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Statistische Kombination von Suchen nach unsichtbaren Zerfillen des
Higgs Bosons mit dem ATLAS Detektor

Das Standardmodell (SM) sagt unsichtbare Zerfalle des Higgs Bosons iiber den
H — ZZ7Z* — 4v Kanal mit einem Verzweigungsverhiltnis von ~ 1073 voraus — zu
klein, um es am Grofilen Hadronenbeschleuiger (LHC) nachzuweisen. Mehrere Erweit-
erungen des SM sagen indes unsichtbare Zerfélle des Higgs Bosons in Dunkle Materie-
Teilchen voraus. Nach solchen Zerfallen wird mit dem ATLAS Detektor in den Vektor-
Boson-Fusions- (VBF) und Higgsstrahlungstopologien (ZH, W H) gesucht. Présen-
tiert werden eine statistische Kombination der Suchen in VBF, Z(— Leptonen)H und
V (— Hadronen) H Topologien mit 36 fb~! von Proton-Proton Kollisionsdaten bei einer
Schwerpunktsenergie von /s = 13 TeV aus der zweiten Datennahmeperiode des LHCs,
sowie die Kombination mit den Ergebnissen der ersten Datennahmeperiode des LHCs
bei /s = 7TeV und 8 TeV. In der Gesamtkombination wird eine Ausschlussgrenze
auf das unsichtbare Verzweigungsverhéltnis des Higgs Bosons von 0.26 (O.l?fg:gg) auf
einem Konfidenzniveau von 95% beobachtet (erwartet). Ein besonderer Fokus liegt auf
der Konstruktion eines Modells zur Korrelation der verschiedenen Quellen von system-
atischer Unsicherheit. Die Ergebnisse werden im Rahmen von Higgs-Portal Modellen
mit Ausschlussgrenzen anderer Experimente, die auf dem Prinzip der direkten De-
tektion beruhen, verglichen, wobei eine individuelle Komplementaritdt der Ansétze
festgestellt wird.

Statistical Combination of Searches for Invisible Higgs Boson Decays with
the ATLAS Experiment

The Standard Model (SM) predicts invisible decays of the Higgs boson via the
H — ZZ* — 4v channel with a branching ratio of ~ 1073, too small to be exper-
imentally confirmed at the Large Hadron Collider (LHC). Several extensions of the
SM predict invisible decays of the Higgs boson to Dark Matter particles. Such decays
are searched for using the ATLAS detector in the Vector-Boson-Fusion (VBF) and
Higgsstrahlung (ZH, W H) topologies. A statistical combination of searches in the
VBF, Z(— leptons)H and V(— hadrons)H topologies with 36 fb~! of proton-proton
collision data from the second data-taking period of the LHC at a centre-of-mass en-
ergy of /s = 13 TeV, as well as the combination with results from the first data-taking
period of the LHC at /s = 7TeV and 8 TeV are presented. An upper exclusion limit
on the invisible branching ratio of the Higgs boson of 0.26 (0.17397) is observed (ex-
pected) at a confidence level of 95% in the total combination. A special focus is placed
on the construction of the correlation model between the various sources of system-
atic uncertainty. The results are compared to exclusion limits from other experiments
based on the principle of direct detection using the framework of Higgs portal models,
which indicates individual complementarity of the approaches.
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1. Introduction and Motivation

The Higgs boson was predicted in the mid 1960’s and observed experimentally in 2012 by
the ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider (LHC) located
at the European Organization for Nuclear Research (CERN). Interactions with the Higgs
boson constitute the fundamental mechanism by which elementary particles acquire their
rest mass in the Standard Model of Particle Physics (SM).

It is now of great interest to further investigate the properties of the Higgs boson,
particularly its couplings to the SM fermions and gauge bosons. Another important test of
the Higgs sector are potential decays to particles that do not interact electromagnetically
or strongly with the detector material, called invisible. The SM predicts such decays via
H — Z7Z* — 4v with a branching ratio of around 0.1 %, below the sensitivity of current
experiments. A significantly higher invisible branching fraction of the Higgs boson By iy
would thus be a clear sign for couplings to yet unobserved realms of nature.

One of the currently most sought after phenomena in physics is dark matter (DM),
accounting for around five times the mass of the known baryonic matter in the universe.
No experimental observation clarifies the nature of DM yet, although there is a wealth of
astrophysical evidence for its existence. The theoretical framework of Higgs portal models
connect the Higgs boson directly to particle candidates for DM that could account for
these astrophysical effects. It is motivated by the fact that the Higgs boson couples to
mass and DM is known to be massive. This type of link would allow the Higgs boson to
decay invisibly to pairs of DM particles if kinematically accessible. Stringent experimental
limits on By iy, could thus help to shed light on the dark sector and its interplay with
the known universe.

Searches for invisible decays at hadron colliders involve the experimental signature of
missing transverse momentum EX which indirectly indicates a particle that escaped
detection. The ATLAS collaboration performed searches for invisible decays of the Higgs
boson in different event topologies assuming SM Higgs boson production: vector boson
fusion (VBF), Higgsstrahlung from a Z boson decaying into charged leptons (Z,;H ), and
Higgsstrahlung from a W or Z boson decaying into hadrons (V,;H). A statistical combin-
ation of results from these searches conducted using LHC Run 1 data was performed [3].
More recently, direct searches were conducted using 36 fb~! of pp collision data recorded
2015 and 2016 by ATLAS as part of LHC Run 2, in the VBF [4], Z,zH [5] and V ;H [6] to-
pologies (referred to as Run 2 results in the following). The CMS collaboration performed
similar searches [7-11].

This Thesis presents the statistical combination of the Run 2 searches for invisible
decays of the Higgs boson using the ATLAS detector. Subsequently, a statistical com-
bination with the combined Run 1 result [3] from ATLAS is performed. The combined
upper limit on By i, is compared to results from direct detection experiments using
the framework of Higgs portal models. The impact of different categories of systematic
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uncertainty on the resulting limit and fitted invisible branching ratio is estimated. Cross-
checks are performed on the combined result including scans of the likelihood functions,
rankings of systematic uncertainties, alternative correlation assumptions, and the com-
patibility between results of both studied LHC Runs. The results presented in this Thesis
are submitted for publication [12].

The Thesis is structured as follows: The SM is introduced together with the phe-
nomenon of DM and experimental search techniques in Chapter 2. The LHC and the
ATLAS detector are described in Chapter 3. Subsequently, the methodology behind
the statistical interpretation and combination of the searches is discussed in Section 4.1
and 4.1.3. The terminology for reconstructed objects in ATLAS searches is explained
in Section 4.2. The searches forming the input to the statistical combination with their
event selections and treatment of systematic uncertainties are introduced in Chapter 5.
An important part of a combination of search results is the consideration of correlations
between systematic uncertainties. The correlation model that is used in the statistical
combinations is presented in Section 6.1. Combination results for Run 2 are discussed in
Section 6.2 and for Run 142 in Section 6.3. The Thesis concludes with a summary of the
studies and an outlook to forthcoming results in Chapter 7.

1.1. Authors Contribution

The work in a collaboration such as ATLAS is always a shared effort of many individuals.
A lot of the work that is discussed in the context of this Thesis was performed in collab-
oration with others. This section clarifies the contribution of the author to the studies
and results presented in this Thesis.

The input analyses to the statistical combinations, in particular the searches and the
combination performed using LHC Run 1 data as well as the described Run 2 searches
for invisible decays of the Higgs boson shown in Chapter 5 were performed by different
analyses groups of the ATLAS collaboration and the author did not take part in these.

The work the author performed includes the identification of a suitable correlation
model for the systematic uncertainties of the searches in Section 6.1, with the cross-
checks to justify these correlation assumptions shown in Appendix B. The author per-
formed the actual statistical combination and set upper exclusion limits on By _,,, using
ATLAS software in Section 6.2 and 6.3. This includes in particular, the comparison of the
combinations in terms of the rankings, correlations and profiled values of the systematic
uncertainties, between the input analyses as discussed in Sections 6.2.3 and 6.3.3 as well
as Appendix D. The author performed the scans of the likelihood functions shown in Sec-
tions 6.2.1 and 6.3.1, and the estimation of the impact of systematic uncertainty sources
on the final result in Sections 6.2.4 and 6.3.5. The evaluation of the compatibility between
the Run 1 and 2 combinations shown in Section 6.3.6 was performed by the author. The
translation of the limit on the branching fraction into limits on the WIMP - nucleon cross
section in terms of Higgs portal models in Section 6.3.7 was studied in collaboration with
Tae Min Hong (U. of Pittsburgh). The code that was written and adapted by the author
in context of the combination can be used by ATLAS collaborators to perform future
combinations of searches for DM.
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This chapter gives an introduction into the theoretical framework of the Standard Model
of Particle Physics, which is discussed in Section 2.1, as well as into the phenomenon of
Dark Matter, described in Section 2.2.

2.1. The Standard Model

The Standard Model of Particle Physics (SM) emerged during the 60's as a relativistic
quantum field theory with major contributions from Weinberg, Glashow and Salam [13—
15]. Tt describes three of the four known fundamental interactions, the strong, weak
and electromagnetic forces. There is no existing theory that fully includes gravity as a
quantum field theory, though there are attempts at large scales such as String Theory.
The predictions of the SM describe most of the experimental data [16]. However, certain
observations cannot be explained by the SM. These include the observed large matter -
antimatter asymmetry, oscillation of neutrino flavours leading to massive neutrinos, and
Dark Matter.

The SM relies on invariance of the Lagrange density under local gauge transformations
of the fields. The corresponding equations of motion are obtained from the principle of
least action. The underlying symmetries can be described in terms of Lie groups. In the
SM, these are

SU3)c @ SU(2), @ U(1)y. (2.1)

Here, C' stands for the colour-charge quantum number of the strong interaction, L for
the left-handed nature of the weak interaction and Y for the hypercharge quantum num-
ber associated to the U(1) symmetry. The generators of the symmetry groups in the
adjoint representation enter observations as spin 1 gauge bosons mediating the interac-
tion between fermionic matter particles. The Lagrange density of the SM is given by (in
compact notation):

Lom = _%FMVFW + PP —m)p — %DND% —V(¢) + h.c, (2:2)

where F),, are the field strength tensors of the gauge boson fields, D, the covariant de-
rivative including the gauge fields, Z' = ~, D the contraction of the covariant derivative
with the gamma matrices, ¢ the Higgs field, and V' (¢) the potential of the Higgs field.

2.1.1. Bosonic Sector

The SM Lagrange density term describing a free massless vector field A, is:

1

£boson = _ZFW/F/M/7 (23)
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where the field strength tensor can be obtained from the commutator of the covariant
derivative D,, = 0,, —igaA, including the bosonic vector field A, and the strength of the
corresponding interaction g4 via Fj,, = gﬁ[D#, D,|. Under a local gauge transformation
with an element U(z) of the Lie group corresponding to the gauge boson, the vector field
transforms as follows:

gA,, — iU (x)D, U (). (2.4)

For a Lie group, the transformation can be written in terms of generators of the corres-
ponding Lie algebra w(z):
Ulz) = e™@ (2.5)

Considering an infinitesimal transformation, the gauge field thus has to be an element of
the Lie algebra. There are N* — 1 generators of the adjoint representation in a SU(N)
group. This corresponds to eight colour charged gluons for SU(3)¢, three weak bosons
Wia3 for SU(2)r. The U()y generator is the neutral boson B®. The bosonic part of
the SM Lagrange density thus includes an implicit sum over all gauge fields belonging
to the gauge group. The gauge symmetry forbids a mass term for the bosons, m4A, A",
connecting the gauge field to itself. Without a further mechanism, gluons, the W; and the
B are therefore massless. The physical electroweak gauge bosons W¥*, Z and the photon
7 correspond to linear combinations of SU(2),, and U(1)y generators. These are obtained
after including a scalar Higgs field and spontaneously breaking the electroweak symmetry
as will be described in Section 2.1.3. This gives rise to mass terms for the electrically
charged W= and the neutral Z fields while the neutral photon remains massless. The
bosonic sector of the SM is listed in Table 2.1.

Mass @Qgy Discovery

w+ 80.385 + 0.015 +1 1983
W= 80.385 £ 0.015 —1 1983
Z 91.1876 4+ 0.0021 0 1983

ol 0 0 ca. 1900
Gluons 0 0 1979
H 125.09 £ 0.24 0 2012

Table 2.1.: Table of elementary bosons in the SM where (Qgj; describes the electric
charge. Values taken from [16].

2.1.2. Fermionic Sector

Fermionic particles in the SM are described by spinor fields ¢). These contain particle and
antiparticle fields, hence there is a corresponding anti-fermion to every fermion in the SM
with an inverse charge-like quantum number. The Lagrange density of a free massless
fermionic field is given by:

'Cfermicm = 1;7;18“'(& = ?/_151/17 (26)
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where the adjoint spinor v is defined by ¢ = 1'7°. Fermionic fields can be de-composed
into left- and right-handed chiral states vr/r. The left-handed state of particles and the
right-handed state of antiparticles obtain a SU(2) quantum number called weak isospin
Ty. The W* as well as the SU(2) part of the Z and 7 couple to the weak isospin. The
other chiral state does not interact with the charged W#*. The transformation beha-
viour of fermions is exemplary shown for a U(1) field A, such as the SM photon, with
corresponding gauge transformation U(z):

)

Y — Uz)h = M@y, (2.7)

To ensure invariance of the fermionic Lagrange density 2.6 under transformations of the
SM gauge groups the partial derivative is replaced by a covariant derivative D, including
the A, field corresponding to the gauge groups generator:

V) — py, (0" — igAf ) = YPIp . (2.8)

The invariance of this equation under gauge transformations is ensured by the trans-
formation properties for bosonic 2.4 and fermionic 2.7 fields. This introduces interaction
terms, that are proportional to ig Az/_JA#w, between fermionic and bosonic particles with
a coupling strength g4. The fermionic part of the SM Lagrange density 2.2 sums over
all fermions and the covariant derivative include all gauge fields the individual fermions
couple to. The free fermionic Lagrange density does not allow for a mass term of the form
mi (YR + Yribr) due to gauge symmetry similar to the bosonic case.

Quarks are fermions interacting with all gauge bosons. This is implemented by non-
trivial gauge transformations of quark fields for all SM symmetry groups. The transform-
ation behaviours of quark fields are:

e As a SU(3)¢ triplet carrying the three different colour charges.

e The left-handed fields transforms as SU(2); doublet formed by an up- u and a

down-type d quark:
u
o= (2) -

The upper part of the doublet transforms with the weak quantum number T3 =
+1/2, the lower part with T3 = —1/2. The right handed quark fields ug and dp is
a singlet under SU(2) .

e The @, transform under U(1)y with hypercharge Y = 1/6. The ug (dg) transform
with Y = +2/3 (—1/3).

Experimentally observed are three generations of fermions, increasing in mass. The up-
type quarks are called up (u), charm (c¢) and top (t) while the down-types are called down
(d), strange (s), and bottom or beauty (b).

Leptons are fermions with weak and electromagnetic but without colour charge, thus
interacting with all gauge bosons but gluons. The transformation behaviours of lepton
fields are:
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e As singlets under SU(3)c.

e The left-handed fields transform as SU(2);, doublet formed by a neutrino v and a

charged lepton ¢:
0 — () | (2.10)
t),

Neutrinos in the SM have only a left-handed chiral state and thus are massless. The
weak quantum numbers are assigned analogous to the left-handed quark field Q).

e The ¢, transform under U(1)y with ¥ = —1/2. Right-handed charged leptons eg
transform with Y = —1, and neutrinos with Y = —1/2.

The charged leptons of the three mass generations are called electron (e), muon () and
tau (7). Neutrinos are referred to by the charged lepton of their generation (v, v, and
v.). The fermionic sector of the SM is listed in Table 2.2.

Mass @Qgn  Discovery

Ve <22eV 0 1956
e 0511 +10%MeV -1 1897
Vy < 0.19MeV 0 1962
heptons 1057 440100 MeV -1 1936
vy < 18.2MeV 0 2000
T 1776.86 £0.12MeV -1 1975
u 23+£0.7MeV  +2 1968
d 4.8+£0.5MeV -1 1968
c 1.275+0.025GeV ~ +2 1974
Quarks 95+ 5MeV  —1 1968
t 173.2+£0.9GeV  +2 1995
b 418+£0.03GeV  —3 1977

Table 2.2.: Table of elementary fermions in the SM where Qgj; describes the electric
charge. Values taken from [16].

2.1.3. Higgs Sector

The Higgs field [17, 18] was introduced to generate mass terms for fermions and the
electroweak gauge bosons by spontaneously breaking the electroweak symmetry. The SM
Lagrange density terms for the complex scalar Higgs field ¢ are given by:

Ln= {D,D"~V(9), @.11)
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where ¢ is an electroweak doublet which is composed of an electrically charged and a

neutral field:
oF
¢ = <¢0> : (2.12)

Four different degrees of freedom result from ¢! being independent of ¢. The Higgs field
couples to the SU(2), and U(1)y gauge fields which are summed over in the covariant
derivative D,,. Of particular interest is the form of the Higgs potential:

V() = 1*9'o + A(67¢)?, (2.13)
with negative value of p? and a positive X. The potential possesses a finite minimum or
vacuum expectation value (VEV) vy at:

vo = (¢) = ‘/_TM' (2.14)

Electroweak Symmetry Breaking

The SU(2), ® U(1)y symmetry is spontaneously broken to U(1)gy when the Higgs field
settles in the minimum of its potential. This refers to the invariance under U(1) trans-
formations with a charge of Qgy = T3 + Y, which the Lagrange density possesses in the
broken Higgs phase. The physical Higgs boson h is described by a perturbation of the
Higgs field in the direction perpendicular to the minimum. A common choice is to expand
around the neutral entry of ¢. The field can now be represented in polar form as:

_ (h(z) + w) :
P(z) = VI exp(io(x)/vo) (2.15)

where the o(z) are called Goldstone bosons and describe the remaining directions of the
Higgs field. They are absorbed by a redefinition of the electroweak gauge fields, thereby
interpreted as additional longitudinal degrees of freedom. A SU(2), gauge transformation,
referred to as unitary gauge, is employed to write:

b(z) = % (h(z)0+ UO) | (2.16)

The Higgs boson mass and self-interaction terms are obtained by inserting this equation
into the Higgs Lagrange density in 2.11 and expanding the potential. The mass term is
given by:

my, = V2 . (2.17)

Electroweak Gauge Boson Masses and Couplings to the Higgs Boson

To obtain the mass terms of the electroweak gauge bosons, the following definitions are

used:
Wi = Wl + ZW2 )

9

VE+g? (2.18)

v\ [ cosOy sinfy\ (B°
Z ) \—sinfy cosby ) \W5) "’

cos by =
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where BY and the interaction strength g correspond to U(1)y, and ¢’ describes the inter-
action strength of SU(2),. The Weinberg angle 6y, is a free parameter of the model and
is measured experimentally. The expansion of the kinetic term in the broken phase of the
Higgs Lagrange density in 2.11 yields:

m, =0
_ g'vo
mw =5 (2.19)
my
myg =
cos Oy

The coupling strengths describing the radiation of the Higgs boson from a W or Z boson,
2ig,, M3, 17 /v, follow from the same expansion and using the Minkowski metric g, .

Fermion Masses

Fermion masses are obtained by forming SU(2); ® U(1)y singlets from the Higgs doublet
and fermion fields. With the definition of ¢ = io9¢*, where the Pauli matrix o was used,
the mass terms for SM fermions are be obtained in the broken Higgs boson phase. By
implicitly summing over fermion generations:

Yilrper + YoQroug + YaQrodr + h.c. . (2.20)

The Y; are called Yukawa couplings and describe the strength of the interaction between
the Higgs and the fermion 7, thus setting its mass relative to the Higgs VEV:

m; =Y, (2.21)

Vo
Higgs Boson Production

The Higgs boson can be produced through its couplings to massive particles. At the Large
Hadron Collider (LHC), bunches of protons are brought to collision with each other at
different centre-of-mass energies y/s. The amount of data is described in by the integrated
luminosity L;,; which is defined as the proportionality factor between the expected number
of interactions N and the cross section o for a specific process,

N = L0 (2.22)

The running periods of the ATLAS detector together with the corresponding centre-of-
mass energies and recorded luminosities are given in Table 2.3.

The production of the Higgs boson at the LHC depends on the structure of the colliding
protons. The proton consists of two v and one d quark, determining the quantum numbers
of the proton. Probed at large energy scales, the proton features gluons and sea quarks
(qq pairs) with low momentum fraction of the proton. The Parton Distribution Functions
(PDF's) describe the distributions of proton constituents (partons) as a function of the
momentum fraction. These have to be taken into account for predictions. PDFs can be
measured e.g. by deep inelastic scattering experiments such as performed at the HERA
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Run Year Vs Lin
2011 7TeV 4.7fh1

2012 8TeV  20.3fb~!

201542016 13TeV  36.1fb~!
201742018 13TeV 107.5fb~!

Table 2.3.: List of data taking periods of the ATLAS detector with corresponding centre-
of-mass energies and recorded luminosity. The Run 2 periods are split since the searches
combined in this Thesis use the 2015+2016 data set.

collider [19]. Due to the large centre-of-mass energies at the LHC, sea quarks and gluons
can produce heavy particles despite their small fraction of the overall momentum.

The main production modes of the Higgs boson at the LHC together with the corres-
ponding cross section predictions [20] for the LHC at /s = 13 TeV are:

e the fusion of two gluons into a top quark loop coupling to the Higgs boson (gluon-
gluon fusion or ggF channel), with og.p = 48.61 pb.

e the fusion of two vector bosons that have been radiated off initial state quarks
(vector boson fusion or VBF channel), with oygr = 3.77 pb.

e the associated production with a vector V' boson (either W or Z) radiating off
a Higgs boson (VH channel or associated production), with oy gy = 1.36 pb and
OzH = 0.88 pb

e the splitting of two gluons into top pairs with one top pair annihilating into a Higgs
boson (ttH channel), with oy = 0.61 pb.

Feynman diagrams of these channels are shown in Figure 2.1.

Decays of the Higgs and Electroweak Bosons

The Higgs couplings to fermions are proportional to the fermion masses, thus the Higgs
boson decays preferably to heavy particles if kinematically accessible. Decays to pairs of V/
bosons work at rest with one vector boson on mass-shell and the second off-shell. Gluons
and photons do not couple directly to the Higgs boson, thus requiring an additional loop of
heavy fermions (predominantly tops), similar to the production via ggF. The main decay
modes [16] are with decreasing branching ratio: pairs of b quarks, W bosons, gluons, and
7 leptons.

The decay modes of the electroweak W and Z bosons [16] are important for the searches
combined here. The primary decay mode of both bosons is to pairs of quarks (hadronic)
with a branching ratio of close to 70%. The W boson decays to charged leptons and the
associated neutrinos with a branching ratio of around 10% per generation. The Z boson
decays leptonically to charged leptons pairs with a branching ratio of slightly above 3%
per generation, or invisibly to pairs of neutrinos with a branching ratio of close to 20%.
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f

(c) Associated production (V H). (d) Top pair associated (ttH).

Figure 2.1.: Feynman diagrams of the main Higgs boson production modes at the LHC
together.

2.2. Dark Matter

Several astrophysical and cosmological observations indicate the existence of large amounts
of non-luminous matter, called Dark Matter (DM), and are briefly discussed in 2.2.1.
Strategies for particle DM detection are described in Section 2.2.2 based on [21-23]. Higgs
Portal models can be used as a possible interpretation of invisible Higgs boson decays and
are introduced in Section 2.2.3.

2.2.1. Astrophysical Evidence

Evidence for DM was found in several analyses that are not directly related to each other
and probe dissimilar observables as well as length and energy scales.

Galaxy Rotation Curves

The rotation of matter such as stars around the centre of galaxies can be approximated
with Newtonian dynamics. Setting the centripetal force equal to the gravitational at-
traction predicts for the rotational velocity as a function of the radial distance to the

centre:
v(r) =1/ G]\f(r) , (2.23)

10
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where G describes the gravitational constant and M (r) is the total mass within the
radius 7. The expected velocity should thus drop proportional to % outside the spherical
bulk constituted by stars, accounting for most of the visible matter. The observed mass
distribution in contrast scales like M(r) o< r up to large radii outside the luminous
bulk [24]. A possible explanation are large halos of DM around galaxies that modify
the overall mass distribution. Further explanatory ansatzes include the modification of
either Newtonian gravity or general relativity but fail to simultaneously explain other
observations. The observed distribution and predictions for visible and dark matter are
shown in Figure 2.2.

2oolllllllllll1llllll|

NGC 3198

100

Vg (km s™)

i
0 A v bvv v b by

0 10 20 30 40
Radius (kpc)

Figure 2.2.: Galactic rotation curve from the spiral galaxy NGC 3198 [24]. Experimental
observation (points), predictions for the visible component (dashed curve), for the gas
(dotted line), for the dark-halo (dashed-dotted), and for a fit of all three components to
the observation (solid).

Cosmic Microwave Background

The Cosmic Microwave Background (CMB) consists of photons that were produced when
the hot plasma cooled enough to form neutral atoms, and photons could traverse freely.
The temperature in the universe at this point was around 3000 K. The distribution of the
relic photons produced in this era was measured by the PLANCK collaboration [25]. The
relic photons cooled down since the decoupling due to the further expansion of the universe
and match today a black body spectrum at 2.27254+0.0006 K. A map of the CMB is shown
in Figure 2.3. The angular distribution of the relic photons is nearly isotropic featuring
small anisotropies that can be parametrised by an expansion into spherical harmonic
modes. The zeroth mode corresponds to the CMB temperature, the first mode to the
largest anisotropy caused by the velocity of the solar system with respect to the CMB.
Higher modes can be described by thermal quantum fluctuations in the density of the
universe at the time of decoupling, that expanded over time to observable sizes. However,
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baryonic density fluctuations alone are not sufficient to explain the observed anisotropies.
Additional fluctuations in the DM density can account for the discrepancy and a DM
relic density was derived from these considerations by the PLANCK collaboration to
Qh? = 0.1186 £ 0.0020 [25]. The relic density of baryonic matter by contrast amounts
to around a fifth QA% = 0.02222 + 0.00023.

—300 —-200 —100 0 100 200 300
I—LKcmb

Figure 2.3.: A map of the dipole subtracted Cosmic Microwave Background [25].

Bullet Cluster

The Bullet Cluster 1E 0657-558 [22] consists of two clusters that collided and are currently
passing through each other. Indication for the existence of DM is based on the interplay
of optical, x-ray and gravitational lensing data of this system. Hot gas clouds can be
measured in the x-ray spectrum and interact electromagnetically, thus slowing down each
other significantly and producing an observable shock front. The hot gas clouds amount
for a dominant fraction of the visible matter in the clusters, thus gravitational lensing
measurements should indicate the mass distributions to be centred around the gas clouds.
In contrary, gravitational lensing data [26] shows that most of the mass is distributed in
halos around the optically visible parts of the clusters. These parts pass through each other
nearly unaffected due to the large distances between the objects that interact dominantly
gravitational. Dark matter halos around these galaxies that interact gravitationally but
not electromagnetically can, unlike modifications of gravity, describe this observation [26].
Figure 2.4 shows the colliding clusters in the three spectra.

Nature of DM

The common and strongest conclusion is the existence of a yet unknown type of mat-
ter that interacts gravitationally (thus massive) with structures formed by SM particles.
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2.2. Dark Matter

Figure 2.4.: The Bullet Cluster 1E 0657-558 in the optical spectrum, the x-ray image of
the gas clouds in red, and the mass distribution from gravitational lensing in blue [27].

Beyond this, DM consisting of particles that do not couple electromagnetically or strongly
represents one of the more extensively studied hypotheses [23]. Electroweak or new types
of interactions that couple weakly can not be fully excluded and provide a way to con-
struct models that can be tested experimentally. These particles are called Weakly Inter-
acting Massive Particles (WIMPs) and can explain most of the observations, including
the relic density [28]. DM particles are usually assumed to be non, or only weakly self-
interacting [29]. Options for particle-DM that are being discussed and searched for include
the Lightest Supersymmetric Particle (LSP) [28], additional Higgs bosons [30], and Axions
or axion like particles (ALPs) [31, 32].

2.2.2. Search Strategies

Dark matter is searched for using various experimental techniques given its unknown
nature and possible interactions with SM particles. Experiments are generally differen-
tiated by three categories, depending on the type of interaction that is probed between
DM and SM particles, as shown in the symbolic Feynman diagram in Figure 2.5.
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Direct detection
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Figure 2.5.: The three main categories of experiments searching for DM particles y and
the generalised interaction that is probed, adapted from [33].

Direct Detection

Direct detection experiments [33] are designed to search for scattering of relic DM particles
that are assumed to be concentrated in a halo around the galaxy with particles of the
detector material. Large active volumes are often used to increase the interaction and
thereby detection probability, since WIMP couplings to the SM are expected to be weak.
The rate of expected events can be calculated [23]:

R~ Y Ning (o), (2.24)

i€ nuclei species

with the number of target nuclei of species ¢ in the detector N;, the local WIMP density n,
dependent on the WIMP energy density and mass, and the WIMP-nucleon scattering cross
section averaged over the relative WIMP velocity (o;,). Expected are typically O(0.1)
events per year and kg of detector material [34]. The interaction and resulting measured
cross section can be further differentiated in spin-dependent and spin-independent [23]:

e spin-dependent (SD) interactions occur for axial-vector (or pseudo-scalar) couplings
between nucleus and WIMP and the cross section is dependent on the total spin of
the nucleus.

e spin-independent (SI) interactions occur for scalar (or vector) couplings and increase
strongly with the target nucleus mass, hence the preferable use of active material
with a high mass such as Xenon 131.
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2.2. Dark Matter

The sensitivity to the small nuclear recoil from possible scattering of DM with the
atomic nuclei of the detector material has to be high, thus requiring low energy thresholds
for detection and data acquisition. Furthermore, shielding from and vetoing of back-
grounds such as radiation from cosmic and natural radioactive sources as well as the
precise knowledge of remaining background spectra are important. Typical background
minimising techniques include the localisation of the experiment in underground areas,
further shields around the active detector material and the construction of detector parts
as free as possible from radioactive isotopes.

A list of direct detection experiments with a brief description is given in the follow-
ing. Spin-independent results from several direct detection experiments are shown in
Figure 2.6.

e Cresst-III [35] is based beneath the Gran Sasso massif and uses cryogenic calorimet-
ers based on scintillating crystals measuring phonons and light allowing for particle
identification.

e The Large Underground Xenon (LUX) [36] experiment (USA), PandaX-II [37] (China),
XenonlT [38] (Gran Sasso) and DarkSide50 [39] (Gran Sasso) use time projection
chambers with liquid Xenon (Argon for DarkSide50) and photo multiplier tubes to
detect the scintillation light with dual-phase readout designs measuring prompt and
secondary photons allowing to differentiate between signal types.

Indirect Detection

Indirect detection [23, 29, 41] experiments search for the annihilation of cosmic DM
particles into pairs of SM particles by measuring the spectra of SM particles from astro-
physical sources and comparing these to the expectations derived from known processes.
Typical particle spectra that are measured are photon (pairs), electron-positron pairs,
protons and neutrinos. These may be direct products of DM annihilation or from fur-
ther decays of unstable SM particles that have been produced in the annihilation. These
typically include pairs of W bosons, top or bottom quarks, and muons or taus.

The main difficulty is the modelling of the propagation of (charged) particles in the
galaxy, leading to different predicted distributions of DM. Furthermore, spectra from
known physics objects such as pulsars are often difficult to distinguish from possible DM
signals [42]. Observable fluxes of particles from DM annihilation are expected primarily
from locations with large DM density compared to the galaxy halo. These include the
centre of the galaxy or dwarf spheroidal satellite galaxies of the milky way. The centre
of the galaxy however is a source of substantial radiation, proving it impractical to point
detectors directly at the centre. Several indirect detection experiments are listed in the
following.

e The Fermi Large Area Telescope [43] on the International Space Station (ISS) meas-
ures gamma-rays.

e The Alpha Magnetic Spectrometer [44] is a general purpose particle detector on the
ISS and measures positron, antiproton and gamma-ray fluxes.
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Figure 2.6.: Spin-independent (SI) exclusion limits on the WIMIP-nucleon cross sec-
tion and projections (dashed and dotted) from several direct detection experiments as
a function of the WIMP mass [40]. The green and red shaded areas are preferred by
supersymmetric models. The shaded areas on top of the plot correspond to the favoured
regions for DM interpretations of anomalies. The yellow band corresponds to the neutrino
bound.

e H.E.S.S. [45] is a ground-based array of Cherenkov telescopes searching for gamma-
rays e.g. from the inner parts of the milky way:.

e IceCube [46] employs a grid of optical sensors to detect Cherenkov radiation in the
Antarctic ice, to search e.g. for highly energetic cosmic neutrinos.

Collider Searches

Collider searches can probe DM production in the annihilation of SM particles, quarks and
gluons in the case of the LHC. Signatures can include a resonance in di-quark final states,
or missing transverse momentum together with SM particles, further described in the
following. Models that are used to describe the interaction between DM and the nucleus
in direct detection experiments are often Effective Field Theories (EFTs) using contact
interaction terms. The internal dynamics of the particle mediating the interaction is not
considered (integrated out) in these EFTs, which is justified for the low energies probed
compared to possible mediator scales. Hadron colliders such as the LHC however operate
at much larger energy scales, thus requiring to consider the mediator as well [47]. Typical
models include the DM candidate particles, and a new mediating particle connecting the
SM with the dark sector. These so-called Simplified Models [48] include the masses of the
new particles, as well as the couplings of the new mediator to the SM and DM particles
as parameters. The relic density can guide the choice of parameter values, and existing
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2.2. Dark Matter

exclusion limits are taken into account [29]. A selection of models that are tested by the
ATLAS collaboration is given in the following.

e Vector mediator models [49-51] predict a new spin-1 mediator particle similar to the
vector bosons in the SM that couples to SM particles as well as to the dark sector.
This can be done by adding a new U’(1) group to the gauge sector giving rise to a
7' boson. Similarly, scalar or pseudoscalar mediators are considered as well.

e Two Higgs doublet models [30] include a second Higgs doublet that mixes with
the SM Higgs sector and acts as mediator between the SM Higgs boson and DM
candidates. Two Higgs Doublet Models with Pseudoscalar Mediator (2HDM+a) [52,
53] extend 2HDMs with an additional pseudoscalar a that interacts with fermionic
DM particles. The coupling to the Higgs sector is established by mixing between the
pseudoscalar and its counterpart in the 2HDM. This results in couplings between the
Higgs boson and the pseudoscalar mediator on one side, and decays of this mediator
to fermionic DM particles on the other. An advantage is the prediction of several
experimentally accessible signatures depending on the chosen set of parameters.

e Higgs Portal models connect the dark sector directly to the SM with the Higgs
boson as mediator and are introduced in the following Section 2.2.3.

The DM particles generally leave the detector without deposition of energy, similar
to neutrinos due to the weak coupling to SM particles. Primarily, two techniques are
employed to measure DM production at colliders:

1. In the case of a vector mediator model as described above, the mediator between
DM and SM particles can be produced in the annihilation of initial state quarks.
Hence, it is able to decay into pairs of quarks via the same coupling. This enables
typical resonance searches to scan for possible new mediator particles in the mass
spectra of final state systems consisting of two quarks.

2. The initial energy of the colliding partons in beam direction is not known precisely
due to the varying momentum fraction. However, transverse to the beam direction
the energy is vanishing in the initial, and hence in the final state. The imbalance of
the transverse momenta of reconstructed objects EX, can thereby hint to particles
which escaped detection. The search for a specific SM signature X together with
EXss is a powerful probe for DM production at colliders. Typical signatures that
ATLAS searches for in association with MET include a single quark or gluon [54], a
Z boson decaying to pairs of electrons or muons [5], a photon [55] or a vector boson
decaying hadronically [6].

A collection of exclusion limits on simplified DM models with a vector mediator from
various ATLAS searches is shown in Figure 2.7.
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Figure 2.7.: A collection of exclusion limits in the DM particle mass m, and vector me-
diator mass my; plane from several searches conducted by the ATLAS collaboration [56].

2.2.3. Higgs Portal Models

Higgs Portal models [57-73] connect the dark sector to the SM directly through the Higgs
boson by allowing the Higgs boson to decay invisibly to DM particles, if kinematically
accessible. Such a Higgs portal framework can be used to compare the exclusion limits on
By _iny With exclusion limits from direct detection experiments on owivp-nucleon- Adopting
formulas from [62], fermionic y and scalar S WIMP candidates can be added by a coupling
to the Higgs sector in an EFT approach:

1 1 1
ALg = —§mgs2 — ZASS4 — ZAhSSHTHSQ,
) ) (2.25)
_ h _
AL‘X:_QmXxX_Z XXHTHXX7

. A .
where mg and m,, are the scalar and fermionic WIMP masses, and A\,ss and ’X‘X describe

the coupling strength of the SM Higgs to scalar and fermionic WIMPs. The EFT approach
assumes that the scale of new physics is of the order of a few TeVor higher, well above the
scale of the Higgs boson mass. A further Z, symmetry is imposed under which SM and
DM particles transform with reversed signs. This excludes an instability of the WIMP
candidates due to terms proportional to SHTH. These would result, depending on the
WIMP mass, in on- or off-shell decays via two Higgs bosons to lighter SM particles such
as b quarks. The VEV of the scalar WIMP is set to zero in order to maintain the SM
values for the couplings of the Higgs boson to the electroweak gauge bosons, defining their
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masses. The physical WIMP masses arise after electroweak symmetry breaking:

1
Mgv = m% + 5/\}1551}(2) s
(2.26)
M, =m —|—1>\hXX212
X X 9 A 0"

The invisible Higgs decay widths to scalar and fermionic WIMPs are then given by:

inv — )\%LSSU?)/BS

h—SS 647Tmh (2 27)
inuv _ )‘%Lxxv(%mhﬁi

h=xx ™ 397A2

with a kinematic factor of 8x = /1 — 4(M2%/m?) and the effective couplings of the Higgs
boson to the scalar A\jgs and fermionic Aj,  /A* WIMP candidates.

The WIMP-nucleon cross section as probed by direct detection experiments can be
computed by elastic scattering through exchange of the Higgs boson. The resulting cross

section is spin-independent due to the scalar Higgs boson mediator:

) S Ass my fx
S=N 16mm} (Mg + my)?’
) PR (2.28)
SI . )\hxx mNMXfN
Or N =

N ArA2md (M, + my)?

with my as the mass of the nucleon. The additional term fy is the form-factor describing
the interaction between the Higgs boson and a nucleon which can be obtained from lattice
calculations. The value that is used for the comparison shown in this Thesis is given by
fv = 0.308 £ 0.018 [74]. The invisible branching fraction can thus be translated into
owmvp-n via the effective coupling to the WIMP candidate. This translation assumes that
all invisible decays of the Higgs boson are to the WIMP candidates. The addition of other
phenomena leading to invisible decays would strengthen the exclusion limit on ownvp-n-.
A Higgs portal model introduced as described does not significantly alter the production
mechanisms or cross sections for the Higgs boson through interactions of SM particles at
a collider. The translation of exclusion limits on Bg_i,, obtained from direct searches
assuming SM Higgs boson production, into exclusion limits on ownp_ny employing the
framework of Higgs portal models is therefore justified.
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3. The LHC and the ATLAS
Experiment

This Chapter describes the experimental framework of the searches presented and statist-
ically combined in this Thesis. The Large Hadron Collider accelerator complex is briefly
introduced in Section 3.1. The ATLAS detector used to measure the products of proton-
proton collisions at the LHC is described in Section 3.2.

3.1. The Large Hadron Collider

The Large Hadron Collider (LHC) [75] is located at the European Organization for Nuclear
Research (CERN), in the tunnel of the former electron - positron collider LEP, between
45 m and 170 m below the surface. It is the most powerful particle accelerator built to date
and is used to accelerate, and bring into collision beams of protons, or heavy ions such
as lead. Superconducting Nb-Ti magnetic field coils are cooled to 1.9 K using supra-fluid
helium. A magnetic field strength of up to 8.33 T is achieved, which is required to hold the
accelerated particles on their circular path. The accelerator complex at CERN features
a chain of pre-accelerators employed before injection into the LHC, see Figure 3.1. The
linear accelerator LINAC2 accelerates protons obtained from hydrogen atoms. In addition,
three circular colliders are passed successively: the BOOSTER, the Proton Synchrotron
(PS) and the Super Proton Synchrotron (SPS). The protons acquire an energy of 450 GeV
before reaching the LHC. The proton beams are injected into the LHC in up to 2808
bunches of roughly 10 protons spaced 25ns apart. The bunch structure is an effect of
the radio frequency (RF) cavities used as accelerating structures. The protons are further
accelerated in the LHC by RF cavities with a field strength of 2MV /m to currently up to
6.5 TeV per beam. Quadrupole magnets focus and squeeze the beams, thereby increasing
the interaction rate.

Two important parameters characterize the performance of a particle collider, the
center-of-mass energy /s and the instantaneous luminosity £. The center-of-mass en-
ergy describes the maximum energy that can be transferred in an interaction, which is
/s = 13TeV for a beam energy of 6.5 TeV. The instantaneous luminosity is connected
to the interaction rate, and is given by the rotation frequency of the beams in the tunnel
f, the number of particles per colliding bunch N; o and the geometry of the beam at the
interaction point A:

NiNof
L= . 3.1
A (3-1)
The instantaneous luminosity achieved in operation ranges around 103 em=2s~!. The

integration over a period of data-taking time yields a measure that is directly propor-
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Figure 3.1.: The CERN accelerator complex [76].

tional to number of expected events for a process with cross section o as described in
Section 2.1.3:

AN
R=S"_r

dt o (3.2)
N = ‘Cinta-

The expected number of simultaneous proton-proton interactions in a single bunch-crossing
is (u) = 33.7 averaged over the LHC Run 2, and increases with the instantaneous lumin-
osity. The mostly low energetic additional pile-up interactions next to the studied hard-
scattering represent a challenge to the triggering and analysis of events. The luminosity
delivered by the LHC and recorded by the ATLAS experiment, together with the profile
of interactions per bunch-crossing in different data-taking periods is shown in Figure 3.2.

There are four large scale experiments located around the LHC, each at a different
interaction point in the 26.7 km long tunnel, see Figure 3.1.

e ALICE (A Large Ion Collider Experiment) [78] was built to study the collisions of
heavy ions such as lead at high energies. Predictions of the strong interaction can
be probed in these collisions.

e ATLAS [79] is a multi-purpose experiment built for a variety of searches for new
physics and precise measurements of SM predictions, including the Higgs boson and
Super Symmetric (SUSY) extensions of the SM.
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Figure 3.2.: The integrated luminosity as delivered by the LHC (green) and recorded
by the ATLAS experiment (yellow) for Run 2 (a) and the profile of interactions per
bunch-crossing (1) (b) [77].

e CMS (Compact Muon Solenoid) [80] is a multi-purpose similar to ATLAS in the
physics programme based on different detector technologies.

e The LHCD (Large Hadron Collider beauty) [81] experiment is a forward spectro-
meter, primarily designed to precisely measure the production and rare decays of
hadrons including b quarks. This enables the study of CP-violation and matter-
antimatter asymmetry.

3.2. The ATLAS Experiment

The ATLAS experiment [79] is one of the four large experiments at the LHC, designed
for a versatile physics programme focussing on proton-proton collisions. It is a classically
structured collider experiment with layers of different subdetectors around the interaction
point (IP). The subsystems are chosen to allow for the reconstruction of as many particle
types as possible. The inner detector (ID) is formed by a tracking system, see Section 3.2.1.
The tracker is surrounded by the calorimeter consisting of an electromagnetic (EMcal)
and a hadronic (Hcal) layer, introduced in Section 3.2.2. The outer most layers are
occupied by the muon system, described in Section 3.2.3. The trigger system combines
the information of different subsystems in order decide whether an event is recorded, and
is detailed in Section 3.2.4. An overview of the ATLAS detector is given in Figure 3.3.
ATLAS uses a right-handed coordinate system with its origin at the interaction point.
The positive z-axis is defined in beam direction while the transverse plain is described by
the y-axis pointing upwards and the x-axis aiming to the center of the LHC ring. The
azimuthal angle ¢ is defined from the positive z-axis around the beam line, and the polar
angle 6 describes the displacement from the z-axis. The rapidity is given by y = atanh (%)
and features the advantage that rapidity differences are invariant under Lorentz-boosts
in beam direction. Commonly used is the pseudorapidity n = atanh (%) = —Inftan £],
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Figure 3.3.: Cut-away view of the ATLAS detector [79].

which is equivalent to the rapidity in the limit v — ¢. Angular distances are measured in
units of AR = /An? + A¢?. Particle momenta are measured in the plane transverse to
the beam direction using the pt observable since the incident momenta of the colliding
particles in the z-direction are unknown.

3.2.1. Inner Detector

The inner part of the detector is used to measure the trajectories of charged particles and
shown in Figure 3.4. A highly radiation hard set-up is required to maintain long-time
stability due to the tremendous amount of scattering processes. However, there should
be as less as possible material in front of the calorimeter to minimize previous energy
loss. Photons can further interact with the ID material and convert into electron positron
pairs.

Charged particles leave tracks due to ionisation of the detector material. Their traject-
ories are bent by the Lorentz force in the 2T field of the solenoid magnet located between
the ID and the EMcal. The resulting curvature provides information about the transverse
momenta pr, and the sign of the charge of the traversing particles. Energy depositions
in the calorimeter can be linked to vertices, and by precisely resolving the locations of
primary and secondary vertices it is possible to exploit the comparably long lifetime of
heavier particles such as b-hadrons or tau leptons to tag those.

The tracking part is 6.2m long, 2.1 m high, and is divided into three different regions,
see Figure 3.4. A high granularity silicon pixel detector is used in the inner layers around
the beryllium beam pipe, with a new layer installed after Run 1. Silicon Strip Detectors
are installed further apart of the interaction point (IP). The outermost part of the ID is
covered by the Transition Radiation Tracker, which is instrumented with gaseous straw
tubes. The relative transverse momentum resolution is given by ‘%T = (4.83 £0.16) x
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10~* x pr [GeV]. The vertex reconstruction resolution improves with the number of tracks
and ranges between 20 pm and 160 pm longitudinally, and between 40 pm and 340 pm
transversally. The different subsystems of the ID are detailed in the following.

21m

End-cap semiconductor tracker

Figure 3.4.: The inner detector with its subsystems [79].

Silicon Pixeldetector

A highly accurate measurement of discrete space-points in the Pixel Detector is provided
by 80.4 million single pixels, sized 50x400 pm? for 90% and 50x600 pm? for the remaining
10% of the pixels in the front-end electronic regions, grouped into 1744 sensor modules.
The design of three barrel layers and two end-caps with three disc layers each, covers a
region up to |n| < 2.5. The resolution of about 10 um in R-¢ and 115 pm in z (barrel layers)
and 10 pm in R-¢ and 115 pm in R (disks) guarantees an accurate vertex reconstruction.
The 250 pm thick silicon sensor modules are using oxygenated n-type wafers with n-type
readout which ensures radiation tolerance to charged hadrons. The read out is connected
directly to the sensors which are operated at temperatures below 0°C to reduce thermal
noise that increases due to irradiation.

Insertable B-Layer

The Insertable B-Layer (IBL) [82] was integrated into the ID during the shut down after
Run 1, in conjunction with a smaller beam pipe. It is located between the new beam
pipe and the first layer of the Pixel Detector. The addition of a fourth space point
mainly improves b-tagging, and counters degradation effects due to the high radiation
environment in the course of time. The layer consists of 26880 silicon pixels arranged in
80 columns and 336 rows with a size of 50 x 250 pm, covering a range up to |n| < 3.0.
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Silicon Strip Detector

The overall design of the Silicon Strip Detector (SCT) is similar to the pixel detector
with four cylindrical layers and nine disk layers per end-cap with a coverage of |n| <
2.5. There are 4088 modules, split into 2112 barrel and 1976 end-cap modules. Each
module is 6.4 cm X 80pm in size, and composed of two silicon strip sides glued back-
to-back, producing stereo pairs of hits. One half of the barrel (end-cap) SCT is aligned
longitudinally to the beam axis (in R), the other half is tilted by an angle of 40 prad to
improve the resolution. The resolution of the SCT with 17 pm in R-¢ and 580 pm in z
for the barrel, respectively R for disks, is well suited for the primary task of transverse
momentum determination. The technology used for the 285 pm thick sensors is a single-
sided p-in-n one with AC-coupled readout strips.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) uses polyimide drift (straw) tubes to detect
transition radiation produced by charged particles passing through inhomogeneous media.
The volume between the tubes if filled with polypropylene. The tubes feature a diameter
of 4mm, and a length of 144 cm in the barrel region, and 37 cm in the end-cap region.
They are filled with a mixture containing 70 % Xe, 27 % COs and 3% O, at a pressure of
about 5 — 10 mbar. A gold plated central tungsten wire serves as anode. The tubes are
arranged in parallel to the beam pipe, and segmented into 32 read-out ¢-sectors resulting
in a reduced coverage of |n| < 2.0 and no measurement in z-direction. On average, 36 hits
per track are measured by the TRT, which are used for pattern recognition. Two different
thresholds are used to distinguish between tracking signals and low energetic transition
radiation photons as they produce a much larger amplitude. The resolution of the TRT
is given by 130 pm in R-¢.

3.2.2. Calorimetry

The ATLAS calorimeters stop and measure the energy and direction of most of the
particles exiting the tracker, the systems are shown in Figure 3.5. Neutrinos and muons
generally pass through the calorimeters. The particles entering the calorimeter cause
showers of secondary particles, which are stopped inside the detector to precisely measure
the energy. The electromagnetic layer is optimised for the measurement of showers gener-
ated by photons and electrons. Hadronic showers usually are much larger and are stopped
in the proceeding hadronic layer. The measurement of hadronic showers used information
from both layers. All calorimeters are of sampling type, alternating an absorbing material
with an active material. The showers develop mainly in the absorbers with high Z. The
thereby produced secondary particles generate signals in the active material proportional
to the energy of the incident particle by ionization or excitation. Electromagnetic showers
are caused by electrons and photons which interact with the detector material at higher
energies via bremsstrahlung and pair-production. This generates a cascade of secondary
particles, while the energy per particle is successively decreasing. A passive material with
high Z amplifies this process. At lower energies, these particles interact primarily via
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the photoeffect and ionisation, measured in the active material. Highly energetic hadrons
are decelerated by inelastic nuclear scattering (spallation). They are stopped due to the
energy transfer of ionisation, or are absorbed by a nucleus, when the energy decreased suf-
ficiently. The spallation yields cascades of secondary particles such as neutrons, resulting
in a hadronic shower, described by the nuclear absorption length A\. Hadrons will start
showering in the electromagnetic layer but pass through and are stopped in the larger
hadronic layer. This reflects the slower interaction rate of nuclear, compared to electro-
magnetic interactions. The energy resolution of a measured hadronic shower is limited by
several effects, including: nuclei can be excited to longer lived states, different responses
to the electromagnetic and hadronic parts of the shower, and the statistical distribution
of pions which constitute the main part of the shower. The 7° decays primarily to two
photons interacting electromagnetically, the charged pions can decay weakly to a neutrino
and muon, which escape detection. The electromagnetic and hadronic layers are detailed
in the following.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleclromagnetic i

s

end-cap (EMEC)

N

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 3.5.: The ATLAS calorimeter with its subsystems [79].

Electromagnetic Calorimeter

The electromagnetic layer (EMCal) is thick enough (> 22 radiation lengths) to stop most
electromagnetic showers and covers a region up to n < 3.2. It is split into a barrel
part (|n| < 1.475) and two wheels per end-cap, which cover 1.375 < |n| < 2.5 and
2.5 < |n| < 3.2. The transition region between barrel and end-cap at around |n| = 1.4
features an increased amount of non-active material (around 11 radiation lengths), which
decreases the accuracy of measurements. The absorbing medium is accordion-shaped
lead, with liquid-argon filled between the layers acting as active detection material. The
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geometry is used to improve the acceptance in ¢. Copper electrodes cover the lead surface
and collect the ionisation signal generated by the shower components in the liquid argon.
The segmentation is given by 0.025 x 0.025 in 1 X ¢ within the middle layer, where most
of the energy is deposited. This region is instrumented with a fine readout, in contrast
to the remaining parts featuring a coarser segmentation. In ||, the spatial resolution is
best for values smaller 2.5. The energy resolution in the electromagnetic calorimeter is

: o _ 10%
given by o = VEav] D 0.7%

Hadronic Calorimeter

The Hadronic layer (HCal) is split into a barrel part (coverage of |n| < 1.7), end-caps
(1.5 < |n| < 3.2) and a Forward Calorimeter (FCal) which covers 3.1 < |n| < 4.9. They
are equipped with different absorbing and active materials. Liquid-argon is employed
in the end-caps and the FCal, whereas the barrel is constructed from scintillating tiles.
Steel is used as absorbing material for the barrel, copper for the end-caps and the FCal
part closer to the IP, and tungsten for the remaining FCal. The probability for a punch-
through of a hadronic shower is very small due to the thickness of 7.4 X for the barrel, and
9.7 X for EMCal plus HCal. The numbers do not take into account support structures
and instrumentation such as cables, which further increase the effective value. The energy

resolution of the hadronic calorimeter in the barrel region is given by = [Ucfe v = 50% _

" VE|[GeV]
3%, and in the end-caps by iy = St @ 10%.

3.2.3. Muon Spectrometer

Muons pass the calorimeters in the majority of cases due to their minimal ionizing nature.
The larger mass compared to electrons reduces effects of Bremsstrahlung, and interactions
with hadrons are reduced since muons do not couple strongly. The Muon Spectrometer
(MS) hence covers the largest and outermost part of the ATLAS detector, as shown in
Figure 3.6. Muon trajectories are bend due to the magnetic fields generated by eight large
toroidal coils in the barrel region, and two smaller sets of four end-cap toroidal coils. The
barrel section extends up to |n| < 1.4 and the end-caps cover a range of 1.6 < |n| < 2.7.
The magnetic field reaches 0.5T in the barrel region, and 1T in the end-caps. Both
magnetic fields are superposed in the region 1.4 < |n| < 1.6. In conjunction with different
tracking systems, this allows for a stand-alone pt measurement up to 3 TeV. The MS is
used to measure the trajectories of muons, trigger the data acquisition, and to identify
bunch-crossings as well as backgrounds due to cosmic rays. Four different subsystems
are installed: the Monitored Drift Tube Chambers (MDTs) and Cathode Strip Chambers
(CSCs) are employed for precise measurements of the trajectories, and Resistive-Plate
Chambers (RPCs) and Thin-Gap Chambers (TGCs) are used for triggering and bunch-
crossing identification. The combined MS yields a resolution of around 10% for a muon
with pr = 1TeV, which is further improved by matching tracks to the ID.
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Thin-gap chambers (T&C)
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Figure 3.6.: Cut-away view of the muon system [79].

Precision Subsystems

The MDTs cover a range of || < 2.7 and consist of drift tubes perpendicular to the
r-z plane, filled with 93% Argon and 7% CO, at a pressure of 3bar. The central wires
are constructed from an alloy of tungsten and rhenium. The resolution of the MDTs
is given by 35pm in r-z. CSCs are employed in the inner-most layer of the end-caps,
corresponding to a range of 2.0 < |n| < 2.7, instead of MDT's due to cope with the higher
rates in this region. They are constructed as multi-wire proportional chambers filled with
80% Argon and 20% CO,. The information on the r-z coordinate is retrieved from cathode
wires perpendicular to the anodes. The ¢ coordinate is similarly obtained from parallel
cathode wires. The resolution of the CSCs is given by 40 pm in r-z and about 5mm for

o.

Fast Timing Subsystems

The RPCs consist of two highly resistive electrodes separated by 2mm filled with a gas
mixture of (fluorinated)hydrocarbon and SFg. High-voltage is applied to the plates to
achieve an electric field of 4.9kVmm™' between these. This results in a high time
resolution of around 1.5ns suitable for triggering and bunch-crossing identification in
the RPC region of || < 1.05. The multi-wire proportional TGCs are installed in the
1.05 < |n| < 2.4 region. The anode wires are placed in a chamber with conducting walls
serving as cathode, filled with a mixture of COy and n-pentane. A high time resolution
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of about 4 ns is ensured by a quasi-saturated operation. Both the RPCs and TGCs also
provide supplementary hit measurements in ¢ direction not resolved by the MDTs.

3.2.4. Trigger

The Trigger system aims to reduce the overwhelming amount of data produced by the
ATLAS detector at an bunch-crossing rate of 40 MHz and an event size of order 1 MB to
a degree that is feasible for storage technologies. This is done with a system composed of
a hardware and a software trigger by selecting events with a high momentum transfer or
other characteristics that increase their relevance for physics studies. Trigger items that
are selected by the two staged system can be e.g. a single lepton or a jet with a certain
pr or energy threshold. Some of these items would be accepted with a rate that exceeds
the trigger bandwidth limited by the reconstruction and storage. This can be the case
for items with a low threshold. These may be interesting for certain measurements or
searches. A prescale of value S is applied to those items in order for the trigger system
to accept only one event out of S fulfilling the requirements on this item.

The first part of the trigger is the Level 1 Trigger (L1) composed of custom-hardware
FPGAs, which identifies certain Regions-of-Interest (Rols) and selects events using de-
tector information with reduced granularity in n x ¢. The L1 trigger reduces the event rate
from 40 MHz to about 100 kHz. Events are selected by L1 in view of signatures such as the
scalar sum of transverse energy, electromagnetic objects, muons, jets or EX exceeding
certain thresholds. It receives information from the calorimeters as well as from the muon
systems. Tracks from the finely segmented ID can not be reconstructed at L1 due to time
constraints. The second part is the High Level Trigger (HLT), based on software run on
commercially available CPUs. It has access to the full detector information including re-
constructed ID tracks, mostly in the ROIs provided by L1 to reduce computation time. In
the HLT, events are reconstructed step by step, running decisively algorithms as soon as
the event building progressed sufficiently. The HLT reduces the event rate from 100 kHz
to around 1kHz.

Events that pass L1 and the HLT are then stored permanently and reconstructed offline
at the ATLAS Tier-0 site with information from all detector subsystems. Most analyses
use events of the physics stream that were triggered by the various physics items defined
in the trigger menu. Several other data streams exit for special purposes. This includes
a calibration stream with events e.g. from empty bunch-crossings, and an express stream
of events which are reconstructed with high priority and used for the on-line monitoring
of the data quality.
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This Chapter describes the methodologies used throughout this Thesis. The statistical
models behind the description and interpretation of the data as well as the setting of
exclusion limits are introduced, together with a description of the technical framework
employed for the combination, in Section 4.1. The terminology and the reconstruction
techniques for the most important objects used by the searches: electrons, muons, jets
and the missing transverse momentum EX'* are briefly introduced in Section 4.2.

4.1. Statistical Analysis

The statistical interpretation of the data relies on likelihoods models, introduced in 4.1.1,
used to describe the probability of the observed distributions given specific hypotheses
on parameters and incorporating the effects of sources of systematic uncertainty. The
modified frequentists C'Lg technique detailed in 4.1.2, is employed to derive exclusion
limits on a given model parameter from observed data, as well as their expectations given
the experimental sensitivity to the hypothesis. The statistical and technical combination
procedure is described in 4.1.3.

4.1.1. Likelihood Model

The statistical model used for the description of the data is based on likelihood functions
L. Part of the notation used in the discussion of the likelihood model and limit setting
is adapted from [83]. A single measurement of the value x is described by a probability
density function (pdf) f(x|@), with parameters @ characterising the shape of the pdf.
The likelihood function for the measurement of n independent values @ is obtained by
the product of the probabilities for each measured value of z; € @:

L(x|0) = Hf(mi 16). (4.1)

The data are commonly analysed in histograms, counting events binned in specific
observables such as E. The statistical interpretation makes use of the predictions for a
background hypothesis, typically the SM, and a signal hypothesis such as invisible decays
of the Higgs boson. The expected number of events in one bin n; is given by the number
of expected background events, b; and signal events, s; in this bin:

where p is the signal strength, scaling the signal hypothesis such that it can be quoted
as measurement, or exclusion limits can be set upon. It is referred to as parameter of
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interest in the statistical interpretation. The s; and b; are obtained from the corresponding
signal and background pdfs, integrated over the boundaries of the bin. This yields the
probability for an event to be found in bin ¢ when scaled by the total number of expected
signal or background events:

8i = Stotal . fs(.I ’ 03> dI,
bin ¢ (43)
bi = biotal fo(x | 6y) dx.

bin ¢

While byt is usually a parameter of the statistical model, sita is fixed to the nominal
signal hypothesis. A common choice is the cross section of a process under study relative to
the SM prediction, corresponding to ;1 = 1 for the background-only case. In the searches
combined here, the common parameter of interest is the invisible branching fraction of
the Higgs boson, By_iny, whose value is zero for the background-only hypothesis (SM
prediction ~ 1073) and one for a nominal signal hypothesis of 100% of Higgs bosons
decaying invisibly. The most compatible value for By _,i,, measured in these searches can
reach negative values due to statistical fluctuations in the background distributions and
comparably small signal expectations.

At particle colliders such a counting experiment is repeated with high statistics and the
distribution of events in a single bin is described by a Poisson distribution with expected
number of events E[n;|. The likelihood function for the parameter of interest describes
the compatibility of the signal hypothesis with the observed data. It is computed by the
product of Poisson terms for all bins with observed numbers of events n;:

N
Si 4+ 0:)" (et
L(1]|0) = H ue (sitbi) (4.4)

n; |
i=1 v

Search Regions

Information can be added from distributions in other observables, from different search
regions characterised by selection criteria, or even from completely different searches given
that these are statistically independent.

A signal region (SR) is a region of the phase space probed by a search where the signal
model predicts a significant excess of events over the background prediction. Kinematic
cuts are placed on the events to obtain a signal significance as optimal as possible [84].
Background control regions (CRs) are constructed to yield a large amount of background
events while still retaining kinematic similarity to the SR. This can be achieved e.g. by
inverting kinematic cuts that are employed in the SR to lower the contamination of the
specific background. The CRs are used to infer information on characteristics of the
background distributions in the SR. Typical parameters are the normalisation in form of
biotal, OF information on the background shape. This can be done by so-called transfer
factors that are estimated in the CRs and and modify the background prediction in the
SR. Adding the bins j of a CR, with the expectation value u; of the yield in bin j, and
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the observed number of events in this bin m; into the likelihood model yields:

£ulo) = T 1ot *Wﬁ”II (45)

i=1 v

where the background predictions in the SR b; depend on the observed events in the CR
m;. Further regions that might be added to the statistical model are validation regions
(VRs) in a phase space between CR and SR where the predictions from the CRs for
background distributions in the SR are validated.

Systematic Uncertainties and Profiling

Sources of systematic uncertainty affect the predictions for different processes. They are
implemented via nuisance parameters (NPs), each usually corresponding to a specific
source of systematic uncertainty. Nuisance parameters represent most of the parameters
0 describing the signal and background predictions. Examples of systematic uncertainties
are the value of the integrated luminosity which has an associated uncertainty, residual
effects of calibrations, and uncertainties on theory predictions.

The size of a systematic uncertainty is commonly estimated via auxiliary measurements
or theory calculations yielding information on the mean value 69 and width o; of the
parameter #;. The corresponding nuisance parameter in the likelihood model has its
nominal value at 6. The nuisance parameter is typically constrained by a Gaussian, log-
normal, or gamma distribution f(6; |69, 0;) with the width o;. The prior can take a flat
form in some cases such as certain theory uncertainties. The effect of nuisance parameters
on the modelling is normalised to yield §9 = 0 and o; = 1, in order to facilitate numeric
computation. With these constraining priors for the systematic uncertainties in the form
of nuisance parameters, and explicitly showing the dependence on them, the likelihood
function reads:

N M s

£ ) = [ L PON taconsaion TTBOZ 00 TT (61 .00
i=1 v j=1 J 0,€0

(4.6)
The maximisation of the likelihood function, or equivalently the numerically more ac-
cessible minimisation of —21In £(u | @) with respect to the parameter of interest, yields the
best-fit or most probable value fi. This value characterises the hypothesis for the underly-
ing model resulting in the largest agreement with the given observed data. The nuisance
parameters are simultaneously varying within their priors in the minimisation process.
This modifies the signal and background predictions within the systematic uncertainty
for a more accurate modelling of the data. Thereby, an excess or phase space differences
between the auxiliary measurement and the search regions may be compensated. The

resulting most-probable values for the nuisance parameters are denoted by 0:
max L(1|0) = L(ji]0). (4.7)

Large deviations from the nominal values penalise the likelihood due to the decreasing
nature of the prior distributions off the mean 6?. A parameter is referred to as profiled if
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it varies in the minimisation process to increase the agreement. Its value resulting from
the minimisation of —21In L(p | @) is referred to as profiled value or pull. The profiling of
the nuisance parameters and p enables the search to measure the parameter of interest
and the effect of systematic uncertainties in a single procedure.

The likelihood model may be sensitive to a specific nuisance parameter resulting in a
stronger constraint on it compared to the input uncertainty o;. This is reflected by the
post-fit uncertainty on the profiled nuisance parameter to be smaller than the pre-fit uncer-
tainty o;. Here, a search is sensitive enough to a specific source of systematic uncertainty
in the probed phase space to use this stronger constraint respectively smaller uncertainty
in the statistical interpretation of the data. Analogously, CRs can provide information
not only on background distributions, but can also constrain specific uncertainties in the
SR. The post-fit uncertainty is typically computed either by the second derivative at the
minimum (HESSE algorithm [85]), or by the interval in which —21In L(x | 6) as a function
of the specific nuisance parameter rises by 0.5 with respect to the most-probable value at
the minimum (MINOS algorithm [85]).

4.1.2. Setting of Confidence Limits

A suitable test statistic is needed to differentiate between the agreement of a given signal,
characterised by a value for u, and of the background-only hypotheses with the observed
data. The Neyman-Pearson lemma [86] states that the ratio of likelihoods constitutes an
optimal test statistic. Hence, an appropriate choice is a test statistic based on the profile
likelihood ratio:

Q>>

AW%=%%%2, (4.8)

where the parameters 0 are defined to yield the maximum likelihood for the specific value
of p and (fi, @) are again the parameters that globally maximise the likelihood, thereby
yielding 0 < A(u) < 1. The test statistic is specified as profile likelihood ratio since the

nuisance parameters are profiled for each value of p individually.

=
[wa )

Different types of test statistics can be constructed from the profile likelihood ratio A.
The specific choice depending on whether one- or two-sided confidence limits are to be
placed, and on physics assumptions of . The following definition [83] is used to set upper
confidence limits on By _,, in this Thesis:

(0 p<p,

) _mnﬂuW@ﬁ 0< i<

Gu = L(i]0) (4.9)
_mHHMWWD Q<0
\ £(0]6(0))

The motivation of the different terms is specified in the order of appearance:
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1. To set a one-sided upper limit on y = By iy, there is no need to consider data with
a value of y below the most probable value i as less compatible than the obtained
data.

2. The region above the most-probable value, i < pu, is covered by the nominal
—21In A(p), if f1 is positive.

3. The true value for the invisible branching fraction of the Higgs boson is assumed
to be non-negative, although the most-probable value for a data set can be negat-
ive due to statistical downward fluctuations of backgrounds, and variations within
systematic uncertainties. For a negative most-probable value i < 0, the largest
agreement between the data and the signal model is assumed at By _,;,w = 0, hence
the likelihood is normalised to the maximum likelihood at By _in, = 0.

The test statistic based on A(p) yields higher levels of disagreement between the under-
lying model with p and the data for increasing g,. The information that is needed to
compute exclusion limits is the probability density function of the test statistic f(q, | u)
under the assumption of the model corresponding to p.

The Asymptotic Approximation

The distributions of the test statistic g, under the background and signal hypothesis
can be estimated by MC simulations. This is done by evaluating g, for large numbers
of pseudo-data sets, separately for each signal hypothesis . This estimation becomes
increasingly computational demanding due to the potentially complex likelihood function
involving a large number of bins and nuisance parameters. Approximative techniques are
employed instead.

With a result from Wald [87], the following approximation holds for the distribution
of the profile likelihood ratio in the large sample limit for a Gaussian distributed g with
mean value p/ and width o:

—2InA(y) = W =p (4.10)
The resulting distribution for ¢, using the Wald approximation and setting 1/ = p to test
the signal hypothesis p is derived in [83]:

1
Qu

e W/ 0 < g, <p?lo’,
T
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S (Gl ) 25(%) + —_exp | — 1(% +pt/o?)? 0> 1) (4.11)
V2 (2p1/o) 2 (2p/o)? po e
This reduces the problem of computing the test statistic distribution f(g, |p) to derive
a sufficient estimate for the standard deviation o of . The Asimov data set [83] is
introduced for this purpose. It is defined via the equation for the likelihood 4.6, setting
the number of events for each bin (n;,m;) equal to their expectation values according

to the hypothesis . Hence, the parameter values yielding the maximum likelihood for
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the Asimov data set are the true parameter values. There are two options to define
the Asimov data set for a given u. The pre-fit Asimov adopts the numbers of expected
signal and background events according to nominal values of the parameters 8. The post-
fit Asimov data set employs the numbers of expected events according to the profiled

parameter values for the given hypothesis, é(,u) The likelihood function constructed
using the Asimov data for p can be shown [83] to yield an estimate for the width o agimov,
which can be used to compute the distribution f(g, | u):

O Asimov — (Iu - Iu) (412)

)
YV 4y, Asimov

with G, Asimov — —2In AAsimov(,u)'

The Modified Frequentist C'Ls Method

The upper exclusion limit can be calculated from the p-value, the probability to obtain
a result at least as extreme as the observed result under the assumption of the signal
hypothesis p. Integrating the distribution of the test statistic f(q, |u) assuming p, and
using the test statistic corresponding to the observed data, g, obs, yields:

om%mwzm%z@mAs+m=/f £ (G 1) A (4.13)

4u,obs

Choosing a confidence level (CL) in advance of the computation, a hypotheses yielding a
CLg,p < a can be excluded at a CL of 1 — a. The commonly quoted CL of 95% corres-
ponds to an upper exclusion limit on g at which a scanned, or an iteratively computed
CLgip < a=0.051is found.

However, this method yields some undesired behaviour in situations where the test
statistic distribution for the background-only hypothesis f(g, | 0) features an overlap with
the signal+background distribution f(g, | 11). With increasing overlap, the search becomes
less sensitive to the signal model studied due to diminishing power to distinguish between
the background-only and the signal case. This is the case since both hypothesis model
the observation nearly equally. The computation of C'Lg,p alone does not account for
this decreasing sensitivity. A possible result is illustrated by two searches with the same
signal prediction. In case of a downward fluctuation of the background, the search with
a higher background prediction would quote a stronger observed exclusion limit.

The C'Lg method [88] accounts for that effect by penalising the confidence in cases of
similarly good or poor compatibility between the observed result and the background-only
hypothesis described by 1 — C'Lp:

q,u,obs
L= CLa() = PGy < G B) = [ £(,10)di. (4.14)
The value of C'Lg is defined by:
CLsyp(1)
CL = ——— 4.15
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The procedure results in a less stringent exclusion limit due to CLg > CLgyp, hence
some level of conservatism is introduced. For well separated distributions f(g,|0) and
f(G. | p), corresponding to a significant signal, the C'Lg value approaches C'Lgp. The
CLg value is not strictly a p-value any longer, the derived upper limits from its value are
therefore referred to as modified frequentist limits.

The observed upper exclusion limits at 95% thus exclude signal hypotheses with values
of CLg < 0.05 computed with the test statistic corresponding to the observed data, g, obs-
The derivation is implemented technically employing an iterative approach to estimate
the value of By _i,y resulting in C'Lg = 0.05 with a relative precision of 0.05%.

The sensitivity of the search is assessed with the median upper exclusion limit that
would be obtained if no signal were present. This corresponds to the expected upper limit
which is computed with the C'Lg method using the test statistic given by the median of the
background-only distribution, f(g, |0). This median is derived from the Asimov data set:
med[f(G, | 0)] = @u asimov- The uncertainty bands on the expected limit describe by how
much the observed limit is expected to vary given statistical and systematic fluctuations.
They are computed by repeating the C'Lg method with the test statistics corresponding
to the quantiles around the median ¢, asimov Which cover the intervals according to one
and two standard deviations.

4.1.3. Combination Method

The combination of the statistical models of different searches for invisible decays of the
Higgs boson is performed on the level of their likelihood functions. The underlying method
is illustrated in the following with an example of two searches, the extension to larger
numbers of searches being combined uses the same principle. Considering searches A and
B with fully defined likelihood functions (£, £p) including sets of nuisance parameters
(6*,67) and parameters of interest (B4 ..., B5 .. ), the combined likelihood function
is obtained by a product of the likelihood functions of the two searches, consistent to

combining different bins:
Leom. (B, 104,0%) = La(Bij_ine |07) X Le(Bii i 107), (4.16)

where the individual parameters of interest were mapped onto a single combined para-
meter BSomP: - which is from here on referred to as By _siny-

This construction assumes that there are no correlations between the nuisance para-
meters. Hence, the combined likelihood features two independent sets of parameters.
However, some sources of systematic uncertainty are correlated between the searches com-
bined in this Thesis. They are conducted using same detector (instrumental) and may use
predictions for signal or background processes calculated with the same method (theory).
One example is the uncertainty on the integrated luminosity and its associated nuisance
parameter which is here assumed to be identical in both searches. An increase in the
integrated luminosity within its uncertainty should affect the predictions in both searches
simultaneously. Contrarily, profiling the combined likelihood will result in both luminos-
ity nuisance parameters to vary independently, possibly in different directions. This is in
disagreement with the fact that both parameters describe the same instrumental effect.
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If two systematic uncertainties corresponding to the nuisance parameters (645, 0%) are
identified to describe the same effect X, this correlation assumption has to be imple-
mented into the combined likelihood. Both nuisance parameters and their constraining
priors are replaced by a single nuisance parameter H)A}’B with constraining prior that acts
simultaneously on both searches in the profiling procedure. Splitting the sets of nuis-
ance parameters into correlated and uncorrelated parts yields for the combined likelihood
function:

A, B A B _
Ecomb.(BH—)inv | 0(:0rrelated’ 9uncorrelated’ euncorrelated) -
(4.17)
A A A B B B
[’A (BHﬁinv | Ocorrelated7 euncorrelated) X ‘CB(BHHinv ’ ocorrelated7 Ouncorrelated) )

where the nuisance parameters identified as correlated between the individual searches

A B . : A,B : .
(0 related Ooorrelated) Were mapped into a single set 6. . . affecting both searches in the

combined likelihood.

The combined likelihood as defined in Equation 4.17 can be used to compute the most
probable value for Bpy_,,, given the combined statistical model when profiled to the
combined observed data set. Upper exclusion limits are derived by constructing the
test statistic ¢, as described above from the combined likelihood. Regions of different
searches can constrain nuisance parameters across the searches in the combined likelihood,
analogously to the addition of regions into the likelihood of a single search. The profiling
acts then as simultaneous measurement of the invisible branching fraction of the Higgs
boson and of all included systematic uncertainties in all signal topologies combined.

Technical Implementation

The technical implementation of the studies is based on the ROOT framework [89]. Fur-
thermore, functionalities from RooStats and RooFit are used which provide container
objects for the statistical models of a search, and functionalities for likelihood minimisa-
tions and the derivation of exclusion limits. The MINOS algorithm is employed to derive
uncertainties on the most probable value for By_.;,, in the estimation of the impact of
systematic uncertainty sources. The HESSE algorithm was found to yield results not ac-
curate enough because of non-linearities in the combined likelihood model, in particular
for the increasingly complex combination of Run 142 searches.

4.2. Object Definitions

This section gives an introduction into the reconstruction, and sources of systematic
uncertainty of the main objects used in the ATLAS searches for invisible Higgs boson
decays combined in this Thesis.

4.2.1. Jets

The hadronic final state of an interaction in particle colliders consists of strongly inter-
acting quarks and/or gluons. However, the strong force precludes the measurement of
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free partons inasmuch that it allows only for colour neutral objects (confinement). The
strong force features a running coupling that is large at low energies. At high energies,
as achieved in collider experiments, the coupling becomes weaker and partons can be
described as asymptotically free.

The final state partons are in a state of asymptotic freedom. Gluons are radiated off
with a high cross section, and split further into quark anti-quark pairs. This fragmentation
and showering process continues until the coupling is strong enough for confinement to
set in due to the decreasing energy per parton. The particles form colourless bound states
that may decay further to longer lived particles. The parton showering process is not
calculable perturbatively because of the large large coupling in this energy regime. Two
models are primarily used for the description, the cluster hadronisation [90, 91}, and the
Lund string model [92].

The collimated sprays of hadrons resulting from the hadronisation are described by jets.
The particles deposit energy in the calorimeter with a characteristic shower shape. The
charged part of the shower additionally produces tracks in the inner detector. Clustering
algorithms based on sequential recombination are used to combine the detector signals
into the jet observable. The aim of this algorithms is to describe the spray of hadrons as
exact as possible. The jet algorithms can run on the information of calorimeter clusters
(calorimeter jet) or similarly on inner detector tracks (track jets). Thereby, jets are a
definition depending on the actual choice of clustering algorithm and input.

The jet algorithm mainly employed by ATLAS and used in the searches combined here is
the anti-k; algorithm [93] which produces approximately circular jets with a certain radius
R = \/¢$? + n? centred around its most energetic input cluster/track. Two different radius
parameters are utilised depending on the particle being searched for and its kinematics.
The radius R = 0.4 is used to capture the hadronisation products of a single quark or
gluon. These can be final state particles or the product of further decays of massive final
state particles decaying to quarks before reaching the detector. This is the case for W/Z
and Higgs bosons, top quarks as well as postulated and searched for heavier particles,
such as the Z’ boson or gravitons. For low to medium energies, the decay products of
these particles are well separated and their parton showers are captured by individual
R = 0.4 jets. The angle between the decay products decreases with the momentum
pr (also referred to as boost) of the mother particle of mass m, approximately with
AR = 2m/pr for a two-body decay. At large boost, the showers of the single quarks will
start to overlap and can not be described by two R = 0.4 jets. In that case, Large-R
jets with R = 1.0 are employed that are expected to capture most of the products of the
decaying particle. In addition to the jet mass, substructure techniques [94-96] are used in
order to differentiate between large-R jets originating from a single quark or gluon, and
large-R jets with separated energy depositions compatible with the decay of a massive
particle.

The energy scale of the jets (JES) is calibrated [97] and corresponding systematic
uncertainties are derived to account for effects such as: difference in calorimeter response
to electromagnetic and hadronic showers, energy leakage from the calorimeter, less well
instrumented parts of the detector, differences between the forward and central regions of
the detector, and parts of the parton shower falling outside of the capture region of the
jet. The mass scale of the large-R jets (JMS) is calibrated in a similar manner [98].
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4. Methodology

The hard-scatter primary vertez is defined by the searches as the vertex with the highest
pr sum of the tracks associated to it. The identification of jets originating from hadrons
containing b-quarks (flavour tagging) [99-101] is performed using a multivariate discrim-
inant, combined from outputs of three different algorithms. Inner detector tracks are
geometrically matched to a calorimeter jet. The first input algorithm exploits the longer
lifetime of b-hadrons resulting in a secondary vertex (¢ ~ 450 pm). The longitudinal
(transverse) impact parameter of a track describes the distance between the track at its
closest approach and the primary vertex along the beam line (in R — ¢). These impact
parameters are expected to be large for tracks of b-jets. The corresponding significances
of both impact parameters are used to define a discriminating variable. The second input
reconstructs secondary vertices by testing whether any pair of tracks inside the jet is con-
sistent with originating from a common vertex, significantly displaced from the primary
vertex. Properties such as the invariant mass of all tracks associated to the vertex, and
the number of secondary vertices found in the procedure are used to define a discrim-
inant. The third input uses the weak decay of a b-hadron by fitting a line between the
primary vertex and the b- and c-hadron vertices. This approximates the line of flight of
the b-hadron and the position of the vertices. A boosted decision tree is used to combine
the outputs to a single discriminant MV2 [101]. This yields efficiencies for b, ¢ and light
jets, where light jets are (u,d, s)-quark or gluon initiated.

Jets originating from pile-up are mitigated using the jet vertex tagging (JVT) [102,
103] algorithm providing a discriminant between hard-scatter and pile-up jets. The JVT
variable is constructed by a two-dimensional likelihood obtained from the jet vertex frac-
tion (JVF), and the R, variable. The JVF is the sum over the pr of tracks associated
to the jet and matched to the hard-scattering primary vertex, normalised to the sum of
the pr of all tracks matched to the hard-scattering primary vertex. The definition used
for JVT is additionally corrected for the dependence on the number of primary vertices
in the event. A low JVF value indicates that a jet is likely to originate from pile-up.
The Ryt variable is the ratio of the pr sum of all tracks associated to the jet and the
hard-scattering primary vertex, and the calibrated as well as already pile-up corrected pr
of the jet. The mean value and spread of Ryt is expected to be larger for jets from the
hard-scattering.

The full list of JES nuisance parameters that is provided by the jet performance
group [104] to be used in analyses of 201542016 data contains 88 different paramet-
ers. Part of the JES is a nuisance parameter considering residual effects (nonclosure)
in the calibration from central to forward regions of the detector, referred to as eta-
intercalibration. Different levels of reduction are available for searches by diagonalisation
of the effect of groups of uncertainty sources to a single parameter accounting for the
combined effect of the group. This neglects some effects due to correlations between the
combined sources. Further uncertainties on jets that are considered by the searches are
related to the jet energy resolution (JER), properties of large-R jets including the JMS,
the JVT discriminant, and the b-tagging efficiencies for b, ¢ and light flavour jets.
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4.2. Object Definitions

4.2.2. Electrons

Electrons are reconstructed [105, 106] from tracks in the inner detector matched to energy
depositions in the electromagnetic calorimeter where they deposit most of their energy.
Two hypothesis are used for the fit of the inner detector hits to a continuous track:
the pion and electron hypothesis. Both can cause an electromagnetic shower which is
matched to a ID track. The hypotheses feature different assumptions on the energy loss
in the detector material. If the default pion hypothesis fails, the electron hypothesis is
used for a second fit. Electron candidate clusters are formed in the calorimeter with a
clustering algorithm around a seed [107] and matched by AR to fitted tracks.

Electron identification (ID) based on a likelihood model is employed to distinguish signal
electrons from photons that converted in the detector material into electron-positron pairs,
or from mis-identified jets. This model uses different information, among these the shower-
shape in the calorimeter, leakage into the hadronic calorimeter and pattern recognitions
from the TRT. Based on the resulting likelihood, the electron candidates are assigned a
quality label with increasing background rejection.

Moreover, isolation of the electron candidates is enforced to further distinguish between
electrons from the hard-scattering and from decays of heavy-flavour hadrons as well as
from mis-identified light hadrons. The isolation criteria require little additional activity in
the detector assessed in cones around the electron candidate, based either on calorimeter
or track information.

Systematic uncertainties associated to electrons [108] that are considered by the searches
correspond to: the trigger efficiency, the energy scale and resolution, reconstruction, iden-
tification, and isolation.

4.2.3. Muons

Muons are reconstructed [109] primarily with information from the inner detector and the
muon system but may use other information, such as from the calorimeter. Reconstructed
tracks from the muon system matched to inner detector tracks form the basis of the
typically used combined muon definition. This requirement is relaxed for segment-tagged
muons for which the inner detector track is matched to a track reconstructed only in a
segment of the MDT or CSC chambers. These are used if the muon passes only part of
the muon system due to low momentum, or parts of low acceptance. Furthermore, the
calorimeter-tagged muon definition can be used specifically in the very central region of
In| < 0.1, where the acceptance of the muon system is decreased due to instrumentation.
The inner detector track is considered a muon candidate if the track is matched to energy
deposits in the calorimeter that are consistent with a minimal ionising particle such as a
muon.

Similarly to electrons, muon candidate undergo an identification step. Signal muons
as produced directly in the decay of Z bosons are distinguished from background muons
originating from secondary decays of mainly light hadrons in showers. This identification
is based on the significance of the difference of charge to momentum ratios measured in
the inner detector and muon systems, qualities of the track fit, and the difference between
the momentum measure obtained from the inner detector and muon system separately.
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4. Methodology

Isolation criteria are used to further separate signal muons from muons that are pro-
duced in semileptonic decays. The detector activity around directly produced signal
muons is expected to be lower compared to muons from kaon or pion decays resulting in
jets. Therefore, calorimeter and track based isolation in cones is used for signal muon
candidates as well.

Systematic uncertainties on muons [110] that are considered by the searches corres-
pond to: the trigger efficiency, reconstruction, isolation, track to vertex association, track
smearing in the inner detector and muon system to account for detector efficiency ef-
fects not well reproduced by MC simulation, the momentum scale, and charge-dependent
effects on the momentum measurement.

4.2.4. Missing Transverse Momentum

The missing transverse momentum, EXS| describes an imbalance in the transverse mo-
mentum of the reconstructed objects which is expected to sum to zero. A non-zero Emiss
value can be caused by a particle that escaped detection since its transverse momentum
is not accounted for by the directly measured objects.

It is reconstructed [111] as the negative sum of the transverse momentum pr of the
reconstructed selected physics objects, referred to as hard term. This includes e.g. jets,
charged leptons, and photons (which are not used in this Thesis). In addition, a soft term
is added to the calculation based on either calorimeter or track information. The searches
considered in this Thesis employ the track-based soft term which is defined by the tracks
in the event that originate from the primary vertex but are not associated to any of the
reconstructed objects comprising the hard term. This definition of the soft term misses
charged particles but is less sensitive to pile-up due to the match between tracks and the

primary vertex.
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The reconstructed hard objects entering the calculation are used with their individual
calibrations in order to arrive at a EI quantity with optimal resolution. Systematic
uncertainties on the hard objects are propagated to the missing transverse momentum.
The soft term is not scale corrected but additional uncertainties are derived individually
for the projections of the soft term parallel and perpendicular to the hard term [112].

In addition to particles depositing no energy in the detector, EX* can occur if the
energy measurements of the involved objects vary within their systematic uncertainties.
Especially jets can fake EM5 due to (over-)underestimation of the jets energy in the
calorimeters, in which case the EXS vector will point (anti-)parallel to the jet axis.
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5. Inputs to the Statistical
Combination

This Chapter introduces the direct ATLAS searches for invisible decays of the Higgs
boson that are used in the statistical combination. The Run 2 analyses are described in
Section 5.1 for V,zH, in Section 5.2 for Z,;H, and in Section 5.3 for VBF. The statistical
combination of Run 1 searches is introduced in Section 5.4. This chapter concludes with
a discussion on the statistical orthogonality of the analyses in Section 5.5.

5.1. Run 2 V(— hadrons)H

The search in the V zH topology with Run 2 data [6] is specialised on events featuring a
large quantity of EX and a hadronic system that is compatible with a W or Z boson.
The Higgs boson and accordingly the E as the proxy for its invisible decay is expected
to recoil against the hadronic system, resulting in a large separation in the transverse
plane between both objects.

Two different regimes are considered depending on the boost of the vector boson V.
The resolved regime is described by a low to intermediate energy of the vector boson
resulting in a decay to well separated quarks. These are captured by two required small-
R anti-k; calorimeter jets with R = 0.4. In the merged regime, the two quarks are so
close to each other that the showers cannot be separated reliably into two small jets. An
anti-k; calorimeter large-R jet with R = 1.0 is required in this regime instead.

The analysis is divided into different regions depending on the multiplicity of recon-
structed b-jets, enhancing the signal sensitivity. The b-tagging algorithm identifies small-R
jets containing a b-hadron. Track jets with a radius of R = 0.2 that are b-tagged and
associated to the large-R jet are utilised in the merged regime. Three different regions
are considered between zero and two reconstructed b-jets, separately for the resolved and
merged regime.

The trimming [113] procedure is utilised to remove lower energetic components of the
large-R jet that are expected to originate from pile-up. The mass of the large-R jet is
calculated by a combination of a calorimeter-based quantity and an assisted quantity using
calorimeter and tracking information [98]. This definition improves the mass resolution,
in particular for very high momentum jets. Jet-substructure techniques are used in the
merged regime to further differentiate between large-R jets originating from single quarks
or gluons (background-like), and from two separated quarks each with significant energy
(signal-like). Regions of high and low signal-like purities are defined by a cut on the
D2 [94] observable in the merged zero and one reconstructed b-jet regions. The two b-jet
region is statistically limited and remains inclusive.
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5. Inputs to the Statistical Combination

The ER is employed as the final discriminant for the distributions of signal and
background processes. The various signal and control regions are individually represented
in the statistical likelihood model of the analysis. The resulting observed (expected) C'Lg
upper exclusion limit on the invisible branching fraction of the Higgs boson at 95% CL is
given by:

Br sine < 0.83 (0.58 7522 (5.1)

The search in the V,zH topology is the least sensitive direct search for invisible Higgs boson
decays due to the large backgrounds and systematic limitations, summarised below.

The main background processes are tt and V+jets production, exemplary Feynman
diagrams are shown in Figure 5.3. A top quark predominantly decays to a bottom quark
and a W boson. The production of top quark pairs can contribute to the signal selection
in particular in the semi-leptonic decay chain. One of the W boson decays leptonically
involving a neutrino yielding true EX. The second W boson decays hadronically to two
quarks. The charged lepton can either escape detection or in case of a tau, can decay
hadronically yielding a further jet. These events populate primarily the one and two b-jet
regions due to the two b-hadrons from the top quark decays.

(a) Production of ¢ with semi-leptonic de- (b) Production of V+jets where the V' bo-
cay chain. son decays leptonically.

Figure 5.1.: Exemplary Feynman diagrams for the main backgrounds in the V ;H ana-
lysis.

The mass spectrum of QCD initiated jets is exponentially falling. However, a significant
number of jets is expected in the mass range compatible with the V' boson due to the large
production rate. The Z(— vv)+jets process where the jets fall into this mass window
constitutes an irreducible background that cannot be distinguished from signal events.
The W+jets process can contribute to the SR analogously to the discussion of the tf
process for leptonic decays of the W boson. The predictions for the distribution of the ¢t
and V+jets processes in the SR are estimated via MC simulations. The normalisations
and E distribution shapes are additionally constrained from dedicated CRs in a data-
driven way.

Minor background contributions arise from: the production of single top quarks with
the W boson decaying to a tau lepton and corresponding neutrino, the production of two
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5.1. Run 2 V(— hadrons)H

vector bosons (diboson) with one boson decaying leptonically and the other hadronically,
and QCD production of multiple jets (multijet) where jet energy measurements varying
within experimental resolution yield fake E¥5. The former two processes are estimated
from MC simulations. The multijet prediction from MC simulations is statistically limited
and a projection based on a CR is employed instead.

5.1.1. Event Selection

The V,;H search studies events which pass ER trigger. Depending on the regime, two
different sets of selection criteria are used. The selections of the merged regime are applied
to an event first. If the event fails one of the criteria the selections of the resolved regime
are applied.

Signal Regions

The selection criteria of the signal regions are summarised in the following:

e Common criteria: Events featuring any reconstructed electron or muon with
pr > 7GeV are discarded, referred to as lepton veto. Further selections target the
contribution from multijet processes, which are expected to feature ET predom-
inantly from variations in jet energy measurements. Requirements are set on the
separation between the hadronic systems and the EXS to suppress this background.
This accounts additionally for the signal topology of DM particles recoiling against
the V boson.

The separation in ¢ between the EX and jets (or large-R jet) should be large:
A@(ERSs Jorjj > 120°), and the closest of the three leading small-R jets in ¢ is
required to be separated from the ER: min;cq o 3[A¢(ERSS j;)] > 20°.

The definition of a track-based missing transverse momentum pii via the negative
vector sum of the pr of all tracks from the primary vertex with pr > 0.5 GeV allows
for further selections. Either p2*s > 30GeV or two b-jets are required. Further-
more, the track- and calorimeter-based EX*5 measures are required to be close to

each other: Ag(ERSs, phiss) < 90°.

e Merged regime: A EX value above 250 GeV is required, corresponding to the
large expected boost of the vector boson, which requires the energy of the Higgs
boson (ER%) to adopt higher values as well. At least one trimmed large-R jet with
pr > 200 GeV and no b-tagged track-jet outside of the highest pr large-R jet which
forms the W/Z boson candidate are required. The zero and one b-tag regions are
divided in high and low signal purity by a cut on Dy < 1.2. The allowed mass
window of the large-R jet .J varies for these b-tag regions. It is chosen around the
W/Z mass to yield a fixed signal efficiency of 50% combining the requirements on
the jet mass and Dy. The mass window for the Dy inclusive two b-tag region is fixed
to 75 < mER < 100 GeV.

e Resolved regime: A ER value larger than 150 GeV is required. The hadronic
system is represented by at least two small-R jets with pr > 20(30) GeV in the
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5. Inputs to the Statistical Combination

central (forward) region. Maximally two b-tagged jets are allowed, targeting the
tt and V+jets backgrounds with heavy flavour jets. The leading small-R jet is
required to feature pp > 45 GeV, and the sum of the pr of all small-R jets is asked
to exceed 120 (150) GeV for events with two (three or more) jets. This is required to
accurately model the trigger efficiency. The W/Z boson candidate is formed by the
two reconstructed b-jets, or by the two leading jets in case of fewer b-jets. These two
jets are expected to be relatively close to each other and feature a mass compatible
with the W/Z boson mass. This translates into a requirement on the separation
between both jets in the transverse plane of AR < 1.4, and on the di-jet mass of
65 < mj; S 105GeV, depending on the number of b-jets.

Background Control Regions

The CRs are divided into resolved and merged regimes, as well as b-tagging categories
analogously to the SRs to select events that are kinematically similar to the corresponding
SRs. No differentiation into high and low signal-like purity is employed in the CRs.
Two CRs allowing for charged leptons are constructed, enriched in the main background
processes. Information in these CR is used to constrain the corresponding normalisations
and EXs distribution shapes in the SR. A further CR is constructed to obtain a prediction
for the multijet contribution in the SRs.

The tt and W+jets backgrounds are constrained from a one-lepton CR. Selections
similar to the SR are employed, but exactly one muon with pr > 25 GeV, and no further
charged lepton is required. The allowance of a single muon represents the leptonic decay
of the W boson (accordingly of one W boson for tt), contributing to the SR if the charged
lepton is not detected. The ¢t process is dominant in the one and two b-tag regions,
whereas W+jets events are mainly expected in the zero b-tag region.

A two-lepton CR is constructed by requiring a pair of electrons or muons in the mass range
66 < my < 116 GeV, with pr > 25GeV for at least one of the charged leptons. Events
passing a single lepton trigger are considered for this CR. The Z(— vv)+jets background
process is represented by the kinematically very similar decay to charged leptons. This
allows for an extrapolation to the Z(— vv)+jets prediction in the SR by scaling with the
appropriate ratio of branching fractions.

The observable used in the statistical analysis of the SR is p} = EX*5. Both lepton CRs
employ modified definitions of E¥5 and the track-based quantity p* for the selections
and statistical interpretation. Here, the contributions of the charged leptons is subtracted,
EIiss molep and piiss ol This is done to ensure kinematic similarity between the SR
without charged leptons, and the CRs.

The multijet CR is constructed using the same selection as the SR, but inverting the
separation requirement on the jet closest to the EM®. This cut represents the most
effective multijet discriminant. The resulting distribution is corrected for contributions
from non-multijet processes, estimated from MC simulation. A scale factor is required to
account for the difference in the distribution due to the cut inversion. The mass-sidebands
(inversion of the mass window) are employed without the requirements on the separation
between the closest jet and the E¥5 and between the calorimeter- and track-based
EXiss. The distributions before and after the inversion of the separation requirement can
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5.1. Run 2 V(— hadrons)H

be studied in this region and the ratio is computed. The distribution in the multijet CR
scaled by the ratio is then used as the multijet estimate in the SR.

5.1.2. Uncertainty Treatment

The full list of nuisance parameters and the corresponding categories of systematic uncer-
tainty taken into account in the V,;H analysis is shown in Table A.3. The categories of
systematic uncertainty with the largest impact on the invisible branching fraction of the
Higgs boson assessed with the nominal signal hypothesis are jets (in particular large-R),
leptons, MC statistic, and the multijet and signal modelling. The analysis is found largely
systematically limited with only minor impact of data-statistics. Only those sources of
systematic uncertainty which require particular consideration in the construction of the
correlation model are discussed in the following.

Experimental Uncertainties

e The systematic uncertainty on the JES affecting the small-R jets is represented by
a strongly reduced set of three grouped NP and an additional NP accounting for
the nonclosure in the eta-intercalibration.

e The systematic uncertainties on the efficiencies to identify jets containing b-hadrons
(b-tagging) [114] for b, c and light jets are each split into several eigenvectors ordered
by impact, separately for calorimeter and track jets. Furthermore, two nuisance
parameters are included corresponding to systematic uncertainties on the MC sim-
ulation based extrapolation to pr > 300 GeV for b and c jets, where the data-based
calibrations are limited by statistics [115].

Theory Uncertainties on the Signal

All three analyses assume SM Higgs boson production to generate MC signal predictions
in the corresponding topologies. The Higgs boson is forced to decay invisibly via H —
Z7Z* — 4v with a branching ratio of 100%.

e The systematic uncertainty on the theoretical prediction for the signal process due to
variations of QCD scales (renormalisation and factorisation) is estimated to account
for effects of missing higher orders in perturbation theory used for the calculations.
The V,zH analysis considers the effect of QCD scale variations as separate nuisance
parameters for the impact on the invisibly decaying Higgs boson signal cross section,
acceptance, and EMss distribution shape.

e The impact due to the choice of a specific PDF set is assessed by comparison to
alternative PDF sets. The systematic uncertainty is also represented with separate
nuisance parameters for the impact on the signal cross section, acceptance and Emiss
distribution shape respectively.

e The systematic uncertainty due to the modelling of the parton shower is accounted
for by comparing the results from the PYTHIA MC generator with different tune
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parameters (MPI, Ren, Varl, Var2) [116, 117]. These vary the initial state radiation,
final state radiation, and multi-parton interactions. The envelope of the variations
compared to the nominal prediction is used as an estimate of the systematic uncer-
tainty. Two nuisance parameters are implemented to account for the impact on the
signal acceptance and ER distribution shape. The cross section of the process is
not affected by variations in the modelling of the parton shower.

5.2. Run 2 Z(— leptons)H

The search in the Z,;H topology with Run 2 data [5] is specialised on events featuring
a large quantity of EM representing the invisible Higgs boson decay, recoiling against a
pair of charged electrons or muons compatible with the decay of a Z boson.

Jets are defined with the anti-k; algorithm using calorimeter clusters as input and a
radius parameter of R = 0.4, requiring a minimum transverse momentum of pp > 20 GeV.
The JVT discriminant is employed to differentiate between jets from the hard scattering
and from pile-up in the low transverse momentum region. A flavour tagging algorithm is
utilised to identify jets originating from b-hadrons.

The likelihood model of the analysis is divided into two separate SRs featuring either a
pair of oppositely charged electrons or muons as Z boson candidate. The SRs are analysed
in three bins of EM5 which is used as final discriminant in the statistical interpretation.
The resulting observed (expected) C'Lg upper exclusion limit on the invisible branching
fraction of the Higgs boson at 95% CL is given by:

B sine < 0.67 (0.397517) (5.2)

The search in the Z,;H topology is the second most sensitive direct search for invisible
Higgs boson decays due to the accurately reconstructed leptonic system, and the require-
ments on ER. The weaker observed exclusion limit is primarily driven by an excess
observed in the di-muon SR, but is not statistically significant.

The main backgrounds in the Z,7H analysis are the production of two vector bosons
(diboson), ZZ, and WZ, shown in the Feynman diagram in Figure 5.2.

Wiz
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Figure 5.2.: Exemplary Feynman diagram for ZZ /W Z production with leptonic decays,
constituting the main backgrounds in the Z,;H analysis.
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The dominant background are ZZ events where one Z boson decays into two electrons
or muons, and the second decays into neutrinos. This process features ER recoiling
against two charged leptons from a Z boson. Hence, is cannot be distinguished from the
signal and constitutes an irreducible background. An estimation of the ZZ distribution
normalisation via Z(— ¢¢)Z(— ¢¢) events and branching ratio scaling is not possible due
to limited data statistics of four lepton events. A prediction based on MC simulation is
used instead. The W Z process contributes to the signal selection if the Z boson decays
to charged leptons, and the charged lepton from the leptonic W boson decay escapes
detection or is a tau that decays hadronically. This background is estimated using MC
simulation and is scaled with a factor obtained in a CR to account for possible missing
higher perturbative orders in the simulation.

A further background are Z+jets events where the Z boson decays to electrons or
muons. The process enters the SRs if the jet energy measurements vary considerably to
yield EI in the direction of the jets, opposite to the leptonic system. This background
is estimated in a data-driven way employing several CRs, as discussed below. Moreover,
two charged leptons from non-resonant decays of several particles can populate the SRs if
the di-lepton system yields a mass around m . Non-resonant contributions are expected
from ¢t, Wt, WW and Z(— 77) processes. A dedicated CR is constructed to estimate
the yield in the SRs. Marginal backgrounds are triboson production (VVV'), and tt with
one or two further vector bosons. Their contributions are estimated from MC simulation.

5.2.1. Event Selection

The Z,7H analysis considers events which pass single lepton trigger. The SRs for electron
and muon pairs feature the same selections apart from the charged lepton flavour, and
are summarised together with the background CRs in the following.

Signal Regions

Two electrons or muons with opposite electric charge are required with a pr > 30 (20) GeV
for the leading (subleading) lepton. Events containing a third charged lepton with pr >
7GeV are discarded to suppress contributions from the W Z process. The two leptons
are expected to originate from a Z boson decay. Hence, the di-lepton mass is required
in a window around the Z boson mass: 76 < my < 106 GeV. A large quantity of
EXiss > 90 GeV is required to account for the invisible Higgs boson decay. Contributions
due to large EX from varying jet energy measurements are reduced by defining Hrp
as scalar pr sum of the selected jets and leptons, and requiring ER/Hp > 0.6. A
minimal separation between the di-lepton system and the EXS vector of Ag(p, Emiss) >
2.7radians is imposed to account for the expected recoiling signal topology. Analogously,
the two charged leptons from the Z boson decay are required to be close: ARy, < 1.8. The
pr of the Z boson, represented by p¥, is expected to balance the ER in signal events.
A requirement on the maximally allowed imbalance is imposed to reduce Z+jets events

contributing due to a sizeable EX soft-term: [p% — p™¥®|/p& < 0.2, where pi™®* is
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the B without the pr of the selected jets. Background processes involving a top quark
are suppressed by discarding events featuring any identified b-jet with pr > 20 GeV.

Background Control Regions

A scale factor for the WZ background contribution is derived from a CR that is con-
structed using the SR selections but requiring a third charged lepton. The third lepton
represents the escaped or hadronically decaying charged lepton from the W boson. The
mlY quantity is defined as sum of the EX* and the third leptons pr. It represents the W
boson and is required above 60 GeV to enrich this region further in W2 events. The SR
scale factor is determined, after subtraction of further contributions from MC simulations,
as ratio between the resulting and predicted distribution.

The Z+jets contribution is estimated using a technique referred to as ABCD method.
It employs four regions, the SR (A) and three Z+jets enriched regions (B, C, D). These
enriched regions are chosen such that the assumption on the Z+jets yield in the regions
N4/Np = N¢/Np approximately holds. This allows for the determination of N4 in the
SR from the yields in the three other regions. The closure of this assumption is found
to be consistent with unity, considering the large statistical and systematic uncertainties
on the yields. These uncertainties propagate further to the Z+jets estimate in the SR.
Region B is defined by events which fail either E¥* > 90 GeV or ER /Hr < 0.6. Events
in region C' satisfy both, but fail other signal selections. The remaining events populate
region D.

The non-resonant contribution in the SR is estimated by the event yield after employing
the signal selections on events with two oppositely charged, but different flavour leptons
ep. Contributions from other backgrounds are subtracted using MC simulation. Fur-
thermore, the difference in efficiency between selecting different and same flavour charged
lepton pairs is taken into account.

5.2.2. Uncertainty Treatment

The full list of the nuisance parameters and corresponding categories of systematic uncer-
tainty considered by the Z,;H analysis is shown in Table A.2. The result of the analysis
is mainly limited by data statistics. The most significant categories of systematic uncer-
tainty are the theoretical modelling of the ZZ background, the luminosity, jets, and the
predictions for WZ and Z+jets background yields by employing CRs. In the following,
only those sources of systematic uncertainty are discussed which require special attention
in the construction of the correlation model.

Experimental Uncertainties

e The systematic uncertainty on the JES is represented by a strongly reduced set of
three grouped nuisance parameter and an additional nuisance parameter accounting
for the nonclosure in the eta-intercalibration.

e The systematic uncertainties on the b-tagging efficiencies for b, ¢ and light jets are
each represented by a single nuisance parameter. These correspond to the combined
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5.3. Run 2 Vector-Boson-Fusion

effect of the eigenvectors considered in the V,zH analysis. Two nuisance parameters
are included corresponding to systematic uncertainties on the MC simulation based
extrapolation to higher pr regions for b and c jets.

Theory Uncertainties on the Signal

e The systematic uncertainty on the signal prediction due to variations of the QCD
scales are represented by a nuisance parameter corresponding to the effect on the
cross section.

e Similarly, the impact due to the choice of a specific PDF set on the signal predic-
tion is estimated by comparison to alternative sets, and represented by a nuisance
parameter affecting the cross section.

e The systematic uncertainty due to different modelling of the parton shower is es-
timated, but is found to have negligible impact on the result.

Theory Uncertainties on Backgrounds

The effect of QCD scale variations on the theoretical prediction for the ZZ background
process is accounted for by a corresponding nuisance parameter.

5.3. Run 2 Vector-Boson-Fusion

The search in the VBF topology with Run 2 data [4] is specialised on events featuring
a large quantity of EX corresponding to the invisible Higgs boson decay, and two very
forward jets in opposite hemispheres of the detector originating from the quarks that
radiated off the vector bosons.

The anti-k; algorithm with a radius parameter of R = 0.4 is employed on calorimeter
clusters to define jets, requiring a minimum transverse momentum of pp > 25 GeV. Pile-
up jets are suppressed in the low pr region by using the JVT discriminant.

The SR and correspondingly the statistical interpretation in the likelihood model is
divided in three bins of EM5. The largest signal sensitivity is expected in the highest
EXiss bin. The resulting observed (expected) C'Lg upper exclusion limit on the invisible
branching fraction of the Higgs boson at 95% CL is given by:

Br iy < 0.37 (0.2870-5%). (5.3)

The search in the VBF topology is the most sensitive of the individual direct searches for
invisible Higgs Boson decays due to the comparably large production cross section, and
powerful QCD suppression achieved by the EM5 and forward jets requirements summar-
ised below.

The dominant background are V+2 jets events. These events are differentiated into
two different production modes. Gluons are radiated off initial state quarks which fuse
into a V' boson in the strong production mode. The weak production mode resembles the
Higgs boson production via VBF, but a V' boson is produced instead of the Higgs boson.
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5. Inputs to the Statistical Combination

Feynman diagrams for both processes are shown in Figure 5.3.

(a) Strong production of V42 jets. (b) Weak production of V42 jets.

Figure 5.3.: Exemplary Feynman diagrams for the V+2 jets production with leptonic
decay of the V' boson, constituting the main backgrounds in the VBF analysis.

In both cases, the additional jets are directed in the forward regions of the detector sim-
ilarly to the signal topology. The ER is yielded either by the decay of the Z boson to
neutrinos, or from the W boson decaying into a leptonically, where the charged lepton
escapes detection. Dedicated CRs are constructed to determine the SR normalisation of
the Z+2 jets and W+2 jets distributions estimated from MC simulation. The background
contribution from multijet events featuring E¥5 due to variations in the jet energy meas-
urements are estimated from a multijet enriched selection of events passing a single jet
trigger. Minor backgrounds are expected from processes involving top quarks and dibo-
sons. Predictions from MC simulations are used for the SR yields of these backgrounds.

5.3.1. Event Selection

Events are considered for the VBF SR if they pass EXs trigger. The SR selections and
construction of CRs for the V+2 jets and multijet backgrounds are summarised in the
following.

Signal Region

The signal topology exclusively features jets and EX5. Hence, events containing any
reconstructed isolated electron or muon with pr > 7GeV are discarded. The (sub)leading
jet is required with pr > 80 (50) GeV. Events including any reconstructed third jet with
pr > 25GeV are vetoed. A minimum requirement of E1 > 180 GeV is imposed, repres-
enting the invisible Higgs boson decay. The H& quantity is defined via the magnitude of
the pr sum of all jets, regardless of whether they pass or fail the JVT requirement. Events
are selected if they additionally feature H® > 150 GeV, to account for cases in which
large EXs arises due to a high-py jet failing the JVT requirement. Further selections
consider the geometry of the signal topology. The jets j are expected to be separated
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5.3. Run 2 Vector-Boson-Fusion

from the ER: |Ag¢(E®, j)| > 1, not be back-to-back: |Ag;;| < 1.8, should feature a
large separation in pseudorapidity: |An;;| > 4.8, are expected in different hemispheres of
the detector: 7;1 X nj2 < 0, and feature a very large di-jet mass driven by the separation:
mj; > 1TeV.

Background Control Regions

The normalisation for the MC simulation of the W (— ¢v)+2 jets background distribution
in the SR is estimated in a CR. The CR employs the SR selections but allows for a single
electron or muon, representing the leptonic decay of the W boson. The region is further
divided according to the flavour and charge of the lepton. The estimate is improved by
accounting for jets mis-identified as an electron. Information on mis-identified jets is
obtained from additional regions split from the one electron CRs. Required is a low Emiss

significance, defined here as Sygr = F¥/4 / %1 + pZ'FQ + p7 < 0.4+/GeV. The observable
is motivated by the general form of a significance S, = x/o(x), and the resolution of the
energy measurement which is proportional to VE. A low Sygr value thus selects events
which are likely to contain mis-identified jets yielding fake EMiss,

The normalisation for the simulated Z(— vv)+2 jets background distribution in the
SR is estimated in a CR allowing for two oppositely charged electrons or muons in a
di-lepton mass window of 25GeV around my. Due to the similar kinematics of the Z
boson decaying to charged leptons or neutrinos, this distribution can be scaled by the
appropriate branching fractions and used for the estimation of the normalisation.

A EXiss quantity without the contribution of the charged leptons is employed in the one
and two lepton CRs, which is kinematically more similar to the E¥ in the SR without
charged leptons.

The multijet background prediction from MC simulation is statistically limited, similar
to the V,zH analysis. Instead, a multijet enriched region with events that pass a single
jet trigger is used with a rebalance and smear method [118]. Some multijet events are
expected to yield sufficient EX to populate the SR due to experimental systematic
variations in the energy measurements of the jets. The acceptance of these events in the
SR is estimated by rebalancing the jets to yield only the ER® soft term, and subsequently
smearing the jets properties multiple times with templates which model the experimental
response. The method is further validated in a sideband of 1.8 < A¢;; < 2.7, allowing
for a third jet, and loosening requirements on m;; > 0.6 TeV, and on the separation in
njj > 3.

5.3.2. Uncertainty Treatment

The full list of nuisance parameters and corresponding categories of systematic uncertainty
is shown in Table A.1. The VBF analysis particularly benefits from larger data statistics.
The most significant groups of experimental systematic uncertainty are jets, the EX soft
term, leptons, and the limited size of background MC predictions, in particular for the
very high di-jet mass region. Important theory uncertainties affect the modelling of the
strong and weak production modes of V+2 jets distributions. In the following, only those
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5. Inputs to the Statistical Combination

sources of systematic uncertainty are discussed that require attention in the construction
of the correlation model.

Experimental Uncertainties

The systematic uncertainty on the JES is represented by a category-based reduced set
of 29 nuisance parameters, including a nuisance parameter accounting for the nonclos-
ure in the eta-intercalibration. The category-based scheme reduces detector, modelling,
statistical, and mixed effects to a list of combined nuisance parameters per category.
Additionally featured a several nuisance parameters for flavour dependent effects, the
eta-intercalibration procedure, and pile-up corrections.

Theory Uncertainties on the Signal

e A nuisance parameter corresponding to the combined effect of QCD scale variations
and of the third jet veto on the signal cross section is implemented.

e The choice of a specific PDF set on the signal cross section is represented by a
corresponding nuisance parameter.

e The parton shower induced uncertainty on the signal is assessed by comparing vari-
ations in the PYTHIA MC generator, and further comparing to the alternative
HERWIG generator. The envelope is used as a systematic uncertainty.

e Events from the gluon-gluon fusion production process of the Higgs boson can pass
the event selection of the VBF analysis if two additional quarks or gluons are radi-
ated off (ggF+2 jets). The values for the QCD scales influence the prediction for
the number of ggF'+2 jets events in the signal selection of the VBF analysis. Hence,
the variation of QCD scales gives rise to an additional systematic uncertainty.

5.4. Run 1 Combination

The ATLAS collaboration performed searches with Run 1 data in the VBF [119], Z,;H [120],
and V,zH [121] topologies. Furthermore, a Mono-jet analysis for two jets and ER' was
reinterpreted as a search for invisible decays of the Higgs boson. The search was statistic-
ally combined with the Run 1 VBF search, ensuring the orthogonality between the signal
selections of both searches. The phase spaces probed by the Mono-jet analysis feature
either a lower di-jet mass, or a smaller separation between both jets compared to the
VBF analysis. They and are referred to as SR2a and SR2b in the VBF analysis [119].
These direct searches for invisible Higgs boson decays were statistically combined to a full
Run 1 result [3]. The C'Lg upper exclusion limits on the invisible branching fraction of
the Higgs boson of the individual searches and of the combination at a confidence level
of 95% are shown in Table 5.1.

Similarly to the individual Run 2 search results, the experimental sensitivity is largest
for the search in the VBF topology, and decrease for the searches in the Z,;H, and further
in the V,4H topology. The result of the statistical combination is primarily driven by the
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Analysis Exclusion limit Reference
Run 1 VBF + Mono-jet 0.28 (0.31) [119]
Run 1 Z,;H 0.75 (0.62) [120]
Run 1 V H 0.78 (0.86) [121]
Run 1 combination 0.25 (0.2719:59) [3]

Table 5.1.: The observed (expected) upper CLg exclusion limits on By iy at 95%
confidence level for the combination of all searches in Run 1 compared to the results in
the individual searches.

VBF analysis. However, the VBF and V ;H analyses in Run 1 observe less events than
expected, resulting in stronger observed exclusion limits than the expected. This feature
propagates to the combined result with a slightly stronger observed limit compared to the
median of the expectation.

The full list of nuisance parameters considered in the combination of Run 1 searches
is shown in Table A.5. In summary, the statistical combination of the Run 1 searches
considered the following sources of systematic uncertainty as correlated:

e The uncertainty on the integrated luminosity.

e The uncertainty on the JES where applicable. The analyses used different reduction
schemes similarly to Run 2. Systematic uncertainties were correlated in cases of clear
correspondence.

e The uncertainty on the jet energy resolution.

e The uncertainty on the signal cross section due to QCD scale variations, the choice
of a specific PDF set, and the parton shower modelling.

5.5. Statistical Orthogonality

The regions probed by the searches entering the statistical combination are required to
be orthogonal, in order to avoid double counting of events. The Run 1 and 2 searches use
independent data sets and are thereby orthogonal by definition. The orthogonality of the
Run 2 searches is discussed in the following.

The selection criteria summarised in the previous sections ensure that the individual
searches are statistically orthogonal, both in the SRs and CRs. The search in the Z,;H
topology requires two charged leptons together with EM eliminating possible overlap
with the VBF and VjH selections. The VBF and V,;H searches are orthogonal by
construction due to the di-jet mass requirement of m;; > 1TeV in the VBF search, which
is incompatible with the window around the W/Z boson mass selected in the V,;H search.
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5. Inputs to the Statistical Combination

The most important selections of the three Run 2 searches are summarised in Table 5.2
for the SRs, and in Table 5.3 for the main background CRs.

The orthogonality is verified explicitly by applying the selection criteria of the indi-
vidual searches to a representative subset of the data, corresponding to about 0.5fb~! of
integrated luminosity and has a pile-up profile typical for Run 2 covering between 14.3
and 34.2 proton-proton collision in a single bunch-crossing. No common event that is
used in the statistical interpretations of the data is selected by the different searches.
This is true for both the SRs and CRs. Thus, it is concluded that the input searches
use statically orthogonal data sets at the level of statistical precision of this test, which
uses more than 1% of the analysed data set. Any statistical overlap potential at a level
of below 1% would have a negligible statistical impact.

Table 5.2.: Summary of the relevant SR selections of the three input analyses using VBF,
ZwH and VzH Higgs production modes.

Channel ~ Eiss N(jets) pr(jet) mj; Anj;
VBF > 180 GeV exactly 2 leading bin in m;; from > 4.8
> 80 GeV, 1 —-15TeV
subleading 1.5 —2TeV
> 50 GeV > 2TeV

ZH >90GeV >0 >20GeV  NJA N/A
VH >150GeV >2R=04 >20GeV 65 < mj; < 100 GeV N/A
resolved, resolved, R =04 jets, Resolved (0,1,2 b-tag),
> 250GeV > 1 large-R > 200GeV  50% sig. eff. with Dy cut

merged merged large-R jets  Merged (0,1 b-tag),

75 < mj; < 100 GeV
Merged (2 b-tag)

Channel N(b-jet) pr (b-jet) N(lepton) pr (lepton) other cuts
VBF N/A N/A veto > 7GeV Agj; < 1.8
ZH veto >20GeV 2 leading 76 < my < 106 GeV,
> 30 GeV, ARy < 1.8,
subleading  Ag¢(pr(ll), EXs) > 2.7,
> 20GeV  pr balance > 0.2,
Ewss 0T > 0.6
VH 0/1/2 > 20GeV  veto > 7GeV merged: Dy cut
(for 0/1 b-tag),
AD(EWSs et(s)) > 120°,
A(I)jl’jg < 140°,
for 0,1(2) b-tags
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Table 5.3.: Summary of the relevant CR selections of the three input analyses using
VBF, Z,;H and V,;H Higgs production modes.

Channel s N(jets) pr(jet) m;j An;;
VBF > 180 GeV exactly 2 leading bin in m;; from > 4.8
> 80 GeV, 1—1.5TeV
subleading 1.5 —2TeV
> 50 GeV > 2TeV

ZH > 90 GeV >0 > 20 GeV N/A N/A
VH > 150 GeV >2R=04 >20GeV see SR N/A
resolved, resolved, R = 0.4 jets,
> 250 GeV > 1 large-R > 200 GeV
merged, merged large-R jets
use l?anliss7 no lep.
Channel N(bjet) pr (bjet) N(lepton) pr (lepton) other cuts
VBF N/A N/A 1 lepton > 30GeV Ad(j7) < 1.8,
W+jets CR7 leading, Sver < 0.4
2 leptons > 10 GeV W+jets CR
Z(0)+jets CR subleading for mis-ident. jets
(Z(00)+jets CR)
ZH veto >20GeV 3lep. (W/Z) CR, see SR for pair, same as in SR +,
opp. sign ey pair > 20 GeV 3 lep. CR:
(non-resonant CR)  third lepton mr(W) > 60 GeV,

ABCD Z+jets:
B:ERss < 90 GeV
or EMiss [ Hp < 0.6,
C: ERiss > 90 GeV
and E¥/Hy > 0.6,
but fail other cuts,

D: rest
VH 0/1/2  >20GeV 1 lepton > 7GeV AP (BRSO et (s))
W+jets CR, W+jets CR, > 120°,
2 leptons > 25 GeV Adjy o < 140°

Z(0)+jets CR Z(L0)+jets CR
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6. Statistical Combination

This Chapter presents the statistical combinations of the searches for invisible Higgs boson
decays. The model used to correlate systematic uncertainties between input channels for
the Run 2 combination and between Run 1 and Run 2 are shown in Section 6.1. The
results are shown in Section 6.2 for the Run 2 combination and in Section 6.3 for the
Run 142 combination.

6.1. Correlation Model

The correlation model is the set of assumptions on the correlations between the sources
of systematic uncertainty in the inputs to the statistical combinations.

The input searches employ pruning procedures which reduce the number of systematic
uncertainties in their statistical analyses. Only those sources of systematic uncertainty
that impact the parameter of interest, By_.i,, non-negligibly are included. One example
is the systematic uncertainty on the muon momentum scale which is insignificant for the
result of the V zH search. The global correlation models for the combinations thus only
take into account sources of systematic uncertainty that affect the result.

The nuisance parameters representing a given source of systematic uncertainty are
constrained in the individual profile likelihood fits of the input searches as described in
Section 4.1.1. In the context of this Thesis, a nuisance parameter is referred to as over-
constrained either if it is constrained to 50% of the prior uncertainty, or is profiled to a
value above 0.7 0 with respect to the nominal. When correlating a given nuisance para-
meter between searches, care must be taken since this constraint is propagated between
analyses. Its value becomes rather specific to the region of phase space considered in a
given search, and may not be representative for the regions of phase space selected in
the other searches. Furthermore, propagating strong constraints through correlations can
introduce tensions and artificial biases in the profile likelihood fit. In accordance with
the recommendations of the ATLAS Higgs combinations group and other measurements
of Higgs boson couplings [122], the over-constrained nuisance parameters are uncorrel-
ated while the corresponding nuisance parameters of the remaining input searches are
correlated where applicable.

The input searches use different approaches to estimate several systematic uncertainties.
Similarly, the representation of systematic uncertainties may differ between searches, e.g.
due to reduction schemes. In such situations, there is no clear mapping between the
nuisance parameters in the respective input searches. Examples include the systematic
uncertainty on the Jet Energy Scale and the parton shower modelling which are described
below. Assuming full correlation by introducing a common nuisance parameter in the
combined profile likelihood model does not reflect the distinct estimation procedures.
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Nuisance parameters are treated as uncorrelated in these situations since assuming a
correlation would imply that there is an understanding and control over the source of
systematic uncertainty that in fact there is not. Additional combined likelihood models are
constructed with alternative correlation assumptions between nuisance parameters. The
effect on the result is assessed by the exclusion limit on By_,i,, compared to the exclusion
limit obtained with the default correlation model. Their impact is small compared to the
systematic uncertainties on the combined results and detailed in Appendix B.

6.1.1. Run 2 Combination

The Run 2 combination correlation model is described in the following. It includes sys-
tematic experimental uncertainties, and theory uncertainties on the invisibly decaying
Higgs boson signal prediction. The methods used to estimate the different sources of
backgrounds vary significantly between the input searches. The nuisance parameters
reflecting the experimental and theory uncertainties on the background predictions are
tailored to the specific techniques being used and the phase spaces being probed. Accord-
ingly, there is no correlation assumed between systematic uncertainties on the background
predictions.

Experimental Uncertainties

Many experimental uncertainties are treated coherently by the three input analyses and
are represented by the same set of nuisance parameters in their statistical models. The cor-
responding nuisance parameters and their prior constraint are measured by performance
groups inside the ATLAS collaboration, who provide recommendations for the analyses.
Their correlation is technically realised as described in Section 4.1.3. The correlation
model is discussed in the following and is summarised in Table 6.1.

e The systematic uncertainty on the integrated luminosity [123] is correlated across
all input searches.

e The systematic uncertainties related to the detection of muons [109, 110] and elec-
trons [108, 124] are correlated if they are taken into account by the searches. Nuis-
ance parameters corresponding to systematic uncertainties on electrons describe
the uncertainty on the triggering of electrons, on isolation requirements, on elec-
tron reconstruction, and on the energy scale and resolution. For muon detection,
the nuisance parameters for systematic uncertainties on triggering, isolation, recon-
struction, and the association of tracks to the primary vertex are split into system-
atic and statistical components. Further uncertainties on muons arise from track
smearing in the inner detector and muon systems, the momentum scale, and charge
dependent effects on the momentum scale [110].

e The systematic uncertainties on the jet energy scale (JES) for anti-k; calorimeter
jets with a radius parameter of R = 0.4 are considered to be partly correlated. The
VBF search utilises a category-based reduction scheme with 29 nuisance parameters.
Effects of categories such as detector, modelling and statistical uncertainties are
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grouped into a list of combined nuisance parameters [104]. The Z,;H and V ;H
searches are less sensitive to the individual components of the JES. They use a
strongly reduced set of JES uncertainties that is described by three grouped nuisance
parameters and a nuisance parameter for the eta-intercalibration nonclosure [104].
This set is a further reduction, combining effects across categories as well. The
four strongly reduced nuisance parameters are treated as correlated between the
ZyH and VzH searches. The eta-intercalibration nonclosure nuisance parameter is
present in both reduction schemes and is thus correlated between all channels. There
is no clear correspondence between the remaining individual nuisance parameters
of both schemes. Hence, no correlation between the grouped nuisance parameters
in the strong and the nuisance parameters in the category based JES reduction
schemes is implemented.

The Z,;;H and VBF searches implement an uncertainty on the JVT discrimin-
ant [103] and the corresponding nuisance parameter is correlated.

The systematic uncertainties on jets with a radius parameter of R = 1.0 present in
the V,zH search have no counterparts in the VBF and Z,;H searches that use only
R = 0.4 jets and are therefore not correlated.

The systematic uncertainties on the b-tagging efficiencies [114] are partly correlated.
The V,sH search explicitly uses information on the jet flavour to improve the sens-
itivity. Here, the b-tagging uncertainties for b, ¢, as well as light jets are each split
into several eigenvectors ordered by impact. By contrast, flavour information plays
a minor role in the Z,;H search and the corresponding uncertainties are represented
by one single combined nuisance parameter for each of the three categories of b, ¢,
and light jets. Since the nuisance parameters in the Z,;H search strictly correspond
to a combination of individual eigenvectors in the V,zH search, the leading nuisance
parameter for each of the three categories from the V, ;H search is correlated with
the corresponding combined nuisance parameter from the Z,;H search. The VBF
search is flavour-inclusive and thus no uncertainties related to b-tagging apply.

The systematic uncertainties related to the reconstruction of the soft E3** compon-
ents from tracks originating from the primary vertex and not associated to physics
objects are correlated. These include uncertainties on the scale of soft components,
and the resolutions of the soft components parallel and perpendicular to the Emiss
direction [114].

The pile-up profile in the detector is estimated using MC simulations and the cor-
responding systematic uncertainty is correlated across all input searches.

Some sources of systematic uncertainty are strongly constrained in the V,;H search that
uses CRs with large numbers of data events. Here, the criteria outlined above for not
correlating these are met. Those nuisance parameters are indicated by an asterisk (%)
in Table 6.1. Since their strong constraint originates from the V,zH search, they are
uncorrelated between the Vi ;H and the other two searches, but are correlated between
the VBF and Z,;H searches.
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Source VBF Z;H V,gH

Luminosity

Muon trigger efficiency statistical

Muon trigger efficiency systematic

Muon isolation efficiency statistical

Muon isolation efficiency systematic

Muon reconstruction efficiency statistical

Muon reconstruction efficiency systematics

Muon track to vertex association eff. statistical

Muon track to vertex association eff. systematic

Muon track smearing in inner detector

Muon track smearing in muon system

Muon momentum scale

Muon momentum scale charge dependent

Muon momentum scale charge dependent residual

Electron trigger efficiency

Electron isolation efficiency

Electron identification efficiency

Electron reconstruction efficiency

Electron energy resolution

Electron energy scale

Jet energy resolution

Jet eta-intercalibration nonclosure

Jet energy scale strong reduction first

Jet energy scale strong reduction second

Jet energy scale strong reduction third

Jet vertex tagging efficiency

Flavour tagging b systematics —

Flavour tagging ¢ systematics —

Flavour tagging light systematics —

Flavour tagging extrapolations for b —

Flavour tagging extrapolations for ¢ —

EX5 goft term resolution parallel v

EXiss soft, term resolution perpendicular v
v
v

BR
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EXiss soft term track momentum scale
Pile-up reweighting

QCD scale variation (signal cross section)
PDF set choice (signal cross section)

%

AN N N NN AN N N N N N N N N N N N N N N N N N N N N NENENEN
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Table 6.1.: Summary of experimental and theoretical sources of systematic uncertainty
and their correlation between the individual searches. A v indicates that a given nuisance
parameter is considered in the correlation model, while a dash indicates that a given
nuisance parameter was either pruned or does not apply to the search. Nuisance parameter
marked with an asterisk (x) are over-constrained and are not correlated, see details in the
text.
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Theoretical Uncertainties

The sources of systematic theory uncertainty on the signal predictions, and the correla-
tions between those implemented into the correlation model are described in the following.
Generally, there is different level of detail in the parameterisation of the effect of theory
uncertainties in the individual searches:

e The V,zH search estimates the systematic uncertainty due to variations of the QCD
renormalisation and factorisation scales, as well as due to the choice of a specific
PDF set separately for the signal cross section, acceptance, and EX* distribution
shape. These are represented by individual nuisance parameters.

e The Z,;H search takes into account the systematic uncertainty on the signal cross
section due to the choice of QCD scales and PDF set. Each of the two effects is
represented by a corresponding nuisance parameter.

e The VBF search studies the effect of both choices on the signal cross section sim-
ilarly to the Z,;H search. However, one common nuisance parameter is employed
representing the combined effect of QCD scale variations and of the veto of events
with a third jet on the signal prediction. Hence, the disentanglement of the two
effects for a correlation of the uncertainty due to QCD scale variation with other
searches is impossible.

The uncertainties due to choice of a PDF set on the signal cross section are correlated
across all input searches since they are consistently represented by the same nuisance
parameter. The production of the Higgs boson via VBF has a different Feynman diagram
than the Higgsstrahlung (Z,;H and VjzH). The variations of QCD scales are studied
to estimate the impact of higher order diagrams. These uncertainties are not correlated
between searches for VBF and Higgsstrahlung final states, since those higher order dia-
grams will in general be different. Different nuisance parameters are preserved for the
VBF and Higgsstrahlung production modes in the combined likelihood model. Because
of the different diagrams and the combined effect considered by the VBF search, only
uncertainties on the signal cross section due to QCD scale variations in the Z,;H and
VyqH searches are correlated.

The modelling of the parton shower gives rise to an additional source of systematic
uncertainty. The generators employ different theoretical approaches for the description of
the non-perturbative hadronisation process behind the parton showering.

e The parton showering induced systematic uncertainty on the signal in the V ;H
search is estimated by variations in the tune parameters of the PYTHIA generator
(MPI, Ren, Varl, Var2) [116, 117]. The uncertainty is represented as separate
nuisance parameters for the effects on the signal cross section and acceptance.

e The VBF search studies the same variations in PYTHIA, but additionally estimates
an uncertainty due to modelling differences between the PYTHIA and HERWIG
generators. Both effects are combined into a single nuisance parameter which is
dominated by the difference between the generators.
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e The corresponding uncertainty in the Z,;H search was found to have a negligible
impact on the individual result. It was therefore pruned away in the input search.

Due to the different determination methods and the large impact of the generator differ-
ences in VBF, a full correlation of parton shower uncertainties is not justified. The parton
shower uncertainties on the signal prediction of the VBF and V,;H searches are therefore
not correlated.

6.1.2. Run 142 Combination

The Run 2 combination of searches for invisible decays of the Higgs boson is further
combined with the combined result of all ATLAS Run 1 searches [3]. The inputs to this
combination are the combined search from Run 1, and the combination of Run 2 searches
employing the correlation scheme discussed above. The correlation assumptions between
the Run 1 and 2 combinations are described in the following.

Experimental Uncertainties

The correlations between Run 1 and 2 for the experimental uncertainties related to lepton
identification, flavour tagging, and E¥S reconstruction are assumed to be negligible. This
is due to the changes in the detector layout, in particular the inclusion of the Inner-B-Layer
(IBL), in the detector conditions like the calorimeter gain settings, in the reconstruction
algorithms and their calibrations, in the discrimination variables and the choice of the
operating points. Those changes in reconstructions and calibrations propagate to the
estimation methods and parameterisations of systematic uncertainties as nuisance para-
meters. Hence, full correlation between these uncertainties is not taken into account. The
uncertainty on the integrated luminosity is determined independently for the different
data-taking periods and is thus not correlated.

Recommendations exist for the correlation of JES uncertainties given the full list of
nuisance parameters in both runs. A weak correlation model and a strong correlation
model are proposed. The weak correlation scheme includes no correlations between JES
uncertainties. The strong correlation scheme assumes full correlation between nuisance
parameters describing systematic and modelling effects. In both combinations, searches
employ different reduction schemes for uncertainties on the JES. Moreover, theses schemes
have changed between the runs. The proposed strong correlation model is implemented
by only correlating those parameters that are modelled in both runs. This corresponds
to nuisance parameters from the category based reduction in the Run 2 VBF search. In
Run 1, these nuisance parameters are either already correlated between inputs, or originate
from a specific search. Combined likelihood models are constructed using both scenarios
and the strong correlation model is chosen for the combination of Run 142 searches
due to the resulting slightly weaker and hence more conservative limit on By_.i,,, see
Appendix B for details. The systematic uncertainty on the jet energy resolution (JER)
is over-constrained in the Run 1 combination, and the criterion outlined above for not
correlating the nuisance parameters between Run 1 and 2 is met. The uncertainty is
kept correlated between the Run 2 Z,;H and VBF searches. The correlated nuisance
parameters between Run 1 and 2 are summarised in Table 6.2.
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6.1. Correlation Model

Source Run 1 Run 2
Modelling of eta-intercalibration correlated VBF
Statistics of eta-intercalibration Vg VBF
Pile-up corrections, three individual nuisance parameters V z;H VBF
Pile-up corrections Monojet  VBF
Calorimeter response to different jet flavours correlated VBF
Uncertainty due to flavour composition of jets correlated VBF
JES specific for b-quark jets Vg VBF
Leading combined modelling effects correlated VBF
Sub-leading combined modelling effects Monojet  VBF
Leading combined detector effects Monojet ~ VBF
QCD scale variation on the signal cross section ZgH ZgH + VgH
QCD scale variation on diboson prediction ZgH ZgH
Parton shower modelling on signal acceptance VagH Vg
Fraction of ggF+2jets events in the signal region VBF VBF

Table 6.2.: Summary of sources of systematic uncertainty that are correlated in the total
combination of the input Run 1 and Run 2 combinations. Nuisance parameters are either
correlated parameters from several input searches, labelled as correlated, or originate from
a specific search, labelled as such.

Theoretical Uncertainties

Searches in the same final state but in different runs estimate some sources of theoretical
uncertainty by employing analogous techniques. In such cases a correlation is adopted in
the combined likelihood model. A full correlation is not justified for the remaining theory
nuisance parameters. The theoretical uncertainties that are correlated between runs are
discussed in the following, and summarised in Table 6.2.

e Different sets of PDFs are used in Run 1 and 2 for the nominal signal prediction,
as well as to assess the systematic uncertainty arising due to these choices. Hence,
a full correlation of these systematic uncertainties across runs is not implemented
in the combination.

e The impact of the parton shower modelling on the signal cross section is assessed
by the Run 1 VBF search using different schemes of the SHERPA MC generator,
and by the Run 2 VBF search using different PYTHIA tunes combined with a com-
parison to HERWIG. A full correlation is thus not assumed. Contrarily, both Vi H
searches consider the effect of parton shower modelling on the signal acceptance
comparing PYTHIA tunes and the uncertainty is treated as correlated.

e The systematic uncertainty due to the variation of QCD scales on the V, zH signal
in Run 1 is split into impacts on gg — ZH and gqq — V H. There are no counterparts
in Run 2 that could be correlated as these are split into effects on cross section,
acceptance and EX* shape.
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6. Statistical Combination

The Run 1 Z,7H search estimates the systematic uncertainty due to QCD scale vari-
ations on the signal cross section similarly to the Run 2 searches. These systematic
uncertainties are thus correlated between runs.

The QCD scale variation induced systematic uncertainty on the prediction for back-
ground processes involving two vector bosons (diboson) in the Z,;H searches is
correlated.

e The effect of QCD scale variations on the ggF'4-2jet yield in the VBF SR is estim-
ated in both runs by using the same method. The nuisance parameters are thus
correlated.

6.2. Results for Run 2

In the following, the results of the combination of searches for invisible decays of the Higgs
boson in the VBF, Z,;H and V ;H topologies using 36fb~! of pp collision data taken
by the ATLAS experiment in 201542016 are presented. The statistical combination is
performed on the level of individual likelihood functions as described in Section 4.1.3 and
adopts the model for correlations between sources of systematic uncertainties discussed
in Section 6.1.1.

6.2.1. Scans of the Likelihood Functions

The expected and observed profile likelihood ratios of the input searches and the com-
bination as a function of the invisible branching fraction By _.;,, are shown in Figure 6.1.
Post-fit Asimov data sets as introduced in Section 4.1.1 are used to obtain the expected
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Figure 6.1.: The expected (left) and observed (right) profile likelihood ratios for the
combination of all searches in Run 2 compared to the results in the individual searches
as a function of By _siny-
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6.2. Results for Run 2

profile likelihood ratios. A post-fit Asimov data set represents the SM prediction via con-
struction with nuisance parameter values retrieved from a profile likelihood fit with the
invisible branching fraction fixed to zero (post-fit values). The post-fit values are used
instead of the pre-fit values to accommodate the constraints of the phase-spaces being
probed by the searches. The phase-space will generally be distinct from the one used
to obtain the constraining priors. The resulting post-fit Asimov data set thereby more
closely resembles the SM expectation relevant to the observed data set, hence it is used
as well for the calculation of the expected limit on the invisible branching fraction. The
expected profile likelihood ratios are found found to be smooth in By_;.,. This shows
that there are no significant irregularities or biases in the individual or combined likeli-
hood models arising from a specific analysis region or nuisance parameter. Furthermore,
they are centred around the best-fit value of By i, = 0 as expected from the underlying
prediction. The width of the curves represent the size of the total uncertainty on the
expected result and thereby quantify the sensitivities of the searches. The V ;H search
has the lowest sensitivity, and the VBF search features the highest sensitivity. The Z,;H
search sensitivity is found in between, as anticipated from the individual results. The
VBF search is found to contribute most to the combined expected profile likelihood ra-
tio. The profile likelihood ratio shows the improvement due to combination of different
measurements by a more steeply rising parabola.

The observed profile likelihood ratios are constructed using the observed data sets of the
searches, respectively of the combination. They are found to be smooth in By _;,,. The
observed sensitivities are quantified by their widths. The best-fit value at the minimum
of the profile likelihood represents the most probable value for the invisible branching
fraction in the respective input search. The excesses of events above SM expectation
observed in all three input searches lead to the finite, positive most probable values.
The most probable value of the combined likelihood is found between the individual
minima as a result of summing the excesses in the input searches, weighted by their
individual sensitivities. It lies above the minimum of the VBF curve which has the
largest contribution. The combined observed profile likelihood features a larger upward
slope compared to the individual curves alone, consistent with the combination of the
inputs driven by the VBF search.

6.2.2. Limit on the Invisible Branching Fraction

The upper limits on the invisible branching fraction of the Higgs boson By_,i,, are com-
puted with the C'Lg technique, see also Section 4.1.2. The combined observed (expected 19)
upper limit at 95% confidence level is given by:

B iny < 0.38 (0.2170:08)

and is graphically represented together with the results of the input searches in Figure 6.2.
A summary of the numerical values for the upper limits and best-fit values of By _.in
together with the significances and corresponding p-values for a result at least as extreme
as the observed result are given in Table 6.3.

The experimental sensitivity is given by the expected upper exclusion limit and its
uncertainty bands. It is found to increase from the most sensitive VBF input search alone
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6. Statistical Combination

(0.28%5-54) to a combined result of (0.21700%). This is due to the addition of information
from searches in the Z,;H and V,3H topologies, and anticipated from the expected profile
likelihood ratios.

The individual excesses of events observed over the SM expectation in all three in-
puts searches have to be taken into account for the observed upper exclusion limit. The
combined best-fit value, together with the steep combined profile likelihood parabola res-
ults in a slightly weaker combined observed upper limit compared to the VBF search
alone. The summation of weighted individual excesses in all Run 2 searches together with
the stronger experimental sensitivity results in a more pronounced tension between the
combined expected and observed results. This behaviour is anticipated when combining
excesses in several searches irrespective of whether the excesses originate from the exist-
ence of a signal, or from background fluctuations. The observed significances of the input
searches range from 0.860 to 1.540, whereas the combined observed significance is 1.93
standard deviations.
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Figure 6.2.: The observed and expected upper C'Lg exclusion limits on By _in at 95%
CL for the combination of all channels in Run 2 compared to the results in the individual
searches.

6.2.3. Ranking of Systematic Uncertainties

The nuisance parameters can be ranked according to their post-fit impact on the profiled
value of the invisible branching fraction. Systematic uncertainties with a high impact on
the result of one or more inputs are expected to have a large impact on the combined
result as well. This impact is evaluated by a first fit of the combined profile likelihood
to the observed data set to estimate the post-fit uncertainties on these parameters. Sub-
sequently, two further fits are performed holding constant a specific nuisance parameter
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6.2. Results for Run 2

Table 6.3.: The observed (expected t}g) upper C'Lg exclusion limits on By_i,, at 95%
confidence level for the combination of all searches in Run 2 compared to the results in the
individual searches with the corresponding significances, p-values and the most probable

values for the invisible branching fraction (profiled By iny)-

Analysis Exclusion limit Significance p-value profiled By .,y Ref.
Run 2 VBF 0.37 (0.28 7 38%) 0860  0.194  0.1214+0.135  [4]
Run 2 ZH 0.67 (0.397917) 1.540  0.062  0.3024+0.204 [5]
Run 2 VH 0.83 (0.58 1 072) 1.160 0122 0.281+£0.263  [6]
Run 2 combination | 0.38 (0.217J5%) 1.930  0.027  0.2014+0.103 [12]

at its positive and negative post-fit uncertainty values. The resulting discrepancy in the
invisible branching fraction between these fits and the first, where all nuisance parameters
are profiled, is used to estimate the effect of the NP at extremal values ABy_in. This pro-
cedure is iterated for all nuisance parameters. Nuisance parameters are ordered by their
summed effects at positive and negative variation. The ranking of nuisance parameters
in the combination is shown in Figure 6.3, including the free background normalisations
estimated in CRs which have no constraining prior. Further depicted are the profiled
values and post-fit uncertainties of the nuisance parameters from the fit profiling all para-
meters. The yellow bands indicate the pre-fit effect of the nuisance parameters on the
invisible branching fraction estimated from a similar procedure holding the parameters in
fits constant at their pre-fit uncertainty values obtained from the prior constraints. The
uncertainties due to the finite size of MC samples in the different analysis are binned for
every process separately. The MC statistics depicted in the ranking each represent the
nuisance parameter for a specific bin. The sources of systematic uncertainties are labelled
with the originating input search, or labelled correlated if they are correlated between
several inputs.

The ranking of the nuisance parameters is found to be consistent with the rankings
obtained from the individual input searches, which are shown in Appendix D together
with details on the profiled values. The general findings of the ranking comparison are:

e The absolute impact of these nuisance parameters on the combined invisible branch-
ing fraction is found to be reasonably well described by the absolute impact in the
specific search alone weighted by the sensitivity that the input search adds to the
combination. Parameters from the VBF search hence are found to have roughly
the same absolute impact in the VBF search and in the combination. On the other
hand, parameters from the Z,;H and even more so from the V,zH search are found
to affect the combined branching fraction significantly less compared to their impact
in the individual searches.
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Figure 6.3.: The profiled values of nuisance parameters for the combination of the Run 2
searches, ranked according to their post-fit impact on By i, Free normalisation para-
meters shown in red and MC statistic parameters have their nominal value of unity,
indicated by the vertical red dashed line.
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6.2. Results for Run 2

e Nuisance parameters that are correlated between different searches are found to
have an impact on the combined result that is driven by the more sensitive searches
between which the nuisance parameters are correlated.

e Uncertainties due to the finite size of the MC samples in the VBF search are present
in the combined ranking. These are expected since the VBF search is found to be
partly limited by the available MC statistics, especially in regions of very high d-jet
mass. Accordingly, these are also found in the ranking of the VBF search alone.

The absolute impact on the combined invisible branching fraction as sensitivity weighted
impact in the inputs for uncorrelated and correlated sources of systematic uncertainty is
exemplified in the following:

e The systematic uncertainty on the gluon-gluon initiated ZZ yield in the Z,;H search
from theory calculations is ranked highest. The process where one of the Z decays
to electrons or muons and the other invisibly to neutrinos is the irreducible main
background in this analysis. A variation of the prediction for this process thus has
a significant impact on the result of the search in the Z,;H topology. Its absolute
impact in the combination is considerably reduced but still large.

e The impact of correlated sources of systematic uncertainty, such as the integrated
luminosity and the muon reconstruction efficiency, are consistent with the impact of
these sources in the VBF and Z,;H searches. This is due to these inputs contributing
most to the combined result.

e The free normalisation factor for the Z + light jets prediction in the V,;H search is
ranked high in the combination. The process with Z — vv and where the mass of
the di-jet system or large-R jet is compatible with the W/Z boson mass is a major
background in this search. The absolute impact of the corresponding parameter on
the invisible branching fraction in the V ;H search is very large. Hence, the impact
on the combined invisible branching fraction is still significant, although its absolute
value is strongly reduced because of the low sensitivity of the V zH search.

e The theory uncertainty on the strong and weak production of V+jets in the VBF
search is divided in EXS bins, separately for the variation of different scales used in
the computation. The uncertainty with the fourth largest impact of the combined
result is such a variation in the highest and most sensitive E¥* bin of the VBF
search for the strong production of W+jets. The process where the W boson decays
leptonically, and the charged lepton is not reconstructed constitutes one of the
dominant backgrounds in this search. A variation of the prediction therefore has a
considerable impact on the result. The uncertainty affects the invisible branching
fraction in the combination nearly as much as in the VBF search alone, which is
expected from the large contribution of the VBF search. This mechanism is also
observed for the Z+jets background normalisation factor for the highest EX*5 bin
of the VBF search.
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6.2.4. Breakdown of Systematic Uncertainties

The impact of different categories of systematic uncertainty on the sensitivity of the com-
bination is shown in Table 6.4. Details on the categorisation are given in Appendix C.
The evaluation is performed on an expected post-fit Asimov data set constructed with
Br_inv = 0 to estimate the effect on the sensitivity only and prevent effects due to
observed excesses. A specific category is taken out of consideration by setting the corres-
ponding nuisance parameters constant to their post-fit values obtained in the generation
of the Asimov data set. The uncertainty on the most probable invisible branching fraction
resulting from a fit to the expected Asimov data set is quadratically subtracted from the
total uncertainty that considers all systematic uncertainties.

The quadratic difference is stated as an estimate for the impact of a specific group of
systematic uncertainties, since e.g. residual correlations between groups are neglected.
Likewise, no full closure is expected from the quadratic addition of contributions from
different groups of systematic uncertainty. The contribution of limited data statistics
is obtained by ignoring all sources of systematic uncertainty. The combined effect of
all systematic uncertainties is accordingly estimated by the quadratic difference between
total uncertainty and the contribution of limited data statistics.

The observed impact of different groups of systematic uncertainty is summarised in the
following.

e Large contributions are observed for the categories describing the detection of elec-
trons and muons, as well as the reconstruction of jets. All three are key objects
to all input searches. Reconstructed leptons are also used in the VBF and V ;H
searches in CRs to estimate background contributions, and in SRs to identify and
discard events containing these. Charged leptons and jets with their uncertainties
are further utilised for the hard term of the Emiss,

e The V-+jets process as main background to the most sensitive VBF search, and also
significant for the V z;H search, is estimated as individual group. The modelling
of other backgrounds such as diboson, top and top-antitop production and QCD
induced processes involving multiple jets (multijet) is summarised in a second group.
Both categories are found to have a considerable impact on the result given the
importance of precise background predictions in searches with essentially zero signal
prediction.

e The impact of the limited statistics of MC predictions is significant for the dominant
VBEF search as discussed for the ranking of systematic uncertainties in Section 6.2.3.
This effect propagates to the combination and a large effect of the corresponding
category is found.

e The modelling of the signal process for the expected sensitivity is found to be very
small. This is due to the expected Asimov data set this study is based on, which
contains no invisibly decaying Higgs boson signal.

e Flavour tagging information is used considerably only by the least sensitive V H
search. The effect on the combined result is thus found to be small.
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Group Contribution

Luminosity 4+ 0.021 -0.016 =+ 0.019
Leptons + 0.050 - 0.053 =+ 0.051
Jets + 0.037 -0.042 =+ 0.040
Flavour tagging + 0.008 -0.009 =+ 0.009
Emiss soft term + 0.009 -0.009 = 0.009
V+jets modelling + 0.037 -0.037 £ 0.037
Other backgr. modelling + 0.046 - 0.053 =+ 0.050
Signal modelling + 0.009 -0.009 =+ 0.009
MC statistics + 0.043 -0.047 =£ 0.045
All experimental + 0.072 -0.076 £ 0.074
All theory + 0.053 -0.058 = 0.055
Theory and experimental + 0.087 - 0.092 = 0.090
All systematics + 0.095 -0.099 =+ 0.097
Data statistics + 0.048 -0.048 £ 0.048
Total uncertainty + 0.106 -0.110 =+ 0.108

Table 6.4.: The impact of different categories of systematic uncertainty on the profiled
By in the Run 2 combination estimated with fits to an Asimov data set with By_ iy =
0. The experimental uncertainty and the uncertainty related to the size of the MC sample
are treated as separate categories.

These effects can additionally be studied by the variation of the combined expected upper
limit on By_iny. The procedure is analogous, but the expected limit is re-computed and
subtracted from the nominal expected limit. The ordering of the groups by impact on
the expected limit is found consistent to the ordering by impact on the uncertainty on
the profiled invisible branching ratio. Details can be found in Appendix C.

6.3. Results for Run 142

In the following, the results of the statistical combination of Run 2 (using 201542016
data) [4-6] and Run 1 [3] searches for invisible decays of the Higgs boson are presented.
The correlations between the sources of systematic uncertainty between Run 1 and 2 is
described in Section 6.1.2.

6.3.1. Scans of the Likelihood Functions

The expected and observed profile likelihood ratios are shown for the individual combina-
tions and the combination of Run 142 in Figure 6.4. The expected profile likelihood ratios
are constructed using a post-fit Asimov data set, produced via enforcing By _.iny = 0. The
combined observed data sets are used for the observed profile likelihood ratios. Given
their similar sensitivities, the Run 2 and Run 1 results contribute accordingly to both
the expected and observed total profile likelihood ratios. The Run 2 result has a slightly
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stronger contribution as anticipated from the steeper parabola. In contrast to the dis-
cussed Run 2 results, the Run 1 searches observed deficits of events compared to the
SM predictions resulting in a slightly negative best-fit value for the invisible branching
fraction in the Run 1 combination. Hence, the combination of both runs shows a most
probable value at By_.;,, = 0.126, which is consistent with the mechanism of a weighted
average between both inputs at By _,w = —0.023 and By_,iny = 0.201.
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Figure 6.4.: The expected (left) and observed (right) profile likelihood ratios for the
combination of Run 1 and Run 2 searches compared to the results of the individual
combination as a function of By_iny.

6.3.2. Limit on the Invisible Branching Fraction

The upper exclusion limits are calculated using the C'Lg technique that is described in
Section 4.1.2. The observed (expected *17) upper exclusion limit at 95% confidence level

for the combination of Run 142 searches is given by
B sine < 0.26 (0.17 7007

and is graphically represented together with the input results in Fig. 6.5. A summary of
the resulting numerical values for all Run 2 input searches, the Run 1 combination and
the combinations studied in this Thesis are given in Table 6.5.

The expected upper exclusion limit on the invisible branching fraction of the Higgs
boson for the combined Run 2 searches is (0.217505). The combination with the statistic-
ally independent searches with Run 1 data increases the sensitivity as can be seen in the
expected upper limit of (0.17100%). This is consistent with the shrinkage of the width for
the expected profile likelihood ratios found for the combination of both runs compared to
results of individual runs as shown in Figure 6.4.

The individual most probable values for the invisible branching fraction and their
weighted combination to the minimum of the combined observed profile likelihood ra-
tio have to be considered for the observed limit of the combination in analogy to the
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Figure 6.5.: The observed and expected upper limits on By_i., at 95% CL for the
combination of Run 1 and Run 2 compared to the results of the individual Run 1 and
Run 2 combinations and the individual searches in Run 2.

Table 6.5.: The observed (expectedt]?

lo

) upper C'Lg exclusion limits on By i, at 95%

CL for the combination of all searches in Run 2 compared to the results of the individual

analyses.
Analysis Exclusion limit Significance p-value profiled By i, Ref.
Run 2 VBF 0.37 (0.28 T 5-3%) 0860  0.194  0.1214+0.135  [4]
Run 2 ZH 0.67 (0.397317) 1.540  0.062  0.302+£0.204 [5]
Run 2 VH 0.83 (0.58 *5-13) 1.160  0.122  0.281+£0.263  [6]
Run 2 combination 0.38 (0.217908) 1.930  0.027  0.201 £0.103 [12]
Run 1 combination 0.25 (0.27F5:09) — —  —0.023+£0.134 [3]
Run 142 combination | 0.26 (0.17397) 1470 0.071  0.126 £0.083 [12]
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Run 2 result. Here, the deficits of events observed in the Run 1 searches are combined
with the excesses in the Run 2 searches. In conjunction with the steep observed likeli-
hood parabola corresponding to the increase in sensitivity, this leads to an observed upper
limit for the combination only slightly weaker than the the Run 1 result. In addition, the
improvement due to combination is found to be stronger for the observed compared to
the expected exclusion limits. This can be explained by the inclusion of the slight deficits
in observed events in the Run 1 searches. Accordingly, the tension between the expected
and observed results in turn relaxes from 1.930 for the Run 2 combination to 1.47¢ for
the full combination of Run 1 and 2 searches.

6.3.3. Ranking of Systematic Uncertainties

The ranking of nuisance parameters according to their post-fit impact on the profiled in-
visible branching fraction if evaluated using the same technique discussed for the ranking
in the Run 2 combination in Section 6.2.3 and is shown for the combination of Run 142
in Figure 6.6. The mechanism behind the impact of Run 2 nuisance parameters only is
consistent with the ranking in the Run 2 combination. The absolute impact of nuisance
parameters from separate runs on the profiled branching fraction in the Run 142 combin-
ation compared to their impact to the individual results is reduced following the relative
contribution of the inputs to the full combination. However, the ordering is not expected
to be precisely the same, since different highly ranked nuisance parameters have already
similar absolute impacts on the individual Run 1 and Run 2 combination results.

Highly ranked uncertainties in the Run 142 combination from the Run 1 searches
include:

e The highest ranked parton showering uncertainty describes the effect on the W+jets
and Z+jets prediction in Run 1 which was correlated between the VBEF and Mono-
jet analyses. Both are major backgrounds to the searches. The nuisance parameter
has a high impact on the Run 1 and Run 1+2 invisible branching fractions, since
the VBF+Mono-jet search contributes most to the sensitivity of the Run 1 result.

e The free normalisation factors for the V+jets background in the two m;; bins of
the Run 1 Mono-jet analysis are highly ranked in Run 1 as well as in the Run 142
because the V+jets process constitutes the main background to the search. The
signal sensitivity is rising with m;; due to the decreasing backgrounds in this regime.
Thus, the normalisation in the higher m;; bin has a stronger impact on the invisible
branching fraction.

e The uncertainty on the strongly produced W/Z+jets background yields in the Run 1
VBF search due to variation of the QCD scales directly impact the sensitivity, which
is consistent with the high ranking of the nuisance parameter.

76



6.3. Results for Run 142

Parton showering signal Run 1

Theory unc. on gg— ZZ yield ZH Run 2
Free norm. V+jets high mi] Mono-jet Run 1
Free norm. Z+jets MET bin 3 VBF Run 2
Luminosity Run 2

Jets: det. modelling leading NP Run 1+2
Free norm. Z + light jets VH Run 2

Muon reconstruction Run 2

Weak V+jets prodc. QCD scale VBF Run 1
Jets: eta-intercalibration modelling Run 1+2
pi MC generator differences VH Run 2

VV bgr. in ZH (QCD scale) Run 1+2

Jets: pile-up subtraction Run 1+2

Free norm. V+jets VBF Run 1

Free norm. V+jets low mJJ Mono-jet Run 1
W+jets strong production theory VBF Run 2
Free norm. Z + heavy jets VH Run 2
Electron isolation Run 2

Lepton veto VBF Run 2

Z+jets yield regime differences VH Run 2

-0.04 -0.02

ABy.
0.04

inv

4

—

:

%

l

doo o

I |

Q

¥ N\

Vs=7TeV, 4.7fb?
Vs =8 TeV, 20.3 fb?
Vs =13 TeV, 36.1 fb™

Pull: B - 6,)/08
Normalisation

+1o Postfit Impact on p
-1o Postfit Impact on p

-15 -1 -05 O

0.5

1 1.5

Profiled NP value (pull)

Figure 6.6.: The profiled values of nuisance parameters for the combination of the
Run 142 searches, ranked according to their post-fit impact on By _,in,. Free normal-
isation parameters shown in red and MC statistic parameters have their nominal value of
unity, indicated by the vertical red dashed line.
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6.3.4. Correlation Coefficients and Profiled NP Values

The linear correlation coefficients between nuisance parameters are estimated by the fit
of the profile likelihood ratio. No significant linear correlation (above 50%) is observed
between nuisance parameters from different inputs of Run 2, or between Run 1 and Run 2.
All nuisance parameter pairs with sizeable linear correlations in the combined likelihood
show this behaviour already in the individual likelihoods of the inputs. Hence, these are
no artificial effects of the combination. The profiled nuisance parameter values in the
combination are consistent to the inputs. Correlated uncertainties are profiled to values
well described by a weighted average of the profiled values in the inputs. Additionally
observed are slightly tighter constraints for some correlated nuisance parameters in the
combination compared to the inputs since the fit combines information from several ana-
lyses. Details can be found in Reference [125].

6.3.5. Breakdown of Systematic Uncertainties

The impact of groups of different sources of systematic uncertainty on the combined
Run 142 result is estimated via the same method employed for Run 2 in Section 6.2.4.
The effect of a specific group is quantified by turning the corresponding nuisance paramet-
ers constant to their post-fit values from the generation of an expected post-fit Asimov
data set with By_,iny = 0. The resulting reduced uncertainty on the most probable invis-
ible branching fraction is quadratically subtracted from the total uncertainty and stated
as contribution of the group, summarised in Table 6.6. The general picture of the impact
from different uncertainty groups is consistent with the Run 2 result. The contributions
compared to Run 2 are generally smaller because of the decreased total uncertainty reflect-
ing the higher sensitivity of the Run 142 combination. However, the signal modelling is
found to have a larger impact on the Run 142 combination which is an effect propagated
from higher uncertainties on the signal modelling in the Run 1 combination. This is also
reflected by a larger number of nuisance parameters describing uncertainties on the signal
modelling in the Run 1 searches. The signal predictions and hence the uncertainties on
those have improved from Run 1 to 2 searches resulting in a lower impact of the group in
the Run 2 combination. The largest contributions are found for the same groups as in the
Run 2 combination, specifically the reconstruction of jets and leptons, the modelling of
V+jets and other background sources, and the limited statistics in MC predictions. These
observations are consistent with the impact on the expected exclusion limit detailed in
Appendix C.

6.3.6. Compatibility between Run 1 and 2

The compatibility between the results of the separate Run 1 and Run 2 combinations is
assessed using combined likelihoods. A likelihood model is constructed for the combin-
ation of Run 1 with Run 2 using the nominal correlation assumptions for uncertainties
between the runs discussed in Section 6.1.2. In contrast to the nominal combination,
both the invisible branching ratios of the Run 1 searches BR™,;! and the Run 2 searches

BRm.2 “are not combined but kept as separate parameters of interest, independent except
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Group Contribution

Luminosity + 0.014 -0.011 4+ 0.012
Leptons + 0.034 -0.035 =+ 0.035
Jets + 0.030 -0.032 =+ 0.031
Flavour tagging + 0.005 -0.005 =+ 0.005
Emiss soft term + 0.006 - 0.006 =+ 0.006
V+jets modelling + 0.031 -0.031 =+ 0.031
Other backgr. modelling + 0.036 - 0.040 =+ 0.038
Signal modelling + 0.024 -0.024 +0.024
MC statistics + 0.034 -0.036 =+ 0.035
All experimental + 0.052 -0.054 =+ 0.053
All theory + 0.047 -0.059 =+ 0.048
Theory and experimental + 0.068 - 0.070 = 0.069
All systematics + 0.074 -0.076 +£ 0.075
Data statistics + 0.042 -0.042 =+ 0.042
Total uncertainty + 0.085 -0.087 =+ 0.086

Table 6.6.: The impact of different categories of systematic uncertainty on the profiled
By in the Run 2 combination estimated with fits to an Asimov data set with By_ iy =
0. The experimental uncertainty and the uncertainty related to the size of the MC sample
are treated as separate categories.

for small correlations between the nuisance parameters of both runs. Subsequently, these
two parameters are reparameterised to BR™.! “and the difference between the invisible
branching ratios ABy_si,,. The Run 2 invisible branching fraction is concurrently kept

fixed to

Bglili?lv = %lilirllv + ABH%HIV ) (61)
while B! and ABj iy are the parameters of interest of the new combined likelihood

ratio. A scan of this reparameterised combined profile likelihood ratio is shown as function
of ABp iy in Figure 6.7 as black curve. The second parameter of interest, BR,1
is separately profiled for each value of ABp_ ., while BR™.2 is fixed to the sum of
both parameters as defined in Equation 6.1. The minimum of the parabola represents
now the most probable value for the difference between the invisible branching fractions,
which corresponds to the separation between the minima of the observed profile likelihood
ratios of both runs in Figure 6.4. The value slightly differs from this separation because
correlations between both runs are additionally taken into account. The value of the
profile likelihood ratio at ABpy_inw = 0 corresponds to the compatibility between the
Run 1 and Run 2 results, incorporating their individual sensitivities and correlations
between systematic uncertainties. This can be translated into the number of standard
deviations N via
N2
— A(In A(ABp_iny = 0)) = -5 (6.2)
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For a given value of —A(InA) = 2.1 at By_,iny = 0, this results in a compatibility of the
Run 1 and Run 2 results at a level of 1.45 0. To check the method, the result is re-derived
using the reversed reparameterisation, as shown as red curve in Figure 6.7.

2 3 r T r I T T T T i
= P 8By = Vs=7TeV, 47"
S of B -E, ls=8Tev, 203"
~ 250 s=13TeV, 36.1 fb™
T —AB, = -2 AIn(A) = 2.1 ]
2 L Bﬁuf ?nv - Bﬁuj ?nv B
1.5~ ]
1- |
0.5
0 i
-0.4 -0.2 0 0.2 0.4
ABHH inv

Figure 6.7.: Scan of the combined profile likelihood ratio as function of the difference
between the separate invisible branching ratios from Run 1 and Run 2 for two opposite
reparameterisations.

6.3.7. Comparison to Direct Detection

The upper exclusion limit on the invisible branching fraction of the Higgs boson can be
translated into an upper exclusion limit on the WIMP - nucleon scattering cross section
predicted by Higgs portal models. Details on the models and on the translation into
owivp-N are shown in Section 2.2.3. Direct Dark Matter detection experiments usually
quote upper limits at a 90% confidence level. For a comparison, limits are derived at 90%
confidence level with the C'Lg method, described in Section 4.1.2 and employed for the
previously discussed limits. The result for the Run 142 combination is given by

Br iny < 0.24 (0.147509) .

This result is compared to exclusion limits from representative direct Dark Matter de-
tection experiments [35-39] in Fig. 6.8. The translation of the presented result into a
WIMP-nucleon scattering cross section ownvp.y is performed under the assumption that
invisible Higgs boson decays to a pair of WIMPs are kinematically possible and that the
WIMP is a scalar or a fermion [66, 69, 73]. The resulting owmp.n in necessarily spin-
independent since the scalar Higgs boson is assumed as mediator between SM and WIMP
particles. As expected, the searches presented here are found not to be sensitive in the
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kinematic region where the WIMP particles become too heavy for the Higgs boson to
decay to pairs of WIMPs. At lower masses ownp-y down to 107%° cm can be excluded
in the scalar WIMP scenario. If the WIMP is a fermion, the effective coupling is reduced
by m? relative to the scalar scenario, resulting in a much stronger exclusion on ownp.y
down to 107%6 cm. The exclusion limits derived from the results presented here extend
to smaller masses below a GeV. However this region is subject to uncertainties due to
hadronic bound states. This affects comparisons with direct detection results as well as
relic density calculations [12, 126]. In summary, the limits obtained from searches for
invisible decays of the Higgs boson are found to be complementary to direct searches for
dark matter in the lower WIMP mass region, particularly for mwnp < 10 GeV.

7+8+13 TeV
B,,,<0.24 at 90% CL

Higgs portals
=— Scalar wWimMP
— Fermion WIMP
Other expts
Cresst-llI
=== DarkSide50
+ LUX
PandaX-Il
© XenoniT

1 10 10? 10° 10*
My [GeV]

Owimp-nucleon [CM?]

— — —
& B B
B N o

10746

Figure 6.8.: Comparison of the C'Lg exclusion limits at 90% confidence level from direct
detection experiments [35-39] on the spin-independent WIMP-nucleon scattering cross
section to the exclusion limits from this analysis, assuming that the DM particle is either
a scalar or a fermion. The regions above the limit contours are excluded in the range
shown in the plot.
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7. Conclusions and Outlook

The Higgs sector was a significant building block of the Standard Model (SM) to be exper-
imentally observed. Measurements of the Higgs boson properties constitute an important
test of the SM and could hint to yet unknown physics. In particular the dark sector could
be coupled to the SM via a Higgs portal, which would manifesting itself through invisible
decays of the Higgs boson to DM particles if kinematically accessible. Invisible decays of
the Higgs boson are directly searched for by the ATLAS collaboration in three different
topologies: the vector boson fusion (VBF), Higgsstrahlung from a Z boson decaying into
charged leptons (Z,;H ), and Higgsstrahlung from a W or Z boson decaying into hadrons
(Vg ).

A statistical combination of searches for invisible Higgs boson decays in these topo-
logies using 36 fb~! of pp collision data as part of the LHC Run 2 is presented in this
Thesis. A further combination is performed adding the combined ATLAS Run 1 result
for invisible Higgs boson decays. The statistical interpretation of the searches is carried
out with the modified frequentists C'Lg limit setting procedure using the profile likelihood
ratio as test statistic and the asymptotic approximation. Correlations between sources of
systematic uncertainty are properly taken into account by affecting all combined searches
simultaneously. The combined observed (expected) limit at 95% confidence level of the
Run 2 searches is calculated to By, < 0.38 (0.21 Jjgjgg). A stronger expected limit is
obtained by including information from different topologies, while the observed excesses
over the expected number of events in all three input searches propagate to the combined
result. The corresponding limit for the Run 142 combination of searches for invisible
Higgs boson decays is By iy < 0.26 (0.177557). The sensitivity is further increased
by adding the statistically independent Run 1 searches. The tension between expected
and observed results relaxes due to the slight deficit of observed events in the Run 1
combination. The result is translated into an upper limit on the WIMP - nucleon cross
section for scalar and fermionic WIMP hypotheses using the Higgs portal framework.
The comparison to spin-independent results from different DM direct detection experi-
ments indicated individual complementarity, especially for WIMP masses in the region
mwivp S 10GeV. Sources of systematic uncertainty are grouped into categories and
the impact of uncertainty categories on the result is estimated by turning off the effect
of systematic uncertainties belonging to a specific category in the calculation of the most
probable expected value for By_.;,, and its systematic uncertainty. The largest effects
on the Run 142 combined result are found for systematic uncertainties related to the
modelling of V+jets and other backgrounds, the reconstruction and properties of jets and
leptons, and the available statistical precision of Monte-Carlo predictions. Cross checks
on the combined likelihood are performed by ranking the systematic uncertainties by their
post-fit impact on the fitted By _,i,,. Furthermore, the deviation of fitted systematic un-
certainties from the nominal values and linear correlation coefficients are studied. The
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observations are found to be consistent with individual results obtained from the input
searches alone. The results from combined ATLAS Run 1 and Run 2 searches separately
are estimated to be consistent at a level of 1.40.

The ATLAS collaboration published a combination of the presented Run 2 results with
constraints obtained from measurements of visible decay channels of the Higgs boson [127]
by fitting the couplings to visible particles and the invisible branching fraction simultan-
eously. The full Run 2 dataset including the data-taking periods in 2017 and 2018 will
be used to conduct enhanced direct searches for invisible Higgs boson decays in the VBF,
ZyH and V,zH topologies. Additionally, the ggF, ttH and W (¢v)H topologies will be
explored with dedicated searches. The findings of the studies presented here are intended
as well to be used in the planing and construction of future searches for invisible Higgs
boson decays and ATLAS searches for DM in general. Ideas in this direction include the
implementation of event selections from all direct searches into the analyses. An event
that passes selections of multiple searches could thus be prioritized for the search with
the highest sensitivity and discarded by the remaining searches. Hence, complete statist-
ical orthogonality of the searches would be enforced by construction. Another important
aspect are parameterisations and reductions schemes for systematic uncertainties as well
as the merging of different systematics into a single nuisance parameter. The unification
across searches, especially for uncertainties on reconstructed objects, but also for theor-
etical determinations of systematics where applicable, would facilitate and increase the
possible sensitivity reach of future combinations from the beginning.

Projections for upper limits on Bpy_,,, including the planned increase in integrated
luminosity with the HL-LHC stage range around a few percent. A difficulty arising from
the higher luminosity is the large increase in pile-up. This imposes a peculiar challenge
for the most sensitive search in the VBF topology. Here, the two VBF jets have to be
reliably distinguished from pile-up jets despite the experimentally demanding conditions
of the very forward region.

Searches for invisible decays of the Higgs boson can be conducted at future ete™ col-
liders as well. The design goals of the proposed colliders experiments include the precise
measurements of Higgs boson properties. The invisible branching fraction can be inferred
indirectly by measurements of the visible decay channels or directly through the statist-
ically abundant ete™ — ZH production channel. Projections from the ILC and CLIC
collaborations reach an upper limit on By_.;,, around one percent.
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A. List of Nuisance Parameters

In this Appendix, the full listing of NPs used in the input searches is presented, with the
exception of the MC statistical uncertainties on the single bins of the final observables used
in the analysis, as these clearly represent statistically uncorrelated sources of uncertainty.
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A. List of Nuisance Parameters

Table A.1.: Full list of NPs used in the VBF H — inv analysis except for the
statistical uncertainties on the single bins of the final obversables used in the analysis.

Sets of V+4Jets theory uncertainties are present separetely for Electroweak (EWK) and
Strong (QCD) production, only EWK is depicted.

Nuisance Parameter Name

ATLAS_LUMI

Leptons
EG_RESOLUTION_ALL
EG_SCALE_ALL
EL_EFF_ID_TOTAL
EL_EFF _ISO

Ezrniss

MET _SoftTrk_ResoPara
MET _SoftTrk_ResoPerp
MET _SoftTrk_Scale
MET _trigger

V+Jets modelling

Jets

JET_BJES_Response

JET _EffectiveNP _Detectorl
JET _EffectiveNP _Detector2
JET _EffectiveNP _Mixed1
JET _EffectiveNP _Mixed2

EL_EFF _Reco TOTAL EWK_W-ckkw1 JET EffectiveNP_Mixed3
EL_EFF TriggerEff TOTAL EWK_W-ckkw2 JET _EffectiveNP_Modelling1
MUON_EFF_STAT EWK_W-ckkw3 JET EffectiveNP_Modelling?2
MUON_EFF_SYS EWK_W-facl JET EffectiveNP_Modelling3
MUON_EFF _TrigStat EWK_W-fac2 JET EffectiveNP_Modelling4
MUON _EFF TrigSyst EWK_W-fac3 JET EffectiveNP _Statisticall
MUON_ID EWK_W-pdfl JET EffectiveNP _Statistical2
MUON_SO_STAT EWK_W-pdf2 JET EffectiveNP _Statistical3
MUON_ISO_SYS EWK_W-pdf3 JET _EffectiveNP _Statistical4
MUON_MS EWK_W-gsf1 JET _EffectiveNP_Statistical
MUON_SAGITTA _RESBIAS EWK_W-qsf2 JET EffectiveNP _Statistical6
MUON_SAGITTA_RHO EWK_W-qsf3 JET EffectiveNP _Statistical?
MUON_SCALE EWK _Z-ckkw1 JET Etalnt
MUON_TTVA_STAT EWK _Z-ckkw2 JET Etalntercalibration_Modelling
MUON_TTVA_SYS EWK _Z-ckkw3 JET Etalntercalibration_TotalStat
antilDSF EWK _Z-facl JET _Flavor_Composition
Signal modelling EWK_Z-fac2 JET _Flavor_Response

GGF _assumeUncert50 (ggF+2jets in SR) EWK_Z-fac3 JET_JVT

HiggsPS EWK_Z-pdf1l JET _Pileup_OffsetMu

Sig PDF EWK _Z-pdf2 JET Pileup_OffsetNPV

VBF _uncert (QCD scale & third jet veto) ~ EWK_Z-pdf3 JET Pileup_PtTerm

Pile-up EWK _Z-gsfl JET _Pileup_RhoTopology
PRW_DATASF EWK _Z-qsf2 JET _PunchThrough MC15
Normalistions EWK _Z-qgsf3 JET SingleParticle_HighPt
kW1 JET_JER

kW2

kW3

kZ1

k72

kZ3

norm_fakeell
norm_fakeel2
norm_fakeel3
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Nuisance Parameter Name

lumi

E’lfliSS

MET _Soft Trk_ResoPara
MET _SoftTrk_ResoPerp
MET _SoftTrk_Scale
Jets

JET _Etalntercalibration_NonClosure

JET_GroupedNP_1

JET _GroupedNP_2
JET_GroupedNP_3
JET_JER_SINGLE_NP

JET _JvtEfficiency

Leptons
EG_RESOLUTION_ALL
EG_SCALE_ALL
EL_EFF_ID_TOTAL

EL_EFF Iso. TOTAL
EL_EFF_Reco . TOTAL
EL_EFF Trigger TOT
MUON_EFF_STAT_LOWPT
MUON _EFF _STAT__1
MUON_EFF _SYS_ LOWPT
MUON_EFF SYS__1

MUON _EFF TrigStatUncertainty
MUON _EFF TrigSystUncertainty
MUON_ID
MUON_ISO_STAT
MUON_ISO_SYS

MUON_MS
MUON_SAGITTA _RESBIAS
MUON_SAGITTA_RHO
MUON_SCALE
MUON_TTVA_STAT
MUON_TTVA_SYS

V+J modelling
Wijets_Stat

Wijets_Sys

Zjets_ ABCD_Shape_ee
Zjets_ ABCD_Shape_mm
Zjets_ABCD _Stat_ee
Zjets_,ABCD_Stat_mm
Zjets_ ABCD_Sys
Signal modelling
SigPDF

SigQCD

EW pTZ :EW corrections
Pile-u

PRW_DATASF

Other backgrounds
QCDscale_ VV
OtherTheo (ttV, VVV)
emu_Shape

ATLAS pdf_qq ((ZZ2))
emu_Stat

emu_Sys

ggZ7Theo
WZScalelnEff
WZScaleStat
WZScaleSys

Flavour tagging
FT_EFF _B _systematics
FT_EFF_C_systematics
FT_EFF _Light_systematics
FT_EFF extrapol__1

FT_EFF _extrapol_from_charm

Table A.2.: Full list of NPs used in the Z,;H analysis except for the statistical
uncertainties on the single bins of the final obversables used in the analysis.
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A. List of Nuisance Parameters

Table A.3.: First list of NPs used in the V;H analysis except for the statistical
uncertainties on the single bins of the final obversables used in the analysis.

Nuisance Parameter Name

ATLAS_LUMI 2015 V+J modelling

Emiss generator differences
SymETTrigSyst SysWPtV

SysMET _JetTrk_Scale SysZPtV

SysMET _SoftTrk_ResoPara SysWbcWhbbRatio
SysMET _Soft Trk_ResoPerp SysWbIWbbRatio
SysMET _SoftTrk_Scale SysWeccWbbRatio

Jets SysZbcZbbRatio
large-R (1.0) SysZblZbbRatio
SysFATJET_JER SysZccZbbRatio
SysFATJET_JMR norm. € shape uncert.
SysFATJET Weak JET Rtrk Baseline D2Betal ~ SysWclNorm
SysFATJET Weak JET Rtrk Baseline pT SysZclNorm

SysFATJET Weak JET _Rtrk_Modelling_ D2Betal SysMbbWShapeOnl (Mbb=di-jet mass)
SysFATJET Weak JET Rtrk Modelling pT SysMbbZShapeOnly
SysFATJET Weak JET Rtrk Tracking D2Betal  Regime difference
SysFATJET Weak JET _Rtrk_Tracking pT SysZjetsResVsMerged
small-R (0.4) SysWjetsResVsMerged
SysJET_JET_GroupedNP_1 Signal modelling
SysJET_JET_GroupedNP_2 QCD scale, PDF and Parton Shower
SysJET_JET_GroupedNP_3 SysVHinvQCDscaleAcc
SysJET_JET Etalntercalibration NonClosure SysVHinvXSQCD
SysJET_JER_SINGLE NP SysVHinvXSPDF
Leptons SysVHinvPDFAcc
SysEG_.RESOLUTION_ALL SysVHinvPDFShape
SysEG_SCALE_ALL SysVHinvPSTunesAcc
SysEL_EFF_ID_TOTAL SysVHinvPSTunesShape
SysEL_EFF Iso TOTAL SysggHinvPDFAcc
SysEL_EFF_Reco TOTAL SysggHinvPDFshape
SysEL_EFF Trigger TOTAL SysggHinvPSTunesAcc
SysMUON _EFF_STAT SysggHinvPSTunesshape
SysMUON_EFF_SYS SysggHinvQCDscaleAcc
SysMUON_ISO_SYS SysggHinvXSPDF
SysMUON_TTVA_STAT Pile-up

SysMUON_TTVA_SYS

SysPRW_DATASF

100



Table A.4.: Second list of NPs used in the V ;[ analysis except for the statistical
uncertainties on the single bins of the final obversables used in the analysis.

Nuisance Parameter Name

Flavour tagging

b-tagging efficiencies EVs
FT_B_0_AntiKt2PV0TrackJets
FT_B_0_AntiKt4EMTopoJets
FT_B_1_AntiKt2PV0TrackJets
FT_B_1_AntiKt4EMTopoJets
FT_B_2_AntiKt2PV0TrackJets_Ys2015
FT_B_2_AntiKt4dEMTopolJets
FT_C_0_AntiKt2PV0TrackJets
FT_C_0_AntiKt4dEMTopoJets
FT_C_1_AntiKt2PV0TrackJets
FT_C_1_AntiKt4dEMTopoJets
FT_C_2_AntiKt2PV0TrackJets
FT_C_2_AntiKt4dEMTopolJets
FT_C_3_AntiKt2PV0TrackJets
FT_Light_0_AntiKt2PV0TrackJets

FT _Light_0_AntiKt4EMTopoJets
FT_Light_1_AntiKt2PV0TrackJets
FT_Light_1_AntiKt4EMTopoJets
FT_Light_2_AntiKt2PV(0TrackJets
FT_Light_2_AntiKt4EMTopoJets
FT_Light_3_AntiKt2PV(0TrackJets
FT_Light_3_AntiKt4EMTopoJets
FT_Light_4_AntiKt2PV0TrackJets
FT_Light_4_AntiKt4EMTopoJets
SysFT_EFF _extrapol AntiKt2PV0TrackJets
SysFT_EFF _extrapol_AntiKt4EMTopolJets
SysFT_EFF_extrapol c_AntiKt2PV0TrackJets
SysFT_EFF _extrapol_c_AntiKt4EMTopolJets
truth tagging norm. uncert.
SysVBFHOIMF

SysVBFHO1MP

SysVBFH02MF

SysVBFH02MP

SysVBFH11SFMF

SysVBFH11SFMP

SysVBFH11SPMF

SysVBFH11SPMP

SysVBFH12MF

SysVBFH12MP

SysgeHOIMF

SysggHO1IMP

SysggHO2MF

SysggHO2MP

SysggH11SFMF

SysggH11SFMP

SysggH11SPMF

SysggH11SPMP

SysggH12MF

SysggH12MP

Other backgrounds

regions: b-tag,regime,mass window

SysMJ_ShapeOmerged MassFail
SysMJ_Shape0mergedMassPass
SysMJ_ShapeOresolvedMassFail
SysMJ_ShapeOresolvedMassPass
SysMJ_ShapelmergedMassFail
SysMJ_ShapelmergedMassPass
SysMJ_ShapelresolvedMassFail
SysMJ_ShapelresolvedMassPass
SysMJ_Shape2merged MassFail
SysMJ_Shape2mergedMassPass
SysMJ_Shape2resolvedMassFail
SysMJ_Shape2resolvedMassPass
MultijetOmergedMassFailNorm
MultijetOmergedMassPassNorm
MultijetOresolvedMassFailNorm
MultijetOresolvedMassPassNorm
MultijetlmergedMassFailNorm
Multijet lmergedMassPassNorm
Multijet1resolvedMassFailNorm
Multijet1resolvedMassPassNorm
Multijet2mergedMassFailNorm
Multijet2mergedMassPassNorm
Multijet2resolvedMassFailNorm
Multijet2resolvedMassPassNorm

shape and norm. uncertainties var. bgr.

SysMbbTTharShapeOnly
SysMbbVVMEShapeOnly WZ
SysMbbVVMEShapeOnly_ZZ
SysMbbVVPSUEShapeOnly _WZ
SysMbbVVPSUEShapeOnly_77Z
SysstopWtNorm

SysstopsNorm

SysstoptNorm

SysZZNorm

SysWWNorm

SysWZNorm

SysTTbarPTV
SysTTbarResVsMerged
Normalistions

ATLAS norm_Whf
ATLAS norm_WI
ATLAS norm_Zhf
ATLAS norm_71
ATLAS norm_ttbar




A. List of Nuisance Parameters

Table A.5.: First list of NPs used in the Run 1 H — inv combination except for
the statistical uncertainties on the single bins of the final obversables used in the analyses.

Nuisance Parameter Name

ATLAS_LUMI_2012
ATLAS_LUMI_2011_ZllInv
Leptons
ATLAS_E_EFF_ZllInv
ATLAS_E_RES_ZllInv
ATLAS_E_SCALE_ZllInv
ATLAS_M_EFF _ZllInv
ATLAS_M_RES_ID_ZllInv
ATLAS_M_RES_MS_ZllInv
ATLAS fakeelecSF_VBF
ATLAS fakemuSF_VBF

miss
ET

SysMETResoSoft Terms_Y2012_Vjjlnv
SysMETScaleSoft Terms_Y2012_Vjjlnv

Flavour tagging
SysBTagBOEffic_Y2012_Vjjlnv
SysBTagB1Effic_Y2012_VjjInv
SysBTagB2Effic_Y2012_Vjjlnv
SysBTagB3Effic_-Y2012_Vjjlnv
SysBTagB4Effic Y2012 Vjjlnv
SysBTagB5Effic_Y2012_Vjjlnv
SysBTagB6Effic_Y2012_Vjjlnv
SysBTagBT7Effic_-Y2012_Vjjlnv
SysBTagB8Effic_Y2012_Vjjlnv
SysBTagB9Effic_Y2012_Vjjlnv
SysBTagBPythia8_Y2012_Vijjlnv
SysBTagBSherpa_Y2012_Vjjlnv
SysBTagCOEffic_Y2012_Vjjlnv
SysBTagC1Effic_Y2012_Vjjlnv
SysBTagC2Effic_Y2012_Vjjlnv
SysBTagC3Effic_Y2012_Vjjlnv
SysBTagC4Effic_Y2012_Vjjlnv
SysBTagC5Effic_Y2012_Vjjlnv
SysBTagC6Effic_Y2012_Vjjlnv
SysBTagCTEffic_Y2012_Vjjlnv
SysBTagC8Effic_Y2012_Vjjlnv
SysBTagC9Effic_Y2012_Vjjlnv
SysBTagC10Effic_Y2012_Vjjlnv
SysBTagC11Effic_Y2012_VjjInv
SysBTagC12Effic_Y2012_Vjjlnv

SysBTagC13Effic_Y2012_Vjjlnv
SysBTagC14Effic_Y2012_Vjjlnv
SysBTagCPythia8_Y2012_Vjjlnv
SysBTagCSherpa_Y2012_Vjjlnv
SysBTagL.OEffic_Y2012_VjjInv
SysBTagL1Effic_Y2012_Vjjlnv
SysBTagl.2Effic_Y2012_VjjInv
SysBTaglL3Effic_Y2012_Vjjlnv
SysBTagL4Effic_Y2012_VjjInv
SysBTagL5Effic_Y2012_Vjjlnv
SysBTagL6Effic_Y2012_Vjjlnv
SysBTagL.7Effic_Y2012_Vjjlnv
SysBTaglL.8Effic_Y2012_Vjjlnv
SysBTagL9Effic_Y2012_VjjInv
Jets
JESPileup_OffsetMu_Monojet
JER

JESFlavorResponse
JESEtalntercalibration_Modelling
JESEffectiveNP_Modelling1
JESFlavorComp

JESEffectiveNP _Detectorl _Monojet
JESEffectiveNP_Modelling2_Monojet

ATLAS_JER_ZllInv
ATLAS_JES1 ZllInv
ATLAS_JES2_ZllInv
ATLAS_JES3_ZllInv
ATLAS_JES4_ZllInv
ATLAS_JES5_ZllInv
ATLAS_JES6_ZllInv
ATLAS_JES7_ZllInv
ATLAS_JES8_ZllInv
ATLAS_JES9_ZllInv
ATLAS_JES10_ZllInv
ATLAS_JES11_ZllInv
ATLAS_JES12_ZllInv
ATLAS_JES13_ZllInv
ATLAS_JES14_ZllInv
ATLAS_JES15_ZllInv
ATLAS_JES16_ZllInv

ATLAS_JET_EB_ZllInv
ATLAS_JET EDR ZllInv
ATLAS_JET_EE ZllInv
ATLAS_JET_EFLAVR ZllInv
ATLAS_JET_EFLAV _Zllnv
ATLAS_JET MU _ZllInv
ATLAS_JET_PUPT_ZllInv
ATLAS_JET PV ZllInv
ATLAS_JVF ZllInv
ATLAS PV _ZllInv
SysJVF_Y2012_Vjjlnv
SysJetEtaModel _Vjjlnv
SysJetFlavComp_Top_Vjjlnv
SysJetFlavComp_VHVV _Vjjlnv
SysJetFlavComp_Vjjlnv
SysJetFlavComp_Wijets_Vjjlnv
SysJetFlavComp_Zjets_Vjjlnv
SysJetFlavResp_Top_Vjjlnv
SysJetFlavResp_ VHVV _Vjjlnv
SysJetFlavResp_Wijets_Vijjlnv
SysJetFlavResp_Zjets_Vjjlnv
SysJetMu_Vjjlnv
SysJetNP1.Y2012_Vjjlnv
SysJetNP2.Y2012_Vijlnv
SysJetNP3_Y2012_Vjjlnv
SysJetNP4.-Y2012_Vijlnv
SysJetNonClos_Vjjlnv
SysJetFlavB_Vjjlnv
SysJetFlavResp_Vijjlnv
SysJetPilePt_Y2012_Vjjlnv
SysJetPileRho_Y2012_Vjjlnv
SysJetNPV _Vjjlnv
SysJetEtaStat_Y2012_VjjInv
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Table A.6.: Second list of NPs used in the Run 1 H — inv combination except
for the statistical uncertainties on the single bins of the final obversables used in the

analyses.

Nuisance Parameter Name

V+4Jets modelling
SysWMbb_WbbORcc_Vjjlnv
SysWMbb_WbcORbL_VjjInv
SysWMbb_Wecl Vjjlnv
SysZMbb_ZbORc_Vjjlnv
SysZPtV_ZbORc_Vjjlnv
SysZPtV_7Z1 Vjjlnv
SysWPtV_J2_Whf_Vjjlnv
SysWPtV_J3_Whf_VjjInv
SysWclNorm_J3_Vijjlnv
SysWhfNorm_J3_Vjjlnv
SysZclNorm_J3_Vjjlnv
SysZbbNorm_J3_Vjjlnv
SysWINorm_J3_Vjjlnv
SysZINorm_J3_Vjjlnv
SysWbcWbbRatio_Vjjlnv
SysWblWbbRatio_Vjjlnv
SysWccWbbRatio_Vjjlnv
SysZbcZbbRatio_Vjjlnv
SysZblZbbRatio_J2_Vjjlnv
SysZblZbbRatio_J3_Vjjlnv
SysZccZbbRatio_Vjjlnv
ATLAS WCR_2011 _zinv_ZllInv
ATLAS_WCR_2012_zinv_ZllInv
ATLAS ZABCDCR_2011 zinv_ZllInv
ATLAS_ZABCDCR_2012_zinv_ZllInv
ATLAS_WPDF_2012_VBF
ATLAS_ZPDF 2012 VBF
ATLAS SherpaQ2EWK 2012_VBF
ATLAS SherpaQ2QCD_2012_VBF
(corr. for data MC disagreem.
SysWDPhi_J2_Wecl_Vjjlnv
SysWDPhi_J2_Whf_Vjjlnv
SysWDPhi_J2 W1 Vjjlnv
SysWDPhi_J3_Wcl_Vjjlnv
SysWDPhi_J3_Whf_Vjjlnv
SysWDPhi_J3_WI1 _Vjjlnv
SysZDPhi_J2_ZbORc_Vjjlnv
SysZDPhi_J2_7Z1_Vjjlnv
SysZDPhi_J3_ZbORc_Vjjlnv
SysZDPhi_J3_Z1Vjjlnv

Other backgrounds

SysMJ_J2_T0_L0_Y2012_Vijjlnv
SysMJ_J2_T1.L0_Y2012_Vijlny
SysMJ_J2 T2 1.0_Y2012 Vjjlnv
SysMJ_J3.T0_L0_Y2012_Vijlnv
SysMJ_J3_T1.L0_Y2012_Vijlny
SysMJ_J3_T2_1.0_Y2012 Vjjlnv
SysMJ_L2.Y2012_T0_Vjjlnv

SysMJ_L2_Y2012_T1_Vjjlnv

SysMJ_L2_Y2012_T2_Spctopemucr_Vjjlnv

SysMJ_L2.Y2012.T2_Vijlny
SysVVJetPDFAlphaPt_Vjjlnv
SysVVJetScalePtST1 Vjjlnv
SysVVJetScalePtST2_Vjjlnv
SysVVMbb_WW _VjjInv
SysVVMbb_WZ Vjjlnv
SysVVMbb_77 _Vjjlnv
SysWtChanAcerMC_Vjjlnv
SysWtChanPythiaHerwig_Vjjlnv
SysSChanAcerMCPS_Vjjlnv
SysSChanAcerMC_Vjjlnv
SysstopWtNorm_Vjjlnv
SysstopsNorm_Vjjlnv
SysstoptNorm_Vjjlnv
SysTChanPtB2_Vjjlnv
SysTopPt_Vjjlnv
SysTtbarMBBCont_VjjInv
SysTtbarMetCont_Vjjlnv
SysttbarNorm_J3_Vjjlnv
ATLAS_ZZshape_Generator_2011_ZllInv
ATLAS ZZshape_Generator 2012_ZllInv
ATLAS _ZZshape PDF_2011_ZllInv
ATLAS_ZZshape PDF _2012_ZllInv
ATLAS _ZZshape_Scale 2011 _ZllInv
ATLAS _ZZshape_Scale_2012_ZllInv
ATLAS_emuCR_eff 2011_zinv_ZllInv
ATLAS emuCR _eff 2012_zinv_ZllInv
ATLAS_emuCR kfac_2011 _zinv_ZllInv
ATLAS_emuCR kfac_2012_zinv_ZllInv
ATLAS emuCR stat_2011 zinv_ZllInv
ATLAS_emuCR_stat_2012_zinv_ZllInv
QCDscale_VV _ZllInv

Signal modelling
pdfunc
PartonShowering

HPt_VH

SysHiggsNorm_Vjjlnv
SysTheoryAccPDF_qqVH_Vjjlnv
SysTheoryAcc_J2_qqVH _Vjjlnv
SysTheoryAcc_J3_qqVH_Vjjlnv
SysTheoryQCDscale_ggZH_Vjjlnv
SysTheoryQCDscale_qqVH _Vjjlnv
SysTheory_Vjjlnv
ATLAS_QCDscale_VBFH
ATLAS_QCDscale_ggFH
QCD_Monojet

ktfac_Monojet

qfac_Monojet

HiggsPt_ Monojet

HiggsPt_VBF

CJV_Monojet (Central Jet Veto)
CJV_VBFH

jetBin (ggF+2jets in SR)
SysTheoryAccPS_Vijjlnv
QCDscale_VHOj_ZllInv
Normalisations

norm _kV

mu_Al12

mu_A25

ATLAS norm_Wbb_Vjjlnv
ATLAS norm Wel Vjjlnv
ATLAS norm_WI_Vjjlnv
ATLAS norm_Zbb_Vjjlnv
ATLAS norm_Zcl_Vjjlnv
ATLAS norm_Z1_Vjjlnv
ATLAS norm_ttbar_L0_Vjjlnv
ATLAS norm_ttbar_L1_Vjjlnv
ATLAS norm_ttbar_L2_Vjjlnv
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B. Alternative Correlation Assumptions

The dependence of the results on the correlation model assumed is estimated by produ-
cing combined likelihood functions with alternative correlation scenarios and comparison
of the computed limits. In case of the Run 2 H — inv combination discussed below,
alternative correlation scenarios are considered for the JES, flavour tagging, and signal
theory uncertainties. The impact on the result is quantified as absolute (signed) difference
between the limit computed with the modified correlation assumption and the nominal
limit, although such point-to-point comparisons represent only ad-hoc estimations of the
systematic effect.

Run 2 Correlation Model

Jet energy scale uncertainties A cross-check studying the impact of a possible un-
derestimation of correlations between the category based reduction and the strongly re-
duced set of JES uncertainties is performed. For each modified combined likelihood
function, one of the three NPs from the strongly reduced set of JES NPs Table B.1
is correlated with one NP from the category based reduction Table B.2, resulting in
3 x 27 = 81 different correlation scenarios. The JET_GroupedNP_1 NP from the V ;H
search is left uncorrelated since it is found to be over-constrained, see Section 6.1. A
study including anti-correlation of the GroupedNP and NP in the category based re-
duction is performed additionally since the direction of the NP relative to each other
after the combination into grouped NP is not clear a-priori. This is done by flipping
the sign of the JET_GroupedNP in the likelihood functions of the V,;H and Z,;;H ana-
lyses. The largest effect on the observed (expected) limit for positive correlation is
0.008 for JET GroupedNP_3 and JET Pileup OffsetMu (0.002 for JET GroupedNP_1 and
JET EffectiveNP Modelling?2). For anti-correlation, the largest effect on the observed
(expected) limit is 0.015 for JET_GroupedNP_3 and JET EffectiveNP Modelling2 (0.002
for JET GroupedNP_3 and JET Etalntercalibration Modelling). The full results are
shown in Table B.5.

Table B.1.: Strongly reduced set of JES uncertainties used for the correlation studies.
The JVT and Etalntercalibration uncertainties are excluded from this list as they are
already correlated in the default combination.

Nuisance Parameter Name
JET_GroupedNP_1
JET_GroupedNP _2
JET_GroupedNP_3
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B. Alternative Correlation Assumptions

Table B.2.: Category based reduced set of JES uncertainties used for the correlation

studies.

The JVT and EtalntercalibrationNonClosure uncertainties are excluded from

this list as they are already correlated in the default combination.

Nuisance Parameter Name
JET_BJES_Response
JET _EffectiveNP_Detectorl

JET Etalntercalibration_Modelling
JET _Etalntercalibration_TotalStat

JET _EffectiveNP _Detector2

JET _EffectiveNP_Mixed1

JET _EffectiveNP_Mixed2

JET _EffectiveNP_Mixed3

JET EffectiveNP_Modelling1
JET _EffectiveNP_Modelling?2
JET _EffectiveNP_Modelling3
JET EffectiveNP_Modelling4
JET _EffectiveNP _Statisticall
JET _EffectiveNP _Statistical2
JET _EffectiveNP _Statistical3

JET _Flavor_Composition

JET _Flavor_Response

JET _Pileup_OffsetMu

JET _Pileup_OffsetNPV

JET Pileup_PtTerm
JET_Pileup_RhoTopology
JET_PunchThrough_ MC15

JET SingleParticle_HighPt

JET _EffectiveNP _Statisticald
JET _EffectiveNP _Statistical6
JET _EffectiveNP _Statistical7

Theoretical uncertainties

JET _EffectiveNP _Statistical4

The correlation assumptions concerning theoretical uncer-

tainties is described in 6.1.1. To cross-check these decisions, combined likelihood func-

tions are produced for four different correlation scenarios. The full results are shown in
Table B.6.
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e The PDF induced uncertainty on the A — inv signal acceptance in V ;H might

be sizeable. A cross-check is performed correlating this NP instead of the one
describing the impact on the signal cross section with the PDF uncertainty on the
signal in Z,7H. The resulting observed (expected) limit at 95% CL on By, differ
by 3 x 107° (7 x 10%) compared to the default combination.

Similarly, the PDF induced uncertainty on the ER shape in V,zH is correlated
with the PDF uncertainty on the signal in Z,;H. The resulting observed (expected)
limit at 95% CL on By i, differ by 3 x 107° (3 x 10°) compared to the default
combination.

The QCD scale variation induced uncertainty on the H — inv signal acceptance
in VyzH might be sizeable as well. A cross-check is performed correlating this NP
instead of the one describing the impact on the signal cross section with the QCD
scale variation uncertainty on the signal in Z,;H. The resulting observed (expected)
limit at 95% CL on By i, differ by 0.0002 (4 x 1075) compared to the default
combination.

e The uncertainty on the H — inv signal due to modelling of the parton shower



with different MC generators/tunes between VBF and V,;H. The corresponding
NP was pruned in Z,;H as it was found to have negligible impact on the result. The
resulting observed (expected) limit at 95% CL on By i, differ by 0.0003 (6 x 10°)
compared to the default combination.

Flavour tagging uncertainties The correlation of flavour tagging uncertainties is de-
scribed in Sec 6.1.1. The combined NP in Z,;H are per default correlated with the zeroth
Eigenvector in V,gH. This decision is justified by the fact that the Eigenvectors are
ordered by their impact. Cross-checks are performed correlating the combined NP in Z,;H
Table B.3 with one of the other Eigenvectors in V,;H at a time Table B.4 resulting in eight
different correlation scenarios. The full results are shown in Table B.7. The extrapolation
and extrapolation from charm NP are not split into Eigenvectors and are therefore nomin-
ally correlated between both channels. The largest difference arises when correlating the
combined NP for light quarks in Z,;H with the corresponding second Eigenvector in V zH.
The resulting observed (expected) limit at 95% CL on By, differ by 0.0031 (0.0003)
compared to the default combination. This study was performed before de-correlating
over-constraint and largely pulled NP. The FT_Eigen B_0_AntiKt4EMTopoJets from V ;H
is de-correlated in this procedure. A second study including anti-correlation of the com-
bined and Eigenvector-split NP is performed. This is done by flipping the sign of the
corresponding combined FT NP in the likelihood function of the Z,;H analysis. Three
different anti-correlation assumptions are tested since the zeroth B NP from V ;H is not
correlated and the effect of correlating the combined NP with other EV than the zeroth
is small. Tested are anti-correlating the C, the Light and both combined NP in Z,;H
with the corresponding zeroth EV in V,zH. The largest effect is found for anti-correlating
both NP and change the observed (expected) limit by 0.0030 (0.0002). All three results
are shown in Table B.S.

Table B.3.: Combined flavour tagging NP in the Z,;H analyses.

Nuisance Parameter Name
FT_B_systematics
FT_C_systematics

FT _Light_systematics

FT _extrapolation__1

FT _extrapolation_from_charm
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Table B.4.: Flavour tagging NP splitted into Eigenvectors in the V,;H analysis.

Nuisance Parameter Name

FT_Eigen B_0_AntiKt4EMTopoJets

FT_Eigen B_1_AntiKt4dEMTopoJets

FT_Eigen B_2_AntiKt4EMTopoJets

FT_Eigen C_0_AntiKt4EMTopolJets
FT_Eigen_C_1_AntiKt4EMTopoJets

FT _Eigen_C_2_AntiKt4EMTopoJets

FT _extrapolation_AntiKt4dEMTopolJets

FT _extrapolation_from_charm_AntiKt4EMTopoJets

FT_FEigen_Light_0_AntiKt4EMTopolJets
FT_FEigen_Light_1_AntiKt4EMTopoJets
FT_FEigen_Light_2_AntiKt4EMTopoJets
FT _Eigen_Light_3_AntiKt4EMTopolJets
FT_FEigen_Light_4_AntiKt4EMTopolJets
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Summary The cross-check of JES NP correlation assumptions estimates an impact of
at most 0.014 (0.005) on the observed (expected) exclusion limit on By . Changes
in the correlation model of flavour tagging and theoretical NP are found to impact the
combined result even less. All studied modified correlation scenarios are found to change
the limit on By _i,y negligibly compared to the combined systematic uncertainty on the
result of 0.38 (0.21709%), computed with the asymptotic C' L, limit setting routine. The
chosen correlation model for the combination of the 2015+2016 H — inv analyses is thus
considered justified.

Run 142 Correlation Model

The correlation model for the Run 1 and Run 2 combination is described in 6.1.2.

In our correlation scheme described in Section 6.1.2, PDF uncertainties on the signal
are not correlated in the combination due to different PDF sets used across runs. The
VBF analyses estimate the impact of parton shower modelling uncertainty on the signal
by comparing MC generators. The generators used differ between Run 1 and Run 2,
thus a full correlation is not considered. To cross-check these decisions, workspaces are
produced with three different correlation assumptions. The full results are shown in
Table B.9. Tested are:

e A correlation of the PDF uncertainties on the H — inv signal between the correlated
NP from the VBF and Z,;H searches in Run 2, see 6.1.1, and the corresponding NP
from the Run 1 VBF+Monojet analyses. The resulting observed (expected) limit at
95% CL on By _iny differ by 0.0003 (0.0003) compared to the default combination.

e A correlation of the PDF uncertainties on the H — inv signal acceptance between
the V,zH Run 1 and Run 2 analyses. The resulting observed (expected) limit at 95%
CL on By differ by 5 x 107¢ (4 x 107%) compared to the default combination.

e A correlation between the parton shower induced uncertainties on the H — inv
signal between the VBF Run 1 and Run 2 analyses. The resulting observed (expec-
ted) limit at 95% CL on By i, differ by 0.0010 (0.0001) compared to the default

combination.

e A correlation of the uncertainties due to QCD scale variations on the signal predic-
tion in the Z,7H searches of Run 1 and Run 2 is considered correlated by default,
which is questionable given the differences in /s and generator set-ups. Decorrel-
ating the corresponding NP between Run 1 and 2 changes the observed (expected)
limit at 95% CL on By iy by 5 x 107° (1 x 107°).

e Both the strong and weak JES correlation scenarios are adopted. The difference
between both schemes in the expected branching ratio on By i, is found to be
0.0001. The strong correlation scheme results in the slightly weaker limit.

The impact of the different correlation assumptions on the limit on By_,i,, are consider-
ably less than the combined systematic uncertainty computed by the limit setting routine.
The chosen correlation model between the Run 1 and Run 2 H — inv analyses is thus
considered justified.
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B. Alternative Correlation Assumptions

Table B.5.: Summary of the JES correlation model cross-checks for the Run 2 com-
bination. Considered are (anti-)correlation of the JET GroupedNP 2 and 3 from Z,;H
and V,zH with the category based reduced NP from VBF and (anti-)correlation of the
JET GroupedNP_1 from Z,;H with the category based reduced NP from VBF. Shown are
the differences of the computed observed and expected limits to the nominal combination
for correlation and anti-correlation.

Difference to nominal Correlation Anti-Correlation
observed  expected  observed expected
NP_1 & BJES_Response 0.0000001  0.0000003 0.00000006 0.0000003
NP_1 & Detectorl -0.0004 0.0002 0.001 -0.0005
NP_1 & Detector2 -0.00008  0.00008 0.0009 -0.0004
NP_1 & Mixedl 0.001 -0.0002 -0.0008 -0.0002
NP_1 & Mixed2 0.0008 -0.0004 -0.00009 0.0001
NP_1 & Mixed3 -0.0001 -0.00002  0.0007 -0.0004
NP_1 & Modelling1 -0.004 -0.00008  0.005 0.0009
NP_1 & Modelling?2 0.007 0.002 -0.00008 -0.0005
NP_1 & Modelling3 0.0004 -0.0009 -0.00002 0.0004
NP_1 & Modelling4 0.00002 -0.0001 0.00007 0.0001
NP_1 & Statisticall -0.00009  -0.0008 -0.001 0.0006
NP_1 & Statistical2 -0.001 0.0004 0.0004 -0.001
NP_1 & Statistical3 0.0006 -0.0005 -0.00007 0.0001
NP_1 & Statistical4d -0.000006  0.00005 0.0003 -0.0007
NP_1 & Statisticalb 0.0001 0.00009 0.0005 -0.0003
NP_1 & Statistical6 0.0004 -0.0004 0.0003 0.0001
NP_1 & Statistical? -0.0001 0.0002 0.0009 -0.0003
NP_1 & Etalntercal Modelling -0.0001 0.0008 -0.0002 -0.0005
NP_1 & Etalntercal_TotalStat  0.00008 0.000002  -0.0002 0.0003
NP_1 & Flavor_Composition -0.0007 0.0003 0.003 -0.0008
NP_1 & Flavor_Response 0.002 -0.0008 -0.0002 0.002
NP_1 & Pileup_OffsetMu 0.0008 -0.001 -0.004 -0.0002
NP_1 & Pileup_OffsetNPV -0.004 0.0005 -0.001 -0.00006
NP_1 & Pileup_PtTerm 0.002 0.001 -0.002 -0.0009
NP_1 & Pileup_RhoTopology  -0.002 -0.00003  0.003 0.001
NP_1 & PunchThrough MC15 -0.000009 0.000002  0.00006 -0.00003

NP_1 & SingleParticle_HighPt 0.0000008 0.0000001 0.0000002  0.0000001
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Difference to nominal

Correlation

Anti-Correlation

observed expected observed expected
NP_2 & BJES_Response 0.000003 0.000005  0.000002  0.000002
NP_2 & Detectorl 0.001 -0.0004 -0.0006 0.00006
NP_2 & Detector2 0.0008 -0.0004 -0.0002 0.00006
NP_2 & Mixedl -0.002 -0.0007 0.001 -0.0002
NP_2 & Mixed2 -0.0002  0.00007 0.0007 -0.0004
NP_2 & Mixed3 0.0007 -0.0003 -0.0001 -0.00002
NP_2 & Modelling1 0.005 0.001 -0.004 -0.0004
NP_2 & Modelling?2 0.00003  -0.0004 0.006 0.002
NP_2 & Modelling3 -0.0006  0.0002 0.0005 -0.0007
NP_2 & Modelling4 -0.0003  -0.000007 0.0002 -0.00002
NP_2 & Statisticall -0.001 0.0004 0.0003 -0.0005
NP_2 & Statistical2 0.0006 -0.0007 -0.002 0.0002
NP_2 & Statistical3 -0.0002  0.00007 0.0007 -0.0004
NP_2 & Statisticald 0.0005 -0.0006 0.00003 0.0001
NP_2 & Statisticalb 0.0005 -0.0003 -0.00002  0.00003
NP_2 & Statistical6 0.0003 0.0001 0.0003 -0.0004
NP_2 & Statistical7 0.0007 -0.0004 -0.0004 0.0001
NP_2 & Etalntercal Modelling -0.004 -0.002 -0.00003  0.0007
NP_2 & Etalntercal TotalStat -0.0007  0.00001 0.0001 -0.000003
NP_2 & Flavor_Composition 0.001 -0.001 -0.0003 0.0004
NP_2 & Flavor_Response -0.0006  0.0009 0.0007 -0.001
NP_2 & Pileup_OffsetMu -0.006 -0.001 0.0004 -0.002
NP_2 & Pileup_OffsetNPV -0.0006  -0.0003 -0.004 -0.0001
NP_2 & Pileup_PtTerm -0.004 -0.002 0.002 0.001
NP_2 & Pileup_RhoTopology  0.003 0.001 -0.003 -0.0005
NP_2 & PunchThrough MC15 0.00005  -0.00002  -0.000005 0.000005
NP_2 & SingleParticle_ HighPt 0.000003 0.000004  0.000001  0.000003
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Difference to nominal Correlation Anti-Correlation
observed expected observed expected
NP_3 & BJES_Response 0.000002 0.000005 0.000001 0.000003
NP_3 & Detectorl 0.002 -0.0001  -0.001 -0.00003
NP_3 & Detector2 0.001 -0.0001  -0.00007 0.00007
NP_3 & Mixedl -0.004 -0.001 0.003 0.0005
NP_3 & Mixed2 -0.0003  0.00006  0.001 -0.0002
NP_3 & Mixed3 0.002 -0.00003  0.00007  0.00004
NP_3 & Modelling1 0.006 0.002 -0.008 -0.002
NP_3 & Modelling?2 0.004 0.0005 0.01 0.00005
NP_3 & Modelling3 -0.001 0.0002 0.003 -0.0004
NP_3 & Modelling4 -0.001 -0.0001  0.0009 0.00007
NP_3 & Statisticall -0.002 0.0005 0.003 -0.0003
NP_3 & Statistical2 0.004 -0.0003  -0.003 0.0002
NP_3 & Statistical3 -0.0003  0.0001 0.002 -0.0002
NP_3 & Statistical4d 0.002 -0.0004  0.0006 0.0002
NP_3 & Statistical 0.001 -0.00009  -0.00008 0.00009
NP_3 & Statistical6 0.0007 0.0003 0.0006 -0.0003
NP_3 & Statistical7 0.0007 -0.0002  -0.001 0.000007

NP_3 & Etalntercal Modelling -0.002 0.0003 0.003 0.002
NP_3 & Etalntercal TotalStat -0.002 -0.0003  -0.0003  -0.00008
NP_3 & Flavor_Composition -0.002 0.0002 0.0004 0.0009

NP _3 & Flavor_Response -0.002 0.001 -0.001 0.0002
NP_3 & Pileup_OffsetMu -0.008 -0.002 0.006 -0.0002
NP_3 & Pileup_OffsetNPV -0.003 -0.0005  -0.008 -0.0008
NP_3 & Pileup_PtTerm -0.004 -0.002 0.004 0.002
NP_3 & Pileup_RhoTopology  0.002 -0.0004  -0.007 -0.002

NP_3 & PunchThrough MC15 0.00008  -0.00001  0.000009 0.000007
NP_3 & SingleParticle_ HighPt 0.000001 0.000004 0.000001 0.000003

Table B.6.: Summary of the signal theory correlation model cross-checks for the Run 2
combination. Shown are the differences of the computed observed and expected limits to
the nominal combination as absolute values and relative to the nominal limit.

Difference to nominal Absolute Relative
observed expected observed expected
PDF Acceptance 0.00003  0.000007 0.00008  0.00003
PDF Shape 0.00003  0.00003  0.00008  0.0001
Parton Shower 0.0003 0.00006  0.0008 0.0003

QCD Acceptance ZH+VH  0.0002 0.00004  0.0006 0.0002
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Table B.7.: Summary of the flavour tagging correlation model cross-checks for the Run 2
combination. Shown are the differences of the computed observed and expected limits to
the nominal combination as absolute values and relative to the nominal limit.

Difference to nominal Absolute Relative
observed expected observed expected
FT_Eigen_B_1 0.0007 0.0001 0.002 0.0005
FT_Eigen_B_2 0.0005 0.00007  0.001 0.0003
FT _Eigen C_1 0.00009  0.00002  0.0002 0.00008
FT Eigen C_2 0.0005 0.00004  0.001 0.0002
FT _Eigen_Light_1 -0.0003  0.00006  -0.0009  0.0003
FT_Eigen_Light_2 -0.003 -0.0003  -0.008 -0.001
FT_Eigen_Light_3 -0.0008  -0.00002 -0.002 -0.00008
FT _Eigen_Light_4 0.0003 0.0002 0.0007 0.0008

Table B.8.: Summary of the flavour tagging anti-correlation model cross-checks including
the de-correlation of overconstraint and/or highly pulled NP resulting in not correlating
SysFT_Eigen B_0_AntiKt4EMTopoJets_Y2015 from V,;H. Considered are anti-correlation
of FT_C_systematics, FT_Light _systematics as well as both from Z,;H with the corres-
ponding zeroth EV NP from V, zH. Shown are the differences of the computed observed
and expected limits to the nominal combination.

observed expected

FT_C_systematics -0.0006  -0.00007
F'T_Light_systematics -0.0024  -0.00017
both -0.0030  -0.00024

Table B.9.: Summary of the correlation model cross-checks for the Run 14-2 combination.
Shown are the differences of the computed observed and expected limits to the nominal
combination as absolute values and relative to the nominal limit.

Absolute Relative
observed expected observed expected
PDF VBF+Z,;H VBF+Monojet —0.0003 —0.0003 —0.001 —0.002
PDF acceptance VH 4x10°% 4x10% 2x10° 25x10°
PS VBF 0.001 0.0001 0.004 0.0007

Difference to nominal
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C. Nuisance Parameter Categorisation

The categorisation of the different sources of systematic uncertainty used in Sections 6.2.4
and 6.3.5. Correlated NP are shown first without a channel ending. Uncertainties cor-
related between Run 1 and Run 2 are shown in the Run 2 column, and are marked with
an asterisk (%). Uncertainties from a specific channel that are not correlated are shown
with the corresponding ending and are ordered by rising sensitivity of the channel (V,;H
— Z,;7H — VBF). The Monte-Carlo-Statistics category that contains all gamma stat and
MCStat NP is not separately depicted.

Table C.1.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the Luminosity category in the breakdown of systematic uncertainties.

Luminosity
Run 1 Run 2
ATLAS_LUMI 2012 ATLAS_LUMI
ATLAS_LUMI_2011_ZllInv
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Table C.2.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the Leptons category in the breakdown of systematic uncertainties.

Leptons
Run 1 Run 2
ATLAS_E_EFF _ZllInv EG_RESOLUTION
ATLAS_E_RES _ZllInv EG_SCALE
ATLAS E_SCALE Zlllnv  EL_EFF_ID
ATLAS_M_EFF _ZllInv EL_EFF _Iso

ATLAS_M_RES_ID_Zlllnv EL_EFF_Reco
ATLAS_M_RES_MS_ZllInv EL_EFF_Trigger
ATLAS fakeelecSF_VBF MUON_EFF_STAT
ATLAS fakemuSF_VBF MUON_EFF_SYS
MUON_EFF TrigStat
MUON_EFF TrigSys
MUON_ID
MUON_SO_STAT
MUON_SO_SYS
MUON_MS
MUON_SAGITTA_RESBIAS
MUON_SAGITTA_RHO
MUON_SCALE
MUON_TTVA_STAT
MUON_TTVA_SYS
antilDSF_VBF

Table C.3.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the EMiss Soft Term category in the breakdown of systematic uncertainties.

EXss soft term

Run 1 Run 2
SysMETResoSoftTerms_Y2012_Vjjlnv  MET SoftTrk_ResoPara
SysMETScaleSoft Terms_Y2012_Vjjlnv  MET _SoftTrk_ResoPerp

MET _SoftTrk_Scale

MET Trig_Syst

SysMET _JetTrk_Scale_Y2015_VH

SysMET SoftTrk_ResoPara_Y2015_VH

SysMET _SoftTrk_Scale_Y2015_VH
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Table C.4.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the Jets category in the breakdown of systematic uncertainties.

Jets
Run 1 Run 2
JER jet_bjes_response (x)
JESFlavorResponse JET _EtaModelling (%)
ATLAS_JER ZllInv JET EtaStat (x)
ATLAS_JES1 ZllInv JET FlavorComp (x)
ATLAS_JES2 ZllInv JET FlavorResp (x
ATLAS_JES3 ZllInv JET Modelling1 ()
ATLAS_JES4 ZllInv JET Modelling2 ()
ATLAS_JES5 ZllInv JET NPV (%)
ATLAS_JES6_ZllInv JET _PileOffsetMu (%)
ATLAS_JES7 ZllInv JET_PilePt (%)
ATLAS_JES8 ZllInv JET _PileRho (%)
ATLAS_JES9_ZllInv JET Detectorl (*)
ATLAS_JES10_ZllInv JET _Etalntercal
ATLAS_JES11_ZllInv JET _GroupedNP_1
ATLAS_JES12_ZllInv JET _GroupedNP _2
ATLAS_JES13_ZllInv JET_GroupedNP_3
ATLAS_JES14 ZllInv JET_JER
ATLAS_JES15_ZllInv JET_JvtEff
ATLAS_JES16_ZllInv SysJET_JER_SINGLE_NP_Y2015_VH
ATLAS_JET_EB_ZllInv SysJET_SR1_JET_GroupedNP_1_Y2015_VH
ATLAS_JET_EDR _ZllInv SysFATJET_JER_Y2015_VH
ATLAS_JET_EE_ZllInv SysFATJET_JMR_Y2015_-VH

ATLAS_JET_EFLAVR_ZllInv SysFATJET Weak JET_Rtrk_Baseline_D2Betal_Y2015_VH
ATLAS_JET_EFLAV_ZllInv SysFATJET Weak JET_Rtrk Baseline_pT_Y2015_-VH

ATLAS_JET MU ZllInv SysFATJET Weak JET Rtrk_Modelling D2Betal Y2015_VH
ATLAS_JET_PUPT_ZllInv SysFATJET Weak_JET _Rtrk_Modelling pT_Y2015_VH
ATLAS_JET_PV _Zllnv SysFATJET Weak JET Rtrk_Tracking D2Betal Y2015_VH
ATLAS_JVF _ZllInv SysFATJET Weak JET Rtrk_Tracking pT_Y2015_VH
ATLAS PV ZllInv JET EffectiveNP_Detector2_VBF

SysJVF_Y2012_Vjjlnv JET EffectiveNP_Mixed1 VBF

SysJetEtaModel Vjjlnv JET EffectiveNP_Mixed2 VBF

SysJetFlavComp_Top_Vjjlnv JET _EffectiveNP_Mixed3_VBF

SysJetFlavComp_VHVV _Vjjlnv JET EffectiveNP_Modelling3 _VBF
SysJetFlavComp_Vjjlnv JET EffectiveNP_Modellingd 'VBF
SysJetFlavComp_Wjets_Vjjlnv  JET _EffectiveNP_Statisticall_VBF
SysJetFlavComp_Zjets_Vjjlnv JET EffectiveNP _Statistical2_VBF
SysJetFlavResp_Top_Vjjlnv JET EffectiveNP _Statistical3_VBF
SysJetFlavResp_.VHVV _Vjjlnv  JET _EffectiveNP_Statistical4_VBF
SysJetFlavResp_Wjets_Vjjlnv JET _EffectiveNP _Statistical5_VBF
SysJetFlavResp_Zjets_Vjjlnv JET _EffectiveNP _Statistical6_VBF

SysJetMu_VjjInv JET _EffectiveNP _Statistical7_VBF
SysJetNP1_.Y2012_Vjjlnv JET PunchThrough MC15_VBF
SysJetNP2_Y2012_Vjjlnv JET SingleParticle HighPt_VBF

SysJetNP3_Y2012_Vjjlnv
SysJetNP4_Y2012_Vjjlnv
SysJetNonClos_Vjjlnv

117



C. Nuisance Parameter Categorisation

Table C.5.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the Flavour Tagging category in the breakdown of systematic uncertainties.

Flavour Tagging

Run 1 Run 2
SysBTagBOEffic_Y2012_Vjjlnv FT_EFF_B
SysBTagB1Effic_Y2012_Vjjlnv FT_EFF_C

SysBTagB2Effic Y2012 Vjjlnv
SysBTagB3Effic_Y2012_Vjjlnv
SysBTagB4Effic Y2012 _Vjjlnv
SysBTagB5Effic Y2012 _Vjjlnv
SysBTagB6Effic Y2012 Vjjlnv
SysBTagB7Effic_Y2012_Vjjlnv
SysBTagB8Effic_'Y2012_Vjjlnv
SysBTagB9Effic Y2012 _Vjjlnv

SysBTagBPythia8_Y2012_Vijlnv

SysBTagBSherpa_Y2012_Vjjlnv
SysBTagCOEffic_Y2012_Vjjlnv
SysBTagC1Effic Y2012 _Vjjlnv
SysBTagC2Effic_Y2012_Vjjlnv
SysBTagC3Effic_Y2012_Vjjlnv
SysBTagC4Effic_'Y2012_Vjjlnv
SysBTagC5Effic Y2012 _Vjjlnv
SysBTagC6Effic_Y2012_Vjjlnv
SysBTagC7Effic_'Y2012_VjjInv
SysBTagC8Effic_Y2012_Vjjlnv
SysBTagC9Effic Y2012 _Vjjlnv
SysBTagC10Effic_Y2012_VjjInv
SysBTagC11Effic_'Y2012_VjjInv
SysBTagC12Effic_'Y2012_Vjjlnv
SysBTagC13Effic_ Y2012_Vjjlnv
SysBTagC14Effic_Y2012_Vjjlnv

SysBTagCPythia8 Y2012_Vjjlnv

SysBTagCSherpa_Y2012_Vjjlnv
SysBTagLOEffic Y2012 _VjjInv
SysBTagL1Effic_Y2012_VjjInv
SysBTagl.2Effic_'Y2012_VjjInv
SysBTagL3Effic_ Y2012 _VjjInv
SysBTagL4Effic Y2012 Vjjlnv
SysBTagL5Effic_Y2012_VjjInv
SysBTagL.6Effic_'Y2012_VjjInv
SysBTagL.7Effic_ Y2012 _VjjInv
SysBTagL8Effic_Y2012_VjjInv
SysBTaglL9Effic_Y2012_VjjInv

FT_EFF _Light

FT_EFF _extrapol

FT_EFF _extrapol_charm
SysFT_EFF _Eigen B_0_AntiKt2PV0TrackJets Y2015 _VH
SysFT_EFF _Eigen B 0_AntiKt4EMTopolJets_ Y2015 VH
SysFT_EFF_Eigen B_1_AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _FEigen B_1_AntiKt4dEMTopoJets Y2015 _VH
SysFT_EFF _Eigen B 2_AntiKt2PV0TrackJets Y2015 _VH
SysFT _EFF _Eigen B 2 _AntiKt4EMTopolJets_ Y2015 VH
SysFT_EFF_Eigen_C_0_AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _Eigen C_1_AntiKt2PV0TrackJets Y2015 _VH
SysFT_EFF _Eigen C_1_AntiKt4dEMTopoJets Y2015 VH
SysFT_EFF _Eigen_C_2_AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF_Eigen_C_2_AntiKt4EMTopoJets_-Y2015_VH
SysFT_EFF _Eigen C_3_AntiKt2PV0TrackJets Y2015 _VH
SysFT_EFF _FEigen Light 0_AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _Eigen_Light_1_AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _Eigen Light_1_AntiKt4EMTopoJets_Y2015_VH
SysFT_EFF _FEigen Light 2 AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _Eigen Light 2 AntiKt4EMTopoJets_Y2015_VH
SysFT_EFF _Eigen_Light_3_AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _Eigen Light 3 _AntiKt4EMTopoJets_Y2015_VH
SysFT_EFF _FEigen Light 4 AntiKt2PV0TrackJets_ Y2015_VH
SysFT_EFF _Eigen Light 4 AntiKt4EMTopoJets_Y2015_VH
SysFT_EFF _extrapolation_ AntiKt2PV0TrackJets_Y2015_VH
SysFT_EFF _extrapolation_from_charm_AntiKt2PVO0TrackJets_Y2015_VH
SysVBFHOIMF_VH

SysVBFHOIMP_VH

SysVBFHO2MF_VH

SysVBFHO2MP_VH

SysVBFH11SFMF_VH

SysVBFH11SFMP_VH

SysVBFH11SPMF_VH

SysVBFH11SPMP_VH

SysVBFH12MF_VH

SysVBFH12MP_VH

SysggHOIMF_VH

SysggHOIMP_VH

SysggH02MF_VH

SysggH02MP_VH

SysggH11SFMF_VH

SysggH11SFMP_VH

SysggH11SPMF_VH

SysggH11SPMP_VH

SysggH12MF_VH

SysggH12MP_VH
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Table C.6.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to

the V+Jets category in the breakdown of systematic uncertainties.

V+jets modelling

Run 1

Run 2

SysWMbb_WbbORcc_Vjjlnv
SysWMbb_WbcORbI_Vjjlnv
SysWMbb_Wecl_Vjjlnv
SysZMbb_ZbORc_Vjjlnv
SysZPtV_ZbORc_Vjjlnv

SysZPtV _Z1_Vjjlnv
SysWPtV_J2_Whf_Vjjlnv
SysWPtV_J3_Whf_Vjjlnv
SysWclNorm _J3_Vjjlnv
SysWhfNorm_J3_Vjjlnv
SysZclNorm_J3_Vjjlnv
SysZbbNorm_J3_Vjjlnv
SysWINorm_J3_Vjjlnv
SysZINorm_J3_Vjjlnv
SysWbcWbbRatio_Vjjlnv
SysWblWbbRatio_Vjjlnv
SysWecWbbRatio_Vijjlnv
SysZbcZbbRatio_Vjjlnv
SysZblZbbRatio_J2_Vjjlnv
SysZblZbbRatio_J3_Vjjlnv
SysZccZbbRatio_Vijjlnv
SysWDPhi_J2_Wcl_Vjjlnv
SysWDPhi_J2_Whf Vjjlnv
SysWDPhi_J2_ W1 _Vjjlnv
SysWDPhi_J3_Wcl_Vjjlnv
SysWDPhi_J3_Whf _Vjjlnv
SysWDPhi_J3_WI1_Vjjlnv
SysZDPhi_J2_ZbORc_Vijjlnv
SysZDPhi_J2_7Z1_Vjjlnv
SysZDPhi_J3_ZbORc_Vjjlnv
SysZDPhi_J3_Z1_Vjjlnv
ATLAS_WCR_2011 _zinv_ZllInv
ATLAS_WCR_2012_zinv_ZllInv
ATLAS_ZABCDCR_ 2011 zinv_ZllInv
ATLAS_ZABCDCR_ 2012 zinv_ZllInv
ATLAS_-WPDF_2012_VBF
ATLAS_ZPDF _2012_VBF

ATLAS SherpaQ2EWK _2012_VBF
ATLAS _SherpaQ2QCD_2012_VBF

SysMbbWShapeOnly_Y2015_VH
SysMbbZShapeOnly_Y2015_VH
SysWPtV_Y2015_VH
SysWbcWbbRatio_.VH
SysWblWbbRatio_VH
SysWccWbbRatio_VH
SysWclNorm_VH
SysWjetsResVsMerged VH
SysZPtV_Y2015_VH
SysZbcZbbRatio_VH
SysZblZbbRatio_VH
SysZccZbbRatio.VH
SysZclNorm_VH
SysZjetsResVsMerged VH
Wijets_Stat_ZH
Wijets_Sys_ZH

Zjets_ ABCD_Shape_ee ZH
Zjets_ ABCD_Shape mm_7ZH
Zjets_ ABCD_Stat_ee_ZH
Zjets_ ABCD_Stat_mm _7ZH
Zjets_ ABCD_Sys_ZH
EWK_W-ckkwl_VBF
EWK_W-ckkw2_VBF
EWK_W-ckkw3_VBF
EWK_W-facl _VBF
EWK_W-fac2_VBF
EWK_W-fac3_VBF
EWK_W-pdfl_VBF
EWK_W-pdf2_VBF
EWK_W-pdf3_VBF
EWK_W-gsfl_VBF
EWK_W-qsf2_VBF

EWK _W-gsf3_VBF

EWK _Z-ckkwl_VBF

EWK _Z-ckkw2_VBF

EWK _Z-ckkw3_VBF

EWK _Z-facl _VBF

EWK _Z-fac2_VBF

EWK _Z-fac3_VBF

EWK _Z-pdfl_VBF

EWK _Z-pdf2_.VBF

EWK _Z-pdf3_VBF

EWK _Z-qsfl_VBF

EWK _Z-qsf2_VBF

EWK _Z-qsf3_VBF

QCD_W-ckkwl_VBF
QCD_W-ckkw2_VBF
QCD_W-ckkw3_VBF
QCD_W-facl_VBF
QCD_W-fac2_VBF
QCD_W-fac3_VBF
QCD_W-pdfl_VBF
QCD_W-pdf2_VBF
QCD_W-pdf3_VBF
QCD_W-gsfl_VBF
QCD_W-gsf2_VBF
QCD_W-gsf3_VBF
QCD_Z-ckkwl_VBF
QCD_Z-ckkw2_VBF
QCD_Z-ckkw3_VBF
QCD_Z-fac1_VBF
QCD_Z-fac2_VBF
QCD_Z-fac3_VBF
QCD_Z-pdfl _VBF
QCD_Z-pdf2_VBF
QCD_Z-pdf3_VBF
QCD_Z-gsf1_VBF
QCD_Z-qsf2_VBF
QCD_Z-gsf3_VBF
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C. Nuisance Parameter Categorisation

Table C.7.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to

the other backgrounds category in the breakdown of systematic uncertainties.

120

Other backgrounds modelling

Run 1

Run 2

SysMJ_J2_T0_L0_Y2012_VjjInv
SysMJ_J2_T1_L0_Y2012 Vjjlnv
SysMJ_J2_T2_1L0-Y2012_Vjjlnv
SysMJ_J3_T0_L0-Y2012_VjjInv
SysMJ_J3.T1.L0.Y2012 Vjjlnv
SysMJ_J3.T2.L0_Y2012_Vjjlnv
SysMJ L2_Y2012_T0_Vjjlnv

SysMJ L2_Y2012_T1 Vjjlnv

SysMJ L2 Y2012 T2 _Spctopemucr_Vjjlnv
SysMJ_L2.Y2012_T2_Vjjlnv
SysVVJetPDFAlphaPt_Vijjlnv
SysVVJetScalePtST1_Vijjlnv
SysVVJetScalePtST2_Vjjlnv
SysVVMbb_WW Vjjlnv
SysVVMbb_WZ_Vijjlnv
SysVVMbb_ZZ Vjjlnv
SysWtChanAcerMC_Vjjlnv
SysWtChanPythiaHerwig_Vjjlnv
SysSChanAcerMCPS_Vjjlnv
SysSChanAcerMC_Vjjlnv
SysstopWtNorm_Vjjlnv
SysstopsNorm_Vjjlnv
SysstoptNorm_Vjjlnv
SysTChanPtB2_Vjjlnv
SysTopPt_Vjjlnv
SysTtbarMBBCont_Vjjlnv
SysTtbarMetCont_Vjjlnv
SysttbarNorm_J3_Vjjlnv
ATLAS_ZZshape_Generator_2011_ZllInv
ATLAS ZZshape_Generator_2012_ZllInv
ATLAS ZZshape PDF 2011 ZllInv
ATLAS ZZshape PDF 2012 ZllInv
ATLAS ZZshape_ Scale 2011 _ZllInv
ATLAS ZZshape_Scale 2012 _ZllInv
ATLAS emuCR _eff 2011 zinv_ZllInv
ATLAS emuCR _eff 2012 zinv_ZllInv
ATLAS emuCR kfac 2011 zinv_ZllInv
ATLAS_emuCR kfac_2012_zinv_ZllInv
ATLAS _emuCR_stat_2011_zinv_ZllInv
ATLAS emuCR _stat 2012 zinv_ZllInv

QCD_scale_-VV (%)
SysMJ_ShapeOmergedMassFail Y2015 VH
SysMJ_ShapeOmergedMassPass_Y2015_VH
SysMJ_ShapeOresolvedMassFail 'Y2015_VH
SysMJ_ShapeOresolvedMassPass Y2015 _VH
SysMJ_ShapelmergedMassFail Y2015 VH
SysMJ_ShapelmergedMassPass Y2015_VH
SysMJ_ShapelresolvedMassFail Y2015_VH
SysMJ_ShapelresolvedMassPass_Y2015_VH
SysMJ_Shape2mergedMassFail 'Y2015_VH
SysMJ_Shape2mergedMassPass_Y2015_VH
SysMJ_Shape2resolvedMassFail ' Y2015_VH
SysMJ_Shape2resolvedMassPass_Y2015_VH
SysmultijetOmergedMassFailNorm VH
SysmultijetOmerged MassPassNorm VH
SysmultijetOresolvedMassFailNorm VH
SysmultijetOresolvedMassPassNorm_VH
Sysmultijet ImergedMassFailNorm _VH
Sysmultijet ImergedMassPassNorm _VH
Sysmultijet IresolvedMassFailNorm_VH
Sysmultijet 1resolvedMassPassNorm _VH
Sysmultijet2mergedMassFailNorm_VH
Sysmultijet2merged MassPassNorm VH
Sysmultijet2resolvedMassFailNorm VH
Sysmultijet2resolvedMassPassNorm VH
SysWWNorm_VH

SysWZNorm _VH

SysZZNorm_VH
SysMbbVVMEShapeOnly WZ_VH
SysMbbVVMEShapeOnly_ZZ_VH
SysMbbVVPSUEShapeOnly WZ_VH
SysMbbVVPSUEShapeOnly ZZ VH
SysMbbTTbarShapeOnly VH
SysTTbarPTV_VH
SysTTbarResVsMerged VH
SysstopWtNorm_VH

SysstopsNorm_VH

SysstoptNorm_VH

OtherTheo_ZH

WZScaleInEff ZH

WZScaleStat_ZH

WZScaleSys_ZH

ATLAS pdf qq_ZH

ggZZTheo ZH

emu_Shape ZH

emu_Stat_ZH

emu_Sys_ZH




Table C.8.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the signal category in the breakdown of systematic uncertainties.

Signal modelling

Run 1 Run 2

pdf_unc vbf_jetbin (%)
PartonShowering QCD _Scale_SigXsec (%)
HPt VH PS_VH (%)

SysHiggsNorm_Vjjlnv
SysTheoryAccPDF_qqVH_Vjjlnv
SysTheoryAcc_J2_qqVH_Vjjlnv
SysTheoryAcc_J3_qqVH_VjjInv
SysTheoryQCDscale_ggZH _Vjjlnv
SysTheoryQCDscale_qqVH_Vjjlnv
SysTheory_Vjjlnv

ATLAS _QCDscale_VBFH
ATLAS_QCDscale_ggFH
QCD_Monojet

ktfac_Monojet

gfac_Monojet

HiggsPt_Monojet

HiggsPt_VBF

CJV_Monojet

CJV_VBFH

PDF _SigXsec
SysVHinvPDFAcc_VH
SysVHinvPDFShape_ VH
SysVHinvPSTunesShape_ VH
SysVHinvQCDscaleAcc_ZVH
SysggHinvPDFAcc_VH
SysggHinvPDFshape VH
SysggHinvPSTunesAcc_VH
SysggHinvPSTunesshape_VH
SysggHinvQCDscaleAcc_VH
SysggHinvXSPDF_VH

EW _pTZ_7ZH

HiggsPS_VBF
VBF_uncert_VBF
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C. Nuisance Parameter Categorisation

Table C.9.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the Experimental category in the breakdown of systematic uncertainties.

Experimental
Run 1 Run 2
All Luminosity uncertainties, see Table C.1
All Lepton uncertainties, see Table C.2
All ERss Soft, Term uncertainties, see Table C.3
All Jet uncertainties, see Table C.4
All Flavour tagging uncertainties, see Table C.5
V+Jet modelling uncertainties:

ATLAS WCR_2011 _zinv_ZllInv Wijets_Stat_ZH

ATLAS WCR_2012_zinv_ZllInv Wijets_Sys_ZH
ATLAS_ZABCDCR_2011_zinv_ZllInv Zjets_ ABCD_Shape_ee_ZH
ATLAS ZABCDCR_2012 zinv_ZllInv Zjets_ ABCD_Shape_ mm_7ZH

Zjets_ ABCD_Stat_ee_ZH

Zjets_ ABCD _Stat_mm ZH

Zjets . ABCD_Sys_ZH
Other Background modelling uncertainties:

SysMJ_J2_T0_L0O_Y2012_Vjjlnv SysMJ_ShapeOmergedMassFail Y2015_VH
SysMJ_J2_T1_L0_Y2012_Vjjlnv SysMJ_ShapeOmergedMassPass_Y2015_VH
SysMJ_J2_T2_L0_-Y2012_Vjjlnv SysMJ_ShapeOresolvedMassFail 'Y2015_VH
SysMJ_J3_T0_L0_-Y2012_Vjjlnv SysMJ_ShapeOresolvedMassPass_Y2015_VH
SysMJ_J3_T1_L0_Y2012_Vjjlnv SysMJ_ShapelmergedMassFail Y2015_VH
SysMJ_J3_T2_L0_Y2012_Vjjlnv SysMJ_ShapelmergedMassPass_Y2015_VH
SysMJ_L2-Y2012_T0_Vjjlnv SysMJ_ShapelresolvedMassFail 'Y2015_VH
SysMJ_L2_Y2012_T1_Vjjlnv SysMJ_ShapelresolvedMassPass_Y2015_VH
SysMJ_L2_Y2012_T2 Spctopemucr_Vjjlnv  SysMJ_Shape2mergedMassFail Y2015_VH
SysMJ_L2.Y2012_T2_Vjjlnv SysMJ_Shape2mergedMassPass_Y2015_VH
ATLAS emuCR _eff 2011 zinv_ZllInv SysMJ_Shape2resolvedMassFail 'Y2015_VH
ATLAS emuCR _eff 2012 _zinv_ZllInv SysMJ_Shape2resolvedMassPass_Y2015_VH
ATLAS emuCR stat_2011_zinv_ZllInv SysmultijetOmergedMassFailNorm_VH
ATLAS _emuCR stat_2012_zinv_ZllInv SysmultijetOmergedMassPassNorm_VH

SysmultijetOresolvedMassFailNorm_VH
SysmultijetOresolvedMassPassNorm_VH
SysmultijetlmergedMassFailNorm_VH
SysmultijetlmergedMassPassNorm_VH
Sysmultijet1resolvedMassFailNorm_VH
Sysmultijet1resolvedMassPassNorm_VH
Sysmultijet2mergedMassFailNorm_VH
Sysmultijet2mergedMassPassNorm_VH
Sysmultijet2resolvedMassFailNorm_VH
Sysmultijet2resolvedMassPassNorm_VH
WZScaleInEff ZH
WZScaleStat_ZH
WZScaleSys_ZH
emu_Shape_ZH
emu_Stat_ZH
emu_Sys_ZH

Other:
PRW _DATASF
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Table C.10.: The NP from the Run 1 and Run 2 H — inv analyses that contribute to
the Theory category in the breakdown of systematic uncertainties.

Theory

Run 1

Run 2:

V+Jets modelling uncertainties:

SysWMbb_WbbORcc_VijjInv
SysWMbb_WbcORbI_VjjInv
SysWMbb_Wel Vijjlnv
SysZMbb_ZbORc_Vjjlnv
SysZPtV_ZbORc_VjjInv
SysZPtV_Z1_Vjjlnv
SysWPtV_J2_Wh{_Vjjlnv
SysWPtV_J3_Wh{_Vjjlnv
SysWelNorm _J3_Vjjlnv
SysWhiNorm_J3_Vjjlnv
SysZclNorm_J3_Vjjlnv
SysZbbNorm_J3_Vjjlnv
SysWINorm_J3_Vjjlnv
SysZINorm_J3_Vjjlnv
SysWhcWbbRatio_VjjInv
SysWblWbbRatio_Vjjlnv
SysWecWbbRatio Vjjlnv
SysZbcZbbRatio_Vjjlnv
SysZblZbbRatio_J2_VjjInv
SysZblZbbRatio_J3_Vjjlnv
SysZccZbbRatio_Vjjlnv
SysWDPhi_J2_ Wcl_VjjInv
SysWDPhi_J2_Whf_VjjInv
SysWDPhi_J2_W1_VjjInv
SysWDPhi_J3_Wcl_Vjjlnv
SysWDPhi_J3_-Whf_VjjInv
SysWDPhi_J3_WL_Vjjlnv
SysZDPhi_J2_ZbORc_Vjjlnv
SysZDPhi_J2_Z1 VjjInv
SysZDPhi_J3_ZbORc_Vjjlnv
SysZDPhi_J3_Z1 Vjjlnv
ATLAS_-WPDF_2012_VBF
ATLAS_ZPDF _2012_VBF
ATLAS _SherpaQ2EWK _2012_VBF
ATLAS SherpaQ2QCD_2012_VBF

SysMbbWShapeOnly_Y2015_VH
SysMbbZShapeOnly Y2015 VH

SysWPtV_Y2015_VH
SysWbcWbbRatio_VH
SysWblWbbRatio_VH
SysWeeWbbRatio VH
SysWelNorm_VH
SysWjetsResVsMerged 'VH
SysZPtV_Y2015_VH
SysZbcZbbRatio VH
SysZblZbbRatio_-VH
SysZccZbbRatio-VH
SysZclNorm_VH
SysZjetsResVsMerged VH
EWK_W-ckkwl VBF
EWK_W-ckkw2_VBF
EWK_W-ckkw3_VBF
EWK_W-facl_VBF
EWK_W-fac2_VBF
EWK_W-fac3_VBF
EWK_W-pdfl_VBF
EWK_W-pdf2 VBF
EWK_W-pdf3_VBF
EWK_W-gsfl_VBF
EWK_W-gsf2_.VBF
EWK_W-qsf3_VBF
EWK_Z-ckkwl_VBF
EWK_Z-ckkw2_VBF
EWK_Z-ckkw3_VBF
EWK_Z-facl VBF
EWK_Z-fac2_VBF
EWK_Z-fac3_VBF
EWK_Z-pdfl_VBF
EWK_Z-pdf2_VBF
EWK_Z-pdf3_VBF
EWK_Z-qsfl_VBF
EWK_Z-qsf2_VBF
EWK_Z-qsf3_VBF

QCD_W-ckkwl VBF
QCD_W-ckkw2 VBF
QCD_W-ckkw3_VBF
QCD_W-facl_VBF
QCD_W-fac2_VBF
QCD_W-fac3_VBF
QCD_W-pdfl_VBF
QCD_W-pdf2_VBF
QCD_W-pdf3 VBF
QCD_W-gsfl_VBF
QCD_W-qsf2_VBF
QCD_W-¢sf3_VBF
QCD_Z-ckkwl_VBF
QCD_Z-ckkw2_VBF
QCD_Z-ckkw3_VBF
QCD_Z-facl VBF
QCD _Z-fac2 VBF
QCD_Z-fac3_VBF
QCD_Z-pdf1_VBF
QCD_Z-pdf2_VBF
QCD_Z-pdf3_VBF
QCD_Z-qsf1_VBF
QCD _Z-qsf2 VBF
QCD _Z-qsf3_VBF

Other Background modelling uncertainties:

SysVVJetPDFAlphaPt_Vjjlnv
SysVVlJetScalePtST1_Vjjlnv
SysVVJetScalePtST2_Vjjlnv
SysVVMbb_WW _VjjInv
SysVVMbb_WZ_Vjjlnv
SysVVMbb_ZZ Vjjlnv
SysWtChanAcerMC_Vjjlnv
SysWtChanPythiaHerwig_VjjInv
SysSChanAcerMCPS_Vjjlnv
SysSChanAcerMC_Vjjlnv
SysstopWtNorm_VjjInv
SysstopsNorm_Vjjlnv
SysstoptNorm_Vjjlnv
SysTChanPtB2_Vjjlnv
SysTopPt_Vjjlnv
SysTtbarMBBCont_Vjjlnv
SysTtbarMetCont_Vjjlnv
SysttbarNorm_J3_Vjjlnv

ATLAS ZZshape_Generator 2011 ZllInv
ATLAS ZZshape_Generator 2012 ZllInv

ATLAS_ZZshape_ PDF _2011_ZllInv
ATLAS_ZZshape_PDF_2012_ZllInv
ATLAS _ZZshape_Scale_2011_ZllInv
ATLAS _ZZshape_Scale_2012_ZllInv

QCDscale_ VV (%)
SysWWNorm_VH
SysWZNorm_VH
SysZZNorm_VH

SysMbbVVMEShapeOnly WZ_VH
SysMbbVVMEShapeOnly 77 VH
SysMbbVVPSUEShapeOnly ' WZ_VH
SysMbbVVPSUEShapeOnly_ZZ_VH
SysMbbTTbarShapeOnly _VH
SysTTbarPTV_VH
SysTTbarResVsMerged VH
SysstopWtNorm VH
SysstopsNorm _VH
SysstoptNorm_VH

OtherTheo_ZH

ggZZTheo ZH

ATLAS _emuCR kfac 2011 zinv_ZllInv
ATLAS _emuCR kfac 2012 zinv_ZllInv
All Signal modelling uncertainties, see Table C.8
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C. Nuisance Parameter Categorisation

Breakdown on the Expected Limit

Table C.11.: The impact of systematic uncertainty groups on the limit on By _,, in
the Run 2 combination. The combined likelihood is fitted to an expected post-fit Asimov
dataset with a given group ignored.

ABp iy (expected)
Group Run 2  Run 142
Luminosity 0.0053 0.0027
Leptons 0.0207 0.0120
Jets 0.0133 0.0003
Flavour tagging 0.0013 0.0108
EXiss soft term 0.0008 0.0005
V+jets modelling 0.0128 0.0114
Other backgrounds modelling 0.0189 0.0141
Signal modelling 0.0028 0.0078
MC statistics 0.0172 0.0134
All experimental 0.0523 0.0337
All theory 0.0276 0.0273
Theory and experimental 0.0908 0.0662
All systematics 0.1150 0.0843
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D. Input Search Rankings

Shown are the rankings of the NP in the input searches for the Run 2 combination, and
of the Run 2 combination individually.
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D. Input Search Rankings

Run 2 VBF Search Ranking

ABHH
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Figure D.1.: The fitted values of NPs for the Run 2 VBF search, ranked according to
their impact on u = By _.i,y. Free normalisation parameters are shown in red, and their
default value of unity is indicated with the vertical red dashed line. Uncertainties due to
the finite size of MC samples have their default value at zero as well.
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Run 2 7,;H search Ranking
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Figure D.2.: The fitted values of NPs for the Run 2 Z,;H search, ranked according to

their impact on p = By _iny-
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D. Input Search Rankings

Run 2 V,;H search Ranking
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Figure D.3.: The fitted values of NPs for the Run 2 V,;H search, ranked according to
their impact on g = By _i,y. Free normalisation parameters are shown in red, and their
default value of unity is indicated with the vertical red dashed line. Uncertainties due to
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the finite size of MC samples have their default value at zero as well.
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Run 1 combination Ranking
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Figure D.4.: The fitted values of NPs for the Run 1 combination, ranked according to
their impact on u = By _si,,. Free normalisation parameters are shown in red, and their
default value of unity is indicated with the vertical red dashed line. Uncertainties due to
the finite size of MC samples have their default value at zero as well.
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