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Preface

In the last decades, critical goals have been achieved by the whole scientific com-
munity towards a deeper understanding of our Universe. In the context of particle
physics, the Standard Model (SM) has proved to be the most complete and valid
theoretical model that is able to explain three of the four interactions among the fun-
damental constituents of matter. After a long series of breakthrough results, from the
deep inelastic scattering experiments that revealed the internal structure of hadrons
up to the discovery of the W/Z bosons and top quark, the last missing piece of the
SM puzzle was added in 2012, when a new particle consistent with the Higgs boson
predicted in the 1960s was discovered by the A Toroidal LHC ApparatuS (ATLAS) and
Compact Muon Solenoid (CMS) experiments at the Large Hadron Collider (LHC), the
largest particle accelerator in the world.

The discovery of the Higgs boson represented the most compelling proof of the
validity of the SM. However, even after the inclusion of the Higgs boson, the SM of
particle physics is in practice able to explain just about 5% of the whole Universe. The
bulk of matter in our Universe is actually made of a non-luminous source of matter,
commonly called Dark Matter (DM).

Although several astrophysical and cosmological measurements have proved in
different ways the existence of an enormous amount of DM in the Universe, its na-
ture is still unknown. Several properties, as the fact that it must have neutral electric
charge, it must be stable (at least compared to the age of the Universe) and that it
must interact very weakly with the SM particles, are inferred from such observations.
Based on these findings, it is possible to probe the existence of DM with several de-
tectors built on Earth or even attached to a satellite orbiting in the outer space. In
particular, at the LHC, where head-on proton-proton collisions take place, the poten-
tial presence of DM particles, which do not interact with the detector, can be inferred
by an imbalanced amount of energy (missing energy) in the plane that is transverse
to the beam axis.

The main subject of this thesis is the search for DM signals in events with a SM
Higgs boson decaying to b-quarks plus missing energy with the ATLAS detector at the
LHC. This type of signature defines the mono-H(bb̄) final state.
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The thesis is organised as follows.

Chapter 1 presents an overview of the most relevant aspects of the SM of parti-
cle physics. A brief description of the basic ingredients of the theoretical model is
followed by a discussion about its current limitations concerning several phenomena
that cannot be properly explained within the SM framework. Among those is the DM
puzzle that represents the central theme of this thesis.

Chapter 2 is dedicated to the problem of DM. Starting from a review of the cosmo-
logical and astrophysical evidences for the existence of DM, some important aspects
that characterise a potential DM particle candidate are examined. This discussion is
aimed at setting the stage for a more detailed discussion about the search for DM
through direct and indirect detection as well as collider experiments, such as the one
led by the ATLAS experiment at the LHC.

Chapter 3 is aimed at describing the physics behind the pp collisions that take place
at the LHC. First, the whole accelerator complex is described, then the key features
of each component of the ATLAS multi-purpose detector are illustrated.

Chapter 4 consists in a summary of the most relevant techniques adopted for the
reconstruction of the final state objects, arising from each pp collision occurring inside
the ATLAS detector, that are relevant for the analysis presented in this thesis.

Chapter 5 is entirely dedicated to the description of the search for DM through the
mono-H(bb̄) channel. First, the main features of the probed signal are illustrated.
The most relevant aspects concerning the event selection, the estimation of the back-
ground and the final statistical analysis are then discussed in detail. My personal
contribution to the results presented in this chapter comprises the implementation
and validation of the 0` Signal Region (SR) event selection in the analysis frame-
work, the validation of the event selection across different versions of the ATLAS
reconstruction software, the validation and optimisation studies related to the usage
of Variable-Radius (VR) track jets in the boosted regime, including also the calibration
of their b-tagging performance in data. Furthermore, I worked on a new estimate of
the signal and background theory modelling uncertainties whose results are going to
be used for the upcoming analysis of the full Run 2 dataset.

Chapter 6 describes in detail the method adopted in order to extract the b-tagging
efficiency of VR track jets from pp collision data. All the material presented in this
chapter represents entirely the results of the work I did in the context of the b-tagging
calibration, aimed at commissioning the usage of VR track jets in the mono-H(bb̄)
analysis.
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Chapter 7 presents the results of a work aimed at reinterpreting the mono-H(bb̄)
ATLAS results in the context of a new dark Higgs model through the usage of the Re-
quest Efficiency Computation for Alternative Signal Theories (RECAST) framework.
My personal contribution to this work, in addition to sharing the knowledge about
the mono-H(bb̄) analysis strategy, consists in a dedicated evaluation of the theory
uncertainties on the new signal model.

Chapter 8 is aimed at giving a small taste of the future directions of the mono-H(bb̄)
search towards the analysis of the data recorded by the ATLAS detector during the
full Run 2 of the LHC. While the analysis is still in preparation, some aspects con-
cerning several potential improvements are examined. For the work presented in this
chapter, my personal contribution concerns the usage of the DL1r tagger as potential
alternative b-tagging algorithm.
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1 The Standard Model and beyond

The SM of particle physics represents the most robust and solid theory that nowadays
is able to describe matter at the subatomic level. Its validity and robustness have
been established by several experimental results culminating with the discovery of
the Higgs boson at the LHC. In this chapter, the main aspects of the SM are presented
and a dedicated examination of its current limitations is aimed at setting the stage
for the discussion of the DM problem.

1.1 The Standard Model of particle physics

The SM of particle physics is the relativistic quantum field theory that describes all
the fundamental constituents of matter as well as the interactions between them,
with the exception of the gravitational force (whose magnitude is negligible at the
subatomic scale that we have been able to probe so far). In the SM, the fundamental
constituents of matter can be divided in two categories of fermion particles: leptons
and quarks. They can interact via the electromagnetic, weak and strong forces by
exchanging of particles with integer spin, called gauge bosons.

The SM is a Yang-Mills theory [1] based on the local gauge symmetry group
SU(2)L ×U(1)Y × SU(3)C where:

• SU(2)L is the weak isospin ~I symmetry group, whose three generators corre-
spond to the three gauge fields W1

µ, W2
µ and W3

µ,

• the U(1)Y group, whose corresponding gauge field is Bµ, is the weak hyper-
charge Y = 2(Q− I3) symmetry group, where Q is the electric charge and I3 is
the third component of the weak isospin vector,

• SU(3)C is the colour symmetry group which has eight generators, associated to
eight gluons, and represents the strong interaction.

The label “L” for the SU(2)L group refers to the fact that the vector bosons mediating
the charged weak interactions couple only to left-handed fermions1.

1The right-handed and left-handed projections of a spin-1/2 field are determined by the action of
the chirality operator PR,L = 1

2 (1± γ5), where γ5 ≡ iγ0γ1γ2γ3 and γµ (µ=0,1,2,3) are the 4×4 Dirac
matrices acting on the four dimensional spinor, representing the fermion field. In the massless case, the
PR,L operators project the fermion field onto states of definite (positive or negative) helicity, which is

represented by the operator ~S · p̂, where ~S = 1
2
~Σ = 1

2

[
~σ 0
0 ~σ

]
, in which~σ are the 2 × 2 Pauli matrices,

and ~p is the momentum of the particle.
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The theory describing the electromagnetic interactions is called Quantum Elec-
troDynamics (QED), initially formulated by Paul Dirac in the 1920s. The treatment
of QED and weak interaction has been unified by Glashow [2], Weinberg [3] and
Salam [4] who, thanks to this important contribution, were awarded the Nobel Prize
in 1979. They suggested the SU(2)L × U(1)Y as the symmetry group for the elec-
troweak force, such that the associated four gauge fields can be written as:

Aµ = Bµ cos θW + W3
µ sin θW ,

Zµ = W3
µ cos θW − Bµ sin θW ,

W±µ =
1√
2
(W1

µ ±W2
µ)s

(1.1)

where W±µ and Zµ are the massive vector bosons mediating, respectively, the charged
current and the neutral current weak processes while Aµ represents the photon γ
(massless) which is the mediator of the electromagnetic interactions. The W± bosons
couple only with left-handed particles while the Z boson couples with both right-
handed and left-handed particles. On the other hand, the coupling of the photon
with the fermions is proportional to the fermion electric charge.

In Equation 1.1, the weak angle θW is defined by the couplings g and g′ of SU(2)L
and U(1)Y:

sin θW =
g′√

g2 + g′2
, (1.2)

cos θW =
g√

g2 + g′2
. (1.3)

The electric charge can at this point be written as:

e = g sin θW = g′ cos θW . (1.4)

An overview of gauge bosons associated to each fundamental interaction is shown
in Table 1.1.

In the SM, all the fermions (leptons and quarks) are arranged in different families.
The left-handed fermions exist as SU(2)L doublets with I = 1/2, while the right-
handed fermions are singlets (I = 0). The quarks exist in six flavours: up, down,
charm, strange, top and bottom, and they are distinguished between up-type and
down-type depending on the value of their electric charge:(

u
d′

)
L

(
c
s′

)
L

(
t
b′

)
L

uR dR cR sR tR bR.

where d′, s′ and b′ are the weak eigenstates that are obtained from a rotation of the
mass eigenstates d, s, b described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

d′

s′

b′

 = VCKM

d
s
b

 (1.5)
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whose elements have absolute values corresponding to (values taken from Ref. [5]): |Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

 '
 0.975 0.225 0.004

0.224 0.974 0.042
0.009 0.041 0.999

 . (1.6)

Transitions between different quark generations can occur through the interaction
with the W± bosons. Diagonal elements of the matrix, referring to transitions within
the same family, are close to unity, while off-diagonal elements refer to transitions
between different families which are suppressed.

The same categorisation is done also for leptons, which consist of the electron e,
muon µ and τ lepton and their associated neutrinos:(

e
νe

)
L

(
µ
νµ

)
L

(
τ
ντ

)
L

eR µR τR.

It is worth noticing here that right-handed neutrinos (as well as left-handed anti-
neutrinos) have not been observed so far in Nature, hence they are not included in
the list of SM particles above.

For what concerns the strong sector, the theory describing the interaction be-
tween quarks and gluons is called Quantum ChromoDynamics (QCD). Gluons are
electrically neutral and massless particles which carry the colour charge. Following
the analogy to the primary colours used on our TV screen, the colour charge comes in
three variants: “red”, “green” and “blue”. The three colours combined together yield
a total null colour charge (a “white” state) and each anti-colour combined with the
other two colours gives again a “white” state.

Interaction Gauge Boson Mass [GeV] Charge
electromagnetic photon (γ) 0 electric

weak
Z0

W±
∼ 91.2
∼ 80.4

weak isospin

strong 8 gluons (g) 0 colour (r,g,b)

TABLE 1.1: Overview of the three fundamental forces described by the
SM with their corresponding gauge bosons and charges.

Contrary to the photon, which is electrically neutral, gluons carry colour charge
hence they can also interact among themselves. One of the most relevant differences
of QCD with respect to QED is the dependence of their coupling constant on the
energy scale. While QED coupling constant decreases at large distances (i.e. low
energy) due to the screening of e+e− pairs of the vacuum, the QCD coupling constant
shows the opposite behaviour and it decreases with the energy. At high energies, the
strong coupling constant αs(Q2) can be approximated as:

αs(Q2) =
12π

(33− 2N f ) ln
(

Q2

Λ2
QCD

) (1.7)

where N f is the number of flavours that are accessible at the chosen energy scale Q2

and ΛQCD corresponds to the non-perturbative scale of QCD.
The two main features of QCD are the:
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• confinement: the colour is not an observable property of particles, so quarks
and gluons cannot exist as isolated particles and they must combine together in
order to produce colour neutral (“white”) particles, the hadrons;

• asymptotic freedom: at high energies (i.e. short distances) the strong force
becomes so weak that quarks and gluons behave as free point-like particles.

The confinement phenomenon, even if not yet proved mathematically, has a cru-
cial role in the understanding of the hadron’s structure. In fact, most of the hadrons
known up to the present day appear either as a quark-antiquark pair (mesons) or as a
three quarks state (baryons)2. Confinement has hence a direct impact on collider ex-
periments: quarks and gluons produced in particle accelerators will always appear in
the detector as a spray of several colour-neutral particles, which are usually referred
to as jets. While a mathematical description of the colour confinement in QCD is
still missing (at that low energy the perturbative treatment breaks down), asymptotic
freedom has been explained by Gross, Wilczek [9] and Politzer [10] (Nobel Prizes in
2004) and successfully observed in deep inelastic scattering experiments.

1.1.1 The Higgs boson

The last missing piece of the SM theory is related to the problem of masses. We know,
from several experimental results, that the W± and Z boson (as well as most of the
fermions) are massive, however adding a mass term for the gauge bosons (and also
for the fermions) explicitly in the Lagrangian density would break the local gauge
invariance of the theory. Spontaneous electroweak symmetry breaking finally solved
this problem through the Brout-Englert-Higgs mechanism [11, 12, 13, 14]. The power
of this solution is in the fact that the mass terms are spontaneously originated, hence
preserving the local gauge invariance.

The simplest realisation of this mechanism consists in adding a generic left-
handed isospin complex scalar doublet to the SM Lagrangian:

φ =

(
φ+

φ0

)
, (I = 1/2, Y = 1) (1.8)

where φ+ = φ1(x)+iφ2(x)√
2

, φ0 = φ3(x)+iφ4(x)√
2

and φi(x) with i=1,...,4 are real scalar
fields. The Lagrangian of the Higgs sector can then be written as:

LH = (Dµφ)†(Dµφ)−V(φ) (1.9)

where V(φ) = µ2φ†φ + λ(φ†φ)2 and Dµ is the covariant derivative of the field φ(x).
The shape of the potential V depends on the parameters µ and λ. The parameter λ
needs to be positive for the theory to remain stable. On the other hand, the sign of µ2

is not defined a priori and can be either positive or negative. The vacuum state is the
lowest energy state of the field φ and corresponds to the minimum of the potential
V(φ). For µ2 < 0, the lowest energy state does not occur at φ = 0 and the field is said
to have a non-zero Vacuum Expectation Value (VEV), also named as υ. Moreover,
as shown in Figure 1.1, due to the symmetry of the potential, the vacuum state of
the field is also degenerate. By choosing a particular minimum, the symmetry of the

2Actually, several “exotic” baryons with more than three valence quarks have been discovered in the
recent years, for example the tetraquark state, named Z(4430) [6, 7], and the two pentaquark states
P+

c (4380) and P+
c (4450) [8]. Also a combination of such different number of quarks will result in a

total null colour charge.
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FIGURE 1.1: Schematic representation of the potential V of the scalar
field φ in the case µ2 < 0. Figure taken from Ref. [15].

Lagrangian is spontaneously broken and the ground state can be written as:

φ0 = 〈0|φ|0〉 = 1√
2

(
0
υ

)
, υ =

√
−µ2

λ
. (1.10)

The VEV can also be written as (
√

2GF)
−1/2

= 2MW
g (where GF is the reduced Fermi

constant and g is the weak isospin coupling) and corresponds approximately to a
value of 246 GeV. The particle states, which correspond to excitations of the field,
can now be described by expanding the field φ around the minimum configuration.
In order to do that, let us consider a small excitation of the complex scalar doublet
(in unitary gauge):

φ(x) =
1√
2

(
0

υ + h(x)

)
(1.11)

where the Higgs boson is represented by the real scalar h(x) with a mass mh =
√

2λυ.
The Higgs mass mh thus depends on µ and is a free parameter of the theory. As a
consequence of this mechanism, mass terms for each of the electroweak gauge bosons
originate spontaneously in the Lagrangian and the following relations are obtained:

mW =
1
2

gυ, mZ =
1
2

υ

√
g2 + g′2, mγ = 0. (1.12)

Hence the photon, which does not couple with the Higgs boson, remains massless. For
what concerns the fermion masses instead, the interaction term between the Higgs
doublet scalar field and the fermion fields gives rise to a mass term for each fermion
f , which is proportional to their Yukawa coupling λ f with the Higgs scalar field:

m f =
λ f υ√

2
(1.13)

which shows that the interaction of the Higgs boson with the fermions is proportional
to the fermion mass. On 4 July 2012, the ATLAS [16] and CMS [17] experiments at
Conseil Européen pour la Recherche Nucléaire (CERN) announced the observation
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of a new particle around the mass region of 125 GeV which was consistent with the
SM Higgs boson, predicted by the theory. On 8 October 2013, François Englert and
Peter W. Higgs were jointly awarded the Nobel Prize in Physics “for the theoretical
discovery of a mechanism that contributes to our understanding of the origin of mass
of subatomic particles”, hence solving the last missing piece of the SM puzzle.

1.2 Limitations of the Standard Model

The discovery of the SM Higgs boson in 2012 represented a great achievement for
the whole scientific community and allowed closing a chapter of the particle physics
programme, which had lasted about 50 years, acknowledging the SM as the most
complete and solid theoretical framework of particle physics. However, this cannot
be the full story, as there are several phenomena that escape our comprehension and
cannot be explained within the SM.

As already anticipated, the SM framework does not include gravity and this is
already a severe limitation of the theory. It has also been discussed that the strong,
weak and electromagnetic coupling constants depend on the energy; and at very high
energy scales, around 1016 GeV, they have similar magnitudes. So how to reconcile
this energy scale with the Planck scale (∼ 1019 GeV) at which the gravitational effects
cannot be neglected anymore? In particular, why does the Higgs boson mass (as the
only dimensional parameter of the SM Lagrangian) happen to be so small compared
to the Planck scale? This is usually referred to as the “hierarchy problem”.

Moreover, if we assume that the SM can be interpreted as an effective field theory
able to describe the physics up to a certain energy scale, the physical mass of the
Higgs boson can be written as :

mh
2 = m0

h
2
+ (∆mh)

2 (1.14)

where m0
h is the bare Higgs boson mass and ∆mh represents the higher order correc-

tions from fermion loops, which can be written as:

(∆mh)
2 = −|λ f |2

8π2 [Λ2
UV + ...] (1.15)

in which λ f represents the Yukawa coupling of the fermions with the Higgs field
and ΛUV is the ultraviolet cut-off energy scale of the theory (e.g. the Planck scale).
Therefore for the Higgs mass to be finite at the electroweak scale, the bare mass
should be set to a large value such that the resulting physical mass is at the measured
value of 125 GeV. This is usually called the “fine-tuning” problem and at the present
day is still considered an “accident” of the theory.

Another weakness of the SM concerns the neutrino sector. In the SM all the neu-
trinos are considered as massless particles, which is in contrast with the experimental
observation of flavour oscillations (Nobel Prize to Kajita [18] and McDonald [19] in
2015). Therefore neutrinos do have a (even very tiny) mass and their oscillation is
parametrised by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, similarly to
the CKM matrix in the case of quarks. There should then be three mass eigenstates
with two possible arrangements: the normal and the inverted hierarchy and in both of
them there is a “doublet” of close mass states and a “lone” mass state. While our cur-
rent knowledge about neutrinos is still very limited, several experiments are aiming
at a direct measurement of the neutrinos masses and have provided an upper limit
which is O(eV).
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Another big open question concerns the matter-antimatter asymmetry. It is evi-
dent that our Universe is dominated by matter, although it is a natural assumption
that in the early instants after the Big Bang the amount of matter and antimatter
should have been identical. Within the SM, the matter-antimatter asymmetry can be
qualitatively explained by a violation of the CP symmetry. The CP symmetry refers
to the combination of the charge conjugation C and parity P operators. The charge
conjugation C transforms a particle into its anti-particle, while the parity P operation
reflects the particle with respect to the origin of the space coordinates. In the SM, the
existence of a complex phase in the CKM matrix implies a violation of the combined
CP transformation (observed for the first time in the decay of neutral kaons in the
1960s, leading to the Nobel Prize in physics to Cronin [20] and Fitch [21] in 1980).
Hence the particle-antiparticle asymmetry in our Universe might be explained by the
fact that CP is not a symmetry of all fundamental interactions. However, the magni-
tude of the CP violation in the SM is not sufficient to explain this asymmetry, which
still remains an unsolved problem.

Lastly, and probably most importantly, all the physics discussed in these pages,
and successfully described by the SM, refers only to just about the 5% of the whole
Universe. Cosmological and astrophysical observations are demonstrating that the
rest of the Universe is made by Dark Energy (DE), that would be responsible for the
accelerating expansion of the Universe, and DM, a non-luminous source of matter
which seems not to interact with the “ordinary” matter described by the SM.

The most attentive reader would at this point notice, from the title of this thesis,
that the search for DM is the main topic of this work, hence a dedicated discussion
about the astrophysical and cosmological evidences as well as the current search
strategies at the LHC will be discussed more extensively in Chapter 2.
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2 Dark Matter

In the last decades, several astrophysical measurements have proved that we still do
not know the origin of almost the 95% of the world around us. The matter suc-
cessfully described by the SM only accounts for about the 5% of the whole Universe
while the rest is made by DM (∼ 24%) and DE (∼ 71%) [22], whose nature is still
unknown. Starting from the discussion of the most relevant astrophysical evidence
for the existence of DM, this chapter presents an overview of the main features asso-
ciated to it, as well as a discussion of the strategies behind the various searches for
DM performed up to the present day.

2.1 Astrophysical evidence

The first evidence of the existence of a non-luminous source of matter in the Universe
dates back to the 1930’s, when Fritz Zwicky measured the velocity dispersion of the
galaxies in the Coma Cluster [23]. He made use of the virial theorem to infer that
galaxies cannot only be made by visible matter but a “dunkle materie” must also
exist and should correspond to six times the amount of visible matter. Nevertheless,
almost another 30 years must have passed before this important result was properly
acknowledged. In the 1970’s, Vera Rubin and others observed a constant rotation
speed v as a function of the radius r beyond the visible disk. If galaxies were only
made from visible matter, according to Kepler’s Third Law, their rotation velocity
should correspond to:

v(r) =

√
GM(r)

r
(2.1)

where M(r) = 4π
∫

ρ(r)r2dr, indicating with ρ(r) the density of visible matter at a
distance r from the galactic centre and with G the gravitational constant. Therefore,
at distances larger than the radius of the galaxy the rotation curve is expected to
decrease as 1√

r , while experimental results showed a rotation curve which tends to be
constant at higher distances. Hence, not only an additional source of mass is present
beyond the visible disk, but its content must grow proportionally to r [24]. In the
following years, such observations have been confirmed for a quite large sample of
galaxies. An example is shown in Figure 2.1.

The content of DM in the Universe can also be inferred by studying how the
light originating from a luminous source is deflected and distorted due to the large
amount of matter between the source and the observer. This phenomenon, predicted
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FIGURE 2.1: Rotation curve of galaxies NGC 5371 and NGC 5033.
The radius (horizontal axis) is given in kpc and the rotation veloc-
ity (vertical axis) in km/s. The observed data are compared with the
fitted MOdified Newtonian Dynamics (MOND) rotation curve (solid
line) [25]. The other curves represent the Newtonian rotation curves
of the various separate components: the long dashed curve is the rota-
tion velocity resulting from a central bulge, if present, the short dashed
line is the rotation curve of the gaseous disk, the dotted curve is that

of the luminous disk. Figure taken from Ref. [26].

by Einstein’s theory of general relativity, is called “gravitational lensing” and dedi-
cated measurements of such effect can provide constraints on the density of DM in
our Universe [27].

Perhaps one of the most spectacular applications of the gravitational lensing ef-
fect is the one related to the “Bullet Cluster”. In 2003, the Chandra telescope [28]
measured the mass distribution of this system of two colliding clusters of galaxies
and found that the centre of total mass of galaxies was shifted with respect to the
visible matter distribution (see Figure 2.2), suggesting once again that an additional
non-luminous, and non-interacting, source of matter must also be present.

(a) (b)

FIGURE 2.2: The Bullet Cluster (1E 0657-558). On the left, the pink
regions correspond to the visible mass distribution of the cluster as
measured by the Chandra X-ray Observatory [29, 28]. On the right,
the green lines represent the gravitation lensing contours and the blue
regions correspond to the inferred mass distribution due to the pres-

ence of DM [30].
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2.2 The Dark Matter relic density

A quantity that is worth discussing is the abundance of DM remaining in the Universe
after the Big Bang, at the present day. Usually, when thinking about a possible DM
particle candidate, a distinction is made between the case in which DM is produced
in collisions between particles of the thermal plasma in the early Universe (radiation-
dominated era) or it is created non-thermally (for example from the decay of other
particles, which themselves may or may not have a thermal abundance) during a
phase transition.

In case of an initial state of thermal equilibrium, the evolution of the number
density nχ of DM particles χ, and the relative antiparticles χ̄, can be written as1:

dnχ

dt
= −3Hnχ − 〈σAv〉(n2

χ − (neq
χ )

2
) (2.2)

where H ≡ ȧ
a is the Hubble parameter, which determines the expansion rate of the

Universe, a is the scale factor of the Universe, σA is the χχ̄ annihilation cross-section
(brackets denote thermal average), v is the relative speed of the annihilating DM
particles and neq

χ is the number density at thermal equilibrium [31, 32]. For massive
particles (i.e. non-relativistic limit), the number density at thermal equilibrium neq

χ

can be expressed, following the Maxwell-Boltzmann approximation, as:

neq
χ = g

(
mχT
2π

)3/2

e−mχ/T (2.3)

where g is the χ number of degrees of freedom. In order for the thermal equilibrium
to take place, the interaction rate must be sufficiently larger than the expansion rate.
Hence, already from Equation 2.2 it is possible to notice that if the expansion rate
is much greater than the reaction rate, the first term dominates and Equation 2.2
becomes [33]:

dnχ

dt
= −3Hnχ = −3

ȧ
a

nχ ⇒ d(nχa3)

dt
= 0 (2.4)

and nχ falls as a−3. Otherwise, if the reaction rate is large compared to the expan-
sion rate, the derivative of the number density is negative if nχ is greater than the
equilibrium value neq

χ . In this case, the number density is a function of the tempera-
ture T and is pushed toward the equilibrium value. We can therefore distinguish two
regimes:

nχ ∼ nχ(T) T � Tf

nχa3 ∼ constant T � Tf
(2.5)

where Tf is usually called the “freeze-out” temperature at which the annihilation rate
becomes equal to the expansion rate. Figure 2.3 shows an example of the numerical
solution of the number density as a function of m/T (thus time).

The thermal relic density can finally be estimated by equating the annihilation
rate and the expansion rate [33] and, once divided by the critical density ρc

2, it is

1Assuming that χ and χ̄ can only annihilate and be created in χχ̄ pairs and there is no particle-
antiparticle asymmetry, i.e. nχ = nχ̄.

2The critical density ρc is the value of the total energy density such that the Universe is spatially
flat: ρc ≡ 3H2

8πG .
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FIGURE 2.3: Typical evolution of the WIMP number density in the
early Universe during the epoch of freeze-out. Figure taken from

Ref. [34].

found to be:

Ωχh2 ∼ 3× 10−37cm3s−1

〈σv〉 (2.6)

where h is the rescaled Hubble constant
(
h = H/(100 km s−1 Mpc−1)

)
. It is pos-

sible to measure the value of Ωχ, as well as the one of several other cosmological
parameters, through the analysis the Cosmic Microwave Background (CMB), the pri-
mordial radiation of photons originated in the early Universe, predicted by George
Gamow and others [35, 36, 37] in 1948 and “accidentally” discovered by Arno Pen-
zias and Robert Wilson in 1965 (Nobel Prize in Physics in 1978). The study of the
temperature fluctuations of the CMB is a powerful tool to derive stringent constraints
on several cosmological parameters. The Planck satellite is dedicated to these mea-
surements and from the position, shape and relative height of the “acoustic peaks”
of the power spectrum, like the one shown on the right of Figure 2.4, can extract
information about the amount of matter in the Universe. In particular, the second
and third peaks provide a direct information about the amount of DM and DE in the
Universe. The most recent results of the Planck collaboration are [38]:

Ωbh2 = 0.02237± 0.00015 Ωch2 = 0.1200± 0.0012 (2.7)

where Ωbh2 is the baryon density and Ωch2 is the cold DM density.
Therefore, for cross-section values comparable with those of the weak interaction,

Equation 2.6 yields a DM density of this order of magnitude. This is usually referred
to as the “WIMP miracle”. Moreover, from such calculations, the freeze-out seems to
occur at Tf ∼ mχ/20, which corresponds to a DM particle produced before the Big
Bang Nucleosynthesis (BBN) era, which is the first one from which we have a trace.
As a consequence, a possible discovery of DM would shed light, for the first time, on
the pre-BBN era.

Nevertheless, it is important to notice that several assumptions went into the
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FIGURE 2.4: Temperature map of the CMB (on the left) and the Planck
2018 temperature power spectrum (on the right). Figures taken from

Ref. [38, 22].

calculations presented above, among them the fact that DM is in thermal equilibrium
and decouples when the Universe is radiation dominated, that there is no DM particle-
antiparticle asymmetry and that DM particles are stable. Any deviation from these
assumptions would change the DM relic density considerably. Furthermore, also the
presence of an additional particle with similar mass and same quantum numbers of
the DM particle can alter the result significantly. A more detailed discussion about
these aspects can be found in Ref. [39]. It is therefore crucial to be aware of the
caveats hiding behind our current knowledge in order to keep our minds as open as
possible when thinking about a possible DM particle candidate, as discussed in the
next section.

2.3 What do we know about Dark Matter?

Nowadays, several extensions of the SM of particle physics are able to provide their
own DM candidate particle. A pragmatic approach consists in considering DM within
a more general category of particles that are neutral, stable, non-relativistic and that
can match the appropriate relic abundance. Particles fulfilling all these criteria are
generally called Weakly Interactive Massive Particle (WIMP)s and in most of the Be-
yond Standard Model (BSM) theories the DM candidate falls into the WIMPs category.

In this context, one of the most famous theories is SUperSYmmetry (SUSY) in
which a super-partner is associated to each SM particle with the same quantum num-
bers apart from the spin, which differs by half a unit. Therefore, the partners of
fermions are bosons and viceversa. One of the most striking consequences of this
new model is a solution of the fine-tuning problem (see Section 1.2) as the higher
order corrections to the Higgs mass would have two contributions with opposite sign,
one from the SM fermions and one from their super-symmetric partners, hence they
cancel out each other exactly, and naturally.

Let us take a step back and have a deeper look at these properties in general.
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Is DM neutral? The starting point is that DM is dark, i.e. non-luminous, because it
does not seem to interact with light of any frequency. Hence DM must be neutral, or
at least have a very small effective electric charge. It is possible to imagine that the
DM particle is part of a “dark sector” and couples with a charge Q′ to a dark photon
and with charge εQ′ to the SM photon. This is the case of the so-called “Millicharged
DM” [40]. Alternative models suggest instead a charged DM particle that has a suf-
ficiently large mass preventing it from interacting electromagnetically [41]. This is
the case of Charged Massive Particles (CHAMPs), discussed in Ref. [42], which would
also solve several long-standing astrophysical problems, like the fact that the number
of dwarf galaxies is orders of magnitude smaller than what expected from simulation
(missing satellites problem [43]).

Is DM stable? In order to ensure its stability, the DM particle lifetime must exceed
the present age of the Universe, which is about 4.3× 1017 s (13.8 billion years). In
several theories beyond the SM, the stability of DM is guaranteed by the presence of
an additional symmetry that forbids the decay of DM into SM particles. For example,
SUSY introduces a new symmetry, called R-parity, defined as:

R = (−1)3(B−L)+2S (2.8)

where B is the baryon number, L is the lepton number and S is the spin. Thus SM
particles have positive R-parity while SUSY particles have negative R-parity, since
they have the same value of B and L but the value of S differs by half unit. For R-
parity to be conserved, a SUSY particle can only decay into a SUSY particle plus a
SM particle whereas the decay in two SUSY particles is not allowed. Hence, the most
plausible DM candidate in SUSY is the Lightest Supersymmetric Particle (LSP), which
cannot further decay and remains stable. The LSP can be either the neutralino χ̃0

1 or
the gravitino G̃ (in Gauge Mediated SUSY Breaking models).

Is DM cold? DM must also be cold, in other words it must be made of particles
that have become non-relativistic before the matter domination era. DM is there-
fore usually classified as cold, warm or hot, depending on how relativistic it is. In
the Cold Dark Matter (CDM) framework, structures must grow hierarchically, with
smaller structures merging first and creating more massive objects, like galaxies and
clusters. In the Hot Dark Matter (HDM) framework, galaxies are instead created
from the fragmentation of superclusters, in contrast with cosmological observations
which show that galaxies are older than superclusters [32]. HDM models are thus
nowadays disfavoured while in principle both CDM and Warm Dark Matter (WDM)
models are able to explain the current structure of the Universe [44]. CDM candi-
dates can include both the WIMPs thermal relics like SUSY neutralinos as well as
the non-thermal axions, light pseudoscalar particles introduced by Roberto D. Peccei
and Helen R. Quinn to solve the strong CP problem [45]. Possible WDM candidates
are instead light thermal gravitinos (even if already excluded as they are not able
to reproduce the abundance of DM) or sterile neutrinos, a hypothetical new type of
right-handed neutrinos, which interact only gravitationally with SM particles [46].
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Does it match the expected relic abundance? The other key ingredient is the DM
relic abundance, discussed in Section 2.2. For a new particle to be considered a valid
DM candidate, its production mechanism must be able to reproduce the appropriate
value of the relic density. WIMPs are usually very favoured because they are able
to naturally achieve the expected abundance, whereas SM neutrinos are ruled out
because (in addition to the fact they are not “cold”) they are not able to reproduce
the total amount of DM (Ωνh2 ∼ 6 × 10−4, from Ref. [38]). Nevertheless, other
thermal relics can also originate from the decay of a more massive species that has
previously decoupled from the thermal bath. This is the case of the LSP gravitino and
the first excitation of the graviton in Universal Extra-Dimensions (UED), which are
produced by late decays of the next to the lightest particles in the respective theories.
Another case is the one of “WIMPzillas” which, having masses around 1015 GeV, can-
not have thermal equilibrium hence different hypotheses are being discussed about
the production mechanism that can be behind them (among others, possible creation
during reheating after inflation, pre-heating stage, Planck scale or even creation of
gravitational nature) [47].

Clearly, this section is not meant to be an exhaustive overview of possible DM
candidates but rather its aim is to give a small taste of the general picture under
which the current, diversified, DM searches are performed.

2.4 Dark Matter searches

DM searches can be distinguished in three main complementary categories:

• direct detection

• indirect detection

• pair production at colliders

whose approaches can be schematically depicted as in Figure 2.5.

SM DM

SM DM

collider

indirect

di
re
ct

FIGURE 2.5: Scheme of the possible interaction between DM and SM
particles as probed by the direct, indirect and collider searches.
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Direct searches The rotation of the Milky Way through the (non-rotating) DM halo
causes the solar system to experience an effective DM wind. Direct searches are aimed
at detecting the interaction of DM with the SM particles from the nuclear recoil of
the target material of a detector placed on Earth (usually underground, in order to
minimise the background).

The expected DM flux nv = ρDMv/m can in principle be very large therefore for
a WIMP mass around 100 GeV, assuming a speed of the Earth through the DM halo
of 230 km/s and a local DM density of the order of 0.3 GeV/cm3, it is possible to
experience a flux of 105 cm−3s−1. Of course, the other missing piece is the magnitude
of the DM scattering cross-section: in principle, this type of searches can be very
sensitive also to WIMPs with a relatively small relic density, as long as their scattering
cross-section is large enough. On the other hand, direct searches lose sensitivity at
low masses of the DM particle, where the signal goes below the detection threshold.
Direct detection experiments usually distinguish between Spin Independent (SI) and
Spin Dependent (SD) WIMP-nucleon interactions, in which DM couples, respectively,
to the nuclear density or to the nuclear spin density. The SD interactions result from
an axial-vector coupling and their cross-sections depend on the spin content J of the
nucleon, while SI scattering cross-sections, arising from scalar or vector couplings,
are proportional to A2, where A is the number of nucleons in the nucleus. Direct
detection experiments therefore usually probe SI interactions using heavy atoms as
targets.

Another remarkable feature of the direct searches is the so-called annual rate mod-
ulation. Due to the Earth’s orbital motion around the Sun, the direction of the DM
wind with respect to an observer on the Earth changes throughout the year: the flux
is maximal in June and minimal in December. The count rate is therefore expected to
exhibit a sinusoidal dependence on time. This is a very distinctive feature of the DM
signal, as the majority of the background does not show the same time dependence.
Indications of an annual modulation initially came from the DAMA/LIBRA experi-
ment [48, 49] but were found to be inconsistent with several other experiments.
Recently, the COSINE-100 experiment attempted to reproduce such results in an in-
dependent way, using the same target material of the DAMA/LIBRA experiment. Al-
though more statistics is needed to be able to fully confirm or refute these results, the
COSINE-100 results seem to disfavour the WIMP-nucleon spin independent interac-
tion as the origin of the annual modulation signal claimed by DAMA/LIBRA [50, 51].

In addition to the energy of the DM particle, several direct detection experi-
ments attempt also to measure the recoil direction and possibly identify the origin
of the DM signal. Figure 2.6 shows an overview of the current limits on the WIMPs-
nucleon cross-section, including also the sensitivity of the XENON1T, which in 2019
announced the first observation of the two-neutrino double electron capture process,
thus proving its sensitivity to this kind of extremely rare processes [52].
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FIGURE 2.6: 90% Confidence Level (CL) upper limits to SI WIMPs-
nucleon interaction for several direct detection experiments. Figure

taken from Ref. [53].

Indirect searches Indirect searches are aimed at detecting the products of DM par-
ticle annihilation, as γ rays, pp̄, e+e− and neutrinos, looking for anomalies that might
indicate the presence of DM in a certain region of the Universe. The potential capture
of WIMPs inside the Sun or the Earth would increase their density and then enhance
their probability to annihilate.

Searches for γ rays are usually done in space, as in the GeV-TeV energy range pho-
tons interact with matter mostly producing e+e− pairs, hence they would not reach
the Earth. Nevertheless, both ground-based and space-based telescopes are currently
performing this type of DM search. Within the second category of telescopes, the
Fermi-LAT collaboration has observed an excess of events in the few GeV range from
a region around the galactic centre, consistent with several WIMPs hypotheses [54].
However, the current range of explored uncertainties on the modelling of the back-
ground emission is still not complete and the spectrum and morphology of the excess
are not yet obviously consistent with the expectations from a DM signal. The result is
therefore currently used only to derive constraints on the annihilation cross-section
of DM particle candidates.

Several other experiments are instead designed to specifically detect neutrinos.
Such neutrinos are expected to escape from the Sun or Earth and travel a large dis-
tance (through ice or underwater) before being detected. The signal rate is therefore
expected to be very low, however a signal like this would point directly to the Sun,
therefore removing most of the background. In this context, the strongest limits ac-
tually come from Super-Kamiokande which, by including in the selection also events
with a muon produced inside the detector, extended its sensitivity down to the few
GeV regime [55].

The flux of antiprotons and positrons is instead probed by experiments like
PAMELA and AMS. Unlike photons and neutrinos, these charged particles interact
with the magnetic field in the galaxy and therefore they will not point to their source.
Nevertheless, studying the flux of this type of particles is extremely interesting given
the limited amount of anti-matter in the Universe. Both PAMELA and AMS observed
a quite clear rise of the positron fraction in an energy regime between 10 and 200
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GeV [56, 57]. However, the behaviour of this flux at higher energy seems to be dif-
ferent among the two experiments and several signal hypotheses are currently being
considered, including pulsars, supernovas and also antideuteron signals.

Lastly, if DM is not too heavy it might be possible to produce it with one of our
powerful accelerators of SM particles, like the LHC. As the main focus of this thesis
consists in one of these searches, a dedicated discussion about the DM searches at the
LHC is presented in the next section.

2.5 The search for Dark Matter at the LHC

As for the direct and indirect detection, the main assumption behind the search for
DM at colliders is the existence of a certain kind of interaction between SM and DM
particles. A direct production of DM at colliders, as the LHC, would then be crucial
in understanding the interaction of DM with the ordinary matter in the first instants
after the Big Bang.

A DM particle produced at the LHC would almost pass invisibly through the de-
tector and, exactly as the SM neutrinos, its signal would be characterised by a large
amount of missing transverse momentum, Emiss

T , which qualitatively refers to the im-
balance in the energy measured by the detector (a more detailed discussion will be
presented in Sections 3.2-4.7).

In general, it is possible to extend the SM in order to account for a new DM candi-
date by allowing the Higgs boson or the Z boson to mediate the interaction between
DM and SM particles. These are usually called “portal models”. Alternatively, a large
set of theory models assume that the mediator of the DM-SM interaction is also a
new particle, which can either be a heavier version of the Z boson, usually called Z′,
or a new scalar particle. In this context, a distinction is usually made between the
so-called Effective Field Theory (EFT) and simplified models. The first approach, in
which the interaction between DM and SM particles is described as a contact interac-
tion, is only valid when the energy scale of the process is much lower than the scale of
the microscopic interaction (also referred to as “suppression scale”) and therefore not
sufficient to create the mediator particle itself. When the collision energy is close to
the mediator mass, such models must be replaced with the simplified models. In this
case, the DM particle is produced by the exchange of a new mediator particle and,
unlike the EFT models, the process depends on several parameters, as the nature of
the mediator particle, its couplings to the DM and the SM particles, and the mass of
the DM particle itself.

Depending on the process involving the mediator particle, searches with invisible
or visible final states can be performed. In the first case, the DM particles, produced
by the mediator particle, leave a large amount of Emiss

T in the final state therefore
additional particles from Initial State Radiation (ISR) or from associated productions
are used to define the signature of the event which can be:

• Jets/γ + Emiss
T ,

• W/Z + Emiss
T ,

• a SM Higgs boson + Emiss
T ,

• heavy flavour quarks + Emiss
T .

One of the most inclusive searches is the one looking just for events with jets and
Emiss

T , in which a new mediator particle Z′ decays to DM and the only visible object
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FIGURE 2.7: Feynman diagrams of some “invisible” state signatures.
Figures taken from Ref. [58].

originates from a gluon emitted from the initial state quarks, as shown in Figure 2.7a,
giving rise to the so-called “mono-jet” signature. Actually, due to gluon splitting, more
than one ISR jet can arise, therefore this type of searches looks for up to three or four
jets in the event.

Another possibility is the emission of a photon from the initial state partons. The
presence of a high pT photon makes the event selection very clean with respect to the
jet case, but it also suffers from lower statistics due to the smaller magnitude of the
electromagnetic coupling constant with respect to the one of the strong interaction.

Equivalently, also the W and Z vector bosons can be emitted from the initial
quarks. In the case of fully hadronic decays, the signature results very similar to the
“mono-jet” one. In addition, dedicated searches for Z(``)+Emiss

T final states are also
carried out.

It is also possible to exploit the properties of the SM Higgs boson to look for the
so-called “mono-Higgs” final states. Figure 2.7b shows how this type of signature can
arise, in the specific case of the Z′-Two Higgs Doublet Model (2HDM) model, in which
the mediator Z′ produces a new pseudo-scalar Higgs boson a which is assumed to
decay to a pair of DM particles. The final state visible objects are therefore the decay
products of the Higgs boson which can originate from processes with high Branching
Ratio (BR) (and relatively high background level), like H → bb̄, or processes with a
much cleaner signature (and also much lower statistics), like H → γγ.

Another interesting signature would also be characterised by an invisible decay
of the SM Higgs boson. Due to the very tiny BR associated to this process in the SM
(BR(H → Z(νν)Z(νν)) ∼ 0.1%), an observation of a large BR for this process would
certainly imply physics BSM.

Lastly, as shown in Figure 2.7c, through the exchange of a new scalar particle φ
or a pseudo-scalar a, it is possible to produce final states with heavy flavour quarks
(such as top and bottom) plus Emiss

T from DM particles.
The various “invisible” final state searches described so far are also usually re-

ferred to as “mono-X” searches.
Another possibility is to probe the so-called “visible” final states, whose signatures

are defined by the decay of the new mediator particle into SM particles. This type of
BSM searches includes the:

• di-jet,

• Trigger-object Level Analysis (TLA) di-jet,

• di-jet + ISR,
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FIGURE 2.8: Feynman diagrams of some “visible” state signatures. Fig-
ures taken from Ref. [58].

Di-jet searches aim at observing events with exactly two energetic hadronic jets,
hoping to see a bump in the invariant mass of the di-jet system consistent with the
mass of the new mediator particle. Some di-jet analyses perform an angular analysis
in order to exploit also the difference between the rapidities of the two jets (see
Section 3.2) in order to look for deviations with respect to the SM.

Traditionally, the focus of the di-jet searches has been the high mass regime (above
900 GeV), mainly because low mass searches are severely limited by the restrictions
in the data-taking (both for the ATLAS and CMS experiments) for low pT jets. In fact,
at lower pT, the single jet triggers only record a fraction of the events (prescaling).
In the recent years, an innovative approach has been developed in order to record
and analyse only a reduced set of information from the trigger system, leading to
the so-called TLA. Following this strategy, events passing the single-jet First Level
Trigger (L1) trigger, with lower threshold than the High Level Trigger (HLT) (for a
more detailed discussion about the ATLAS trigger system see Section 3.2.5), can be
recorded with minimal bandwidth increase, making it finally possible to probe also
the mass region below 1 TeV.

Alternative strategies consist in looking for a pair of jets recoiling against a photon
or an additional jet from the initial state. This is the case of the di-jet+ISR analyses.
Dedicated searches are also performed for events in which the two jets originate from
bottom or anti-bottom, or other heavy flavour, quarks.

Lastly, narrow di-lepton resonances are also predicted by several BSM theories,
hence dedicated searches with events containing exactly two same flavour leptons
are carried out.

A comparison of the sensitivity of all these searches performed by the ATLAS
experiment is shown in Figures 2.9, for the case of vector and axial-vector mediator
models, and is more extensively discussed in Ref. [58].

It is also interesting to compare the results of all these searches with the ones of
the direct detection experiments by converting the ATLAS exclusion limits to bounds
on the DM–nucleon scattering cross-section. This conversion can be done for vec-
tor, axial-vector and scalar mediator models, following the procedure described in
Ref. [59]. Furthermore, following the same method, the pseudo-scalar mediator re-
sults, for which the direct searches lose sensitivity, can be compared to the indirect



2.5. The search for Dark Matter at the LHC 25

0 0.5 1 1.5 2 2.5 3 3.5

 [TeV]
VZ'm

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 [T
eV

]
χ

m

ATLAS 

 = 1
χ

 = 0, g
l

 = 0.25, g
q

g
Vector mediator, Dirac DM

All limits at 95% CL

Dijet

Dijet

PRD 96, 052004 (2017)

-1 = 13 TeV, 37.0 fbsDijet 

PRL 121 (2018) 0818016

-1 = 13 TeV, 29.3 fbsDijet TLA 

Preliminary ATLAS-CONF-2016-070

-1 = 13 TeV, 15.5 fbsDijet + ISR 

 re
so

nance

tt

EPJC 78 (2018) 565

-1 = 13 TeV, 36.1 fbs

 resonancett

Dibjet

 PRD 98 (2018) 032016

-1 = 13 TeV, 36.1 fbs

Dibjet

+Xmiss
TE

+Xmiss
TE

Eur. Phys. J. C 77 (2017) 393

-1 = 13 TeV, 36.1 fbs γ+
miss
TE

JHEP 1801 (2018) 126

-1 = 13 TeV, 36.1 fbs+jet 
miss
TE

PLB 776 (2017) 318

-1 = 13 TeV, 36.1 fbs+Z(ll) 
miss
TE

JHEP 10 (2018) 180

-1 = 13 TeV, 36.1 fbs+V(had) 
miss
TE

VZ'

 = m
χ m×2 

 = 0.12
2
h
cΩ

Therm
al R

elic 

(a)

0 0.5 1 1.5 2 2.5 3 3.5

 [TeV]
AZ'm

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 [T
eV

]
χ

m

ATLAS 

 = 1
χ

 = 0, g
l

 = 0.25, g
q

g
Axial-vector mediator, Dirac DM

All limits at 95% CL

P
er

tu
rb

at
iv

e 
U

ni
ta

rit
y

Dijet

Dijet

PRD 96, 052004 (2017)

-1 = 13 TeV, 37.0 fbsDijet 

PRL 121 (2018) 0818016

-1 = 13 TeV, 29.3 fbsDijet TLA 

Preliminary ATLAS-CONF-2016-070

-1 = 13 TeV, 15.5 fbsDijet + ISR 

 re
so

nance

tt

EPJC 78 (2018) 565

-1 = 13 TeV, 36.1 fbs

 resonancett

Dibjet

 PRD 98 (2018) 032016

-1 = 13 TeV, 36.1 fbs

Dibjet

+Xmiss
TE

+Xmiss
TE

Eur. Phys. J. C 77 (2017) 393

-1 = 13 TeV, 36.1 fbs γ+
miss
TE

JHEP 1801 (2018) 126

-1 = 13 TeV, 36.1 fbs+jet 
miss
TE

PLB 776 (2017) 318

-1 = 13 TeV, 36.1 fbs+Z(ll) 
miss
TE

JHEP 10 (2018) 180

-1 = 13 TeV, 36.1 fbs+V(had) 
miss
TE

AZ'

 = m
χ m×2 

 = 0.12

2
h
cΩ

Therm
al R

elic
 

(b)

FIGURE 2.9: Regions in the mediator mass - DM mass plane ex-
cluded at 95% CL by di-jet, di-lepton and Emiss

T +X searches for vector
(top) and axial-vector simplified models (bottom). Figures taken from

Ref. [58].

search results, by converting the exclusion limits into the DM annihilation cross-
section limits. The result of this comparison, for what concerns the ATLAS results,
is shown in Figure 2.10.
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3 The LHC and the ATLAS
experiment

The data used for the work presented in this thesis have been collected by the ATLAS
experiment, which is one of the four main experiments operating at the LHC: the
largest and most powerful particle accelerator in the world. This chapter is dedicated
to the discussion of the physics behind the high energy proton-proton (pp) collisions
taking place at the LHC, starting from the illustration of the accelerator complex and
ending with the description of the ATLAS multi-purpose detector.

3.1 The Large Hadron Collider

Based at CERN near Genève, in Switzerland, the LHC [60] is mainly designed to col-
lide proton beams at a centre-of-mass energy up to 14 TeV and to reach a luminosity
of 1034 cm2s−1. Nevertheless, the LHC can also collide heavy ions (Pb) as well as
lighter nuclei like xenon whose collisions are able to provide information about the
quark-gluon plasma, reproducing the phenomena occurred in the first instants of the
Universe. The LHC is a circular hadron accelerator with a circumference of 27 km
and it is placed in the pre-existing tunnel already built for the Large Electron Positron
collider (LEP) [61].

3.1.1 The accelerator complex

When protons reach the LHC, they have already gone through several accelerating
steps. The proton source is created by injecting hydrogen gas into a metal cylinder,
placed at one end of LINAC2. An electric field surrounding the cylinder strips the
hydrogen atoms off their electrons, leaving only protons to enter the accelerator.
Inside LINAC2, protons are accelerated up to 50 MeV. Subsequently, protons are
injected into the Proton Synchrotron Booster (PSB) where they reach the energy of
1.4 GeV. A second ring, the Proton Synchrotron (PS), brings them to 25 GeV and
protons are then “clumped” in bunches spaced by 25 ns from each other. Finally,
just before the injection in the LHC, they are accelerated up to 450 GeV in the Super
Proton Synchrotron (SPS). A scheme of the accelerator system is shown in Figure 3.1.

The beam particles are forced in a circular orbit by the magnetic field which,
through the Lorentz force, curves the trajectories in a direction orthogonal with re-
spect to the plane of the velocity and the magnetic field. Since the collisions occur
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FIGURE 3.1: Scheme of the LHC injection system. Figure taken from
Ref. [62].

between particles with the same electric charge, two different magnetic fields in dif-
ferent rings are needed in order to allow the two beams to circulate in opposite
directions.

3.1.2 Proton-proton collisions

In a pp collision, the interaction occurs between the fundamental constituents of each
proton (quarks and gluons, also generally called as partons) in the initial state. Such
interactions are usually referred to as hard-scattering processes. The outgoing par-
tons produced in such interaction will then start emitting QCD radiation, creating
parton showers. At the end, partons have to recombine in order to produce colour
singlet particles (see Section 1.1), through the hadronisation process. The resulting
hadrons decay afterwards into other stable particles, which we try to detect with
our detectors. In addition to the particles produced during the hard-scattering pro-
cess, ISR and Final State Radiation (FSR) processes can take place, as a result of the
remaining activity due to the breakup of the proton. These are usually defined as
Underlying Events (UE). An illustration of a hard-scattering process in a pp collision
is shown in Figure 3.2.

The effective centre-of-mass energy
√

ŝ is determined by the momentum carried
by the partons involved in the collision:

√
ŝ =
√

sx1x2 (3.1)

where x1 and x2 represent the fractions of the total momentum of the proton carried
by the two partons in the initial state. The probability that a parton i carries a fraction
x of the total momentum of the proton at a momentum transfer Q2 is given by the
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FIGURE 3.2: Pictorial representation of a hard-scattering event. Figure
taken from Ref. [63].

Parton Density Function (PDF) fi(x, Q2). The dependence of the PDF on Q2 can be
predicted by QCD and is described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) equation [64], while the dependence on x is parametrised at fixed Q2. As
shown in Figure 3.3, valence quarks (i.e. the quarks defining the hadron quantum
numbers) of the proton are able to carry a large fraction of momentum, while gluons
and sea quarks (originating from the qq̄ pairs produced by gluon splitting) dominate
at small values of x. In particular, the gluon PDF is extremely peaked at low x,
therefore gluon-gluon fusion is the dominant process at the LHC. By knowing the
PDFs of the initial state partons, it is possible to calculate the total hadronic cross-
section for a given process in a pp collision, using the factorisation theorem [65]:

σAB→X = ∑
a,b

∫
dxadxb fa/A(xa, Q2) fb/B(xb, Q2)σ̂ab→X (3.2)

where A and B refer to the two protons in the initial state, while a and b are the par-
tons involved in the hard-scattering process and σ̂ is the cross-section of the process
at parton-level.

3.1.3 The machine performance

The rate of events generated in the LHC pp collisions is given by:

dNevents

dt
= Lσevent (3.3)

where σevent is the cross-section of the process under study and L is the machine
instantaneous luminosity. The machine luminosity depends only on the beam param-
eters and can be written, assuming a Gaussian beam profile in all directions, in this
way [60, 67]:

L =
N2

b nb frevγr

4πεnβ∗
F (3.4)

where Nb is the number of protons in each bunch, nb is the number of bunches in the
beam, frev is the revolution frequency and γr is the relativistic γ factor. εn corresponds
to the beam emittance ε (which is a property of a particle beam characterising its size)
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FIGURE 3.3: The quark and gluon PDFs calculated by the NNPDF3.1
analysis at Next-to-Next-to-Leading Order (NNLO). Figure taken from

Ref. [66].

scaled to the energy of the beam itself. The β∗ parameter corresponds instead to the
value of the β-function (which, in accelerator physics, relates the width of the beam
to its emittance ε) measured at the interaction point. The last term F represents the
geometric luminosity reduction factor due to the crossing angle or transverse offset
at the interaction point and at the LHC it has been measured to be very close to
unity [68].

At the LHC, the collisions of proton bunches result not only in a hard-scattering
interaction but also in additional collisions accompanying the signal. These further
collisions usually occur at low transverse momentum and are referred to as pile-up
interactions. Such events can arise from the superposition of two consecutive bunch-
crossings (out-of-time) or from different interactions taking place within the same
bunch-crossing (in-time).

The two proton beams are designed to collide in exactly four interaction points,
corresponding to the four main experiments that are operating at the LHC: AT-
LAS [70], CMS [71], LHC beauty (LHCb) [72] and A Large Ion Collider Experiment
(ALICE) [73]. ATLAS and CMS are the two high luminosity experiments designed
to reach a peak luminosity of L = 1034 cm2s−1. LHCb focuses on B-physics and is
aiming at a peak luminosity of 1032 cm2s−1, while ALICE is dedicated to the heavy
ion collisions and it is expected to reach a maximum peak luminosity of 1027 cm2s−1.

The number of pp inelastic collisions that occur in each bunch crossing can be
modelled as a Poisson random variable with mean value 〈µ〉. Figure 3.4 shows the
distribution of 〈µ〉 for the different years of data taking of Run 2 of the LHC. The value
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of 〈µ〉 corresponds to the mean value of the Poisson distribution of the number of
interactions per crossing which is calculated for each bunch as µ = Lbunch× σinel/ frev
where Lbunch is the per-bunch instantaneous luminosity, σinel is the inelastic cross-
section1 and frev is the LHC revolution frequency.

The data used for this thesis have been collected during Run 2 of the LHC, which
started in June 2015 and ended in October 2018. Figure 3.5, shows the integrated
luminosity delivered by the LHC over these years, together with the one recorded by
the ATLAS detector, which corresponds to 147 fb−1.

3.2 The ATLAS detector

ATLAS [70] is a multi-purpose detector with forward-backward symmetry with
respect to the interaction point. It extends for a length equal to 44 meters, it has a
diameter of 25 meters and a weight of approximately 7000 tons. An overview of the
whole ATLAS detector is illustrated in Figure 3.6.

ATLAS uses a right-handed coordinate system whose origin is placed at the nomi-
nal interaction point, which is located at the centre of the detector. The x-axis points
from the interaction point towards the centre of the LHC, while the y-axis points ver-
tically upwards. In these coordinates, θ represents the polar angle in the y-z plane,
while φ represents the azimuthal angle in the transverse x-y plane. A sketch of the
ATLAS coordinate system is shown in Figure 3.7.

Defining quantities in this reference frame is very handy as, in head-on collisions,
like the ones taking place at the LHC, the momentum of the two initial partons is
directed along the beam axis z, while the transverse components, x and y, are null.

1The inelastic cross-section is measured, by the ATLAS detector, from events with a very loose trigger
selection applied in order to minimise the selection bias as much as possible (minimum bias events).
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FIGURE 3.6: Cut-away view of the ATLAS detector. Figure taken from
Ref. [70].

This allows us to apply the conservation of energy and infer that in the transverse
plane the vectorial sum of all particles’ momenta in the final state must also be zero,
unless in the event there are neutrinos or any other weakly interacting particles es-
caping detection. Since the boost along the z axis is not known a priori, as it depends
on the fraction of momentum carried by the single partons, the collision can happen
everywhere along the beam axis. It is therefore important to define quantities which
are invariant under Lorentz boosts along the z axis. For this purpose, let us introduce
the rapidity which is defined as:

y =
1
2

ln
E + pz

E− pz
(3.5)
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FIGURE 3.7: Illustration of the ATLAS coordinate system. Figure taken
from Ref. [74].

where E and pz represent, respectively, the energy and the z-component of the par-
ticle momentum. In the relativistic case, E � m, the rapidity becomes equal to the
pseudo-rapidity:

η = − ln tan(θ/2) (3.6)

and it is possible to show that intervals of η are invariant under longitudinal boosts.
Moreover, the transverse momentum pT, whose components are the projections of
the momentum along the x and y axes, is by definition also an invariant under boosts
along the beam axis. For these reasons, differential cross-sections are usually studied
as a function of η (or y) and pT.

The ATLAS detector aims at reconstructing and identifying all the particles pro-
duced in the pp collisions at the Point-1 the LHC. As every particle interacts differently
with matter, ATLAS is made of several sub-detectors and each of them is designed to
yield a specific signal allowing the particle identification. From the inside out, ATLAS
is made of:

• an Inner Detector (ID), which allows for the track and vertex identification,

• a Solenoid, which surrounds the ID and provides a 2 T magnetic field,

• an Electromagnetic Calorimeter (ECAL), dedicated to the measurement of the
energy of electrons and photons,

• a Hadronic Calorimeter (HCAL), which measures the energy of hadrons,

• a Muon Spectrometer (MS) for the measurement of the muons’ momentum.

The ATLAS detector is commonly subdivided into the central region (called also
barrel) and the two forward regions (also referred to as end-caps). Hence this termi-
nology will be used in the following.
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The magnet system The whole magnet system of the ATLAS detector [75] consists
of a central solenoid, aligned with the beam axis, and a superconducting air-core
toroidal system in the outermost region of the detector. The central solenoid is placed
between the ID and the ECAL and it provides a 2 T axial magnetic field. It extends
for a length of 5.8 m, with inner and outer diameters equal to 2.46 m and 2.56 m,
respectively. In order to keep the material thickness in front of the calorimeter as
low as possible, the solenoid windings and the Liquid Argon (LAr) calorimeter (see
Section 3.2.2) share a common vacuum vessel. The toroidal magnet system consists
of three parts: a barrel and two end-caps. Each system is made of eight separate
coils assembled radially and symmetrically around the beam axis. The barrel system
extends for a length of 25.3 m with inner and outer diameters equal to 9.4 m and
20.1 m, respectively. The two end-caps coils are rotated by 22.5◦ with respect to
the barrel system, in order to realise radial overlap and optimise the bending power
in the transition region between the two systems. Each coil in the barrel has its
own cryostat while the end-cap coils are housed in a common cryostat. The toroidal
system provides a bending power2 that varies from 1.5 Tm to 5.5 Tm in the barrel
and from 1 Tm to 7.5 Tm in the end-cap regions. The bending power provided by the
solenoid system is instead around 2 Tm.

The presence of a magnetic field is essential for the measurement of the momen-
tum of a particle. The Lorentz force bends the trajectory of the particle, without
changing its energy. Therefore, assuming a uniform magnetic field B acting over a
length L, the pT of a particle entering the region can be evaluated, assuming unit
electric charge, as:

pT(GeV) = 0.3ρ(m)B(T) (3.7)

where ρ represents the radius of curvature.

3.2.1 Tracking system

The ID of the ATLAS detector aims at reconstructing the tracks originating from the in-
teraction point, as well as the identification of the vertex at which the hard-scattering
collision takes place. Given the high track density originating from the pp collisions
taking place at the LHC, it is crucial to employ high-granularity detectors and at the
same time use a minimal amount of material, in order to reduce multiple scattering
effects.

As illustrated in Figure 3.8, the ID consists of two precision tracking detectors,
employing silicon pixels and microstrips and covering the pseudo-rapidity range
|η| < 2.5, and a gas detector, the Transition Radiation Tracker (TRT), which extends
up to η = 2.

2The bending power is given by the integral
∫

Bdl, where B is the azimuthal magnetic field com-
ponent and dl is a straight line covering the distance between the inner and the outer radius of the
toroids.
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FIGURE 3.8: Illustration of the ATLAS tracking system. Figure taken
from Ref. [76].

The Pixel detector The silicon pixel detector is placed in the innermost region, in
order to provide a finer granularity around the vertex region. It consists of four barrel
layers, with the outermost layer placed at a distance of 122.5 mm, while in the end-
cap regions, disks are placed perpendicular to the beam axis. The innermost pixel
layer is the Insertable B-Layer (IBL) [77] which is placed at a distance of 3 cm with
respect to the beam axis. In the three outermost layers, the nominal pixel size is
50 × 400 µm2, which yields an intrinsic resolution of 14 × 115 µm2 while in the
IBL the tracking resolution improves due to the usage of pixels with size equal to
50 × 250 µm2, providing a resolution of approximately 10 µm in the R-φ plane and
66.5 µm in the z direction.

The Semi-Conductor Tracker The Semi-Conductor Tracker (SCT) is the second
sub-detector of the ATLAS ID and it is made of silicon microstrips. They are arranged
in four concentric layers in the barrel region, while the end-cap regions consist of 9
disks on each side. In the barrel region, where the strips are placed at a distance of
80 µm, the SCT uses small-angle (40 mrad) stereo strips to measure both coordinates,
yielding an accuracy of 17 µm in the R-φ direction and 580 µm in the z direction.
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The Transition Radiation Tracker The third sub-system of the ID is the TRT, which
is made by 4 mm straw tubes filled with a xenon-based gas mixture. The presence of
the TRT in the tracking system allows also a better electron identification, through the
detection of transition radiation photons, which can originate from the xenon con-
tained in the straw tubes. In addition to the electron identification, although designed
to be complementary to the silicon-based tracking systems, the TRT contributes also
to the combined tracking system pT resolution, thanks to the high number of hits per
track and the long lever arm.

3.2.2 Calorimeter system

The ATLAS calorimeter system is made of several detectors with full φ symmetry and
covering the pseudo-rapidity range equal to |η| < 4.9, as illustrated in Figure 3.9.
The purpose of the calorimeter system is to measure the energy lost by electrons,
photons and hadrons inside the detector. In order to have a precise measurement, it is
therefore important to force the particles to deposit all their energy within the volume
of the detector. The ECAL and HCAL are hence designed to contain, respectively, the
full electromagnetic and hadronic showers. One additional goal of the calorimeter
system is also to limit the amount of particles reaching the MS. Therefore, the depth
of each of the two systems is a crucial parameter.

In general, the depth of an electromagnetic calorimeter is given in terms of
the radiation length X0 which represents, for a given material, both the mean dis-
tance travelled by a high energy electron before losing all but 1/e of its energy by
bremsstrahlung and 7/9 of the mean free path of a high-energy photon before creat-
ing e+e− pairs. The size of hadronic calorimeters is instead usually given in terms of
the interaction length λ which is the mean distance travelled by a hadron, in a certain
material, before undergoing an inelastic nuclear interaction [5].

The ECAL extends for more than 22 X0 in the barrel and more than 24 X0 in the
end-caps, while the total thickness of the HCAL is instead equal to 9.7 interaction
lengths of active material in the barrel and 10 λ in the end-caps. All the calorimeters
adopt a sampling technique, where active material layers alternate with layers of pas-
sive material. LAr is usually preferred as active material, due to its linear behaviour,
stability of the response over time and intrinsic radiation hardness.

The Electromagnetic Calorimeter Similarly to all the sub-detectors already de-
scribed, also the ECAL is subdivided in a Barrel Electromagnetic Calorimeter (EMB)
and in an End-Cap Electromagnetic Calorimeter (EMEC). For both regions, an accor-
dion geometry has been chosen, as illustrated in Figure 3.10. This peculiar shape
provides a full coverage in φ around the beam axis as well as a fast extraction of the
signal at the far ends of the electrodes. The active material of the detector is LAr while
the absorbers are made of lead plates. The barrel module extends up to |η| < 1.475
and consists of three longitudinal layers (front, middle and back as viewed from
the interaction point), preceded by an additional thin LAr layer, called presampler,
which estimates the energy loss before the calorimeter. As shown in Figure 3.10, the
granularity in each layer is different. The first layer has a high granularity for π/γ
discrimination, the second one is designed to contain the major part of the cascade
while the last one is dedicated to the measurement of the electromagnetic shower
tails, improving the rejection with respect to the hadron showers. At each side of
the barrel system, the EMEC system extends over the range 1.375 < |η| < 3.2 . The
EMEC is made of two co-axial wheels, one covering the range 1.375 < |η| < 2.5 and
the other extending from |η| = 2.5 up to |η| = 3.2. As for the barrel, the precision
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FIGURE 3.9: Cut-away view of the ATLAS calorimeter system. Figure
taken from Ref. [70].

measurement region (1.5 < |η| < 2.5) is divided in depth in three longitudinal layers
with different granularity in η. The transition region between the EMB and EMEC
consists of several X0 of inactive material and therefore produces non-negligible en-
ergy losses. For this reason, it is usually recommended not to consider electrons or
photons in the region 1.37 < |η| < 1.52.

The Hadronic Calorimeter The HCAL consists of the Tile Calorimeter (TileCal), the
End-Cap Hadronic Calorimeter (HEC) and the Forward Calorimeter (FCal). The Tile-
Cal [78] is a sampling calorimeter made of steel as absorber and tiles of scintillating
material as active medium. It covers the region |η|< 1.7 and is subdivided into a cen-
tral barrel and two extended barrels. The HEC is instead made of copper and LAr and
covers the range 1.5 < |η| < 3.2. It consists of two wheels at each end of the barrel
system, each of them containing two longitudinal sections. Lastly, the full coverage
of the system is provided by the FCal which covers the region 3.1 < |η| < 4.9. In
the FCal, LAr is still used as active material while the absorber is copper in the layer
closest to the interaction point, designed to measure the electromagnetic showers,
and tungsten in the following two layers measuring the remaining hadron showers.

3.2.3 The Muon System

Unlike electrons and hadrons, which lose energy in the calorimeters, muons are min-
imum ionising particles: they can travel across the whole detector losing only a small
fraction of energy. For this reason, the MS is placed in the outermost region of the AT-
LAS detector. It extends up to |η| < 2.7 and is dedicated to the measurement of the
muon’s momentum through the magnetic deflection caused by the large supercon-
ducting air-core toroid magnets, described in Section 3.2, which provide a magnetic
field mostly orthogonal to the muon’s trajectory. In the MS barrel region (|η| < 1.4)
the magnetic field is provided by the large central toroid, while in the end-cap re-
gion (1.6 < |η| < 2.7), the magnetic deflection is caused by the two smaller magnets
placed at the end of each barrel side. In the transition region 1.4 < |η| < 1.6, the
magnetic deflection is provided by a combination of the barrel and end-cap fields.
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The muon chambers in the barrel region of the MS are arranged in three cylindrical
layers around the beam axis while in the two end-cap regions the muon chambers
form large wheels placed in planes perpendicular to the beam axis. The major part of
the MS consists of Monitored Drift Tubes (MDTs), operating with a gas mixture of Ar
(93%) and CO2 (7%), which measure the coordinate of the track in the bending plane
with good precision. In the region 2 < |η| < 2.7, Cathode Strip Chambers (CSCs) are
instead preferred as they are more resistant to the higher particle fluxes occurring in
this forward region. They consist of multiwire proportional chambers with cathodes
segmented into strips. Lastly, the muon trigger system covers the range |η| < 2.4
and it consists of Resistive Place Chambers (RPCs), which are placed in the barrel
and allow the measurement of the muon coordinate in non-bending plane, and Thin
Gap Chambers (TGCs) for the end-caps. The RPCs are used due to their good spatial
and time resolution as well as their adequate rate capability, while the TGCs work
as multi-wire proportional chambers and provide good time resolution and high rate
capability.



3.2. The ATLAS detector 39

FIGURE 3.11: Cut-away view of the ATLAS muon system. Figure taken
from Ref. [70].

3.2.4 The luminosity detectors

An accurate measurement of the luminosity, as well as the systematic uncertainty
associated to it, is essential for the precision measurements performed in ATLAS. In
order to perform this measurement, the luminosity, already defined in Equation 3.4,
can be re-written as:

L =
µvisnb frev

σvis
(3.8)

where σvis and µvis represent, respectively, the visible inelastic cross-section and in-
teraction rate [79, 80].

In ATLAS, the measurement of µvis is commonly done using event counting algo-
rithms in which each particular bunch crossing is categorised depending on a specific
selection designed to detect the presence of at least one inelastic pp collision. As-
suming a Poisson probability distribution for the number of interactions in a bunch
crossing, the probability to observe at least one event is given by [81]:

Pµvis(n > 1) = 1− e−µvis (3.9)

hence by measuring the fraction of bunch crossings satisfying the event selection
criteria of the algorithm is possible to determine µvis. The results obtained with
this approach are also compared with the results of the track-counting method [81]
in which µvis is taken as the number of tracks per bunch crossing averaged over
a given time window. The two primary sub-detectors which are dedicated to the
measurement of µvis are:

• the Beam Conditions Monitor (BCM) diamond sensors, designed to protect the
detector from the damage originating from potential uncontrolled beam, which
at the same time measure the instantaneous rate of collisions and monitor po-
tential beam losses;
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• the LUminosity Cherenkov Integrating Detector (LUCID) [82], placed around
the beam pipe at a position of about 17 m from the nominal interaction point,
and specifically designed to measure the luminosity in ATLAS, by detecting
Cherenkov light signals.

On the other hand, the measurement of σvis is commonly performed during the
van der Meer (vdM) scans [83], in which the beams are separated by a known dis-
tance, in both the x and y transverse directions, such that a direct measurement of
their transverse sections is possible.

3.2.5 The trigger system

In a dense environment like the one of the LHC, the trigger system is a crucial com-
ponent of the experiment. It allows to select the events of interest at a recording
rate of approximately 1 kHz from up to 40 MHz of collisions. The Trigger and Data
Acquisition (TDAQ) system adopted by the ATLAS detector consists of a hardware-
based L1 [84] and a software-based HLT [85], as illustrated in Figure 3.2.5. The L1
trigger decision is formed by the Central Trigger Processor (CTP), which receives in-
puts mostly from the L1 calorimeter trigger (L1Calo) and L1 muon trigger (L1Muon).
Designed for a target latency of 2 µs, the L1 brings the event rate from the bunch
crossing rate of 40 MHz down to 100 kHz. After the L1 trigger selection, the events
are buffered in the Read-Out System (ROS) and processed by the HLT. The HLT algo-
rithms exploit the full granularity and precision of the various sub-detectors to refine
the trigger selection. In the HLT, the event rate is further reduced from the L1 output
to approximately 1 kHz. Only the events selected by the HLT are transferred to a
data storage system and used to perform the offline analysis. In addition to that, a L1
topological trigger (L1Topo) uses the information provided by L1Calo and L1Muon
to apply further selections, allowing also a refined calculation of the Emiss

T (see Sec-
tion 4.7). A more comprehensive description of the ATLAS trigger system can be
found in Ref. [86].
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4 Physics objects

As illustrated in Chapter 3, each ATLAS sub-detector is designed to yield a different
signal depending on the nature of the particle produced in a pp collision. In this
chapter, the techniques adopted by the ATLAS experiment for the reconstruction of
the final state objects relevant for the analysis presented in this thesis are described.

4.1 Tracks and vertices

As mentioned in Section 3.2.1, the purpose of the ATLAS ID is to reconstruct the
trajectory of all charged particles as well as to identify the position along the beam
axis at which the hard-scattering process takes place. This is generally referred to as
Primary Vertex (PV) and it is reconstructed as the vertex corresponding to the highest
sum of the squared transverse momenta of its associated tracks. The reconstruction
of the PV is essential as it defines the reference point for the definition of the impact
parameters and the identification of the displaced vertices.

The track reconstruction starts from the measurements in the pixel and SCT de-
tectors. The information is then propagated to the TRT using a combinatorial Kalman
filter [87]. A score is assigned to each track candidate, depending on the presence
of holes (i.e. a missing hit in a region of the detector where one is expected) and
weighting the measurement in each sub-detector depending on its precision. A pref-
erence is also given to high pT tracks in order to discard the large number of low pT
tracks formed from incorrect combination of clusters.

Some of the most important quantities defining the particle trajectory are the
transverse and longitudinal projections of the distance of closest approach with re-
spect to the PV, usually referred to as d0 and z0, respectively, as illustrated in Fig-
ure 4.1.

The track candidates are selected depending on a certain number of quality crite-
ria and are then divided in two different categories:

• Loose: all tracks with pT > 500 MeV and |η|< 2.5 with at least seven hits in the
silicon detectors, not more than one shared module (pixel and SCT), not more
than two missing hits in the silicon detectors and not more than one missing hit
in the pixel detectors;

• Tight Primary: all tracks passing the Loose requirements and having at least
nine hits in the silicon detectors if |η| ≤ 1.65 or at least eleven hits if |η|> 1.65,
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La figure 4.5 illustre les différents éléments du détecteur interne traversés par des particules
chargées d’impulsion transverse pT = 10 GeV pour ⌘ = 0.3, 1.4 et 2.2.

(a) (b)

Figure 4.5: Éléments du détecteur interne traversés par des particules chargées (en rouge) d’impulsion
transverse pT = 10 GeV pour ⌘ = 0.3 (a), ⌘=1.4 et 2.2 (b).

Performances de la trajectographie

L’ensemble des trois sous-détecteurs décrits ci-dessus baigne dans un champ magnétique de 2T
délivré par un solénoïde supraconducteur [80] maintenu à une température de 4,2K et forme ainsi le
trajectographe interne d’ATLAS. La très fine granularité du détecteur interne lui permet d’avoir une
excellente résolution sur la reconstruction des traces de particules chargées supérieures à 0.5 GeV, la
mesure de leur impulsion et de leur charge [81]. Dans la partie centrale (0.25<|⌘|< 0.50), la résolution
attendue sur la mesure de l’impulsion transverse est donnée par :

�(pT )

pT
= 5.10�4pT � 0.01 GeV�1, (4.5)

pT l’impulsion transverse exprimée en GeV.

Figure 4.6: Paramétrisation d’une trace dans
le détecteur interne.

Étant au plus proche du faisceau, le trajecto-
graphe assure également une très bonne résolution sur
la détection des vertex primaires et secondaires, in-
dispensable à l’étiquetage des jets de saveurs lourdes
et des leptons ⌧ . La précision attendue sur les para-
mètres d’impact 2 des traces reconstruites est donnée
par :

�(d0) = 10 � 140

pT
µm et (4.6)

�(z0 ⇥ sin ✓) = 91 � 209

pT
µm, (4.7)

avec d0 le paramètre d’impact transverse et z0 le pa-
ramètre d’impact longitudinal. L’impulsion transverse
pT est exprimée en GeV. Le schéma de la figure 4.6
représente ces paramètres pour une trace quelconque.

2. Le paramètre d’impact d’une trace correspond à la distance d’approche minimale entre la trace et le vertex
primaire. On distinguera sa projection dans le plan transverse notée d0 et sur l’axe longitudinal notée z0.
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FIGURE 4.1: Illustration of the track helix parameters defined in
the perigee representation in the ATLAS detector. Figure taken from

Ref. [88].

at least one hit in the two innermost pixel layers and no missing hits in the pixel
detectors.

The track reconstruction efficiency for Loose (Tight Primary) tracks, as cal-
culated from minimum bias simulated events, varies from a maximum value of
90% (84%) in the region |η| 6 0.1 to a minimum of 71% (62%) in the region
2.3 6 |η| 6 2.5. The resolutions of the impact parameters d0 and z0 are usually
extracted by performing a gaussian fit of such distributions in bins of pT and η. An
iterative method is applied in order to reduce the dependence on the PV position
resolution [89]. In order to cover a wide range in track pT, minimum bias events are
analysed for tracks with pT < 15 GeV while Z → µµ events are used for tracks with
pT > 15 GeV. The final uncertainty is parameterised as a function of the track pT and
η and provided in the form of two-dimensional histograms. Figure 4.2 shows the in-
trinsic transverse impact parameter resolution of d0 and z0 for Tight Primary tracks
associated to jets with pT > 20 GeV measured in di-jet events using data collected in
2017 and 2018.
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FIGURE 4.2: Intrinsic resolutions of the d0 (on the left) and z0 (on the
right) impact parameters of Tight Primary tracks measured in di-jet
triggered pp collision data taken in 2017 and 2018. Figure taken from

Ref. [90].

4.2 Jets

As already anticipated in Section 1.1, the partons produced in the pp collisions tak-
ing place at the LHC cannot be observed as free particles. Due to the confinement
phenomenon, the objects measured by the ATLAS detector are actual “jets” of parti-
cles, originating from the hadronisation and fragmentation processes of quarks and
gluons. Such hadronic jets are measured using either the topological calorimeter
clusters (“calorimeter jets”), constructed as adjacent calorimeter cells with an ab-
solute value of their energy significantly above the noise threshold [91], or the ID
tracks (“track jets”) as inputs for the jet clustering algorithm. In the case of calorime-
ter jets, the topological clusters can be reconstructed at the electromagnetic scale,
which correctly measures the energy deposited in the calorimeter by particles pro-
duced in electromagnetic showers. Alternatively they can be calibrated in order to
take into account the response of the calorimeter to hadrons. In this case the cal-
ibration makes use of the Local Calibration Weighting (LCW) method, which first
classifies the clusters as either electromagnetic or hadronic and then, based on such
classification, applies correction from Monte Carlo (MC) simulation of neutral and
charged pions [92, 93, 94].

All the inclusive jet clustering algorithms start by introducing a distance dij be-
tween the constituents i and j and a distance diB between the i-th entity and the
beam B:

dij = min(k2p
ti , k2p

tj )
∆2

ij

R2

diB = k2p
ti

(4.1)

where ∆2
ij = (yi + yj)

2 + (φi + φj)
2, where kti, yi and φi are respectively the trans-

verse momentum, rapidity and azimuth of particle i and R is the chosen distance
parameter (R = 0.4, 0.2, 1.0 etc). If dij is smaller than the distance diB, the con-
stituents i and j are combined (i.e. their momenta are summed together), otherwise
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FIGURE 4.3: Illustration of the anti-kt algorithm. Figure taken from
Ref. [95].

the object i is considered a jet and is removed from the list of jet constituents. The
distances are then recalculated and the procedure is repeated until no entities are
left. The parameter p determines the power of the geometrical scale which in the
anti-kt algorithm is set to -1. The choice of this metric makes the clustering start from
the hardest constituents and the results are conical jets, as illustrated in Figure 4.3.

One of the main property of the anti-kt algorithm is the Infrared and Collinear
(IRC) safety, which ensures that the set of hard jets found in an event remains un-
changed in case the event is modified by a collinear splitting or the addition of a soft
emission [96].

The energy of the reconstructed calorimeter jets in then calibrated in order to cor-
rect for several detector effects that can affect the measurement, as the calorimeter
non-compensation, dead material, leakage, limited acceptance, noise threshold and
pile-up. This calibration is performed using truth jets reconstructed at the particle-
level energy scale and it is typically referred to as the Jet Energy Scale (JES) correc-
tion. This procedure follows several steps, as illustrated in Figure 4.4: first, the jet
direction is corrected to point to the PV of the event1, then the contribution of pile-
up is subtracted and finally the JES derived from MC is applied to the reconstructed
jets. Further corrections are then applied in order to reduce the difference between
the jet responses of quarks and gluons and to correct high pT jets which are not fully
contained in the calorimeter, following the Global Sequential Calibration (GSC). The
final step consists in comparing the pT of the calibrated jets with respect to some
reference objects in both data and MC and applying this residual correction to the
reconstructed jets. In addition to the central value of the JES, another important
quantity that needs to be estimated is the precision of the jet energy measurement,

1By default, during the jet clustering, the direction of the topological calorimeter clusters is set to
point towards the centre of the detector. After the full event reconstruction, it is then possible to correct
for that and point the topological calorimeter cluster towards the actual hard-scattering position.
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FIGURE 4.4: Scheme of the stages used in the calibration of electro-
magnetic and LCW jets. Figure taken from Ref. [92].
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.

usually referred to as Jet Energy Resolution (JER), which can be parametrised as:

σ(pT)

pT
=

N
pT
⊕ S√

pT
⊕ C (4.2)

where N represents the noise term, S describes the stochastic effect, C is pT indepen-
dent constant term and the symbol ⊕ indicates a quadratic sum. Each of these terms
is extracted using dedicated methods, as described in Ref. [92].

Depending on the topology of the event and on the specific needs of the analy-
sis, jets with different radius parameters R can be used. The most common objects
supported by the ATLAS collaboration are small-R and large-R calorimeter jets with
radius equal to 0.4 and 1.0, respectively, as well as Fixed-Radius (FR) (generally
R = 0.2) and VR track jets. In the following sections, a brief overview of the different
techniques and calibrations for each of these jet definitions is presented.

4.2.1 Small-R calorimeter jets

Small-R calorimeter jets are reconstructed from topological clusters, calibrated to the
electromagnetic energy scale, using the anti-kt algorithm with radius parameter equal
to 0.4.
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Jets coming from pile-up interactions are suppressed by making use of the Jet
Vertex Tagger (JVT) [99] discriminant variable which is a multivariate combination of
the Jet Vertex Fraction (JVF), defined as the fraction of the total momentum of tracks
in the jet which is associated with the PV2, and the RpT variable, which represents
the scalar pT sum of tracks associated to the jet and associated to the PV divided by
the pT of the fully calibrated jet. The usage of the JVT variable has proved to strongly
suppress the contribution from pile-up jets, while maintaining a good stability with
respect to the pile-up conditions. The JVT cut is recommended to be applied to small-
R jets with 20 GeV < pT < 60 GeV and |η| < 2.4.

Furthermore, a jet cleaning cut must also be applied in order to reject fake jets
arising from non-collision backgrounds, like Beam Induced Background (BIB), cosmic
rays and calorimeter noise [100, 101]. In order to suppress the contribution from
such bad quality jets, a combination of cuts on some of the most sensitive variables,
like the fraction of energy measured by the ECAL and by the HCAL, the maximum
energy fraction released in each calorimeter layer as well as the charged fraction and
the shape of the signal in the LAr calorimeter, is applied.

4.2.2 Large-R calorimeter jets

Large-R calorimeter jets, also colloquially referred to as “fat jets”, are generally dedi-
cated to the reconstruction of the decay products of very energetic objects. In fact, in
the two-body decay of a high pT (boosted) particle with mass m, the angular separa-
tion between the decay products can be approximated as [102]:

∆R ∼ 1√
z(1− z)

m
pT

, (pT � m) (4.3)

where z and 1− z represent the momentum fractions carried by the two daughter
particles.

This means that, in such energetic cases, it is not optimal anymore to reconstruct
the two decay products as two distinguished small-R jets but rather they would be
fully contained inside a single jet with a larger radius. As an example, in the case of a
H → bb̄ process, when the Higgs boson pT is higher than 250 GeV, the two b-quarks
will be contained inside a single jet with R = 1.0.

The large-R jets are built from topological clusters, calibrated with the LCW
scheme, using the anti-kt algorithm with a distance parameter of R = 1.0. The
jets reconstructed in this way undergo a grooming procedure in order to remove
the soft radiation component originating from pile-up, ISR and UE. The grooming
technique adopted in ATLAS is the trimming [103] which consists in reclustering the
constituents of the initial jet into subjets of radius Rsub, following the kt algorithm,
and discarding any subjet that has a transverse momentum that is less than fcut times
the transverse momentum of the parent jet. Usually, the values of Rsub = 0.2 and
fcut = 0.05 are adopted in this procedure. The four-momentum of the final trimmed
jet is therefore the sum of the four-momenta of the remaining constituents. Figure 4.6
shows an illustration of a general trimming procedure.

The large-R jet mass reconstruction makes use of both the calorimeter and track-
ing information, combining the calorimeter mass mcalo, deduced from the four-
momentum sum of all calorimeter jet constituents, and the track-assisted mass mTA,

2Actually, the variable adopted in the JVT calculation considers an adjusted definition of the JVF
which corrects for the linear dependence of the pT sum of pile-up tracks on the number of vertices [99].
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FIGURE 4.6: Illustration of the jet trimming procedure. Figure taken
from Ref. [104].
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FIGURE 4.7: JES systematic uncertainty components as a function
of jet transverse momentum for trimmed R=1.0 anti-kt jets. Figures

taken from Ref. [106]
.

defined as [105]:

mTA =
pcalo

T

ptrack
T

×mtrack (4.4)

where pcalo
T is the transverse momentum of a large-R calorimeter jet while ptrack

T and
mtrack are the transverse momentum and the invariant mass3 of the four-vector sum
of tracks associated to the large-R calorimeter jet. The final large-R jet mass in hence
defined as:

mcomb = a×mcalo + b×mTA (4.5)

where a =
σ−2

calo
σ−2

calo+σ−2
TA

and b =
σ−2

TA
σ−2

calo+σ−2
TA

, where σcalo and σTA are, respectively, the

calorimeter-based and the track-assisted mass resolutions.

3A mass equal to the pion mass is assumed for all tracks.
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4.2.3 Track jets

The track jets are reconstructed from the ID tracks, using the anti-kt algorithm. The
considered tracks are required to pass the Loose criteria, described in Section 4.1.
Additional requirements on the longitudinal impact parameter (|z0 sin(θ)| < 3 mm)
with respect to the PV allow to reduce the pile-up contribution and to improve the
efficiency in selecting tracks from the hard-scattering vertex. Track jets are generally
used to identify the flavour content of large-R jets in dense environments, using either
the FR or the VR algorithm. The first step consists in associating the track jets to the
trimmed large-R jet, through the Ghost Association (GA) procedure [107], and then
looking at the flavour content of each track jet in order to establish whether the
large-R jet contains one or more subjets originating from a b-hadron decay.

The GA procedure consists in creating a replica of the jet constituents with the
same η and φ but a negligible energy (“ghosts”). The jet clustering algorithm is then
run on both the actual and the new ghost jet constituents such that a list of ghost
particles matched to the jet can be extracted. As the kt and anti-kt algorithms are IRC
safe (see Section 4.2), the very small energy attributed to the ghost particles does not
alter the resulting jets.

The identification of jets coming from fragmentation of b-quarks is the procedure
called b-tagging, whose main features are discussed in the following section.

4.3 b-tagging

The ability of identifying jets containing b-hadrons (commonly referred to as b-jets) is
an essential ingredient for the work presented in this thesis and for many physics pro-
cesses taking place at the LHC, from several SM precision measurements to searches
for new phenomena. The distinct signature left by a b-jet is mainly caused by the
long lifetime of b-hadrons (∼ 1.5 ps) which can travel significantly away from the
PV, giving rise to at least one displaced vertex with respect to the hard-scattering
collision point, as illustrated in Figure 4.8. Such long lifetime leads to a measurable
decay length of 3 mm for energies of about 50 GeV.

The b-tagging procedure in ATLAS consists of a two-stage approach: a first one
(“low-level tagger”) exploiting the main features of the charged particle tracks and
their association to a displaced vertex and a second one (“high-level tagger”) con-
sisting of Multivariate (MVA) classifiers and aiming at maximising the b-tagging effi-
ciency from the output of the low-level taggers.

The low-level b-tagging algorithms are distinguished between:

• the Impact Parameter (IP) based algorithms, IP2D and IP3D [108], relying on
the information of the impact parameters and their significances4,

• the SV1 finding algorithm [109], reconstructing the single displaced vertex in-
side the jet,

• topological multi-vertex finding algorithm, JetFitter [110], dedicated to the
reconstruction of the full decay chain of the b-hadron, exploiting the topological
features of the weak b-hadron and c-hadron decays inside the jet.

4The impact parameter significance is defined as the impact parameter divided by its estimated
uncertainty.
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FIGURE 4.8: Illustration of a b-hadron decay.

The outputs of the IP2D and IP3D algorithms are based on a Log-Likelihood Ra-
tio (LLR) discriminant which is computed as the sum of the per-track contributions.
JetFitter is based instead on a modified Kalman-Filter algorithm [87].

The flavour of each jet is determined by investigating the track and vertex infor-
mation from the tracks associated to a given jet. The tracks are associated exclusively
to the jet based on their angular separation, ∆R(track, jet), applying a selection that
depends on the jet pT as:

∆R(track, jet) < 0.239 + e−1.220−1.64×10−5 pT (4.6)

where the jet pT is expressed in MeV. These tracks are then provided as inputs to the
b-jet identification algorithms that individually exploit, in addition to the kinematic
variables, the impact parameter information (IP2D, IP3D), Secondary Vertex (SV)
information and b- to c-hadron decay chain information (JETFITTER).

In simulation, a flavour label is assigned to each jet using particle-level informa-
tion by matching jets to b- and c-hadrons, as well as to τ leptons. In order for a jet
to be labelled as a b-jet, a truth b-hadron must be contained inside a cone of radius
∆R = 0.3 with respect to the jet axis. If no b-hadrons are found, the search is re-
peated to c-hadrons, then for τ leptons. If no match is found for b, c and τ, the jet
is labelled as a light-flavour jet. The flavour labelling is exclusive hence the truth
hadron is matched only to the closest jet.

The inputs of the different low-level taggers are combined in the high-level taggers
using MVA techniques, in order to maximise the b-tagging efficiency. The two main
high-level taggers commonly used in ATLAS are:

• the MV2 Boosted Decision Tree (BDT), which combines the output variables re-
constructed from the low-level taggers,

• the DL1 Deep Neutral Network (DNN), which uses the same input variables of
the MV2 algorithm together with the JetFitter c-tagging variables, containing
information about the secondary and tertiary vertices.
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Recently, several improvements to the traditional b-tagging procedure have been
implemented. One of the most relevant one consists in the usage of Recurrent Neural
Networks (RNN) [111] as low-level tagger. The main difference with respect to the
baseline IP based algorithms is given by the fact that, while the IP3D assumes each
track in the jet to be independent of all other tracks, the RNN is able to learn the
dependencies of a certain sequence of variables, like the ones defined for the tracks
in a jet, giving a more reliable description of the b-jet properties. Such RNN can then
be used as input for the high-level taggers, hence providing an improved version of
the high-level taggers, usually referred to as MV2r and DL1r. In addition to the RNN
implementation, a further improvement can be achieved by including the Soft Muon
Tagger (SMT) information to the list of input variables of the high-level taggers. The
SMT algorithm [108] is based on the reconstruction of muons originating from semi-
leptonic decays of b-hadrons. Such muons are characterised by a relatively soft pT
(with respect the leptons coming from electroweak boson decays) and a large trans-
verse momentum relative to the jet axis, prel

T . The muons from such semi-leptonic
decays are required to be reconstructed both in the ID and in the MS (see definition
of Combined muon (CB) in Section 4.5) and are then associated to the closest jet.
From these muons, it is possible to compute different variables (like the ∆R between
the muon and the selected jet, the muon d0 and prel

T ) which can help in further dis-
criminating between the b-, c- and light-flavour jets. The SMT variables can then be
added to either MV2 or DL1, whose outputs are provided in the form of the MV2rµ and
DL1rµ taggers.

The high-level algorithms are trained using a hybrid sample that contains both tt̄
and Z′ events, in order to populate both the low pT (below 250 GeV) and high pT
region (above 250 GeV).

The performance of the different b-tagging algorithms is evaluated based on their
ability of selecting b-jets while rejecting light-flavour jets. The light-flavour and c-jet
rejections are shown in Figure 4.9 as a function of the b-jet tagging efficiency.

Once the several b-tagging algorithms have been optimised, it is crucial to mea-
sure the b-tagging efficiency in data in order to account for possible imperfections of
the detector response or of the modelling of physics processes. Dedicated calibrations
are therefore carried on in order to estimate from collision data the efficiency of tag-
ging b-jets or misidentifying them as c- or light-jets, analysing clean samples of b-, c-
or light-jets, respectively. The calibration results are therefore provided, as a function
of the jet pT, in the form of Scale Factors (SFs): εdata

εMC , where εdata and εMC represent
the efficiency measured in data and estimated from simulation, respectively. The SFs
are then applied as additional weights to the simulated events on a jet-by-jet basis in
order to correct the efficiency in MC to the one observed in data.

The main feature that distinguishes b-jets from light-flavour jets is the presence of
tracks originating from the SV. In order to exploit this feature, the transverse impact
parameter d0 is signed with the sign defined by the angle between the jet axis and the
line between the PV and the point of closest approach of the track. This entails that
the resolution effect is mostly symmetric with respect to the PV hence the amount
of positive and negative d0 tracks is almost identical, while the tracks originating
from the SV are more likely to have positive d0. Under the assumption that the
misidentification is mainly coming from the finite resolution of the reconstructed
tracks and the IP, the signed IP distributions are expected to be symmetric around
zero for tracks associated to light-flavour jets. Therefore the tagging rate obtained
after flipping the sign of the IP and decay length when running the IP2D and IP3D
algorithms can be considered a good estimate for the light-jets misidentification rate.
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FIGURE 4.9: c-jet (on the left) and light-flavour jet (on the right) re-
jection as a function of the b-jet tagging efficiency for the IP3D, SV1,
JetFitter, MV2 and DL1 b-tagging algorithms. Figures taken from

Ref. [112].

This is the main feature of the so-called flipped taggers which are used to extract the
light mistag rate from Z(→ ll) + jets or di-jet events (negative tag method) [113].

On the other hand, in order to extract the c-jet mistag rate, a sample of semi-
leptonic tt̄ events, where one of the two W bosons decays hadronically and the other
leptonically (l=e,µ), can be analysed. At least one of the two quarks originating from
the W boson is required to have charm flavour and therefore the c-jet misidentifica-
tion rate is extracted by evaluating how many times the c-jet candidate is wrongly
classified as b-jet [114].

Lastly, the b-tagging efficiency is measured in data from a clean sample of b-jets
coming from di-leptonic tt̄ events with opposite sign leptons and exactly two jets. In
order to further increase the purity of b-jets, additional requirements are applied on
variables which do not use the b-tagging information, such that both the b-jet iden-
tification efficiency and the flavour fractions can be extracted from a combinatorial
likelihood fit [115, 112]. The method is described in more details in the Section 6.1,
where the results obtained in the case of VR track jets are discussed.

Both b-tagging efficiency and the light/c-jets mistag rate SFs are derived in a
limited pT range. At high pT, where the statistics becomes too poor, an alternative
assessment of the uncertainty on the measured b-tagging efficiency is developed. The
value of the SFs is fixed to the one in the highest calibrated pT bin while an addi-
tional high pT uncertainty is derived by varying sensitive quantities in simulation and
recomputing the b-jet tagging efficiency for each variation [112].
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FIGURE 4.10: c-jet (on the left) and light-jet (on the right) mistag
rate data/MC SFs derived for the anti-kt R=0.4 calorimeter jets, cali-
brated at the electromagnetic scale. Both single data/MC SFs correc-
tion factors and the smoothed curve are shown. Figures taken from

Ref. [116].

4.4 Electrons

As described in Section 3.2, an electron passing through the ATLAS detector gives
rise to a track in the ID and energy deposits in the ECAL. The information of the two
sub-detectors are combined in order to identify the electron candidate. As the accep-
tance of the ID extends up to |η| = 2.5, no distinction can be made between electrons
and photons in the forward region, where only the EMEC information can be used.
For this reason, only electrons in central region |η| < 2.47 are usually considered for
physics analyses. Further selections and quality requirements are then applied in or-
der to distinguish signal-like electrons from background-like objects like hadronic jets
or electrons from photon conversion. The performance of the electron reconstruction,
identification, isolation, and charge identification algorithms is evaluated in data and
in simulated samples using electrons from Z → ee and J/ψ→ ee decays.

The baseline identification algorithm is based on a likelihood method consisting
of a MVA technique which takes into account different properties of the electron
candidate. In addition to the likelihood discriminant variable, also the number of
hits per track is used as information to define the electron candidate. Three levels
of identifications are defined (Loose, Medium and Tight), each of them applying a
different selection on the final likelihood discriminant. Each operating point is then
optimised with respect to η and the sum of transverse energies of the topological
clusters [91] ET in the ECAL, as shown in Figure 4.11. The identification efficiency
varies from 58% at ET = 4.5 GeV to 88% at ET = 100 GeV for the Tight operating
point, and from 86% at ET = 20 GeV to 95% at ET = 100 GeV for the Loose operating
point. The uncertainties on the efficiency are about ± 7% at ET = 4.5 GeV and
decrease at high ET to less than ± 1% for 30 GeV < ET < 250 GeV [117]. The drop in
efficiency around |η| = 1.5 is due to the electrons coming from the transition region
between the EMB and the EMEC which contains a large amount of inactive material
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(as discussed in Section 3.2.2).
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FIGURE 4.11: Electron-identification efficiency in Z → ee events for
the Loose (blue circle), Medium (red square) and Tight (black trian-
gle) operating points as a function of η (on the right) and ET (on the
left). The efficiencies are obtained by applying data-to-simulation ef-
ficiency ratios measured in J/ψ → ee and Z → ee events to Z → ee

simulation. Figures taken from Ref. [117].

A signal-like electron is also expected to have little activity, both in the ECAL and
ID systems, in its surrounding area. For this reason, specific requirements are also
applied on the amount of activity, usually defined as the sum of transverse energies
in the calorimeter clusters or transverse momenta of tracks (excluding the candidate

itself) in a cone of radius ∆R =
√

∆φ2 + ∆η2 with respect to the direction of the
electron candidate. Two possible isolation variables can therefore be defined. When
using only the calorimeter information, the activity is defined as Eisol

T,cone:

Eisol
T,cone = ET,raw − ET,core − ET,leakage − ET,pile-up (4.7)

where ET,raw is the sum of the transverse energies of all the topological clusters whose
barycentres fall within the cone of radius ∆R, including the transverse energy of the
electron candidate ET,core, while ET,leakage and ET,pile-up are the corrections for the av-
erage leakage, pile-up and underlying events. Alternatively, a track-based definition
of the activity can be used by summing the transverse momenta of the tracks found
within the ∆R cone, excluding the candidate’s own contribution. Given the finer
granularity of the ID it is possible to exploit also very narrow cones. For this rea-
son, when using only tracking information, a variable-cone size can be defined as a
function of pT of the candidate object:

∆R = min
(

Rmax,
10 GeV

pT

)
. (4.8)

A value of 0.2 is generally chosen for electrons for both the cone size of the Eisol
T,cone

variable and for Rmax in the case of the tracking-based approach. The isolation effi-
ciency is therefore optimised with respect to these parameters and different operating
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points are distinguished depending whether a fixed value of the efficiency is targeted
or a fixed cut on the isolation variable is performed. The Gradient criterium targets
a fixed value of the isolation efficiency, dependent on the pT and uniform in η of the
electron while other three FixedCut selections (Loose, Tight and HighPtCaloOnly)
are defined by applying a specific cut on the isolation variable. Figure 4.12 shows
the isolation efficiencies measured in data recorded in 2017, using a tag-and-probe
method, and the corresponding ratios with respect to the simulation are shown for
different operating points. The overall differences between data and simulation are
in general smaller than 1–5 % depending on the working point, with the largest dif-
ference observed for Fixed Cut Tight isolation.
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FIGURE 4.12: Efficiency of the different isolation operating points for
electrons from inclusive Z → ee events as a function of ET (at the top)
and pT (at the bottom). The electrons are required to fulfil the Medium
selection from the likelihood-based electron identification. The lower
panel shows the ratio of the efficiencies measured in data and in MC

simulations. Figures taken from [117].

4.5 Muons

The muon reconstruction and identification rely on the information obtained from the
ID, the MS and the calorimeters. The reconstruction is first performed independently
in each sub-detector and then combined. The muon candidate is then classified in
different categories:

• Standalone muon (SA): the muon candidate is identified using only the track
reconstructed in the MS,

• CB: the reconstruction is performed separately in the ID and in the MS and a
combined track is formed by performing a global fit on the hits from the ID and
MS,

• Calorimeter-Tagged muon (CT): in this case, the track reconstructed in the ID
is required to match an energy deposit in the calorimeter compatible with the
one of a minimum ionising particle,
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• Segmented-Tagged muon (ST): the muon track candidate reconstructed in the
ID, once extrapolated to the MS, is required to match at least one segment in
the MDTs or CSCs,

• SiliconAssociatedForward muon (SiA): the muon candidate is identified using
a SA track matched to segments in the silicon tracker.

Based on these categories, four inclusive muon identification selections are de-
fined, aimed at improving either the purity or the acceptance of signal-like muons:
Loose, Medium, Tight, Low-pT and High-pT. The Medium selection is the most widely
used as it provides good acceptance with relatively small fake-rate and uncertain-
ties. The Loose and Tight working points are dedicated to improve, respectively, the
acceptance and the purity with respect to the Medium selection. Lastly, the High-pT
selection aims at optimising the reconstruction efficiency for muons up to several TeV,
while the Low-pT one is dedicated at the reconstruction of muons with pT down to
5 GeV, while maintaining a reasonable fake rate.
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FIGURE 4.13: Muon reconstruction efficiency measured in Z → µµ
as a function of η for the Loose-Medium-Tight selections (on the left)
and as a function of pT for the Medium selection (on the right). The
results are based on the pp collision data collected during Run 2 of the

LHC at 13 TeV. Figures taken from Ref. [118].

As the measurement is performed independently with two different sub-detectors
in the |η| < 2.5 region, a tag-and-probe method using Z → µµ and J/ψ→ µµ events
is used to evaluate the muon reconstruction efficiency, as shown in Figure 4.13. A
different approach is instead used in the region 2.5 < |η| < 2.7 where muons are
reconstructed using only the MS detector [119].

It is important also in the case of muons to apply specific isolation requirements
in order to mitigate the contribution from background-like objects. A track-based and
a calorimeter-based isolation variable are usually adopted, following the same defi-
nitions illustrated in Equations 4.7 and 4.8. For the track-based term, the transverse
momenta of tracks with pT > 1 GeV falling into a variable radius defined in Equation
4.8 with Rmax = 0.3 around the muon candidate axis are summed together. This sum
hence defines the pvarcone30

T isolation variable. For the calorimeter term, the trans-
verse energies of the topological clusters within a cone of Rmax = 0.2 (or 0.3, 0.4)
around the muon direction are combined together and corrections for pile-up and
underlying events are also applied, defining the Etopocone20

T variable. Several isolation
working points are defined using these variables and, as for the electrons, they can be
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distinguished in two main categories: the first one simply applies a fixed cut on the
selected isolation variable (either calorimeter-based or track-based) while the second
one is designed to target a specific value of the efficiency dependent on the muon pT.

4.6 τ leptons

Jets originating from hadronically decaying τ leptons are usually classified into the
one-prong or three-prong categories, corresponding to the number of charged pions
(π±) produced by the τ decay. In addition to that, a significant fraction of the energy
is deposited in the ECAL by the photons originating from the decay of neutral pions.
Such typical signatures are hence exploited in order to develop dedicated τ identifi-
cation algorithms, as described more extensively in Ref. [120, 121]. A τ candidate
jet is required to have pT > 20 GeV, |η| < 2.5 and to be outside of the transition
region between the barrel and forward calorimeters (1.37 < |η| < 1.52). The τ ver-
tex is chosen as the one with the largest fraction of momentum from tracks (with
pT > 1 GeV) associated within ∆R = 0.2 with respect to the jet axis. Additional
requirements are also applied on the transverse and longitudinal impact parameter
of each track with respect to the τ vertex. The baseline τ identification procedure
consists in processing both the tracking and calorimeter information in order to build
a BDT discriminant. Three operating points (Loose, Medium and Tight) are defined,
each of them corresponding to different τ identification efficiency values (designed
to be independent of pT). The performance of the reconstruction and identification
algorithms are then measured, using a tag-and-probe method, from Z → ττ events
where one τ lepton decays hadronically and the other decays leptonically to a muon
and a neutrino.

4.7 Emiss
T

Once all the objects in the final state have been reconstructed, it is possible to calcu-
late the missing transverse momentum Emiss

T , which is defined as the negative vecto-
rial sum of the transverse momenta of all the calibrated objects present in the final
state. The Emiss

T reconstruction consists of a hard term, which evaluates the contri-
bution from all the fully reconstructed and calibrated objects like electrons, muons,
τ leptons, photons (γ) and jets (hard objects), and the soft term, arising from re-
constructed soft charged particle tracks associated with the hard-scattering process
but not with any hard object (soft signals). The Emiss

T components can therefore be
defined as [122]:

Emiss
x(y) = − ∑

i∈{hard objects}
px(y),i − ∑

j∈{soft signals}
px(y),j. (4.9)

The Emiss
x(y) components are then used to build the following variables:

Emiss
T = (Emiss

x , Emiss
y )

Emiss
T = |Emiss

T | =
√
(Emiss

x )
2
+ (Emiss

y )
2

φmiss = tan−1(Emiss
y /Emiss

x )

(4.10)
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(a) (b)

FIGURE 4.14: Comparison of the reference Emiss
T resolution (in red)

with respect to the track-only-based variant (in blue) and calorimeter-
based variant (in green), measured from an inclusive Z → µµ sample
in data, as a function of ∑ ET (on the left) and number of PV (on the

right). Figures taken from Ref. [122].

where Emiss
T and φmiss represent, respectively, the magnitude and the direction in the

transverse plane of the Emiss
T vector. So the Emiss

T vector can finally be defined as:

Emiss
T = − ∑

selected electrons
pe

T − ∑
accepted photons

pγ
T − ∑

accepted τ leptons
pτhad

T

− ∑
selected muons

pµ
T − ∑

accepted jets
pjets

T − ∑
unused tracks

ptrack
T .

(4.11)

In addition to the Emiss
T , other variables, like ∑ ET, are sometimes also used to estimate

the event activity:

∑ ET = ∑ pµ
T + ∑ pe

T + ∑ pγ
T + ∑ pτ

T + ∑ pjets
T + ∑ psoft

T (4.12)

or its hard object equivalent variable, called HT, which is defined as:

HT = ∑ pµ
T + ∑ pe

T + ∑ pγ
T + ∑ pτ

T + ∑ pjets
T . (4.13)

The soft term of the Emiss
T is of crucial importance for the estimation of the Emiss

T scale
and resolution, in particular in events with low jet activity. In the Run 2 analyses,
the soft-term used is the Track-based Soft Term (TST), which only uses reconstructed
tracks from the ID associated to the PV and having pT > 500 MeV, |η| < 2.5 (full
ID coverage) and |d0/σ(d0)| < 2, |z0 sin(θ)| < 3 mm. In addition to these crite-
ria, further cuts are applied on the angular separation between tracks and electrons,
photons and τ leptons. The TST term has found to have a better stability with re-
spect to pile-up and provides a better resolution in events with low ∑ ET, as shown in
Figure 4.14.

As the Emiss
T performance is affected by the selection of jets used for its calculation,

a few alternative operating points are defined:
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FIGURE 4.15: Distribution of the Emiss
T Root Mean Squared (RMS), for

the case of the Loose Emiss
T operating point, shown as a function of the

average number of interactions per bunch-crossing 〈µ〉 (on the left)
and as a function of the number of PV (on the right), as estimated
after a Z → ee event selection. Different curves are shown for the
case of small-R calorimeter jets calibrated at the electromagnetic scale
(EMTopo) and Particle-Flow jets [125] and simulation with EMTopo

jets. Figures taken from Ref. [124].

• Loose: includes all jets with pT > 20 GeV and passing the JVT requirements
(see Section 4.2.1),

• Tight: discard all forward jets with |η| > 2.4 and 20 GeV < pT < 30 GeV in
order to reduce the pile-up dependence of the Emiss

T (at the price of a worse
scale and resolution),

• Forward-JVT (fJVT): also developed in order to suppress the forward pile-up
jet contamination, it still considers all jets with pT > 20 GeV, except the forward
jets with |η| > 2.5 and 20 GeV < pT < 50 GeV and failing the Loose fJVT cut5.
A JVT requirement is still applied to jets with pT < 60 GeV.

For what concerns the evaluation of the systematic uncertainties on the Emiss
T , it

is important to notice that, while for the hard term the uncertainties affecting each
object entering in the Emiss

T reconstruction are directly propagated to the Emiss
T calcula-

tion, the uncertainty on the soft term must be evaluated separately. A comprehensive
description of such uncertainty can be found in Ref. [124].

5Fully described in Ref. [123], the fJVT is a novel technique that exploits the correlation between
central and forward jets in order to suppress the forward pile-up jet contribution.
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FIGURE 4.16: Data to simulation comparison of the Emiss
T spectrum,

using the full Run 2 dataset of the LHC, as estimated from Z → ee
events. Figure taken from Ref. [126].

4.7.1 Emiss
T significance

As already anticipated, the conservation of the momentum in the transverse plane
implies that the vectorial sum of the momenta of all objects in the final state should be
zero. Any imbalance in the transverse plane gives rise to Emiss

T and it can be attributed
to invisible particles, such as neutrinos or more exotics weakly interacting particles.
However, fake Emiss

T can arise from jets not falling into the acceptance of the detector
or inaccurately reconstructed, or due to resolution effects. It is therefore crucial to
be able to distinguish events with fake and real Emiss

T . A useful quantity that can help
in discriminating these two categories is the Emiss

T significance, S , which evaluates
how likely is that there is genuine Emiss

T from undetectable particles in the event. On
an event-by-event basis, S is determined from the LLR that the reconstructed Emiss

T is
consistent with the null hypothesis of having zero real Emiss

T . In the past, in ATLAS
and also in previous experiments, the following two event-based definitions of S have
been used:

S =
Emiss

T√
∑ ET

or S =
Emiss

T√
HT

(4.14)

as
√

∑ ET and
√

HT can be considered as event-based approximations of the Emiss
T

total resolution. Such approximation is valid as long as only the calorimeter infor-
mation is used in calculation of the Emiss

T but, as discussed in Section 4.7, the Emiss
T

reconstruction involves also other sub-detectors. For this reason, a new approach has
been developed in order to construct a new definition of S at the object-level, taking
into account all the expected resolutions and directional correlations of all the objects
entering in the Emiss

T reconstruction [127]. As the goal is to test the hypothesis that
the total transverse momentum carried by the invisible particles, pinv

T , is zero against
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FIGURE 4.17: On the left, data to simulation comparison of the object-
based Emiss

T significance spectrum, using the full Run 2 dataset of the
LHC, as estimated from Z → ee events. Figure taken from Ref. [126].
On the right, object-based Emiss

T significance background rejection ver-
sus signal efficiency in simulated Z → ee and ZZ → eeνν events com-
pared with the previous event-based definitions. Figure taken from

Ref. [127].

the hypothesis that pinv
T is different from zero, S can defined as the following LLR:

S2 = 2 ln
(L(Emiss

T |Emiss
T )

L(Emiss
T |0)

)
= (Emiss

T )
T
(

∑
i

Vi

)−1

(Emiss
T ) (4.15)

where the index i indicates each object entering in the Emiss
T reconstruction and Vi the

corresponding covariance matrix. It is possible to appreciate, from this χ2 definition
of the Emiss

T significance, the strong dependence between the Emiss
T and the resolution

effects propagated inside the covariance matrix. A small value of S is expected in
case the event is compatible with the hypothesis of having fake Emiss

T from detector
effects, whereas large values of S should indicate the presence of real Emiss

T . The
Equation 4.15 can be further simplified and S can be reduced to:

S2 =
|Emiss

T |2

σ2
L(1− ρ2

LT)
(4.16)

where σL is the total variance in the direction longitudinal to Emiss
T and ρLT is the

correlation factor between the transverse (T) and longitudinal (L) measurements
with respect to the direction of the Emiss

T vector. A detailed description of the object-
based Emiss

T significance can be found in Ref. [127]. The performance of this variable
has been studied in Z → ee and ZZ → eeνν events and its discriminating power with
respect to the previous event-based definitions is shown in Figure 4.17b.
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4.8 Overlap removal

In order to resolve ambiguities between leptons and jets, an overlap removal pro-
cedure must be applied in each physics analysis. The standard method proceeds
through a list of consecutive steps, where only the surviving objects participate in the
subsequent steps. Initially, electrons are removed if they share a track with another
electron candidate with higher pT or with a muon candidate. Next, τ candidates
are removed if they are within ∆R = 0.2 of an electron or a muon candidate. Pho-
tons are also rejected against leptons in case they overlap within ∆R = 0.4. Small-R
jets are then removed if they lie within ∆R = 0.2 with respect to any remaining elec-
trons. Successively, a lepton (either an electron or a muon) is removed if it lies within
∆R = min(0.4,0.04+10 GeV/plepton

T ) with respect to the small-R jet. Small-R jets are
further removed if they are within ∆R = 0.2 of any surviving muon, in case the jet has
less than three tracks or the muon pT is greater than half the jet pT and greater than
70% of the pT sum of the tracks associated to the jet. Moreover, muons are removed
if they are within min(0.4,0.04+10 GeV/plepton

T ) of a small-R jet. Lastly, large-R jets
are removed if they are separated from an electron by less than ∆R = 1.0.

4.9 Pile-up reweighting

The last missing piece of the event reconstruction, for what concerns the work pre-
sented in this thesis, is related to the modelling of pile-up. As already mentioned in
Section 3.1.3, the pile-up can be interpreted as the amount of uncorrelated energy
flow originating from additional collisions occurring in the event or due to the “hard-
ness” of a single collision. The presence of additional energy flow in the detector
can have a strong impact on physics analyses, as it would lead to a lower or higher
number of events passing certain selection criteria. It is therefore important to model
properly the amount of pile-up events in simulation. The pile-up reweighting proce-
dure aims at correcting for the difference between data and simulation by scaling the
selection efficiency of an event such that on average the predicted <µ> distribution
matches the one observed in data.

The amount of pile-up is related to the average number of interactions in a bunch
crossing which is measured in data from the inelastic collisions occurring in minimum
bias events. However, the visible inelastic cross section in simulation has found to be
higher than the one measured in data [128]. Furthermore, MC events are simulated
for a given value of the beamspot length, which instead can vary in collision data. As
a result, the estimated number of interactions per crossing as well as other pile-up
sensitive variables, as the number of vertices, is known to be wrong. The generated
discrete values of 〈µ〉 are therefore corrected in simulation by the offset due to the
inelastic cross-section mismodelling. Only after this correction, it is possible to de-
rive an event weight which modifies the effective efficiency for an event to pass the
selection of the analysis.
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5 The mono-H(bb̄) analysis

As anticipated in Chapter 2, the search for events with a large amount of Emiss
T recoil-

ing against a SM particle is a probe for detecting DM at the LHC. The discovery of
the Higgs boson h (see Refs. [16, 17]) opens a new opportunity through the h+Emiss

T
signature, with the highest probability for the Higgs boson to decay to bottom quarks
(b), thus defining the mono-H(bb̄) final state. The mono-H(bb̄) channel has proved to
have a leading role in the search for DM at the LHC, as it allows to probe a substan-
tial region of the phase space while being complementary to several other mono-X
searches. This chapter is dedicated to the description of the mono-H(bb̄) analysis
performed using pp collisions at a centre-of-mass energy of 13 TeV and a dataset
corresponding to 79.8 fb−1 of integrated luminosity.

5.1 Analysis strategy

One of the BSM theories that motivates the search for mono-H(bb̄) events is the Type-
II 2HDM with an additional U(1)Z′ gauge symmetry, referred to as Z′-2HDM [129].
The 2HDM model predicts the existence of five physical Higgs bosons: a light scalar
h, which is identified with the SM Higgs boson, a heavy scalar, denoted as H, the
pseudo-scalar A and the two charged scalar bosons H±. The process yielding the
signature of h+DM is pp → Z′ → Ah, with the subsequent decay of A to χχ̄, as
illustrated in Figure 5.1. The relevant model parameters are therefore the masses
of the involved particles, mA, mZ′ , mχ, as well as the gauge coupling of the Z′, gZ′ ,
and tan β, which denotes the ratio of the vacuum expectation values of the two Higgs
fields coupling to the up- and down-type quarks.

Depending on the mass of the new mediator particle, the topology of the event can
be very different. At low masses, the pT of the Higgs boson can be still sufficiently
low that the Higgs candidate can be reconstructed as a pair of two single small-
R calorimeter jets, corresponding to the two b-quarks. On the other hand, when
the energy is sufficiently high, the Higgs boson can become very energetic and its
decay products tend to be very collimated; in this regime the Higgs candidate is
reconstructed as a single large-R calorimeter jet having a substructure consistent with
the fragmentation of two b-quarks. An illustration of the two different topologies is
shown in Figure 5.2.

The Emiss
T originating from the DM particles and the jet system recoil against each

other, thus their transverse momenta are highly correlated. For this reason, in order
to maximise the sensitivity of the analysis, a distinction is made between the resolved
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FIGURE 5.1: The leading-order contribution of the production of DM
and a Higgs boson through a new Z′ mediator coupled to a pseudo-
scalar Higgs boson A, where the latter decays primarily to χχ̄. Figure

taken from Ref. [130].

regime (Emiss
T < 500 GeV) and the merged (or boosted) regime (Emiss

T > 500 GeV).
Signal events are expected to have two b-tagged jets coming from the H → bb̄ decay.
In the resolved case, the b-tagging is applied to the leading two central small-R jets,
while in the merged case, the identification of the flavour content of the large-R jet is
based on track jets ghost-associated [107] with the ungroomed jet (see Sections 4.2.2-
4.2.3).

The SR is characterised by the presence of high Emiss
T and no isolated electrons

(e) or muons (µ). The main backgrounds that contaminate the SR originate from the
Z+jets, W+jets and tt̄ processes.

In order to reduce the impact of the systematic uncertainties arising from a direct
estimation of the background contribution purely from MC simulation, a semi data-
driven approach is adopted [131, 132]. This method consists in defining a dedicated
Control Region (CR), CRi, which is orthogonal to the SR and mostly populated by a
specific background BGi. The contribution of this background in the SR can then be
expressed as:

NSR
BGi ,data =

NSR
BGi ,MC

NCRi
BGi ,MC

× NCRi
BGi ,data (5.1)

where NCRi
BGi ,data corresponds to the contribution of BGi, as extracted from data,

in the CRi while NSR
BGi ,MC and NCRi

BGi ,MC are the contributions of BGi, predicted by
MC simulation, in the SR and in the CRi, respectively. The contribution of BGi is

therefore extrapolated from the CRi to the SR through the transfer factor
NSR

BGi ,MC

N
CRi
BGi ,MC

which allows most of the systematic uncertainties to cancel out or to be signifi-
cantly reduced in the ratio. Moreover, as the term NCRi

BGi ,data can also be expressed

as NCRi
data − NCRi

other backgrounds, it is possible to define the normalisation factor as:

NCRi
data − NCRi

other backgrounds

NCRi
BGi ,MC

. (5.2)

As a given background process can contribute to several CRs, the normalisation fac-
tors depend on each other and the purer is the selection of each CR, the smaller is
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the impact of the NCRi
other backgrounds term.

In the context of the mono-H(bb̄) analysis, 1µ-CR is used to estimate the contri-
bution of the W+jets and tt̄ processes, while a 2`-CR (`=e,µ) is used to constrain the
Z+jets background.

The last step of the analysis consists in performing a simultaneous profile-
likelihood fit to all the CRs and SR in order to constrain the backgrounds and extract
information about the potential presence of a signal.

b̄

b
h

�

MET

�̄
b̄

bMET

�

�̄

h

resolved case boosted case

FIGURE 5.2: Illustration of the different reconstruction of the Higgs
candidate in the resolved and in the merged (or boosted) region.

5.2 Datasets and triggers

The search is performed using the pp collision data at
√

s = 13 TeV recorded by the
ATLAS detector during 2015, 2016 and 2017. Only data collected with all detector
components and good operating conditions, included in the so-called Good Run Lists
(GRLs), are analysed.

Events in the 0 and 1 lepton regions are selected using Emiss
T triggers, whose

thresholds increase from 70 GeV for 2015 data to 110 GeV for 2017 data. Events
used for control samples with two leptons are selected using the lowest unprescaled
single lepton triggers with pT thresholds that vary with data-taking periods. For elec-
trons the thresholds vary from 24 GeV to 26 GeV, while for muons the pT thresholds
increase over time from 20 GeV to 26 GeV. All these triggers include isolation require-
ments. Additional triggers without isolation requirements but higher pT thresholds
are used to preserve trigger efficiency at high pT values.

It is also important to notice that, as this analysis uses events with Emiss
T as low as

150 GeV, where some of the triggers are not fully efficient yet, the trigger efficiencies
are measured in data as a function of the Emiss

T and correction factors for simulated
samples are derived in order to match the efficiencies obtained in data.
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5.3 Simulated samples

The W/Z+jets processes are simulated using the SHERPA V2.2.1 [133, 134] event
generator with the NNPDF30NNLO [135] PDF set and filters corresponding to the
flavour content of the final state jets. The matrix elements are computed at Next-to-
Leading Order (NLO) for up to two partons and at Leading Order (LO) for up to four
partons. They are merged with the SHERPA parton shower using the MEPS@NLO
prescription [136]. The normalisations are determined at NNLO in QCD.

A similar setup is also used to simulate the diboson background samples using the
SHERPA generator. With respect to the V+jets case, no flavour filtering is applied and
only up to three additional partons are included in the matrix element, with up to
one parton at NLO accuracy.

The other dominant background is top quark pair production, whose events, to-
gether with the single top quark processes, are generated at NLO using the POWHEG-
BOX V2 [137] generator interfaced with PYTHIA 8.230 [138] with the A14 set of
tuned parameters [139] and NNPDF30NNLO [135] PDFs in order to simulate the
parton shower and hadronisation processes. The tt̄ predictions are normalised to a
cross-section calculation at NNLO in QCD, including NNLO corrections for soft-gluon
radiation. The cross-section used to normalise the single-top-quark samples is calcu-
lated at NLO in QCD.

Additional backgrounds such as Vh processes are generated with the POWHEGBOX

V2 generator interfaced with PYTHIA 8.230 using the NNPDF30NNLO PDF set.
Signal events corresponding to the Z′-2HDM simplified model are produced

at tree-level using MadGraph5 aMC@NLO [140] interfaced to Pythia8 using the
NNPDF3.0 PDF set and the A14 tune. The relevant signal theory parameters are
fixed to tan β = 1.0, gZ′ = 0.8 and mχ = 100 GeV, mH = mH± = 300 GeV and a
BR(A→ χχ̄) = 100% is assumed.

All simulated samples include detector effects as well as the impact of multiple pp
interactions per bunch crossing. All samples are processed with the GEANT 4 [141]
based ATLAS detector simulation [142].

5.4 Object and event selection

In this analysis, various physics objects are reconstructed and selected in order to
categorise the events in different SRs and CRs. A summary of the criteria used for the
reconstruction of the physics objects used in this analysis is presented in Table 5.1 for
what concerns jets and Emiss

T . A summary of the electron and muon selection criteria
is instead shown in Tables 5.2 and 5.3.

In addition to the data quality and trigger requirements, at least one PV with at
least two associated tracks with pT > 500 MeV must be present in order for the event
to be selected. An event veto is also applied in case a jet fails the LOOSEBADJET jet
cleaning requirement (see Section 4.2), which would compromise the measurement
of the Emiss

T . Events are also required to have Emiss
T > 150 GeV. In each region, a proxy

for the Emiss
T is used in order to apply the cut on the missing transverse momentum. In

signal events the Emiss
T is expected to come from DM particles while W(lν)+jets and

Z(ll)+jets events can end up in the SR in case the leptons are wrongly reconstructed.
In order to mimic the way these processes can contaminate the SR selection, in the
1µ region the muon is added to the missing transverse momentum vector and the
corresponding Emiss

T term is usually referred to as Emiss,noµ
T . Similarly, in the 2` region
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Object Kinematics Type Additional

Small-R jets central
pT > 20 GeV
|η|<2.5

anti-kt R= 0.4
EMTopo

if pT < 60 GeV, |η| < 2.4
then JVT > 0.59,

b-tagging: 77% signal efficiency

Small-R jets forward
pT > 30 GeV

2.5 < |η| <4.5
anti-kt R = 0.4

EMTopo

Large-R jets
pT > 200 GeV
|η| < 2.0

anti-kt R = 1.0
LCTopoTrimmed

Rsub-jet = 0.2, fcut = 5%

Track jets
pT > 10 GeV
|η| < 2.5

anti-kt variable-R Ntracks ≥ 2
b-tagging: 77% signal efficiency

τ leptons
pT > 20 GeV

|η| = [0,1.37],[1.52,2.5]
Ntracks = 1 or 3

BDT ID
Loose Working Point (WP)

Extended selection:
1 ≤ Ntracks ≤ 4

∆φ(τ,Emiss
T ) ≤ 22.5◦

Emiss
T Emiss

T > 150 GeV Emiss
T TST

TABLE 5.1: A concise summary of the jet and Emiss
T object selections

used in the analysis.

Electron Type pT [GeV ] |η| d0/σ(d0) |z0 sin θ| [mm] ID Isolation

VH-loose > 7 GeV < 2.47 < 5 < 0.5 LooseLLHBLayer LooseTrackOnly

ZH-signal > 27 GeV < 2.47 < 5 < 0.5 LooseLLHBLayer LooseTrackOnly

TABLE 5.2: A summary of the electron object selections used in the
analysis. The VH-loose definition is used in the 0` and 1µ channels to

veto electrons. The ZH-signal definition is used in the ee channel.

Muon Type pT [GeV] |η| d0/σ(d0) |z0 sin θ| [mm] ID Isolation

VH-loose (veto, 0 lepton channel) > 7 GeV < 2.7 < 3 < 0.5 Loose LooseTrackOnly

WH-signal (one muon channel) > 25 GeV < 2.5 < 3 < 0.5 Medium FixedCutTight

ZH-signal (two muons channel) > 25 GeV < 2.5 < 3 < 0.5 Loose LooseTrackOnly

TABLE 5.3: A summary of the muon object selections used in the anal-
ysis. The VH-loose definition is used in the 0 lepton channel to veto
muons. The WH-signal and ZH-signal definitions are used in the 1µ

and 2µ channels, respectively.

the pT of the two-leptons system, pT,``, which corresponds to the pT of the Z boson,
is used as a proxy for the Emiss

T .
A source of background that can be easily reduced is the BIB which can arise from

interactions of the beam with residual gas or beam collimators. In these interactions,
secondary particles can be produced simulating high pT fake jets with characteristic
azimuthal distributions1. Since BIB particles have direction nearly parallel to the
beam-pipe, there are usually no tracks associated to these fake jets. A cut on the
track-based term of the Emiss

T (pmiss
T ) is therefore applied and events with 0 or 1 b-

tagged jet are required to have pmiss
T > 30 GeV, as illustrated in Figure 5.3. For events

with two b-tagged jets, where the non-collision background contribution is already

1Mostly peaking at φ=0,±π, as a result of the arrangement of the dipole magnets and of the
shielding effect of the tunnel floor [143].
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quite low (due to the b-tagging requirement), no pmiss
T cut is applied, in order to

recover signal efficiency.

FIGURE 5.3: Exemplary distribution of the pmiss
T variable for data and

MC, including three representative Z′-2HDM scenarios corresponding
to different masses (mZ′ ,mA) (dashed lines). The disagreement at low

values is expected to be caused by multijet background.

FIGURE 5.4: Exemplary distribution of the minimum ∆φ between
Emiss

T and the three leading jets in the event, expressed in radians. The
disagreement at low values is expected to be associated with multijet

background events.

An important source of background that affects mostly the low Emiss
T region is the

one coming from QCD multijet processes. In case of a multijet event, the Emiss
T is

expected to point in the direction of the potential mismeasured jet, hence a cut on
the azimuthal separation between the Emiss

T and the total momentum of all central
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FIGURE 5.5: Exemplary distribution of the ∆φ(Emiss
T ,pmiss

T ) variable,
expressed in radians, for data and MC, including three representa-
tive Z′-2HDM scenarios corresponding to different masses (mZ′ ,mA)
(dashed lines). The disagreement at high values is expected to be

caused by multijet background.

and forward jets is expected to reduce the contamination originating from this back-
ground, as illustrated in Figure 5.4. Furthermore, while the Emiss

T is aligned along
the direction of the mis-reconstructed jet, the pmiss

T is expected to remain small and
without a preferred direction (see Figure 5.5). Therefore, in order to suppress this
background the following cuts are applied:

• min(∆φ(Emiss
T , jets)) > 20◦,

• ∆φ(Emiss
T ,pmiss

T ) < 90◦.

Once the baseline selection described above is applied, the events are divided into
the resolved and merged region, depending on the amount of Emiss

T .

5.4.1 Resolved region

In the resolved region, the Higgs candidate h is reconstructed as the system made by
the two leading central jets, j1 and j2, on which b-tagging is applied and which are
required to have pT > 45 GeV. Further requirements are applied to the scalar sum
of the pT of up to three jets, using all the jets both in the central and forward region
of the ATLAS detector. For events with two (three or more) jets, the scalar pT sum of
the first two (three) jets has to be greater than 120 (150) GeV.

In order to further suppress the multijet background, two additional cuts are ap-
plied in the resolved region:

• ∆φ(j1,j2) < 140◦,

• ∆φ(Emiss
T ,h) > 120◦.

These cuts are motivated by the fact that multijet events are usually back-to-back;
therefore a cut on the angular separation between the two leading jets should already
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Resolved Merged

trigger

lepton veto (SR) or selection (CRs)

(modified) Emiss
T > 150 GeV

min ∆φ(Emiss
T ,jets) > 20◦

∆φ(Emiss
T , pmiss

T ) < 90◦

S > 16 (SR only) —

0`-SR: Emiss
T < 500 GeV 0`-SR: Emiss

T > 500 GeV
1µ-CR: Emiss,noµ

T < 500 GeV 1µ-CR: Emiss,noµ
T > 500 GeV

2`-CR: p``T < 500 GeV 2`-CR: p``T > 500 GeV

N(central small-R jets) ≥ 2 N(central large-R jets) ≥ 1

pjet1
T > 45 || pjet2

T > 45 —

2(3)
∑

i=1
pjeti

T > 120(150) GeV —

∆φ(jet1, jet2) < 140◦ —

∆φ(Emiss
T ,h) > 120◦ —

τ-veto

additional b-jet veto

HT ratio

∆R(jet1, jet2) < 1.8 ∆R(VR1,VR2)
Rmin

> 1

b-tag requirement on
small-R jets track-jets

TABLE 5.4: Summary of the resolved and merged region event selec-
tion, in the category with two b-tagged jets.

suppress the contribution of this background. At the same time, in an event with real
Emiss

T , the Higgs candidate h should recoil against the DM particles so an additional cut
on the angular separation between the Higgs candidate and the Emiss

T is also applied.
An important feature that has been introduced in the resolved region selection

consists in the usage of the object-based definition of the Emiss
T significance (see Sec-

tion 4.7.1) to further suppress the multijet background. The improvement caused by
this new variable in the analysis is more extensively discussed in Section 5.5.

Dedicated cuts are also applied in order to reduce the other dominant background
at low Emiss

T , which originates from tt̄ processes. As in signal events the b-jets are ex-
pected to come only from the H → bb̄ decay, the presence of additional b-jets would
indicate the presence of background processes as tt̄. A veto is therefore applied on
events with more than two b-jets. The angular separation between the two leading
jets is also a powerful variable that can help in discriminating signal from tt̄ back-
ground events. While in signal events the two b-jets originate from the Higgs decay
and are expected to be very close to each other, in a tt̄ process they originate from



5.4. Object and event selection 71

the decay of each top quark (t→ Wb), hence their angular separation is expected to
be quite large. For this reason, the ∆R(j1, j2) is required to be smaller than 1.8. In
addition, a HT ratio variable can be defined as the ratio of the scalar pT sum of the
jets which do not form the Higgs candidate over the total scalar pT sum of all jets:

HT ratio =
HT(non Higgs candidate)

HT(all jets)
. (5.3)

For signal-like events, one would expect this variable to be relatively small, as the
remaining jets in the events, which are not coming from the H → bb̄ decay, mostly
originate from ISR processes which have generally low pT activity. On the other hand,
in a tt̄ process, the two b-jets which can potentially form the Higgs candidate are pro-
duced in association with the jets from the W boson which have, on average, a similar
pT magnitude as the b-jets. Applying a cut on the HT ratio variable, whose numerator
is calculated using all jets except the highest three ranked jets2, is a powerful way to
further suppress the contribution of the tt̄ background. Lastly, an event veto is ap-
plied on events containing a hadronically decaying τ lepton candidate, which is not
expected to be present in signal events but can originate from semi-leptonic and fully
hadronic tt̄ events. Furthermore, an extended version of this cut has been developed
and it consists in defining a τ-jet candidate as a jet with a track multiplicity no lower
than one nor larger than four and with an azimuthal separation with respect to the
Emiss

T equal or lower than 22.5◦. An additional event veto is applied in the presence
of such jets.

5.4.2 Merged region

The merged region is defined by applying all the baseline cuts and increasing the
Emiss

T cut up to 500 GeV. In this regime, the contamination from the multijet back-
ground is negligible, hence no further anti-QCD cuts are applied in this region. The
Higgs candidate is reconstructed as the leading large-R jet in the event with at least
two ghost-associated [107] track jets. In particular, VR track jets are used in the anal-
ysis. A cut on the minimum angular separation between the two leading associated
VR track jets is applied as event cleaning in order to discard events with potential
ambiguous b-tagging (see Section 6.1.1-6.3) . As the usage of VR track jets repre-
sents one of the key ingredients of this analysis in the merged regime, a dedicated
discussion is postponed to Section 5.6.

Also in the merged region, optimised cuts have been developed in order to sup-
press the tt̄ contamination. The HT ratio cut is applied by considering all the small-R
jets that are not associated to the leading large-R jet within its R=1.0 cone. The
extended τ veto cut is applied by asking the events to have no jets that fulfil the track
multiplicity and ∆φ(jet,Emiss

T ) separation criteria described above and that are not as-
sociated to the leading large-R jet. The additional b-jet veto is applied by requiring
the events to have no additional b-tagged VR track jets that are not ghost-associated
to the leading large-R jet.

2By construction, all jets except the highest two ranked jets should be used in the calculation of the
numerator of the HT ratio variable. However, excluding also the third leading jet gives a slightly better
significance gain therefore this modified version of the cut is employed in the analysis.
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5.4.3 Signal and Control Region separation

After having applied the full list of requirements described above, events are further
classified in different SR and CRs. The events that do not contain any loose electron
or muon fall into the SR. Events containing leptons, on the other hand, are used to
define CRs to constrain the main background contributions. The 1µ-CR is defined
by requiring exactly one signal muon and no further loose muons or electrons. The
2`-CR contains instead the events with exactly two signal leptons with same flavour.
The ee and µµ channels are used together and the electron (muon) pair must have
an invariant mass of 83 GeV < mee < 99 GeV (71 GeV < mµµ < 106 GeV). In order
to suppress the tt̄ and single top background, the event based Emiss

T significance (see
Section 4.7.1) in the 2`-CR is required to be smaller than 3.5

√
GeV.

5.5 The novelty of the Emiss
T significance

As anticipated already in Section 4.7.1, the Emiss
T significance S can help in distin-

guishing events with real Emiss
T coming from weakly interacting particles from events

in which fake Emiss
T originates from particle mismeasurements and detector effects.

This makes a cut on the Emiss
T significance a promising choice to suppress multijet

events, which represent a large source of background for this analysis at low Emiss
T . A

new object-based definition of the Emiss
T significance S , which takes into account the

resolution and directional correlations of the objects entering in the Emiss
T reconstruc-

tion, rather than event-level quantities, has been used for this purpose [127].
As it is possible to construct this variable in several different ways, the first step

consists in understanding which definition is more appropriate for this analysis. The
performance of different possible definitions of S have been compared and among
those the best discriminating power of the Z′-2HDM against the multijet background
is provided by the definition that does not take into account the resolution of the
pile-up jets and that of the Emiss

T soft term. This specific definition of the object-based
Emiss

T significance is therefore employed in the analysis.
The performance of the object-based Emiss

T significance is also compared against its
event-based definition and the Emiss

T itself, as shown in Figure 5.6. The cut on these
three variables is applied in addition to a requirement on the angular separation
between the Emiss

T vector and the leading jets in the events.
The next step consists in identifying the cut value for this new variable. This has

been chosen by comparing the expected signal significance corresponding to different
possible cuts on the chosen definition of the object-based Emiss

T significance variable,
taking into account only the events in the resolved region. By introducing a require-
ment of S > 16 more than 95% of the di-jet events are rejected while the signal
efficiency remains stable at 90%.

After having included this new requirement in the analysis selection, a data-driven
multijet estimate has been performed. The method consists in using two sufficiently
uncorrelated variables, in this case min(∆φ(Emiss

T , jets)) and S , to define four different
regions by applying and inverting the cuts used in the analysis. The region containing
the events passing the requirements on both the two variables corresponds to our
actual SR while the events failing both of the two requirements end up in a QCD-
enriched region. From this last region, the contribution of the multijet background is
extracted as the shape difference between data and the non-multijet processes in the
invariant mass of the two jets system, mjj. After having checked that the correlation
between the two selected variables is sufficiently low, it is possible to express the
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terms of signal efficiency and background rejection, against the event-
based definition and the Emiss

T itself. Figure taken from Ref. [130].

number of multijet background events in the SR as:

NS>16,∆φ>20◦ =
NS>16,∆φ<20◦ · NS<16,∆φ>20◦

NS<16,∆φ<20◦
. (5.4)

In order not to compromise the estimate by the signal contamination, all the
events are required to be outside of the Higgs mass window [70,140] GeV.

Sample Region NS<16,∆φ<20◦ NS<16,∆φ>20◦ NS>16,∆φ<20◦ Prediction NS>16,∆φ>20◦

Data 150 GeV < Emiss
T < 200 GeV 4573± 68 3452± 59 129± 11 − 7698± 88

Total background 150 GeV < Emiss
T < 200 GeV 595± 13 2435± 28 50± 3 − 6397± 45

Multijet shape 150 GeV < Emiss
T < 200 GeV 3978± 69 1017± 65 79± 12 20± 3.3 −

Data 200 GeV < Emiss
T < 350 GeV 1705± 41 381± 20 355± 19 − 5429± 74

Total background 200 GeV < Emiss
T < 350 GeV 282± 9 317± 10 174± 7 − 4731± 36

Multijet shape 200 GeV < Emiss
T < 350 GeV 1423± 42 64± 22 181± 20 8± 2.9 −

Data 350 GeV < Emiss
T < 500 GeV 66± 8 1± 1 94± 10 − 484± 22

Total background 350 GeV < Emiss
T < 500 GeV 9± 1 0.9± 0.2 52± 4 − 434± 9

Multijet shape 350 GeV < Emiss
T < 500 GeV 57± 8 0.1± 1 42± 11 0.1± 0.76 −

TABLE 5.5: Predicted amount of multijet background events in each
region. Only events outside the Higgs mass window [70,140] GeV are

used.

As shown in Table 5.5, thanks to the new requirement S > 16 the remaining
amount of the multijet background in the SR is significantly reduced and smaller
than the statistical uncertainty on the data. Although the multijet background has
already been found to be extremely small, an additional check has been performed
including the multijet background (from the mjj template extracted from the shape
difference between data and non-multijet processes) in the final likelihood fit. In
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order to correct by the predicted fraction of multijet background in the SR, the mjj
template is scaled by the ratio of the full mass range over the blinded mass sideband.
The impact on the final fit has found to be negligible; thus the multijet yield is entirely
neglected in the final statistical analysis, described in Section 5.7, improving the level
of complexity of the analysis with respect to the previous iterations [144, 145, 129].

5.6 The novelty of the Variable-Radius track jets

As anticipated in Section 5.1, in the merged (or boosted) regime the Higgs boson
candidate is reconstructed as a single large-R jet with radius equal to 1.0 and the
b-tagging is applied to the leading two track jets that are matched to it through
GA [107] (see Section 4.2.3). In the previous iterations of the mono-H(bb̄) analy-
sis, R = 0.2 track jets have been used in this regime. However, the more energetic is
the Higgs candidate the more difficult is to reconstruct the two associated track jets
as two separate objects. As the sensitivity of this search relies heavily on the ability
to identify both b-jets from the Higgs boson decay, using a fixed radius parameter for
the reconstruction of the track jets is not an optimal choice when probing high mass
regimes. The first immediate solution to this problem consists in varying the radius
parameter as a function of the jet transverse momentum. This represents the main
feature of the VR jet reconstruction, in which the following pT dependence of the jet
radius is introduced [146]:

R→ Reff(pT) =
ρ

pT
(5.5)

and the parameter ρ determines how the effective jet radius scales with the pT of
the jet during the jet finding procedure. Two additional parameters Rmin and Rmax
are used to set, respectively, a lower and an upper cut on the jet radius. The op-
timal values of these three parameters, in terms of double b-labelling efficiency of
Higgs candidate jets over a wide mass range, have been found to be: ρ = 30 GeV,
Rmin = 0.02 and Rmax = 0.4 [147].

The VR track jets are reconstructed from the ID tracks using the anti-kt algorithm.
The considered tracks are required to have pT > 500 MeV and |η| < 2.5, in order to
be in the fiducial region of the ATLAS tracking system. In addition, they must yield at
least seven hits in the SCT and pixel detectors, not more than one hit shared by mul-
tiple tracks in the pixel detector, not more than one missing hit3 in the pixel detector
and not more than two missing hits in the SCT detector. Additional requirements on
the longitudinal impact parameter (|z0 sin(θ)| < 3 mm, see Section 4.1) with respect
to the PV allow to reduce the pile-up contribution and to improve the efficiency in
selecting tracks from the hard scattering vertex.

The effectiveness of VR track jets can be already observed when comparing the
sub-jet multiplicity inside a large-R jet with respect to the case of FR track jets. This
has been studied by evaluating the efficiency for a large-R jet with R = 1.0 (pT
> 200 GeV, |η| < 2.0) matched to a truth Higgs boson to have also its two associ-
ated track jets matched to two truth b-hadrons (hence defining a “Higgs jet”) [147].
For this purpose, simulated Randall–Sundrum (RS) graviton G∗ samples have been
analysed, exploiting the decay chain G∗ → HH → bb̄bb̄, combining together dif-
ferent mG∗ hypotheses, between 300 GeV and 6000 GeV. Such events are simulated
with the MadGraph5 aMC@NLO generator interfaced with PYTHIA 8.230 and using the

3If no hit is observed in an active detector element where one is expected, this is referred to as a
missing hit.
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NNPDF2.3 PDF set and the ATLAS A14 set of tuned parameters. As shown in Fig-
ure 5.7, a large fraction of large-R jets (from 30% to 40%) has three associated VR
track jets, in contrast with the FR track jets case in which the ability of resolving the
two sub-jets system decreases rapidly at high Higgs jet pT. In these cases, applying
b-tagging only to the leading two associated VR track jets can lead to an inefficiency
when trying to identify the flavour content of a Higgs jet. In fact, by recovering the
third leading jet, the double b-labelling efficiency improves significantly, as can be
observed by comparing Figure 5.8a with Figure 5.8b.
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Higgs jet pT for Higgs jets with exactly 1 sub-jet (solid line), 2 sub-
jets (dashed line) and at least 3 sub-jets (dotted line). Figure taken

from Ref [147].

The possibility of applying b-tagging to the leading three VR track jets associated
to the leading large-R jet has been studied also in the context of the mono-H(bb̄)
analysis. Moreover, in order to exploit the full potential of the VR track jets, this
study is performed for a (very boosted) Z′-2HDM signal model with mZ′ = 2.8 TeV
and mA = 300 GeV, on varying of the cut value applied on the MV2c10 b-tagging
discriminant. In this way, a complete re-evaluation of the b-tagging performance of
VR track jets can be done, with respect to the previous approach based on the usage
of FR track jets. The comparison, shown in Figure 5.9, is done in terms of the signal
significance σ of the merged SR which is evaluated as [148]:

σ =

√
2× ((s + b) ln(1 +

s
b
)− s) (5.6)

where s and b represent, respectively, the number of signal and background events
in a given phase space region. Despite the increased signal selection efficiency, ap-
plying b-tagging to the three highest pT jets in the event also leads to an increased
background contamination which causes an overall decrease in sensitivity. For this
reason, applying the b-tagging only to the leading two associated VR track jets still
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FIGURE 5.8: At the top (bottom), efficiency for a Higgs jet to have
two of the leading two (three) associated track jets matched to truth

b-hadrons vs Higgs jet pT. Figure taken from Ref [147].

proves to be the most appropriate choice. Furthermore, by examining the full range
of the MV2c10 possible cut values, it has been chosen to adopt the one corresponding
to an average b-tagging efficiency of 77%, as it provides the best signal significance.
This introduces an additional change with respect to the previous results in which the
70% MV2c10 WP was used for FR track jets.

Once the b-tagging procedure on VR track jets is established, it is possible to com-
pare the performance of FR (R = 0.2) and VR track jets in terms of the signal signifi-
cance gain in the merged SR over the whole phase-space of the Z′-2HDM benchmark
model considered in this analysis. Figures 5.10a-5.10b show the signal significance,
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computed using Equation 5.6, in the merged SR, of VR track jets compared to FR
track jets, for the case of events with one (1 b-tag category) or two (2 b-tag category)
b-tagged jets and with exactly two b-tagged jets, respectively.

As the signal events are expected to have exactly two b-tagged jets from the Higgs
boson decay, it is also interesting to compare the signal significance of the 2 b-tag
category with respect to the combined 1+2 b-tag category. Figure 5.11a shows that,
when using VR track jets, including events with only one b-tagged jet leads only to
a marginal improvement of the sensitivity. This allows for a removal of the 1 b-tag
category, which simplifies the background modelling and the whole analysis strategy.
Figure 5.11b shows also the comparison between the signal significance of the 2 b-
tag category of VR track jets with respect to the combined 1+2 b-tag categories for
the case of FR R = 0.2 track jets, with the latter representing exactly the approach
adopted for the previous results [129]. At high mZ′ , the gain achieved by the usage
of VR track jets is still significant, even when using only the 2 b-tag category.

Lastly, Figure 5.12a shows the signal selection efficiency for Emiss
T > 500 GeV for

different b-tag multiplicities of a Z′-2HDM model with mA = 500 GeV as a function
of mZ′ , with the additional requirement that the Higgs candidate mass lies between
70 GeV and 140 GeV. Especially for mZ′ > 2.5 TeV the selection efficiency improves
significantly both for the 1 b-tag and the 2 b-tag categories. Naturally, using a dif-
ferent jet definition implies also a different b-tagging performance. Hence, in order
to understand the actual reason of the observed improvement, it is useful to study
the relative efficiency of the 1 b-tag and 2 b-tag selections. As shown in Figure 5.12b,
the b-tagging efficiencies for VR and FR track jets are very similar, hence the observed
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FIGURE 5.10: Ratio between the signal significance of the merged
SR with one or two b-tagged jets (at the top) and with exactly two
b-tagged jets (at the bottom) for VR and FR track jets. Only events

inside Higgs mass window [70,140] GeV are considered.

enhancement in the signal acceptances originates primarily from the improved ability
in resolving the two sub-jets system inside the large-R jet achieved with VR track jets,
as shown in the inclusive b-tag (black filled markers) curve in Figure 5.12a.

As discussed above, for VR track jets a fixed cut on the MV2c10 discriminant cor-
responding to an average 77% b-tagging efficiency is used, similarly to the case of
small-R jets in the resolved region. In order to finally use VR track jets in the analy-
sis, it is crucial to measure the b-tagging efficiency of the chosen b-tagging algorithm
in data and correct the b-tagging performance in simulation for detector effects and
possible mismodelling of the simulated physics processes.

A dedicated discussion about the b-tagging calibration procedure adopted for the
case of VR track jets is presented in Chapter 6. Although this separate chapter is
aimed at presenting the most updated version of the b-tagging calibration exploiting
the full statistics of Run 2 of the LHC, for the purpose of the mono-H(bb̄) search
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FIGURE 5.11: At the top, signal significance of the merged SR in
the 2 b-tag category over the combined 1+2 b-tag category for VR
track jets. At the bottom, signal significance ratio between the 2 b-
tag category for VR track jets and the combined 1+2 b-tag category
for FR R = 0.2 track jets. Only events inside Higgs mass window

[70,140] GeV are considered.

described in this chapter only data recorded during 2015 and 2016 have been used.
The most relevant difference applied to the analysis of the full Run 2 data concerns
the usage of VR track jets with pT < 10 GeV. As the event selection applied for
the measurement of the b-tagging efficiency in data relies on the presence of exactly
two VR track jets, a change in the pT threshold implies also a different selection of
events. In particular, by lowering the pT down to 5 GeV a higher jet multiplicity
is obtained hence more events are rejected. The impact on the final b-tagging SFs
has found to be consistent with respect to the previous ones, within uncertainties.
By using an extended dataset this effect is even more reduced therefore, since the
calibration strategy stays identical, the impact of the b-tagging calibration results on
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FIGURE 5.12: Acceptance × efficiency (A× ε) of the merged SR se-
lection for different b-tag multiplicity (at the top) and relative A× ε
as a function of mZ′ for a Z′-2HDM model with mA = 500 GeV (at the

bottom). Figures taken from Ref [130].

the mono-H(bb̄) analysis remains unchanged.
In addition to the description of the method used to measure the b-tagging ef-

ficiency of VR track jets in data, several other aspects concerning the usage of VR
track jets for b-tagging are discussed in Chapter 6. In particular, Section 6.1.1-6.3
will discuss the importance of applying an additional requirement on the minimum
angular separation between the leading two VR track jets used for b-tagging. Devel-
oped in the context of the b-tagging calibration, this requirement is then included to
the baseline analysis event selection, as shown in Table 5.4.
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5.7 Statistical evaluation

The statistical analysis of data is based on a binned likelihood function L(µ,~θ) con-
structed as the product of the Poisson probability terms over the bins of the chosen
discriminating variable:

L(µ,~θ) = ∏
SR bins:i

Pois(ni, µSi(~θ) + Bi(~θ)) ∏
CR bins:j

Pois(nj, Bj(~θ)). (5.7)

where Si (Bi) represents the expected number of signal (background) events in a
given bin i (j) in the SR (CR). The Parameter Of Interest (POI) µ is the signal strength,
which is defined as the ratio of the observed signal yield to the theory prediction. Sys-
tematic uncertainties are instead included in the fit as Nuisance Parameter (NP)s, ~θ,
most of them constrained with Gaussian or log-normal probability density functions.
From this likelihood function, we can define the test statistic as:

qµ = −2 ln
L(µ, ˆ̂θ)
L(µ̂, θ̂)

(5.8)

where θ̂ and µ̂ are the best values of the parameters obtained by maximising the
likelihood, while ˆ̂θ are the values of the NPs obtained by maximising the likelihood
for a given value of µ. The test statistic qµ is therefore a function of µ and is called
profile likelihood ratio.

A potential excess of events over the background prediction can only be estab-
lished if the background-only (null) hypothesis can be rejected with a certain proba-
bility. Hence, the first step consists in performing a background-only fit, correspond-
ing to the test statistic q0 with µ = 0. If qobs

0 is the observed value of q0, it is possible
to define the local p0-value as:

p0 =
∫ ∞

qobs
0

f (q0|0)dq0 (5.9)

where f (qµ|µ) is the probability distribution of the test statistics qµ which asymp-
totically approaches a χ2 distribution with one degree of freedom (Wilks’ theo-
rem [149]) [148]. Therefore, if the p0-value is below a certain value, then the null
hypothesis is excluded. Similarly, in order to test the presence of a specific signal
model, the test statistic q1 corresponding to µ = 1 must be used. The quantity:

pµ =
∫ ∞

qobs
µ

f (qµ|µ)dqµ (5.10)

defines the CL at which a specific signal plus background hypothesis corresponding
to a certain value of µ can be excluded and is usually also called CLs+b. In order
to extract exclusion limits on the signal strength µ, the signal plus background hy-
pothesis is tested using qµ as test statistic. Usually a modified frequentist approach,
called CLs method [150], is used in order to avoid excluding a signal hypothesis with
a small sensitivity (e.g. for which the distributions of the signal and background-only
hypotheses tend to overlap). The CLs method consists in using as CL:

CLs =
CLs+b

CLb
(5.11)
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where CLb corresponds to
∫ ∞

qobs
µ

f (qµ|0)dqµ. As CLs is by definition larger than CLs+b,

when using this scheme it is more difficult to exclude signals. Using the CLs method,
for each signal hypothesis of Z′-2HDM, a 95% CL upper limit on the signal strength
is derived, which corresponds to the value of µ for which 1-CLs is equal to 95%.

The final profile-likelihood fit is performed simultaneously in all SRs and CRs and
the shape information of the most discriminating variables is exploited. In the 0`-SR
equidistant bins of the Higgs candidate mass distribution are used and the number
of bins is optimised depending on the statistics of the region. On the other hand, in
the 1µ-CR the information of the electric muon charge (resulting in just two bins)
is instead used as it allows distinguishing tt̄ events, in which similar amounts of µ+

and µ− are expected to be produced, from W+jets processes, which are characterised
by the prevalence of µ+ due to the doubled amount of u valence quarks in the initial
state protons. Lastly, in the 2`-CR, the fit uses only the total event yield due to limited
data statistics.

The fit is performed for different Z′-2HDM signal mass points (mZ′ , mA) and in
the four different Emiss

T bins: [150 GeV, 200 GeV),[200 GeV, 350 GeV),[350 GeV, 50
0 GeV),[500 GeV, ∞).

Apart from the signal strength µ, the fit also uses other freely-floating parameters
related to the normalisation of the following processes:

• W + Heavy Flavour (HF) (i.e. bb,bc,bc,cc) jets,

• Z + HF (i.e. bb,bc,bc,cc) jets,

• tt̄.

The contribution of V+jets events is divided based on the jet flavour estimated at
parton-level (see Section 4.3). This choice is motivated by the fact that the amount
of V+jets is expected to vary significantly depending on the considered Emiss

T range
and b-tag requirement that is applied. The most dominant background consists of
V+bb, V+bc, V+bl and V+cc events. These categories are treated jointly as V+HF
jets and are allowed to freely float in the fit. On the other hand, the normalisation
of V+ll and V+cl events is constrained within theoretical uncertainties. In addi-
tion to the free parameters of the fit, NPs are also used in order to account for further
background normalisations (such as the ones of the V+light-jets, single top and dibo-
son processes), experimental and theory modelling uncertainties. A more extensive
discussion about the treatment of these uncertainties is presented in Section 5.8.

5.8 Systematic uncertainties

Both experimental and theoretical uncertainties related, respectively, to the recon-
struction of the physics objects and the prediction of the background and signal
physics processes are taken into account in the analysis. Dominant sources of ex-
perimental uncertainties arise from the calibration of the b-tagging efficiency as well
as from the scale and resolution of the energy and mass of the jets. As discussed sepa-
rately in Chapter 6, the main uncertainty affecting the measurement of the b-tagging
efficiency in data originates from the theory modelling of the tt̄ physics processes.
Moreover, a significant contribution is also attributed to the high pT extrapolation pro-
cedure (see Section 4.3). An additional source of experimental uncertainty is related
to the measurement of the Emiss

T trigger efficiency, which is determined inclusively for
all b-tagged jet multiplicities. An uncertainty on the Emiss

T soft-term resolution and



5.8. Systematic uncertainties 83

scale is also taken into account. Other uncertainties that have a smaller impact are
related to the lepton energy and momentum scales and the lepton identification and
trigger efficiencies. Dominant sources of theoretical systematic uncertainty originate
from the number of simulated MC events and from the modelling of the signal and
main background processes (V+jets and tt̄).

Background modelling uncertainties While the amount of V+HF jets and tt̄ back-
ground is estimated from the combined likelihood-fit, the normalisations of all the
remaining backgrounds are taken from their theory expectation and have an uncer-
tainty assigned. The uncertainties related to the modelling of the background are
inherited from the SM VH(bb) analysis [151] and considered to be applicable, due
to the very similar event topology, to the mono-H(bb̄) case.

For single top processes, dedicated uncertainties that account for the variation
of the renormalisation (µR) and factorisation (µF) scale, the αs uncertainty and the
error on the PDFs are derived4. The sum in quadrature of these uncertainties gives
an overall normalisation uncertainty equal to 4.4%, 4.6% and 6.2% for the s-, t- and
Wt-channel, respectively.

For diboson processes, an overall uncertainty on the cross-section caused by a
variation of the µR and µF scales and of the parton shower model is applied in all
regions and corresponds to 25%, 26% and 20% for the WW, WZ and ZZ processes,
respectively.

For what concerns the V+jets background, an overall normalisation uncertainty,
related to the parton shower and scale variations, estimated to be equal to 10% and
30% is assigned, respectively, to events with ll or cl jets. The normalisation of Z (W)
+ HF jets is decorrelated within 20% across the SR and 2`-CR (1µ-CR). A common
normalisation scale factor for the V + HF jets background is therefore used across all
lepton multiplicities while an additional NP allows this normalisation to change in the
0` regions. This specific source of uncertainty is expected to relieve the tension be-
tween the normalisation of the V+HF background across different lepton multiplicity
channels which seems to be due by a different modelling of the kinematic variables
of the W and Z bosons across different lepton regions which translates into uncer-
tainties on the lepton selection efficiency itself. Furthermore, also the composition of
the V + HF background is allowed to vary within uncertainties of 20%, individually
for 0` and 2` channels. This allows the fit to have more flexibility in the estimation
of the different components in the fit and to provide a better estimate of the Z+HF
background from the high purity 2`-CR.

Moreover, as the final likelihood fit is performed in the two dimensional space
parameterised by the Emiss

T (and equivalently Emiss,noµ
T and pT,``) and the Higgs can-

didate mass, it is important to assign a dedicated modelling uncertainty on the shape
of such distributions. This is done by comparing the distributions of the two vari-
ables obtained in the case of a specific variation of the theory parameters, or also a
different MC generator. In this comparison, the distributions are normalised to unity
area in order to isolate shape differences and the maximal deviation is parameterised
by an analytical function and taken as ±σ variation. This is done separately for tt̄
and W/Z+jets processes and these functions are used to extract event-by-event scale
factors to derive systematically varied templates for the final combined fit.

4A more general discussion about the different sources of the theory modelling uncertainties is
presented in Section 5.10.
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Source of uncertainty
Impact [%]

(a) (b) (c)
b-tagging 4.0 8.0 10
V+jets modelling 3.5 6.0 5.0
Top modelling 3.7 4.8 4.5
MC statistics 1.8 5.4 4.9
SM Vh(bb̄) 0.8 3.2 2.1
Diboson modelling 0.8 1.5 1.1
Signal modelling 3.0 2.5 1.5
Luminosity 2.0 2.5 2.5
Small-R jets 1.4 3.0 2.0
Large-R jets 0.2 1.0 2.0
Emiss

T 1.2 1.7 1.1
Leptons 0.2 0.8 0.7
Total syst. uncert. 6.5 13 13
Statistical uncert. 2.3 20 22
Total uncertainty 7 24 25

TABLE 5.6: Impact of the dominant sources of systematic uncertain-
ties, for three representative Z′-2HDM scenarios after the fit to simu-
lated data including the signal: (a) (mZ′ ,mA)=(0.6 TeV,0.3 TeV), (b)
(mZ′ ,mA)=(1.4 TeV,0.6 TeV), and (c) (mZ′ ,mA)=(2.6 TeV,0.3 TeV).

Signal modelling uncertainties For what concerns the theory modelling uncertain-
ties on the Z′-2HDM signal model, the values of the signal theory uncertainties used
in the analysis correspond to the ones used for the publication of the mono-H(bb̄)
results with 3.2 fb−1 of integrated luminosity [152]. These uncertainties are derived
by taking into account the differences caused by the variation of the µR and µF scales,
the uncertainty on the PDFs and the specific choice of tuned parameters [139]5. For
each source of systematic uncertainty, the relative difference of the SR acceptance in
each Emiss

T bin for each of the considered mass points is evaluated and the upward
and downward variations are then symmetrised. The variations lead in general to
changes in the acceptance that are smaller than 10%, although they can be larger
for regions with low acceptance at either low or high Emiss

T depending on the specific
mass point.

In addition to the experimental and theory systematic uncertainties, also uncer-
tainties due to the limited MC statistics of the background samples are included in
the final fit, using a light version of the Beeston-Barlow technique [153]. This re-
sults in adding an extra NP representing the statistical uncertainty on the total MC
background which is completely uncorrelated across bins. Table 5.6 summarises the
dominant uncertainties in terms of the relative uncertainty on the signal strength µ,
for three representative Z′-2HDM scenarios. While in the medium and high Emiss

T
regimes the analysis suffers mainly from the limited statistics in data, the most dom-
inant systematic uncertainties are related to b-tagging measurement and the theory
modelling of the main background and signal processes.

5Also in this case, for a more detailed discussion about these sources of theory modelling uncertainty
I refer to Section 5.10.
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5.9 Results

The results of the fit based on the binned likelihood approach described above are
shown in Figure 5.13, for the four Emiss

T regions considered in the analysis. The post-fit
normalisation factors of tt̄, W+HF and Z+HF correspond to 1.10±0.08, 1.52±0.22
and 1.42±0.10, respectively.

E
ve

nt
s 

/ 5
 G

eV

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

310×
Data
SM Vh
Diboson
 + single toptt

Z+jets
W+jets
Background Uncertainty
Pre-fit Background

 1000)×mono-h Z’-2HDM (
 = 600 GeV

A
 = 1400 GeV, mZ’m

 = 3.75 fbSignalσ

Preliminary ATLAS
 -1 = 13 TeV , 79.8 fbs

SR (Resolved) : 0 lepton
 < 200 GeV

miss
T150 GeV < E

2 b-tags

0

 [GeV]jjm
50 100 150 200 250

D
at

a/
S

M

0.5
1

1.5
0

(a)

E
ve

nt
s 

/ 5
 G

eV

0

0.2

0.4

0.6

0.8

1

310×
Data
SM Vh
Diboson
 + single toptt

Z+jets
W+jets
Background Uncertainty
Pre-fit Background

 100)×mono-h Z’-2HDM (
 = 600 GeV

A
 = 1400 GeV, mZ’m

 = 3.75 fbSignalσ

Preliminary ATLAS
 -1 = 13 TeV , 79.8 fbs

SR (Resolved) : 0 lepton
 < 350 GeV

miss
T200 GeV < E

2 b-tags

0

 [GeV]jjm
50 100 150 200 250

D
at

a/
S

M

0.5
1

1.5
0

(b)

E
ve

nt
s 

/ 1
0 

G
eV

0

50

100

150

200

250

300
Data
SM Vh
Diboson
 + single toptt

Z+jets
W+jets
Background Uncertainty
Pre-fit Background
mono-h Z’-2HDM

 = 600 GeV
A

 = 1400 GeV, mZ’m
 = 3.75 fbSignalσ

Preliminary ATLAS
 -1 = 13 TeV , 79.8 fbs

SR (Resolved) : 0 lepton
 < 500 GeV

miss
T350 GeV < E

2 b-tags

0

 [GeV]jjm
50 100 150 200 250

D
at

a/
S

M

0.5
1

1.5
0

(c)

E
ve

nt
s 

/ 2
0 

G
eV

0

10

20

30

40

50

60
Data
SM Vh
Diboson
 + single toptt

Z+jets
W+jets
Background Uncertainty
Pre-fit Background
mono-h Z’-2HDM

 = 600 GeV
A

 = 1400 GeV, mZ’m
 = 3.75 fbSignalσ

Preliminary ATLAS
 -1 = 13 TeV , 79.8 fbs

SR (Merged) : 0 lepton
 > 500 GeVmiss

TE
2 b-tags

0

 [GeV]Jm
50 100 150 200 250

D
at

a/
S

M

0.5
1

1.5
0

(d)

FIGURE 5.13: Distributions of the Higgs candidate mass mh, calculated
as the invariant mass mjj of the di-jet system in the resolved regime
and as the mass of the leading large-R jet mJ in the boosted regime.
The SM expectation is shown before the fit (dashed blue line) and
after the fit (solid histograms). The expected signal distribution for
a representative Z′-2HDM model is also shown and is scaled up by a
factor of 1000 and 100 for the lowest two Emiss

T bins. Figures taken
from Ref [130].

The distribution of the Emiss
T in the 0`-SR obtained after performing the

background-only fit is shown in Figure 5.14, in which the dashed blue line represents
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the amount of total background estimated from simulation only. A similar compar-
ison is shown in Figure 5.15 for what concerns the distribution of the Emiss,noµ

T and
pT,`` in the 1µ-CR and 2`-CR respectively.
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FIGURE 5.14: Emiss
T distribution for the resolved and merged regions

combined. Figure taken from Ref [130].

The number of expected background events extracted from the fit is shown in
Table 5.7. No significant deviation from SM prediction is found; hence the results are
used to extract 95% CL exclusion limits on the Z′-2HDM signal model.

Category
Range in Emiss

T [GeV]
[150, 200) [200, 350) [350, 500) [500, ∞)

W+jets 3020 ± 530 2240 ± 360 184 ± 32 26.4 ± 5.7
Z+jets 6330 ± 450 5180 ± 340 565 ± 37 80.5 ± 6.3
tt̄ + single top quark 11 800 ± 350 6450 ± 200 308 ± 25 10.8 ± 2.5
Diboson 438 ± 67 400 ± 59 49.0± 11 9.37± 1.7
Vh 136 ± 39 129 ± 37 17.3± 5.0 3.86± 1.1
Bkg 21 700 ± 140 14 400 ± 110 1120 ± 25 131 ± 7.2
Data 21818 14350 1128 119

TABLE 5.7: Numbers of expected background events for each back-
ground process after the background-only profile likelihood fit com-

pared with the number of observed data yields.

Figure 5.16 shows the exclusion contours in the (mZ′ ,mA) space in the Z′-2HDM
scenario. The comparison with respect to the previous exclusion contours [129] cor-
responding to 36.1 fb−1 of integrated luminosity (blue dash-dotted line) shows the
large improvement in the excluded phase-space region.

It is at this point important to understand whether the observed improvement is
only caused by the doubled amount of luminosity or by the new techniques employed
in the new iteration of the analysis. Figure 5.17 shows the comparison between the
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FIGURE 5.15: Distributions of pT,`` in the 2`-CR (at the top)

and Emiss,noµ
T in the 1µ-CR (at the bottom) before and after the

background-only fit. The events in the 1µ-CR are separated by the
sign of the electric charge of the muon. Figures taken from Ref [130].

expected upper limits on the signal strength µ as a function of mZ′ , obtained after
performing the analysis using only the 2 b-tag category with VR track jets or the
combined 1 b-tag and 2 b-tag categories with FR track jets. Both curves are scaled
to the same integrated luminosity equal to 79.8 fb−1. The ratio between the upper
limits obtained in the two cases shows a significant improvement for high mZ′ , which
is mostly caused by the usage of VR track jets.

The results of this work represent the first ever usage of VR track jets within the
ATLAS collaboration. They have been published in the form of an ATLAS conference
note [130] and presented at the 10th International Workshop on Boosted Object
Phenomenology, Reconstruction and Searches in High Energy Physics [154] in July
2018.
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limits from previous results at

√
s = 13 TeV and 36.1 fb−1 of integrated

luminosity (see Ref. [129]) are also shown (dash-dotted line). Figure
taken from Ref [130].

0

2

4

6

8

10

12

E
xp

ec
te

d
up

pe
r

lim
it

on
µ

(9
5%

C
L)

ATLAS Preliminary√
s = 13 TeV, 79.8 fb−1

h(bb) + Emiss
T : Z’+2HDM simplified model

tan β = 1, gZ = 0.8, mχ = 100 GeV, mA = 500 GeV

VR track jets 2b
(±1σ and ±2σ)
FR track jets 2b
(scaled)

1000 1500 2000 2500 3000
mZ ′ [GeV]

1
2
3

µ
lim

it
FR

/V
R
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strength µ for the analysis using VR track jets against the previous
iteration of the analysis performed with FR track jets, scaled to the
same amount of luminosity of 79.8 fb−1. Figure taken from Ref. [130].

5.10 Towards the full Run 2 results

As mentioned in Section 5.8, the theory modelling uncertainties used for the results
presented so far are inherited from the SM VH(bb̄) analysis which probes a very
similar signature. Moreover, as the focus of the SM VH(bb̄) analysis in recent years
concerned the low/medium Emiss

T regime, the uncertainties in the merged region are
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extrapolated from the resolved one, without applying further corrections. Although
Table 5.6 shows that the mono-H(bb̄) analysis performed with 79.8 fb−1 of integrated
luminosity is statistically limited in the medium and high Emiss

T regimes, a large im-
pact on the total systematic uncertainty originates from the theory modelling of the
V+jets, top quark and signal processes. A new dedicated estimate of these uncertain-
ties is therefore desirable in order to improve the precision and the accuracy of the
mono-H(bb̄) search.

Since several MC samples needed for the estimation of these uncertainties are
not run through the ATLAS detector simulation but they are only available at truth-
level, a new dedicated analysis framework that performs the full mono-H(bb̄) event
selection at truth-level has been developed. Furthermore, this approach allows us to
completely decouple the impact of the theory predictions from the detector effects,
as the simulation of the ATLAS detector is not yet taken into account.

In the following, the description of the truth-level implementation of the 0` SR
event selection is discussed and a new estimate of the theory modelling uncertain-
ties of Z′-2HDM signal model is presented. Additional studies on the alternative
2HDM+a signal model and Z(νν)+jets and tt̄ background processes are presented in
Appendix A.

5.10.1 Implementation of the 0` truth-level analysis

In ATLAS, the production of the MC samples starts from the generation of particle-
level events for the process of interest, in the form of Event Generator Output (EVNT)
files. The following step consists in reproducing the interaction of the particle-level
objects (jets, leptons, Emiss

T , etc) with the ATLAS detector. The last step involves
the reconstruction of physics objects from detector-level information and takes into
account the simulation of pile-up as well as the one of the trigger system. The final
sample is then provided in a ROOT-readable format, known as Analysis Object Data
(xAOD) [155]. Eventually, each physics analysis makes use of a dedicated derivation
framework, which applies a basic event selection on the xAODs and save the selected
events in a smaller sample, called Derived Analysis Object Data (DxAOD), having the
same structure. While the actual analysis is performed at the reconstruction-level
using DxAODs, in order to derive new values for the theory modelling uncertainties,
the full event selection is applied directly on the EVNT samples.

The first step consists in replicating the definition of each cut that is part of the
event selection of the original analysis, at truth-level. While most of the cuts can be
implemented in a relatively straightforward way also on particle-level objects, a few
aspects are conceptually non-trivial and need a dedicated discussion.

The first complication originates from the fact that pile-up is not simulated at
truth-level while, as described in Section 4.2.2, the reconstruction of large-R jets
relies heavily on the usage of the trimming procedure, whose aim is to mitigate the
effect of additional radiation from pile-up and UE. In order to be consistent with the
reconstruction-level analysis, it is therefore important to apply the same procedure
also at truth-level. As shown in Figure 5.18, the effect of trimming on truth large-R
jets is relatively small, as expected due to the absence of the soft component that
characterises pile-up jets. As the resulting truth trimmed large-R jets show a similar
distribution with respect to the jets reconstructed by the ATLAS detector and used
in the actual mono-H(bb̄) analysis, this jet collection is employed in the truth-level
analysis.



90 Chapter 5. The mono-H(bb̄) analysis

 [GeV]
T

large-R jet p

0 500 1000 1500 2000 2500 3000

a.
u.

0

1000

2000

3000

4000

5000

reco

Trimmed AntiKt10TruthJets

AntiKt10TruthJets

(a)

Number of large-R jets

0 1 2 3 4 5 6 7 8 9 10

a.
u.

0

20

40

60

80

100

120

140

160

310×

reco

Trimmed AntiKt10TruthJets

AntiKt10TruthJets

(b)

FIGURE 5.18: Comparison between pT (on the left) and multiplic-
ity (on the right) distribution of the trimmed R = 1.0 jets recon-
structed by the ATLAS detector (in red) and the one at truth-level,
before (blue curve) and after (magenta curve) applying the trimming
procedure, for a representative Z′-2HDM signal with mZ′ = 3.0 TeV

and mA = 400 GeV.

Another difficulty that needs to be faced when implementing the mono-H(bb̄)
analysis at truth-level is related to the definition of the object-based Emiss

T signifi-
cance. As described in Sections 4.7.1-5.5, the new object-based definition of the Emiss

T
significance takes into account the expected resolution and directional correlations
of all the objects entering in the Emiss

T reconstruction. This brings a conceptual prob-
lem when trying to define the same variable using particle-level objects to which, by
definition, no uncertainties are assigned. Nevertheless, as the uncertainties on the
objects used for the Emiss

T reconstruction are estimated from simulation, in order to
mimic the behaviour of the object-based Emiss

T significance at truth-level, it is possi-
ble to calculate a new approximated version of the object-based Emiss

T significance by
assigning such uncertainties to particle-level objects. The new implemented version
of the object-based Emiss

T significance can then be compared with the one adopted in
the original analysis for both background and signal processes. Figure 5.19 shows the
good agreement of the distribution of the original object-based Emiss

T significance with
respect to its new approximated definition at truth-level. The quite similar shape of
the two distributions can in part be explained by the fact that the original definition
of the object-based Emiss

T significance adopted in the actual analysis does not take into
account the resolution of pile-up jets, allowing to achieve a very similar definition of
the same variable at truth-level.

The truth-level implementation of the mono-H(bb̄) 0` SR is validated against the
original one, by applying the full selection to the same set of simulated MC events and
counting the number of events selected by both the original and truth-level analysis
in each Emiss

T bin.
During this study, a large impact of the extended τ veto at truth-level has been

observed, in contrast to the reconstruction-level analysis. As this aspect is still under
investigation, this specific requirement has been temporarily excluded from the truth
baseline selection. As the main purpose of the extended τ veto is a more aggressive
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FIGURE 5.19: Comparison between the original object-based defini-
tion, which does not include the resolution of pile-up jets and that of
the Emiss

T soft term, of the Emiss
T significance as reconstructed by the AT-

LAS detector (in blue) and the one at truth-level (in red), for the case
of a tt̄ sample (at the top left), a Z → νν+jets sample (at the top right)
and a 2HDM+a signal model (at the bottom). All the histograms are

scaled to unity.

suppression of the tt̄ background, the final results presented in Section 5.10.3 for the
Z′-2HDM signal model are not expected to change significantly after the inclusion of
this cut, as the impact of this requirement on signal events is fairly small.

The rest of the event selection follows the same criteria illustrated in Table 5.4,
including the final cut on the Higgs candidate mass which is required to be in the
[50, 280] GeV window, except for two main differences that will characterise the
event selection of the full Run 2 data. The first one is related to the cut value of
the object-based Emiss

T significance which is set to the looser value of 12. This new
cut value is motivated by the observation, at reconstruction-level, of an object-based
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Emiss
T significance spectrum shifted to lower values, with respect to the previous ver-

sion of the analysis, which is likely caused by a new estimate of the JER. The second
difference consists in the removal of the cuts involving pmiss

T , whose usage has been
deprecated by the ATLAS collaboration due to the absence of dedicated systematic
uncertainties, which are instead superseded by a tighter jet cleaning requirement
(TightBadJet WP) in order to suppress the non-collision background. Figure 5.20
shows the number of events passing the SR selection criteria in both the truth-level
and the reconstruction-level analysis, split in the usual four Emiss

T regions, for two
representative Z′-2HDM signal samples. The majority of the events lies along the
diagonal and migrations across the four Emiss

T regions are smaller than 10%. The
same study is performed on tt̄ and Z(→ νν)+jets events, representing the two main
background sources in the SR. Figure 5.21 shows that the migrations across different
Emiss

T bins are more significant in background rather than in signal events but they are
in any case larger across adjacent Emiss

T regions, as expected. These results, together
with the reasonably good agreement of the variables shown in Figures 5.18-5.19,
suggest that the current implementation of the truth-level analysis represents suffi-
ciently well the phase-space of the mono-H(bb̄) analysis at the reconstruction-level.
We can therefore proceed to the next step which consists in the actual evaluation of
the theory systematic uncertainties.

5.10.2 Evaluation of the theory uncertainties

As anticipated already in Chapter 3, the factorisation theorem allows us to express
the total cross-section of the hard-scattering process as a function of the PDF of the
partons involved in the process and of the cross-section at parton-level. Starting
from Equation 3.2, it is possible to write the total cross-section at the n-th order in
perturbation theory as:

σ
(n)
AB→X = ∑

a,b

∫
dxadxb fa/A(xa, µ2

F) fb/B(xb, µ2
F)× σ̂

(n)
ab→X(ŝ, µ2

R, µ2
F). (5.12)

The factorisation scale µF can be interpreted as the scale that separates the long-
and short-distance physics. The renormalisation scale µR corresponds instead to the
reference scale introduced in the computation of the QCD coupling constant in order
to allow a proper treatment of ultraviolet divergences.

The simulation of signal and background processes is affected by the following
main sources of uncertainty:

• missing higher orders in the perturbative expansion of the cross-section at
parton-level. For all simulated processes the calculation of the cross-section is
truncated at a certain order n in perturbation theory. While an exact computa-
tion of the cross-section is invariant under changes of µF and µR, in the absence
of a complete set of higher order corrections it is necessary to make a specific
choice for the two scales. The effect of the missing higher orders is estimated
by varying µF and µR independently by a factor of 2 6.

• PDF and αs uncertainties. The determination of the PDF itself from collision
data is affected by several aspects that are associated to the experimental un-
certainty on the dataset, the uncertainty on the functional form adopted in the

6The variations (µF,µR)=(0.5,2),(2,0.5)×µnominal are excluded in order to avoid large logarithms
in the calculation induced by the large scale differences.
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FIGURE 5.20: Migration matrices showing the number of events pass-
ing the SR selection in the four Emiss

T regions, at reconstruction and
truth-level, for two representative Z′-2HDM signals corresponding to
mZ′ = 0.8 TeV and mA = 0.4 TeV at the top and mZ′ = 3.0 TeV and
mA = 0.4 TeV at the bottom. The selection is performed inclusively in

the number of b-tagged jets.

PDFs fit as well as the experimental determination of αs. The evaluation of
these uncertainties follows the procedure suggested in Ref. [156].
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FIGURE 5.21: Migration matrices showing the number of events pass-
ing the SR selection in the four Emiss

T regions, at reconstruction and
truth-level, for the tt̄ sample (at the top) and a Z(→ νν) sample (at
the bottom). The selection is performed inclusively in the number of

b-tagged jets.

• parton shower/hadronisation/eigentune uncertainties. Each MC generator
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relies on specific models to describe the parton shower, hadronisation and mul-
tiple interaction processes. Such models are in practice approximations of QCD
calculations and they are based on several free parameters, which need to be
optimised (tuned) in order to reproduce a good description of the measured
observable [139]. The impact due to the chosen values of these parameters is
therefore an additional source of uncertainty that needs to be taken into ac-
count.

• matching and merging uncertainties which are associated to the removal of
double-counting arising from interfacing the NLO calculation to parton showers
processes and from the combination of final states with different jet multiplici-
ties.

In order to evaluate the impact of the theory uncertainties on the final exper-
imental results, for each variation of the theory parameters two different types of
uncertainty are derived on:

• the shape on the most discriminating variable used in the final likelihood fit
which, in the mono-H(bb̄) SR, is represented by Higgs candidate mass mh,

• the acceptance of the regions considered for the final statistical analysis.

The shape uncertainty on mh caused by the variation of a specific theory parameter
as well as from a different MC generator can be easily derived as the ratio of mh
histogram obtained for the probed theory uncertainty over the one corresponding
to the nominal case. On the other hand, the acceptance uncertainty can be derived
as the relative difference of the nominal acceptance for a specific region (SR, CRs,
specific Emiss

T bin etc) with respect to a certain variation.

5.10.3 Comparison with previous results: Z′-2HDM signal model

A new estimate of the uncertainties on the Z′-2HDM signal model is derived, in order
to compare the impact of the signal modelling uncertainty with respect to the values
used in the analysis described in the previous sections. The approach used for the
previous publications [152, 129] consists in evaluating the relative difference in the
signal acceptance caused by:

• a coherent variation by a factor of 2 of the µF and µR scales,

• the A14 tune variations with the NNPDF PDF set,

• the comparison between the central value of the default NNPDF2.3LO PDF set
with respect the two alternative MSTW2008 [157] and CTEQ6L1 [158] PDF
sets,

for each specific Emiss
T bin in the SR. Table 5.8 shows the values of the relative uncer-

tainty on the signal acceptance used in the previous results, for three representative
Z′-2HDM scenarios.

The comparison focuses on the estimation of the scale and PDF uncertainty only,
due to the unavailability of the A14 tune variations in the new MC samples. Where
possible, the procedure to derive these uncertainties follows closely the previous ap-
proach: the µR and µF scale variations are varied by a factor of 2 coherently and the
central value of the NNPDF3.0 PDF set is compared with the MMHT and CT14 al-
ternative PDFs [156]. Furthermore, the NNPDF collaboration provides a set of PDFs
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Source of uncertainty Emiss
T bin 1 Emiss

T bin 2 Emiss
T bin 3 Emiss

T bin 4

mZ′ =0.6 TeV, mA = 0.3 TeV

(µR,µF)×2,0.5 0.333% 0.14% 1.22% 8.0%

NNPDF2.3LO vs MSTW2008/CTEQ6L1 0.0317% 1.82% 7.23% 76.0%

mZ′ =1.4 TeV, mA = 0.6 TeV

(µR,µF)×2,0.5 4.64% 0.884% 0.854% 0.378%

NNPDF2.3LO vs MSTW2008/CTEQ6L1 4.27% 3.54% 0.87% 1.13%

mZ′ =2.6 TeV, mA = 0.3 TeV

(µR,µF)×2,0.5 - - - 0.189%

NNPDF2.3LO vs MSTW2008/CTEQ6L1 - - - 0.626%

TABLE 5.8: Old values of the relative difference on signal uncertainty
due to scale and PDF variations for three representative Z′-2HDM sig-
nal models. The symbol “-” denotes sources of uncertainty that are

neglected due to an acceptance lower than 1%.

as a result of the fit on an ensemble of artificial data replicas [159]. The best value is
expected to correspond to the mean value of all replicas and the error is given by the
standard deviation of this ensemble. The uncertainty due to the PDF variations can
therefore be calculated as:

∆X =

√
1

N − 1∑
i
(Xi − X0)

2 (5.13)

where N is the number of PDF replicas available (in this case N = 100), Xi is
the value of the observable (in this case the integral of the dark Higgs candidate
mass distribution) for the i-th PDF variation and X0 is the mean value of this chosen
observable (which is expected to correspond to the one of the nominal sample). This
additional source of uncertainty, which was neglected previously, is now properly
taken into account.

A comparison for some relevant distributions as Emiss
T , number of b-tagged jets

and Higgs candidate mass when varying the µF and µR scales and the PDF choice, for
a representative Z′-2HDM scenario with mZ′ =1.4 TeV and mA = 600 GeV, is shown
in Figure 5.22 after applying the full SR event selection described in Section 5.10.1.
Neither the shape of the mh or the one of the Emiss

T is affected by the considered
variations, therefore no shape uncertainties are evaluated for the Z′-2HDM processes.

The new uncertainties are estimated by evaluating the relative difference in the
signal acceptance of each Emiss

T bin, after applying the full truth-level SR selection
described in Section 5.10.1, inclusively in the number of b-tagged jets.

The values of the scale and PDF uncertainties obtained with the new truth-level
implementation are shown in Table 5.9 and their impact on the signal strength is
compared with the previous results in Table 5.10, after performing the fit to simulated
data under the signal hypothesis of three representative Z′-2HDM scenarios. The new
signal modelling uncertainty estimates are significantly smaller than the ones adopted
in the previous analysis. This can be explained by a better description of the physics
process at parton-level in the newer MC simulations as well as a revisited prescription
for the estimation of such uncertainties over the last years. The final effect on the
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FIGURE 5.22: Comparison of the distribution of Emiss
T , number of b-

tagged jets and Higgs candidate mass between the nominal case and
each systematic variation for Z′-2HDM signal events generated for
mZ′ = 1.4 TeV and mA = 600 GeV. At the top, distribution of the Emiss

T
and number of b-tagged jets. At the bottom, distribution of Higgs can-
didate mass for events in the resolved region (Emiss

T < 500 GeV) on
the left, and in the merged region (Emiss

T > 500 GeV) on the right.
The nominal sample is shown in black, while the coloured lines rep-
resent the different sources of theory uncertainty. All distributions are

inclusive in the number of b-tagged jets.

total systematic uncertainty, as shown in Table 5.10, is relatively small in the low
and medium Emiss

T regime, as the dominant source of uncertainty originates from the
A14 tune variations whose high impact would need a dedicated investigation in the
future.
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Source of uncertainty Emiss
T bin 1 Emiss

T bin 2 Emiss
T bin 3 Emiss

T bin 4

mZ′ =0.6 TeV, mA = 0.3 TeV

(µR,µF)×2,0.5 0.18% 0.20% (0.32%) (0.40%)

NNPDF3.0 vs CT14 0.03% 0.12% (0.25%) (0.30%)

NNPDF3.0 vs MMHT 0.10% 0.02% (0.45%) (0.08%)

NNPDF3.0 standard deviation 0.11% 0.11% (0.48%) (0.39%)

mZ′ =1.4 TeV, mA = 0.6 TeV

(µR,µF)×2,0.5 (0.15%) 0.12% 0.03% 0.02%

NNPDF3.0 vs CT14 (0.31%) 0.02% 0.02% 0.09%

NNPDF3.0 vs MMHT (0.23%) 0.09% 0.02% 0.08%

NNPDF3.0 standard deviation (0.61%) 0.10% 0.06% 0.06%

mZ′ =2.6 TeV, mA = 0.3 TeV

(µR,µF)×2,0.5 (0.35%) (0.45%) (0.37%) 0.04%

NNPDF3.0 vs CT14 (2.95%) (0.12%) (1.29%) 0.02%

NNPDF3.0 vs MMHT (4.66%) (0.33%) (0.74%) 0.02%

NNPDF3.0 standard deviation (3.00%) (0.85%) (0.77%) 0.04%

TABLE 5.9: New values of the relative difference on signal uncertainty
due to scale and PDF variations for three representative Z′-2HDM sig-
nal models. Brackets are shown around values corresponding to re-

gions with acceptance lower than 1%.
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Source of uncert.
Impact [%]

(a) (b) (c)
b-tagging 4.0 8.0 10
V+jets modelling 3.5 6.0 5.0
Top modelling 3.7 4.8 4.5
MC statistics 1.8 5.4 4.9
SM Vh(bb̄) 0.8 3.2 2.1
Diboson modelling 0.8 1.5 1.1

Signal modelling
new: 2.9

previously: 3.0
new: 2.2

previously: 2.5
new: < 0.01

previously: 1.5
Luminosity 2.0 2.5 2.5
Small-R jets 1.4 3.0 2.0
Large-R jets 0.2 1.0 2.0
Emiss

T 1.2 1.7 1.1
Leptons 0.2 0.8 0.7
Total syst. uncert. 6.5 13 13
Statistical uncert. 2.3 20 22
Total uncertainty 7 24 25

TABLE 5.10: Dominant sources of uncertainty for three representative
Z′-2HDM scenarios after the fit to simulated data including the signal:
(a) (mZ′ , mA) = (0.6 TeV,0.3 TeV), (b) (mZ′ , mA) = (1.4 TeV,0.6 TeV),
and (c) (mZ′ , mA) = (2.6 TeV,0.3 TeV). The effect is expressed as
the relative uncertainty on the signal strength, assuming total cross-
sections of (a) 452 fb, (b) 3.75 fb, and (c) 2.03 fb. The total uncer-
tainty is the quadrature sum of statistical and total systematic uncer-

tainties.
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6 b-tagging on Variable-Radius
track jets

As already anticipated in Section 4.3, the measurement of the b-tagging efficiency in
collision data is of crucial importance in order to correct for the imperfections of the
detector and the modelling of physics processes in MC simulations. In this chapter,
a measurement of the b-jet tagging efficiency, for the case of VR track jets, of the
high-level algorithms used to analyse the pp collision data recorded by the ATLAS
experiment during Run 2 of the LHC is presented.

6.1 b-tagging calibration

The b-tagging algorithms that are considered in this study are the MV2c10 BDT and
the DL1 Deep Neural Network. Both taggers have been trained, on calorimeter small-
R jets, using a hybrid sample comprising tt̄ and Z′ events, in order to optimise their
performance for both low and high pT jets, as mentioned in Section 4.3. The b-tagging
performance in data has been found to be very stable with respect to the different
pile-up conditions that characterised the ATLAS data taking from 2015 until 2018.
Hence it has been possible to combine all the datasets and perform a measurement
of the b-tagging efficiency using the full statistics from the pp collisions that occurred
during Run 2 of the LHC.

FIGURE 6.1: Illustration of the different final states arising from a top
quark decay, depending on the decay mode of the W boson.

In order to achieve a precise measurement of the b-tagging efficiency in data, se-
lecting events with a sufficiently high b-jet purity is an asset. For this purpose, one
of the best candidates for this type of measurement is the top quark (t) which is
abundantly produced at the LHC, mostly in pairs with an anti-top quark (t̄) through
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gluon fusion processes, and then decays to a W boson and a bottom quark (b), with
a BR close to unity. Depending on the decay mode of the W boson, several differ-
ent signatures can describe the final state (see Figure 6.1). It is indeed possible to
observe:

• a fully hadronic final state, in case both W bosons decay to qq̄′,

• a semi-leptonic final state, in case one W boson decays to `ν and the other
decays to qq̄′,

• a di-leptonic final state, in case both W bosons decay to `ν.

All the three channels can potentially be used to perform this type of measurement,
although the presence of exactly two leptons, with opposite electric charge, allows to
achieve a very pure sample of tt̄ events. For this reason, only di-leptonic events are
considered in this study. The dominant source of background is represented by events
with two real prompt leptons from the decay of the W or Z boson. This includes also
single top quark production in association with a W boson and diboson events (WW,
WZ, ZZ) where at least two leptons are produced in the electroweak boson decays.
By requiring that the two leptons have opposite flavour, the background from Z → ``
events is significantly reduced. Furthermore, the residual contribution from Z → ττ
events, which populate the low mass region, is further reduced by considering only
events with meµ > 50 GeV. Background events with additional jets from ISR and FSR
or from W+jets processes are suppressed by requiring exactly two reconstructed jets.

In addition to the basic event selection described so far, further dedicated cuts can
be applied in order to optimise the sensitivity towards the tt̄ signal and they will be
discussed more extensively in the following section.

6.1.1 Object and event selection

The events are selected using the single lepton triggers shown in Table 6.1, which
require the presence of a high pT electron or muon and provide a fairly constant
efficiency for leptons with pT > 28 GeV.

The presence of a PV is required with at least two associated tracks with pT
> 500 MeV. Only events recorded in good operating conditions and included in the
official GRLs for the 2015-2016, 2017 and 2017 datasets are analysed. The selected
data sample corresponds to a total integrated luminosity of 140.5 fb−1, resulting from
combining the 2015 (L = 3.2 fb−1), 2016 (L = 33.0 fb−1), 2017 (L = 44.3 fb−1)
and 2018 (L = 60.0 fb−1) datasets.

2015 2016/2017/2018

muon trigger
HLT_mu20_iloose_L1MU15,

HLT_mu40
HLT_mu26_ivarmedium,

HLT_mu50

electron trigger
HLT_e24_lhmedium_L1EM20VH,

HLT_e60_lhmedium,
HLT_e120_lhloose

HLT_e26_lhtight_nod0_ivarloose,
HLT_e60_lhmedium_nod0,
HLT_e140_lhloose_nod0

TABLE 6.1: Table of the single lepton triggers adopted for the event
selection.
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VR track jets The reconstruction of VR track jets follows the same criteria described
in Section 5.6, in the context of the mono-H(bb̄) analysis. The events are required
to have at least two VR track jets each having pT > 5 GeV, |η| < 2.5 and at least
two constituent tracks. The leading VR track jet is required to have pT greater than
20 GeV.

Leptons Electrons are required to pass the TIGHTLH criteria defined by the e/γ
working group (see Section 4.4). They must have |η| < 1.37 or 1.52 < |η| < 2.47,
in order to be in the fiducial area of the ECAL, and pT > 28 GeV. Muons must pass
the TIGHT criteria defined by the muon performance group (see Section 4.5), have
|η| < 2.5 and pT > 28 GeV. A muon is considered as “bad” when reconstructed from
high hit multiplicities in the MS (generally associated with very energetic punch-
through jets) or from badly measured ID tracks in the jet wrongly matched to the MS
segments. An event veto is applied in the presence of such “bad” muons. Lastly, both
electrons and muons are required to pass the GRADIENT isolation criteria (defined in
Sections 4.4-4.5). Following these criteria, the events are selected if they have exactly
one muon and one electron with opposite electric charge.

mlj cut In order to increase the purity of this channel, an additional cut is applied
on the invariant mass ml j of the lepton plus jet system. The invariant mass of the
combination of a jet and a lepton resulting from the decay of a top quark is expected
to be lower than the mass of the top quark. However, the pT scale of track jets is
smaller with respect to the calorimeter jets, as the charged particles only contribute
about 70% of the total momentum. The ml j variable is therefore required, for both
the two jet plus lepton combinations, to be smaller than 150 GeV (instead of the top
quark mass, i.e. 175 GeV). Since there are two leptons and two jets in the event,
there are two possible ways to combine them. The combination that is found to
be most effective is the one that minimises the summed squared invariant mass of
both l j combinations. Following this principle, the distribution of the ml j variable
for both leading and subleading jet is shown in Figure 6.2. After applying the cut at
150 GeV on both the two jet plus lepton systems, the purity of the selection increases
significantly for pT > 100 GeV, as shown in the bottom panels of Figure 6.3.

Collinear VR track jets removal Depending on their pT, the two VR track jets can
have very different sizes (see Equation 5.5). As no boundary is set on the angular
separation between the two jets, it is possible that they highly overlap and poten-
tially become concentric. In these extreme cases, the truth flavour labelling and the
track-to-jet association are compromised because they are only based on the ∆R sep-
aration between jets and truth hadrons or tracks, respectively. Figure 6.4 shows the
distribution of the ∆R between the leading two VR track jets divided by the radius of
the smallest (left) and the largest (right) jet among the two. When ∆R < Rmin the
axes of the two VR track jets are contained inside the cone of the smaller jet and as a
result they have very similar jet axes. In order to avoid an ambiguous b-tagging, such
collinear cases are discarded and only events having ∆R > Rmin are retained.
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FIGURE 6.2: Distribution of the lepton plus jet invariant mass for the
leading jet (on the left) and subleading jet (on the right). The green
band shows the effect of the detector-related and tt̄ modelling system-

atic uncertainties.
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FIGURE 6.3: Leading jet pT distribution before (on the left) and after
(on the right) the lepton plus jet mass cut. The green band shows the
effect of the detector-related and tt̄ modelling systematic uncertain-

ties.
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FIGURE 6.4: Distribution in data and MC of the angular separation
between the two VR track jets divided by the radius of the smaller jet,
split by process (on the left) and by flavour (on the right). In these
plots, the ml j cut is not applied. The green error band shows the effect

of detector-related and tt̄ modelling systematic uncertainties.
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Lastly, in order to identify the flavour content of each jet, tracks and truth hadrons
are associated to VR track jets following the standard procedures described in Sec-
tion 4.3. Events with both VR track jets labelled as b-jets (non b-jets) are indicated
as bb (ll). Events with the leading (subleading) VR track jet labelled as b-jet and the
subleading (leading) one labelled as non b-jet are identified as bl (lb).

6.1.2 Simulated samples

The nominal tt̄ sample is simulated using the POWHEGBOX V2 [137] generator in-
terfaced with PYTHIA 8.230 [138] with the A14 set of tuned parameters [139] and
NNPDF2.3LO [135] PDFs in order to simulate the parton shower and hadronisation
processes. For the baseline tt̄ simulation, the hdamp parameter, which gives the cut-off
scale of the first gluon emission, is set to 1.5 mtop, which is fixed at 172.5 GeV. More
details about the tuning of the PYTHIA 8 parameters can be found in Ref. [139].

Alternative tt̄ samples are also studied in order to take into account the modelling
differences across different MC generators. The differences in the fragmentation and
hadronisation processes can be studied by comparing the baseline tt̄ sample with the
one generated by POWHEGBOX V2 interfaced with HERWIG 7.0.4 [160]. On the other
hand, the effects of ISR and FSR can be exploited through an internal reweighting
procedure of the nominal sample, which allows to set higher or lower levels of the
parton shower radiation. In addition to these internal weights, another alternative
POWHEGBOX V2+PYTHIA 8.230 sample with hdamp = 3 mtop and variation parame-
ter VAR3 [161] is also simulated. Additionally, the variations caused by the matrix
element calculation, merging and matching scheme can be evaluated comparing the
baseline tt̄ sample with the aMC@NLO+PYTHIA 8.230 sample.

The baseline single top Wt channel background samples are generated with
POWHEGBOX V2 interfaced with PYTHIA 8.230 and, similarly to the tt̄ case, alter-
native POWHEGBOX V2 + HERWIG 7.0.4 and aMC@NLO+PYTHIA 8.230 samples are
also produced, in order to evaluate the variations due to the hadronisation and matrix
element calculation. Following the same internal reweighting procedure, also for the
single top processes it is possible to exploit the differences due to the parton shower
radiation.

Z/W+jets processes are generated by using SHERPA V2.2.1 [133, 134], whereas
SHERPA V2.2.2 is used to simulate diboson production (ZZ,WZ and WW).

The uncertainty on the modelling of diboson and Z+jets production processes is
estimated by varying the total cross-section by ±5% and ±6%, respectively, as well
as varying the factorisation and renormalisation scales through internal reweighting.

6.1.3 Determination of the b-jet efficiency

The b-tagging efficiency in data is extracted by performing a combinatorial likelihood
fit in the eµ channel, after applying all the selection criteria described in Section 6.1.1.
A previous application of this method using tt̄ events, applied to the case of small-R
(R = 0.4) calorimeter jets, is documented in Ref. [162].

In the case of events with exactly two jets, the fraction of events with one b-tagged
jet, f1−tag, or two b-tagged jets, f2−tag, can be expressed in the following way:

f1−tag = 2 fbbεb(1− εb) + fbj[ε j(1− εb) + (1− ε j)εb] + (1− fbb − fbj)2ε j(1− ε j)

f2−tag = fbbε2
b + fbjε jεb + (1− fbb − fbj)ε

2
j

(6.1)
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where fbj and fbb represent the fraction of events with one b-jet and two b-jets, re-
spectively, and εb and ε j are the b- and light-flavour tagging efficiency, respectively.
By using these equations, it is possible to determine εb by measuring f1−tag and f2−tag
from data, while fbj, fbb and ε j are extracted from simulation. This allows the correla-
tion of the jet flavour in the 1-tag and 2-tag region to be properly taken into account,
leading to a more precise efficiency measurement. Such measurement is performed
in N bins of the jet pT and this results in 2× N2 coupled equation. Although it is
possible to solve such a system of non-linear equations, it is much simpler to model
the same system by using a more flexible and powerful likelihood function and solve
the problem numerically by maximising the likelihood.

In general, an extended binned log-likelihood function can be written in the fol-
lowing form:

logL(νtot, Θ̂) = −νtot +
N

∑
i

ni log νi(νtot, Θ̂) (6.2)

where νtot is total number of expected events, Θ̂ = (Θ1,...,Θm) represents the set of
parameters to be estimated and νi (ni) is the number of expected (observed) events
in a given bin i among the total N bins.

In this case, as the fit is performed simultaneously in several bins in the pT,1-pT,2
plane, it is convenient to indicate with label k the specific pT,1-pT,2 bin such that
(logL)pT,1,pT,2

≡ (logL)k . The single (logL)k term can then be written as:

logLk(ν
k
tot, Θ̂) = −νk

tot + ∑
w1,w2

nk
w1,w2

log νk
w1,w2

(νk
tot, Θ̂) (6.3)

where w1 and w2 are the b-tagging discriminant values of the leading and subleading
jet in the event and the sum runs over all the b-tagging categories defined by the
specific WPs.

The POI for this study is the conditional probability for a b-jet with transverse
momentum pT to have a b-tagging discriminant w falling in a certain bin W, called
Pw∈W| f=b,pT

. The total number of POIs is therefore given by the total number of pT,1-
pT,2 bins times the number of b-tagging discriminant bins minus one (as a result of
the conservation of probability). The b-tagging efficiency corresponding to a specific
cut on the b-tagging discriminant associated to a specific WP is thus given by:

εb(pT, WP) = ∑
w∈WP

Pw∈W| f=b,pT
. (6.4)

The log-likelihood fit function for a given bin k can at this point be rewritten as:

logLk(ν
k
tot,Pw∈W| f=b,pT

) = −νk
tot + ∑

w1,w2

nk
w1,w2

log νk
w1,w2

(νk
tot,Pw∈W| f=b,pT

) (6.5)

in which the rightmost term can be also expressed as:

νk
w1,w2

(νk
tot,Pw∈W| f=b,pT

) = νk
tot · Pw1w2|k (6.6)

where Pw1w2|k is the conditional probability to get an event with b-tagging weights
w1 and w2 if (pT,1, pT,2)∈ k. We can then split the above equation in terms of the
two jet flavours f1 and f2 which can be either b or l and, assuming that the b-tagging
discriminants of the two jets are independent on each other, obtain the following
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expression:

νk
w1,w2

(νk
tot,Pw∈W| f=b,pT

) = νk
tot · ∑

f1, f2

P f1, f2|k · Pw1∈W1| f1,pT,1
· Pw2∈W2| f2,pT,2

(6.7)

where P f1, f2|k corresponds to the probability for an event to have the two jets labelled
with flavours f1 and f2 in a given (pT,1, pT,2) bin and is estimated from simulation.
The POIs are represented by the terms Pw∈W| f=b,pT

for events with a b-jet. On the
other hand, the conditional probabilities associated to light jets, Pw∈W| f=l,pT

, are esti-
mated from simulation after applying specific flavour tagging corrections which take
into account the measurement of the light-flavour mistag rate performed by other
analysis groups. Lastly, the NPs of the fit are represented by the νk

tot terms hence
to each log-likelihood function (logL)k corresponds a specific NP νk

tot as well as the
shared POIs Pw∈W| f=b,pT

.
This procedure is performed on all the events passing the selection requirements

described in Section 6.1.1, hence considering only the events passing the ml j cut.

6.1.4 Comparison between data and simulation

In Table 6.2, the number of selected events in data and simulation are presented,
together with the predicted flavour composition in MC.

Sample data Diboson Z+jets W+jets singletop tt̄
Input 36424664 190779.7 30599076.0 2781.8 110703.1 1339386.1

2 leptons 36422632 189659.7 30598916.0 2781.8 110694.7 1339284.5
eµ channel 810723 48406.0 24524.5 1444.9 55873.5 662164.1

opposite sign 725650 40288.2 21186.3 970.8 51188.9 602631.8
2 jets 109197 13083.1 7052.4 293.9 13009.2 85336.9

∆R(VR1, VR2) > Rmin 109149 13065.7 7045.3 293.9 12997.9 85312.6
leading jet pT > 20 GeV 85838 6108.2 2522.7 127.3 10242.0 76023.6

jet1 ml j cut 82492 4959.5 2181.9 89.2 9599.0 74668.0
jet2 ml j cut 80843 4678.9 2141.9 81.3 9109.4 73722.0

cc - 54.8 17.2 0.51 2.20 5.6
lb - 33.7 28.3 1.32 845.4 3105.4
lc - 178.8 70.5 2.97 17.4 37.1
bb - 6.0 14.5 0.53 2184.6 51663.1
bc - 1.5 0.9 0.14 168.1 720.2
bl - 25.2 64.1 0.84 5521.9 17141.0
cb - 3.2 0.6 0.08 41.4 208.7
ll - 4073.0 1785.2 72.0 307.5 785.0
cl - 302.8 160.7 2.9 20.9 56.3

TABLE 6.2: Number of selected events in data and simulation and
predicted flavour composition in MC, in the eµ 2 jets channel after all

cuts. Data are not split by jet flavour.

Before performing the actual measurement, it is important to check the agreement
between data and simulation for some relevant quantities.

Figure 6.5 shows the distributions of the MV2c10 and DL1 b-tagging outputs. The
same distributions are also shown for the subleading VR track jet in Figure 6.6. Some
kinematic distributions are then shown in Figures 6.7-6.8, both for the leading and
subleading VR track jet.

As shown in Figures 6.7a-6.8a, a clear mismodelling of the VR track jet pT is
present. Moreover, a discrepancy happens to be present also in the distribution of the
number of constituent tracks, as shown in Figures 6.7c-6.8c. More detailed studies
related to such disagreement are presented below.
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FIGURE 6.5: Data/MC comparisons for the MV2c10 and DL1 tagger
of the leading VR track jet, split by event flavour. The green band
shows the effect of the detector-related and tt̄ modelling systematic

uncertainties.
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FIGURE 6.6: Data/MC comparisons for the MV2c10 and DL1 tagger of
the subleading VR track jet, split by event flavour. The green band
shows the effect of the detector-related and tt̄ modelling systematic

uncertainties.
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FIGURE 6.7: Data/MC comparisons for the pT, η and number of con-
stituents distributions of the leading VR track jet. The green band
shows the effect of the detector-related and tt̄ modelling systematic

uncertainties.

6.1.5 pT mismodelling studies

In order to understand the origin of the discrepancy between data and simulation
observed in the distribution of the VR track jets’ pT, several studies have been per-
formed and they are presented in this section. In the following, only the leading jet
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FIGURE 6.8: Data/MC comparisons for the pT, η and number of con-
stituents distributions of the subleading VR track jet. The green band
shows the effect of the detector-related and tt̄ modelling systematic

uncertainties.

pT distributions are shown while the corresponding distributions for the subleading
jet are shown in Appendix B.
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η dependence The first topic that has been studied is the dependence of the jet
pT distribution with respect to the jet η. For this purpose, Figure 6.9 shows the
distribution of the leading VR track jet pT in two different η bins. Although the slope
is more visible when |η| 6 1.4, a similar disagreement between data and simulation
is observed also for |η| > 1.4.
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FIGURE 6.9: Data/MC comparison of the leading VR track jet pT dis-
tribution in the two different regions with |η| 6 1.4 (on the left)
and |η| > 1.4 (on the right). The green band shows the effect of the

detector-related and tt̄ modelling systematic uncertainties.

µ dependence Another aspect which has been investigated is the presence of fake
tracks. As studied by the ATLAS tracking performance group, the fake rate strongly
depends on the average number of interactions per crossing 〈µ〉 and it is expected
to be negligible at low 〈µ〉 values. For this reason, the pT spectra have been derived
in three different regions: 〈µ〉 6 25, 25 < 〈µ〉 6 35 and 〈µ〉 > 35. Figure 6.10
shows these distributions in the three different 〈µ〉 regimes, demonstrating that a
clear discrepancy between data and MC is present also at low 〈µ〉 values. From these
studies, it has been concluded that the origin of the jet pT mismodelling is likely not
related to the presence of fake tracks.
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FIGURE 6.10: Data/MC comparison of the leading VR track jet pT
distribution in the low, medium, high 〈µ〉 regimes. The green band
shows the effect of the detector-related and tt̄ modelling systematic

uncertainties.

VR track jet constituents An interesting sanity check consists in studying the agree-
ment between data and MC for the main kinematic variables of the tracks contained
inside the VR track jets. Figure 6.11 shows the comparison between data and sim-
ulation of the main kinematic variables related to such tracks, for both the leading
VR track jet. As expected, the pT (and energy) distribution shows the same slope
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observed in Figures 6.7-6.8.
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FIGURE 6.11: Data/MC comparisons of η, φ, pT and energy of the
tracks contained the leading VR track jet. The green band shows the
effect of the detector-related and tt̄ modelling systematic uncertain-

ties.
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Based on the studies presented so far, there is no clear indication that the observed
discrepancy between data and simulation originates from the specific criteria applied
in the event selection. It seems instead more likely that a bad modelling of the num-
ber and jet energy scale of the constituent tracks inside the VR track jet could be the
actual culprit. Moreover, additional studies performed by other analysis groups have
shown that a similar disagreement is present also in the case of charm-flavour VR
track jets. On the other hand, light-flavour VR track jets do not seem to show the
same behaviour. This could be a clear indication that our current understanding of
the fragmentation process of heavy flavour VR track jets is not very well understood
and requires a closer examination in the future.

6.1.6 Systematic uncertainties

Systematic uncertainties are evaluated one-by-one by replacing the MC nominal sam-
ple with a sample affected by a single systematic uncertainty variation, and then
repeating the whole procedure.

The systematic uncertainties which are provided as up and down variations are
symmetrised. In the case they have opposite impact on the measurement, a symmetric
uncertainty corresponding to their difference is calculated. In case instead both up
and down variations impact the measurement in the same direction or one of them is
compatible with zero, a symmetric uncertainty corresponding to the largest variation
is considered. One-sided variations are symmetrised by taking the full difference
between the variation and the nominal prediction.

As already anticipated in Section 6.1.2, the impact of the physics modelling of
tt̄ and non-tt̄ processes is estimated by comparing the efficiency measured from the
nominal MC simulated samples with respect to alternative MC generators or by us-
ing additional internal weights that correspond to the variation of a specific theory
parameter. Figure 6.12 shows the impact of the different parameters affecting the
modelling of the tt̄ processes, which results as the dominant source of systematic
uncertainty.

In addition, also experimental uncertainties are taken into account and they cor-
respond to:

• pile-up modelling,

• JES uncertainties as provided by the Jet+Emiss
T ATLAS performance group (in-

cluding NPs related to sample flavour composition, the sample flavour response
and punch-through jets),

• JER uncertainties as studied using the one sided single NP model provided by
the Jet+Emiss

T ATLAS performance group,

• muon and electron trigger efficiencies,

• muon track-to-vertex association statistical and systematic uncertainties,

• muon efficiency resolution (separate contributions from MS and ID), scale and
isolation uncertainties,

• electron efficiency, resolution and scale uncertainties,

• light mistagging efficiency uncertainty.
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FIGURE 6.12: Impact of the tt̄ modelling systematic uncertainties on
the final fit performed on the MV2 and DL1 taggers.

It is worth pointing out that the JES and JER uncertainties have no impact on the
final measurement, as expected given that VR track jets are reconstructed from the
ATLAS ID tracks only and no information from the ATLAS calorimeter system is used.

Additional uncertainties directly related to the track jets, such as on the tracking
reconstruction efficiency and fake rate, have also been studied but they have been
found to have a maximum effect of 0.2% and 0.6%, respectively, on the final SFs so
they have not been considered for the evaluation of the total systematic uncertainty.

pT mismodelling uncertainty In order to take into account the variations due to
the mismodelling observed in the VR track jet pT spectrum (see Figures 6.7a-6.8a), an
additional systematic uncertainty has been derived by reweighting the pT spectrum
in simulation in order to match the one observed in data, only for events where
both VR track jets are labelled as b-jets. The whole calibration procedure is then
repeated using the new reweighted pT spectra as input and the central values of the
new SFs are compared with the nominal ones. In order to fully exploit the shape
differences also at low pT, where narrower pT bins are used in the final likelihood fit,
a linear fit of the data/MC slope on the combined 140.5 fb−1 dataset is performed
for pT < 150 GeV. The results of this linear fit are then used to evaluate a jet pT
weight in this region, while for pT > 150 GeV (where much wider bins are used) such
weights just correspond to the data/MC ratio values obtained from the histograms
in Figure 6.7a. This jet weight is then applied only to bb events which are expected
to correspond closely to the actual tt̄ signal. As shown in Figure 6.13, by applying
this reweighting procedure the agreement between data and simulation improves
significantly, proving that the observed discrepancy is mostly present for heavy flavour
jets only (although, it is important to notice that this sample has a very small fraction
of c- and light-jets).

Finally, the fit is performed again using such reweighted pT spectra as input and
the difference with respect to the nominal SFs is presented in Figure 6.14 for both
the MV2c10 and DL1 taggers. The impact on the final SFs is very similar for the b-
tagging algorithms under study and is around 7% at low pT and 1.5% at high pT. The
contribution from this additional systematic uncertainty is taken into account in the
final results.
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FIGURE 6.13: Data/MC comparison for the leading and subleading VR
track jet pT distributions for the full dataset, after reweighting, after
applying the ml j cut. The green band corresponds to the statistical

uncertainty only.

6.1.7 Closure test

A closure test is performed by performing the full log-likelihood fit to the simulated
events, in order to determine the presence of any possible bias in the results. The total
nominal simulated events, which are scaled to the data luminosity, are treated both
as pseudo-data and as MC inputs for the likelihood fit, with the expected number of
events in each bin taken as the mean of a Poisson distribution to estimate the statisti-
cal uncertainty. Figure 6.15 shows the results of the MC closure test for the b-tagging
algorithms under study. No significant bias is observed. In fact, the small deviations
observed are consistent with the Poisson uncertainty due to limited data statistics and
are taken into account in the final fit as an additional source of uncertainty.

6.1.8 Results

After having performed all the necessary tests and having excluded any substantial
bias in the procedure, it is finally possible to extract the b-jet tagging efficiency in
data. Figures 6.16-6.17 show the results of this measurement as a function of the jet
pT for the 77% WP of the algorithms under study.

A global Pearson’s χ2 [163] is computed in order to evaluate the goodness of the
fit and its value divided by the number of degrees of freedom obtained for the nominal
measurement varies from 1.04 to 1.30 for the two b-tagging algorithms considered in
this study. The fraction of events with a specific jet flavour is shown in Figures 6.18-
6.19.

The normalisation of the simulated MC events is one of the NPs of the fit, hence
the number of MC is allowed to float and match the one in data, as shown in Fig-
ure 6.20.



118 Chapter 6. b-tagging on Variable-Radius track jets

10 210
 [GeV]

T
p

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

re
la

tiv
e 

un
ce

rt
ai

nt
y

-1 = 13 TeV, 140.5 fbs

 = 77%MC
b∈MV2c10, FixedCutBEff, 

(up-down)/2
down - symmetrized
up = sys-nominal

(a)

10 210
 [GeV]

T
p

0.08−

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

0.08

re
la

tiv
e 

un
ce

rt
ai

nt
y

-1 = 13 TeV, 140.5 fbs

 = 77%MC
b∈DL1, FixedCutBEff, 

(up-down)/2
down - symmetrized
up = sys-nominal

(b)

FIGURE 6.14: Relative differences in the final b-tagging SFs, due to the
effect of the pT reweighting for the 77% FixedCut WPs of the MV2c10

(at the top) and DL1 tagger (at the bottom).

The lowest pT bin, associated to jets with pT between 5 GeV and 10 GeV, was
found to have a significantly smaller b-tagging efficiency in data and a very large
impact of the systematic uncertainty, compared to the other calibrated pT bins. In
order to understand whether such low pT jets do actually originate from the top quark
decay (rather than being associated to additional QCD radiation), several studies
investigating the correlation between the b-hadron pT and the b-labelled jet pT as
well as the possibility of double labelling (see Section 6.2) have been performed.
Based on these studies, such low pT jets seem to behave similarly to the jets with
pT > 10 GeV; hence it is plausible that the observed discrepancy between data and
simulation is due to a genuine lower bb purity, as shown in Figure 6.18. More studies
would then be needed in order to improve the b-jet purity in this region therefore at
the moment only the results for jets with pT higher than 10 GeV are recommended to
be used within the ATLAS collaboration.
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FIGURE 6.15: Values of the b-tagging efficiency SFs, before and after
the nominal fit, using MC simulated events as pseudo-data, for the

MV2c10 (at the top) and DL1 (at the bottom) tagger.

6.1.9 A new approach: the sidebands fit

The results presented above are obtained performing the standard likelihood fit de-
scribed in Section 6.1.3, in which only events passing the ml j cut are used and the
flavour composition of the sample is directly estimated from simulation. However,
as the physics modelling of the tt̄ processes represents the main source of system-
atic uncertainty, it is reasonable to believe that a more precise measurement can be
achieved by introducing pT,1-pT,2 dependent flavour correction factors in the current
likelihood function. This is what the sidebands fit does. This new approach has been
developed recently [112] and it consists in using the ml j cut to define a SR and three
different CRs. The novelty of this technique is in the fact that all the events in the
SR and CRs are used to simultaneously measure the b-tagging efficiency as well as
the flavour composition, which was otherwise estimated only from simulation in the
standard method. In Figure 6.21 an illustration of the event categorisation adopted
in the new fit method is shown. As in the standard method, the events are binned
according to the pT of both the leading and subleading jet in the event. In each of
these bins, events are further assigned to the CRs and to the SR. The events in the
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FIGURE 6.16: Measured b-tagging efficiency corresponding to the 77%
of the MV2c10 algorithm. The error band includes both statistical and

systematic uncertainty.
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FIGURE 6.17: Measured b-tagging efficiency corresponding to the 77%
of the DL1 algorithm. The error band includes both statistical and

systematic uncertainty.

SR are then classified according to the b-tagging discriminant of the two jets. Again,
the POI of the final fit is the b-tagging efficiency which is now estimated during the
minimisation procedure together with the correction factors applied to the flavour
fractions, in each pT,1-pT,2 bin.

As shown in Figure 6.22, the ml j variable has a very poor discrimination power for
jets with pT lower than 10 GeV, making the sidebands fit not feasible in this region.
Therefore in the following only jets with pT higher than 10 GeV are considered.

A comparison between the two different methods is presented for the case of the
77% b-tagging efficiency WP of the MV2c10 tagger and the DL1 tagger.

As shown in Figure 6.23, the impact of the tt̄ modelling uncertainties is signifi-
cantly reduced with the sidebands fit approach. This allows to improve the precision
of the measurement, as shown in Figure 6.24, despite the increased data statistical
uncertainty which is expected given the larger number of parameters estimated by



6.1. b-tagging calibration 121

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

bb
 e

ve
nt

 fr
ac

tio
n

 0.003±
0.216

 0.002±
0.252

 0.002±
0.266

 0.006±
0.272

 0.004±
0.556

 0.002±
0.618

 0.003±
0.626

 0.006±
0.587

 0.007±
0.715

 0.002±
0.784

 0.002±
0.792

 0.005±
0.782

 0.001±
0.850

 0.001±
0.873

 0.003±
0.876

 0.002±
0.914

 0.002±
0.931

 0.004±
0.955

5-10 10-20 20-30 30-60 60-100 100-250

 [GeV]
T,1

p

5-10

10-20

20-30

30-60

60-100

100-250

 [G
eV

]
T

,2
p

 0.003±
0.216

 0.002±
0.252

 0.002±
0.266

 0.006±
0.272

 0.004±
0.556

 0.002±
0.618

 0.003±
0.626

 0.006±
0.587

 0.007±
0.715

 0.002±
0.784

 0.002±
0.792

 0.005±
0.782

 0.001±
0.850

 0.001±
0.873

 0.003±
0.876

 0.002±
0.914

 0.002±
0.931

 0.004±
0.955

-1 = 13 TeV, 140.5 fbs

Prefit

Postfit

(a)

0

0.1

0.2

0.3

0.4

0.5

bl
 +

 b
c 

ev
en

t f
ra

ct
io

n

 0.006±
0.490

 0.004±
0.559

 0.004±
0.577

 0.009±
0.551

 0.002±
0.236

 0.002±
0.258

 0.002±
0.276

 0.005±
0.289

 0.002±
0.109

 0.001±
0.119

 0.002±
0.132

 0.004±
0.140

 0.001±
0.064

 0.001±
0.069

 0.002±
0.067

 0.001±
0.038

 0.002±
0.031

 0.002±
0.019

5-10 10-20 20-30 30-60 60-100 100-250

 [GeV]
T,1

p

5-10

10-20

20-30

30-60

60-100

100-250

 [G
eV

]
T

,2
p

 0.006±
0.490

 0.004±
0.559

 0.004±
0.577

 0.009±
0.551

 0.002±
0.236

 0.002±
0.258

 0.002±
0.276

 0.005±
0.289

 0.002±
0.109

 0.001±
0.119

 0.002±
0.132

 0.004±
0.140

 0.001±
0.064

 0.001±
0.069

 0.002±
0.067

 0.001±
0.038

 0.002±
0.031

 0.002±
0.019

-1 = 13 TeV, 140.5 fbs

Prefit

Postfit

(b)

FIGURE 6.18: Flavour fractions in the pT,1-pT,2 plane.

the different likelihood fit. Nevertheless, it is relevant to point out that the in the
original publication of the sidebands fit method performed on small-R calorimeter
jets [112], the uncertainty related to the matrix element calculation of the tt̄ pro-
cess is not taken into account as its impact has found to be excessively high with
respect to the standard method. A possible explanation for such behaviour can be
due to the different choice of the PYTHIA8 tuned parameters adopted in the alter-
native aMC@NLO+PYTHIA 8.230 sample which can affect the measurement of FSR
sensitive variables. The same strategy is therefore also applied in the case study of
VR track jets.

The ratio of pT,1-pT,2 dependent flavour fractions estimated with the new side-
bands fit with respect to the values estimated from simulation are shown in Fig-
ures 6.25-6.26, for the case of the MV2c10 algorithm. The largest deviations are
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FIGURE 6.19: Flavour fractions in the pT,1-pT,2 plane.

present for the bl, lb and ll categories, which are better estimated using the new
dedicated CRBL, CRLB, CRLL regions.
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FIGURE 6.20: Number of events, in simulation and data, in the pT,1-
pT,2 plane, before and after the fit.

6.2 Correlation and truth labelling studies

Additional studies have been performed in order to learn more about the b-jet purity
of the tt̄ events used for this measurement and they are presented below.
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adopted in the new “sidebands fit”. Figure taken from Ref. [112].
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FIGURE 6.22: Distribution of the lepton plus invariant mass for events
in which the subleading jet has pT lower than 10 GeV. The green band
shows the impact of statistical and tt̄ modelling systematic uncertain-

ties.

Investigating the flavour labelling The standard labelling scheme recommended
by the flavour tagging working group, as described in Section 4.3, consists in assign-
ing a label to each jet whenever it is matched to at least one truth heavy flavour
hadron. Therefore this scheme is not sensitive to the possibility that a jet is matched
to a single or more than one truth hadron. However, an additional extended flavour
labelling scheme has been recently introduced and it allows for double labels in case
more than one heavy flavour hadron is matched to the jet. As this calibration is per-
formed using di-leptonic tt̄ events, each jet is expected to be matched, in most of
the cases, to exactly one truth b-hadron. Therefore, one way to investigate whether
the b-jets under study do actually originate from the top quark decay is to compare
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FIGURE 6.23: Impact of the tt̄ modelling uncertainties using the side-
bands fit approach, for the case of the MV2c10 tagger (on the left) and

DL1 tagger (on the right).
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FIGURE 6.24: Measured b-tagging SFs using the sidebands fit method,
for the case of the MV2c10 tagger (on the left) and DL1 tagger (on the

right).

the standard and extended labelling schemes. Figure 6.27 shows the pT spectrum
of all the jets which are labelled as b-jets in tt̄ signal events (before including the
ml j cut) in the two labelling schemes. When using the extended scheme, a jet is la-
belled as b-jet anytime it is matched to one or two truth b-hadrons or to one b-hadron
and one c-hadron. Following this procedure, by construction the blue dashed curve
(corresponding to the standard labelling) is expected to cover the exact red area (cor-
responding to the extended labelling). The green and yellow dashed lines represent
instead the jets that are matched either to two truth b-hadrons or to one truth b-
hadron and one c-hadron. The bottom panel shows that the fraction of b-jets subject
to double labelling is very small and contributes to less than 3% in the whole pT range
considered for the calibration.
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FIGURE 6.25: Ratio between the pre-fit and post-fit value of the event
flavour fractions obtained after performing the sidebands fit on the

MV2c10 tagger.

Correlations Another interesting way to exploit the origin of the b-jets under study
is to look at the correlation between the b-labelled jet pT and the b-hadron pT. For this
study, only the tt̄ nominal sample has been analysed and for each jet identified as a
b-jet, through the standard labelling scheme, the correlation with respect to the pT of
the closest truth b-hadron is evaluated. Figure 6.28 shows a quite strong correlation
in the whole pT range. As expected, the pT of the b-jet is softer than the one of the
b-hadron, due to the missing neutral component of the track jets hence most of the
events lies below the diagonal.
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FIGURE 6.26: Ratio between the pre-fit and post-fit value of the event
flavour fractions obtained after performing the sidebands fit on the

MV2c10 tagger.

6.3 Ghost association studies

As motivated in Section 6.1.1, it has been decided not to calibrate the VR track jets
that are almost collinear with any jet in the event, in order to mitigate the ambiguity
in the association of truth hadrons and tracks to the jet. However, this conserva-
tive choice, which has a negligible impact on the di-leptonic tt̄ events used for the
measurement of the b-tagging efficiency, can instead affect the sensitivity of several
analyses focusing on very boosted environments, in which VR track jets are prefer-
ably used due to their ability to better disentangle the two-prong structure of a very
energetic large-R jet. It is hence crucial to understand whether the jets ending up in
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such collinear cases are actually problematic for our b-tagging algorithms.
A viable way to study the impact of these events on b-tagging is to compare the

standard cone association with respect to the GA [164] (see Section 4.2.3). The metric
of the anti-kt algorithm causes the clustering process to start from the hardest objects.
Hence, when performing the GA, a preference is also given in associating tracks or
truth hadrons to the highest pT jets first. This ensures that, in the collinear cases
described above, the tracks or truth hadrons associated to the softest jets certainly
could not be previously associated to the hardest jets. This feature should mitigate
the ambiguity caused by the purely ∆R-based approach in which a low pT jet can
potentially remove tracks and truth hadrons from a high pT jet, just based on its
angular separation.

In order to make this comparison, two VR track jets collections have been anal-
ysed:

• the standard collection with ∆R track-to-jet association,

• the Ghost Tag collection with track-to-jet GA.

For consistency between the track-jet association and the truth labelling used for b-
tagging, for the standard jets the usual ∆R-based truth flavour labelling scheme is
adopted while for the Ghost Tag jets the truth hadrons are matched to jet following
the GA procedure.
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For this purpose, simulated MC events in which Higgs bosons are generated as
decay products of RS gravitons G∗ in a benchmark model with a warped extra dimen-
sion, G∗ → HH → bb̄bb̄, with a graviton mass equal to 2750 GeV, have been anal-
ysed. The events are simulated using the MadGraph5 aMC@NLO generator, while par-
ton showering, hadronisation and the underlying event were simulated with PYTHIA

8.230 using the leading-order NNPDF2.3 PDF set and the ATLAS A14 set of tuned
parameters. The events are required to have at least two large-R jets and only the VR
track jets contained inside the cone of either the leading or the subleading large-R jet
are considered for this study.

Figures 6.29a-6.29b show the fairly good stability of the MV2c10 b-tagging output
for the two jet collections, also in the case of collinear VR track jets. Despite some
differences present at low values (which can then be associated to light-flavour jets),
no significant discrepancies are observed among the two jet collections.

On the other hand, Figures 6.30a-6.30b show the impact of the different labelling
scheme, which is certainly not negligible for collinear VR track jets. The deviation
at low pT in Figure 6.30b seems to indicate that, when using the ∆R association to
identify the truth flavour content of the jet, more low pT jets are labelled as b-jets
with respect to the GA scheme. Furthermore, as this feature seems to be pronounced
only in the case of concentric VR track jets, it is reasonable to believe that, in such
pathological cases, several low pT jets are actually able to steal tracks from the higher
pT jets and be wrongly labelled as b-jets, as suspected initially.
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It is then possible to combine these results and compare the fraction of b-tagged
jets (using the 77% WP of the MV2c10 tagger) over the truth labelled b-jets, in the two
different schemes, as shown in Figures 6.33a-6.33b.

Lastly, Figure 6.30b can also be compared directly with Figure 6.32b which shows,
as expected based on the previous arguments, that the fraction of low pT jets which
are labelled as light jets is higher when using the GA with respect to the ∆R associa-
tion scheme.

It is also interesting to make the same comparison for a similar RS sample corre-
sponding to a smaller graviton mass. In appendix B.2 it is possible to see the same
distributions for the case of a RS graviton mass equal to 900 GeV.
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FIGURE 6.29: MV2c10 distribution of the VR track jets associated either
to the leading or subleading large-R jet in the event. On the left, all
jets are shown. On the right, only concentric jets (∆R < Rmin) are

shown.
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FIGURE 6.30: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing the fraction
of jets labelled as b-jets at truth level. On the left, all jets are shown.

On the right, only concentric jets (∆R < Rmin) are shown.
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FIGURE 6.31: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing both the
b-tagged jets (77% WP) and truth labelled b-jets, in the two different
schemes. On the left, all jets are shown. On the right, only concentric

jets (∆R < Rmin) are shown.



132 Chapter 6. b-tagging on Variable-Radius track jets

0 200 400 600 800 1000 1200 1400

210

310

410

all jets
all light-labeled jets GhostTag
all light-labeled jets Standard

 [GeV]
T

VR track jet p
0 200 400 600 800 1000 1200 1400lig

ht
-la

be
l /

 a
ll

0

0.5

(a)

0 200 400 600 800 1000 1200 1400

1

10

210

310

all concentric jets
all concentric light-labeled jets GhostTag
all concentric light-labeled jets Standard

 [GeV]
T

VR track jet p
0 200 400 600 800 1000 1200 1400lig

ht
-la

be
l /

 a
ll

0

0.5

1

(b)

FIGURE 6.32: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing the fraction
of jets labelled as light-jets at truth level. On the left, all jets are shown.

On the right, only concentric jets (∆R < Rmin) are shown.
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FIGURE 6.33: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing both the
jets failing the 77% MV2c10 WP and truth labelled light jets, in the two
different schemes. On the left, all jets are shown. On the right, only

concentric jets (∆R < Rmin) are shown.
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7 The mono-S(bb̄)
reinterpretation

This chapter is aimed at describing the usage of the RECAST framework [165] in or-
der to interpret the results of the ATLAS mono-H(bb̄) search, presented in Chapter 5,
in the context of a new model predicting DM production in association with a hypo-
thetical dark Higgs boson, with an unknown mass ms, decaying to b-quarks [166].

7.1 What does recast mean?

As described in Chapter 5, the final results of the mono-H(bb̄) analysis are interpreted
only in the context of the Z′-2HDM model which is used as a benchmark of the
search. This is similar to the case of several other experimental searches performed
at the LHC, in which only a few new physics models are considered for the final
interpretation of the results. However, many BSM searches are often sensitive to a
broader class of models than the ones they were originally designed to test. Moreover,
the number of new physics theory models has increased significantly over the last
decades; hence it becomes even more crucial to be able to probe these new theories
with any of the existing BSM searches. As we approach the beginning of Run 3 of
the LHC, it is essential to “turn every stone” and look at any accessible corner of the
theory space in order to test for the existence of new physics at the energy scales that
we are currently probing.

Developing a solid analysis strategy represents a significant investment in time as
well as in human and computational resources, hence it is not practical to build up
a new search for any alternative signal hypothesis. In view of a steadily increasing
sensitivity to a growing number of BSM scenarios, what is needed is instead a power-
ful reinterpretation framework in order to reach the full potential of the results from
experimental collaborations.

When building up a new analysis strategy, which is motivated by a specific signal
model, the crucial step consists in identifying a phase space region that is efficient for
the signal model under study, while rejecting as much SM background as possible.
Such region, which is optimised for a specific signal model, can still provide a good
sensitivity to other models as long as the final state signatures are fairly similar. Once
the event selection of the analysis is fixed, it is possible to reuse the background
estimates and the observed data and to interpret the results in terms of a new signal
hypothesis, as the only missing piece of information is the expected signal yield of
the new model. This procedure is usually called recasting.
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Figure 7.1 shows the comparison between the workflow of a full analysis, from
the event generation of signal and background processes to the final estimate needed
for the statistical interpretation, and that of a reinterpretation. It is clear that, pro-
vided that the background and data yields are actually reusable, the reinterpretation
process should just consist in a single step that involves only the signal workflow.

Signal Path
Signal Preparation Signal Analysis

Data Path

Background Path

Inference

Reconstruction Event Selection Observed Data Partial Likelihood

Event Generation Simulation Reconstruction Event Selection Background Estimate

Event Generation Simulation Reconstruction Event Selection Signal Estimate

Inference Result

BSM Model

Standard Model

(a)

Signal Path
Signal Preparation Signal Analysis

Data Archive
Inference

Event Generation Simulation Reconstruction Event Selection Signal Estimate

Inference
Observed Data

Partial LikelihoodBackground Estimate Result

BSM Model

(b)

FIGURE 7.1: Comparison between the computational workflow re-
quired for a full analysis (at the top) and that of a reinterpretation

(at the bottom).

While this problem seems to have in principle a relatively straightforward solu-
tion, in practice the actual bottleneck that has prevented in several cases to achieve
these results is that either the specific version of the analysis framework is not avail-
able anymore or the knowledge about how to use it has been lost due to the unavail-
ability of the original authors of the analysis. Originally introduced in Ref. [165],
the RECAST framework is designed to facilitate this process and overcome this sort
of issues. The essential ingredient consists in preserving the analysis in a way that
allows new collaborators to re-execute it independently. This is achieved in RECAST
through the use of re-executable declarative workflow and modern cloud computing
technologies.

Let us see in more details how an analysis can be preserved in RECAST.

7.1.1 How to preserve an analysis?

Preserving an existing analysis means in practice preserving the whole workflow,
consisting of several interdependent steps needed for the final statistical evaluation,
such that it can be re-executed on new inputs. This means that the software behind
each step must be archived, the correct usage of the software must be captured in
parametrised job templates and the workflow structure must also be preserved.

The first step consists in archiving the software by building Docker container im-
ages [167, 168], which act as a snapshot of a filesystem that includes the analysis
software and its dependencies. In the case of the mono-H(bb̄) analysis, two sep-
arate software repositories are used, one for the main event selection and one for
the statistical analysis, hence two Docker container images are produced. For both
repositories, the image building is integrated into the Continuous Integration (CI)
configuration provided by the version control application GitLab [169] such that the
software is preserved automatically each time the source code is modified.
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Once the two Docker images are ready, it is possible to capture the workflow
structure as well as the correct usage of the software, by using a specific workflow
description language. Job templates specifying the commands required to execute
the code and the workflow graph structure can now be retained. For this study,
the yadage language [170] which captures the workflow graph structure as YAML
documents is used.

Before moving forward with the reinterpretation of the dark Higgs model, the
entire workflow has been validated with the Z′-2HDM signal samples from the orig-
inal analysis. As show in Table 7.1, the exclusion limits can be reproduced by the
reinterpretation workflow with sufficient precision.

mZ′ [GeV] mA [GeV] exp. limit on σ [pb] obs. limit on σ [pb] exp. limit on σ [pb] obs. limit on σ [pb]
(RECAST) (RECAST) (ATLAS-CONF-2018-039) (ATLAS-CONF-2018-039)

400 300 0.0965+0.0378
−0.0270 0.0910 0.0966 0.0913

400 400 0.0260+0.0102
−0.0073 0.0256 0.0260 0.0256

600 400 0.3124+0.1224
−0.0873 0.2588 0.3123 0.2588

800 300 0.0109+0.0043
−0.0030 0.0135 0.0109 0.0135

800 400 0.0130+0.0051
−0.0036 0.0145 0.0130 0.0145

800 500 0.0260+0.0102
−0.0073 0.0282 0.0260 0.0282

1000 500 0.0070+0.0027
−0.0019 0.0088 0.0070 0.0088

1200 700 0.0047+0.0018
−0.0013 0.0055 0.0047 0.0055

1400 500 0.0011+0.0004
−0.0003 0.0011 0.0011 0.0011

1400 700 0.0023+0.0009
−0.0006 0.0023 0.0023 0.0023

1400 800 0.0028+0.0011
−0.0008 0.0030 0.0029 0.0030

1600 300 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

1600 600 0.0009+0.0004
−0.0003 0.0008 0.0009 0.0008

1800 500 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

1800 800 0.0009+0.0004
−0.0003 0.0008 0.0009 0.0008

2000 400 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2000 600 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2000 700 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2000 800 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2200 400 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2200 500 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2200 600 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2400 300 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2400 400 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2400 500 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2400 700 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2600 300 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2600 500 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2600 700 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

2800 300 0.0009+0.0003
−0.0002 0.0006 0.0009 0.0006

2800 400 0.0009+0.0003
−0.0002 0.0006 0.0009 0.0006

2800 500 0.0009+0.0003
−0.0002 0.0006 0.0009 0.0006

2800 600 0.0008+0.0003
−0.0002 0.0006 0.0008 0.0006

3000 200 0.0009+0.0004
−0.0003 0.0007 0.0009 0.0007

3000 300 0.0009+0.0004
−0.0003 0.0006 0.0009 0.0007

3000 400 0.0009+0.0004
−0.0003 0.0007 0.0009 0.0007

3000 600 0.0009+0.0003
−0.0002 0.0007 0.0009 0.0007

TABLE 7.1: Comparison of upper limits on production cross-sections
of Z′-2HDM models obtained with RECAST and the original analysis.
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7.2 A proof of concept: the dark Higgs model

The signal used for this reinterpretation is the dark Higgs model [166]. As already an-
ticipated in Section 2.5, several exotic searches at the LHC rely on new BSM theories
in which DM interacts with SM particles via the exchange of one or more mediators,
such as the spin-1 Z′ boson or any additional Higgs boson carrying spin 0. All these
models must predict the correct DM relic abundance which, in this context, is strongly
determined by the properties of these new mediator particles. In the last years, ex-
perimental results have strongly constrained the parameter space in which the DM
particles can obtain their relic abundance from direct annihilation into SM particles.
This complication can be significantly reduced in case the DM particle is not the light-
est state in the dark sector, opening new annihilation channels. This represents the
main theoretical motivation behind the dark Higgs model, in which the DM particle is
generated via a Higgs mechanism in the dark sector. The resulting dark Higgs boson
s can be lighter than the DM particle χ, such that the DM relic abundance is domi-
nantly determined by the χχ → ss process, followed by decays of the s boson to SM
particles.

The predicted signature of the dark Higgs model consists then in a certain amount
of Emiss

T due to DM pair production and the SM particles from the decay of the dark
Higgs boson s. It is therefore possible to exploit the process s→ bb̄ + Emiss

T . The new
mono-S(bb̄) signature is then identical to the mono-H(bb̄) final state, with the only
exception represented by the mass of the dark Higgs candidate s which in this new
framework is a free parameter of the model.

7.2.1 Theoretical framework

The dark Higgs model postulates the presence of a Higgs mechanism in the dark
sector that is responsible for the origin of masses of the DM particles. Furthermore,
the presence of an additional mediator Z′ allows the model to be probed also at
colliders through different channels, as illustrated in Figure 7.2.
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FIGURE 7.2: Process leading to a dark Higgs signal with Emiss
T from

DM particles χ and decay of the dark Higgs s to b-quarks. Figure
taken from Ref. [171].

In this new model, the DM particle χ is a Majorana fermion, whose mass is ob-
tained from the VEV w of a complex Higgs field S. It couples axially to a new Z′ boson
which is associated to a new U(1)′ gauge group1. The symmetry breaking gives rise

1The discussion can be extended to the case of a Dirac fermion DM candidate. However, this im-
plies also vectorial couplings to the Z′ boson and additional dependence on other free parameters. For
simplicity, the original theory paper focuses on a more constrained scenario with only four parame-
ters [166].
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to a mass for the Z′ boson, as S carries charge qS under the new gauge group, as well
as a new state: the dark Higgs boson s. The interaction Lagrangian is given by:

Lχ = −1
2

gχZ′µχγ5γµχ− gχ
mχ

mZ′
sχχ + 2gχZ′µZ′µ(gχs2 + mZ′s). (7.1)

The DM sector is coupled to the SM by postulating vector couplings of the Z′ boson
to quarks by gauging baryon number, with the following interaction Lagrangian:

Lq−Z′ = −gqZ′µqγµq. (7.2)

Axial-vector couplings of the Z′ boson to quarks as well as additional couplings of the
Z′ to SM leptons would also be possible but they would require a modification of the
model in order to guarantee SM gauge invariance and they would introduce further
constraints. For simplicity, these two possibilities are not taken into account. In this
context, the dark Higgs model can be considered a simplified version of the gauge
baryon models [172, 173, 174, 175].

The independent parameters of the model are the mass of the DM particle mχ;
the mass of the Z′ boson mZ′ ; the coupling gχ of the DM particle with the dark Higgs
boson s; and the coupling of the Z′ boson to quarks gq. The considered model focuses
on the case in which the dark Higgs boson s is the lightest state in the dark sector and
the relic abundance is dominantly set by the process χχ → ss. A non-zero mixing
between the dark Higgs boson and the SM Higgs boson ensures that the dark Higgs
boson is unstable and can decay to SM particles.

Figure 7.3 shows the BR of the relevant decay processes involving the dark Higgs
boson, calculated with MadGraph5 aMC@NLO 2.6.6 [140]. The decay to b-quarks dom-
inates for ms < 160 GeV until the possibility of a decay to a pair of W, Z or even h
bosons opens up. The sensitivity of the mono-S(bb̄) search is hence limited at higher
masses where the model should be probed with other signatures.

7.2.2 Simulated samples

The signal samples are generated by calculating the hard-scattering matrix elements
at LO with MadGraph5 aMC@NLO 2.6.2 while the modelling of the parton shower and
underlying event is performed by Pythia 8.230, allowing for up to one additional
jet in the event. In order to remove the overlap between the matrix element and the
parton shower, the CKKW-L merging procedure [176, 177] is applied, in which the
matching scale is set to 40 GeV. The NNPDF3.0 PDF set with a value of the strong
coupling constant equal to 0.13 and the A14 set of tuned parameters of Pythia are
used.

The parameter space of the model is scanned for mZ′ from 0.5 TeV to 3.5 TeV, in
steps of 0.5 TeV, and for ms from 50 GeV to 150 GeV, in steps of 20 GeV, assuming a
DM particle with mass mχ equal to 200 GeV. The choice of mχ is mostly motivated
by the need for complementarity to a search probing the s→ W+W− channel which
is currently in preparation. In general, little dependence of the signal kinematics on
mχ has been observed and, as the cross-section decreases beyond sensitivity for large
values of mχ, choosing the value of 200 GeV allows us to probe an accessible region
of the parameter space. The values of gq and gχ are fixed respectively to the values
of 0.25 and 1.0, following the conventional coupling choices for vector mediator
simplified model searches at the LHC [178, 58]. Lastly, the value of the mixing angle
θ is set to 0.01, following the choice made in theory paper [166].
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FIGURE 7.3: Branching ratio of the dark Higgs boson s decay to b-
quarks, W+W−, ZZ and hh. The branching ratio was computed using
MadGraph5 aMC@NLO 2.6.6 [140] at leading order. Figure taken from

Ref. [171].

7.2.3 Signal modelling uncertainties

As the background prediction is the same as in the original analysis, all the systematic
uncertainties related to detector effects and the modelling of the SM background can
be applied also for the interpretation of this new model. The only additional source
of uncertainty that needs to be evaluated separately is related to the theory modelling
of the dark Higgs signal.

The theory modelling uncertainties on the dark Higgs signal model are estimated
by applying the full SR event selection described in Chapter 5 (see Table 5.1) on
particle-level objects, using the same analysis framework and strategy already de-
scribed in Section 5.10.

The systematic uncertainties related to the theory modelling of the dark Higgs
signal samples are estimated by varying the model parameters and comparing the
signal event yield, after applying the SR selection at truth-level, using only events
with exactly two b-tagged jets.

The uncertainties on the renormalisation and factorisation scales are determined
by varying µR and µF independently by factors of 2 and quoting the largest deviation
from the nominal signal yield as uncertainty for each of the four Emiss

T categories. Fur-
thermore, also the uncertainty associated to the NNPDF PDF set is evaluated as the
standard deviation of the 100 PDF replicas, following the same approach described
in Section 5.10.3.

Figures 7.4-7.5 show the impact of the scale and PDF variations on the distribu-
tion of the dark Higgs boson candidate for a representative mass point. From this
comparison, it is also possible to see that neither the scale nor PDF variations alter
significantly the shape of the dark Higgs candidate mass distribution; therefore only
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the relative differences concerning the normalisation are computed in this study, as
they represent the leading source of uncertainty.

mBB_res_allcut

60 80 100 120 140 160 180 200 220 240 260 280
0

0.0002

0.0004

0.0006

0.0008

0.001
150 GeV < MET < 200 GeV

nominal
=0.5

F
µ=0.5

R
µ

=2.0
F

µ=2.0
R

µ
=0.5

F
µ

=2.0
F

µ
=0.5

R
µ

=2.0
R

µ

Higgs candidate mass [GeV]
60 80 100 120 140 160 180 200 220 240 260 280

R
el

. D
iff

.

0.2−
0

0.2

(a)

mBB_res_allcut

60 80 100 120 140 160 180 200 220 240 260 280
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014 200 GeV < MET < 350 GeV
nominal

=0.5
F

µ=0.5
R

µ
=2.0

F
µ=2.0

R
µ

=0.5
F

µ
=2.0

F
µ

=0.5
R

µ
=2.0

R
µ

Higgs candidate mass [GeV]
60 80 100 120 140 160 180 200 220 240 260 280

R
el

. D
iff

.
0.2−

0

0.2

(b)

mBB_res_allcut

60 80 100 120 140 160 180 200 220 240 260 280
0

0.001

0.002

0.003

0.004

0.005

0.006 350 GeV < MET < 500 GeV
nominal

=0.5
F

µ=0.5
R

µ
=2.0

F
µ=2.0

R
µ

=0.5
F

µ
=2.0

F
µ

=0.5
R

µ
=2.0

R
µ

Higgs candidate mass [GeV]
60 80 100 120 140 160 180 200 220 240 260 280

R
el

. D
iff

.

0.2−
0

0.2

(c)

mBB_mer_allcut

60 80 100 120 140 160 180 200 220 240 260
0

0.001

0.002

0.003

0.004

0.005

0.006
MET > 500 GeV

nominal
=0.5

F
µ=0.5

R
µ

=2.0
F

µ=2.0
R

µ
=0.5

F
µ

=2.0
F

µ
=0.5

R
µ

=2.0
R

µ

Higgs candidate mass [GeV]
60 80 100 120 140 160 180 200 220 240 260

R
el

. D
iff

.

0.2−
0

0.2

(d)

FIGURE 7.4: Distributions of the dark Higgs candidate mass in the four
Emiss

T regions for a dark Higgs signal with mZ′ = 1 TeV, ms = 110 GeV
and mχ = 200 GeV. Together with the nominal distribution also the
variations corresponding to different choices of µR and µF are shown,

after applying the full SR selection at generator-level.

The values of the relative signal theory uncertainty due to the scale and PDF
variations are shown in Table 7.2 for each mass point.
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FIGURE 7.5: Distributions of the dark Higgs candidate mass in the four
Emiss

T regions for a dark Higgs signal with mZ′ = 1 TeV, ms = 110 GeV
and mχ = 200 GeV. Together with the nominal distribution also a
subset of the 100 PDF variations are shown, after applying the full SR

selection at generator-level.

7.2.4 Results

Following the same strategy defined in the context of the mono-H(bb̄) analysis, in
order to establish the presence of a potential signal, a profile likelihood fit is per-
formed simultaneously in all SRs and CRs, using the dark Higgs as alternative signal
hypothesis.

Figure 7.6 shows the distribution of the Higgs candidate mass in the four differ-
ent Emiss

T bins used in the analysis for the observed data, corresponding to an inte-
grated luminosity of 79.8 fb−1, and for the simulated background, before and after
the background-only profile likelihood fit. The distributions follow exactly the ones
obtained in the original analysis, presented in Figure 5.13, except for the new over-
laid signal model which is scaled to an arbitrary cross-section. Similarly, Figure 7.7
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DSID mZ′′ ms scale uncertainty [in %] for Emiss
T [GeV] PDF uncertainty [in %] for Emiss

T [GeV]
[GeV] [GeV] 150 - 200 200 - 350 350 - 500 500+ 150 - 200 200 - 350 350 - 500 500+

311378 500 50 6.2 10.8 17.5 12.0 3.8 4.4 4.2 5.1
311379 1000 50 9.1 11.9 16.7 13.7 4.4 4.3 5.0 5.9
311380 1500 50 11.3 13.6 17.6 12.8 5.3 4.9 5.6 6.2
311381 2000 50 14.3 14.7 18.6 13.9 5.6 5.8 6.9 6.5
311382 2500 50 14.1 16.5 20.2 14.9 7.5 7.0 9.0 7.4
311383 3000 50 16.6 17.0 20.3 16.2 9.2 9.2 9.7 9.5
311384 500 70 7.5 9.0 13.7 11.7 4.0 4.1 4.1 5.7
311385 1000 70 10.1 10.4 14.4 13.5 4.3 4.4 4.6 6.0
311386 1500 70 12.7 11.8 14.7 13.8 5.0 5.0 5.1 5.8
311387 2000 70 14.0 13.4 15.6 14.3 6.1 6.0 5.9 6.4
311388 2500 70 14.8 14.8 17.3 15.1 6.3 7.2 6.9 7.9
311389 3000 70 16.3 15.8 18.1 16.1 8.8 8.6 9.2 9.5
311390 500 90 9.0 9.0 10.2 11.2 4.0 4.1 4.1 5.2
311391 1000 90 11.4 10.3 12.6 13.7 4.3 4.5 4.6 5.7
311392 1500 90 12.2 11.5 12.4 13.4 5.2 5.1 5.1 5.9
311393 2000 90 14.8 13.2 14.0 14.1 5.7 5.9 5.9 6.4
311394 2500 90 15.4 14.8 15.5 15.0 7.9 7.0 7.5 7.9
311395 3000 90 17.5 15.6 16.6 16.1 8.8 8.9 8.6 9.5
311396 500 110 8.6 8.6 10.4 11.8 4.3 4.2 4.4 4.7
311397 1000 110 10.8 10.3 12.3 13.8 4.5 4.4 4.9 5.7
311398 1500 110 12.4 11.5 12.2 13.8 5.0 4.9 5.0 5.9
311399 2000 110 14.6 13.2 13.5 14.2 6.0 5.9 6.0 6.4
311400 2500 110 16.3 14.4 14.9 15.0 8.1 7.1 7.5 7.9
311401 3000 110 16.0 15.6 16.0 16.1 9.6 8.7 9.2 9.4
312356 3500 50 16.5 18.7 22.2 17.0 16.4 12.1 12.4 12.2
312357 3500 70 17.1 16.9 19.1 17.3 15.2 11.4 11.9 12.4
312358 3500 90 18.4 17.1 17.5 17.1 14.3 11.4 11.7 12.3
312359 3500 110 17.8 17.0 17.1 17.2 11.1 11.2 11.7 12.3
312360 500 130 8.7 8.4 10.4 11.4 4.0 4.1 4.2 4.6
312361 1000 130 10.0 10.0 12.2 14.2 4.3 4.4 4.7 5.5
312362 1500 130 13.0 11.5 12.2 14.0 4.8 4.9 5.2 6.2
312363 2000 130 13.5 13.1 13.7 13.9 6.0 5.8 6.0 6.6
312364 2500 130 14.6 14.2 14.9 15.2 7.2 7.2 7.1 7.8
312365 3000 130 16.9 15.6 15.9 16.1 11.0 8.8 9.0 9.4
312366 500 150 8.0 8.3 10.6 12.0 4.3 4.2 4.5 5.3
312367 1000 150 9.5 9.7 11.8 13.4 4.8 4.5 4.8 5.5
312368 1500 150 12.3 11.3 12.3 13.5 5.5 5.0 5.1 6.0
312369 2000 150 13.2 12.7 13.4 14.0 6.2 5.8 6.1 6.4
312370 2500 150 14.1 14.1 14.8 15.0 6.6 7.1 7.3 7.6
312371 3000 150 15.8 15.6 16.1 16.1 7.8 9.1 9.1 9.5
312372 3500 150 17.3 16.5 17.1 17.0 12.7 11.3 11.8 12.2
312373 3500 130 18.6 17.0 16.8 17.1 12.6 11.5 11.7 12.0

TABLE 7.2: List of signal theory uncertainties for the dark Higgs signal
model for simulated MC samples with different mass of the Z′ boson
mZ′ , mass of the dark Higgs boson ms and mass of the DM candidate

mχ = 200 GeV.

shows the SM background yield in the resolved and merged Emiss
T bins, compared

with the observed data, before and after the background-only fit. The new signal
hypothesis is also shown in red for a representative mass point.

As no deviation from the SM prediction is observed, it is possible to extract exclu-
sion limits on the dark Higgs model, by deriving an upper limit on the observed signal
strength µ as a function of mZ′ and ms. Figure 7.8 shows the expected and observed
95% CL upper limits on µ for the dark Higgs model under study in the (mZ′ ,ms) plane.

The expected and observed upper limits on µ shown separately in Figure 7.8 can
also be presented as exclusion contours in the (mZ′ ,ms) plane, as illustrated in Fig-
ure 7.9. The dashed (solid) black line corresponds to the expected (observed) limit,
while the green and yellow bands represent respectively the ± 1σ and ± 2σ uncer-
tainty on the expected limit. The region on the left of the black line is excluded at
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FIGURE 7.6: Distributions of the Higgs candidate mass mh, calculated
as the invariant mass mjj of the dijet system in the resolved regime
and as the mass of the leading large-R jet mJ in the boosted regime.
The SM expectation is shown before the fit (dashed blue line) and
after the fit (solid histograms). The expected signal distribution for a
representative dark Higgs model is also shown and is scaled to a cross-
section of 356 (178) fb in the resolved (merged) region. Figures taken

from Ref. [171].

95% CL. A Z′ boson with mass lower than 3.2 TeV is excluded for ms = 90 GeV.
In a large part of the phase space, the observed limits are stronger than the ex-
pected ones. This behaviour can be explained by the under-fluctuation of data for
70 GeV < ms < 110 GeV, shown in Figure 7.6, in the merged region, which drives the
sensitivity of the search at high mZ′ . The sensitivity decreases for ms > 130 GeV due
to the diminishing BR for the s→ bb̄ process, as shown in Figure 7.3.

It is also important to highlight explicitly the region of the phase space which is
compatible with the measurement of the relic abundance performed by the PLANCK
collaboration [22] (see Section 2.2). The predicted relic abundance in the dark Higgs
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FIGURE 7.7: Emiss
T distribution for the resolved and merged signal re-

gions combined showing the comparison between the observed data
and the SM background before and after the background-only fit. Fig-

ure taken from Ref. [171].

(a) (b)

FIGURE 7.8: 95% CL exclusion limits on the signal strength µ for the
dark Higgs model with parameters mχ = 200 GeV, gq = 0.25, gχ = 1.0
and different values of mZ′ and mS. The expected exclusion limits are
shown on the left, while the observed exclusion limits are shown on

the right. Figures taken from Ref. [171].

model strongly depends on the coupling parameters and on the DM mass, allowing
various choices of the parameters to satisfy the constraints set by PLANCK. In this
particular case, only the region on the left of the pink dashed line in Figure 7.9 are
able to satisfy these requirements. We can therefore conclude that the whole region
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of the parameter space probed with this analysis strategy is excluded.

FIGURE 7.9: Exclusion contour for the dark Higgs model with param-
eters mχ = 200 GeV, gq = 0.25, gχ = 1.0 in the (mZ′ ,mA) plane. The
pink dotted curve corresponds to the set of points for which the ex-
pected relic density is consistent with the PLANCK measurement [22].
The region on the right of the curve corresponds to a predicted relic
abundance which is higher, hence not consistent, with this measure-

ment. Figures taken from Ref. [171].

The results of this work have been published in the form of an ATLAS public
note [171] and presented at the 6th Dark Matter @ LHC 2019 workshop [179] in
August 2019.
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8 Conclusions and outlook

Understanding the nature of DM represents nowadays one of the biggest challenges in
physics and cosmology. Being surrounded by an enormous amount of matter whose
origin is still unknown is a fair reason to cause headaches to the whole scientific
community.

The search presented in this thesis exploits the mono-H(bb̄) signature with the
ATLAS experiment at the LHC. The strategy behind this (and any other similar mono-
X) analysis relies on the fact that if it is possible to produce DM particles from an
initial state of two SM particles, then DM would leave the detector without interacting
with it. The key ingredient of this type of searches is therefore the presence of a large
amount of Emiss

T recoiling against a visible object: in this case a SM Higgs boson
decaying to b-quarks.

Among the several mono-X searches currently performed at the LHC, the
mono-H(bb̄) channel has definitely a leading role, as it allows to probe a substan-
tial region of the phase space and at the same time it yields results complementary to
several other searches.

For the analysis of the Run 2 data of the LHC, recorded from 2015 until 2017
and corresponding to 80 fb−1 of integrated luminosity, the mono-H(bb̄) analysis has
focused mostly on improving its sensitivity in the high energy regime. A better sensi-
tivity has indeed been achieved by applying b-tagging to VR track jets in the boosted
regime, for the first time within the ATLAS collaboration, outperforming previous
results by up to a factor of 3 in the high mass regime.

Applying b-tagging to VR track jets also implies a dedicated calibration of the b-
tagging performance in collision data. The study performed in this context allowed a
deeper investigation of the features, and complications, of the VR track jet algorithm,
of which the whole ATLAS collaboration could profit.

While improving the sensitivity of a single search is a worthy cause, being able
to reuse (or rather recast) existing results and reinterpret them under a new signal
model hypothesis is probably equally important. Even more now as we approach the
beginning of Run 3 of the LHC, new BSM scenarios can open up and experimental
physicists must be ready to analyse the data in view of potential new alternative
signal models. For this reason, the mono-H(bb̄) results presented in this thesis have
been reinterpreted in the context of a new signal model predicting the existence of
a new dark Higgs boson s with an unknown mass, making use of the infrastructure
provided by the RECAST framework.

It is now intriguing to understand what is the actual sensitivity of the mono-H(bb̄)
search using the full dataset recorded by the ATLAS experiment during the Run 2 of
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the LHC, with almost a doubled amount of integrated luminosity. In order to exploit
the full potential of the mono-H(bb̄) search, several improvements and updates are
foreseen for the future analysis and they are discussed below.

A new signal model For the future iteration of the mono-H(bb̄) analysis, aimed at
exploiting the full statistical power of the Run 2 of the LHC, the results are planned to
be interpreted also in the context of the 2HDM+a signal model [180, 181]. Compared
to other 2HDM models, which extend the Higgs sector with two complex scalar dou-
blets leading in total to five Higgs bosons with different CP properties, the 2HDM+a
theoretical model includes an additional pseudo-scalar singlet a mediating the inter-
action between SM and fermion DM particles. This singlet mixes with the CP-odd
component of the 2HDM Higgs doublets, with the mixing angle θ and the mass of
the additional pseudo-scalar a being free parameters of the model [182]. Within
this framework, the mono-H(bb̄) signature can arise through two different channels:
the gluon-gluon fusion and the b-initiated production, as shown in Figure 8.1. In the
Type-II 2HDM models, the qqA coupling scales like cot β (see Section 5.1) for up-type
quarks and like tan β for down-type quarks. Therefore coupling to bottom quarks is
preferred over coupling to top quarks for high tan β values and as a result the b-
initiated contribution dominates for tan β > 0.5. The coupling Aha scales instead
like cos(θ) sin(θ).

FIGURE 8.1: Feynman diagrams corresponding to the gluon-gluon fu-
sion (left) and b-initiated production (right) of the h+Emiss

T final state.

The 2HDM+a signal model is going to be used as additional benchmark model for
the full Run 2 analysis, along with the Z′-2HDM model (with an extended (mZ′ -mA)
parameter grid). Compared to the Z′-2HDM model, which allows us to easily probe
a particularly boosted signature, 2HDM+a events present in general a much softer
Emiss

T spectrum. Interpreting the results under these two signal assumptions would
allow us to extend the impact of the mono-H(bb̄) results both in the low and high
mass region.

A new b-tagging algorithm Another potential change in the full Run 2 analysis con-
cerns the usage of DL1r as b-tagging algorithm for both small-R jets in the resolved
region and VR track jets in the merged region, in place of the current MV2c10 tagger.
As already anticipated in Section 4.3, the DL1r b-tagging algorithm is expected to
provide a better discrimination against light and charm jets, due to a more accurate
description of the b-jet properties achieved by taking into account the correlations
among all tracks associated to the jet. Furthermore, given its significant improve-
ment with respect to the previous MV2 algorithms, the DL1r is going to be used as
default b-tagging algorithm within the ATLAS collaboration. For all these reasons,
the impact of the DL1r tagger has been studied also in the context of the mono-H(bb̄)
analysis, for both the resolved and merged region. The study is performed on simula-
tion using events corresponding to the pile-up conditions of the data collected during
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2018, accounting for 60 fb−1 of integrated luminosity. While in the resolved region
no significant improvement is observed and the sensitivity of the search seems to re-
main stable on varying of the b-tagging algorithm, a more significant improvement is
observed in the merged region. In fact, in the merged (resolved) region the fraction
of events with two b-jets increase by a 13% (3-4%) when using the DL1r algorithm,
with respect to the MV2c10 algorithm, as can be concluded by comparing the num-
bers in Table 8.1 with respect to the ones in Table 8.2. Dedicated studies about the
expected gain in terms of the sensitivity of the Z′-2HDM signal model are shown in
Appendix C.

Flavour category Emiss
T : 150-200 GeV Emiss

T : 200-350 GeV Emiss
T : 350-500 GeV Emiss

T : >500 GeV

bb 0.834 0.815 0.774 0.533

bc 0.071 0.076 0.080 0.060

bl 0.077 0.081 0.085 0.132

cc 0.0088 0.014 0.030 0.069

cl 0.005 0.009 0.021 0.096

ll 0.004 0.005 0.010 0.110

TABLE 8.1: Fraction of Z+jets events corresponding to different b-
tagging categories achieved using the MV2c10 tagger.

Flavour category Emiss
T : 150-200 GeV Emiss

T : 200-350 GeV Emiss
T : 350-500 GeV Emiss

T : >500 GeV

bb 0.858 0.840 0.805 0.601

bc 0.069 0.073 0.068 0.111

bl 0.059 0.064 0.068 0.111

cc 0.008 0.013 0.028 0.068

cl 0.004 0.007 0.018 0.079

ll 0.002 0.003 0.007 0.079

TABLE 8.2: Fraction of Z+jets events corresponding to different b-
tagging categories achieved using the DL1r tagger.

A new event selection In preparation for the analysis of whole dataset collected
during the Run 2 of the LHC, a complete revaluation of the criteria characterising the
baseline event selection has been performed with the aim of retaining only the cuts
showing a powerful rejection against background and at the same time reducing the
level of complexity of the analysis. While performing this optimisation procedure,
several cuts, as ∆φ(j1,j2) and ∆φ(Emiss

T ,h) (see Section 5.4.1), have found to be in-
efficient and have been removed from the baseline selection. At the same time new
cuts have been introduced, leading to an overall better sensitivity of the search, for
both the Z′-2HDM and 2HDM+a (both in gluon-gluon fusion or b-induced produc-
tion mode) benchmark signal models. In particular, a new variable that works as a
proxy of the top quark mass, called mb,min/max

T , is able to provide a very strong rejec-
tion power against the semileptonic tt̄ background. Assuming that the contribution of
semileptonic tt̄ background in the 0` SR is due to an unidentified or mis-reconstructed
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lepton, it is possible to associate to the t and t̄ quark the following variable:

mbmin/max
T =

√
2pbmin/max

T Emiss
T (1− cos ∆φ(bmin/max, Emiss

T )) (8.1)

where bmin and bmax represent, respectively, the closest and furthest b-tagged jet with
respect to the direction of the Emiss

T vector.
Additional studies have also showed that, in the case of Z′-2HDM signal pro-

cesses, adding a requirement on the maximum allowed number of jets in the event
would lead to a significant increase in sensitivity. However, applying such cut would
reduce the sensitivity for the 2HDM+a signals when they originate from gluon-gluon
fusion. In order to maximise the sensitivity for a large variety of signal models, the
SR can be therefore divided into different jet multiplicities. Preliminary studies have
showed that this might be a promising way to achieve an overall good sensitivity.
Nevertheless, the impact of such criteria will need to be studied in the context of the
final statistical analysis once the new likelihood fit procedure is established.
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A Theory uncertainties for the full
Run 2 mono-H(bb̄) analysis

A dedicated estimation of the theory modelling uncertainties is performed for the
2HDM+a signal model which is going to be used as additional benchmark model
for the final interpretation of the mono-H(bb̄) full Run 2 results (see Chapter 8), as
well as for the main background sources affecting the SR, which are represented by
the tt̄ and Z(→ νν)+jets processes. For all the three processes, the new uncertain-
ties are derived after performing the full SR selection at truth-level, as described in
Section 5.10.1, and inclusively in the number of b-tagged jets.

Although so far the theory modelling uncertainties have only been treated as up
and down variations of the expected MC normalisation separately in each region,
in preparation for the analysis of the full Run 2 dataset it is possible to consider a
new approach in which acceptance differences across different regions are instead
evaluated as the relative acceptance difference across different regions A and B. The
final acceptance uncertainty can therefore be expressed as:

σacceptance =

√√√√ M

∑
i

(
1− nvar i

A /nvar i
B

nnom
A /nnom

B

)2

(A.1)

where M is the total number of variations and nA (nB) is the final number of events
in the specific region A (B). This new approach is expected to give a bit more freedom
to the final likelihood fit as it would allow the normalisation of a specific region A
to vary with respect to region B by a certain amount. The set of coupled regions A
and B can be represented by: SR ↔ 1-µ CR, SR ↔ 2` CR, Emiss

T bin i ↔ Emiss
T bin j,

resolved regime↔ merged regime.
As this study focuses on the implementation of truth-level analysis for the 0` SR

only relative acceptance uncertainties across different Emiss
T bins, as well as between

the resolved and merged 0` region, are considered.
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2HDM+a signal model For the 2HDM+a signal process, the error due to variations
of the µR and µF scales, as well as the one on the NNPDF3.0 PDF set, is evaluated,
following the same strategy described in Section 5.10.2. The effect of the µR and
µF scale variations is illustrated in Figures A.1-A.2 for two representative 2HDM+a
scenarios associated, respectively, to the b-induced production of a A boson with
mA = 1.8 TeV and a a boson with ma = 150 GeV and the gluon-gluon fusion pro-
duction of a A boson with mA = 1.6 TeV and a a boson with ma = 250 GeV. In the
first case, it is possible to appreciate that variations in the µR scale have no impact on
the nominal distribution, as expected given that b-initiated production of 2HDM+a
signal is not a QCD process. On the other hand, the effect of both the µR and µF
scales can be observed in the second case, where the A and a bosons are produced
through gluon-gluon fusion.

Tables A.1-A.3 show the variation of the signal acceptance across the different
Emiss

T regions for each source of uncertainty, while the error on the NNPDF3.0 PDF
set is shown in Tables A.2-A.4.

Type of migration µF=0.5 µR=0.5 µF=2.0 µR=2.0 µR=0.5,µF=0.5 µR=2.0,µF=2.0

Emiss
T bin 1↔ Emiss

T bin 2 2.6% – 1.9% – 2.6% 1.9%

Emiss
T bin 2↔ Emiss

T bin 3 4.7% – 3.5% – 4.7% 3.5%

Merged↔ Resolved 10.2% – 8.9% – 10.2% 8.9%

TABLE A.1: Acceptance differences due to the variation of the µR and
µF scales across the four Emiss

T bins in the SR for 2HDM+a signal pro-
cess with mA = 1.8 TeV and ma = 150 GeV from an initial state of

b-quarks.

Emiss
T region PDF relative uncertainty

Emiss
T bin 1 0.42%

Emiss
T bin 2 0.31%

Emiss
T bin 3 2.22%

Emiss
T bin 4 6.90%

TABLE A.2: PDF error for each Emiss
T bin of SR for 2HDM+a signal

process with mA = 1.8 TeV and ma = 150 GeV from an initial state of
b-quarks.

Type of migration µF=0.5 µR=0.5 µF=2.0 µR=2.0 µR=0.5,µF=0.5 µR=2.0,µF=2.0

Emiss
T bin 1↔ Emiss

T bin 2 2.3% 0.7% 1.9% 0.6% 1.6% 1.4%

Emiss
T bin 2↔ Emiss

T bin 3 3.5% 1.0% 3.0% 0.9% 2.5% 2.2%

Merged↔ Resolved 4.3% 1.3% 4.0% 1.1% 3.1% 2.9%

TABLE A.3: Acceptance differences due to the variation of the µR and
µF scales across the four Emiss

T bins in the SR for 2HDM+a signal pro-
cess with mA = 1.6 TeV and ma = 250 GeV originating from a gluon-

gluon fusion process.
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FIGURE A.1: Comparison of the distribution of Emiss
T , number of b-

tagged jets and Higgs candidate mass between the nominal case and
each systematic variation for 2HDM+a signal events generated for
mA = 1.8 TeV and ma = 150 GeV from an initial state of b-quarks.
At the top, distribution of the Emiss

T and number of b-tagged jets. At
the bottom, distribution of Higgs candidate mass for events in the re-
solved region (Emiss

T < 500 GeV) on the left, and in the merged region
(Emiss

T > 500 GeV) on the right. The nominal sample is shown in black,
while the coloured lines represent the different sources of theory un-
certainty. All distributions are inclusive in the number of b-tagged jets.

tt̄ background Following the same procedure discussed in Section 6.1.2, in the
context of the b-tagging calibration of VR track jets based on tt̄ events, in order to
estimate the uncertainty on the modelling of tt̄ processes the following variations are
considered:

• matrix element, through a comparison of the aMC@NLO with respect to the nom-
inal POWHEGBOX generator,
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FIGURE A.2: Comparison of the distribution of Emiss
T , number of b-

tagged jets and Higgs candidate mass between the nominal case and
each systematic variation for 2HDM+a signal events generated for
mA = 1.6 TeV and ma = 250 GeV from a gluon-gluon fusion process.
At the top, distribution of the Emiss

T and number of b-tagged jets. At
the bottom, distribution of Higgs candidate mass for events in the re-
solved region (Emiss

T < 500 GeV) on the left, and in the merged region
(Emiss

T > 500 GeV) on the right. The nominal sample is shown in black,
while the coloured lines represent the different sources of theory un-
certainty. All distributions are inclusive in the number of b-tagged jets.

• parton shower and hadronisation, through a comparison of the POWHEGBOX V2
with respect to the nominal POWHEGBOX generator,

• ISR and FSR, through internal weights available in the baseline POWHEGBOX

MC sample.

For simplicity, the uncertainties related to the PDF choice are ignored in this study as
they are expected to have a relatively small impact (see also Section 6.1.6). Figure A.3
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Emiss
T region PDF relative uncertainty

Emiss
T bin 1 0.83%

Emiss
T bin 2 0.29%

Emiss
T bin 3 2.1%

Emiss
T bin 4 3.3%

TABLE A.4: PDF error for each Emiss
T bin of SR for 2HDM+a signal

process with mA = 1.6 TeV and ma = 250 GeV originating from a
gluon-gluon fusion process.

shows a comparison for some relevant variables of the different sources of uncertainty
with respect to the nominal case. The largest deviation in the Emiss

T and mh shape is
caused by the different modelling of the parton shower and hadronisation processes,
representing the dominant source of uncertainty also on the acceptance across Emiss

T
regions, as illustrated in Figure A.5.

Type of migration ISR down ISR up FSR down FSR up Matrix Element Parton Shower/Hadronisation

Emiss
T bin 1↔ Emiss

T bin 2 0.7% 3.0% 0.7% 0.8% 3.5% 28.8%

Emiss
T bin 2↔ Emiss

T bin 3 1.5% 2.3% 6.6% 0.6% 1.5% 30.5%

Merged↔ Resolved 8.5% 4.2% 17.2% 3.2% 22.7% 5.4%

TABLE A.5: Acceptance differences across the four Emiss
T bins in the SR

for tt̄ processes.

Z(→ νν)+jets background For the evaluation of the modelling uncertainties asso-
ciated to the Z(→ νν) plus jets processes, two sources of uncertainty are considered:

• variations on the µR and µF scales, through internal weights available in the
nominal SHERPA V2.2.1 sample,

• parton shower/hadronisation/PDF, through a comparison of the nominal
SHERPA V2.2.1 sample with respect to the MadGraph generator.

Again, the comparison of the distribution of Emiss
T , mh and number of b-tagged jets

between the nominal case and each variation is shown in Figure A.4. The largest un-
certainty comes from the direct MC comparison with respect to the MADGRAPH gen-
erator, which shows higher tails in Emiss

T and mh with respect to the SHERPA events.
Similarly to what has been shown earlier, Tables A.6 to A.8 show the relative accep-
tance difference across the different Emiss

T regions, which is dominated by the com-
parison between SHERPA V2.2.1 and MADGRAPH generators. As the normalisation
of the Z(→ νν) plus jets background in the final likelihood fit is treated differently
depending on the flavour composition of the event, different numbers are derived for
Z+ll, cl and HF (bb, bc, bl, cc) jets events.
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FIGURE A.3: Comparison of the distribution of Emiss
T , number of b-

tagged jets and Higgs candidate mass between the nominal case and
each systematic variation for tt̄ events. At the top, distribution of the
Emiss

T and number of b-tagged jets. At the bottom, distribution of Higgs
candidate mass for events in the resolved region (Emiss

T < 500 GeV) on
the left, and in the merged region (Emiss

T > 500 GeV) on the right.
The nominal sample is shown in black, while the coloured lines rep-
resent the different sources of theory uncertainty. All distributions are
inclusive in the number of b-tagged jets and scaled to unity in order to

isolate the shape differences.
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FIGURE A.4: Comparison of the distribution of Emiss
T , number of

b-tagged jets and Higgs candidate mass between the nominal case
and each systematic variation for Z(→ νν)+jets events. At the top,
distribution of the Emiss

T and number of b-tagged jets. At the bot-
tom, distribution of Higgs candidate mass for events in the resolved
region (Emiss

T < 500 GeV) on the left, and in the merged region
(Emiss

T > 500 GeV) on the right. The nominal sample is shown in black,
while the coloured lines represent the different sources of theory un-
certainty. All distributions are inclusive in the number of b-tagged jets

and scaled to unity in order to isolate the shape differences.
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Type of uncertainty Emiss
T bin 1↔ Emiss

T bin 2 Emiss
T bin 2↔ Emiss

T bin 3 Merged↔ Resolved

µR=0.5,µF=0.5 1.9% 2.0% 0.2%

µR=0.5,µF=1.0 2.2% 4.1% 1.3%

µR=1.0,µF=0.5 1.0% 1.6% 1.2%

µR=1.0,µF=2.0 0.3% 4.9% 2.8%

µR=2.0,µF=1.0 3.2% 5.4% 1.4%

µR=2.0,µF=2.0 5.9% 12.5% 2.9%

MadGraph 7.0% 22.1% 30.0%

TABLE A.6: Acceptance differences across the four Emiss
T bins in the SR

for Z(→ νν)+ll jets processes.

Type of uncertainty Emiss
T bin 1↔ Emiss

T bin 2 Emiss
T bin 2↔ Emiss

T bin 3 Merged↔ Resolved

µR=0.5,µF=0.5 3.2% 2.1% 6.1%

µR=0.5,µF=1.0 2.9% 0.3% 4.0%

µR=1.0,µF=0.5 0.2% 2.6% 2.9%

µR=1.0,µF=2.0 0.5% 2.3% 3.0%

µR=2.0,µF=1.0 4.6% 9.1% 8.0%

µR=2.0,µF=2.0 3.8% 10.2% 10.4%

MadGraph 12.6% 15.5% 31.6%

TABLE A.7: Acceptance differences across the four Emiss
T bins in the SR

for Z(→ νν)+cl processes.

Type of uncertainty Emiss
T bin 1↔ Emiss

T bin 2 Emiss
T bin 2↔ Emiss

T bin 3 Merged↔ Resolved

µR=0.5,µF=0.5 2.2% 3.3% 3.1%

µR=0.5,µF=1.0 0.8% 2.8% 1.0%

µR=1.0,µF=0.5 1.6% 0.6% 2.7%

µR=1.0,µF=2.0 0.2% 0.4% 2.1%

µR=2.0,µF=1.0 2.4% 1.3% 1.6%

µR=2.0,µF=2.0 2.8% 1.9% 3.4%

MadGraph 7.0% 19.7% 20.2%

TABLE A.8: Acceptance differences across the four Emiss
T bins in the SR

for Z(→ νν)+HF jets processes.
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B b-tagging calibration of VR track
jets

B.1 pT mismodelling studies

Shower weights variations As concluded from the studies presented in Sec-
tion 6.1.6, the jet pT data/MC mismodelling seems to be most evident in the case
of heavy flavour jets (similar studies in the context of the charm and light jet cali-
brations support this observation). Therefore, it is worth investigating, through the
internal weights available in the POWHEGBOX V2+PYTHIA 8.230 tt̄ nominal MC sam-
ple, whether the FSR variations are sensitive to this issue. For this purpose, the nom-
inal tt̄ pT spectrum is compared with the FSR up and down variations, as shown in
Figure B.1-B.2. The differences due to such variations are too tiny and do not seem
to have any impact on the jet pT shape.

Figures B.3 to B.5 show instead the results of the η and µ dependence studies, as
well as the distribution of the constituent tracks inside the VR track jets, for the case
of the subleading VR track jet.

B.2 Ghost association studies

In the following, a comparison between the standard and ghost tag VR track jet col-
lection for a RS graviton sample, as shown in Section 6.3, for the case of a graviton
mass equal to 900 GeV.
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FIGURE B.1: Distribution of the leading VR track jet pT, comparing
the effect of the up (on the left) and down (on the right) variations of
FSR on the tt̄ MC sample. The green band shows only the effect of the

statistical uncertainty.
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FIGURE B.2: Distribution of the subleading VR track jet pT, comparing
the effect of the up (on the left) and down (on the right) variation of
FSR on the tt̄ MC sample. The green band shows only the effect of the

statistical uncertainty.
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FIGURE B.3: Data/MC comparison of the subleading VR track jet pT
distribution in the two different regions with |η| 6 1.4 (on the left)
and |η|> 1.4 (on the right). The green band shows the effect of the

detector-related and tt̄ modelling systematic uncertainties.
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FIGURE B.4: Data/MC comparison of the subleading VR track jet pT
distribution in the low, medium, high 〈µ〉 regimes. The green band
shows the effect of the detector-related and tt̄ modelling systematic

uncertainties.
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FIGURE B.5: Data/MC comparisons of η, φ, pT and energy of the tracks
contained the subleading VR track jet. The green band shows the ef-
fect of the detector-related and tt̄ modelling systematic uncertainties.
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FIGURE B.6: MV2c10 distribution of the VR track jets associated either
to the leading or subleading large-R jet in the event. At the top, all
jets are shown. At the bottom, only concentric jets (∆R < Rmin) are

shown.
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FIGURE B.7: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing the fraction
of jets labelled as b-jets at truth level. At the top, all jets are shown. At

the bottom, only concentric jets (∆R < Rmin) are shown.
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FIGURE B.8: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing both the
b-tagged jets (77% WP) and truth labelled b-jets, in the two different
schemes. At the top, all jets are shown. At the bottom, only concentric

jets (∆R < Rmin) are shown.
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FIGURE B.9: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing the fraction
of jets labelled as light-jets at truth level. At the top, all jets are shown.

At the bottom, only concentric jets (∆R < Rmin) are shown.
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FIGURE B.10: pT distribution of the VR track jets associated either to
the leading or subleading large-R jet in the event, showing both the
jets failing the 77% MV2c10 WP and truth labelled light jets, in the two
different schemes. At the top, all jets are shown. At the bottom, only

concentric jets (∆R < Rmin) are shown.
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C Additional material for the full
Run 2 mono-H(bb̄) analysis

Following the strategy described in Section 8, the new event selection criteria are
summarised in Table C.1.

Resolved Merged

lowest unprescaled Emiss
T trigger

veto on baseline light leptons and τ-leptons

extended τ-veto

Emiss
T > 150 GeV

min ∆Φ(Emiss
T ,Central+Forward jets1,2,3) > 20◦

Emiss
T < 500 GeV Emiss

T > 500 GeV

N(central small-R jets) ≥ 2 N(central large-R jets) ≥ 1

N(b-tagged small-R jets) ≥ 1 N(b-tagged associated track jets)≥ 1

S > 12 —

pT (Higgs candidate) > 100 GeV if Emiss
T < 350 GeV —

pT (Higgs candidate) > 300 GeV if Emiss
T ≥ 350 GeV —

mb,min
T > 170 GeV —

mb,max
T > 200 GeV —

b-tag requirement on
small-R jets VR track jets

TABLE C.1: Summary of the resolved and merged event selection ap-
plied in the 0` channel. S denotes the object based Emiss

T significance.
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C.1 The DL1r b-tagging algorithm

Figure C.1 shows the comparison, in terms of expected signal significance, between
the DL1r and MV2c10 taggers for both the resolved and merged region using events
with exactly two b-tagged jets. The same results are shown for events with a Higgs
candidate mass inside the [70, 140] GeV window in Figure C.2.
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FIGURE C.1: Ratio of the expected signal significance achieved by the
usage of the DL1r tagger with respect to the MV2c10, which has been
adopted in all the previous iterations of the mono-H(bb̄) analysis, for
the case of the resolved region (on the left) and merged region (on

the right). Events are required to have exactly two b-tagged jets.
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FIGURE C.2: Ratio of the expected signal significance achieved by the
usage of the DL1r tagger with respect to the MV2c10, which has been
adopted in all the previous iterations of the mono-H(bb̄) analysis, for
the case of the resolved region (on the left) and merged region (on
the right). Events are required to be inside the Higgs mass window

mh = [70,140] GeV and to have exactly two b-tagged jets.
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Summary

Have you ever played hide-and-seek?

It may be a long shot but I believe this game works a bit like the search for Dark
Matter at the Large Hadron Collider (LHC). The seeker can win the game only if all
the hidden players have been found. Catching the majority of them is not enough.
Well, when a proton-proton collision occurs at the LHC a large number of particles
is produced, and they all give rise to a different signal in our detectors. For each of
these particles, a list of the relevant properties is filled out and used to trace back
the event they actually originated from. Only after all the visible particles have been
recognised, we can tell whether something is still missing. . . or rather it is invisible.

The Standard Model (SM) of particle physics is the quantum relativistic theory
that is able to explain three of the four interactions between the fundamental
constituents of matter. We know that atomic nuclei can exist because of the strong
force that confines quarks and gluons inside the proton. Moreover, the knowledge
of the electroweak force allowed us to understand the principles of the radioactive
decays and the interaction between different families of quarks and leptons. The
missing piece of the theory was found in 2012, when the Higgs boson was discovered
by the ATLAS and CMS experiments at the LHC. The discovery of the Higgs boson
has been essential in order to acknowledge the robustness of the SM theory, which
otherwise would have not been able to explain how fundamental particles acquire
their mass. The list of the subatomic constituents of matter known up to the present
day, after the inclusion of the Higgs boson, is illustrated in Figure S.1.

Having discovered such a special particle like the Higgs boson was indeed a great
achievement but it might still be heartbreaking to realise that all the matter that we
are able to explain within the Standard Model framework accounts for just about 5%
of the whole Universe!

In fact, we still ignore the nature of the 95% of the world around us. We only
know that more than 80% of the matter in the Universe should be made of Dark
Matter, as inferred from astrophysical and cosmological observations. It is dark
because it does not seem to interact with ordinary matter, therefore it results as
undetectable by our current instruments. Nevertheless, such information turns
out to be very precious: if Dark Matter is supposed to interact very weakly with
ordinary matter, it means that if we were able to produce Dark Matter at the LHC we
should observe an imbalance in the energy measured by the detector. At the LHC,
the incoming protons travel along the beam line, therefore in the initial state the
momentum in the transverse plane is zero. . . and it will remain zero as the total
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FIGURE S.1: Scheme of all elementary particles predicted by the Stan-
dard Model of elementary particles. Figure taken from Ref. [183].

momentum must be conserved. If the measurement indicates otherwise, there must
be particles escaping detection (like neutrinos).

The negative sum of the momenta of all the particles in the transverse plane of
the detector is called missing transverse momentum and it is usually referred to as
Emiss

T . The search for Dark Matter at the LHC follows the strategy of looking for
events with a large amount of Emiss

T that cannot be related to any Standard Model
particle. Of course, if there were only Dark Matter in the event we would not see
anything: the presence of an additional measurable object X allows us to select the
interesting event. This is what we usually refer to as a Emiss

T plus X signature.

q

q̄
Z

′ h

A

χ

χ̄

b

b̄

FIGURE S.2: The leading-order contribution of the production of DM
and a Higgs boson through a new Z′ mediator coupled to a pseudo-
scalar Higgs boson A, where the latter decays primarily to a pair of

Dark Matter particles ()χχ̄). Figure taken from Ref. [130].

An interesting choice is to use the Higgs boson itself, which mostly decays
to a pair of b-quarks, as a proxy and look for the so-called mono-H(bb̄) events.
The two b-quarks in the final state recombine with other elementary particles to
generate hadrons. We can identify the presence of the b-quark by reconstructing
the corresponding spray of particles (jet) that has been produced. The higher the
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amount of Emiss
T from the Dark Matter particles, the higher the energy available to

the Higgs boson, thus the topology of the event can be very different. In order to
enhance the sensitivity of the analysis, two regimes are therefore distinguished: the
resolved case (low/medium Emiss

T ) and the merged (or boosted) case (high Emiss
T ).

In the former case, the two b-quarks originating from the decay of the Higgs boson
give rise to two separate jets, while in the latter case the angular separation between
the two quarks becomes so small that it is more convenient to reconstruct the Higgs
boson as a single jet with a larger radius (R).

The expected signal is therefore characterised by the presence of two separate
small-R jets or a single large-R jet, and a certain amount of Emiss

T coming from
Dark Matter particles. The selected jets are required to exhibit an inner structure
consistent with the fragmentation of two b-quarks. It is possible to produce such
final state in several beyond Standard Model theories, like the Z′-2HDM model.
In this scenario, the Higgs boson is produced by a new vector boson particle, Z′,
together with an additional pseudo-scalar Higgs boson, A, which is assumed to
decay primarily to a pair of Dark Matter particles. A Feynman diagram showing the
production mechanism of Dark Matter together with a Standard Model Higgs boson,
in the Z′-2HDM scenario, is shown in Figure S.2.
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FIGURE S.3: Exclusion contours for the Z′-2HDM scenario in the
(mZ′ ,mA) plane for tan β = 1, gZ = 0.8, and mχ = 100 GeV. Ob-
served limits from previous results at

√
s = 13 TeV and 36.1 fb−1 of

integrated luminosity (see Ref. [129]) are also shown (dash-dotted
line). Figure taken from Ref [130].

A key ingredient in this kind of exotic searches is the ability of identifying the
flavour of the Higgs boson’s decay products. Although the H → bb̄ is the most proba-
ble decay channel, its signature may be very similar to the one of other uninteresting
events that are predicted by the Standard Model. It is therefore crucial to employ
a powerful reconstruction technique that allows us to distinguish heavy flavour
quarks, like b-quarks, from lighter flavour quarks. Such classification exploits several
interesting quantities that can be measured by the ATLAS detector, like the distance
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of the tracks inside the jet with respect to the actual interaction point, as well as
the presence of a secondary vertex in the event. This procedure, commonly called
b-tagging, can be very challenging in case of a very energetic jet as the resulting decay
products tend to be very close to each other. In such a dense environment, dedicated
new techniques must be employed. In the case of the mono-H(bb̄) search, applying
b-tagging on Variable-R track jets in the boosted regime represented the solution to
this problem. The main feature of the Variable-R technique consists in adjusting the
size of the jet under study depending on its energy, instead of employing a fixed
radius parameter. In this way, we reduce the possibility for the two sub-jets inside
the Higgs boson to overlap and have their flavour misidentified. Thanks to this new
b-tagging technique, the sensitivity of the mono-H(bb̄) analysis improved by up to a
factor of 3 in the very high Emiss

T regime, and it has been possible to exclude a sig-
nificant region of the parameter space of the Z′-2HDM model, as shown in Figure S.3.

FIGURE S.4: Exclusion contour for the dark Higgs model with param-
eters mχ = 200 GeV, gq = 0.25, gχ = 1.0 in the (mZ′ ,mA) plane. The
pink dotted curve corresponds to the set of points for which the ex-
pected relic density is consistent with the PLANCK measurement [22].
The region on the right of the curve corresponds to a predicted relic
abundance which is higher, hence not consistent, with this measure-

ment. Figures taken from Ref. [171].

There are several other beyond Standard Model processes with a signature
similar to the one of the mono-H(bb̄) search, thus it seems very limiting to probe
the existence of just one new physics model. It is much more interesting to interpret
the observed results in the context of a bunch of several different theory models.
As a proof of concept of the fact that a proper analysis preservation can actually
help us reach this goal, we have reinterpreted the mono-H(bb̄) analysis results in
view of an alternative beyond Standard Model scenario that predicts the existence
of a dark Higgs boson s, leading to the so-called mono-S(bb̄) final state. As shown
in Figure S.4, the parameter space of the dark Higgs model probed in this study is
largely excluded. However, a more accurate tuning of the theory parameters used
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in the simulation of the signal events might allow probing a more realistic scenario,
consistent with the relic abundance measurements. As a new period of data taking
of the LHC is approaching, being able to easily reinterpret the data observed by a
single analysis represents a key aspect in the search for physics beyond the Standard
Model. The increasing number of alternative theory models obliges experimental
physicists to fully exploit the potential of their results.

Coming back to the first words of this summary, if we want to win this game,
we should be able to look at every corner that is accessible at the probed energy
scale and find all the hidden players. In this context, it is important to improve the
reconstruction techniques currently adopted at the LHC while continuing to achieve
critical Standard Model precision measurements. The analysis of the data collected
during Run 2 of the LHC has already excluded a significant region of the theory
parameter space. . . unfortunately without leaving any trace of new physics. This is
the challenge that must be taken up during the upcoming Run 3 of the LHC, which
might still be able to open the door to a whole new chapter of the particle physics
history.
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Samenvatting

Heb je ooit verstoppertje gespeeld?

Het is misschien wat ver gezocht, maar ik denk dat dit spelletje een beetje werkt
als de zoektocht naar donkere materie bij de Large Hadron Collider (LHC). De zoeker
kan het spel alleen winnen als alle verborgen spelers zijn gevonden. Het merendeel
vinden is niet genoeg. Welnu, wanneer een proton-protonbotsing plaatsvindt bij
de LHC, wordt er een groot aantal deeltjes geproduceerd en ze geven allemaal
aanleiding tot een ander signaal in onze detectoren. Voor elk van deze deeltjes wordt
een lijst met de relevante eigenschappen bijgehouden en gebruikt om de botsing te
traceren waaruit ze daadwerkelijk afkomstig zijn. Pas nadat alle zichtbare deeltjes
zijn herkend, kunnen we zien of er nog iets ontbreekt. . . of liever onzichtbaar is.

Het standaardmodel (SM) van de deeltjesfysica is de kwantumrelativistische
theorie die drie van de vier interacties tussen de fundamentele componenten van
materie kan verklaren. We weten dat atoomkernen kunnen bestaan vanwege de
sterke kracht die quarks en gluonen opsluit in het proton. Bovendien stelde de kennis
van de elektrozwakke kracht ons in staat de principes van het radioactieve verval en
de interactie tussen verschillende families van quarks en leptonen te begrijpen. Het
ontbrekende stukje van de theorie werd gevonden in 2012, toen het Higgsdeeltje
werd ontdekt door de ATLAS- en CMS-experimenten bij de LHC. De ontdekking van
het Higgsdeeltje is essentieel geweest in de erkenning van de robuustheid van het
SM dat anders niet had kunnen verklaren hoe fundamentele deeltjes hun massa
verkrijgen. De lijst van de tot op heden bekende subatomaire componenten van
materie, na opname van het Higgsdeeltje, wordt geïllustreerd in figuur S.1.

De ontdekking van zo’n speciaal deeltje als het Higgsdeeltje was inderdaad een
geweldige prestatie, maar het kan nog steeds teleurstellend zijn om te beseffen dat
alles wat we kunnen verklaren binnen het raamwerk van het standaardmodel slechts
zo’n 5% van het hele universum omvat!

In feite negeren we nog steeds de aard van de overige 95% van de wereld om
ons heen. We weten alleen dat meer dan 80% van de materie in het heelal gemaakt
moet zijn van donkere materie, zoals afgeleid uit astrofysische en kosmologische
waarnemingen. Het is donker omdat het geen interacties lijkt te hebben met gewone
materie, waardoor het ook niet waarneembaar is met onze huidige instrumenten.
Desalniettemin blijkt dergelijke informatie erg kostbaar: als verondersteld wordt dat
donkere materie zeer zwakke interacties heeft met gewone materie, betekent dit dat
als we donkere materie zouden kunnen produceren met de LHC, we een onbalans
zouden moeten waarnemen in de energie gemeten door de detector. Bij de LHC de
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FIGURE S.1: Schema van alle elementaire deeltjes voorspeld door het
standaardmodel van elementaire deeltjes. Figuur overgenomen uit

Ref. [183].

inkomende protonen langs de bundellijn lopen, is de impuls in het transversale vlak
in de begintoestand nul. . . en deze blijft nul omdat de totale energie behouden moet
worden. Als de meting anders aangeeft, moeten er deeltjes ontsnappen aan detectie
(zoals neutrino’s).

De negatieve som van de momenta in het transversale vlak van de detector over
alle deeltjes wordt ontbrekende transversale impuls genoemd en meestal geschreven
als Emiss

T . De zoektocht naar donkere materie aan de LHC volgt de strategie van
het zoeken naar botsingswaarnemingen met een grote hoeveelheid Emiss

T die niet
gerelateerd kunnen worden aan een standaardmodeldeeltje. Natuurlijk, als er alleen
donkere materie geproduceerd wordt bij een botsing, zouden we niets zien: de
aanwezigheid van een extra meetbaar object X stelt ons in staat om een interessante
waarneming te selecteren. Dit is wat we gewoonlijk een Emiss

T plus X- signatuur
noemen.

q

q̄
Z

′ h

A

χ

χ̄

b

b̄

FIGURE S.2: De laagste-orde bijdrage aan de productie van donkere
materie en een Higgs- deeltje door een nieuwe Z′-mediator gekop-
peld aan een pseudo-scalair Higgs-deeltje A, waarbij dit laatstege-
noemde deeltje voornamelijk vervalt tot een paar donkere materie-

deeltjes (χχ̄). Figuur overgenomen uit Ref. [130].
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Een interessante keuze is om het Higgs deeltje, dat meestal vervalt tot een paar
b- quarks, als proxy te gebruiken en te zoeken naar de zogenaamde mono-H(bb̄)-
waarnemingen. De twee uitgaande b-quarks combineren ieder met andere elemen-
taire deeltjes om hadronen te genereren. We kunnen de aanwezigheid van een
b-quark identificeren door de corresponderende spray van deeltjes die geproduceerd
wordt (jet) te reconstrueren. Hoe hoger de hoeveelheid Emiss

T van de donkere
materie- deeltjes, des te hoger is de beschikbare energie die geassocieerd is met het
Higgsdeeltje. De topologie van de botsingswaarnemingen kan dus heel verschillend
zijn. Om de sensitiviteit van de analyse te vergroten, wordt er daarom onderscheid
gemaakt tussen twee typen waarnemingen: gevallen binnen het scheidend vermogen
(laag / gemiddeld Emiss

T ) en de versmolten (of boosted) gevallen (hoge Emiss
T ). In

het eerste geval leiden de twee b-quarks die afkomstig zijn van het verval van het
Higgsdeeltje tot twee afzonderlijke jets, terwijl in het tweede geval de hoekscheiding
tussen de twee quarks zo klein wordt dat het handiger is om het Higgsdeeltje te
reconstrueren als een enkele jet met een grotere straal (R).

Het verwachte signaal wordt daarom gekenmerkt door de aanwezigheid van twee
afzonderlijke kleine-R jets of een enkele grote-R jet en een bepaalde hoeveelheid
Emiss

T afkomstig van donkere materie-deeltjes. De geselecteerde jets moeten een in-
nerlijke structuur vertonen die consistent is met de fragmentatie van twee b-quarks.
Het is mogelijk om een dergelijke eindtoestand te produceren in verschillende
hypothetische uitbreidingen van het standaardmodel, zoals het Z′-2HDM-model.
In dit scenario wordt het Higgsdeeltje geproduceerd door een nieuw vectorbo-
son, Z′, samen met een nieuw pseudo-scalair Higgsdeeltje, A, waarvan wordt
aangenomen dat het primair vervalt naar een paar donkere materie-deeltjes. Een
Feynman-diagram dat het productiemechanisme van donkere materie samen met
een standaardmodel Higgsboson toont, in het Z′-2HDM-scenario, staat afgebeeld in
figuur S.2.

Een belangrijk ingrediënt in dit soort exotische zoektochten is het vermogen
om de smaak van de vervalproducten van het Higgsboson te identificeren. Hoewel
de H → bb̄ het meest waarschijnlijke vervalkanaal is, kan de signatuur erg lijken
op die van andere oninteressante waarnemingen die worden voorspeld door het
standaardmodel. Het is daarom cruciaal om een krachtige reconstructietechniek toe
te passen waarmee we zware smaak kunnen onderscheiden quarks, zoals b-quarks,
van quarks met een lichtere smaak. Een dergelijke classificatie maakt gebruik van
verschillende interessante grootheden die door de ATLAS- detector kunnen worden
gemeten, zoals de afstand van de deeltjessporen binnen een jet ten opzichte van het
werkelijke interactiepunt, evenals de aanwezigheid van een secundaire vertex in het
botsingsevent. Deze procedure, gewoonlijk b-tagging genoemd, kan zeer uitdagend
zijn in het geval van een zeer energetische jet, aangezien de resulterende vervalpro-
ducten de neiging hebben zeer dicht bij elkaar te liggen. In een dergelijke dichte
omgeving moeten speciale nieuwe technieken worden gebruikt. In het geval van de
mono-H(bb̄)-zoektocht was het toepassen van b-tagging op Variable-R track jets voor
de boosted gevallen de oplossing voor dit probleem. Het belangrijkste kenmerk van
de Variable-R-techniek is het aanpassen van de grootte van de onderzochte jet aan de
hand van zijn energie, in plaats van een vaste straalparameter te gebruiken. Op deze
manier verkleinen we de mogelijkheid dat de twee subjets afkomstig het Higgsdeeltje
elkaar overlappen en dat hun smaak verkeerd wordt geïdentificeerd. Dankzij deze
nieuwe b-tagging-techniek verbeterde de gevoeligheid van de mono-H(bb̄) analyse
met een factor drie in het zeer hoge Emiss

T - regime, en was het mogelijk om een
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FIGURE S.3: Uitsluitingscontouren voor het Z′-2HDM-scenario in
het (mZ′ , mA)-vlak voor tan β = 1, gZ = 0.8 en mχ = 100 GeV.
Waargenomen limieten van eerdere resultaten bij

√
s = 13 TeV en

36.1 fb−1 aan geïntegreerde luminositeit (zie Ref. [129]) zijn ook
getoond (stippellijn). Figuur overgenomen uit [130].

significant gebied van de parameterruimte van het Z′-2HDM-model uit te sluiten,
zoals weergegeven in figuur S.3.

Er zijn andere hypothetische uitbreidingen van het standaardmodel met een
signatuur die lijkt op die van de mono-H(bb̄)-zoektocht, dus het lijkt erg beperkend
om het bestaan van slechts èèn nieuw natuurkundemodel te onderzoeken. Het is veel
interessanter om de waargenomen resultaten te interpreteren in de context van een
aantal verschillende theoretische modellen. Als proof-of-concept van het feit dat een
goede bewaring van de analyse ons daadwerkelijk kan helpen dit doel te bereiken,
hebben we de mono-H(bb̄)- analyseresultaten opnieuw geïnterpreteerd aan de hand
van een alternatieve hypothetische uitbreidingen van het standaardmodel met het
bestaan van een donker Higgsdeeltje s dat leidt tot de zogenaamde mono-S(bb̄)
eindtoestand. Zoals weergegeven in figuur S.4, is de parameterruimte van het
donkere Higgsmodel dat in dit onderzoek is onderzocht grotendeels uitgesloten.
Een nauwkeurigere afstemming van de theorieparameters die worden gebruikt bij
de simulatie van het signaal kan het mogelijk maken om een realistischer scenario
te onderzoeken, consistent met de metingen van de relikwie-overvloed (relic abun-
dance). Nu een nieuwe periode van dataverzameling bij de LHC in aantocht is, vormt
het gemakkelijk kunnen herinterpreteren van de gegevens van een enkele analyse,
een belangrijk aspect in de zoektocht naar natuurkunde buiten het standaardmodel.
Het toenemende aantal alternatieve theoretische modellen verplicht experimentele
natuurkundigen om het potentieel van hun resultaten volledig te benutten.

Terugkomend op de eerste woorden van deze samenvatting, als we dit spel willen
winnen, moeten we in staat zijn om in elke hoek die toegankelijk is met de huidige
energieschaal te kijken en alle verborgen spelers te vinden. In deze context is het be-
langrijk om de reconstructietechnieken die momenteel bij de LHC worden gebruikt te
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FIGURE S.4: Uitsluitingscontour voor het donkere Higgs-model met
parameters mχ = 200 GeV, gq = 0.25, gχ = 1.0 in het (mZ′ , mA)-
vlak. De roze gestippelde curve komt overeen met de set punten
waarvoor de verwachte relikwiedichtheid (relic density) consistent
is met de PLANCK-meting [22]. Het gebied aan de rechterkant van
de curve komt overeen met een voorspelde relikwie-overvloed (relic
abundance) die hoger en dus niet consistent is met deze meting. Ci-

jfers overgenomen uit Ref. [171].

verbeteren, terwijl de kritische standaardmodel-precisiemetingen worden voortgezet.
De analyse van de data verzameld tijdens Run 2 van de LHC heeft al een aanzien-
lijk deel van de theorieparameterruimte uitgesloten. . . helaas zonder enig spoor van
nieuwe fysica achter te laten. Dit is de uitdaging die moet worden aangegaan tijdens
de komende Run 3 van de LHC, die misschien nog steeds de deur kan openen naar
een heel nieuw hoofdstuk in de geschiedenis van de deeltjesfysica.
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