: Q2 independence of vW, for a fixed x [22].

Various predictions and constraints can be made from integrals over quark densities. These
are commonly known as sum rules.

lsome quark transitions are favoured by Cabbibo's angle d — u,s — ¢, — d, & < §

2} contributions have been recently included in some models from CTEQ, MSTW and NNPDE, but they are
omitted in this example

31t is still possible to arrange higher spin configurations that also lead to small o /o 7 ratios, but there are good
theoretical reasons and constraints to prefer spin 1/2 quarks as the constituent of the proton.

13



Chapter 1. Theory introduction

¢ The conservation of total momentum provides the most basic QCD sum rule. It guaran-
tees that the momentum of the proton is equal to the addition of the momenta of its
partons including gluons:

1 -
f dx(xp)[u+a+d+d+s+3|=p—Pcluon (1.34)
0

¢ The Gottfried sum rule constrains neutron and proton quark distributions based on
quantum numbers; for instance for protons the quark distributions must satisfy:

1

f [u(x) —i(x)] dx=2
0
1

f [dx)—d)] dx=1
0

1
f [s(x)=35(x)] dx=0 (1.35)
0

¢ For neutrino DIS, some other sum rules can be built. The asymmetries of valence
quark/anti-quark in proton and neutrons allows the following conservation rule:

117 (o) 1 _
IA:[O F,(vp) - F(vp) dx:fo F>(vn) Fz(VP)d

1
xzf 2(uy —dy)dx=2 (1.36)
b X 0

where the V index refers to valence quarks. This is known as the Alder sum rule, and
due to its Q% independence, it has no QCD corrections.

* The Gross-Llewellyn-Smith sum rule also applies for neutrino DIS and is described in
terms of:

1 F 1
IGLS:f ik dx=f (uy +dy) dx=3(1+%) (1.37)
0o X 0 T

Besides imposing Q? and v > M? the ideas behind the quark-parton model need a large set
of non-trivial, but supported assumptions: the factorisation of cross-sections as a calculable
part and one that is not, and in particular the extraction of gluon densities as side product of
the scaling violation.

The total cross-section is considered to be the incoherent sum of (point-like) scattering cross-
sections of the individual partons (charged spin 1/2 = quarks, and neutral spin 1=gluons). The
hadronisation process is expected to occur on a much larger time scale, and can be neglected
in the determination of a hard scattering cross-section.

After data from different regions of the phase space started to arrive it was possible to see
that the structure functions were not really independent of Q? ( Fig. 1.5 shows the the Q?
dependence of the structure function F» for different values of x).

In QCD, asymptotic freedom predicts an energy scale dependence on the strong coupling
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1.3. Quark parton model and Parton Distribution Functions
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Figure 1.5: Proton structure function for different values of x as function of Q? [23].

constant:

aS(Hz) 4

as(Qh) = 7z
1+ boas(u?) log7

(1.38)

With this reasoning it was possible to rewrite the structure functions including corrections
from ag

F>(x,Q%
X

=Y € (i) +Afi(x, Q%) (1.39)
i
where A f are corrections due to gluon emission and splitting:

2
Af Q) = 31 (Q

2 )fo dy [fPgq(x!y)+ () Pyg(x/y)] (1.40)
P4 are called splitting functions, which are analytical QCD expressions that represent the
probability of a quark of momentum y emitting a gluon and then becoming a quark with
momentum x. In a similar way P, represent the probability amplitude product of the addition
of all possible diagrams that would lead to a 2 quark final state.
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Chapter 1. Theory introduction

In general the dependence of the structure functions in terms of the splitting functions and
the a evolution can be generalised as:

df; (x, Q% as(Q%)
dlnQ?

=Y Pij(x,asQ%)® fi(x, Q% as(Q?) (1.41)
J

this is the master equation known as Dokshitze-Gribo-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution. It predicts the form of a given parton distribution function for Q? > Q(z). In general
kinematic cuts on the data are usually needed. A lower bound on Q? guarantees the per-
tubartive QCD is still applicable, cuts on W? avoid higher twist terms (usual formalism is first
twist order), or cuts on x avoid regions with ln% re-summations and non-linear effects. °

1.3.3 Parton Distribution Functions

In practice the problem is reduced to start considering the parton evolution at low scale
Qo 1 GeV? and use a form of Eq. 1.41 to evolve the 11 different parton distributions that matter:
u, i, d,d,s,s,c,¢ b, b plus the gluon. Some constraints can be made if one takes into account
that m., mj > Aqcp, then heavy parton distributions can be determined pertubartively. This
leaves 7 independent combinations® (see Fig. 1.6).

Q% =10 GeV?

107 10 10* 10” 1 10 10 10° 107 1

Figure 1.6: Next-to-leading order parton distributions for protons fitted by the MsTw collabo-
ration, for two different Q2 (MSTW2008 next-to-leading order PDFs (68% CL)) [24].

5DGLAP evolution equations have been obtained up to next-to-next-leading order; “The harder the order in
perturbation theory, the weaker the scale dependence”

80r 6 if one assumes that sea quarks and sea anti-quarks have same distributions, but this is not a common
assumption.
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1.3. Quark parton model and Parton Distribution Functions

Many collaborations have developed different approaches to perform the PDF fits. Up to early
2009 7, the CTEQ, MSTW and the HERA [23] collaborations have fully implemented a general
mass-variable flavor number scheme (GM-VFENS), modelling in a more accurate way both
regions where Q? < p? and Q? > 2, including the sum over In" (Q?/u?) terms and considering
O (1?/Q?) corrections. This is particularly important for prediction of the evolution in the

heavy flavor regime3.

Many different parametrisations for the parton densities have been tried. Eq. 1.42 shows
the one chosen by the MSTW collaboration, where the left most part takes care of the low-x
region, the middle terms the high-x region, and the right most takes care of a proper transition
between these two momentum fraction regions:

Xfi(x) = Ax®(1— 0P (1+€,~\/—(x+y,~x)). (1.42)
CTEQ instead, parametrise their partonic densities as follows:
xfi(x) = Agx™M (1 - x)2eM* (1 + eMx) . (1.43)

The parameters A; are fixed through momentum and sum rules, they are also constrained by
model choices. NNPDF uses a much more general form, but all of them converge to a common
limit in the range x € [0, 1].

The common procedure is to minimise y? and define eigenvectors of parameter combinations
expanding about a best fit value. The exception for this is the NNPDFs which follows a neural
network formalism.

* MSTW2008 It is formed by 20 eigenvectors, and a; as well as its uncertainty are de-
termined by the fit. They also produce next-to-leading order (NLO) and next-to-next-
leading order (NNLO) PDF sets. Uncertainties intrinsically include the determinations
of the coupling constant, this has been controversial; as well as the usage of 68% CL
error sets instead of 90% CL. In the most recent version, a full set of PDFs was produced
using different priors for a as well as both error set 68 and 90% CL. Its Ay? ranges from
5 to 20 [24].

* CTEQG6.6 Considers 22 eigenvectors, uses the global average value for a at the Z pole
(as(mz)=0.1184 £0.0007) and remarks a very weak correlation between PDFs and the
coupling constant suggesting to add them in quadrature. In their last versions some side
values of a for comparison purposes were also provided. CTEQ supplies fits at leading
order (LO) and NLO and their Ay? reaches up to 50 (1 sigma).

"The PDF sets have been extensively updated with a much more complete and compressive set of calculation
during the last year, nevertheless most of the Monte Carlo studies describe in this document where based on the
versions of PDFs described here.

8As example, the GM-VFNS can lead to differences on small-x quarks up to 8% at the electroweak scale when
comparing with a zero mass-variable flavor number scheme
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Chapter 1. Theory introduction

e NNPDF2.0 As neural network PDFs uses a Monte Carlo MC method for uncertainty
estimations, as CTEQ uses the global average of a; and Aa; is modelled as a Gaussian
variable which is determined by spread of replicas; a direct relation to Ay? in global fit is
not trivial. LO, NLO and NNLO PDFs are currently being produced.

* HERAPDF2.0 Has 9 eigenvectors, it built additional model for parametrisation uncer-
tainties, and provides PDFs at LO and NLO.

« ABKMO09 Provides 21 parton parameters Ay? = 1 while GJR08 has 12 parton param-
eters and Ay? = 1 imposing strong theory constraints on their models. Both of the
Collaborations provided PDFs up to NNLO.

The data-sets used are not always the same either; two of these collaborations, CTEQ and MSTW
have recently updated their results using recent Tevatron’s data, while some others like the
H1-ZEUS collaborations prefer to use only electron-proton data from HERA:

* MSTW2008 Fit all previous types of data. Including most up-to-date Tevatron jet data,
but not the most recent HERA combination of data.

* CTEQ6.6 Very similar to MSTW, but not quite as up-to-date on Tevatron data.

e NNPDF2.0 Includes all above except HERA jet data (which is not the strongest constraint)
and heavy flavour structure functions. Include HERA combined data.

* HERAPDF2.0 is based entirely on HERA inclusive structure functions, neutral and
charged current. Use combined data.

¢ ABKMO9 Fit to DIS and fix target Drell-Yan data. GJR08 uses similar data, plus Tevatron’s
jet data.

Parton Distribution Functions Uncertainties

The Parton Distribution Functions uncertainties have typically been determined by allowing
excursions from the best fit parameters that result in increases in the total y? values within a
pre-determined range. This range is difficult to determine from a rigorous statistical basis,
given the wide range of processes and data included in the global fits, and tends to be a matter
of choice on the part of the global fitting groups. In the past, Ay? has been on the order of
50 (MSTW) or 100 (CTEQ) for a 90% CL, rather than the canonical value of AXZ oflforal-o
uncertainty and 2.7 for a 90% confidence level (CL) 9. Thus, PDF uncertainties for CTEQ have
tended to be larger than those determined from MsTw !°. Both groups have recently been

9Some recent studies have indicated that the need for a larger Ay? can be tied to parameterization biases
inherent in the global fits as well as to conflicting data sets used in the fits.
1OCTEQ (and the NNPDF collaboration) uses the correlated systematic error information for all experiments for
which this information is available; MSTW uses the correlated information only for the Tevatron jet experiments
(and the Z rapidity distribution) and adds all other experimental systematic errors in quadrature with the statistical
error.
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1.3. Quark parton model and Parton Distribution Functions

developing more sophisticated treatments for the determination of the error PDFs, and the
size of the uncertainties for CTEQ6.6 and MSTW2008 are closer than with previous generations
of PDFs from the two groups. PDF uncertainties corresponding to a 68% CL limit (1-sigma) can
be approximately calculated by the appropriate scaling of the 90% CL errors. The MSTW2008
PDFs have specific error PDFs corresponding to a 68% CL in addition to those corresponding
to 90% CL. The approximations involved can be observed in comparing cross-section uncer-
tainties using both sets of error PDFs; in many cases, the scaling between them is larger than
the factor of 1.6 expected from statistical considerations.

A large number of parameters are needed in order to fully specify the behaviour of each flavor
of PDF over the full x-range( Egs. 1.42 and 1.43). Some parameters can be fixed at reasonable
values while others can be determined from sum rules: the net result is that the CTEQ6.6
(CT09) PDFs have 22 (24) free parameters, while the MSTW2008 PDFs have 20 free parameters.
Typically, error PDFs are determined by diagonalising the Hessian matrix corresponding to
the free fit parameters (22 x 22 for CTEQ6.6). The resulting eigenvectors form an orthonormal
basis set from which the uncertainty for any cross-section can be determined using the Master

Equation:
N
AX) e = \Z[max(X;—Xg,X;—XO,O)]Z
i=1
N
AXpax = \Z[i”rWC(Xo—Xi*,Xo—X{,O)]2 (1.44)
i=1

AX™ adds in quadrature the PDF error contributions that lead to an increase in the observable
X and AX™ the PDF error contributions that lead to a decrease. The addition in quadrature is
justified by the eigenvectors forming an orthonormal basis. The sum is over all NV eigenvector
directions, or 22(24) in the case of CTEQ6.6(CT09). Ordinarily, X;" — X, will be positive and
X; — Xo will be negative, and thus it is trivial as to which term is to be included in each
quadratic sum. For the higher number eigenvectors, however, we have seen that the “+” and
“—” contributions may be in the same direction. In this case, only the most positive term will
be included in the calculation of AX* and the most negative in the calculation of AX ™. Thus,
there may be less than N terms for either the “+” or “—” directions.

Alternatively, the PDF uncertainty can be calculated using the symmetric prescription [25]:

(1.45)

However, the net result should be very similar to that of the asymmetric form above for most
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calculations.
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Figure 1.7: A comparison of the u-quark distributions from the CTQE6.6 and the MSTW2008
PDF sets, at a Q? value of 10* GeV?. On the left the u quark distribution from MSTW2008
is compared to the PDF error band from CTEQG6.6; the reverse is plotted on the right. The
CTEQ6.6 uncertainty band corresponds to the 90% CL, while the MSTW2008 uncertainty band
corresponds to the 68% CL.

Consider the example of Higgs boson production through gg fusion at the designed centre-
of-mass energy of 14 TeV. The most important contributions to the uncertainty in the cross-
section for a mass of 120 GeV would come from (within the CTEQ6.6 PDF set) eigenvectors 4,
6, 11 and 16. These eigenvectors continue to be important for Higgs boson masses between
200 and 300 GeV, but other eigenvectors become important as well, especially at 300 GeV (5
and 7).

In Fig. 1.7 (left), the up quark distribution for MsTW2008 (at a Q? value of 10* GeV?) is com-
pared to the uncertainty on the up quark distribution for CTEQ6.6; on the right, the CTEQ6.6 up
quark distribution is compared to the up quark uncertainty for MsTw2008. In Fig. 1.8 (left), the
gluon distribution for MSTW2008 (at a Q? value of 10* GeV?) is compared to the uncertainty on
the gluon distribution for CTEQ6.6; on the right, the CTEQ6.6 gluon distribution is compared
to the up quark uncertainty for MsTw2008. For both figures, the CTEQ6.6 PDF uncertainty
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o B

xf(x,Q2)

Figure 1.8: A comparison of the gluon distributions from the CTEQ6.6 and the MSTW2008
PDF sets, at a Q2 value of 10* GeV2. On the left the gluon distribution from MSTW2008 is
compared to the PDF error band from CTEQG6.6; the reverse is plotted on the right. The
CTEQ6.6 uncertainty band corresponds to the 90% CL, while the MSTW2008 uncertainty band
corresponds to the 68% CL.

is for 90% CL, while the MsTw2008 uncertainty is for 68% CL. It can be seen that the PDF
uncertainties (at the 90% CL) are about 5% for the relevant PDFs over the range of interest for
electroweak and Higgs bosons production at the LHC. It is also evident from the plots that
the MSTW2008 PDFs lie within the CTEQ6.6 (90% CL) PDF error bands; the CTEQ6.6 PDFs
are sometimes outside the MSTW2008 PDF error bands. If the central values of competing
PDFs do not lay within the error bands of each other, this may be an indication of a basic
disagreement or difficulty which needs be understood.

As example of alternative formalisms, the Neural Net PDF Collaboration obtains its uncertain-
ties by tossing toy Monte Carlo. Many replicas of the data are created, obtaining PDF instances
in each case by fitting to a trained set and comparing it to a validation set [26]. The v.2 of
NNPDF, used the zero mass variable flavor number scheme (ZM-VENS). In some specific cases,
produced results that were a bit off compared to the ones obtained with CTEQ or MSTW, but
the major part of the community agrees that NNPDF formalisms in particular for uncertainties
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estimation can be more convenient and robust than others.

PDFs and Processes at the LHC

At the LHC observables can be precisely measured. Even though electroweak process are
overwhelmed by QCD backgrounds, the large luminosities allow very low statistical errors.
Elaborate detector and physics models plus data-driven background subtractions also provide
low experimental systematic uncertainties; all these, plus a compromise of observables “free”
of new physics are the main requirements to produce data that would constrain the next
generation of PDFs.

The most common constraints on PDFs are coming from electroweak and QCD shapes as well
as cross-sections ratios or even direct fits on the PDFs. At the centre-of-mass energy that the
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Figure 1.9: Q? and x regions that are expected to be explored by the LHC at its designed
centre-of-mass energy [27].
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LHC is operating (and even more at the /s it will operate), the quark, anti-quark and gluon
distributions are being tested in previously unexplored ranges of Q?, larger than 107 and very
low momentum fractions, from 0.1 up to 0.0001 (see Fig. 1.9).

The fact of having significant amounts of data at /s <14 TeV, 7 TeV for 2010-2011 and possibly
some 8 TeV later, will allow the connection among regions already swept by many other exper-
iments like the Tevatron.

Jet production at the LHC provide important constraints to the parton distribution functions;
this is supported by the large statistics of high Pr jets (do /o = 1% for 2 TeV having [ Ldt =
100 fb~! with /s = 14 TeV) and the extended sensitivity in forward regions (|| up to 4.8). It
is extremely important to have under control non diffractive minimum bias and underlying
events, as well as the development of techniques to precisely calibrate jet at the TeV scale.
Y+jets production is a relatively clean physics process with a huge cross-section; gg/qg —
Y+ jets, and gg — yy + X through a quark-box are processes that involve small backgrounds.
Electromagnetic calibration is in general better understood and in principle provides smaller
systematic errors.

Heavy flavor production is also an ideal scenario to test partonic luminosities. Unfortunately
a very precise understanding of ¢ and b jet discriminators is needed. Often, systematics
associated with heavy flavor taggers, as well as contamination from light flavor make it a very
challenging analysis.

Motivations to use charged vector boson data to constrain PDFs are based on the small
theoretical errors and small levels of background contamination. At the LHC, ud and cs
constraints can be obtained by W* boson production studies.

The production of W boson is known at NNLO and the largest uncertainty comes from PDFs
(4-7%). The contributing region of momentum fraction varies between 5 x 107%to5x 1072,

Due to the valence quark charge, distributions in protons (and anti-protons), W~ and W+
are asymmetrically produced. A commonly used quantity to characterise this difference is
defined as:

do _ _do
dne —dn~  uy—dy

do_ o do " yy 4y +2
anp + ane- Vv 1% (sea

A= at LO. (1.46)

In Fig. 1.10 it is shown how the reconstructed asymmetry does not overlap for some of the PDF

fits. This is particularly evident for large rapidity values.
do

apry

neutrino presence in the final state. A very precise measurement on the missing transverse

Unfortunately some other interesting quantities like are not directly accessible due the

energy would be necessary. The charged leptonic decay of the Z boson is one of the cleanest
signatures measured at the LHC detectors. The clear resonance and the direct access to
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Figure 1.10: Pythia W charge asymmetry errors for different PDF sets [27].

quantities like transverse momentum allows a mapping of low-x regions of gluons and sea
quarks as well as constraints on non-perturbative soft gluon radiation models.
At the experimental level it is crucial to understand lepton efficiencies and in general the
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Figure 1.11: Z boson cross-section estimations with different PDF sets at the LHC [27].

uncertainties related with the selection acceptance. Figure 1.11 shows the NLO prediction for
Z boson production with different PDF sets.

A powerful way to reduce experimental systematic uncertainties especially those arising form
overall normalisations like the luminosity, is the usage of ratios. W and Z boson measurements
are led by similar lepton selection, isolation and shower shapes, as well as Pr and other
kinematic requirements; indeed a common trigger can be used in both cases, as result, close
regions from phase space are shared.
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1.3. Quark parton model and Parton Distribution Functions

Impact of PDFs on Higgs boson searches

Gluons carry the largest uncertainties due to the fact that gluon distributions inside hadrons
are obtained mostly from indirect methods like sum rules and scaling violation.

In addition, from the perturbation theory point of view the gluon-gluon fusion process has a
very slow convergence, where a high order (HO) correction could change the cross-section
by up to 70% compared to the LO cross-section. In Chap. 2 some more details about HO
contributions are given.

For a given amount of data, the final interpretation in order to claim discovery or exclusion
of the SM Higgs boson strongly depends on the cross-section hypothesis value as well as the
uncertainty predicted by the theory. Unfortunately this normalisation fluctuates significantly
depending on the PDF input and the respective value given to constants and parameters like
the heavy quark masses or the strong coupling constant. For example, Figure 1.12 illustrates
the different cross-section values for the SM Higgs boson (m =120 GeV and /s = 7 TeV), when
different PDFs with their respective a preference are used as input. It is often instructive

NLO gg—H at the LHC (Vs =7 TeV) for M, =120 GeV
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Figure 1.12: NLO Higgs boson cross-section predictions for various PDF sets and the respective
as used by the different fitting groups [28].

to determine whether a particular collider observable shares common degrees of freedom
with another collider cross-section through the non-perturbative PDF parametrisation. Such
correlations can be useful in providing ratios of cross-sections that have smaller theoretical
uncertainties than either cross-section by itself. A quantity, cos¢ (the correlation cosine), can
be calculated that represents the degree to which two cross-sections are correlated, a value
of this quantity near 1 implies a very strong correlation, near zero, no correlation, and near
—1, a very strong anti-correlation [25], as illustrated in Fig. 1.13. Here ¢ represents the angle
between the gradient vectors of the two cross-sections in the Hessian eigenvector space, and
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Chapter 1. Theory introduction

can be calculated as shown in the equation below (for two cross-sections X and Y) !

VXY 1 S Oy p o)
AN TNG _4AXAY,.221(X" -x7) (7 -v2). (47

Thus, cos¢ can easily be defined with the knowledge of the cross-sections for X and Y for
each of the Hessian eigenvectors. For example, one would expect (and find) the W and Z

cosp ~ 1 cos ~= 0 cos ~= —1

5Y 5Y 4, 5Y ¢,
N\

/ L 6X \yax 5X
| I |

| |

Figure 1.13: Dependence on the correlation ellipse formed in the § X — Y plane on the value
of cos . [25].

cross-sections to be very strongly correlated, as both are produced by similar initial states in
the same x range. A plot of the correlation cosines for various processes is shown in Fig. 1.14.
It can be observed, for example, for Higgs boson production through gg fusion, the process
goes from a mild correlation at low Higgs boson mass (120 GeV) with the W cross-section at
the LHC, to a very strong anti-correlation for high Higgs boson masses (500 GeV). Conversely,
the correlation of the Higgs boson cross-section with respect to the ¢ cross-section is the
mirror image of that to the W cross-section.

U More generally, it can be defined in terms of the correlation between two quantities; it does not require the use
of the Hessian technique.
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Figure 1.14: The correlation cos ¢ for Higgs boson searches at the LHC with respect to Z boson
production at the LHC (solid) and Tevatron (dots), and tf production at the LHC (dashes),
plotted as a function of Higgs boson mass. Separate markers denote correlations of W, ¢-
channel single-top cross-sections at the LHC and Z cross-section at the Tevatron with respect

to Z and ¢t cross-sections at the LHC [25].
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y4 Standard Model Higgs boson produc-
tion

“Higgs mechanism should be renamed the “ABEGHHK'tH mechanism”™’

Peter Higgs boson

This chapter summarises the state-of-the-art calculations on the production and decay
of the Higgs boson particle. High order corrections are needed to correctly analyse and
interpret the observed data. At the LHC the relevant production mechanisms are the
gluon-gluon fusion through a top quark loop, the fusion of vector bosons produced on
vertexes at the incoming quarks, and also the so-called associated production which can
be seen as Higgs boson being radiated from a weak current.

Finally it summarises the current state of constraints given by direct and indirect searches

of the Higgs boson.

2.1 Production mechanisms

rZIt the L4, the SM Higgs boson can be produced through four main mechanisms. Due to the

large gluon luminosities expected in the high energy beams of proton-proton collisions, the
fusion of gluons through a loop of heavy quarks is the dominant production process. It is
followed by the vector boson fusion (VBF) process, in which the emission of virtual bosons
from incoming partons produces a Higgs boson particle; in this mechanism the presence of
the two scattered quarks ending in the forward rapidity region can provide a peculiar signature
which can be exploited to discriminate from background processes. Although suppressed in
p — p colliders!, the production in association with a W or a Z boson becomes relevant in the
region of a low Higgs boson mass hypothesis. The typically high transverse momentum (Pr)
leptonic signatures of the decay of the weak bosons can be used to trigger and discriminate
from overwhelming multi-jet background and simultaneously profit out of the large decay

1 As opposite to the Tevatron’s p — jp collider in which the presence of valence quarks and anti-quarks enhance
the Higgs boson production in association with vector bosons
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Chapter 2. Standard Model Higgs boson production

branching ratio (BR) of the Higgs bosons going into a pair of heavy flavour quarks. Finally, in
the case of a very low mass Higgs boson search, the production of a Higgs boson together with
a top quark pair can be also used. The analyses documented on this thesis profit of the two
most important mechanisms gluon fusion and VBE

For the prospect studies that aimed the designed and construction of the LHC and its experi-
ments, the community used cross-section values for Higgs boson production estimated up
to NLO assuming a beam energy of /s = 14 TeV. This calculations were based on the HIGLU,
vv2H and v2HV codes [29].

After the LHC incident back in September 2008 [7], a decision to run the LHC using a sub-
stantially smaller beam energy was taken. At the time, it was not known which was going to
be the running parameters of the LHC. A new common and consistent set of cross-section
estimations were needed by the analysers. The three following subsection on this chapter
collect some details of the estimations done assuming different centre-of-mass energy for
a wide Higgs boson mass range using NLO estimations (which were the best known calcu-
lations available at that time). These estimations were later used to scale down previous
studies performed at /s = 14 TeV, helping the accelerator team to find the optimal physics
motivated conditions under which the machine could run without compromising the health
and reliability of the LHC 2.

2.1.1 Gluon-gluon fusion

9. 000090,

9. 000000

Figure 2.1: Leading Order Feynman diagram for gluon-gluon fusion SM Higgs boson produc-
tion through a top quark loop.

The LO Feynman diagram for gluon-gluon fusion Higgs boson production can be seen in
Fig. 2.1. As gluons are driven by strong interactions, QCD radiative corrections are needed
to accurate obtain theoretical predictions. The LO diagram is proportional to a%. In the
quark loop, the top-quark is expected to be dominant due to its large Yukawa coupling to
the Higgs boson, with a mild contribution of b-quark. Next-to-leading order calculations
showed an increases of more than 100% with respect to LO, with a clear dependency on the my;
hypotesis as well as the /s. Different calculations [29-31] showed that for a Higgs boson mass

2 website was prepared at the time collecting some of this information:
http://montoya.web.cern.ch/montoya/xsections/text.html
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2.1. Production mechanisms

(myy) smaller than 300 GeV, the effective theory in which the quark loop is shrunk to a point
assuming m,p — oo is at the percent level agreement with respect to the full calculation. This
became important later when due to its complexity, next-to-next-to-leading order (NNLO)
calculations were made possible only based on this assumption.

Cross-sections for the gluon-gluon fusion process estimated with the HIGLU code and the
corresponding LO or NLO CTEQ6X PDF are shown in Fig. 2.3. The input parameters used are
summarised in Tab. 2.1 As explained in Chap. 1, the choice of a is an important parameter
which eventually needs to be in concordance with the set configured on the PDF set. The
choice set here was based on the world average value suggested by the CTEQ collaboration at
the time that these calculations where obtained.

Table 2.1: Input Parameters for o g estimations at LO and NLO
| Lo |  NLO

Agep MeV] 165 || AQEL [MeV] 226
al® (mzy) 0130 || a9 (mzy) 0.118

Myqs IMeV] 190 m. [GeV] 14 my [GeV] 4.60 ms [GeV] 172
my [GeV] 91.187 mw [GeV] 80.41 Gr 1.16639 x 107° Nr 5

In Fig. 2.2 it is shown the k-factors of the first QCD HO correction when compared to the LO
calculation (k-factor= UUNL%O) for different centre-of-mass energies. For a my hypothesis of

130 GeV, the NLO correction at /s = 14 TeV would add a 79 + 2% on the top of the LO, while at
v/$ =7 TeV the addition is of about 89 + 2%

Higgs gluon fusion k-factors - 6 to 14 TeV

2.4 T

6TeV

8TeV <
2.3 r10TeV —*—

12TeV + 0
22t 14TeV

k-factors
N
=

N

1.9

18

1.7 :
100 200 300 400 600 800

Higgs Mass [GeV]

Figure 2.2: Leading Order to NLO k-factors for gluon-gluon fusion Higgs boson production
mechanism for several centre-of-mass energies.

Figure 2.3 (top) shows the gluon gluon fusion NLO cross-section as function of my and v/s.
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Chapter 2. Standard Model Higgs boson production

In the gluon fusion mechanism, for a my of 130 GeV, one would expect to produce 43% less
Higgs boson particles if the center-of-mass energy beam is decreased from 14 to 10 TeV, and
70% if it is decreased to 7 TeV. The bottom plot on Fig. 2.3 shows the o xBRy_ 7. Aclear

8gF
suppression in the region close to the WW mass is observed.
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Figure 2.3: Top: Production cross-section for the SM Higgs boson in the gluon-gluon fusion
mechanism as function of the Higgs boson mass and the centre-of-mass energy. Bottom: same
as top plot but cross-section times ZZ Branching Ratio, both cross-sections are estimated at
NLO of ag
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2.1. Production mechanisms

2.1.2 Vector boson fusion
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Figure 2.4: Leading order Feynman diagram for vector-boson fusion SM Higgs boson produc-
tion.

The production of a SM Higgs boson in association with two hard jets in the forward (and
backward) regions of the detector is an important mechanisms for Higgs boson searches at
the LHC. It is particular important because it directly allows the coupling measurement of
the Higgs boson with the W and Z bosons. For such a measurement it would be necessary to
reject events produced through the gluon fusion channel in association with 2 jets. Although
the final state is similar, the kinematics of the jets are quite different, an explicit requirement
on the opening angles in the pseudorapidity plane as well as an invariant mass cut on the dijet
systems are normally used, these are known as VBF cuts.

NLO HIGGS CROSS SECTIONS - VBF
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Figure 2.5: Production cross-section for the SM Higgs boson in the VBF mechanism as function
of the Higgs boson mass for different centre-of-mass energy.

As s-channel diagrams and interference effects tend to be suppressed when imposing VBF
cuts, the cross-section can be approximated by the contribution of squared ¢- and u#-channel
diagrams only without their interference. The program vv2H performs the exact NLO calcula-
tion was used to obtain a set of cross-section for several centre-of-mass energy and mjyj ranges
from 100 to 800 GeV, Fig 2.5 shows some of these results.
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Chapter 2. Standard Model Higgs boson production

2.1.3 “Higgs-strahlung”

q Wiz

W+/Z
_0)

Figure 2.6: Leading order Feynman diagram for the production of the SM Higgs boson in
association with a W or a Z boson.

The Higgs boson production in association with a weak vector boson (see Fig. 2.6 for Feynman
diagram) is known as Higgs-strahlung [32]. This channel also have several advantages, in
particular HO corrections to the LO diagrams can be obtained from the analogy with the
Drell-Yan processes. This channel is important at the LHC searches because the extra presence
of the W or Z, allows to exploit the large branching fraction of the Higgs boson decaying
hadronically and still be able to trigger the event tagging the charged lepton(s) that would
eventually come from the leptonic decay of the W* — ¢*v or the Z — ¢*¢~. Unfortunately
the sensitivity of this search is largely affected by the large multi-jet backgrounds which need
to be controlled from data; in addition the top pair production also becomes important since
the t — Wb decays could also produce a similar signature of charged leptons and two real b
jets in the event.

Figure 2.7 shows the cross-sections obtained with the vH2V program. These set of numbers
were estimated for /s varying from 6 to 14 TeV and exploring the low my region (< 200 GeV)
where these mechanisms can be better used in conjunction with the H — bb decay mode.

NLO HIGGS CROSS SECTIONS - Associate WH NLO HIGGS CROSS SECTIONS - Associate ZH
10 , 10 .
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Figure 2.7: Production cross-section for the SM Higgs boson when it is produced in association
with a W (Right) or Z (Left) bosons for different centre-of-mass energy hypotheses.
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2.1. Production mechanisms

2.1.4 State-of-the-art Higgs boson cross-sections and branching ratios

The studies presented along the earlier sections of this chapter, done in 2009, triggered the
creation of a task force aimed to coordinate a common theory recommendation for the
Higgs boson analyses done at the LHC experiments. Calculations were further refined as the
time passed by. The cross-sections for the gluon-fusion process were calculated to NNLO
in QCD [29-31, 33-35] under the effective theory approximation, adding an extra ~ 30% on
the NLO prediction. In addition, QCD soft-gluon resummations calculated in the NNLL
approximation are applied for the gluon fusion process [36]. NLO EW corrections are also
applied [37,38]. These results are compiled in Refs. [39-41] assuming factorisation between
QCD and EW corrections. The cross-sections for VBF processes are calculated with full
NLO QCD and EW corrections [42-44], and approximate NNLO QCD corrections are now
available [45]. The associated productions with a W or Z boson are calculated at NLO [46]
and at NNLO [47] in QCD, and NLO EW radiative corrections [48] are applied.

The uncertainty in the production cross-section due to the choice of QCD scale is typically
féz% for the gluon fusion process, and +1% for the VBF process [49]. As it discussed in Chap. 1,
the uncertainty in the production cross-section due to the PDF choice and a is an important
component of the uncertainty. It was finally agreed to be +8% for gluon-initiated processes
and +4% for quark-initiated processes [18,50-52].

The Higgs boson decay branching ratio [53] to the four-fermion final state is predicted by
PROPHECYA4F [54-56], which includes the complete NLO QCD+EW corrections and leading
two-loop heavy Higgs boson corrections to the four-fermion width.

The various independent calculations where found to be in very good agreement. They were
compiled on a single document [49]. On this report, the agreed cross-section values for the
main production mechanisms, the decay branching ratios and most important the systematic
uncertainties associated with each calculation were published.

The importance of this coordinated recommendation, becomes evident once several searches
are combined, not only combinations within one experiment but also combinations between
LHC experiments and eventually with the Tevatron’s results. Figure. 2.8 summarises the
cross-section predictions once all the described corrections documented in [49] are applied.

On Fig. 2.9, the predicted decay branching ratios are display with their correspondent uncer-
tainty. In the low my; region, below twice the W boson mass, the bb decay mode is preferred.
Although the yy decay has a quite small branching fraction, the acceptance and resolution of
the calorimeters in the LHC detectors were optimised to tag this signal on the top of a falling
smooth background. For large my, (larger than ~200 GeV), the Higgs boson preferred to decay
into a pair of weak bosons with the H — W W being roughly a factor of two larger than the ZZ
decay probability. The W and Z bosons tend to mostly decay into a pair of quarks, with a bit
less than 70%; the decays to leptons filled the remaining 30% distributed as: W — ev, W — uv
and W — v approximately 10% each, while for Z — ee, Z — yu and Z — 171 each with a bit
more than 3.3% and Z — vv about 20%.
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Figure 2.8: State-of-the-art inclusive Higgs boson cross-sections [49].
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Figure 2.9: Left: Higgs boson decay branching ratios with their corresponding theory uncer-
tainties. Right: Higgs boson width under the relativistic Breit-Wigner approximation [49].

The decay ratios of the Higgs boson is predicted to have an explicit dependency with its natural
width (See Fig. 2.9 (Right)). Although the decay predictions and lineshape are well known
for low myy, it is no longer the case for large Higgs boson mass hypothesis, where the ad hoc
relativistic Breit-Wigner approximation breaks apart. This particular corner of the search
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phase space is further discuss in Chap. 5 Sec. 5.1.
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Figure 2.10: Hadron-Hadron collision diagram.

Since the LHC is a Hadron collider, one expects the presence of extra hadronic activity together
with the Higgs boson pp — H + X. Jets in a particular Higgs boson event could come form
many different sources, initial or final state radiation (ISR, FSR), underlying event (UE) activity,
pileup: secondary interactions occurring simultaneously in an event (see Fig. 2.10) or from
matrix element diagrams (like the VBF signature with two forward jets or a gluon fusion
diagram where the quark triangle becomes a box allowing an extra jet to be radiated in the
additional vertex).

These extra jets in the event can be tagged or vetoed to further reduce possible SM backgrounds
having the same or similar signature as Higgs boson. Nevertheless it is important to properly
quantify the systematic uncertainty that is introduced once information about jet presence
or absence is required. During 2011, a second report aimed to address this concern was
published by the community [49, 57].
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Chapter 2. Standard Model Higgs boson production

2.2 Experimental searches and electroweak constraints

At the moment of writing this document, direct searches performed at the CERN Large
Electron-Positron Collider (LEP) have excluded at a 95% confidence level (CL), the production
of a SM Higgs boson with mass less than 114.4 GeV [4].

The Fermilab Tevatron pp collider which after a successful two-phased runs of more than
two decades stopped operations on September 2011 collected a total of [ £dt=10fb~! of
1.96 TeV data on each of its two experiments, the D@ and CDF detectors. Results combining
a large fraction of the data analysed on both detectors were released during March 2012. In
Fig. 2.11 it is shown an updated exclusion range, where the existence of the Higgs boson is
ruled out at 95% CL in the region 147 < my < 179 GeV [5, 6,58]. This sort of direct searches
could typically apply to fermiophobic Higgs boson (as mentioned on Chap. 1) on a looser
extend; but dedicated analyses can profit from the enhanced branching ratios of final states
like 1% — yy (though a W loop instead of a quark loop), the h® — WW or h° — Z Z, as well as
the larger production cross-sections for VBF and associated production mechanisms. The
latest results form the Tevatron excludes a fermiophobic Higgs boson below 115 GeV [59].
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Figure 2.11: Combined SM Higgs boson exclusion limits at 95% CL using up to 10 fb™! of pp
data (Run II) on each of Tevatron’s detectors [58].

Precise electroweak measurements could also help to set indirect constraints on the expected
mass of the Higgs boson particle assuming that the dominant virtual contributions to the
electroweak observables arise through vacuum polarisation loops. A global multidimensional
fit can be performed on a set of parametrised oblique corrections [60]. A p-value can be
extracted and compared against different myassumptions. A release of a new set of results on
March 2012, included the world average W mass measurement [61] (i = 80.385+0.015 GeV)
and width Xy, = 2.098 + 0.048 GeV; as well as the most recent Tevatron’s top quark mass
measurement (m;,, = 173.3+ 0.9+ 0.6 GeV) [62] as shown in Fig. 2.12 (Right). If constraints

38



2.2. Experimental searches and electroweak constraints

from direct searches are included, the preferred Higgs boson mass from the global electroweak
fit is my = 94753 GeV, with an upper-bound at my < 152 GeV at 95% CL. Figure 2.12 (Left)
shows the different results obtained since 2009. The indirect fit constraint the Higgs boson to
be light.
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Figure 2.12: Indirect estimation of preferred Higgs boson mass valued using electroweak fitted
data. It includes the most recent measurements of the top quark and W boson masses [58]
(Right).
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8] The Large Hadron Collider and the
ATLAS experiments

*C;Q (/g/

e @

“Ididn’t know CERN was on the web”

Anonymous comment to an online article reporting the LHC start-up.

This chapter describes the Large Hadron Collider experiment and its detectors. The
different technologies that are used by each of the subsystems in the ATLAS detector
aimed to measure specific properties of the particles passing through are also introduced.
The second part of the chapter gives some further details of the computing and data
models used by the ATLAS collaboration. Some studies used to quantify and evaluate the
feasibility of a software and hardware infrastructure to be used at the last piece of the
analysis chain are also presented.

be Luropean organifation for nuclear refeardy CERN is the biggest physics laboratory in the world,
with nearly six decades dedicated to lead fundamental research disentangling the secrets of
nature. Among the different projects it currently hosts, the best known is the LHC, it is said to
be the biggest machine on the planet, and to be one of the most complex experiments ever
dreamt and conceived.

3.1 The Large Hadron Collider

The LHC [63, 64] is the most powerful particle accelerator ever built. It was assembled in a
circular tunnel of 27 km perimeter buried ~100 m underground replacing the glorious LEP
collider. The proton and lead nuclei beams of the LHC are injected following a series of pre-
boosting and pre-accelerators stages which also provide high energy particle beams to other
experiments, see Fig. 3.1. Protons are extracted from Hydrogen atoms in a plasma. They are
then accelerated through Radio Frequency (RF) Quadrupoles reaching 750 keV. From there, the
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Chapter 3. The Large Hadron Collider and the ATLAS experiments

Linac-2 facility accelerates the proton beams to 50 MeV; then the Proton Synchrotron Booster,
and the Proton Synchrotron (PS) increase the beam energy to 1.4 and 25 GeV respectively. The
Super-Proton Synchrotron (SPS) is the last step of the injection chain where proton bunches
at a centre-of-mass energy of 450 GeV are delivered. The beams at the LHC are accelerated
along two adjacent beam pipes, collisions occur in four different places, interaction points
(IP), where particle detectors were built.

CERN Accelerator Complex
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Figure 3.1: CERN accelerator complex [65].

The LHC was designed to operate at a centre-of-mass energy of 14 TeV and instantaneous
luminosities reaching £ = 10%* cm~2s™!. Instantaneous luminosities are calculated based
on beam parameters such as the number of bunches per beam (7 up to 2808), the number
of protons per bunch (N, ~ 1.15 x 10'!), the revolution frequency (v ~ 11.2 Hz, one bunch
crossing every 25 ns) and the geometrical factor of the beams (& which is proportional to the
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betatron function 8*):

NZnyv
P=-2 3.1
e 3.1

The six main experiments of the LHC are:

e ATLAS
ATLAS [66] is a multi-purpose detector, it is described in detail in the following section.

* CMS
The Compact Muon Solenoid [67] is also a general purpose detector optimised to mea-
sure high energy particles covering most of the solid angle. The huge solenoid supercon-
ducting magnet producing a magnetic field of almost 4 T, its colossal crystal calorimeter
and a series of densely arranged muon chambers allow unprecedented momentum and
energy measurements keeping high detection efficiencies. It shares a similar physics
program with the ATLAS detectors, where large amount of luminosity are desirable.

¢ ALICE
It is A Large Ion Collider Experiment [68] designed to explore the primordial state of
matter before hadrons were formed. The high energy densities needed to form the so-
called quark-gluon plasma are achieve by colliding lead ions at centre-of-mass energies
up to 1.15 PeV. The ALICE subsystems are designed to cope with the large amount of
information produced in nuclei collisions.

e LHCb

The LHC “beauty” experiment [69] was built to probe CP-violating processes and rare
decays in B mesons. It aims to explain why the universe does not appear to have
equal amounts of matter and anti-matter. The LHCb experiment is an asymmetric
detector which surrounds the collision point along the very forward pseudorapidity
region approaching as close as possible the IP. Opposed to CMS and ATLAS, the LHCb
physics’ program requires clean events (low pile-up) while large amounts of luminosity
are not necessarily needed.

* Totem and LHCf
The TOTal Elastic and diffractive cross-section Measurement experiment [70] and the
LHC forward experiments [71] explore the phenomena that can be study by detecting
the particles that are scattered very close to the beam pipes. This includes total p — p
cross-sections, proton structure measurements, and the usage of these forward particles
to recreate the showers produced by cosmic rays in the atmosphere.

43
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3.2 The ATLAS detector

The ATLAS detector has a forward-backward symmetric cylindrical geometry with 25 m
diameter and 44 m long; it is the biggest of the LHC experiments. Its major components
are the inner detector (ID) the electromagnetic and hadronic calorimeters, and the muon
spectrometers.

ATLAS uses a right-handed coordinate system with its origin at the nominal IP in the centre of
the detector and the z-axis coinciding with the axis of the beam pipe. The x-axis points from
the IP to the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates
(r,¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 8 as n = —Intan(8/2).

The ATLAS subsystems gather hermicity (full azimuthal angle coverage and large pseudora-
pidity acceptance: || < 2.5 for its ID and |n| < 4.8 for its calorimeters), a high precision track
momentum and excellent electromagnetic and hadronic calorimetry capabilities.

In contrast to CMS, ATLAS uses an “air-cored” toroidal barrel and end-cap superconducting
magnets that provide a bending power of up to 6 Tm in the pseudorapidity range of 0 - 1.3; it
also uses an transverse accordion-shaped Liquid Argon electromagnetic calorimeter allowing
particle vertex pointing and the usage of explicit shower-like discriminators.

ATLAS has a three-level Trigger system which is in charge of filtering events leaving only
physics motivated signatures. The Trigger and and the data acquisition systems are in charge
of selecting and shipping the relevant data to the main computing facility, where they are
reprocessed and sent to storage for posterior performance or physics studies. On this section
the different sub-detectors, the Trigger, the data acquisition and computing infrastructure of
the ATLAS experiment are introduced.

3.2.1 Inner Detector

The ID is immersed in a magnetic field of 2 T produced by the central solenoid. It consists
of three subsystems based on two main technologies. The Pixel detector is the closest to the
IP, followed by a second Silicon-like array made of micro-Strips, and the Transition radiation
tracker which uses fast response straw detectors. It allows precise measurements of the
trajectories left by charged particles. This is a crucial piece of information to accurately
reconstruct charged leptons as well discriminate jets produced by heavy quarks which typically
have longer life times.

Pixel detector - PIX

The Pixel detector has the largest number of channels of all of the ATLAS subsystems (about
80.4 M with the smallest sensor covering an area of 50x400 um?). Its high granularity provides
high precision measurements very close to the beam pipe (see Fig. 3.3 Right). As it is shown in
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44m

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector \

Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Figure 3.2: Components of the ATLAS detector [72].

Figs. 3.3 and 3.4 it consists of three modules in the barrel and a set of disks perpendicular to
the beam pipe on each side; reaching a pseudorapidity acceptance of || < 2.5. It is designed to

stand more than 300 kGy of ionising radiation and over 5x10'# neutrons per cm?

over ten years
of operation. Currently the construction of an additional insertable module (B-Layer) [73]
even closer to the beam pipe is ongoing. It is expected to be installed during the detector

upgrade for the sSLHC [74].

Silicon micro-Strip Tracker - SCT

The SCT provides up to eight precision measurements per track using four stereo strips where
the layers on each pair have an offset of 40 mrad. The intrinsic accuracy on each module is
approximately 17 ym (R — ¢) and 580 pym (z) in both the barrel and the endcaps. The SCT has
an inner radius of 250 mm, an outer radii of about 550 mm and some 5.4 m length.

Transition Radiation Tracker - TRT

The TRT uses a large number of 4 mm diameter straw-like detectors designed to operate at
very high rates present at the LHC. Each high Py track passing through leaves between 30 to
36 hits, reaching a R — ¢ precision of about 130 um. Electron identification is enhanced by
transition radiation with the usage of interleaved polypropylene (fibres in the central region
and foil in the endcaps). The TRT length of 5.4 m only cover a pseudorapidity region within
Inl<2.0
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Figure 3.3: Subsystems of the ATLAS inner detector [72].

Figure 3.4: Left: Layout of the Pixel detector. Right: Photograph of the Silicon micro-Strip
Tracker barrel under construction [72].

3.2.2 Calorimeters

The ATLAS electromagnetic and hadronic calorimeters use two different technologies. Fig-
ure 3.5 (Left) has a schematic view of the barrel, endcap and forward components

Electromagnetic Liquid Argon calorimeter - LAr

The electromagnetic (EM) calorimeter has a large pseudorapidity acceptance || < 3.2 it is
a Lead Liquid Argon detector with accordion-shaped Kapton electrodes and lead absorber
plates with no azimuthal cracks. The barrel reach || < 1.475 and the endcaps 1.375 < |n| < 3.2.
It has a thickness of >22 radiation lengths (Xj) in the barrel and Xj > 22 in the endcaps. As
it can be seen in Fig. 3.5 Right, the central region of the EM is made of three layers plus a
pre-sampler with fine granularity (1 x ¢ = 0.025 x 0.1). The first sampling is sub-segmented in n
(nx ¢ =0.025/8 x 0.1), while the second sampling is sub-segmented in ¢ (17 x ¢p = 0.025 x 0.025).
Finally the third sampling is segmented into cells of 7 x ¢p = 0.025 x 0.05.
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Figure 3.5: Layout of ATLAS electromagnetic and hadronic calorimeters [72].

The fine granularity implies that a typical photon or electron would cluster in several tens of
cells. This allows the usage of the shape information of shower deposition to discriminate
electrons and photons from jets.

Hadronic calorimeters

The barrel of the the hadronic calorimeter uses iron absorbers and plastic scintillating tiles as
active material. It is divided into two regions, || < 1.0 and 0.7 < |n| < 1.7 (extended barrel). It
is also segmented longitudinally into three layers. The effective granularity varies between
nx¢=0.1x0.1and 0.2 x 0.1. The fast signals produced by each scintillating tile are read out
by wavelength shifting fibres into two separate photomultipliers.

The endcap and forward regions of the hadronic calorimeters use LAr as active material and
cooper (and tungsten) as absorber. The endcap hadronic calorimeter consist of two inde-
pendent wheels built out of 32 modules. The forward calorimeter covers the pseudorapidity
region between 3.1 and 4.9, and it is split in an electromagnetic and a hadronic components.
The ATLAS calorimeters provide an excellent jet energy resolution this is crucial for a correct
measurement of missing transverse energy (E‘Tniss).

3.2.3 Muon spectrometer - MS

The muon spectrometer consists of four different subsystems based on different technologies
capable to perform high precision tracking and also to respond to the required fast triggering
times. It is immersed on a toroidal magnetic field produced by an array of air-cored super-
conducting magnets (a barrel toroid and two endcap magnets) providing a powerful bending
power and minimising the degradation of resolution due to multiple scattering. Figure 3.6
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shows the layout of ATLAS magnetic systems and its muon detectors.
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Resistive-plate EndCap Toroid
chambers (RPC)
End-cap toroid

Monitored drift tubes (MDT)

Persint

Figure 3.6: Left: Layout of the ATLAS muon spectrometers. Right: Pseudorapidity reach of the
different ATLAS muon subsystems [72].

Muon tracks are measured by three concentric cylindrical stations in the barrel and 3 x 2
endcap (A and C) wheels located at |z| 7.4, 14, and 21.5 m. In both the barrel and the endcaps
a 16-fold segmentation in the azimuthal plane was chosen following the 8-fold array of the
toroidal magnetic systems.

Monitored Drift Tubes chambers - MDT

The MDTs are based on an array of 30 mm diameter aluminium tubes each with a central
tungsten-rhenium alloy wire and filled with a gas mixture mostly made of argon. Each tube
is kept at high potential differences (3 kV), the drifting time in any given point does not
exceed the 700 ns. There are about 1200 chambers covering a region up to |n| <2.7. The
system is arranged into multilayer chambers with enough hit redundancy to reach 35 ym track
precision.

Cathode Strip Chambers - CSC

The CSCs have a higher granularity than the MDTs, this is needed to cope with the more
demanding background present in the forward regions. The pseudorapidity region covered by
the CSCis 2.0 < |n| < 2.7. The CSCs are multi-wired proportional chambers made of halfway
suspended anode wires between two parallel plates covered with cathode strips, one oriented
parallel and the other perpendicular to the wires; each module is made of four wire planes.
The short electron drift times (~40 ns), the good time resolution (~7 ns) and the low neutron
sensitivity allow muon track reconstructions of 45-60 pm in the bending direction and 0.5 cm
in the transverse plane.
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Resistive Plate Chambers - RPC

The RPCs are gaseous detectors, made of two parallel highly electrical resistant plastic plates
separated by insulating spacers (2 mm) and filled with a mixture of CoH,F4, Iso-C4H; O and
SFg. The RPCS cover the central region (|n| < 1.05) and since the readout does not rely on
electrodes drift-charge collection can provide a time space-time resolution of 1 cmx1 ns ideal
for trigger.

Thin Gap Chambers - TGC

The TGCs cover a region between 1.05 < || < 2.4. Their design is similar to the CSCs with the
difference that the anode wires distances are slightly larger (1.8 mm instead of 1.4 mm) and
that in the bending direction the position measurement is given by the anode wires instead of
the strips. The azimuthal granularity of the TGCs is 2-3 mrad and the redundancy allows up to
20 wire measurements for a precision smaller than 7.2 mm.
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3.2.4 Studies of muon ID and MS alignment with the first Z boson candidates

The alignment of the muon spectrometer is a key issue for accurate reconstruction of muon
tracks. The large global dimensions of the spectrometer forbids the positioning of the cham-
bers at the micrometre level. Chamber deformations and positions are constantly monitored
using different sorts of data, in particular: cosmic rays, data taken without magnetic fields
or filtered data containing well known resonances like the Z — uu process. Most of the
corrections (< 1 cm are normally performed at the software reconstruction level).

ATLAS has two independent muon reconstruction algorithms that use the full set of track
information in the inner and outer parts of the detector. The MulD reconstruction algorithm
fits simultaneously the hits in the ID and the MS, while the STACO algorithm performs a fit
of independently reconstructed two sub-segments. Further details of muon reconstruction
and identification can be found in Ref. [75]. The performance of the MS can reach resolutions
from 2-5% for muons with transverse momenta (pr) in the tens of GeV.

Studies aimed to check the ID-MS relative alignment using the first few thousand Z — pu
events collected by the ATLAS detector were perfomed during the summer of 2010. The event
candidates were selected by requiring:

¢ ATLAS Good Run list requirement: All subsystems passing online data quality checks.

¢ Muon requirements:

STACO and MulD reconstruction algorithms were used:

p' >15GeVand |n| <2.4
pl%’ls >10 GeV, and IpITD - pj%/lsl <15 GeV

Close to at least one good reconstructed vertex within z: |zp — z,;x| <10 mm

Isolation: Relative track isolation

Zcone4T0 pé"D < 0'2

¢ Atleast two high p7 muons: pr >20 GeV, with opposite charge.

* Invariant mass window: 66 GeV< m, < 116 GeV
The sample used corresponed to an integrated luminosity of about [ #dt =8.7 pb~!. The
amount of collected events allowed a coarse binning on different kinematic variables to study
detector resolution in the regions of few tens of GeV. These regions were:

- Barrel/endcap configurations.

- Pseudorapidity (cumulative) — |n]: 0.4 - 2.4

- Tagging a i in the barrel and looking at the position in ¢ for the second p separating in
encap (A or C) and charge. (4 quadrants in ¢)
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To allow the extraction of the detector resolution, a fit was performed using a model containing:
a ad-hoc relativistic Breit-Wigner to described the Z resonance; convoluted with a Gaussian
function to extract the resolution component plus an exponential function to account for the
Low Drell-Yan contribution and other background contaminations.

flo=

_ 2
M) + %X (3.2)

®exp|—
p( 202

(x—mz)?+1r2

The natural width of the Z boson, I', was allowed to float on a limited range in order to avoid
over-constraints on the resolution width. It is known that this model does not fully describe
the tails of a Z boson peak. A full lineshape PDF would be more appropriated, but for the
scope of this first studies performed with early data, the model is sufficient given the limited
statistics.

A MC simulation of Z — uu events is also fit for calibration and comparison purposes. It is
worth mentioning that data is adjusted using unbinned fits (binsize could bias parameter
values), while MC is fitted from binned histograms with small bin sizes and very large (~1M
events )statistics.

Figure 3.7 shows the data fit, a resolution of ~2.5% on the Z reconstructed width was observed
for both muon reconstruction algorithms. The full MC simulation suggests a resolution effect
below 2.0%.

~ T J ~_ 800 Tr [T rrTr[rror T ™
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Figure 3.7: Preliminary resolution studies with Z — pu events. STACO (MulD) muon recon-
struction algorithms are used on the Left (Right).

Measurement on the different pesudorapidity configurations for the muon pair (both muons
in the barrel, one in the endcap and the second in the barrel, or both of the muons in the
endcaps) provide specific information about the alignement and performance knowledge of
each of the regions. The poorest resolution (~6 GeV) is observed when both of the muons are
measured in the endcaps with no constraints from ID measurements.
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Central muons are normally measured with smaller uncertinties than forward ones. In Fig. 3.8
it is shown the fitted Z width resolution as function of ). Fitted values on the MC sample are
also shown. Theses studies provided a good idea of the level of understanding of the muon
system aligment for muons comming from Z decays at the time the data was collected.
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Figure 3.8: m  detector resolution as funtion of 7 (cumulative), for the STACO (Left) and MulD
(Rigth) muon reconstruction algorithms.

Table 3.1, summarises the fitted expectations and observed resolution values for the different
momentum measurements in the ID, the MS and with both for each of the ATLAS muon
reconstruction algorithms.

Table 3.1: Resolution studies on Z — uu events

|

| | STACO I MulD
] | DATA MC | DATA MC |
Combined P;. [ 2.52£0.09 1.99£0.01 | 2.58 £0.09 1.88 +0.01
2 | Muon Spect. P} | 4.56£0.15 3.65+0.02 || 4.49 £0.15 3.37 £ 0.02
Inner Track P’TL 3.32+0.11 2.41+£0.01 || 3.25+£0.11 2.41 £0.01

Further details of these alignment checks, including best fitted peak mass and resolutions
binned on samples of ¢, muon charge, and tag-probe endcap side are given in appendix A.1.
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3.2.5 Trigger and data acquisition

The trigger and data acquisition (TDAQ) infrastructure is formed by a three level online event
selection. Its main purpose is to reduce the approximately 40 MHz of interaction rates (at
1034 cm?s71) to ~200 Hz (that is what can be written into disk). Figure 3.9 shows the data
flow through the ATLAS TDAQ infrastructure. The first level (LVL1 Trigger) is a hardware filter
which using pipeline memories with signals from calorimeters and muon systems (RPC and
TGC) reduces an input rate of 40 MHz (~ 10? interactions) to about 75 kHz. The following
two levels (LVL2 and LVL3) are performed at software level and are also called the High Level
Trigger (HLT).

The different challenges of the LVLI trigger are to keep the shortest latency times possible, and
to identify the bunch crossing of interest; in some cases the time of flight of muons could be
comparable to the bunch crossing interval (25-50 ns),and for the calorimeters a pulse could
extend along several bunch crossings (150 ns). In the VL2 trigger, a close look at the region
of interest given by the LVL1 (total energy sums and 7, ¢, and pr of the candidate/s) allows
further discrimination reducing the 75 kHz input to 3 kHz. Finally a farm with more than 7000
cores allow the final event filtering (EF). In the LVL3/EF the whole events are analysed with
ultra fast algorithms; information like alignment constants and magnetic field maps are used
to perform partial reconstructions that allow a more specific selection of objects using the full
set of ATLAS’ sub-detectors. The final output rate of the HLT is of about 200 events per second,
where each raw data event has some 1.5Mb of information.

Rate [Hz] Latency

40 x 10°
| bunch crossings CALO MUON TRACKING
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—_ i 2 1
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8
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=
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Figure 3.9: Data flow along the three level trigger and data acquisition infrastructure in the
ATLAS detector [76].

The Higgs boson searches presented in this document tag the leptonic decays of the weak
bosons. The goal from the trigger perspective is to keep “low” pr muon and electron rates
un-prescaled (typically in the order of 20 GeV for single lepton triggers and 12 GeV in the case
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of di-lepton triggers). This is particularly important for the H — WW — ¢v¢v channel where
leptons from off-shell W decays are expected to have relatively low pr (most important if my; is
small — ~130 GeV). Because of the very low rates in the H — ZZ — 4¢ channel, the acceptance
is important; fortunately the presence of four charged leptons in each event largely increase
the trigger probability. In the case of H — ZZ — ¢* ¢~ v¥, the fact of having each charged
lepton pair coming from an on-shell and often transversely boosted Z boson guaranties that
the kinematics of leptons are high enough to be robust against trigger inefficiencies.

3.3 Computing Model

With 1.5 Mb per raw-data event, rates of 200 events per second, and LHC running efficiencies
surpassing the expectations, the computing power needed to fully reconstruct and analysed
the LHC data is larger than any other previous physics experiment. In order to reconstruct the
raw data, create Monte Carlo (MC) simulations, and most important to allow users to perform
analyses at every stage of the chain, a Grid computing model based on Tiers was conceived to
cope with the vast amount of information (See Fig. 3.10).
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Figure 3.10: Tier-like infrastructure model used by the LHC experiments to simulate and
analyse the data [76].

The Tier-0, is a large computing farm located at CERN where the prime reconstruction of
events is performed. Once the data is converted into an accessible format replicas are made
on eleven different Tier-1s around the planet. Several laboratories and institutions part of
the ATLAS Collaboration allocate computing resources creating the so-called Tier-2s. These
infrastructures are used to perform CPU and I/0 intensive MC simulations and data analyses.
Users from different institutions use these shared resources to perform all kind of analyses;
many institutions also arrange smaller farms (Tier-3) that allow to speed up and optimise data
analyses.
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3.4 Studies of Tier2/3 computing performance

From the analysers side, the LHC Grid resources are heavily used to pre-filter the bulk of the
desired data and MC simulations. Although these preselections can be as tight as one wants it
to be, the typical outputs of the preselections could still contain several tens of Terabytes. The
goal of is to find the best compromise between an output containing the information needed !
an a portable output size. The filtered data is normally analysed locally on clusters disposed in
Tier-2 and Tier-3s.

At the University of Wisconsin in Madison, a medium-size Tier-3 is used to analyse the ATLAS
data and MC simulations. Figure 3.11 shows the data flow and network organisation of the
site. The desired data and MC simulation files are obtained from the Brookhaven National
Laboratory (BNL) Tier-1 controlled by a dedicated server. Files are placed in a storage sub-
farm, configured with the XROOTD [77] network file system. Analysers access the data using
a separate link configured to serve as master of the farm running the PROOF (Parallel ROOt
Facility) [78] tool. It allows the usage of resources, parallely distributing sub-jobs on each core
(worker) of the cluster, prioritising the acces of the data formatted in ROOT n-tuples .
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Figure 3.11: Design of the system, where data from a Tier 1 is shipped and organised on the
storage farm, which later allow us to plug with the different distributed analysis tools like
CONDOR BATCH or PROOF

Since the system was proved to be very efficient and robust, managers of other Tier-3 were

I The filtered information where the subsequent anayses are done, typically requires to be accessed many times.
This is the reason why filtering is crucial. Nevertheless one has to ensure that the information kept is sufficient to
performed the desired studies.
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interested in adopting such a structure. In 2008, an effort was created by the US-ATLAS
colleagues to facilitate and quantify the needs and limitations of these clusters. The required
information, included the optimal and maximum number of users and assigned cores to each
session that a cluster with a given set of resources could afford.

These studies were performed in the ATLAS cluster located at Madison, with a PROOF sub-
farm of 50 machines of 8 cores, 16 GB of RAM memory and a raid-5 storage setting of 8 disks,
each with 750GB capacity.

A database in MySQL [79] was also designed to keep track of the information stored on each
machine. It allowed to submit analysis (and also simulation) jobs where the input is stored.
This saved time and avoided network traffic that normally generate data access conflicts, and
in many cases bottle-necks. The required tests were done emulating different number of users
or/and sessions, running analysis jobs on the same farm simultaneously. In Fig. 3.12 it can be
seen how the system saturates, affecting the expected linear growth of the analysis rates, once
the large number of cores required, start failing to access data on an effective manner. It also
approaches its limits when a single session is started requiring more than 200 workers.

PROOQOF Single Session - 4.2M events

250000

150000 -

Speed [Events/s]
O
—t—

100000 | { .
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o . ‘ . ‘
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Figure 3.12: Analysis rate, in events per second for different number of workers assigned to a
single session on the PROOF cluster

A similar situation is seen in Fig. 3.13 (Left), there is no gain in terms of performance, when 80
core per session instead of 60 are started in more than four simultaneous sessions. The ideal
number of workers on a farm with the described resources is evaluated to be around 60. This
even holds for the case of 8 users accesing the system simultaneously. These studies triggered
several discussions aimed to investigated the feasibility of having a system that restricts (queue)
the number of sessions/users allowing shorter analysis times; or to dynamically change the
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allocated resources as function of the number of sessions used on a given time.
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Figure 3.13: Left: Analysis rate, in events per second for different number of sessions started.
Right: Event rates for number of worker settings of the PROOF cluster

Further checks showed that the disk access and data network sharing could be part of the
reason that forbade a better performance. This was also supported by looking at Fig. 3.14,

where it is shown how the network traffic peaks to ~2 GB/s when a series of sessions are started

still keeping CPU requirements well below its limits.
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Figure 3.14: Left:Network traffic when a set of consecutive session are started. Left:CPUs
performance after several calls of PROOF sessions.
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Monte Carlo Simulations

“Truth is much too complicated to allow anything but approximations.”

John von Neumann.

This chapter describes some of the different tools used in particle physics searches based
on MC methods. Simulations are mainly used to estimate the expected reach of a particu-
lar search and are a steeping stone for detector design and calibration. The latter section
of this chapter describe a method based on Parton Distribution Functions weights which
allow to use already existing MC simulations in searches where a different centre-of-mass

energy is assumed.

monte Carlo fimulationf are vital to perform particle physics searches. They play a crucial role in
the development and understanding of the detector, subsystems alignment and calibration.

Parton-level calculations of the targeted signal and the possible background processes need
to be refined to take into account the detector acceptance effects. It is vital to consider the
possibility of additional background contributions of process with slightly different signatures
that could potentially emulate the signal signature when a certain object is misidentified.
A typical example, in the final states with a pair of charged electrons and neutrinos like
(H— WW — evevor H— ZZ — eevv). Is the SM production of W bosons together with a
jet, the W — ev decay could provide the missing transverse energy required in the search,
as well as one of the electrons. High P7 jets (hadronisation of quark/gluons) coming from
HO corrections, or initial/final state radiations can be produced together with the weak
boson. These jets could be misidentified as electrons completing the targeted ee+E‘Tniss signal
signature.

Monte Carlo simulations with detailed description of detector geometry and magnetic fields
have been used since the designed phase of the experiment’s physics program. They played an
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Chapter 4. Monte Carlo Simulations

important role when needed to correctly plan and schedule the collider’s program; optimising
the sensitivity reach and the associated risk attached to the delivery of high energy and
luminosity data.

4.1 Event generators and detector simulations

The simulation chain usually involve a matrix element calculation (typically at NLO or LO),
where events containing 4-momenta information of the desired process are calculated. This
information is then interfaced with a showering algorithm. Underlying event tunings dedi-
cated to described the soft part of the p — p interactions are also used [80,81]. The modelling
of the final-state radiation is performed with PHOTOS [82], and TAUOLA [83, 84] is used for
the simulation of 7 decays. The next step is to simulate the interaction of this “final state”
particles with the detector materials, this is done with GEANT4 [85]. For this purpose a de-
tailed description of the material composition and geometry, together with the magnetic
fields are required [86]. The simulation of simultaneous collisions happening in the same
bunch crossing is known as “pileup”. Since studies of sensitivity reach shown in Chap. 5 were
intended for the first few hundred pb~!, and up to 1 fb~! of data, pileup was only included
in the latter versions of MC simulations, used here for the H — ZZ — ¢ ¢~ vv search. Since
the ATLAS detector has a very complex geometry, with components like its accordion-shaped
LAr electromagnetic calorimeter, parametrisations have been also used to reduced the CPU
cycles required by the simulation and reconstruction of events. These are known as ATLAS
fast simulations [87, 88] (Atlfast). The results shown on this document used fully simulated
signal and nominal background samples. Fast simulations were primarily used for studies
involving systematic uncertainties, multivariate studies and template fits where very large
event statistics are needed.

Simulations done at different times assumed different scenarios of v/s (14, 10, and 7 TeV). All
simulated background samples are scaled to the highest available precision calculations for
the relevant process. An overview of the relevant predictions and their uncertainties is given
in Ref. [89]. The physics processes considered in the searches documented in Chap. 5 were
simulated with a variety of programs:

e gg — Hsignal. Forthe H— W*W~ — ¢*v¢~v, MC@NLO [90] interfaced with JIMMY [91]
was used. In the 4 leptons searches the PYTHIA LO generator was used. In all cases with
full simulation of the ATLAS detector. Cross-sections are taken from the estimations de-
scribed in Chap. 2. The optimisation study described in Appendix A.7.3 was performed
using a set of signal samples generated with PYTHIA and simulated with Atlfast-1.

In the case ofthe H — ZZ — ¢* ¢~ vv search a newer generator was used. The POWHEG [92,
93] event generator interfaced with PYTHIA [94] for the model of parton showers. The
Higgs boson Pt spectrum in the gluon fusion process is reweighted to the calculation of
Ref. [95], which provides QCD corrections up to NLO and QCD soft-gluon resummations
up to NNLL.
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4.1. Event generators and detector simulations

* VBF qq — Hqq signal. It was modelled using HERWIG [96]. Underlying multiple parton
scattering events are simulated with the help of the Jimmy package. For the H - ZZ —
¢* ¢~ vv search, POWHEG was also used for the VBF processes.

e Continuum gqq — WW production. This is the dominant background in the H —
W*W~ — ¢*v¢~ v analysis; It is modelled using MC@NLO, and the detector is simulated
using Atlfast-1I, Atlfast-II, and full simulation. It is worth noting that the Atlfast-I and
Atlfast-II samples include a two-lepton filter cut, while the full simulation samples in-
clude only a one-lepton filter. There is therefore a small contribution from 7 jets faking
electrons which is present in full simulation but not in fast simulation. Section 6.2.5
discusses the Q? scale uncertainty in the background normalisation procedure; this
calculation is based on a set of samples generated with the factorisation Q4. and renor-
malisation Q. scales altered by factors of 8. The convention used throughout this
thesis is that:

scale choice 1 corresponds to: Qrac — 8Qfqc and Qren — Qren/8;
scale choice 2 corresponds to: Qfac = Qfac/8 and Qren — 8Qren;
scale choice 3 corresponds to: Qfac — 8Qfqc and Qren — 8Qren;

and scale choice 4 corresponds to: Qe — Qfac/8 and Qren — Qren/8.

* gg — WW. This is a higher-order correction to gqg — WW production; however, it
cannot be neglected because the gluon luminosity is expected to be larger than the
quark luminosity at LHC. This is modelled using GG2ww [97] hadronised with HERWIG;
the detector is modelled using Atlfast-I, Atlfast-II, and full simulation. Fast simulation
samples have been generated using the same set of altered Q? scale choices as the
qq — WW background.

e gqq — ZZ. 1t is the dominant background in the H — ZZ"*) — ¢*¢=¢*¢~ and H —
Z7Z — ¢*¢~vv searches. It is simulated with MC@NLO as was done with SM WW
production. Since the MC@NLO does not describe off-shell Z in the diboson final state
PYTHIA is used in the case of the 4 charged lepton search. Inthe H — ZZ — ¢*¢~vv
channel, the PYTHIA sample is also used to obtain a systematic uncertainty on the
description of the ZZ shape.

e WZ. Itis a sub-leading background for most of the signal processes targeted on these
searches. It was modelled using MC@NLO.

o ttand Wt. These backgrounds are modelled using MC@NLO and ACERMC respectively,
and simulated using Atlfast-II and full simulation. For systematic uncertainties, and
for the optimisation studies presented in Appendix A.7.3, privately produced Atlfast-I
and Atlfast-II samples have been used. These samples include spin correlations in the
top decay system. Theoretical issues surrounding the relative contribution of Wt and
non-resonant WW bb were studied using a set of samples generated with MADEVENT.
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e W+X, where a jet is misidentified as an electron or a non-isolated lepton from a b decay
is present. This process has been simulated using PYTHIA, and the response of the
detector is modelled using full simulation. In addition, the contribution from Wbb
events has been included using ALPGEN [98] interfaced with HERWIG for parton showers;
this process is studied in full simulation.

e Z|y — ¢¢. This background has been simulated using PYTHIA, and the detector is
modelled using full simulation and Atlfast-II. Since the description of the missing trans-
verse energy is a crucial component for the H — W*W~ — ¢*v/~v+jets and for the
H — ZZ — ¢* ¢~ vV searches, a fully simulated sample using ALPGEN was used.

* y+jets. Although not a background in the signal region, it does enter into the analysis
in the photon plus jet control sample discussed in Section 6.2.6 of the H — W W~ —
¢* v~V analyses. This process is generated using PYTHIA, and the detector response is
modelled with full simulation.

¢ QCD multijets. The presently available MC statistics are not sufficient to compute a
meaningful cross-section for this background in the signal region, but it is possible to
study this as a background to the photon plus jet control sample. This background is
modelled using PYTHIA and full simulation.

e bb. This background is modelled using a privately produced sample generated with
PYTHIA and simulated using Atlfast-II. As will be seen for the H — W* W~ — ¢*v{¢~ vanalysis,
in Sec. 6.2, the selection cuts exclude almost all of the available MC events. However, it
is nonetheless important to normalise this background using data, since some studies
have indicated that the acceptance is much larger than is suggested by the current MC
sample [99].

These samples are all based on the ATLAS reconstruction and analysis software Athena [100].
Releases 14.2.25 and 14.5.0. were used for studies involving sensitivity reach, and 17.0.1 for
the H— ZZ — ¢* ¢~ vV search.

4.2 Parton Distribution Function Reweighting

The schedule of the LHC has evolved as time has passed. Plans to perform collisions at the de-
signed centre-of-mass energy of 14 TeV have been delayed to ensure the health and reliability
of the accelerator. A new analysis campaign to updated and further complete the expectations
published in Ref. [27] started as soon as the LHC team decided to increase the beam energy
slower than initially planned. Since the beam conditions could vary in a wide range of /s, a
formalism that allow the re-weighting of existing MC based on PDF information was used.
This is an approximated method that avoided the very time consuming re-simulation of all
the physics processes.
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The data-taking scenario used as a baseline for the 10 TeV analyses described in Sec. 6.2
consists of 200 pb~! of integrated luminosity. However, at the time theses studies were
finalised, it was then expected that the data-taking period of 2010-2011 was going to consist
primarily of collisions at a lower centre-of-mass energy of 7 TeV, with an integrated luminosity
aslargeas1fb~!.

Cross-sections for the 7 TeV running scenario have been estimated based on the existing
10 TeV MC samples using event-by-event PDF reweighting [101]. In general, the predicted
cross-sections reported by a MC generator are computed according to

O Hadronic =ff1 (leHF)fZ(vaIJF)O-Panonic(plip27 uF:H) dxldxzdn (41)

where x; and x, are the longitudinal momentum fractions carried by the partons, p; and p»
are the actual momenta of the incident partons, u is the factorisation scale of the event, and
I1 denotes the available phase space for the final state. The integral is evaluated by randomly
sampling the phase space of the initial and final state, computing the integrand for each point,
and taking a suitably weighted sum over the results.

The reweighting procedure is based on the observation that the integrand for the cross-section
at a different centre-of-mass energy is essentially the same, but with x; and xy, and hence f;
and f, replaced by values appropriate for the new centre-of-mass energy. In particular, one
can write

Gl{ladronic :fRfl (xl’#F)fZ(XZ’#F)GPartonic(p]’ pZ) /JF» H) dx]dxzdn (4.2)

where

G ) f3 (e, i)
Si(x1, pF) fo(x2, F)

4.3)

and x; and x, are the momentum fractions (at the new centre-of-mass energy) carried by
partons with the same momenta as partons which carry momentum fractions x; and x; at the
old centre-of-mass energy. In the calculation of the weight R, the QCD scale used is the same
one recorded by the generator in the HepMC PDFInfo object. In the case of generators which
produce weighted events (MC@NLO, for example), the generator event weight is multiplied
by the reweighting factor R. Thus, the cross-section at the new centre-of-mass energy is just
a differently weighted sum based on the same fully-simulated or fast-simulated MC events.
Note, however, that for MC samples where a generator-level filter has been applied, the filter
efficiency is assumed to be the same at 7 TeV and 10 TeV. For most samples used in the
analyses, the filters, if any are present, typically require the presence of one or two leptons in
the final state. One would not expect the efficiency of such a cut to depend strongly on the
centre-of-mass energy.

This method reproduces both the normalisation and parton-level kinematics at the new
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Process o7tev/O10Tev  Mean Reweight Discrepancy
WHwW- 0.597 0.596 - 0.599 +0.2%

1t 0.397 0.371 -6%

Wt 0.403 0.385 -4%

Z 0.668 0.672 +0.7%

W 0.690 0.691 +0.2%
gg—H (160) 0.502 0.486 -3%
qq—qqH (160) 0.502 0.482 -4%

Table 4.1: A comparison between the ratio of cross-sections at 7 TeV and 10 TeV as predicted
by parton-level tools (“o71ev/0101ev") and using PDF reweighting (“Mean Reweight").

centre-of-mass energy, but the parametrisation of the underlying event is still the one that
was present in the 10 TeV samples. For the purposes of the present analysis, the difference
in the underlying event parametrisation is not expected to be important. Table 4.1 shows a
comparison of the ratio of cross-sections at 7 TeV and 10 TeV using parton-level calculations,
and those obtained by the PDF reweighting method described above. The PDF reweighting
method gives a cross-section that is correct to within a few percent. It is worth noting that, for
the signal processes, the changes in cross-section reported here are consistent with the results
described in Chap. 2; the ratio of the cross-sections give o71ev/0101ev=0.509 for gg — H and
0.499 for qq — H.
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Figure 4.1: The pseudorapidity distribution of the leading jet in QCD dijet events at 10 TeV
(black) and at 7 TeV using PDF reweighting (red) and using a dedicated, fully simulated sample
of MC events generated with a centre-of-mass energy of 7 TeV and using the same PDF set as
the 10 TeV sample (blue).

Figure 4.1 shows an example distribution comparing the shape of the leading jet pseudora-
pidity distribution at 7 TeV and 10 TeV. Generally, the kinematic distributions at 7 TeV are
not very different from those at 10 TeV. Although it is not an extremely important variable
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for this analysis, the pseudorapidity of the leading jet was chosen as an example because the
change in its distribution when the centre-of-mass energy is lowered is more pronounced than
the corresponding change for many other variables. The figure shows that the distributions
reweighted to 7 TeV agree with the prediction of MC generated with a centre-of-mass energy
of 7 TeV in cases where the kinematics do depend on +/s. Further examples of validation
distributions, as well as some details regarding an earlier reweight of MC simulation samples
from 14 TeV to 10 TeV in the scope of the H — ZZ"*) — ¢*¢~¢*¢~ channel are shown in
Appendix A.2
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Higgs boson searches

“We have to remember that what we observe is not nature herself, but
nature exposed to our method of questioning.”

Werner Heisenberg.

This chapter presents the Higgs boson searches in the H — ZZ — ¢ ¢~v¥ decay mode
using [ £dt = 4.7 fb~! of \/s = 7 TeV real data. The latter section, gives a short summary
of the combination of the different SM Higgs boson searches performed by the ATLAS
collaboration.

be decay of the SM Higgs boson particle into a pair of weak bosons is the most powerful decay
mode for myy hypotheses larger than ~140 GeV.

Three decay channels involving fully leptonic decay of the W and Z bosons are studied

e H—ZZW  ¢t¢—¢+¢~
e HH>WYW™ = ¢*vi v

s H>ZZ—{0"0"vv

here ¢ corresponds to e, u'. These three studies were performed at different times.

The 4 lepton search is known as the golden mode [27] due to its remarkably clean and almost
background free signature. The first part of Chap. 6 shows results performed as soon as it was

IEffectively the leptonic decay of the 7 leptons (t — £v,v;) contributes to the final state tagged on these
searches.
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Chapter 5. Higgs boson searches

suggested that the bulk of the initial LHC data was not going to be delivered at the designed
Vs = 14 TeV. This studies were the first to quote the sensitivity reach of the ATLAS detector in
the 4¢ channel under such conditions.

Soon after, an effort started to redesign the H — W*W~ — ¢*v¢~v [27,102-104] analysis. It
was known since some time, to be the most powerful yet challenging of the SM Higgs boson
channels in the region close to the WW mass. Among the new different implementations,
there were, a re-optimisation of the object selection, the definition of more robust and better
control regions to measure backgrounds directly from data, and most important, the comple-
tion of the full jet multiplicities this analysis was divided on. The latter sections of Chap. 6
will present details of this analysis, as well as sensitivity prospects evaluated under different
detector calibration and energy beam conditions.

At the time data arrived, efforts were directed to the H — ZZ — ¢*¢~vv searches. Thanks
to the larger branching fraction of the Z — vv compared to Z — ¢4, the newly designed
¢/¢vv channel became the most sensitive channel for very heavy Higgs boson searches (my ~
400 GeV). This study was initially targeted to search for a heavy Higgs boson in the range
between 200-600 GeV; but given that the [ £dt = 4.7 fb~! of integrated luminosity allowed to
start probing an even heavier Z Z resonance, the search was extended imposing a limit on a
production cross-section rather than on the SM Higgs boson prediction, to cover regions up
to 900 GeV in a more heavy Higgs-model independent way. This chapter presents the details
and results of this search.

The latter section of this chapter describes the results produced by the ATLAS Collaboration.
Results were updated for all its SM Higgs boson searches using the data collected during 2011.
In the low mass region my € [110 — 150] GeV the include channels were: H — yy, H — 77,
VH— bb (only up to 130 GeV); two analyses cover the full wide search range [110 — 600] GeV:
H— 7Z7Z — 4¢ and the H — WW — ¢v{¢v; and three analysis are performed in the high my
region [200-600] GeV: H - ZZ — ¢¢/vv, H — ZZ — ¢¢{qq and H — WW — ¢vqq (which
starts at 320 GeV). The statistical combination of this channels allowed to put constraints
on the existence of the SM Higgs boson, ruling out its existence in a very wide range. In the
unexcluded low my region, a 2.60 (local significance) excess is observed compatible with the
presence of a ~126 GeV SM Higgs boson.
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5.1 H— ZZ — ¢*¢~vv: Data analysis with 4.7 fb™*

The ZZ — ¢* ¢~ vv decay channel (Feynman diagram shown in Fig. 6.1) offers a substantial
branching fraction in combination with a good separation from potential background pro-
cesses owing to the high transverse momentum, Pr, of the electron or muon pair from the
leptonic Z decay and the high missing transverse momentum, E‘Tniss, from the Z decaying to
neutrinos.

Simultaneously with the writting of this theis, the resluts presented on this chapter with the
exception of the high my extension were submitted to the Physic Letters B. Journal [105].
Earlier results in this channel, published in Ref. [106] using 1.04 fb~! were subsequently
updated in Ref. [107] with 2.05 fb~! and exclude at the 95% confidence level the presence of a
SM Higgs boson in the range 310 < my <470 GeV. The most recent CMS analysis [108] in this
channel based on 4.6 fb~! excluded 270 < my < 440 GeV.
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Figure 5.1: Feynman diagram for Higgs boson production through the gluon-gluon fusion and
VBF production mechanisms, with the respective decay into two opposite charged leptons
and a neutrino pair from Z decays.

The data sample considered in the search presented in this section was recorded by the ATLAS
experiment during the 2011 LHC run at a centre-of-mass energy /s = 7 TeV. The integrated
luminosity of the data sample, considering only data-taking periods where all relevant detector
subsystems were operational, is 4.7 fb~! with an uncertainty of 3.9% [109, 110].

5.1.1 Data and simulation samples

As described in Chap. 4, the MC simulation signal samples are modelled using the POWHEG
event generator, which includes matrix elements for the gluon fusion and VBF production
mechanisms of the Higgs boson up NLO. H - W*W~™ — ¢*v¢~v, H— ZZ — {* ¢~ g4 and
H — ZZ" — ¢*¢~¢* ¢~ samples are also used with the same generators as for the H —
ZZ — ¢* ¢~ vv samples. These channels together with the H — ZZ — ¢*¢~t* 1~ final state
also present in the nominal signal sample contribute to the signal yield and are considered
as part of the signal. In particular, H — W*W~ — ¢*v¢~v decays contribute as much as
70% to the signal expectation after the full selection for my; = 200 GeV, decreasing to 13% at
my = 300 GeV, and to less than 4.5% for Higgs boson masses larger than 400 GeV. Orthogonality
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of the analysis with respect to other ATLAS Higgs boson searches [111-113] is ensured through
mutually exclusive selection requirements on the dilepton invariant mass, the number of
leptons and the missing transverse momentum in the event. The WW — ¢v¢v channel veto
events if the invariant mass of the dilepton system is close to the Z boson mass (Sec. 6.2);
the 4¢ analysis has an explicitly requirement on the number of leptons (Sec. 6.1), and the
Z7Z — ¢¢qq search cuts away events with large E%niss values. Table 5.1 gives further details of
the cross fed of the different channels for several Higgs boson masses.

Table 5.1: The number of events from different Higgs boson decay modes relative to the total
number of signal events, after the full H — ZZ — ¢* ¢~ vv selection. In all signal samples T
leptons are included.

Sample | H—»ZZ—Illvw H—ZZ—-I1lll H—-ZZ—llgqg H—-WW - Ivlv
200 25.5% 0.4% 0.0% 74.1%
300 87.0% 0.8% 0.0% 12.2%
400 94.5% 1.0% 0.0% 4.5%
500 96.9% 0.9% 0.0% 2.2%
600 97.4% 0.8% 0.0% 1.8%
700 97.7% 0.8% 0.0% 1.5%

The Higgs boson production cross-sections and decay branching ratios as well as their uncer-

tainties, are described in Chap. 2.

Additional pp interactions in the same and nearby bunch crossings (pile-up) are included in
the simulation. The MC samples are reweighted to reproduce the observed distribution of the
mean number of interactions per bunch crossing in the data.

Data used for the search in the muon channels are collected primarily using single muon
triggers with Pr thresholds of 18 GeV, while in the electron case a logical OR between single
electron triggers with thresholds varying from 20 to 22 GeV and a dielectron trigger with a Pt
threshold of 12 GeV is used. The expected trigger efficiency is close to 100% in the electron
channel and between 94% and 97% in the muon channel for signal events passing the full
selection cuts described below.

During the course of the 2011 data taking the average number pileup interactions increased
due to increased beam currents and improved beam focusing. This changed the average
number of interactions per bunch crossing at the start of a fill, from about 6 in the earlier
periods to about 15 in the later periods. The missing transverse momentum resolution is
affected by the level of pile-up, resulting in a significant change in the signal to background
ratio between the earlier and the later periods. To retain the best sensitivity the search is
therefore split between the earlier (2.3 fb~!) and the latter (2.4 fb~!) periods, hereafter referred
to as the “low pile-up data” and the “high pile-up data”, respectively. The selection is unaltered
between the periods.
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5.1.2 Lepton identification and event selection

Electron candidates consist of clusters of energy deposited in the electromagnetic calorime-
ter that are associated to ID tracks. The electron candidates must satisfy a set of ATLAS
“medium” identification criteria [114] that require the shower profiles to be consistent with
those expected for electromagnetic showers and a well-reconstructed ID track pointing to
the corresponding cluster. The electron transverse momentum is computed from the cluster
energy and the track direction at the interaction point.

For muons, the STACO ATLAS reconstruction algorithm was used. Muons are identified by
reconstructing tracks in the muon spectrometer. These tracks are then extrapolated back to
the beam line to find a matching ID track.

Jets are used in this analysis to reject backgrounds from events with heavy quark decays or
from events with fake missing transverse momentum EI"'* due to mis-measured jets. For this
purpose jets are reconstructed from clusters of energy deposits in the calorimeters using the
anti- k; algorithm [115] with a radius parameter R = 0.4.

The kinematic pre-selection of the different objects is:

e electrons

pT > 20 GeV

Il < 2.47.
ATLAS “Medium” identification.

Track isolation: ) Trackp,/ep, <0.10 in a cone AR < 0.2 around the lepton direc-
tion

* muons

- pr>20 GeV

Inl<2.5.
- STACO

Track isolation: ) Trackp,/ep, <0.10 in a cone AR < 0.2 around the lepton direc-
tion

* jets
- Pr>25GeV

- Inl<25.

— anti-k; algorithm, with cone of 0.4

An overlap removal between leptons and jets within a distance AR < 0.4 is also performed.
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Figure 5.2: Left: The dilepton invariant mass distribution for events with exactly two oppositely
charged electrons or muons. Right: The azimuthal separation between leptons for events with
a lepton pair with invariant mass satisfying |mz — my¢| < 15 GeV. The inset at the bottom of
the figures shows the ratio between the data and the combined background expectations as
well as a band corresponding to the combined systematic uncertainties.

The missing transverse momentum is measured as the (negative) vectorial sum of the trans-
verse momenta of all cells in the calorimeters within |7| < 4.8, calibrated appropriately based
on their identification as electrons, photons, taus, jets or unassociated calorimeter cells, and all
selected muons in the event [116]. Calorimeter deposits associated with muons are subtracted
to avoid double counting.
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Figure 5.3: The EITniSs distributions for events with exactly two oppositely charged electrons
or muons satisfying |myz — mys| < 15 GeV, for the low pile-up (Left) and the high pile-up data
(Right). The insets at the bottom show the ratio between data and the combined background
expectations as well as a band corresponding to the combined systematic uncertainties.

¢ Reconstructed primary vertex: Events are required to contain a reconstructed primary
vertex formed from at least three tracks and exactly two oppositely charged electrons or
muons, consistent with having originated from the primary vertex.
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* Exactly two good leptons, compatible with a Z boson decay: Events containing a third
lepton as defined above with a loosened Pr requirement of at least 10 GeV are also
rejected. The dilepton mass distribution is shown in Fig. 5.2 (Left). Inclusive Z boson
production is the dominant background at this stage of the analysis. To suppress
backgrounds from top, inclusive W, and multijet production the dilepton invariant
mass, Myy, is required to satisfy |mz — myy| < 15 GeV.

* Veto event containing b-jets: To reduce the background from top quark production,
events with one or more b-tagged jets are rejected. The b-tagging is based on a multi-
variate algorithm which uses information from both the impact parameter with respect
to the primary vertex of tracks associated to the jet and the presence of displaced sec-
ondary vertices associated to the jet’s tracks. In particular for the b-tag veto, jets with a
loosened Pr threshold of 20 GeV and |17| < 2.5 are considered. The procedure achieves
an efficiency of about 85% for identifying real b-jets [117] in inclusive top pair events.

* Missing transverse momentum: To exploit the mass dependent kinematic features of
H — ZZ — ¢*¢~vv production, the search is subdivided into a low Higgs boson mass
(mpy < 280 GeV) and a high Higgs boson mass (my = 280 GeV) search region, where
dedicated cuts are applied to two important discriminating variables used to reduce
the background contributions: E%niss and the azimuthal angle between the two leptons,
A4, 0). Figures 5.2 (Right) and 5.3 show the distributions of these variables after the
application of the cut on my,.

Since inclusive Z production gives rise to a steeply falling E%niss distribution, systematic
uncertainties on the E;niss reconstruction are particularly important in order to estimate
this background correctly.

The dominant contribution to the E%niss uncertainty comes from the knowledge of the
jet energy scale. A degradation of the EITniSS resolution is observed in the data taken
during the periods with a larger average number of interactions per bunch crossing, as
is illustrated in Fig. 5.3. This increases in particular the background from inclusive Z
production in the high pile-up periods mostly in the low mass search region.

Figure 5.3 shows that an agreement within systematic uncertainties is observed between
data and the combined background expectation. In the low my region, events are
required to satisfy E%‘iss > 66 GeV, whilst in the high my region the requirement is
E"® > 82 GeV. These cuts reduce significantly the backgrounds from processes with
no or modest genuine missing transverse momentum originating from unobserved
neutrinos.

* Opening angle between leptons in the azimuthal plane: The boost of the Z bosons
originating from a Higgs boson decay increases with myj, thus reducing the expected
opening angle between the leptons. In the low myj region this boost is expected to be
modest and a cut 1 < A¢(¢,¢) < 2.64 is applied. In the high myy region an upper bound
A¢p(4,0) < 2.25 is required.
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e Transverse direction of reconstructed Z boson and meiSS: In the high my region,
events are also rejected if the azimuthal angle between the missing transverse momen-

tum vector and the direction of the Z — ¢* ¢~ boson candidate is A¢( iJ'TmiSS, i)’T’ ‘) <1.

* Angle of reconstructed jet and direction of E%niss vector: Finally, to further reduce the
background from events with fake E7"*® due to mis-measured jets, events are rejected
if the azimuthal angle between the missing transverse momentum vector, p;"*, and
its nearest jet in the event satisfies A(/)(ﬁTmiss, ﬁTjet) < 1.5 for the low my search and

Ag( ﬁTmiSS, ﬁTjet) < 0.5 for the high my region.

The efficiency of the event selection is very similar in the electron and muon channels, ranging
from 3.1% for my = 200 GeV to about 43% for my = 600 GeV.

5.1.3 Background normalisation and control regions

Standard Model pair production of Z bosons has a final state identical to the signal, and is
therefore expected to survive most of the applied selection criteria and form a continuum in
the transverse mass distribution (defined below). The normalisation for this background is
obtained from a calculation including next-to-leading order terms [118] with an additional
6% term to account for missing quark-box diagrams (gg — ZZ) [119]. An 11% normalisation
uncertainty is assigned to this background, estimated from scale, PDF [57] and model uncer-
tainties. The shape for the ZZ background is taken from the MC simulation with a systematic
uncertainty given by the shape prediction when an alternative, PYTHIA, event generator is
used. WW and W Z backgrounds are normalised in a similar way. For the W Z background
the normalisation is verified using a control sample in which the presence of exactly three
leptons is required, where the minimum Py for the third lepton is 10 GeV. Figure 5.4 (Top Left)
shows the EITniSS distribution in this control region, which is dominated by W Z background
and is well modelled by the MC simulations.

The background from top events is taken from the MC prediction. This prediction is verified
to agree with data, within systematic uncertainties, in two independent control samples: the
first uses the dilepton mass sideband and requires at least one identified b-jet (Fig. 5.4 Top
Right), while the second selects events containing electron-muon pairs (Fig. 5.4 Bottom Left).

Additional backgrounds can arise from multijet events or inclusive W production due to
heavy flavour decays or jets misidentified as leptons. The normalisation of the inclusive
W background in this search is obtained from a control sample of events with a like-sign
electron-electron or electron-muon pair in the sidebands of the dilepton mass distribution
and with no b-tagged jets. Figure 5.4 (Bottom Right) shows the E%‘iss distribution following
this procedure. At high E‘TniSS this distribution is dominated by the inclusive W background.

The multijet background in the electron channel is determined using a data sample based on
aloosened electron selection, and is thus dominated by jets; this sample is scaled to describe
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Figure 5.4: The E‘Tniss distribution in the different control regions: Top Left: W.Z control
region with events containing exactly three leptons. Top Right: top control region populated
with events containing at least one b-jet and a lepton pair in the sidebands of dilepton mass
distribution. Bottom Left: Second top control region populated with top background with
events with an e/ pair. Bottom Right: Inclusive W boson control region populated with
events with no b-tagged jets and a same-sign ee or ey pair in the sidebands of dilepton mass
distribution.

the tails of the my, distribution. In the muon channel, the background from heavy flavour
decays is studied using simulation, whereas other muon sources from multijet events are
constrained using a sample of like-sign muon pairs in data. In both cases the background is
found to be negligible.

The background from inclusive Z production is verified in a control region populated with
events rejected by the A¢( ﬁTmiSS, i)’Tjet) cut after the EITIliSS requirement. The full A¢( iJ’TmiSS, i)’Tjet)
distribution is shown in Fig. 5.5. At low A¢( ﬁTmiSS, ﬁTjet), where inclusive Z background domi-
nates, agreement within uncertainties is observed between the data and the expected back-
grounds.

The signal efficiencies and overall background expectations are similar in the electron and the
muon channels (The separated cutflow tables are shown in Appendix A.4). The numbers of
candidate H — ZZ — ¢* ¢~ vv events selected in data and the expected yields from signal and
background processes are shown in Table 5.2.
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Figure 5.5: The azimuthal separation between the missing transverse momentum vector,
ﬁTmiSS and its nearest jet in the event A¢( ﬁTmiSS, ﬁTJet) after the E%liss requirement, for the high

my search region. Left: :ow pile-up data. Right: high pile-up data.

Table 5.2: The expected number of background and signal events along with the observed
numbers of candidates in the data, separated in the low and high my search regions and
the low and high pile-up periods. The quoted uncertainties are statistical and systematic,
respectively.

low my search high my search

Source Low pile-up data  High pile-up data Low pile-up data  High pile-up data
VA 40.1+5.0+£7.9 264.7+12.7+67.3 0.8+£0.3+0.8 11.6+2.1+£2.9
w 4.6+22+4.6 58+1.8+5.8 1.5+0.8+1.5 22+13+22
top 232+13+54 279+13+£53 16.0+1.1+4.0 17.2+1.0+£3.9
multijet 1.1£0.2+0.5 1.1+£0.2+0.6 0.1+0.1+0.0 0.1+0.1+0.0
zZZ 33.4+0.7+3.9 36.7+0.7+4.3 28.4+0.6+3.4 31.9+0.7+3.8
wz 23.3+£1.0+2.8 2524£1.0+£3.0 17.1+0.8+2.1 18.9+0.8+2.3
ww 25.5+0.8+£3.0 324+09+3.8 9.4+£0.5+1.1 13.3+0.5+£1.6
Total 151.2+£58+11.2 394.0+13.0+66.9 73.3+£1.8+6.1 95.2+29+6.9
Data 158 442 77 109
my [GeV] Signal expectation
200 10.3+0.2+1.8 11.1+0.2+1.9
300 16.4+0.3+2.9 17.5+0.3+3.1
400 14.4+0.2+25 15.4+0.2+2.7
500 6.2+£0.1+1.1 6.5+0.1+1.1
600 2.7+0.0£0.5 29+0.0+£0.5
5.1.4 Systematic uncertainties

The systematic uncertainties applied in this search include experimental uncertainties related
to the selection and calibration of electrons, muons and jets, which are also all explicitly
propagated to the E‘Tniss calculation. Uncertainties on the b-tagging efficiency as well as the
light and charm jet mis-tagging rates are also applied.

Normalisation uncertainties for the signal (gluon fusion *13% and VBF 4%) and for the diboson

backgrounds (11%) are obtained from theory [49]; uncertainties for the inclusive Z boson
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production (2.5%), top quark production (9%), inclusive W boson production (100%) and
multijet production in the electron channel (50%) are estimated from data.

For the signal an additional uncertainty is applied to account for the possible effect of theo-
retical uncertainties on the acceptance. This uncertainty is estimated from signal samples
containing variations in the initial and final state-radiation modelling, the renormalisation
and factorisation scales, as well as variations in the underlying event tune, which was changed
from the default AUET2B [120] to PERUGIA2011 [80], both based on LHC data. An overall
uncertainty of 8.4% (3.4%) is assigned in the low (high) mass search regions, obtained by the
addition in quadrature of the largest deviations observed for each variation.

The luminosity uncertainty is 3.7% and 4.1% for the low and high pile-up data, respectively,
based on the calibration described in Refs. [109, 110]. The total systematic uncertainty on the
signal and on each of the background contributions can be seen in Table 5.2. In most cases
the assigned normalisation uncertainties dominate the total systematic uncertainty, except
for the inclusive Z background, for which the jet energy scale and resolution uncertainties
dominate. In the low my search using the high pile-up data, the uncertainty on the inclusive
Z background uncertainty dominates the overall uncertainty.

5.1.5 Results

After the event selection, the Higgs boson search is performed by looking for an excess of data
over the SM background expectation in the transverse mass distribution of the selected eevv
and puvv events. The transverse mass is calculated from the lepton pair and the ﬁTmiSS vector

as:

2
m2= \/m2+|-€€|2+\/m2+|-misslz _ -»fi_’_-»miss2 (5.1)
T= 7 T 1Pt 7 TPt Pt tPr . .

Figure 5.6 shows the mr distributions in the low (Top) and high (Centre and Bottom) mpy
search regions with the expected signal for a Higgs boson mass of 200 GeV (Top) 400 GeV
(Centre) and 600 GeV (Bottom). The low pile-up (Left) and high pile-up (Right) data are shown
separately.

The number and distribution of candidate H — ZZ — ¢*¢~vv events observed in the data
agree with the expected backgrounds within the uncertainties. No indication of an excess is
seen, with the smallest pp-value being 0.05 observed at my=280 GeV. Upper limits are set on
the Higgs boson production cross-section relative to its predicted SM value as a function of
my. The limits are extracted from a maximum likelihood fit to the m distribution following
the CL; modified Frequentist formalism [121] with the profile likelihood test statistic [122]. All
systematic uncertainties are taken into account. Further details on the limit setting formalisms
are given in Appendix A.3.
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Figure 5.6: The transverse mass distribution of H — ZZ — ¢*¢~vv candidates. Figures
on the Top refer to the low mp search region and figures on the Centre and Bottom to the
high my search region. The top, centre and bottom figures show the expected signal for a
Higgs boson with a mass of 200 GeV, 400 GeV and 600 GeV, respectively. Figures on the left
correspond to the low pile-up data and figures on the right to the high pile-up data.

Figure 5.7 shows the expected and observed limits at the 95% confidence level. Fluctuations
in the background can lead to better or worse observed limits compared to the SM prediction
in the absence of a Higgs boson. The green and yellow bands indicate the expected sensitivity
with +10 and +2¢ fluctuations, respectively. The mass range between 260 — 490 GeV is
expected to be excluded while observation shows that a SM Higgs boson is excluded at the
95% confidence level in the range of 319 — 558 GeV.
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Figure 5.7: Observed and expected 95% confidence level upper limits on the Higgs boson
production cross section divided by the SM prediction. Top: individual contributions of low
and high pileup periods for selected my points in 100 GeV steps. Bottom: Combined result,
together with the green and yellow bands which indicate the +10 and +2¢ fluctuations, re-
spectively, around the median sensitivity. The limits are based on 4.7 fb~! of data at /s =7 TeV.
The line at 280 GeV indicates the transition from the low m to the high m; search region.

The Higgs boson cross-sections are calculated with a zero-width approximation. For the
Higgs boson decay, an ad-hoc relativistic Breit-Wigner (BW) line shape is normally applied at
the event-generator level. It has been suggested [57,123-125] that effects related to off-shell
Higgs boson production and interference with other SM processes may become sizable for the
highest Higgs boson masses (myj > 400 GeV) considered in this search. Since the line shape
effects becomes evident, when exploring higher masses, an acceptance systematic uncertainty
for the gluon fusion production mechanism at my; > 400 GeV was included. It was obtained by,
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reweighting the lineshape to match a lineshape calculated in the complex pole estimation [126].
Currently, in the absence of a full lineshape calculation for the production mechanisms as well
as a correct account of the interference with SM ZZ production, a conservative estimate of
the possible size of such effects is included as a signal normalisation systematic uncertainty,
following a parametrisation as a function of my: 1.5 x m% [TeV] for my = 300 GeV [57] is
included in the analysis.

This additional systematic uncertainty on the signal normalisation becomes too conservative
for my larger than 600 GeV. With the current luminosity the LHC experiments could already
explore a larger phase space. The the various corrections needed for a heavy Higgs-like boson
and their systematic uncertainties have not been completed at the time of writing this thesis 2.
Nevertheless a limit on the excluded cross-section o, rather than on the ratio of o/o sy allows
a more model independent result. It partially factorises the signal normalisation prior and its
uncertainties. Figure 5.8 shows this result. The theory predictions on Fig 5.8, correspond to:
on red, the nominal values used when no corrections for Higgs boson width nor interference
effects are added (relativistic BW); on blue, the normalisation obtained by the full complex pole
calculation [126] of the gluon fusion mechanism with the nominal (relativistic BW) addition
of the VBF; and on brown the results obtained by the IHIXs calculation. Upper limits on the

E T ‘ T T 7 L ‘ T 17T | T T 7 ‘ T T T ‘ T T 7 ‘ T
s [N\ e BW +x1.5xm;, —— Observed |
| P e Compl I
= plex pole
s of T 77 bked Expected
N interference M+ 1c
it i
©
c tn
s
=107
E F
= N
o
g L
e L
=]
=1 [ .,
g ATLAS Internal
o ~ "'u,.m“
4 H—-ZZ-lvv
4 Ldt=4.7fb",\s=7TeV o
107 . .~
: 1 ‘ L1 | | I ‘ I I | | I ‘ T 5 E v."";k. |5

300 400 500 600 700 800 900

Figure 5.8: Observed and expected 95% confidence level upper limits on the Higgs-like boson
production cross section. Theory predictions included the addition of the nominal values
for VBF production. The respective corrections when interference (blue) or full lineshape
calculation (blue) are display. The prediction with no extra Higgs boson width effects besides
arelativistic Breit Wigner and an error as function of m:‘”H are also shown (red).

production cross section of a scalar Higgs-like boson decaying into a Z Z pair are presented
up to myy 0of 900 GeV.

2This is particularly true for the VBF production mechanism. As it can be seen on various figures in Chap. 2, at
myy = 1 TeV the VBF mechanism is as large as the gluon initiated process
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5.2 Statistical combination of Higgs boson searches in ATLAS

The ATLAS Collaboration has updated all its Higgs boson searches using the complete data-set
collected during 2011. It corresponds to an integrated luminosity ranging between 4.6 to
4.9 fb~! depending on the requirements of each channel in terms of subdetector quality needs.
For example, the H — yy channel can use data taken when part of the muon spectrometer
was not fully functional. Channels where a full set of objects are used, in particular those with
missing transverse energy requirements typically need to use all of the subdetectors.

5.2.1 Channels combined

The channels considered on this combination are:H — yy, H — 17, VH — bb, H— Z7 — 4¢,
H-WW—->¢vlv,H—-2ZZ—-¥0lvw,H—-7ZZ—¥¢lqgqgand H— WW — ¢vqq

The low mass channels can search for Higgs boson decays to bb, yy, or 77. The my range they
probe is between 110 and 130 for the associated production search with the subsequent decay
of a bb, and can be extended to m<150 GeV in the case of the diphoton and tau pair searches.
The medium mass region [150-200] GeV is covered by two channels, the WW — ¢v¢v and the
Z 7 — 4¢. Since these two channels are sensitive through the whole searched mass spectrum
[110-600] GeV, they also contribute to the low and higher mass searches. The high mass
search in ATLAS, is also formed by the ZZ — ¢¢vv, ZZ — ¢¢qq and WW — ¢vqq searches.
These analyses search for a Higgs boson with a mass between 200 and 600 GeV, with the
exception of the /vqgq analysis which is only feasible for masses larger than 320 GeV, where
the overwhelming W+jets background can be controlled.

As shown for the searches studied on this document, to enhance sensitivity, channels are
normally separated into subchannels. Below, some details of this categorisation for each of
the analyses are given.

e VH— bb:

As it was shown in Chap. 2, the SM Higgs boson would prefer to decay onto different
objects depending on its mass. In the low mass region, typically my <150 GeV; the
Higgs boson would predominately decay in a bb pair. This signature cannot be sepa-
rated from the many orders-of-magnitude higher irreducible multijet background. To
make this search possible, experimentalist tag Higgs boson events that are produced in
association with a weak boson (As explain in Chap. 2). The decay of these weak bosons
into leptons provide not only a strong discriminating power, but also the possibility to
use this decay products to trigger the events. Three separate analysis are performed:
The ZH — ¢¢bb, the W H — ¢vbb and the W H — vvbb. Thanks to the recoiling of the
weak boson, signal events would tend to have a boost. For the channels with charged
leptons, further discrimination is obtained by separating them into leptons flavours,
and by binning on the W or Z transverse momentum. Details of these analyses can be
found in Ref [127].
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* H—yy:

The photon energy resolution is different if they are directly measured, or reconstructed
from ID converted objects; resolution also has a clear 1 : (barrel/endcap) dependency.
The diphoton search can profit from these different detector features by separating
the event candidates into different categories where different sensitivity is expected.
The separation of events based on the momentum component of the diphoton system
transverse to the trust axis completes the nine different categories used in the y7y search.
The diphoton invariant mass distribution is fitted, where the search of a peak with
floating width and strength is performed for each my hypothesis. Details of this
analysis can be found in Ref [128].

H—-r11:

The 7 decays determine the division of this analysis in three categories. When both
7 leptons decay leptonically: H — 77 — ¢*¢~4v; when one of the 7 leptons decay
leptonically and the second hadronically: H — 17 — ¢3v71},,4; and when both leptons
hadronise in the calorimeters as tau-jets: H — 77 — Tj44T haq2v+jet. Details of these
analyses can be found in Ref [129].

H—-Z7Z7Z—4¢:

The analysis performed on the 2011 data is based on the cutbased analysis described
in Sec. 6.1. Subtle improvements in terms of object definitions and a full set of control
regions to ensure irreducible backgrounds are under control were added. Additionally,
the categorisation by flavours is also done for the selected on-shell set, leaving four
main categories, the 4e, 4, 2e2p and the 2u2e. Details of this analysis on data can also
be found in Ref [112].

H—-WW — ¢vlv:

Besides some changes of the control region definitions, and some refined definition for
object selections, the bulk of the WW dilepton analysis is based on the studies shown
in Sec. 6.2. As mentioned for the ZZ — ¢¢vv analysis this channel is also divided into
low and high pileup periods. In total there are 18 categories: three flavours (evev, uvuv,
and evuv); three jet multiplicities (0, 1, and 2 j); and two data periods with low and
high pileup. Details of this analysis on data can also be found in Ref [130].

H-WW —/{¢vqq:

Details of this analysis can be found in Ref [131]. Six categories are formed in this
analysis. Jet binning, as it is done in the W W dilepton search to tag events from gluon
fusion and VBF processes is done as well as separating by flavour of the charge lepton
from the W decay. The limit setting for this analysis is performed using a similar method
as in the yy search; a fit-based search of a bump on the top of a large falling background
in the reconstructed Higgs boson mass.

H—-ZZ—-¥lqq:
The high Higgs boson mass search with the £¢qq final state is performed by looking at



5.2. Statistical combination of Higgs boson searches in ATLAS

events with hadronically and leptonically reconstructed Z peaks. Further discrimination
is obtained by separating the jets used to reconstruct the Z boson into light and heavy
flavour components. Similarly to the £¢vv search, there are two regions in my with
different cuts. This allows to profit out of the boost of the decay products. Details of this
analysis can be found in Ref [132].

s H—>ZZ - llvv:
The search described in Section 5.1 is the actual analysis used in the combination.

5.2.2 Exclusion limits

The Frequentist statistical technique with the asymptotic approximation as mentioned in
Section 5.1 and explained in Appendix A.3, is used to set the CL limits. On Fig. 5.9 it is shown
the individual contributions for each of the channels included in the combination. The WW
dilepton, the 4¢ and the ZZ — ¢¢vv channels by themselves can exclude a very large region
of the searched phase space.
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r Hoyy (4.9 fb” - Hos WW - lvgq 4.7 ]

B Hott (4.71b7) m-e- H- ZZ— Il (4.81b7) _
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- m——- H— WW— Iviv (4.7 fb™) H— ZZ— livy (4.7 1b7) -

I L dt ~ 4.6-4.9 b, \s=7 TeV

95% CL limit on o/cy,,
=
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Figure 5.9: Observed and expected 95% CL cross-section upper limits for the individual search
channels, normalised to the SM Higgs boson production cross-section, as a function of the
Higgs boson mass. The expected limits are those for the background-only hypothesis i.e. in
the absence of a Higgs boson signal [133].

The combination of the described SM Higgs boson analyses can be seen in Fig. 5.10. In the
absence of a signal, the expected 95% CL exclusion region covers a range from 120 GeV to
555 GeV. The observed excluded region at 95% CL are from 110.0 GeV to 117.5 GeV, 118.5 GeV
to 122.5 GeV, and from 129 GeV to 539 GeV. More important, the region between 130 GeV and
486 GeV can be excluded with a 99% CL. This can be seen in Fig. 5.11.
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95% CL Limit on o/cy,,

107!
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Figure 5.10: Observed and expected 95% CL combined upper limits on the SM Higgs boson
production cross-section divided by the SM expectation as a function of my. The dotted
curves show the median expected limit in the absence of a signal and the green and yellow
bands indicate the corresponding 68% and 95% intervals. Top: Full mass range considered in
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this analysis. Bottom: Zoom of the low mass region [133].
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Figure 5.11: Value of the combined CLs for u =1 (testing the SM Higgs boson hypothesis) as a
function of my. Left: Full mass range considered in this analysis. Right: Zoom of the low mass
region [133].

5.2.3 Compatibility with the background only hypothesis

An excess of events is observed at my ~ 126 GeV. The significance of an excess is quantified by
the pg probability that a background only experiment is more a signal-like than that observed.
The p-value plots are shown in Fig. 5.12. The largest local significance for the combination is
2.6 0 at 126 GeV. In the presence of a signal (dashed-line of Fig. 5.12), a significance of 2.9 o is
expected.

The contributors to the observed excess are the high-resolution channels i.e. the H — yy and
the H — 4/, with individual significances of 2.8 o (1.4 o) and 2.1 ¢ (1.4 o) observed (expected)
respectively. This can be seen in Fig. 5.12 (Bottom).

Similar combined searches done by the CMS collaboration [134] have also seen an excess with
alocal significance of 3.10 in the region close to my=124 GeV. The combination of the ATLAS
and CMS results would follow later this year. By summer 2012, the LHC should have produced
about the same amount of data as the one delivered during 2011, with a the centre-of-mass
energy of 8 TeV. This dataset will allow to clarify the nature of the observed excess of events,
and independently confirm or disprove it.
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0

Local p

Figure 5.12: Local probability p for a background-only experiment to be more signal-like
than the observation. Top Left: Full mass range considered in this analysis. Top Right: Zoom
of the low mass region. Bottom: Individual channels and the combination. The full curves
give the observed individual and combined py. The dashed curves show the median expected
value under the hypothesis of a SM Higgs boson signal at that mass. The two horizontal
dashed lines indicate the p0 corresponding to significances of 2 o and 3 0. The points indicate
the combined observed local py estimated using ensemble tests (instead of the asymptotic
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approximation) and taking into account energy scale systematic uncertainties [133].
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Figure 5.13: Best-fit signal strength u = /0y as a function of the Higgs boson mass hy-
pothesis in the low mass range. The u value indicates by what factor the SM Higgs boson
cross-section would have to be scaled to best match the observed data [133].

87






Higgs boson Monte Carlo studies

“The mathematicians know a great deal about very little and the
physicists very little about a great deal.”

Ulam Stanislaw.

The first section of this chapter revisits the sensitivity reach of the H — ZZ®) — ¢t ¢=¢* ¢~
channel when the LHC tentative plans changed to use a /s of 10 TeV instead of 14 TeV.
The accelerator team considered that ramping the magnets to provide 10 TeV collisions
could still be a threat for the health of the LHC. The prospects of the most sensitive of
the Higgs boson searches in the medium mass region the H - W*W~ — ¢*v¢~v was
then updated. The second section of this chapter includes expectations considering
scenarios where the LHC run at /s of 10 and 7 TeV. Different assumptions of the level of
understanding of the performance of the ATLAS detector were also considered.

The sensitivity reach for a given search translates into the amount of data (if finite) needed to
either exclude it with a 95% confidence level, or claim a 50 evidence, under certain predicted
detector calibration and beam energy conditions.

The H — ZZ™) — ¢* ¢~ ¢* ¢~ analysis strategy is introduced, and a reevaluation of the already
existing /s =14 TeV, to 10 TeV sensitivity studies is presented is Sec 6.1. The H - W W~ —
¢*v¢~vanalysis is described in detail. previous studies showed that a strategy by dividing
this search in different jet bins would lead to larger discrimination of backgrounds. In the
zero jet case, a full veto of events containing any reconstructed high Py jet is applied. In the
two jet case, events with the presence of two forward jets typical from the VBF topologies
were selected. On previous studies the one jet case was somehow left a side since large theory
uncertainties were thought to be a concern, and contamination of Top quark background
into the searched regions was no completely under control. This was solved by developing a
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robust cut-based, number counting analysis, were dedicated control samples were built to
normalise all sort of dominant backgrounds from data using little MC information, and where
the various expected systematic uncertainties were carefully estimated.
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6.1 H— ZZ" — ¢+¢~¢* ¢, sensitivity studies

The 4¢ channel is also called the golden channel; it is the the cleanest of the Higgs boson final
states with the Higgs boson decaying into a pair of Z bosons and each of these into a pair of
opposite charged electrons or muons. The main production mechanisms for the four lepton
channel at the LHC are the gluon-gluon fusion and the VBF production, Fig. 6.1 shows the LO
Feynman diagrams for the Higgs boson production and its decay into 4¢.

R A0 02038 -

Figure 6.1: Feynman diagram for Higgs boson production through the gluon-gluon fusion and
VBF production mechanisms, with the respective decay into four charged leptons.

This search has been extensively explored [27,67], and was one of the stepping stones targeted
in the design of the LHC and both the ATLAS and the CMS detectors. Back in 2008, it was
necessary to update the sensitivity reach for a given luminosity, under the new LHC running
conditions. This included the amount of luminosity needed to have a 95% CL exclusion. Using
the existing 14 TeV MC simulations, and with the PDF reweight technique described in Chap. 4,
it was possible to promptly re-estimate in an approximate manner the strength of the golden
channel without regenerating the full set of MC events. Since the scope of this work was a rapid
update, and given that the golden channel is well known to be robust and little affected by
systematic uncertainties, the evaluations performed on this study assumed that the systematic
uncertainties related to the background normalisations and object selections could be directly
taken from already existing 14 TeV studies [27]. Therefore they could be neglected when
compared to the very large statistical uncertainties expected with the luminosity target of
[Ldr=11.

6.1.1 Strategy

The branching ratio for H — ZZ is small, just about ~4% for a 130 GeV Higgs boson (see
Fig.2.9). The final expected yields are even smaller since only ~7% of the neutral weak bosons
decay into a pair of charged muons or electrons. For my; below the Z Z threshold, one of the Z
boson is an off-shell particle, its decay products are expected to have relatively small boosting.
It is crucial to have as high reconstruction efficiency as possible, even for low pr objects, this
has to be in compromise with the identification quality, necessary to be able to discriminate
SM backgrounds that could emulate a signal-like final state with four charged leptons.
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The main background contributions are the irreducible production of SM diboson pairs Z Z,
as well as two main reducible backgrounds that could emulate a final state with 4 leptons:
Drell-Yan like events with the presence of two jets, and top pair production. The Z +2jets
production, in particular the case where there are heavy flavour jets Zbb, could potentially
populate the signal region. With the Z boson decaying in a lepton pair, and the extra jets either
faking electron-like electromagnetic showers or in the case of b-jets producing no isolated
muons from semi-leptonic decays. In the case of ¢ events, each top quark could eventually
decay in a W boson and a b, and then the weak boson could decay in a lepton neutrino
pair; leading to two clean leptons from the W decays and two heavy flavour jets that could
subsequently be misidentified as clean leptons coming from an off-shell Z boson decay.

Since the electron and muon reconstructions acceptances, efficiencies and systematic uncer-
tainties are different, the 4¢ search is typically divided on three independent subchannels: 4e,
4u and 2e2 .

6.1.2 Object and Event Selections

The analysis was designed based on a robust rectangular cut-based approach. In order to
maximise the background rejection and signal acceptance, the following event selections were
applied:

* Four good charged leptons.

¢ Transverse momentum > 7 GeV

* Pseudorapidity in the range of || < 2.5

* Atleast two of the leptons should have a transverse momentum bigger than 20 GeV.

» Two pairs of leptons with same flavour and opposite charge.

* One of the pair of leptons should be compatible with an on-shell Z boson: satisfy
|mis — mz| <15 GeV (12 GeV if my < 180)

¢ The invariant mass of the other lepton pair should satisfy ms4 > 20 GeV (A tighter cut,
function of myy, is applied later in the selection.)

 Electrons are required to be isolated, with a ratio:
) Trackp,/ep, <0.15 (6.1)

Tracks inside the cone formed by 17 and ¢ giving a AR <0.2 where AR = \/A¢? + An?

¢ Muons are required to be isolated, with a ratio:
) Trackp,/pp, <0.15  and ) Clusterg,/pp, <0.23 (6.2)
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Similarly to the electron case, tracks and cluster electromagnetic deposition inside the
cone formed by 1 and ¢ giving a AR <0.2

* For electrons the impact parameter significance dy/o 4, should be smaller than 6.0 while
for muons it is required to be less than 3.5

For electron identification, information based on ID track pointing to the corresponding
cluster and electromagnetic shower profiles, known as ATLAS “Loose” and “Medium” [27]
electron identification [27,114] (iSEM) were used depending of the searched Higgs boson mass
region.

For searches with my < 180 GeV, leptons were required to have a higher fake rejection due
to the presence of irreducible backgrounds, therefore Medium electrons were needed. This
requirement could be relaxed for my; < 180 GeV to gain signal efficiency. Hence for masses
larger than 180 GeV, Loose electrons were used. Some studies aimed to require a more dynamic
number of Medium and Loose electrons, defining 4¢ specific smooth identification quality
variable without compromising the background population in the signal region (see Fig. 6.2)
were also done.

Electron Quality -EMMedium Based-

Minimun Number of EMMedium Required

0 L L L A
100 150 200 250 300 350 400

Higgs Mass [GeV]

Figure 6.2: Study of minimum number of Medium-like electrons required in the 4¢ searches
aimed to define a 4¢ specific smooth quality variable

The mass m;» is defined as the invariant mass of the lepton pair that better reconstructs an
on-shell Z (the closest to mz). ms, is then defined as the invariant mass of the remaining
lepton pair. Figure 6.3 shows the m;, and m34 distributions for a Higgs boson signal hypoth-
esis of my=200 GeV. Similar distributions are seen for the irreducible ZZ background. For
Higgs boson signals below the ZZ threshold, and for the irreducible backgrounds the mi34
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tend to have a much softer contribution. Further details of the m;5 and ms34 distributions are
given in Appendix A.5.

Since the ms34 shape has a large dependency of my (< 180 GeV), it was possible to gain further
discrimination by applying a lower bound sliding cut, function of the tagged Higgs boson mass
hypothesis. These cuts are listed in Table 6.1.
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Figure 6.3: Shapes of m;» (Left) and m34 (Right) invariant masses for a my =200 GeV Higgs bo-
son signal.

Table 6.1: Lower bound on m34 as function of mhypothesis.
Mass [GeV] ‘ 120 130 140 165 180 200 =300

Lower bound on m34 [GeV] ‘ 15 20 30 35 40 60 Samecutasmy!

For searches above the ZZ threshold, both of the Z are expected to be on-shell; equal re-
quirements of m;, and ms4 are imposed. Since different cuts are applied for different search
regions, the final discriminator my, is expected to have slightly different shape for a given
background. In Fig. 6.4 there are shown the shapes of the different signals and the irreducible
Z Z background for this bins of the signal region.

The final discrimination was performed using windows on m,, keeping ~95% of the expected
MC signal. Figure 6.5 shows the invariant mass signal and background shapes for a Higgs boson
hypothesis of 130 GeV.
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Figure 6.4: my4, shape for each of the my searched regions. Left: Higgs boson signals. Right:
Irreducible Z Z background.

Table 6.2: Expected number of 4¢ signal events with an integrated luminosity of 30 fb™! at
V/s =14 TeV as function of my. The 4e, 4u and 2e2u channels are combined.
Mass [GeV] ‘ 120 130 150 165 180 200 400 500

Expectedevents‘ 24 61 120 36 54 139 120 7.2

%‘ C
G12[ H-> zz*->4|jL=30fb'1
u
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Figure 6.5: Expected number of 4¢ events with an integrated luminosity of 30 fb~! at /s =
14 TeV for a Higgs boson mass hypothesis of my=130 GeV.
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6.1.3 Statistical significance at /s = 14 TeV

The approximated statistical significance of the signal on the top of the expected addition of

backgrounds was estimated based on the Poisson statistics.It is know to be more conservative

=
. . . \/B, . .

small. This number counting estimator is give by:

and robust than the traditional S = specially when the signal and background events are

S= \/2[(s+ b)log(l+%)—s] 6.3)

where s and b are the expected number of signal and background events in the m,, window.
Figure 6.6 gives the expected significance of each of the 4¢ subchannels as well as their
combination assuming an integrated luminosity of [ £dt=30fb~! of \/s =14 TeV data. The
individual contributions of each of the flavour subchannels was added in quadrature. The
sensitivity of the sum of flavours are also compared with earlier results where a different MC
simulations settings were used [27] and Gaussian significance was chosen.

SIGNIFICANCES Higss -> 4l

A de
oo A
8 v 2e2u
% vudren Total
;.L__J Mo Gauss Sig.
= ] 5 AL X
D10 S Y Yoo, .
@ o € 3 Ve ™
e & \x : .
@ 7804 & e e
i.__. ¢ --._1 . e
e '.'g "
.
1} B 4
*
100 200 300 400 600

Higgs Mass [GeV]

Figure 6.6: Expected signal significance with [ £dt =30 fb~! of /s =14 TeV data for the 4¢
channel

With the 4/ by itself, an integrated luminosity of 30 fb™! of 14 TeV data, could had provided
sufficient statistical significance to discover a Higgs boson mass with 5 o evidence if m was
in the region between 120-550 GeV, with an small exception around 165 GeV where only 3.5
sigma could had been possible.
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6.1.4 10 TeV results using PDF reweight

The MC samples were initially simulated at y/s=14 TeV only. At the time this study was
presented 10 TeV results were needed, but only a handful of signal samples with small MC
statistics were re-simulated. The formalism described in Sec. 4.2 to re-weight the background
MC samples based on event-by-event PDF ratios was applied. Further details, as well as the
validation of the PDF reweighting procedure are given in Appendix A.2.

Since some signal samples were already re-simulated at 10 TeV, it was possible to obtain two
sets of 10 TeV results. Reweighting both signal and backgrounds samples; or reweighting only
the backgrounds simulations and using the 10 TeV Higgs boson signals. The compatibility of
these results also contributed to the validation of the scaling procedure.

In Fig. 6.7 (Left) it is shown the expected statistical significance of the Higgs boson signal on the
top of the backgrounds assuming [ £dt=1fb! of /s =10 TeV data.? On Fig. 6.7 (Right), it is
shown the 80% CL excluded SM Higgs boson cross-section times the H — ZZ — 4/¢ branching
ratio for two integrated luminosity scenarios, 100 and 500 pb~.
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Figure 6.7: Left: Comparison of sensitivity in the 4¢ channel between 14 TeV (red), and 10 TeV
(black and blue). In the blue plot the PDF re-weight method was applied to both signals and
backgrounds, while in the black curve only the backgrounds are weighted because the signal
was already simulated at 10 TeV. Right: Upper cross-section that the 4¢ channel alone would
exclude at 95% of CL with two different luminosities, compared with the SM cross-sections.

With the LHC running at 10 TeV and [ £dt = 0.5 fb~! of integrated luminosity, the golden
channel could had claimed and exclusion of a Higgs boson with 20 times the production
cross-section predicted by the standard model.

For this search the lost of sensitivity due to an smaller /s, could only be recovered if more

2It is worth mentioning that the connecting lines among the different my; do not necessarily reflect the expected
behaviour of the interpolated points. Their connection was simply based on the existing signal samples, which
unfortunately did not correspond to a common set of values. The most evident case is at mp=150 GeV, where the
signal sample that was possible to reweight to 10 TeV did not exist. It created an artificial lost of significance when
interpolating between 140 and 165 GeV.
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luminosity was delivered. On Fig. 6.8 (Left), it is shown the required amount of integrated
luminosity to be able to exclude a SM Higgs boson at certain CL. As the branching fraction,
and signal to background ratio are best for myjclose to 200 GeV, the point a this Higgs boson
mass hypothesis could be excluded at 95% CL with as little as [ £dt =2 fb~!. Higgs boson
masses close to 500 GeV or 130 GeV, would had required an integrated luminosity of ~6 and
~8.5 fb~! respectively. The my points at 110 and 600 GeV have a very small H — ZZ™) —
07 ¢~ ¢* ¢~ expected number of events, they would required luminosities of several tens of
inverse femtobarns.

Exclusion CL as function of Luminosity for H to 41 (10 TeV) Luminosity needed for exclusion [H to 4/ channel at 10 TeV]

Excllusion 95%' CL —e—
Exclusion 90% CL —&—
Exclusion 80% CL @ |

CL [%]
Luminosity [io™']

100 120 140 165 200 300 400
Luminosity [fb'l] Higgs Mass [GeV]

Figure 6.8: Required luminosity to exclude a Higgs boson in the 4¢ channel with 10 TeV data.
Left: excluded confidence level for a given luminosity for various Higgs boson mass signals.
Right: Luminosity required to exclude a Higgs boson at 80, 90 and 95% CL as function of my.

This set of results for the H — ZZ™*) — ¢*¢=¢* ¢~ channel, confirmed that the SM Higgs bo-
son searches were still plausible even with the LHC beams at a portion of its nominal energy.
Clearly the amount of integrated luminosity was restated to be a key issue for Higgs boson sen-
sitivity. With the appropriate amount of luminosity (between a factor of 2 and 3 depending of
my) one could partially heal the sensitivity lost given by the reduction of the energy collisions.

This conclusions certainly does not apply to other searches performed at the LHC. The rapidly
growing dependencies of the mass and production cross-section of hypothetical SUSY parti-
cles with respect to the /s restricts this statement to SM Higgs boson searches.
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6.1.5 Fitbased approach

The final state of 4 isolated electrons and muons coming from a common vertex close to the
interaction point allows a very efficient rejection of reducible backgrounds (Zbb and Top),
leaving the direct production of ZZ as main component.

Specific control regions to measure the irreducible backgrounds directly form data were also
studied. One can profit out from the presence of heavy flavour jets to build a sample populated
with two clean leptons and a heavy tagged jet, or with lepton-like objects where the impact
parameter is large, compatible with the longer b decays. For the top pair production, one
could also explore the regions on the sidebands of the leptonically reconstructed Z boson;
or tag events with large missing transverse energy. This is possible thanks to the origin of the
leptons in ¢f events: (W — £v).

For the dominant irreducible background, it can be statistically separated by doing a parametri-
sation and using fit based formalisms [27]. This has several advantages, the most important is
the possibility of constraining the Z Z background normalisation directly from data. This is
not possible when taking the number counting approach in m,4, windows.

The models used to describe the Higgs boson signal and the ZZ background along the full
myye Spectra was given by:
e For signal: CrystallBall

(i)n e—1/2a2

f(msignal) = e(_%(x;én)z)

)
x<-—|al

x>—|al

* For the ZZ™ background: Composition of fermi distributions

po pl

+
pé-mzz mzz-P8 p2-mzz pi-mzz
(1+e P7 )(1+e P9 ) (1+e P3 )(1+e P5 )

fimzz) =

The relatively large number of parameters (nine) for the background description, are needed
if a common model is to be used for low and high Higgs boson mass searches. Figure 6.9,
shows the template models fitted on the top of generated toy pseudoexperiments created from
the shapes obtained by the fully simulated MC samples. The generated toys, are shown for
background only and signal plus background hypotheses with a Higgs boson mass assumption
at 130 GeV. The integrated luminosity corresponds to

With a large number of pseudoexperiments it is possible to build a Likelihood test statistics
to probe a background only hypothesis, on background only, and on signal plus background
templates. This profiled log-likelihood ratio (LLR) Frequentist formalism is further described
in Appendix A.3.
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Figure 6.9: Shapes of the fitted models. Left and Right plots show an example of a toy pseu-
doexperiment and its best fits, for background only and signal plus background templates

respectively.

The extracted significances using the fit based technique are shown in Fig. 6.10; they are also
compared to the more aggressive number counting approach where windows on m,, are used.
An integrated luminosity of 1 fb~! and /s = 10 TeV (PDF reweighted) are assumed.
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Figure 6.10: Comparison of sensitivity values obtained with number counting and using the

fit-based likelihood formalism.
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6.2 H—W*'W~ — ¢*v{~ v, design of analysis strategy

It has been known for some time that the most sensitive Higgs boson search channel in the
early LHC data was going to be the, H — WW — ¢v¢v channel. However, initial expectations
of first few hundred pb™! of data were known to consist of collisions at /s =10 TeV or less,
rather than 14 TeV; it was therefore necessary to re-evaluate the physics potential at this
lower centre-of-mass energy. The present chapter documents a study of this issue, including
a detailed cut optimisation, control samples, and the associated systematic errors for an
aggressive and a conservative scenario.

The chapter documents a study of this channel at a centre-of-mass energy of 10 TeV, with
projections for 7 TeV estimated using a reweighting technique.

Section 6.2.2 describes the cuts used to preselect signal events and the cross-sections of
signal and background processes remaining after the selection cuts. Then three separate
Sec. 6.2.5, 6.2.6 and 6.2.7, describe the specific cuts, control samples used to estimate the
normalisations of the various background contributions and results for each of the exclusive
jet bins this search is divided on. Finally Sec. 6.2.8 presents the statistical combination of the
individual jet-binned searches with an estimate of the impact of running at a centre-of mass
energy of 7 TeV using 10 TeV MC re-weighted event-by-event at the parton level.

The different signal and background processes considered for this search were simulated at a
v/s =10 TeV using full simulation of the ATLAS detector. The backgrounds considered include
the continuum W W (with corrections from gg — W W), top production, W and Z production,
multijets, as well as other processes including V +y and diboson production of ZZ and W Z.
Details of this and both gluon initiated and VBF Higgs boson signals are given in Chap. 4.
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Figure 6.11: Feynman diagrams for gluon fusion and VBF Higgs boson production and their
decay into a charged weak boson pair. Both of the W bosons decay leptonically.

6.2.1 Strategy

Because of the presence of two neutrinos in the final state, no narrow mass peak can be
reconstructed in this channel. The analysis is therefore a counting experiment. Fit-based
methods have been studied in the context of 14 TeV running in the past, but the present work
is modelled more closely on Ref [27, 102] since the pure counting methods in the latter study
are less complex and therefore more suitable for a first upper bound on the Higgs boson
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production cross-section with the early data.

Moreover, because the backgrounds are at least as large as the signal, systematic errors play a
crucial role. The presented work, like many of the studies that have come before it, features
a strong emphasis on control samples that can be used to check the normalisation of the
various backgrounds in data and the systematic errors associated with each of these auxiliary
measurements. This study introduces several new control samples to estimate non-dominant
backgrounds which were either neglected or taken from MC in previous studies. One of them,
the W+jets control region, is used directly in the computation of the final limit. The other
two, which normalise the bb and Z+jets backgrounds, are presented only as checks on the
normalisation, since the contribution from these backgrounds is expected to be negligibly
small after cuts.

The basic set of kinematic cuts are optimised with these control samples and uncertainties
in mind, and results are presented for two alternative sets of cuts motivated by different
assumptions about the detector performance. These two sets of cuts are referred to as the

“Aggressive” and “Conservative” scenarios 3:

* The “Aggressive” scenario consists of cuts optimised for use with a nominal detector
performance scenario. In particular, this scenario assumes that jets can be accurately
reconstructed down to the level of 20 GeV, and that a missing transverse momentum
cut of 30-40 GeV is sufficient to suppress backgrounds like Z+jets and bb to negligible
levels.

* The “Conservative” scenario is intended to be more robust in the case of the very
early data, where some aspects of detector performance may not yet have reached
their nominal performance. This scenario assumes that jets can only be reconstructed
reliably if their P is larger than 30 GeV (40 GeV for jets with |n| >3.2) and that a cut on
the missing Pt of 50 GeV is required in order to suppress backgrounds from Z — ¢¢ and
bb. Since measures like these are not expected to be necessary except in the very early
data, and since the effective cross-section after cuts for H — WW +2j is quite small,
the combination in the “conservative” scenario does not include the H - WW +2j
channel.

6.2.2 Objects and Event Selection

The event selection can be separated on three categories: the preselection, requires the pres-
ence of clean objects (electrons, muons and jets) and applies cuts common for the searches
on the independent jet categories; the specific jet cuts, enhance signal events with zero, one

3The names “conservative” and “aggressive” are based on the expected sensitivity for the combined search
using all jet multiplicities; if one considers the H + 0 channel alone, the sensitivity is higher in the “conservative”
scenario than in the “aggressive” one because the increase in signal efficiency one obtains by relaxing the jet veto
(rejection of events with the presence of a high Pt jet) outweighs the increase in top background, which is already
small in this analysis. In H+1j and H +2j, the top background plays a larger role.
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or two jets; and the final topological cuts, which are designed to separate the irreducible WW
continuum.

The baseline preselection cuts to select signal events are described below:

» Trigger
In contrast to the studies presented in [27], only single lepton triggers with transverse
momentum larger than 10 GeV (el0_medium and mul0) are used; the double-lepton
triggers are ignored in the present study. Relying solely on single-lepton triggers lowers
the total trigger efficiency slightly; this approach is intended to lessen the burden
associated with understanding the efficiency of a trigger selection consisting of a logical
“or" of several distinct menus in the early data.

* Selection of Objects
Events must have two isolated leptons with Py > 15 GeV:

Muons are reconstructed using the STACO algorithm. They are required to be
“combined” muons; that s, there should be an associated track in the inner detector.
The y? of the match between the inner detector track and the track in the muon
spectrometer is required to be smaller than 100. The muon candidates must lie
in the pseudorapidity range with || < 2.5 and the impact parameter significance
with respect to primary vertex must be smaller than 10.

- Electrons are selected using the standard ATLAS “tight” electron identification.
Their pseudorapidity as measured by cluster information is required to be within
Inl < 2.47 and outside the crack region, 1.37 < || < 1.52. Additionally, the impact
parameter significance with respect to the primary vertex must be < 10

- Normalised calorimeter isolations is required }_ Clusterg, / Pt < 0.1, and normalised
track isolation ) Trackp, /Pt < 0.2 in cones of AR <0.3.

— Lepton candidates are required to be separated by AR > 0.3 for technical reasons
related to the isolation cuts; in the calorimeter isolation variable, the subtraction
of the energy deposition left by an additional identified lepton is non trivial.

The justification for these cuts, along with the performance in terms of lepton efficiency
and fake rejection, is discussed in Appendix A.7.1.

* In order to suppress backgrounds with three or more leptons, a third lepton veto is
implemented; events with a third lepton (including electrons which only pass the
“Medium" electron selection as well as electrons in the crack region) are rejected.

* The dilepton invariant mass, my,, must be larger than 15 GeV

* As described earlier, In the aggressive scenario, the missing transverse momentum
is required to be large, P%ﬁss > 30 GeV for the different flavor channels. Since the
Z+jets background has a large cross-section and a steeply falling P%ﬁss distribution, this
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cut is tightened to PITniSS > 40 GeV GeV for same flavor channels to ensure that the Z
background is small enough after cuts. In the conservative scenario a cut of 50 GeV on
both cases is applied.

e mp(l¢v)>30 GeVwhere mr(£¢v) = \/2 -Pr(f0)- P?iss -[1—cos(Ap(£4))]
After the jet selections are applied, the topological cuts that include:

* Rejection Z — 77 decays. *
¢ The dilepton invariant mass, m,,, must smaller than 50 GeV.

* To exploit differences in the helicities of the W bosons in signal and background, the
dilepton opening angle in the transverse plane, A¢(£¢), is required to be less than 1.3
radians.

* The mass of the transverse system is required to be less than the Higgs boson mass
hypothesis:

mr < my, mr= \/ (B + BYY)? - (BYY + pmiss)? (6.4)

where EZ’ = /(P§)” + (mg()? and E}” = | P

6.2.3 Control Samples

The cuts described in the previous subsection define a region of phase space referred to in this
document as the “Signal Region”. Because of the lack of a clear mass peak, it is not possible to
normalise the background in the Signal region by interpolating between two sidebands as can
be done, for example, in H — yy or the 4¢ searches described earlier.

Instead, the control regions used here are only on one side of the signal region in any given
discriminating variable, and systematic errors in the predicted ratio of background normalisa-
tions in the signal region and control region take on a larger role in the analysis.

Ideally one wants to construct a clean control region for each of the important backgrounds (i.e.
no contributions from other processes in the controls samples), but often subtraction of some
other contributions is needed in order to get a non-biased estimation of the normalisation.
From MC, one can estimate the ratios of the effective cross-sections for a given background
process, X X, in the signal region and in the corresponding control region; this ratio is defined

as a*X, and among control regions as well, defined as XX ratios.

4The visible energy fractions, x% and x% for the two leptons are reconstructed in the collinear approximation,
and if both are positive and |m;; — mz| < 25 GeV, the event is discarded. The Z — 77 process is really only a
background for the control region discussed in Sec. 6.2.5 because it tends to be back-to-back, but the Z — 17
rejection cut is applied in the signal region as well for the sake of consistency.
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Figure 6.12: Schematic description of different background control regions and the methods
that were applied in the present analysis. The information of the right illustrates the main
discriminating criteria used to separate each process from the signal region.

The expected contribution of a certain background X X into the signal region would be:

Ntk = (Mgrq = Nyy™)a™™ ©o

here the contamination of the background process Y'Y, is subtracted from the measurement
in the control region Mgftx; to adequately estimate X X. N?;XX could be taken from a MC
simulation prediction, but if the there are reasons such as large associated systematic uncer-
tainties, Y'Y could also be extracted from the control region which is already used to estimate
Y'Y in the signal region, N%",. This procedure is done for processes that are not easy to disjoint,
in particular the WW analyses need to deal with contamination of top and W+jets (or Z+jets
in the VBF case) in the control region built to measure the W W background.

SR _ CRumain _ CRuain _ CRyain ww
NWW - (Mdata NTop NW+j Ja (6.6)
— (ngCRumain _ 3 sCRTop gTop _ 5 ([CRW+j gW+jy WW
- (Mdam Mdam ﬁ Mdata 'B Ja

The detailed discussion of the control sample strategy in this analysis is therefore divided
into several subsections, each describing the cuts and systematic errors for one of the control
samples. Figure 6.12 shows a schematic overview of the various control samples and how
backgrounds in the different regions are normalised.

105



Chapter 6. Higgs boson Monte Carlo studies

106

¢ In the zero jet channel the dominant background contribution is from continuum WW

production. It is normalised using a sample of events with reversed cuts on m,, and
Adgyy. It is represented in Fig. 6.12 as the red box labelled “Main CR”. This region is
populated primarily by continuum WW events, but there is also non-negligible con-
tamination from top, W+jets, and Z+jets. In the zero and one jet cases the contributions
from top and W+jets are normalised using the control samples described below; while
in the VBF channel it is done for top and Z+jets. The Z+jets contribution to this region
in the zero and one jet channels is taken from MC, although a control sample that could
be used to normalise it is discussed below.

Backgrounds from top quark production are dominant in the one and two jets searches.
The top background in both the signal region and the WW control region are normalised
using a set of cuts designed to select top pair events. In the zero jet case events where
one of the W bosons from the top quarks decays leptonically and the other decays
hadronically are selected. In the one and two jet analysis a region populated with b-
tagged jet(s) is used to normalise the top background. Additionally in the two jet case,
the pseudorapidity gap between the tagged jets required on the Signal Region is reversed.
These regions are represented in Fig. 6.12 as the blue box labelled “Top CR”. There is a
non-negligible contamination from W+jets events in the Top control region for the zero
jet channel. In the final results, the W+jets contribution is taken from MC, but studies
to designed methods to estimate its contribution by varying the jet veto P7 threshold
have been performed.

The W+jets background, where one jet produces a fake lepton, contributes to both the
signal region and the WW control region. The control sample which normalises this
background is represented by the brown box labelled “W+jets CR” in Fig. 6.12, is based
on a loosened electron definition and is intended to control the normalisation of events
where a jet is misidentified as an electron. In the present study, there is no dedicated
control sample to normalise the contribution from events where the W is accompanied
by a non-isolated muon from a heavy flavour decay. For now, the normalisation of
this contribution is taken from the loose-electron control sample with the help of a
scale factor derived from MC. In principle, one would expect that a control sample with
loosened isolation and impact parameter cuts would be a suitable tool to normalise the
W +jet contribution.

The normalisation of the Z+jets background can be checked by varying the cut on
P%ﬁss and looking at events with m,, close to m . This control region is represented
in Fig. 6.12 by the green box labelled “Z+jets CR”. The Z+jets background that is used
in the limit-setting calculation is taken from MC because the in-situ estimate of the Z
background is not expected to alter the results in a significant way.

Similarly, the normalisation of the bb background can be checked by reversing the
impact parameter cuts and loosening the isolation and jet veto cuts. This control
sample is not used to normalise the W+jets background in the top box control sample
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because the top box control sample consists of events with only one lepton. discusses
this possibility in detail. However, since the MC prediction of the bb cross-section is
negligibly small, this control sample is not used in the final limit calculation. The bb
control region is represented in Fig. 6.12 by the yellow box labelled “bb CR”.

Each of these control regions is sensitive to the normalisation of one of the backgrounds. In
order to turn the measurement of the event rate in a given control region into an estimate
of the normalisation of the corresponding background in the signal region, it is necessary to
multiply by a constant, taken from MC.

These “extrapolation coefficients” are denoted as a*X where XX canbe WW, Top, or W+jets,
depending on the control sample in question. In Fig. 6.12, each of these is represented by a
solid line connecting one of the control region boxes to the signal region box. The dashed line
indicates similar background normalisation measurements that could be performed for the
minor backgrounds, from Z+jets (in the zero and one jet case) and bb but are not actually
used in the limit-setting calculations of this search.

6.2.4 Statistical techniques

The sideband measurements described in the previous subsection can be used in data to
determine the normalisations for the most important backgrounds in the signal region. Once
this is done, it is still necessary to turn the results into a concrete statement about nature; to
make this statement more robust, it is desirable to study multiple statistical methods.

Toy MC outcomes are generated, consisting of the number of events observed in the signal
region and in the control regions described in the above subsections. A sample of outcomes is
generated with no signal included, and samples are generated with signals corresponding to
the various Higgs boson masses are generated as well. For each outcome, an upper limit on
the Higgs boson cross-section is computed, and the discovery estimator (Likelihood Ratio)
is evaluated. Given the full sets of outcomes, p-values are computed for both techniques by
computing the fraction of background-only outcomes for which the estimator is larger than
the median of the distribution for signal-plus-background outcomes. The significance Z is
expressed in terms of the p-value using the formula

Z =V2erfc  (2p) 6.7)

The figure of merit for limits is the fraction of outcomes in which a signal is excluded when that
signal is in fact present; this is straightforward to compute given the toy MC samples. A 95%
confidence level limit is considered; this means that for an ideal upper limit, the probability
that the signal hypothesis is excluded in a signal plus background outcome should be 5%.

Appendix A.3 gives some specific details of this procedure.
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6.2.5 Ojet

Events without hard jet activity are selected. This intends to reject events with top-like back-
grounds as well as events with non-genuine missing transverse energy. Figure 6.13 shows the
LO Feynman diagram for gluon gluon fusion Higgs boson production mechanism.

e
+
+

Figure 6.13: Feynman diagram for gluon fusion Higgs boson production and its decay into a
charged weak boson pair, where both of the W bosons decay leptonically.

Events in the zero jet category are selected based on the following criteria:

* Events are rejected if they contain any hard jets. Based on the scenario considered, jet
selections are required to have Pr > 20 GeV and |n| < 4.8 in the aggressive analysis, or
Pr>30GeV and Pr > 40 GeV for |n| smaller or larger than 3.2. Jets are reconstructed
from topological clusters using a cone algorithm with a radius of 0.4.

¢ The transverse momentum of the dilepton system must be larger than 30 GeV.

Table 6.3 shows the cutflow for the eu channel for a representative Higgs boson mass of 170 GeV
in the aggressive scenario; cutflow tables for ee and pu channels as well as cutflow tables for
the conservative scenario and mass scan tables for all scenarios are shown in Appendix A.7.5.

Control Samples and Systematics for H — WIW +0;

Table 6.4 shows the cross-sections for signal and background in each of the control regions
used to normalise the different backgrounds in the zero jet search.

As mentioned above, the WW control sample is not a pure sample of continuum W W events,
so some of the other control samples (for example the top box) are used to normalise con-
tributions to the WW control sample as well as the signal region. The procedure to convert
the measurement in one of the other control samples to an estimate of the contamination
in the WW control region also involves an extrapolation coefficient taken from MC, but to
distinguish these extrapolation coefficients from the ones for the signal region, they are de-
noted as fX¥. These extrapolations are represented in Fig. 6.12 by a solid line connecting two
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Table 6.3: Cross-sections (in fb) for the eu channel, for representative Higgs boson mass
170 GeV in the aggressive scenario. The last four columns are the backgrounds considered.
Contributions from other backgrounds like Wy, W Z and Z Z are evaluated to be small and
therefore are not listed. Since no MC events pass the full selections for W +jets, the expectation
here is listed as zero, but as the other backgrounds it is explicitly normalised based on a
data-driven technique.

Cut gg—H | VBF WW t(t+Wt W+jets Z+jets
2 Leptons 833 | 123 568 3870 662 1930
mee > 15 GeV 803 | 119 561 3840 556 1930
PSS 530 GeV 722 | 105 396 3270 318 137
m4tv > 30 Gev 711 | 996 375 2840 318 544
Jet Veto 329 | 0273 207 232 231 237
b-jet veto 328 | 027 206 205 231 237
P> 30 Gev 31.7 | 0.258 184 19 168 517
Z — 17T 1ejection 31.6 0.258 180 18.3 16.8 5.17
my; < 50 GeV 19.8 | 0.181 454  2.58 0 0.65
A¢y; < 1.3rad 183 |0.168 333 2.1 0 0.433
my < my 175 | 0153 315  1.84 0 0.433

Table 6.4: Cross-sections after cuts for different control regions adding the three different
channels ey, ee and pp, under the assumption of a representative Higgs boson mass of 170 GeV
applying cuts for the aggressive scenario.

SR[fb] | WW CR[fb] TopCRI[fb] W+XCRI[fb] Z+XCRI[fb] bbCR [fb]

Signal gg 345 1.42 0.26 8.91 1.67 0.06
Signal VBF | 0.29 0.007 0.05 0.81 0.01 0.02
T+ Wt 3.25 19.5 6983 16.7 3.71 9.94
ww 64.4 135 2.39 15.4 30.9 0.30
W+ets 4.16 2.08 935 384 - 2.28
Z+jets 0.43 5.99 42.6 8.28 4725 3.39
wz 0.86 1.73 0.33 0.44 13.3 0.03
bb - - - - - 44.1
ZZ+Zbb - - - - 292.91 -
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of the control region boxes. The subsection which follow describe the control samples in more
detail and discuss the systematic uncertainties in the extrapolation coefficients a** (and X%,
where applicable). For convenience, the results are summarised in Tab. 6.8.
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Figure 6.14: Azimuthal separation between the leptons (Left) and invariant mass of the dilep-
ton system (Right) after lepton selection
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Figure 6.15: Transverse mass distributions for a representative Higgs boson signal (170 GeV)
on the top of the main backgrounds for the signal and main control regions for the aggressive
scenario.

Normalising Continuum WW - H — WW +0j

Following the approach taken in previous studies [27,67,103], the present study uses the region
with back-to-back leptons (see Figure 6.14) with large dilepton invariant mass to normalise
the background arising from continuum W pair production. In particular, the cuts used to
select events in this region are the same as in the signal-like region, except:

110



6.2. H— W*W~ — ¢*v¢~ v, design of analysis strategy

* the dilepton opening angle in the transverse plane must be larger than 1.3 radians

* the dilepton invariant mass must be larger than 80 GeV. If the leptons have the same
flavor and have |my, — mz| < 10 GeV, the event is rejected.

¢ the transverse mass cut is removed.

Table 6.5: Continuum WW cross-sections in signal and control region (eu channel, in fb)
for the different uncertainties choices of Q? scale as discussed in Chap. 4; for the aggressive
scenario

central scale 1 scale 2 scale 3 scale 4
Mass SR CR SR CR SR CR SR CR SR CR

120 1498 81.99 | 13.38 73.3 | 16.87 90.18 | 14.89 80.75 | 17.27 96.72
130 19.98 81.99 | 1792 733 | 225 90.18 | 19.98 80.75 | 23.16 96.72
140 2443 81.99 | 21.97 733 | 27.57 90.18 | 23.96 80.75 | 28.31 96.72
150 2791 81.99 | 25.28 73.3 | 31.72 90.18 | 27.63 80.75 | 33.17 96.72
160 30.49 81.99 | 2763 73.3 | 3456 90.18 | 29.91 80.75 | 36.65 96.72
165 31.32 81.99 | 2849 733 | 3543 90.18 | 30.64 80.75 | 37.92 96.72
170 31.93 81.99 | 29.22 733 | 3598 90.18 | 31.23 80.75 | 38.8 96.72
180 3271 81.99 | 30.03 733 | 36.7 90.18 | 31.84 80.75 | 39.97 96.72
190 33.07 81.99 | 3041 733 | 370 90.18 | 32.25 80.75 | 40.56 96.72
200 33.22 81.99 | 30.55 733 | 37.25 90.18 | 32.42 80.75 | 40.93 96.72

Table 6.6: a"W (ratios of WW cross-sections in signal and control region) for the ey channel
in the aggressive scenario
Mass H central \ scalel scale2 scale3 scale4

120 0.182 0.182 0.187 0.184 0.178
130 0.243 0.244 0.249 0.247 0.239
140 0.298 0.299 0.305 0.296 0.292
150 0.340 0.344 0.351 0.342 0.343
160 0.371 0.376 0.383 0.370 0.378
165 0.382 0.388 0.392 0.379 0.392
170 0.389 0.398 0.399 0.386 0.401
180 0.398 0.409 0.407 0.394 0.413
190 0.403 0.414 0.410 0.399 0.419
200 0.405 0.416 0.413 0.401 0.423

Figure 6.15 shows the transverse mass distribution in the signal region (Left) and in this control
region (Right). The third column of Tab. 6.4 shows the cross-sections in this region. There
is anon-negligible contamination from top and, to a lesser extent, from W and Z+jets. The
contribution of the first two backgrounds will be obtained from the control regions described
in the following subsections. The contribution from Z+jets will be taken from MC in this
study; however, a latter subsection describes a control sample that can be used to check its
normalisation in data.

The factor V", defined as the ratio of signal region to control region of continuum W W cross-
sections is a crucial quantity in this analysis; the uncertainties in its determination propagate
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directly into the background uncertainty in the signal region. In the present analysis, the

ww

following sources of uncertainty in a” " are considered:

« Theoretical uncertainty, estimated by varying the Q? scales by factors of 8 as described
in Chapter 4. Table 6.5 shows the cross-sections for g — WW + gg — WW for the
ep channel in the signal region and control region after the distortions are applied.
Table 6.6 shows the corresponding values of a"V'" for the various choices of Q? scale;
in the ey channel, the largest deviation is about 4.8%, and this value is taken to be the
uncertainty.’

* Jet energy scale uncertainty, estimated by scaling up and down all jet four-vectors and
modifying the missing Pt measurement to restore momentum balance. Jet energies are
scaled up and down by 7% for jets with || <3.2 and 15% for jets with || >3.2. The
missing transverse momentum Pg‘iss is corrected including a factor extracted from the

“SumEr”:
AE7(x) = £aEjet(x), AET(Y) = £aEjet(y) (6.8)
p’l;liss, _ ﬁr;liss _ BET (6.9)
where

ifn; <3.2 and E5"™ < 400 GeV, a = 0.06

if 7; <3.2 and E"™ > 400 GeV, @ = 0.06 & 0.05 (ES™™ — 400GeV)/ E™

ifn; >3.2 and E5'"™ < 250 GeV, a = 0.06

if 7; >3.2 and E"™ > 250 GeV, @ = 0.06 © 0.10 (ES"™ — 250GeV) / E™

This is done before applying the cuts of the analysis and computing the altered value of
ww

a"W. This leads to an uncertainty of about 0.5% in aV'".

* Jet resolution uncertainty, estimated by smearing the jet energies with a Gaussian
distribution, and modifying the missing P measurement to restore momentum balance
before applying the cuts of the analysis and computing the altered value of V. The
width of the Gaussian distribution depends on the energy and the pseudorapidity of the
jet as follows:

- 0=045VEifn;<3.2

5Table 6.8 at the end of this section quotes a larger value for the theoretical uncertainty on V" in the

conservative scenario. The reason for this difference is that the tighter cut on the missing transverse momentum in
the conservative scenario leads to smaller WW background cross-sections; in that case, the statistical uncertainty
due to the finite size of the MC samples used to estimate the theory uncertainty becomes important.
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- 0=0.63VEifn;>3.2

The contribution of the jet resolution uncertainty to the total uncertainty on a"V'" is

only about 0.1%.

* Parton Density Function uncertainties. This source of uncertainty is not considered
in the present analysis, since it has been shown to be small in 14 TeV centre-of-mass
studies [27,103].

* The statistical error due to the finite size of the fully simulated MC samples used to
estimate the final cross-sections for continuum W W in the signal region and the control
region; this leads to a contribution to the uncertainty of 5.64%.

Based on the results obtained after applying the distortions described above, the uncertainty
assumed in the significance calculation is 7.4%, obtained by taking the sum in quadrature of
the various contributions to the uncertainty. Table 6.8 summarises these numbers as well as
the corresponding results for the conservative scenario.

As noted on the Wy background is absorbed into the W W background estimate obtained
using the W control region described in this section. The W+jets contribution to the signal
region is 1.8+1.04 fb, and the contribution to the W W control region is the same. (The error is
the statistical error due to the finite size of the MC sample.) This corresponds to about 5.7% of
the WW background in the signal region, and about 2.7% of the WW contribution to the WW
control region. If the W+jets contribution to both regions were included in the computation of
WW, then the value of this ratio would change by about 3%. Since this is considerably smaller
than the systematic error on WW, the W+jets contribution is ignored.

Normalising the top background - H — WW +0j

Historically, the most common way to normalise the top background has been to consider
b-tagged control samples with the same kinematic cuts as the signal region and the main
control region. This strategy has the feature that theoretical uncertainties related to the single-
top background cancel out [103], but it is unsuitable in the early data because of the small
cross-sections in these control samples.

In the present study, a different strategy is considered: top events are selected in the lepton-
hadron channel. This approach assumes that the distributions of the lepton angular variables
are known, but still allows the jet veto survival probability to be measured in situ. The event
selection for the so-called “top box" control sample consists of the following cuts:

* One lepton, with Pt > 25 GeV, passing the same quality and isolation cuts applied for
leptons in the signal region.

* Large missing transverse momentum, P7"** > 60 GeV
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Figure 6.16: Left: a comparison of the jet veto survival probability in the top box and the signal
region, when a b-veto is applied in the signal region and a b-tag is applied in the control region.
Right: a similar comparison, for the case where a b-veto is not applied in the signal region but
a b-tag is applied in the top box.

At least four jets with Pr > 20 GeVin |n| < 4.8.

Two of the jets must have SV0 b-tagging weight less than 5.7, and they must add up to
the W mass, 70 < m;; <90 GeV.

At least one of the other jets in the event must be b-tagged, with an SVO weight larger
than 5.7.

Both of the two W candidates (the leptonically decaying one and the hadronically
decaying one) are each matched with one of the other jets in the event to form top
quark candidates. If there are two b-jets in the event, then both are matched to the W
candidates to form the two top candidates according to which pairing gives the best
top quark masses (using m;,, = 175 GeV.) If there is only one b-tagged jet, then it is
associated to whichever W candidate results in the best top mass, and the other W
candidate is matched to whichever other jet leads to the best mass for that top quark
candidate. Both top quark candidates are required to have masses larger than 150 GeV.

After this selection is performed, one of the jets is selected to model the jet veto survival
probability in the signal region. The procedure for selecting which jet to use is slightly different
in the aggressive and conservative scenarios.

In the case of the aggressive scenario, a veto on events where any jet has a large b-tagging
weight is applied as a part of the selection which defines the signal region and that this b-
tagging veto is applied before the jet veto. This b-tagging weight cut biases the subsequent jet
veto survival probability, and this fact must be taken into account when selecting which jet
in the top box will be used to model the jet veto in the signal region. For the aggressive cuts,
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therefore, the selected jet is the highest-Pr jet in the event excluding the two jets from the
decay of the W and the leading b-tagged jet.

Figure 6.16 (Left) shows a comparison between the jet veto survival probability in the signal
region as a function of the jet veto Pr threshold and the efficiency obtained when the selected
jetis required to have a P below the same threshold.® The two curves agree well, indicating
that this method is robust for a broad range of jet veto Pt thresholds . For the Conservative
Scenario cuts where no b-jet veto is applied in the signal region, the highest- Pr jet is selected
after excluding the two jets from the hadronically decaying W. Figure 6.16 (Right) shows the
comparison between the jet veto survival probability in the signal region and the estimate
obtained using the top box sample and selecting this jet. The two distributions do not agree
well for jet veto thresholds above about 30 GeV because the b-tagging requirement in the
top box biases the distribution of the leading non-W — ggq jet. It is therefore necessary in
principle to use a top box definition which does not involve b-tagging. However, a careful
treatment is necessary to understand the large background from W+jets in the non-b-tagged
top box control sample.

Column 4 in Tab. 6.10 shows the cross-section in the top box control region after all cuts except
the jet veto. Studies to estimate systematic uncertainties were performed as described in the
previous subsection. The total systematic uncertainty for the aggressive scenario is 129%. This
value is the sum in quadrature of several sources of error:

* The theoretical uncertainty estimated by varying the factorisation and renormalisation
scales in the top background MC by factors of 4 contributes an uncertainty of 75.5%.

* The extrapolation coefficient obtained from a leading-order doubly resonant top MC
sample differs from the value obtained from a MC sample which includes the contribu-
tions from singly-resonant and non-resonant W W bb by as much as 35-40%. Histori-
cally [27], this difference has been treated as a systematic uncertainty; the value used
here is 40%.

* The jet energy scale uncertainty contributes an error of 47%.
* The jet energy resolution contributes less than 1%.

* The uncertainty in the b-tagging efficiency is estimated by changing the cut on the b-
tagging weight so that the b-tagging efficiency changes by 10%. (The nominal cut gives
a b-tagging efficiency of 60%, so the altered cuts would have b-tagging efficiencies of
54% and 66%.) This leads to an uncertainty of about 6% in the extrapolation coefficients
for the top background.

6For historical reasons, this comparisons performed using the IP3D+SV1 [27] b-tagger with a cut of weight >5
defining a b-tagged jet. This tagger is not expected to be available in the early data, but similar results have been
obtained using the IP2D tagger, and it is expected that the same result will hold if the SVO0 tagger used throughout
the rest of this Section would be used for this exercise.
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¢ The finite size of the MC samples used for the final cross-sections leads to a statistical
uncertainty of 85%.

It is worth noting that some of the values quoted here, notably the theoretical uncertainties
and the jet energy scale uncertainty, may be enhanced due to the finite size of the MC samples
used to evaluate them. However, since these samples represent effective luminosities well
in excess of 200 pb~!, the quoted uncertainties are taken at face value in the present study.
Table 6.8 summarises these results, shows the systematic uncertainties in the extrapolation
ratio between the control region used to normalise W W and the top control sample, and gives
the corresponding results for the conservative scenario.

Normalising W+jets - H — WW +0j

To normalise the W+jets background, a control sample is defined by selecting events where
one of the electrons is required to satisfy a loosened identification condition. The event is
required to be an ey candidate, and the electron is required to satisfy the standard ATLAS
“Loose" identification condition and not to satisfy the “Tight" electron identification cut.
(Events with two electrons or two muons are not considered in this control sample for the
present study.) The other cuts for this control sample (in particular the lepton isolation cuts)
are the same as for the signal region. The cross-sections after these cuts for various processes
are shown in the fifth column of Tab. 6.10; clearly, this control sample is a very pure W+jets
region.

In order for a control sample like this to yield a more convincing background estimate than
MC, one must devise a way to extract a"V/¢S (ratio of W+jets cross-sections in the signal
region and this control region) from data. The approach used here is to take this ratio from
a control sample comprised of y+jets events. The expected algorithmic uncertainty on the
extrapolation of the W+jets background normalisation from the loose-identification control
region to the signal region in 200 pb~! of integrated luminosity is 10%.

The present study considers two additional sources of uncertainty:

¢ Thejet energy scale and resolution uncertainties are estimated using the same procedure
as was used in the cases of WW and top. However, no MC events remain in the signal
region for aggressive scenario, so no uncertainty can be computed there. In the case of
the extrapolation to the control region in the aggressive scenario, the jet energy scale
uncertainty is found to be about 2.7%.

* The MC statistical uncertainty on the extrapolation from the W+jets control region to
the WW control region is about 100%.

At first glance, one may wonder how the systematic error from the jet uncertainties can be
so small when the MC statistical error is so large. The reason for this unusual outcome is
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that there is only one W+jets MC event remaining in the large-A¢,, region used to normalise
the WW background, but there are a large number of MC events remaining in the reversed-
identification region used to normalise W+jets. When the jet measurements were distorted
for the systematic check on the jet energy scale, it happened that the event in the large-A¢y,
region still passed the cuts, but the cross-section in the W+jets control region changed by a
(well-determined) few percent.

These contributions to the uncertainty, as well as the corresponding results for the conservative
scenario cuts, are summarised in Tab. 6.8 at the end of this section.

Checks to normalise the Z+jets contribution- H — WW +0;

Z+jets events with fake missing transverse energy constitute a dangerous background in the
same flavor channels. A tight requirement on the Missing P suppresses Z+jets by a large
factor in the analysis. However, even though the MC prediction of the effective cross-section
after cuts is small, it is nevertheless important to demonstrate that the cut actually performs
as expected in data.

The control region is defined based on the Z peak. Events with two leptons are selected as in
the signal region, and the following cuts are applied:

4 ImN —my| <10 GeV
M A(/)[/ >2.0
* The same jet veto that is applied in the signal region is applied here as well.

* A lower bound on the missing transverse energy. The effective cross-section in this
control region is studied as a function of the value of this cut, which ranges from zero to
the requirement in the signal region.

Table 6.10 gives the expected cross-sections in the Z peak control sample before the applica-
tion of the missing Pr cut, and Table 6.7 shows the cross-sections for several values of the cut
on the PITniss.

The left plot in Figure 6.28 shows this cross-section information in a graphical format; the red
curve is Z+jets and the blue curve is the other backgrounds. The right plot shows the ratio of
the Z+jets cross-section in the signal region divided by the Z+jets cross-section in the control
region. The ratio is fairly flat, indicating that if the diboson contamination is understood, the
Z+jets cross-section can be controlled using this sample.

However, it is important to note that as the missing Py cut increases, the relative contribution
from other processes increases as well. This contribution is shown as the blue curve in the left
plot of Figure 6.28; for tight values of the P%ﬁss cut it is comparable to the Z+jets contribution.
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Table 6.7: Cross-sections (in fb, summed over lepton flavor) for several physics processes in
the Z control sample described in Sec. 6.2.5, for several values of the cut on missing Pr.

MET cut(GeV) | Signal WW tt+Wet WZ+2ZZ Zbb Z+jets
0 1.67 31.52 3.71 30.76 275.41 4725.09
10 1.67 31.39 3.64 29.89 239.19 3962.91
20 1.63  30.36 3.51 27.01 52.63  582.82
25 1.61 28.42 3.51 25.42 18.36  141.90
30 1.39 25.55 3.16 23.72 5.73 38.87
35 1.21 21.89 2.91 21.18 1.38 11.92
40 0.90 17.28 2.35 18.19 0.40 3.40

If not properly subtracted, this contribution may cause the estimated Z+jets cross-section in
the signal region to have a slight upwards bias; however, since the Z+jets cross-section in the
signal region is expected to be negligibly small, the present study makes no attempt to reduce
this bias.
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Figure 6.17: Left: the cross-sections for Z+jets and the various other contributions to the
control region described in Subsec. 6.2.5, as functions of the cut on the missing Pr. Right: the
ratio of the Z+jets cross-section in the signal region to the Z+jets cross-section in the control
region of Sec. 6.2.5, as a function of the missing P cut applied in both regions.

Checks to normalise the bb background - H — WW +0j

The bb background is a potentially dangerous background because of its large cross-section.
With the currently available MC samples, it is reduced to negligible levels by the lepton Pt
cuts, the isolation cuts and the missing Py cut. However, it is possible that this background
might give a larger than expected contribution due, for example, to jets which carry large
missing Pt down the beam pipe [99]. It is therefore important to have a technique ready to
normalise this background in situ.
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Figure 6.18: Cross-section as a function of jet Py threshold in the bb control region

The strategy employed here is to select events for which the impact parameter significance of
the leptons is large (> 3 for muons, > 6 for electrons). Figure 6.29 shows that in the absence
of a jet veto, the cross-section for bb in this region is large and the cross-section for other
backgrounds is small. By way of comparison, Table 6.10 shows that the MC bb background is
reduced to zero with the jet veto proposed in the present analysis.

Figure 6.29 shows the cross-section as a function of the jet veto Pr threshold;’ in data, one
can vary the jet veto P7 threshold in the reversed-impact-parameter region and observe that
the number of surviving bb events drops off as the jet veto threshold becomes small. The
figure also shows that one can verify, using a similar selection of events with a reversed cut on
missing Pr < 30 GeV that the bb cross-section in the region with normal isolation and impact
parameter cuts is smaller than the corresponding cross-section in the region with reversed
impact parameter cuts and no isolation cuts. Thus, the full set of control samples are sufficient
to prove using data that the bb is negligibly small; if it is not negligibly small, then further
work will need to be done to assess the systematic error on the resulting estimate of the bb
normalisation.

“Note that the error bars in this plot are correlated, since all the events that pass a jet veto with a given threshold
will also pass a jet veto cut with a higher threshold.
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Table 6.8: Systematic uncertainties for the different extrapolation ratios in the aggressive
scenario, the conservative scenario in the H — WW +0j search.

Aggressive Scenario

aVw alop aWiets ,BTOP ﬁW]ets
Q? 4.87%  75.47% - 8.88%  0.00%
Jet Scale Up 0.44%  25.55% - 23.47% 0.68%
Jet Scale Down | 0.27%  46.66% - 45.83% 2.71%
Jet Resolution | 0.10%  0.14% - 0.12%  0.00%
b-taggingeff. | 0.08%  5.59% - 4.65%  0.00%
Wt 0.00%  40.00% - 40.00%  0.00%
MC Statistics 5.64% 84.58% - 10.48% 100.4%
Total 747% 129.1% - 62.53% 100.4%
Conservative Scenario
a"w aTop aWiets ’BTop ’BWjets
Q? 15.78% 30.20% 0.00%  7.90% -
Jet Scale Up 0.80% 46.66% 7.41% 41.10% -
JetScale Down | 0.88% 42.44% 9.45% 38.44% -
Jet Resolution 0.00% 0.14% 0.99% 0.11% -
b-taggingeff. | 0.11% 12.24% 0.00% 11.10% -
Wt 0.00% 40.00% 0.00% 40.00% -
MC Statistics | 12.48% 41.14% 101.5% 6.74% -
Total 20.14% 80.81% 102.0% 59.33% -
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Results for H - WW +0j

Figure 6.19 shows the expected Bayesian and Frequentist upper bounds on the Higgs boson
cross-section as a function of mass using the “aggressive" and “conservative" scenarios, as-

suming an integrated luminosity of 200 pb~! and a centre-of-mass energy of 10 TeV. There is a

significant probability to exclude a small region around m g = 160 GeV. Figure 6.31 shows the

expected Frequentist upper bound at this centre-of-mass energy for several different values of
the integrated luminosity. With an integrated luminosity between 500 pb~! and 1 fb™!, it is
possible to exclude a broad range of Higgs boson masses.
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Figure 6.19: Bayesian and Frequentist 95% CL Upper-bound on g, at /s =10 TeV and 200 pb™!
of integrated luminosity for aggressive (top) and conservative (bottom) scenarios.

The signal significance is estimated based on the Likelihood Ratio for g = 0. The p-value
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is obtained by first finding the median of the distribution of A(u = 0) in a sample of toy
MC outcomes with u = 1, and then integrating the distribution for background-only (u = 0)
outcomes from this value to infinity. Again, since the significance is only about 1.70 for
mpy = 160 GeV, it is not appropriate to show a plot of the expected significance.
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PDF Reweighting, sensitivity at 7 TeV- H — WW +0j

The reweighting method explained in detail in Chap. 4, allows the estimation of sensitivity
when running at a different centre-of-mass energy than the one used for the original MC
production. Appendix. A.2 also includes a validation of the results of the re-weighting method
which consists of a comparison between the re-weighted results and the results of full matrix
element calculations using HIGLU, VV2H and MCFM. Figure 6.21 shows the exclusion limits
ATLAS would expect to reach running at 7 TeV if 200 pb~! integrated luminosity are collected
and the three channels (ey, ee and pu) are combined.
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Figure 6.21: Bayesian and Frequentist 95% CL Upper-bound on g, at v/s =7 TeV with 200 pb™!
of integrated luminosity for aggressive (top) and conservative (bottom) scenarios.

The H — WW + 0 analysis was re-optimised for studies on the early LHC data. Two vari-
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Figure 6.22: Comparisons at different centre-of-mass of energy in the aggressive scenario

ants of the analysis appropriate for different detector performance scenarios were proposed.
The analysis includes a complete set of control samples, as well as detailed studies of the
systematic errors (from both theoretical and experimental sources) on each of the background
determinations. With only 200 pb~! of integrated luminosity at a 10 TeV centre-of-mass energy,
there is a significant probability to exclude a small range of the Standard Model Higgs boson
mass around 160 GeV.
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6.2.6 1jet

The search for H — WW decays in association with one hard jet (see Fig. 6.23) has been
studied previously for /s = 14 TeVand [ % dt=10 fb~! in [135] and systematic uncertainties
in the background normalisation were found to be a serious concern for the analysis. However,
in the early data, it is reasonable to expect that statistical errors will be dominant; it is therefore
of interest to investigate the potential for a search for H — WW in association with one hard
jet in the first few hundred pb~! of integrated luminosity.

g . R 000009 g
w* r

Figure 6.23: One of the Feynman diagrams for gluon-gluon fusion Higgs boson production
associated with a hard jet

Events in the one jet category are selected based on the following criteria:

* Events are required to contain a hard jet with Py > 20 GeV and |n| < 3; this jet is referred
to as the “tagged" jet. Jets are reconstructed from topological clusters using a cone
algorithm with a radius of 0.4.

* Ajetveto is applied to reject any event with a second hard jet in || < 3.

* A b-jetveto is applied to the remaining jets. If any jet has Py > 15 GeV and an SV0 weight
greater than 5.7, the event is rejected.

* The transverse momentum of the vectorial addition of the dilepton system plus the
missing energy plus the tagged jet must be smaller than 30 GeV. Figure 6.24 shows that
this is an effective cut to reduce top background.

The subsequent topological requirements of the rejection of the Z — 77, the dilepton opening
angle in the transverse plane, and the transverse mass upper bound are then applied. Table 6.9
shows the cutflow for the eu channel for a representative Higgs boson mass of 170 GeV in the
aggressive scenario. Cutflow tables for ee and pu channels, as well as all the corresponding
tables for the conservative scenario and tables showing the cross-sections after all cuts for
each Higgs boson mass hypothesis, are shown in Appendix A.8.1.
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Table 6.9: Cutflow for the ey channel, for a representative Higgs boson mass of 170 GeV, in the
aggressive scenario.
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Cut gg—H VBF WW tr+Wt Wijets Z+jets
2 Leptons 83.3 12.2 567 3867 79.3 2447
myy > 15 GeV 80.2 119 560 3836 68.6 2441
P]r?iss > 30 GeV 72.1 10.5 396 3267 48.1 230
m’}v > 30 GeV 71.0 9.95 375 2842 47.1 50
Jet acceptance 25.0 239 105 285 22.1 27.0
b-jet veto 24.4 231 101 120 22.1 23.0
Pl <30 GeV 22.2 2.13  93.1 90.9 21.0 22.2
Z — 17 rejection 22.0 2.09 894 85.0 18.9 4.44
myy < 50 GeV 13.3 1.31 184 14.5 2.11 4.04
A¢yp <1.3rad 11.7 1.17  12.8 11.6 1.05 0
mr < mpg 11.0 1.09 122 9.84 1.05 0
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A cut on the pseudorapidity of the leading jet, |5 ;| > 1.8, which was applied in the analysis of
Ref. [135], is not used in this analysis. Figure 6.25 shows the distribution of this variable. The
plot confirms that it contains discriminating power; however, this cut decreases the signal
acceptance significantly. Given the small number of signal events expected in 200 pb~! of
integrated luminosity, it is advantageous to remove this cut. Moreover, as will be shown in a
following Subsection, the presence of this cut significantly increases the theory uncertainty.
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Figure 6.25: Jet kinematics for signal and main backgrounds. Left: Pt and 7 for the leading jet.
Right: Pt and 7 for the subleading jet.

The cross-sections after all cuts using the aggressive scenario are shown in Tab. 6.10; Figure 6.26
shows the transverse mass distribution for signal on top of background for a representative
Higgs boson mass of 170 GeV.

Control Samples and Systematics for H — WIW +1j

A quick glance at the second column of Tab. 6.10 reveals that the main backgrounds are
continuum WW, top, and W+jets, and Z+jets. The estimation of the normalisation of these
backgrounds is the focus of this Subsection.
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Figure 6.26: Transverse mass distribution, signal on the top of main backgrounds, for a
representative Higgs boson mass of 170 GeV in the aggressive scenario. Left: the distribution
in the signal region. Right: the distribution in the main control region.

Table 6.10: Cross-sections after cuts for different control regions adding the three different
channels ey, ee and ., using the aggressive scenario.
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SRifb] WWCR[fb] b-tagCRI[fb] W+XCRI[fb] Z+XCRI[fb] bbCR [fb]
gg—H 23.2 1.12 0.73 2.75 1.33 0.12
VBF 2.18 0.09 0.15 0.352 0.10 0.04
top 7+w: | 19.9 102 94.6 5.1 20.8 27.1
Ww 24.6 70.4 1.17 5.57 18 0.35
W+jets 2.11 5.28 - 293 6.57 6.76
Z+jets 2.76 0.42 0.07 0.829 18204 6.57
wz 0.78 2.28 0.002 0.14 18.9 0.02
bb - - - - 8.02 136
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Normalising Continuum WW - H - WW +1j

The largest contribution to the background in the signal region comes from continuum WW
events, including qg — WW, gg — WW, and gg — WW with one high P7 jet. In practice,
itis not possible to distinguish these backgrounds from each other, so they must be treated
together. Following the strategy outlined in previous work (Refs. [135] and, more recently,
Ref. [27]), the approach considered here is to count events in the region where the leptons are
back-to-back (A¢,, > 1.3), where they have large invariant mass (m,, > 80 GeV), and where
the transverse mass cut has been removed. The other cuts of the analysis are the same as in
the signal region.

The third column in Tab. 6.10 shows the cross-sections for the signal and various backgrounds
in this region. The contributions from top, W+jets, and Z+jets are all non-negligible. The
normalisation of Z+jets with Z — ¢¢ (¢ = e/ ) can be controlled using the approach described
latter in this section. The contribution from Z — 77 can be well-understood using the embed-
ding method with Z — up events. The W+jets and top normalisations can be estimated using
the control samples presented in the next two Subsections.

Table 6.11: Ratios of WW cross-sections in signal and WW control region,eu channel, in the
aggressive scenario

q9+498+88 q49 +qg only

mass | central \ scalel scale2 scale3 scale4 | central \ scalel scale2 scale3 scale4
120 0.153 0.153 0.136 0.161  0.142 0.151 0.144 0.136 0.158 0.142
130 0.195 0.204 0.183 0.206 0.186 0.191 0.188 0.183 0.203 0.185
140 0.240 0.250 0.220 0.246 0.223 0.233 0.226 0.220 0.241 0.222
150 0.272 0.290 0.255 0.284 0.257 0.262 0.256 0.255 0.276 0.255
160 0.302 0.321 0.285 0.310 0.284 0.288 0.277 0.284 0.300 0.282
165 0.313 0.334 0.295 0.320 0.292 0.297 0.286 0.294 0.309 0.290
170 0.321 0.345 0.303 0.329  0.300 0.304 0.294 0302 0.317 0.297
180 0.331 0.358 0.311 0.339 0.310 0.312 0.302 0.310 0.326 0.308
190 0.339 0.365 0.315 0.344 0.315 0.318 0.306 0.314 0.331 0.313
200 0.342 0.369 0.317 0.347 0.318 0.321 0.309 0.317 0.334 0.316

Table 6.12: Fractional deviation of "% from the central value, with and without the gg
contribution on the WW background, in the aggressive scenario.

qq9+498+8g qq+qg only

mass | Ascalel Ascale2 Ascale3  Ascale4 | Ascalel Ascale2  Ascale3  Ascale4 | Aw/w.ogg
120 0.999 1.125 0.953 1.076 1.050 1.112 0.956 1.067 0.989
130 0.954 1.068 0.945 1.051 1.017 1.048 0.944 1.036 0.982
140 0.962 1.093 0.976 1.076 1.034 1.061 0.969 1.049 0.970
150 0.938 1.066 0.959 1.061 1.023 1.025 0.949 1.025 0.961
160 0.942 1.061 0.976 1.066 1.038 1.012 0.960 1.022 0.952
165 0.935 1.061 0.979 1.070 1.037 1.009 0.962 1.023 0.949
170 0.930 1.060 0.977 1.071 1.033 1.005 0.958 1.021 0.946
180 0.926 1.067 0.978 1.069 1.034 1.006 0.957 1.014 0.941
190 0.927 1.075 0.983 1.074 1.038 1.012 0.962 1.017 0.939
200 0.927 1.079 0.985 1.075 1.039 1.014 0.963 1.017 0.938

129



Chapter 6. Higgs boson Monte Carlo studies

There is considerable uncertainty on a'V'", the ratio of continuum W W cross-sections in the
signal region and this control region. As in the previous analysis of this channel, the generator
used to model the gg — WW process [97] only includes leading order (& (a?)) matrix elements,
and it is again the case that the leading jet in the presently available gg — W W MC sample is
produced by a parton showering algorithm. Thus, a systematic error derived from the usual
variation of Q? scales is not fully convincing by itself. Table 6.11 shows the ratio of cross-
sections in the signal region and the control region with various altered MC configurations.
The second column shows the baseline, computed from the sum of gg — WW, gg — WW
and gg — WW contributions. The next four columns show the corresponding results using
MC samples with the factorisation and renormalisation scales altered by factors of 8; the
exact definitions of scale 1, scale 2, etc. are given in Chapter 4. The next five columns show
the corresponding results derived by using only the MC@NLO samples, i.e. ignoring the
g8 — WW contribution completely. The difference of these ratios is taken as the source of
theory systematic uncertainty for the extrapolation ratio, they are shown in Tab. 6.12, where
the difference between the baselines values is also shown in column 10.

Among the results with all the altered MC configurations, the largest deviation of the ratio
from the baseline is 12.5%, and the largest deviation due the inclusion of the gg — WW
process is < 7%. Since the latter is considerably smaller than the uncertainty caused by the
Q? alteration, the theoretical uncertainty in a"'" is taken to be 12.5%, the value from the Q?
scale alterations.

Uncertainties due to the jet energy resolution and jet energy scale are studied following the
prescription described in the zero jet Subsection 6.2.5. This prescription is recommended
procedure for handling these uncertainties in ATLAS at the time of writing of this analysis.

The jet energy scale variation is performed by scaling each jet’s energy and momentum up
and down by 7 and 15% for jets with || <3.2 and |n| >3.2, respectively. A correction on the
missing energy is performed with a binning dependency on E3"™ Table 6.13 shows the ratios
of cross-sections and their fractional deviation from the nominal value.

mass | Baseline | Scale Up Scale Down | Frac. Dev. (Up) Frac. Dev. (Down)
120 0.153 0.153 0.152 0.998 1.005
130 0.195 0.197 0.199 0.990 0.980
140 0.240 0.239 0.244 1.005 0.985
150 0.272 0.272 0.277 1.000 0.984
160 0.302 0.301 0.305 1.005 0.990
165 0.313 0.312 0.318 1.002 0.984
170 0.321 0.321 0.325 1.000 0.986
180 0.331 0.331 0.337 1.002 0.983
190 0.339 0.338 0.345 1.002 0.982
200 0.342 0.342 0.349 1.002 0.982

Table 6.13: Extrapolation ratios for nominal case and the cases where the jet energy scale is
shifted up and down, as well as the fractional deviations of the altered cases from the nominal
values, for the eu channel.
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As was done in the zero jet analysis, the systematic errors arising from parton density function
uncertainties are ignored.

The sum in quadrature of the various uncertainties that are expected to affect the predicted
value of aW is about 16.5%; the second column in Tab. 6.8 gives details of the different values
that come into this estimation, for the aggressive and conservative scenarios.

NormalisingTop- H - WW +1j

Following the treatment presented in previous studies [135], the top background can be
normalised using a control sample defined by the requirement that events contain a b-tagged
jet. The event selection for this region requires at least one b-jet with an SVO weight larger than
5.7; the other cuts are the same as in the signal like region with the exception that the transverse
mass window is removed. Table 6.10 shows the cross-sections of the various contributions to
this region; there is very little contamination from processes other than top.

This b-tagged control region is used to estimate the number of top events in both the signal
region and the WW control region. The number of observed events in the b-tagged region is
multiplied by a constant denoted as a’°? for the signal region or B7°7 for the WW control
region to obtain the expected contribution from top background. There are several sources of
uncertainty relevant to these ratios:

* The b-tagging efficiency is expected to be known to within 10%. [27] The procedure to
assess the impact of this uncertainty on the background determination is the same as in
the zero jet bin; the result for this channel (in the aggressive scenario) is about 21% for
a’°P and about 16% for g7°P.

* The jet energy scale and resolution contribute about 16% for a’°? and about 9.5% for
ﬁ Top'

» The statistical error due to the finite size of the available MC samples is about 21% for
a’°P and about 6.3% for B1°P.

Table 6.14 shows the extrapolation ratios and their uncertainties for a’°” in the aggressive
and conservative scenarios. The uncertainties, along with the corresponding results for g7°7
are also summarised in Tab. 6.8.

Normalising W+jets- H— WW +1j

The W+jets background normalisation represents a crucial part of this analysis. Although its
contribution is expected to be small, the large cross-section and the difficulty associated with
obtaining a convincing estimate of the fake rate make it a dangerous background nevertheless.
These difficulties are compounded by a lack of MC statistics; out of almost 10M fully simulated
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Aggressive Scenario
mass || Baseline | ScaleUp ScaleDown  b-Tagging | A(Up) A (Down) A (b-Tag)

120 0.045 0.051 0.039 0.057 0.878 1.160 0.793
130 0.060 0.066 0.055 0.076 0.910 1.092 0.791
140 0.075 0.082 0.068 0.095 0.920 1.106 0.795
150 0.096 0.102 0.087 0.120 0.948 1.112 0.805
160 0.112 0.116 0.102 0.139 0.960 1.096 0.804
165 0.117 0.125 0.108 0.147 0.941 1.087 0.801
170 0.121 0.129 0.112 0.151 0.940 1.076 0.802
180 0.127 0.136 0.117 0.160 0.932 1.084 0.795
190 0.131 0.139 0.121 0.165 0.945 1.083 0.796
200 0.132 0.140 0.123 0.166 0.941 1.078 0.796

Conservative Scenario
mass || Baseline | ScaleUp ScaleDown  b-Tagging | A(Up) A (Down) A (b-Tag)

120 0.043 0.048 0.042 0.059 0.879 1.019 0.718
130 0.060 0.065 0.058 0.081 0.915 1.037 0.740
140 0.086 0.095 0.083 0.116 0.904 1.035 0.742
150 0.126 0.133 0.125 0.166 0.948 1.008 0.760
160 0.160 0.164 0.159 0.211 0.976 1.011 0.762
165 0.174 0.179 0.172 0.227 0.968 1.012 0.764
170 0.185 0.190 0.183 0.241 0.974 1.010 0.767
180 0.201 0.209 0.199 0.264 0.961 1.010 0.762
190 0.209 0.215 0.207 0.273 0.971 1.010 0.763
200 0.212 0.219 0.211 0.279 0.971 1.007 0.762

Table 6.14: Top extrapolation ratios for the nominal case, the cases with the jet energy scale
shifted up and down, and an altered b-tagging performance scenario. The columns labelled
“A(X)" show the fractional change of each of the altered cases with respect to the nominal case.
All numbers are for the ey channel.
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Figure 6.27: Transverse mass distribution, in the b-tagged control region
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events, only a few survive all the cuts of the signal region. This implies statistical uncertainties
in the neighbourhood of 100%.

The W +jets background in the signal region is normalised using a control sample with reversed
electron identification cuts; a loosened or reversed muon selection has not been considered
here since the fake rate for electrons is expected to be larger than the fake rate for muons.

Events are required to have one isolated muon and one isolated electron which satisfies the
“Loose" isEM requirement but not the “Tight" requirement. The veto against events with two
hard jets is relaxed, but a b-veto to reduce top is still applied. The other cuts, such as PIT“iSS,
myy, and isolation, are the same as in the signal region.

Methods to estimate the extrapolation coefficients from this control region to the signal region

Wiets and BYJeIs respectively, were also investigated. Based

and the W control region, «
on that study, it is assumed that both "/¢** and " /¢** can be estimated with an accuracy
of about 10% using a control sample consisting of y+jets events. Detector uncertainties, like
jet energy scale and resolution, are calculated following the same procedures described in
Subsection 6.2.5 and also used in sections 6.2.6 and 6.2.6; the results are summarised in

Tab. 6.8.

The dominant uncertainty in the normalisation of this background is poor MC statistics in the
prediction of a"V/¢*S and /¢S, With real data in hand, it may not be necessary to include
this as an uncertainty, since there can be an in-situ estimate of the extrapolation coefficients.
However, for the purposes of a MC prediction, the present study uses this uncertainty in lieu
of the algorithmic uncertainty quoted above.

Although there is a large uncertainty on its determination, this background is expected to give
arelatively small contribution to the signal region (about 10%; see Tab. 6.10); the main task in
data is to prove that its normalization is not significantly larger than expected.

Checks to normalise the Z+jets contribution- H — WW +1j

The Z+jets contribution in the signal region is expected to be small, but this statement relies
on a strong suppression of this background using a cut on the missing transverse momentum.
Z+jets is therefore a dangerous background in the same sense as W+jets, and it is desirable to
have a means to check in data that its normalisation is not significantly larger than expected.

Following the same procedure described in the Z+jets the control region for the zero jet case,
the sample is built based on a Z peak reconstruction: Table 6.10 gives the expected cross-
sections in the Z peak control sample, and the upper left plot in Fig. 6.28 shows the cross-
section in this control region as a function of the cut on the missing transverse momentum.
The red curve shows the values for Z+jets (based on Alpgen), and the blue curve shows the
contributions from other processes, such as ¢ and continuum WW. In the region of interest
for the analysis, these sources of contamination are significant.

133



Chapter 6. Higgs boson Monte Carlo studies

Z+jets Control Region Z+jets Control Region
S i
10'E — g g 06
= E Z+jets 3 ©
g r ] & 05
= 2
bt 10° E All-other-processes \ El g 0.4
n S A S \ = c
A C T~ ] 2
3 L — ] g 03
2 10k e ] ¢
@ E N S 02
¥ F ] @
N r ] 3
N0
10E E
:\ Lo L L L L L L I OC
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Missing Transverse Momentum [GeV] Missing Transverse Momentum [GeV]

Figure 6.28: Left: the cross-sections for Z+jets and other contaminations in the Z+jets normal-
isation region as a function of the cut on the missing transverse momentum. The red curve
shows the contribution from Z+jets, and the blue curve shows the contribution from all other
processes. Right: the ratio of the Z+jets cross-section in the signal region and normalisation
region as predicted by Alpgen. Here, the P‘;‘iss cut in the signal region has been loosened to
match that in the Z+jets normalisation region.)

In practice, one would like to check missing P7 distribution in the region around the Z peak
to make sure that there is not a significant tail, and then obtain an estimate of Z+jets in the
signal region by taking the missing P performance to be similar in the region with small m,,
and large myy.

The right plot shows the ratio of the Z+jets cross-sections in the signal region and the normali-
sation region for various values of the cut on P‘}‘i“. Here, the P‘;‘i“ cut in the signal region has
been relaxed to match that in the Z+jets normalisation region. If the ratio of cross-sections is
fairly at as it is in the case of the MC sample used here (Alpgen), then one can simply read of
the PITniSS distribution from the events in the Z peak (after subtracting the contamination from
other processes) and use that distribution to estimate the rejection against Z+jets obtained
from the PIIT“SS cut in the signal region.

Since the Z+jets background is a fairly small concern in this analysis, the present study does
not pursue a nuanced treatment of the Z+jets background extraction including correction
factors for the effects mentioned above and the related systematic errors. The control sample
described above is sufficient to demonstrate that the Z+jets background is small enough
that its contribution to the signal region can be taken from MC, and that is sufficient for the
purposes of the present analysis.

Checks to normalise the bb background - H — WW +1j

The bb background is a potentially dangerous background because of its large cross-section.
With the currently available MC samples, it is reduced to a negligible level by the lepton Pr

134



6.2. H— W*W~ — ¢*v¢~ v, design of analysis strategy

cuts, the isolation cuts and the missing P cut. However, it is possible that this background
might give a larger than expected contribution; it is therefore important to have a technique
ready to normalise this background in situ.

Following the approach devised for the zero jet analysis (Subsection 6.2.5), the strategy em-
ployed here is to select events for which the impact parameter significance of the leptons
is large (> 3 for muons, > 6 for electrons) and for which the isolation cut is not applied. As
was the case for the zero jet analysis, no MC events survive in the signal region, even if the
jet veto cut is removed. Figure 6.29 shows the cross-section in the control region as a func-
tion of the jet veto Pr threshold; the lower curve shows the bb cross-section alone and the
upper curve shows the sum of bb and the other processes which contaminate this region
(mostly top events). Based on this behaviour, one can check whether the MC describing the
bb background is correct in its prediction that this contribution is negligibly small.
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Figure 6.29: Cross-section as function of jet Py threshold in the bb control region and a similar
region with an inverted cut on P},
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Table 6.15: Systematic uncertainties for the various extrapolation ratios in the aggressive

scenario and the conservative scenario.

Aggressive Scenario
a,WW Top aW]ets ,BTOP ﬁW]ets

a
Q? 12.50% 18.53% 0.00% 3.54%  0.00%

Jet Scale Up 2.02% 12.21% 431% 7.30% 16.60%
Jet Scale Down | 2.01% 16.03% 2.58% 9.49% 4.25%
Jet Resolution | 0.00% 0.00% 0.00% 0.00% 0.00%
b-tagging eff. 0.74% 20.94% 0.00% 16.23% 0.00%
MC Statistics | 10.54% 20.87% 94.37% 6.29% 48.47%
Total 16.49% 38.40% 94.47% 20.14% 51.24%

Conservative Scenario

aVWw alor aWiets ,BTOP ﬁW]ets
Q? 10.45% 34.15% - 7.19% -
Jet Scale Up 2.44% 12.12% - 6.58% -
Jet Scale Down | 5.17% 14.81% - 8.80% -
Jet Resolution | 0.00%  0.00% - 0.00% -
b-tagging eff. 1.59% 28.16% - 19.39% -
MC Statistics | 13.52% 19.61% - 6.51% -
Total 17.92% 50.63% - 23.40% -
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Results for H - WW +1j

As was done for the zero jet analysis, various control samples are incorporated into the
sensitivity calculation. The cross-sections and systematic errors are, of course, different; the
values for the cross-sections and systematic errors used here are summarised in the previous
sections as well as in Appendix A.8.1. The systematic error on the signal is taken to be the sum
in quadrature of the jet energy scale uncertainty (6.3%) and the theory uncertainty (2%) as
evaluated by varying the factorization and renormalization scales by factors of 4.
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Figure 6.30: Bayesian and Frequentist 95% CL Upper-bound on g, at /s =10 TeV and 200 pb~!
of integrated luminosity for aggressive (top) and conservative (bottom) scenarios.

Figure 6.30 shows the expected upper bounds on the Higgs boson signal cross-section (in
units of the Standard Model prediction) for the aggressive scenario (top) and the conservative
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scenario (bottom), for an integrated luminosity of 200 pb~! at a centre-of-mass energy of
10 TeV. By itself, this channel can come close to excluding Standard Model Higgs boson masses
near 160 GeV, but the chances to exclude a significant range are small.
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Figure 6.31: Comparisons at different luminosities in the aggressive scenario.

Figure 6.31 shows the expected behaviour of the upper bound for several values of the inte-
grated luminosity, at a centre-of-mass energy of 10 TeV. Approximately 500 pb~! to 1 fb™! of
integrated luminosity would be required in order to have a >50% probability to exclude any
part of the Standard Model Higgs boson mass range using the H + 1 j channel alone.
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PDF Reweighting, sensitivityat7 TeV- H — WW +1j

As it was done in the zero jet, the physics potential for the case of a /s = 7 TeV centre-of-
mass energy was estimated using an event-by-event PDF re-weighting formalism described in
Chapter 4.
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Figure 6.32: Bayesian and Frequentist 95% CL Upper-bound on g, at /s =7 TeV and 200 pb~!
of integrated luminosity for aggressive (top) and conservative (bottom) scenarios.

Figure 6.32 shows the expected upper bound on the Higgs boson production cross-section
one would expect after collecting 200 pb~! of integrated luminosity at a centre-of-mass energy
of 7 TeV, and Fig. 6.33 shows a comparison between the expected limits for 7 TeV and 10 TeV.
The increase in the upper bound that comes from a lowered centre-of-mass energy is less than
a factor of two for most values of the Higgs boson mass.

139



Chapter 6. Higgs boson Monte Carlo studies

[ CLg,p Exclusion Limits 1j |

> : .
E L = i
s 5 % 1 K
o . . .
Y 1jet 10 TeV 200 pbl
s f o e 7 TeV 200 pb’
@ o r
5 4T
Q ‘. B
o - N K
S - s
2 LN T .
_Im 3 KX K
o r
s [
n . e
[} ~ ’.‘ ’.‘
2 e .
1_ .....................................................................
= P P P P P P
130 140 150 160 170 180 190

m, [GeV]

Figure 6.33: Comparisons at different centre-of-mass of energy in the aggressive scenario
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6.2.7 2jet

At the LHC, the Vector Boson Fusion Higgs boson production process has the second largest
cross-section in the SM. A Feynman diagram for this process is shown in Fig. 6.34. At
Vs =10 TeV, for my < 2my, this process comprises about 10% of the total production cross-
section (See Chap 2) and becomes more significant compared to the dominant gluon fusion
process as my increases. However, this production mode has the advantage that additional
event characteristics can be exploited to suppress the large backgrounds. The Higgs boson is
accompanied by two jets in the forward regions of the detector, originating from the initial
quarks that emit the vector bosons. Higgs boson Pr is relatively higher than in gluon-gluon
Fusion due to emitting W/ Z. In addition, central jet activity is suppressed due to the lack of
colour exchange between the quarks. This is in contrast to most background processes, where
there is colour flow in the ¢-channel. Therefore, in order to enhance the signal-to-background
ratio, jet tagging in the forward region of the detector together with a veto of additional jet
activity in the central region can be exploited. The search for Higgs bosons in this channel in
proton-proton collisions with a centre-of-mass energy of 14 TeV using the ATLAS detector has
been already considered in the context of multivariate and fit-based techniques in [27] and
using cut-based approach in [136].

@___ -d )
w* 4+
Wiz, W
- -...I_-_I____ ::? .
P : :' ) W_
Wiz 4 ,__." {_
q _________________ _________———_____ q

Figure 6.34: Feynman diagram for vector-boson fusion Higgs boson production and its decay
into WW pair

Two forward jets from the struck quarks, two isolated leptons, and missing transverse momen-
tum from the two W decays form a distinctive signature for the signal. The distinct kinematics
of the jets in VBF events are show in Fig. 6.35.

Events in with the following criteria are selected:
* Require the presence of least two jets. Based on the scenario considered, jet selections
are required to have Py > 20 GeV and |n| < 4.8 in the aggressive analysis, or Pr > 30 GeV
and Pt > 40 GeV for || smaller or larger than 3.2. Jets are reconstructed from topological

clusters using a cone algorithm with a radius of 0.4. These jets are used for the forward
jet tagging later.

* Ajet veto helps to suppress backgrounds with heavy jet activity in the central region

141



Chapter 6. Higgs boson Monte Carlo studies
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normalized to unity
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Figure 6.35: Jet kinematics for signal and main backgrounds.

like 7. Events are rejected if a 3" jet (apart from the two tagging jets) is found within
Inl <3.2.

* A b-jet veto is very effective against 7¢. An event is ignored if a b-jet is found. A jet is

taken to be a b-jet if it has an SVO b-tagging weight greater than 5.7.

* The two leading jets (the “tag" jets) are required to be in opposite hemispheres: 7172 <

0.

¢ The Pr of the leading jet must be greater than 40 GeV.

* The forward jets topology is a distinctive characteristic of the Weak Boson Fusion produc-

tion mechanism and it is extremely effective in rejecting almost all types of backgrounds.
The pseudorapidity gap between the tag jets is required to be greater than 3.8. Fig-
ure 6.36 shows the distribution of the pseudorapidity between the tag jets for the signal
and the main backgrounds.

* Theinvariant mass m;; of the tag jets can be a selection criterion for the signal process. It

isrequired to be greater than 500 GeV. Figure 6.36 shows the corresponding distributions.

* Ifno hard initial- or final-state gluons are radiated, it is also expected that the transverse

momentum of the Higgs boson will be balanced by the transverse momentum of the
two tag jets. The total transverse momentum of two tag leptons, two jets and missing
energy is defined as follows:

Pt = pll 4 P22 4 prj1+ PJ 4+ piiss (6.10)
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Events are required to have P}°’ < 30 GeV. Figure 6.36 shows this discriminating variable.

Table 6.16: Effective cross-sections (in fb.) after cuts in the Signal Region, and the correspond-

ing MC uncertainties for the conservative scenario.

signal (fb) background (fb)
flavor channel VBF ww \ [T+ Wt \ W+ jets \ Z+jets \ di-jets H total
eu 2.20£0.06 || 0.26+0.18 | 0.46+0.22 - - - 0.72+0.29
ee 0.734£0.04 - 0.06£0.06 - - - 0.06+0.06
L 1.30+0.05 - - - - - -
total 4.23+0.09 0.26%0.18 | 0.52+0.23 - - - 0.78+0.29

Control Samples and Systematics for H — WW +2j

é\ 0.18F T T T T T T T T = é‘ 1E T T T T T T
= 0.16:-J'_| VBF H- WW (M =170GeV) 3 g _[-l —— VBFH- WW (M =170GeV) J
2 il - =.. top 3 2 - - =. top B
o 014f - z o ) ]
8 E —_— WWH+jets E R = - — WW+jets -
N 012F R = i E I—| - = = Z+jets E
< E . - = = Ztjets ] < F L E
£ 01 -L - £ o '_' 3]
S E iy = 5 o . 4
£ 008 = e Ll . 'L |
E E 10°E T 3
0.06f = 3 _ ':I 3
0.04f- 3 C ! =
- = 3 -1
0.02f~ 3 10° R =
E 3 F 1 | . Jx10°
% 1 2 3 4 5 6 7 8 9 1 0 500 1000 1500 2000 2500 3000
pseudo-rapidity between jets (An;) invariant mass of jets (M“) [MeV]
éx F T T T T T T T ? T T T T T
5 ——— VBF H- WW (M =170GeV) = —— VBF H- WW (M, =170GeV) 1
- - {0 - - = top T
2 — WF\JN+jets g — WWHjets 4
@ 10% i 7 = = - Z+ets = Q = = . Z#ets (Z-11)
S = J s = -
E ] £ 1= E
gt - 1 e =1, 1
L . ] — __|- : ]
102 E Lim, o 3 I -J—I |
: L I.”|"'-Ex1t>3 Tl x10°
0

L L =t
150 200 250
invariant mass of leptons (Mu) [MeV]

N L L )
80 100 120 140 100
total transverse momentum (PY') [MeV]

20 60

Figure 6.36: Distributions of important discriminating variables for signal and main back-
grounds.

It was found that after applying all these selection criteria, none of the available MC events
for some important backgrounds remained. Table 6.16 shows the effective cross-sections
in the Signal Region for all the relevant processes. Dash indicates lack of statistics in the
corresponding MC sample. This is the case for a number of entries in the table; however, it is
well known from previous studies that some of these processes are not negligible and therefore
should be estimated. In principle, one can use the sum of the cross-sections over the three
flavor channels and use that estimate for limits and significance calculation, but in that case
the result will be swamped by MC statistical error and even can give an unphysical result. (See,
for example, the case of the pu channel in Table 6.16; the absence of any nonzero background
cross-sections is simply due to a statistical fluctuation.)
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Figure 6.37: Transverse momentum of the missing energy and di-lepton-neutrino system for
signal and main backgrounds

Taking into account the lack of statistics in this channel at the beginning of data taking
at LHC and some other considerations it was decided to loosen the event selection. On
the one hand, removing a cut should be least harmful for the analysis; on the other, one
still needs to have decent statistics to be able to make a convincing analysis and not be
swamped by unphysical MC fluctuations. After thorough investigation (varying different cuts),
an appropriate combination was found. The A¢;; cut is not very effective in this analysis,
especially if it is applied after jet-veto, forward jet tagging and lepton cuts. Following Table A.46
in Appendix A.9.2, it kills 17% of the signal and only 25% of the backgrounds. Therefore this
cut can be loosed or turned off completely. Another cut which can be relaxed is the cut on the
invariant mass of the tag jets, m;;. This cut is relatively effective (it removes 17% of the signal
and 53% of the backgrounds according to the Table A.46), but at the same time this cut makes
substantial contribution to the systematic uncertainty (as will be seen in Sec. 6.2.7).

The scenario with loosened A¢;; and m; cuts will be referred to as the aggressive scenario,
and it is taken as the baseline scenario in this study. Table 6.17 shows the detailed cutflow in
the Signal Region for the sum of the three flavor channels in the case of the aggressive scenario.
A breakdown into ey, ee and pu can be found in Appendix A.9.2.

As can be seen from Table 6.17, the main backgrounds are top and WW + jets. The next
section describes how to normalise these backgrounds using control samples in the data. The
numbers presented in the next subsections are based on the aggressive scenario, correspond-
ing numbers for the conservative scenario can be found in Appendix A.9.2

Normalising top - H - WW +2j

Two of the most effective cuts against top background in this analysis are the pseudorapidity
gap between tag jets and b-tagging. Therefore it is possible to construct a sample enriched in
top by reversing these cuts with respect to the signal region. Signal is removed from the control
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Table 6.17: Cutflow (in fb) signal (mpy = 170 GeV) and all relevant backgrounds in the Signal
region for the aggressive scenario. Cross-sections in the cutflow table are summed over
ee, ey and pp channels. The W+jets column includes contributions from WZ and Whb,
and the Z + jets column includes ZZ and Zbb contributions. The dijets column includes
contributions from the bb background. The last three rows represent a breakdown of the
effective cross-sections after cuts into the three flavor channels, with the corresponding MC
statistical uncertainties. Cross-sections are given in fb.

signal (fb) background (fb)

Signal ww [ T+ Wt [ W+jets [ Z+jets [ di-jets H total
lepton acceptance 27.45 1220.79 8697.07 1504.30 | 880895.82 | 273.04 || 892591.02
374 lepton veto 27.43 1219.88 8646.53 | 1484.91 | 880599.62 | 273.04 || 892223.98
my; cuts 25.78 1124.37 7948.08 | 806.20 | 121039.00 | 239.44 || 131157.08
PSS > 30/40 GeV 21.88 703.29 6436.44 | 410.97 552.36 - 8103.05
mél" >30 GeV 20.78 664.28 5659.01 399.42 224.23 - 6946.95
jet acceptance 15.11 148.05 5057.08 58.31 121.73 - 5385.18
jet-veto 12.94 103.06 2021.62 38.63 63.64 - 2226.94
b-jet veto 12.02 94.55 466.56 35.99 52.05 - 649.15
nj1:nj2<0 10.64 39.10 197.89 14.15 21.18 - 272.33
p?“d'f el 40 GeV 9.61 27.94 165.91 8.38 19.67 - 221.90
Anj;>38 7.20 4,60 24.15 0.12 3.48 - 32.34
Pt <30 Gev 6.91 3.90 15.74 0.12 3.43 - 23.19
Z — 17 rejection 6.76 3.54 14.57 0.12 1.34 - 19.56
my; < 80 GeV 6.59 1.40 3.88 - 1.30 - 6.57
mr<mg 6.24 1.15 3.41 - 0.12 - 4.68
total 6.24+0.10 || 1.15+0.39 | 3.41+0.66 - 0.12+0.12 - 4.68+0.77
el 3.21+0.08 || 0.93+0.36 | 1.56+0.44 - 0.12+0.12 - 2.61+0.58
ee 1.08+0.04 || 0.11+0.11 | 0.34+0.21 - - - 0.45+0.23
U 1.9440.06 || 0.11+0.11 | 1.51+0.45 - - - 1.6240.46

region by reversing the cut on the invariant mass of the leptons: m;; > 80 GeV. Table 6.18
shows the detailed cutflow in this control region for the sum over flavor channels and the
corresponding effective cross-sections after cuts for the ey, ee and pu channels separately. MC

statistical uncertainties are also shown. It is valid to say that this control region is dominated
by top production.

Normalising WV +jet background - H — WW +2j

In order to normalise the W W+jets background, a b-vetoed control region with the same
kinematic cuts as in the top control region is used; the only difference between the two regions
is that in the b-vetoed control region, the b-tagging cut is reversed. The cutflow for the b-
vetoed control region is given in Table 6.19. The ratio between the W W +jets MC cross-sections
in the signal region and the W W control region defines the extrapolation factor to normalise
the WW+jets background in the signal region from data. But one can see that there is a
significant contamination from the top background in the W control sample; it is important
to subtract this contamination. The top control sample defined in the previous subsection
can be used, along with the ratio of top cross-sections between the WW control region and
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Table 6.18: Cutflow for the top control region summed over ee, ey and ppu channels and a
breakdown into channels for the final cross-sections (in fb).

signal (fb) background (fb)
Signal ww ‘ (t+ Wt ‘ W+ jets ‘ Z+ jets H total
jet acceptance 15.11 148.05 5057.08 58.31 121.73 5385.18
jet-veto 12.94 103.06 2021.62 38.63 63.64 2226.94
b-jet tagging 0.92 8.51 1555.06 2.64 11.58 1577.79
nj1°Mj2<0 0.79 4.05 678.29 2.37 2.45 687.16
predIet s 40 Gev 0.77 3.80 632.97 2.37 2.30 641.44
An;jj<3.8 0.30 3.44 600.65 1.22 211 607.42
POt <30 Gev 0.28 3.33 466.15 1.22 2.02 472.72
Z — 17 rejection 0.28 3.21 440.46 1.22 1.69 446.57
my; >80 GeV 0.01 2.20 233.84 0.12 0.18 236.34
total 0.01+0.004 || 2.20+0.52 | 233.84+5.61 | 0.12+0.12 | 0.18+0.09 || 236.34+5.63
ey 0.01+0.004 [[ 1.35+0.41 | 136.45+4.29 | 0.12+£0.12 | 0.05+0.05 || 137.97+4.31
ee - 0.26+0.18 | 34.95+2.17 - 0.04+0.04 || 35.24+2.17
U - 0.60+0.27 | 62.44+2.90 - 0.09+0.06 || 63.13+2.91

the top control region (87°P) described at the beginning of this section.

Table 6.19: Cutflow for the WW control region summed over ee, ey and pp channels and a
breakdown into channels for the final cross-sections (in fb).

signal (fb) background (fb)

Signal ww [ t+Wt [ W + jets [ Z+ jets H total
jet acceptance 15.11 148.05 5057.08 58.31 121.73 5385.18
jet-veto 12.94 103.06 2021.62 38.63 63.64 2226.94
b-jet veto 12.02 94.55 466.56 35.99 52.05 649.15
nj1-Nj2 < 0 10.64 39.10 197.89 14.15 21.18 272.33
p?“d'f ''> 40 Gev 9.61 27.94 165.91 8.38 19.67 221.90
Anjj <3.8 2.41 23.35 141.75 8.27 16.19 189.56
P%Ot <30 GeV 2.25 20.35 107.73 7.61 11.97 147.66
Z — 17 rejection 2.20 19.51 100.53 7.61 5.64 133.28
my; >80 GeV 0.07 9.14 57.92 0.38 1.44 68.88
total 0.07£0.01 9.14+£1.07 | 57.92+2.75 | 0.38+£0.22 | 1.44+0.72 68.88+3.05
ey 0.06+0.01 || 5.02+0.80 | 33.46+2.09 | 0.26+0.19 | 0.41+0.41 || 39.14+2.28
ee - 0.77+£0.31 | 10.38+1.17 | 0.12+0.12 | 0.41+£0.41 11.67+1.29
[ 0.01+£0.004 || 3.36+0.65 | 14.08+1.35 - 0.63+£0.44 18.06+1.56

Normalising Z+jets background - H - WW +2j

The contribution from Z+jets is negligible in the signal region® according to current MC
Samples. But in the WW control region, the Z+jets contribution should be taken into account.
With that in mind, a special control region can be constructed which is mainly based on the
WW control region where two cuts are modified: the invariant mass of tag leptons is required
to be inside the Z-peak, i.e. |m;; — mz| < 10 GeV, and the missing transverse momentum

8According to Table 6.17; there is one event from Z — 77 in ey channel which survived all the cuts, but the

corresponding cross-section is small in comparison with signal and other backgrounds and therefore it was
neglected.
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should be less than 40 GeV. The rest of the cuts are the same as in the WW control region. This
control region can be used to estimate the Z contribution in ee and pu channels only because
it is based on the Z-peak; the Z contribution in ey channel should be heavily suppressed
by Z — 17 rejection. Table 6.20 contains the cut-flow for that control region and final cross-
sections after cuts. As expected, this is a pure Z+jets region.

Table 6.20: Cutflow for the Z control region summed over ee, ey and ppu channels and a
breakdown into channels for the final cross-sections (in fb).

signal (fb) background (fb)
VBF WW | i+Wr | Wejets | Z+jets || total

Imy;—mz]<10 GeV 1.45 17052 | 123881 | 710.49 756029.19 758174.22
PSS < 40 GeV 0.40 75.27 231.24 543.01 755400.85 756275.57
milY > 30 Gev 0.08 25.51 78.22 220.26 633412.12 633752.91
jet acceptance 0.05 2.26 26.94 85.45 26774.56 26889.21
b-veto (SV0) 0.05 213 5.48 78.70 24950.58 25036.88
njmj2<0 0.04 0.86 225 15.30 9965.83 9984.25
Pt Iet 5 40 Gev 0.04 0.73 2.39 11.58 4887.01 4901.71
Anjj>38 0.01 0.73 2.39 10.18 4229.22 424253
P17 <30 Gev 0.01 0.62 2.19 8.14 3816.82 3827.77

Z — 17 rejection - 0.25 1.85 2.33 1417.13 1421.56
Apy <16 - 0.25 1.85 2.33 1417.13 1421.56
total - 0.25+0.18 | 1.85+0.49 | 2.33+0.57 | 1417.13+34.28 || 1421.56+34.29
eu - - 0.76:+0.32 - 0.05+0.05 0.81:0.32
ee - - 0.48+0.25 | 0.56+0.28 | 539.08+2234 || 540.12+22.34
pp - 0.25+0.18 | 0.62+0.28 | 1.76+0.49 | 878.00+26.00 || 880.63%26.01

Systematic uncertainties

Similarly to the zero and one jet cases, for each of the control regions a ratio is used to measure
the respective background event yields. There are five® scale factors in this analysis which are
used to normalise backgrounds.

The deviation of the extrapolation ratios for a given scale from the central value is calculated
and the largest one is taken as a Q? scale uncertainty. Table 6.21 collects the result of the
analysis of the Q?-varied samples. MC statistical uncertainties are shown both for ratios
and their deviation. Taking the largest deviation one can estimate the Q? scale uncertainty:

Aa i’ = 10%, A" = 5% and Aagy," ~ 35%.

QZ
It is expected that alteration of the Q? scale should mostly affect the jet activity in the event and,
consequently, ratios of cross-section between regions where jet-related cuts are different. At
first glance, the values in Table 6.22 seem to suggest that in the case of the aggressive scenario
(where the m; cutis not applied in either the signal region or the top control region) the Q?
scale uncertainly on a’? is almost 4 times smaller than in the conservative case (where m ji
is reversed). However, it is worth noting that this is possibly an artifact of the limited size of the

9Because of the lack of statistics in the Z MC Samples, this contribution was taken from MC and therefore
systematic checks have not been performed on the Z scale factors (@Z/€%S and pZ/¢%s)
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Table 6.21: Extrapolation ratios and their deviations from the central value for top and WW

backgrounds, in the aggressive scenario.

H central value “ scale 1 [ scale 2 [ scale 3 [ scale 4

aTop

e channel 0.0173+0.0015 0.0214+0.0026 | 0.0157+0.0015 | 0.0158+0.0016 | 0.0191 +£0.0017

deviation (%) - 24+11 9+12 9+12 10+11

ee channel 0.0240 +0.0028 0.0204 +0.0040 | 0.0200+0.0035 | 0.0284 +£0.0043 | 0.0264 +0.0046

deviation (%) - 15+19 16+17 19+16 10+19

pp channel 0.0237 +£0.0024 0.0214+0.0040 | 0.0247 +0.0027 | 0.0238+£0.0032 | 0.0199 +0.0027

deviation (%) - 10+19 4+14 0+16 16+ 14

total 0.0201 £0.0011 0.0213+0.0019 | 0.0188+0.0013 | 0.0198+0.0014 | 0.0203+0.0014

deviation (%) - 6+10 7+8 1+9 1+9
ﬁTop

e channel 0.2223 +0.0056 0.2152+0.0084 | 0.2261+0.0060 | 0.2149+0.0066 | 0.2245+0.0067

deviation (%) - 3+4 2+4 3+4 1+4

ee channel 0.2236 +0.0090 0.2401+0.0161 | 0.2097+0.0109 | 0.2258 £0.0130 | 0.2395+0.0134

deviation (%) - 77 6+6 1+7 7+6

pp channel 0.2091 +£0.0078 0.2403+0.0129 | 0.2290+0.0086 | 0.2035+0.0089 | 0.2277 +0.0096

deviation (%) - 15+6 10+5 3+6 9+5

total 0.2189+0.0041 0.2258 +£0.0065 | 0.2244+0.0045 | 0.2135+0.0049 | 0.2275+0.0051

deviation (%) - 3+3 3+3 2+3 4+3
aWW

e channel 0.1972+0.0112 0.2622+0.0133 | 0.1909+0.0154 | 0.2293 +£0.0152 | 0.1632 +0.0093

deviation (%) - 33+5 3+10 16+7 17+7

ee channel 0.2889 +0.0293 0.3667+0.0314 | 0.2568+0.0371 | 0.3210+0.0374 | 0.2118+0.0212

deviation (%) - 27+10 11+16 11+14 27+10

pp channel 0.2823+0.0213 0.3648 +0.0236 | 0.2870+0.0293 | 0.2917+0.0264 | 0.2385+0.0180

deviation (%) - 29+7 2+12 3+11 15+9

total 0.2315+0.0095 0.3056+0.0111 | 0.2255+0.0130 | 0.2593+0.0126 | 0.1900 +0.0078

deviation (%) - 32+4 3+7 12+6 18+5

MC samples used to evaluate this uncertainty. The same effect is present, although somewhat
less pronounced, for the other ratios as well.

Table 6.22: Comparison of Q? scale uncertainty on extrapolation ratios between conservative
and aggressive scenarios.

. Top Top wWw
scenario H A, ‘ A,Bsyst ‘ Aarg s
conservative 38% 8% 45%
aggressive 10% 5% 35%

Table 6.23 summarises systematic uncertainties obtained when the different variations de-
scribed on the Subsection 6.2.5 are applied.

Results for H - WW +2j

As done in the zero and one jet analyses, statistical methods employed for the exclusion limits
calculations are based on the Frequentist profile likelihood ratio and Bayesian formalisms.
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Table 6.23: Systematic uncertainties on extrapolation ratios based on fast simulation. Aggres-

sive scenario.

uncertainty H AasTyospt Aﬁz;f; ‘ A“%K‘t/
Q? scale 10% 5% 35%

jet energy scale (up)
jet energy scale (down)
jet energy resolution
b-tagging efficiency
light jet rejection

8.51% | 0.07% | 13.34%
091% | 1.04% | 16.52%
1.04% | 0.10% | 2.99%
19.90% | 37.98% | 0.57%
1.00% | 0.95% | 0.60%

Figures 6.38, 6.39, 6.40 show the expected upper bound on the Standard Model Higgs boson
cross-section divided by the Standard Model prediction at 10 TeV for the combination of the
ey, ee and pp channels using Bayesian and Frequentist approaches for integrated luminosity
0f200 pb~!,500 pb~1, 1 fb~! correspondingly. The cross-sections and systematic uncertainties
defined in the previous sections for the aggressive scenario were used to obtain these limits.
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Figure 6.38: Upper bound on the Standard Model Higgs boson cross-section with 200 pb™! at
10 TeV. Bayesian and Frequentist approaches. For the aggressive scenario.
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Figure 6.39: Upper bound on the Standard Model Higgs boson cross-section with 500 pb~! at
10 TeV. Bayesian and Frequentist approaches. For the aggressive scenario.
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Figure 6.40: Upper bound on the Standard Model Higgs boson cross-section with 1 fb~! at
10 TeV. Bayesian and Frequentist approaches. For the aggressive scenario.
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PDF Reweighting, sensitivityat 7 TeV- H — WIW +2j

As done for the zero and one jet analyses, it was possible to use the available 10 TeV MC
samples to estimate the results one would expect at lower centre-of-mass energies. The parton
distribution function reweighting technique is described in details in Chap. 4. Exclusion limits
are shown in Figures, 6.41, 6.42. Results at 7 TeV for the conservative scenario are presented in
Appendix A.9.4.
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Figure 6.41: Upper bound on the Standard Model Higgs boson cross-section with 500 pb~! at
7 TeV. Bayesian and Frequentist approaches. For the aggressive scenario.
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Figure 6.42: Upper bound on the Standard Model Higgs boson cross-section with 1 fb™! at
7 TeV. Bayesian and Frequentist approaches. For the aggressive scenario.
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integrated luminosity (fb~!)

scenario 0.2 0.5 ‘ 1.0

10 TeV
aggressive pu>2|165-175 | 145-185
conservative | u>3 | pu>1.5 u>1

7 TeV
aggressive u>3 u>2 u>1
conservative - u>2 pu>1.5

Table 6.24: Exclusion limits for Standard Model weak boson fusion Higgs boson at 10 and 7 TeV
for aggressive and conservative scenarios with different integrated luminosities.

Estimation of exclusion limits of the Standard Model Higgs boson via the VBF mechanism has
been performed in the mass range from 120 to 200 GeV. This production mode is characterised
by two high-P7 jets in the forward region of the detector what gives a very good suppression
power against all the relevant backgrounds. Nevertheless there are several backgrounds which
has to be normalised from data: top production, WW+jets and Z+jets 1°. Corresponding
control regions have been defined in order to estimate these backgrounds. Extrapolation
ratios from the control regions to the signal region have been derived from MC and systematic
uncertainties on these ratios has been estimated. A number of sources of the systematics
have been considered: Q? scale, jet energy and resolution, missing transverse momentum,
b-tagging and light-jet rejection uncertainties.

In order to cope with limited statistics (especially with the very first data) some of the cuts
have been loosened. That led to better statistical evidence and smaller systematic uncertainty
than in the conservative case where all the cuts are applied. Moreover, to model limited
performance of the ATLAS detector at the very beginning of data-taking, another scenario
has been proposed- conservative case includes tightening Pt threshold for jets and missing
transverse momentum. This scenario has been evaluated for the same centre-of-mass energy
and luminosity conditions as in the aggressive scenario.

Sensitivities at 10 TeV with 200, 500, and 1000 pb~! of data have been evaluated for both
scenarios. Re-weighted 10 TeV samples have been used to study 7 TeV centre-of-mass energy
regime, corresponding sensitivity has been checked as well. Table 6.24 collects corresponding
upper limits on u in the case when p is larger than 1 and excluded mass range when it is
smaller than 1. Only limits based on CLgs,p method is shown as it has better sensitivity. At
10 TeV one can expect to exclude SM weak boson fusion Higgs boson in the mass range from
165 to 175 GeV with 0.5 fb~! of data, and in the mass range from 145 to 185 GeV with 1 fb~! of
data, if cuts corresponding to aggressive scenario are applied. At lower luminosity at 10 TeV
and at 7 TeV and in the case of conservative scenario it is possible to set limits on p > 1.

10 7 4jets background is negligible with the existent MC samples, though the corresponding control region has
been constructed
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6.2.8 Combinationof H — WtW~ — ¢*v¢~v channels - 7 TeV

As in the sections summarising the individual channels, results were presented using both
Bayesian and Frequentist techniques. In both cases, the formalisms used for the significance
calculation in the individual channels are described in Sec. 6.2.4 and Appendix A.3. However,
itis necessary to specify a few additional details relevant to the combination calculation:

* Only one signal normalisation parameter is used for all three channels. As the integrated
luminosity becomes large, it would make sense to introduce a separate normalisation
parameter for the H + 2j channel, since the signal production in this channel proceeds
via a different mechanism which is sensitive to different couplings than the H + 0 and
H +1j channels. However, such a possibility is not studied here.

* The present combination assumes no correlated systematics on background normalisa-
tions in different jet multiplicity bins. In the sensitivity calculations presented in the
studies of the individual channels, for example, the ratios of background cross-sections
in the same-flavor and opposite flavor channels were fixed, i.e. the significance calcula-
tion assumed that the relative efficiency of the electron and muon reconstruction was
well-known. It is tempting to do something similar here and introduce, for example,
a global normalisation parameter for the top background which influences the top
background estimates in all three jet multiplicity bins. Such an approach would most
likely decrease the statistical error on the determination of the top background normali-
sation because the normalisation parameter would be constrained by observations in
all three top control samples. However, it is not obvious that the relevant systematic
uncertainties would automatically be taken into account in that sort of approach. The
present study therefore treats the background estimates in the different jet multiplicity
bins separately.

* The systematic error on the signal efficiency is a matter which, in principle, needs to be
treated with some care, since a correlation in the systematic uncertainty on the signal
would propagate much more directly into the limits obtained on the cross-section than
a correlation in the systematic error on the background normalisations. The analyses
of the individual channels used in this combination have all included studies of the
uncertainty in the signal efficiency arising from lepton reconstruction efficiency, jet
energy scale and resolution, and, in the case of H+0j and H+1j, theoretical uncertainty
arising from altered Q? scales. The uncertainty arising from lepton reconstruction
efficiency is small in the case of single channels, but clearly this is strongly correlated in
different jet multiplicity bins. A strongly correlated uncertainty can weaken the expected
limit. The uncertainty arising from lepton reconstruction efficiency is therefore taken
to be exactly correlated across all three jet multiplicity bins. The jet energy scale and
theory uncertainties are another matter; events can “migrate" from one jet multiplicity
bin to another. This suggests an anticorrelation, which would yield a stronger limit if it
were included in the calculation. However, any such anticorrelation is ignored in the
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present analysis. The uncertainties arising from jet energy scale, resolution, and theory
systematics are taken to be completely uncorrelated.

As was done for each of the individual channels, the upper limit is computed in terms of a
scale factor y = o/o s, so that yu=1 corresponds to the SM prediction of the Higgs boson
cross-section, and the performance of the calculation is studied with toy MC. For the final
results presented in the plots, the expected upper bounds on the signal are converted to
absolute cross-sections by multiplying by the predicted cross-section in the SM.
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Figure 6.43: A check on the coverage of the expected upper limit on the cross-section for
a representative Higgs boson mass of 160 GeV. The red histograms show the distributions
for background-only outcomes; the black histograms show the distributions for signal-plus-
background outcomes. Left: the distributions for the upper limits using the Frequentist
Likelihood Ratio treatment, with an integrated luminosity of 1 fb~!. Right: the corresponding
distributions obtained using the Bayesian procedure. The empty bins in the distributions are
a consequence of an artificial discreteness of the Bayesian upper limits which results from the
fact that the posterior distribution is approximated using a histogram.

To test the upper limits obtained, the performance is checked directly by numerically comput-
ing the probability that a signal excess that is really present in the data is incorrectly excluded.
That is, for a given Higgs boson mass and integrated luminosity, the observed upper limit is
calculated for each outcome in a sample of toy MC outcomes which include both signal and
background, and the fraction of outcomes where the upper limit on the signal rate is less than
the true signal rate is computed. The upper bounds that are set on the cross-section in the
present study are 95% CL limits, so this probability should ideally be close to, but preferably
not more than, 5%. Figure 6.43 shows an example for a representative Higgs boson mass of
160 GeV and an integrated luminosity of 1 fb~!. The area underneath the black curves and
below p =1 gives the probability to falsely exclude the signal for that value of the Higgs boson
mass and integrated luminosity. Figure 6.44 shows the value of this probability as a function
of the Higgs boson mass, for both the Bayesian and Frequentist upper limits for several values
of the integrated luminosity. For lower luminosities, the probability to falsely exclude a signal
using the Frequentist method when a signal is actually present can be as large as about 7%.
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Figure 6.44: A check on the coverage of the expected upper limit on the cross-section for a
representative Higgs boson mass of 160 GeV. Left: the probability to incorrectly exclude a SM
signal using the Frequentist limit, when such a signal is actually present. Right: same as Left,
but using the Bayesian limit.

This is not ideal for a 95% confidence level limit, but it is a consequence of using the y?
approximation in a regime where luminosities are too low for this approximation to be really
valid. It is expected that a numerical computation of p-values would yield better coverage.
As the luminosity increases, the probability of false discovery using the Frequentist method
approaches 5%, as expected. Apart from this feature at low luminosity, the probability to
falsely exclude the signal when it is present is generally in the acceptable range, so the limits
reported in the next section are said to have good coverage. The expected upper limit is the
median of the red histogram, and estimates of the expected +1o0 and +2¢ fluctuations are
taken from the red histogram as well.

Results and Conclusions
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Figure 6.45: The expected Frequentist upper bound on the Higgs boson production cross-

section as a function of its mass, after 50 pb™! (Left) and 1 fb~! (Right) of integrated luminosity
are collected. Here, results are shown for the aggressive selections.
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Figure 6.46: The expected Frequentist upper bound on the Higgs boson production cross-
section as a function of its mass, after 50 pb™! (Left) and 1 fb~! (Right) of integrated luminosity
are collected. Here, results are shown for the conservative selections.
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Figure 6.47: The expected Bayesian upper bound on the Higgs boson production cross-section
as a function of its mass, after 50 pb™! (Left) and 1 fb~! (Right) of integrated luminosity are
collected. Here, results are shown for the aggressive selections.

= = 30¢
£140— 0 e Expected R Expected .
z 1 L IL dt=11b’
= - +1o
120 5ilﬂ ILdt 50 pb 25 B .
z *20 z ¢ +20 s=7 TeV
Z 100 \s=7 Tev E 50l O]
@ —— Standard Model e —— standard Model
T T
. 80 ' 15
(=23 (=23
= =
5 60 5
s S 10
EY E
4 4 5=
o 20 o [
B X C
o e P P N P P s o P N E R R AN B EP R
230 140 150 160 170 180 190 200 930 140 150 160 170 180 190 200
M, [GeV] M,[GeV]

Figure 6.48: The expected Bayesian upper bound on the Higgs boson production cross-section
as a function of its mass, after 50 pb~! (Left) and 1 fb~! (Right) of integrated luminosity are
collected. Here, results are shown for the conservative selections.
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Figures 6.45 and 6.46 show the Frequentist limits, including their expected statistical fluctua-
tions, as functions of the Higgs boson mass for integrated luminosities of 50 pb~! and 1 fb™!
and using the aggressive and conservative selections, respectively. Figures 6.47 and 6.48 show
the corresponding results using the Bayesian formalism. Figures 6.49 and 6.50 show the evolu-
tion of the expected limits obtained using both formalisms as the total integrated luminosity
increases. Table 6.25 shows the Frequentist results in a tabular format. Using the conservative
selection, the SM Higgs boson is expected to be excluded for my between approximately
145 GeV and 180 GeV with 1 fb~! of integrated luminosity. However, the possible statistical
fluctuations on this statement are large; if the observed measurement lies within the green
+10 band in the plot, it is possible that no region of my will actually be excluded or that the
range from about 135 GeV to 190 GeV will be excluded.
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Figure 6.49: The median expected limits obtained using the Bayesian (Left) and Frequentist
(Right) formalisms, for the aggressive selections, after collecting various amounts of integrated
luminosity.
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Figure 6.50: The median expected limits obtained using the Bayesian (Left) and Frequen-
tist (Right) formalisms, for the conservative selections, after collecting various amounts of
integrated luminosity.
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Table 6.25: The upper bounds on the Higgs boson production cross-section (in units of the SM
cross-section) as a function of mass and for several integrated luminosities. Here, results are
shown for the Frequentist limit-setting procedure.

Aggressive Selection

Mass[GeV] | 50 pb~' 200pb~! 500pb~! 1fb~! 2fb!
130 6.09 2.91 1.88 1.38 1.02
140 3.96 1.90 1.23 091 0.68
150 3.00 1.47 0.94 0.69 0.53
160 2.12 1.03 0.67 0.50 0.39
165 2.16 1.06 0.68 0.51 0.39
170 2.50 1.19 0.78 0.58 0.45
180 3.53 1.68 1.06 0.79 0.60
190 5.80 2.80 1.77 1.31 1.02
200 9.23 4.32 2.67 1.90 1.43

Conservative Selection
130 8.29 3.80 2.44 1.84 1.44
140 4.74 2.23 1.47 1.11 0.91
150 3.30 1.60 1.08 0.84 0.68
160 2.26 1.10 0.75 0.58 0.49
165 2.22 1.09 0.74 0.58 0.47
170 2.55 1.27 0.86 0.67 0.55
180 3.55 1.76 1.17 0.90 0.72
190 5.81 291 1.95 1.49 1.18
200 9.61 4.82 3.11 2.28 1.71
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Conclusions

The search of the SM Higgs boson decaying into a pair of weak bosons with the corresponding
leptonic decay of the W or Z has been studied.

The MC studies that helped to design the analysis strategies for the H - W*W~ — ¢*v{™v
and H — ZZ" — ¢*¢=¢* ¢~ decay modes are described. The cutbased analyses currently
used by the ATLAS collaboration on both of these channels, are largely based on the studies
and optimisations presented on this work.

Contributions to the development of a Tier3-prototype as well as preliminary studies of muon
reconstruction resolutions on Z — uu events with the early LHC data are equally presented.

In the H — ZZ — ¢*¢~vv decay channel, [ £dr = 4.7 fb~! of /s = 7 TeV data taken by
the ATLAS detector during 2011 were analysed. The data is compared to the background
predictions and 95% CL upper limits on the Higgs boson production cross section in a mass
range between 200 and 900 GeV are presented. With this channel, the SM Higgs boson is
excluded at 95% CL in the mass range between 319 and 558 GeV. A summary of ATLAS SH
Higgs boson searches is also presented. With the statistical combination of these results,
the Higgs boson existence is constrained to be in a narrow window between 122.5 GeV and
129 GeV with 95% confidence level; where an excess of 2.6 ¢ local significance is observed.
More data is needed to either strength the observed excess, or to ruled out in the case it is a
statistical fluctuation.

At the beginning of March 2012, the LHC restarted its collision program. After the incredibly
smooth performance during 2010 and 2011, the accelerator team has gained enough confi-
dence with the machine to increase the centre-of-mass energy to 8 TeV. The instantaneous
luminosities are already at the designed edge. Events with an average of 30 interactions per
bunch crossing are being taken. This presents new challenges for the physics analysis. Never-
theless with expectations of integrated luminosities rounding the [ £dt=5fb™! of 8 TeV data
by summer 2012, could mean a milestone moment for the Higgs boson search. Analyses are in
constant improvements. A better understanding of the detector allows to probe multivariate
techniques to better reconstruct objects and to discriminate signal and backgrounds. Larger
event statistics can be used to perform multidimensional fits that would help to constraint
and reduce uncertainties on the different searches. Some channels with weaker sensitivity
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have been started to be used, those including 7 leptons or rare decays like the H — Zy, which
can be potentially used to measure Higgs boson properties.

With the discovery of the Higgs boson the “new”-physics program in the LHC experiments
would just start. A low mass Higgs boson is the best scenario for SUSY models. And for the
Higgs boson physics itself a large number of measurements would then be required: mass,
width, cross-section, spin, couplings, branching fractions, ..., a many others. They shall tell
the actual details and nature of the Higgs mechanism.
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.\ Appendix

A.1 Muon spectometer alignment check

This appendix gathers further information on the Z — pu resolution studies with early data.
They use about 3000 Z — uu event candidates. Both of the ATLAS muon reconstruction
algorithms, STACO and MulD, are compared. Resolution and best fitted mass peak values for
various binning of the data are shown. It includes 77 (barrel-endcap configurations), ¢, and
muon charge (ala tag and probe).

A.1.1 Selection and candidates
* ATLAS Good Run list requirement: All subsystems passing online data quality checks.
- [%£dt=8.7pb ! Trigger L1_MUG6 or EF_MU10

* Objects Requirements:

— Muons

*

ID+MS — STACO and MulD reconstruction algorithms.
Pl >15GeVand |n| <2.4

PM$ >10 Gev

|PIP — PMS| <15 Gev

*

*

*

*

Close to at least one GOOD vertex in z: |zg — 2y <10 mm

* Atleast two high Py muons: Py >20 GeV
. . . . Zcone40 P i,"D
* Isolation: Relative track isolation =5 <0.2

* Opposite charged, and mass window: 66 GeV< my,, < 116 GeV

Number of event candidates with 8.7 pb~.
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e Staco: 2883

Both pu in barrel: 817

One p in barrel one in endcap: 1444

Both p in endcaps: 622

Restricting to || <2 (no CSC): 2261

¢ MulD: 2921

Both p in barrel: 837

One p in barrel one in endcap: 1468

Both p in endcaps: 616

Restricting to || <2 (no CSC): 2308

+ MC simulation: Pythia (with PileUp) — normalised to data entries (no luminosity
dependency).

A.1.2 Additional results

Best fitted Z boson invariant mass:
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Figure A.1: Resolution studies on Z — uu events for measurements given by the ID only, MS
only and their combination. Both STACO and MulD muon reconstruction algorithms are
studied.
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Figure A.2: Resolution studies on Z — pu events for the various possible configurations of
muon pairs landing on the barrel and endcap regions.

Resolution and best m 7 fit values for the different muon pair barrel-endcap 1 configurations:
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Table A.1: Resolution studies on Z — uu events

\ STACO [ MulD
\ DATA MC H DATA MC
Resolution [GeV]

Combined P/, 2.52+0.09 1.99+0.01 | 2.58+0.09 1.88+0.01
2 | Muon Spect. P | 4.56 £0.15  3.65+0.02 | 4.49+0.15  3.37 £0.02

Inner Track P’T‘ 3.32 +£0.11 2.41 £ 0.01 3.25+0.11 2.41 +0.01
_ | Combined j24 2.40+0.10 1.93+0.02 | 2.45+0.10 1.85+0.01
= | Muon Spect. P} | 4.48+0.16  3.69+0.02 || 4.31+0.15  3.43 +0.02

Inner Track P’; 2.77 £0.11 2.12 +0.02 2.74 £0.11 2.14 + 0.02
% | Combined P 2.09+0.15 1.72+0.02 | 2.17+0.15 1.65+0.02
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% | Inner Track Pl | 3274015 2.38+0.00 | 3.16+0.14  2.35+0.02
£ | Combined P 3.73+0.24 2384003 | 3.71+024 2.19+0.03
=
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Resolution and best m fit value as function of |77|, cuamulative
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Figure A.3: Resolution studies on Z — uu events as function of cumulative pseudorapidity.
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Figure A.4: Resolution studies on Z — pu events for different quadrants on ¢.
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Figure A.5: Resolution studies on Z — pu events for different quadrants on ¢ for ID/MS
measurements.
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Barrel tag + u probed in endcap, separating in muon charge and endcap side.
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Figure A.6: Example of resolution studies on Z — uu events for tag and probed muons sepa-
rated as function of muon charged and endcap side.
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A.2 Validation of the PDF Reweighting Technique

This appendix documents studies which check the accuacy of the PDF reweighting technique
by comparing results from Monte Carlo samples generated with a center-of-mass energy of
14 TeV and reweighted to 10 TeV. and generated at 10 TeV and reweighted to 7 TeV; against
similar samples generated using a center-of-mass energy of the specific /s directly. Relevant
details of the dedicated samples, such as the choice of PDF set, were chosen to be the same as
for the reweighted samples for the sake of consistency. These set of checks were made on the
frame of both the H — ZZ®*) — ¢*¢~¢*¢~ and the H — W W~ — ¢*v¢~vanalysis.

A.2.1 From 14 TeV to 10 TeV for the H — ZZ™*) — ¢+ ¢~ ¢* ¢~ channel
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Figure A.7: Left: it is shown the distributions of the PDF weights that were applied to scale the
samples from 14 to 10 TeV. Right: comparison of the SM Higgs boson cross-section ratio and
the mean value of the weight distribution for different mass points.

In order to estimate the impact of a run at 10 TeV instead of 14 TeV using the existing MC, it
was necessary to re-weight the samples event by event at the level of PDE In Fig A.7 left, it is
shown the distributions of the PDF re-weights for signal and backgrounds. It is also possible
to see how the re-weight predicts a more important decrease in the Higgs boson signal the
Zbb and tf when compared with the irreducible Z Z background.

The validation of this weighting procedure was done from the normalization point of view. In
In10WS=10TeV) 4o ther with the

onro(Vs=14TeV)
mean distribution of the PDF re-weight, calculated before and after the kinematic selection.

Fig. A.7 right it is shown the ratio of the total cross sections

Something similar was done for the direct production of ZZ, using the MCFM package.
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A.2.2 From 10TeVto 7 TeVforthe H— WW~ — ¢*v¢~v channel

Figures A.8 through A.13 show comparisons of the distributions of several kinematic variables
in gluon fusion signal events generated with Pythia using a Higgs boson mass of 165 GeV. The
distributions obtained by applying the PDF reweighting technique to samples generated with
a center-of-mass energy of 10 TeV agree well with those obtained by generating events directly
with a center-of-mass energy of 7 TeV. Figures A.11 and A.12 show similar comparisons for
samples of Pythia dijet events.! For both processes, the shape and normalization obtained
using PDF reweighting of the 10 TeV sample to 7 TeV agrees well with the MC sample generated
with a center-of-mass energy of 7 TeV. Plots are normalized to predicted cross-section (in fb).
The black curves show the results for 10 TeV, the red curves show the results for 7 TeV obtained
by using PDF reweighting on the 10 TeV samples, and the blue curves show the result for 7 TeV
using a Monte Carlo sample generated with a center-of-mass energy of 7 TeV.
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Figure A.8: The p7 (top) and |n| (bottom) of the leading (left) and subleading (right) muon in
two-muon gluon fusion signal events with my =165 GeV.

I The dijet samples used here include the “J2" cuts on the pr of the event, 35< pr <70 GeV, where pr is defined
in the rest frame of the hard interaction.
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Figure A.9: The pr (top) and || (bottom) of the leading (left) and subleading (right) electron
in two-electron gluon fusion signal events with my = 165 GeV.
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Figure A.10: The pr (top) and || (bottom) of the leading (left) and subleading (right) jet in
two-lepton gluon fusion signal events with my = 165 GeV.
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Figure A.11: A comparison of the distributions of the pr (top) and ) (bottom) of the leading
(left) and subleading (right) jets in Pythia dijet (“J2") events.
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Figure A.12: A comparison of the distributions of the pr (top) and 7 (bottom) of the leading
(left) and subleading (right) leptons in Pythia dijet (“]2") events.
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Figure A.13: A comparison of the distributions of several discriminating variables important
tothe H — W*W~ — ¢*v¢~ v analysis. Upper left: the dilepton invariant mass my,. Upper
right: the missing transverse momentum p's. Lower left: the transverse mass mr. Lower
right: the dilepton opening angle in the transverse plane, A¢y,.
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A.3 Limit settings techniques

Frequentist Limit Setting and Hypothesis Testing

The Likelihood is defined as the product of Poisson probabilities in the signal region and
each of the control samples. This function is maximised over a space of parameters including
normalisations for each of the backgrounds, the ratios of cross-sections for each of the back-
ground normalisations, plus two additional parameters corresponding to the systematic error
on the signal efficiency and the uncertainty in the luminosity. The systematic error on the
signal efficiency is typically the sum in quadrature of contributions from the detector effects
such as jet energy scale uncertainty, and the theoretical uncertainties.

The normalisation of the different backgrounds, as well as the uncertainty parameters for
the signal efficiency and the luminosity uncertainty, are constrained to be close to their
predicted values by introducing Gaussian terms to the Likelihood function; the centre of
each Gaussian constraint term is varied within its uncertainties from outcome to outcome.
The Likelihood function is maximised several times, once with the signal normalisation, a
free parameter, and again with the signal normalisation fixed to each of a set of specified
values of y = gexcluded/osy. The Likelihood Ratio is defined as a function of u by taking
A(W) = L free/ Ls=y for each of these values of .
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Figure A.14: Comparisons between the Likelihood Ratio distributions obtained using toy MC
and the asymptotic approximations used in evaluating p-values. Left: the distribution for the
Likelihood Ratio under the signal-plus-background hypothesis when signal is actually present.
A x? curve with one degree of freedom is overlaid for comparison. Right: the distribution
for the Likelihood Ratio under the background-only hypothesis when signal is actually not
present. A % x? distribution is overlaid for comparison.

For a specified value of y, the expected p-value is obtained by computing the probability that
an outcome generated using the given value of u as the true value has A(u) greater than the
observed value of A(u). Figure A.14 shows that the p-value can be accurately estimated using
the approximation that 2In(A) is distributed as a y? with one degree of freedom for . >> 0 and
as the sum of a delta function centred at zero and a y? with one degree of freedom (with each
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component normalised to an area of 1/2) for u = 0.
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Figure A.15: Frequentist upper bound for a sample of toy MC outcomes where the Higgs boson
mass Hypothesis was 160 GeV and the integrated luminosity was 200 pb™!

The value of u for which the Likelihood Ratio is smallest is known as the preferred value, p;
the upper bound for a given Higgs boson mass hypothesis in a given outcome is the smallest
value of u > yo for which the p-value is less than or equal to 0.05. Figure A.15 shows the
sampling distribution of the obtained upper bound in sets of toy MC outcomes with and
without a Standard Model signal present at the truth level, for a Higgs boson mass of 170 GeV
and an integrated luminosity of 200 pb~!. Approximately 5% of the signal plus background
distribution lies below p = 1. The right plot shows the behaviour of this fraction as a function
of u for several values of the Higgs boson mass. The behaviour is qualitatively similar to the
corresponding plot for the Bayesian method, but the curves are generally closer to the ideal
value of 0.05.

Bayesian Limit Setting and Model Selection

In a Bayesian analysis, one begins with some a prioribelief about parameters like the signal and
background normalisations, one writes down a “model density" describing the experiment,
and one obtains a “posterior credibility distribution" from Bayes’ rule:

PAX) ~P(X|N)m(A) (A.1)

where A represents the parameters of the model (in this case the normalisation parameters for
signal and background), X represents the observed (pseudo-)data in any given outcome, 7 (1)
is the prior credibility distribution, P(X]|A) is the model density, and P(A|X) is the posterior
credibility distribution, normalised to 1. In the presented analyses, the prior credibility
distribution (1) is chosen to be a product of several components, modelled by normal
functions controling the normalisation of the different background processes.
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A.3. Limit settings techniques

No correlation is assumed among any of these parameters; they are all taken to be indepen-
dent. For historical reasons, systematic uncertainties on the signal efficiency and integrated
luminosity are not taken into account in the Bayesian results presented here. The model
density is a product of the Poisson probabilities in the signal region and each of the control
regions; the total “expected" number of events in each control region is taken to be equal
to the observed number of events in that region, and the normalisation parameter for the
corresponding background is set so that the total, including known contaminations, agrees
with the number of observed events.

The posterior distribution is sampled with a set of test points drawn from the prior distribution.
The resulting points are histogrammed in the signal normalisation parameter in units of the SM
cross-section, i = o/osyy; that is, all other parameters are integrated out. The 95% confidence
level upper bound for a given outcome is taken to be the value of  for which the integral of
the posterior from pp,y54 to infinity is only 5% of the distribution.

Figure A.16 shows the obtained upper bounds for samples of 20000 toy MC outcomes with
and without a Standard Model (¢ = 1) Higgs boson signal present at the truth level, for a
representative Higgs boson mass hypothesis of 170 GeV with an integrated luminosity of 200
pb~!. Approximately 1.2% of the signal-plus-background distribution lies below u = 1.

The obtained limits are therefore conservative. The exclusion limit figures in the following
show the upper bound as a function of my for integrated luminosities of 200 pb~! and 1 fb~1.
The black line corresponds to the median of the background-only distribution in Fig. 6.19; the
green and yellow bands show the +10 and +20 bands around this value, as obtained from the
distribution of the obtained limit in background-only outcomes.
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Figure A.16: Bayesian upper bound for a sample of toy MC outcomes where the Higgs boson
mass Hypothesis was 160 GeV and the integrated luminosity was 200 pb~!.
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Figure A.17: Distribution of Bayes factors in signal-plus-background (black) and background-
only (red) outcomes. Left: K;;,4x. Right: K,.

Model selection in a Bayesian framework is done using a Bayes factor,

JP(A,s=s0l1X)dA
TP, s=01X)dA

K(s0) = (A.2)
where s is the signal normalisation parameter, sy is some particular value of s, and the integrals
are only over the parameters other than s. This study considers two variants on the Bayes
factor:

* Kmax, the largest value of K(sp) for any sy, and

e K, = fO‘T’"‘” K(sg)dsy, where 0,4 is taken to be 15 times the Standard Model cross-
section times the luminosity. This corresponds to assuming a uniform prior on the
signal normalisation in the range from zero to 0 ;4.

The distributions of K},,4, and K, for samples of toy MC outcomes with and without a Standard
Model Higgs boson signal present at the truth level, again for a representative Higgs boson
mass hypothesis of 160 GeV with an integrated luminosity of 200 pb~!, are shown in Fig-
ure A.17. The expected significance for this mass and luminosity is only about 1.60; since
mpy = 160 GeV is expected to be one of the strongest mass points for this channel, it is therefore
not appropriate to make a significance plot.
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A4

A.4.1 Object and event kinematics
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A.4.2 Cutoptimisation
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Figure A.19: The Pr(Top), n(Centre) and ¢(Bottom) distributions of the highest Pr jet in
events with exactly two electrons (Left) or two muons(Right). Only jets with Pr > 25 GeV and

Inl < 2.5 are included.
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electron and (Right) muon channels.
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Figure A.21: Kinematic distributions relevant to the H — ZZ — e*e”v¥ analysis for the
Higgs boson signal and the main backgrounds: (Left) EITniSS, (Right) the opening angle between
the leptons, A¢y;, (c) the maximum MV1 b-tagging weight, (d) the opening angle between
the lepton pair and the EITniSS, A¢y meT and (e) the opening angle between the E%lissand the
nearest jet, A¢ppET jer ,in the event. The signal sample shown corresponds to a Higgs bo-
son with mpy = 400 GeV. The bottom plot shows the ratio between data and the combined
MC background samples as well as a band formed by adding in quadrature all systematic
uncertainties.
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Figure A.22: Kinematic distributions relevant to the H — ZZ — u*u~vv analysis for the
Higgs boson signal and the main background: (Top Left) E%niss, (Top Right) the opening angle
between the leptons, A¢;, (Centre Left) the maximum MV1 b-tagging weight, (Centre Right)
the opening angle between the lepton pair and the E%‘iss, A¢; meT and (Bottom) the opening
angle between the E%lissand the nearest jet, A aeT, jer, in the event. The signal sample shown
corresponds to a Higgs boson with my = 400 GeV. The bottom plot shows the ratio between
data and the combined MC background samples as well as a band formed by adding in
quadrature all systematic uncertainties.
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Cut efficiencies and optimal cut value m, =300 GeV
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Figure A.23: The rocking curve for different cut total efficiencies. The largest signifi-
cance is reached when the signal efficiency is about 50%. It corresponds to cuts on the
Ag( ﬁTmiSS, ﬁTZ > 1, and Ag( ﬁTmiss, ﬁTJet) < 0.4. This values were reoptimised later to cope with
the larger luminosity conditions, where more jet activity was expected.
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A.4.3 Systematic uncertainties

186

Electron energy scale and smearing: treated as correlated across all signal and back-
ground samples.

Muon energy scale and smearing: treated as correlated across al signal and background
samples.

Jet energy scale and smearing: treated as correlated across all signal and background
samples.

b-tagging efficiency: treated as correlated across signal and background samples.
Electron efficiency: treated as correlated across signal and background samples.
Muon efficiency: treated as correlated across signal and background samples.

MC estimated normalisation errors: treated as correlated between H — ZZ — et e”vv
and H — ZZ — p* u~vv channels.

Control region normalisation error: treated as correlated between H — ZZ — e*e”vv
and H — ZZ — p* u~vv channels.

Luminosity uncertainty: treated as correlated across al signal and background samples.

Z shape: treated as correlated between H — ZZ — e*e"vvand H — ZZ — u*u~vv
channels.

Z 7 shape: treated as correlated between H — ZZ — e*e"vvand H— ZZ — u*tu~vv
channels.



A.4. H— Z7Z — ¢¢vv additional inforamtion

"SIND PUB SY'TLY UdaMId( PaIB[aII0d 9q 0] P210adxa sanure1radun dNewalsAs i+

[PUUBYD AA_j7 . 7 — ZZ < H 011UBAJ[I AJUO SONBUIDISAS :|
‘pordde st anyea iid oY1 U0 UONVSLI0D [BII0JOAA
‘payoads st 11 ‘odeys 10 uonezijewou 1oeduw A[UO SUOTBWIINSS SANUTELISIUN

ONBUIAISAS 9IOUM SISED dU[) 10 "[QUURYD AA_j .} — ZZ < H 91 Ul S1J [9A3] 20UpYu0d ) ul parjdde suoneLIeA JNBWLISAS :9'Y d[qRL

ou ou ou ou ‘uou ‘urou ‘urou ‘urou tArsouruny
‘urou ‘wou ‘wIou ‘wou ou ou ou ou luonoaiiod yn
ou ou ou ou ‘wIou ‘urou ou ou Juonoa110d ppy
ou ou ou ou ‘uou ‘urou ‘urou ‘uLou 19re2s @00
ou ou ou ou ‘wIou ‘wiIou ‘wiIou ‘wou 1ad
ou ou ou ou ou ou ou ‘uou Jepouw DN ‘daooy
ou ou ou ou ou ou ou ‘urou 11y8romar mm
ou ou adeys ou ou ou ou ou 1D odeys
ou ou sok SoA SoA sohk sohk sohk LJeauus 1a(
ou ou sak sak sak sak sak sk Loreos1al
ou ou ‘urIou ‘uou ‘wIou ‘urou ‘wrIou ‘wou ‘o Se1-1ysy
ou ou ‘urou ‘uou ‘uou ‘urou ‘uriou ‘uou ‘Jo 8e1-09/q
Oou ou | ou ou|sdk ou |sdh ou sak ou sak ou sak ou sak ou Jeaws SN 1
ou ou | ou ou| sk ou |sahk ou SaA ou SaA ou SaA ou s9hk ou LJeaws qrn
oOuU OoU|O0Uu OoU| OU OoUu | ou ou ou ou ou ou ou ou ou ou Loreoasr
OU OU | OU OU| OouU Oou | ou ou | wiou ou urou ou wiIou ou wiou ou ‘gor
ou ou|ou ou| ou Ss3K| ou sk | ou SaA ou sak ou sak ou sak ,Jeauus 2
ou ou|ou ou| ou sk | ou sk | ou RETN ou sak ou sak ou LETN LO[BIS 2
OU OoU|OUu OU| OU Oou | ou ou ou urou ou urou ou uLou ou  wiIou ‘Joa
nl 2o | o220 | M o2 | Ml a2 nn 22 nn PE] nn 22 nin 22
syo[mmu M A doy MMIZM 77 ‘315 1A -31s 133 JNBUIAISAS

187



Appendix A. Appendix

A5 H— Z7 — 4/ additional information
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Figure A.24: m;, and ms4 correlation plane of a Higgs boson signal of 200 GeV for the different
subchanels. Top Left: all event candidates, Top Right: 4y, Bottom Left: 4e and Bottom Right:
2u+2e.
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Figure A.25: Shapes of the fitted models fully composed simulated MC samples
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A.5. H— Z7Z — 4¢ additional information

Using the likelihood ratio semi-Bayesian formalism, exclusion limits were also estimated, see
Fig. 6.7 right.

The sensitivity was also obtained through a fit formalism. Thousands of toy pseudoexperi-
ments of the background only hypothesis and signal plus background hypotheses are gen-
erated. Then the likelihood of the distributions is calculated. The p-value is automatically
obtained from the distribution given by the ratio of the likelihoods, and from this, p-value

significances can be obtained using the expression:

S = Erfc ™! [2p —value] V2 (A.3)

| Signal + Background |

2 t Entries 20000
5 Mean 13.87
P RMS  4.936
£
a
<10’
10
1
0 5 10 15 20 25
log LSBI Lo

Figure A.26: Left: The distributions of the likelihood ratio for the toy MC pseudoexperiments
for Background Only and Signal plus Background, Right: Comparison of sensitivity values
obtained with number counting and using the fitting-Likelihood formalism.
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A.6 H — WW additional information

A.6.1 Kinematic distributions and additional information

signal (fb) background (fb)
Signal WW | (i+Wt | W+jets | Z+jets | di-jetrs || toral

before cuts 6.7-10! 75-10% | 2.5-10° | 4.8-107 | 4.7-10% | 8.7-10% || 6.2-107
L1 trigger 6.6-10 || 6.7-10% | 2.4-10° | 2.8-107 | 3.7-10% | 6.4-108 | 3.9-107
L2 trigger 6.3-10! || 5.8-10% | 1.8-10° | 2.1-107 | 3.0-10% | 5.1-10% | 2.9-107
event filter 6.1-10! 5.4-10% | 1.5-10° | 1.9-107 | 2.7-10% | 4.8-10% || 2.6-107

Table A.7: Trigger selection for the Weak Boson Fusion Higgs boson signal Monte Carlo sample
(mpg =170 GeV) and all relevant backgrounds. The W + jets column includes contributions
from WZ and Whb. The Z + jets column includes the ZZ and Zbb contributions. The di-jets
column includes the bb background. Cross-sections are given in fb.

Table A.8 summarizes the efficiencies of the lepton selection described above with respect
to true? leptons with Pr > 15 GeV. These leptons are mainly from W decays; efficiencies
are estimated based on the signal Monte Carlo sample (dataset ID: 109207 (my = 170 GeV)).
Relative and cumulative selection efficiencies are shown.

cut H relative efficiency \ cumulative efficiency
Muons pr > 15 GeV
reconstruction efficiency 0.93 0.93
pseudorapidity cuts 0.99 0.93
combined muon requirement 0.98 0.90
match y? cut 0.997 0.90
dy significance cut 0.97 0.88
calorimeter isolation 0.95 0.83
track isolation 0.96 0.80
Electrons pr > 15 GeV
reconstruction efficiency 0.79 0.79
pseudorapidity cuts 0.96 0.76
standard “e-gamma” 0.97 0.73
“medium” 0.92 0.67
dy significance cut 0.91 0.61
calorimeter isolation 0.97 0.59
track isolation 0.96 0.57

Table A.8: Muon and electron reconstruction and selection efficiencies with respect to truth
15 GeV leptons.

For the estimation of the detector systematic uncertainties, the same ATLFAST-II samples were

2True leptons are electrons and muons generated by the original Monte Carlo generator, i.e. not GEANT4
particles from secondary interaction or decay products.
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Figure A.27: Electron kinematics for signal and main backrounds.
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Figure A.28: Transverse momentum of the missing energy and di-lepton-neutrino system for
signal and main backgrounds.
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used as for the Q? scale studies®. This was done in order to reduce the influence of limited MC
statistics on the estimation of detector systematic uncertainties. A comparison between fast
and full simulation is given in Table A.9, from which it is clear that the ATLFAST-II samples
give much better precision. Small differences in details like electron efficiencies between
ATLFAST-II and GEANT 4 can be expected to cancel out in the ratios, so only the effect of
detector performace should contribute to the estimates of systematic uncertainty presented
here.

Simulation H Qtop [ Btop [ aww
ATLFAST-II 0.0201 £0.0011 | 0.2189+0.0041 | 0.2315+0.0095
relative error (%) 5 2 4
GEANT 4 0.0132+0.0029 | 0.2349+0.0135 | 0.1255+0.0449
relative error (%) 22 6 36

Table A.9: Comparison between ATLFAST-II and GEANT 4 for the extrapolation ratios.

30nly central value samples were used.
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A7 H—WW — ¢vlv + 0] additional information
A.7.1 Lepton Identification Studies

The most dangerous backgrounds in this channel come from processes like W+jets and bb,
which have very large cross-sections but which can be suppressed to a considerable degree by
carefully chosen lepton identification and isolation cuts.

As mentioned in Sec. 6.1, the baseline electron selection algorithm in ATLAS is the IsEM
algorithm, which is available in “Loose”, “Medium”, and “Tight” variants. Previous studies [27]
have shown that this background is only manageable if a tight selection is used. As stated in
the description on the analysis, muons are selected using the STACO algorithm; there is not
presently an “IsEM-like" quality cut for muons.
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Figure A.29: Normalized calorimeter isolation in a cone of AR < 0.3 for electrons (left) and
muons (right).

Isolation cuts are crucial for suppressing backgrounds from heavy flavor decays. Leptons are
required to be isolated by rejecting candidates where either the sum(Pr) of tracks or the sum
of calorimeter depositions within a cone of a specified size is larger than some value; standard
algorithms exist within ATLAS for cone sizes ranging from AR = 0.1 to AR = 0.4.*

Since leptons from b decays typically tend to be lower-P7 than leptons from the decays
of on-shell W bosons, it makes sense to consider cutting on normalized isolation, i.e., the
isolation energy or P7 divided by the Pt of the lepton candidates. Such a cut is tighter for
low-Pr candidates than for high- Py candidates. Figure A.29 shows example distributions for
normalized calorimeter isolation using a cone size of AR = 0.3, for electrons and muons. It is
not immediately obvious whether or not it is actually better to cut on this variable than to cut
on the flat isolation variable; it is necessary to study efficiency/rejection curves. Figure A.30

4The track isolation variables used for the plots in this Appendix are based on a private track isolation routine;
the final “acceptance challenge" cuts are defined in terms of the TrackIsolationTool algorithm in Athena. There
are a number of small differences between the two definitions; therefore the results presented here should only
be taken as qualitative statements about the advantages of normalized isolation variables, and not as a detailed
optimization study justifying the isolation cuts used elsewhere in the text.
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Figure A.30: Efficiency/rejection curves for various types of isolation for electrons (left) and
muons (right).

shows these curves for normalized and unnormalized track and calorimeter isolation variables
with various cone sizes, for both electrons and muons. The working point chosen for the
analysis is normalized calorimeter isolation in a cone of AR = 0.3 less than 0.2 and normalized
track isolation in a cone of AR = 0.3 less than 0.1, for both electrons and muons.
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Figure A.31: Efficiency as a function of Py for electrons (left) and muons (right).

The efficiency of the identification and isolation cuts is shown as a function of P7 and n for
electrons and muons in Figure A.31. For reference, the efficiency curves are also shown with a
tighter set of flat isolation cuts and without any isolation cuts applied. It is worth noting that,
as expected, using the normalized isolation cuts instead of the flat isolation cuts increases the
Pr dependency of the efficiency for both electrons and muons.

A.7.2 Flavor Tagging Studies

In any study of H — WW the top backgrounds, ¢ and single top, must be treated with care.
These backgrounds include at least one b-jet in the final state, while there is no b-jet in
the signal channel. The identification of b-jets can help to suppress the top background
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contamination, and also provide a good method to define a b-tagged control sample as a
data-driven method to estimate the top background contamination to the signal.

Many algorithms have been developed for b-tagging in ATLAS, but the most promising al-
gorithms for early data are the simplest ones: TrackCounting, JetProb, SV0, and soft lepton
taggers [27]. For this study, high b-tagging efficiency with acceptable light jet rejection is pre-
ferred in order to veto backgrounds with b-jets. Due to the low b-tagging efficiency expected
from the soft lepton tagger, only the other three b-tagging algorithms are studied here. The
TrackCounting algorithm tags a jet as a b-jet if the jet has at least some number of tracks (2
tracks for this study) with a large impact parameter. JetProb loops over the tracks in a jet, com-
putes (for each track) the probability that a track produced at the primary vertex would have
an impact parameter as large as the measured one, and takes the product of this probability
for all tracks in a jet to produce a discriminating variable which can be used to select b-jets.
SV0 exploits the secondary vertex information of B hadron decays, and identifies a b-jet by
the significance of the signed distance between the secondary vertex and the primary vertex.
All three of these b-tagging algorithms are recommended by ATLAS Flavor Tagging Working
Group.

The performance of these b-taggers is studied first with ¢f events. Figure A.32 shows the
curves of jet rejection versus b-tagging efficiency for the light jets (left plot) and the c-jets
(right) for ¢ events. The b-tagging efficiency of SV0 can not go beyond 65% due to the limited
reconstruction efficiency for the secondary vertices of b-jets. At high b-tagging efficiencies
such as e, =60%, the SV0 algorithm yields higher rejection for both light jets and c-jets, so
SVO0 is chosen for this study. The working point for a cut on the SV0 weight is chosen to give a
b-tagging efficiency of 60%; the light jet rejection for this cut is 38. For gg — H — WW and
VBF H — WW signal events, the light jet rejection is 54 and 28 respectively. The differences
among these light jet rejection figures arises from the different kinematic distributions of the
jets in each channel. The above results are obtained using samples produced in release 14; a
further study in release 15 also shows that SV0 has better performance when preferring a high
b-tagging efficiency. However, it is worth mentioning that the rejection of light jets observed in
release 15 is twice as large as that in release 14 due to technical changes in the taggers between
releases.
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Figure A.32: Rejection of light jets and c-jets versus b-jet efficiency for ¢ events for all of three
tagging algorithms: TrackCounting, JetProb, and SVO.

A.7.3 Optimization Studies

This Appendix describes a study of the optimization of the cuts on mys, Adge, ANy, P;V w,
and PrT“iSS. A simplified version of the analysis was developed using only the signal region and
the main control region, and modeling the cross-sections for signal and background using
a set of samples simulated with Atlfast-1. In the optimization, only the signal, gg — WW,
gg — WW, and ¢t backgrounds were considered, and only the eu channel was studied.

Events were selected using the following cuts:

Exactly two leptons with Pr > 15 GeV and || < 2.5

No jets above 20 GeVin |n| < 4.8

* Reject events with a b-tagged jet having Pr > 15 GeV and || < 2.5, assuming a 60%
b-tagging efficiency

* Reconstruct x! and x? using the collinear approximation; reject events where both are
positive and |m;; — mz| < 25 GeV

e Require myp > 12 GeV, m’}(" > 30 GeV, and PITIliss > 30 GeV

After these preselection cuts, a signal region was defined by requiring Ady, < Apy,™, mye <

me, PSS > pmiss(min), PYW > PYW (min), Ange < AnYY, and my < my + 10 GeV. Here,
mr is defined in the same way as in Ref. [136]; i.e, using the definition where the invariant mass
of the neutrino-neutrino system is assumed to be the same as the dilepton invariant mass.
Similarly, the control region is defined by selecting events where Adp > Apy**, myp > 80 GeV,
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PSS > pIiss(min), and PYYW > PY'W (min); that is, reverse the Ay, cut, reverse the my,
cut, drop the mr and Ang, cuts, and keep the P and P}YW
analysis presented in Sec. 6.2, the control sample is used to normalize the continuum WW
background (gq — WW plus gg — WW) in the signal region; however, unlike the full analysis,
the optimization study assumes that the small contamination from top is simply taken from

cuts the same. As in the

Monte Carlo rather than measured in situ with additional control regions. The W+jets and
Z — 11 backgrounds are ignored completely. The purpose of these simplifications is to make
the optimization more tractible.

The approximate significance for a given set of values of the parameters A¢y,™, my,*,

PSS (min), PV (min), and An,* is given by S/V' B + AB?, where S and B are the number of
signal and background events (respectively) expected at 10 fb~!, and AB is the uncertainty on
the estimate of the background normalization based on the control sample. More specifically,
AB is the sum in quadrature of the statistical error due to the finite number of events and the
subtraction of the small contamination from top in the control sample plus the theoretical
uncertainty on the extrapolation of the continuum W W background estimate from the control
sample to the signal region. This uncertainty is recalculated for each value of the parameters
considered during the optimization by running the selection for the signal region and control
region on each of the Q? scale varied samples, computing the ratio of cross-sections in the two
regions, and taking the largest fractional deviation from the central value to be the systematic

error.
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Figure A.33: The preferred values for A¢,, (left) and my, (right) with (solid) and without
(dashed) a cut on the Pr of the WW system considered in the optimization.

Using MINUIT, the approximate significance is maximized on the space of the parameters
described above for Higgs boson mass hypotheses ranging from 120 GeV to 200 GeV. Fig-
ure A.33 shows, as examples, the best-fit values of the A¢,, and my, cuts as a function of
the Higgs boson mass hypothesis. The plots show results from optimization runs with the
PYW (min) cut included and with this cut fixed to zero. (This was done because the P} cut
does not appear to be very powerful.) For the same reason, plots of the optimal values of the
Pl;liss(mi n) cut and the An,, cut are not shown. It is clear that the approximate significance is
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Working Point | A¢™  m7'™ A7 PYW(min) PP(min) Uncert
A 1.5 50 - - 30 3.8%
B 1.3 50 - - 30 3.5%
C 1.5 50 - 10 30 8.3%
D 1.3 50 - 10 30 8.0%
E 1.5 50 - - 50 6.9%
F 1.3 50 - - 50 6.6%
G 1.2 50 - - 30 4.4%
H 11 50 - - 30 4.3%
I 1.0 50 - - 30 5.0%
J 1.2 60 - - 30 4.6%
K 1.0 60 1.0 - 30 6.2%

Table A.10: Values of cuts that were considered as possible working points in the optimization
exercise.

largest if the PITmiss (min) cutis kept at 30 GeV. (This is the value applied during the preselection;
lower values of this cut are not considered.) The wobbles are a consequence of the fact that
the optimal value of the cut is not so strongly preferred over other values. In other words, the
approximate significance would not be much lower if a slightly different value of the cut were
chosen.

From the standpoint of simplicity, it is preferable to have a fixed set of cuts that does not de-
pend on a Higgs boson mass hypothesis. In order to find such a set of cuts that maximizes the
overall performance for the broadest mass range, a few working points have been tested and
compared. The values of the various cuts are summarized in Table A.10; the table also shows
an estimate of the systematic error on the extrapolation of the continuum WW background
normalization from the control region to the signal region. This uncertainty estimate is taken
to be the largest error for any value of the Higgs boson mass hypothesis, where the uncer-
tainty for a particular mass hypothesis is computed as described in the previous paragraph.
Figure A.34 shows the approximate significance as a function of m; for the various working
points considered. Overall, working point B seems to perform best for most masses; this is
therefore the set of kinematic cuts chosen for the rest of the study.

The optimization discussed so far assumes that the central jet veto Pt threshold is set to 20
GeV. It is not obvious that this will be an appropriate value, especially in the early data. It is
therefore important to have a rough idea to what extent the optimization depends on the
choice of central jet veto P threshold. To this end, the optimization has been rerun with the
jet veto Pt threshold set to several different values in the range of 20-35 GeV. Because the top
background becomes more important as the jet veto Py threshold is increased, a b-tagged
control sample has been introduced to control its normalization in this part of the exercise.
Events for the b-tagged control sample are selected from events that pass the preselection
cuts by requiring Agyy > APJL, PSS > PIISS(min), and PV > PJYW (min), in addition
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Figure A.34: The approximate significance as a function of Higgs boson mass for the various
working points in Table A.10, with an integrated luminosity of 10 fb™!.
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to requiring that at least one jet is b-tagged. Based on the results presented in [103], a 9%
theoretical uncertainty is assigned to the extrapolation from the b-tagged control region to the
signal region. Figure A.35 shows the optimized values of the cuts on m,, and A¢,, for several
choices of the jet veto Pt threshold. There is no significant difference among the curves for
various thresholds, so it is unlikely that this optimization will need to be redone if the jet veto
Pr threshold used in early data is not the same as the one used here.
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A.7.4 Cutflows using Common Cuts

Signal [fb] Background [fb]

ggF  VBF | WW+jets  tt+Wt W+jets  ZIy* +jets total
No Cuts 1550 201 33000 8.33x10°  7.29x107  1.41x107  8.79x107
Weights 1400 201 23100 6.17x10°  7.29x107  1.41x107  8.77x107
L1 Trigger 1340 198 20800 6.15x10°  521x107  1.16x107  6.43x107
L2 Trigger 1300 189 18000 455x10°  4.6x10°  9.61x10°  5.61x107
Event Filter 1250 183 16600 3.92x10°  4.16x107  8.77x10%  5.07x107
NonlsolatedLep || 210 313 1450 18800 2990 7.6x10°  7.84x10°
Isolated Lep 187 278 1310 9010 169 7.11x10°  7.22x10°
Opposited Sign 187 278 1310 8900 169 7.11x10°  7.21x10°
Low DrellYan cut 175 26.1 1200 8160 104 1.25x10° 1.34x10°
Missing Pt 151 222 762 6600 49.2 394 7980
mrlv 148 21 723 5800 49.2 164 6910
jet veto 77 291 409 59.4 29.5 47.4 625
P’ > 30 Gev 749 272 374 54.2 23.3 17.8 547
my; < 50 GeV 482 185 99.3 7.96 6.43 0.65 164
A¢y; < 1.3rad 444 172 76.9 7.02 6.43 0.433 137
mr < mpy 418 16 72 6.19 6.43 0.433 128

Table A.11: Signal region cross-sections cut-flow table using acceptance challenge cuts, adding
the contributions of ey pp and ee.

Signal Region WWCR W-+jets CR  TopBox CR

Signal gg awcen 41.8 1.7 10.7 0.2

Signal VBFuwcen 1.6 0.05 09 0.02
top 6.1 31.3 21.8 6550
ww 72.0 157.0 18.2 1.6

W+jets 6.4 2.0 409 816.1
Z+jets 0.4 10.2 10.1 37.8
bb <4.1 <4.1 <4.1 <4.1

Table A.12: Cross-sections (in fb) after Acceptance Challenge cuts, for different control regions
adding the three different channels ey, ee and pu

This section documents the detailed cutflows using the common cuts (also referred to as
the “acceptance challenge" cuts). Table A.11 shows the cutflows for this event selection, for
a representative Higgs boson mass of 170 GeV. Table A.12 shows the corresponding cross-
sections in the control regions. In both cases, the results are summed over lepton flavor.

A.7.5 Cutflow for the Aggressive and Conservative scenarios

This section documents the detailed cutflows for the aggressive and conservative scenarios.
Tables A.13, A.14, and A.15 show the cutflows in the aggressive scenario, in the ey, pyu, and
ee channels, respectively. Tables A.16, A.17, and A.18 show the corresponding results for the
conservative scenario. Table A.19 and Table A.20 show the cross-sections after all cuts in the
aggressive scenario for various values of the Higgs boson mass at center-of-mass energies of
10 TeV and 7 TeV, respectively. Tables A.21 and A.22 show the corresponding results for the
conservative scenario, and Table A.23 shows the results for the acceptance challenge cuts at a
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Table A.13: Cutflow table for the eu channel, for a signal MC sample with m =170 GeV in the

cut MCevents Relative eff [%] Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Py >10GeV 18295 34.9% 31.2%
2 Good Non isolated leptons 13034 71.2% 22.3%
Exactly 2 opposite sign lep 10432 80% 17.8%
mee > 15 GeV 10052 96.4% 17.2%
pimiss 9038 89.9% 15.4%
m4¥ > 30 GeV 8895 98.4% 15.2%
Z — 17 Rejection 8835 99.3% 15.1%
Central Jet Veto 4111 46.5% 7.02%
b-jet Veto 4101 99.8% 7%
PLf >30 Gev 3960 96.6% 6.76%
mee <50 GeV 2484 62.7% 4.24%
Azimuthal Separation 2292 92.3% 3.91%
Transverse Mass Cut 2189 95.5% 3.74%

aggresive scenario

center-of-mass energy of 10 TeV. Tables A.41 and A.44 show the cross-sections in the control
samples for the aggressive scenario at 10 TeV and 7 TeV, respectively; Tables A.42 and A.45
show the corresponding results for the conservative scenario, and Table A.43 shows the results

for the acceptance challenge cuts at 10 TeV.
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cut | MCevents Relative eff [%]  Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Pr >10GeV 8713 16.6% 14.9%
2 Good Non isolated leptons 8713 100% 14.9%
Exactly 2 opposite sign lep 7906 90.7% 13.5%
mee > 15 GeV 7177 90.8% 12.3%
piniss 5998 83.6% 10.2%
m4?Y > 30 GeV 5926 98.8% 10.1%
Z — 17 Rejection 5911 99.7% 10.1%
Central Jet Veto 2634 44.6% 4.5%
b-jet Veto 2620 99.5% 4.47%
PLf >30 Gev 2586 98.7% 4.41%
myp <50 GeV 1725 66.7% 2.94%
Azimuthal Separation 1594 92.4% 2.72%
Transverse Mass Cut 1459 91.5% 2.49%

Table A.14: Cutflow table for the ppu channel, for a signal MC sample with m =170 GeV in the
aggresive scenario

cut MC events Relative eff [%] Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with P >10GeV 9942 19% 17%
2 Good Non isolated leptons 4545 45.7% 7.76%
Exactly 2 opposite sign lep 3526 77.6% 6.02%
mee > 15 GeV 3224 91.5% 5.5%
pimiss 2570 79.7% 4.39%
m& > 30 GeV 2537 98.7% 4.33%
Z — 17 Rejection 2526 99.6% 4.31%
Central Jet Veto 1157 45.8% 1.98%
b-jet Veto 1151 99.5% 1.97%
PLf >30 Gev 1135 98.6% 1.94%
mpe <50 GeV 757 66.7% 1.29%
Azimuthal Separation 685 90.5% 1.17%
Transverse Mass Cut 670 97.8% 1.14%

Table A.15: Cutflow table for the ee channel, for a signal MC sample with m =170 GeV in the
aggresive scenario
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cut MCevents Relative eff [%] Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Py >10GeV 18294 34.9% 31.2%
2 Good Non isolated leptons 13034 71.2% 22.3%
Exactly 2 opposite sign lep 11168 85.7% 19.1%
mee > 15 GeV 10753 96.3% 18.4%
pimiss 7474 69.5% 12.8%
m4¥ > 30 GeV 7403 99.1% 12.6%
Z — 17 Rejection 7372 99.6% 12.6%
Central Jet Veto 4821 65.4% 8.23%
b-jet Veto 4795 99.5% 8.19%
PLf >30 Gev 4733 98.7% 8.08%
mee <50 GeV 3156 66.7% 5.39%
Azimuthal Separation 2984 94.6% 5.09%
Transverse Mass Cut 2806 94% 4.79%

Table A.16: Cutflow table for the ey channel, for a signal MC sample with m =170 GeV in the
conservative scenario
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A7. H—-WW — ¢v/¢v + 0] additional information

cut | MCevents Relative eff [%]  Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Pr >10GeV 8707 16.6% 14.9%
2 Good Non isolated leptons 8707 100% 14.9%
Exactly 2 opposite sign lep 8081 92.8% 13.8%
mee > 15 GeV 7328 90.7% 12.5%
piniss 5324 72.7% 9.09%
m4?Y > 30 GeV 5269 99% 9%
Z — 17 Rejection 5259 99.8% 8.98%
Central Jet Veto 3369 64.1% 5.75%
b-jet Veto 3338 99.1% 5.7%
PLf >30 Gev 3309 99.1% 5.65%
myp <50 GeV 2269 68.6% 3.87%
Azimuthal Separation 2136 94.1% 3.65%
Transverse Mass Cut 1936 90.6% 3.31%

Table A.17: Cutflow table for the ppu channel, for a signal MC sample with m =170 GeV in the
conservative scenario

cut | MCevents  Relative eff [%]  Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with P7 >10GeV 9932 19% 17%
2 Good Non isolated leptons 4536 45.7% 7.74%
Exactly 2 opposite sign lep 3955 87.2% 6.75%
mep > 15 GeV 3615 91.5% 6.17%
pipiss 2451 67.8% 4.18%
mi’ > 30 GeV 2422 98.8% 4.13%
Z — 17 Rejection 2411 99.5% 4.12%
Central Jet Veto 1545 64.1% 2.64%
b-jet Veto 1529 99% 2.61%
P%f >30 GeV 1512 98.9% 2.58%
mye <50 GeV 1046 69.2% 1.79%
Azimuthal Separation 989 94.6% 1.69%
Transverse Mass Cut 958 96.9% 1.64%

Table A.18: Cutflow table for the ee channel, for a signal MC sample with m =170 GeV in the
conservative scenario
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ey Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 2.56 0.12 0.44 15.0 - 0.43
130 6.10 0.46 0.68 19.2 = 0.43
140 9.99 1.01 0.87 23.1 - 0.43
150 14.8 1.47 1.05 26.1 - 0.43
160 22.0 1.80 1.25 28.5 - 0.43
165 20.4 1.98 1.33 29.6 - 0.43
170 17.6 1.98 1.39 30.1 - 0.43
180 13.5 1.98 1.47 31.1 - 0.43
190 7.34 2.25 1.53 31.5 - 0.43
200 5.11 2.25 1.55 31.6 - 0.43
pp Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 1.49 0.06 0.21 10.0 4.15 -
130 4.07 0.06 0.36 13.9 4.15 =
140 7.01 0.32 0.52 17.1 4.15 -
150 10.2 0.58 0.70 19.6 415 =
160 13.4 0.83 0.85 21.4 4.15 -
165 13.5 0.96 0.92 22.1 4.15 -
170 11.7 0.96 0.98 22.5 4.15 -
180 7.60 1.14 1.06 23.4 4.15 -
190 5.74 1.14 1.09 23.8 4.15 -
200 3.54 1.14 1.09 24.3 4.15 -
ee Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 0.59 0.13 0.11 4.70 - -
130 1.61 0.20 0.18 5.85 - -
140 2.84 0.12 0.27 7.34 - -
150 4.42 0.18 0.33 7.87 = =
160 6.28 0.38 0.40 8.54 - -
165 6.28 0.38 0.42 8.64 = =
170 5.40 0.45 0.44 8.83 - -
180 4.30 0.45 0.47 9.21 - -
190 2.62 0.45 0.48 9.40 - -
200 1.33 0.45 0.48 9.40 - -

Table A.19: Cross-sections after cuts in the signal region, for various Higgs boson masses and
a center-of-mass energy of 10 TeV, using the cuts defined for the aggresive scenario.
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A7. H—-WW — ¢v/¢v + 0] additional information

ey Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+X[fb]
120 1.36 0.06 0.22 10.3 - 0.31
130 3.19 0.20 0.33 13.2 - 0.31
140 5.15 0.51 0.43 15.9 - 0.31
150 7.57 0.69 0.52 18.0 - 0.31
160 11.0 0.82 0.62 19.6 - 0.31
165 10.1 0.90 0.65 20.4 - 0.31
170 8.70 0.90 0.68 20.7 - 0.31
180 6.61 0.90 0.72 21.4 - 0.31
190 3.44 0.99 0.75 21.7 - 0.31
200 2.43 0.99 0.76 21.8 - 0.31
pp Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+X[fb]
120 0.78 0.03 0.10 6.86 3.08 -
130 2.11 0.03 0.17 9.57 3.08 -
140 3.58 0.10 0.25 11.8 3.08 -
150 5.21 0.24 0.33 13.7 3.08 -
160 6.65 0.33 0.41 15.0 3.08 -
165 6.60 0.39 0.44 15.5 3.08 -
170 5.70 0.39 0.47 15.8 3.08 -
180 3.65 0.46 0.51 16.4 3.08 -
190 2.74 0.46 0.52 16.7 3.08 -
200 1.67 0.46 0.52 17.1 3.08 -
ee Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+X|fb]
120 0.32 0.06 0.06 3.21 - -
130 0.85 0.08 0.09 3.91 - -
140 1.48 0.06 0.13 4.90 - -
150 2.26 0.09 0.17 5.25 - -
160 3.13 0.17 0.20 5.68 - -
165 3.13 0.17 0.21 5.73 - -
170 2.69 0.20 0.22 5.87 - -
180 2.12 0.20 0.23 6.12 - -
190 1.25 0.20 0.24 6.25 - -
200 0.65 0.20 0.24 6.25 - -

Table A.20: Cross-sections after cuts in the signal region, for various Higgs boson masses and
a center-of-mass energy of 7 TeV, using the cuts defined for the aggresive scenario.
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ey Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 1.36 0.48 0.28 6.51 2.28 -
130 4.74 0.74 0.59 11.4 2.27 -
140 9.89 1.95 0.87 16.4 2.27 -
150 15.9 2.74 1.17 20.4 2.27 -
160 27.0 3.67 1.47 23.6 2.27 -
165 26.8 4.05 1.57 24.8 2.27 -
170 22.9 4.18 1.68 25.3 2.27 -
180 18.2 4.85 1.79 26.4 2.27 -
190 10.1 5.18 1.87 27.0 2.27 -
200 6.92 5.24 1.91 27.3 2.27 -
pp Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 1.13 0.39 0.16 6.66 - -
130 3.70 0.57 0.35 11.5 = =
140 7.52 1.17 0.57 15.0 - -
150 11.8 2.53 0.82 17.8 = =
160 18.7 3.04 1.03 20.0 - -
165 17.9 3.36 1.12 21.0 - -
170 15.8 3.70 1.19 21.7 - -
180 10.5 4.09 1.30 22.9 - -
190 7.55 4.29 1.35 23.4 - -
200 4.70 4.62 1.36 24.0 - -
ee Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 0.36 0.20 0.08 2.93 - -
130 1.39 0.26 0.18 4.46 - -
140 3.03 0.66 0.31 6.43 - -
150 5.84 0.97 0.42 7.39 = =
160 7.85 1.44 0.51 8.45 - -
165 9.12 1.44 0.54 8.64 = =
170 7.82 1.50 0.57 8.83 - -
180 5.59 1.70 0.61 9.36 - -
190 4.03 1.56 0.62 9.65 - -
200 2.09 1.56 0.63 9.65 - -

Table A.21: Cross-sections after cuts in the signal region, for various Higgs boson masses and
a center-of-mass energy of 10 TeV, using the cuts defined for the conservative scenario.
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A7. H—-WW — ¢v/¢v + 0] additional information

ey Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+X[fb]
120 0.72 0.18 0.14 4.59 1.85 -
130 2.48 0.29 0.29 7.90 1.85 -
140 5.11 0.92 0.43 11.3 1.85 -
150 8.05 1.18 0.57 14.2 1.85 -
160 13.5 1.56 0.72 16.3 1.85 -
165 13.3 1.72 0.77 17.2 1.85 -
170 11.3 1.77 0.82 17.5 1.85 -
180 8.88 2.12 0.87 18.3 1.85 -
190 4.82 2.24 0.91 18.7 1.85 -
200 3.29 2.26 0.93 18.9 1.85 -
pp Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+X[fb]
120 0.59 0.09 0.08 4.59 - -
130 1.92 0.16 0.17 7.84 - -
140 3.84 0.45 0.27 10.4 - -
150 5.92 0.95 0.39 12.4 - -
160 9.35 1.19 0.49 14.0 - -
165 8.77 1.32 0.54 14.7 - -
170 7.68 1.47 0.57 15.2 - -
180 4.98 1.66 0.62 16.0 - -
190 3.59 1.69 0.64 16.4 - -
200 2.21 1.83 0.65 16.8 - -
ee Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+X|fb]
120 0.19 0.09 0.04 2.02 - -
130 0.73 0.13 0.09 2.94 - -
140 1.57 0.35 0.16 4.28 - -
150 2.98 0.47 0.21 4.94 - -
160 3.92 0.68 0.25 5.58 - -
165 4.56 0.68 0.27 5.69 - -
170 3.90 0.70 0.28 5.84 - -
180 2.75 0.79 0.30 6.19 - -~
190 1.90 0.73 0.30 6.39 - -
200 1.02 0.73 0.31 6.39 - -

Table A.22: Cross-sections after cuts in the signal region, for various Higgs boson masses and
a center-of-mass energy of 7 TeV, using the cuts defined for the conservative scenario.
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ey Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 3.05 0.66 0.60 16.5 2.28 0.43
130 7.32 1.20 0.89 21.1 2.28 0.43
140 12.3 1.99 1.13 25.6 2.28 0.43
150 18.0 2.71 1.37 29.0 2.28 0.43
160 27.0 3.16 1.64 31.6 2.28 0.43
165 25.5 3.41 1.73 32.8 2.28 0.43
170 21.9 3.61 1.83 33.4 2.28 0.43
180 17.1 3.75 1.92 34.5 2.28 0.43
190 9.81 4.01 1.99 35.0 2.28 0.43
200 6.47 4.01 2.03 35.1 2.28 0.43
pp Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 1.70 0.12 0.28 10.7 4.16 -
130 4.63 0.32 0.46 15.2 4.16 -
140 8.08 0.65 0.65 18.5 4.16 -
150 10.8 1.11 0.88 21.1 4.16 -
160 15.6 1.56 1.06 23.0 4.16 -
165 16.2 1.75 1.14 23.8 4.16 -
170 14.3 1.75 1.20 24.4 4.16 -
180 8.92 1.93 1.29 25.4 4.16 -
190 6.58 1.99 1.32 25.8 4.16 -
200 4.25 2.13 1.33 26.4 4.16 -
ee Channel:
my [GeV] | Signal [fb] top [fb] gg WW [fb] gq WW [fb] W+XI[fb] Z+XIfb]
120 0.74 0.14 0.14 5.47 - -
130 2.04 0.26 0.23 6.91 - -
140 3.72 0.25 0.34 8.59 - -
150 5.90 0.37 0.42 9.46 = =
160 8.01 0.57 0.51 10.3 - -
165 8.60 0.63 0.54 10.4 = =
170 7.14 0.83 0.56 10.6 - -
180 5.33 0.90 0.60 11.0 - -
190 3.80 0.90 0.61 11.2 - -
200 1.93 0.96 0.62 11.2 - -

Table A.23: Cross-sections after cuts in the signal region, for various Higgs boson masses and
a center-of-mass energy of 10 TeV, using the cuts defined for the acceptance challenge.
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A7. H—-WW — ¢v/¢v + 0] additional information

Process WWi(en) WW(ee) WW(uu) ReverseIsEM Top box
Signal(mpy =120 GeV) - - - 1.12 N/A
Signal(mpy = 130 GeV) 0.03 - - 2.50 N/A
Signal(mp = 140 GeV) 0.30 0.01 0.02 4.24 N/A
Signal(mpy = 150 GeV) 0.80 - - 5.12 N/A
Signal(mp = 160 GeV) 0.89 - 0.11 8.37 N/A
Signal(mp = 165 GeV) 091 0.04 0.07 7.97 N/A
Signal(mpy =170 GeV) 1.24 0.03 0.16 6.88 N/A
Signal(mp =180 GeV) 2.81 0.09 0.27 4.57 N/A
Signal(mpy = 190 GeV) 4.00 0.27 0.68 3.01 N/A
Signal(my = 200 GeV) 3.90 0.54 1.26 2.02 N/A

rt 11.9 3.51 4.05 12.2 6978
gg—-WWwW 2.22 0.39 0.83 0.74 N/A
qq — WW 80.1 17.0 345 10.6 N/A

W+jets 2.08 - - 307 935.3

Z+jets 1.13 1.13 3.73 8.06 42.62

Table A.24: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 10 TeV, using the cuts defined for the aggressive scenario.

Process WWi(ey) WW(ee) WW(uu) ReverseIsEM Top box
Signal(mpy = 120 GeV) 0.00 - - 0.58 N/A
Signal(mp = 130 GeV) 0.02 - 0.00 1.28 N/A
Signal(mpy = 140 GeV) 0.15 0.01 0.01 2.15 N/A
Signal(my = 150 GeV) 0.41 - - 2.53 N/A
Signal(mpy = 160 GeV) 0.46 - 0.04 4.17 N/A
Signal(mp = 165 GeV) 0.44 0.02 0.04 3.87 N/A
Signal(mpy =170 GeV) 0.61 0.02 0.08 3.33 N/A
Signal(mp = 180 GeV) 1.32 0.05 0.14 2.16 N/A
Signal(mpy =190 GeV) 1.94 0.13 0.32 1.46 N/A
Signal(mp = 200 GeV) 1.86 0.26 0.60 0.93 N/A

rt 4,78 1.28 1.55 4.46 2475
gg—-wWw 1.01 0.17 0.37 0.35 N/A
qq— WWwW 52.7 11.2 22.7 7.13 N/A

W+jets 1.54 - - 223 373.8

Z+jets 0.80 0.65 2.14 5.66 14.01

Table A.25: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 7 TeV, using the cuts defined for the aggressive scenario.
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Process WW(en) WW(ee) WW(uu) ReverseIsEM Top box
Signal(mpy =120 GeV) - - - 0.56 N/A
Signal(mpy = 130 GeV) 0.001 - - 1.62 N/A
Signal(mp = 140 GeV) 0.02 - 0.01 3.23 N/A
Signal(mpy = 150 GeV) - - - 4.02 N/A
Signal(mpy = 160 GeV) 0.33 - - 8.62 N/A
Signal(mp = 165 GeV) 0.43 0.03 0.04 8.11 N/A
Signal(mpy = 170 GeV) 0.77 0.02 0.09 6.66 N/A
Signal(mp = 180 GeV) 241 0.18 0.36 4.29 N/A
Signal(mpy = 190 GeV) 3.41 0.21 0.35 3.27 N/A
Signal(mg = 200 GeV) 4.26 0.57 1.24 1.92 N/A

rt 27.7 7.76 12.4 10.7 4530

gg - WW 2.14 0.54 0.99 0.67 N/A
qq9 — WW 54.4 14.6 30.2 8.61 N/A
W+jets - - - 105 414.3
Z+jets 1.35 1.13 3.95 1.3 22.48

Table A.26: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 10 TeV, using the cuts defined for the conservative scenario.

Process WWi(ey) WW(ee) WW(uu) ReverseIsEM Top box
Signal(mpy = 120 GeV) - - - 0.29 N/A
Signal(my = 130 GeV) 0.00 - - 0.83 N/A
Signal(mpy = 140 GeV) 0.01 - 0.00 1.64 N/A
Signal(my = 150 GeV) 0.03 - - 2.01 N/A
Signal(mpy = 160 GeV) 0.16 - - 4.29 N/A
Signal(mp = 165 GeV) 0.21 0.01 0.02 3.93 N/A
Signal(mpy = 170 GeV) 0.38 0.01 0.04 3.22 N/A
Signal(mpy = 180 GeV) 1.12 0.09 0.18 2.07 N/A
Signal(mpy = 190 GeV) 1.65 0.10 0.18 1.59 N/A
Signal(mpy = 200 GeV) 2.02 0.27 0.59 0.88 N/A

tt 10.9 2.93 4.71 4.15 1608
gg—-ww 0.95 0.23 0.43 0.32 N/A
qq—WwWw 35.0 9.43 19.6 5.83 N/A

W+jets - - - 76.5 160.3

Z+jets 0.96 0.65 2.40 0.90 7.48

Table A.27: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 7 TeV, using the cuts defined for the conservative scenario.
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A7. H—-WW — ¢v/¢v + 0] additional information

Process WWi(en) WW(ee) WW(uu) ReverseIsEM Top box
Signal(mp = 120 GeV) 0.002 - - 1.31 N/A
Signal(mpy = 130 GeV) 0.04 - - 291 N/A
Signal(mp = 140 GeV) 0.33 0.01 0.02 4.92 N/A
Signal(mpy = 150 GeV) 1.01 - - 5.86 N/A
Signal(mp = 160 GeV) 1.03 - 0.11 10.1 N/A
Signal(mp = 165 GeV) 1.13 0.05 0.08 9.49 N/A
Signal(mpy =170 GeV) 1.56 0.03 0.18 8.09 N/A
Signal(mp =180 GeV) 3.68 0.18 0.30 5.39 N/A
Signal(mpy = 190 GeV) 4.86 0.55 0.70 3.63 N/A
Signal(my = 200 GeV) 5.21 0.69 1.46 2.37 N/A

rt 17.5 5.45 8.30 15.7 6549
gg—-WWwW 2.86 0.53 1.01 0.89 N/A
qq — WW 93.6 19.9 39.1 12.3 N/A

W+jets 2.08 - - 317 816.2

Z+jets 1.35 1.13 7.68 8.28 37.77

Table A.28: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 10 TeV, using the cuts defined for the acceptance challenge.
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A.8

This appendix documents several tables which provide additional information with respect
to what appears in the main body of the text. Table A.29 shows the cutflow for signal and
background using the acceptance challenge cuts. Tables A.30 through A.35 show the sum
of the event weights, the relative efficiencies, and the cumulative efficiencies, for the Monte
Carlo events remaining after each cut for a signal Monte Carlo sample, using the cuts for
the aggressive and conservative scenarios, Tables A.36 through A.40 show the cross-sections
remaining in the signal region for the signal and background for each of the Higgs boson
masses considered, at 7 and 10 TeV, for the cuts of the aggressive scenario, the conservative
scenario, and the acceptance challenge. Tables A.41 through A.45 show the cross-sections
after all cuts in each of the control regions, for the various center-of-mass energies and cut

scenarios considered.

A.8.1 Cutflow using Common Cuts

Table A.29: Signal region cross-sections cut-flow table using acceptance challenge cuts, adding

H— WW — ¢v{v + 1] additional information

Signal [fb] Background [fb]

ggH VBF | WWijets (1+Wt Wijets  Z/y*+ets total
Exactly 2Lep 187 278 1310 8880 249 8.55x10°  8.65x10°
Low DrellYan 175 261 1200 8160 207 1.15x10°  1.25x10°
Missing Pt 151 222 762 6600 74.2 620 8230
mrlv 148 21 723 5800 73.2 216 6980
jet tagging 715 18.1 314 5740 40.6 182 6370
jet acceptance 50.5 9.81 207 704 27.8 60.3 1060
b-jet veto 489 931 199 316 27.8 51.8 653
POt <30 Gev 409  4.37 174 200 26.4 36.5 482
Z — trrejection | 40.7 431 166 188 23.2 16.6 439
my; < 50 GeV 258 271 39.2 36.2 5.32 11.2 120
Ay < 1.3rad 231 242 27.6 29.8 3.21 2.76 88.9
mr < myg 215 2.26 25.5 25.9 3.21 2.76 81.1

the contributions of ey pu and ee.

A.8.2 Cutflow for Aggresive and Conservative Scenarios
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A8. H—- WW — ¢v/v + 1j additional information

cut | MCevents Relative eff [%]  Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Pr >10GeV 18295 34.9% 31.2%
2 Good Non isolated leptons 13034 71.2% 22.3%
Exactly 2 opposite sign lep 10432 80% 17.8%
mee > 15 GeV 10052 96.4% 17.2%
piniss 9038 89.9% 15.4%
m4?Y > 30 GeV 8895 98.4% 15.2%
Jet Tagging 4779 53.7% 8.16%
Central Jet Veto 3136 65.6% 5.35%
b-jet Veto 3056 97.4% 5.22%
PLf >30 Gev 2782 91% 4.75%
Z — 17 Rejection 2761 99.2% 4.71%
mpe <50 GeV 1675 60.7% 2.86%
Azimuthal Separation 1474 88% 2.52%
Transverse Mass Cut 1383 93.8% 2.36%

Table A.30: Cutflow table for the eu channel, for a signal MC sample with m=170 GeV in the
aggresive scenario

cut \ MCevents Relative eff [% Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with P7 >10GeV 8713 16.6% 14.9%
2 Good Non isolated leptons 8713 100% 14.9%
Exactly 2 opposite sign lep 7906 90.7% 13.5%
mep > 15 GeV 7177 90.8% 12.3%
pipiss 5998 83.6% 10.2%
mt% > 30 GeV 5926 98.8% 10.1%
Jet Tagging 3291 55.5% 5.62%
Central Jet Veto 2224 67.6% 3.8%
b-jet Veto 2161 97.2% 3.69%
PLf >30 Gev 1961 90.7% 3.35%
Z — 17 Rejection 1956 99.7% 3.34%
myp <50 GeV 1318 67.4% 2.25%
Azimuthal Separation 1193 90.5% 2.04%
Transverse Mass Cut 1079 90.4% 1.84%

Table A.31: Cutflow table for the pu channel, for a signal MC sample with my=170 GeV in the
aggresive scenario
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cut MCevents Relative eff [% Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Py >10GeV 9942 19% 17%
2 Good Non isolated leptons 4545 45.7% 7.76%
Exactly 2 opposite sign lep 3526 77.6% 6.02%
mee > 15 GeV 3224 91.5% 5.5%
piniss 2570 79.7% 4.39%
mt? > 30 GeV 2537 98.7% 4.33%
Jet Tagging 1380 54.4% 2.36%
Central Jet Veto 900 65.2% 1.54%
b-jet Veto 874 97.1% 1.49%
Pl >30 Gev 799 91.4% 1.36%
Z — 17 Rejection 797 99.7% 1.36%
mpe <50 GeV 508 63.7% 0.867%
Azimuthal Separation 453 89.2% 0.773%
Transverse Mass Cut 438 96.7% 0.748%

Table A.32: Cutflow table for the ee channel, for a signal MC sample with m =170 GeV in the
aggresive scenario

cut \ MCevents Relative eff [% Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with Pr >10GeV 18294 34.9% 31.2%
2 Good Non isolated leptons 13034 71.2% 22.3%
Exactly 2 opposite sign lep 11168 85.7% 19.1%
mye > 15 GeV 10753 96.3% 18.4%
priss 7474 69.5% 12.8%
m4%Y > 30 Gev 7403 99.1% 12.6%
Jet Tagging 2582 34.9% 4.41%
Central Jet Veto 1998 77.4% 3.41%
b-jet Veto 1925 96.3% 3.29%
PLf >30 Gev 1570 81.6% 2.68%
Z — 17 Rejection 1563 99.6% 2.67%
myp <50 GeV 1004 64.2% 1.71%
Azimuthal Separation 869 86.6% 1.48%
Transverse Mass Cut 796 91.6% 1.36%

Table A.33: Cutflow table for the eu channel, for a signal MC sample with m =170 GeV in the
conservative scenario
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cut \ MCevents Relative eff [% Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with P7 >10GeV 8707 16.6% 14.9%
2 Good Non isolated leptons 8707 100% 14.9%
Exactly 2 opposite sign lep 8081 92.8% 13.8%
mygp > 15 GeV 7328 90.7% 12.5%
P?iss 5324 72.7% 9.09%
m4 > 30 GeV 5269 99% 9%
Jet Tagging 1900 36.1% 3.24%
Central Jet Veto 1527 80.4% 2.61%
b-jet Veto 1454 95.2% 2.48%
PLf >30 Gev 1188 81.7% 2.03%
Z — 17 Rejection 1183 99.6% 2.02%
mygp <50 GeV 817 69.1% 1.39%
Azimuthal Separation 733 89.7% 1.25%
Transverse Mass Cut 656 89.5% 1.12%

Table A.34: Cutflow table for the pu channel, for a signal MC sample with m =170 GeV in the
conservative scenario

cut \ MCevents Relative eff [% Total eff [%]
Total No events 64812

Sum of Weights 58574

L1 TRIGGER 55884 95.4% 95.4%
L2 TRIGGER 54205 97% 92.5%
EF TRIGGER 52355 96.6% 89.4%
Second lepton with P7 >10GeV 9932 19% 17%
2 Good Non isolated leptons 4536 45.7% 7.74%
Exactly 2 opposite sign lep 3955 87.2% 6.75%
mep > 15 GeV 3615 91.5% 6.17%
piyiss 2451 67.8% 4.18%
mt% > 30 GeV 2422 98.8% 4.13%
Jet Tagging 877 36.2% 1.5%
Central Jet Veto 665 75.8% 1.14%
b-jet Veto 637 95.8% 1.09%
PLf >30 Gev 519 81.5% 0.886%
Z — 17 Rejection 514 99% 0.878%
myp <50 GeV 327 63.6% 0.558%
Azimuthal Separation 286 87.5% 0.488%
Transverse Mass Cut 271 94.8% 0.463%

Table A.35: Cutflow table for the ee channel, for a signal MC sample with m =170 GeV in the
conservative scenario
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ey Channel
my [GeV] | Signal tt+Wr gg—WW qq—WW Wijets Z+jets
120 1.46 3.14 0.37 4.50 1.06 -
130 3.63 3.93 0.51 6.08 1.06 -
140 6.49 5.70 0.66 7.95 1.06 -
150 8.70 6.94 0.80 9.38 1.06 -
160 12.6 8.12 0.95 10.3 1.06 -
165 14.6 8.72 1.00 10.7 1.06 -
170 12.2 9.85 1.05 11.2 1.06 -
180 9.12 11.0 1.11 11.3 1.06 -
190 5.98 11.3 1.14 11.5 1.06 -
200 3.93 11.4 1.15 11.6 1.06 -
pu Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW Wijets Z+jets
120 0.77 2.13 0.22 3.16 - -
130 2.10 2.60 0.33 4.70 - -
140 4.05 3.60 0.44 5.85 - -
150 441 4.85 0.58 6.66 - -
160 11.0 6.17 0.68 7.48 - -
165 9.61 6.71 0.72 8.00 - -
170 9.37 6.91 0.75 8.29 - -
180 6.47 7.31 0.81 8.58 - -
190 3.89 7.65 0.84 8.77 - -
200 2.68 7.65 0.85 8.91 - -
ee Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW Wijets Z+jets
120 0.28 0.87 0.11 1.18 1.05 0
130 0.93 0.99 0.16 1.62 1.05 0
140 1.80 1.59 0.23 2.16 1.05 2.76
150 2.80 2.18 0.26 2.74 1.05 2.76
160 3.00 2.71 0.27 3.18 1.05 2.76
165 4.62 3.03 0.28 3.14 1.05 2.76
170 3.83 3.15 0.29 3.14 1.05 2.76
180 1.98 3.34 0.31 3.38 1.05 2.76
190 2.28 3.54 0.31 3.43 1.05 2.76
200 1.22 3.54 0.31 3.48 1.05 2.76

Table A.36: Cross-sections after cuts in the signal region, for various Higgs boson masses at a
center-of-mass energy of 10 TeV, using the cuts defined for the aggresive scenario.
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ey Channel
my [GeV] | Signal tr+Wt gg—WW qq—WW W+jets Z+jets
120 0.46 2,77 0.15 2.44 - -
130 1.29 3.91 0.22 3.30 - -
140 2.68 6.25 0.33 4.21 - -
150 4.72 8.45 0.43 5.17 - -
160 6.64 9.90 0.56 5.79 - -
165 8.88 10.3 0.60 6.12 - -
170 7.51 11.5 0.64 6.65 - -
180 6.09 12.4 0.70 6.75 - -
190 4.03 13.2 0.71 6.94 - -
200 2.73 13.3 0.73 7.08 - -
pu Channel
my [GeV] | Signal tt+Wt gg—WW qgq— WW Wijets Z+jets
120 0.29 1.88 0.13 1.77 - -
130 0.94 2.97 0.18 2.59 - -
140 2.01 3.83 0.27 3.40 - -
150 1.94 4.54 0.37 3.93 - -
160 5.31 5.93 0.46 441 - -
165 6.07 6.59 0.48 4.89 - -
170 6.12 6.99 0.50 5.03 - -
180 4.24 7.67 0.55 5.22 - -
190 2.32 8.28 0.56 5.42 - —
200 1.88 8.42 0.58 5.51 - -
ee Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW Wijets Z+jets
120 0.14 1.63 0.06 0.24 - -
130 0.43 1.89 0.09 0.67 - -
140 091 3.12 0.14 0.96 - -
150 1.77 3.78 0.16 1.39 - -
160 2.15 4.17 0.16 1.63 - -
165 291 4.63 0.18 1.58 - -
170 2.58 4.82 0.18 1.58 - -
180 1.94 4.80 0.20 1.73 - -
190 1.73 5.00 0.20 1.73 - -
200 0.82 5.00 0.21 1.78 - -

Table A.37: Cross-sections after cuts, for various Higgs boson masses at a center-of-mass
energy of 10 TeV, using the cuts defined for the conservative scenario.
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ey Channel
my [GeV] | Signal tr+Wt gg—WW qq—WW  W+jets Z+jets
120 1.39 4.47 0.33 4.98 1.06 -
130 3.42 5.39 0.47 6.89 1.06 -
140 6.12 7.30 0.63 8.47 1.06 -
150 8.46 9.15 0.75 9.86 1.06 -
160 11.5 10.8 0.88 10.7 1.06 -
165 14.0 11.4 0.93 11.1 1.06 -
170 11.5 12.5 0.97 11.6 1.06 -
180 9.14 13.5 1.03 11.8 1.06 -
190 5.78 13.9 1.04 12.0 1.06 -
200 3.73 14.1 1.06 12.1 1.06 -
pu Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW W+jets Z+jets
120 0.71 2.86 0.20 3.26 1.10
130 1.89 3.33 0.30 4.79 1.10
140 3.68 4.74 0.40 5.99 1.10
150 4.64 6.33 0.52 6.95 1.10
160 10.4 7.56 0.62 7.76 1.10
165 8.59 8.38 0.64 8.24 1.10
170 8.34 8.98 0.67 8.43 1.10
180 6.43 9.58 0.73 8.72 1.10
190 3.41 9.92 0.75 8.96 1.10
200 2.49 9.92 0.76 9.10 1.10
ee Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW W+jets Z+jets
120 0.29 0.92 0.12 1.25 1.050
130 0.94 1.60 0.17 1.78 1.050
140 1.76 2.34 0.24 2.50 1.052.76
150 2.90 3.06 0.28 3.07 1.052.76
160 2.90 3.79 0.29 3.55 1.052.76
165 4.49 4.25 0.30 3.55 1.052.76
170 3.94 4.38 0.31 3.55 1.052.76
180 2.48 4.50 0.32 3.74 1.052.76
190 2.30 4.70 0.33 3.84 1.052.76
200 1.18 4.70 0.33 3.89 1.052.76

Table A.38: Cross-sections after cuts, for various Higgs boson masses at a center-of-mass
energy of 10 TeV, using the cuts defined for the acceptance challenge.
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ey Channel
my [GeV] | Signal tr+Wt gg—WW qq—WW W+jets Z+jets
120 0.77 1.04 0.18 3.06 0.74 -
130 1.88 1.51 0.25 4.10 0.74 -
140 3.32 2.31 0.32 5.33 0.74 -
150 4.32 2.83 0.38 6.26 0.74 -
160 6.40 3.38 0.46 6.87 0.74 -
165 7.17 3.58 0.48 7.17 0.74 -
170 5.93 3.92 0.51 7.47 0.74 -
180 4.44 4.50 0.54 7.57 0.74 -
190 2.93 4.66 0.55 7.66 0.74 -
200 1.87 4.68 0.55 7.73 0.74 -
pu Channel
my [GeV] | Signal tt+Wt gg—WW qgq— WW Wijets Z+jets
120 0.40 0.85 0.10 1.97 - -
130 1.08 1.08 0.16 3.05 - -
140 2.04 1.60 0.21 3.87 - -
150 2.24 2.08 0.27 4.44 - -
160 5.30 2.75 0.33 5.01 - -
165 4.70 3.03 0.34 5.35 - -
170 4.54 3.07 0.36 5.52 - -
180 3.04 3.32 0.38 5.72 - -
190 1.90 3.49 0.40 5.83 - -
200 1.23 3.49 0.40 5.92 - -
ee Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW Wijets Z+jets
120 0.15 0.40 0.05 0.92 0.54 -
130 0.49 0.40 0.07 1.27 0.54 -
140 0.92 0.66 0.11 1.64 0.54 1.47
150 1.43 0.93 0.12 1.96 0.54 1.47
160 1.53 1.13 0.13 2.22 0.54 1.47
165 2.32 1.26 0.13 2.19 0.54 1.47
170 1.90 1.30 0.14 2.19 0.54 1.47
180 0.95 1.38 0.15 2.34 0.54 1.47
190 1.09 1.45 0.15 2.37 0.54 1.47
200 0.58 1.45 0.15 2.40 0.54 1.47

Table A.39: Cross-sections after cuts in the signal region, for various Higgs boson masses at a
center-of-mass energy of 7 TeV, using the cuts defined for the aggresive scenario.
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ey Channel
my [GeV] | Signal tt+Wr gg—WW qq—WW Wijets Z+jets
120 0.24 1.21 0.07 1.51 - -
130 0.66 1.86 0.10 2.12 - -
140 1.36 2.90 0.15 2.72 - -
150 241 3.74 0.21 3.27 - -
160 3.35 4.35 0.27 3.67 - -
165 4.33 4.45 0.29 3.90 - -
170 3.68 4.82 0.31 4.24 - -
180 2.95 5.24 0.33 4.30 - -
190 1.99 5.57 0.34 4.42 - -
200 1.29 5.64 0.35 4.52 - -
pu Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW Wijets Z+jets
120 0.15 0.77 0.06 1.01 - -
130 0.47 1.20 0.09 1.55 - -
140 0.99 1.69 0.13 2.15 - -
150 0.99 1.92 0.18 2.53 - -
160 2.46 2.60 0.22 2.85 - -
165 2.98 2.97 0.23 3.17 - -
170 2.97 3.13 0.24 3.25 - -
180 2.05 3.44 0.26 3.38 - -
190 1.17 3.73 0.27 3.48 - -
200 0.86 3.78 0.27 3.53 - -
ee Channel
my [GeV] | Signal tt+Wt gg—WW qq—WW Wijets Z+jets
120 0.07 0.66 0.03 0.14 - -
130 0.22 0.71 0.04 0.44 - -
140 0.46 1.27 0.06 0.61 - -
150 0.90 1.58 0.07 0.89 - -
160 1.10 1.76 0.08 1.06 - -
165 1.47 1.91 0.08 1.03 - -
170 1.26 1.97 0.09 1.03 - -
180 0.94 1.95 0.09 1.10 - -
190 0.85 2.01 0.09 1.10 - -
200 0.39 2.01 0.10 1.13 - -

Table A.40: Cross-sections after cuts in the signal region, for various Higgs boson masses at a
center-of-mass energy of 7 TeV, using the cuts defined for the conservative scenario.
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Process WWi(ey) WW(ee) WW(uu) ReverselsEM b-tagged
Signal(mpy =120 GeV) 0.00 - - 0.40 0.04
Signal(mpy =130 GeV) 0.04 - 0.00 0.87 0.10
Signal(mp = 140 GeV) 0.21 0.00 0.02 1.47 0.22
Signal(mpy = 150 GeV) 0.55 - 0.10 2.04 0.34
Signal(mp = 160 GeV) 0.88 - 0.22 2.67 0.31
Signal(mpy = 165 GeV) 0.64 0.00 0.06 2.73 0.44
Signal(mpy =170 GeV) 1.04 0.06 0.12 2.21 0.45
Signal(mp =180 GeV) 2.16 0.10 0.39 1.58 0.33
Signal(mpy =190 GeV) 2.81 0.35 1.04 1.13 0.21
Signal(mpyg = 200 GeV) 3.75 0.38 0.93 0.74 0.10

't 59.2 14.8 28.2 3.23 50.76
gg—-WwWw 2.09 0.49 0.89 0.30 0.02
qq—WWwW 41.8 7.82 17.3 3.87 0.53

W+jets 5.29 - - 246.5 -

Z+jets - - 0.43 0.83 0.08

Table A.41: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 10 TeV, using the cuts defined for the aggressive scenario.

Process WWi(eyn) WW(ee) WW(uu) ReverseIsEM b-tagged
Signal(mpy =120 GeV) - - - 0.11 0.02
Signal(mpy = 130 GeV) 0.01 - 0.00 0.32 0.06
Signal(mp = 140 GeV) 0.05 - 0.00 0.62 0.15
Signal(mpy = 150 GeV) 0.32 - - 0.68 0.33
Signal(mp = 160 GeV) 0.34 - 0.11 1.53 0.08
Signal(mpy = 165 GeV) 0.20 0.00 0.01 1.81 0.34
Signal(mp =170 GeV) 0.42 0.01 0.07 1.42 0.38
Signal(mp = 180 GeV) 1.01 0.10 0.23 0.87 0.32
Signal(mp =190 GeV) 1.35 0.21 0.78 0.85 0.21
Signal(mpy = 200 GeV) 2.16 0.27 0.63 0.45 0.07

rt 61.8 18.3 31.7 2.75 45.82
gg—Ww 1.25 0.34 0.62 0.18 0.02
qq9 — WW 21.4 5.04 11.0 1.82 0.43

W+jets - - - 72.8 -

Z+jets - - 4.03 0.40 -

Table A.42: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 10 TeV, using the cuts defined for the conservative scenario.
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Process WWi(en) WW(ee) WW(uu) ReverseIsEM b-tagged
Signal(mpy = 120 GeV) 0.00 - - 0.38 0.04
Signal(mpy = 130 GeV) 0.04 - 0.00 0.88 0.10
Signal(mp = 140 GeV) 0.21 0.01 0.02 1.45 0.19
Signal(mpy = 150 GeV) 0.32 - 0.10 1.90 0.34
Signal(mp = 160 GeV) 091 - 0.22 2.80 0.22
Signal(mp = 165 GeV) 0.54 0.00 0.05 2.79 0.44
Signal(mpy =170 GeV) 0.92 0.06 0.10 2.30 0.44
Signal(mp =180 GeV) 2.44 0.10 0.47 1.76 0.42
Signal(mpy = 190 GeV) 2.72 0.30 1.07 1.26 0.14
Signal(my = 200 GeV) 3.50 0.44 0.88 0.76 0.10

It 74.9 16.9 33.9 3.82 52.31
gg—-WWwW 2.09 0.51 0.87 0.27 0.03
qq—WwWw 44.0 8.54 17.7 3.92 0.57

W+jets 4.23 - - 246.5 -

Z+jets - - 0.43 0.83 -

Table A.43: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 10 TeV, using the cuts defined for the acceptance challenge.

Process WWi(en) WW(ee) WW(uu) ReverseIsEM b-tagged
Signal(mpy = 120 GeV) 0.00 - - 0.21 0.02
Signal(mp = 130 GeV) 0.02 - 0.00 0.45 0.05
Signal(mp = 140 GeV) 0.11 0.00 0.01 0.74 0.12
Signal(my = 150 GeV) 0.31 - 0.05 1.01 0.15
Signal(mp = 160 GeV) 0.44 - 0.11 1.29 0.15
Signal(mp = 165 GeV) 0.32 0.00 0.03 1.34 0.21
Signal(mp =170 GeV) 0.51 0.03 0.06 1.08 0.22
Signal(mp = 180 GeV) 1.06 0.05 0.20 0.74 0.16
Signal(mp =190 GeV) 1.36 0.17 0.49 0.54 0.10
Signal(mp = 200 GeV) 1.78 0.18 0.44 0.35 0.04

rt 23.5 6.23 10.8 1.15 21.61
gg—-Ww 0.95 0.21 0.38 0.14 0.01
qq—WW 26.2 4.92 10.9 2.69 0.35

W+jets 3.08 - - 167 -

Z+jets - - 0.30 0.44 0.00

Table A.44: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 7 TeV, using the cuts defined for the aggressive scenario.
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Process WWi(ey) WW(ee) WW(uu) ReverselsEM b-tagged
Signal(mpy =120 GeV) - - - 0.06 0.01
Signal(mpy =130 GeV) 0.00 - 0.00 0.16 0.03
Signal(mp = 140 GeV) 0.03 - 0.00 0.30 0.08
Signal(mpy = 150 GeV) 0.18 - - 0.34 0.15
Signal(mp = 160 GeV) 0.17 - 0.06 0.78 0.04
Signal(mpy = 165 GeV) 0.10 0.00 0.01 0.89 0.16
Signal(mpy =170 GeV) 0.21 0.01 0.03 0.69 0.18
Signal(mp =180 GeV) 0.53 0.05 0.12 0.42 0.15
Signal(mpy =190 GeV) 0.67 0.10 0.35 0.41 0.10
Signal(mpyg = 200 GeV) 1.02 0.13 0.30 0.21 0.03

't 242 7.32 11.7 1.03 19.1

gg — WW 0.55 0.15 0.26 0.08 0.01

qq—WWwW 12.5 3.08 6.60 1.26 0.29
W+jets - - - 43.2 -
Z+jets - - 1.87 0.22 -

Table A.45: Cross-sections after cuts in the various control regions for a center-of-mass energy
of 7 TeV, using the cuts defined for the conservative scenario.
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A9 H—-WW — ¢vlv +2j additional information

A.9.1 Supporting material for the physics objects selection

Figure A.36 contains distributions of some of the kinematic variables of muons for signal and

main backgrounds at 10 TeV.
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Figure A.36: Muon kinematics for signal and main backrounds.
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A.9.2 Cutflow for the Aggresive and Conservative scenarios
Cutflow tables in the Signal Region for the conservative scenario

Tables A.46, A.47, A.48, A.49 shows cutflows in the Signal Region for signal and main back-
grounds at 10 TeV in case of the conservative scenario. The sum of the three flavor channels
and a breakdown in the three are presented.

signal (fb) background (fb)

VBF WW | i+ Wt | W+ jets | Z+jets | dijets ||  total
lepton acceptance 27.45 1220.79 | 8695.06 | 1504.30 | 880895.82 | 272.69 || 892588.66
374 Jepton veto 27.43 1219.88 | 8644.76 | 1484.91 | 880599.62 | 272.69 || 892221.86
p?“d"e’" > 40 GeV 27.43 1219.88 | 8644.76 | 1484.91 | 880599.62 | 272.69 || 892221.86
my; cuts 25.78 1124.37 | 7946.90 | 806.20 | 121039.00 | 240.61 || 131157.08
PIS >30/40 GeV 21.88 70329 | 6434.83 | 410.97 552.36 - 8101.44
milY > 30 Gev 20.78 664.28 | 5658.47 | 399.42 224.23 - 6946.41
jet acceptance 15.11 148.05 | 5056.75 | 58.31 121.73 - 5384.85
jet-veto 12.94 103.06 | 2021.83 | 38.63 63.64 - 2227.15
b-veto (SV0) 12.02 94.55 | 466.29 35.99 52.05 - 648.88
nj1nj2<0 10.64 39.10 | 197.83 14.15 21.18 - 272.28
p?“‘” f5 40 GeV 9.61 27.94 | 165.99 8.38 19.67 - 221.98
Anjj>38 7.20 4.60 24.18 0.12 3.48 - 32.37
m;j>500 GeV 5.98 2.60 11.35 - 2.42 - 16.37
Pt <30 Gev 5.72 2.12 7.86 - 2.42 - 12.41
Z — 17 rejection 5.59 1.87 7.04 - 1.18 - 10.08
my; <80 GeV 5.44 0.62 1.34 - 1.18 - 3.14
APy <16 4.53 0.38 0.80 - 1.18 - 2.36
mr <mg 4.23 0.26 0.52 - - - 0.78

Table A.46: Cutflow for signal Monte Carlo signal sample (my = 170 GeV) and all relevant
backgrounds in the Signal region for the conservative scenario. Cross-sections are summed
over ee, eyt and pp channels. W+ jets column includes contributions from W2 and Whb. Z+
jets column includes ZZ and Zbb contributions. The column di-jets includes contributions
from bb background. The last row represents Monte Carlo statistical uncertainty. Cross-
sections are given in fb.
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signal (fb) background (fb)

VBF WW | fi+Wt | W+ jets | Z+ jets | di-jets | total
lepton acceptance 13.43 595.09 | 4247.15 492.71 3568.47 | 128.33 || 9031.74
3rd lepton veto 13.41 594.31 | 4222.99 488.02 3565.68 | 128.33 || 8999.33
my; cuts 13.01 589.71 | 4187.64 464.31 3549.82 | 128.33 || 8919.80
P;f’is >30/40 GeV 11.51 408.99 | 3565.73 299.24 288.30 - 4562.27
mlTlV > 30 GeV 10.88 386.20 | 3104.04 289.38 74.05 - 3853.67
jet acceptance 7.95 86.06 | 2764.37 39.53 23.49 - 2913.45
jet-veto 6.82 59.19 1113.14 27.65 13.79 - 1213.77
b-veto (SV0) 6.30 53.67 262.94 27.27 12.46 - 356.34
Nj1°Mj2<0 5.59 21.79 108.80 11.38 6.69 - 148.67
p’Te“d'f ' > 40 Gev 5.07 1556 | 91.96 5.99 6.07 - 119.58
Anj;j>3.8 3.78 2.61 13.12 - 1.38 - 17.11
mj;>500 GeV 3.13 1.61 6.07 - 0.81 - 8.49
POt <30 Gev 2.98 1.25 4.78 - 0.81 - 6.84
Z — 1T rejection 291 1.25 4.50 - - - 5.75
my; <80 GeV 2.78 0.51 0.66 - - - 1.17
Apy<1.6 2.34 0.38 0.60 - - - 0.98
mr<mg 2.20 0.26 0.46 - - - 0.72

Table A.47: Cross-sections in the Signal Region for eu channel conservative scenario.

signal (fb) background (fb)

VBF WW | i+Wt | W+ jets | Z+jets | di-jers | total
lepton acceptance 4.95 216.98 | 1596.38 555.40 306586.94 | 44.11 308999.81
3rd lepton veto 4.95 216.98 | 1585.43 547.00 306482.69 | 44.11 308876.22
my; cuts 4.49 185.83 | 1354.60 275.17 40076.41 36.09 41928.10
P;"is >30/40 GeV 3.59 96.59 1026.76 95.59 78.81 - 1297.75
mlTlV > 30 GeV 3.42 90.18 909.17 94.94 38.51 - 1132.80
jet acceptance 2.49 19.28 811.05 13.72 26.89 - 870.94
jet-veto 2.15 13.15 330.13 8.60 16.37 - 368.24
b-veto (SV0) 1.99 12.39 75.09 7.49 13.61 - 108.58
nﬁag’f; 0 1.78 5.83 35.29 2.19 3.04 - 46.34
pr 7 >40 GeV 1.62 3.69 30.07 2.04 3.00 - 38.80
An;j>3.8 1.21 0.87 3.90 - 0.41 - 5.18
mj;>500 GeV 1.00 0.38 2.00 - - - 2.38
POt <30 Gev 0.96 0.38 1.44 - - - 1.83
Z — 17 rejection 0.93 0.13 1.31 - - - 1.43
my; < 80 GeV 0.92 - 0.61 - - - 0.61
Ap;<1.6 0.76 - 0.20 - - - 0.20
my < my 0.73 - 0.06 - - - 0.06
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signal (fb) background (fb)

VBF WW | fi+Wt | W+jets | Z+jets | dijets ||  total
lepton acceptance 9.08 408.72 | 2851.54 456.19 570740.41 | 100.25 || 574557.11
3rd lepton veto 9.07 408.59 | 2836.33 449.88 570551.24 | 100.25 || 574346.30
my; cuts 8.28 348.83 | 2404.67 66.71 77412.77 76.19 80309.18
P;’.”S >30/40 GeV 6.78 197.70 | 1842.34 16.13 185.25 - 2241.42
mlTlV > 30 GeV 6.48 187.90 | 1645.27 15.10 111.67 - 1959.93
jet acceptance 4.67 42.71 1481.33 5.07 71.35 - 1600.46
jet-veto 3.97 30.72 578.56 2.38 33.48 - 645.14
b-veto (SV0) 3.72 28.49 128.27 1.23 25.99 - 183.97
nj1-Mj2<0 3.27 11.49 53.75 0.58 11.46 - 77.27
pifIet 5 40 Gev 2.91 869 | 43.96 0.35 10.60 - 63.60
Anjj>3.8 2.21 1.12 7.16 0.12 1.69 - 10.09
mj;>500 GeV 1.85 0.61 3.29 - 1.61 - 5.51
POt <30 Gev 1.78 0.49 1.64 - 1.61 - 3.74
Z — 77 rejection 1.76 0.49 1.23 - 1.18 - 2.90
my; <80 GeV 1.75 0.11 0.06 - 1.18 - 1.35
Apj <16 1.42 - - - 1.18 - 1.18
mr<mpg 1.30 - - - - - -

Table A.49: Cross-sections in the Signal Region for pu channel conservative scenario.
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Cutflow tables in Control Regions for the conservative scenario

Effective cross-sections after successive cuts in Control Regions at 10 TeV for the conservative
scenario can be found in Tables A.50, A.51, A.52.

signal (fb) background (fb)

flavor channel VBF WW | ti+Wr | WHjers | Z+jets | di-jets || total
Signal Control Region

el 2.20+0.06 0.26+0.18 0.46+0.22 - - - 0.72+0.29

ee 0.73+£0.04 - 0.06+0.06 - - - 0.06£0.06

i 1.30+0.05 - - - - - -

total 4.23+0.09 0.26%0.18 0.52+0.23 - - - 0.78+0.29
top Control Region

eu - 1.11+0.37 | 105.64+3.76 | 0.12+0.12 | 0.05%0.05 - 106.91+3.78

ee - - 28.82+1.96 - - - 28.82+1.96

[ - 0.13+0.13 | 46.61+2.50 - 0.04+0.04 - 46.77+£2.50

total 0.01+£0.004 1.24+0.39 | 181.07+4.93 | 0.12+0.12 | 0.09+0.06 - 182.51+4.94
WW Control Region

ey 0.04+0.01 2.75+0.59 26.27+1.85 0.12+0.12 | 0.41+£0.41 - 29.54+1.98

ee - 0.51+0.26 8.49+1.06 - - - 9.00+1.09

jun - 2.50£0.56 11.19+£1.20 - 0.49+0.43 - 14.17+£1.40

total 0.04£0.01 5.76+0.85 | 45.95+2.45 | 0.12+0.12 | 0.89+0.59 - 52.72+2.66

Table A.50: Effective cross-sections (in fb) in the Signal and Control Regions and corresponding
Monte Carlo uncertainties. conservative scenario.

signal (fb) background (fb)
VBF WW | ti+Wt | W+jets | Z+ jets | di-jets || toral
jet acceptance 15.11 148.05 | 5056.75 58.31 121.73 - 5384.85
jet-veto 12.94 103.06 | 2021.83 38.63 63.64 - 2227.15
b-jet tagging 0.92 8.51 1555.54 2.64 11.58 - 1578.27
nj1-nj2<0 0.79 4.05 679.70 2.37 2.45 - 688.57
pretIet 5 40 Gev 0.77 3.80 | 634.44 2.37 2.30 - 642.90
An;jj <38 0.30 3.44 601.85 1.22 2.11 - 608.62
mjj <500 GeV 0.22 2.70 586.31 1.22 1.96 - 592.18
POt <30 Gev 0.20 2.59 456.78 1.22 1.87 - 462.46
Z — 17 rejection 0.20 2.59 430.93 1.22 1.64 - 436.37
my; >80 GeV 0.01 1.71 227.33 0.12 0.13 - 229.29
Ay >1.6 0.01 1.24 181.07 0.12 0.09 - 182.51

Table A.51: Cutflow for the top control region. Cross-sections (in fb) are summed over ee, ept
and pp channels. conservative scenario.
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signal (fb) background (fb)

VBF WW | (i+Wt | W+ jets | Z+ jets | di-jets | total
jet acceptance 15.11 148.05 | 5056.75 58.31 121.73 - 5384.85
jet-veto 12.94 103.06 | 2021.83 38.63 63.64 - 2227.15
b-veto (SV0) 12.02 94.55 | 466.29 35.99 52.05 - 648.88
nj1-1j2<0 10.64 39.10 | 197.83 14.15 21.18 - 272.28
pf et 5 40 Gev 9.61 27.94 | 165.99 8.38 19.67 - 221.98
Anjj<38 2.41 23.35 | 141.80 8.27 16.19 - 189.61
m;j; <500 GeV 1.98 21.58 | 136.37 8.03 12.55 - 178.53
P%T <30 GeV 1.84 18.58 | 104.91 7.49 9.95 - 140.94
Z — 17 rejection 1.82 17.74 97.88 7.49 4.05 - 127.17
my; >80 GeV 0.06 8.37 56.50 0.26 1.44 - 66.57
Agy > 1.6 0.04 5.76 45.95 0.12 0.89 - 52.72

Table A.52: Cutflow for the W W control region. Cross-sections (in fb) are summed over ee, e
and pu channels. conservative scenario.

231



Appendix A. Appendix

Systematics.

Systematics uncertainties on extrapolation ratios for the conservative scenario at 10 TeV are
shown in Table A.54. Table A.53 shows comparison of the ratios of cross-section between fast
and full simulation and their statistical uncertainties.

H ampiAaif,‘;f ‘ Brop £ A if,;? ‘ aWWiAa%‘%

Full Simulation || 0.0016+0.0011 0.24+0.02 0.04+£0.03
Fast Simulation || 0.0088 +0.0009 | 0.222+0.005 | 0.101 +0.007

Table A.53: Comparison between full and fast simulation of extrapolation ratios and their
Monte Carlo errors. conservative scenario.

uncertainty H Aaig;f ‘ A ﬁz:f ‘ Aaf/n{,
Q? scale 38% 8% 45%
jet energy scale (up) 8.07% 0.24% | 14.95%
jet energy scale (down) 0.88% | 0.19% | 14.75%
jet energy resolution 0.81% | 2.51% | 0.40%
b-tagging efficiency 23.63% | 35.70% | 1.01%
light jet rejection 0.74% | 0.20% | 0.02%

Table A.54: Systematic uncertainties on extrapolation ratios based on fast simulation. conser-
vative scenario.
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Cutflow tables in the Signal Region for the aggressive scenario

A breakdown of the cutflow which were presented in Table 6.17 is given in Tabless A.55, A.56, A.57.

signal (fb) background (fb)

VBF WW | (i+Wt | W+ jets | Z+ jers | di-jets || toral
lepton acceptance 13.43 595.09 | 4251.41 | 49271 | 3568.47 | 121.82 || 9029.50
374 Jepton veto 13.41 594.31 | 4227.14 | 488.02 | 3565.68 | 121.82 || 8996.98
my; cuts 13.01 589.71 | 4191.62 | 464.31 | 3549.82 | 121.82 | 8917.28
PINIS > 30/40 GeV 11.51 408.99 | 3569.79 | 299.24 288.30 - 4566.33
milY > 30 Gev 10.88 386.20 | 3107.30 | 289.38 74.05 - 3856.93
jet acceptance 7.95 86.06 | 2767.66 39.53 23.49 - 2916.75
jet-veto 6.82 59.19 | 1113.58 27.65 13.79 - 1214.21
b-veto (SV0) 6.30 53.67 | 263.27 27.27 12.46 - 356.68
nj1-Mj2<0 5.59 21.79 | 109.01 11.38 6.69 - 148.88
4 Iet 5 40 Gev 5.07 1556 | 92.10 5.99 6.07 - 119.72
An;;>3.38 3.78 2.61 13.18 - 1.38 - 17.16
Pt <30 Gev 3.62 2.03 8.77 - 1.38 - 12.18
Z — 17 rejection 3.53 1.92 8.21 - 0.12 - 10.25
my; < 80 GeV 3.38 1.06 1.96 - 0.12 - 3.14
my<my 3.21 0.93 1.56 - 0.12 - 2.61

Table A.55: Cross-sections in the Signal Region for eu channel aggressive scenario.

signal (fb) background (fb)

VBF WW | i+ Wt | W+ jets | Z+jets | di-jers ||  total
lepton acceptance 4.95 216.98 | 1594.74 555.40 306586.94 | 46.21 309000.26
3rd lepton veto 4.95 216.98 | 1583.74 547.00 306482.69 | 46.21 308876.62
my; cuts 4.49 185.83 | 1352.81 275.17 40076.41 37.81 41928.03
P;f”s >30/40 GeV 3.59 96.59 1025.29 95.59 78.81 - 1296.28
mé!v > 30 GeV 3.42 90.18 907.68 94.94 38.51 - 1131.32
jet acceptance 2.49 19.28 809.62 13.72 26.89 - 869.51
jet-veto 2.15 13.15 329.56 8.60 16.37 - 367.68
b-veto (SV0) 1.99 12.39 75.01 7.49 13.61 - 108.49
nj1-Mj2<0 1.78 5.83 35.17 2.19 3.04 - 46.22
pieIet 5 40 Gev 1.62 369 | 29.93 2.04 3.00 - 38.66
An;j>3.8 1.21 0.87 3.78 - 0.41 - 5.05
Pt <30 Gev 1.17 0.87 2.68 - 0.41 - 3.96
Z — 77 rejection 1.13 0.61 2.48 - - - 3.10
my; <80 GeV 1.12 0.24 0.62 - - - 0.85
mr<myg 1.08 0.11 0.34 - - - 0.45

Table A.56: Cross-sections in the Signal Region for ee channel aggressive scenario.
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signal (fb) background (fb)

VBF WW | 1+Wt | W+ jets | Z+jets | dijets |  total
lepton acceptance 9.08 408.72 | 2850.92 456.19 570740.41 | 105.02 || 574561.26
374 Jepton veto 9.07 408.59 | 2835.65 | 449.88 | 570551.24 | 105.02 || 574350.38
my; cuts 8.28 348.83 | 2403.64 66.71 77412.77 | 79.81 80311.77
PINIS > 30/40 GeV 6.78 197.70 | 1841.36 16.13 185.25 - 2240.44
milY > 30 Gev 6.48 187.90 | 1644.04 15.10 111.67 - 1958.70
jet acceptance 4.67 42,71 | 1479.80 5.07 71.35 - 1598.93
jet-veto 3.97 30.72 | 578.48 2.38 33.48 - 645.05
b-veto (SV0) 3.72 28.49 | 128.28 1.23 25.99 - 183.98
nj1-Mj2<0 3.27 11.49 53.71 0.58 11.46 - 77.23
piedIet s 40 Gev 2.91 8.69 | 43.88 0.35 10.60 - 63.52
An;;>338 2.21 1.12 7.19 0.12 1.69 - 10.12
POt <30 Gev 2.13 1.00 4.29 0.12 1.65 - 7.06
Z — 17 rejection 2.10 1.00 3.88 0.12 1.22 - 6.21
my; <80 GeV 2.09 0.11 1.30 - 1.18 - 2.58
mr < my 1.94 0.11 1.51 - - - 1.62
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A.9.3 “Conservative” scenario for early data

It may be the case that the detector performance is not completely optimal in the very first data.
Therefore an additional “conservative” scenario has been considered. Since the pr threshold
for jet selection might be sensitive to detector performance, it was changed from 20 GeV to
30 GeV for jets in the barrel and 40 GeV in the forward region (3.2 <[ j| < 4.8). Missing energy
can also be degraded and therefore a tighter cut on missing transverse momentum has been
imposed: prT“iSS > 50 GeV (for all flavor channels). The impact parameter significance cuts for
leptons are set to 6 and 9 for muons and electrons, respectively.

Effective cross-sections in the Signal Region and Control Regions for the “conservative” sce-
nario are shown in Table A.58. Exclusion limits for 200, 500 and 1000 pb~! of integrated
luminosity at 10 TeV have been estimated for this scenario. Figures A.37, A.38, A.39 show
corresponding curves.

signal (fb) background (fb)
VBF ww 1+ Wt W+jets | Z+jers || total
Signal Region
ey 1.99+0.06 0.13+0.13 1.84+0.48 - - 1.96+0.50
ee 0.83+0.04 - 0.89+0.35 - - 0.89+0.35
[y 1.29+0.05 || 0.11£0.11 1.17+0.40 - - 1.28+0.41
total || 4.11+0.08 || 0.24+0.17 3.90+0.71 - - 4.14+0.73
Top Control Region
ey 0.01£0.00 1.07+0.36 | 130.63+4.21 | 1.15+1.15 - 132.85+4.38
ee - 0.49+0.25 | 33.88+2.15 - 0.04+0.04 34.41+2.16
jiv; - 0.60+0.27 63.35+2.93 - 0.05+0.05 64.00+2.94
total || 0.01+0.00 || 2.17+0.51 | 227.85+5.56 | 1.15+1.15 0.09+0.06 231.26%5.70
WW Control Region
eu 0.03+£0.01 3.90+0.69 | 26.43+1.88 | 0.26+0.19 0.41£0.41 31.00+2.05
ee - 0.96+0.34 9.78+1.14 0.12+0.12 0.41+£0.41 11.27+1.27
uu - 2.82+0.59 12.54+1.30 | 0.12+0.12 0.124+0.08 15.60+1.43
total || 0.04+0.01 7.68+0.97 | 48.76+2.55 | 0.50+0.25 0.93+0.58 57.87+2.80
Z Control Region

ey 0.05+0.01 1.99+0.50 8.18+1.04 1.42+1.17 0.41+0.41 11.99+1.69
ee 0.03+0.01 0.51+0.26 3.234£0.65 2.20+0.54 | 390.38+15.35 396.31+15.37
[y 0.04+0.01 0.49+0.25 5.63+0.86 4.57+0.79 | 844.72+20.50 855.41+20.53
total || 0.11+0.01 2.9940.61 17.04+1.50 | 8.19+1.51 | 1235.50+25.61 1263.72+£25.71

Table A.58: Effective cross-sections after cuts in the Signal Region and corresponding Control
Regions for the “conservative” scenario at 10 TeV.
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Figure A.39: Upper bound on the Standard Model Higgs boson cross-section with 1 fb™! at
10 TeV. Bayesian and frequentist approaches. Conservative scenario.
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A.9.4 Results at 7 TeV using PDF re-weighting tool for the “conservative” scenario

Table A.59 contains final effective cross-sections at 7 TeV for the aggressive scenario which are
derived using the re-weighting tool.

Table A.59: Effective cross-sections after cuts in the Signal Region and corresponding Control
Regions for the aggressive scenario at 7 TeV.

signal (fb) background (fb)
VBF WW | ti+Wr | Wejers | Z+jets || ol
Signal Region
ey 1.45+£0.05 || 0.44+0.25 | 0.61+0.28 - 0.06+0.08 1.12+0.38
ee 0.47+0.03 || 0.06+0.08 | 0.06+0.08 - - 0.12+0.11
uu 0.86+0.04 0.03+0.06 0.64+0.29 - - 0.68+0.30
total || 2.77+£0.07 || 0.53+0.27 | 1.32+0.41 - 0.06+0.08 1.91+0.50
Top Control Region
ey 0.01+0.00 || 0.72+0.30 | 54.86+2.74 | 0.06+0.08 0.02+0.03 55.66+2.76
ee - 0.12+£0.12 | 14.02+1.38 - 0.01+£0.02 14.15+1.39
juv - 0.26+0.18 | 24.16+1.82 - 0.03+0.03 24.45+1.83
total 0.01+£0.00 1.11+£0.37 | 93.05+£3.57 | 0.06+0.08 0.06+0.05 94.27+3.59
WW Control Region
ey 0.03+0.01 2.65+£0.58 | 13.32+1.33 | 0.14+0.13 0.22+0.30 16.33+1.49
ee - 0.42+0.23 | 4.01+£0.74 | 0.05+0.08 0.22+0.30 4.69+0.83
j - 1.68+0.46 | 5.47+0.85 - 0.34+0.33 7.50£1.02
total || 0.04+£0.01 || 4.75£0.77 | 22.79+1.74 | 0.19£0.15 0.79+0.54 28.52+1.99
Z Control Region

e 0.03+0.01 || 1.03+0.36 | 3.64+0.70 | 0.14+0.13 0.22+0.30 5.03+0.85
ee 0.02£0.01 0.41+0.23 1.25+0.41 1.84+0.51 | 244.27+12.40 || 247.77+12.41
jun 0.02+0.01 || 0.49+0.25 | 1.98+0.51 | 2.54+0.60 | 612.50+22.28 || 617.51+22.29
total || 0.07+£0.01 || 1.93+0.49 | 6.86+0.95 | 4.52+0.80 | 857.00+25.50 || 870.31+25.53

For completeness results at 7 TeV for the “conservative” scenario are presented. Table A.60
contains effective cross-sections for the “conservative” scenario at 7 TeV. And Figures A.41, A.42
show the expected exclusion limit with 500 and 1000 pb~! of data at 7 TeV for the “conservative”
scenario. The case with 200 pb~! is omitted because of the very poor sensitivity.
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Figure A.40: Upper bound on the Standard Model Higgs boson cross-section with 200 pb~! at
7 TeV. Bayesian and frequentist approaches. For the aggressive scenario.

signal (fb) background (fb)
VBF WW | (i+Wt | W+jers |  Z+jers | total
Signal Region
ey 0.87£0.04 || 0.02+£0.05 | 0.58%0.27 - - 0.61£0.27
ee 0.35£0.02 - 0.26£0.19 - - 0.26£0.19
ru 0.55%0.03 0.03£0.06 | 0.51+0.26 - - 0.5440.27
total 1.76+0.05 || 0.05+0.08 1.36+0.42 - - 1.41+0.43
Top Control Region
ey - 0.494+0.24 | 51.15+2.64 | 1.02+1.08 - 52.67+2.86
ee - 0.20£0.16 | 13.15%+1.34 - 0.01£0.02 13.36%+1.35
pnu - 0.26£0.18 | 23.95%+1.80 - 0.01£0.02 24.23+1.81
total - 0.96+0.34 | 88.25+3.46 | 1.02+1.08 0.02+0.03 90.25+3.64
WW Control Region
ey 0.02+0.01 1.87+0.48 | 10.33+1.18 | 0.14+0.13 0.224+0.30 12.56+1.31
ee - 0.51+0.25 | 3.68+0.70 | 0.05+0.08 0.22+0.30 4.46+0.81
nu - 1.45+0.42 | 4.71£0.80 | 0.02+0.04 0.04+0.05 6.21+0.90
total || 0.02+0.01 || 3.83+0.69 | 18.71+1.58 | 0.20+0.16 0.48+0.43 23.23£1.79
Z Control Region

el 0.03+0.01 1.09+0.37 | 3.61+£0.69 | 0.85+0.92 0.224+0.30 5.77+1.25
ee 0.0240.01 0.26%0.18 1.47+0.44 1.24+0.41 | 221.39+£11.72 || 224.36+11.74
pru 0.02+0.01 0.23+0.17 | 2.15+0.53 | 2.57+£0.59 | 482.82+16.41 || 487.77+16.43
total || 0.06+0.01 1.57+0.44 | 7.23+0.98 | 4.67+1.17 | 704.42+20.16 || 717.90+20.23

Table A.60: Effective cross-sections after cuts in the Signal Region and corresponding Control
Regions for the “conservative” scenario at 7 TeV.
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Figure A.41: Upper bound on the Standard Model Higgs boson cross-section with 500 pb™! at
7 TeV. Bayesian and frequentist approaches. Conservative scenario.
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Figure A.42: Upper bound on the Standard Model Higgs boson cross-section with 1 pb~! at
7 TeV. Bayesian and frequentist approaches. Conservative scenario.
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