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Ad Alessandro

I was lying on the grass
Thinking about your opinion on my past

You said: "You, you’ll never reach the skies
And you’ll never see the world with eagle eyes"

Oh no...

So I sat and stare at the stars
And I felt like a fever in my arms

And a spell on my mind
My head was aching and my eyes where blind

Oh no... See, I jumped on an air balloon and I flied the skies

Took a trip at light speed on the Enterprise
I traveled on my legs for a hundred miles or more

And I danced ’till my feet felt sore
I danced ’till my feet felt sore
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Abstract

Dark Matter (DM) is one of the outstanding questions to which the Standard Model
(SM) of particle physics still has no answer. There is a large body of evidence
which points to the existence of a non-baryonic matter component in the Universe,
interacting with ordinary matter only through gravity. Weakly Interactive Massive
Particles (WIMPs) have always been an appealing DM candidate, as they naturally
account for the amount of DM seen nowadays. For this reason, different experiments
have been developed in order to detect these elusive particles, but so far they have
all proved to be inconclusive.

In recent years, a new paradigm has started to be investigated, in which a new
sector of particles, the so-called Dark Sector (DS), is foreseen. In such a scenario,
the DM would be a stable particle among those predicted in the DS. Particles in
this new sector are neutral under all SM forces and the connection between the dark
and the visible sector is granted through different portals, in which SM particles mix
with Beyond the Standard Model (BSM) ones.

This work exploits the simplest DS model, foreseeing a dark interaction which
is similar to the electromagnetic one, mediated by a so-called Dark Photon (DP).
In this case, the connection between the two sectors can be granted via the vector
portal, where the dark and the visible photons mix kinematically, so that the DP
can decay into SM particles. Such models have been investigated thoroughly and
no evidence of DPs have been found up to now. The region with a small coupling
between the two sectors and large DP masses is accessible only at Higgs factories,
such as the Large Hadron Collider (LHC), where an additional connection between
the dark and the visible sector can be granted via the Higgs portal. Through such
portal, the SM Higgs boson can decay into BSM particles, this possibility being
viable since Higgs boson decays into invisible particles are still largely unconstrained.

Using the dataset collected during Run-2 by the A Toroidal LHC ApparatuS
(ATLAS) experiment at the LHC, this work investigates the scenario where the DPs
decay inside the ATLAS innermost detector, yielding collimated jet-like structures.
This search aims to extend the sensitivity of the Run-1 search that was targeting
the same final state, by improving the reconstruction techniques (both at the online
and at the offline level) and by exploiting new background estimation strategies.
Preliminary results already show better sensitivities than those obtained in the
Run-1 search, probing a larger DP mass range.

This work investigates in addition for the first time the possibility that the
coupling between the SM photon and the dark one is so suppressed that DPs decay
outside the ATLAS detector. DPs escaping detection would leave missing energy
as signature of their passage, which could be sizeable if recoiling against highly
energetic jets. Final states with this signature, referred to as monojet, are thus here
used to probe this scenario. The results of this search are presented in terms of both
this DP already introduced and for two additional models foreseeing the production
of Long Lived Particles (LLPs) too. Complementary sensitivities with respect to the
ones of the different dedicated searches are observed, probing previously uncovered
scenarios with detector stable LLPs.
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Searches for unconventional final states, like the ones described in this thesis, are
mostly limited by the trigger system, which performs an online event selection that
often discards non-standard events. Increasing the performance of this system is
thus of utmost importance to improve the sensitivity to such BSM scenarios. Such
performances will be even more crucial during the High-Luminosity (HL) phase of
the LHC, where the trigger system will have to cope with 200 pp collisions occurring
every event. Therefore, this thesis will cover as well a study dedicated to the upgrade
of the trigger system of the ATLAS experiment, that is necessary for the correct
operation under the conditions of the HL-LHC.
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Introduction

The Standard Model (SM) of particle physics has been tested thoroughly in the
past few decades, looking for discrepancies that could explain some of the open
issues of the theory, such as the matter-antimatter asymmetry or the existence of
Dark Matter (DM). As no evidence of new physics has been found up to now,
new and more complex searches have started to take place in High Energy Physics
experiments, such as the A Toroidal LHC ApparatuS (ATLAS) experiment. These
searches rely on the assumption that there exists a Dark Sector (DS) made of new
particles neutral under all SM forces and governed by new kinds of interactions.
So-called portals grant a connection between the DS and SM particles. In such
searches, the interest is shifted from the structure of the new hidden interactions
towards their mediators.

This work investigates thoroughly the hypothesis that the Dark Sector is gov-
erned by an interaction arising from the U(1)d symmetry group and whose mediator
is called Dark Photon (DP) γd. Dark Photons could be massless or massive, and
they could decay back into SM particles by coupling to SM photons, via the so-called
vector portal. If this coupling is suppressed, Dark Photons can acquire a sizeable
mean proper life time.

Dark Photons have been looked for since their theorisation by many different
experiments, assuming that they are produced and that they decay through the
vector portal. As no conclusive evidence of DPs has been found up to now in such
scenarios, constraints on the free parameters of these models, namely the DP mass
and its coupling to the visible sector ε, are found. Extremely light and prompt
DPs are already ruled out, while heavier DP hypotheses and smaller couplings to
the visible sector are accessible only assuming an additional connection between the
dark and the visible sector, through which the DP could be produced.

In collider experiments, such a connection is often assumed to be granted by the
so-called Higgs portal, where the SM Higgs boson couples with a dark Higgs boson
(which provides masses to all DS particles, analogously to the SM Higgs boson)
allowing for Beyond the Standard Model (BSM) decays of the SM Higgs boson.
This possibility is viable since invisible decays of the Higgs boson are still not ruled
out, with an upper limit on B(H → inv) of the order of 10%.

This thesis work assumes the existence of both these portals, so that the SM
Higgs boson decays through the Higgs portal into DS particles, and among these
DPs are produced. Such DPs decay back into SM particles via the vector portal.
Different DP masses and different strengths of the coupling between the dark and



Contents 2

the visible photon produce different signatures in the detectors, leading to different
analysis techniques to detect them.

I investigated this DS model exploiting the full Run-2 dataset collected by the
ATLAS collaboration.

For the first part of my work, I focused on the possibility that DPs decay
promptly inside the ATLAS Inner Detector (ID), producing collimated pairs of
soft SM fermions. This is the first search investigating such a scenario using the
Run-2 dataset collected by the ATLAS experiment, and it aims at probing a wider
parameters space than that probed in the Run-1 search. A wider DP mass range is
investigated, from mγd ∈ [0.2, 2]GeV probed during Run-1 to mγd ∈ [0.017, 15]GeV
studied here. This mass range is tested assuming B(H → inv) < 10%.

This search looks for DPs decaying only into light leptons (electrons and muons),
since other decays would be indistinguishable from the multi-jet backgrounds. In
the investigated mass range, the DP are so boosted and the light leptons are so
collimated that they are reconstructed as a single object known as prompt Lepton-
Jet (pLJ). LJs are referred to as muonic LJs (µLJs) if only muons are found within
their cone and electronic LJs (eLJs) if they are built only with electrons. To enhance
the sensitivity to these DP models, events in which a pair of pLJs is produced are
searched for. Three search channels are thus defined as follows: the muonic channel,
with two µLJs, the mixed channel, with one µLJ and one eLJ, and the electronic
channel, with two eLJs.

I am the main analyser of the muonic channel and I supervised a master student
in the study of the mixed channel. I contributed to the development of the common
framework for the analysis as well to studies for the electronic channel, specifically
regarding the eLJ reconstruction.

In the muonic channel, in order to cope with the high multiplicity, collimation
and softness of the reconstructed muons, I developed an ad-hoc trigger strategy as
well as a corrected isolation computation, the latter exploited in the mixed channel
as well.

In both the muonic and the mixed channels, a very good resolution of the
µLJ invariant mass is observed. Thus, fot these channels the so called bump-hunt
technique is exploited for the background estimation, where the background mod-
elling is tested in a dedicated CR defined per each channel. The signal is also
modelled, both in terms its shape and of its normalisation, in order to probe differ-
ent DP masses than the simulated ones.

Electrons in eLJs are so collimated that they are often reconstructed as a single
electron. The resulting channel signature yields a very large number of background
events. For this reason, different selections are applied onto eLJs to reduce the
otherwise overwhelming background.

In addition, eLJs show a poorer reconstruction in terms of their invariant mass.
The background estimation in the electronic channel thus cannot rely on the bump-
hunting technique, and instead the so-called ABCD method is employed.

I presented the results of my work at the 2022 SIF national congress, where my
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talk in the parallel session was awarded as one of the best communications at the
conference [1].

I then extended my work towards the possibility that the coupling between the
visible sector and the DPs (or a new scalar mediator) is extremely suppressed, so
that DPs are so long-lived that, after being produced, they decay outside the AT-
LAS detector. Such a scenario could be investigated by looking for events with high
missing energy, which could be sizeable when recoiling against a highly energetic jet,
yielding the so-called monojet signature. For this reason, the monojet search [2] has
been reinterpreted in the context of extremely long lived Dark Photons (or new hid-
den scalars). I was the main analyser of this work and in this context I investigated
the sensitivity of this search to the different LLP models and decay channels and I
developed a procedure to extrapolate (and interpolate) the constraints obtained for
LLP mean proper life-times that were not simulated.

This search extends the sensitivity of previous dedicated searches to life-time
ranges never covered before. Specifically, assuming a B(H → inv) = 50%, ε ≤
3 · 10−6 is excluded for mγd ∈ [0.2, 0.6]GeV while ε ≤ 2 · 10−6 is excluded for
mγd > 0.6 GeV.

I presented the results of my work, which were published in Ref. [3], at the LHC
Physics (LHCP) conference in 2021 (poster [4] and proceeding [5]), as well as at the
2021 Società Italiana di Fisica (SIF) national congress, where my talk in the parallel
session was awarded as one of the best communications at the conference [6].

The main challenges of BSM searches which foresee unconventional signatures,
such as the ones described in this thesis, are usually met at the trigger level. As
an example, muons arising from DP decays are often so collimated that they fall
within the same so-called Region Of Interest (ROI). As the muon trigger can only
select one muon candidate per ROI, such an event would be reconstructed as a
single muon event, thus losing sensitivity to high multiplicity and collimated final
states. In addition, muon triggers constrain muons to come from the reconstructed
pp collision vertex, loosing sensitivity to displaced non-pointing scenarios. A finer
granularity of the ROIs or the ability to consider multiple candidates within the
same ROIs would imply faster trigger algorithms as well as their parallelization. The
removal of the constraint on the pp collision vertex would imply instead a Trigger
and Data AcQuisition (TDAQ) system able to cope with busier environments with
larger event rates. Improving the performances of the trigger system so to include
these features would thus greatly benefit searches for unconventional final states.

Trigger performances will be even more crucial during the next ATLAS data
taking, where the number of pp collisions per second will increase by a factor of five,
with more than 200 pp collisions happening per event. In this phase, referred to
as High-Luminosity (HL), an extensive upgrade plan of the Large Hadron Collider
(LHC) experiments is foreseen, in order to cope with the extreme conditions that
will be reached.

The ATLAS muon trigger system will be upgraded in order to deal with the
higher pile–up and provide a more effective event selection. Additional Resistive
Plate Chamber (RPC) detectors will be installed and the electronics connecting the
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existing ones with the rest of the ATLAS TDAQ system will be upgraded.
The new Barrel Sector Logic (SL) will exploit fast trigger algorithms, imple-

mented in the firmware of a large Field Programmable Gate Array (FPGA), provid-
ing muon candidates to the ATLAS central trigger. FPGAs will play a fundamental
role in the HL-LHC phase, as they allow programming of highly complex systems
by combining a large number of small, simple elements, offering a high flexibility of
the board after the hardware is built. In this way, the development of more complex
trigger algorithms selecting signatures arising from BSM scenarios will be possible.

The Rome group is responsible for all the RPC-based trigger and for the L0Muon
trigger logic in the ATLAS Barrel region. Monitoring and configuring the FPGA
that will perform the trigger algorithm is a crucial task performed by a so-called
Multi-Processor System on Chip (MPSoC), an on-chip multi-core Central Process-
ing Unit (CPU). I developed a communication protocol between the MPSoC and
the FPGA, allowing for the monitoring and initialization procedures.

This manuscript is organised as follows. Chap. 1 gives a very brief outline of the
SM, with particular focus upon the Electro-Weak Spontaneous Symmetry Break-
ing and the Higgs boson production mechanisms and decay modes. In Chap. 2,
evidence pointing to the existence of DM is discussed and DM candidates are de-
scribed along with their experimental constraints, with particular focus on Weakly
Interactive Massive Particle (WIMP)s. The DS paradigm is then introduced, with
specific focus on the portals assumed in this thesis and the simplified DS models
exploited. Chap. 3 covers the ATLAS experiment at the LHC, focusing on the LHC
working conditions during Run-2 as well as on the different ATLAS sub-detectors
and their performances. In Chap. 4, the procedure of assigning detectors signals to
physics object candidates, such as electrons and muons, are described along with
their performance. Chap. 5 and Chap. 6 give instead an overview of the search
for promptly decaying DPs, focusing respectively onto the online and offline recon-
struction of such signature and onto the background suppression and estimation,
the systematic uncertainties evaluation and the results of the search. In Chap. 7,
instead, the search for detector stable DPs (or hidden scalars) using the monojet
signature is described, along with its results. Finally, Chap. 8 covers the future up-
grades that the ATLAS detector will undergo, with particular focus onto the muon
trigger system in the barrel and onto the work I carried out in this context.
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Chapter 1

The Standard Model of Particle
Physics

The Standard Model (SM) is the model that now best describes the matter con-
stituents and the interactions among them. In this chapter a brief overview of the
SM is given in Sec. 1.1, highlighting the Electro-Weak (EW) Spontaneous Symme-
try Breaking (SSB) via the Higgs boson in Sec. 1.2. A review of the Higgs boson
properties can be found in Sec. 1.3, with a focus on the Higgs boson production and
decay modes in pp collision, as they are relevant for this thesis work.

1.1 An introduction

The SM is the cornerstone of modern particle physics, offering a comprehensive
framework to understand the properties and interactions of known particles, ex-
cluding gravity. It’s constructed within the principles of quantum field theory,
where particles are depicted as quantum fields governed by the Lagrangian.

Particles exhibit distinct behaviours based on their spin s: fermions, with half-
integer spins, adhere to Fermi-Dirac statistics, while bosons, with integer spins,
conform to Bose-Einstein statistics. Scalar fields are denoted by particles with
s = 0 while vector field by s = 1 particles. In the SM, particles fall into three
principal groups: quarks, elementary fermions making up the hadrons, which are
therefore composite particles and are further divided into mesons (bosons) and
baryons (fermions); leptons, another class of elementary fermions; vector bosons,
responsible for mediating interactions between SM particles. The joint A Toroidal
LHC ApparatuS (ATLAS) and Compact Muon Solenoid (CMS) (see Sec. 3) 2012
discovery of a particle whose properties are compatible with the ones of the Higgs
boson [7, 8] which is the only scalar particle of the SM, marked the last great success
of the SM.

The SM’s Lagrangian formulation showcases its invariance under the Poincaré
group (the group of Lorentz transformations and translations in Minkowski space)
and under SU(3)c ⊗ SU(2)W ⊗ U(1)Y . The strong force, described by the Quan-
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tum Chromo Dynamics (QCD) theory, is associated to the SU(3)c group and is
mediated by eight gluons, one per each colour charge, which are massless vector
bosons. Particles carrying the so-called colour charge, interact primarily through
this force. Quarks and gluons making up the hadrons are coloured, but, as a con-
sequence of colour confinement, they cannot be observed as asymptotic states and
therefore hadrons are colourless. The Electro-Weak (EW) interaction, governed by
the SU(2)W ⊗ U(1)Y symmetry group, encompasses the weak force, mediated by
the electrically charged and massive W+ and W− vector bosons and by the mas-
sive electrically neutral Z vector boson, alongside the Electro-Magnetic (EM) force,
mediated by the electrically neutral and massless photon γ. Since the photon is
massless, the EM interaction has infinite range. The strong interaction, though
being mediated by massless vector bosons too, is instead local, as a consequence of
the colour confinement.

All particles interact weakly, only electrically charged particles interact electro-
magnetically and only hadrons interact strongly. However, interaction strengths
follow a hierarchy: the strong force dominates, followed by the EM and then the
weak one. Therefore charged hadrons primarily interact strongly, then electromag-
netically and then weakly. Neutral hadrons interact predominantly via the strong
force, then weakly. Charged leptons primarily interact electromagnetically and then
weakly, while neutral leptons interact solely weakly. A scheme of the SM particles
divided according to the categories they belong to is given in Fig. 1.1.

Figure 1.1. Elementary particles with their mass, spin and electric charge: quarks are
depicted in lilac, leptons in green, vector bosons (the box of the gluon refers to all the
gluons, since they are all massless vectors) in red and the Higgs boson in yellow. Plot
from Ref. [9].

1.2 Electro-Weak Spontaneous Symmetry Breaking

The first theory of weak interactions was proposed by Enrico Fermi [10] and was
therefore called Fermi theory. Its main feature is the presence of contact inter-
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actions. Though providing a good estimate of some physical quantities, such as
the muon decay time, the predicted cross sections1 σ of processes such as electron-
neutrino (e-ν) scattering diverge at high energy E, so unitarity is violated (in fact
σ ∝ G2

FE
2, where GF ∼ 10−5 GeV−1 is the Fermi constant).

The Fermi theory is therefore an effective theory which can be used to describe
processes with low energy involved. The necessity of a new theory able to describe
processes involving higher energies arose. Such a theory required the existence of
particles mediating the interactions, in order to overcome the issues rising from the
contact interactions foreseen in the Fermi theory.
Furthermore, the most general weak current had to be a combination of vector
and axial currents, as theorized by Yang and Lee [11] and as then verified by the
Madame Wu experiment [12]. The weak current Jµ can therefore be written as

Jµ = 1
2ψγ

µ
(
gV + gAγ

5
)
ϕ, (1.1)

with g2
V = g2

A = 1, where γµ =
(
γ0, γi

)
and

γ0 =

 0 1

1 0

 γi =

 0 σi

−σi 0

 γ5 = iγ0γ1γ2γ3

being the gamma matrices (with i = 1, 2, 3) and

σ1 =

 1 0

0 −1

 σ2 =

 0 i

−i 0

 σ3 =

 1 0

0 −1


are the Pauli matrices, ϕ and ψ are Dirac spinor fields, referring to fermions and
ψ = ψ†γ0 = (ψ∗)T γ0 is the adjoint spinor.

Through the study of the differential cross section of the muon decay, it was
established that the interaction has the V-A form (Vector - Axial), hence Eq 1.1
becomes

Jµ = 1
2ψγ

µ
(
1 − γ5

)
ϕ = ψγµ

((
1 − γ5)

2

)2

ϕ

= ψ

(
1 + γ5)

2 γµ
(
1 − γ5)

2 ϕ = ψLγ
µϕL,

(1.2)

where the equality
((

1 − γ5)
2

)2

=
(
1 − γ5)

2 is used and where ϕL = 1 − γ5

2 ϕ and

ψL = ψ† 1 − γ5

2 γ0 = ψ†γ0 1 + γ5

2 = ψ
1 + γ5

2 . Only left-handed particles and right-
handed antiparticles are therefore involved in weak interactions2.

1the cross section σ of a process is related to the transition amplitude for that given process to
happen, [σ] = cm2 or [σ] = b, with 1 b = 10−24 cm2)

2The Dirac representation is a reducible representation of the Lorentz group and it can be
decomposed in the direct sum of two irreducible representation, one left-handed and one right-
handed (obtaining the so-called Weyl fermion).
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The discovery of weak charged currents implied the existence of 2 charged vector
bosons (W+ e W−) mediating the interaction, in order for the electric charge to be
preserved. It was then straightforward assuming that there existed also a neutral
current (soon discovered in the Gargamelle experiment [13]), so a neutral vector
boson was needed. Since EM interactions do not violate parity (while instead weak
ones do, as already said), the neutral vector boson could not be the well known
photon γ; thus the existence of another neutral particle had to be postulated.

It was easy to assume that the three currents were

j+
µ = gW√

2
ψLγµσ+ϕL j−

µ = gW√
2
ψLγµσ−ϕL j3

µ = gW√
2
ψLγ

µσ3ϕL ,

with σ± = σ1 ± iσ2
2 and gW being the weak coupling constant. However, the

results of the Gargamelle experiment indicated that the weak neutral current had a
different nature with respect to the charged ones and it was not simply due to the
exchange of a neutral Wµ

3 boson with the same coupling of the charged currents.
In order to account for the different nature of charged and neutral currents, it was
thought to unify weak and EM interactions [14], writing a Lagrangian invariant
under SU(2)W ⊗ U(1)Y , with Y being the hypercharge and Wµ

i (with i = 1, 2, 3)
and Bµ being the vector bosons3 associated to the generators respectively of SU(2)W
and U(1)Y . Rotating these fields by the Weinberg angle θw Bµ

W 3
µ

 =

 cos (θw) − sin (θw)

sin (θw) cos (θw)


 Aµ

Zµ

 ,
with

cos θw = gW√
g2
W + g2

Y

sin θw = gY√
g2
W + g2

Y

,

gY being the hypercharge coupling, the currents observed experimentally are recov-
ered, finding the EM current to be associated with the neutral vector boson Aµ and
the neutral weak current to be associated with the neutral vector boson Zµ [15].

The Gauge symmetry forbids however Gauge boson fields to acquire any mass.
Nevertheless, W+, W− and Z must be massive, since they are the vector bosons of
a short range interaction. A way to provide a mass to these fields without breaking
the Gauge symmetry requested is through the EW SSB via the Higgs Boson [16,
17]. Such mechanism is briefly described in the following. Let a complex scalar field
ϕ be

ϕ(x) =


π1(x) + iπ2(x)√

2

H(x) + iπ0(x)√
2

 ,

3Thanks to the result of the Yang-Mills theory, it was known that the number of vector bosons
in a theory is equal to the number of generators of the symmetry group under which the Lagrangian
is invariant. Thus in total 4 generators are needed, 3 per SU(2)W and 1 per U(1)Y .
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where πi(x) and H(x) are real scalar fields and ϕ(x) is a doublet under SU(2)W .
The potential V (ϕ) associated to the field ϕ(x) takes the form

V (ϕ) = µ2
(
ϕ†ϕ

)
− λ

(
ϕ†ϕ

)2
,

with λ ≥ 0, so that the potential as well as the Hamiltonian are bounded from
below, granting the existence of an equilibrium state. This potential, often referred

Figure 1.2. Schematic representation of the Higgs boson potential. Plot from Ref. [18].

to as mexican hat potential from its shape (as can be seen from Fig. 1.2), has an
infinite number of minima, satisfying the condition

H2(x) + |π⃗(x)|2 = µ2

λ
.

In order to break this degeneracy, an external field hH, with h > 0, can be added4.
One of the viable minima is πi(x) = 0 and H(x) = v. The potential (and the full
Lagrangian) can be expanded around this minimum, so that

πi(x) → πi(x) H(x) → v +H(x). (1.3)

The masses of the scalar fields are thus found to be

m2
H = h+ 2λv3

v
m2
πi = h

v
. (1.4)

In the limit h → 0 Eq. 1.4 takes the form

m2
H = 2λv2 m2

πi = 0, (1.5)

hence mH =
√

2λv and mπi = 0, the latter being the result of the Goldstone
theorem5 [19]. By replacing the standard derivative ∂µ with the covariant one6

4and then is eventually h set to 0.
5The Goldstone theorem states that if a Lagrangian is invariant under a global continuous

symmetry group, the theory will present as many massless fields as the number of generators under
which the ground state is not invariant. In this case the three generators which do not leave the
vacuum invariant are σ1, σ2 and 1− σ3 and the three related massless particle are the πi fields.

6by keeping in mind that left-handed and right-handed fields transform differently under
SU(2)W , hence their covariant derivatives are different
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Dµ, the Lagrangian becomes invariant under SU(2)W ⊗ U(1)Y . The vector bosons

W± = W 1 ±W 2

2 and Z acquire their masses via the term |Dµϕ|2, with

Dµ = ∂µ + igW
σi
2 W

i
µ + igY

Y

2 Bµ, (1.6)

after having expanded the ϕ field as in Eq. 1.3 and after having imposed the unitary
Gauge, through which the πi fields disappear and their degrees of freedom are
absorbed by the longitudinal polarization of the vector bosons W+, W− and Z.
The photon field remains massless as expected. EW SSB provides mass to all
leptonic fields as well through the term

Y d
ijL̄

iϕdjR + Y u
ij L̄

iϕcdjR + h.c. ,

where h.c. stands for hermitian conjugate, Y d
ij and Y u

ij are 3 × 3 (since i,j = 1, 2, 3,
one for each generation of leptons7) complex matrices determining the coupling
between different leptonic states, L = (l, νl), with l = e−, µ−, τ−, and ϕc = iσ2ϕ

∗.

1.3 Higgs boson properties

The mass of the Higgs boson, as shown in Eq. 1.5, depends on the Higgs quartic
coupling λ and on the Vacuum Expectation Value (VEV) v. There is no a priori
prediction for the Higgs boson mass, since λ is a free parameter of the SM. The
VEV can instead be determined through the measurement of the muon decay time,
since τ−1

µ ∝ G2
F (mµ)5, where GF =

√
2/2v2 and so v =

(
4√2

√
GF
)−1

≈ 246 GeV.
A particle with a mass of mH ≈ 125 GeV whose properties are compatible with the
one of the Higgs boson was discovered in 2012 [7, 8].

The Higgs boson couples with Gauge bosons (V ) and fermions (f) through
couplings depending on their masses, as in

gHff̄ = 2mf

v
gHV V = 2m2

V

v
.

The primary channels for Higgs production and decay thus predominantly entail
interactions between the Higgs boson and the W and the Z bosons, along with the
third generation of quarks and leptons. Furthermore, direct couplings between the
Higgs boson and gluons or photons, which are massless vector bosons, are absent.
Such interactions occur instead indirectly through loops involving preferably heavy
massive particles.

In the following the Higgs boson production mechanisms in pp colliders as well
as its decay modes are presented respectively in Sec. 1.3.1 and in Sec. 1.3.2. The
readers is referred to Ref. [20] for more details.

7The same can be done with quarks.
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1.3.1 Higgs production in pp collisions

Higgs boson production cross sections in pp collisions for an Higgs boson with mH =
125 GeV, taking into account QCD and EW corrections, are shown in Tab. 1.1 for
the LHC Run-2 center of mass energy (

√
s = 13 TeV) and the LHC nominal one

(
√
s = 14 TeV) (see Sec. 3.1.3). Such production cross sections are depicted in

Fig. 1.3 as a function of
√
s, for

√
s ∈ [6 TeV, 15 TeV]. In the analyses described

√
s [TeV] σggF [pb] σVBF [pb] σWH [pb] σZH [pb] σtt̄H [pb] total [pb]

13 48.6+4.6%
−6.7% 3.78+2.2%

−2.2% 1.37+2.6%
−2.6% 0.88+4.1%

−3.5% 0.50+6.8%
−9.9% 55.1

14 54.7+4.6%
−6.7% 4.28+2.2%

−2.2% 1.51+1.9%
−2.0% 0.99+4.1%

−3.7% 0.60+6.9%
−9.8% 62.1

Table 1.1. Predicted Higgs boson production cross sections, assuming mH = 125 GeV, in
pp collisions at a centre of mass energy of

√
s = 13 TeV and

√
s = 14 TeV. Here ggF

stands for gluon-gluon Fusion, VBF for Vector Boson Fusion, VH for Higgs–strahlung of
a Vector boson (or associated production with a Gauge Boson), where such vector boson
is either the W or the Z), while tt̄H stands for Higgs production with an associated tt̄
pair. Table adapted from Ref. [20].

Figure 1.3. Predicted Higgs boson production cross sections, assuming mH = 125 GeV, in
pp collisions as a function of the centre of mass energy

√
s. Here pp → H stands for ggF,

while pp → qqH stands for VBF. Here the Higgs boson production associated with a
single t-quark, labelled as pp → tH and negligible with respect to the other production
mechanism, is included, differently from Tab. 1.1. The production of the Higgs boson
in association with a bb̄ system, competitive with the tt̄H one at

√
s = 13 TeV, is here

reported too. The shown bands are theoretical uncertainties. Plot from Ref. [20].

in Chap. 5, 6, 7, only the gluon-gluon Fusion (ggF) is considered as production
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mechanism of the Higgs boson, being the one with largest associated cross section.
The Feynman diagram for this production mechanism is shown in Fig. 1.4. Being

Figure 1.4. Feynman diagram of the ggF Higgs production mechanism. Picture adapted
from Ref. [20].

the gluons massless, this production mechanism would not occur at the tree level
and instead is possible via a loop of top quarks.

1.3.2 Higgs decay modes

Since the Higgs boson is very short-lived (τH ∼ 10−22 s), it can be detected only
through its decay products. Different decay modes are available, to each of which
a so-called Branching Ratio (BR) is associated, defined as

BRi = Γi
ΓH

,

where Γi is the partial decay width associated to the i-th decay process and ΓH =∑
i Γi is the total decay width of decaying particle (in this case the Higgs boson).

Fig. 1.5 shows the BRs associated to the different Higgs boson decay modes as
a function of the Higgs boson mass, for mH ∈ [80, 200]GeV (left) and for mH ∈
[120, 130]GeV (right). Unlike mH , which, as already said, is a free parameter of the

Figure 1.5. Predicted Higgs boson BRs as a function of the its mass MH , for [80, 200] GeV
(left) and MH ∈ [120, 130] GeV (right). Plots from Ref. [20].

SM, the Higgs boson total decay width ΓH is known once mH is determined, as
can be seen from Fig. 1.6, where ΓH is shown as a function of mH . The expected
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Figure 1.6. Predicted Higgs boson decay width as a function of its mass MH . The ΓH for
mH = 125 GeV is highlighted. Plot from Ref. [20].

total decay width for a Higgs boson with a mass of 125 GeV is 4.2 MeV. If ΓH
exceeds its expected value, new Beyond the Standard Model (BSM) Higgs boson
decay modes would be possible, while any decrease in ΓH from its expectation
could hint to the existence of additional Higgs scalars, so that the couplings to
fermions and Gauge boson with the eigenstate of mass mH = 125 GeV are reduced.
Measuring ΓH with a high precision is therefore of utmost importance in order
to rule out (or discover!) any possible BSM physics. Since the energy resolution
of detectors exploited in facilities where Higgs bosons are produced is well above
the value of ΓH , BSM scenarios cannot be excluded from direct constraints, and
indirect constraints on ΓH have to be found. The ATLAS (CMS) collaboration (see
Chap. 3) has set an upper limit on the BR of the Higgs boson decaying into BSM
particles of BR(H → inv) ∼ 10.7% [21] (BR(H → inv) = 15% [22]). Such loose
constraints on BR(H → inv) does not rule out the existence of the so-called Higgs
portal (see Sec. 2.4.2), through which Higgs boson decays into hidden BSM particles
could occur. This possibility is investigated in this thesis work, as will be discussed
in the searches outlined in Chap. 5,6,7.
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Chapter 2

Dark Matter and Dark Sector

The SM has been thoroughly tested since its formulation, with these tests always
confirming its validity. However, the SM still does not provide answers to some
fundamental questions, such as the nature of Dark Matter (DM). This chapter
describes the DM problem in the context of this thesis work. In Sec. 2.1 DM
evidence ranging from the galactic to the cosmological scale are discussed. In Sec. 2.2
the expected density and velocity profile of the DM halo are derived. In Sec. 2.3
conventional DM candidates are listed, along with their properties and experimental
constraints. Finally, in Sec. 2.4, Dark Sector (DS) models are introduced and the
simplified models relevant for this thesis work are described.

2.1 Dark Matter evidence

Since the beginning of time natural philosophers have speculated about the matter
content of the Universe and about the fact that it may contain elements that are
not perceivable – because they are too far away, too faint, or intrinsically invisible.

After Galileo discovered with his telescope the multitudes of stars making up the
Milky Way, it became clear that the Universe could contain matter which cannot be
perceived by ordinary means and that our discovery potential is strictly bounded
to technology advancements.

The fact that the motion of astrophysical objects could be influenced by other
faint/invisible objects was for the first time hinted by Bessel in 1844 [23]. The
German astronomer was additionally the first one to suggest that the amount of
matter inside a galaxy cannot be determined only via light measurements, leading
to the concept of mass-to-light ratio. Since then, astronomers looked for probes of
what they started to call dark objects, ranging from dark stars, dark planets and
dark clouds. In 1906 Poincarè coined the term Dark Matter, to collectively refer
to these dark astrophysical objects [24]. In order to measure effects of this unknown
and invisible new matter, it was necessary to find visible objects that could act as
indicators of it. These indicators must be collisionless, so that their distribution is
only due to gravitational effects, through which one can infer the DM distribution.
For these reasons, stars and galaxies, which are essentially collisionless due to their
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large reciprocal distances, have always been used to look for DM.

2.1.1 Galactic scale: galaxies rotational curves

In 1931 Hubble and Humason were able to measure through optical telescopes the
velocity of galaxies within the COMA cluster using their red-shift1 [25]. In 1933
the astronomer Zwicky noticed a large velocity dispersion of the measured speeds
of those galaxies [26] and compared them with the ones obtained using the virial
theorem:

2 < T >= − < U >

⇒ 21
2m < v >2= GmM

R

⇒< v >=
√
MG

R

(2.1)

where < T > is the time average of the kinetic energy, < U > is the time average
of the potential energy, m and< v > are respectively the observed mass and the time
average of the speed of the galaxy whose velocity is experimentally measured, and
M and R are respectively the observed mass and radius of the cluster of galaxies.
The galaxy speed obtained using the virial theorem was much smaller than the
observed one, yielding a light-to-mass ratio of the order of 500. Additionally, from
Eq. 2.1, the speed of a star v should decrease outside the galactic disk as v ∝ r−1/2.
However, as can be seen in Fig. 2.1, observations find that the circular velocity curve
flattens out at these distances, implying that M(r) ∝ r, suggesting the existence of
a dark component of matter extending beyond the visible matter in the disk.

This was the first quantitative hint of the long sought missing mass inside
the Universe. Since then, many different astronomers had measured galaxies ro-
tational speed using photometry and have reached similar conclusions, as reviewed
by Schwarzschild in [28].

After the Second World War, however, the case for DM became even stronger:
radars used for airplanes detection were converted to radio-telescopes, providing
independent and complementary measurements of the galaxies rotational speed.
The red-shift of the famous 21 cm line2, undetectable using optical telescopes and

1The frequency fs of the light emitted by stars in the galaxies is red-shifted (or blue-shifted),
as a consequence of their speed vs with respect to the observer, through the Doppler effect:

fobs = fs

√
1 + vs

c

1 − vs
c

∼ fs(1 + vs
c

),

where fobs is the intrinsic frequency of the source and c is the speed of light.
2The 21 cm spectral line, often called Hydrogen line or H I line, is due to the transition between

two hyperfine states of the 12S 1
2

ground level of Hydrogen atoms, from a quantum state where the
spin of the proton and the one of the electron are parallel, to the one in which they are anti-parallel.
This transition is strongly suppressed, but since Hydrogen atoms are found in great abundance in
the Universe, its associated measured rate is instead sizeable.
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Figure 2.1. NGC 6503 galaxy rotational speed as a function of the distance from the
galaxy center: measured speeds (black dots) are compared to theoretical ones due to
the galactic disk (dashed line) and to the galactic gas (dotted line). The halo distribution
to account for discrepancies between the measured and theoretical speeds is shown as
well (dotted-dashed line). Plot from Ref. [27].

whose existence was predicted by Van de Hulst [29], was indeed used to measure
the galaxy speed. Since then, also thanks to the technological advancements of
photometry and spectrometry through which it was possible to extend previous
measurements to larger distances with respect to the clusters center, stronger and
stronger DM evidence in the form of large light-to-mass ratios were collected.

2.1.2 Cluster of galaxies: Gravitational lensing

The idea that light can be deflected by massive objects emerged for the first time
from Newton [30], with the first (unpublished) calculation of such a deflection angle
given by Cavendish in 1784. After 1911, with the advent of Einstein’s General
Relativity, it was known that the world line3 of a particle depends on the curvature
of spacetime, which is in turn determined by the gravitational field generated by
massive objects. Therefore, in calculating light deflection angles, it is necessary to
take into account the additional deflection arising from the curvature of space-time
around the massive object. The deflection angle θ then obtained is twice the one
derived by Cavendish:

θ = 4GM
c2b

,

where M is the mass of the object that is generating the gravitational field, G the
gravitational constant, c is the speed of light and b is the impact parameter. This
effect is called gravitational lensing [31], as the gravitational field acts as a lens
which distorts images.

The larger the matter content of the lens, the more the deflection will be sizeable,
giving rise to three different kinds of lensing: the strong lensing, the weak lensing
and the micro-lensing4. Since its theorisation, these lensing effects have been used
to map the matter content of the Universe, to study the DM density distribution

3The world line of an object is the path that the object traces in 4-dimensional spacetime.
4Often lensing effects of different intensity can occur in the same astrophysical object.
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and to rule out possible DM candidates.
In the following, a few examples of these studies are listed.

Strong lensing

When the mass density of the lenses is above a certain critical threshold, the lensing
effect of the background source can be sizeable, either producing multiple images
of the same source or magnifying it. In Fig. 2.2, the effect of the strong gravita-
tional lensing on various galaxies, as measured by the Sloan Lens ACS (SLACS)5

(Advanced Camera for Surveys (ACS)) team, is shown [32].

Figure 2.2. The effect of the strong gravitational lensing observed on blue-star forming
galaxies (blue) due to the presence of elliptical galaxies (orange). Picture adapted from
Ref. [33].

Here elliptical galaxies, compact and dense, distort the images of the background
sources, which are blue star-forming galaxies. Since the red-shifts of both the lens
and the background source are known, the lensing geometry defines the total mass
distribution of the lens, irrespective of its brightness. The total mass distribution
so obtained is spatially more extended than the one of the visible matter, hinting
to the existence of DM.

Weak lensing

When the mass density of the lens lies below a critical value, multiple images cannot
be produced. However, rays of light are deflected by these less dense lenses, with
the distortion depending on the curvature of the lens gravitational potential.

Such a lensing effect has been observed in the cluster 1E 0657-56, also known as
Bullet Cluster, born circa 150 million of years ago after the collision of two clusters
of galaxies [34]. In Fig. 2.3, the Bullet Cluster as seen from an optical telescope (left)
and an X-ray telescope (right) is shown. During the collision between the galaxies,
the stars, being very distant one from the other, do not interact, as it can be seen
from the optical image. On the contrary, the hot gases, in the red regions in the

5SLACS is a project combining the large data volume of the Sloan Digital Sky Survey (SSDS)
with the high-resolution imaging capability of the Hubble Space Telescope to identify and study a
large number of strong gravitational lens galaxies.
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Figure 2.3. Bullet Cluster as seen with the Magellan optic telescope (left) and an X-
ray telescope (right). The green lines provide the profile of the gravitational potential
obtained by measuring gravitational weak lensing effects. Plot from Ref. [35].

X-rays image, interact with each other electromagnetically and so they slow down
to be then confined near the collision zone. Therefore, since the majority of the
ordinary matter of a galaxy is made of stellar gases, the effect of the gravitational
lensing should be more intense in the collision site, where the gases are located. On
the contrary, the gravitational lensing is more intense in the region where the stars
are found.

The inferred mass distribution could be explained by the presence of DM in the
galaxies before the collision. The Bullet cluster provides additionally information
about possible DM interactions: being concentrated outside the collision site, DM
is expected to have extremely low non-gravitational interactions.

Micro-lensing

When either the background source or the lens (or both) are not resolved, the
deflection and distortion of the light coming from the source cannot be detected.
However, a temporary brightening of the source may be observed. The intensity
and the duration of the increased brightness indicate the amount of mass in the
lens6. These effects have been used to rule out or constrain the amount of DM in
the form of compact astrophysical objects (see Sec. 2.3.1).

2.1.3 Cosmological scale

A number of evidence of DM can be inferred from cosmological measurement from
which cosmological parameters can be extracted.

Evolution of the Universe

The Big Bang theory is the result of decades of collection of evidence that led to the
building of what is now the most complete theory of the evolution of the Universe.

6Obviously this kind of observations is complicated by the possibility that there exist astro-
physical objects with intrinsic variable brightness, such as pulsars.
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The Universe is believed to grow colder in time and to decrease its density, allowing
for interactions to freeze-out so that structures could be formed. Such evolution is
conventionally divided into three eras:

• Radiation Era: at the beginning (Planck epoch) all four forces are unified,
whilst within the first 10−4 s they freeze-out one by one, with the Universe
rapidly expanding (inflationary phase) and cooling down eventually to 109 K,
where, after neutrino decoupling, Big Bang Nucleosynthesis (BBN) occurs;

• Matter Era: after the BBN, the nuclei thereby created bind with high energy
electrons in the so-called recombination. Through this, photons, that are
emitted from electron transitions to their ground state, freely-stream up to
nowadays, producing the so-called Cosmic Microwave Background (CMB)7;
by the end of this era, large scale structures (such as galaxies and clusters of
them) and stars are formed and evolve;

• Dark Energy (DE) Era: DE dominates. DE existence is needed to account
for the Universe expansion, which is inferred from Type Ia SuperNovae (SN)
measurements. This is the Era in which the Universe is found nowadays.

Big Bang Nucleosynthesis

The BBN predicts that light elements, specifically D, 3He, 4He and 7Li, are mostly
produced during the first t ∼ 108 s of the Universe evolution [36]. Heavier elements,
such as C, N, O and Fe ("metals"), are instead produced in stellar reactions [37],
this production often referred to as stellar nucleosynthesis.

Measurements of primordial abundances of light elements are among the most
reliable probe of the early Universe, as BBN is based on well-understood SM physics.
However, such abundances are derived now, after stellar reactions have already
occurred, and they are therefore altered from their primordial values. Therefore,
astrophysical sites with low metal abundances are used to measure light elements
abundances that are closer to the primordial ones.

Measured abundances are compared to predicted ones, as shown in Fig. 2.5

7When the CMB was initially emitted it was not in the form of microwaves, but mostly visible
and ultraviolet light. Over the past few billion years, the expansion of the Universe has red-shifted
this radiation toward longer and longer wavelengths, so that today it appears in the microwave
band.
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(a). These abundances all depend on ΩB
8, the fraction of baryonic matter9, that

therefore can be extracted from these measurements.

Cosmic Microwave Background and Baryonic Acoustic Oscillations

The CMB provides information on the Universe composition at the recombination
epoch and it is now observable as an excess of low energy photons. Its spectral power
is the black body one, almost completely isotropic at a temperature of T = 2.7 K.

It was firstly measured in 1990 by the COsmic Background Explorer (COBE)
satellite [40], to an accuracy of 10−5 in all directions. Below this level of accuracy,
temperature fluctuations are observed, as afterwards measured by the Planck [41]
satellite (see Fig. 2.4). Such anisotropies are recorded at both small and large scales.
Small scale fluctuations are due to a cycle of compressions, due to gravitational
pulls, and expansions, due to radiation pressure augmentations, which the plasma
of charged particles and photons (present before the recombination) underwent.
Large scale fluctuations are due to density fluctuations in the recombination epoch,
since photons decoupling from denser regions lost more energy to escape from the
gravitational potential.

Such fluctuations have grown with time due to gravity (denser regions attract
more mass becoming even denser) and formed the present structure of the Universe.
Additionally, beside impacting the temperature distribution of the CMB, they also
caused sound-waves in the primordial plasma, this phenomenon being known as
Baryonic Acoustic Oscillations (BAO). From measurements of both the CMB tem-
perature power spectrum and the distribution of cluster of galaxies, both ΩΛ and
ΩM can be constrained, as can be seen in Fig. 2.5 (b).

8An isotropic and homogeneous space-time can be described via the Robertson-Walker met-
ric [38]

ds2 = −dt2 + a(t)( ds2

1 − kr2 + rdΩ2),

where a(t) is the so-called radius of the Universe or cosmic scale factor and k is the curvature
of the Universe space time, which can be either flat (k = 0), closed (k = 1) or open (k = −1).
The evolution of the cosmic scale factor determines the Universe expansion, via the Friedmann
equation [39]:

ȧ2 + k

a2 = 8πGNρ

3 ,

where ȧ is the time derivative of a, GN is the universal gravitational constant and ρ is the density.

Since the Hubble constant H(t) is defined as H(t) =
˙a(t)2

a(t)2 , the Friedmann equation can be rewritten
as

Ω − 1 = k

a2H2 , (2.2)

where Ω = ρ

ρcr
= 8πGN

3H2 ρ. Both matter density ΩM and DE density ΩΛ contribute to Ω, so that

Ω = ΩM + ΩΛ. Therefore, since the Universe is now known to be flat (k = 0), Ω = 1, and therefore
ΩM + ΩΛ = 1

9In cosmology baryonic matter is the term used to refer to the ordinary matter as a whole.



2.1 Dark Matter evidence 21

Figure 2.4. Image of the CMB temperature anisotropies measured by the Planck satellite
(2015) [41]

Universe expansion and Type Ia SuperNovae measurements

Type Ia SN are produced in nuclear explosions of white dwarfs, which are extremely
dense stars. When causing a type Ia SN, white dwarfs are found in a binary system
and, while cooling down, they augment their mass by absorbing the companion
star stellar material. When reaching the Chandrasekhar limit, i.e. when the mass
of the white dwarf, mwd, is mwd > 1.4 × M⊙ (with M⊙ being the solar mass,
M⊙ = 1030 kg), the C and the O found in the star are at such high density and
temperature that they can undergo nuclear reactions where 56Ni is produced. The
energy freed in these reactions causes the white dwarf to explode.

The luminosity of type Ia SN depends on the decay chain of 56Ni thereby pro-
duced (56Ni →56 Co, with τ ∼ 8.8 d, and 56Co →56 Fe, with τ ∼ 110 d). Type Ia
SN, easily identified from such spectral features, are therefore standard candles, as
their intrinsic luminosity depends on these processes. For this reason, they can be
used to measure relative distances from which cosmological parameters, such as the
Hubble parameter H0, the DE density ΩΛ, the matter density ΩM and the red-shift
z can be extracted. If at the same time red-shift measurements are performed, ΩΛ
and ΩM can be accessed. These measurements were performed by different collab-
orations, such as the Supernova Cosmology Project [42], whose results are shown in
Fig. 2.5 (b).

Cosmological parameter constraints

From BBN measurements ΩB is constrained to ΩB ∼ 0.05, whilst from independent
measurements of BAO, type Ia SN and CMB, assuming a flat Universe, ΩM is found
to be constrained to ΩM ∼ 0.32. Therefore, there should exist non-baryonic matter
to account for the missing matter density: the DM. From such measurements, the
density of DM is extracted to be ΩDM = 0.27, the net majority of the matter content
of the Universe.
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(a) (b)

Figure 2.5. (a) light elements abundances predicted by the BBN as a function of the
baryonic matter density ΩB (darker lines) compared to measured ones (horizontal lighter
lines); the vertical grey line represents the value of ΩB which is compatible with the
observations [43]; (b) constraints on ΩΛ and ΩM extracted from BAO (green), CMB
(orange) and type Ia SN measurements (blue) [42].

2.2 Dark Matter halo

As said in Sec. 2.1.1, galactic rotational curves measurements were the first probes
of the existence of a DM halo pervading the Universe, whose mass distribution can
be extracted from such measurements. In order to explain the flat behaviour of
the galaxies speed outside the galactic disk, from Eq. 2.1 Mhalo ∝ r is obtained.
Assuming a spherically distributed DM10, the density ρhalo is found to be

ρhalo(r) ∝ Mhalo(r)
r3 ∼ 1

r2 . (2.3)

However, while providing an intuition, this picture is too simplistic since such a
density profile predicts an infinitely massive halo. This suggests that at distances
beyond current measurements, rotation curves must no longer be flat.

This not withstanding, this derivation can be used in order to extract the order
of magnitude of the DM speed and of its spatial extension. In the Milky Way the
DM halo total mass is measured to be ∼ 1012M⊙ (while the total visible mass of
the Milky Way is ∼ 5 × 1010M⊙), from which the radius of DM halo is found to
be ∼ 100 kpc (while the radius of the galactic disk of the Milky Way is ∼ 10 kpc),
with a local density of DM of ρ = 0.3 GeVcm−3. Using again the virial theorem, the
speed of the DM halo in the Milky Way is found to be 200 kms−1.

The DM halo is therefore non-relativistic. This conclusion is corroborated as
well by the results of numerical simulations, where relativistic DM (referred to as

10this assumption relies on the fact that DM self-interactions are negligible
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hot DM) cannot account for the structures seen nowadays, whilst non-relativistic
DM (referred to as cold DM) can.

2.3 Standard Dark Matter candidates

The evidence listed in Sec. 2.1 all points to the existence of DM. Modifications of
general relativity that could account for these measurements, such as the MOdified
Newtonian Dynamics (MOND), first theorised in 1983 by Milgrom [44], have been
looked for. However, a theory able to explain all the discrepancies found from the
galactic to the cosmological scale is yet to be found.

For this reason it is now believed that DM does exist, and it has been looked
for since its first hints. In the following, DM candidates, alongside with their ex-
perimental constraints, are illustrated.

2.3.1 Astrophysical candidates and experimental constraints

Since the first galaxy rotation measurements, physicists questioned themselves about
the nature of DM. At the beginning, astronomers were looking for all varieties of
astrophysical materials that were too faint to be detected with available telescopes,
with candidates ranging from planets, brown dwarfs, red dwarfs, white dwarfs, neu-
tron stars, and black holes. These objects are collectively referred to as Massive
Astrophysical Compact Halo Objects (MACHO), and they have been looked for
using gravitational micro-lensing (see Sec. 2.1.2) surveys in the Milky Way by the
MACHO, Experience pour la Recherche d’Objets Sombres (EROS) and Optical
Gravitational Lensing Experiment (OGLE) collaborations.

Recently, constraints on the amount of DM in form of MACHO the Milky-Way
were published in a combined analysis from the EROS and MACHO collaborations
in Ref. [45], while Ref. [46] shows the mos recent results of the OGLE collaboration.
After such measurements, an upper limit of 8% on the fraction of DM due to
MACHO was found, therefore ruling out the possibility that the majority of DM
could be due to these astrophysical objects.

Other astrophysical DM candidates are primordial black holes, which are black
holes that formed before BBN. Such objects would have masses below the sensitiv-
ity range of micro-lensing surveys, with which they therefore cannot be detected.
However, the observed fluctuations in the CMB (see Sec. 2.1.3) implies such a small
amount of primordial black holes that they cannot be the largest DM component.

By the late 1990s, also thanks to the measurements of the light elements abun-
dances produced in the BBN, it had become clear that baryonic DM does not
constitute a large fraction of the Universe DM.

2.3.2 Particle candidates and experimental constraints

Dark Matter is now believed to be composed of particles, whose properties can be
derived from the measurements listed in Sec. 2.1. In the following, particle DM
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production in the early Universe is illustrated, and viable particle DM candidates
are listed.

Freeze-in and freeze-out mechanism

There are numerous mechanisms through which DM could be produced in the early
Universe, among which the most relevant ones are the so-called freeze-out and freeze-
in mechanisms. In the following, both of them are briefly introduced. However it is
typically assumed that DM was created via freeze-out11. In the freeze-in mechanism,
it is assumed that the initial DM abundance was negligible. Processes amongst
the primordial bath of particles produced DM, but thermal equilibrium was not
established. The DM yield was built gradually through these processes, that would
come to an end when the Universe had cooled down and expanded enough. At that
time, the residual DM abundance which is observed nowadays had frozen-in. In
Fig. 2.6 (a) the evolution of the DM density during the freeze-in is shown, where it
can be seen how larger DM interaction cross-sections implies larger relic abundances.

(a) (b)

Figure 2.6. DM (χ) yield evolution (Yχ) as a function of x = m

T
, with m being the DM

particle mass and T the temperature of the Universe, during the freeze-in (a) and the
freeze-out (b), the black curve representing the yield in thermal equilibrium and the
coloured ones representing respecitvely the freeze-in and the freeze-out (b) yields for
various interaction strengths. Plot from Ref. [49].

In the freeze-out mechanism, instead, the DM was assumed to be in thermal
equilibrium with the particle bath in the early Universe, where DM annihilation
and creation was happening in equal rates. DM creation became suppressed when

11The freeze-out mechanism is the one commonly assumed since it’s the mechanism through
which the baryonic matter is produced. Furthermore, through the freeze-out mechanism, DM
candidates as WIMPs with the DM abundance seen today naturally arise. However, since 2009
with the article in Ref. [47], the freeze-in mechanism has started to be considered as a viable DM
production mechanism. Through it, other kinds of DM candidates, such as Feebly Interactive
Massive Particles (FIMPs), can be produced. This notwithstanding, since the theorisation of
the freeze-in, more convoluted scenarios are being considered, for example the one in the article in
Ref. [48] published in 2023, where WIMPs are produced through freeze-in via a first order transition
phase in the Early Universe.
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the temperature dropped below the DM mass, and therefore annihilation dominated
and the abundance dropped. When the annihilation rate matched the expansion
rate of the Universe, the DM particles became too far apart to annihilate and
the residual amount of DM froze-out (this happening during the Radiation Era).
In Fig. 2.6 (b) the evolution of the DM density during the freeze-out is shown,
where it can be seen how larger DM interaction cross-sections implies smaller relic
abundances.

2.3.3 Particle candidates and the WIMP miracle

The only DM candidate among SM particles that has a sufficiently feeble interaction
with other SM particles is the neutrino ν. However, due to their small mass, ν are
highly relativistic particles, therefore they could not account for the cold nature of
DM (see Sec. 2.2).

The SM does not thus comprise any particle which could explain the nature of
DM, which is therefore now thought to be a BSM particle, whose properties can be
inferred from DM evidence collected up to now.

From measurements of the nowadays relic abundance produced during the freeze-
out, it can be inferred that DM particles should have a life-time comparable to the
age of the Universe. Additionally, the DM annihilation cross-section is found to be

< σv >∼ 3 × 10−26 cm3s−1,

where < σv > is the time-averaged product of the DM annihilation cross-section
and its speed. Interestingly enough, if a DM state with Electro-Weak (EW) scale
mass (multi-GeV,TeV) and coupling GF (see Sec. 1.2) is considered, an annihilation
cross-section of this order of magnitude is found.

The fact that a weak-scale DM naturally gives the correct DM density observed
motivates DM to be made of Weakly Interactive Massive Particles (WIMPs) [50]
— this coincidence referred to as the WIMP miracle. However, while freeze-out
motivates a WIMP candidate, this is not the only viable DM hypothesis, as will be
seen in Sec. 2.4.

Nonetheless, since their theorisation, WIMPs have been looked for in direct and
indirect detection experiments, as well in production at colliders. Direct detection
experiments look for scatterings between DM and SM particles, indirect detection
experiments look for SM products of DM annihilations, while in collider searches
it is looked for DM particles among particles produced in the collision. In the fol-
lowing, these different discovery techniques are listed, alongside with their resulting
experimental constraints.

Direct detection

As said in Sec. 2.2, a DM halo is found in the Milky Way. The relative motion of the
Solar System with respect to WIMPs making up the DM halo is expected to produce
a flux of WIMPs impinging on the Earth. Direct detection experiments are aimed at
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detecting such WIMP interactions with ordinary matter. These interactions arise
from elastic or inelastic scatterings, producing either nuclear recoils (for WIMPs
in the multi-GeV range) or excitation and/or ionization of the recoiled atom (for
WIMPs in the sub-GeV range).

Extremely large detectors shielded from sources of additional radiation are
needed in such searches, since DM particles interact extremely rarely with ordinary
matter, as a consequence of the very small associated cross section, and such inter-
actions produce extremely low energy releases, as a consequence of the cold nature
of DM. To reduce possible contamination from radiation sources, these detectors are
often located in underground facilities, to suppress cosmic ray background, and are
built with extremely radio-pure materials. To suppress environmental radioactiv-
ity, usually rather high in underground facilities, active vetoes are often exploited.
However, no evidence compatible with WIMP interactions with ordinary matter
has been found up to now, this reducing the available phase-space of such WIMP
models.

By way of illustration, a plot of the current bounds of the Spin-Independent
(SI)12 cross section of the WIMP-nucleon scattering for experiments looking for
nuclear recoils is shown in Fig. 2.7.

Figure 2.7. SI WIMP-nucleon cross section experimental bounds. Plot from Ref. [51].

As can be seen in this figure, the strongest limits for mwimp > 4 GeV are found
by Particle and Astrophysical Xenon Experiments (PandaX) [52] and XENON-1T
[53] collaborations, both taking advantage of double-phase detection techniques.
For lighter WIMPs, the most stringent limits are given by DarkSide-50 [54], Cryo-
genic Dark Matter Search low ionization threshold experiment (CDMSlite) [55] and
Cryogenic Rare Event Search with Superconducting Thermometers (CRESST) [56].

The sensitivity of these searches drops drastically for small WIMP masses, as
the energy released to the nuclei during the scattering is too small to produce a
detectable recoil. At large WIMP masses, even though the energy released to the

12There exist two kinds of nucleon-WIMP coupling: the Spin-Dependent (SD) and Spin-
Independent (SI) ones. The SD cross-section depends on the total spin of the nucleus, this cor-
responding to a scalar or vector mediator of this interaction. The Spin-Independent (SI) one is
independent of the total spin of the nucleus, this corresponding to a pseudo-scalar or axial-vector
interaction.
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nuclei increases, the sensitivity decreases as well, since the expected WIMP flux is
suppressed as 1/mWIMP.

This kind of searches are additionally bounded by the so called neutrino floor.
Neutrinos, produced either in nuclear reactions in the Sun or in interactions between
cosmic rays and the Earth atmosphere, scatter against the nuclei of the experiments
targets, leading to interactions indistinguishable from the ones which might be due
to WIMPs. To investigate such a phase space, directional searches looking for
annual modulations of the WIMP flux are being exploited [57]. A review of such
searches can be found in Ref. [58].

Indirect detection

WIMP pairs can annihilate producing pairs of SM particles. Indirect detection
experiments look for excesses in the flux of SM particles which could be explained by
such DM annihilation processes. Since the expected SM particles flux is proportional
to the local density of DM, indirect detection experiments target high density regions
of the Universe, such as the Sun or the center of different galaxies.

The IceCube [59] and the Super-Kamioka neutrino detection experiment (Super-
Kamiokande) [60] collaborations look for excesses in fluxes of neutrinos, which are
particularly promising DM probes as they interact only weakly with the medium
they traverse before reaching the experiments. The Fermi-LAT satellite [61], in-
stead, looks for excesses in photon or positrons fluxes, the latter being investigated
by the Alpha Magnetic Spectrometer 02 (AMS-02) [62] and Payload for Antimatter
Matter Exploration and Light-nuclei Astrophysics (PAMELA) [63] collaborations
as well.

The three collaborations have found an excess of high energy positrons, as can
be seen in Fig. 2.8, which could be explained by the existence of a WIMP with a
mass of mWIMP ∼ 10 GeV. However this finding can be explained by a variety of
astrophysical phenomena, and therefore no conclusive evidence of WIMPs existence
can be drawn.

Production at colliders

WIMPs searches carried out in particle colliders rely on the assumption that WIMPs
can be pair-produced from SM particles interactions. In this scenario, SM particles
and WIMPs interact via the exchange of a new mediator, which couples to both
SM particles and WIMPs.

The resulting WIMPs would be undetectable at colliders, unless they are pro-
duced in association with SM particles. These events would yield the so-called
mono-X signature, where a large amount of missing energy, due to the non-interacting
WIMPs, is observed. Such missing energy can be sizeable when recoiling on a highly
energetic X object, such as jets (see Chap. 4) or vector bosons which are produced
in the initial state of the collision. Since at hadron colliders the emission of QCD
Initial State Radiation (ISR) jets is favoured with respect to vector boson produc-
tion, the monojet final state, where the missing energy is recoiling against a jet, is
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Figure 2.8. Positron to electron plus positron rate as measured by the AMS-02, the
Fermi-LAT and the PAMELA collaborations as a function of the electron/positron
energy itself. Figure from Ref. [64]

a golden discovery channel for WIMPs.
For this reason, this signature has been exploited to look for WIMPs by the CMS

[65] and ATLAS [2] collaborations (see Chap. 3). Fig. 2.9 shows the experimental
constraints on the SI WIMP cross-section obtained by the ATLAS experiment using
the monojet signature.

As can be seen from this figure, WIMP searches at collider probe a complemen-
tary phase space with respect to direct detection ones, therefore allowing to widen
the sensitivity to such BSM scenarios. The monojet signature is exploited in this
thesis work to investigate other BSM scenarios, as will be explained in Chap. 7.
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Figure 2.9. Constraints on the SI cross-section for WIMP-nucleon interactions as a func-
tion of the WIMP mass itself, mχ. The upper limits obtained by the ATLAS collabora-
tion using monojet events (black) assume a vectorial mediator for the new interaction.
This interaction is also assumed to be lepto-phobic, so that the new vector mediator
couples only to quarks. The mediator coupling to the quarks is set to gq = 0.25 in
this plot, while its coupling to the WIMP, which is assumed to be a Dirac fermion, is
set to gχ = 1. Such constraints are compared to those obtained by direct detection
experiments (dotted coloured lines). Figure from auxiliary material of [2].

2.4 Unconventional Dark Matter candidates: Dark Sec-
tor

The searches described in the previous section are complementary among each other,
probing different WIMP mass ranges and interaction energy scales. The LHC pro-
gram has put a great effort on WIMP searches, probing an extremely large phase
space of WIMPs models, ranging from the EW scale up to many TeV.

Therefore, the possibility that DM is not constituted of WIMPs but of particles
with masses below the EW scale, with a new interaction between SM particles and
these new dark particles, has started to be investigated. In this scenario, among
the most promising theories there are the so-called Dark Sector (DS) models, which
assume a whole new sector of particles which are neutral under all the SM gauge
groups. The particle constituting the Dark Matter is to be found among these
states. Dark Sector searches are extremely interesting, as DS models have such a
reduced number of free parameters (compared to other BSM scenarios, like SUper
SYmmetry (SUSY)), that they can be easily used as probes of SM discrepancies,
allowing for an easy identification of uncovered scenarios.

Similarly to the WIMP paradigm, where WIMP particles were assumed to be
weakly interacting with ordinary particles, DS models assume that interactions
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between the dark and the visible sector can occur through so-called portals, so
that DS particles could be experimentally accessible beside from their gravitational
interaction. These portals have various forms and are classified according to the
type and the dimension of their operators. The best motivated ones are the Vector
(spin 1) portal, the Neutrino (spin 1/2) portal, the Higgs (scalar) portal and the
Axion (pseudo-scalar) portal. The portal models of interest for this thesis work,
namely the Vector portal and the Higgs portal, are introduced in the next sections.

2.4.1 Vector portal and Gauge sector

In the Vector portal the interaction takes place because of a kinetic mixing between
one dark and one visible Abelian gauge boson (non Abelian gauge bosons do not
mix). The dark gauge boson is identified with the vector boson of an extra U(1)d
symmetry, and it is therefore called Dark Photon (DP), γd. The DP mixes with
the vector boson of the U(1) gauge group of electromagnetism (the SM photon γ),
or, above the EW symmetry-breaking scale, of the hyper-charge. In the DP mass
range considered in this thesis, the γd mixes with the SM photon.

The most general Lagrangian LGS of such a gauge sector describing the mixing
between two Abelian gauge bosons Aa and Ab, associated to a U(1)a and a U(1)b
group, is [66]:

LGS = −1
4FaµνF

aµν − 1
4FbµνF

bµν − ε

2FaµνF
bµν ,

where F(a,b)µν = ∂µA(a,b)ν − ∂νA(a,b)µ and ε is the kinetic mixing between the
two gauge bosons. The gauge boson Aµb is taken to be coupled to the SM current
Jµ, while the gauge boson Aµa is taken to be coupled to the dark one J ′µ, giving a
Lagrangian Lc associated to such currents

Lc = eJµA
µ
b + e′J ′

µA
µ
a ,

with e and e′ being the respective coupling constants. The gauge boson kine-
matic terms can be diagonalized through the fields redefinition

 Aµa

Aµb

 =


1√

1 − ε2
0

− ε√
1 − ε2

1


 cos θ − sin θ

sin θ cos θ


 Aµ

A′µ

 ,

with θ being a generic angle through which the field are rotated, and Aµ and
A′µ are respectively the ordinary photon and the dark one. If the DP is massless,
the choice of the rotating angle θ is arbitrary, and it is usually chosen in such a way
that the SM photon couples to DS particles, other than to ordinary matter, via a
coupling referred to as milli-charge, while the DP couples only to DS particles.

If instead the DP acquires mass through SSB (see Sec. 1.2), there is no freedom
of choice of the parameter θ, which is instead locked to the value required by the
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rotation of the gauge fields to the mass eigenstates. In this context, θ must satisfy
the following relations:

sin θ = δ
√

1 − ε2

1 − 2δε+ δ2 cos θ = 1 − δε√
1 − 2δε+ δ2

,

with δ = Mb/Ma. In this way, the Lagrangian Lc can be rewritten as L′
c

L′
c = 1√

1 − 2δε+ δ2

[
e′(1 − δε)√

1 − ε2
J ′
µ + e(δ − ε)√

1 − ε2
Jµ

]
A′µ+

+ 1√
1 − 2δε+ δ2

[
eJµ − δe′J ′

µ

]
Aµ.

(2.4)

The Lagrangian L′
c in Eq. 2.4 is the most generic Lagrangian describing both the

dark and the SM currents. However, the most discussed case is the one in which
the mass is given only to one of the two U(1) boson, this achieved for example by
choosing Mb = 0. In such a way, δ = 0, and L′

c can be rewritten as:

L′′
c =

[
e′

√
1 − ε2

J ′
µ − eε√

1 − ε2
Jµ

]
A′µ + eJµA

µ.

In this (commonly chosen) scenario, which is the one that will be considered in this
thesis work as well, the SM photon couples only to visible sector particles, while
the massive DP couples directly to the SM EM current, with a Lagrangian Lmix

Lmix ∼ −eεJµA′
µ, (2.5)

in the limit ε ≪ 1.
Assuming that the γd is the lightest state of the DS and that mγd > 2me ∼

1 MeV, the γd can decay into SM particles thanks to its kinetic mixing with the γ.
The γd BR into a specific pair of SM particles depends on the γd mass itself. An
approximate estimation of the decay width of the DP into leptons l, Γγd→ll̄, is [67]

Γγd→ll̄ = 4
3ε

2αmγd

√√√√1 − 4 m
2
l

m2
γd

(
1 + 2m2

l

m2
γd

)
,

where ml is the mass of the lepton l produced by the γd decay and α is the hyperfine
structure constant. An approximate estimation of the decay width of the DP into
hadrons, Γγd→hadrons, is instead

Γγd→hadrons = 4
3ε

2αmγd

√√√√1 − 4
m2
µ

m2
γd

(
1 +

2m2
µ

m2
γd

)
R
(
s = m2

γd

)
,

where mµ is the muon (µ) mass and R
(
s = m2

γd

)
=
σe+e−→hadrons

(
s = m2

γd

)
σe+e−→µ+µ−

(
s = m2

γd

) is

the ratio of the annihilation cross sections of an electron (e−) - positron (e+) pair
into hadrons over the one into muons, both at a centre of mass energy of s = m2

γd
.
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Figure 2.10. Theoretical DP BRs into electrons (orange), muons (green), tauons (blue)
and hadrons (red) as function of the DP mass mγd

.

DP BRs [68] into the different SM species are shown in Fig. 2.10 in the range
mγd ∈ [0.017 GeV, 11 GeV]. For 1 MeV ∼ 2me ≤ mγd < 2mµ ∼ 210 MeV the
DP decays only into electrons. As a consequence of the lepton universality, when
more leptonic decays are accessible their associated BRs are equal. The DP has
a sizeable BRs to leptons, except in the mass range of hadronic resonances: in
the mass region shown, for mγd = mρ ∼ 776 MeV, mγd = mω ∼ 782 MeV and for
mγd = mϕ ∼ 1019 MeV the hadronic BR is strongly enhanced, while leptonic ones
are suppressed. Neutrino production is not considered since it is heavily suppressed

by a factor
m4
γd

m4
Z

∼ 10−8. The DP proper lifetime τ , expressed in seconds, is related

to both ε and the DP mass, as in the approximate relation

τ ∝
(

10−4

ε

)2(100 MeV
mγd

)
. (2.6)

As expected, when the coupling between the dark and the visible sector is sup-
pressed, the γd acquires a non-negligible mean proper life-time, possibly becoming
a Long Lived Particle (LLP) (see Sec. 7.1).

Experimental constraints

Dark Photons have been looked for since their theorisation by many different ex-
periments, assuming that the DP is produced and decays through the vector portal.
As no conclusive evidence of DPs has been found up to now in such scenarios,
constraints on the free parameters of these models, namely the DP mass mγd and
its coupling to the visible sector ε, are found, as reported in Fig. 2.11. Extremely
light and prompt (corresponding to large ε, see Eq. 2.6) DPs are already ruled out.
Instead, heavier DP hypotheses and smaller ε, in which the DP would decay fur-
ther from its production point, are not accessible with current facilities, without
assuming as well the already mentioned Higgs portal, that will be described in the
following section.
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Figure 2.11. Excluded areas in the free parameter (ε,mγd
) plane, as found by beam-dump

experiments (red), muon magnetic momentum measurements (green), e+e− colliders
(blue), meson decays (yellow) and LHC (magenta). These constraints assume the vector
portal only. Picture taken from [69].

2.4.2 Higgs portal and Higgs sector

When the γd is massless, no interaction between the γd and SM particles is foreseen
and the visible photon couples with DS particles. If instead the γd acquires a mass
through SSB, it couples to the visible sector via a short-range interaction. Such
SSB is provided by a dark Higgs boson (referred to either as S or Hd) mechanism,
analogous to the SM one described in Sec. 1.2), where the dark Higgs boson provides
mass to all DS particles. The Lagrangian LH,Hd describing the Higgs potentials and
interaction of both the dark and the visible sectors can be written as:

LH,Hd(ϕ, S) = −µ2 | ϕ |2 +λ | ϕ |2 −µs | S |2 +λs | S |4 +k | ϕ |2| S |2,

where ϕ is the Higgs boson doublet of weak-hypercharge W (see Sec. 1.2), S is the
dark Higgs scalar, with µS and λS being free parameters of the theory, and k being
the mixing parameter between the dark and the visible Higgs bosons. The SM Higgs
boson and the dark one have to be expanded around their VEVs < ϕ >=

(
0, v√

2

)
and < S >= vS√

2
, so that

µ = v2λ+ 1
2kv

2
S µS = v2

SλS + 1
2kv

2.

The mass matrix M2
H0,S0

, that still does not provide the mass eigenstates, can be
diagonalized in the (H0, S0) basis as

M2
H0,S0 =

 2v2λ vvSk

vvSkW 2v2
SλS

 ,
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so that the mass eigenstates can be written as H

S

 =

 cos θh − sin θh

sin θh cos θh


 H0

S0

 ,
where the mixing angle θh is implicitly given by

tan θh =
v2λ− v2

SλS − sign
(
v2λ− v2

S

)√
v4λ2 + v4

Sλ
2
S + v2v2

S (k2 − 2λλS)
vvSk

.

For small θh, the masses of the SM Higgs boson, mH , and of the dark one, mS , are

m2
H = 2λv2 + 2 sin2 θh

(
v2λ− λSv

2
S

)
m2
S = 2λSv2

S + 2 sin2 θh
(
v2λ− λSv

2
S

)
,

disregarding terms of order O(k4).
The mixing between H and S generates a non-zero coupling of the SM Higgs boson
to Dark Photons, allowing for the process H → γdγd to happen, when mH ≥ 2mγd .
The resulting decay width is

ΓH→γdγd = αm2
H

8mγd

√√√√1 −
4m2

γD

m2
H

(
1 −

4m2
γd

m2
H

+
12m4

γd

m4
H

)
.

The SM Higgs boson could in principle decay into the dark Higgs boson S too, but
in this thesis S is considered sufficiently massive for this process to be kinematically
forbidden.

The Higgs portal is of particular interest and often assumed in DS searches at
hadron colliders (like the LHC), as they are Higgs factories and since Higgs boson
exotic decays are still possible, as said in Sec. 1.3.

Experimental constraints

The ATLAS and the CMS collaborations have looked for (massive) DPs since the
start of their physics program, assuming both the vector (Sec. 2.4.1) and the Higgs
(Sec. 2.4.2) portals13. Different searches are built and optimised upon the hypothe-
ses investigated, with the main difference being the DP life-time regime targeted.
In Tab. 2.1 the most recent of such searches are listed.

Both the collaborations have not found yet any conclusive evidence of the exis-
tence of DPs, this resulting in constraints on the free parameter space of DP models,

13A CMS search looks for DPs using the vector portal only hypothesis, both in its decay and
its production (where the Drell-Yan production mechanism is assumed) [70]. Additionally, both
the ATLAS and the CMS collaborations have looked for massless γd, where the DP is produced
via the Higgs portal and where there exist no vector portal as the DP is stable, therefore yielding
missing energy. In this context, the DP is looked for using the mono-γ signature, where a highly
energetic photon recoils on missing energy. The possibility that the Higgs boson is produced by
VBF, see Sec. 1.3 (ZH, see Sec. 1.3) is investigated by both the ATLAS [71] ([72]) and the CMS
[73] ([74]) collaborations. Other searches looking for γd in more complex scenarios, such as the
ones foreseeing dark QCD as well, have been carried out by both the collaborations, with the most
recent result in Ref. [75]
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Signature HP H production VP τγd mγd [GeV] Search

Displaced muons
✓

ggF
✓ Outside ID

[0.6,50] CMS [76]
[10,60] CMS [77]

Displaced fermions ggF+VBF+WH [0.17,15] ATLAS [78], ATLAS [79]
Prompt muon-pairs

✓ ggF ✓ Inside ID [0.3,10] CMS [80]
Prompt lepton-pairs [0.2,2] ATLAS [81]

Table 2.1. Breakdown of ATLAS and CMS DPs searches, grouped according to the
signature looked for. It should be noted that beside [82], which has been carried out
during Run-1 (Chap. 3), all the others are Run-2 searches. Here HP and VP stands
respectively for Higgs Portal and Vector Portal.

namely the DP mass, mγd , its coupling to the visible sector, ε, and the BR of the
Higgs boson decaying into DPs. The constraints found by the ATLAS collaboration
prior to this thesis work are shown in Fig. 2.12.
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Figure 2.12. Excluded areas in the free parameter (ε,mγd
) plane, as found by the ATLAS

collaboration, for different B(H → 2γd +X) hypotheses, where X stands for undetected
particles. The constraints obtained in the Run-1 search looking for prompt DPs (red)
[83] are compared to the ones obtained in the Run-2 displaced search (violet) [79].
These constraints assume both the vector and the Higgs portal, exploiting the so-called
Falkowsky-Ruderman-Volansky- Zupan (FRVZ) benchmark signature (see Sec. 2.4.3).
Plot from Ref. [79].

The hypothesis in which the coupling between the DP and the visible sector
is extremely suppressed, thus yielding a DP that is so long-lived that it decays
outside the ATLAS detector, is for the first time investigated in this thesis work, as
explained in Chap. 7, in a reinterpretation of the the monojet search [3].

Furthermore, the scenario where instead the γd decays promptly inside the in-
nermost ATLAS detector had been investigated by the collaboration only in Run-1.
This thesis work looks for the first time for this possibility using the dataset col-
lected during Run-2, aiming at extending the sensitivity of this search to a wider
mγd range, and smaller couplings between the visible and the dark sector (both in
terms of the vector portal and the Higgs portal). The latter work is presented in
Chap. 5 and Chap. 6.
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2.4.3 Dark Sector simplified models

So called simplified or benchmark models are built in such a way that their resulting
signatures are representative of a wider class of models, thus allowing an easy com-
parison between different searches as well as an easy re-interpretation of them (as
will be indeed illustrated for the search in Chap. 7). For these reasons, simplified
models are often exploited in DS searches, and the ones probed in this thesis are a
standard for both the CMS and ATLAS collaborations, given their simplicity.

In the analysis illustrated in Chap. 5, 6 two benchmark models involving γd
production, the Falkowsky-Ruderman-Volansky- Zupan (FRVZ) [84, 85] and the
Hidden Abelian Higgs Model (HAHM) [86], are considered. The FRVZ model is
exploited in the search introduced in Chap. 7 as well, where the scenario in which
the SM is extended with the addition of a single BSM scalar particle (referred to
as H → ss model [87]) is considered too. For models involving the production of

γd, the U(1)d coupling αd = e′2

4π (see Sec. 2.4.1) is assumed to be ≪ αε2, so that
additional radiation of γd is suppressed.

The HAHM benchmark model

A simplified model predicting decays of the Higgs boson into a pair of dark photons
is the HAHM, schematically depicted in Fig. 2.13. The γd produced via the Higgs

Figure 2.13. Feynman diagram of the HAHM benchmark model, where the Higgs boson
H decays via the Higgs portal into a pair of dark photons γd, which in turn decay back
to SM fermions f via the vector portal. Figure adapted from Ref. [78].

portal decay back to SM particles via the vector portal.

The FRVZ benchmark model

Another benchmark model is the FRVZ one, depicted in Fig 2.14. It has similar
features of the HAHM one, though it provides a richer phenomenology, as multiple
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BSM particles are produced.

Figure 2.14. Feynman diagram of the FRVZ benchmark model, where the Higgs boson
H decays via the Higgs portal into a pair of dark fermions fd, which in turn decay into
the Hidden Lightest Stable Particle (HLSP) and a γd, which produces a pair of SM
fermions f via the vector portal. Figure adapted from Ref. [3].

A pair of dark fermions fd are produced via the decay of the Higgs boson through
the Higgs portal. Each fd decays into the Hidden Lightest Stable Particle (HLSP)
and a γd, which in turn decays back into a pair of SM particles through the vector
portal. Being the lightest particle of the invisible sector, the HLSPs are stable and
therefore undetected. The richer kinematics of this model is of particular interests
in searches for BSM physics, as it can give rise to a wide variety of signatures, as well
as to invisible particles. As a consequence of the presence of multiple intermediate
particles, the γd produced in this benchmark model are less boosted than the ones
in the HAHM model, as will be further discussed in Sec. 5.2.

The H → ss model

A third, even simpler model, is based on the extension of the SM with a single BSM
real scalar particle. It assumes a mechanism similar to the Higgs portal, where
the BSM scalar particle s acts as the Dark Higgs in the FRVZ and the HAHM
models. The s particle decays into SM fermions f via a Yukawa-like coupling, as
schematically depicted in Fig. 2.15. For the process to be allowed ms <

mH

2 .

The BR of the s particle into SM fermions depends on the mass of the s particle
itself, as shown in Fig. 2.16.
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Figure 2.15. Feynman diagram of the H → ss benchmark model, where the Higgs boson
H decays via the Higgs portal into a pair of dark scalars s, which in turn decay into a
pair of SM fermions f that are coupled to the s particle with a Yukawa-like coupling.
Figure adapted from Ref. [3].

Figure 2.16. BR of the s scalar particle into SM fermions, as a function of its mass ms.
Picture taken from [69].
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Chapter 3

The ATLAS experiment at the
LHC

In this chapter a brief description of the Conseil Européen pour la Recherche Nu-
cléaire (CERN) facility is given (Sec. 3.1), with particular attention on the pre-
accelerators system (Sec. 3.1.1) and on the Large Hadron Collider (LHC) (Sec. 3.1.2)
[88], focusing on its working conditions when the dataset exploited in this thesis work
was collected. The ATLAS detector, on which the searches presented in Chap. 5,
Chap. 6 and Chap. 7 are based, is described in Sec. 3.2.

3.1 The CERN facility

CERN was founded in 1954, from the realisation that high energy colliders could
provide insightful information about the infinitely small, as high energy collisions act
as powerful microscopes. The first large CERN accelerator, the Proton Synchrotron
(PS), started its operation in 1959, shedding light upon the constituents of matter
for the following years. Since then, different accelerators granting particles collisions
with larger and larger energies have been built. The Super Proton Synchrotron
(SPS) was built in 1976, the first proton-antiproton collider ever, and the 27 km long
Large Electron Positron collider (LEP) was built in 1989. After the end of the 2000,
LEP fulfilled its physics program and a proton-proton and heavy ions collider, the
LHC, was built in the 27 km long tunnel previously hosting LEP. The LHC is at the
moment of writing undergoing its third successful data taking. The previously built
accelerators still serve their purpose, being exploited both by different experiments
and as pre-accelerators of the LHC.

3.1.1 The CERN accelerator complex

An overview of the CERN accelerating complex [89] (in the conditions in which
the dataset exploited in this thesis was collected) is given in Fig. 3.1. Protons pro-
duced by ionisation of Hydrogen gas are accelerated up to 450 GeV by a system of
pre-accelerating elements - the LINear ACcelerator-2 (LINear ACcelerator-2), the
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Figure 3.1. CERN Accelerator complex. The pre-accelerating elements (the LINAC-2, the
PSB, the PS and the SPS) accelerate up to 450 GeV the protons, which are then injected
in the LHC, reaching an energy of 6.5 TeV (during Run-2, see Sec. 3.1.2). The yellow
points are the four interaction points, around which the four largest CERN experiments
are built: CMS, ATLAS, ALICE and LHCb. Additional experiments built around the
pre-accelerators are shown as well.

Proton Synchrotron Booster (PSB), the PS and the SPS - and then they are split
into the two beam pipes of the LHC (see Sec. 3.1.2). Here the beams are acceler-
ated to an energy of 6.5 TeV reaching a

√
s = 13 TeV (for Run-2, see Tab. 3.1). In

the pre-accelerating phase particles are arranged into bunches, which are extremely
dense and narrow packets of particles, built to maximise the chance of interactions
during the collisions (therefore referred to as bunch-crossing). These bunches are
accelerated in beam pipes where ultrahigh vacuum is granted, so to avoid any un-
wanted collision between the accelerated particles and the gas molecules in the beam
pipe. Along the LHC ring there are four so-called IPs (Interaction Points), where
the two bunches collide, around which the largest CERN experiments are located:

• A Toroidal LHC ApparatuS (ATLAS) [90] and Compact Muon Solenoid (CMS)
[91], multi-purpose detectors optimised for the discovery of the Higgs Boson,
for the study of its properties and for the research of new Physics;

• A Large Ion Collider Experiment (ALICE) [92], exploiting heavy ion collisions
to investigate the nature of the strong interactions in the quark-gluon plasma;

• LHCb, focused on B-hadrons decays in order to study b-quark properties and
the physics of Charge-Parity (CP)-violation.

3.1.2 The LHC

The LHC at the CERN is a 27 km long circular accelerator which is situated ap-
proximately 100 m underground underneath the French-Swiss border. Its planned
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operation is divided into specific Runs, each lasting several years and separated by
so-called Long Shutdown (LS), scheduled for possible repairs and upgrades. There
had already been a Run-1, from 2010 to 2012, followed by the LS1, lasted until
2015, a Run-2, from 2015 to 2018, followed by the LS2, lasted until 2022, and the
machine is currently in Run-3, which is planned to last until 2025.

After this Run, during the LS3, that will last until 2028, the LHC will undergo
a series of major upgrades. Thanks to those, during Run-4 operations at an instan-
taneous luminosity (see Sec. 3.1.3) of L = 7.5 × 1034 cm−2s−1, 7.5 times larger than
the nominal L, will be reached, in the so-called High-Luminosity (HL) phase of the
LHC. More details about the HL-LHC upgrades are given in Chap. 8.

The LHC is both a proton-proton and heavy ions (lead ions) collider. Since
this thesis work is based on the dataset collected during Run-2 in pp collisions, in
the following this manuscript will refer to pp collisions only. A summary of the
performances of the LHC during the Run-2 years of activity are compared to the
design ones in Tab. 3.1. In Run-2 proton bunches were accelerated by supercon-

Parameters 2015 2016 2017 2018 Nominal
√
s [TeV] 13 13 13 13 14

Np[1011] 1.1 1.2 1.2 1.2 1.15

NB 2232 2300 2450 2500 2808

Spacing [ns] 25 25 25 25 25

L [1033 cm−2s−1] 5 15 20 20 10

PU ∼ 13 ∼ 25 ∼ 38 ∼ 36 ∼ 25

Table 3.1. Best LHC performances during Run-2 years of activity [93] during normal
physics operations, for the 25 ns filling scheme (see Sec. 3.1.3) are compared to design
ones.

√
s is the centre of mass energy of the two colliding bunches, Np is the number of

proton per bunch, NB is the number of bunches injected per revolution at the LHC, the
spacing is the time interval between two consecutive injected bunches, L is the instan-
taneous luminosity and Pile-Up (PU) determines the number of collisions happening at
the same time. Details about these machine parameters are given in Sec. 3.1.3.

ducting Radio-Frequency (RF) cavities delivering 2 MV at 400 MHz, operating at
a temperature of 4.5 K. The LHC has a synchrotron design, hence the accelerated
particles revolution frequency1 is kept constant by varying the magnetic field along
the accelerator radius. To do so, a complex system of magnets is used, which is
made up of 1232 superconducting bending dipoles forcing the particle beam to fol-
low a circular trajectory, reaching an overall B of 8.3 T. Additional magnets, 858
quadrupoles and around 6000 correctors, are located along the ring and act on the

1f = qB

2πmγ
, with q being the charge of the accelerated particle, B being the external magnetic

field and γ = 1√
1 − v2

c2

.
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beam characteristics, such as its focus.

3.1.3 pp collisions, bunch filling scheme, luminosity and Pile-Up

pp collisions

Charged particles accelerated in circular colliders loose part of their energy as a
consequence of the synchrotron radiation produced since they are bended by mag-
netic fields. Such an energy loss ∆E depends on the energy E and on the mass m
of the bended particle, as in

∆E ∝ E4

m4 .

If accelerated at the same energy, lighter particles loose therefore more energy for
synchrotron radiation than heavier ones. As an example, the ∆Ee energy loss of
an electron would be ∆Ee/∆Ep ∝ m4

p/m
4
e ∼ 1013 times larger than the energy loss

∆Ep for a proton, if both of them are accelerated at the same energy. Allowing
thus to reach higher energy collisions, pp colliders are better suited as discovery
machines (the discovery of the Higgs boson was the main purpose of the LHC).

Colliding hadrons (such as protons) implies however that, in events in which the
transferred momentum is high (in the so called hard scattering events) the hadrons
behave as composite particles. The colliding elements (the partons, i.e. gluons and
quarks) carry only a fraction of the total momentum of the hadron, as prescribed
by the Parton Distribution Function (PDF). As a result, the total longitudinal
momentum of the colliding system is different from zero and cannot be determined,
so that the initial state is unknown. Furthermore, colliding strongly interacting
particles produces a large number of final state particles (∼ 200 per pp collision in
Run-2), challenging in terms of event reconstruction.

The hard scattering event is accompanied by emissions of soft (low-momentum)
gluons from coloured particles either in the initial (ISR) or in the final state (Fi-
nal State Radiation (FSR))). More than one pair of partons could interact too,
(producing the so-called Multiple Partons Interaction (MPI)), resulting in a larger
number of particles seen in the detectors. As a consequence of the confinement of
the colour charge (see Sec. 1.1), gluons and quarks cannot be asymptotic states
and they instead emit further soft gluons producing quark-antiquark pairs. Such
pairs become longer lived hadrons, in the so-called hadronisation process, where
collimated structure of hadrons are produced. A schematic view of a pp collision is
given in Fig. 3.2.



3.1 The CERN facility 43

Figure 3.2. Schematic picture of a proton-proton collision. The hard process (red), the
MPI (purple), the ISR, FSR and parton showering (blue), the hadronisation (green)
and photon emissions (yellow) are shown as well. Plot from Ref. [94].

Bunch filling scheme

The LHC is filled with batches of bunches. After batch injections, which are com-
posed of both empty and filled bunches (respectively bunches without and with the
accelerated protons/ions), the LHC is filled with a trail of empty bunches. The
number of empty and filled bunches in each batch, the number of batches before
the injection of empty bunches and the number of such empty bunches defines the
so-called filling scheme.

There are different filling schemes for the different LHC operation modes. A
different scheme is exploited for pp collisions and for heavy ions ones, as well as
for early operations and for nominal working conditions. During early operations,
a smaller amount of filled bunches with a larger spacing between them is foreseen,
while in nominal working conditions the number of filled bunches is maximised and
the spacing between them is minimised, so to increase the instantaneous luminosity,
as will be explained in the following section.

Each filling scheme must however satisfy requirements allowing for correct op-
erations. These requirements are mostly due to limitations on the injection kickers,
such as their rise time or their flat-top. Such characteristics affect respectively the
number of empty bunches within filled ones and the maximal length of a trail of
filled bunches.

In pp collisions, the nominal filling scheme for Run-2 is the 25 ns one, where
the spacing between two subsequent bunches is 25 ns. In this scheme, the LHC is
injected with 39 batches of bunches, for a total of 3564 bunches, of which 2808 are



3.1 The CERN facility 44

filled, according to the following pattern2:

3564 = [2 × (72b+ 8e) + 30e] + [3 × (72b+ 8e) + 30e] + [4 × (72b+ 8e) + 31e]+
+ 3 × 2 × [3 × (72b+ 8e) + 30e] + [4 × (72b+ 8e) + 31e] + 80e,

(3.1)

where e and b stand respectively for empty and filled bunches. From Eq. 3.1, a
batch in this scheme is comprised of 72 filled bunches and 8 empty ones, and among
different batches injections a trail of either 30 or 31 empty bunches is injected, after
a consecutive injection of respectively up to three batches or four batches. After the
39 batches have been injected, the LHC is filled with 80 empty bunches, to allow for
the rise time of the kickers dumping the beam (as will be explained in the following
section). During 2017, this filling scheme was replaced by the so called 8b4e one,
where batches were comprised of trails of 8 filled bunches and 4 empty ones, reducing
the number of available filled bunches to 1909. Such a scheme, though, reduced the
formation of electron clouds, allowing for smoother operations.-

Luminosity and Pile-Up

The number of events Ni associated to a processes i is connected to its cross section
σi through the instantaneous luminosity L as in

Ni = σi

∫
Ldt, (3.2)

where L is the number of interaction per unit of area and time and
∫

Ldt, the
so-called integrated luminosity L, is the number of interaction per unit area oc-
curred during the data taking. The instantaneous luminosity L for circular collider
experiments takes the form

L =
N2
pNBfrevF

4πσxσy
, (3.3)

where Np is the number of protons per bunch (called intensity of the beam), NB is
the number of bunches injected in the collider per revolution, frev is the machine
revolution frequency (≈ 11 kHz for the LHC), σx and σy are the horizontal (x)
and vertical (y) widths of the beam, assuming Gaussian profiled beams travelling
along the z direction, and F ≤ 1 is a correction factor which takes into account the
crossing angle of the two colliding beams and other intra- and extra-beam effects.

During LHC operations, the instantaneous luminosity decreases, as a conse-
quence of the pp collisions taking place in the IPs as well as of other effects degrad-
ing the beam, such as intra-beam forces and interactions of proton bunches with
residual gas molecules in the beam pipe. When the instantaneous luminosity goes
below a fixed threshold, a series of magnets (kickers) deviates each beam trajectory

2This is exactly the pattern that was exploited during 2016. As can be seen from Tab. 3.1, in
the other years of Run-2 data-taking the number of empty bunches has been reduced, allowing for
a larger number of filled bunches.
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from the LHC ring towards a dedicated 700 mm long extraction line (one per beam)
ending in a cavern containing the so-called dump blocks, 8520 mm long and 722 mm
wide cylindrical graphite and stainless steel blocks aimed at absorbing the residual
beams energy. The latter procedure is called beam dump, and usually it occurs after
5 h − 10 h from the beginning of the data taking (i.e. the beginning of the run).
After the beam has been dumped, in Run-2 the injection and then the ramping
back from 450 GeV to 6.5 TeV took from 90 min to 120 min. A scheme of the LHC
operations is given in Fig. 3.3.

Figure 3.3. LHC operations phases, with the beam intensities (blue and red) and the
magnetic field (green) profile as a function of time. From the injection phase, where the
bunches are sent from the SPS to the LHC and the beam intensities grow over time,
the magnetic field is ramped and the bunches are accelerated in the ramp phase. The
beam quality is then improved through beam focusing and adjusting in the squeeze and
adjust phase, and finally the stable beam condition is achieved, where the quality of the
beams is good enough for the collisions to take place. The beam intensities decrease
during the stable beam phase until they get too low, when the beams are dumped and
the magnetic field is ramped down (dump and ramp down phase). Plot adapted from
Ref. [95].

As a consequence of small spacing between subsequent filled bunches as well as
of their high proton density (as from Tab. 3.1 Np ∼ 1011), multiple interactions per
bunch crossing can occur in the IPs. The quantifier of this phenomenon is called
Pile-Up (PU) and there exist two kinds of it: the in-time PU and the out-of-time
PU. The first one takes into account pp collisions occurring in the bunch crossing
under study, while the second one refers to additional pp collisions occurring before
or after the bunch-crossing under study, affecting the data taking for detectors that
are sensitive to several bunch-crossings or that have electronics integrating over
more than 25 ns.

Multiple simultaneous interactions pose a challenge for the detectors that must
resolve particles from different pp collisions. Hence it is desirable to have the smallest
possible PU. At the same time, increasing the number of collected events Ni is of
utmost importance, even more so for searches of BSM rare phenomena such as the
ones looked for in this thesis. To do so, beside increasing the duration of the data
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Figure 3.4. (a) Integrated delivered (yellow) and recorded by ATLAS (green) luminosity
as a function of time for Run-2; (b) PU profile for different data taking years in Run-2.
Plots adapated from Ref. [96].

taking, it is necessary to maximise the instantaneous luminosity L (Eq. 3.2). To
give an example, augmenting Np would result in an increase of L (see Eq. 3.3) but
also of the in-time PU, since the presence of more protons in each bunch could lead
more likely to multiple interactions in the same bunch crossing. On the other hand,
augmenting NB results in an increase of L but also of the out-of-time PU, since the
spacing between different bunches would decrease and then the chance of overlaps
of interactions coming from different bunch crossings would grow. L has thus to be
increased without increasing too much the PU.

Fig. 3.4 (a) shows the integrated luminosity delivered by the LHC and recorded
by ATLAS during Run-2 while Fig. 3.4 (b) depicts the ATLAS PU profile for dif-
ferent years of the Run-2 data-taking. The average PU in Run-2 was 33.7. The
collected data usable for physics, i.e. the runs in which all ATLAS subsystems were
operating at normal conditions, was firstly measured to be L = 139 fb−1, with an
uncertainty on such measurement of 1.7%. Thanks to the study in Ref. [97] the
accuracy on the luminosity measurement was improved of a factor of two, yielding
L = 140.1 fb−1 ± 1.2 fb−1, with an uncertainty of 0.83%, the smallest ever achieved
in a hadron collider. The search outlined in Chap. 5 and Chap. 6 was performed
after the study of Ref. [97], and therefore its results are based on L = 140 fb−1.
On the other hand, the search in Chap. 7 was finalised before the aforementioned
study, and therefore it is based on L = 139 fb−1.

3.2 ATLAS detector

The aim of physics experiments is to provide measurements of physical quantities,
such as cross sections, that could be compared to theoretical predictions so to prove
a certain theoretical model. In particle physics, the apparatuses used to measure
these quantities are the detectors, which reveal the passage of a particle through
its interactions with the mean of which the detector is made of. As the energy of
the interactions increases, the energy and the penetrating power of the products of
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(a) (b)

Figure 3.5. (a) ATLAS detector, plot from Ref. [98]; (b) particle interactions with dif-
ferent ATLAS sub-detectors. Tracks of charged particles are reconstructed in the ID
(the yellow and black stripes and grid); electrons and photons leave the majority of
their energy in the ECAL (brown); hadrons instead interact primarily with the HCAL
(azure); muon (orange line) tracks are reconstructed in the MS (and in the ID too),
while neutrinos (dashed white line) traverse the detector without interacting. Plot from
Ref. [99].

such interactions also increase, implying that the detectors must be large enough
to be able to identify these products. All the detectors located around the LHC
IPs are therefore extremely large, to contain the very energetic particles produced
in the pp collisions.
ATLAS is a barrel-shaped multi purpose detector with a forward–backward cylin-
drical symmetry around one of the four IPs of the LHC. It is the largest detector
at the LHC, being 46 m long and 25 m wide and weighting in total approximately
7000 t. It is a so-called general-purpose detector, providing nearly complete and
hermetic coverage of the solid angle around the IP and being made of three con-
centric cylindrical sub-detectors (see Fig. 3.5 (a)), each of which is optimized for
the detection of specific types of particles (see Fig. 3.5 (b)). These sub-detectors,
ordered in increasing radial distance from the IP, are:

• the Inner Detector (ID), reconstructing tracks of charged particles and vertices
of interactions;

• the calorimeter system, measuring energy releases of particles traversing the
detector; it is composed of

– the Electromagnetic CALorimeter (ECAL), detecting EM showers;
– the Hadronic CALorimeter (HCAL), measuring hadronic showers, jets

and Missing Energy Transverse (MET) Emiss
T ;

• the Muon Spectrometer (MS), reconstructing muon tracks.
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3.2.1 Coordinate system

In order to uniquely describe the topology of events occurring in the ATLAS de-
tector, a right-handed cartesian coordinate system is defined (see Fig. 3.6), with its
origin matching the IP.

Figure 3.6. Coordinate system for the ATLAS detector. Both the right-handed cartesian
coordinate system and the cylindrical one are shown. Plot adapted from Ref. [100].

The z axis coincides with the beam line, the y axis points upwards and the x
axis points towards the centre of the LHC. The area of the detector at positive z is
referred to as side A, while the one at negative z is referred to as side C.

Cylindrical coordinates (r, ϕ) are used as well (with ϕ ∈ (−π, π] and ϕ = 0 in the
direction of the positive x axis) to exploit the cylindrical symmetry of the detector.
The polar angle θ is used too, with θ ∈ [0, π], where θ = 0 is the direction of the
positive z axis.

As said in Sec. 3.1.3, since protons behave as composite particles at high energies,
the collisions occur between partons, carrying an unknown (but governed by the
PDF) fraction of the total momentum of the proton. The longitudinal momentum
in the initial state is thus unknown. Physical observables invariant under Lorentz
boosts along the z axis are therefore used to describe events:

• the azimuthal angle ϕ;

• the transverse momentum pT :=
√
p2
x + p2

y (with px and py being the mo-
mentum of the particle along respectively the x and the y axis), that is the
projection of the particle momentum on the plane transverse to the beam axis;

• rapidities differences ∆y, where y = 1
2 ln E + pz

E − pz
(with E and pz respectively

the particle energy and its momentum along the z axis); for relativistic par-
ticles, the rapidity coincides with the pseudorapidity η = − ln tan θ2. η = 0
corresponds to the y axis while η = ± inf corresponds to the z axis. The
region of the detector at high η is often referred to as the forward region, and
in general detectors coverage is often expressed in terms of η;
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• the angular distance between two objects ∆R =
√

∆η2 + ∆ϕ2;

• the MET Emiss
T , quantifying a momentum imbalance in the transverse plane

(a more accurate definition of the Emiss
T is given in Sec. 4.3).

The central cylindrical section of the detector, closer to the IP, is called barrel,
while the regions positioned at the ends of the detector, away from the IP, are called
endcaps.

In the following, the different ATLAS sub-detectors systems are described.

3.2.2 Magnet system

A charged particle moving in a plane transverse to a magnetic field B is bended
with a curvature radius r depending on its momentum P and on the magnetic field,
as in3

P [GeV] = 0.3B[T]r[m].

Detectors measuring the momentum of charged particles are therefore located in
magnetic fields, that need to be rather high for measuring high-pT particles. The
ATLAS detector, measuring the momentum of charged particles both in the ID and
in the MS, features a superconducting magnet system (see Fig. 3.7), providing a
magnetic field over a volume of approximately 12 000 m3 of the whole detector [101].
The ID is located inside a solenoid generating a 2 T magnetic field parallel to the

Figure 3.7. Schematic view of the magnet system of the ATLAS detector. Plot adapted
from Ref. [90].

beam line, so that charged particles are bended in the (r− ϕ) plane. Such solenoid
3in this derivation it is assumed that the particle has a unitary electric charge (in terms of

the electron charge). Furthermore, here only the magnitude of the momentum is given, since to
understand its orientation one should take into account both the orientation of the magnetic field
and the sign of the charge of the particle.
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is 5.9 m long with an internal diameter of 2.46 m and an external one of 2.56 m.
The barrel (endcap) MS is instead located in a 0.5 T (1 T) toroidal magnetic field,
bending charged particles in the (r − z) plane in the barrel (endcap) region of the
MS. The barrel (endcap) toroid air-core system is composed of 8 (8 per side) 25.3 m
(5 m) long coils forming a cylinder with an internal diameter of 9.4 m (1.65 m) and
an external diameter of 20.1 m (10.7 m).

3.2.3 Inner Detector

The ID [102], schematically depicted in Fig. 3.8, is the detector closest to the beam
line and it reconstructs the tracks left by charged particles and their production
vertices. Since its proximity to the IP, the ID operates in a high density environment

Figure 3.8. ID in the (r, ϕ) plane in the barrel [103] (left) and endcap [104] (right). The
radial distances covered by the barrel detectors as well as longitudinal and radial ones
by the endcap detectors are shown. The paths of two particles with η = 2.2 and η = 1.1
are depicted as an example.

and is therefore the ATLAS sub-detector with the finest granularity. It extends from
33 mm to 1082 mm in radial distance from the IP, it is 6.2 m long in the longitudinal
direction and it covers the pseudorapidity range of | η |≤ 2.5. It consists of three
types of tracking systems that, ordered in increasing radial distance from the IP,
are: the Pixel Detector (PD), the Semi-Conductor Tracker (SCT) and the Transition
Radiation Tracker (TRT).
The total resolution on the measurement of the pT of charged particles traversing
the ID is

σpT

pT
= 0.5%pT[GeV] ⊕ 1%.

The pT resolution thus decreases as a function of the pT itself, as the curvature
radius increases, this resulting in a smaller number of hits left in the ID.
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Pixel Detector

Being the detector closest to the IP, the PD has finest granularity of all the ID
sub-detectors. It is composed of three (three) layers in the barrel (endcap) region,
located at radial r (longitudinal z) distances respectively of 50.5 mm (|z| = 495 mm),
88.5 mm (|z| = 580 mm) and 122.5 mm (|z| = 149.6 mm), covering a longitudinal
(radial) distance of 400.5 mm (88.8 mm < r < 149.6 mm) in total. It is made
of 1744 sensors with 46080 read-out silicon pixels each, for a total of roughly 80
million read-out channels. Each has a dimension of 400 × 50 µm2, with a resolution
of 10 µm in the (r, ϕ) plane and of 115 µm in the z direction. After the LS1, the
Insertable B-Layer (IBL) has been inserted at a radius of r = 33.25 mm, providing
an improvement on primary and secondary vertices reconstruction (see Sec. 4.1)
and enabling the identification of high pT tracks.

Semi-Conductor Tracker

The SCT provides a high precision measurement of the tracks impact parameters4

and pT. In the barrel, it comprises four layers, located at radial distances of 299 mm,
371 mm, 443 mm and 514 mm, covering a longitudinal distance |z| of 749 mm. In
both the endcap regions there are nine disks located at different longitudinal dis-
tances z, the first one at |z| = 839 mm (per side) and the last one at |z| = 2735 mm
(per side), covering the area between the radial distances from 275 mm to 560 mm.
The reconstruction resolution is 17 µm in the plane (r, ϕ) and 580 µm in z.

Transition Radiation Tracker

Being the outermost ID detector, the TRT is the ID sub-detector with the coarser
granularity. It is composed of 4 mm diameter drift tubes, that in the barrel (endcap)
region are parallel to z (r) and arranged in 73 (160) layers, which are located
at different radial (longitudinal) distances r (z), the first being at 563 mm (|z| =
848 mm) and the last at 1066 mm (|z| = 2710 mm), covering a longitudinal (radial)
distance of 712 mm (400 mm, from r = 644 mm to r = 1004 mm). Measurements
are performed in the (z, ϕ) plane, with a resolution of 130 µm. The TRT straws are
filled with a gaseous mixture of 70% Xe, 27% CO2 and 3%O, that is ionized when
charged particles traverse it.

Furthermore, Transition Radiation (TR) signals can be used to distinguish
among different kinds of particles. Ultra-relativistic particles traversing media with
different dielectric and/or magnetic properties emit a number of TR photons which
is proportional to the γ of the particle itself. If travelling with the same pT, lighter
particles thus produce more TR photons than heavier ones. These photons would
be absorbed by the gas mixture, producing high energy hits. From the amount of

4in this context, the impact parameters refers to the perpendicular distance between the tra-
jectory of a particle and the nominal IP at the point of closest approach, which is the point where
the particle is closest to the IP. More details about impact parameters evaluation will be given in
Chap. 4.1.
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such hits, electrons are distinguished from pions with 1 GeV < ET < 100 GeV with
a 99% efficiency.

3.2.4 Calorimeter system

The calorimeter system is the apparatus measuring the energy left by photons, elec-
trons and hadrons as well as the MET. It is made of two different sub-detectors,
that, ordered in increasing radial distances from the IP, are: the ECAL [105] and
the HCAL [106]-[107]. The ECAL measures energy releases left by photons and
electrons coming from EM showers, which are cascades of secondary particles pro-
duced from EM interactions of high-energy particles with the matter. Its dimensions
are thus given in terms of radiation lengths5 X0. The HCAL detects instead the
energy left by hadrons producing hadronic showers, which are cascades of secondary
hadrons produced from strong interactions of hadrons with the matter. Its size is
thus given in terms of the interaction lengths6 λ. Both the ECAL and the HCAL
are sampling calorimeters, in which absorber and active layers are combined, allow-
ing for more compact detectors with respect to homogeneous calorimeters, which
however provide a better enenrgy resolution being made only of active materials. A
scheme of the calorimeter system is shown in Fig. 3.9.

Figure 3.9. Schematic view of the calorimeter system. Plot from Ref. [90].

Electromagnetic CALorimeter

The ECAL is 22 X0 long in the barrel and 24 X0 long in the endcaps. The absorber
layers are made up of lead while the active ones are made up of Liquid Argon (LAr).
The structure is accordion-shaped in order to provide a fast reconstruction of signals

5the radiation length is the distance travelled by a beam of particles in a certain mean, before
the number of such particles is reduced of a factor 1/e, as a consequence of their EM interactions
with the mean itself.

6the interaction length is the distance travelled by a beam of hadrons in a certain mean, before
the number of such hadrons is reduced of a factor 1/e as a consequence of their strong interactions
with the mean itself
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and an almost complete coverage in ϕ, maximising the number of particle interac-
tions with the different active layers and avoiding possible dead zones. In between
two consecutive lead layers, electrodes detect the signal produced by electrons and
photons that release their energy in the LAr.
To provide a high granularity, the ECAL is divided in 3 separate sections:

• the EM barrel, covering the pseudorapidity range | η | ≤ 1.475, an r from
1.41 m to 1.96 m and a z of z = ±3.21 m;

• the two EMECs (ElectronMagnetic EndCaps), covering the pseudorapidity
range 1.37 ≤| η |≤ 3.2 and a z from z = ±3.70 m to z = ±4.25 m

In the region | η |< 1.8 an additional calorimeter with finely segmented layers of
LAr and lead is located close to the beam-pipe. This addition allows to correct
the energy measured in the barrel by adding the energy released before it. The
separation region between the barrel and the endcaps, in the range 1.37 < |η| < 1.52,
is called crack-region and is typically vetoed in the reconstruction of electrons or
photons since it contains a large amount of inactive material.
The overall energy resolution of the ECAL is

∆E
E[GeV] = 10%√

E[GeV]
⊕ 0.7%.

Hadronic CALorimeter

The HCAL is 9.7 λ long in the barrel and 10 λ long in the end-caps. This size
allows to contain almost completely hadronic showers, preventing leakages to the
MS and guaranteeing a reliable Emiss

T reconstruction. The HCAL is divided into six
regions, each of which has a different sampling technique depending on the different
radiation environments:

• the tile and the two extended barrels, which surround the ECAL, from r =
2.28 m to r = 4.25 m. The tile barrel covers the region | η |≤ 1.0 and extends
up to z = ±5.8 m, while the two extended barrels cover the region 0.8 ≤|
η |≤ 1.7 from z = ±5.8 m to z = ±8.4 m. The active material is made
up of scintillating tiles, while the steel is used as passive material. The tile
calorimeter energy resolution is

∆E
E

= 50%√
E[GeV]

⊕ 3%;

• the two Hadronic EndCaps (HECs), composed of two wheels of radius 2.03 m,
both covering the range 1.5 ≤| η |≤ 3.2. Here LAr is used as active material
and copper plates as absorbers, as the amount of radiation in the end-caps is
greater than the one in the barrel. Each HEC has an energy resolution of

∆E
E

= 50%√
E[GeV]

⊕ 3%;
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• the Forward Calorimeter (FCal) is placed very close to the beam pipe, cov-
ering the pseudorapidity range 3.1 ≤| η |≤ 4.9, where the particle density
is extremely high. It is composed of three layers: LAr as active material,
and copper and tungsten as absorbers for respectively the innermost and the
external layers. The FCal has an energy resolution of

∆E
E

= 100%√
E[GeV]

⊕ 10%.

3.2.5 Muon Spectrometer

The MS [108] is located in the outermost part of the ATLAS detector and it recon-
structs tracks of muons with pT > 3 GeV in the region | η |≤ 2.7. It provides almost
complete coverage in such η region, except for an opening in the central (rϕ) plane
(η = 0) for the passage of cables and services of the ID, of the central solenoid and
of the calorimeters. In addition, the MS can also provide the trigger (see Sec. 3.2.6)
for events where muons are found with | η |≤ 2.4. Magnetic bending is provided by
the large barrel toroid (small endcap toroids) for | η |≤ 1.4 (≤ 1.6 | η |≤ 2.7) (see
Sec. 3.2.2). In the region 1.4 ≤| η |≤ 1.6, called transition region, the bending is
provided by a combination of the barrel and the endcap magnetic fields.

In the barrel (endcap) region at | η |≤ 1.05 (1.05 ≤| η |≤ 2.7), three cylindrical
layers, referred to as stations (muon wheels), are situated around (perpendicular
to) the beam axis, at radial (longitudinal) distances r (z) of r ∼ 5 m (|z| = 7.5 m,
the small wheel), r ∼ 7.5 m (|z| = 13 m, the innermost big wheel) and r ∼ 10 m
(|z| = 22 m, the outermost big wheel). The three barrel (endcap) layers are called,
in increasing distance from the IP, Barrel Inner (BI) (Endcap Inner (EI)), Barrel
Middle (BM) (Endcap Middle (EM)) and Barrel Outer (BO) (Endcap Outer (EO)).
Each layer is further divided in the azimuthal plane into 16 stations, eight large (L)
and eight small (S), covering respectively 28◦ and 17◦. Large sectors are located in
between the eight barrel toroid coils, and small sectors overlap in ϕ with the coils.
Sectors are numbered starting from ϕ = 0◦, with Sector 1 being a Large sector. A
schematic view of the MS is given in Fig. 3.10.

The overall momentum resolution for low-pT muons is σpT/pT ∼ 2 − 3%, while
for high-pT ones is σpT/pT ∼ 10%.
The MS exploits two different types of so-called muon chambers in the different
MS regions, to maximise the performances of the detector. The MS high precision
chambers are used for precise measurements of the muon tracks pT , while the MS
trigger chambers are exploited by the trigger system. Being exploited in the trigger
system, trigger chambers are much faster, but less precise, than precision chambers.

Precision chambers

The two types of MS high precision chambers are:

• the Monitored Drift Tubes (MDTs): used in the barrel region and in the end-
cap up to | η |≤ 2 for high precision track measurement, they are composed
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Figure 3.10. View of the ATLAS detector in the (r, ϕ) plane; the components of the MS
are highlighted. Plot from Ref. [108].

of two multi-layers of aluminum drift tubes, each 400 µm thick and with a
diameter of 30 mm, filled with a gas mixture of Ar and CO2 at a pressure
of 3 bar. The charge produced by the ionization of the gas is collected by a
Tungsten-Rhenium wire placed in the center of the tube, providing a resolution
on the sagitta of 35 µm. MDTs are installed in all the aforementioned barrel
and endcap stations, apart from the small wheel;

• the Cathode Strip Chambers (CSCs): used in the small wheel in the forward
region 2 ≤| η |≤ 2.7, they are more robust than MDTs since the are subject to
a higher particles flux. CSC cathodes are filled with a gas mixture of Ar and
CO2 and are segmented in orthogonal strip wires, allowing a measurement in
both (r, ϕ) coordinates, with a resolution of 60 µm in r, of 5 mm in ϕ and of
7 ns in time t.

Trigger chambers

The two types of MS trigger chambers are:

• Resistive Plate Chambers (RPCs): exploited in the barrel up to |η| < 1.05,
they are arranged into two-layered stations, referred to as doublets, of which
two are found in the BM and one in the BO. Each RPC consists of two
bakelite plates separated by a 2 mm gap filled with a gas mixture of 97%
tetrafluoroethane (C2H2F4) and 3% isobutane (C4H10). A high electric field
of 4.5 kVmm−1 is maintained between the two plates to amplify the primary
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ionization of charged particles crossing the detector. The signal so produced
is collected on metallic strips located in the outer sides of the bakelite plates.
The track reconstruction resolution is 10 mm in z, 10 mm in ϕ and 1.5 ns in
time t;

• Thin Gap Chambers (TGCs): exploited in the end-caps, they are very thin
multi-wire chambers designed to have the anode-cathode spacing smaller than
the anode-anode spacing, for a very short drift time of 20 ns (smaller than
bunch spacing, see Tab. 3.1), providing a fast signal which is crucial for the
trigger system. The chambers are filled with a gas mixture of CO2 and n-
pentane (C5H12) operating in saturation mode. The track reconstruction res-
olution is 2 − 6 mm in r, 3 − 7 mm in ϕ and 4 ns in time t.

Besides trigger information, MS trigger chambers measure as well the muon coor-
dinate in the orthogonal direction to the one provided by the precision tracking
chambers.

3.2.6 Trigger system

During Run-2 proton bunches in the LHC collided every 25 ns, corresponding to a
collision rate of 40 MHz. Considering that per each event 1.5 MB of data are written,
if all the events were recorded 60 TB of data per second would have been produced.
Since such a large data rate is incompatible with modern technology for data storage
and since most of the events produced are not interesting for the ATLAS physics
program since they originate from low-pT inelastic and diffractive pp collisions, a
preliminary selection based on physics signatures, such as the presence of energetic
leptons, photons, jets or missing energy, is performed before the event is recorded.
This selection is made by the ATLAS two-levels Trigger System [109, 110]: the
Level-1 (L1) trigger, with dedicated electronics exploiting basic information from the
detectors, and the High Level Trigger (HLT), with software algorithms performing
a preliminary reconstruction of the event.

L1 trigger

The L1 trigger is based only on electronics and it elaborates information from the
Muon System (L1Muon), the Calorimeter System (L1Calo) and the L1 Topological
Processor (L1Topo). The L1Muon trigger takes as input information from the RPCs
in the barrel and from the TGCs in the endcap, the latter being combined with in-
formation from the Tile Calorimeter to reduce the rate of fake triggers in the region
1.05 < |η| < 1.3. The L1Calo trigger takes information from the calorimeters and
sends it to the Cluster Processor (CP) and the Jet/Energy-sum Processor (JEP),
reconstructing respectively electrons/photons/τ -leptons candidates and jets/Emiss

T .
The L1Topo provides a decision based on combined L1Calo and L1Muon items, in-
cluding their relative position and energy thresholds, combined mass and corrections
due to the Emiss

T .
The final decision on whether accepting the event at the L1 trigger can be
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based either on the number of muons above a certain pT threshold, on the total
energy measured in portions of the calorimeters or not reconstructed in the whole
detector, as for the Emiss

T triggers, and it is made by the so-called Central Trigger
Processor (CTP), to which information from the L1Calo, L1Muon, L1Topo and from
additional control sub-systems are sent. The rate of accepted events is reduced from
the CTP down to 100 kHz, with a fixed maximum latency of 2.5 µs.

High Level Trigger

Once an event is accepted by the L1 trigger, Region Of Interests (ROIs), defined in
the (η, ϕ) plane, are identified and data coming from them are transferred via the
Read-Out Driver (RODs) from the Front End (FE) boards of the sub-detectors to
the Read-Out System (ROS), which are interfaced with a farm of Central Processing
Units (CPUs) where the software-based HLT is run. The HLT system performs a
decision in hundreds of milliseconds, with an output rate of 1.2 kHz, with a typical
disk writing rate of ∼ 1.2 GBs−1. Data selected by the L1+HLT trigger system are
stored permanently.

Trigger menus and data streams

An event must have fired a so-called trigger chain, a combination of a L1 and a
HLT trigger algorithm, in order to be selected. Such combination applies kinematic
selections on the preliminary reconstructed objects, selecting events with candidate
leptons, photons, jets with specific characteristics, such as a given pT. Such chains
are typically used by multiple analysis groups in the ATLAS collaboration, and are
stored in the so-called trigger menu. The trigger menu evolved during Run-2 to
cope with the increase of instantaneous luminosity. To further reduce the event
rate associated to a given trigger chain, a prescaling factor of N can be applied to
the trigger chain, so that only 1/N events of the total passing the trigger chain are
stored. Usually ATLAS searches rely on the so-called lowest un-prescaled triggers,
with minimum pT thresholds and no prescale applied. In the searches introduced
in Chap. 5, 6 and 7 the same choice is made.

In ATLAS, six so-called data-streams identified with different trigger chains are
exploited:

• the physics stream: used in standard physics analyses, it stores the information
from the full detector, with a typical event size of ∼ 1 MB;

• the Trigger-Level Analysis (TLA) stream: used in physics analyses using in-
formation reconstructed only at the HLT level, it stores only partial detector
information and specific physics objects, allowing for looser trigger constraints
thanks to the smaller event size, which is typically of ∼ 6.5 kB;

• the debug stream: used to fully recover events for which the HLT failed to
be fully ran, as a consequence of processing times exceeding limitations, data
transfer errors or similar issues;
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• the calibration stream: used for detector calibration purposes, it collects data
from specific sub-detectors;

• the express stream: used for data quality monitoring, it collects a restrained
amount of data from the physics stream and applies offline reconstruction;

• the monitoring stream: used to control the status of ATLAS sub-detectors, it
does not foresee any data storage.

3.2.7 Event simulation

While the cross section of hard scatter events can be calculated perturbatively
thanks to the asymptotic freedom of QCD7, the same cannot be done for soft
processes. The vast amount of non-perturbative processes at particle colliders
makes thus comparing theoretical predictions to experimental measurements dif-
ficult. Studying the large number of samples produced by Monte Carlo (MC) sim-
ulations could be a useful way to overcome these difficulties, producing the possible
outcomes by randomly sampling the underlying (assumed or measured) PDFs. Since
hard and soft processes can be factorised, the simulation can be done in two steps,
at the parton level and at the particle level. A third simulation step, referred to as
detector level simulation, taking into account particles interactions with the detector
elements, is then performed as well.

Parton level simulation

The simulation of the hard process is done, in the perturbative regime at a fixed
order in perturbation theory, taking into account the PDFs of the partons and
their available phase space. The outcome of this simulation contains also coloured
partons and is said to be done at the parton level. In this thesis the MadGraph
event generator [111] has been used for matrix element calculations of the hard
processes at Next-to-Leading-Order (NLO) accuracy for signal samples used in both
the searches presented, as explained in Chap. 5 and Chap. 7, and it is interfaced
with PYTHIA [112] (see next section) for the second step of the simulation.

Particle level simulation

At this stage of the simulation, the (still perturbative) parton showering, the de-
cay of unstable particles, the (non perturbative) hadronisation and the underlying
event are included. The latter contains all the (soft) particles that in an event are
not coming from the hard process, resulting from the beam remnants, MPI, ISR
and FSR. The impact of such processes (contributing to the PU, as explained in
Sec. 3.1.3) is evaluated from studies on minimum bias events, resulting from pp
collisions where extremely loose trigger requirements are asked (hence the defini-
tion minimum bias). After such a study, these multiple interactions are simulated
with PYTHIA8.210 with the A3 set of tuned parameters (tune) [113] and the

7The strong coupling constant αs decreases with the increase of the energy scale.
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NNPDF2.3lo set of PDFs [114]. In this thesis, the PYTHIA generator was used as
well for the second step of the signal samples simulations as well as interfaced [115]
with Positive Weight Hardest Emission Generator (POWHEG) [116] for
the generation of tt̄ and single-t samples, while the Simulation of High-Energy
Reactions of PArticles (SHERPA) generator [117] is instead used standalone
for the generations of the other SM background processes beside for V + jets with
an EW production of the V boson, where Hadron Emission Reactions With
Interfering Gluons (HERWIG) (++) [118] is used. PYTHIA, SHERPA and
HERWIG++ provide a full event generation taking into account the soft and the
hard processes. While the first one, being a LO generator, is usually interfaced
with matrix-element generators with higher accuracy, the latter two, providing a
better accuracy, are used standalone, as they cannot be interfaced with any other
generator. POWHEG provides instead a method for generating NLO accurate
parton-level events, particularly useful for simulating processes where NLO correc-
tions are important, such as top quark production, and it has to be interfaced with
parton showering simulators, such as PYTHIA.

Detector level simulation

Particle interactions with detector elements have to be taken into account as well
in order to compare simulations results with measurements. Detector effects, such
as sensitivities, geometrical acceptances and resolutions, are considered too. The
outputs of the entire simulations, directly compared to measurements, are called
detector level distributions and the particles present at this stage are called recon-
structed particles. In this stage of the simulation, detector noise is considered as
well and the simulated signal hits are overlaid with cavern background events hits
and with additional hits from soft QCD events to simulate the effect of PU. The
detector level simulation is performed in ATLAS by GEometry ANd Tracking
(GEANT)4 [119, 120], a toolkit widely used in high energy physics.

MC weights

Simulated MC events have an associated weight taking into account different aspects
of the simulation:

• calculation order of perturbation theory: events that are generated beyond LO
have a MC weight correcting the cross-section distribution so to reproduce the
one at the correct order in perturbation theory;

• form factor: each event has a weight taking into account the form factor
associated to QCD emissions;

• PU: an event weight is also derived to correct the distribution of the PU per
bunch crossing, so that the simulation distribution matches the one in data.
MC simulations are indeed usually produced before the PU profile per run
has been evaluated.
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In order to correctly reproduce the expected number of events, such MC weight
should be normalised to the total number of weighted events. Since different PU
profiles are observed for the different Run-2 data takings (as in Fig. 3.4 (b)), such
normalisation procedure should be performed independently for the four data-taking
years. Therefore, the expected number of eventsN associated to a process with cross
section σ is obtained via:

N = σ
2015−2018∑

j

Lj

Nj∑
i

wji
wjtot

,

with j spanning over the Run-2 data-taking years, Lj , Nj and wjtot being respectively
the integrated luminosity, the number of generated MC events and the sum of the
events weights (taking into account the PU weight) associated to the j data-taking
year and wji being i-th event MC weight, which takes into account the PU weight
associated to the PU profile of the j-th data taking year.

A set of corrections related to the measurement procedure needs to be taken
into account as well in the event weight. These corrections are called Scale Factors
(SFs) and they are exploited so that the performances of the various reconstruction
and trigger algorithms obtained in MC simulations match those in data.

Blinded searches

MC simulations are widely used in searches of BSM physics, as the ones described
in this thesis work. The new physics process looked for is simulated, along with
possible background processes that could mimic signal events. The analysis strategy
is then obtained exploiting such simulations, by defining selection cuts reducing the
background while retaining as much signal efficiency as possible. At this stage, the
analysis is said to be blinded. Once the selections and the background estimation
techniques have been fixed, the analysis is carried out onto the collected dataset,
with this procedure being called unblinding. The analysis is performed onto real
data only once it has been finalised to avoid any possible bias.

While the search in Chap. 7 at the moment of writing is already published and
therefore the results here presented are unblinded ones, the search in Chap. 5, 6 is
still under internal review of the ATLAS collaboration and only one out of three
analysis channels has been unblinded.
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Chapter 4

Physics objects reconstruction
in ATLAS

Once an event is accepted by the ATLAS Trigger System (Sec. 3.2.6), the elec-
tronic signals produced by each sub-detector described in Sec. 3.2 are permanently
stored. The raw signals collected from the different detectors are converted into
meaningful information through a set of techniques and algorithms, finding can-
didates for electrons, muons, photons, jets, etc., in a step that is called physics
objects reconstruction. Such candidates are found along with their properties, such
as their momenta, energy or charge. The two building blocks used as input for
this reconstruction are tracks built from hits in the ID and in the MS and clusters
reconstructed from energy deposits in the calorimeters. Different objects definition,
based on different reconstruction algorithms, can be used, with this choice being
driven by the specific search interest. Furthermore, standard object definitions are
usually recommended by the ATLAS collaboration, but further optimisation can
be done at the analysis level to improve selections and maximise the sensitivity. In
the following, a description of how detector signatures are reconstructed as physics
objects is given. Specific selections imposed on the physics objects exploited which
are aimed at improving the sensitivity of the search in Chap. 5 and Chap. 6 are
here introduced but discussed in the relevant chapters. Such selections are also here
outlined for the search in Chap. 7, but the reader is referred to Ref. [2] for further
details, since their associated optimisation are not carried out in the context of this
thesis work.

4.1 Tracks and vertices

The ID is immersed in a solenoid producing a magnetic field whose axis is parallel to
the beam line, as explained in Sec. 3.2.2. Charged particles are therefore bended in
the ID in the plane transverse to the beam axis, travelling with a helical trajectory
defined by 5 parameters: η and ϕ, as defined in Sec. 3.2.1, q/p, the ratio of the
charge of the particle over its momentum, and the impact parameters z0 and d0,
the points of closest approach between the track and the nominal IP respectively in
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(a) (b)

Figure 4.1. (a) d0 variable in the (x, y) plane; (b) z0 variable in the (r, z) plane. These
impact parameters are evaluated with respect to the nominal IP, here identified with
the so-called Primary Vertex (PV). More details about the PV identification can be
found in the text.

the (r, z) and the (x, y) planes. A schematic picture of the two impact parameter
variables is given in Fig. 4.1. The track reconstruction algorithm can be summarised
in the following four consecutive steps:

• initial clustering: hits in the PD and in the SCTs are clustered together,
forming so-called space-points;

• seeding and track finding: track seeds are built from groups of at least three
space-points; through a combinatorial Kalman Filter (KF) [121] other com-
patible hits are added to the track seeds, to form track candidates;

• ambiguity solving: since different tracks might share the same space-points,
an ambiguity-solving algorithm is run, assigning a score to tracks according
to the χ2 of the track fit, its pT and the number of holes in the track, i.e. the
number of hits missing from an ID layer1. If a PD (two SCTs) cluster(s) is
(are) shared by more than two tracks or if two tracks share more than two
clusters, the tracks with the lowest ambiguity score are rejected;

• TRTs extrapolation: track candidates satisfying in addition either the Loose or
the Tight Primary identification Working Point (WP) (see Tab. 4.1) are then
extrapolated to the TRTs and their parameters are updated after performing
a high-resolution fit of their trajectory.

1A hole is defined as an intersection with a detector sensitive element where the expected
matching cluster is missing. Inactive regions or sensors are not included in the hole definition.
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Loose WP Tight Primary WP

pT > 0.5 GeV All the Loose requirements
|η| < 2.5 ≥ 9 hits in PD/SCTs detectors for |η| ≤ 1.65

≥ 7 clusters in PD/SCTs detectors ≥ 11 hits in PD/SCTs detectors for |η| > 1.65
≤ 2 holes in the PD/SCTs detectors 1 hit in the IBL or in the innermost PD layer

≤ 1 hole in the PD No PD holes
|d0| < 2 mm -

|z0 sin θ| < 3 mm -
Table 4.1. Summary of Loose (left) and Tight Primary (right) identification WPs re-

quirements for tracks.

In the analysis outlined in Chap. 5, 6 tracks satisfying the Loose WP are exploited,
while in the search in Chap. 7 tracks are not required to satisfy any specific require-
ments since they are not specifically exploited.

Multiple pp interactions occur per bunch-crossing (Sec. 3.1.3), but usually there
is only one hard-scatter event per collision, which is associated to a vertex which is
referred to as the Primary Vertex (PV). To look for such PV, ID tracks reconstructed
as previously outlined are exploited. Each track is extrapolated to the beam line,
with the resulting intersection being a vertex seed. Additional tracks are associated
to the vertex if compatible with it, taking into account their relative positions and
the track parameters. If the track is not compatible with another track vertex, it is
extrapolated to the beam line, with the intersection forming a new vertex seed. This
procedure is repeated until no track is left un-associated. Being the hard scatter
event the one associated to the largest energy transfer, the PV is defined as the
vertex with the largest ∑ pT2 of its associated tracks. More details about the track
reconstruction algorithm, its performance and about the PV reconstruction can be
found in Ref. [122, 123].

4.2 Jets

Hadronic jets are the final product of the hadronisation of quarks or gluons and are
therefore composed of a multitude of collimated hadrons. In the following, details
about jet reconstruction, calibration and identification are given.

4.2.1 Jets reconstruction

Jets reconstruction starts from calorimeter cells with the following steps:

• proto-clusters formation: calorimeter cells with ξ = EEM
cell /σ

EM
noise,cell > 4 are

topo-clusters seed, where EEM
cell and σEM

noise,cell are respectively the measured
energy and the (expected) noise associated to a calorimeter cell. The EM
superscript refers to the fact that these energies are at the so-called EM scale,
meaning that they correctly reproduce energy deposits for electrons and pho-
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tons, while corrections to accurately reproduce hadrons energy releases are
applied at a later stage, as described in the following. If cells with ξ > 2 are
found in the same layer adjacent to a topo-cluster seed or in an adjacent layer
but (partially) overlapping in (η, ϕ), they are added to the topo-cluster seed.
Finally, all adjacent cells (in the same layer) with ξ > 0 are added to the same
topo-cluster seed. The clusters so formed are referred to as proto-clusters;

• proto-clusters splitting and topo-clusters formation: proto-clusters can be too
large to provide a good measurement of the energy flow from the particles
generated in the recorded event. Therefore, proto-clusters with two or more
local maxima are split into smaller sized clusters: each local maxima with
Ecell > 500 MeV with at least 4 neighbours with smaller signals is split. If
a cell is shared among two different proto-clusters, it is associated to the
highest energy one. Topo-clusters are then formed, with a correction based
on their pseudorapidity and position in the calorimeter, to take into account
the position of the PV. Their properties, such as their four-momentum and
their position, are evaluated for both the full topo-cluster and the different
calorimeter layers. More details about topo-clusters formation can be found
in Ref. [124];

• Jet formation: topo-clusters are then clustered using a clustering algorithm
exploiting the metric

di,j = min(p2p
T,i, p

2p
T,j)

∆2Ri,j
R2 (4.1)

with i, j spanning over the topo-clusters, pT,i and pT,j being the pT of respec-
tively the i-th and the j-th topo-cluster, ∆Ri,j being the solid angle between
the two topo-clusters and R the clustering size, that for conventional jets in
ATLAS is set to R = 0.4. The value of the p parameter defines different kinds
of clustering algorithms: p = 1 refers to the so-called kt algorithm [125], p = 0
to the Cambridge-Achen one [126] and p = −1 to the anti-kt algorithm [127],
which is the one conventionally used in ATLAS for jet clustering. The met-
ric in Eq. 4.1 (with R = 0.4 and p = −1) is exploited to assess whether
two different topo-clusters should be merged into one: given the highest en-
ergy topo-cluster i, di,j is evaluated for all the other j topo-clusters, ordered
in decreasing energy, and if di,j < di,B = 1/p2

T,i the two topo-clusters are
merged and the j-th topo-cluster is removed from the collection. As soon as
di,j > di,B = 1/p2

T,i, the jet clustering for the jet seeded by the i-th topo-cluster
is considered as completed, the first jet is formed and the j-th topo-cluster be-
comes a new jet-seed. The clustering is completed when all the topo-clusters
are part of a jet (or are a jet themselves).

The jets built with this procedure are referred to as EMTopo jets. These are the
jets exploited in the search outlined in Chap. 7 (while no jets are used in the search
outlined in Chap. 5, 6). There exist however other kinds of jets: the Particle-Flow
(PFlow)-jets [128], the large-R jets [129] and the variable radius track jets [130].

The Particle-Flow (PFlow)-jets are reconstructed by subtracting to topo-clusters
the expected energy deposition due to ID tracks (with pT below 100 GeV) matched
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to them, this resulting in a better energy resolution. The physics objects built after
these subtractions are referred to as PFlow objects, that consists of charged PFlow
objects, the ID tracks, and neutral PFlow objects, the energy-modified topo-cluster
to wich an associated ID track was found and the energy unmodified topo-clusters
to which no associated ID track was found.

The large-R jets [129], where EMTopo jets are clustered once again, using the
anti-kt algorithm with R = 1.

The variable radius track jets [130], where the anti-kt algorithm is run unto both
topo-clusters and ID tracks with a variable radius depending on the constituent
pT as well, clustering with a smaller cone more boosted objects.

4.2.2 Jets calibration

The jet energy is obtained from its constituents, whose energies, as mentioned above,
are measured at the EM scale and corrected for the position of the PV. A set of
additional corrections (calibrations) are applied to take into account the Pile-Up,
the jet properties (such as its flavour composition), the Jet Energy Scale (JES) and
the (potential) mis-modelling of the MC simulations exploited to implement the
other corrections.

The PU calibration is needed since additional collisions beside the hard-scatter
one modifies the jets energy: this correction is performed firstly by subtracting
from the jet energy the observed energy density due to PU, considering the area
of the jet itself, and then by matching the reconstructed jet energy to the truth
one, to account for residual discrepancies present after the first step. This matching
procedure comes with an uncertainty that is translated onto jets observables.

The JES calibration takes instead into account energy losses due to hadrons
interactions with the passive layers of the sampling calorimeters, using as for the
PU a matching between the truth and the reconstructed jet energies, this yielding
an uncertainty as well. The flavour composition of the jets as well as the nature of
the parton initiating the hadronisation are accounted for too, with an improvement
of the 30% in the energy resolution.

Finally, the calibration taking into account the mis-modelling of the MC simula-
tions is performed. Such calibration comprises the mis-modelling of the hard-scatter
processes, of the underlying event and of the jet formation as well as of the different
technologies and granularities of the calorimeter system and the different detector
response to various hadrons as a function of their pT.

An additional source of systematic uncertainty arises from the Jet Energy Reso-
lution (JER), quantifying the width of the Gaussian jet response distribution. The
JER uncertainty takes into account many different effects from the stochastic na-
ture of hadronic showers to electronic noise. The breakdown of the JER and JES
uncertainties, split for the different outlined contributions and as a function of the
jet pT, are shown in Fig. 4.2.

More details about these calibrations, the measurement of the JES and the JER
and of their relative uncertainties can be found in Refs. [132, 131].
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(a) (b)

Figure 4.2. Total uncertainty on the JES (a) and JER (b) determination and its sub-
components shown as a function of the jet pT. Plots from Ref. [131].

4.2.3 Jets identification

Jets from pp collisions have to be distinguished from the ones originating from large
noise bursts into the calorimeters, from PU or from the Non Collisional Background
(NCB), the latter being due to either cosmic-rays crossing the calorimeter or rem-
nants of interactions of protons in the beam with components of the accelerator,
such as dipoles and collimators (Beam Induced Background (BIB)). In order to
suppress these fake jets, identification WPs are exploited and are here introduced.
Jets arising from PU are further discriminated using a PU tagger, introduced in the
next section.

Selections aimed at distinguishing jets due to noise bursts exploit information
from the pulse shape in calorimeter cells, by comparing, per each calorimeter cell, the
theoretically expected shape to the measured one. The per-cell variable obtained,
QLArcell , is exploited in per-jet variables, namely:

• < Q >, which is the weighted average of QLArcell , which is normalised in such
a way that < Q >∈ [0, 1];

• fLAr
Q (fHEC

Q ), which is the ratio of the energy released in the LAr calorimeter
(HEC, see Sec. 3.2.4) cells with a bad pulse shape, over the total energy
released in all the calorimeter cells with a bad pulse shape.

The variable |Eneg|, which is the absolute sum of the energies of all the cells
where a negative energy has been measured, is used to suppress jets due to large
noise bursts.

Jets due to noise or NCB are more likely to be localised longitudinally. Such
jets are identified using the fraction of the total energy of the jets over the one left
in the ECAL (fEM), in the HEC (fHEC), and in one layer of the calorimeter (fmax).
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The jet charged energy fraction (fch), evaluated as the sum of the pT of the
tracks associated to the PV and to the jet over the pT of the jet itself, is divided
for fmax and is used to select real jets, since they are expected to contain a large
number of charged hadrons.

Two identification WPs exploiting the listed variables are used to suppress fake
jets: the LooseBad WP and the TightBad WP. The former exploits a combination of
requirements onto the mentioned variables beside fch/fmax, the most discriminating
one. The TightBad WP includes all the selections of the LooseBad WP and adds
a requirement on fch/fmax too. Jets failing the LooseBad (TightBad) WP are
considered as Loose (Tight).

The Loose WP provides an efficiency of selecting jets from pp collisions above
99.5% (99.5%) for pT > 20(100) GeV, while the Tight WP, to be used by searches
heavily affected by NCB, selects jets with an efficiency of 95% (99.5%) for pT >
20(100) GeV.

The jets in the search in Chaps. 5, Chap. 6 must satisfy the Loose WP, as the
search is not significantly affected by the NCB and jets are only exploited to reduce
the tt̄ background. The search in Chap. 5, on the other hand, is fully based on
jets and might be more affected by the NCB. For this reason, in each event while
sub-leading jets must satisfy the Loose WP, the leading one must satisfy the Tight
WP.

Pile-Up jets rejection

The PU calibration corrects the jet energy by removing energy contributions due
to PU. However, jets purely due to PU can be reconstructed as well. In order to
suppress PU jets, the so called Jet Vertex Tagger (JVT) variable [133], a likelihood
discriminator, is used. Such variable is based on:

• the corrected Jet Vertex Fraction (corrJVF):

corrJVF =
∑
k |ptrk−jet

T,k (PV)|

∑
k |ptrk−jet

T,k (PV)| +
∑
n

∑
k |ptrk−jet

T,k (Vn)|
f(npu−trk)

where ∑k |ptrk−jet
T,k (PV)| is the scalar sum of the pT of all the tracks associated

to a jet and coming from the PV, ∑n

∑
k p

trk−jet
T,k (Vn) is the scalar sum of the

pT of all the tracks associated to a jet and coming from all the Vn vertices
beside the PV and f(npu−trk) is a linear function of the number of all PU
tracks in the event2. This variable represents thus the fractional pT of the jet
due to tracks coming from the PV compared to the one due to tracks coming
from PU vertices, the latter term being penalized if many PU tracks are found
in the event by the term f(npu−trk). Smaller values of CorrJVF are therefore
hint of PU jets;

2The number PU tracks in the event is determined as the number of tracks not associated to
the PV. f(npu−trk) is k ·npu−trk, with k = 0.01 being the slope of < ppu

T > as a function of npu−trk.
The discrimination power of corrJVF is however stable against different choices of k.
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• RpT =
∑
k |ptrk−jet

T,k (PV)|
|pjetT |

, with ∑k |ptrk−jet
T,k (PV)| being the scalar sum of the

pT of all the tracks associated to a jet and coming from the PV, while |pjetT |
is the pT of the jet itself. RpT is expected to be smaller for PU jets than for
genuine ones, as PU jets are expected to have a small pT coming from the
tracks associated to the PV.

The JVT variable is exploited in both the search outlined in Chap. 5 and Chap. 6
and the one in Chap. 7 to remove PU jets.

Jets flavour tagging

Since jets can be originated from different particles, they are distinguished in dif-
ferent categories: b-jets and c-jets are originating respectively from b and c quarks,
τ -jets from hadronically decaying τ and light-jets from the lightest quarks (u, d, s)3.
A tagging technique, referred to as b−tagging, is aimed at distinguishing b−jets
from the other ones, relying on the specific characteristics of such jets: being the
b-hadrons long-lived (with a lifetime of the order of picoseconds), they produce
secondary vertices with multiple tracks. Different b−tagging techniques are used,
relying on 4 different low-level taggers:

• IP2D and IP3D [134]: likelihoood ratio discriminants which are based respec-
tively on the transverse ( d0

σd0

) and on the longitudinal ( z0
σz0

) impact parameters
significance;

• SV1 [135]: reconstructing secondary vertices in the jets, it outputs eight vari-
ables, such as the mass of the vertices or the significance of the decay length;

• JetFitter [136]: reconstructing the full b and c-hadrons decay chains, it outputs
eight discriminating variables as well, mainly related to the track multiplicity
associated to each vertex;

• RNNIP [137]: Recursive Neural Network (RNN) taking as input different vari-
ables, such as the impact parameters significance, it outputs 4 scores related
to the probability of being a certain type of jet (b-jet, c-jet, τ -jet or light-jet).

These different low-level taggers are combined to create 3 different high-level tag-
gers [134, 138]:

• MV2c10: a Boosted Decision Tree (BDT) using as inputs the outputs of all
the previous low-level taggers beside the RNNIP one. It is used in the search
in Chap. 7 for the definition of the CR enriched in tt̄ and single-t events, where
jets are produced from the hadronisation of b-quarks originating from the t
quark decay;

3the top-quark does not hadronise since it is too heavy and it instead decays weakly primarily
into a W boson and a b-quark.
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• DL1: a Deep Neural Network (DNN) using the same inputs as MV2c10, with
additional information about the production of tertiary vertices extracted from
JetFitter;

• DL1r: an extension of DL1, exploits its same inputs with the addition of the
outputs of RNNIP.

4.3 Missing Energy Transverse

The Missing Energy Transverse (MET) −→
Emiss

T is a 2D vector defined in the transverse
plane of the collisions and it is a proxy of the production of non-interacting particles.
It is therefore a key discriminant variable for all WIMP searches, and it is exploited
in the search in Chap. 7, where it is looked for LLPs escaping ATLAS undetected.
It is defined as:

−→
Emiss

T = −
∑

k=hard objects

−−→pT,k −
∑

j=soft objects

−−→pT,j ,

that is the negative vector sum of the pT of all the so-called hard objects, i.e.
the reconstructed objects (such as muon, electrons etc.), and of all the so-called
soft objects, which are instead referring to contributions not associated to fully-
reconstructed objects. The objects entering the definition of the Emiss

T are indepen-
dent from each other and therefore an ambiguity solving procedure is exploited to
avoid the double-counting of detector signals.

The so-called soft term, which is associated to the Emiss
T term arising from the

soft objects, can include either ID tracks coming from the PV, as in the search in
Chap. 7, and in this case is referred to as the Track Soft Term (TST), or calorimeter
deposits, and in this case is referred to as the Calorimeter Soft Term (CST). The
TST is PU insensitive and has a better resolution with respect to the CST, as the
ID has a better pT resolution than the energy resolution of the calorimeter system.
The CST has instead a larger-scale response of the MET, since it takes instead into
account contributions from neutral particles too, differently from the TST, and can
exploit the coverage of the calorimeter system up to |η| < 4.5, while the TST is
bounded to |η| < 2.5 by the ID acceptance.

A detailed description of the Emiss
T definition and performance can be found in

Ref. [139].

4.4 Electrons and Photons

Electromagnetic showers developed by electrons4 and photons in the LAr calorime-
ter have a similar signature and so their reconstruction proceeds simultaneously. In
the following, the reconstruction procedure as well the identification and the isola-
tion requirements of electrons and photons is outlined. More details can be found
in Ref. [140].

4where not stated otherwise, the term electron refers to both electrons and positrons
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4.4.1 Reconstruction

Photons undergoing pair production before reaching the calorimeters are called
converted photons, while photons reaching the calorimeter are called unconverted
photons. Different particle hypotheses are made according to the signature observed
in the detectors. A cluster matched to a track is identified as an electron, a cluster
matched to a conversion vertex is identified as a converted photon and a cluster
matched nor to a track nor to a conversion vertex is identified as an unconverted
photon. Electrons and photons reconstruction is performed in five consecutive steps,
here listed:

• topo-clusters building: topo-clusters are built as explained in Sec. 4.2.1. The
topo-clusters considered for electrons and photons building are only the ones
where the energy at the EM scale reconstructed in the ECAL is larger than
400 MeV;

• tracks reconstruction: tracks are built as explained in Sec. 4.1, where, however,
instead of using the KF a non linear generalisation of it, called Gaussian Sum
Filter (GSF) [141], is exploited. The latter, differently from the KF, takes
into account the potentially large energy losses of electrons when travelling
in the ID (while hadrons are expected to have minimal interactions when
traversing the ID and therefore the KF can be exploited in the reconstruction
of hadrons-associated tracks);

• track to topo-cluster matching: GSF tracks are extrapolated to the second
layer of the ECAL and are attempted to be matched to topo-clusters. Tracks
are matched to topo-clusters if ηclus−ηtrk < 0.05 and −0.1 < q(ϕtrk−ϕclus) <
0.055, either with the measured pT of the track or with a corrected pT, tak-
ing into account the measured calorimeter energy. If more than one track
is associated to the same topo-cluster, tracks are ranked according to their
characteristics. Tracks with hits in the PD are preferred with respect to
tracks having hits in the SCT only. Among these categories, tracks with the
best ∆R match with the topo-clusters are preferred. If the differences in the
matching, both with the measured or rescaled track pT, are small (< 0.01),
the track with the larger number of hits is preferred. In the building of elec-
trons, the best-matched track is the one giving properties to the electron
itself. Such loosely matched tracks are used as well to build conversion ver-
tices, that can be reconstructed with either one or two tracks and with tracks
with hits in the Silicon detectors (the PD and the SCT), denoted as Si tracks,
or in the TRT only, denoted as TRT tracks. Double-track conversion vertices
are reconstructed from a pair of oppositely charged tracks with an invariant
mass compatible with 0, since they arise from photons which are massless.
Single-track conversion vertices are instead usually reconstructed from tracks
without hits in the innermost layers of the ID, since these are usually due to
late conversions. The requirements to build conversion vertices are looser for

5the asymmetric requirement is due to the fact that tracks could lose some energy from radiated
photons that instead clusters will measure
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Si tracks than for TRT ones and are tighter for single-track conversion vertices
than for double-tracks ones;

• super-clusters building: super-clusters are built from so-called seed clusters
and satellite clusters. Topo-clusters along with their matched tracks are or-
dered in decreasing ET. Topo-clusters are tested as seed for electron super-
clusters if they have ET > 1 GeV and if they have an associated track with at
least 4 hits in the Silicon detectors, while they are tested as seed for photon
super-clusters if they have ET > 1.5 GeV, with no requirements on the associ-
ated tracks and vertices. For both electrons and photons, satellite clusters are
added if they lie within δη × δϕ = 0.075 × 0.125. For electron super-clusters,
the matching requirement is loosened to δη × δϕ = 0.125 × 0.3 if the satel-
lite cluster has the same best-matched track of the seed cluster. For photon
super-clusters, satellite clusters are added, regardless of the (η, ϕ) matching, if
their associated conversion vertices are made only of Si tracks and their best
matched track belongs to the conversion vertex of the seed cluster;

• electron and photon objects building: an energy and position calibration is
applied to the super-clusters, tracks are matched to electron super-clusters
and conversion vertices to photon ones, with the same matching procedure
used for the matching of topo-clusters to tracks and conversion vertices. Since
an electron super-cluster can be a photon super-cluster as well, the procedure
outlined in Fig. 4.3 to finally identify electrons and photons is carried out. In
this way, if a super-cluster with no conversion vertex but associated tracks
is found, an electron is built, while if a super-cluster with no track but a
conversion vertex is found, a photon is built. In the other scenarios, the super-
cluster is reconstructed both as an electron and as a photon, that are therefore
marked as ambiguous. An additional calibration, object specific, is performed
after this matching. Finally, shower shapes and other discriminating variables
are evaluated for further electron and photon identification, as explained in
the following.
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Figure 4.3. Flowchart showing the logic of the ambiguity resolution for particles initially
reconstructed both as electrons and photons. Plot from Ref. [140].

4.4.2 Identification and isolation

Electrons

A likelihood discriminant, taking as input the aforementioned distributions of the
electron candidates, is adopted to define three mutually inclusive identification
Working Points (Loose, Medium, Tight), helping in discriminating prompt elec-
trons from ones produced in photon conversion or from the decay of heavy flavour
hadrons. All these WPs require at least seven hits in the Silicon detectors, of which
two should be in the PD, to discriminate against photon conversions. The search
outlined in Chap. 5, 6 exploits the Medium WP. The search in Chap. 7 exploits for
the electron veto the Loose&Blayer one, defined requiring an hit in the IBL (defined
in Sec. 3.2.3), and the Tight WP for electrons reconstructed in the 1e CR.

Electrons arising from prompt decays of the W , the Z and the H bosons are
characterized by an activity around them which is smaller than the one associated
to electrons produced from semi-leptonic decays of heavy-flavoured hadrons. An
observable quantifying such activity and aimed at identifying prompt electrons is
referred to as isolation. This isolation can be either track-based or calorimeter based,
being evaluated as the amount of activity surrounding the candidate, respectively
in the ID and in the calorimeter system. The track-based isolation is PU indepen-
dent and provides a better pT scale and resolution for individual soft hadrons. The
calorimeter-based isolation provides information about neutral particles, which are
ignored by track-based isolation, as well as information about objects whose associ-
ated tracks are either below the ID pT threshold or outside the ID η coverage. For
this reason, calorimeter-based and track-based isolation are combined to define the
two isolation Working Points listed in Tab. 4.2. Etopoetcone20

T , a calorimeter-based
isolation, is the sum of the transverse energy ET of the topological cell clusters in
a cone of size ∆R = 0.2 around the electron, subtracting the energy deposits asso-
ciated both to the electron itself and to the PU. pvarcone30

T , a track-based isolation,
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Isolation WP Etopoetcone20
T pvarcone30

T

Loose_VarRad
Etopoetcone20

T
peT

< 0.2 pvarcone30
T
pT

< 0.15

Tight_VarRad
Etopoetcone20

T
peT

< 0.06 pvarcone30
T
peT

< 0.06

Table 4.2. Summary of Loose_VarRad and Tight_VarRad isolation WPs requirements for
electrons.

(a) (b)

Figure 4.4. Electron identification (a) and isolation (b) efficiency as a function of their
transverse energy. In the bottom pad the ratio between the efficiency measured in data
and in the MC simulations is reported. Plot from Ref. [140].

is the sum of the pT of the tracks inside a cone of size ∆R = min(10 GeV
peT

, 0.3) (a

variable size, depending on the electron pT) around the electron track, excluding
the electron track itself. Such isolation variables are required to be small compared
to the electron pT itself, as listed in Tab. 4.2. The analysis outlined in Chap. 5, 6
exploits the Loose_VarRad WP, while the search described in Chap. 7 exploits the
Medium_VarRad one. The efficiency of the identification and isolation WPs are mea-
sured in data and in MC simulations with the tag & probe (T&P) method using
JΨ → e+e− (Z → e+e−) for electrons with ET < 20 GeV (ET > 15 GeV). Such
efficiencies are shown in Fig. 4.4 as a function of the electron ET. Discrepancies
observed are due to a mis-modellings in the MC simulations, and they are cor-
rected with data to MC SFs, that will be affected by uncertainties whose impact is
discussed on the relevant chapters in this thesis.

Photons

Since converted photons tend to have wider energy deposits than electrons, as the
initial opening angle between the produced electron-positron pair is amplified by
the presence of the magnetic field, the photon identification criteria are based on
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variables related to the shape of their associated EM showers, and they define
three identification WPs (Loose, Medium, Tight). While the search described in
Chap. 5, 6 does not rely on photon reconstruction, the one in Chap. 7 does and
exploits the Tight identification WP. Similar isolation criteria to the ones intro-
duced for the electrons are defined for photons, but since no isolation requirement
is applied to photons in the analysis in Chap. 7, the reader is referred to Ref. [142]
for further details. The identification and isolation efficiencies are measured in
data and compared to MC simulations in Z → l+l−γ and Z → e+e− events, with
mis-modelling covered by SFs, as for electrons.

4.5 Muons

Muons produced at the IP in pp collisions are usually Minimum Ionizing Particles
(MIPs). They therefore traverse the full ATLAS detector loosing a small fraction
of their energy, reaching finally the MS. They can thus be reconstructed with a
standalone measurement in the MS, but the rejection of fake muons can be improved
by requiring a matching track in the ID. The calorimeter information can be used for
improving the determination of track parameters, to account for larger energy losses
and to aid in the muon reconstruction not exploiting the ID. In the following, the
algorithms aimed at reconstructing muons are outlined, along with the identification
and isolation requirements aimed at rejecting fake muons while retaining a large
reconstruction efficiency. Further details can be found in Ref. [143].

4.5.1 Reconstruction

There are different kinds of muon reconstruction algorithms exploiting different
sub-detector systems. Such algorithms combine information from the ID, from the
calorimeter system and from the MS. Tracks in the ID are reconstructed as outlined
in Sec. 4.1, while the tracks reconstruction technique in the MS is described in the
following.

MS tracks reconstruction

MS segments are reconstructed as short straight-line local track segments from hits
in individual MS stations. MS segments in MDT/CSC stations are combined into
track candidates via a parabolic fit (representing a first-order approximation of the
particle bending inside a magnetic field) constrained to the IP. The ϕ coordinate
recovered through RPC/TGC is used to form 3D track candidates. A fit of the muon
trajectory in the magnetic field is then performed, taking into account interaction
with MS detector material and misalignments between chambers. Using the fitted
trajectory, outlier hits are removed and hits lying in the obtained trajectory that
were not previously considered are added. A track fit is then performed again with
the hits obtained in the previous step. Among the tracks sharing large fractions of
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hits, the ones with a better quality are retained and the others are discarded6. The
fit is again performed with a loose constraint on the IP and taking into account
energy losses in the calorimeter system. The pT of the MS track so obtained is then
expressed at the IP.

Muon types

Six muon types are defined in ATLAS, based on the detectors and on the techniques
used to perform their reconstruction:

• ComBined (CB) muons: reconstructed using full ID and MS tracks. Starting
from MS tracks built as explained previously, it is looked for matching tracks
in the ID. Since this muon reconstruction exploits a full track reconstructed
in the ID, CB muons are reconstructed up to |η| < 2.5;

• Silicon Forward (SiF) muons: reconstructed, like CB muons, starting from
MS tracks and then looking for matches backwards in the ID. However, in
order to recover efficiency in the region with 2.5 < |η| < 2.7, MS tracks are
matched with ID segments rather than full ID tracks;

• CaloTagged (CT) muons: reconstructed using ID tracks that are extrapolated
to the calorimeter system looking for energy deposits compatible with the ones
left by MIPs;

• Inside-Out (IO) muons: reconstructed using ID tracks extrapolated to the
MS, looking for at least three loosely aligned hits in the MS;

• Segmented Tagged (ST) muons: reconstructed from ID tracks that are extrap-
olated to the MS, looking for MS segments, rather than three hits as for IO
muons, matching the ID tracks;

• StandAlone (SA)/MS Extrapolated (ME) muons: reconstructed from MS tracks
only, since no ID track is found to be matching the extrapolated MS track.

To correct for energy losses inside the calorimeter system and to correctly correlate
the tracks in the MS to the ones in the ID (when available), muons energy losses
are estimated by combining an analytical parameterisations of the energy loss with
the calorimeter measurement, reaching a precision on the energy loss of 30 MeV for
50 GeV muons.

Both the search in Chap. 5, 6 and the one in Chap. 7 exploits CB muons.

4.5.2 Identification and isolation

Identification

After reconstruction, muon candidates are selected according to a set of require-
ments on the number of hits in the different sub-detectors, on the track fit prop-

6Both tracks are kept if they are identical only in the first two stations but have different hits
outward.
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erties, and on variables assessing the compatibility of the individual measurements
in the ID and in the MS (when both are available). Such variables are the q/p
compatibility7, whose expression can be found in Eq. 4.2, and ρ′, given in Eq. 4.3:

q/p compatibility = |q/pID − q/pMS|√
σ2(q/pID) + σ2(q/pMS)

, (4.2)

with q/p being the ratio between the measured charge and momentum of the muon,
σ(q/p) the uncertainty on the measured q/p and the subscripts MS and ID standing
for measurements in the MS or in the ID respectively;

ρ′ = pT,ID − pT,MS
pT,CB

(4.3)

with pT,ID, pT,MS and pT,CB being the pT measured respectively in the ID, in MS,
and in a combined measurement exploiting both sub-detectors.

Three mutually inclusive identification WPs (Tight, Medium and Loose) are
based on these and other variables. The Tight WP requires muons to be only CB
or IO, with additional requirements, optimised for different pT and η bins, on both
the q/p compatibility and ρ′. Furthermore, Tight muons must have a normalised
χ2 of the combined track fit smaller than 8, rejecting tracks due to hadron decays in
flight. Finally, Tight muons are required to have at least two precision stations, MS
stations in which the muon has at least three hits in the CSC or MDT detectors.

The Medium WP accepts CB and IO muons with a flat q/p compatibility require-
ment, that should be smaller than 7. The number of precision stations is reduced
to one for muons with |η| < 0.1 and at most one precision hole station has to be
reconstructed. The latter is a MS station where the muon has less than three hits
and is missing8 at least three hits that are expected given its trajectory and the
detector layout and operational status. This WP accepts as well SiF and ME muons
in the 2.5 < |η| < 2.7 region, to extend the η coverage of the Tight identification
WP.

The Loose WP accepts all the muons passing the Medium WP. It includes CT
and ST muons in the |η| < 0.1 region, to recover inefficiencies due to the gap in the
MS coverage. If IO muons have |η| < 1.3 and pT < 7 GeV, they are accepted even
with one precision station only if they are reconstructed as ST muons as well, to
increase the efficiency to low pT muons.

Two additional WPs are optimised for selecting low pT muons, the Low-pT WP,
or high pT ones, the High-pT WP. Muons satisfying the High-pT WP are IO and
CB Medium muons, with however three precision stations (instead of two as for
the Medium WP) and with some additional requirements mitigating the impact of
potential misalignments between the different detector elements.

The Low-pT WP is introduced to recover efficiencies for muons with pT <
10 GeV. This WP selects CB and IO muons, the latter being reconstructed as ST

7The q/p variable is directly proportional to the sagitta s of the track.
8a missing hit is counted where the muon trajectory crosses an active sensor that does not

register a hit
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(a) (b)

Figure 4.5. Muon identification efficiencies for different WPs, as a function of the muon
pT itself. (a) shows the comparison of the Loose, Medium and Tight WPs while (b)
shows a comparison of the Medium and the Low-pT WPs. Two versions of the Low-pT
WP are shown, a cut based one (white dots) an Multi-Variate Analysis (MVA) one
(black dots). Plot from Ref. [143].

muons with the same requirements as for Loose ST muons, beside the pT < 7 GeV
cut. Fake low pT muons due to the decay of light hadrons are rejected exploiting
further requirements. For pT > 18 GeV the Low-pT WP is defined to be identical to
the Medium one.

Identification efficiencies are measured using the same T&P method exploited
for electrons and photons, in Z → µ+µ− (JΨ → µ+µ−) events for pT > 20 GeV
(pT ≤ 20 GeV) and mis-matches between MC simulations and data are accounted
for exploiting SFs, affected by uncertainties which are propagated to all muon can-
didates. Identification efficiencies for the Tight, Medium and Loose WPs are shown
as a function of the muon pT in Fig. 4.5 (a), while Fig. 4.5 (b) compares the effi-
ciency of the Low-pT WP to the Medium one. Muons reconstructed in the analysis
in Chap. 5, 6 are required to satisfy the Loose WP, while the ones exploited in the
search outlined in Chap. 7 are required to satisfy the Medium WP.

Isolation

Prompt muons, like prompt electrons, are characterized by an activity around them
which is smaller than the one associated to muons produced from semi-leptonic
decays of heavy-flavoured hadrons. For this reason, track-based and calorimeter
based isolation variables are evaluated for muons as well, and they are combined to
create a different set of WPs. The ones of particular interest for this thesis work
are summarised in Tab. 4.3.

While the track-based isolation is the same one exploited for the electron isola-
tion WP, the calorimeter-based isolation exploited for muons is different: Eneflowiso20

T



4.6 Overlap Removal 78

Isolation WP Definition Track pT [GeV]
PFlow_Loose pvarcone30

T + 0.4Eneflowiso20
T < 0.16pµT > 0.5

PFlow_Tight pvarcone30
T + 0.4Eneflowiso20

T < 0.045pµT -
Table 4.3. Summary of PFlow_Loose and PFlow_Tight isolation WPs requirements for

muons. While the tracks used for the track-based isolation in the PFlow_Loose WP
must have pT > 0.5 GeV, no pT requirements is asked on the tracks used for the track-
based isolation computation in the PFlow_Tight WP.

is the sum of the transverse energy ET of the topological cell clusters in a cone of
size ∆R = 0.2 around the muon, subtracting not only the muon and the PU energy
deposits, but all energy deposits matched to tracks in the ID. This isolation variable
allows for a less correlated relation between the calorimeter and the track-based iso-
lation, since energy deposits due to charged particles (already accounted for in the
ID) are removed. This isolation WP is referred to as PFlow.

The search described in Chap. 5, 6 exploits muons satisfying a modified version
of the PFlow_Loose isolation WP (see Sec. 5.3.1), while no isolation requirement is
asked for muons in the search outlined in Chap. 7. Isolation efficiencies are evaluated
in the same way as identification ones, with mis-modelling that are corrected with
data to MC SFs, affected by uncertainties whose impact is discussed on the relevant
chapters in this thesis.

4.6 Overlap Removal

In ATLAS, the various physics objects are reconstructed in separate steps, as ex-
plained in the previous sections, using the same detector information. Therefore,
the same detector signals could be used to reconstruct different objects. As an
example, the same energy deposited in a region of the calorimeters could be recon-
structed as an electron or photon, a hadronic jet, and a tau lepton9 at the same
time. Furthermore, an extremely boosted topology could cause some issues in as-
signing these detector signals to different objects as well. This ambiguity in object
reconstruction is problematic for analyses, since it can easily lead to counting the
same energy deposits multiple times.

ATLAS analyses use thus a procedure of so-called Overlap Removal (OR) to re-
solve this issue. This procedure compares two types of objects at a time and if there
is geometric overlap (defined using for example a ∆R matching or the association to
the same ID track), one object or the other is removed, depending on a pre-defined
priority. Each object pair is compared sequentially, resulting in a complete set of
objects without any ambiguity.

The electron-jet OR removes reconstructed jets that are identical to recon-
structed prompt electron candidates, while preserving heavy-flavour jets with semi-

9Details about τ leptons reconstruction are not given in this thesis. The reader is referred to
Refs. [144, 145].
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leptonic decays and light-flavour jets faking a loose electron. Additionally, it removes
events (or objects) where a close-by prompt electron and a hadronic jet might bias
each other’s position or energy reconstruction.

The muon-jet OR is used either to separate prompt muons from muons origi-
nating from the decay of hadrons within a jet or to remove jets originating from
FSR or Bremsstrahlung photons. Collinear FSR produces indeed a photon which
is close-by to the muon ID track that will be combined with calorimeter deposits,
so that the combined object will be reconstructed both as an electron and a jet.
Very energetic muons loose their energy due to Bremsstrahlung, with this energy
loss being larger in high density means. Such muons would loose the majority of
this Bremsstrahlung energy in the calorimeter system, thus producing deposits that
would be reconstructed as jets.

The electron-muon OR is used to reject electrons reconstructed when a muon
radiates a hard photon, as already introduced in the muon-jet OR procedure. In this
case, the muon and the electron would either share an ID track or be at ∆R < 0.1.

Usually such OR procedures are performed sequentially, starting from the muon-
electron OR, than to the electron-jet one and then finally to the muon-jet one.
Additional OR requirements are applied to distinguish among photons and taus
and all the other objects. However, since such ORs are not relevant for this work
they are not further discussed.

The physics objects retained after the OR are the only ones that are used in
physics analyses. Depending on the aim of the physics search, certain OR procedures
could be applied or different priorities from the ones here outlined could be exploited.
The OR procedures applied for the search of prompt DPs in described in Sec. 5.3.3,
while for the ones employed by the search for detector stable LLPs the reader is
referred to Ref. [2].
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Chapter 5

Prompt Dark Photon signatures
at the ATLAS experiment

A search for Dark Photons decaying promptly in the ATLAS innermost detector
is presented in this and in the following chapter. This search is for the first time
performed using the full Run-2 dataset, and it aims at extending the sensitivity of
the prompt DPs search carried out during Run-1 [81]. This chapter illustrates the
relevant signatures through which DPs decaying promptly in the ATLAS ID are
reconstructed. In Sec. 5.1, the dataset and the MC simulations used for this DPs
search are listed. In Sec. 5.2, truth level kinematics of the studied benchmark models
(see Sec. 2.4.3) are shown. In Sec. 5.3, how the collimation of the γd decay products
impact their reconstruction is shown. In Sec. 5.4, the algorithm reconstructing the
γd decay products into the so-called prompt Lepton-Jets (pLJs) is described, and
its associated reconstruction efficiencies are shown. Particular focus is given to the
reconstruction of the pLJ invariant mass, as the latter is used in the background
estimation in two of the three channels of this search (see Sec. 6.2.1). Finally, in
Sec. 5.5 the trigger strategy used in this search is introduced.

5.1 Data and simulated event samples

The search here presented is based on the full Run-2 dataset (see Sec. 3). Monte
Carlo simulations (Sec. 3.2.7) of the benchmark models investigated (Sec. 2.4.3)
are exploited in order to optimize selection criteria to maximize the sensitivity to
signal-like events. As will be explained in the following, the signature looked for is
quite different from usual SM-like processes. For this reason, SM MC simulations
cannot be used to assess background contributions in the region of interest. The
background estimation for this search is thus completely data-driven (see Sec. 6.2).
Nonetheless, MC simulations of SM processes are used in order to understand fea-
tures of background processes that might affect, at a larger level with respect to
what could be inferred from MC simulations only, this search.



5.1 Data and simulated event samples 81

5.1.1 Full Run-2 dataset

Data were collected during 2015-2018 in pp collisions at a center-of-mass energy of√
s = 13 TeV (see Tab. 3.1), with a total integrated luminosity of L = 140 fb−1 (see

Sec. 3.1.3)

5.1.2 MC samples

Generated events undergo the full simulation chain outlined in Sec. 3.2.7. While
signal and background MC simulations all rely on GEANT4 for simulating the
full detector geometry and response, they rely on different MC generators for the
simulation of the hard scatter event, the parton showering and the hadronisation.
All these simulations include as well effects due to the in time and the out of time
Pile-Up (see Sec. 3.1.3), as explained in Sec. 3.2.7. Further details about these MC
simulations are given in the following.

Signal samples

The benchmark models exploited in this search are the FRVZ and the HAHM ones,
presented in Sec. 2.4.3. These models foresee both the vector and the Higgs portal,
where the SM Higgs boson is here assumed to be generated via the ggF production
mechanism (see Sec. 1.3). The MG5_aMC@NLO v2.2.3 generator, linked together
with the PYTHIA8 generator v8.186, is used for ggF production of the Higgs bo-
son and its subsequent decay to dark-sector particles. More details about these
generators can be found in Sec. 3.2.7.

Multiple signal samples are produced, with DP masses ranging between 17 MeV
and 40 GeV. The mass range is chosen in accordance with the ATLAS Run-2 search
looking for displaced DPs [79] and to extend the boundaries of the previous AT-
LAS prompt search [81], below the di-muon production threshold and above 2 GeV.
Since this search targets a signature arising from prompt DP decays, the DP mean
lifetime τγd is set to 0. The masses of the additional particles foreseen in the FRVZ
benchmark model, namely fd and HLSP, are chosen (as for the ATLAS Run-2
displaced search) to be small relative to the Higgs boson one, and far from the kine-
matic threshold at mHLSP + mγd = mfd , so that the two Dark Photons produced
are boosted and well separated in the transverse plane, as will be seen in Sec. 5.2.
The set of parameters used to generate the signal MC is listed in Tab. 5.1 (a) for
the FRVZ process, and in Tab. 5.1 (b) for the HAHM one.

SM background processes

The main source of background in this analysis comes from (virtual) vector bosons
decaying into lepton pairs and highly energetic low-mass mesons decaying into lep-
ton pairs. As already said, these backgrounds are not reproduced by MC simulations
in the phase space of interest of this search. Other SM processes that could lead to
potential sources of background include W +jets, Z+jets, tt̄, single-top-quark, WW,
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mγd [GeV] mHLSP [GeV] mfd [GeV]
0.017 2 5
0.03 2 5
0.06 2 5
0.1 2 5
0.24 2 5
0.4 2 5
0.9 2 5
2 2 10
6 4 25
10 6 35
15 10 45
25 10 45
40 7 55

(a) Parameters used for the MC simula-
tions of the process H → 2γd + X,
according to the FRVZ model. For
the definition of the different parti-
cles see Fig. 2.14.

mγd [GeV]
0.017
0.01
0.4
2
10
15
25
40

(b) Parameters used for the MC simu-
lations of the process H → 2γd, ac-
cording to the HAHM model.

Table 5.1. Parameters used for the MC simulations of the FRVZ (a) and HAHM processes.
Each generated dataset consists of 390000 MC events.

WZ, and ZZ production events. Simulation of the W +jets, Z+jets, WW, WZ, and
ZZ events are generated using SHERPA 2.2.1 [117] with the NNPDF 3.0 NNLO [146]
Parton Distribution Function (PDF) set. Single top and tt̄ MC samples are gener-
ated using POWHEG-BOX 1.2856 [116] and Pythia 6.428 [115] with the Peru-
gia2012 [147] tune for parton showering and hadronisation, and CT10/CTEQ6L1
[148, 149] PDF sets.

5.2 Signal MC truth-level kinematics

In Fig. 5.1, distributions of the Dark Photon pT (a), of the ∆R between the γd decay
products (b) and of the ∆ϕ between the two γd produced (c) are shown, for different
γd mass hypotheses, where γd are produced via the FRVZ benchmark model.

While for light γd the pT distribution (Fig. 5.1 (a)) are similar among different
mass hypotheses, for heavier Dark Photons their mass starts to be non-negligible
compared to the average pT of the fd, this impacting the γd pT distributions.

The ∆R distributions show how, for mγd < 2 GeV, the γd decay products lie
inside a cone of radius ∆R = 0.4. For this reason, as will be explained in Sec. 5.4,
γd decay products are collectively reconstructed as a single object referred to as
prompt Lepton-Jet, that is a collimated bundle of leptons reconstructed within a
∆R = 0.4 cone. For heavier γd , the sensitivity of the search is then expected to
drop, as γd decay products are less collimated. Similar plots are shown for the
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Figure 5.1. Transverse momentum (a), ∆R opening of the two decay products (b) and
azimuthal separation (c) for different DP masses generated according to the FRVZ
model. The full set of MC parameters for the FRVZ model is defined in Tab. 5.1 (a).
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Figure 5.2. Transverse momentum (a), ∆R opening of the two decay products (b) and
azimuthal separation (c) for different DP masses generated according to the HAHM
model. The full set of MC parameters for the HAHM is defined in Tab. 5.1 (b).

HAHM model in Fig. 5.2. In this case, the pT distribution is almost identical
between the various mass points, due to the reduced complexity of the model.
The differences between these truth-level distributions in the FRVZ and HAHM
models are highlighted in Fig. 5.3. The γd pT distributions and the ∆R distributions
between γd decay products are compared for a γd with amγd = 0.4 GeV, respectively
in Fig. 5.3 (a) and Fig. 5.3 (b). The absence of intermediate hidden fermions in the
HAHM model results clearly into a larger average pT of the γd and, consequently,
to more collimated decay products. For these reasons, this search is more sensitive
to the HAHM model rather than to the FRVZ one.
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Figure 5.3. Comparison between the γd pT distributions (a) and the γd decay products
opening angle ∆R (b) in the FRVZ (blue) and HAHM (red) models, for a γd with mass
mγd

= 0.4 GeV. The full set of MC parameters for both models is defined in Tab. 5.1.

5.3 Muons and electron reconstruction

Dark Photons can decay into different SM particles, as shown in Fig. 2.10 in
Sec. 2.4.1. This notwithstanding, only γd decays into muons and electrons are con-
sidered in this search, as the products of other decay modes would be completely
indistinguishable from the overwhelming QCD background. Electrons and muons
are reconstructed using the standard reconstruction algorithms introduced respec-
tively in Sec. 4.4 and Sec. 4.5. Requirements on the reconstruction of such objects
are summarised in Tab. 5.2.

Object pT [GeV] |η| Identification Isolation
Electron > 4.5 < 2.5* Medium Loose_VarRad

Muon > 3 < 2.5 CB Loose PFlowLoose_VarRad**
Table 5.2. Summary of requirements for muon and electron reconstructed objects. Details

about these requirements can be found in Sec. 4.4 for electrons and Sec. 4.5 for muons.
∗ The so-called crack-region (1.37 < |η| < 1.52), the non-instrumented region between
the barrel and the endcap of the calorimeter system, is excluded.
∗∗ The nominal PFlowLoose_VarRad isolation WP is modified, as explained in Sec. 5.3.1.

The η requirement is due to the ID coverage, while the pT one is the minimal
pT to allow for the reconstruction of these objects to be reliable (see Chap. 4).
The identification WPs are instead chosen in order to maximize the sensitivity.
As will be explained in Sec. 6.1, signal-like events involving electrons have a less
clean signature with respect to the ones involving muons, and therefore a tighter
identification WP is chosen for the electron reconstruction. Leptons arising from
hadron decays (also denoted as non-prompt leptons) constitute a background for
this search. To further reduce the contribution of such non-prompt leptons, the
isolation requirements specified Tab. 5.2 are applied on each lepton candidate, since
they are expected to be surrounded by additional particles. Details about these
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standard requirements can be found in Chap. 4.
As a consequence of the muons collimation (see Sec. 5.2), however, a modified version
of the standard muon isolation WP is used, as explained in Sec. 5.3.1. Differently
from muons, standard requirements on isolation can be instead applied for electrons
without a significant impact on the signal acceptance, as explained in Sec. 5.3.2.
Electrons and muons are in addition required to have a valid track which has to be
reconstructed in the ID. This requirement, along with the fact that muons should be
of the ComBined type, efficiently selects leptons produced from promptly decaying
DPs. Requirements on these associated tracks are summarised in Tab. 5.3.

Associated Track pT [GeV] |η| Quality d0/σd0 z0 sin θ [mm]
Electron-track > 0.5 < 2.5 Loose 5 0.5

Muon-track > 0.5 < 2.5 Loose 3 0.5
Table 5.3. Summary of requirements for muon/electron-associated tracks. Further details

about those can be found in Sec. 4.1.

The η requirement is due to the ID coverage while the pT one is the minimal
pT to allow for the reconstruction of the tracks to be reliable. The track-quality
requirement allows for a second fitting step in the track reconstruction, ensuring
a better-quality ID track, as explained in Sec. 4.1. The d0 and z0 variables are
computed with respect to the PV, that is identified as the vertex with the largest
associated ∑

p2
T. The tight requirements on such variables, collectively referred

to as Track-To-Vertex Association (TTVA), further suppress backgrounds due to
non-prompt leptons. Details about all these standard requirements can be found in
Sec. 4.1.

5.3.1 Isolation for collimated muons

As previously said, the muon isolation (introduced in Sec. 4.5) quantifies the activity
surrounding a muon candidate. A high isolation variable’s value is usually associated
to non-prompt muons arising from hadron decays. Therefore, isolation WPs aim at
rejecting muon candidates arising from hadron decays by requiring a small isolation
(compared to the pT of the muon itself). However, in boosted topologies, where
prompt muons are found close to each other, a high isolation can be recovered even
for prompt muons. This high isolation is however not due to any hadronic activity,
but is instead due to the additional muons found within the isolation cone.

In this search, muons produced by the γd decay in both the FRVZ and HAHM
model are usually very collimated, as can be seen by Fig. 5.1 (b) and Fig. 5.2 (b),
and therefore their associated isolation is often rather high. The (charged) track-
based isolation pvarcone30

T , in the following referred to as ptvarcone30, is employed
in the PFlowLoose_VarRad WP (see Sec. 4.5). The distributions of this variable
for the leading and the sub-leading muons found in a ∆R = 0.4 cone are shown in
Fig. 5.4 for muons produced by a mγd = 2 GeV γd decay in the FRVZ model.

This track-based isolation is much larger (of the order of several tens of GeV)
than the typical one for prompt muons (few MeV), and essentially corresponds to



5.3 Muons and electron reconstruction 87

ATLAS Simulation Preliminary


FRVZ model, mγd
= 2 GeV

ATLAS Simulation Preliminary


FRVZ model, mγd
= 0.1 GeV

 between truth-muonsΔR

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
LJµ inside µ TM with µR between truth ∆

0

10

20

30

40

50

60

70

80

90

100
310×

LJ
 [M

eV
]

µ
 in

si
de

 
µ

pt
va

rc
on

e3
0 

of
 th

e 
le

ad
in

g 

0

50

100

150

200

250

300

=2 GeV
DP

, mµR bewtween TM truth ∆LJ as a function of µ inside µptvarcone30 of the leading 

 fo
r l

ea
di

ng
 

 in
 

 c
on

e 
ptv

arc
on

e30
μ

ΔR
μμ

=0
.4

[M
eV

]

FRVZ model, mγd
= 2 GeV

 between truth-muonsΔR

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
LJµ inside µ TM with µR between truth ∆

0

10

20

30

40

50

60

70

80

90

100
310×

LJ
 [M

eV
]

µ
 in

si
de

 
µ

pt
va

rc
on

e3
0 

of
 th

e 
su

b-
le

ad
in

g 

0

1000

2000

3000

4000

5000

6000

7000

=2 GeV
DP

, mµR bewtween TM truth ∆LJ as a function of µ inside µptvarcone30 of the subleading 

 fo
r s

ub
-le

ad
in

g 
 in

 
 c

on
e 

ptv
arc

on
e30

μ
ΔR

μμ
=0

.4
[M

eV
]

 between truth-muonsΔR

FRVZ model, mγd
= 2 GeV

(b)

0 10 20 30 40 50 60 70 80 90 100
310×

ptvarcone30 [MeV]

5−10

4−10

3−10

2−10

1−10LJ
µ

 in
si

de
 

µ
to

ta
l n

um
be

r o
f 

LJ
µ

 in
si

de
 

µ

µall 

µleading 

µsubLeading 

=2 GeV
DP

LJ, mµ inside µptvarcone30 of 

FRVZ model, mγd
= 2 GeV

N
or

m
al

is
ed

 e
nt

rie
s

 for  in  cone ptvarcone30 μ ΔRμμ = 0.4 [MeV]

(c)

Figure 5.4. ptvarcone30 distribution for the leading muon (a) and the sub-leading muon
(b) in a muon pair with ∆Rµµ = 0.4, as a function of the truth ∆Rµµ itself. (c)
shows instead the normalised ptvarcone30 distribution for both the muons found in
the cone (green), for the leading one (blue) and for the sub-leading one (red). Muons
are produced in γd decays, where the γd is produced via the FRVZ benchmark model
and has a mass of mγd

= 2 GeV.
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Figure 5.5. Normalised ptvarcone30 distribution for the leading muon (a) and for the
sub-leading muon (b) in a muon pair with ∆Rµµ = 0.4, as a function of the truth
∆Rµµ itself. Muons are produced in γd decays, where the γd is produced via the FRVZ
benchmark model and different mγd

are hypothesised.

the transverse momentum of the nearby muon, since the standard computation of
the track isolation energy includes any track that is found within the isolation cone.
Comparing the ptvarcone30 distribution for the leading muons to the one of sub-
leading muons, it’s clear how indeed the ptvarcone30 of the sub-leading muon is
the pT of the leading one, and vice-versa. When the γd is sufficiently massive, the
two muons sometimes fall outside outside the isolation cone of the other. In this
case, the ptvarcone30 is negligible (as it’s clear by looking at the ptvarcone30
distribution for Fig. 5.4 (a) and (b) for ∆Rµµ ≥ 0.3).

When the DP is heavier, it has to be more boosted for the produced muons to
be reconstructed within the same cone. Therefore, the average pT of the muons is
larger, this resulting in larger isolation energies. This can be seen in Fig. 5.5, where
the ptvarcone30 distribution for the leading and for the sub-leading muon found
inside a ∆R = 0.4 cone are shown for muons produced by γd decays, for different
mγd hypotheses, in the FRVZ benchmark model.

The (neutral) calorimeter-based isolation Eneflowiso20
T , in the following referred to

as neflowisol20, is employed as well in the PFlowLoose_VarRad WP. The distribu-
tions of this variable for the leading and the sub-leading muons found in a ∆R = 0.4
cone are shown in Fig. 5.6 for muons produced by a mγd = 2 GeV γd decay in the
FRVZ model. The shape observed here, differently from the charged component of
the isolation, is the typical one for prompt muons. This is due to the fact that the
energy deposit in the calorimeter is small for low-energy muons (a couple of GeV)
and to the fact that topo-clusters (see Sec. 4.2.1) associated to muon tracks are
not considered as neutral and therefore are not accounted for in the neflowiso20
computation.

For these reasons, both charged and neutral isolation variables are corrected by
subtracting the PFlow objects (see Sec. 4.2.1) found around a muon candidate, if
they are associated to another muon. Such muons are required to pass the same
requirements as the one explained in Sec. 5.2. Fig. 5.7 (a) shows the track isolation
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Figure 5.6. neflowisol20 distribution for the leading muon (a) and for the sub-leading
muon (b) in a muon pair with ∆Rµµ = 0.4, as a function of the truth ∆Rµµ itself. (c)
shows instead the normalised neflowisol20 distribution for both the muons found in
the cone (green), for the leading one (blue) and for the sub-leading one (red). Muons
are produced in γd decays, where the γd is produced via the FRVZ benchmark model
and has a mass of mγd

= 2 GeV.
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distribution before and after such correction, recovering the expected behaviour for
prompt muons, where thus the majority of the muon candidates have a null isolation
energy.

The per-muon candidate efficiency of the PFlowLoose_VarRad WP for the stan-
dard and the corrected isolation is shown in Fig. 5.7 (b). While for the nominal
isolation WP the vast majority of the muon candidates are rejected for the different
mγd hypotheses, the per-candidate corrected isolation WP efficiency is larger than
the 90% for all the investigated scenarios.
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Figure 5.7. (a) Track isolation distribution ptvarcone30 before (in red) and after (in
blue) the isolation correction, for muon candidates arising from the decay of a Dark
Photon with mass mγd

= 400 MeV and produced via the FRVZ benchmark model. The
transverse momentum of the nearby muon is shown in dashed black. (b) Per-muon
efficiency as a function of the γd mass for the isolation variables before (red) and after
(blue) the isolation correction. Also in this case the γd is produced via the FRVZ
benchmark model.

Given the large improvements due to this modification, further studies, illus-
trated in Sec. 6.3 are performed.

5.3.2 Collimated electrons

Electrons are reconstructed when at least one GSF track is matched to a topo-
cluster, as described in detail in Sec. 4.4. Such matching is also known as association
between tracks and electrons. In the topology investigated, electrons arising from
γd decays are usually so close-by that their EM showers are overlapped and therefore
they are reconstructed as a single topo-cluster with two associated tracks. This
overlap happens in 90– 95% of γd → ee decays when mγd < 2 GeV for both the
FRVZ and the HAHM model. This percentage decreases for increasing DP masses.
In Fig. 5.8, the number of reconstructed topo-clusters (a) and their associated tracks
(b) is shown as a function of the truth ∆R between the electrons, for a 0.1 GeV γd
decaying into electrons and produced via the FRVZ benchmark model.

This has some implications on the isolation criteria that has to be adopted. Dif-
ferently from muons, standard isolation requirements can be applied without having
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Figure 5.8. Number of topo-clusters (a) and their associated tracks (b) as a function of
∆R between truth electrons produced by γd decays. The γd is produced via the FRVZ
benchmark model and has a mass of 0.1 GeV.

a significant impact on the signal acceptance. This is due to the fact that, since the
two topo-clusters are often merged, the energy of both electrons is comprised within
a single electron, therefore not impacting the isolation computation. For this rea-
son, no ad-hoc isolation modification has been used for electrons. The calorimeter
and track-based isolation energies requirements for electrons are comprised in the
Loose_VarRad isolation WP, detailed in Sec. 4.4.

5.3.3 Overlap removal

The reconstruction of the same energy deposits as multiple objects is resolved us-
ing the Overlap Removal procedure, outlined in Sec. 4.6. Here, as summarised in
Tab. 5.4, if a CT muon (see Sec. 4.5) overlaps with an electron and they share an
ID track, the muon is rejected and the electron is retained. If instead the muon is
not of the CT type but it still shares an ID track with the electron, the electron is
discarded and the muon is retained. If an electron is found within ∆R = 0.2 of an
electron, the jet is discarded and the electron is retained. Then, all the electrons
found in a cone ∆R = 0.4 around a jet are discarded and the jet is retained. Only

Reject Against Criteria
Muon Electron is CT and shared ID track
Electron Muon shared ID track
Electron Jet ∆R < 0.2
Jet Electron ∆R < 0.4

Table 5.4. Overlap removal selection criteria.

objects passing the overlap removal requirements are used in the analysis. The
impact of the OR on the signal efficiency is observed to be negligible.
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5.4 Prompt Lepton-Jets reconstruction

As said in Sec. 5.2, γd decay products are so collimated that they are reconstructed
as a single object, the prompt Lepton-Jet.

Lepton-Jets are reconstructed using the Cambridge–Aachen clustering algorithm
(see Sec. 4.2). The algorithm starts from the highest pT lepton and looks for addi-
tional leptons of the same type within a ∆R = 0.4 cone around the initial lepton-
associated track’s momentum vector. If a second lepton of the same type is found
in the cone, the axis of the cone is rotated to the vector sum of the momenta of the
two lepton-associated tracks. This procedure is repeated until no additional lepton
of the same type is found in the cone. There is no upper limit on the number of lep-
tons in the Lepton-Jet, so to be sensitive to scenarios with additional γd radiations
too, resulting in more leptons found within the same pLJ cone.

Lepton-Jets are classified, as schematically depicted in Fig. 5.9, according to the
number of muons and electrons found within their cone:

• muonic-LJ (µLJ): at least two muons and no electrons are found in the
cone;

• electronic-LJ (eLJ): at least one electron with at least two associated tracks
is found in the cone, while no muon is reconstructed within the same cone.

muonic-LJ ( LJ)μ electronic-LJ ( LJ)e

Figure 5.9. Schematic drawing of the two types of reconstructed LJs: µLJ (left) and
eLJ (right).

Differently from µLJs, eLJs are reconstructed even when only one electron (with two
associated tracks) is found, since, as said in Sec. 5.3.2, in the investigated topology
electrons are often so collimated that they are reconstructed as a single object. The
fraction of events where two electrons are found within the same eLJ is negligible
for mγd < 2 GeV in both the FRVZ and the HAHM benchmark models.

Since eLJs are discarded if a muon is found within their cone, and µLJs are dis-
carded if an electron is found within their cone, the two LJs categories are mutually
exclusive.

The analysis looks for events in which at least two LJs are reconstructed, in order
to reduce the background contributions. Therefore three different search channels
are defined:
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• the muonic channel (µLJ –µLJ ), where the leading and the furthest LJs
are both muonic;

• the mixed channel (µLJ –eLJ ), where the leading and the furthest LJs are
of different type (one muonic and one electronic);

• the electronic channel (eLJ –eLJ ), where the leading and the furthest LJs
are both electronic.

The orthogonality between the channels is ensured by considering the type of the
leading LJ and the type of the farthest one in azimuthal angle, since the two LJs
are expected to be almost back-to-back.

Further details on the characteristics of these two LJ types are given in the
following sections.

5.4.1 Muonic Lepton-Jets reconstruction efficiencies

The µLJ reconstruction efficiency is shown in Fig. 5.10 as a function of the γd transverse
momentum, η and opening angle between its decay products, for a DP produced via
the FRVZ benchmark model, for different DP mass hypotheses. The same distribu-
tions are shown for a DP produced via the HAHM benchmark model in Fig. 5.11.
These efficiencies are obtained considering only γd decays into muons and looking
for a µLJ matching such γd in a ∆R = 0.4 cone.

Fig. 5.10 (a) and Fig. 5.11 (a) show how for light γd the reconstruction effi-
ciency drops for very high γd pT. This is due to the fact that very boosted (light)
γd produce extremely boosted muons, whose reconstruction resolution deteriorates
for extremely large pT. Additionally, it can be seen how the LJ reconstruction effi-
ciency is correlated with the mass and the γd pT, since the heavier the γd the more
boosted it should be for muons to be reconstructed within a µLJ.

Fig. 5.10 (b) and Fig. 5.11 (b) show that the reconstruction efficiency is flat in η,
with a drop in the |η| < 0.1 region. This is due to the fact that muons are required
to be of the ComBined type and therefore they need to be reconstructed both in the
ID and in the MS and the MS has a hole in the coverage in |η| < 0.1. The drop in the
|η| > 2.5 region is instead due to the ID acceptance. From these plots, it can also be
seen how the average LJ reconstruction efficiency drops drastically for heavier mass
DPs, as a consequence of their smaller boost, resulting into less collimated decay
products. It can also be seen how the average reconstruction efficiency is larger for
γd produced via the HAHM model with respect to the ones produced via the FRVZ
one, as a consequence of the larger boost of the γd produced in the former model.

Fig. 5.10 (c) and Fig. 5.11 (c) show instead how, as expected, reconstruction
efficiencies are flat as a function of ∆R for heavy γd , while for light γd this is not
the case. This is due to the dependency of the µLJs reconstruction efficiency on the
γd pT. As can be seen from Fig. 5.10 (a) and Fig. 5.11 (a), for light γd µLJs can
be reconstructed even when γd have a small pT. When DPs have a very small
pT, the produced muons will have a small pT as well and thus they will be more
bended by the magnetic field in which the ID is immersed. Furthermore, muons
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Figure 5.10. Reconstruction efficiencies for µLJs produced by the decay of γd according to
the FRVZ model. (a) shows the reconstruction efficiency as a function of the transverse
momentum pT of the DP; (b) shows the reconstruction efficiency as a function of the
γd η; (c) shows the reconstruction efficiency as a function of the opening angle ∆R
between the γd decay products. A µLJ is considered to be reconstructed if it is found
within a ∆R = 0.4 cone around a γd decaying into muons.

that are extremely soft (pT ≲ 5 GeV) are reconstructed less efficiently than higher
energy ones. The µLJ reconstruction efficiency thus decreases as a function of ∆R
for lighter DPs, where very soft muons can be reconstructed as a µLJ.
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Figure 5.11. Reconstruction efficiencies for µLJs produced by the decay of γd according to
the HAHM model. (a) shows the reconstruction efficiency as a function of the transverse
momentum pT of the DP; (b) shows the reconstruction efficiency as a function of the
γd η, while (c) shows the reconstruction efficiency as a function of the opening angle
∆R between the γd decay products. A µLJ is considered to be reconstructed if it is
found within a ∆R = 0.4 cone around a γd decaying into muons.

5.4.2 Electronic Lepton-Jets reconstruction efficiencies

The eLJ reconstruction efficiency is shown in Fig. 5.12 as a function of the γd transverse
momentum, η and opening angle (∆R) between its decay products, for a DP pro-
duced via the FRVZ benchmark model, for different DP mass hypotheses.

These efficiencies are obtained considering only γd decays into electrons and
looking for a eLJ matching such γd in a ∆R = 0.4 cone.

As said in Sec. 5.4, eLJs can be reconstructed either with one topo-cluster with
at least two associated tracks (i.e. one single electron) or with at least two topo-
clusters matched to tracks (i.e. at least two electrons), with the latter possibility be-
coming relevant for heavy DPs. Therefore, in such a scenario, the eLJ reconstruction
efficiencies are populated with these two kinds of eLJs. The plots in Fig. 5.12 are
thus shown in Fig. 5.13, Fig. 5.14 and Fig. 5.15 separately for eLJs reconstructed
with only one electron (a) and eLJs reconstructed with two electrons (b).
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Figure 5.12. Reconstruction efficiencies for eLJs produced by the decay of γd according to
the FRVZ model. (a) shows the reconstruction efficiency as a function of the transverse
momentum pT of the DP; (b) shows the reconstruction efficiency as a function of the
γd η; (c) shows the reconstruction efficiency as a function of the opening angle ∆R
between the γd decay products. An eLJ is considered to be reconstructed if it is found
within a ∆R = 0.4 cone around a γd decaying into electrons.

For mγd ≥ 10 GeV, eLJs with one electron are almost never reconstructed, as
can be seen from all the efficiency plots. In this mass range, eLJs with two electrons
are reconstructed only within a certain pT window, as can be seen from Fig. 5.13 (b).
Dark Photons with pT smaller than the lower bound of such window produce too
open electrons, that are not reconstructed within the same LJ. DPs with instead
a pT larger than the upper bound of such window produce extremely collimated
electrons, that are thus reconstructed as one-electron eLJs.

As can be seen from Fig. 5.14, the eLJ reconstruction efficiency at small η is
larger for eLJs reconstructed with two electrons (b) rather than for eLJs reconstructed
with one (a) as a consequence of the better resolution in that η region, where the
two collimated electrons are more likely to be resolved.

The eLJ reconstruction efficiency decreases as a function of ∆R for eLJs reconstructed
with only one electron (Fig. 5.14 (a)) and is instead flat as a function of ∆R, for
mγd ≤ 10 GeV, for eLJs reconstructed with two electrons (Fig. 5.14 (b)). In the
region with mγd ≥ 10 GeV, the reconstruction efficiency drops for ∆R < 0.2, as,



5.4 Prompt Lepton-Jets reconstruction 97

0 20 40 60 80 100 120

 [GeV]
T

 p
d

γ

0.2

0.4

0.6

0.8

1

1.2

1.4
eL

J 
re

co
 e

ff
) = (0.017,2,5) GeV

HLSP
,m

df
, m

d
γ

(m
) = (0.1,2,5) GeV

HLSP
,m

df
, m

d
γ

(m
) = (0.4,2,5) GeV

HLSP
,m

df
, m

d
γ

(m
) = (2,2,10) GeV

HLSP
,m

df
, m

d
γ

(m
) = (10,6,35) GeV

HLSP
,m

df
, m

d
γ

(m
) = (15,10,45) GeV

HLSP
,m

df
, m

d
γ

(m

 + X
d

γ 2→FRVZ model,H 

(a)

0 20 40 60 80 100 120

 [GeV]
T

 p
d

γ

0.1

0.2

0.3

0.4

0.5

0.6

0.7

eL
J 

re
co

 e
ff

) = (0.017,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (0.1,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (0.4,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (2,2,10) GeV
HLSP

,m
df

, m
d

γ
(m

) = (10,6,35) GeV
HLSP

,m
df

, m
d

γ
(m

) = (15,10,45) GeV
HLSP

,m
df

, m
d

γ
(m

 + X
d

γ 2→FRVZ model,H 

(b)

Figure 5.13. Reconstruction efficiencies for eLJs composed of only one electron (a) or
two electrons (b) as a function of the γd pT, where the γd is produced according to the
FRVZ model. An eLJ is considered to be reconstructed if it is found within a ∆R = 0.4
cone around a γd decaying into electrons.

given the average pT of the electrons, they would be too collimated for being re-
constructed as one-electron eLJs. In 0.2 < ∆R < 0.3, electrons are resolved as
their clusters do not overlap, but they might fail isolation as the lie within the cone
of the other. For this reason, the average eLJ reconstruction efficiency is larger in
0.3 < ∆R < 0.4 than in 0.2 < ∆R < 0.3.

The same distributions are shown for a DP produced via the HAHM benchmark
model in Fig. 5.16.
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Figure 5.14. Reconstruction efficiencies for eLJs composed of only one electron (a) or two
electrons (b) as a function of the γd η, where the γd is produced according to the FRVZ
model. An eLJ is considered to be reconstructed if it is found within a ∆R = 0.4 cone
around a γd decaying into electrons.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

eeR∆

3−10

2−10

1−10

1

10

eL
J 

re
co

 e
ff

) = (0.017,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (0.1,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (0.4,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (2,2,10) GeV
HLSP

,m
df

, m
d

γ
(m

) = (10,6,35) GeV
HLSP

,m
df

, m
d

γ
(m

) = (15,10,45) GeV
HLSP

,m
df

, m
d

γ
(m

 + X
d

γ 2→FRVZ model,H 

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

eeR∆

3−10

2−10

1−10

1

10

eL
J 

re
co

 e
ff

) = (0.017,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (0.1,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (0.4,2,5) GeV
HLSP

,m
df

, m
d

γ
(m

) = (2,2,10) GeV
HLSP

,m
df

, m
d

γ
(m

) = (10,6,35) GeV
HLSP

,m
df

, m
d

γ
(m

) = (15,10,45) GeV
HLSP

,m
df

, m
d

γ
(m

 + X
d

γ 2→FRVZ model,H 

(b)

Figure 5.15. Reconstruction efficiencies for eLJs composed of only one electron (a) or two
electrons (b) as a function of the opening angle ∆R between the γd decay products,
where the γd is produced according to the FRVZ model. An eLJ is considered to be
reconstructed if it is found within a ∆R = 0.4 cone around a γd decaying into electrons.



5.4 Prompt Lepton-Jets reconstruction 99

0 20 40 60 80 100 120 140 160 180 200

 [MeV]
T

 p
d

γ

0.2

0.4

0.6

0.8

1

eL
J 

re
co

 e
ff

 = 17 MeV
d

γm

 = 100 MeV
d

γm

 = 400 MeV
d

γm

 = 2 GeV
d

γm

 = 10 GeV
d

γm

d
γ 2→HAHM model,H 

(a)

3− 2− 1− 0 1 2 3
η 

d
γ

0.2

0.4

0.6

0.8

1

eL
J 

re
co

 e
ff

 = 17 MeV
d

γm

 = 100 MeV
d

γm

 = 400 MeV
d

γm

 = 2 GeV
d

γm

 = 10 GeV
d

γm

d
γ 2→HAHM model,H 

(b)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

eeR∆

3−10

2−10

1−10

1

10

eL
J 

re
co

 e
ff

 = 17 MeV
d

γm

 = 100 MeV
d

γm

 = 400 MeV
d

γm

 = 2 GeV
d

γm

 = 10 GeV
d

γm

d
γ 2→HAHM model,H 

(c)

Figure 5.16. Reconstruction efficiencies for eLJs produced by the decay of γd according to
the HAHM model. (a) shows the reconstruction efficiency as a function of the transverse
momentum pT of the DP; (b) shows the reconstruction efficiency as a function of the
γd η, while (c) shows the reconstruction efficiency as a function of the opening angle
∆R between the γd decay products. An eLJ is considered to be reconstructed if it is
found within a ∆R = 0.4 cone around a γd decaying into electrons.
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5.4.3 Selection criteria for Lepton-Jets

As said in Sec. 5.4, eLJs are reconstructed with either one topo-cluster with at least
two ID tracks associated to it, or with at least two separate electrons. Therefore,
when defining LJ-level variables, whilst for µLJ the full muon objects are used, for
eLJ either full electron or electron-associated ID tracks are used. Specifically, when
the eLJ is reconstructed with two electrons, the full electron object is considered.
When only one electron is reconstructed, the electron-associated ID track having
the same charge of the electron, being closest to the full-electron axis and having
the largest pT is considered as first track, and in the following is going to be referred
to as leading track. The second track considered is the electron-associated ID track
that has opposite charge with respect to the electron and that has the largest pT,
and in the following is going to be referred to as sub-leading track. The following
variables are then used during the event selection and are defined for each LJ:

• LJ mass: reconstructed as the invariant mass of the muons/electrons/ID
tracks in a µLJ /eLJ with two electrons /eLJ with one electron. The LJ mass
is expected to peak around the mass of the γd. Further details about the LJ
invariant mass calculation are given in Sec. 5.4.4;

• pT imbalance (pimb
T ): defined as

pimb
T = plead

T − psub−lead
T

plead
T + psub−lead

T

where plead
T and psub−lead

T refer respectively to the leading and the sub-leading
muon/electron/ID track found in a µLJ /eLJ with two electrons /eLJ with one
electron. LJs from a γd decay are expected to be balanced in pT;

• qLJ , that is the sum of the charges of muons/electrons/ID tracks in a µLJ /eLJ with
two electrons /eLJ with one electron. LJs originating from neutral particle de-
cays are expected to have a zero sum of charges.

The following event-level variables are also defined:

• Azimuthal distance between LJs, ∆ϕ(LJ,LJ), where signal LJs are expected
to be back-to-back in the transverse plane (since they are the result of a two-
body decay of a Higgs boson generated at rest), hence a cut on ∆ϕ reduces
the background without significantly affecting the signal efficiency;

• LJ mass imbalance (mimb), defined as the absolute value of the difference,
divided by the sum, of the masses of the two selected LJs in the event. The
distribution of this variable, for LJs originating from a γd decay, is expected
to have its maximum around 0.

How these listed variables are employed in discriminating the different sources of
backgrounds affecting the various search channels is described in detail in Sec. 6.1.
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5.4.4 Invariant mass reconstruction

The LJ invariant mass is among the variables that are used in this search, and
is built as explained in Sec. 5.4.3. This quantity can be in principle extremely
powerful in discriminating potential sources of background, as the LJs should have
an invariant mass compatible with the γd mass. The distributions of the invariant
mass for µLJs and for eLJs are shown for the FRVZ benchmark model respectively
in Fig. 5.17 (a) and Fig. 5.17 (b) and for the HAHM model respectively in Fig. 5.17
(c) and Fig. 5.17 (d).
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Figure 5.17. Reconstructed invariant mass of µLJ (eLJ) for the FRVZ (a) ((b)) and the
HAHM model (c) ((d)), for different mγd

hypotheses.

From these pictures it’s clear how, while the resolution on the µLJ invariant mass
is very good (in the range of 10 MeV − 100 MeV for the investigated mγd range),
with the µLJ invariant mass peaking at the γd mass, the eLJ invariant mass recon-
struction shows a pathological behaviour.

To further investigate this feature, the eLJ invariant mass distributions are stud-
ied in Fig. 5.18 for the FRVZ model ((a),(b)) and the HAHM one ((c),(d)), sep-
arately for the scenario in which the eLJ is comprised of two electrons ((a),(c))
and for the scenario in which it is comprised of only one electron ((b),(d)). These
distributions show how the pathological reconstruction arises in eLJs comprised of
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Figure 5.18. Reconstructed eLJ invariant mass for eLJ comprised of two electrons in the
FRVZ model (a) and in the HAHM model (c), and for eLJ built with only one electron,
in the FRVZ model (b) and in the HAHM model (d).

only one electron. In Fig. 5.18 (b) and (d) a poorer resolution is observed, since in
this case the eLJ invariant mass is reconstructed only with ID tracks rather than
with the electron objects, as in Fig. 5.18 (a) and (c). Furthermore, for heavy DPs,
eLJs can be mistakenly reconstructed even when the electrons do not fall within the
∆R = 0.4 LJ cone. The latter happens when a random track (i.e. not coming from
a genuine electron) is associated to the topo-cluster found in the eLJ. In this case,
a random, generally smaller, eLJ invariant mass is reconstructed. Therefore, the
µLJ invariant mass is used in this search in both the muonic and the mixed channel
as main discriminating variable against the background, whilst some loose require-
ments on the eLJ invariant mass are used in this search only in order to suppress
some sources of background in the electronic and mixed channel.

5.5 Triggers

Data were collected using a combination of single and multi-lepton triggers (see
Sec. 3.2.6). The trigger strategy for each channel (the muonic, the electronic and
the mixed one) is here introduced. All the triggers used in this analysis are un-
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prescaled (see Sec. 3.2.6) during the relative data-taking periods.

5.5.1 Muonic channel triggers

The topology of the µLJ -µLJ channel suggests the use of muon triggers. Single
muon triggers require either high-pT or isolated muons. Standard isolation require-
ments are found to significantly reduce the efficiency on selecting signal µLJs, as
said in Sec. 5.3.1, regardless of the pT threshold. Moreover, since the muons pro-
duced by the γd decays are rather soft, non-isolated single-muon triggers are found
to be less effective than multi-muons ones (for all the scenarios investigated), given
their higher pT thresholds. For these reasons, single-muon triggers are discarded in
favour of di-muon and tri-muon triggers. The list of adopted triggers, built from
from the lowest un-prescaled triggers available in different data-taking periods, is
reported in Tab. 5.5.

Type Data-taking periods Trigger

di-muon

2015 HLT_mu18_mu8noL1
2015 - 2016 A HLT_2mu10
2016 A HLT_2mu10_nomucomb
2016 A-D3 HLT_mu20_mu8noL1
2016 B-end - 2017 - 2018 HLT_2mu14
2016 B-D3 HLT_2mu14_nomucomb
2016 D4-end - 2017 - 2018 HLT_mu22_mu8noL1

tri-muon 2015 - 2016 B-D3 - 2017 - 2018 HLT_3mu6
2015-2018 - all periods HLT_3mu6_msonly

Table 5.5. List of muon triggers used in the µLJ –µLJ channel for the corresponding
data-taking periods. The suffix noL1 appearing in asymmetric di-muon triggers (i.e.
triggers having two different pT requirements for the two muons) refers to the fact that
the muon triggering the mu8 leg doesn’t pass the L1 trigger. The suffix nocomb implies
that the HLT muon is reconstructed using the MS only.

Trigger matching

As explained in Sec. 3.2.6, the trigger system performs a quick first online selection
of potentially interesting events. Since the event reconstruction at the trigger-level
is necessarily less accurate than the full offline reconstruction, in order to confirm
HLT physics objects, it is looked for close-by offline ones which must satisfy the
requirements specified in the triggers (in this case, the requirements are only pT-
related ones). Therefore, the following criteria are used for considering an offline
muon to be matched to a HLT object:

1. the offline muon must have a pT above the HLT threshold of at least 1 GeV;

2. the ∆R between the offline muon and its closest HLT object should be at most
0.2.
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A consistent number of offline muons are required to be trigger matched (e.g. the
2mu10 trigger is considered valid if, when fired, per each HLT muon there is one
offline muon within ∆R = 0.2 and with pT > 11 GeV).

Additionally, it is required that all HLT muons should be matched to offline
muons reconstructed within a µLJ and that at least one muon per each µLJ should
be trigger-matched.

Trigger Scale Factors and trigger bucketing

Per event triggers SFs need to be applied in order for the trigger efficiencies eval-
uated via MC simulations to match the ones observed in data. To do so, efficien-
cies are evaluated per each muon reconstructed at the trigger level, referred to as
trigger-leg. Such efficiencies per trigger leg are then combined to form the total trig-
ger efficiency, this combination being simplified thanks to the inclusive definition of
single–leg triggers, so that the muons selected by tighter triggers legs are always a
subset of the muons selected by looser triggers legs.

As an example, the trigger SF computation for the logical OR of the two di-muon
triggers exploited in 2015 is outlined in the following.

Calling A an event where the symmetric di-muon trigger 2mu10 trigger is fired
and B an event where the asymmetric di-muon trigger mu18_mu8noL1 trigger is
fired, Fig. 5.19 shows where these events belong in the phase space of the leading
and the sub-leading muons found in the event.
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Figure 5.19. Events where the 2mu10 trigger is fired (A) or the mu18_mu8noL1 (B) is fired
as a function of the pT of the leading (x-axis) and sub-leading muon (y-axis) found in
the event.

From this table it’s clear how there are certain events (the ones in which the
leading muon has pT > 18 GeV and the sub-leading one has pT > 10 GeV) in which
both triggers are fired. This should be accounted for, so not to over-estimate the
total trigger efficiency. The probability for the 2mu10 trigger to be fired can be
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evaluated via:
p(2mu10) = pµ1(mu10)pµ2(mu10),

where µ1 and µ2 refers to respectively the leading and the sub-leading muons and
pµ1,2(mu10) being the probability for the relative muon to fire the mu10 trigger leg.
The probability for the mu18_mu8noL1 trigger to be fired can be evaluated via:

p(mu18_mu8noL1) = pµ1(mu18)pµ2(mu8) + pµ1(mu8)pµ2(mu18) − pµ1(mu18)pµ2(mu18),

with pµ1,2(mu8) and pµ1,2(mu18) being the probability for the relative muon to fire
respectively the mu8 and the mu18 trigger leg. The term pµ1(mu18)pµ2(mu18) refers
to the probability that both muons have fired the mu18 trigger leg, and this term
has to be subtracted to avoid double-counting. The efficiency of the logical OR of
such triggers is

p(2mu10||mu18_mu8noL1) = p(2mu10) + p(mu18_mu8noL1)+
− pµ1(mu10)pµ2(mu18)+
− pµ1(mu18)pµ2(mu10),

(5.1)

where the two last terms are needed to account for the scenario in which the muons
trigger both the 2mu10 and the mu18_mu8noL1 triggers. The event trigger SF is then
computed by evaluating such pµi(j) probabilities (with i = 1, 2 respectively for the
leading and the sub-leading muon and j being each trigger leg), one term at a time,
both in MC and in data, and combining them as prescribed by Eq. 5.1.

The trigger strategy chosen for this channel includes the 3mu6 trigger as well,
thus complicating exponentially the SF calculation procedure, to account for all
the different combinations rising when three muons and four muon legs (mu6, mu8,
mu10, mu18 for 2015) are considered. For this reason, an alternative strategy has
been chosen, this strategy being referred to as trigger bucketing.

The idea behind it is to find two orthogonal regions (buckets) which are expected
to be populated by events that are triggered either only by the di-muon triggers or
only by the 3mu6 trigger. Such regions can be identified by looking at the pT of the
reconstructed muons. If the leading muon of each µLJ have a pT smaller than the
di-muon trigger thresholds, the di-muon trigger cannot be fired. Such events could
potentially fire the 3mu6 trigger, given the lower pT of the reconstructed muons.
Thus, two orthogonal fiducial region are defined as:

• high-pT region: the leading muons of each µLJ satisfy the di-muon triggers
pT threshold requirements (that are always higher than those of the 3mu6
trigger);

• low-pT region: the leading muons of each µLJ do not satisfy the di-muon
triggers pT thresholds.

As an example, in 2015 the two regions are defined as:

• high-pT region: events where pT(µ1) > 10 GeV and pT(µ2) > 10 GeV, or
pT(µ1) > 8 GeV and pT(µ2) > 18 GeV, or pT(µ1) > 18 GeV and pT(µ2) >
8 GeV (with µ1,2 being the leading muons of respectively the leading µLJ and
the farthest one);
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• low-pT region: events not satisfying the high-pT region requirements.

This categorization is adopted for the sole purpose of computing the correct
trigger SF in each event. The SFs computation for the combination of the trigger
in the high-pT SR is standard and provided by the collaboration as explained in
Ref. [150]. The SFs (and their associated systematics) computation for the 3mu6
SF exploited in the low-pT SR is carried out in Ref. [151].

Being orthogonal, the high-pT and the low-pT regions are combined to form a
unique µLJ–µLJ channel SR.

Trigger efficiency

The di-muon and tri-muon trigger efficiencies are shown respectively in Fig. 5.20
and Fig. 5.21 as a function of the leading γd pT (a) and η (b), for a γd produced in
the FRVZ benchmark model and for different mγd hypotheses. In order to evaluate
these efficiencies, the events have been pre-selected requiring that both γd decay at
the truth-level into a pair of muons. The different pT turn-on curves that can be
seen in Fig. 5.20 (a) and Fig. 5.21 (a) are due to the different trigger thresholds,
whilst the loss in efficiency at |η| > 2.5 that can be seen in Fig. 5.20 (b) and Fig. 5.21
(b) is due to the ID coverage.

The trigger efficiency in the regions defined in the trigger bucket strategy is
shown for both the di-muon and 3mu6 triggers in Fig. 5.22. These efficiencies are
presented as a function of the leading γd pT, for a DP with a mass of mγd = 0.24 GeV
and produced via the FRVZ model. In order to evaluate these efficiencies, the events
have been pre-selected requiring that both γd decay into a pair of muons.

The usage of only the di-muon triggers in both the high-pT and the low-pT regions
would cause a null efficiency for the scenario in which γd are less boosted, while the
usage of 3mu6 only, though allowing additional sensitivity to the scenario in which
γd are soft, would imply a smaller average trigger efficiency. Therefore, exploiting
di-muon triggers only in the high-pT region and the 3mu6 one only in the low-pT one
maximizes the trigger efficiency in the full γd pT range.

In such a way, for light γd produced in the FRVZ model, the trigger efficiency
is increased by more than the 50%. For heavier γd hypotheses, the impact of the
addition of the 3mu6 trigger is negligible, since in order for µLJs to be reconstructed
γd have to be more boosted (see Sec. 5.4.1), and therefore events always lie in the
high pT category.

This is the case also for γd produced via the HAHM model, where the average
γd pT is larger (see Sec. 5.2).
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Figure 5.20. Di-muon trigger efficiencies for the FRVZ signal model, shown for different
mass points and as a function of the γd pT (a) and η (b). Events are pre-selected
requiring that both γd decay into a pair of muons.
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Figure 5.21. 3mu6(_msonly) trigger efficiencies for the FRVZ signal model, shown for
different mass points and as a function of the leading γd pT (a) and η (b). Events are
pre-selected requiring that both γd decay into a pair of muons.
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Di-muon in high  + low  regionpT pT
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FRVZ model, 
mγd
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Figure 5.22. Trigger efficiency as a function of the leading γd pT, for a γd with
mγd

= 0.24 GeV, where the γd is produced via the FRVZ benchmark model. Events are
pre-selected requiring that both γd decay into a pair of muons. The di-muon trigger
efficiency (red) is compared to the efficiency of the same trigger for events in the high-
pT region (green). The 3mu6 trigger efficiency (yellow) is compared to the efficiency of
the same trigger for events in the low-pT region (blue).

5.5.2 Electronic channel triggers

The signature of the eLJ –eLJ channel suggests to use single-electron and di-electron
triggers. Here tri-electron triggers are not used since most-often only one electron
is reconstructed per each eLJ. Additionally, since isolation requirements does not
impact the signal efficiency, single electron triggers including isolation requirements
are used as well. The list of adopted triggers, built from from the lowest un-
prescaled triggers available in different data-taking periods, is reported in Tab. 5.6
and Tab. 5.7 for single-electron and di-electron triggers respectively.

Periods Single-electron triggers

2015
HLT_e24_lhmedium_L1EM20VH
HLT_e60_lhmedium
HLT_e120_lhloose

2016-2018
HLT_e26_lhtight_nod0_ivarloose
HLT_e60_lhmedium_nod0
HLT_e140_lhloose_nod0

Table 5.6. List of single-electron triggers used in the eLJ –eLJ channel for the correspond-
ing data-taking periods. The suffixes lhtight, lhmedium, lhloose appearing in all the
electron triggers indicate that the electron firing the trigger must satisfy the specified
identification WP. The ivarloose suffix means instead that the HLT electron must
satisfy an HLT track-based isolation, while the nod0 suffix implies that no transverse
impact parameter (d0) cuts are required on the online electron. The L1EM20VH means
that an EM cluster is reconstructed at the L1 trigger, passing an ET cut of 20 GeV and
a HCAL based isolation requirement.
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Periods Di-electron triggers
2015 HLT_2e12_lhvloose_L12EM10VH
2016 HLT_2e17_lhvloose_nod0
2017 (only B5-B8) HLT_2e24_lhvloose_nod0

2017 (except B5-B8) - 2018 HLT_2e17_lhvloose_nod0_L12EM15VHI
HLT_2e24_lhvloose_nod0

Table 5.7. List of di-electron triggers used in the eLJ –eLJ channel for the corresponding
data-taking periods. During the accidentally prescaled periods B5-B8 (runs 326834-
328393 with an effective reduction of 0.6 fb−1), HLT_2e24_lhvloose_nod0 is used
instead of HLT_2e17_lhvloose_nod0_L12EM15VHI. The suffixes lhtight, lhmedium,
lhloose appearing in all the electron triggers indicate that the electrons firing the trig-
ger must satisfy the specified identification WP. The nod0 suffix implies that no trans-
verse impact parameter (d0) cuts are required on the online electron. The L1E2M10VH
(L12EM15VHI) suffix means that two EM clusters are reconstructed at the L1 trigger,
passing an ET cut of 10 GeV (15 GeV) and calorimeter based isolation requirements.

Trigger matching

The following criteria are used to consider an offline electron to be matched to an
HLT trigger object:

1. the offline electron must have a pT above the HLT threshold of at least ≥ 1
GeV;

2. the ∆R between the offline electron and its closest HLT trigger object should
be at most 0.2.

A consistent number of offline electrons are required to be trigger matched.
Additionally, it is required that all HLT electrons should be matched to offline
electrons reconstructed within a eLJ . In events selected by di-electron triggers, the
two trigger items are required to match electrons found in different reconstructed
eLJs.

Trigger efficiency

The single-electron and di-electron trigger efficiencies are shown respectively in
Fig. 5.23 and Fig. 5.24 as a function of the γd pT (a) and η (b), for a γd produced
in the FRVZ benchmark model. In order to evaluate these efficiencies, the events
have been pre-selected requiring that at the truth-level both γd decay into a pair of
electrons.

The different pT turn-on curves that can be seen in Fig. 5.23 (a) Fig. 5.24 (a) are
due to the different trigger thresholds. The differences in the η distribution for the
single electron, Fig. 5.23 (b), and the di-electron, Fig. 5.24 (b), trigger efficiency is
due to the fact that the electron reconstruction efficiency degrades with increasing
η (see Sec. 4.4). Therefore, collimated electrons are more-likely to be correctly
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Figure 5.23. Single-electron triggers efficiencies for the FRVZ signal model, shown for
different mass points and as a function of the leading γd pT (a) and η (b). Events are
pre-selected requiring that both γd decay into a pair of electrons.
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Figure 5.24. Di-electron trigger efficiencies for the FRVZ signal model, shown for different
mass points and as a function of the leading γd pT (a) and η (b). Events are pre-selected
requiring that both γd decay into a pair of electrons.

reconstructed as two electrons in the small η region rather rather than in the high
η one.
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5.5.3 Mixed channel triggers

The signature of the µLJ–eLJ channel suggests to use di-muon triggers, single-
electron triggers and mixed-flavour triggers, the latter requiring the reconstruction
of both electron and muon objects at the online level. As for the µLJ–µLJ channel,
the efficiency of single muon triggers is negligible as a consequence of their associ-
ated high pT thresholds or tight isolation requirements. The list of adopted triggers
is reported in Tab. 5.8. The usage of the mixed flavour triggers allows to recover

Type Data-taking periods Trigger

Single-electron

2015
HLT_e24_lhmedium_L1EM20VH
HLT_e60_lhmedium
HLT_e120_lhloose

2016 A-end
HLT_e26_lhtight_nod0_ivarloose
HLT_e60_lhmedium_nod0
HLT_e140_lhloose_nod0

Di-muon

2015 HLT_mu18_mu8noL1
2015 - 2016 A HLT_2mu10
2016 A - E HLT_mu20_mu8noL1
2016 B - end - 2017 - 2018 HLT_2mu14
2016 F - end - 2017 -2018 HLT_mu22_mu8noL1

Mixed flavour

2015 HLT_e7_lhmedium_mu24
2015 HLT_e17_lhloose_mu14
2016 A HLT_e24_lhmedium_nod0_L1EM20VHI_mu8noL1
2016 B-E HLT_e7_lhmedium_nod0_mu24
2016 F - end HLT_e26_lhmedium_nod0_L1EM22VHI_mu8noL1
2016 A - end - 2017 - 2018 HLT_e17_lhloose_nod0_mu14
2017 - 2018 HLT_e26_lhmedium_nod0_mu8noL1

Table 5.8. List of single-electron, di-muon and di-lepton mixed flavour triggers used in
the eLJ –µLJ channel for the corresponding data-taking periods. For the meaning of
the different suffixes the reader is referred to the caption of Tabs. 5.5, 5.6, 5.7.

sensitivities to electrons too soft to fire the single-electron triggers and to muons
too collimated for firing the di-muon triggers, which are not able to seed multiple
muons found within the same ROI of ∆η × ∆ϕ = 0.2 × 0.2 (see Sec. 3.2.6).

Trigger matching

The trigger matching per trigger follows the same requirements as the one specified
in the previous sections. If a di-lepton trigger is fired, both the HLT objects need
to be trigger-matched to an offline reconstructed lepton.

Trigger efficiency

The mixed-flavour trigger efficiencies are shown in Fig. 5.25 as a function of the
γd pT (a) and η (b), for a γd produced in the FRVZ benchmark model. In order to
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evaluate these efficiencies, the events have been pre-selected requiring that at the
truth-level one γd decay into a pair of electrons and the other one into a pair of
muons.
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Figure 5.25. Mixed triggers efficiencies for the FRVZ signal model, shown for different
mass points and as a function of the leading γd pT (a) and η (b). Events are pre-
selected requiring that one γd decay into a pair of electrons and the other one into a
pair of muons.

5.5.4 Benchmark samples trigger efficiency

The resulting trigger acceptance for the different signal hypotheses foreseen by the
two benchmark models exploited in this search are shown in Tab. 5.9 and Tab. 5.10
for respectively the FRVZ and the HAHM models. The trigger acceptance is defined
as the ratio between the number of triggered events and the total number of MC
generated ones.

Triggers FRVZ FRVZ FRVZ FRVZ FRVZ FRVZ FRVZ FRVZ FRVZ
mγd= 17 MeV mγd= 30 MeV mγd= 60 MeV mγd= 0.1 GeV mγd= 0.24 GeV mγd= 0.4 GeV mγd= 0.9 GeV mγd= 2.0 GeV mγd= 6.0 GeV

Single-electron 18% 18% 16% 16% 12% 9.3% 6.4% 7.7% 22%
Di-electron 12% 11% 11% 8.4% 4.1% 2.5% 1.7% 3.0% 11%
Single- OR di-electron 24% 24% 23% 21% 14% 10% 7.4% 9.5% 26%
Di-muon - - - - 12% 13% 11% 8.8% 6.7%
3_MU6 OR 3_MU6_msonly - - - - 3.6% 4.0% 3.4% 1.8% 1.3%
Mixed flavour di-lepton - - - - 4.4% 3.3% 3.2% 4.8% 5.5%

Table 5.9. Efficiencies (in %) of the analysis triggers for each MC signal FRVZ process.
For mγd

< 2mµ the muonic triggers and the mixed-flavour triggers are by construction
not effective, as γd decays into muons are kinematically forbidden.

As expected, the trigger efficiencies are much larger for the HAHM model than
for the FRVZ one, as a consequence of the larger average boost of the γd in the
former model (see Sec. 5.2). It should be noted that, since no requirement is made
on the γd decay mode, these efficiencies also depend on the BR(γd → ll̄) shown in
Fig. 2.10, with l being the leptons into which the γd has decayed.
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Triggers HAHM HAHM HAHM HAHM HAHM HAHM HAHM HAHM
mγd= 17 MeV mγd= 0.1 GeV mγd= 0.4 GeV mγd= 2 GeV mγd= 10 GeV mγd= 15 GeV mγd= 25 GeV mγd= 40 GeV

Single-electron 58% 56% 34% 12% 67% 72% 73% 75%
Di-electron 52% 46% 18% 5% 56% 63% 66% 69%
Single- OR di-electron 70% 67% 39% 15% 74% 78% 80% 83%
Di-muon - - 34% 32% 31% 31% 30% 31%
3_MU6 OR 3_MU6_msonly - - 5.7% 6.3% 7.1% 7.1% 6.9% 6.7%
Mixed flavour di-lepton - - 10% 7.0% 15% 15% 16% 15%

Table 5.10. Efficiencies (in %) of the analysis triggers for each MC signal HAHM process.
For mγd

< 2mµ the muonic and the mixed-flavour triggers are by construction not
effective, as γd decays into muons are kinematically forbidden.
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Chapter 6

ATLAS full Run-2 search for
prompt Lepton-Jets

This chapter describes the strategy and the results of the search for prompt Lepton-
Jets based on the dataset collected by the ATLAS experiment during the whole
Run-2. Sec. 6.1 describes the selections aimed at retaining high signal yields while
reducing the contributions of background processes. The procedures to estimate
the residual backgrounds are outlined in Sec. 6.2. How systematic uncertainties are
estimated and how they impact the result of the search is introduced in Sec. 6.3.
Sec. 6.4 and Sec. 6.5 present the results of this search respectively for the electronic
channel and for the mixed and the muonic ones. Finally, in Sec. 6.6 a comparison
between this search and the one carried out during Run-1 by the ATLAS collabo-
ration [81] is given.

6.1 Events selection

The following requirements are applied to each event:

• the event must be in the Good Run List, a set of runs where the ATLAS
detector was known to be working in nominal conditions;

• the event must be accepted by the logical OR of the triggers mentioned in
Sec. 5.5;

• the event must have at least one good Primary Vertex (see Sec. 4.1) (the
vertex with the highest ∑ p2

T and at least two tracks associated to it);

• at least two LJs must be reconstructed in the event.

As already said, if more than two LJs are identified in an event, the analysis is
performed on the leading LJ and its farthest in |∆ϕ|. As explained in Sec. 5.4, ac-
cording to the type of the two LJs identified in the event, the analysis is categorized
in the µLJ –µLJ , eLJ –eLJ and µLJ –eLJ search channels. Each channel is affected
by different sources of backgrounds, that are here briefly outlined.



6.1 Events selection 115

Pairs of mis-identified LJs can be found in SM events where two collimated
pairs of muons or electrons are produced. One of the processes contributing to this
background is the production of boosted light mesons pairs decaying into leptons
(e.g. di-J/ψ events). Another contribution originates from events where virtual
vector bosons (γ∗/Z∗) decay to leptons, leading to a non-resonant background.

Other contributions, arising from V +jets, tt̄, single-top, di-boson and multi-jets
events have also been considered. eLJs can be reconstructed in such processes, as
an eLJ can consist of an electron (arising, for example, from a Z and a W decay)
crossed by a random track. On the contrary, being reconstructed with two muons
satisfying the quality criteria in Sec. 5.2, µLJs are not expected to be found in these
kinds of background processes, beside the (unlikely) scenario in which Z boson
decays into extremely boosted muons. eLJs can also be produced in γ+jets events,
where the photon converts into a collimated electron-positron pair (see Sec. 4.4).
Therefore, in order to suppress the background contributions that affect differently
the three channels, the event selection has been separately optimised for the muonic
(Sec. 6.1.1), the electronic (Sec. 6.1.2) and the mixed (Sec. 6.1.3) channel. These
requirements define the three Signal Regions (SRs), the regions maximizing the
signal sensitivity, described in the following.

The electronic channel SR is optimised for being sensitive to the region with low
mγd , while the mixed and the muonic channel SRs, being populated by construction
only when mγd > 2mµ, are designed in such a way to be sensitive to larger mγd

hypotheses.

6.1.1 Muonic channel

Events identified in the µLJ –µLJ channel are required to satisfy the following con-
ditions:

• the event must fire the 3mu6(_msonly) trigger if it belongs to the low pT region
(as defined in Sec. 5.5.1) or it must fire a di-muon trigger if it is identified in
the high-pT region;

• all the online HLT seeds, of at least one of the triggers fired in the event, must
be matched to an offline reconstructed muon inside the µLJ. The matching
is performed according to Sec. 5.5.1, with the requirement that at least two
matched muons belong to different µLJs;

• the qLJ of both µLJs must be equal to zero.

These requirements were found to be sufficient to reduce to 0 the available statistics
of the simulated MC samples representing the different SM background processes
previously outlined. In the following, the effect of this selection on the signal MC
samples is reported.
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Signal yields

The event yields in the µLJ –µLJ channel are shown in Tab. 6.1 and Tab. 6.2, for
the FRVZ and the HAHM model, respectively.

mγd [GeV] 0.24 0.4 0.9 2 6 10 15
None 33780±70 33780±70 33780±70 33140±110 34930±100 33780±70 33770±70
2µLJ 876±10 1102±12 865±10 330±4 42.2±1.2 14.5±1.4 4.0±0.7

Triggers 508±8 670±9 523±8 248.2±3.3 40.0±1.2 13.9±1.3 4.0±0.7
Trigger Matching 346±6 456±7 358±7 183.9±2.9 34.4±1.1 13.7±1.3 3.7±0.7

qµLJ = 0 346±6 456±7 358±7 183.9±2.9 34.4±1.1 13.7±1.3 3.0±0.6
Table 6.1. Signal (weighted) events yield after each selection applied in the µLJ–

µLJ channel. Events are generated according to the FRVZ model and are normalised
assuming a branching ratio B(H → 2γd +X) = 0.5%, with L = 140 fb−1 and σ = σggF.
The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i , with Nraw
being the number of un-weighted MC events and wi being the per event weight.

mγd [GeV] 0.4 2 10 15 25
None 33780±70 33780±70 33770±70 33770±70 33780±70
2µLJ 2239±17 1978±16 349±7 29.7±2.0 5.2±0.8

Triggers 1992±16 1785±15 344±7 29.4±2.0 5.2±0.8
Trigger Matching 1739±15 1561±14 335±7 28.9±1.9 5.0±0.8

qµLJ = 0 1738±15 1561±14 335±7 28.9±1.9 5.0±0.8
Table 6.2. Signal (weighted) events yield after each selection applied in the µLJ–

µLJ channel. Events are generated according to the HAHM model and are normalised
assuming a branching ratio B(H → 2γd) = 0.5%, with L = 140 fb−1 and σ = σggF.
The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i , with Nraw
being the number of un-weighted MC events and wi being the per event weight.

Events are weighted and normalised as explained Sec. 3.2.7, with L = 140 fb−1,
σpp→2γd(+X) = σggF × BR(H → 2γd(+X)), with BR(H → 2γd(+X)) = 0.5% (and
σggF as in Sec. 1.3.1). The associated uncertainty per each event yield is evaluated
as
√∑Nraw

i w2
i , with Nraw being the number of un-weighted MC events and wi being

the per event weight. The number of residual events after the selection decreases
for larger γd masses, since the γd are less boosted, this resulting in smaller trigger
and LJs reconstruction efficiencies. The event yields are shown for each model up
to the heaviest γd to which the selection is sensitive.

6.1.2 Electronic channel

Events identified in the eLJ –eLJ channel are required to satisfy the following con-
ditions:

• the event must fire any of the trigger specified in Sec. 5.5.2;
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• all the online HLT seeds, of at least one of the triggers fired in the event, must
be matched to an offline reconstructed electron inside the eLJ. The matching
is performed according to Sec. 5.5.2, with the requirement that, if a di-electron
trigger is fired, the two matched electrons must belong to different eLJs;

• the angular separation in the transverse plane between the two eLJs must be
|∆ϕ(eLJ, eLJ)| > 2.5;

• the leading eLJ must have |η| < 1.37;

• the invariant mass of the eLJ pair must be outside the Z-mass window, i.e.
meLJ /∈ [81, 101]GeV;

• the imbalance between the invariant masses of the eLJs must satisfy mimb
eLJ <

0.8;

• the qLJ of both eLJs must be zero;

• the eLJs must be reconstructed with exactly one electron (and two tracks
associated to it, as explained in Sec. 5.4);

• no jets with pT > 40 GeV has to be reconstructed;

• the leading track of each eLJ must have pT > 5 GeV.

In the µLJ–µLJ channel, simply requiring 2µLJ to be reconstructed (other than trig-
ger and trigger-matching requirements) reduces to a negligible level, within the MC
statistics, the yields associated to the different sources of backgrounds previously
outlined. The same is not true for the eLJ–eLJ channel, where additional criteria
are needed to suppress such background events.

eLJs can be reconstructed in V + jets processes, with electrons produced by
vector boson decays being crossed by random tracks. Such eLJs are expected to
be both less back-to-back and more in the forward, high |η|, region, with respect
to signal-like ones (see Sec. 5.2). The distributions of these variables are shown in
Fig. 6.1 for the SM background processes and for eLJs produced by γd decays in
the FRVZ benchmark model, where the γd has a mass of mγd = 0.1 GeV.

Even though the eLJ invariant mass has a poorer resolution with respect to the
µLJ one, particularly for eLJs comprised of only one electron, Fig. 6.2 (a) shows
how the invariant mass of the di-eLJ system is a powerful variable in discriminating
the Z(→ ee) + jets background, where each electron produced by the Z decay is
reconstructed as an eLJ, if it is crossed by a random track. In these events, the
invariant mass of the di-eLJ system thus peaks around the Z mass.

eLJs originating from γd decays are expected to have a small mimb. A selection
on the eLJs mimb therefore is discriminating against combinatorial SM backgrounds,
which have a flat distribution of mimb. The distribution of the eLJs mimb recon-
structed from γd decays, where the γd is produced in the FRVZ benchmark model
and has a mass of mγd = 0.1 GeV, is compared in Fig. 6.2 (b) to the distributions
for eLJs arising in different SM background processes.
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Figure 6.1. eLJs |η| distribution (a) and |∆ϕ| between two eLJs (b) for signal MC events
(dashed), where the eLJs are reconstructed from a mγd

= 0.1 GeV γd produced in the
FRVZ benchmark model, and background MC events (solid).
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Figure 6.2. (a) invariant mass and (b) mass imbalance mimb of the di-eLJ system for
signal MC events (dashed), where the eLJs are reconstructed from a mγd

= 0.1 GeV
γd produced in the FRVZ benchmark model, and background MC events (solid).

eLJs originating from neutral particle decays are expected to have zero sum
of charge. A selection on the eLJ charge qLJ therefore reduces combinatorial
backgrounds from all SM background processes where one of the eLJ associated
track is a random track. The distribution of the qLJ for eLJs reconstructed from
γd decays, where the γd is produced in the FRVZ benchmark model and has a mass
mγd = 0.1 GeV, is compared in Fig. 6.3 to the distributions for eLJs arising in differ-
ent SM background processes. An eLJ is reconstructed per each electron produced
by the Z boson decay. To be reconstructed as an eLJ, the electron produced by the
Z decay has a topo-cluster with an associated random track. This results into the
qLJ distribution having the two peaks at qLJ = ±2.

Since the eLJ–eLJ channel is tailored to be sensitive to the lightermγd hypotheses,
eLJs are required to be reconstructed with only one electron. This requirement sim-
plifies the background composition and it does not affect the signal efficiency in the
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Figure 6.3. qLJ of eLJs for signal MC events (dashed), where the eLJs are reconstructed
from a mγd

= 0.1 GeV γd produced in the FRVZ benchmark model, and background
MC events (solid).

desired mass range.
Finally, in order to suppress events where jets are mis-reconstructed as eLJs ,

high energy jets (with pT > 40 GeV) are vetoed. This selection efficiently reduces
events associated to the tt̄ background, as can be seen from Fig. 6.4.
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Figure 6.4. Jets with pT > 40 GeV multiplicity for signal events with different mγd

hypotheses (solid lines), and background MC tt̄ events (dashed).

Signal and SM MC background yields

The event yields in the eLJ–eLJ channel are shown in Tab. 6.3 and Tab. 6.4, for the
FRVZ and the HAHM model, respectively.

As for the µLJ–µLJ channel, events are weighted and normalised as explained
Sec. 3.2.7, with L = 140 fb−1, σpp→2γd(+X) = σggF × BR(H → 2γd(+X)), with
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mγd [GeV] 0.017 0.03 0.06 0.1 0.24 0.4 0.9 2 6
2 eLJs 950 ± 11 770 ± 9.8 560 ± 8.4 410 ± 7.1 110 ± 3.6 27 ± 1.8 4.3 ± 0.7 0.59 ± 0.25 6.6 ± 0.86
Trigger Matching 830 ± 10 650 ± 9 480 ± 7.7 360 ± 6.7 100 ± 3.5 27 ± 1.8 4.3 ± 0.7 0.59 ± 0.25 6.4 ± 0.84
Leading track pT > 5 GeV 830 ± 10 650 ± 9 480 ± 7.7 360 ± 6.7 100 ± 3.5 27 ± 1.8 4.3 ± 0.7 0.59 ± 0.25 6.4 ± 0.84
eLJ |η| < 1.37 540 ± 8.2 410 ± 7.2 310 ± 6.2 210 ± 5.1 64 ± 2.8 18 ± 1.5 2.8 ± 0.57 0.19 ± 0.14 4.5 ± 0.71
|∆Φ(eLJ, eLJ)| > 2.5 290 ± 5.9 220 ± 5.2 160 ± 4.6 130 ± 4 30 ± 1.9 7.6 ± 0.96 1.4 ± 0.41 / 2.8 ± 0.56
Z mass veto 230 ± 5.3 180 ± 4.7 130 ± 4.1 100 ± 3.5 23 ± 1.7 4.9 ± 0.76 1.1 ± 0.36 / 1.7 ± 0.43
qeLJ = 0 230 ± 5.3 180 ± 4.7 130 ± 4.1 100 ± 3.5 23 ± 1.7 4.9 ± 0.76 1.1 ± 0.36 / 1.7 ± 0.43
No jet with pT > 40 GeV 200 ± 4.9 150 ± 4.3 110 ± 3.7 86 ± 3.2 19 ± 1.5 4.7 ± 0.75 0.95 ± 0.33 / 1.4 ± 0.4
1 electron in eLJ 170 ± 4.6 130 ± 4 95 ± 3.4 75 ± 3 18 ± 1.5 4.5 ± 0.74 0.95 ± 0.33 / /
|mimb

eLJ| < 0.8 170 ± 4.5 130 ± 3.9 94 ± 3.4 74 ± 3 18 ± 1.5 4.4 ± 0.73 0.72 ± 0.28 / /

Table 6.3. Signal (weighted) events yield after each selection applied in the eLJ–
eLJ channel. Events are generated according to the FRVZ model and are normalised
assuming a branching ratio B(H → 2γd +X) = 0.5%, with L = 140 fb−1 and σ = σggF.
The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i , with Nraw
being the number of un-weighted MC events and wi being the per event weight.

mγd [GeV] 0.017 0.1 0.4 2 10 15 25
2 eLJs 4200 ± 23 1600 ± 14 230 ± 5.5 4.2 ± 0.69 110 ± 3.6 24 ± 1.7 11 ± 1.1
Trigger Matching 4100 ± 23 1600 ± 14 230 ± 5.4 4.2 ± 0.69 110 ± 3.6 23 ± 1.6 10 ± 1.1
Leading track pT > 5 GeV 4100 ± 23 1600 ± 14 230 ± 5.4 4.2 ± 0.69 110 ± 3.6 23 ± 1.6 10 ± 1.1
eLJ |η| < 1.37 2700 ± 19 840 ± 10 140 ± 4.2 2.9 ± 0.57 65 ± 2.8 10 ± 1.1 3.7 ± 0.64
|∆Φ(eLJ, eLJ)| > 2.5 1800 ± 15 510 ± 8 69 ± 2.9 0.56 ± 0.26 55 ± 2.5 1.2 ± 0.35 0.19 ± 0.13
Z mass veto 1700 ± 15 470 ± 7.7 66 ± 2.9 0.56 ± 0.26 53 ± 2.5 0.75 ± 0.27 0.19 ± 0.13
qeLJ = 0 1700 ± 15 470 ± 7.7 66 ± 2.9 0.56 ± 0.26 53 ± 2.5 0.67 ± 0.26 0.19 ± 0.13
No jet with pT > 40 GeV 1400 ± 13 380 ± 7 54 ± 2.5 0.56 ± 0.26 49 ± 2.4 0.47 ± 0.22 0.12 ± 0.12
1 electron in eLJ 1300 ± 13 340 ± 6.6 50 ± 2.4 0.56 ± 0.26 / 0.062 ± 0.062 0.12 ± 0.12
|mimb

eLJ| < 0.8 1300 ± 13 340 ± 6.6 50 ± 2.4 0.56 ± 0.26 / 0.062 ± 0.062 0.12 ± 0.12

Table 6.4. Signal (weighted) events yield after each selection applied in the eLJ–
eLJ channel. Events are generated according to the HAHM model and are normalised
assuming a branching ratio B(H → 2γd) = 0.5%, with L = 140 fb−1 and σ = σggF.
The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i , with Nraw
being the number of un-weighted MC events and wi being the per event weight.

BR(H → 2γd(+X)) = 0.5%. The associated uncertainty per each event yield is
evaluated as

√∑Nraw
i w2

i , with Nraw being the number of un-weighted MC events
and wi being the per event weight.

The number of residual events decreases for larger γd masses, since the γd are
less boosted, this resulting in smaller trigger and 1-electron eLJs reconstruction
efficiencies.

The number of events selected in the eLJ–eLJ channel are shown in Tab. 6.5
for the tt̄, single-top, Z + jets, W + jets and QCD multi-jet MC. Also in this case,
events are normalised and weighted as explained in Sec. 3.2.7, with L = 140 fb−1

and their relative associated cross-section.
After the requirements previously described, the residual background is domi-

nated by Z + jets events. All the other SM backgrounds that are not reported in
this table have a negligible statistics after requiring two eLJs to be reconstructed.
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tt̄ single-top Z+jets W+jets QCD multi-jet
2 eLJs 2600 ± 17 240 ± 5.8 130000 ± 780 1100 ± 100 1500 ± 1200
Trigger Matching 2600 ± 17 240 ± 5.8 130000 ± 770 1100 ± 93 1500 ± 1200
Leading track pT > 5 GeV 2600 ± 17 240 ± 5.8 130000 ± 770 1100 ± 93 1500 ± 1200
eLJ |η| < 1.37 690 ± 8.5 52 ± 2.6 13000 ± 240 140 ± 35 100 ± 43
|∆Φ(eLJ, eLJ)| > 2.5 250 ± 5.1 20 ± 1.7 10000 ± 230 38 ± 7.6 29 ± 4.9
Z mass veto 230 ± 4.9 18 ± 1.6 2000 ± 94 39 ± 7.5 29 ± 4.9
qeLJ = 0 160 ± 4 12 ± 1.3 1300 ± 75 28 ± 6.9 21 ± 4.3
No jet with pt > 40 GeV 15 ± 1.3 2.2 ± 0.53 1100 ± 73 17 ± 6.3 5.5 ± 2.1
1 electron in eLJ 15 ± 1.3 2.2 ± 0.53 1100 ± 73 17 ± 6.3 5.5 ± 2.1
|mimb

eLJ| < 0.8 12 ± 1.1 1.8 ± 0.48 920 ± 66 16 ± 6.2 5.2 ± 2.1

Table 6.5. SM background (weighted) events yield after each selection applied in the eLJ–
eLJ channel. Events are normalised to 140 fb−1. The associated uncertainty per each
event yield is evaluated as

√∑Nraw
i w2

i , with Nraw being the number of un-weighted
MC events and wi being the per event weight.

6.1.3 Mixed channel

Events identified in the µLJ–eLJ channel are required to satisfy the following con-
ditions:

• the event must fire any of the trigger specified in Sec. 5.5.3;

• all the online HLT seeds, of at least one of the triggers fired in the event, must
be matched to an offline reconstructed muon/electron inside the µLJ/eLJ.
The matching is performed according to Sec. 5.5.3;

• the angular separation in the transverse plane between the eLJ and the µLJ must
be |∆ϕ(eLJ, µLJ)| > 2;

• the eLJ must have |η| < 1.37;

• the qLJ of both the µLJ and the eLJ must be equal to zero;

• the eLJ pimb
T (see Sec. 5.4.3) must be pimb

T,eLJ < 0.8;

• the eLJ leading track must have pT > 5 GeV.

The requirements on the ∆ϕ(eLJ, µLJ) and on the eLJ |η| suppress all the SM
backgrounds as explained in Sec. 6.1.2. The Z-mass window is here not vetoed,
differently from the eLJ–eLJ channel, as LJs of different type cannot be produced
in such a background process.

The requirement on the mimb used in the electronic channel to reduce the com-
binatorial background is here not applied, since the very different invariant mass
resolution for eLJs and the µLJs result in mass-unbalanced LJs in this channel.
Such a requirement would thus reduce too much the signal yields.

The eLJ pimb
T is instead a powerful variable in suppressing the combinatorial

backgrounds without reducing too much the signal acceptance, as signal eLJs are
expected to be more balanced in pT than background ones. The distribution of the
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eLJs pimb
T reconstructed from γd decays, where the γd is produced in the FRVZ

benchmark model and has a mass mγd = 0.1 GeV, is compared in Fig. 6.5 to the
distributions for eLJs arising in different SM background processes.
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Figure 6.5. eLJ pimb
T for signal MC events (dashed), where the eLJs are reconstructed

from a mγd
= 0.1 GeV γd produced in the FRVZ benchmark model, and background

MC events (solid).

As can be seen from this plot, eLJs produced in events associated to different SM
background processes have a larger pimb

T than signal eLJs, and this is particularly
evident for the Z + jets background.

These requirements were found to be sufficient to reduce to zero the available
statistics of the simulated MC samples representing the different SM background
processes previously outlined. In the following, the effect of this selection on the
signal MC samples is reported.

Signal yields

The number of events selected in the µLJ–eLJ channel are shown in Tab. 6.6 and
Tab. 6.7, for the FRVZ and the HAHM model, respectively.

As for the other channels, events are weighted and normalised as explained
Sec. 3.2.7, with L = 140 fb−1, σpp→2γd(+X) = σggF × BR(H → 2γd(+X)), with
BR(H → 2γd(+X)) = 0.5%. The associated uncertainty per each event yield is
evaluated as

√∑Nraw
i w2

i , with Nraw being the number of un-weighted MC events
and wi being the per event weight.

Differently from the other two search channels, the number of residual events
after the selection decreases as a function of mγd for mγd ≤ 2 GeV, it increases
for 2 GeV < mγd ≤ 6 GeV and 2 GeV < mγd ≤ 10 GeV respectively for the FRVZ
and HAHM model, and then it decreases again. This is due to the collimation of
the electrons inside the eLJs: the loss in efficiency at the 2 GeV mass point is due
to the fact that truth electrons are not enough collimated to be reconstructed as
a single electron, but they are sufficiently collimated to fall within the isolation
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mγd [GeV] 0.24 0.4 0.9 2 6 10
None 33790 ± 70 33790 ± 70 33790 ± 70 33790 ± 70 33790 ± 70 33780 ± 70

Triggers 4421 ± 24 4115 ± 23 3508 ± 21 4538 ± 24 4968 ± 25 3735b ± 29
1 µLJ , 1 eLJ 388 ± 7 247 ± 5 83.4 ± 3.2 33.1 ± 2.0 71.1 ± 2.9 18.4 ± 1.5

Trigger Matching 365 ± 7 237 ± 5 80.2 ± 3.1 32.4 ± 2.0 69.8 ± 2.9 18.0 ± 1.5
eLJ leading track pT > 5 GeV 363 ± 7 234 ± 5 79.5 ± 3.1 31.5 ± 2.0 68.9 ± 2.8 10.2 ± 1.1

eLJ |η| < 1.37 250 ± 6 167 ± 5 61.3 ± 2.7 20.3 ± 1.6 51.4 ± 2.5 1.4 ± 0.4
|∆ϕ(µLJ ,eLJ )| > 2 175 ± 5 108 ± 4 35.4 ± 2.1 10.0 ± 1.1 36.9 ± 2.1 1.4 ± 0.4

qµLJ = 0 175 ± 5 108 ± 4 35.4 ± 2.1 10.0 ± 1.1 36.9 ± 2.1 0.82 ± 0.29
qeLJ = 0 170 ± 5 107 ± 4 34.1 ± 2.1 8.8 ± 1.0 35.0 ± 2.0 0.35 ± 0.18

|pimb
T,eLJ| < 0.8 132 ± 4 79.3 ± 3.1 27.5 ± 1.9 5.4 ± 0.8 33.2 ± 2.0 0.35 ± 0.18

Table 6.6. Signal (weighted) events yield after each selection applied in the µLJ–
eLJ channel. Events are generated according to the FRVZ model and are normalised
assuming a branching ratio B(H → 2γd +X) = 0.5%, with L = 140 fb−1 and σ = σggF.
The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i , with Nraw
being the number of un-weighted MC events and wi being the per event weight.

mγd [GeV] 0.4 2 10 15
None 33780 ± 70 33780 ± 70 33760 ± 70 33760 ± 70

Triggers 12660 ± 40 9857 ± 35 15010 ± 40 15960 ± 50
1 µLJ , 1 eLJ 1240 ± 12 150 ± 4 371 ± 7 38.6 ± 2.2

Trigger Matching 1231 ± 12 148 ± 4 370 ± 7 38.6 ± 2.2
eLJ leading track pT > 5 GeV 1227 ± 12 147 ± 4 367 ± 7 25.4 ± 1.8

eLJ |η| < 1.37 884 ± 11 108 ± 4 269 ± 6 3.2 ± 0.8
|∆ϕ(µLJ ,eLJ )| > 2 681 ± 9 62.5 ± 2.7 234 ± 5 3.2 ± 0.8

qµLJ = 0 681 ± 9 62.5 ± 2.7 234 ± 5 2.2 ± 0.7
qeLJ = 0 663 ± 9 58.1 ± 2.6 227 ± 5 0.46 ± 0.23

|pimb
T,eLJ| < 0.8 547 ± 8 42.5 ± 2.2 220 ± 5 0.46 ± 0.23

Table 6.7. Signal (weighted) events yield after each selection applied in the µLJ–
eLJ channel. Events are generated according to the HAHM model and are normalised
assuming a branching ratio B(H → 2γd) = 0.5%, with L = 140 fb−1 and σ = σggF.
The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i , with Nraw
being the number of un-weighted MC events and wi being the per event weight.

cone of the other, so that isolation requirements are failed, this resulting in a worse
eLJ reconstruction efficiency.

As for the other channel, the event yields are shown for each model up to the
heavier γd to which the selection is sensitive.

6.2 Background estimation

In the µLJ–µLJ and µLJ–eLJ analysis channels, the residual SM background con-
tributions after the requirements detailed in Sec. 6.1.1 and Sec. 6.1.3 are the ones
arising from decays of virtual vector bosons, mimicking both µLJs and eLJs, and
low-mass resonances decaying into muon pairs, mimicking µLJs.

In the eLJ–eLJ channel, instead, after the selection criteria outlined in Sec. 6.1.2,
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background events are mainly composed of Z + jets events, where the electrons
produced by the Z boson decay that are randomly crossed by an ID track are
reconstructed as eLJs.

However, since there are no MC simulations reproducing these background pro-
cesses in the phase space investigated, the background estimation cannot rely on
such MC simulations. Therefore, the background estimation for all the three chan-
nels is fully data-driven. These channels exploit however two different background
estimation techniques.

Thanks to the very good resolution of the µLJ invariant mass, both the µLJ–
µLJ and the µLJ–eLJ channels rely on the so-called bump-hunt method, where it is
looked for local excesses (bumps) compatible with the γd mass in the µLJs invariant
mass spectrum in data.

As a consequence of the poorer resolution of the eLJ invariant mass, the eLJ–
eLJ channel exploits instead the so-called ABCD based likelihood method [152],
where the background is divided into 4 sub-regions (A, B, C and D) via the usage
of two uncorrelated variables and the background contribution in A, where the
majority of the signal is expected, can be extrapolated from the other regions.

In Sec. 6.2.1, the background estimation for the µLJ–µLJ and the µLJ–eLJ channels
via the bump-hunt technique is outlined. In Sec. 6.2.2 the background estimation
for the eLJ–eLJ channel via the ABCD method is desrcibed.

6.2.1 Bump-hunt for muonic Lepton-Jets

The two analysis channels foreseeing the reconstruction of µLJs , the muonic and
the mixed channel, rely on an un-binned likelihood fit on the µLJs invariant mass
spectrum, where it is looked for bumps, i.e. localised excesses, compatible with
different γd mass hypotheses. A schematic picture of the bump-hunt technique
is given in Fig. 6.6. One of the advantages of this method is that is less model
dependent than the ABCD one, which is usually used for this kind of searches [79,
78, 81]. Furthermore, since a shape fit is exploited, additional information regarding
such a shape are used, thus yielding a better sensitivity.

Given the background sources contributing to these channels, as outlined in
the previous section, the background invariant mass spectrum is expected to be
comprised of an exponentially decreasing component, related to the combinatorial
non-resonant background due to decays of off-shell vector bosons, and a resonant
component, due to boosted low mass resonances decaying into collimated muon
pairs. The most general background template is therefore described by the sum
of two exponentials for the non-resonant background (to account for potentially
different exponential slopes at large and small invariant masses), with Gaussians
parameterising the resonances (such as the J/ψ, the ϕ(1020) and ψ(2S)). Such
background template is hence described by the Probability Density Function (PDF)
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Figure 6.6. Schematic picture of the bump-hunt technique. The red distribution is the
background one, in this case described by the PDF B(mµµ) in Eq. 6.1, extracted from
a CR (see the following sections) and whose normalisation is instead extracted from
data. The blue distribution is instead the signal one, whose PDF is the one in Eq. 6.2
and whose normalisation is parameterised via Eq. 6.4 and Eq. 6.6 for respectively the
µLJ–µLJ and the eLJ–µLJ channels.

B(mµµ):

B(mµµ) =
(
1 − fexp − fJ/ψ − fϕ(1020) − fψ(2S)

)
e−mµµ/τ2 + fexpe

−mµµ/τ+

+fJ/ψe
−
(
mµµ−µJ/ψ

σJ/ψ

)2

+ fψ(2S)e
−
(
mµµ−µψ(2S)

σψ(2S)

)2

+ fϕ(1020)e
−
(
mµµ−µϕ(1020)

σϕ(1020)

)2

,

(6.1)

where fi, with i = exp, J/ψ, ϕ(1020), ψ(2S), is the fraction of events associated
to the i-th background process, with respect to the total number of background
events; τ and τ2 are the arguments of the two exponentials and µres and σres, with
res = J/ψ, ϕ(1020), ψ(2S), are respectively the mean and standard deviation of the
gaussians describing the resonances shape. The parameter µϕ is fixed to 1.02 GeV,
σϕ to 0.02 GeV and σψ is set to 0.05 GeV, as taken from [153], while mΨ, mJΨ and
σJ/ψ are free to float.

Such background modelling is tested in two orthogonal CRs, one defined for the
muonic channel and one for the mixed channel. The fitted parameters extracted
from such CRs are not expected to be equal to the ones extracted in the relative
SRs, since differences in such regions could impact, for example, the pT profile of the
µLJ , potentially modifying the µLJs invariant mass spectrum. These CRs are thus
only exploited to check whether the functional form used to model the background
is flexible enough to describe the µLJ invariant mass in different regions.

The normalisation of the background template is extracted, after unblinding (see
Sec. 3.2.7), from the SRs described in Sec. 6.1.1 and Sec. 6.1.3.

A modelling of the expected signal µLJs invariant mass spectrum is needed as
well, both in terms of its functional form, in the following referred to as shape-
modelling, and overall normalisation, referred to as acceptance × efficiency mod-
elling. Such a modelling is needed in order to test different mγd hypotheses with
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respect to the ones that were assumed in the MC samples generation. The defini-
tion of the CRs and the evaluation of the signal shape and acceptance × efficiency
modelling for both the muonic and the mixed channel are described in the last part
of this section.

Control Region for the muonic channel

In order to test the flexibility of the background functional form in Eq. 6.1, a
dedicated CR has been defined in the µLJ–µLJ channel.

This CR is built in such a way to be as close as possible to the µLJ–µLJ SR. In
this way, if the functional form in Eq. 6.1 describes the µLJ invariant mass spectrum
in the µLJ–µLJ CR, the same is expected to be true in the µLJ–µLJ SR.

It is required for exactly one µLJ and an additional pair of open muons to be
reconstructed. These additional muons must satisfy the same requirements that
muons in µLJs satisfy, so to have a CR which is as similar as possible to the SR.

The triggers that the events must fire are the ones listed in Sec. 5.5.1, and a
similar trigger matching scheme is asked as well, requiring that at least one muon
from the µLJ and one of the two additional muons must be matched to an HLT
object.

The presence of eLJs is vetoed, ensuring orthogonality with the µLJ–eLJ channel
SR. In addition, the presence of electrons satisfying the same requirements of the
electrons in eLJs is vetoed.

With these requirements, the signal events populating this CR are only the ones
where both γd decay into muons that are too far apart to be reconstructed as a
µLJ . Muons coming from heavier γd are less collimated, and therefore they are not
reconstructed as µLJs. To avoid signal contamination for larger mγd hypotheses,
a minimum angular separation between the two additional muons ∆Rµµ is asked
(∆Rµµ ≥ 1.8).

For the heaviest mγd hypotheses the signal leakage is still non-negligible, as can
be seen in Fig. 6.7. For this reason, a large mimb is imposed (|mimb| > 0.2), as
the µLJ and the additional µ-pair are coming from the same γd and therefore they
should be balanced in mass. This requirement is not effective in reducing the signal
leakage of the larger mass hypotheses of the FRVZ benchmark model (Fig. 6.8
(a)). In such a scenario, the two γd produced in the event are less back to back
(see Sec. 5.2) and muons coming from different γd may be picked-up by the same
µLJ (µ-pair). µLJs built in such a way have an invariant mass different from mγd ,
as clear from Fig. 6.8 (b), (c).

In the HAHM model, however, the larger boost of the DPs implies that they
are more often back to back, so that, even for heavy γd hypothesis, the probabil-
ity of reconstructing µLJs with muons arising from different γd is negligible. This
notwithstanding, a requirement on the opening angle between the µLJ and the ad-
ditional µ-pair (|∆ϕµLJ−µµ| > 2.8) is imposed to reduce the signal leakage of the
heavier γd hypotheses in the FRVZ benchmark model.
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Figure 6.7. Opening angle between additional µ-pair with ∆Rµµ > 1.8, for different mγd

hypotheses in both the HAHM and FRVZ benchmark models.

Finally, the charge of the µLJ is required to be 0. After all these requirements,
a negligible signal leakage is obtained for both benchmark models and for all hy-
pothesised mγd .

Details on the expected number of events are given in Tab. 6.8 and Tab. 6.9 for
respectively the FRVZ and the HAHM models.
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Figure 6.8. (a) mimb between the additional µ-pair and the µLJ for different
mγd

hypotheses in both the HAHM and FRVZ benchmark models; (b) mimbas a func-
tion of the opening angle ∆ϕµLJ−µµ for mγd

= 10 GeV in the FRVZ benchmark model;
(c) mimbas a function of the opening angle ∆ϕµLJ−µµ for mγd

= 15 GeV in the FRVZ
benchmark model. The events included in the plot are the ones after the cut on ∆Rµµ.

mγd [GeV] 0.24 0.4 0.9 2 6 10 15
None 33780±70 33780±70 33780±70 33140±110 34930±100 33780±70 33770±70

1µLJ + 0eLJ 7738±31 8948±34 8317±33 5584±27 2157±15 1253±13 375±7
Triggers 497±8 655±9 652±9 333±4 227.3±3.5 322±6 151±4

Trigger Matching 58.5±2.7 198±5 281±6 151.5±2.6 137.2±2.4 243±6 117±4
Electron veto 58.1±2.7 196±5 280±6 150.8±2.6 136.1±2.3 241±6 117±4

2 signal muons 0.25±0.18 0.27±0.16 0.30±0.18 0.26±0.11 55.8±1.4 119±4 65.5±2.8
∆Rµµ > 1.8 0.25±0.18 0.19±0.14 0.13±0.13 0.11±0.06 0.06±0.04 3.9±0.7 24.0±1.6
|mimb| > 0.2 0.25±0.18 0.19±0.14 0.13±0.13 0.11±0.06 0.06±0.04 2.8±0.6 19.6±1.5

|∆ϕµLJ−µµ| > 2.8 0.13±0.13 / 0.13±0.13 0.04±0.04 0.027±0.027 0.08±0.08 /
qµLJ = 0 / / 0.13±0.13 / 0.027±0.027 / /

Table 6.8. Signal (weighted) events remaining after each selection applied in the CR
of the µLJ–µLJ channel. Events are generated according to the FRVZ model and are
normalised assuming a branching ratio B(H → 2γd+X) = 0.5%, with L = 140 fb−1 and
σ = σggF. The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i ,
with Nraw being the number of un-weighted MC events and wi being the per event
weight.
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mγd [GeV] 0.4 2 10 15 25
None 33780±70 33780±70 33770±70 33770±70 33780±70

1µLJ + 0eLJ 10770±40 11550±40 5391±26 1648±15 338±7
Trigger 906±11 995±11 1277±13 480±8 107±4

Trigger Matching 313±6 430±7 1028±11 410±7 87.5±3.4
Electron veto 313±6 429±7 1022±11 408±7 87.0±3.3

2 signal muons 0.34±0.20 0.62±0.26 573±8 250±6 50.5±2.5
∆Rµµ > 1.8 0.23±0.16 0.35±0.20 0.89±0.30 5.8±0.8 14.4±1.3
|mimb| > 0.2 0.23±0.16 0.35±0.20 0.58±0.24 0.23±0.16 0.33±0.17

|∆ϕµLJ−µµ| > 2.8 0.13±0.13 0.25±0.18 0.48±0.22 0.10±0.10 /
qµLJ = 0 / / / 0.10±0.10 /

Table 6.9. Signal (weighted) events remaining after each selection applied in the CR of
the µLJ–µLJ channel. Events are generated according to the HAHM model and are
normalised assuming a branching ratio B(H → 2γd) = 0.5%, with L = 140 fb−1 and
σ = σggF. The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i ,
with Nraw being the number of un-weighted MC events and wi being the per event
weight.

Since requiring only the two additional muons pair to be open effectively sup-
presses the signal leakage for both the HAHM and the FRVZ model formγd < 6 GeV,
the region with 1µLJ , no eLJ and two additional open muons is used, with a cut
on the µLJ mass (mµLJ < 5 GeV), as Validation Region (VR). A summary of the
requirements used to define the SR, the CR and the VR is reported in Tab. 6.10.

Fig. 6.9 shows the distribution of the invariant mass of the µLJ in the µLJ–
µLJ CR in data, obtained by processing the full Run-2 dataset, with the B(mµµ)
fitted (via an un-binned likelihood fit) PDF (see Eq. 6.1) overlaid on such a spec-
trum.

The fitted parameters values are shown in Tab. 6.11. The reduced chi-square of

SR CR VR
requirement 2µLJ 1µLJ + 2µ (∆R > 1.8) 1µLJ + 2µ (∆R > 1.8)
veto / electrons, eLJ electrons, eLJ

HLT matching two muons one muon from µLJ one muon from µLJ
from two µLJ and one additional µ and one additional µ

mimb / > 0.2
mcut
µLJ / / < 5 GeV

Table 6.10. Breakdown of the selections applied in the definition of the µLJ–µLJ SR and
the corresponding CR and VR.
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the fit performed is χ̃2
ν = 0.641.
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Figure 6.9. Fitted background PDF describing the
background distribution in the µLJ mass spectrum
(blue line) overlaid to the data points (black dots)
in the µLJ–µLJ channel CR.

Parameter Fitted value
fexp 0.88±0.05
fJ/ψ 0.032 ± 0.009
fψ(2S) 0.006 ± 0.005
fϕ(1020) 0.008 ± 0.008
µJ/ψ (3.086 ± 0.014) GeV
σJ/ψ (0.033 ± 0.013) GeV
µψ(2S) (3.61 ± 0.05) GeV
τ (0.22 ± 0.07) GeV
τ2 (2.09 ± 0.28) GeV

Table 6.11. Fitted parame-
ters of B(mµµ) PDF (see
Eq. 6.1) with their rela-
tive uncertainty.

The B(mµµ) PDF is fitted on the VR defined in Tab. 6.10 as well, as shown in
Fig. 6.10, whilst the fitted parameters values are shown in Tab. 6.12. The reduced
chi-square of the fit performed is χ̃2

ν = 0.502.
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Figure 6.10. Fitted background PDF describing the
background distribution in the µLJ mass spectrum
(blue line) overlaid to the data points (black dots)
in the µLJ–µLJ channel VR.

Parameter Fitted value
fexp 0.817±0.025
fJ/ψ 0.031 ± 0.009
fψ(2S) 0.004 ± 0.003
fϕ(1020) 0.002 ± 0.004
µJ/ψ (3.105 ± 0.012) GeV
σJ/ψ (0.052 ± 0.016) GeV
µψ(2S) (3.61 ± 0.05) GeV
τ (0.24 ± 0.04) GeV
τ2 (2.22 ± 0.20) GeV

Table 6.12. Fitted parame-
ters of B(mµµ) PDF (see
Eq. 6.1) with their rela-
tive uncertainty.

By comparing the fitted parameters in Tab. 6.11 and Tab. 6.12 it can be seen
how the additional requirements on µLJs asked in the CR do not induce any sizeable
difference in the µLJ invariant mass spectrum.

1Such a chi-square is obtained by binning the distribution according to the binning specified
by the y-axis of the plot in Fig. 6.9

2Such a chi-square is obtained by binning the distribution according to the binning specified
by the y-axis of the plot in Fig. 6.10



6.2 Background estimation 131

Nonetheless, since the SR µLJ spectrum could be potentially different in terms
of fitted parameters with respect to the CR ones, the background template needs
only to be flexible enough to be able to describe the SR spectrum as well. In order
to assess an uncertainty on the choice of the background functional form, a so-called
spurious signal test is performed, as described in Sec. 6.3.

Control Region for the mixed channel

In order to test the flexibility of the background functional form in Eq. 6.1, a
dedicated CR has been defined in the eLJ–µLJ channel as well.

This CR is built in such a way to be as close as possible to the eLJ–µLJ SR. In
this way, if the functional form in Eq. 6.1 describes the µLJ invariant mass spectrum
in the eLJ–µLJ CR, the same is expected to be true in the eLJ–µLJ SR.

It is required for exactly one µLJ , no eLJs and an additional pair of open elec-
trons to be reconstructed. These additional electrons must satisfy the same require-
ments of the ones making up eLJs, in order to have a CR which is as similar as
possible to the SR.

The triggers that the events must fire are the ones listed in Sec. 5.5.3 and a
similar trigger matching scheme is asked as well, considering muons in the µLJ and
electrons in the electron-pair.

The presence of the electron-pair in addition to the µLJ ensures orthogonality
with the µLJ–µLJ channel. Thus, signal events populating the CR are only the ones
where one γd decays into muons and is reconstructed as µLJ and one γd decays into
electrons that are too far apart to be reconstructed as an eLJ.

All CR requirements are the same as the ones for the SR, with the exception of
the selections on the |η|, pimb

T and q of the electron-pair. After these requirements,
a small signal leakage is still present, so an additional cut on the mass imbalance
mimb between the µLJ and the di-electron pair (|mimb| > 0.6) is applied.

Details on the expected number of signal events are given in Tab. 6.13 and Tab.
6.14 for respectively the FRVZ and HAHM models.

mγd [GeV] 0.24 0.4 0.9 2 6 10
None 337900 ± 700 337900 ± 700 337900 ± 700 337900 ± 700 337900 ± 700 337800 ± 700

Triggers 4421 ± 24 4115 ± 23 3508 ± 21 4538 ± 24 4968 ± 25 67350 ± 29
1 µLJ, 0 eLJ, 0 µ, e ≥ 2 0.95 ± 0.34 0.55 ± 0.25 1.2 ± 0.4 2.1 ± 0.5 65.0 ± 2.8 59.7 ± 2.6

Trigger Matching 0.61 ± 0.27 0.34 ± 0.20 0.70 ± 0.29 1.7 ± 0.4 57.9 ± 2.6 57.9 ± 2.6
Leading electron pT > 5 GeV 0.61 ± 0.27 0.34 ± 0.20 0.70 ± 0.29 1.5 ± 0.4 57.9 ± 2.6 57.6 ± 2.6

|∆ϕ(µLJ,ee)| > 2 0.24 ± 0.17 0.22 ± 0.16 0.24 ± 0.17 1.12 ± 0.35 43.3 ± 2.2 27.8 ± 1.8
qµLJ = 0 0.24 ± 0.17 0.22 ± 0.16 0.24 ± 0.17 1.12 ± 0.35 43.3 ± 2.2 27.8 ± 1.8
mimb > 0.24 ± 0.17 0.22 ± 0.16 0.24 ± 0.17 0.64 ± 0.26 0.13 ± 0.09 0.06 ± 0.06

Table 6.13. Signal (weighted) events remaining after each selection applied in the CR
of the µLJ–eLJ channel. Events are generated according to the FRVZ model and are
normalised assuming a branching ratio B(H → 2γd+X) = 0.5%, with L = 140 fb−1 and
σ = σggF. The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i ,
with Nraw being the number of un-weighted MC events and wi being the per event
weight.
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mγd [GeV] 0.4 2 10 15
None 337800 ± 700 337800 ± 700 337600 ± 700 337600 ± 700

Triggers 12660 ± 40 9857 ± 35 15010 ± 40 15960 ± 50
1 µLJ, 0 eLJ, 0 µ, e ≥ 2 2.3 ± 0.5 1.4 ± 0.4 332 ± 6 131 ± 4

Trigger Matching 2.2 ± 0.5 1.02 ± 0.34 325 ± 6 129 ± 4
Leading electron pT > 5 GeV 2.2 ± 0.5 1.02 ± 0.34 325 ± 6 129 ± 4

|∆ϕ(µLJ,ee)| > 2 1.8 ± 0.5 0.44 ± 0.22 273 ± 6 63.4 ± 2.8
qµLJ = 0 1.8 ± 0.5 0.44 ± 0.22 273 ± 6 63.4 ± 2.8
mimb > 0.6 1.2 ± 0.4 0.44 ± 0.22 0.39 ± 0.21 0.12 ± 0.12

Table 6.14. Signal (weighted) events remaining after each selection applied in the CR
of the µLJ–eLJ channel. Events are generated according to the HAHM model and are
normalised assuming a branching ratio B(H → 2γd) = 0.5%, with L = 140 fb−1 and
σ = σggF. The associated uncertainty per each event yield is evaluated as

√∑Nraw
i w2

i ,
with Nraw being the number of un-weighted MC events and wi being the per event
weight.

Fig. 6.11 shows the distribution of the invariant mass of the µLJ in the µLJ–
eLJ CR in data, obtained by processing the full Run-2 dataset, with the B(mµµ)
fitted (via an unbinned likelihood fit) PDF (see Eq. 6.1) overlaid on such a spectrum.
The reduced chi-square of the fit performed is χ̃2

ν = 0.503. The fitted parameters
values are shown in Tab. 6.15.
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Figure 6.11. Fitted background PDF describing the
background distribution in the µLJ mass spectrum
(blue line) overlaid to the data points (black dots)
in the µLJ–eLJ channel CR.

Parameter Fitted value
fexp 0.08 ± 0.05
fJ/ψ 0.021 ± 0.008
fϕ(1020) 0.000 ± 0.005
fψ(2S) 0.008 ± 0.004
µJ/ψ (3.088 ± 0.029) GeV
µψ(2S) (3.60 ± 0.10) GeV
σJ/ψ (0.071 ± 0.032) GeV
τ (1.15 ± 0.08) GeV
τ2 (0.14 ± 0.04) GeV

Table 6.15. Fitted parame-
ters of B(mµµ) PDF (see
Eq. 6.1) with their rela-
tive uncertainty.

Signal shape modelling

The signal-shape modelling is performed separately for the muonic and the mixed
channel, since the different trigger strategies exploited in these channels could lead

3Such a chi-square is obtained by binning the distribution according to the binning specified
by the y-axis of the plot in Fig. 6.11
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in principle to non-negligible differences in the pT spectrum of the muons in the
µLJs, therefore potentially impacting the µLJ mass spectrum.

The µLJs invariant mass distribution expected for the signal is modelled in both
the channels via a Double-Sided Crystal Ball (DSCB) function, with a Gaussian
core with power-law end tails, defined as:

N ·



e−t2/2 if −αlow ≤ t ≤ αhigh
e

−0.5α2
low[

αlow
nlow

(
nlow
αlow

−αlow−t
)]nlow if t < −αlow

e
−0.5α2

high[
αhigh
nhigh

(
nhigh
αhigh

−αhigh+t
)]nhigh if t > αhigh,

(6.2)

where t = (mµµ−µCB)/σCB with µCB and σCB respectively the peak and the width
of the Gaussian core of the PDF; N is a normalisation parameter; αlow (αhigh) is
the position of the junction between the Gaussian and power law on the low (high)
mass tail in units of t and nlow (nhigh) is the exponent of this power law.

The DSCB parameters are extracted for the different γd mass hypotheses of
the generated MC samples from an un-binned likelihood fit on the reconstructed
µLJs invariant mass, using the PDF in Eq. 6.2. The nhigh and nlow parameters are
fixed, in order to improve the fit stability, given their large correlation with αhigh
and αlow, respectively.

The reconstructed µLJ invariant mass distribution for the generated MC samples
in the FRVZ model, along with the fitted DSCB PDF, are shown in Fig. 6.12 and
in Fig. 6.13 respectively for the muonic and the mixed channels.

Fig. 6.14 and Fig. 6.15 show instead the fitted DSCB parameters for the different
mγd hypotheses respectively for the µLJ–µLJ and the µLJ–eLJ channels.

In order to extract the invariant mass shape for different signal hypotheses with
respect to the generated ones, the PDF free parameters are parameterised as a
function of mγd using analytical functions of different complexity. Given the large
range in energy spanned, covering several orders of magnitude, special care is given
to the low di-muon masses (1 GeV) scenarios, to provide a better parameterisation
for the lowest mass points. Therefore, the analytical functions are essentially built
with a first order polynomial, combined for some of the parameters of the DSCB
with a Fermi-Dirac function. The fitted parameters extracted from low-statistics
MC samples (such as the one in Fig. 6.12 (g)) are not used in the interpolation.

The models used to interpolate between the FRVZ generated mass points are
described in Tab. 6.16 and Tab. 6.17.

In Fig. 6.12 and Fig. 6.13 the DSCB PDF obtained using the extrapolated
parameters is shown as well, showing an excellent agreement with both the data
points and the fitted PDF, therefore corroborating the validity of the extrapolation
technique. The points at mγd = 15 GeV and mγd = 2 GeV for respectively the
µLJ–µLJ and the µLJ–eLJ channel show a worse agreement with the modelling, as
a consequence of a loss of statistics for the relative signal points (as can be seen
respectively from Tab. 6.1 and Tab. 6.6). For this reason, these signal points are
excluded from the interpolation of the DSCB fitter parameters.
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Figure 6.12. µLJ invariant mass distribution for the FRVZ model, in the µLJ–µLJ channel
(dots), shown for different γd mass: (a) 0.24 GeV, (b) 0.4 GeV, (c) 0.9 GeV, (d) 2 GeV,
(e) 6 GeV, (f) 10 GeV and (g) 15 GeV. The fitted PDF (red) is compared to the extrap-
olated one (blue) (see text).
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Figure 6.13. µLJ invariant mass distribution for the FRVZ model, in the eLJ–µLJ channel
(dots), shown for different γd mass: (a) 0.24 GeV, (b) 0.4 GeV, (c) 0.9 GeV, (d) 2 GeV,
(e) 6 GeV. The fitted PDF (red) is compared to the one extrapolated both from this
channel (blue) and from the muonic one (green) (see text).
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Figure 6.14. Fitted parameters of the DSCB as a function of the different mγd
for the

FRVZ benchmark model in the µLJ–µLJ channel, showing (a) ∆mγd
= µCB −mγd

, with
mγd

being the generated MC mass, (b) σCB, (c) αLow, (d) αHigh, (e) nLow and (e) nHigh.
The dotted lines show the fitted interpolation. Each parameter is in addition shown
with its associated error bar, resulting from the DSCB fit itself. The fitted parameters
extracted from low-statistics MC samples are not used in the interpolation.
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Figure 6.15. Fitted parameters of the DSCB as a function of the different mγd
for the

FRVZ benchmark model in the µLJ–eLJ channel, showing (a) ∆mγd
= µCB −mγd

, with
mγd

being the generated MC mass, (b) σCB, (c) αLow, (d) αHigh, (e) nLow and (e) nHigh.
The dotted lines show the fitted interpolation . Each parameter is in addition shown
with its associated error bar, resulting from the DSCB fit itself. The fitted parameters
extracted from low-statistics MC samples are not used in the interpolation.
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Table 6.16. Parameterisations of the DSCB parameters describing the signal shape, as a
function of the DP mass, for the µLJ–µLJ channel in the FRVZ benchmark model.

Parameter Parameterisation a b c d
∆mγd a + bmγd 0.66 ± 0.013 MeV 2.54 ± 0.06 MeV/GeV - -
σCB

a+bmγd
1+exp(−(mγd

−c)/d) 2.6 ± 0.3 MeV 16.47 ± 0.14 MeV/GeV 239.94 ± 0.18 MeV 46 ± 28 MeV
αlow a + bmγd 1.86 ± 0.04 −5.8 ± 1.5GeV−1 - -
αhigh

a
1+exp(−(mγd

−c)/d) 1.82 ± 0.04 - 238.9 ± 01.0 MeV 100 ± 2 MeV
nlow a 2 - - -
nhigh a 6 - - -

Table 6.17. Parameterisations of the DSCB parameters describing the signal shape, as a
function of the DP mass, for the eLJ–µLJ channel in the FRVZ benchmark model.

Parameter parameterisation a b c d
∆mγd a + bmγd 0.7 ± 0.3 MeV 2.4 ± 0.9 MeV/GeV - -
σCB

a+bmγd
1+exp(−(mγd

−c)/d) 2.6 ± 0.6 MeV 16.4 ± 0.08 MeV/GeV 240 ± 50 MeV 12.6 ± 1.1 MeV
αlow a + bmγd 2.02 ± 0.012 −9 ± 3GeV−1 - -
αhigh

a
1+exp(−(mγd

−c)/d) 2.7 ± 0.5 - 310 ± 30 MeV 100 ± 2 MeV
nlow a 2 - - -
nhigh a 6 - - -

In Fig. 6.13 the PDF extracted from the µLJ–µLJ SR is shown too, from which it
can be seen how PDFs extracted from the µLJ–µLJ channel accurately describes the
µLJ invariant mass spectrum in the µLJ–eLJ channel, for the differentmγd hypotheses.
For this reason, the µLJ–µLJ modelling is used for both the channels, since the
muonic channel has a larger statistics for all the signal points investigated.

The same study is performed for the HAHM model as well. The reconstructed
µLJ invariant mass distribution for the generated MC samples in this model, along
with the fitted DSCB and extrapolated PDFs, are shown in Fig. 6.16 and in Fig. 6.17
respectively for the muonic and the mixed channels. Fig. 6.18 and Fig. 6.19 show
instead the fitted DSCB parameters for the different mγd hypotheses respectively
for the µLJ–µLJ and the µLJ–eLJ channels. The models used to interpolate between
the FRVZ generated mass points is described in Tab. 6.18 and Tab. 6.19.

Table 6.18. Parameterisations of the DSCB parameters describing the signal shape, as a
function of the DP mass, for the µLJ–µLJ channel in the HAHM benchmark model.

Parameter Parameterisation a b c d
∆mγd a + bmγd 0.23 ± 0.16 MeV −1.59 ± 0.23 MeV/GeV - -
σCB a + bmγd 4.10 ± 0.17 MeV 17.912 ± 0.026 MeV/GeV - -
αlow a + bmγd 1.88 ± 0.03 −0.0040 ± 0.0006GeV−1 - -
αhigh

a
1+exp(−(mγd

−c)/d) 1.90 ± 0.06 - 326 ± 11 MeV 100 ± 2 MeV
nlow a 2 - - -
nhigh a 6 - - -

In this scenario as well an excellent agreement between the extrapolated DSCB
PDF and both the data points and the fitted PDF is observed. Furthermore, no
striking difference is observed between the two channels µLJ invariant mass spec-
trum in this benchmark model too. The point at mγd = 25 GeV for the µLJ–
µLJ shows a worse agreement with the modelling, as a consequence of a loss of
statistics for the relative signal point (as can be seen from Tab. 6.2). For this reason,
this signal point is excluded from the interpolation of the DSCB fitter parameters.
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Figure 6.16. µLJ invariant mass distribution for the HAHM model, in the µLJ–
µLJ channel (dots), shown for different γd mass: (a) 0.4 GeV, (b) 2 GeV, (c) 10 GeV,
(d) 15 GeV and (e) 25 GeV. The fitted PDF (red) is compared to the extrapolated one
(blue) (see text).
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Figure 6.17. µLJ invariant mass distribution for the HAHM model, in the µLJ–eLJ channel
(dots), shown for different γd mass: (a) 0.4 GeV, (b) 2 GeV and (c) 10 GeV. The fitted
PDF (red) is compared to the one extrapolated both from this channel (blue) and from
the muonic one (green) (see text).
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Figure 6.18. Fitted parameters of the DSCB as a function of the different mγd
for the

FRVZ benchmark model in the µLJ–µLJ channel, showing (a) ∆mγd
= µCB −mγd

, with
mγd

being the generated MC mass, (b) σCB, (c) αLow, (d) αHigh, (e) nLow and (e) nHigh.
The dotted lines show the fitted interpolation. Each parameter is in addition shown
with its associated error bar, resulting from the DSCB fit itself. The fitted parameters
extracted from low-statistics MC samples are not used in the interpolation.
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Figure 6.19. Fitted parameters of the DSCB as a function of the different mγd
for the

FRVZ benchmark model in the µLJ–eLJ channel, showing (a) ∆mγd
= µCB −mγd

, with
mγd

being the generated MC mass, (b) σCB, (c) αLow, (d) αHigh, (e) nLow and (e) nHigh.
The dotted lines show the fitted interpolation. Each parameter is in addition shown
with its associated error bar, resulting from the DSCB fit itself. The fitted parameters
extracted from low-statistics MC samples are not used in the interpolation.
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Table 6.19. Parameterisations of the DSCB parameters describing the signal shape, as a
function of the DP mass, for the eLJ–µLJ channel in the HAHM benchmark model.

Parameter Parameterisation a b c d
∆mγd a + bmγd 0.26 ± 0.23 MeV 2.4 ± 0.5 MeV/GeV - -
σCB a + bmγd 4.9 ± 0.3 MeV 15.4 ± 0.5 MeV/GeV - -
αlow a + bmγd 1.87 ± 0.05 −0.048 ± 0.008GeV−1 - -
αhigh

a
1+exp(−(mγd

−c)/d) 1.94 ± 0.12 - 336 ± 20 MeV 100 ± 2 MeV
nlow a 2 - - -
nhigh a 6 - - -

It can be observed however how in the HAHM model the invariant mass resolu-
tion (σcb) is slightly worse than the one of the FRVZ model. As an example, for a
γd with mγd = 2 GeV in the FRVZ benchmark model, a resolution of ∼ 30 MeV is
observed (Fig. 6.14 (b)), while for the same γd hypothesis a resolution of ∼ 40 MeV
is observed for the HAHM benchmark model. This is due to the fact that muons in
the HAHM model are more boosted, this resulting in a worse resolution.

In Fig. 6.17 both the PDF extracted for the µLJ–eLJ and the one extracted for
the µLJ–µLJ channels are depicted, showing (as in the FRVZ benchmark model)
that the PDFs extracted from the µLJ–µLJ SR accurately describes the µLJ invariant
mass spectrum in the µLJ–eLJ SR, for the different mγd hypotheses.

For this reason, the µLJ–µLJ modelling is used for both the channels for both
the FRVZ and the HAHM models.

The uncertainty on the signal shape modelling is evaluated, for both the chan-
nels, as explained in Sec. 6.3.2.

Signal acceptance × efficiency modelling

The acceptance × efficiency (A × ϵ|channel) of the µLJ–µLJ and eLJ–µLJ channels is
modelled as a function of mγd . The γd mass determines both the BRs of the γd into
SM particles and the boost of the γd. In order to factor out the γd BR into muons
from A × ϵ|channel for the muonic channel, A × ϵ|γd→µµ,γd→µµ is evaluated, requiring
that both γd decay at the truth level into muons, as in

A × ϵ|γd→µµ,γd→µµ = SR2µLJ(γd → µµ, γd → µµ)
In(γd → µµ, γd → µµ) , (6.3)

where SR2µLJ(γd → µµ, γd → µµ) is the number of events in the µLJ–µLJ channel
SR where both γd decay into muons and In(γd → µµ, γd → µµ) is the initial number
of events where both γd decay into muons. By dividing and multiplying by the total
number of initial events, In, Eq. 6.3 becomes:

A × ϵ|γd→µµ,γd→µµ =SR2µLJ(γd → µµ, γd → µµ)
In

× In

In(γd → µµ, γd → µµ) =

=A × ϵ|µLJ−µLJ × 1
BR(γd → µµ)2 ,

where In(γd → µµ, γd → µµ)
In

= BR(γd → µµ)2 has been used and where the last
equality holds true only if SR2µLJ(γd → µµ, γd → µµ) = SR2µLJ, that is only if the
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µLJ–µLJ SR is populated at the truth level only of events where both DPs decay
into muons. If this is the case, then A × ϵ|µLJ−µLJ channel can be written as

A × ϵ|µLJ−µLJ channel = A × ϵ|γd→µµ,γd→µµBR(γd → µµ)2, (6.4)

For the mixed channel, A × ϵ|γd→µµ,γd→ee is instead computed, requiring that
one γd decays at the truth level into electrons and the other one into muons, as in

A × ϵ|γd→µµ,γd→ee = SR1µLJ+1eLJ(γd → µµ, γd → ee)
In(γd → µµ, γd → ee) , (6.5)

where SR1µLJ+1eLJ(γd → µµ, γd → ee) is the number of events in the µLJ–eLJ channel
SR where one γd decays into muons and the other one into electrons and In(γd →
µµ, γd → ee) is the initial number of events where one γd decays into muons and
the other one into electrons. By dividing and multiplying by the total number of
initial events, In, Eq. 6.5 becomes:

A × ϵ|γd→µµ,γd→ee =SR1µLJ+1eLJ(γd → µµ, γd → ee)
In

× In

In(γd → µµ, γd → ee) =

=A × ϵ|µLJ−eLJ × 1
2 ×BR(γd → µµ)BR(γd → ee) ,

where In(γd → ee, γd → µµ)
In

= 2 × BR(γd → µµ)BR(γd → ee) has been used
and where the last equality holds true only if SR1µLJ+1eLJ(γd → µµ, γd → ee) =
SR1µLJ+1eLJ, that is only if the µLJ–eLJ SR is populated at the truth level only of
events where on DPs decays into muons and the other one into electrons. If this is
the case, then A × ϵ|µLJ−eLJchannel is evaluated as:

A × ϵ|µLJ−eLJ channel = A × ϵ|γd→µµ,γd→eeBR(γd → µµ)BR(γd → ee) × 2. (6.6)

Fig. 6.20 (a) and (b) show respectively A× ϵ|γd→µµ,γd→µµ and A× ϵ|γd→µµ,γd→ee

for both the HAHM and the FRVZ model.
The acceptance of the µLJ–µLJ channel is constant for light γd and the decreases

for heavier γd hypotheses. For increasing mγd the γd is less boosted, the muons are
less collimated and they would fall inside the same LJ cone less likely.

The acceptance of the eLJ–µLJ channel shows instead a different behaviour:
while for light γd A×ϵ decreases, reaching a minimum for mγd = 2 GeV, for interme-
diate γd masses it increases and then decreases again for the heaviest γd hypothesis
to which this channel is sensitive.

This is due to the eLJs reconstruction efficiencies and can be better understood
by looking at Fig. 6.21, showing the acceptance times efficiency for eLJs made of
only one electron (a) and eLJs built with two separate electrons (b).

The A×ϵ for eLJs made of only one electron, sizeable only for light γd, decreases
as a function of the γd mass since it gets less likely to have two electrons that are so-
collimated to be reconstructed as a single one. Conversely, the A × ϵ for eLJs built
with two electrons, sizeable only for heavy γd, increases as a function of mγd , as
vice-versa it becomes more likely to find electrons that are sufficiently open to be
resolved. For the heaviest γd mass hypotheses, the two resolved electrons are too
open to be reconstructed within the same eLJ cone.
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Figure 6.20. (a) A × ϵ|γd→µµ,γd→µµ for the FRVZ (green) and the HAHM (red) model,
(b) A × ϵ|γd→µµ,γd→ee for the FRVZ (green) and the HAHM (red) model.
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Figure 6.21. A × ϵ|γd→µµ,γd→ee for eLJs reconstructed with only one electron (a) and for
eLJs reconstructed with two electrons (b), for the FRVZ (green) and the HAHM (red)
models.
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6.2.2 ABCD method for the electronic channel

After selection, the main background source for the eLJ–eLJ channel is mainly com-
posed of Z + γ/jets events with a e/γ showering, mimicking a signal eLJ. This
remaining contribution is estimated with the ABCD method.

The method requires that the SR (usually identified with the region A) is defined
in terms of a selection on two variables, namely x and y, and that three CRs (usually
identified with the regions B, C and D) can be obtained by inverting the selection
on these two variables. The two variables exploited are preferentially continuous,
allowing for a smooth transition between the different regions.

Therefore the different regions are defined, in terms of the variables x, y, as:

A :x1 ≤ x < x2 ; y1 ≤ y < y2

B :x1 ≤ x < x2 ; y2 ≤ y < y3

C :x2 ≤ x < x3 ; y1 ≤ y < y2

D :x2 ≤ x < x3 ; y2 ≤ y < y3

A schematic picture of an ABCD plane, in terms of the x and y variables, is
given in Fig. 6.22.

If the signal is well contained in region A and the background is uniformly
distributed in the plane defined by the four regions, the number of expected events
in region A, NA, can be extrapolated from the observed number of events in the
three CRs (NB, NC , ND) as in:

NA = NC

ND
NB. (6.7)

If different sources of backgrounds populate the ABCD plane, the background es-
timation in region A is still reliable as long as such sources of backgrounds have
still a uniform distribution in the plane. However, if some non-uniformity of the
background distribution in the plane is observed, the method is still valid as long
as Eq. 6.7 holds true. Since the latter equality cannot be verified as it is without
looking at the events yield in SR, this check is performed either in sub-planes of
the ABCD plane (like the BD or the DC regions) or in additional VRs where the
same ABCD plane is defined. Such checks are performed in this search and they
are described in the following section.

Furthermore, if signal events are expected to populate the CRs, the method
should properly take into account such events, so not to bias the background esti-
mation in region A. To account for this possible signal leakages and for additional
sources of backgrounds (that can be in principle simply subtracted arithmetically, if
an estimation for such events is available), a likelihood-based approach is exploited,
where, instead of using Eq. 6.7, a four-bin statistical model is built, taking into ac-
count the underlying relationship between the background in the different regions.
This method is more robust against CRs with small number of events and takes into
account possible small signal contaminations in the CRs. Details about the fitting
technique can be found in Sec. 6.5.1.
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Figure 6.22. Schematic representation of an ABCD plane, in terms of the x, y variables,
where the A regione is the SR, populated by both signal and background events, and
the B, C and D are instead CRs.

The two variables used to define the ABCD plane are the leading eLJ pimb
T and the

farthest eLJRϕ. The variable Rϕ is the ratio of 3×3 to 3×7 (η×ϕ ) cell energies of
the ECAL middle layer. The Rϕ distribution is expected to be broader for electrons
in eLJs originating from γd decays than for electrons in eLJs reconstructed in SM
events, as in the former case the EM cluster is wide, as most often two neighboring
EM showers are merged together into a single cluster.

Both the leading eLJ pimb
T and the farthest eLJRϕ are good discriminants be-

tween signal and background, as can be seen respectively in Fig. 6.5 (a) and Fig. 6.23.
These variables are highly uncorrelated in background events, since they refer to
different objects and they exploit information from different ATLAS sub-detectors,
being Rϕ reconstructed from the calorimeter and pimb

T from the ID. Fig. 6.23 (b)
shows the data to MC comparison of the Rϕ of the leading electron in an eLJ in
events where meLJ−eLJ ∈ [81, 101]GeV, showing how this variable is correctly mod-
elled in the full spectrum.

The threshold values for the leading eLJ pimb
T and for the farthest eLJRϕ are

determined by maximising the signal to background sensitivity, denominated sig-
nificance S/

√
Bexp (with S being the signal yields and Bexp being the expected

background yield), while keeping the signal leakage in the regions B/C/D to below
the 10%. Fig. 6.24 shows the ratio between the number of signal events, for the
mγd = 17 MeV mass sample in the FRVZ model, in regions B, C and D over the
number of expected data events in these regions for different values of the leading
eLJ pimb

T and of the farthest eLJRϕ.
Fig. 6.25 shows S/

√
Bexp in SR A for different values of the leading eLJ pimb

T and
of the farthest eLJRϕ.

Regions A,B,C and D are thus defined as in Tab. 6.20.
Fig. 6.26 shows this ABCD plane for (a) the FRVZ benchmark model with

mγd = 0.1 GeV and (b) the full Run-2 dataset.
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Figure 6.23. eLJ leading electron shower ratio Rϕ (a) distribution for MC signal and
background events and (b) data to MC comparison.

Table 6.20. Definition of the SR (A region) and the CRs (B, C and D regions) used in
the background estimation.

Requirement / Region A B C D

Lead eLJ pimb
T < 0.82 < 0.82 > 0.82 > 0.82

Far eLJRϕ < 0.96 > 0.96 < 0.96 > 0.96

Yields for the various regions are reported in Tab. 6.21 and Tab. 6.22 for the
full Run-2 dataset and for different mγd hypotheses respectively in the FRVZ and
the HAHM benchmark models.

Region FRVZ Signal samples Run-2 data
γd mass [GeV] 0.017 0.03 0.06 0.1 0.24 0.4

A (exp.) 276 ± 32
A (SR) 130.18 ± 3.97 94.99 ± 3.41 71.11 ± 3.0 54.95 ± 2.56 14.05 ± 1.29 2.53 ± 0.56

B 13.3 ± 1.27 10.38 ± 1.15 7.2 ± 0.93 5.42 ± 0.88 2.32 ± 0.53 0.5 ± 0.25 111
C 21.74 ± 1.64 17.67 ± 1.52 13.49 ± 1.28 12.41 ± 1.21 1.77 ± 0.45 1.38 ± 0.4 839
D 2.19 ± 0.5 1.77 ± 0.54 1.53 ± 0.51 1.42 ± 0.39 0 ± 0 0 ± 0 338

Table 6.21. ABCD yields in the FRVZ signal and data driven estimate for background
in the eLJ–eLJ channel. Signal yields are normalised to BR(H → 2γd + X) = 0.5%.
Uncertainties on the signal are statistical only, while the uncertainty on the number of
expected events in data in region A is obtained from the propagation of the statistical
uncertainty on regions B, C and D.
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Region HAHM Signal samples Run-2 data
γd mass [GeV] 0.017 0.1 0.4

A (exp.) 276 ± 32
A (SR) 1076.52 ± 11.72 259.66 ± 5.71 34.36 ± 2.0

B 66.43 ± 2.93 23.17 ± 1.71 4.77 ± 0.73 111
C 104.96 ± 3.59 52.07 ± 2.67 9.01 ± 1.09 839
D 6.88 ± 0.89 4.53 ± 0.73 1.82 ± 0.49 338

Table 6.22. ABCD yields in the HAHM signal and data driven estimate for background
in the eLJ–eLJ channel. Signal yields are normalised to BR(H → 2γd) = 0.5%. Un-
certainties on the signal are statistical only, while the uncertainty on the number of
expected events in data in region A is obtained from the propagation of the statistical
uncertainty on regions B, C and D.

4

6

8

10

12

14

16

18

20

22

22.1 22.3 21.9 20.8 19.9 19.4 19.1 19.0 18.1 17.2 16.4 15.6 14.8 13.7 12.6 11.8 10.8 10.0 9.0 8.1 7.4 6.9 6.5

21.5 21.6 21.2 20.2 19.3 18.9 18.5 18.5 17.7 16.8 15.9 15.1 14.3 13.2 12.3 11.5 10.5 9.6 8.7 7.8 7.2 6.6 6.3

21.3 21.5 21.1 20.0 19.1 18.7 18.4 18.3 17.5 16.6 15.7 14.9 14.2 13.1 12.1 11.3 10.4 9.5 8.6 7.7 7.1 6.5 6.2

20.8 20.9 20.5 19.5 18.7 18.2 17.9 17.8 17.0 16.1 15.3 14.6 13.8 12.8 11.8 11.0 10.1 9.3 8.4 7.6 7.0 6.4 6.1

20.0 20.2 19.7 18.8 18.0 17.6 17.3 17.2 16.5 15.6 14.9 14.2 13.4 12.3 11.4 10.7 9.8 9.0 8.1 7.3 6.8 6.2 5.9

19.5 19.6 19.2 18.3 17.5 17.1 16.9 16.8 16.1 15.2 14.5 13.8 13.1 12.0 11.1 10.4 9.6 8.8 7.9 7.2 6.6 6.1 5.8

18.7 18.9 18.5 17.6 16.8 16.5 16.3 16.2 15.5 14.7 13.9 13.3 12.6 11.6 10.7 10.0 9.2 8.5 7.7 6.9 6.4 5.9 5.6

18.5 18.7 18.2 17.4 16.6 16.3 16.0 16.1 15.4 14.6 13.8 13.2 12.5 11.5 10.6 10.0 9.2 8.4 7.6 6.9 6.3 5.8 5.5

18.4 18.6 18.2 17.3 16.5 16.2 16.0 16.1 15.4 14.6 13.7 13.1 12.4 11.4 10.5 9.9 9.1 8.3 7.5 6.8 6.2 5.7 5.4

17.7 17.9 17.5 16.8 16.0 15.7 15.6 15.6 14.9 14.1 13.2 12.7 11.9 11.0 10.1 9.5 8.7 8.0 7.2 6.5 6.0 5.5 5.3

17.0 17.2 16.7 16.0 15.3 15.1 14.9 14.9 14.3 13.5 12.7 12.1 11.4 10.5 9.7 9.1 8.4 7.7 6.9 6.2 5.8 5.3 5.1
16.4 16.6 16.2 15.4 14.7 14.5 14.4 14.4 13.8 13.1 12.3 11.8 11.1 10.3 9.5 8.9 8.2 7.5 6.7 6.1 5.6 5.2 4.9

15.8 16.0 15.5 14.7 14.2 13.9 13.8 13.9 13.4 12.6 11.9 11.4 10.8 10.0 9.2 8.6 7.9 7.3 6.5 5.9 5.5 5.0 4.8

15.4 15.6 15.1 14.3 13.7 13.5 13.4 13.4 12.9 12.2 11.5 11.0 10.4 9.6 8.9 8.3 7.6 7.0 6.3 5.7 5.3 4.9 4.6

15.3 15.3 14.7 13.9 13.4 13.2 13.1 13.2 12.7 11.9 11.3 10.8 10.2 9.4 8.7 8.1 7.4 6.8 6.1 5.6 5.1 4.7 4.5

14.8 14.7 14.1 13.4 13.0 12.8 12.7 12.8 12.2 11.5 10.8 10.4 9.8 9.1 8.4 7.9 7.1 6.6 5.9 5.3 4.9 4.5 4.3

14.1 14.1 13.5 12.9 12.5 12.3 12.2 12.3 11.8 11.2 10.5 10.0 9.4 8.7 8.0 7.5 6.9 6.3 5.6 5.1 4.7 4.3 4.1

13.4 13.4 12.8 12.2 11.9 11.7 11.5 11.7 11.4 10.6 10.0 9.5 8.9 8.2 7.5 7.1 6.5 6.0 5.3 4.8 4.5 4.1 3.9

12.1 12.1 11.6 11.1 10.8 10.7 10.7 10.9 10.6 9.9 9.4 8.9 8.3 7.6 7.0 6.6 6.0 5.5 4.9 4.5 4.1 3.8 3.6

11.9 11.9 11.4 10.7 10.5 10.4 10.3 10.7 10.6 9.8 9.1 8.7 8.0 7.3 6.8 6.3 5.7 5.3 4.6 4.2 3.9 3.5 3.3

10.8 10.7 10.1 9.2 9.1 9.1 9.1 9.3 9.2 8.4 7.8 7.6 7.0 6.3 5.8 5.4 4.9 4.5 3.9 3.7 3.4 3.1 2.9

9.7 10.1 9.5 8.5 8.0 7.7 7.8 7.8 7.9 7.3 6.8 6.4 5.8 5.2 4.7 4.4 4.0 3.5 3.0 2.9 2.6 2.4 2.3

11.0 11.7 10.5 9.6 9.2 8.9 9.0 9.1 9.1 8.2 8.2 7.4 6.8 5.7 5.3 4.9 4.4 4.0 3.5 3.5 3.2 2.9 2.8

0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98
)|hθLead eLJ |cos(

0.76

0.78

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98φ
Su

bl
ea

d 
eL

J 
R

pimbT

(a) Percentage leakage in CR B

0

1

2

3

4

5

6

7

6.7 6.4 6.0 5.8 5.6 5.5 4.9 4.3 3.9 4.1 3.4 3.4 2.6 2.6 1.8 1.9 1.4 0.6 0.4

7.2 6.8 6.4 6.3 6.0 6.0 5.4 4.9 4.6 4.6 3.9 3.6 2.8 2.8 2.0 2.2 1.8 0.6 0.4

6.9 6.4 6.1 5.9 5.7 5.6 5.1 4.6 4.4 4.3 3.6 3.4 2.6 2.5 1.8 1.9 1.6 0.5 0.3

6.6 6.1 5.8 5.7 5.5 5.2 4.8 4.2 4.0 3.9 3.3 3.2 2.5 2.5 1.7 1.7 1.3 0.4 0.3

6.3 5.9 5.5 5.4 5.2 5.0 4.6 4.1 3.9 3.8 3.3 3.1 2.4 2.2 1.5 1.6 1.2 0.4 0.2

6.1 5.7 5.3 5.2 4.9 4.7 4.4 3.9 3.7 3.6 3.0 2.9 2.3 2.1 1.4 1.5 1.1 0.4 0.2

5.9 5.5 5.1 5.0 4.8 4.6 4.3 3.8 3.6 3.5 2.8 2.7 2.1 2.0 1.3 1.3 1.0 0.3 0.2

5.5 5.2 4.8 4.7 4.5 4.3 4.0 3.6 3.4 3.3 2.6 2.5 2.0 1.8 1.2 1.2 1.0 0.3 0.2

5.3 4.9 4.5 4.5 4.2 4.1 3.9 3.5 3.3 3.2 2.5 2.5 1.9 1.8 1.3 1.3 1.0 0.4 0.2

5.1 4.8 4.5 4.4 4.3 4.1 3.9 3.5 3.2 3.1 2.5 2.5 2.0 1.9 1.4 1.4 0.9 0.3 0.2

5.1 4.7 4.4 4.3 4.1 4.0 3.8 3.4 3.1 3.0 2.5 2.4 2.0 1.8 1.4 1.4 0.9 0.4 0.1

4.9 4.6 4.2 4.1 3.8 3.7 3.5 3.2 2.9 2.8 2.3 2.2 1.9 1.7 1.3 1.3 0.8 0.4 0.1

4.7 4.3 4.0 3.8 3.6 3.5 3.3 3.0 2.7 2.6 2.2 2.0 1.7 1.6 1.2 1.2 0.8 0.3 0.1

4.5 4.2 3.8 3.6 3.4 3.3 3.1 2.8 2.5 2.4 2.0 1.9 1.6 1.5 1.2 1.2 0.7 0.4 0.1

4.4 3.9 3.6 3.4 3.2 3.1 2.9 2.6 2.4 2.3 1.9 1.8 1.5 1.4 1.1 1.1 0.7 0.3 0.1

4.1 3.7 3.4 3.2 3.1 3.0 2.7 2.4 2.2 2.1 1.7 1.6 1.3 1.3 1.0 1.0 0.6 0.3 0.1

3.7 3.4 3.1 2.9 2.8 2.7 2.5 2.2 2.0 1.9 1.6 1.5 1.2 1.1 0.9 0.9 0.5 0.3 0.1

3.5 3.1 2.9 2.8 2.6 2.5 2.3 2.1 1.9 1.8 1.5 1.4 1.1 1.0 0.8 0.8 0.5 0.2 0.1

3.2 2.9 2.7 2.5 2.4 2.3 2.2 1.9 1.7 1.6 1.4 1.3 1.0 0.9 0.7 0.7 0.4 0.2 0.1

3.0 2.7 2.5 2.3 2.2 2.1 2.0 1.8 1.6 1.5 1.3 1.2 1.0 0.9 0.7 0.6 0.4 0.2 0.1

2.8 2.5 2.3 2.1 2.0 1.9 1.8 1.6 1.4 1.3 1.1 1.0 0.8 0.8 0.6 0.5 0.3 0.2 0.0

2.5 2.3 2.1 2.0 1.9 1.8 1.6 1.4 1.3 1.2 1.0 0.9 0.7 0.7 0.5 0.5 0.3 0.1 0.0

2.3 2.0 1.9 1.8 1.7 1.6 1.5 1.3 1.1 1.1 0.9 0.8 0.6 0.6 0.5 0.4 0.3 0.1 0.0

0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98
)|hθLead eLJ |cos(

0.76

0.78

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98φ
Su

bl
ea

d 
eL

J 
R

pimbT

(b) Percentage leakage in CR C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.7 1.5 1.4 1.3 1.2 1.2 1.1 0.9 0.8 0.7 0.6 0.5 0.4 0.4 0.3 0.3 0.2 0.1 0.0

1.6 1.4 1.4 1.3 1.2 1.1 1.0 0.8 0.7 0.7 0.6 0.5 0.4 0.4 0.3 0.2 0.1 0.1 0.0

1.6 1.4 1.3 1.2 1.2 1.1 1.0 0.8 0.7 0.7 0.5 0.5 0.4 0.4 0.3 0.3 0.1 0.1 0.0

1.6 1.4 1.3 1.2 1.1 1.1 1.0 0.8 0.7 0.6 0.5 0.4 0.4 0.3 0.3 0.2 0.1 0.1 0.0

1.6 1.4 1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.4 0.4 0.3 0.2 0.1 0.1 0.0

1.5 1.3 1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.4 0.4 0.3 0.2 0.1 0.1 0.0

1.5 1.3 1.2 1.1 1.1 1.0 0.9 0.7 0.6 0.6 0.5 0.4 0.4 0.3 0.3 0.2 0.1 0.1 0.0

1.5 1.3 1.2 1.1 1.1 1.0 0.9 0.7 0.6 0.6 0.5 0.4 0.4 0.4 0.3 0.3 0.1 0.1 0.0

1.5 1.3 1.2 1.1 1.0 1.0 0.9 0.7 0.6 0.6 0.5 0.4 0.3 0.3 0.3 0.2 0.1 0.1 0.0

1.4 1.2 1.2 1.0 1.0 0.9 0.8 0.6 0.5 0.5 0.4 0.3 0.3 0.2 0.2 0.2 0.1 0.1 0.1

1.3 1.1 1.1 1.0 0.9 0.9 0.7 0.6 0.5 0.4 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.1 0.1

1.3 1.1 1.1 1.0 0.9 0.9 0.7 0.6 0.5 0.5 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.1 0.1

1.2 1.1 1.0 0.9 0.9 0.8 0.7 0.5 0.5 0.4 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.1 0.1

1.1 1.0 0.9 0.9 0.8 0.8 0.7 0.5 0.4 0.4 0.4 0.3 0.2 0.2 0.2 0.1 0.1 0.0 0.1

1.0 0.9 0.9 0.9 0.8 0.8 0.6 0.5 0.4 0.4 0.3 0.3 0.2 0.2 0.2 0.1 0.1 0.0 0.1

1.0 0.9 0.9 0.8 0.8 0.7 0.6 0.5 0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.0 0.1

1.0 0.9 0.9 0.8 0.8 0.7 0.6 0.5 0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1

1.0 0.9 0.9 0.8 0.7 0.7 0.6 0.4 0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1

1.0 0.9 0.9 0.8 0.8 0.7 0.6 0.4 0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1

1.0 0.9 0.9 0.8 0.8 0.7 0.6 0.4 0.3 0.3 0.3 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1

0.9 0.8 0.7 0.8 0.7 0.6 0.5 0.4 0.3 0.3 0.3 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1

0.7 0.6 0.5 0.6 0.5 0.5 0.4 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2

0.7 0.6 0.6 0.6 0.6 0.6 0.5 0.3 0.3 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.5 0.6

0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98
)|hθLead eLJ |cos(

0.76

0.78

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98φ
Su

bl
ea

d 
eL

J 
R

pimbT

(c) Percentage leakage in CR D

Figure 6.24. Ratio (in percentage) of the number of signal events predicted in the FRVZ
benchmark model for a mγd

= 17 MeV γd over the number of events in data in CR
B (a), CR C (b) and CR D (c), for different values of the leading eLJ pimb

T and of the
farthest eLJRϕ. The signal yield is normalised to BR(H → 2γd +X) = 0.5%.
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Figure 6.25. Ratio (in percentage) of the number of signal events predicted in the FRVZ
benchmark model for a mγd

= 17 MeV γd in SR A over the number of expected data
events for different values of the leading eLJ pimb

T and of the farthest eLJRϕ. The signal
yield is normalised to BR(H → 2γd +X) = 0.5%.
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Figure 6.26. ABCD plane, defined in terms of the leading eLJ pimb
T and farthest

eLJRϕ variables, for the full Run-2 dataset (a) and the FRVZ benchmark signal sample
with mγd

= 0.1 GeV (b), where events are normalised to the full Run-2 luminosity.
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Validations

The background estimation method is validated on the full Run-2 dataset by using
the ABCD method in regions orthogonal to the SR. In such a way, it is possible
to check that the number of events extrapolated in the A region via the ABCD
method coincides with observed number of events in the same region. This check is
performed varying the boundaries of such regions, by sliding either on the leading
eLJ pimb

T or on the sub-leading eLJRϕ. Two regions which are orthogonal to the SR
are defined via a combination of the B, C and D CRs of the ABCD plane. Such
regions are further divided into a new A’B’C’D’ plane, where the ABCD ansatz
is tested. The B and D regions are merged together, forming a CR (called BD)
with Rϕ > 0.96 for the sub-leading eLJ. Here the test is performed by sliding on
the leading eLJ pimb

T , as can be observed in Fig. 6.27 (a). The C and D regions
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(b) CD validation

Figure 6.27. Observed (blue) vs. expected (red) number of events in data in the
eLJ–eLJ channel BD (a) and CD (b) subplanes as a function of the cut on leading
eLJ pimb

T and on the sub-leading eLJRϕ respectively.

are merged together as well, forming a CR (called CD) with pimb
T > 0.82 for the

leading eLJ. Here the test is performed by sliding on the sub-leading eLJRϕ, as can
be observed in Fig. 6.27 (b). The expected number of events is in agreement with
observed one within 1σ (derived from a combination of the statistical uncertainty
of the single B,C and D regions) for all values of pimb

T and Rϕ.
To further validate the background estimation method, three additional VRs

orthogonal to the ABCD plane in Fig. 6.26 (and therefore to the SR) are exploited
to confirm the validity of the ABCD plane in the full pimb

T and Rϕ phase space,
including region A. Such VRs are obtained by inverting some of the requirements
outlined in Tab. 6.3 and Tab. 6.4:

• VR1 is obtained by requiring that at least one of the eLJ has qeLJ ̸= 0;

• VR2 is obtained by requiring meLJ−eLJ ∈ [81, 101]GeV;

• VR3 is obtained by requiring |ηeLJ| > 1.52.
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Fig. 6.28, Fig. 6.29 and Fig. 6.30 show respectively the agreement between the
number of events observed and extracted with the ABCD method in the A region
in the three VRs sliding on the leading eLJ pimb

T (a) or on the sub-leading eLJRϕ (b).
As for the previous validation, the expected number of events is in agreement with
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Figure 6.28. Observed (blue) vs. expected (red) number of events in the VR1 data in
the eLJ–eLJ channel as a function of the cut on the leading eLJ pimb

T (a) and on the
sub-leading eLJRϕ (b).

0.4 0.5 0.6 0.7 0.8 0.9 1
)|hθLead eLJ |cos(

0

50

100

150

200

250

300

350

400

450

500

# 
Ev

en
ts

expected
observed

ATLAS Internal

0.4 0.5 0.6 0.7 0.8 0.9 1
)|hθLead eLJ |cos(

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

BD
ob

s 
/ B

D
ex

p

pimbT

Ev
en

ts
Ex

p/
O
bs

(a) pimb
T scan

0.4 0.5 0.6 0.7 0.8 0.9 1
φSublead eLJ R

0

50

100

150

200

250

300

350

400

# 
Ev

en
ts

expected
observed

ATLAS Internal

0.4 0.5 0.6 0.7 0.8 0.9 1

φSublead eLJ R
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

BD
ob

s 
/ B

D
ex

p
Ev

en
ts

Ex
p/
O
bs

(b) Rϕ scan

Figure 6.29. Observed (blue) vs. expected (red) number of events in the VR2 data in
the eLJ–eLJ channel as a function of the cut on the leading eLJ pimb

T (a) and on the
sub-leading eLJRϕ (b).

observed one within 1σ (derived from a combination of the statistical uncertainty
of the single B,C and D regions) for all values of pimb

T and Rϕ.
The impact of the signal contamination in the B, C and D regions is evaluated

by testing the agreement between the observed and expected number of events
in the BD and CD sub-planes previously defined, after subtracting the simulated
signal contributions. Fig. 6.31 shows the robustness of ABCD method under the
assumption of a 17 MeV γd in the FRVZ benchmark model, and with BR(H →
2γd +X) = 1% signal contamination. Even when considering a (rather high) signal
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(b) Rϕ scan

Figure 6.30. Observed (blue) vs. expected (red) number of events in the VR3 data in
the eLJ–eLJ channel as a function of the cut on the leading eLJ pimb

T (a) and on the
sub-leading eLJRϕ (b).
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Figure 6.31. Observed (blue) vs. expected (red) number of events in data in the eLJ–
eLJ channel BD (a) and CD (b) subplanes as a function of the cut on the leading
eLJ pimb

T and on the sub-leading eLJRϕ respectively, taking into account a BR(H →
2γd +X) = 1% of signal contamination, assuming a 17 MeV γd in the FRVZ benchmark
model.

contamination in all the CRs, the expected number of events is in agreement with
observed one within 1σ (derived from a combination of the statistical uncertainty
of the single B,C and D regions) for all values of pimb

T and Rϕ. The impact of the
signal contamination is evaluated on the expected limits as well, as described in
Sec. 6.4.2.

6.3 Systematic Uncertainties

This search relies on fully-data driven background estimation, therefore experi-
mental and theoretical uncertainties affect only the signal. Furthermore, being
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a rare phenomena search, its results are expected to be statistically limited. This
notwithstanding, potential sources of experimental and theoretical uncertainties are
considered for the SR signal yields (and shape as well for the µLJ–µLJ and the µLJ–
eLJ channels). The sources of experimental systematics affecting the three search
channels are described in Sec. 6.3.1.

How these uncertainties are included in the fit for the eLJ–eLJ channel is de-
scribed in Sec. 6.4.1 and in Sec. 6.3.2 for both the µLJ–µLJ and the µLJ–eLJ channels
fit. For both the the µLJ–µLJ and the µLJ–eLJ channels, in which the back-
ground estimation is performed via a background template extracted from a CR
(see Sec. 6.2.1), systematic uncertainties related to the background model and the
signal model are considered as well. The uncertainty associated to the signal mod-
elling is describe with the injection test, as explained in Sec. 6.3.2, while the bias
from the choice of the background model is evaluated with the spurious signal
method, as discussed in Sec. 6.3.3, while t.

6.3.1 Experimental systematics

The sources of experimental systematics affecting the different search channels are
listed below. Such uncertainties can be divided into:

• uncertainties that impact per event weights, that are the per-object uncer-
tainties, such as the ones associated to lepton reconstruction, identification
and isolation, and the per-event uncertainties, that are the trigger and the
PU reweighting uncertainties;

• uncertainties that impact the net number of events entering the SR, that are
the momentum/energy scale and resolution uncertainties;

• uncertainties that impact the overall normalisation of the final event yields in
SR, like the luminosity uncertainty.

The luminosity uncertainty impacts in the same way all the channels, the per-
event weight impact only the relevant channels (as an example, muon identifica-
tion uncertainties impact only the µLJ–µLJ and the µLJ–eLJ channels), while the
muon/electron-photon momentum/energy scale and resolution could impact in prin-
ciple all the search channels.

Luminosity The systematic uncertainty on the integrated luminosity measure-
ment is 0.8%. It is derived following a methodology similar to that detailed in [97],
based on a calibration of the luminosity scale using a x-y beam-separation scan with
the LUminosity Cherenkov Integrating Detector (LUCID) detector [154].

Pile-Up reweighting Simulated events are re-weighted in such a way that the
distribution of the average number of interactions per bunch crossing (PU) matches
the one observed in data. A variation in the PU reweighting of the simulation is
performed to cover the difference between the predicted and measured inelastic pp
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cross-section in the fiducial volume of the detector. This is achieved by shifting the
data PU distribution by ±3% before reweighting the MC sample. This uncertainty
is propagated through the event selection, and results at most in a ±10% effect
on the events yield for the mγd = 2 GeV γd hypothesis in the µLJ–eLJ channel, for
the FRVZ model. This uncertainty is conservative as it is affected by the loss of
statistics associated in the relative MC sample in the channel SR.

Standard object uncertainties Per-lepton Scale Factors are used to correct
the distributions of their reconstruction efficiencies, in terms of isolation and iden-
tification, of muons an electrons (see Chap. 4), in such a way that the simulated
distributions match the ones observed in data. The uncertainties on these SFs are
treated as systematic uncertainties on the final signal selection efficiency. For the
eLJ–eLJ channel, the largest impact observed is associated to the electron identifi-
cation uncertainty, resulting at most in a ±2.31% uncertainty on the events yield
in the FRVZ model, for a γd with mγd = 0.06 GeV. For the µLJ–µLJ channel, the
largest impact observed is associated to the muon isolation uncertainty (that will
be discussed thoroughly in the following), resulting at most in a ±1.2% uncertainty
on the events yield in the FRVZ model, for a γd with mγd = 0.4 GeV. For the µLJ–
eLJ channel, the largest impact observed is associated to the electron identification
uncertainty, resulting at most in a ±3.98% uncertainty on the events yield in the
FRVZ model, for a γd with mγd = 6 GeV.

Trigger uncertainties Per-event Scale Factors are used to correct the distribu-
tions of the trigger efficiencies (see Sec. 3.2.6), in such a way that the simulated
distributions match the ones observed in data. The uncertainties on these SFs
are treated as systematic uncertainties on the final signal selection efficiency. For
the eLJ–eLJ channel, the impact of this uncertainty is negligible for the HAHM
model and is a flat ±0.2% on the events yield for all the mγd hypotheses for FRVZ
model. For the µLJ–µLJ channel, the largest impact result in a ±1.8% uncertainty
on the events yield in the FRVZ model, for a γd with mγd = 0.4 GeV. For the
µLJ–eLJ channel, the largest impact result in a ±1.84% uncertainty on the events
yield in the FRVZ model, for a γd with mγd = 6 GeV.

e − γ energy scale and resolution The eγ energy scale and resolution uncer-
tainties are considered as well. It is expected that such uncertainties should im-
pact mostly channels where eLJs are reconstructed. For the eLJ–eLJ channel, the
largest impact observed is associated to the electron energy scale, resulting at most
in a ±1.11% uncertainty on the events yield in the FRVZ model, with a γd with
mγd = 0.06 GeV. For the µLJ–eLJ channel, the largest impact observed is associ-
ated to the electron energy scale, resulting at most in a ±4.75% uncertainty on the
events yield in the FRVZ model, with a γd with mγd = 2 GeV. Such uncertainties
have been evaluated in the µLJ–µLJ channel as well and they were found to be
negligible.
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Muon energy scale and resolution The muon momentum scale and resolution
uncertainties are considered as well. It is expected that such uncertainties should
impact mostly channels where µLJs are reconstructed. For the µLJ–µLJ channel,
the largest impact observed is associated to the muon momentum resolution, result-
ing at most in a ±0.92% uncertainty on the events yield in the FRVZ model, with
a γd with mγd = 0.24 GeV. For the µLJ–eLJ channel, the largest impact observed
is associated to the muon momentum resolution, resulting at most in a ±0.76%
uncertainty on the events yield in the FRVZ model, with a γd with mγd = 6 GeV.
Such uncertainties have been evaluated in the eLJ–eLJ channel as well and they
were found to be negligible.

Muon corrected isolation A corrected isolation is applied for muons recon-
structed in µLJs (see Sec. 5.3.1), in order to recover the sensitivity to the very
boosted topology studied in this search. Since the improvements in the signal ef-
ficiency via the usage of this corrected variable are extremely sizeable, additional
validation studies are performed to assess whether the uncertainties derived for the
standard isolation can be used for this corrected isolation too.

The goal of such cross-checks is evaluating whether the subtraction of tracks or
clusters associated with high-level objects modifies the performance of the isolation
WP or the estimation of the truth level isolation. To do so, the FRVZ simulated
signal sample with mγd = 6 GeV is used, since for such a mγd the distribution of
the angular separation between the two muons reconstructed within a µLJ peaks
around the isolation cone size used in this search (∆R = 0.3) (see Sec. 5.2). Both
muons found in the µLJ cone are required to pass the Loose identification criteria
(as in Sec. 5.2), while no isolation requirement is obviously applied.

The first check performed is aimed at ensuring that the subtraction of the
track associated with an additional muon found in the µLJ cone would yield a
ptvarcone30 distribution compatible with the one obtained for muons in µLJs that
are open enough to not fall within the same isolation cone. To do so, µLJs candidates
are separated into two categories depending on the opening angle ∆Rµµ between
muons: the boosted category, where ∆Rµµ < 0.29, so that each muon fall in the
isolation cone of the other, and the resolved category, where ∆Rµµ > 0.31, so that
each muon fall outside the isolation cone of the other. Fig. 6.32 (a) shows the re-
constructed corrected track isolation distributions for these two categories, that are
compatible with a χ2 = 49.5 (p(χ2) = 45%).

Therefore, no change in performance is expected in the transition region for
muons separated by an angular distance close to the isolation cone.

After the subtraction, additional tracks or clusters not belonging to the addi-
tional muons might be also mistakenly removed, biasing the estimation of the truth
isolation energy (even though this is not likely, since muons leave a rather clean
signature in the detector). To demonstrate that this is not the case, the corrected
truth charged isolation energy is compared to the corrected reconstructed one as a
function of the angular separation ∆Rµµ between the two muon candidates within
the µLJ. The corrected truth charged isolation energy is defined as the scalar sum
of the transverse momentum of all stable particles found within a cone of ∆R = 0.3



6.3 Systematic Uncertainties 157

0 1 2 3 4 5 6 7 8 9
ptvarcone30 [GeV] (corrected)

3−10

2−10

1−10

1
N

or
m

al
iz

ed
 e

nt
rie

s/
 0

.1
7 

G
eV

ATLAS Internal  = 6 GeV, Loose Muons
D
γm

 > 0.31µµ R∆
 < 0.29µµ R∆

) = 0.452χ = 49.53, Prob( 2χ

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

µµ R∆

0

0.2

0.4

0.6

0.8

1

1.2

1.4

> 
[G

eV
]

tru
th

is
o

 - 
E

re
co

is
o

< 
E

ATLAS Internal
 R distribution∆

 = 6 GeV, Loose Muons
D
γm

f(x) = a + bx
 0.04 GeV±a = 0.22 

 R∆ 0.12 GeV / ±b = -0.08 

(b)

Figure 6.32. (a) Corrected track isolation distribution ptvarcone30 for µLJs muons found
within (red) and outside (blue) the same isolation cone for a γd with mγd

= 6 GeV
produced via the FRVZ benchmark model; (b) difference between the truth and re-
constructed corrected track isolation for muons inside µLJs as a function of their truth
opening angle ∆Rµµ for a γd with mγd

= 6 GeV produced via the FRVZ benchmark
model. In grey the ∆Rµµ distribution for the studied MC sample is shown as well.

around each muon candidate, where, if a second muon is found within the cone, its
true transverse momentum is subtracted (as in the reconstructed charged isolation
energy). Fig. 6.32 (b) shows that the average difference between the reconstructed
and the truth level track isolation variables is constant around the transition region
(∆Rµµ ∼ 0.3). Given the results obtained, no additional systematic uncertainty is
considered for the correction of the isolation variables due to the nearby muon.

Impact on the signal yields

The impact of these experimental systematic uncertainties on the signal yields is
determined from a reprocessed simulation, in which variations by ±1σ (called up
and down variations, referring respectively to a +1σ and −1σ variations) of each
uncertainty are evaluated. The absolute impact on the yields associated to +1σ
variations differ in principle from the one associated to −1σ variations. Therefore,
per each systematic uncertainty the largest deviation from the nominal yield is taken
as a symmetric uncertainty on the signal yields.

A summary of the experimental systematic uncertainties taken into account in
this analysis are given for the muonic channel in Tab. 6.23 and Tab. 6.24, respec-
tively for the FRVZ and HAHM benchmark models, for the electronic channel in
Tab. 6.25 Tab. 6.26, respectively for the FRVZ and HAHM benchmark models and
for the mixed channel in Tab. 6.27 Tab. 6.27, respectively for the FRVZ and HAHM
benchmark models. The systematics not found in the tables are negligible (< 0.1%
impact on the signal yields).

As can be seen by these tables, the overall impact of the systematic uncertainties
(which are assumed to be uncorrelated) is rather small, being at most the 10% for
the µLJ–eLJ channel.
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mγd Muon Muon Momentum Momentum Lumi PRW Total
triggers isolation resolution scale

[GeV] (%) (%) (%) (%) (%) (%) (%)
0.24 1.34 1.03 0.92 0.57 0.83 1.37 2.56
0.40 1.77 1.16 0.91 0.71 0.83 1.46 2.92
0.90 1.47 1.09 0.51 0.20 0.83 1.38 2.49

2 1.45 1.05 0.76 0.43 0.83 1.94 2.89
6 0.67 0.64 0.68 0.64 0.83 1.78 2.35
10 0.13 0.27 0.10 0.11 0.83 2.95 3.07
15 0.10 0.18 - - 0.83 3.76 3.85

Table 6.23. Summary table of the impact of the experimental systematic uncertainties
for the FRVZ signal samples in the µLJ–µLJ channel. Uncertainties below the per-mill
level are not shown. PRW stands for the uncertainty associated to the PU reweighting.

mγd Muon Muon Momentum Momentum Lumi PRW Total
triggers isolation resolution scale

[GeV] (%) (%) (%) (%) (%) (%) (%)
0.40 0.62 0.51 0.59 0.35 0.83 0.91 1.60

2 0.58 0.51 0.39 0.17 0.83 0.94 1.51
10 0.17 0.25 0.28 0.23 0.83 0.60 1.11
15 0.1 0.14 - - 0.83 0.41 0.91
25 0.1 0.14 - - 0.83 1.55 1.75

Table 6.24. Summary table of the impact of the experimental systematic uncertainties for
the HAHM signal samples in the µLJ–µLJ channel. Uncertainties below the per-mill
level are not shown. PRW stands for the uncertainty associated to the PU reweighting.

mγd Electron Electron Electron Electron Energy Energy Lumi PRW Total
triggers isolation ID reconstruction resolution scale

[GeV] (%) (%) (%) (%) (%) (%) (%) (%) (%)
0.017 0.2 0.3 2.15 1.26 0.65 0.4 0.83 0.8 2.7
0.03 0.2 0.3 2.26 1.29 0.66 0.3 0.83 2.2 3.5
0.06 0.2 0.3 2.31 1.29 1.11 0.8 0.83 3.9 4.9
0.10 0.2 0.3 2.21 1.27 0.69 0.7 0.83 3.6 4.5
0.24 0.2 0.3 2.19 1.33 0.7 0.1 0.83 8.6 9.0

Table 6.25. Summary table of the impact of the experimental systematic uncertainties
for the FRVZ signal samples in the eLJ–eLJ channel. Uncertainties below the per-mill
level are not shown. PRW stands for the uncertainty associated to the PU reweighting.

mγd Electron Electron Electron Electron Energy Energy Lumi PRW Total
triggers isolation ID reconstruction resolution scale

[GeV] (%) (%) (%) (%) (%) (%) (%) (%) (%)
0.017 - 0.1 0.69 1.11 0.20 0.16 0.83 1.0 1.7
0.1 - 0.1 0.83 1.08 0.27 0.3 0.83 1.0 1.7
0.4 - 0.1 0.70 1.06 0.50 0.7 0.83 1.0 1.8
2 - - 0.46 1.15 - - 0.83 7.4 7.5

Table 6.26. Summary table of the impact of the experimental systematic uncertainties
for the HAHM signal samples in the eLJ–eLJ channel. Uncertainties below the per-mill
level are not shown. PRW stands for the uncertainty associated to the PU reweighting.
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mγd Triggers Muon Electron Electron Electron PRW Energy Energy Momentum Momentum Total
isolation reconstruction ID isolation reconstruction resolution scale resolution scale

(GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
0.24 0.77 1.10 0.38 0.53 0.10 2.17 0.23 0.29 0.12 0.25 2.68
0.40 0.49 1.16 0.36 0.48 0.10 1.33 0.15 - 0.19 0.35 1.98
0.90 0.63 1.14 0.25 0.26 - 6.56 0.56 0.58 0.52 - 6.77

2 0.65 1.00 0.69 1.33 0.91 7.59 4.75 4.71 - - 10.34
6 1.84 0.55 1.37 3.98 2.66 2.66 - 0.32 0.76 0.66 6.06

Table 6.27. Summary table of the impact of the experimental systematic uncertainties
for the FRVZ signal samples in the µLJ–eLJ channel. Uncertainties below the per-mill
level are not shown. PRW stands for the uncertainty associated to the PU reweighting.

mγd Triggers Muon Muon Electron Electron Electron PRW Energy Momentum Total
reconstruction isolation reconstruction ID isolation scale scale

(GeV) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
0.40 0.28 0.10 0.53 0.36 0.25 - - 0.10 0.17 0.78

2 0.15 0.12 0.56 0.37 0.26 - 3.9 0.48 - 4.00
10 0.35 0.16 0.28 1.14 0.42 0.10 0.43 0.11 - 1.38

Table 6.28. Summary table of the impact of the experimental systematic uncertainties
for the HAHM signal samples in the µLJ–eLJ channel. Uncertainties below the per-mill
level are not shown. PRW stands for the uncertainty associated to the PU reweighting.

Impact on the signal shape

The muon momentum scale and resolution uncertainties, beside affecting the signal
yields as shown in the previous section, could have a non negligible impact on
the signal shape. Muon momentum scale variations translate into shifts in the
peak position of the invariant mass distribution, while muon momentum resolution
variations shrink/widen this distribution. The effect of both uncertainties in the
signal shape is determined from a reprocessed simulation, in which variations by
±1σ of the momentum scale and resolution are used instead of nominal ones.

The impact of such variations are shown as an example in Fig. 6.33 for a γd with
mγd = 2 GeV, where the γd is produced via the HAHM benchmark model.

The reconstructed invariant mass distributions are parametrised using the same
signal model as the one explained in Sec. 6.2.1, fixing all the parameters of the model
except for the peak position µCB (the width σCB) when evaluating the uncertainty
related to the muon momentum scale (resolution). The measured peak position
(width) for the reprocessed samples, µup/down

CB (σup/down
CB ), is compared to the values

obtained in Sec. 6.2.1. The systematic effect is then estimated by quantifying the
difference on the peak (width) for both variations with respect to the nominal
value. The effect of changing the muon momentum scale (resolution) by ±1σ for
each simulated signal is found to be negligible and therefore this systematic is not
included.
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Figure 6.33. (a) Muon momentum resolution up (red) and down (green) variations and (b)
muon momentum scale up (green) and down (red) variations impct on the µLJ invariant
mass spectrum for a γd with mγd

= 2 GeV produced via the HAHM model.

6.3.2 Signal model uncertainties

For the µLJ–µLJ and µLJ–eLJ channels, where a bump-hunt strategy is used (see
Sec. 6.2.1) for the background estimation, uncertainty on the signal modelling are
considered as well. The uncertainties shown in Sec. 6.3.1 impact the normalisation
of the DSCB PDF used for the modelling of the signal. These uncertainties are
included in the fit via nuisance parameters constrained by Gaussian or log-normal
penalty terms, as explained in Sec. 6.5.1. As said in the previous section, uncertain-
ties related to the muon momentum scale and resolution on the µLJ invariant mass
shape are found to be negligible and are therefore not included. In order to account
for the imperfect description of the invariant mass distribution of the generated
signal MC events by the chosen parameterisation, a so-called injection test, briefly
outlined in the following, is performed.

Injection test

The potential bias introduced by the signal modelling is evaluated with an injec-
tion test, using generated pseudo-data from the background model described in
Eq. 6.1. Signal events from the different MC samples associated to the various
signal hypotheses are injected, with a normalisation NInj, on top of the generated
pseudo-data .

The normalisation of injected signal events NInj used is obtained from the ex-
pected sensitivity to an excess of events over the background found below the signal
peak, denominated effective background NB,eff:

NInj = 2 ∗
√
NB,eff; NB,eff =

∫ µDSCB+2σDSCB

µDSCB−2σDSCB
B(mµµ)dmµµ. (6.8)

where B(mµµ) is the background PDF in Eq. 6.1 and µDSCB and σDSCB are re-
spectively the peak and the width of the Gaussian core of the DSCB PDF used
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Figure 6.34. Ratio between the fitted number of signal events Nfit and the injected NInj
ones for the FRVZ model in the µLJ–µLJ channel. The markers denote the different
parameterisations used to perform the injection tests: in black, the nominal parame-
terisation exploiting all the available mass points, in red (blue) the parameterisation of
the model obtained without the 0.9 GeV (2 GeV) mass point.

for describing the signal µLJ invariant mass shape. A fit using the model NfitfS +
NB,effB(mµµ) is performed, with fS being the signal DSCB PDF of Eq. 6.2 and
NB being the number of fitted background events. The obtained value for Nfit is
compared to the injected Ninj. Such a test is performed for the different signal mod-
els (for different mγd hypotheses and for both the HAHM and FRVZ benchmark
model) for both the µLJ–µLJ and the eLJ–µLJ channels. The results of this test
are shown in Fig. 6.34 for the FRVZ model in the µLJ–µLJ channel.

To validate the parameterisation of the DSCB parameters as a function of mγd ,
the injection test is performed also by removing an intermediate mass point (0.9 GeV
and 2 GeV) from the interpolation fit of the DSCB parameters as a function of mγd .
The largest difference per mass point between the injected and fitted signal for each
of the configurations is assigned as a systematic uncertainty.

Such uncertainty on the signal modeling ranges from 1% up to 5% for mγd below
10 GeV in the FRVZ benchmark model and for the µLJ–µLJ channel4.

The same test is repeated for the eLJ–µLJ channel using the µLJ–µLJ channel
signal shape modelling, since, as discussed in Sec. 6.2.1, it accurately describes the
µLJ invariant mass spectrum in this channel as well.

As for the µLJ–µLJ channel, the injection test has been performed both includ-
ing the full signal modelling and excluding two intermediate mass points, namely
the mγd = 0.9 GeV and mγd = 2 GeV ones. In addition, the test including all
the points has been performed by injecting not only NInj = 2 ∗

√
NB,eff, but also

NInj = 4 ∗
√
NB,eff and NInj = 10 ∗

√
NB,eff, compatible respectively with a 4σ and

a 10σ fluctuation. These tests are shown respectively in Fig. 6.35 (a) and Fig. 6.35
(b).

4As already said in Sec. 6.2.1, the point at mgammad = 15 GeV suffers from lack of statistics
and is thus excluded from the signal shape modelling. The discrepancy between the number of
injected and fitted signal events for such a signal hypothesis is precisely due to the fact that this
point is excluded from the modelling.
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Figure 6.35. Ratio between the fitted number of signal events Nfit and the injected
NInj ones for the FRVZ model in the µLJ–eLJ channel. In (a) the markers denote the
different parameterisations used to perform the injection tests: in black, the nominal
parameterisation exploiting all the available mass points, in (a) in red (blue) the pa-
rameterisation of the model obtained without the 0.9 GeV (2 GeV) mass point. In (b)
the markers denote the different number of injected events: in black a 2σ fluctuation of
the background, while in red (blue) a 4σ (10σ) fluctuation of the background.

Fig. 6.35 (a) further shows how the µLJ–µLJ modelling is accurate to describe
the µLJ invariant mass spectrum in the µLJ–eLJ channel as well, while Fig. 6.35
(b) shows how the discrepancy between the number of injected and fitted signal
events is stable against different number of injected events, showing at most a 5%
discrepancy.

The injection test is performed for the HAHM model for both the channels, and
the resulting uncertainties are included in the relevant fits. Being this systematic
an uncertainty on the overall signal normalisation it is included in the fit as such
via a nuisance parameter constrained a log-normal penalty term.

6.3.3 Background modelling systematics

The true shape of the non-resonant background distribution in data is unknown
and the strategy chosen in this analysis is to describe it with an analytical function
with a finite number of parameters. However, a particular functional form may not
provide a sufficiently good description of the background shape, leading to a fit bias
denominated spurious signal. A poor description of the background template could
indeed either induce or absorb potential signal events. To perform the so called
spurious signal test, the signal plus background model is fitted to a background-
only template, on the CR distribution, which is known to be signal-free. The test is
repeated for different γd mass hypotheses and using the signal shape and acceptance
modellings respectively in Eq. 6.2 and Eqs. 6.6, 6.4. Since the CR sample contains
by definition only background events, the fitted signal is actually just a symptom of
the discrepancy between the analytic function used to model the background shape
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and the real background shape itself5 (therefore the use of the term spurious signal).
A cartoon illustration of the spurious signal test for a given tested mγd hypothesis
is presented in Fig. 6.36.

mμμ

Figure 6.36. Cartoon illustration of the spurious signal test. The true shape of the
continuum background is shown in blue. The fitted signal plus background PDF is
shown in red. Due to the mis-modelling of the analytic background of the real shape, a
non-zero signal is fit as well, in order to improve the overall fit quality. In this manner,
the background mis-modelling is parameterised in terms of a signal yield [155].

Background template smoothing

The spurious signal test requires either very-large statistic templates or smoothed
versions of them, since otherwise the fitted signal yield would be heavily affected by
statistical fluctuations, providing a poor estimate of the spurious signal itself. Since
generating very-large statistic templates require expensive computational resources,
and specifically doing so in such an unconventional phase space would be highly
inefficient, a smoothing technique is used in this search.

Such procedures rely on the assumption that the content of a given bin can be
estimated using the surrounding bins as constraints. One of the possible smoothing
techniques is the so called Gaussian Processing Regression (GPR) [156], where the
bin contents νi (i being the bin index) that define the templates are constrained by
the Gaussian PDF G:

G(νi; ri, C) = 1√
(2π)N |C|

exp

−1
2

N∑
i,j=1

(ri − νi)C−1
ij (rj − νj)

,
with N being the total number of bins, ri the reference unconstrained content
of the bin, C the covariance matrix between the bins of the templates and |C|

5However, being derived from a signal plus background fit, the spurious signal is not exactly
the difference between the true background shape and the functional form used to describe it, since
it also depends on the shape of the signal being looked for, though it is largely correlated to the
choice of the background modelling.
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Figure 6.37. Smoothed background template for the µLJ–µLJ channel CR.

being the determinant of such a matrix. The covariance matrix can be written as
Ci,j = K(mi,mj) with mi and mj being the central values of the bins and K being
the so-called kernel function, a smooth function of the observable considered (in
this case the µLJ invariant mass) that encodes the correlation between two different
bins.

Such a kernel function can be either derived from auxiliary measurements or
from MC simulations that constraint the background shape. Instead, when looking
for narrow resonances (like in this search) over a falling background, an ad-hoc
kernel can be built to impose correlation between bins at a scale small enough to
accommodate the variations of the background but large enough to avoid absorbing
a possible signal in the background model.

An example of such a kernel is provided by the so-called Radial Basis Function
(RBF) or squared exponential kernel, defined as:

K(m,m′) = exp
(

−(m−m′)2

2l2

)
,

where (m−m′)2 is the Euclidean distance and l is the correlation length scale: if any
two points m,m′ are farther than l they are uncorrelated, whilst if they are closer
than l they are correlated, with the correlation encoded in K. The length scale
should then be larger than the resonances resolution but small enough to capture
background variations between bins.

The obtained template has small statistical fluctuations, similarly to an Asimov
dataset. However, the template should be normalized to the same total yield as the
real dataset, in order for the bin per bin uncertainties to be representative of those
in data.

This smoothing procedure is applied on both the µLJ–µLJ and the eLJ–µLJ channels
CRs defined in Sec. 6.2.1, since those templates have such a limited statistics that
the spurious signal test would be completely dominated by the statistical fluctua-
tions of the templates themselves. In Fig. 6.37 the smoothed distribution obtained
from the µLJ–µLJ CR background template of Fig. 6.9 is shown as an example.



6.3 Systematic Uncertainties 165

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
 [GeV]µµm

200−

150−

100−

50−

0

50

100

150

200
 1

00
×

 S
 

δ
S/

smoothed CR

smoothed VR

unsmoothed CR

 InternalATLASLJ- LJ channelμ μ

(a)

1 2 3 4 5 6
 [GeV]µµm

200−

150−

100−

50−

0

50

100

150

200

 1
00

×
 S

 
δ

S/

unsmoothed CR
smoothed CR

LJ- LJ channelμ e

(b)

Figure 6.38. Number of fitted spurious signal events for different mγd
hypotheses over

the uncertainty on the number of background events found below the signal resonance
for the smoothed (un-smoothed) background template in blue (red) in the µLJ–µLJ CR
(a) and in the µLJ–eLJ CR (b). In the µLJ–µLJ channel the same test is performed for
the VR as well, and is reported in azure.

Spurious signal test

The smoothed background templates (signal free by construction) are fitted using
NSSfS +NB,effB(mµµ), with NSS being the number of spurious signal events, NB,eff
being the number of events found below the signal resonance, as defined in Eq. 6.8,
and fS and B(mµµ) being respectively the signal PDF of Eq. 6.2 and the background
PDF of Eq. 6.1. The number of fitted spurious signal events is compared to the
uncertainty on NB,eff: if NSS is larger than 0.5×

√
NB,eff, the background modelling

is considered to be not reliable, as the number spurious signal events would dominate
over the statistical uncertainty of the background found in the resonance region
[157].

The NSS/
√
NB,eff for the µLJ–µLJ in Fig. 6.38 (a) (µLJ–eLJin Fig. 6.38 (b))

CR background template before the smoothing is compared to the one associated
to the smoothed µLJ–µLJ CR template.

The spurious signal derived from the un-smoothed CR is heavily affected by the
statistical fluctuations of the background template, therefore yielding a spurious
signal uncertainty that greatly exceeds 0.5 ×

√
NB,eff. The smoothed template,

instead, yields a number of spurious signal events which is contained within the
prescriptions.

The absolute value of NSS for the µLJ–µLJ CR background template before the
smoothing is compared to the one associated to the smoothed µLJ–µLJ CR and to
the smoothed µLJ–µLJ VR in Fig. 6.39 (a), while Fig. 6.39 (b) shows NSS for the
µLJ–eLJ CR background template before (red) and after (blue) the smoothing. The
maximum number of fitted spurious signal events is 3, obtained through the spurious
signal test performed on the VR smoothed template for the µLJ–µLJ channel and
on the CR smoothed template for the µLJ–eLJ channel. Therefore, 3 spurious signal
events are taken as flat uncertainty on the background modelling over the full mass
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Figure 6.39. Number of fitted spurious signal events for different mγd
hypotheses for the

smoothed (un-smoothed) background template in blue (red) in the µLJ–µLJ CR (a)
and in the µLJ–eLJ CR (b). In the µLJ–µLJ channel the same test is performed for the
VR as well, and is reported in azure.

range investigated for both the channels.
However, since the normalisation of the background in the SR is unknown,

the spurious signal test is performed assuming different normalisation of the back-
ground, as shown in Fig. 6.40.

In the µLJ–µLJ CR 600 events are found, and it can be seen how the spurious
signal uncertainty is contained below the prescription even when the background
normalisation is 8 times larger than the one observed in the CR. This not with-
standing, the number of background events in the SR is expected to be much less
than the one in the CR, since the 2µLJs reconstruction requirement is expected to
greatly suppress the number of background events.

The same test with analogous conclusions has been performed for the modelling
of the eLJ–µLJ channel background as well, and the resulting uncertainty is included
for this channel too.



6.4 Results for the electronic channel 167

Figure 6.40. Number of fitted spurious signal events for different mγd
hypotheses for the

smoothed µLJ–µLJ CR background template, assumig different normalisation of the
template itself.

6.4 Results for the electronic channel

In this section, the fitting technique for the eLJ–eLJ channel is outlined in Sec. 6.4.1,
while in Sec. 6.4.2 the results of this search are given in terms of expected sensitivity
of the channel for both the investigated models.

6.4.1 Fitting technique

A likelihood based ABCD method [152] has been developed for the simultaneous
data-driven background estimation and signal hypothesis test. The background
estimation in signal region A is obtained by performing a fit to the background
and signal yields in the four regions. The fitted likelihood describes the signal and
background expectation in each region, defined by products of Poisson functions,
and takes the following form:

L(nA, nB, nC, nD|s, b, τB, τC) =
∏

i=A,B,C,D

e−NiNni
i

ni!
,

where nA, nB, nC, nD are the number of events observed in each region in data,
τB and τC are the nuisance parameters that describe the ABCD ansatz and Ni

are linear combinations of the signal and background expectations in each region,
defined as follows:

NA = s+ b

NB = s εB + b τB

NC = s εC + b τC

ND = s εD + b τC / τB,
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where s and b are respectively the signal and the background yield in region A and
the signal contamination in the region i is described by εi6.

All the parameter values are allowed to float in the fit to the four data regions.
The upper limit on the signal strength is obtained with the CLs method [158],
performing a global simultaneous fit, with the asymptotic calculator based on the
profile likelihood test statistics [159], in order to normalise the observed data in all
the regions to the signal expectation. The presence of an excess generated by the
signal is then evaluated by comparing the estimated number of events in the SR to
the observed data.

All the systematic uncertainties described in Sec. 6.3 are included in the fit
as nuisance parameters, parametrised with Gaussian PDFs that multiply the fit
likelihood. The Gaussian PDFs mean values are constrained by the parameter
nominal value and the variance is defined by the 68% of the systematic uncertainty
associated to the parameter.

6.4.2 Expected sensitivity

Upper limits on the signal strength, and conversely on BR(H → 2γd + X) and on
BR(H → 2γd) respectively for the FRVZ and HAHM model are obtained perform-
ing a fit as described in Sec. 6.4.1. Fig. 6.41 shows the expected upper limit at the
95% CL on the signal strength for the eLJ–eLJ channel, for the FRVZ benchmark
model assuming a Dark Photon mass of 0.1 GeV.
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Figure 6.41. Expected upper limit at 95% CL on the signal strength µ for the eLJ–
eLJ channel, when assuming a 0.1 GeV Dark Photon in the FRVZ benchmark model.
Here BR(H → 2γd +X) = 1% and a 10% systematic uncertainty is used.

Expected upper limits on BR(H → 2γd + X) as a function of the γd mass for
6The signal contamination in the CR i, with i = B, C, D, is defined as si

sA
, with sA being the

signal yield in SR A and si being the signal yield in the i-th CR. Such contaminations can be
derived per each mγd hypothesis from Tab. 6.21 and Tab. 6.22 for respectively the FRVZ and the
HAHM models. For all the CRs and signal hypotheses in both the models εi is below the 10%.
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Figure 6.42. Expected upper limits at the 95% CL on (a) BR(H → 2γd + X) for the
FRVZ benchmark model and on (b) BR(H → 2γd) for the HAHM benchmark model
in the full γd mass range in the eLJ–eLJ channel.

the FRVZ and the HAHM benchmark models are shown respectively in Fig. 6.42
(a) and Fig. 6.42 (b).

6.5 Results for the muonic and mixed channel

In this section, the fitting technique for both the eLJ–µLJ and µLJ–µLJ channels
is outlined in Sec. 6.5.1. The results of this search are given in Sec. 6.5.2 in terms
of expected sensitivity for the mixed channel and in Sec. 6.5.3 in terms of observed
limits for the muonic channel.

6.5.1 Fitting technique

Signal and background yields for the µLJ–µLJ and eLJ–µLJ channels are estimated
from an un-binned maximum-likelihood fit of the signal-plus-background model to
the data. The full likelihood can be written as:

F (mµµ;σfid,mγd
, Nb,a,aγd ,θ) = N channel

sig (σfid,mγd
,θ)fs(mµµ;mγd

,aγd) +NbB(mµµ,a),

where fs and B(mµµ) are the PDF describing respectively the signal (Eq. 6.2),
through the set of parameters aγd , and the background (Eq. 6.1), through the set of
parameters a; N channel

sig and Nb are respectively the number of signal or background
events in a specific channel (either the µLJ–µLJ or the eLJ–µLJ one) SR; σfid is the
fiducial cross section of the investigated process and θ denotes the set of systematic
uncertainties affecting Nγd , as listed below:

• θexp: the total experimental uncertainty (Sec. 6.3.1);

• θlumi: the uncertainty on the integrated luminosity of the data sample (Sec. 6.3.1);

• θsig: the signal modelling systematic derived from the injection test (Sec. 6.3.2);
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• θSS : the spurious signal systematic (Sec. 6.3.3).

The background yield Nb is a free parameter in the fit, while the signal yield N channel
sig

is parametrised as:

N channel
sig (σfid,θNγd

, θSS) = σfidLint(A × ϵ (mγd))|channel

dim θNγd∏
k

Kk(θk)+

+ σssθss + σsigθsig,

where Lint is the integrated luminosity of the sample; (A× ϵ (mγd))|channel is the
acceptance times efficiency of the specified channel (see Eq. 6.4 and Eq. 6.6); Kk is
a function characterizing the effect of the k-th normalisation systematic, θss and σss
are respectively the background modelling uncertainty and its associated nuisance
parameter and θsig and σsig are respectively the signal modelling uncertainty and
its associated nuisance parameter. The fiducial cross section can be parametrised
as

σfid = σggF × BR(H → 2γd(+X))

with (without) the +X in the BR expression for the FRVZ (HAHM) benchmark
model and with σggF being the ggF cross section. The BR(γd → ll̄) dependency is
instead encoded in the acceptance times efficiency, as in Eq. 6.4 and Eq. 6.6. The
index k runs over the set of systematic uncertainties affecting Nsig, so the Ki(θi)
factors implement each of the systematic uncertainties on the number of signal
events as listed above. The expression Kk(θk) is:

Kk(θk) = [rkmγd ]
θk with rk(mγd) =


Nsig,+k(mγd)
Nsig(mγd)

if θk > 0
Nsig(mγd)
Nsig,−k(mγd)

if θk < 0

where ±k represents the positive/negative systematic variation on Nsig(mγd) for a
given systematic i. This expression ensures that the modifications to the signal event
yields for θk = ±1 are equal to the ±1σ variations used to define the uncertainties.

6.5.2 Expected sensitivity for the mixed channel

Upper limits on the signal strength, and conversely on BR(H → 2γd + X) and on
BR(H → 2γd) respectively for the FRVZ and HAHM model, are obtained with the
CLs method performing the global simultaneous fit as described in Sec. 6.5.1, with
the asymptotic calculator based on the profile likelihood test statistics.

A plot for the 95% CL limit on the BR(H → 2γd(+X)) for different γd mass
hypotheses for the µLJ–eLJ channel is shown for the FRVZ model in Fig. 6.43 and
for the HAHM model in Fig. 6.44.

These exclusion plots are obtained assuming the normalisation of the background
template found in the µLJ–eLJ CR, that is one thousand events. Fig. 6.43 (a) and
Fig. 6.44 (a) show the excluded BR(H → 2γd + X) when taking into account
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Figure 6.43. 95% CL exclusion limit on the BR(H → 2γd +X) in the eLJ–µLJ channel:
(a) taking into account BR(γd → µµ) and BR(γd → ee) and (b) assuming both
BR(γd → µµ) = 100% and BR(γd → ee) = 100% per each mγd

hypothesis in the
FRVZ benchmark model. The expected limit (dotted line) is shown along with its ±1σ
(green) and ±2σ (yellow) bands uncertainties. The background template is normalised
to the event yield observed in the eLJ–µLJ CR in data, which is one thousand events.
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Figure 6.44. 95% CL exclusion limit on the BR(H → 2γd) in the eLJ–µLJ channel:
(a) taking into account BR(γd → µµ) and BR(γd → ee) and (b) assuming both
BR(γd → µµ) = 100% and BR(γd → ee) = 100% per each mγd

hypothesis in the
HAHM benchmark model. The expected limit (dotted line) is shown along with its
±1σ (green) and ±2σ (yellow) bands uncertainties. The background template is nor-
malised to the event yield observed in the eLJ–µLJ CR in data, which is one thousand
events.
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2BR(γ → µµ) ×BR(γ → ee) in the normalisation of the signal yields (see Eq. 6.6),
while in Fig. 6.43 (b) and Fig. 6.44 (b) BR(γ → µµ) = 50% and BR(γ → ee) = 50%
is assumed. In such a way, it’s clear how the expected exclusion limit is driven by
the interplay between the background shape and the acceptance times efficiency
shown in Fig. 6.20 (b).

6.5.3 Observed limits for the muonic channel

The number of events found in the µLJ–µLJ channel SR is 112, a much smaller
yield, roughly 1/6, of what is observed in the respective CR (as expected). The
µLJ invariant mass distribution for data in SR is shown in Fig. 6.45 (a) along with
the fitted background PDF (see Eq. 6.1), while Fig. 6.45 (b) and Fig. 6.45 (c) show
the µLJ invariant mass distribution for respectively the leading and the sub-leading
µLJ found in the event.

The pT of the µLJ impacts the µLJ invariant mass distribution: the more boosted
the µLJ the more the combinatorial background is suppressed and the more instead
the resonances production is enhanced. The combinatorial background is more
prominent in the CR as well, since the leading muon was often found in the open
µ pair rather than in the µLJ. Some discrepancies were indeed expected and the
functional form used to model the background template is flexible enough to cap-
ture the differences in these shapes. Tab. 6.29 shows the fitted background PDF
parameters (see Eq. 6.1) for the inclusive SR, for the one with the leading µLJ only
(b) and the one with the sub-leading µLJ (c).

The mean and the width of the J/ψ are taken from the CR fit, while the fractions
of events due to production of other resonances, around whose the exclusion fit is
not performed, were found to be negligible and they are therefore not reported.
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CR template
SR template

Both μLJ

(a)

CR template
SR template

Leading μLJ
Full Run-2


 SR2μLJ

(b)

CR template
SR template

Sub-leading μLJ
Full Run-2


 SR2μLJ

Figure 6.45. Invariant mass distribution for (a) both µLJs (b) leading µLJ and (c) sub-
leading µLJ found in events in the µLJ–µLJ SR in the full Run-2 dataset in the µLJ–
µLJ SR. The fitted background only PDF (blue solid line) is overlaid to data points
(black dots). The background PDF with the parameters extracted from the µLJ–
µLJ CR reported in Tab. 6.11 is shown as well (red solid line).
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Parameter Fitted value
fexp 0.6±0.3
fJ/ψ 0.1 ± 0.03
τ (1.2 ± 0.9) GeV
τ2 (3.0 ± 0.3) GeV

(a)

Parameter Fitted value
fexp 0.61±0.20
fJ/ψ 0.15 ± 0.05
τ (3.2 ± 0.7) GeV
τ2 (1.3 ± 1.8) GeV

(b)

Parameter Fitted value
fexp 0.6±0.2
fJ/ψ 0.04 ± 0.03
τ (2.08 ± 0.24) GeV
τ2 (0.4 ± 0.3) GeV

(c)

Table 6.29. Fitted parameters of the B(mµµ) PDF (see Eq. 6.1) with their relative
uncertainty extracted from a fit on the 2µLJs (a), leading (b) and sub-leading µLJ (c)
invariant mass distribution observed in data in the µLJ–µLJ SR.

No local excess compatible with two DPs decaying into muon pairs has been
found, and this results into exclusion limits on BR(H → 2γd(+X)). By using the
fitting technique outlined in Sec. 6.5.1, upper limits on the BR(H → 2γd(+X))
are therefore obtained with the CLs method performing the global simultaneous
fit as described in Sec. 6.5.1, with the asymptotic calculator based on the profile
likelihood test statistics.

Plots for the 95% CL limit on the BR(H → 2γd(+X)) for different γd mass
hypotheses for the µLJ–µLJ channel for the FRVZ model and the HAHM one are
shown respectively in Fig. 6.46 and in Fig. 6.47.

The expected limit is obtained from a fit over an Asimov template extracted
from the observed distribution of data in SR. Fig. 6.46 (a) and Fig. 6.47 (a) show
respectively the excluded BR(H → 2γd(+X)) when taking into account BR(γ →
µµ)2 in the normalisation of the signal yields, while in Fig. 6.46 (b) and in Fig. 6.47
(b) BR(γ → µµ) = 100% is assumed. In such a way, it’s easy to see how the
exclusion limit is driven, where the background flattens out, only by the acceptance
times efficiency of this channel (see Fig. 6.20 (a)).

In the FRVZ model, BR(H → 2γd +X) < 2% are excluded for mγd < 15 GeV.
In the same mass range, a constraint of BR(H → 2γd) < 0.5% is obtained for the
HAHM model, which is able to extend the constraint up to mγd = 22 GeV, with
BR(H → 2γd) < 10%. The limits obtained in the HAHM model are thus more
stringent than the ones obtained in the FRVZ model, as a consequence of the more
boosted (and collimated) topology foreseen in the former model.
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Figure 6.46. 95% CL exclusion limit on BR(H → 2γd +X) in the µLJ–µLJ channel: (a)
taking into account the BR(γd → µµ) and (b) assuming BR(γd → µµ) = 100% per
each mγd

hypothesis in the FRVZ benchmark model. The observed limit (solid line) is
compared to the expected one (dashed line) along with its ±1σ (green) and ±2σ (yellow)
bands uncertainties. Grey areas are vetoed as they correspond to µLJ invariant masses
compatible to the mass of SM resonances decaying into muons.
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Figure 6.47. 95% CL exclusion limit on BR(H → 2γd) in the µLJ–µLJ channel: (a)
taking into account the BR(γd → µµ) and (b) assuming BR(γd → µµ) = 100% per
each mγd

hypothesis in the HAHM benchmark model. The observed limit (solid line) is
compared to the expected one (dashed line) along with its ±1σ (green) and ±2σ (yellow)
bands uncertainties. Grey areas are vetoed as they correspond to µLJ invariant masses
compatible to the mass of SM resonances decaying into muons.
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6.6 Comparison with the Run-1 search

The search for prompt Lepton-Jets carried out during Run-1 [81] by the ATLAS
collaboration investigated a DP mass range of [0.24, 2]GeV exploiting the FRVZ
benchmark signature. This search exploits for the first time the HAHM benchmark
signature as well, a standard benchmark used in DPs searches carried out by both
the ATLAS and the CMS collaborations.

From the expected sensitivity obtained in the eLJ–eLJ channel, it’s clear how
here the mass range mγd < 0.24 GeV is for the first time probed for promptly
decaying DPs. From such studies, this mass range is expected to be ruled out
assuming BR(H → 2γd +X) well below the BR(H → inv) constraint.

This search extends the sensitivity to promptly decaying DPs for the mass range
mγd > 2 GeV as well. The µLJ–µLJ channel alone indeed excludes the existence of
DPs with masses up to 15 GeV with BR(H → 2γd +X) at most of the order of the
2%, and the mixed channel is expected to further tighten these constraints.

In the mass range already probed by the Run-1 search, here competitive con-
straints are set. As an example, the Run-1 exclusion limit on BR(H → 2γd + X)
as a function of the mean proper lifetime of the DP itself is shown in Fig. 6.48 for
a DP produced in the FRVZ benchmark model and with mγd = 0.4 GeV.

In the prompt regime, a σggF(8 TeV) × BR(H → 2γd + X) = 4 · 10−2 pb is
excluded, corresponding to roughly BR(H → 2γd+X) = 10−3 (taking into account
the ggF cross section, that at

√
s = 8 TeV is 21.4 pb [20]). Such a constraint

is obtained by combining all the three search channels (defined like the ones of
this search) of the Run-1 analysis. Using the µLJ–µLJ channel alone, a BR(H →
2γd +X) < 10−4 is instead excluded in this search in the same mass range.
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Figure 6.48. 95% CL exclusion limit on BR(H → 2γd +X) as a function of the γd mean
proper lifetime for the three search channels of the Run-1 prompt search [81] combined.
The DP has a mass of 400 MeV and is produced via the FRVZ benchmark model. Plot
from Ref. [81].
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Chapter 7

LLPs search using the monojet
signature

In this chapter, a search for BSM LLPs using the so-called monojet signature [2]
(already introduced in Sec. 2.3.2) is described. LLPs are foreseen in the SM, as
explained in Sec. 7.1, since they arise whenever their decay is suppressed. For this
reason, LLPs could exist in BSM scenarios as well, and they have been looked for
by the LHC collaborations in the recent years (see [160, 161] for a review of BSM
LLPs searches at the LHC).

If LLPs are so long-lived that they decay outside the detectors they are pro-
duced in, they would yield as signature of their passage missing energy Emiss

T (see
Sec. 4.3), that could be potentially high if they are produced in association with ISR
jets, yielding the aforementioned monojet signature. This search investigates the
possibility that either the Dark Photon or an additional BSM scalar (see Sec. 2.4.3)
could be detector stable.

In Sec. 7.2 the dataset and the MC samples exploited in this search are listed.
A brief overview of the monojet search is given in 7.3 along with its analysis re-
gions (Sec. 7.3.1), the fitting technique (Sec. 7.3.2) and the most relevant sources
of systematic uncertainties (Sec. 7.3.3). In Sec. 7.4, reweghtings of the MC samples
performed in this analysis are described, with Sec. 7.4.1 discussing the so-called
Higgs pT reweighting and Sec. 7.4.2 the so-called Life-Time Reweighting (LTR). Fi-
nally, in Sec. 7.5, the results of this search, obtained with the Request Efficiency
Computation for Alternative Signal Theories (RECAST) framework [162], are given.
This framework allows to use the background predictions of the original search [2]
to test new physics models, and to include detector-related systematic uncertainties
for the signal samples. The results presented in this chapter have been published
by the ATLAS collaboration as a public note in June 2021 [3].
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7.1 The life-time frontier

The mean proper lifetime τX of a particle X is related to its decay width ΓX via

ΓX = 1
τX

= 1
2mX

∫
d
∏
f

|M(mX → pf )|2, (7.1)

with mX being the X particle mass, M the matrix element for its decay into the
decay products pf and d

∏
f the phase space associated to the decay. Therefore, a

particle could gain a sizeable proper lifetime if the matrix element and/or the phase
space associated to its decay are small.

The matrix element can be small when the process happens as consequence of
a small symmetry breaking or of effective higher order dimension operators (this
being the mechanism which gives rise to long lifetimes to weakly decaying particles in
the SM), whilst the phase space can suppress the process if almost mass-degenerate
spectra or if a highly virtual intermediate state is present. SM particles can therefore
become long-lived in a variety of ways, with their lifetimes spanning an extremely
wide range of magnitudes, as can be seen from Fig. 7.1, from the Z boson with
τZ ∼ 2 × 10−25 s to the proton with τp > 1034 yr and the electron, which is instead
stable. It is therefore reasonable to assume that BSM particles could be long-lived,
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Figure 7.1. SM particles in terms of their mass (x-axis) and their mean proper lifetime
(y-axis). Plot from Ref. [160].

if they were to exist. In the past, however, searches for BSM particles have largely
assumed that they would be prompt, impacting detector design, trigger algorithms
and reconstruction and identification techniques. BSM LLPs searches are therefore
extremely challenging, pushing the detectors to the limit of their capabilities. In
the following, a search that looks for LLPs that are so long-lived that they decay
outside the reach of the ATLAS detector is presented.
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7.2 Data and simulated event samples

The search here presented is based on the full Run-2 dataset. Monte Carlo simu-
lations of the benchmark models investigated (Sec. 2.4.3) are exploited in order to
optimize selection criteria to maximize the sensitivity to signal-like events.

7.2.1 Full Run-2 dataset

Data were collected during 2015-2018 in pp collisions at a center-of-mass energy of√
s = 13 TeV (see Tab. 3.1), with a total integrated luminosity of L = 139 fb−1 (see

Sec. 3.1.3).

7.2.2 Monte Carlo simulated samples

The SM background samples were processed with the full simulation outlined Sec. 3.2.7.
Simulated events are then reconstructed and analyzed with the same analysis chain
as for the data, using the same trigger and event selection criteria. The PU effects
were taken into account as explained in Sec. 3.2.7.

Signal models simulations

The search presented exploits the FRVZ benchmark model and the H → ss one,
both outlined in Sec. 2.4.3. An additional scenario in which the γd are produced
in the FRVZ model by an heavier BSM Higgs-like scalar H ′, with mH′ = 800 GeV,
is considered as well. Since this search looks for LLPs, the γd and the s scalar
are generated with sizable mean proper lifetimes. Details about the parameters
used in the generation of the MC samples for the FRVZ and the H → ss model
are given in Tab. 7.1 and Tab. 7.2 respectively. The simulations chain used

Model 1 Model 2
mH 125 GeV mH′ 800 GeV
cτd 5, 50, 500 mm cτd 10, 100 mm

Common parameters
mγd 400 MeV
mfd 5 GeV
mHLSP 2 GeV

Table 7.1. Values of the parameters for the two simulated benchmark FRVZ models. Table
from Ref. [3].

for the FRVZ benchmark samples is like the one outlined in Sec. 5.1. For the
H → ss benchmark model, instead, MC samples are generated at the Leading
Order (LO) using MG5_aMC@NLO v2.6.2 generator [111] linked together with
the PYTHIA8 generator [112] using the A14 tune of parameters [163], with the
NNPDF2.3LO PDF set [146]. For the FRVZ foreseeing the SM Higgs boson and
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mH [GeV] ms [GeV] cτs [mm]
125 5 223, 411
125 35 1310, 2630
125 55 1050, 5320

Table 7.2. Values of the parameters used in the MC signal generation for the H → ss
model. Table from Ref. [3]

the H → ss MC samples, the Higgs boson is produced via the ggF production
mechanism, with the associated cross section at

√
s = 13 TeV quoted in Tab. 1.1.

Background processes simulations

As will be discussed in Sec. 7.3.1, W−(→ l−ν̄) + jets, W+(→ l+ν) + jets, Z(→
l−l+)+jets and Z(→ νν̄)+jets processes constitute the 80% of the total background,
with the latter being an irreducible background. For these reasons, details about
simulations of such SM processes are given in this section. The reader is referred
to [2] for further details about such simulations as well as for the ones of the other
backgrounds taken into account, namely tt̄, single-top and di-boson processes, which
are here not discussed.

Simulations of V + jets processes are performed separately for strong V boson
production and for the EW one, via VBF (subdominant with respect to the strong
mode). The latter were generated using HERWIG++, with the NNPDF30 PDF
set (with the default tune for the parton showering, hadronisation and underlying
event) and NLO QCD accuracy [164]. The former were instead generated using the
SHERPA 2.2.1 event generator. Matrix elements were calculated including up to
two extra parton emissions at NLO and up to four extra parton emissions at LO.
The NNPDF3.0NNLO PDF set was used, along with a parton showering tuning
provided by the SHERPA developers themselves.

To provide a better description of V + jets processes (not initiated by VBF) a
reweighting is performed to account for higher order QCD (NNLO [165, 166, 167])
and EW (NLO [168, 169, 170, 171]) corrections. Such reweighting procedure is based
on parton level predictions of V + jets processes from Ref. [172] and is performed
via a per-event weight as a function of the vector boson pT. Uncertainties in these
corrections are briefly described in Sec. 7.3.

7.3 Monojet search in a nutshell

The monojet search selects events where a high-pT jet recoils against a large Emiss
T .

A brief overview of the event selection, both in the SR and in the different CRs
used for the background estimation, is given in Sec. 7.3.1. The likelihood model is
outlined as well in Sec. 7.3.2 and the sources of the leading uncertainties are listed
in Sec. 7.3.3. For more details about the treated topics as well as about simulations
of the background processes and the object reconstruction criteria the reader is
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referred to the paper [2].

7.3.1 Analysis regions

The monojet search exploits Emiss
T as main discriminant, via a shape fit, since the

background Emiss
T shape is expected to be steeply falling while the one associated to

BSM scenarios, such as LLPs escaping detection, foresees a more prominent tail in
its high end.

In order to identify events with the monojet signature, high Emiss
T calorimeter-

based triggers are used. Such triggers do not include any information on the MS
hits, and thus muons energy is included in the Emiss

T reconstructed at the online
level.

The (offline) reconstructed Emiss
T should be larger than 200 GeV and at least one

PV must be found. The leading jet must have a high pT of at least 150 GeV and
should satisfy the Loose WP requirements. Events where a highly energetic jet
recoils against a high Emiss

T can be reconstructed in NCB. An event display of a BIB
event with a monojet signature is shown in Fig. 7.2.

Figure 7.2. Event display of an event with a monojet signature collected during Run-
1. In the bottom left plot, showing the ATLAS detector in the z − y plane, a BIB
muon track (red line) is reconstructed parallel to the beam axis in the MS, with CSC
hits (highlighted in red over the blue rectangles) reconstructed on both sides of the
detector. Through its passage, the BIB muon leaves hits in the ECAL (highlighted in
yellow over the green background), with no ID track (top left plot) associated to it.
Since the BIB muon is not arising from the primary collision, Emiss

T (red dashed line) is
reconstructed back to back to the BIB muon energy clusters. Plot from Ref. [173].

In such events, the jet is usually not pointing to the IP, and thus it has a
reduced associated activity in the ID. In order to suppress this source of background,
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the leading jet is required to have a non-negligible associated activity in the ID.
The latter is achieved by imposing that fch/fmax > 0.1 (and |ηjet| < 2.4, the ID
coverage), thus satisfying the Tight WP (see Sec. 4.2).

All the other jets considered must have |η| < 2.8 (the HCAL coverage), pT >
30 GeV and they must satisfy the Loose WP as well. The jets with pT < 120 GeV
must have a JVT score (see Sec. 4.2) larger than 0.59, to reject PU jets.

In events due to the multi-jet background, mis-reconstructions of jets energy
could lead to a high Emiss

T . To ensure genuine Emiss
T reconstruction, a maximum

number of 4 jets is thus allowed, with a minimum angular separation between each
of them and the Emiss

T (∆ϕjet−Emiss
T

> 0.4 for Emiss
T > 250 GeV and ∆ϕjet−Emiss

T
> 0.6

for Emiss
T ≤ 250 GeV). Finally, the presence of leptons and photons is vetoed.

The residual multi-jets and BIB backgrounds events are negligible compared to
other sources of backgrounds and are mostly contributing to the low Emiss

T region.
Their contribution is estimated via pure data-driven techniques, as described in the
dedicated paper [2].

Different SM processes can however yield events with a monojet signature.
Among them, the Z(→ νν̄) + jets background is irreducible and contributes to
the 60% of the total background. Other sources of background processes are due to
events where final state leptons are either not reconstructed and produced in associ-
ation with jets or mis-identified as jets themselves. Finally, jets and Emiss

T could be
reconstructed in processes where τ leptons decay hadronically. These listed events
could arise in W−(→ l−ν̄) + jets, W+(→ l+ν) + jets or Z(→ l−l+) + jets processes,
contributing to the 20% of the total background. At a smaller extent, they could
be produced as well in di-vector boson, tt̄ or single t production.

The estimation of these different background contributions is performed using
5 different dedicated CRs, each of which is enriched by a specific background com-
ponent. Two orthogonal CRs, enriched in W + jets events, are defined by requiring
exactly one reconstructed electron1 or muon. It is additionally required that the
transverse mass of the lepton-Emiss

T system should be within the W mass peak, and
that events should not contain b-tagged jets, the latter requirement suppressing
top-quark related processes. Although such processes are a sub-leading component
of the total background (∼ 4%), an additional CR enriched in single-t and tt̄ events
is defined, inverting the mentioned b-jet veto and merging the two lepton flavours.
Finally, two additional two-leptons CRs, enriched in Z + jets events, are defined by
requiring exactly two electrons or muons with an invariant mass within ±25 GeV
around the Z mass peak.

In order to emulate the kinematic distribution of the Emiss
T in the SR, all the

selected leptons in the CRs are considered as invisible particles2, and their pT is
therefore summed to the reconstructed Emiss

T , yielding the so-called precoil
T , which

is thus the magnitude of the total pT recoiling against hadronic activity in the
event. By construction, precoil

T corresponds to the Emiss
T in the SR. The background

contribution in each of this CR is extracted using a shape fit on the precoil
T spectrum,

1For CRs where electron reconstruction is foreseen, electron triggers are considered as well
2since no MS hits is used in the Emiss

T triggers, muons are treated as invisible in the online
reconstruction as well
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described in the following.

7.3.2 Fitting technique

A binned-likelihood fit of the precoil
T distributions is performed on data, across the

different CRs and the SR. The number of events in each bin in each region is treated
as a random variable with a Poisson PDF, with the associated expectation value
extracted from the MC sample simulating the SM process of which the given CR
is enriched. Three free floating factors accounting for the normalisation of the SM
processes are included in the fit, respectively for V + jets, single-top and tt̄ events.

The systematic uncertainties outlined in Sec. 7.3.3 are taken into account as
nuisance parameters, constrained with Gaussian PDFs centered around the nom-
inal value, with a variance corresponding to the systematic uncertainty. These
parameters are fully correlated among the different background processes, bins and
regions.

The fit strategy foresees an initial CR-only fit, where the normalisation of the
SM processes is extracted. Fig. 7.3 shows no significant excess in the SR, after the
first stage of the fit including only the CRs.
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Figure 7.3. precoil
T distribution observed in SR for data (black dots) and for the SM MC

background samples (grey histogram). The precoil
T distributions for the three benchmark

models investigated are shown as well (dotted lines), for the parameters specified in
the legend. precoil

T bins are exclusive and are 50 GeV wide for precoil
T < 400 GeV and

100 GeV wide for precoil
T ≥ 400 GeV. The last bin instead includes all the events with

precoil
T ≥ 1200 GeV. The bottom pad shows the level of agreement between the data and

the SM predictions, after a fit to the CRs only (black dots) and after a fit to both the
CRs and the SR in the background only hypothesis (red dots). Plot from Ref. [3].

A second step performs the fit including the SR. Fig. 7.3 shows as well the
result of this second fit in the background only hypothesis, showing that the SM
predictions are only slightly affected by the contribution of the SR in the fit.

To test the signal plus background hypothesis, the inclusion of an additional
free-floating parameter, scaling inclusively the signal strength of the investigated
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model, is foreseen. Since no excess of monojet events is found in [2], an upper limit
on the signal strengths of the investigated models is obtained. The signal strength
coincides with BR(H → ss) for H → ss model and with BR(H → 2γd + X) and
σ(pp → H ′ → 2γd + X) for the FRVZ model foreseeing respectively the SM Higgs
boson and the BSM heavier Higgs like scalar. Such upper limits are obtained using
the CLs method [174] and are discussed in Sec. 7.5.

7.3.3 Systematic uncertainties

The overall normalization and shape of the precoil
T distributions used in the fit is

impacted by systematic uncertainties, both for the backgrounds and for the signal
processes investigated. Those uncertainties affect only simulated events, thus the
multi-jet and the NCB processes, whose contributions is estimated through data-
driven techniques, are not affected. A brief outline of such uncertainties is provided
in the following sections, while the reader is referred to Refs.[2, 3] for further details.

Background uncertainties

Both experimental and theoretical modelling uncertainties affect the backgrounds
precoil

T distributions. Their impact is estimated after performing a background-only
fit to data from the five CRs, by evaluating such impact in the total background
yield in each bin of the precoil

T distribution in the SR.
Experimental uncertainties include lepton reconstruction, identification and iso-

lation efficiencies, as well as scale and resolution uncertainties associated to the
muons momentum, to the jets, the electrons and the photon energy and to the
Emiss

T . For all simulated SM background processes theoretical uncertainties due
to the QCD factorisation and normalisation scale and to the choice of the parton
showering scheme are taken into account.

The leading source of theoretical uncertainty is due to the predictions of V +jets
processes, with the strong production of the vector boson. Such processes are
affected as well by uncertainties due to the reweighting to QCD and EW higher
order corrections briefly outlined in Sec. 7.2.2. Three uncertainties are considered
for both the EW and the QCD corrections, and one source of mixed QCD-EW
corrections is considered as well, for a total of seven sources of uncertainty, evaluated
as prescribed by Ref. [172].

The total uncertainty on the background yield in the SR varies between 1.5%
and 4.2% respectively for precoil

T < 250 GeV and precoil
T ≥ 1.2 TeV.

Signal uncertainties

The main sources of systematic uncertainties associated to the signal yields, for the
three model considered, are summarised below. In evaluating them, it is assumed
that the standard description of physics objects holds for these models as well, since
LLPs decay products are visible SM particles. While muon and electron associated
uncertainties are found to be negligible, jet and Emiss

T energy scale and resolution
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were found to impact the expected signal yields. A detailed view of the impact of
the most relevant systematic uncertainties on the expected pre-fit signal yields for
one benchmark point of each model considered is given in Tab. 7.3. An additional

Source of uncertainty and impact on the prefit signal yields (%)
FRVZ model, mH = 125 GeV, mγd = 400 MeV, cτd = 500 mm
Jet energy scale and resolution 3 − 3.5
Emiss

T scale and resolution 1.4 − 2.5
FRVZ model, mH′ = 800 GeV, mγd = 400 MeV, cτd = 500 mm
Jet energy scale and resolution 1.2 − 6.3
Emiss

T scale and resolution 0.3 − 0.5
Hss model, mH = 125 GeV, ms = 5 GeV, cτs = 411 mm

Jet energy scale and resolution 3 − 7
Emiss

T scale and resolution 0.2 − 3.5
Table 7.3. Impact of different components of the systematic uncertainties on the prefit

yields for three benchmark signal points.

1.7% uncertainty is assigned on the expected yields of each signal model, to take into
account the uncertainty on the measurement of the ATLAS integrated luminosity
during Run-2 operations (see Sec. 3.1.3). Modelling uncertainties related to scale
and PDF variations on the signal samples are neglected.

7.4 MC signal samples reweightings

The signal MC samples are generated at LO in QCD. For this reason, the Higgs
pT distribution is reweighted so to match the NLO one, as explained in Sec. 7.4.1.
Furthermore, in order to extrapolate the excluded limits on the signal strengths of
the investigated processes to other LLP mean proper lifetimes with respect to the
ones at which the MC samples were generated, the Life-Time Reweighting proce-
dure, outlined in Sec. 7.4.2, is performed as well.

7.4.1 Higgs pT reweighting

The signal MC samples, as said, are based on the LO QCD calculations of the
ggF Higgs boson production mechanism, leading to differences greater than 50% in
the jet pT distributions with respect to the ones obtained via NNLO QCD calcula-
tions. Since the Emiss

T arising in the signal is due to LLPs recoiling on such jets, the
Emiss

T shape is greatly affected by the calculation order at which the ggF production
process is simulated. For this reason, signal samples are corrected in order to match
the NLO QCD accuracy available for the gg → H → inv process investigated in
the dedicated monojet search [2]. Particle level distributions obtained in the LO
QCD samples are therefore matched to the ones predicted at NLO via a per event
reweighting based on the truth Higgs boson pHT . After this correction, samples are
normalised to the N3LO QCD and NLO EW cross-section.
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Figure 7.4. Higgs pH
T (a) and precoil

T (b) distributions for the gg → H → inv process
(red) and for the nominal (blue) and reweighted (green) signal sample generated via
the FRVZ benchmark model with with the SM Higgs boson and with cτ = 500 mm.
The bottom pad shows the ratio between these three processes and the nominal sample
generated according to the FRVZ benchmark model.

Fig. 7.4 (a) shows the pHT distribution (requiring the leading jet pT to be larger
than 150 GeV) for the gg → H → inv process alongside with the nominal and
the reweighted pHT distribution for the FRVZ benchmark model with the SM Higgs
boson and with a DP with a mean proper lifetime cτ = 500 mm. Fig. 7.4 (b) shows
instead the precoil

T distributions in the monojet SR for the same processes.
After the pHT reweighting the precoil

T distributions for the FRVZ benchmark model
and the gg → H → inv one are compatible. The residual minimal differences are
due to the fact that not all the DPs produced decay outside ATLAS, thus impacting
the precoil

T shape.

7.4.2 Life-time reweighting

A Life-Time Reweighting procedure is used in LLPs searches in order to probe
such models for different mean proper lifetimes τ with respect to generated ones.
To do so, given a sample where the LLP proper lifetime ti follows a distribution
f(ti|τsim) with mean τsim, the events are reweighted in such a way to produce a
LLP ti distribution with a mean proper lifetime τnew. Given the f(ti|τsim) PDF
describing the ti distribution

f(ti|τsim) = 1
τsim

exp
(

− ti
τsim

)
,

each event is reweighted via

w(ti|τsim → τnew) = τsim
τnew

exp
(

−ti
( 1
τnew

− 1
τsim

))
,

which is basically the ratio between the f(ti|τsim) and the f(ti|τnew) PDFs. Since,
however, in all the investigated models two LLPs are produced per event, the PDF
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of the sum of the decay times t1 + t2 of the two LLPs f(t1 + t2|τsim) is considered:

f(t1 + t2|τsim) = 1
τ2
sim

exp
(

− t1 + t2
τsim

)
. (7.2)

To reweight the full event, the weight w(t1 + t2|τsim → τnew) applied is

w(t1 + t2|τsim → τnew) = τ2
sim

τ2
new

exp
(

−(t1 + t2)
( 1
τnew

− 1
τsim

))
.

However, if this procedure is applied to reweight a sample from τsim to τnew ≫ τsim
or τnew ≪ τsim, to reproduce the desired t1 + t2 distribution with mean proper
lifetime τnew many events are reweighted with a very small LTR weight, while a few
are reweighted with a very large LTR weight. The resulting reweighted sample is
therefore affected by a large statistical uncertainty. To overcome such a limitation,
if multiple samples are generated with different mean proper lifetimes, the so-called
multi-sample LTR can be exploited. The idea behind it is to use for the LTR
multiple templates with different mean proper lifetimes, and to reweight an event
from a given template only if such event lies in a proper lifetime range which is
sufficiently populated in that template. Given two MC samples with τ1 and τ2,
where τ1 < τ2, their two PDFs (as expressed in Eq. 7.2) intersect in the critical
time τc

τc = 2 ln τ1
τ2
/

( 1
τ2

− 1
τ1

)
.

Such critical time determines after which proper lifetime the template with τ1 as
a negligible statistics with respect to the one with τ2, and therefore events should
be drawn for the template with τ2. Thus in order to obtain a new sample with
τnew, events from the sample with τ1 are kept if t1 + t2 < τc and events from the
sample with τ2 are kept if t1 + t2 > τc. With N generated samples, N − 1 critical
times can be found. The multi-sample LTR procedure can be further understood
by looking at Fig. 7.5, showing the distributions of the sum t1 + t2 of the proper
lifetime of of the lifetime of the two LLPs for the three generated mean proper
lifetimes cτ1 = 5 mm, cτ2 = 50 mm and cτ3 = 500 mm and for a new hypothetical
sample with cτnew = 225 mm. Being cτ12 the critical time among the PDF with cτ1
and the one with cτ2, and cτ23 the critical time among the PDF with cτ2 and the
one with cτ3, events are drawn from the sample with cτ1 only if ct1 + ct2 < cτ12,
from the sample with cτ2 only if cτ12 < ct1+ct2 < cτ23 and from the sample with cτ3
only if ct1 + ct2 > cτ23. In such a way, the sample with cτnew = 225 mm is obtained
with the smallest possible uncertainty given the available MC samples. In the case
of the FRVZ model with the SM Higgs boson the three available MC samples at
cτ = 5 mm, 50 mm, 500 mm are used in the LTR, while for all the other models the
two available MC samples are used (see Tab. 7.1, 7.2). The LTR is cross-validated
by producing new samples that have the same mean proper lifetime of generated
ones and comparing the reweighted Emiss

T spectrum to the generated one. A perfect
closure is observed in these checks for all the simulated MC samples. An example
of such a closure check for the FRVZ benchmark model foreseeing the SM Higgs
boson can be seen in Fig. 7.6.

Given this LTR procedure and the fact that (for the models foreseeing the SM
Higgs boson) the Higgs pT was reweighted as explained in the previous section so to
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Figure 7.5. Distributions of the sum of the decay time of two dark photons (t1 + t2) for
the three generated FRVZ benchmark samples (solid lines). These are compared to
the distribution of an hypothetical new sample of cτnew = 225 mm (dotted line). The
vertical lines represent the critical times, as defined in the text.
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Figure 7.6. precoil
T distributions in the monojet SR for the FRVZ benchmark model with

the SM Higgs boson for the sample with a generated cτsim,1 = 10 mm (blue) and with
a generated cτsim,2 = 100 mm (red). The nominal distribution are compared to the
ones obtained via the LTR procedure at cτnew,1 = 10 mm (cyan) and cτnew,2 = 100 mm
(orange). The bottom pad shows the agreement between the nominal and the reweighted
precoil

T distributions for cτ1 = 10 mm (cyan) and cτ2 = 100 mm (orange).

match the NNLO one on which the monojet search is relying, one would expect that
the upper limit on the BR(H → 2LLPs) for the LLPs models foreseeing the SM
Higgs boson would converge to the monojet constraint on the B(gg → H → inv).
But this is not the case and it is due to the LTR procedure. Even though the multi-
sample LTR allows for a reduction of the MC statistical uncertainty of the newly
emulated samples, its impact at very large cτnew (far from the generated ones) is
still non negligible. For weighted events, the relative MC statistical uncertainty σrel
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is indeed given by:

σrel =

√∑Ngen
i w2

i∑Ngen
i wi

= 1√
Ngen

√
1 +

σ2
wi

< w2 >
(7.3)

where Ngen is the number of generated raw events, wi is the weight of each event,
σ2
wi is the variance of the event weights, and < w > their mean value. Fig. 7.7

shows the impact of the LTR procedure on the MC statistical uncertainty
σ2
wi

< w2 >
of the emulated benchmark samples for the FRVZ benchmark model with the SM
Higgs boson. From the picture, it can be seen how the MC statistical uncertainty

Figure 7.7. Ratio between the standard deviation of the event weights σ2
wi

and their
mean (in the plot indicated with < w >), as a function of the mean lifetime cτ of the
benchmark signal samples emulated using the LTR procedure for the FRVZ benchmark
model with the SM Higgs boson. The red lines indicate the values of the mean proper
lifetimes cτ of the generated signal samples.

increases moving far from the cτ of the generated samples. This causes a worsening
of the exclusion power of the search for extremely long lived LLPs. However, the
Higgs pT reweighting allows to extrapolate the limits obtained as a function of cτ of
the LLPs up to very large lifetime values, since that for those extremely large LLPs
cτ the Emiss

T distribution matches the gg → inv one. For the model with the BSM
Higgs like scalar, such a matching is obviously not a viable option, and therefore
the exclusion limits in this a model will show a worsening at extremely large cτ (see
Sec. 7.5.1).

7.5 Reinterpretation results

In this section, the results obtained with the RECAST framework on the considered
signal models are reported and compared to the ones of dedicated ATLAS analyses.
Sec. 7.5.1 presents the constraints found for the FRVZ models foreseeing both the
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SM Higgs boson and the heavier BSM Higgs-like scalar, while Sec. 7.5.2 presents
the constraints found for the H → ss model.

7.5.1 Constraints for the FRVZ benchmark model

The analysis efficiency varies for the different DP decay modes, as the different
decay products may fail to satisfy the reconstruction requirements of Ref. [2] and
therefore they may not be reconstructed in the final state, yielding Emiss

T . For this
reason, three separate channels are considered, based on the truth decay products
of the DPs produced in the events:

• Muonic channel: both γd decay into a pair of muons;

• Hadronic channel: both γd decay into a pair of electrons or light hadrons;

• Mixed channel: one γd decays into a pair of muons and the other one into
a pair of either electrons or light hadrons.

The definition of these channels is closely related to the one adopted in Ref. [79],
based on reconstructed final state objects.

Constraints for the FRVZ benchmark model with the SM Higgs boson

Upper limits at 95% of CL on the BR of the Higgs boson decaying into a pair of
γd are reported in Fig. 7.8 as a function of the Dark Photon mean proper lifetime.
At large lifetimes, cτd ≳ 102 mm, the observed limit, setting competitive constraints
with respect to the ones of the dedicated search of Ref. [79], flatten out and are inde-
pendent of the γd decay channel, since most of the γd decay outside the fiducial vol-
ume of the ATLAS experiment. The upper limit obtained at very large γd lifetimes
is consistent with the one on the B(gg → H → inv) by Ref. [2] and corresponds to
B(H → 2γd +X) < 50% @95% CL. The excluded B(H → 2γd +X) is higher than
B(H → inv) obtained by the monojet search [2], B(H → inv) < 34% @95% CL,
since in this reinterpretation only the gg → H production mechanism is considered,
which accounts only for about 73% of the total cross-section. Furthermore, a larger
tail at high precoil

T is observed in the monojet SR for the inclusive H → inv process
than for the gg → H → inv one, as can be seen in Fig. 7.9, this affecting as well the
constraint on B(H → inv).

At extremely low mean proper lifetimes, cτd < 0.9 mm, this search extends the
previous bounds of Ref. [79], as it recovers sensitivity, regardless of the mean proper
lifetimes of the DP, when the γd decay products do not satisfy the reconstruction
requirements of Ref. [2] but they are not sufficiently displaced to be reconstructed
as in the search of Ref. [79].

In the muonic channel, the sensitivity recovered in the muonic channel is due to
the lower efficiency of the prompt lepton veto, since muons fail to be reconstructed.
Muons are indeed required to be associated with the PV and to have a minimum
number of ID hits (see Sec. 4.5), and even, for small proper lifetimes, the γd can
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Figure 7.8. Exclusion contours obtained for a γd with mγd
= 400 MeV in the muonic

(green), hadronic (orange) and mixed (blue) channels, produced in the FRVZ model in
the decay of the SM Higgs boson. The results of the dedicated displaced search [78]
(dashed lines) are compared to the ones obtained in this work (solid lined). The red line
shows the exclusion limit obtained in this reinterpretation when combining the three
aforementioned channels. The B(H → inv) limit from the monojet [2] analysis (pink
square) and the combination of ATLAS Run-1 and Run-2 results [175] (pink dot) are
shown as well. Plot from Ref. [3].

be so boosted that the muons they produced may not satisfy such requirements.
However, the sensitivity decreases rapidly in more prompt-like regimes, with the
muons being identified by the standard reconstruction algorithms.

The hadronic channel looses sensitivity in the region cτd < 102 mm as a con-
sequence of the photon veto, which can suppress events due to displaced electrons
(reconstructed as photons since they leave no ID track, see Sec. 4.4).

The results of both this work and the dedicated ATLAS searches are shown
in Fig. 7.10 as well, as a function of the kinetic mixing parameter ε and of the
γd mass. In this case, the limits are shown at 90% of CL, to be compared with the
results of other non-ATLAS searches [177]. The exclusion contour corresponding to
B(H → 2γd+X) = 50% is used as a benchmark in this plot. In the range of γd mass
[0.2, 0.6]GeV, the monojet reinterpretation excludes ε ≤ 3 · 10−6, while for γd with
mγd > 0.6 GeV ε ≤ 2 · 10−6 is excluded. The shape of the contour is directly related
to the BR of the γd decays: for γd masses below 0.5 GeV the sensitivity slightly
increases because of the increase of the γd BR into muons, to which the analysis
is the most sensitive, as can be seen in Fig. 7.8. Fig. 7.10 clearly highlights the
complementarity of the searches carried out by the ATLAS experiment as well: the
dedicated Run-1 prompt search [81] excludes values of ε ≥ 10−5 ∼ 2 · 10−6 with
B(H → 2γd+X) > 10%, while the dedicated displaced DPs [78] search fills the gap
between the prompt and the monojet contours, with a B(H → 2γd + X) down to
the order of 1%.
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Figure 7.9. precoil
T spectrum in the monojet SR for the signal sample generated via the

FRVZ benchmark model with the γd with mean proper lifetime cτ = 500 mm (green),
for the H → inv process considering only the ggF production (red) or including all the
Higgs boson production mechanisms (blue). The bottom pad shows the ration between
the aforementioned processes and the inclusive H → inv one.
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Figure 7.10. Exclusion contours obtained in this monojet reinterpretation (green) shown
in the DP mass - kinetic mixing parameter (ε) plane compared to previous results of
the dedicated prompt [81] (red) and displaced [78] (blue) ATLAS searches. The DPs
are assumed to be produced in the FRVZ model from the decay of the SM Higgs boson.
Plot from Ref. [176].

Constraints for the FRVZ benchmark model with the BSM heavier Higgs-
like scalar

In the case in which the γd are produced by the decay of the heavy scalar H ′,
complementary results to the ones reported in Ref. [79] are obtained as well, as
shown in Fig. 7.11. The γd produced by the heavier Higgs like scalar are more
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Figure 7.11. Exclusion contours obtained for a γd with mγd
= 400 MeV in the muonic

(green), hadronic (orange) and mixed (blue) channels, produced in the FRVZ model
in the decay of the heavy scalar mediator with mH′ = 800 GeV. The results of the
dedicated displaced search [78] (dashed lines) are compared to the ones obtained in this
work (solid lined). The red line shows the exclusion limit obtained in this reinterpre-
tation when combining the three aforementioned channels. The results are compared
to the exclusion limits of the dedicated ATLAS search (dashed lines with same colour
scheme) [78]. Plot from Ref. [3].

boosted than the ones produced by the decay of the SM Higgs boson, this resulting
in higher sensitivities for this model. A similar sensitivity is achieved for the three
different decay modes at large γd mean proper lifetimes, as was observed in Fig. 7.8.
The combined upper limit on the cross-section times BR of the heavy scalar particle
reaches asymptotically σ× B(H → 2γd +X) = 1.5 pb, extending the existing limits
[79].

The loss in sensitivity for τd > 100 mm is a consequence of the increased MC
statistical uncertainty due to the LTR procedure, as explained in Sec. 7.4.2. As
for the case of the model with SM Higgs boson, for lower γd mean proper lifetimes
the lepton veto selection cut is more efficient, thus reducing the sensitivity of this
monojet reinterpretation. However, as for the previous scenario, constraints com-
petitive to the ones of the dedicated displaced search can be set at cτd ≲ 10 mm,
for events where the lepton veto is inefficient and the γd are not enough displaced
for their decay products to be identified in the dedicated search.

7.5.2 Constraints for the H → ss benchmark model

Fig. 7.12 shows the 95% CL limit on the BR of the SM Higgs boson decaying into a
pair of BSM scalar particles s as a function of their mean proper lifetime. The results
obtained in this work are compared to then ones of the dedicated searches [178, 179,
180]. A complementarity among such constraints is found for all the investigated
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Figure 7.12. Exclusion contours on B(H → ss) at 95% CL obtained in this search as
a function of the s particle proper decay length, compared to the ones of dedicated
searches [178, 179, 180], for the H → ss benchmark model. The s bosons are allowed to
decay inclusively to all kinematically-allowed final states, with mass-dependent s boson
BRs. For ms > 25 GeV, the BRs to bb̄, cc̄, and τ+τ− are approximately constant and
given by 85%, 5%, and 8%, respectively. The prompt [178] and ID Displaced Vertices
based results [180] assume negligible signal efficiency for decays channel different from
the s → bb̄ one. The B(H → inv) limit from the monojet [2] analysis and the combi-
nation of ATLAS Run-1 and Run-2 results [175] are shown as well. The dashed area
indicates the region with B(H → ss) > 1. Plot from Ref. [3].

s mass hypotheses, for which different lifetimes regimes are probed by different
detection techniques. In this context, as in the previous scenarios, this monojet
reinterpretation extends the upper limits to larger s particle mean proper lifetimes
τs. Since different scalar mass hypotheses imply different boosts of their decay
products, different exclusion contours are found for the different ms.

For extremely large τs, the monojet constraint tends to of B(H → ss) =
50% @95% CL, which is the upper value on B(gg → H → inv) obtained using
the monojet signature. For comparison purposes, the constraints on the invisible
BR of the Higgs boson set by the combination of the ATLAS Run-1 and Run-2
results [175], B(H → inv) < 0.11, and by the monojet analysis [2], B(H → inv) <
0.34, are shown in the plot as well.
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Chapter 8

The ATLAS Phase-II upgrade
of the L0 barrel muon trigger

During the LS3, that will take place from 2026 to 2028, a series of LHC upgrades
relying on cutting-edge technologies will increase its instantaneous luminosity of a
factor five, with this operation phase being called High-Luminosity (HL) LHC. A
scheme of the LHC operations phases is given in Fig. 8.1. In order to cope with such

Figure 8.1. LHC planning as a function of the years.

an increase of luminosity, implying a PU more than 5 times larger than the Run-2
one, an extensive upgrade plan, referred to as Phase-II, is foreseen by all the LHC
experiments. In this phase, the total integrated luminosity that will be delivered
by the HL-LHC will be L = 3000 fb−1, roughly 20 times more than the Run-2 one.

While for a more extensive overview of the HL-LHC upgrades the reader is
referred to Ref. [181], Sec. 8.1 gives a broad introduction of the ATLAS Phase-II
upgrades. The Istituto Nazionale di Fisica Nucleare (INFN) Rome I group, to which
I belong, is involved in ATLAS upgrade projects, specifically the one regarding the
ATLAS MS Barrel Trigger. I have been involved in the development of the firmware
of the Phase-II Sector Logic (SL) board, collecting hits from the RPC on-detector
boards and performing the trigger algorithm. A description of the upgrade of the L0
muon barrel trigger is provided in Sec. 8.2. Specific focus is given on the Trigger and
Data AcQuisition (TDAQ) interface of the SL board in Secs. 8.2.1, 8.2.2. Finally,
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Sec. 8.2.3 describes the studies I carried out in this context.

8.1 Overview of the ATLAS Phase-II upgrade

As a consequence of the increased instantaneous luminosity foreseen during the
HL-LHC phase, an increase of the data stream and therefore of the radiation dose
experienced by the LHC experiments is foreseen. In order to cope with such a chal-
lenging environment, along with the already mentioned PU increase, the different
LHC experiments will undergo a series of upgrades, and ATLAS is no exception.
All its different subsystems will indeed demand advanced upgrades, with the most
important ones being briefly summarised in the following.

8.1.1 The Inner TracKer

Being the detector closest to the IP, the ID is the ATLAS sub-detector which will be
mostly affected by the extreme running conditions of the HL-LHC, and therefore is
going to be completely replaced by the Inner TracKer (ITk). The ITk is a detector
completely based on semi-conductor technology and it will extend the ID η coverage
from |η| < 2.5 to |η| < 4. It is comprised of two different sub-detectors:

• the Pixel Detector [182], in the innermost region (r < 350 mm), that will be
comprised of 5 layers of pixels that, in the forward region, will be tilted so
not to be orthogonal to the beam axis, reducing the material traversed by
particles;

• the Strip Detector [183], in the outermost region, that will be comprised of 4
cylindrical layers in the barrel and six wheels in the endcap.

8.1.2 The High Granularity Timing Detector

As a consequence of the worsening of the longitudinal impact parameter resolution,
the track reconstruction and Track-To-Vertex Association will become a major chal-
lenge for the ITk in the forward region. Therefore, the ITk will be complemented
in such a region by the High Granularity Timing Detector (HGTD) [184], that will
grant tracks timing information with a time resolution of the order of 30 ps, allow-
ing the rejection of out-of-time PU (see Sec. 3.1.3) tracks in the dense environment
foreseen. The detector will be placed in z = ±3.5 m, between the ITk and the FCal,
and it will be comprised of disks based on silicon technology.

8.1.3 The calorimeter system

While the calorimeter system is expected to remain reliable during the operation
of the HL-LHC, its FE electronics need to be completely replaced as outlined in
Ref. [185], as a consequence of the more stringent requirements on the data rate
and latency due to the increased luminosity. This will allow, at the lowest trigger
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level, to exploit the full calorimeters granularity, increasing the performance and
the capabilities of the current L1Calo trigger algorithms.

8.1.4 The muon system

The ATLAS muon system has already undergone a substantial upgrade during the
LS2, with the installment of the so-called New Small Wheels (NSWs) [186], replacing
the Run-2 small wheels (see Sec. 3.2.5). The two NSWs are based on small Thin
Gap Chambers (sTGCs) and MicroMegas (MM) and they allow both for a reduction
of the trigger rate due to noisy events and a better muon reconstruction efficiency
in the endcap region. A series of additional upgrades are foreseen for the HL-LHC
phase as well [187]. MDT chambers in the BI layer will be substituted with more
compact ones, so to host a new RPCs triplet, consisting of three layers of RPCs.
The MDTs will be used by the trigger system along with the RPCs and TGCs, and
the FE electronics of these three sub-detectors are going to be completely replaced.
More details about the L0 Muon Barrel trigger upgrade is given in Sec. 8.2.

8.1.5 The TDAQ

As already said, the increase in instantaneous luminosity foreseen in the HL-LHC
phase implies a revised Trigger and Data AcQuisition (TDAQ) system able to cope
with the increased data rate and PU. The design of the Phase-II trigger, outlined
in detail in Ref. [188], is still based on a two-levels trigger system: the L0 hardware
trigger, providing a rate of 1 MHz with 10 µs of latency, and a software based trigger
referred to as Event-Filter (EF). The larger latency will allow more complex trigger
algorithms, as well as to maintain the current trigger thresholds. The hardware-
based L0 trigger comprises a calorimeter-based trigger (L0Calo), a muon trigger
(L0Muon), and the Global Trigger. The latter, replacing the functionalities of the
L1Topo (see Sec. 3.2.6), exploits granular information from the entire calorimeter
system and runs sophisticated offline-like algorithms, implementing clustering of
calorimeter cells, so to improve the e, τ and γ reconstruction and isolation evaluation
as well as the identification of exotics objects. The final L0 trigger decision is made
by the so-called Central Trigger Processor (CTP). In the next section, additional
details about the upgrade of the L0 barrel muon trigger are given.

8.2 The ATLAS L0 muon barrel trigger upgrade

As of Run-3, the ATLAS barrel muon system relied on three stations of doublets of
RPCs, two in the BM and one in the BO (see Sec. 3.2.5). During the LS3, as already
mentioned, a fourth RPC triplet station will be installed in the BI, allowing for more
redundancy of the trigger system as well as for an increase in its performances in
terms of trigger acceptance, with an expected trigger efficiency of 92%. A schematic
picture of the muon system after the Phase-II upgrade is given in Fig. 8.2
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Figure 8.2. Muon system for the HL-LHC phase in the (z, y) plane.

8.2.1 Overview of the TDAQ interface

The Run-2 FE boards of the BO and BM RPCs, collecting the data from the
RPCs and performing the Amplifier Shaper Discriminator (ASD)1, will be used for
the HL-LHC too, while a new FE board, including the Time to Digital Converter
(TDC) as well, will be installed for the RPCs BI. The TDC will perform a timing
measurement with a resolution of 0.4 ns through the Time-Over-Threshold (TOT)
method, where the timing information is extracted from the time-interval between
the trailing edge and the falling edge of the collected charge signal, when the latter
is above a certain threshold.

All the other RPCs electronics will be instead completely replaced. 1542 Data
Collector Trasmitters (DCTs) will replace the now used Pad and Splitter boxes and
they will collect data from up to 288 RPCs FE channels and perform the signal
digitisation. 32 off-detector Sector Logic (SL) boards, one per ATLAS sector (see
Sec. 3.2.1) will be located in the counting room (Underground Service ATLAS 15
(USA15)) outside the experimental cavern (Underground eXperimental 15 (UX15)).
Each SL board will receive data from up to 50 DCTs through bi-directional optical
fibers via the low power GigaBit Transceiver (lpGBT), a radiation tolerant ASIC
working as a serialiser/deserialiser, and then perform the trigger algorithm.

Both the DCT and the SL board will rely on Field Programmable Gate Array
(FPGA) technologies, rather than CPUs, on which the Run-3 ATLAS muon trigger
system is based. FPGAs are hardware accelerators that outperform CPUs in terms
of flexibility and parallelizability. They are Integrated Circuits (ICs)2 which contain
programmable logic blocks, interconnects and configuration memories. Logic blocks
are the basic FPGA building blocks allowing for logic functions, from simple OR or

1The signal collected by RPCs is amplified, so that even weak signals are made detectable,
shaped, to optimize discrimination with respect to noise signals, and then discriminated, determin-
ing whether the signal exceeds a predefined threshold.

2An IC, also known as a microchip or chip, is a miniaturized electronic circuit consisting of
semiconductor devices and passive components placed on a single piece of semiconductor material.
ICs vary in complexity and functionality, ranging from simple logic gates to System on Chip devices
containing entire electronic systems on a single chip.
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AND gates to flip-flops and multiplexers; interconnects route the signals through
the various logic blocks; configuration memories store the information about the
implementation and the connections between such logic blocks. FPGAs are thus
extremely flexible and reconfigurable, since different digital circuits can be imple-
mented in a single chip after the hardware has been built, and they allow for parallel
processing, making them exploitable in high throughput conditions. For these rea-
sons, FPGAs are extremely suitable for triggering purposes.

The SL board will rely as well on a so-called System on Chip (SoC), which is
an IC that integrates most or all components of a computer or electronic system
onto a single chip. The SoC exploited in the SL board comprises a multi-core
CPU, meaning that multiple CPU processors are found within the same chip, and
is thus referred to as Multi-Processor System on Chip (MPSoC). Furthermore, it
comprises Input/Output interfaces such as Ethernet controllers, peripheral devices
and an FPGA hardware accelerator.

The FPGA exploited by the DCT board is from the Xilinx Artix-7 family
(XC7A200), while the SL board consists of:

• a Xilinx Virtex Ultrascale+ XCVU13P FPGA implementing the SL firmware;

• a Xilinx Zynq Ultrascale+ MPSoC (Mercury XU5 ME-XU5-5EV-2I-D12E)
allowing for monitoring and configuration functionalities via communication
with the Detector Control Systems (DCS) and the L0 barrel TDAQ server.

The SL is compliant with the Advanced Telecommunications Computing Ar-
chitecture (ATCA) standard, which provides a modular and scalable platform for
integrating computing, networking, and storage resources into a single chassis-based
system. The SL can be thus controlled and monitored remotely through the ATCA
protocol via the Intelligent Platform Management Controller (IPMC), which is a
dedicated micro-controller, implemented on the SL board itself and independent
of its the main computing elements. The IPMC collects information from the SL
board, such as temperatures, voltage levels, fan speed and power supply status.
Such information are sent from the IPMC, upon request, via a standardised commu-
nication protocol called Intelligent Platform Management Interface (IPMI), which
allows for remote management and monitoring of hardware components, even when
the system is powered off or unresponsive.

Data flow

The SL board performs the trigger algorithm using information from both the RPCs
and the Tile calorimeter. The trigger candidates so generated are sent within 390 ns
to the Monitored Drift Tube Trigger Processor (MDTTP) that performs a more pre-
cise pT measurement using MDT information through which the trigger candidates
will be either confirmed or rejected. The trigger decision is then sent to the MUon
Central Trigger Processor Interface (MUCTPI). In the meanwhile, the SL stores
the data received from the DCTs, waiting for the so-called L0-accept signal, which
is asserted by the Central Trigger Processor (CTP) if the event has fired at least
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one of the L0 triggers. When such a signal is received, the data stored in the SL
are sent through Front-End Link Interface eXchange (FELIX) to readout systems.
The barrel RPC TDAQ system is schematically shown in Fig. 8.3. Since my main
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Figure 8.3. Muon system for the HL-LHC phase in the (z, y) plane.

task was providing an interface between the MPSoC and the FPGA of the SL, in
the following more details about this interface and its implementation are given.

8.2.2 SL FPGA-SoC interface

The MPSoC, hosted on the SL board, allows remote control and data transfer to the
L0 barrel TDAQ server and to the DCS server. The MPSoC includes the following
functionalities:

• implementing the Ethernet protocol with the L0 barrel TDAQ server;

• receiving the SL and DCT firmwares from the L0 barrel TDAQ server and pro-
gramming them respectively on the SL FPGA and on the DCT FPGA through
respectively the SL configuration block and the lpGBT interface block;

• routing the SL (DCT) configuration data (stored in FPGA internal registers)
between the SL(DCT) monitoring block and the L0 barrel TDAQ server, with
a bidirectional protocol;

• receiving and decoding the configuration and monitoring commands from the
L0 barrel TDAQ server;

• sending the SL and DCT monitoring data from the SL monitoring block to
the L0 barrel TDAQ server;

• implementing the SL and DCT DCS Open Platform Communications Unified
Architecture (OPC UA)3 server functionality, by interfacing with the external

3The OPC UA system is a crucial component for managing and monitoring the detector hard-
ware and associated systems. It provides commands such as ones for activating or deactivating
specific detector subsystems, adjusting operational parameters, initiating calibration procedures,
and performing diagnostic tests.
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DCS OPC UA clients and receiving the SL and DCT DCS data (voltages and
temperature values, RPC hit rates) from the monitoring block.

The MPSoC mezzanine is interfaced with the SL FPGA through an Advanced
eXtensible Interface-4 (AXI-4) Chip-2-Chip serial bus.

The AXI protocol

The AXI protocol is a standard developed by Advanced RISC Machines (ARM)4

used for interfacing the different MPSoC Intellectual Propertys (IPs)5. There exist
three different types of AXI protocols:

• the AXI-stream protocol: the simplest one, is designed for streaming data
transfers, where data is continuously transferred without addressing or ac-
knowledgment signals;

• the AXI-lite protocol: is a transaction based protocol, also called memory-
mapped, where both addressing and acknowledgment signals are exploited.
Burst transactions, were multiple data transfers occur consecutively without
the need for separate address and data phases for each transfer, are allowed
as well;

• the AXI-full protocol: the more flexible, like the AXI-lite is a transaction based
protocol, that, in addition to burst transactions, grants various other trans-
actions, such as multiple-outstanding ones, where multiple memory accesses
are performed at the same time, and concurrent read and write operations,
where both read and write transactions occur at the same time.

Given the fact that multiple read and writes operations are foreseen between the
SL MPSoC and the FPGA, the AXI-full is chosen as communication protocol.

The so-called manager module is the one initiating the transaction, by either
writing or reading the subordinate. While the write transaction relies on three
channels, the write address channel, the write data channel and the write response
channel, the read transaction relies on two channels, the read address channel and
the read data channel. The read response has therefore no dedicated channel and is
given in the read data channel. Fig. 8.4 shows schematically a read (a) and a write
(b) transaction for the AXI-full protocol.

Each of the five independent channels consists of a set of information signals and
uses a synchronous two-way VALID and READY handshake mechanism. The informa-
tion source uses the VALID signal to show when valid data or control information is
available on the channel, while the destination uses the READY signal to show when
it can accept the data. The transaction happens when both the VALID is asserted
from the source and the READY is asserted from the destination, ensuring that the

4RISC stands for Reduced Instruction Set Computer, referring to micro-processors with linear
and simple architecture.

5IPs are pre-designed, reusable blocks of logic or functionality that can be integrated into an
IC. Examples of IPs are memory controllers or CPU cores.
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Figure 8.4. Data flows between a manager module and a subordinate module for the read
(a) and the write (b) transactions in the AXI-full protocol.

transaction happens only when valid data are on the source and the destination is
ready to receive them.

A manager and a subordinate instance can be both a source or a destination,
depending on the channel considered (as schematically pictured in Fig. 8.4). In the
address channels for both the read and the write transactions, the manager module
is the source while the subordinate one is the destination. For the read data channel
the manager instance acts instead as a destination and the subordinate one as the
source, while the opposite holds for the write data channel. In the write response
channel, the subordinate is the source and the manager is the destination.

The AXI Chip-2-Chip

The MPSoC and the FPGA on the SL board are connected through the AXI C2C6

core, that acts as bridge that connects the two devices over a full AXI interface,
bridging transactions in compliance with AXI protocol specifications.

Fig. 8.5 shows a block-diagram of a generic AXI C2C core.
Two instances of the AXI C2C core, one subordinate and one manager, are

required for performing the bridging function. The AXI C2C manager instance, that
provides an AXI subordinate interface that can be connected to an AXI manager,
will be interfaced with the Zynq UltraScale+, while the AXI C2C subordinate
instance, that provides an AXI manager interface that can be connected to an AXI
subordinate, will be interfaced with the Virtex UltraScale+. Each AXI C2C core has
to be interfaced with an Aurora64b66b7 module, implementing a link-layer protocol

6The AXI C2C is an interface protocol designed for high-bandwidth and low-latency communi-
cations between multiple chips, as in this case, or between the same SoC. It provides a standardized
interface for chip-to-chip communication, particularly in complex systems where multiple process-
ing elements, accelerators, or peripherals need to communicate efficiently.

7The Aurora64b66b protocol is a high-speed serial communication protocol used for transmit-
ting and receiving data over point-to-point links between FPGA devices. It employs a technique
called 64b66b encoding, exploited to achieve reliable and efficient data transmission.
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Figure 8.5. AXI C2C instances for a generic project.

for high-speed serial communication. Alternatively, the two AXI C2C instances can
be connected using the Select IO interface, implementing a high speed parallel
communication. Since a lower latency is associated to the Select IO interface, while
a larger throughput is associated to the Aurora one, the choice of the communication
interface depends on the use case. Given the fact that the communication between
the MPSoC and the FPGA is used for monitoring and configuration purposes, a
larger throughput is preferred over a lower latency, and thus the Aurora protocol is
exploited in this scenario.

The data flow from the Zynq UltraScale+ to the Virtex UltraScale+ through
the two C2C modules is described in the following:

• the Zynq UltraScale+ initiates the data transmission by sending data packets
to the AXI C2C subordinate instance;

• the channel multiplexer within the AXI C2C subordinate instance selects the
appropriate communication channel for routing the incoming data packets;

• data packets are passed through the detect link Finite State Machine (FSM)
with deskew module, ensuring proper alignment and synchronization of the
incoming data signals;

Each 64b word sent to the Aurora module is mapped into a pre-defined 66b word, the latter
being used for transmission. The two additional bits, referred to as disparity bits, represent the
difference between the number of 0 and the 1 bits over the 64b mapped word. From these two
control bits errors in the data transmission can be detected.
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• the data packets are then sent to the AXI C2C manager module, through the
Aurora64b66b protocol;

• data flows with the same (reversed) logic within the AXI C2C manager mod-
ule, reaching finally the Virtex UltraScale+.

8.2.3 MPSoC interface test using the ZCU104 evaluation board

Since when this work was carried out the SL board was not available, the com-
munication protocol between the MPSoC and the FPGA was firstly probed in an
evaluation board8, the so-called ZCU104, a Zynq featuring both a Processing System
(PS) and a Programmable Logic (PL). While the PL is roughly an FPGA contain-
ing Block Random Access Memorys (BRAMs), Look Up Tables (LUTs), Registers
and AXI interfaces, the PS contains a "full computer" with multiple CPU cores,
a very large number of different peripherals, Distributed Random Access Memory
(DRAM) controller and Interconnects, acting as a MPSoC.

Since the ZCU104 evaluation board does not comprise transceivers9 that can be
used in the serial communication protocol implemented by Aurora, the two C2C
instances are connected using two First In First Outs (FIFOs), as explained in the
following.

Furthermore, to test the Aurora protocol, a single Aurora module is tested in so-
called loopback configuration, where transmitted signals are sent back (looped back)
to the receiver within the same device, allowing for the monitoring and verification
of signal integrity.

Both these tests were performed using the Vivado toolkit, a design environment
developed by Xilinx for designing and implementing digital systems using their
SoC and FPGA devices. Such design is realised using a Hardware Description
Language (HDL), namely Very High-Speed Integrated Circuit (VHSIC) Hardware
Description Language (VHDL), used for designing and modeling ICs and complex
digital systems, and block diagrams, providing graphical design entries.

Aurora protocol test

As already said, the Aurora protocol is tested with the Aurora core in loopback
configuration. The block diagram of such test is given in Fig. 8.6.

To have the Aurora core in loopback configuration, the information sent out from
the Aurora core, from the USER_DATA_S_AXI_TX port, is sent back to the core itself,
to the USER_DATA_M_AXI_RX port. The FIFO used between the USER_DATA_S_AXI_TX
port to the USER_DATA_M_AXI_RX is exploited to mimic the normal latency that
would be present between transceivers.

8An evaluation board, also known as a development board, is a circuit board equipped with
various components, interfaces, and functionalities designed to help in evaluating, prototyping, and
experimenting a particular electronic component, system, or technology.

9Transceivers, short for transmitter-receiver, are electronic devices or circuits capable of trans-
mitting and receiving signals. They are exploited in high-speed serial communication protocols,
like Aurora.
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Figure 8.6. Schematic picture of the Aurora configuration in loopback mode used for
testing the protocol.

Furthermore, for the Aurora core to be in loopback, a ’1’ or ’2’ signal has to
be sent to the loopback channel in the Aurora core itself. This is achieved through
a Virtual Input\Output (VIO) IP core, which allows to route user defined signals
to different peripherals and check control signals during a full simulation. Fig. 8.7
shows the signals routed from the VIO from the two probe_outi ports (with i=0,1),
and the signals checked by the VIO from the five probe_ini ports (i=0-4).

Figure 8.7. VIO signals during Aurora loopback test: all the errors signals are not asserted
while the channel up, indicating that the Aurora module is correctly locked, is asserted.

The probe_out0 port is connected to a reset (thus is 0 when the communication
test is performed), while the probe_out1 is connected to the loopback port on the
Aurora core and is set to 1, allowing for the Aurora loopback configuration.

The correct initialisation of the Aurora module is checked by verifying the control
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signals sent out from the core itself, which are connected to the VIO probe_ini
ports. The three error signals (called soft_err, not_locked_out and hard_err,
indicating respectively a recoverable error, a non recoverable error and an error in
the synchronisation of the transmitted and received signals) are all null, indicating
that no error is recovered. The channel_up signal asserted indicates instead that
a link between the transmitter port and the receiver one in the Aurora core is
established, while the tx_lock signal asserted indicates that the received and the
transmitted signals are synchronised, this allowing for a reliable and error-free data
transmission.

C2C test

The C2C bridging functionalities are instead tested connecting the PS of the ZCU104
to a BRAM on the PL via the two C2C cores needed to implement the protocol; the
PS is as well connected directly to the same BRAM, providing additional crosschecks
(see Fig. 8.8).
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The PS, the manager of the read and write transactions, is connected through
the M_AXI_HPMO_FPD port to an interconnect10, labelled axi_smc in Fig. 8.8, sited
on the PL. The interconnect sends signals received from the PS either through the
M00_AXI port to the manager instance of the AXI C2C, labelled axi_chip2chip_1,
or through the M01_AXI port to a BRAM Controller labelled as axi_bram_ctrl_1.
The PS has therefore access to the address space of the axi_bram_ctrl_1 and
to the one of the axi_chip2chip_1, respectively with addresses 0xA0010000 and
0xA0000000, as can be seen from the table in Fig. 8.8.

The axi_bram_ctrl_1 is then connected to the BRAM_PORTB of the BRAM. If
transceivers were to be present, the AXIS_TX on the axi_chip2chip_1 should have
been connected to an AXIS_RX port on one Aurora module. The AXIS_TX port of
such module should have been connected to the AXIS_RX port of another Aurora
module, and its AXIS_TX port should have been connected in turn to the AXIS_RX
axi_chip2chip_0 module.

However, since as already said transceivers cannot be exploited in this eval-
uation board, the AXIS_TX port of the axi_chip2chip_1 core is connected via
the axis_data_fifo_0 to the AXIS_RX port of the axi_chip2chip_0 core. Con-
versely, the AXIS_TX port of the axi_chip2chip_0 module is connected via the
axis_data_fifo_1 to the AXIS_RX port of the axi_chip2chip_1 module. As for
the Aurora protocol test, such FIFOs are used to add a fake latency. Both the
AXI C2C cores are set in the Aurora configuration mode, with the relevant signals
manually asserted so to emulate such protocol.

The m_AXI port of the axi_chip2chip_0 module is finally connected to the
axi_bram_ctrl_0, which is in turn connected to the BRAM_PORTA of the BRAM.

Write and read transactions are thus performed on the BRAM both via the C2C
(by accessing to the address 0xA0000000) and directly (by accessing to the address
0xA0010000).

PetaLinux11 is implemented on the PS of the ZCU104. Through it, it is possible
to read from and write to physical memory addresses directly from the command
line, through the command devmem, whose syntax is outlined in the following:

• devmem <memory_addres_towrite> <n_bits> <number>: writes on the mem-
ory address <memory_addres_towrite> with width <n_bits> the content
<number>;

• devmem <memory_addres_toread>: reads the memory address <memory_addres_toread>.

Read and write transactions are performed as in Fig. 8.9.
Firstly 0xAABBCCDD is written on the BRAM via the C2C (address 0xA0000000),

and then the same number is read back through the C2C and directly from the
BRAM (address 0xA0010000). Hence 0xAAAAAAAA is written on the BRAM directly,

10An interconnect is a device which provides a connection between multiple manager and sub-
ordinate instances

11PetaLinux is a development environment and embedded Linux distribution specifically tailored
for use with Xilinx FPGAs and SoCs
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Figure 8.9. Read and write transactions performed using the devmem command available
on PetaLinux which is installed on the SoC on the PS. Such transactions are performed
either directly on a BRAM connected to the PS (address 0xA0010000) or through the
AXI C2C (address 0xA0000000), to test its bridging functionality. Details about the
devmem syntax can be found in the text.

and then same number is read back both through the C2C and directly. Such
transactions show that the AXI C2C cores have been correctly implemented.

The communication protocol has been further validated via a so-called Inte-
grated Logic Analyzer (ILA), a logic core able to control the internal signals of a
design. Differently from the VIO, ILAs allow for the study of the full signals evo-
lution over time, after a certain condition, referred to as trigger, is verified. As can
be seen from the top right of Fig. 8.8, an ILA is connected through the port slot_1
to the M00_AXI port of the interconnect, which is the one that connects the PS to
the axi_chip2chip_1. The ILA is connected as well through the port slot_4 to
the m_axi port of the axi_chip2chip_0, that connects the axi_chip2chip_0 to
the axi_bram_ctrl_0.

In this way, it is possible to trigger on the write transaction handshake occurring
between the the PS and axi_chip2chip_1 through the slot_4 and then check if
the information is correctly propagated to the BRAM through the slot_1. Con-
versely, it is possible to trigger on the read transaction handshake occurring between
the BRAM and the axi_chip2chip_0 through the slot_1 and then check if the
information is correctly propagated to the PS through the slot_4.

Fig. 8.10 shows a write transaction as seen by the ILA.
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By asserting through the ILA both the WVALID of the PS and WREADY of the
axi_chip2chip_1 (in Fig. 8.10 the last two lines in the table and the red line in the
graph), the write transaction issued by the PS takes place. aabbccdd is written on
the WDATA channel of the PS, and after a few clock cycles the same information is
propagated onto the WDATA channel of the axi_chip2chip_0, as can be seen from
the picture. Thus the write transaction succeeded.

Fig. 8.11 shows instead a read transaction as seen by the ILA.
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By asserting through the ILA both the RVALID of the BRAM and RREADY of the
axi_chip2chip_0 (in Fig. 8.11 the third and fourth lines in the table and the red
line in the graph), the read transaction, issued by the PS, takes place. Therefore,
aabbccdd is written on the RDATA channel of the axi_chip2chip_0, and after a few
clock cycles the same information is propagated onto the RDATA channel of the PS,
as can be seen from the picture. Thus the read transaction succeeded.

MPSoC interface test using the SL

The previous test has been repeated once the SL became available in 2023. Fig. 8.12
and Fig. 8.13 are the block diagrams of the instantiation AXI C2C core respectively
on the Virtex UltraScale+ and on the Zynq UltraScale+ on the SL.
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(a)

UMASS server

(b)

Figure 8.14. Test setup for MPSoC-FPGA communications tests. The physical (a) and
schematic (b) setup.

Fig. 8.14 shows instead the SL testing setup ((a) a photo of it and (b) the
schematics). The SL is inserted in the lower ATCA chassis (almost in the middle
of it).

Multiple ATCA blades, such as the SL board, can be inserted within the same
ATCA chassis. Each ATCA blade is controlled via the so-called shelf-manager (in
the photo the one with the red connector), which allows for remote access, control
and monitoring of the whole ATCA chassis. The shelf manager monitoring of the
SL board is ensured by the IPMC.

The MPSoC can be accessed remotely through a server (called UMASS in
Fig. 8.14 (b)) via the Xilinx Virtual Cable (XVC)12. As for the test on the ZCU104,
Petalinux has been installed on the MPSoC, and therefore read and write trans-
actions are performed via the command devmem. Read and write transactions are
performed as in Fig. 8.15, showing that the AXI C2C cores have been correctly
implemented in this scenario as well.

12The XVC is a feature provided by Xilinx for debugging FPGA designs remotely. It emulates
the behaviour of a Joint Test Action Group (JTAG) cable over a network connection, allowing for
the same functionalities provide by the physical cable, such as accessing/programming/debugging
the FPGA, via a remote access.
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Figure 8.15. Read and write transactions. Firstly 0xdeadbeef is written on the BRAM
via the C2C (address 0x80030000), and then the same number is read back through
the C2C.



219

Chapter 9

Conclusion

In this thesis work, Dark Sectors were investigated by studying pp collisions pro-
duced by the LHC at

√
s = 13 TeV and recorded by the ATLAS experiment between

2015 and 2018, during Run-2.
Dark Sectors are appealing extensions of the SM which could provide, among

the particles they foresee, DM candidates. They can be described by simplified
models that are characterised by few parameters, allowing for an easy comparison
among different searches and with theoretical predictions. Such models result in a
rich phenomenology with a wide variety of signatures, which depend on the model
and on the region of parameter space being probed.

The simplified DS model here investigated foresees a U(1)d symmetry, whose
vector boson is the Dark Photon γd that can decay back to visible SM particles if it
mixes, via a coupling ε, with the SM photon. DS particles can be produced by BSM
decays of the SM Higgs boson, whose invisible decays are still largely unconstrained.

Searches probing the free parameters space of such simplified DS model have
been carried out by both the ATLAS and the CMS collaborations.

Searches looking for DPs decaying within the active volume of the detector were
carried out by the CMS collaboration, looking for pairs of muons produced in DP
decays. The ATLAS collaboration has instead looked in the Run-2 dataset for
displaced DP decays (outside the ATLAS innermost detector) into electrons and
light hadrons as well. The collaboration has also searched for prompt DP decays
(inside the ATLAS innermost detector) into electrons and muons, this search being
based on the dataset collected during Run-1.

This work investigates the latter scenario exploiting the dataset collected during
Run-2. With respect to the Run-1 search, this search benefits from improved re-
construction requirements, a new trigger strategy and a new background estimation
technique, that in two out of three search channels is more model independent than
the one exploited in the Run-1 search. Observed exclusions in the fully-muonic chan-
nel extend the sensitivity of the previous search to larger DP masses and smaller
couplings of the SM Higgs boson to the dark Higgs boson. From expected sensi-
tivities studies of the fully-electronic channel, the search is expected to extend the
sensitivity to a smaller DP masses and smaller couplings of the SM Higgs boson to
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the dark one. A combination of these two channels along with the mixed one (fore-
seeing both muons and electrons) is expected to tighten significantly the constraints
on couplings between the dark and the visible sector in the wider DP mass range.
I presented the preliminary results of this work at the 2022 SIF national congress,
with the parallel talk I gave that resulted in a proceeding [1].

DPs searches have always assumed that the DPs decay back into the detectors
they are produced in, while in this thesis, for the first time, the possibility that the
DPs are detector stable is studied as well. In this scenario, the DPs escaping the
detector result in missing energy being reconstructed. A golden channel for probing
this scenario is through the monojet signature, where a high missing energy recoils
against a highly energetic jet. Therefore, this work looked for excesses of events with
a monojet signature which could be interpreted in terms of the DP model under
investigation. Since the observed event yield is compatible with the SM expectation,
exclusion limits are found in the free parameters of the investigated models. This
search probed complementary parameter space with respect to dedicated searches,
excluding DP mean proper lifetimes larger than 1 m. The search probing another
DS model, which foresees an additional scalar particle, excludes hidden scalar mean
proper lifetimes larger than 10 m. I presented the results of this work, which were
published in Ref. [3], at the LHCP conference and at the SIF national congress in
2021, with the parallel talk I gave that resulted in a proceeding [6].

Since searches for unconventional final states are mostly limited by the trigger
systems, performing an online event selection which often discards non-standard
events, the last part of this thesis work was focused on the upgrade of the muon
trigger system in the barrel for the next LHC Run. The muon trigger system has
always played a major role in the online data taking, thanks to the clean signature
muons provide. Furthermore, since the muon detector is the outermost detector
in ATLAS, and since it is able to provide a standalone muon reconstruction, the
muon trigger is also the trigger system best suited to the detection of LLPs. Before
the next LHC Run, in the so called High-Luminosity (HL) phase, the luminosity is
expected to be five times higher than the nominal value, with an average of 200 pp
collisions per event recorded. The identification of unconventional signatures will
be even more challenging in this phase, as a consequence of the busier environment
that is foreseen. Thus, extremely flexible and parallelisable hardware designs are
needed, and this will be granted in the barrel muon trigger system through the
usage of FPGAs. An FPGA-based board, placed upon the muon trigger chambers,
will collect the recorded hits and will send them to an off-detector FPGA-based
board, which will perform the muon trigger logic and store the muon candidates
while waiting for a trigger signal asserted by the Central Trigger Processor. The
off-detector board needs to be monitored, initialised and configured during the data-
taking, with such functionalities being implemented by a multi-processor CPU sited
on the board itself. I developed a communication protocol between such an on-chip
multi-processor CPU and the FPGA performing the trigger logic. This protocol
has been tested on an emulator of the full board and then on the actual board
itself. These tests were successful, allowing for the required functionalities to be
implemented.
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List of Acronyms

ACS Advanced Camera for Surveys

ALICE A Large Ion Collider Experiment

AMS-02 Alpha Magnetic Spectrometer 02

ARM Advanced RISC Machines

ASD Amplifier Shaper Discriminator

ASIC Application Specific Integrated Circuit

ATCA Advanced Telecommunications Computing Architecture

ATLAS A Toroidal LHC ApparatuS

AXI Advanced eXtensible Interface

BAO Baryonic Acoustic Oscillations

BBN Big Bang Nucleosynthesis

BDT Boosted Decision Tree

BI Barrel Inner

BIB Beam Induced Background

BM Barrel Middle

BO Barrel Outer

BR Branching Ratio

BRAM Block Random Access Memory

BSM Beyond the Standard Model

C2C Chip-2-Chip

CB ComBined

CDMSlite Cryogenic Dark Matter Search low ionization threshold experiment
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CERN Conseil Européen pour la Recherche Nucléaire

CL Confidence Level

CMB Cosmic Microwave Background

CMS Compact Muon Solenoid

COBE COsmic Background Explorer

CP Charge-Parity

CPU Central Processing Unit

CR Control Region

CRESST Cryogenic Rare Event Search with Superconducting Thermometers

CSC Cathode Strip Chamber

CST Calorimeter Soft Term

CT CaloTagged

CTP Central Trigger Processor

DCS Detector Control Systems

DCT Data Collector Trasmitter

DE Dark Energy

DM Dark Matter

DNN Deep Neural Network

DP Dark Photon

DRAM Distributed Random Access Memory

DS Dark Sector

DSCB Double-Sided Crystal Ball

ECAL Electromagnetic CALorimeter

EF Event-Filter

EI Endcap Inner

EM Electro-Magnetic

EMEC ElectronMagnetic EndCap

EO Endcap Outer



List of Acronyms 224

EROS Experience pour la Recherche d’Objets Sombres

EW Electro-Weak

FCal Forward Calorimeter

FE Front End

FELIX Front-End Link Interface eXchange

Fermi-LAT Fermi Large Area Telescope

FIFO First In First Out

FIMP Feebly Interactive Massive Particle

FPGA Field Programmable Gate Array

FRVZ Falkowsky-Ruderman-Volansky- Zupan

FSM Finite State Machine

FSR Final State Radiation

GEANT GEometry ANd Tracking

ggF gluon-gluon Fusion

GPR Gaussian Processing Regression

GSF Gaussian Sum Filter

HAHM Hidden Abelian Higgs Model

HCAL Hadronic CALorimeter

HDL Hardware Description Language

HEC Hadronic EndCap

HERWIG Hadron Emission Reactions With Interfering Gluons

HGTD High Granularity Timing Detector

HL High-Luminosity

HLSP Hidden Lightest Stable Particle

HLT High Level Trigger

IBL Insertable B-Layer

IC Integrated Circuit

ID Inner Detector



List of Acronyms 225

ILA Integrated Logic Analyzer

INFN Istituto Nazionale di Fisica Nucleare

IO Inside-Out

IP Interaction Point

IPMC Intelligent Platform Management Controller

IPMI Intelligent Platform Management Interface

ISR Initial State Radiation

ITk Inner TracKer

JEP Jet/Energy-sum Processor

JER Jet Energy Resolution

JES Jet Energy Scale

JTAG Joint Test Action Group

JVF Jet Vertex Fraction

JVT Jet Vertex Tagger

KF Kalman Filter

L0 Level-0

L1 Level-1

LAr Liquid Argon

LEP Large Electron Positron collider

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty

LHCf Large Hadron Collider forward

LHCP LHC Physics

LINAC LINear ACcelerator

LJ Lepton-Jet

LLP Long Lived Particle

LO Leading Order

lpGBT low power GigaBit Transceiver
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LS Long Shutdown

LTR Life-Time Reweighting

LUCID LUminosity Cherenkov Integrating Detector

LUT Look Up Table

MACHO Massive Astrophysical Compact Halo Objects

MC Monte Carlo

MDT Monitored Drift Tube

MDTTP Monitored Drift Tube Trigger Processor

ME MS Extrapolated

MET Missing Energy Transverse

MG MadGraph

MIP Minimum Ionizing Particle

MM MicroMegas

MOND MOdified Newtonian Dynamics

MPI Multiple Partons Interaction

MPSoC Multi-Processor System on Chip

MS Muon Spectrometer

MUCTPI MUon Central Trigger Processor Interface

MVA Multi-Variate Analysis

NCB Non Collisional Background

NLO Next-to-Leading-Order

NNLO Next-to-Next-Leading-Order

NNPDF Next-to-Next-leading-order Parton Density Function

NSW New Small Wheel

OGLE Optical Gravitational Lensing Experiment

OPC UA Open Platform Communications Unified Architecture

OR Overlap Removal
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PAMELA Payload for Antimatter Matter Exploration and Light-nuclei Astro-
physics

PandaX Particle and Astrophysical Xenon Experiments

PD Pixel Detector

PDF Parton Distribution Function

PFlow Particle-Flow

PL Programmable Logic

pLJ prompt Lepton-Jet

POWHEG Positive Weight Hardest Emission Generator

PS Proton Synchrotron

PSB Proton Synchrotron Booster

PU Pile-Up

PV Primary Vertex

QCD Quantum Chromo Dynamics

RBF Radial Basis Function

RECAST Request Efficiency Computation for Alternative Signal Theories

RF Radio-Frequency

RNN Recursive Neural Network

ROD Read-Out Driver

ROI Region Of Interest

ROS Read-Out System

RPC Resistive Plate Chamber

SA StandAlone

SC SynchroCyclotron

SCT Semi-Conductor Tracker

SD Spin-Dependent

SF Scale Factor

SHERPA Simulation of High-Energy Reactions of PArticles
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SI Spin-Independent

SiF Silicon Forward

SL Sector Logic

SLACS Sloan Lens ACS

SM Standard Model

SN SuperNovae

SoC System on Chip

SPS Super Proton Synchrotron

SR Signal Region

SSB Spontaneous Symmetry Breaking

SSDS Sloan Digital Sky Survey

ST Segmented Tagged

sTGC small Thin Gap Chamber

Super-Kamiokande Super-Kamioka neutrino detection experiment

SUSY SUper SYmmetry

SW Small Wheels

TDAQ Trigger and Data AcQuisition

TDC Time to Digital Converter

TGC Thin Gap Chamber

TLA Trigger-Level Analysis

TOT Time-Over-Threshold

TOTEM TOTal Elastic and diffractive cross section Measurement

TP Trigger Processor

TR Transition Radiation

TRT Transition Radiation Tracker

TST Track Soft Term

TTVA Track-To-Vertex Association

USA15 Underground Service ATLAS 15
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UX15 Underground eXperimental 15

VBF Vector Boson Fusion

VEV Vacuum Expectation Value

VH Higgs–strahlung of a Vector boson

VHDL Very High-Speed Integrated Circuit (VHSIC) Hardware Description Lan-
guage

VHSIC Very High-Speed Integrated Circuit

VIO Virtual Input\Output

VR Validation Region

WH Higgs–strahlung of a W boson

WIMP Weakly Interactive Massive Particle

WP Working Point

XVC Xilinx Virtual Cable

ZH Higgs–strahlung of a Z boson
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