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Abstract

This PhD thesis includes two main topics, the first one is related to the search for dark photons.
Two different searches were performed at a centre-of-mass energy of

√
s = 13 TeV using the LHC

Run-2 integrated luminosity of 139 fb−1 recorded by the ATLAS detector, the first search concerns
dark photons from the SM Higgs boson decay, produced together with a Z boson, this search re-
sulted in setting the best experimental limit corresponding to an observe (expected) upper limit on
the BR(H → γγd) of 2.28% (2.82%) set at 95% confidence level (CL). To broaden the exploration
of this predicted dark matter particle, a second search was carried out considering some heavy Higgs
bosons with masses ranging from 400 GeV to 3 TeV, produced either in gluon-gluon Fusion (ggF) or in
Vector-Boson-Fusion (VBF) modes. The exclusion limits at 95% CL on the σ× BR(H → γγd) for
the combined ggF+VBF productions are found to be in the range from [1.44,24.2]fb ([1.68,28.1]fb)
observed (expected) respectively. The second main topic concerns a new timing detector called the
High Granularity Timing Detector that will be installed in the ATLAS detector to mitigate pile-up
effects during the High Luminosity upgrade of the LHC. LGAD sensors from different vendors have
been measured in beam test campaigns during the years 2018 and 2019 at CERN and DESY. The
results obtained in terms of the collected charge, time resolution, hit efficiency as well as the charge
uniformity as a function of the position of the incident particle inside the sensor pad are included.

Keywords: CERN, LHC, ATLAS, Higgs boson, dark photon, ggF, VBF, HGTD, LGAD.
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Résumé

Cette thèse de doctorat porte sur la recherche de photons sombres. Deux recherches différentes ont
été effectuées à une énergie de centre de masse de

√
s = 13 TeV en utilisant la luminosité totale

intégrée durant le Run-2 du LHC de 139 fb−1 collectée par le détecteur ATLAS, la première con-
cerne une recherche de photons sombres provenant de la désintégration du boson de Higgs, produit
conjointement avec un boson Z. Cette recherche a produit la meilleure limite expérimentale sur cette
désintégration probable du boson de Higgs. La limite observée (attendue) obtenue sur le rapport
de branchement BR(H → γγd) est de 2.28% (2.82+1.33

−0.84%) fixée à 95% CL pour le γd de masse
0 GeV. Pour élargir l’exploration de cette particule prédite de matière noire, une deuxième recherche
de photons sombres sans masse a été effectuée en considérant certains bosons lourds de type Higgs
avec des masses allant de 400 GeV à 3 TeV produits soit en fusion gluon-gluon ggF soit en fu-
sion vecteur-boson VBF. Les limites d’exclusion à un niveau de confiance de 95 % sur la valeur
σ× BR(H → γγd) pour la production combinée ggF + VBF du boson de Higgs lourd sont com-
prises entre 1.44 (1.68 fb) et 24.2 (28.1 fb) observée (prévue) respectivement. De plus, cette thèse
inclue un travail porté sur un nouveau détecteur de temps fortement segmenté appelé HGTD qui sera
installé dans le détecteur ATLAS pour atténuer les effets d’empilement pendant la mise à niveau du
LHC à haute luminosité. Les performances de plusieurs capteurs LGAD ont été mesurées lors de
campagnes d’essais de faisceaux au cours des années 2018 et 2019 au CERN et a DESY. Les résultats
obtenus avec les données enregistrées par un oscilloscope synchronisé avec un télescope de faisceau,
telles que la charge collectée, la résolution temporelle, l’efficacité du coup, ainsi que l’uniformité de
la charge en fonction de la position de la particule incidente à l’intérieur du capteur, sont documentés.

Mots-clés: CERN, LHC, ATLAS, HGTD, LGAD, photon sombre, boson de Higgs, matière noire.
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Résumé étendu

Cette thèse de doctorat comprend quatre grandes sections, la première présente le cadre théorique qui
sous-tend le sujet de cette thèse, en expliquant les notions théoriques de la physique des particules
et en mettant l’accent sur le modèle standard et la physique d’au-delà du modèle standard, comme
la matière noire et les photons sombres. La deuxième section présente la configuration expérimen-
tale du détecteur ATLAS au Grand collisionneur de hadrons au CERN ainsi que la reconstruction
des différentes particules produites dans les collisions proton-proton. La troisième section représente
le sujet principal de cette thèse, la recherche de photons sombres. Deux recherches différentes ont
été effectuées à une énergie de centre de masse de

√
s = 13 TeV en utilisant la luminosité totale

intégrée durant le Run-2 du LHC de 139 fb−1 enregistrée par le détecteur ATLAS, la première con-
cerne une recherche de photons sombres provenant de la désintégration du boson de Higgs, produit
conjointement avec un boson Z. Un balayage sur la masse de photons sombres a été effectué, allant
de sans-masse (0 GeV) jusqu’à 40 GeV. Cette recherche a produit la meilleure limite expérimentale
sur cette désintégration probable du boson de Higgs. La limite observée (attendue) obtenue sur le
rapport de branchement BR(H → γγd) est de 2.28% (2.82+1.33

−0.84%) fixée à 95% CL pour le γd de
masse 0 GeV. Pour élargir l’exploration de cette particule prédite de matière noire, une deuxième
recherche de photons sombres sans masse a été effectuée en considérant certains bosons lourds de
type Higgs avec des masses allant de 400 GeV à 3 TeV produits soit en fusion gluon-gluon ggF
soit en fusion vecteur-boson VBF. Les limites d’exclusion à un niveau de confiance de 95 % sur la
valeur σ× BR(H → γγd) pour la production combinée ggF + VBF du boson de Higgs lourd sont
comprises entre 1.44 (1.68 fb) et 24.2 (28.1 fb) observée (prévue) respectivement, avec la limite la
plus élevée correspondant à un boson lourd d’une masse de 400 GeV et la limite la plus basse cor-
respondant au boson le plus lourd. Les limites pour les modes de production séparés ggF et VBF
ainsi que les masses intermédiaires du boson de Higgs sont aussi fournies. La quatrième section de
cette thèse concerne un nouveau détecteur de temps fortement segmenté appelé HGTD qui sera in-
stallé dans le détecteur ATLAS pour atténuer les effets d’empilement pendant la mise à niveau du
LHC à haute luminosité. La conception du HGTD repose sur l’utilisation de détecteurs d’avalanche
à faible gain appelés (LGAD), d’une épaisseur active de 50 µm, qui permettent de mesurer avec une
grande précision le temps d’arrivée des particules. Le HGTD améliorera l’attribution des vertex aux
particules en mesurant le temps de parcours avec une résolution allant d’environ 30 ps au début des
opérations du HL-LHC jusqu’à 70 ps à la fin. Les performances de plusieurs capteurs LGAD non
irradiés, ainsi qu’irradiés par des neutrons et des protons, provenant de différents fournisseurs, ont
été mesurées lors de campagnes d’essais de faisceaux au cours des années 2018 et 2019 au Super
Proton Synchrotron (SPS) du CERN et au Deutsches Elektronen-Synchrotron (DESY). Les résultats
obtenus avec les données enregistrées par un oscilloscope synchronisé avec un télescope de faisceau
qui fournit des informations sur la position des particules avec une résolution de quelques µm, telles
que la charge collectée, la résolution temporelle, l’efficacité du coup, ainsi que l’uniformité de la
charge en fonction de la position de la particule incidente à l’intérieur du capteur, sont documentés
dans cette section. De plus, cette thèse inclut en annexe le projet de qualification portée sur un sous-
détecteur interne de ATLAS appelé Transition-Radiation-Tracker (TRT), une étude systématique a
été réalisée afin d’identifier les sources de plusieurs divergences observées dans les données xAOD
du TRT par rapport aux formats de calibration. Ce travail a permis d’identifier l’origine du problème
et la correction proposée a permet un meilleur accord entre toutes les variables du TRT.
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1

Introduction

There is strong astrophysical evidence suggesting the existence of DM with a density about five times
higher than ordinary baryonic matter [1]. However, many of its properties, such as its fundamental
nature, are unknown. It is plausible that DM is a component of a larger “dark sector”, which is
weakly coupled to the SM and possesses a rich internal structure and interactions. Existing models
propose a dark sector that contains few or many particles, some providing ideal candidates for DM.
The interaction of these dark states can be Yukawa-like, mediated by dark gauge bosons or both.

The dark and visible sectors may interact through a portal offering a potential experimental sig-
nature. The form of this portal can be classified according to the dimension of its operators. The best
motivated and most studied models contain operators whose forms depend on the spin of the portal
mediator: vector (spin 1), neutrino (spin 1/2), Higgs boson (scalar) or axion (pseudo-scalar) [2].

The vector portal used in this thesis is where the interaction results from the kinetic mixing be-
tween one dark and one visible Abelian gauge boson. The visible photon is taken to be the boson of
the U(1) gauge group of electromagnetism, or the hyper-charge in the regime above the electroweak
symmetry breaking scale, while the dark photon is identified as the boson of an extra U(1)D sym-
metry. This mixing is always possible because the field strengths of two Abelian gauge fields can be
multiplied together to give a dimension-four operator [3]. The existence of such an operator means
that the two gauge bosons mix as they propagate [4]. This kinetic mixing provides the portal linking
the dark and visible sectors and makes the experimental detection of the dark photon possible.

The massless and the massive dark photons, whose theoretical frameworks as well as experi-
mental signatures are quite distinct, give rise to dark sectors with different phenomenological and
experimental features. The massive dark photon has received most of the attention so far because it
couples directly to the SM currents and is more readily accessible in experimental searches [5, 6, 7,
8, 9]. The massless dark photon arises from a sound theoretical framework [10, 2], it does not couple
directly to any of the SM currents and interacts instead with ordinary matter only through operators
of dimension higher than four. It provides, with respect to the massive case, a comparably rich, if
perhaps more challenging, experimental target.

Looking beyond particle physics and towards cosmology, dark photons may solve small-scale
structure formation problems [11]. In astroparticle physics, dark photons may induce the Sommerfeld
enhancement of the DM annihilation cross-section needed to explain the PAMELA-Fermi-AMS2
positron anomaly [12]. They may also assist light DM annihilation to reach the phenomenologically
required magnitude, and make asymmetric DM scenarios phenomenologically viable [13, 14].

This thesis targets dark photons predicted by a new model generating exponentially spread SM
Yukawa couplings from unbroken U(1)D quantum numbers in the dark sector [15]. This approach
transfers non-perturbative flavour- and chiral-symmetry breaking from the dark to the visible sector
via heavy scalar messenger fields that might produce new physics signals at the LHC. For massless
dark photons, the U(1)D kinetic mixing with U(1) can be tuned away on shell, in agreement with all
existing constraints [16, 17], while off-shell contributions give rise to higher-dimensional contact op-
erators strongly suppressed by the scale of the heavy messenger mass. A potential discovery process
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for dark photons proceeding via Higgs-boson production in the ATLAS detector at the LHC is pre-
sented in this thesis. Thanks to the non-decoupling properties of the Higgs boson, a branching ratio of
H → γγd with values up to a few per cent is possible for a massless dark photon as well as for heavy
dark-sector scenarios. The corresponding signature consists of a photon with an energy Eγ = mH/2
in the Higgs boson centre-of-mass frame and a similar amount of missing transverse momentum
(Emiss

T ) which originates from the escaping γd [14]. Moreover, in the unbroken U(1)D scenarios, the
two-body decay H → γγd can be enhanced despite existing theoretical constraints [13], providing a
very distinctive signature of a single photon plus missing transverse momentum at the Higgs boson
mass resonance. If such a signature is discovered at the LHC, CP invariance will imply the spin-1
nature of the missing particle, excluding axions or other ultra-light scalar particles.

The photon plus Emiss
T signature has been extensively studied by the LHC experiments [18, 19,

20]. In the particular case of massless γd, searches in Higgs boson decays were performed at the LHC
in pp collisions at a centre-of-mass energy of 13 TeV. The CMS experiment has probed this decay
channel using Higgs boson events produced in association with a Z boson ZH(Z → `+`−) with
an integrated luminosity of 137 fb−1 [21], or via vector-boson fusion (VBF) production [22] (with
130 fb−1) setting an observed (expected) upper limit on the BR(H → γγd) at the 95% confidence
level (CL) of 4.6% (3.6%) and 3.5% (2.8%) respectively. ATLAS has set an observed (expected) limit
on the H → γγd branching ratio, using the VBF production mode with an integrated luminosity of
139 fb−1, to 1.8% (1.7%) at the 95% CL [23].

Two new dark photon searches performed using the full LHC Run 2 dataset corresponding to
139 fb−1 of pp collisions recorded between 2015 and 2018 by the ATLAS detector at a centre-of-
mass energy of

√
s = 13 TeV are the main physics subject of this thesis as presented in Section III.

The first search targets massless and massive dark photons from the SM Higgs boson decay with a
mass of mH = 125 GeV, produced together with a Z boson. Leptons from the Z boson decay are used
to trigger the event and provide a mass constraint. The transverse mass mT of the γ−Emiss

T system
presents a kinematic edge at the Higgs boson mass and is included as a variable of interest in the
boosted decision tree (BDT) score that is exploited to enhance the search sensitivity. The kinematics
of these events allow the search for γd in the [0-40] GeV mass range. To broaden the exploration
of this predicted dark matter particle, a second search for massless dark photons was carried out
considering some heavy Higgs bosons with masses ranging from 400 GeV to 3 TeV produced either in
gluon-gluon Fusion ggF or in Vector-Boson-Fusion VBF production modes. The final state consists
of a high amount of Emiss

T well separated from a photon with high transverse momentum (pT).
Several searches for new physics beyond the SM have been carried out at the LHC experiments

using the existing data of Run1 and Run2, so far, no hint has been observed. If this is due to new
processes occurring only at very low rates, more data is necessary in order to discover them. Thus,
after the ongoing Run 3, the LHC will be upgraded to provide an even higher instantaneous luminosity,
increasing the data collection rate. To cope with the challenging environment, a new timing detector
called the High Granularity Timing Detector (HGTD) will be installed in the ATLAS detector to
mitigate pile-up effects during the High Luminosity (HL) upgrade of the LHC. The design of the
HGTD is based on the use of Low Gain Avalanche Detectors (LGADs), with an active thickness of
50 µm, that allow measuring with high-precision the time of arrival of particles. The HGTD will
improve the particle-vertex assignment by measuring the track time with a resolution ranging from
approximately 30 ps at the beginning of the HL-LHC operations to 70 ps at the end. Performances of
several unirradiated, as well as neutron- and proton-irradiated, LGAD sensors from different vendors
have been measured in beam test campaigns during the years 2018 and 2019 at the CERN Super
Proton Synchrotron (SPS) and the Deutsches Elektronen-Synchrotron (DESY). The results obtained
with data recorded by an oscilloscope synchronised with a beam telescope which provides particle
position information within a resolution of a few µm such as the collected charge, time resolution, hit
efficiency as well as the charge uniformity as a function of the position of the incident particle inside
the sensor pad are documented Section IV of this thesis.
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1 From Classical to Modern Physics

Classical Physics: Classical mechanics is valid for systems where all velocities are much less than
the velocity of light. If the velocities are close to the velocity of light, classical mechanics must be
replaced by relativistic mechanics, introduced by Albert Einstein in 1905. In the theory of relativity,
the speed of light is a fundamental constant: c = 299792458m/s and the flow of time depends on the
reference system, Energy and mass are related to each other —mass is considered "frozen" energy.
At rest, the corresponding energy of a mass is given by the equation of Einstein: E = mc2.
Electrodynamics: is another important classical field of physics, which describes the behaviour of
electric charges and electromagnetic fields. The theory of classical electrodynamics was introduced
by James Clerk Maxwell in 1864 and its basic equations are the Maxwell equations [24].

Modern Physics: Quantum Mechanics: is an important branch of modern physics, it started in
1900 when Max Planck wrote a paper on the quantization of energy in electromagnetic processes.
He introduced the new fundamental constant h. In 1905 Albert Einstein proposed that the energy
of light is quantized. Light is a collection of particles, which are called photons. The energy of a
photon is given by the product of Planck’s constant h and the frequency of the light. In 1924 Louis
de Broglie published a theory of matter waves. A particle, e.g. an electron, is at the same time also
a wave, just like the case of a photon. The wavelength is given by the ratio of Planck’s constant
and the momentum of the electron. Thus electrons and photons are similar, but photons move at the
speed of light, while electrons can have any speed smaller than the speed of light. Werner Heisenberg
discovered in 1927 that in quantum physics, observables can not be precisely determined; they have
a fundamental uncertainty, which is related to Planck’s constant h. For example, the product of the
uncertainty of the position of a particle and the uncertainty of the momentum can not be smaller
than Planck’s constant: δx × δp ∼ h. In 1926 Erwin Schrödinger introduced wave mechanics.
He interpreted matter waves as the wave functions of particles. The time evolution of these wave
functions is described by a differential equation, the Schrödinger equation. He showed that his wave
mechanics is equivalent to matrix mechanics. Max Born interpreted the square of the wave function
as the probability density. In 1914 James Chadwick discovered that energy and momentum were not
conserved in the beta decay of atomic nuclei. For many years this phenomenon was not understood.
In 1930 Wolfgang Pauli suggested that in beta decay not only an electron was emitted, but also a
neutral particle, which could not be observed. The energy and the momentum of this particle, later
called the neutrino, would be the observed missing energy and momentum. Pauli assumed that
neutrinos could never be observed directly. But in 1956 they were discovered by Clyde Cowan and
Frederick Reines while investigating the neutrino emission of a big reactor in South Carolina [24].
Quantum Field Theory (QFT): started with Dirac’s work on the quantum extension of Maxwell’s
classical theory [25] and is defined as the quantum mechanics of continuous systems. QFT is arguably
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the most far-reaching and beautiful physical theory ever constructed, with aspects more stringently
tested and verified to greater precision than any other theory in physics, it is also considered the
most successful physical framework that extends the physical laws of the subatomic world (quantum
mechanics) to extremely high energies and fast speeds (Einstein’s theory of special relativity). More
specifically, QFT becomes relevant when measuring distances that are smaller than the Compton
wavelength of a relativistic particle (λC = oh̄

mc ). In the context of QFT, space-time is populated with
mathematical constructs called fields, φ(x). These fields carry out certain quantum numbers and can
be used to create or annihilate particles. QFT can adequately explain the interactions of three of the
four known fundamental forces in the universe [26]. Every particle and every wave in the Universe is
simply an excitation of a quantum.
Quantum Electrodynamics (QED): In 1929 Werner Heisenberg and Wolfgang Pauli went one step
further from quantum physics and quantized the electromagnetic field, which started the development
of QED. In this theory, electromagnetic forces are generated by the exchange of photons. The
Schrödinger equation cannot be used to describe relativistic effects, since it contains the second
derivatives of the three-dimensional space, but only the first derivative of time. A relativistic field
equation was introduced by Paul Dirac in 1928. In the Dirac equation, only the first derivatives
concerning space and time appear. Dirac noticed that his equation was only consistent if the electron
has an antiparticle, later called the positron. The positron was discovered in 1932 in the cosmic rays.
In QED, there is a serious problem, an electron can emit virtual photons, but can also absorb them
afterwards. If one calculates this process, one obtains a divergent result - the charge and also the
mass of an electron are infinite. This problem was solved by Julian Schwinger, Richard Feynman
and Freeman Dyson. An electron without electromagnetic interaction has a "naked mass" and a
"naked charge". If the electromagnetic interaction is introduced, the contributions to the mass and
the charge are infinite. If one assumes that the naked mass and the naked charge are also infinite, but
with a negative sign, the sum of the naked mass plus the corrections should be equal to the observed
mass of the electron. The same can be done for the charge. Then all infinities disappeared, due to the
normalisation of the mass and the charge.
Quantum Chromodynamics (QCD) The atomic nuclei are bound states of protons and neutrons. But
these nucleons are not elementary, but consist of quarks. A proton is a bound state of three quarks.
Two different quarks are needed to describe all atomic nuclei, the up quarks and the down quarks.
The electric charge of the up quark is (+2/3)e, the charge of the down quark is (−1/3)e— the
electric charge of the proton is (+e). The interactions among the quarks are described by the theory
of QCD, introduced by Murray Gell-Mann in 1972. The forces among the quarks are generated by
the exchange of the gauge bosons of QCD, the gluons. The quarks and gluons do not exist as free
particles they are permanently confined in the hadrons. The quarks can be observed indirectly in the
scattering of electrons and atomic nuclei. Such experiments were started in 1967 at the Stanford
Linear Accelerator Center in California [24].

Moreover, QFT became fully developed in QED. It has been united with statistical mechan-
ics through Feynman’s path integral, and its domain has been expanded to cover particle physics,
condensed-matter physics, astrophysics, and wherever path integrals are spoken [27]. QED, with its
extremely accurate and well-tested predictions, and the standard model of electroweak and chromo-
dynamic (nuclear) forces are examples of successful theories. The concept of the renormalization
group has given us a new perspective on field theory in general and on critical phenomena in particu-
lar. At this stage, a strong case can be made that QFT is the mathematical and intellectual framework
for describing and understanding all physical phenomena, except possibly for quantum gravity [28].
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2
The Standard Model of Particle
Physics

The Standard Model of particle physics is a theoretical framework that provides a modern understand-
ing of elementary particles and their interactions using a quantum field theoretical approach. The first
step towards the Standard Model was Sheldon Glashow’s discovery in 1961 of a way to combine
electromagnetic and weak interactions. In 1967 Steven Weinberg and Abdus Salam incorporated the
Higgs mechanism into Glashow’s electroweak interaction, giving it its modern form. The SM was
designed to explain all the then-known physics, including the following key ingredients:

• The known interactions relevant to particle physics were three, named electromagnetic (EM),
strong and weak interactions. They all conserve energy, momentum and angular momentum.

• The EM interaction is long-range, while the strong and weak interactions are of short range.
The first is mediated by a massless particle, the photon, while the weak interaction is expected
to be mediated by very heavy charged bosons, not known. The strong interaction was not
understood along the lines of the Yukawa theory after the pions did not seem to be elementary

• The known elementary particles were classified as fermions with spin 1/2 and bosons with
spin 1. The lightest of these is the neutrinos and the photon respectively. They have zero mass.

• The zero mass particles are characterised by a quantum number called helicity, which is the ori-
entation of the spin with respect to the momentum. The number of helicity states (polarization)
of the photon is two (two transverse polarisations), but the neutrino has only one polarization.
More specifically it can only be left-handed (and the anti-neutrino right-handed).

• The particles which feel the strong interaction are called hadrons. The spin 1/2 hadrons are
called baryons. Those that do not feel the strong interaction are called leptons. The first is
characterised by a baryon number and the second by a lepton number.

• All the known interactions conserve charge, baryon and lepton number.

• Parity, associated with the symmetry under space inversion, seemed conserved in strong and
electromagnetic interactions, but it is maximally violated in weak interactions

• The only interaction the neutrinos feel is the weak interaction.

• The known elementary Fermions are the quarks and leptons and they come into families. The
hadrons as (u, d), (c, s) and perhaps others and the leptons as (νe, e−), ((νµ, µ−)) and perhaps
others. Lepton flavour seems to be conserved in all three interactions, but the quark flavour is a
little bit violated in weak interactions.
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• The quarks carry an additional quantum number called colour, which is responsible for the
strong interaction.

• In condensed matter physics the phenomenon of a spontaneous symmetry breaking was known,
e.g. spontaneous magnetisation. In other words, even if the symmetry of the interaction be-
tween the physical entities has a symmetry, e.g. it is rotationally invariant, the ground state of
the system does not respect this symmetry. Thus even in the absence of an external magnetic
field, all the elementary dipoles come out aligned at least in a sufficiently small region.

• The notion of spontaneous symmetry breaking was elucidated by the existence of spin-zero
particles (scalars) and suggested that the true symmetries of nature, involving the internal de-
grees of freedom, are not global, holding for all space-time points simultaneously, but local or
gauge symmetries.

• All particles are initially characterised by zero mass, but some of them may attain a mass after
the spontaneous breakdown of the symmetry by the scalars called Higgs

The current formulation of the successful SM theory that describes three of the four known fun-
damental forces excluding gravity was finalised in the mid-1970s. An overview of the particle content
of the SM is given in 2.1, which was discovered in experimental observations over several decades.
The concepts that are used in the description of the interactions, which emerge naturally from the
application of symmetry considerations, are introduced in 2.2. The spontaneous symmetry breaking
presented in 2.3 is necessary to generate masses for the electroweak gauge bosons. A brief overview
of the limitations of the SM is given in 2.4. This chapter follows the references [29, 30, 31], where
more detailed explanations, outside of the scope of this thesis, can be found.

2.1 Matter Particles and Force Carriers

The matter content of the SM and especially properties like the particles’ mass can’t be predicted by
the theory alone, but originates from experimental observations, even though theoretical prediction
lead on several occasions to the discovery of particles. There are 12 known fermionic particles of
spin 1

2 included in the SM that are arranged into three generations of matter. Each generation consists
of two types of quarks and two types of leptons. These types differ by their masses between the
generations but have similar behaviour with respect to their interactions. An overview of the SM
particle spectrum is given in 2.1, listing also their properties like mass, charge and spin. The SM
also includes the anti-matter variant of each particle, differing by the sign of their charges. The
antiparticles are denoted by the same symbols as the particles, but with a bar over the respective
symbols. Quarks are massive particles that interact through electromagnetic, weak and strong forces.
Up-type quarks have a positive electric charge of Q = + 2

3 while down-type quarks have a negative
electric charge of Q = − 1

3 . Each generation includes one up-type and one down-type quark, called up
quark u and down quark d in the first generation, charm c and strange s quark in the second generation
and top t and bottom b in the third. Quarks carry colour charge, the source of the strong field, which
exists in three states, usually denoted as red, green and blue. Colour-charged particles have never
been experimentally observed as free and isolated particles, leading to the assumption that they only
occur in colourless bound states, a principle called confinement. Combinations of colour charges can
cancel to build charge-neutral states when combining a colour and an anti-colour or when bounding
all three colour charges. These observable states are called hadrons, where the constituent quarks
are combined in a way that assures the overall colour charge of these hadrons to cancel. Hadrons
can be either combinations of a quark and anti-quark pair (qq̄, where the anti-quark carries an anti-
colour charge), called mesons, or exist as three quark states called baryons (qqq). Exotic quark states
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FIGURE 2.1: Standard Model matter and antimatter particles scheme, divided into the three genera-
tions leptons, quarks and the gauge bosons. The properties of the particles such as electrical charge,

colour, mass and spin are shown [32].

containing more than three quarks have been observed, but always in a colour-neutral form. The
two leptons within each generation consist of one electrically charged particle and one uncharged
neutrino. While the charged lepton has a mass, in the classical formulation of the SM, the neutrino
is considered massless. Experimental observations of neutrino oscillations [33, 34, 35] indicate that
neutrinos must have a – although very small – non-vanishing value. Only upper limits on the neutrino
masses are available up to today, as indicated in 2.1. The charged lepton, called electron e in the first
generation, interacts electromagnetically as well as weakly. The second and third-generation charged
leptons are the muon µ and the tau lepton τ. Neutrinos only interact through weak interaction and due
to this characteristic, they typically pass through solid matter with a very low chance of interacting
with an atom, making them difficult to detect. Each charged lepton is associated with the neutrino
within its generation by carrying the same lepton number. They are thus called the electron neutrino
νe, muon neutrino νµ and tau neutrino ντ. In quantum field theory, interactions are mediated by Gauge
bosons (see 2.2) of integer spin. Electromagnetism is mediated by the photon and thus it is a long-
range interaction due to the vanishing mass of the mediator. The W± and Z bosons are the carriers
of the weak force. While the W± boson carries an integer charge, the Z boson is electrically neutral,
which means it can only transfer spin, momentum and energy in an interaction. The high masses of
the weak bosons cause the weak interaction to be very short-ranged. Gluons mediate the strong force,
they are massless, but contrary to photons they carry colour charges themselves.

While in principle all 12 fermions of the SM interact weakly, an important distinction has to be
made. The spin of particles can be used to define their helicity. Parallel or anti-parallel alignment of
the spin relative to the particle’s direction of motion describes right-handed and left-handed fermions,
respectively.
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2.2 Fundamental interactions

Symmetries play an important role in physics. A system is considered to respect a given symmetry if
it is invariant under the transformations associated with the symmetry. A physical system is in general
described by a Lagrangian density L, which defines the system’s dynamics. In the SM it is a set of
local Gauge symmetries that transform the originally free theory into an interacting one by introducing
vector boson fields that guarantee the theory stays invariant under Gauge transformations. This Gauge
principle can be illustrated for example for the case of QED, the theory describing phenomena of
electrically charged particles and their interactions.

For a free Dirac field ψ with spin 1
2 , mass m and electric charge q, the Lagrangian can be written

as
L = ψ̄(x)(i∂µγµ −m)ψ(x), (2.1)

where γµ, µ ∈ 0, 1, 2, 3, are the Dirac matrices. It is easy to show that L is invariant under global
U(1) transformations

ψ→ eiqθψ, ψ̄→ e−iqθψ̄, (2.2)

but when promoting the transformation to a local one, meaning that the parameter θ depends on the
space-time coordinates x, additional terms appear in the transformed Lagrangian from the derivations:

∂µ(eiqθ(x)ψ) = eiqθ(x)∂µψ + iq(∂µθ(x))eiqθ(x)ψ. (2.3)

To assure invariance of the Lagrangian L under local U(1) transformation a vector field Aµ(x),
which transforms under U(1) according to

Aµ(x)→ Aµ(x)− ∂µθ(x), (2.4)

is introduced to compensate for the extra terms. The gauge invariant Lagrangian is then built by
replacing the derivative, ∂µ, with the co-variant derivative Dµ, defined as

Dµψ = (∂µ + iqAµ(x))ψ. (2.5)

Rewriting the Lagrangian in the form

L = ψ̄(x)(iDµγµ −m)ψ(x), (2.6)

it contains terms of the form ψ̄qAµγµψ that represents an interaction between the field ψ and the
vector boson Aµ, where the latter can be identified as the photon. Thus by requiring local symmetry
of L, an interaction has been generated via the Gauge principle. Including the kinetic term of the
photon field, the total Lagrangian of QED can be written as

LQED = ψ̄(x)(iDµγµ −m)ψ(x)− 1
4

Fµν(x)Fµν(x) (2.7)

with the field tensor Fµν defined as

Fµν(x) = ∂µ Aν(x)− ∂ν Aµ(x). (2.8)

The full Gauge symmetry group of the Standard Model is SU(3)C × SU(2)L ×U(1)Y. It can be
separated into two parts. The strong interaction is described by quantum chromodynamics, where the
interaction is generated by requiring symmetry of the Lagrangian under colour charge transforma-
tions, corresponding to the symmetry group SU(3)C, where C refers to the strong colour charge. The
electromagnetic and weak interactions are unified into the electroweak interaction that corresponds
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to the gauge invariance under SU(2)L ×U(1)Y symmetry. SU(2)L is the weak isospin group acting
only on left-handed fermions and U(1)Y is the weak hyper-charge group.

Quantum chromodynamics The gauge bosons associated with SU(3)C symmetry are the gluons.
Equivalently as done for QED, the QCD invariant Lagrangian is constructed by applying the gauge
principle. Similarly, a covariant derivative is defined as

Dµq = (∂µ − igs
λa

2
Ga

µ(x))q, (2.9)

where q denotes the quark field, gs is the strong coupling constant, λa are the generators of SU(3)C
and Ga

µ(x) defines the gluon fields. A gluon field transforms under SU(3)C according to

Ga
µ(x)→ Ga

µ(x)− 1
gs

∂µθa(x) + f abcθb(x)Gµc(x) (2.10)

in order to guarantee invariance of L under colour charge transformations, where f abc are the SU(3)C
group structure constants. Due to the different structure of the SU(3)C group, when writing the QCD
Lagrangian

LQCD = ∑
q

q̄(iDµγµ −m)q− 1
4

Ga
µν(x)Gµν

a (x) (2.11)

with the gluon field strength tensor

Ga
µν(x) = ∂µGa

ν(x)− ∂νGa
µ(x) + gs f abcGµbGνc, (2.12)

additional terms comparing to QED appear. These result in self-coupling of the gluons. This means
that while being the mediators of the strong force, they also carry colour and couple to themselves in
three-gluon or four-gluon interactions.

Electroweak interactions Requiring the Lagrangian to be invariant under SU(2)L ×U(1)Y gives
rise to the electroweak interactions. This group has in total four generators. Three of them are the
SU(2)L generators Ti =

σi
2 with i = 1, 2, 3 and σi being the Pauli matrices. The generator of U(1)Y

is Y
2 . The associated gauge bosons are three weak bosons W i

µ for SU(2)L and Bµ as the hyper-
charge boson of U(1)Y. As mentioned before, only left-handed fermions are affected by SU(2)L
transformations, while right-handed fermions are untouched. The co-variant derivative corresponding
to SU(2)L ×U(1)Y applied on a generic fermion f is

Dµ f = (∂µ − igTiW i
µ − ig′

Y
2

Bµ) f , (2.13)

which generates the electroweak interactions in the Lagrangian terms of the form f̄ Dµγµ f . The
physical gauge bosons are obtained by a mixing of the electroweak eigenstates, giving their mass
eigenstates

W±µ =
1√
2
(W1

µ ∓ iW2
µ) (2.14)

Zµ = cos θWW3
µ − sin θW Bµ (2.15)

Aµ = sin θWW3
µ + cos θW Bµ, (2.16)

where θW is the Weinberg angle and sin θW ≡ g′2

g2+g′2 .
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It is important to note that mass terms resembling the form m2
WWµWµ, as they have been intro-

duced for QCD, are forbidden in the electroweak sector, as they violate the SU(2)L ×U(1)Y invari-
ance. Thus in its pure form, the Standard Model gauge group being SU(3)C × SU(2)L × U(1)Y
would infer massless weak gauge bosons, which is in clear disagreement with the short-range prop-
erty of the weak interaction as well as the measured masses of the W and Z boson. The solution to
this problem is spontaneous symmetry breaking, which will be discussed in the next section.

2.3 Spontaneous symmetry breaking and the Higgs Boson

To include the mass terms of the weak bosons, which are forbidden by a purely SU(2)L ×U(1)Y
invariant electroweak sector, the concept of spontaneous symmetry breaking (SSB) is introduced. A
system’s symmetry is considered to be spontaneously broken if the interactions of the given system
respect the symmetry, but the system’s ground state does not. To implement this symmetry breaking,
an additional field Φ is introduced to the theory, which is invariant under SU(2)L ×U(1)Y, but has
a ground state that breaks this symmetry. A possible choice is to require Φ to be a complex scalar
field, that has weak isospin and hyper-charge. Its interactions with the gauge bosons and fermions
are generated by applying the gauge principle. To generate a non-vanishing ground state vacuum
expectation value for the field Φ, a scalar potential V(Φ) can be introduced that also generates self-
interactions. The field can be written as

Φ =

(
φ+

φ0

)
(2.17)

with the complex components φ+ and φ0, and the potential is defined to be

V(Φ) = −µ2Φ†Φ + λ(Φ†Φ)2; λ > 0. (2.18)

The Lagrangian for this field can be written as

LSSB = (DµΦ)†(DµΦ)−V(Φ), (2.19)

where the covariant derivative has the same form as in 2.13. Since in the case that (−µ)2 > 0 the
ground state of the vacuum is

〈0|Φ|0〉 = 0 (2.20)

and no symmetry breaking occurs, (−µ)2 < 0 has to be required. In this case, the vacuum expectation
value that minimises the potential is

| 〈0|Φ|0〉 | =
(

0
v/
√

2

)
, v =

√
µ2

λ
, (2.21)

which is not symmetric under SU(2)L×U(1)Y, but retains symmetry under U(1)EM. thus achieving
the breaking of the symmetry SU(2)L ×U(1)Y → U(1)EM.

Using a unitary gauge, the scalar field can be written as

Φ =

(
0

v+h√
2

)
, (2.22)

where h denotes the physical Higgs boson.
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By taking this expression for Φ and evaluating the kinematic part of 2.19, mass terms for the
electroweak bosons of 2.14 and 2.15 are generated. At tree-level prediction, the masses are

mW =
gv
2

, mZ =

√
g2 + g′2v

2
, (2.23)

while leaving the field Aµ, identified as the photon, massless. Masses of the fermions are obtained in
the SM by adding the SU(2)L ×U(1)Y invariant Yukawa Lagrangian LYukawa, which uses the same
scalar field introduced in 2.22. For the first generation, the Lagrangian can be written as

LYukawa = λe l̃LΦeR + λuũLΦuR + λdd̃LΦdR + h.c. (2.24)

and equivalent for the 2nd and 3rd generation, where λi are the Yukawa couplings. This defines the
fermion masses at tree level via the coupling of the fermions to the scalar field Φ to be

m f = λ f
v√
2

. (2.25)

The potential term in 2.19 on the other hand results in a mass term of the form µ2h2 for the leftover
degree of freedom of the added scalar field and this is identified as the Higgs boson particle. The
requirement of a symmetry-breaking ground state has thus led to a SU(2)L ×U(1)Y invariant for-
mulation of the masses of both the electroweak gauge bosons as well as the fermions. This is what is
commonly referred to as the Brout-Englert-Higgs mechanism [36, 37]. The ground state breaks the
symmetry of the system and causes SU(2)L ×U(1)Y to be spontaneously broken to U(1)EM. As a
residual effect of this approach, an additional massive, scalar, bosonic particle is predicted to exist in
nature, the Higgs boson.

With the observation of a new scalar boson in 2012 by the CMS and the ATLAS collaborations
[38, 39], whose properties appear to be in good agreement with the SM predictions, the Standard
Model is considered complete. Continuous measurements of this boson’s properties are necessary
and of great interest to the particle physics community to ensure the observed boson can indeed be
identified with the boson predicted by the SM. Especially the predicted self-coupling of the Higgs
boson emerging from 2.19 is an area of intense research since this would allow further investigation
of the structure of the potential V(Φ).

2.4 Open points of the SM

Even though the SM is considered as a very successful theory of particle physics that delivers predic-
tions showing unprecedented precision in terms of agreement with experimental measurements, it is
by no means a complete theory of nature. There are several structural inconsistencies inherent to the
SM that lead to the assumption that further extensions to the SM are needed. Additionally, there are
experimental observations that can’t be explained in the framework of the SM in its current form. A
non-exhausting list of open points of both aspects is discussed in this section.
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Structural inconsistencies: The gauge hierarchy problem raises the question of why the Higgs
boson mass is as small as it is. In the calculation of the physical mass of the SM Higgs boson, loop-
level diagrams like 2.2 need to be considered in addition to the tree-level mass, which gives correction
terms to the mass of the form

∆m2
h ∼ −

λ2
f

8π2 Λ2 + . . . , (2.26)

where λ f is the coupling parameter to the respective fermion and Λ is the energy scale above which
the SM is expected to no longer be a valid theory. If one sets Λ to be at the level of the Planck mass
MPl ∼ 1× 1019 GeV, a scale at which modifications to the SM and thus new physics are expected
from a gravitational point of view, this huge term needs to cancel to arrive at the observed mass of
125 GeV at the electroweak scale. An effect like this is not considered to be a reasonable feature of
a theory and in the literature often called fine tuning. Setting the cutoff to a lower value Λ ∼ 1 TeV
would dismiss the hierarchy problem, therefore, new physics is expected to appear at this scale.

h

f

FIGURE 2.2: One-loop radiative correction to the mass of the Higgs boson h by a fermion f .

A second very important open point is the apparent absence of strong CP violation in QCD. The
QCD sector of the SM Lagrangian includes a CP violating term of the form

g2
s

32π2 θ3εµνρσGa
µνGa

ρσ, (2.27)

where gs is the coupling of the strong interaction, θ3 is an angle parameter and εµνρσ is defined via
total antisymmetry in its four indices. This term contributes to the electric dipole moment of the
neutron dn. Since current results limit the dipole moment to dn < 10−26 e cm [40], the parameter θ3
would have to be very tiny, in the order of θ3 ∼ 10−10, which is considered fine-tuning. While the
electroweak sector includes CP violation in the CKM mechanism [41], it is not understood why the
strong sector does not.

Observational inconsistencies: Through the combination of quantum mechanics with special rela-
tivity, the existence of antimatter particles that have the same mass as their matter partner, but exhibit
opposite charge, is a necessary feature that is also experimentally observed. One of the open ques-
tions though is why in the observable universe only matter is found, and all the antimatter that must
have been created at the time of the Big Bang has disappeared. There are mechanisms in the SM that
differentiate between matter and antimatter, like the CP violating effects, but these are not enough to
explain the massive asymmetry between matter and antimatter seen in the Universe today.

The fermions masses are described in the SM with terms that couple left- and right-handed fields,
as can be seen in 2.24. Neutrinos, being considered massless particles in the classic Standard Model
formulation, are included only as left-handed fields in the theory. While a modification of the SM La-
grangian to include right-handed neutrinos and thus neutrino masses can be achieved without strong
modifications to the overall structure of the SM, the mechanism explaining the large differences be-
tween the masses of the electrically charged and uncharged leptons is not yet understood [42, 43].
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3
Evidence of dark matter from
astrophysical observations

The paradigm of dark matter (DM) originates from astrophysical and cosmological observations,
which – under the assumption that the physical laws governing the motions of massive objects at
large scales are described by general relativity – can’t be explained with the presence of the observed
luminous matter alone. Neither the evolution of the observable universe nor its current state can be
explained without the presence of dark matter and dark energy. According to today’s understanding,
dark matter outweighs visible matter by approximately a factor of 5 to 1. It is called dark because of
its missing interaction with the electromagnetic field, which manifests in absent absorption, reflection
or emission of electromagnetic radiation that is observed in ordinary, baryonic, matter. While dark
energy is considered responsible for the expansion of the universe – and will not be further discussed
in this work – dark matter denotes the presence of gravitationally interacting matter that does not,
or hardly, interact with the known particles of matter described by the SM and represents today the
dominant form of matter in the universe.

Experimentally, various possible ways of detecting DM exist, all assuming the existence of micro-
scopic particles constituting the DM. These types of experiments can be broadly grouped into three
categories: direct detection, indirect detection and collider searches. Direct detection experiments aim
at measuring scattering processes between DM particles and atoms in ultra-sensitive low-background
experiments. These of course depend on the presence of a DM halo in the Milky Way. Indirect detec-
tion experiments search for the decay products of dark matter annihilation processes into SM particles
like photons in regions of high expected dark matter densities, expected to be found for example at
the centre of a galaxy. The searches for DM at (hadron) colliders like the LHC aim at producing DM
particles and observing them in events with a missing energy signature. All of the above approaches
require an interaction of the dark sector with the Standard Model in addition to the gravitational one.

To this day there is no evidence for non-gravitational interactions of dark matter with SM particles,
but some of its properties can nonetheless be inferred from its gravitational effects in astrophysical
or cosmological observations. A large amount of different experimental results can be explained
simultaneously by postulating the existence of DM and are used to infer its necessary amount in the
universe concerning the baryonic matter, a selection of which is mentioned in this chapter. Galactic
rotational curves, which can’t be explained by visible matter alone, are discussed in 3.1. Observations
made via gravitational lensing, among which one finds the famous Bullet Cluster, are introduced in
3.2. Results coming from studies of the cosmic microwave background are presented in 3.3.

An alternative approach to the problem of dark matter is a modification of general relativity at
large scales. Here one assumes that there is no additional form of matter other than the baryonic one,
but that the laws of gravity need to be modified when applied to the levels of galaxies and beyond.
While this is also an intensive field of research (see for example, [44, 45, 46] for overviews), it will
not be covered within this thesis.
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3.1 Rotation curves

Rotation curves indicate the velocity profile of stars in spiral galaxies as a function of their distance
from the galactic centre. Experimentally, the velocities are obtained by measuring the stars’ Doppler
shifts. Consulting basic Newtonian mechanics as an approximation to predictions from general rel-
ativity, the velocity v of stars in stable orbit is expected to depend on their radial distance r from
the centre of the observed galaxy and the radial dependent mass distribution of the galaxy, M(r),
following the relation

v =

√
GM(r)

r
. (3.1)

At a radius far enough from the centre of the galaxy to assume that the galaxies mass is concentrated
at lower radii, the mass distribution M(r) becomes constant and the velocity is expected to be pro-
portional to v ∝ 1/

√
r. Looking at observations as the rotation curve of galaxy M33 shown in 3.1,

this prediction is contradicted by the data.

FIGURE 3.1: The rotation curve of the galaxy M33 is shown as the velocity as a function of the
radius from the centre of the galaxy, comparing data (points) with the best-fit model (continuous
line). Overlaid are the contributions from the dark matter halo (dashed-dotted line), the stellar disk

(short dashed line) and gas (long dashed line) [47].

Even though outside of the luminous part of the galactic disk a considerable amount of gas is
expected, the observed behaviour of the rotational curve for large radii can not be explained by this
alone. This observation suggests that the mass distribution of the galaxy continues to grow with ra-
dius, behaving like M(r) ∝ r. This is a behaviour that is fundamentally different to the expected
behaviour of luminous matter. It is thus considered as strong evidence that spiral galaxies are em-
bedded in extended halos of an additional, otherwise not detectable matter component: dark matter.
More examples of rotation curves exhibiting the same behaviour can be found for example in [48].

3.2 Gravitational lensing and the bullet cluster

In the general relativistic description of gravitation, space-time is bent by the presence of matter. One
of the consequences of this bending is that light travels not on straight lines in a euclidean sense,
but on the geodesics defined by the bent space-time geometry. When a large mass sits between a
light emitter and an observer, the interjacent matter thus acts as a lens, leading to the distortion of
the original image of an object into either complete or fractional Einstein rings. Studying observed
gravitational lensing effects allows for inferring the amount and distribution of matter necessary to
explain visible patterns.
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(a) (b)

FIGURE 3.2: The composite image (a) shows the galaxy cluster 1E 0657-56, also known as the
bullet cluster, formed after the collision of two large clusters of galaxies. Hot gas detected from X-
ray emission is illustrated as two pink clumps in the image and contains most of the baryonic matter
in the two clusters, mainly in the form of gas, while galaxies are shown in orange and white. The blue
clumps sit where most of the mass in the clusters is found, inferring its distribution from gravitational
lensing. The mass distribution inferred from gravitational lensing is shown in (b) with green contour
lines, that denote the surface mass density peaks. Most of the matter in the clusters is separate from

the normal matter, giving direct evidence that nearly all of the matter in the clusters is dark. [49].

A famous example of such an inferred mass distribution comes from the so-called bullet cluster.
It denotes a system of two galaxy clusters that underwent a collision process. Due to the vast space
between the individual galaxies, the stellar components pass through each other with hardly any
interaction. Galaxy clusters also contain large quantities of intergalactic gas, which exceeds the mass
coming from stars by a factor of roughly 6. The gas interacts electromagnetically, slows down and
gets deformed. The shape resulting from the collision can be seen in 3.2a, shown in pink colour.

Using gravitational lensing effects, the mass distribution can be determined. The slowed-down
gas, which can be observed from the X-ray spectrum, is – when considering baryonic matter alone –
expected to define the peaks of the mass distribution, as it contributes more than the stellar masses.
The observed mass distributions, however (3.2b, green contours) show the peaks of this distribution
sitting within the centres of the clusters, which can be interpreted as an abundance of non-luminous
matter that does not interact with itself or ordinary matter. Dark matter that is assumed to be at most
weakly interacting, provides a viable explication to this observation, which has been found in several
galaxy cluster collisions [50, 51].

3.3 Cosmic microwave background

The cosmic microwave background (CMB) can be understood as leftover radiation originating from
the early universe. When the universe has sufficiently expanded and thus sufficiently cooled down
for electrons and protons to combine into neutral hydrogen and helium atoms, the universe becomes
optically transparent and electromagnetic radiation starts to propagate freely through the universe.
From the time of this decoupling (at T ∼ 3000 K) the temperature of the universe decreased due to
cosmic expansion, redshifting the spectrum of the background radiation observed today into the range
of radio waves. The measured radiation corresponds to a mean temperature of T = 2.7255(6)K [41].
One of the most recent surveys of the CMB was carried out by the Planck collaboration [52], providing
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sky maps of the CMB, resolving angular variations in the temperature at the 10−5 level. These
fluctuations are visualised in maps like 3.3a.

(a) (b)

FIGURE 3.3: An intensity map of the CMB is shown in (a), (b) presents the extracted temperature
power spectrum [53, 54].

The temperature fluctuations originate from density variations in the early universe. Photons es-
caping from denser regions need to overcome the well of the gravitational potential in these regions,
leading to an additional redshift. These higher-density zones are necessary to explain the initial
clumping of matter that causes large-scale structures found today in the cosmos to form. The fluc-
tuations can be interpreted by expanding the map into spherical harmonics. 3.3b shows the strength
of the fluctuations as a function of the multipole `, which is proportional to the inverse of an angular
scale. The derived distribution is called a temperature power spectrum. The data points can be fitted
by a six-parameter ΛCDM model [55], which takes into account dark energy as a cosmological con-
stant (Λ) and cold1 dark matter. The result of the fit is shown in 3.3b, showing excellent agreement
between data and model. Cosmological parameters like the fraction of baryonic or dark matter in the
universe can be extracted from the fit. The resulting parameters [54] infer the fraction of matter to of
the energy content of the universe

Ωmh2 = 0.1428± 0.0011 (3.2)

where Ωmh2 is the total matter density and h is the Hubble parameter. This can be split into the
baryonic (Ωbh2) and the cold dark matter (Ωch2) component

Ωbh2 = 0.02233± 0.00015 (3.3)

Ωch2 = 0.1198± 0.0012 (3.4)

showing that dark matter contributes with roughly 86 % to the total matter density.

1Cold dark matter, in contrast to hot dark matter, denotes a dark matter that travels at velocities that are small compared
to the speed of light.
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4 The Physics of the Dark Photon

The dark photon is a new gauge boson arising from a symmetry of a hypothetical dark sector compris-
ing particles completely neutral under the SM interactions. The neutrality of ordinary matter makes
it blind to this new gauge boson which is invisible. The dark photon can be detected because of its
kinetic mixing with the ordinary, visible photon. This kinetic mixing is always possible because the
field strengths of two Abelian gauge fields can be multiplied together to give a dimension four op-
erator. The existence of such an operator means that the two gauge bosons can go into each other
as they propagate. This kinetic mixing provides the portal linking the dark and visible sectors. It is
this portal that makes it possible to detect the dark photon in the experiments. Two kinds of dark
photons are predicted: The massless and the massive—whose theoretical frameworks as well as ex-
perimental signatures are quite distinct. They give rise to dark sectors with different features; their
characteristic physics and experimental searches are best reviewed separately. This chapter follows
the references [2, 10], where more detailed explanations could be found.

4.1 Massless and Massive Dark Photons

The most general kinetic part of the Lagrangian of two Abelian gauge bosons, described by two gauge
groups U(1)a and U(1)b is given by Equation 4.1.

L0 = −1
4

FaµνFµν
a −

1
4

FbµνFµν
b −

ε

2
FaµνFµν

b . (4.1)

The gauge boson Aµ
b is taken to couple to the current Jµ of ordinary SM matter, the other, Aµ

a , to the
current J

′
µ, which is made of dark-sector matter, to give the Lagrangian in Equation 4.2.

L = eJµ Aµ
b + e

′
J
′
µ Aµ

a . (4.2)

With e and e
′

the respective coupling constants. To discuss the physics arising from the Lagrangians
in Eqs 4.1 and 4.2, it is useful to identify from the very beginning two kinds of dark photons:

• the massless kind, which does not couple directly to any of the SM currents and interacts
instead with ordinary matter only through operators of dimensions higher than four;

• the massive kind, which couples to ordinary matter through a current (with arbitrary charge),
that is, a renormalisable operator of dimension four. The massless limit of this case does not
correspond to the massless case above.
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Because of their different coupling to SM particles, the two kinds are best discussed separately. As
first discussed in [56] in this case the classical Lagrangian can be diagonalised. What happens at the
quantum level and how the mixing manifests itself has been analysed in detail in [57] for the unbroken
gauge theory as well as the spontaneously broken case [58]

FIGURE 4.1: Scheme of the coupling of the ordinary (Aµ) and dark (A′µ) photon to the SM and
dark-sector (DS) particles for the two choices of the angle θ discussed in the main text. e and e′ are

the couplings of the ordinary and dark photons to their respective sectors

The kinetic terms in Eq 4.1 can be diagonalised by rotating the gauge fields as

(
Aµ

a

Aµ
b

)
=


1√

1− ε2
0

− ε√
1− ε2

1

( cos θ − sin θ
sin θ cos θ

)(
A′µ

Aµ

)
(4.3)

where now Aµ is identified with the ordinary photon and A′µ with the dark photon. The additional
orthogonal rotation in Eq 4.3 is always possible and introduces an angle θ which is arbitrary as long
as the gauge bosons are massless.

After the rotation in Eq 4.3, the interaction Lagrangian in Eq 4.2 becomes:

L′ =
[

e′ cos θ√
1− ε2

J′µ + e
(

sin θ − ε cos θ√
1− ε2

)
Jµ

]
A′µ +

[
− e′ sin θ√

1− ε2
J′µ + e

(
cos θ +

ε sin θ√
1− ε2

)
Jµ

]
Aµ.

(4.4)
By choosing sin θ = 0 (cos θ = 1) (see right-side of Fig. 4.1), the ordinary photon Aµ couples

only to the ordinary current Jµ while the dark photon couples to both the ordinary and the dark current
J′µ, the former with strength εe/

√
1− ε2 proportional to the mixing parameter ε. The Lagrangian is,

therefore:

L′ =
[

e′√
1− ε2

J′µ −
eε√

1− ε2
Jµ

]
A′µ + eJµ Aµ (4.5)

On the other hand, with the choice sin θ = ε and cos θ =
√

1− ε2 (see left-side of Fig. 4.1), the
opposite situation with the dark photon occurs, it only couples to the dark current and the ordinary
photon to both currents, with strength εe/

√
1− ε2 to the dark one. This latter coupling between the

dark-sector matter to the ordinary photon is called a milli-charge. Its value is experimentally known
to be small [59]. The dark photon sees ordinary matter only through the effect of operators like the
magnetic moment or the charge form factors (of dimension higher than four). This is the choice
defining the massless dark photon proper:

L′ = e′ J′µ A′µ +
[
− e′ε√

1− ε2
J′µ +

e√
1− ε2

Jµ

]
Aµ (4.6)
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If the gauge symmetry is spontaneously broken, the diagonalisation of the mass terms locks the
angle θ to the value required by the rotation of the gauge fields to the mass eigenstates and therefore,
none of the two currents only couples to one of the two gauge bosons.

This is also the case when the U(1) gauge bosons acquire a mass using the Stueckelberg La-
grangian (see [60] for a review and the relevant references)

LStu = −1
2

M2
a Aaµ Aµ

a −
1
2

M2
b Abµ Aµ

b −Ma Mb Aaµ Aµ
b (4.7)

In this case, as in the spontaneously broken case, the angle θ is fixed and equal to

sin θ =
δ
√

1− ε2
√

1− 2δε + δ2
cos θ =

1− δε√
1− 2δε + δ2

(4.8)

where δ = Mb/Ma, and the rotating of the fields becomes limited compared to 4.3. The Lagrangian
in 4.4 becomes

L′′ = 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

(4.9)
The case of spontaneously broken symmetry can be distinguished from the Stueckelberg mass

terms because the former will give rise to processes in which the dark photon is produced together
with the dark Higgs boson, the vacuum expectation value of which hides the symmetry. Whereas the
Lagrangian in 4.9 is the most general, the simplest and most frequently discussed case consists in giv-
ing mass directly to only one of the U(1) gauge bosons so that, for instance, Mb = 0 in 4.7, the mass
states are already diagonal. Even in this simple case, the mass term removes the freedom of choosing
the angle θ in 4.3. With this choice, δ = 0 in 4.9, the ordinary photon couples only to ordinary matter
and the massive dark photon is characterized by a direct coupling to the electromagnetic current of
the SM particles (in addition to that to dark-sector matter) and described by the Lagrangian

L ⊃ − eε√
1− ε2

Jµ A′µ ' −e ε Jµ A′µ (4.10)

as in 4.5 above. This is the choice defining the massive dark photon. The coupling of the massive
dark photon to SM particles is not quantized—taking the arbitrary value eε. Because of this di-
rect current-like coupling to ordinary matter, it is the spontaneously broken or Stueckelberg massive
dark photon that is mostly discussed in the literature and considered in the experimental propos-
als. The massive dark photon has the same couplings as the massless dark photon after choosing
sin θ = 0 (right-side of Fig. 4.1); this case, therefore, represents the limit of vanishing mass of the
massive dark photon. On the contrary, the massless dark photon proper—corresponding to the choice
tan θ =

[
ε/
√

1− ε2
]
—is not related to any limiting case of the massive dark photon. There are

no electromagnetic milli-charged particles in the massive case; they are present only if both U(1)
gauge groups are spontaneously broken (or equivalently Mb 6= 0 in the Stueckelberg Lagrangian in
4.7)—which is not the case of our world where the photon is massless.
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4.2 Massless dark photon: Higher-order operators

The massless dark photon does not interact directly with the currents of the SM fermions. The higher-
order operators through which the interaction with ordinary matter ψi takes place starting with the
dimension-five operators in the Lagrangian

L =
eD

2Λ5
ψ

i
σµν

(
D

ij
M + iγ5 D

ij
E

)
ψj F′µν (4.11)

where F′µν is the field strength associated to the dark photon field A′µ, and σµν = i/2 [γµ, γν]. The
operator proportional to the coefficient DM is the magnetic dipole moment and that proportional to
the coefficient DE is the electric dipole moment. The indices i and j in the fermion fields keep track
of the flavour and thus allow for flavour off-diagonal transitions.

The dimension-five operators in Eq 4.11 are best seen as operators of dimension six with the gauge
group SU(2)L taken as the unbroken symmetry of the Lagrangian and the SM fermion grouped, like
in the SM, into doublets ψL and singlets ψR. In this case, the operators contain the Higgs boson field
and can be written as

L =
eD

2Λ2 ψ
i
L σµν

(
D

ij
M + iγ5 D

ij
E

)
Hψ

j
R F′µν + H.c. (4.12)

The effective scale is accordingly modulated by the vacuum expectation value (VEV) vh of the Higgs
boson. This VEV keeps track of the chirality breaking, with the whole operator vanishing as vh goes
to zero.

The magnetic dipole DM term is retained and the electric dipole term proportional to DE is set
to zero. The inclusion of the latter would require the further assumption of CP-odd physics which is
premature at the moment.

Considering the dimension-six operators

L′ = eD

2Λ2 ψ
i
γµ(R

ij
r + iγ5 R

ij
a )Dνψj F′µν (4.13)

where the form factor Rr is related to the charge radius of the fermion; the term Ra is sometime
referred to as the anapole.

The operator in Eq 4.13 contributes, via the equations of motion, to four-fermion operators—
which are accounted for in the effective field theory of the dimension-six operators [61] but are not
relevant for the massless dark photon interaction to ordinary matter—and to the form factors of the
interaction if the particles are off-shell.
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4.3 Dark matter and the dark photon

Dark matter is part of the dark sector. The interplay between the dark photon and dark matter opens
new windows on its physics and gives further constraints. Whereas in most scenarios dark matter is
one of the fermion (or scalar) states in this sector, there also exists the possibility that dark matter
could be a very light vector boson like the massive dark photon itself.

4.3.1 Massless dark photon and galaxy dynamics

Models of the self-interacting dark matter charged under Abelian or non-Abelian gauge groups and
interacting through the exchange of massless as well as massive particles have a long history.1

The most obvious obstacle to having the dark matter in the dark sector interacting via a long-
range force as the one carried by the massless dark photon comes from the essentially collisionless
dynamics of galaxies and the ellipticity of their dark-matter halo.

The most severe observational limits come from the present dark matter density distribution in
collapsed dark matter structures, rather than effects in the early Universe or the early stages of struc-
ture formation [68, 69, 79].

Bounds have been derived from the dynamics in merging clusters, such as the Bullet Cluster [85],
the tidal disruption of dwarf satellites along their orbits in the host halo, and kinetic energy exchanges
among dark matter particles in virialized halos. The latter turns out to be the most constraining bound,
noticing that self-interactions tend to isotropize dark matter velocity distributions, while there are
galaxies whose gravitational potentials show a triaxial structure with significant velocity anisotropy;
limits have been computed, with subsequent refinements, via estimating an isotropization timescale
(through hard scattering and cumulative effects of many interactions, also taking into account Debye
screening) and comparison to the estimated age of the object [69], or following more closely the
evolution of the velocity anisotropy due to the energy transfer [84]. The ellipticity profile inferred for
the galaxy NGC720, according to [84] sets a limit of about

mχ

(
0.01
αd

)2/3

∼> 300GeV (4.14)

where mχ stands for the dark matter mass and the αd scaling quoted is approximate and comes from
the leading mχ over αs scaling in the expression for the isotropization timescale.

The limit in Eq 4.14 is subject to several uncertainties and assumptions; it is less stringent than
earlier results, such as the original bound from soft scattering quoted in [68],

GNm4
χN

8α2
D
∼> 50 log

GNm2
χN

2αD
(4.15)

where N is the number of dark-matter particles and GN is Newton’s constant, as well about a factor of
3.5 weaker than [69] (see, also, [86, 87]). On the other hand, results on galaxies from N-body simula-
tions in self-interacting dark matter cosmologies [88], which take into account predicted ellipticities
and dark matter densities in the central regions, seem to go in the direction of milder constraints, about
at the same level or slightly weaker than the value quoted in Eq 4.14—again subject to uncertainties,
such as the role played by the central baryonic component of NGC720.

1The literature on the subject is already very extensive, see, for example, [62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73,
74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84].

Interacting dark matter can form bound states. The phenomenology of such atomic dark matter [71] has been discussed
in the literature, see [79] and references therein.
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4.3.2 Massless dark photon and dark-matter relic density

All the stable fields within the dark sector provide a multicomponent candidate for dark matter whose
relic density depends on the value of their couplings to the dark photons and SM fermions (into which
they may annihilate, depending on the UV model) and masses.

Not all of the dark fermions contribute to the relic density. If these fermions are relatively light,
their dominant annihilation is into dark photons.

χχ→ A′A′ (4.16)

with a rate given by

〈σχχ→A′A′v〉 =
2πα2

d
m2

χ

(4.17)

For a strength αd ' 0.01, all fermions with masses up to around 1 TeV have a large cross-section and
their relic density.

Ωχ h2 ≈ 2.5× 10−10 GeV−2

〈σχχ→A′A′v〉
(4.18)

is only a per cent of the critical one; it is roughly 10−4 the critical one for dark fermions in the 1 GeV
range, even less for lighter states. These dark fermions are not part of dark matter; they have (mostly)
converted into dark photons by the time the universe reaches our age and can only be produced in
high-energy events. This is fortunate because they are ruled out as possible dark matter candidates by
the limit on galaxy dynamics.

Heavier dark fermions can be dark matter. The dominant annihilation for these is not into dark
photons but into SM fermions via the exchange of some messenger field and is proportional to the
corresponding coupling which is denoted αL —with a thermally averaged cross section approximately
given by

〈σχχ→ f f̄ v〉 ' 2πα2
L

m2
S

(4.19)

instead of Eq 4.17. The critical relic density can be reproduced if, assuming thermal production,

2πα2
L

(
10 TeV

mS

)2

' 0.1 (4.20)

These dark matter fermions belonging to the dark sector are in principle detectable through the
long-range exchange of the massless dark photon and its coupling to the magnetic (o electric) dipole
moment of SM matter which is induced at the one-loop level in the UV model of the dark sector.
The somewhat complementary problem of dark matter having dipole moment and interacting with
nuclei through the exchange of a photon has been discussed in [89, 90, 91, 92, 93, 94, 95] This dipole
interaction is now included within the basis of the operators in the effective field theory of dark matter
detection [96, 97, 98].
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5 Searches for dark photons

Astrophysics and cosmology provide very stringent limits on the interaction of the dark photon with
SM matter. It is understood that all the limits are mostly on the order of magnitude because of intrinsic
uncertainties in the astrophysics of stellar medium, supernova dynamics and cosmological processes.
In addition, other experimental searches are listed in the following.

5.1 Where to search for the massless dark photon ?

The massless dark photon can be searched for in different experiments:

• Flavor physics: This is one of the most promising areas for searching for the dark photon
and the dark sector in general because none of the stringent astrophysical constraints applies
given the flavour off-diagonal nature of the dipole operator in these cases. Proposals exist
for processes in Kaon physics at NA62 [99]. The Kaon decay K → πA′ is forbidden by
the conservation of angular momentum but the decay K+ → π0π+A′ is allowed and the
estimated branching ratio [100] is within reach of the current sensitivity. The rare decays K+ →
π+νν̄ [101] and KL → π0νν̄ [102] are other two processes where the physics of the dark
photon can play a crucial role [103]. Also, Hyperion decays can be used for detecting the
production of A′ [104] and in the decay of charmed hadrons [105] and BESIII. In addition,
decays into invisible states of B-mesons at BaBar [106] and Belle [107] and KL,S and other
neutral mesons at NA64 [108, 109] can be used to study the dark sector (assuming the invisible
states belong to it). These decays are greatly enhanced by the Fermi-Sommerfeld [110, 111]
effect due to their interaction with the dark photon—the same way as ordinary decays, like the
β-decay, are enhanced by the same effect—making this another exciting area for searching the
dark sector [112].

• Higgs and Z physics: The striking signature of a mono-photon plus missing energy can be
used to search Higgs [13, 113, 114] and Z-boson [115, 116] decay into a visible and a dark
photon. Again, the stringent astrophysical constraints do not apply because the size of the
dipole operator is dominated (in the loop diagram) by the heavy-quark contribution’s giving
raise to the coupling to the dark photon.

• Pair annihilation: Collider experiments at higher energies and luminosity can use the same
striking signature of a mono-photon plus missing energy to search for the dark photon. Even
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though the dipole interaction is suppressed and severely constrained in this case by the astro-
physical and cosmological bounds, it is no more suppressed than the equivalent cross sections
for the massive case. Moreover, the dipole operator scales as the centre-of-mass energy in the
process and higher energies make it more and more relevant;

• Magnons: An interesting possibility is the use of magnons in ferromagnetic materials and their
interaction with dark photons (QUAX proposal) [117, 118]. The estimated sensitivity is again
done for axions but can be translated for massless dark photons as in the discussion about stars
above.

• Astrophysics: Gravitation waves emitted during the inspiral phase of neutron star collapse can
test the presence of other forces besides gravitation. Dipole radiation by even a small amount
of charges on the stars modifies the energy emitted; the dark photon is a prime candidate for
this kind of correction [119, 120, 121, 122].

5.2 Dark Photon Searches at the LHC

The search for dark photons is among the many topics to search for dark matter at the LHC. In this
chapter, the main phenomenological and experimental results of the dark photon production via Higgs
boson decay at the LHC are summarised.

5.2.1 Phenomenology: Higgs boson to dark photon

The Higgs boson is produced in the proton-proton collisions at the LHC through different channels
with different cross sections, the main ones are the gluon-gluon Fusion (ggF), the Vector Boson
Fusion (VBF) and the associated production of VH, where V is a vector boson and it could be a Z or
a W+, W− boson. At a centre-of-mass energy

√
s =13 TeV and for a SM Higgs boson of 125 GeV

mass, the cross-section of the Higgs boson production in the different channels are given in Table 5.1.
Given the differences in the production cross-section of the Higgs boson as well as in the kinematics
of each signature, each channel is treated independently.

TABLE 5.1: SM Higgs boson production cross section in the main production channels.

Higgs boson production mode ggF VBF ZH

Cross-section (pb) 4.198E+01 3.925E+00 9.095E-01

The high cross-sections of ggF and VBF productions of the Higgs boson Table 5.1, make them the
most dominant modes at the LHC, giving rise to the largest production rate for a hypothetical scalar
boson with SM Higgs-like couplings for the entire mass range of interest. A person-level simulation
study was performed at

√
s =8 TeV and

√
s =14 TeV for the H → γγd, where the Higgs is produced

either in the ggF or in the VBF channels respectively as shown in Figure 10.1.
The signal is characterised by a single photon recoiling against missing transverse momentum

γ + Emiss
T (and two forward jets with opposite rapidity in the VBF channel). The SM backgrounds for

this process are dominated by pp → γ + jets and QCD multi-jet background pp → jets, where the
missing transverse momentum can arise from several sources, e.g., (a) jet energy mismeasurement, (b)
invisible neutrinos arising from decays of heavy-flavour jets, and (c) very forward particles escaping
the detector. The latter process contributes to the γ + Emiss

T final state whenever one of the jets is
misidentified as a photon. The main electroweak background consists of pp → W → eν, where the
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electron is misidentified as a photon, pp → W(→ `ν)γ, for ` outside charged-lepton acceptance,
and pp→ Z(→ νν)γ.

The signal and the background signatures could be distinguished thanks to some kinematic ob-
servable, such as the missing transverse energy (Emiss

T ), the transverse momentum of the photon (pγ
T),

and the transverse mass of the photon-invisible system (mT(γ, γd)). The latter carries the typical
signature of the H → γγd decay and is defined in Equation 9.1, where ∆φ is the azimuthal distance
between the photon transverse momentum pγ

Tand the missing transverse momentum Emiss
T . The Emiss

T
is defined as the unbalanced momentum in the transverse plane due to the presence of invisible parti-
cles. The expected mT(γ, γd) distribution for the signal is to peak at around the Higgs boson mass as
shown in Figure 5.1.

mT =
√

2Emiss
T pγ

T[1− cos[∆φ(~Emiss
T ,~pγ

T)]] (5.1)

FIGURE 5.1: Transverse-mass distributions for the H → γγd signal in the ggF (left), and VBF
(right) processes. Corresponding distributions for SM backgrounds for inclusive γ + Emiss

T (ggF) and
γ + Emiss

T + two f orwardjets (VBF) final states (with no isolated leptons), respectively, have also
been shown. All distributions are normalized to unity.

This phenomenological study resulted in extracting the reach in BR(H → γγd) for a 95% C.L
(2σ) exclusion limit or a (5σ) discovery potential at

√
s =14 TeV LHC for different integrated lu-

minosities. For the ggF processes, at an integrated luminosity of 100 (300) fb−1the 2σ exclusion
limit on BR(H → γγd) is found to be 6.41× 10−4(3.71× 10−4), whereas the 5σ discovery reach
is 1.61× 10−3(9.21× 10−4). The corresponding 5σ reach can be improved down to 2.91× 10−4

at the High-Luminosity LHC (HL–LHC), with an integrated luminosity of 3000 fb−1. For the VBF
process, at an integrated luminosity of 100 (3000) fb−1, the 5σ reach in the branching ratio is about
BR(H → γγd)' 2% (3.41× 10−3). A comparison of significances for both of these Higgs produc-
tion channels is presented in Table 5.2.
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TABLE 5.2: 95% C.L. (2σ) exclusion or a 5σ discovery at
√

s =14 TeV, in the ggF and VBF channels,
for different integrated luminosities L.

BR(H → γγd)(%) L= 100fb−1 L= 300fb−1 L= 3000fb−1

Significance 2σ 5σ 2σ 5σ 2σ 5σ

BR(H → γγd)(ggF) 0.064 0.16 0.037 0.092 0.012 0.029

BR(H → γγd)(VBF) 0.76 1.9 0.43 1.1 0.14 0.34

5.2.2 Experimental Searches at the LHC

The LHC experiments, ATLAS and CMS have searched for the dark photons from the Higgs boson
decay in two different production channels, namely, VBF and ZH.

VBF production: Both the ATLAS and CMS experiments studied the γ + Emiss
T + jets final state

via the VBF Higgs boson production channel. The data collected in this channel has been interpreted
in the context of Higgs boson decay to a photon and massless dark photon which goes undetected,
γ + γd + jets. The SM backgrounds for this process are Vγ + jets, where V = Z, W and γ + jets.
In the case of Zγ + jets, the Z boson decays to a pair of νν̄ and gives rise to an isolated photon,
missing transverse momentum, and jets. Wγ + jets contribute to the same final state when the W
boson decays to a lepton and a neutrino, and the lepton goes missing as it may not satisfy the required
identification criteria. The ATLAS search for H → γγd in the VBF channel utilised 139 fb−1data
collected by the ATLAS experiment during 2015–2018 at

√
s =13 TeV LHC collision energy. The

search resulted in setting exclusion limits BR(H → γγd) as a function of the hypothetical neutral
Higgs boson in the mass range 60 GeV < mH < 2 TeV (Figure 5.2). The corresponding bound
obtained by the ATLAS experiment is 0.19 pb. Assuming a SM-like Higgs production cross section
in the VBF channel in this mass range, the results can be interpreted as a bound on BR(H → γγd)
for the SM Higgs boson (mH = 125 GeV), the 95% C.L. upper corresponds to 0.014.

FIGURE 5.2: Observed and expected 95% C.L. upper limit on the Higgs production cross-section
times BR(H → γγd), for various scalar mass hypotheses. The red line corresponds to the theoretical

SM-like Higgs production cross section in VBF channel times BR(H → γγd)=5%..

The results of the corresponding CMS analysis in the VBF channel are shown in Figure 5.3
which corresponds to 130 fb−1of data collected by the CMS experiment during 2016–2018 at

√
s
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=13 TeV LHC collision energy. The observed 95% C.L. on the BR(H → γγd) obtained by the CMS
collaboration is 3.5% for the SM Higgs boson with mH = 125 GeV.

FIGURE 5.3: CMS bound on the cross-section (σVBF) times BR(H → γγd) in the VBF channel as a
function of the scalar mass (mH ). A solid black line corresponds to the observed limit, while the the
black dashed line corresponds to the expected limit at 95% C.L. The dotted dashed line represents

the signal corresponding to a SM σVBF value and BR(H → γγd)=5%

ZH production: The Higgs production in association with a Z-boson is another way to search for
the dark photon, this channel benefits from a clean final state pp → Z(→ `+`−)H(→ γγd) as
presented later in Chapter 9. The thesis includes the full strategy and the results of the ATLAS search
for the dark photon in the ZH production mode. In the same context, the CMS collaboration has
searched for the dark photon in the ZH channel using the pp collisions with subsequent decay of
the Higgs into a photon plus an undetected particle using the 137 fb−1of data collected at

√
s =13

TeV. In the absence of any significant excess over the SM backgrounds, an exclusion limit can be
set on theoretical models predicting such exotic decay of the Higgs boson. The results of the CMS
study have been interpreted in the context of models predicting the H → γγd decay as presented in
Chapter 10

FIGURE 5.4: CMS bound on the cross-section (σZH) times BR(H → γγd) in the ZH channel as a
function of the scalar mass (mH ). A solid black line corresponds to the observed limit while the the
black dashed line corresponds to the expected limit, at 95% C.L. The dotted dashed line represents

the signal corresponding to a SM σZH value and BR(H → γγd) = 10%
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EXPERIMENTAL SETUP
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6 The Large Hadron Collider

FIGURE 6.1: Sketch of the accelerator complex situated at CERN[123]. The acceleration of particles
is done in consecutive steps, with the particles passing through different accelerators with different

final energy.

The Large Hadron Collider (LHC) [124, 125] is an accelerator situated at the CERN laboratory,
on the border between France and Switzerland. The accelerator is placed in a circular underground
tunnel, at a depth of roughly 100 m and a circumference of 27 km, that previously hosted the Large
Electron-Positron (LEP) collider. It is designed for proton-proton collisions at a maximum centre-
of-mass energy

√
s of up to 14 TeV, reaching a design instantaneous luminosity of 1034 cm−2 s−1.

The LHC can also be configured to collide heavy ions. Making great use of a full chain of several
previously built accelerator facilities (see 6.1) available at CERN to gradually accelerate particles to
higher and higher energies, the injected particles go through various steps before being injected into
the LHC itself. In the first step, hydrogen atoms are ionised and the bare protons are accelerated up
to 50 MeV by the linear accelerator LINAC2. They are further injected into the proton synchrotron
booster (PSB) and accelerated to 1.4 GeV before entering the proton synchrotron (PS). They leave the
PS with an energy of 26 GeV and get injected into the Super Proton Synchrotron (SPS) which is the
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last step before the LHC. They leave the SPS with an energy of 450 GeV and get injected into the LHC
ring to increase the energy to the TeV scale. For the final acceleration in the LHC, superconducting
radio frequency (RF) cavities [126] are utilised. Over the complete ring 16 RF cavities housed in
four cryomodules are installed, bringing the 450 GeV energy of the protons to 6.5 TeV per beam. To
bend the particles along their path within the beam pipe, 1232 superconducting dipole magnets are
used. To avoid a spread of protons within the beam, they are additionally focused with quadrupole
magnets. The particle beam within the LHC consists of separate bunches, each of which is made
up of about 1.15× 1011 protons. During full-intensity operation, 2808 bunches per each beam are
circulating within the LHC and brought to collision every 25 ns in the interaction points. To reach
a high instantaneous luminosity, which is desirable to achieve large data sets, the beam bunches are
tailored to lead to, on average, more than one pp collision during a bunch crossing. That means
that after triggering a high momentum hard scattering interaction, additional lower momentum pp
collisions will act as a background noise within the chosen events. This background is commonly
referred to as pileup. Two different forms of pileup are differentiated, in-time pileup and out-of-time
pileup. While additional pp collisions within the same bunch crossing are called in-time pileup, out-
of-time pileup is background signals found in the detector originating from previous or following
bunch crossings. During the Run 2 data taking, which denotes the period of operations between 2015
and 2018, the LHC delivered an integrated luminosity of 156 fb−1, as can be seen from 6.2a. The
pileup configuration changed between the years and lead to an average pileup of 〈µ〉 = 33.7 when
integrating over the whole Run 2 data set. The profile of 〈µ〉 is displayed in 6.2b.
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FIGURE 6.2: (a): The cumulative integrated luminosity delivered by LHC and the fraction recorded
by ATLAS and categorised as good for physics analysis. (b): Distribution of the average pileup 〈µ〉.

The average pileup during the full Run 2 amounts to 〈µ〉 = 33.7 [127].
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7 The ATLAS Experiment

FIGURE 7.1: Overview of the ATLAS detector in cutaway style [128].

The ATLAS detector is a general-purpose particle detector which is designed [129] to cover a
large field of physics including the search for potential new physics at the Large Hadron Collider
(LHC). These range from Higgs physics over standard model measurements in the top quark and
b-physics sectors to beyond standard model searches like searches for supersymmetric particles or
heavy gauges bosons [130]. Its layout is optimised to provide excellent reconstruction efficiency and
resolution for electron, photon, muon, tau-lepton and jet and missing transverse energy measurements
and to perform under high luminosity conditions at the LHC for extended runtime.

This chapter describes the different subsystems of ATLAS, an overview of which can be seen in
7.1. The detector is built up in layers that each serves a specific task in the process of reconstruct-
ing the collision events. 7.1 discusses the Inner Tracker, which is responsible for reconstructing the
trajectories of charged particles, called tracks. The electromagnetic and hadronic calorimeters, which
have the purpose of stopping particles to measure their energy, are covered in 7.2. The muon system,
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typically located outside of calorimeter systems due to the high penetration power of muons, is de-
scribed in 7.3. 7.4 finally discusses the magnet system producing the magnetic field that ATLAS is
immersed in.

For physics analysis, good knowledge of the luminosity delivered by the accelerator facilities is
necessary, for which dedicated systems are deployed. These are briefly presented in 7.5. The trigger,
allowing to bring down the event rate from the 40 MHz delivered by the LHC to a manageable rate
for the data acquisition system and the storage facilities is discussed in 7.6. ATLAS uses a detailed
computer simulation of its detector, implemented in the GEANT4 toolkit [131]. An overview of the
available simulation structures is given in 7.7.

The ATLAS detector has – during its lifetime – undergone updates and configuration changes.
The descriptions within this chapter apply to the Run 2 configuration. In the following a stronger
focus will be placed on the parts of the detector that are of more relevance to the studies performed
within the scope of this work. For a full description of ATLAS, the reader is referred to [128].

7.1 Inner Detector

FIGURE 7.2: The Inner Detector of ATLAS [128], showing the different tracking sub-detectors in
both the barrel and the end-cap region.

The basic task of a tracking detector is to provide measurements of charged tracks that allow for
precise reconstruction of their trajectories. Using these it is possible to infer the particles’ momenta
as well as reconstruct the position of pp collisions, called vertices, with high resolution. The ATLAS
Inner Detector (ID) uses a combination of different technologies to meet the set requirements neces-
sary to enable the physics program [132, 133]. Concentric layers of particle detectors with decreasing
granularity for larger radii are deployed, allowing for full tracking coverage over the pseudorapidity
1 range |η| ≤ 2.5. The concept followed by the Inner Detector design is to provide high precision

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point, corresponding to the
centre of the detector. The x axis direction points towards the centre of the LHC ring, the y axis vertically upwards, and the
z axis lies along the beam line. Pseudorapidity is defined in terms of the polar angle θ as η = − ln tan θ/2, and transverse
momentum and energy are defined relative to the beamline as pT = p sin θ and ET = E sin θ.
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measurements needed for track finding in the innermost parts of the tracking detector and follow with
continuous tracking elements that add further measurements and improve the momentum resolution
of the identified tracks in the outer parts of the tracker. This combination of technologies allows for
reaching the design targets while keeping the total material budget low as well as limiting the cost of
the detector system. A cutaway view of the Inner detector is shown in 7.2.

Closest to the interaction point, where high resolution is needed for vertex reconstruction and at
the same time the track density is highest, four layers of silicon pixel sensors are utilised in the Pixel
Detector, which will be described in 7.1.1. It is surrounded by further four precision layers of silicon
micro-strip sensors. This so-called Semiconductor Tracker (SCT) is presented in 7.1.2. In the outer
part of the Inner Detector, called Transition Radiation Tracker (TRT), track extensions using the high
number of measurements provided by a large number of straw tubes allow for improved momentum
measurement capabilities. Additionally, the TRT plays an important role in electron identification
and photon conversion detection through the measurement of transition radiation photons. Details are
provided in 7.1.3.

The whole Inner Detector is immersed in a 2 T magnetic field (see 7.4) which bends the trajecto-
ries of charged particles produced in the proton-proton collisions under the Lorentz force, allowing to
infer the momentum from the particles’ path as well as their electric charge.

7.1.1 The Pixel Detector

The pixel detector [134] provides high-precision measurements in the area closest to the interaction
point. At the high luminosity environment of the LHC, the large density of charged tracks requires
fine granularity to maintain occupancies low enough for performant pattern recognition that fulfils the
requirements on vertex and momentum resolution. For this purpose, n-type silicon pixel sensors are
deployed [135].

The individual sensors have a thickness of 250 µm and external dimensions of 19 mm× 63 mm.
The nominal pixel pitch size on these sensors is 50 µm× 400 µm and 50 µm× 250 µm in the inner-
most layer in R − φ and z. Each sensor contains 47 232 pixels that are read out by ASICs bump
bonded to the pixel elements. In total, the pixel detector has about 140 million read-out channels.

The pixel detector is separated into two parts, the barrel (|η| < 1.5) and the end-caps (1.5 ≤
|η| ≤ 2.5). In the barrel, the sensors are arranged on four concentric cylindrical layers around the
beam pipe, where the innermost layer – the Insertable B-Layer (IBL) – was installed for the LHC
Run 2 together with a beam pipe of reduced inner radius [136]. The four-barrel layers are located at
nominal radii of 33 mm, 50.5 mm, 88.5 mm and 122.5 mm from the beam axis. The end-caps are
made up of rings, with the sensor modules placed perpendicular to the beam axis. An overlap of the
sensor modules guarantees hermetic coverage, providing typically four measurements per track.

While the pixel detector offers the best intrinsic resolution of 14 µm× 115 µm per space point,
due to the necessity of on-sensor read-out chips for the roughly 80 million readout channels it con-
tributes strongly to the total material budget of the ID, as can be seen from 7.3.
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7.1.2 The Semiconductor Tracker

The Semiconductor Tracker (SCT) surrounds the Pixel Detector and forms the second component of
the precision tracking part of the Inner Detector. Instead of pixel sensors, the SCT uses micro-strip
sensors [137]. The detector is partitioned into a barrel and an end-cap part. The barrel consists of
four concentric layers at average radii of 300 mm, 373 mm, 447 mm and 520 mm. The end caps are
made up of nine disks, complementing the coverage of the SCT to |η| < 2.5.

Individual modules consist of double-sided silicon micro-strip sensors that are mounted parallel
to the beam pipe in the barrel region and radially on the SCT disks. Each individual strip has nominal
dimensions of 80 µm in R− φ and 126 mm in z. The detector’s z resolution is achieved by mounting
strips on the two sides of a module under a small stereo angle of 40 mrad.

On average four measurements per track are provided by the SCT, which have an intrinsic reso-
lution of 17 µm× 580 µm per space point in R− φ and z respectively.

7.1.3 The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) sits outside the Pixel Detector and SCT volumes. The basic
detecting elements in the barrel are 150 cm long polyimide drift tubes (straws) of 4 mm thickness,
that contain gold-plated tungsten anode wires of 31 µm diameter. To lower the overall occupancy,
each straw is divided into two parts at the centre, both read out at the respective ends. The TRT
allows tracking algorithms to extend tracks that are seeded and built in the inner part of the tracker
and add additional measurements, improving the momentum resolution.

In total 50000 straws are installed in the barrel part of the TRT [138] and additional 320000
radial straws in the end-caps [139], allowing for an average of 36 measurements per track. This large
number of measurements significantly improves the momentum resolution of tracks. Due to the drift-
time measurement possible at each channel, enhancing the intrinsic spatial resolution due to the straw
dimensions, an excellent spatial resolution of 170 µm in R− φ is reached.

The TRT plays also an important role in the identification of electrons in ATLAS. Electrons, being
light particles, exhibit a higher probability to emit photons as transition radiation while passing the
TRT materials. The gaps between the straws are filled with a transition radiator, either a polypropylene
film or polypropylene fibres. By filling the straws with a gas mixture consisting mainly of Xenon that
has a large cross-section for the emitted photons to deposit energy via the photoelectric effect, this
effect is enhanced. Compared to minimum-ionising charged particles, the transition radiation signals
yield a much larger signal amplitude. Using separate low and high thresholds in the read-out allows
for applying distinction criteria between hadrons and electrons that can be taken into consideration
during the electron reconstruction procedure. In addition, a systematic study was performed as a
qualification task to identify sources of discrepancies between the TRTxAOD and the calibration
formats. This work resulted in identifying and fixing the issue in the TRT reconstruction software
after being validated in both data and MC simulation samples, this work is documented in Appendix A
of this thesis.
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FIGURE 7.3: Cumulative material budget of the Inner Detector, given in radiation length units [136].
The sizeable contribution coming from the pixel detector alone which is strongly increasing over |η|

is visible in pink.

7.2 Calorimeter system

FIGURE 7.4: Cutaway view of the ATLAS calorimetric system [128]. The EM calorimeter sits inside
the hadronic calorimeter. The split into the barrel and the end-cap partitions is visible.

The calorimeter system of ATLAS, presented in 7.4, is separated into two subsystems, the electro-
magnetic and the hadronic calorimeter, which combined cover the pseudo-rapidity range of |η| < 4.9.
Its purpose is to provide high-resolution kinematics measurements for photons, electrons, jets and
missing transverse energy (Emiss

T ). The basic principle for calorimetric measurements is to stop parti-
cles coming from the interaction point (except for muons and neutrinos) within the detector volume
and measure the charge deposited in the active material, which allows inferring the energy of a par-
ticle. The high granularity of the detector systems additionally gives excellent directional measure-
ments as well as the capability of strong particle identification. The main requirement for a good Emiss

T
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measurement is hermeticity, meaning both a large pseudo-rapidity coverage as well as the ability to
fully contain electromagnetic and hadronic showers in their lateral extension. The combination of
both calorimetric systems fulfils these constraints.

7.2.1 Electromagnetic calorimeter

FIGURE 7.5: Cutaway view of the LAr calorimeter subdetectors [140].

The main energy loss mechanisms relevant for photons and electrons are bremsstrahlung,
pair-production and ionisation. Electrons of energies > 1 GeV produce secondary photons by
bremsstrahlung, and photons produce secondary electron-positron pairs via pair production. These
secondaries in turn produce more particles via the same mechanism, causing a cascade of particles
with progressively lower energies, called an EM shower. At low enough energies, the particles ionise
the detector medium, which generates a signal that can be read out. The purpose of the electromag-
netic (EM) calorimeter is to determine the energy of the electromagnetic part of particle showers
by measuring the charge deposited in the active material. ATLAS uses a lead-liquid argon (LAr)
sampling calorimeter [141] with accordion-shaped absorbers and electrodes (see 7.6b). The EM
calorimeter is used for both triggering and precision measurements and operates in an energy range
from several GeVto the TeVscale.

The EM calorimeter consists of a barrel part (EMB) covering the pseudo-rapidity range of |η| <
1.475 and two end-cap calorimeters (EMEC) extending the range to 1.375 < |η| < 3.2, both of which
are highlighted in 7.5. The EMB has a length of 6.4 m, an inner radius of 1.4 m and an outer radius of
2 m. It is split into two half barrels, each of which consists of 1024 absorbers. The thickness in terms
of radiation lengths is at least 22 X0 and is increasing with η. Each of the two EMEC calorimeters
consists of two co-axial wheels that are 63 cm thick and sit between an inner radius of 33 cm and an
outer radius of 210 cm. It has a thickness of least 22 X0, increasing with η.

In the longitudinal dimension that describes the depth of the detector, the EMB is separated into
three sampling layers with different granularity in each layer as can be seen in the sketch shown in
7.6a. Also, a presampler consisting of a 1 cm liquid argon layer is installed to correct for energy loss
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in front of the calorimeter. An optimal choice of granularity is of high importance for the photon and
electron identification capabilities as well as the positional and directional resolution. Longitudinal
and transversal segmentations allow measuring the shape of an electromagnetic shower which pro-
vides important information for the discrimination between electromagnetic and hadronic showers. In
the η direction the segmentation is obtained by etching the respective patterns on the individual elec-
trodes, while in the φ direction the adequate number of electrodes is grouped. The first layer possesses
a very fine granularity of 0.003× 0.1 in ∆η × ∆φ., which is instrumental to correctly reconstructing
the direction of detected photon candidates. It also plays an important role in the rejection of neutral
pions when decaying via π0 → γγ, which forms a dominant background for photon identification.
The second sampling, where electromagnetic showers deposit the majority of their energy, has a gran-
ularity of 0.025× 0.0245 in ∆η × ∆φ. A coarser granularity of 0.05× 0.025 in ∆η × ∆φ has been
chosen for the last sampling layer, which registers only the tails of showers and does not need the
same fine segmentation.

The accordion shape geometry of absorbers and electrodes has the great benefit of naturally pro-
viding full φ coverage of the detector, without any cracks. The absorbers made out of lead are me-
chanically strengthened by steel sheets glued to them using a resin-impregnated glass-fibre fabric. In
between these, copper layers are located that act as the readout electrodes. The space between the
absorber and electrode is filled by the liquid argon as active material which is ionised by charged
particles passing through the medium. Three copper layers insulated by polyimide sheets make up
one electrode, where the outer two are at high-voltage potential and the inner one acts as the readout
via capacitive coupling.

(a) (b)

FIGURE 7.6: (a): Sketch of the cell structure in the different sampling layers of the EM calorime-
ter [141]. Layers closer to the interaction point exhibit a finer granularity in η. (b): Photograph of
the accordion-shaped electrodes of the EM barrel calorimeter, assuring full φ coverage of the detec-

tor [142].

The energy resolution provided by the EM calorimeter depends on the energy and can be de-
scribed by [143]

σE

E
=

a√
E
⊕ b

E
⊕ c. (7.1)

The first term is called the stochastic term which depends on fluctuations in the shower developments.
The second term in 7.1 stems from electronic noise in the readout chain and decreases for increasing
energies, where the signal-to-background ratio becomes larger. The last term, the constant term, does
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not depend on the particle’s energy and is caused by non-uniformities or imperfections in the detector
system or readout system.

7.2.2 Hadronic calorimeter

The hadronic calorimeter system sits outside of the electromagnetic calorimeters. Hadronic showers
develop through (mostly) strong interactions with the matter they pass, where hadronic and nuclear
processes contribute to shower development. Hadrons typically shower later, so more material is
needed to fully contain them. For the barrel, end-cap and forward region three different subsystems
are deployed that will be described in this section.

The barrel and extended barrel of the Tile calorimeter [144] cover the pseudorapidity range |η| <
1.0 and 0.8 < |η| < 1.7 respectively (see 7.4). Their radial extension ranges from 2.28 m to 4.25 m,
segmented into three layers with a total thickness of 7.4 interaction lengths (λ) along the full coverage.
It provides a granularity of 0.1× 0.1 in ∆η×∆φ in the first two layers and 0.2× 0.1 in the last layer.
Both barrel parts utilise steel as the passive absorber and scintillators as the active material. Ionising
particles produce ultraviolet light while passing the scintillators, which is converted to visible light by
wavelength-shifting floors and read out in photomultiplier tubes. The steel-scintillator structure can
be seen in 7.7a, which displays the periodical arrangement of the assembled parts. They are grouped
into modules of size ∆φ ∼ 0.1, 64 of which make up each barrel.

(a)

R

LAr gap
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pipe
Warm
wall
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insulation
Cold
wall

(b)

FIGURE 7.7: Sketch of a tile calorimeter wedge depicting the alternating placement of steel absorbers
and scintillators (a) and the electrode structure of the FCal (b) depicting the matrix of copper plates

holding the copper tubes and rods with the LAr gap [128].

After the barrel sections, the hadronic end-cap calorimeter (HEC) complements the hadronic
calorimeter system to pseudorapidities of up to 1.5 < |η| < 3.2. It shares the same LAr cryostat as
the EM end-cap calorimeter and uses a copper-liquid argon sampling technology. The HEC consists
of two wheels per end-cap, each of which is divided into two segments in depth. These in total four
layers have a granularity of 0.1× 0.1 for 1.5 < |η| < 2.5 and 0.2× 0.2 for 2.5 < |η| < 3.2 in
∆η × ∆φ.

The Forward Calorimeter (FCal) completes the calorimeter system in the very forward region
between |η| = 3.1 and |η| = 4.9. To reduce the effect of the high neutron flux in the forward region
the front surface of the FCal is placed 1.2 m further away from the interaction point with respect to
the EMEC. To still provide the necessary depth in terms of interaction lengths a high-density design
is chosen. A metal matrix consisting of copper in the first layer and tungsten in the second and third
layers that contains longitudinal channels filled with concentric rods and a tube-shaped electrode
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structure is deployed. A small gap between the rod and the tube is filled with liquid argon, acting as
the sensitive medium. A cross-section of this structure is shown in 7.7b.

The overall energy resolution σE provided by the hadronic calorimeter depends on the energy of
the incoming particles and behaves as expressed in 7.1.

7.3 Muon Spectrometer

Muons typically penetrate very deeply into the matter, which means they cross both the inner detector
as well as the calorimeter system with only minimal energy loss. This is due to their high mass, which
makes them less susceptible to emitting bremsstrahlung while being accelerated in electromagnetic
fields than electrons. At the same time, they don’t interact strongly, meaning no hadronic interac-
tion with the detector material takes place. The Muon Spectrometer [145] is a dedicated detector
system for measuring charged particle tracks outside of the calorimeters, where the vast majority of
other particles (except neutrinos) have already been absorbed. Several different chamber types are de-
ployed, fulfilling both requirements on precision measurements and the potential for triggering. The
performance goal of standalone reconstruction capabilities in terms of good momentum resolution
of σpT /pT = 10 % and charge identification provided by the Muon system range from momenta of
∼3 GeV to ∼3 TeV [128].

FIGURE 7.8: Left: Cross-section of the muon system in the transverse plane. The overlap of muon
chambers to provide full coverage in the φ direction is visible. The location of the eight-barrel toroid
magnets is traced out by dashed lines. Right: Quadrant cross-section of the ATLAS detector in a
lateral plane. The placement of the muon chambers in the forward region, encompassing the end-cap

toroid magnet, is highlighted here [128].

Cross sections of the muon system in the transverse as well as in the lateral plane are shown in 7.8.
Like the other detector subsystems, the Muon Spectrometer is separated into a barrel and two end-cap
parts. The barrel consists of three concentric cylindrical layers positioned outside of the calorimeters
and between the mechanical structures of the barrel toroid magnets. The three layers have average
radii of 5 m, 7.5 m and 10 m respectively. Neighbouring chambers are placed with a slight overlap
(see 7.8, left) to ensure full coverage of the detector. In the end-caps, the muon chambers form
wheels that are oriented perpendicular to the beam axis, with one wheel located upstream of the end-
cap toroid magnet and the remaining two downstream. They are located at distances in z of 7.4 m,
10.8 m, 14 m and 21.5 m from the interaction point. The full system is arranged so that a single muon
typically crosses three muon stations.

As initially mentioned, the muon system consists of different detector types, that have different
purposes. High precision measurements are provided by Monitored Drift Tube (MDT) chambers that
are utilised in a pseudorapidity range |η| < 2.7. Each chamber consists of three to eight layers of drift
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tubes that allow for an average resolution of 80 µm per tube or 35 µm per chamber. To deal with high
rates in the forward region, the range of 2 < |η| < 2.7 is covered by Cathode-Strip Chambers (CSC),
which are multi-wire proportional chambers equipped with strip-segmented cathode planes arranged
in orthogonal directions. A resolution of 40 µm per chamber is reached. To provide fast signals
usable in the trigger, the Muon Spectrometer is complemented by additional tracking chambers. In
the barrel region (|η| < 1.05) Resistive Plate Chambers provide tracking information with an intrinsic
time resolution of about 1.5 ns. The end-caps (1.05 < |η| < 2.4) are instrumented with Thin Gap
Chambers. Together they allow for a beam-crossing identification of ≥ 99 %.

7.4 Magnet System

The ATLAS detector is immersed in a magnetic field that bends the trajectories of charged particles,
necessary for the determination of momentum and charge in both the inner detector and the muon
detector system. The magnet system [146] consists of a solenoid surrounding the inner detector and
toroids in both the barrel and the end-caps that provide a magnetic field to the muon system.

The central solenoid shares its vacuum vessel with the LAr calorimeter. It has a length of 5.8 m
and fills the radial range from 2.46 m to 2.56 m, providing a 2 T axial field in the volume of the inner
tracker. The coils are made of superconducting NbTi, developed to provide a high magnetic field
while keeping the material budget as low as possible. It contributes with a total of ∼0.66 radiation
lengths to the total material.

A magnetic field with sufficient bending power for the muon system is realised by the barrel and
end-cap toroid magnets. In the barrel, surrounding the calorimeter volume (see 7.9), eight symmet-
rically distributed coils are located around the beam axis. Overall, this system covers a length of
25.3 m and has inner and outer radii of 4.7 m and 10.05 m respectively. In the forward region, eight
square coil units on each side make up the end-cap toroids. The bending power supplied by the toroid
system ranges from 1.5 T m to 5.5 T m in the pseudorapidity range 0 < |η| < 1.4 and from 1 T m to
7.5 T m in the end-cap (1.6 < |η| < 2.7). It is slightly lower in the transition region.

FIGURE 7.9: Overview of the superconducting coils installed in the toroidal magnet system [128].
The solenoid is located inside the calorimeter system. The tube around the solenoid models the layers
of the Tile calorimeter with different magnetic properties and the return yoke at the outside. Eight

toroid coils are arranged around the barrel as well as in the end-cap regions.
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7.5 Luminosity measurement

During the Run 2 data-taking period ATLAS has amassed a dataset corresponding to an integrated
luminosity of Lint = 139 fb−1 ± 2.4 taking into account the error of 1.7 % on the luminosity mea-
surements. For physics analyses, good precision knowledge of this parameter is of high importance
and it is often among the leading systematic uncertainties. Dedicated detector systems are installed
in the very forward region for luminosity measurements, which are further supported by quantities
proportional to instantaneous luminosity like the multiplicity of charged particles measured in the ID
and particle fluxes through the calorimeters [147, 148].

The primary luminometers used in ATLAS are LUCID (Luminosity Cherenkov Integrating De-
tector) [149, 150] and BCM (Beam Conditions Monitor) [151]. LUCID consists of a total of sixteen
Cherenkov detectors in each forward arm of ATLAS that use thin quartz windows of photomultipliers
(PMTs) as Cherenkov medium. They sit at a distance of 17 m at either side of the interaction point,
covering the pseudorapidity 5.6 < |η| < 6.0. BCM consists of diamond sensors placed around the
beampipe at z = ±1.84 m from the interaction point, corresponding to |η| = 4.2.

Luminosity measurements are obtained from different subsystems and even different algorithms.
To obtain the final result on the integrated luminosity all available information is combined. The
number of hits in the luminometers is typically proportional to the number of pp interactions during
a bunch crossing. The per-bunch instantaneous luminosity Lb is given by

Lb =
µvis fr

σvis
, (7.2)

where µvis is the visible interaction rate per bunch crossing, σvis is the visible cross-section and fr is
the LHC revolution frequency. While µvis is directly measurable, calculated e.g. from the hit counts
in the PMTs from LUCID, the visible cross-section σvis is derived from dedicated beam separation
scans, called van der Meer scans, for each system and algorithm separately as detailed in [147].

7.6 Trigger and TDAQ

Proton proton collisions at the LHC occur at a rate of 40 MHz. Storing data at this rate is technically
not feasible and with an event size of approximately 1.4 MB permanent storage of all recorded events
would also not be possible. Additionally, the large majority of pp collisions are soft and not of high
interest to the LHC physics program. A dedicated triggering system is used to select collision events
that are written to disk and finally bring the rate of saved events down to ∼1 kHz. There are two
different trigger levels implemented in ATLAS: Level 1 (L1) and the high-level trigger (HLT). The
general aim of the trigger system is to pre-select events based on the detection of high-momentum
muons, electrons, photons, jets and τ-leptons. Also, large missing transverse energy and large total
transverse energy are used. An overview of the data flow in the ATLAS TDAQ system is shown in
7.10.

For the L1 trigger, information based on a reduced granularity of the calorimeter and the dedicated
muon trigger chambers is used. This reduced information is centrally processed by fast electronics
and events selected to pass to the next levels are chosen based on a trigger menu, which combines the
implemented selection criteria. At this stage, the event rate is already reduced to 100 kHz. Regions
of interest in η and φ are specified by the L1 trigger which gets passed to the software-based HLT.
Within those regions the HLT accesses the full granularity detector information to further refine the
trigger decision, reducing the event rate to approximately 1 kHz.

During the L1 decision, the event data is buffered on the individual front-end electronics of the
sub-detectors. After passing the L1 selection, the data gets sent to the Readout System (ROS) which
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is accessible for the HLT. It buffers the data for the time interval necessary for the HLT processing.
HLT decides if a given event passes and is sent to permanent storage or gets registered for deletion.

FIGURE 7.10: Schematic overview of the ATLAS TDAQ System used in Run 2. Events passing the
L1 decision (top left) are passed to the HLT (bottom left). In parallel, event data from the detector
front-end (FE) electronics are sent to the Readout System (ROS) in response to a L1 trigger accepting
the signal. The data is buffered in the ROS and made available for algorithms running in the HLT.

Once the HLT accepts an event it is sent to permanent storage via the Data Logger. [152].

7.7 MC simulation

The ATLAS experiment has a highly detailed computer simulation of the full detector system at its
disposal [153]. A simulation is necessary to study the detector response and quantify the perfor-
mance of the large range of reconstruction algorithms but plays also an essential role in the blinded
experiment strategy deployed by the majority of physics analyses.

The full offline software allows going through the complete chain from event generation to detec-
tor simulation and digitisation. The final output of the simulation is equivalent to the detector output
which means that for both the same reconstruction software can be used. A flow diagram of the full
chain to produce Monte Carlo simulation samples is highlighted in 7.11.

In the generation step the set of particles considered as stable after the decays of the promptly
produced particles coming from the hard proton-proton interaction are defined. For this, a whole suite
of different third-party generators is included in the ATLAS software [154, 155]. The retained stable
particles are in the following propagated through the detector geometry to simulate the particles’
interaction with the material. This is made possible by a detailed implementation of the full detector
within the GEANT4 [131] toolkit. The ATLAS simulation contains hundreds of different materials
and hundreds of thousands of individual volumes are modelled in the simulation, which is constantly
refined and further developed to come as close to reality as possible. In the simulation step the
magnitude and time of energy deposits left by particles passing the active sensor materials are stored
for further processing. Also, a "truth” record is stored, which allows to connect the detector response
with the initially generated particles. This truth information is of high importance for reconstruction
performance checks. To test, for example, if measurements that have been assembled to a track by
the tracking reconstruction reconstruct a truth-generated particle and if the measured parameters like
momentum or impact parameters have been determined correctly, this truth record is needed. The
output of the simulation is further used as input for the digitisation. The task of the digitisation
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FIGURE 7.11: Flow diagram of the ATLAS simulation. Starting at the top left with the generation,
the defined truth particles are fed into the simulation part and the individual particles propagated
through the detector model. The Hits are overlaid with pileup and digitised to resemble detector
signals. These simulated signals are equivalent to the bytestream coming from the real detector and

are both input to the reconstruction.

step is to emulate the detector electronics response, modelling the read-out chain as realistically as
possible to produce signals that correspond to those read from the real detector. This includes noise
coming from the electronics. In this step, in addition to the generated hard scattering process of
interest, additional sources of detector signals are overlaid, the so-called pileup (see 7). These include
minimum bias events from simultaneous soft pp collisions. Also, detector signals coming from the
beam halo, beam gas and cavern backgrounds are added. After digitisation, the simulation data has a
format equivalent to the detector output except for the truth record, which of course is only available
in simulated events and not in recorded data. Both can be passed through the reconstruction that
builds the final objects used as inputs for physics analyses.
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8 Object reconstruction

Once the raw data corresponding to the readout signals registered by the different sensors of the
various subdetectors inside of ATLAS is available, the underlying physical objects (γ, e, µ, jets and
τ) have to be reconstructed in order to be used in physics analyses. For this, a variety of different
algorithms is deployed. Their primary objective is to collect raw signals that belong to the same
particle and then reconstruct its kinematic properties from those signals. Within this chapter, the
approaches used in the ATLAS reconstruction software are presented.

The construction of objects can be split into two steps. First, low-level objects are formed, in-
cluding tracks (8.1) built from measurements in the Inner Detector (ID) and clusters (8.2), which
are constructed from energy deposits in the calorimeters. Then follows the construction of objects
based on these basic components. The reconstruction of jets is described in 8.3. The approach used
to identify possible photon and electron candidates are detailed in 8.4. Muon reconstruction utilises
additional input from measurements in the muon system, as described in 8.5. The reconstruction
of missing transverse momentum in collision events relies on the previously mentioned objects, as
explained in 8.6.

8.1 Tracks

Tracks [156, 157] are built from measurements in the inner detector (ID) system of ATLAS (see
7.1), provided by its subsystems: the Pixel Detector, the Semiconductor Tracker (SCT), and the
Transition Radiation Tracker (TRT). Tracks reconstruct the trajectory of electrically charged particles
that allow inferring the kinematic variables and impact parameters of each particle. The reconstruction
procedure can be split into several staged steps, which will be explained in the following.

The reconstruction chain starts by combining the raw measurements in the Pixel Detector and the
SCT into clusters of connected cells [158]. This is done due to the possibility that charge deposited
from a passing particle is shared between neighbouring pixel or strip sensors that have a common edge
or corner due to crosstalk. Using the clusters as inputs, three-dimensional representations of these,
so-called space-points, are built that represent the positions of the intersection of charged particles
crossing the active detector material, accounting also for the uncertainty of the measurement position.

These pre-processed measurements are then assembled to track seeds consisting of sets of three
space points each, which allows for a first estimation of track parameters. Both the Pixel Detector and
the SCT are used in the seeding stage. Starting from the seeds, a combinatorial Kalman filter [159] is
used to append additional space points. A window search given by the seed direction is applied, and
space points compatible with the predicted trajectory are added or rejected by the Kalman filtering.
These tracks form the initial candidates. Since at this stage, the creation of multiple tracks from



48 Chapter 8. Object reconstruction

the same seed and a sharing of space points between candidates is possible, these ambiguities have
to be resolved in an additional step. For this purpose scores are assigned to all tracks to quantify
their respective quality, allowing an ordering of the candidates. These scores include expected cluster
multiplicities in the reconstructed trajectory –, the χ2 of the track fit as well as the track momentum.
Iteratively multiple associations of the same clusters to different tracks can thus be resolved.

The tracks that survive the resolving of ambiguities are fit with a high precision least square fit.
After this, an extension to the TRT is performed, combining the track with compatible measurements
in the straws through track extrapolation. Including these added hits, the global fit is repeated. In
general, the TRT extension has large importance for an improved momentum resolution of tracks in
ATLAS.

To further improve the track reconstruction efficiency, a second tracking sequence is carried out,
starting with TRT measurements. Within this outside-in approach, calorimeter clusters (see 8.2) are
used to identify regions of interest in the TRT within which seeds are formed from TRT measurements
alone. Equivalent to the inside-out approach explained above, track candidates are built by a combina-
torial Kalman filter. Those candidates are then extended to the SCT and Pixel surfaces, where hits not
used by the first track finding sequence and compatible with the track are added. After the removal of
possible shared hits and duplicates, a least square fit is performed again to obtain the track parameters.
The outside-in reconstruction helps to recover tracks that originate from secondary vertices or photon
conversions, where no seeds within the silicon detectors are found. They play an important role in
the reconstruction of electrons and photons (see 8.4). The overall track reconstruction efficiency as a
function of η and pT can be seen in 8.1a and 8.1b, respectively.

η
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5T

ra
ck

 r
ec

on
st

ru
ct

io
n 

ef
fic

ie
nc

y

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Minimum Bias MC
| < 2.5η > 500 MeV, |

T
p 1, ≥ seln

 = 13 TeVs
ATLAS

(a)

 [GeV]
T

p
1 10T

ra
ck

 r
ec

on
st

ru
ct

io
n 

ef
fic

ie
nc

y

0.76
0.78
0.8

0.82
0.84
0.86
0.88
0.9

0.92
0.94

Minimum Bias MC
| < 2.5η > 500 MeV, |

T
p 1, ≥ seln

 = 13 TeVs
ATLAS

(b)

FIGURE 8.1: Track reconstruction efficiency after application of a data-driven efficiency correction,
shown as a function of η in (a) and as a function of pT in (b) [160].

8.2 Calorimeter clusters

Clustering of topologically connected cells [161] is a well-suited approach to reconstruct energy de-
posits in highly granular calorimeter systems, such as the ones deployed in ATLAS. The fine lateral
and longitudinal segmentation of cells allows the resolution of the signal patterns generated by show-
ering particles and effectively suppresses electronic noise or other backgrounds, like pileup. These
topo-clusters form the basis of calorimetric input for higher-level reconstruction algorithms, for ex-
ample in jets, photons and electrons.
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Clusters are built by following patterns of signal significance ζEM
cell in each cell, defined as

ζEM
cell =

EEM
cell

σEM
noise,cell

, (8.1)

where EEM
cell is the cell signal energy and σEM

noise,cell is the average expected noise of the same cell. Both
of these are measured on the electromagnetic (EM) scale, a scale that reconstructs energies deposited
by photons or electrons correctly, but would need corrections to recover signals originating from
hadronic showers [161]. This is due to the non-compensating response of the calorimeter technology
used, which reacts differently to hadronic and electromagnetic showers coming from particles of the
same energy.

To control the seeding, growth and boundary properties of the topo-clusters, three different re-
quirements on cells in terms of signal significance are defined, that denote the significance require-
ment for a cell to either act as a seed, to be accounted as a cell neighbouring a seed cell or to be
included into an outer perimeter. The algorithm collects cells into clusters by starting at the most
energetic seed cells that pass a threshold S, |ζEM

cell | > S. The neighbouring – which means directly ad-
jacent – cells are added to the seed if they pass |ζEM

cell | > N or |ζEM
cell | > P. If they pass |ζEM

cell | > N, the
procedure is iteratively continued to further neighbours, allowing the cluster to grow. If a neighbour-
ing cell passes |ζEM

cell | > P but not |ζEM
cell | > N, it is added to the cluster and the algorithm stopped.

The default settings for the ATLAS reconstruction are S = 4, N = 2 and P = 0. Clusters can be
merged in case the neighbouring cells are both seeds or if seed cells share a common neighbour that
passes |ζEM

cell | > N.
In all of the above-mentioned clustering requirements, the absolute value of ζEM

cell is used. This
means that cells with negative measured energy are included, which are typically the result of random
noise fluctuations. Nevertheless, including negative value cells into a cluster has the advantage of
cancelling random upward noise fluctuations and thus improves the overall resilience against noise.

To further improve the quality of the topo-clusters, a splitting is performed. This can help to
improve the reconstruction performance in case two or more close-by particles deposit energy in
the calorimeter. The applied splitting algorithm consists of finding local maxima within clusters of
EEM

cell > 500 MeV that is surrounded by at least four neighbours, none of which are identified as a
local maximum themselves. After splitting, a sharing of cells that are neighbouring two identified
maxima is possible. The energy is then distributed according to a weight computed from the energies
of the respective clusters and the distance of the shared cell to the centre of gravity of the clusters.
The weight is defined as

wgeo
cell,i =

EEM
cluster,i

EEM
cluster,i + rEEM

cluster,j
, r = edi−dj (8.2)

where di and dj are the distances from the cell to the centre of gravity of the two clusters i and j
respectively, and EEM

cluster,i is the energy measured in cluster i. The weight assigned to cluster j is
consequently wgeo

cell,j = 1− wgeo
cell,i. This splitting is the last step in the topo-cluster building and the

resulting clusters form the input for further final state reconstruction.
Combining the energies and directions of all cells within a cluster, cluster-level kinematics can be

computed. The cluster energy EEM
cluster is obtained by computing

EEM
cluster =

Ncell

∑
i

wgeo
cell,iE

EM
cell,i. (8.3)
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The directional variables ηclus and φclus are computed as

ηclus =
∑Ncell

i wgeo
cell,i|EEM

cell,i|ηcell,i

∑Ncell
i wgeo

cell,i|EEM
cell,i|

(8.4)

φclus =
∑Ncell

i wgeo
cell,i|EEM

cell,i|φcell,i

∑Ncell
i wgeo

cell,i|EEM
cell,i|

, (8.5)

where ηcell,i and φcell,i are the directions of each cell computed from its position within the calorimeter
with respect to the origin of the coordinate system defined in ATLAS.

8.3 Jets

A jet describes a stream of particles resulting from the hadronisation of an initial quark or gluon,
produced during a proton-proton collision. Given the phenomenon of confinement in QCD, colour-
charged particles can’t exist freely. They then produce additional particles that allow them to form
an overall colourless state. Finding and combining these individual objects originating from the
same parton is the task of jet reconstruction algorithms, for which several different methods have
been developed in the past. ATLAS reconstructs jets with the anti-kT algorithm [162], an infrared
and collinear safe clustering algorithm widely used in particle physics. Infrared safety refers to the
independence of jet definitions under the inclusion of soft radiation, while collinear safe algorithms
have the property of reliably including a split parton within the given jet. This sequential algorithm
uses the distance di,j between the sub-components i and j

di,j = min(
1

p2
T,1

,
1

p2
T,2

)
∆2

i,j

R2 , (8.6)

and the distance to the beam di,B defined as

di,B =
1

p2
T,i

, (8.7)

where ∆2
i,j = (ηi − ηj)

2 + (φi − φj)
2 is the separation between two input candidates, R is a free

parameter related to the jet opening and pT,i is the transverse momentum of i-th the sub-compontent.
If for a given input object i di,B < di,j, i is considered a jet candidate. Otherwise, it is merged with
object j. This is repeated until no clusters are left, such that the hard particles include the softer
components in a cone around them.

A calibration is applied to jets in the form of a jet energy scale (JES) [163, 164] factor, that
corrects the jet four-momentum to the particle-level energy scale. The jet energy resolution (JER) is
derived as the width of a Gaussian fit to the jet response function.

The inputs to the anti-kT algorithm are four vectors, that can be differently defined. During Run 2,
ATLAS has changed the inputs for the jet definition from a calorimeter-only based approach (see 8.3)
to one that mixes calorimeter and tracker information and takes advantage of the better pT resolution
of tracks at low momenta (see 8.3). Both are briefly introduced in the following.
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Jets based on calorimeter information

The basis for calorimeter jets are topological clusters (see 8.2), formed from connected cells in the
calorimeter containing significant energy above a noise threshold. The identified positive-energy
topological clusters found in an event are used as input to the anti-kT algorithm with a radius param-
eter of R = 0.4, assuming a massless particle hypothesis for each and using the reconstructed cluster
energy at the electromagnetic scale.

Jets combining tracker and calorimeter information

The most recent jet reconstruction algorithm that is used in physics analyses within ATLAS is the so-
called particle flow (PFlow) algorithm, an idea that was pioneered in the ALEPH experiment at LEP
[165]. The main consideration for using PFlow jets, instead of those based on calorimeter information
alone, is an improved performance in higher pile-up environments.

Within this approach, [166], measurements from both the calorimeter and the tracking system
are combined. This means that a combination of topological clusters and tracks are used as input
for the anti-kT algorithm. To avoid double counting of calorimeter-based energy measurements by
already well-measured charged tracks, the expected energy deposited in the calorimeter by charged
particles is removed. For this, tracks are matched spatially to a topological cluster by extrapolating
the track to the second layer in the LAr Calorimeter. Before the matching of a given track to a cluster,
a preselection of topological clusters is performed by requiring Eclus/ptrk > 0.1. The cluster closest

to the track is then chosen, using a distance metric defined as ∆R′ <
√
(∆φ

σφ
)2 + (∆η

ση
)2. The removal

of the double-counted energy is done iteratively cell by cell until an amount corresponding to the
track’s energy is removed from the cluster.

8.3.1 Pileup jet rejection

In addition to the hard-scatter event within a bunch crossing, additional soft pp collisions occur,
denoted as pileup. The rejection of jets originating from pileup interactions is essential to many
physics analyses. The method followed in ATLAS is described in the following. Two variables are
defined for the pileup jet suppression that is finally used in a multivariate combination, which is called
the jet-vertex-tagger (JVT) [167].

The first variable used is the so-called corrected jet vertex fraction (corrJVF), defined as

corrJVF =
∑k ptrkk

T (PV0)

∑l ptrkl
T (PV0) +

∑n≥1 ∑l p
trkl
T (PVn)

k·nPU
trk

, (8.8)

where ∑k ptrkk
T (PV0) is the scalar sum of the transverse momenta of the tracks associated with the jet

and the originate from the hard-scatter vertex. The term ∑n≥1 ∑l ptrkl
T (PVn) computes the scalar sum

of the transverse momenta of tracks associated with the jets that originate from the individual pileup
vertices reconstructed in the event. Since this last term would introduce a dependence of the variable
on the number of reconstructed vertices, it is divided by k · nPU

trk , where nPU
trk is the number of pileup

tracks identified in the event and k is a scale factor and set to k = 0.01.
The second variable used for pileup rejection is the charged fraction RpT, defined as

RpT =
∑i ptracki

T (PV)

pjet
T

, (8.9)

where ∑i ptracki
T (PV) is defined as above and pjet

T is the calibrated transverse momentum of the jet.
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The distributions for corrJVT and RpT are shown in 8.2a and 8.2b, respectively, split into jets
originating from the hard-scatter (HS) interaction and those coming from pileup (PU). Since pileup
jets typically don’t contain tracks originating from the hard scatter vertex, the value assumed by
pileup jets for both variables is generally close to zero. The final JVT discriminant uses both before
mentioned variables as input to build a two-dimensional likelihood based on the k-nearest neighbour
algorithm [168]. Its distribution for HS and PU jets is shown in 8.2c. Jets with no associated tracks get
the value JVT = −0.1 assigned. Depending on the cut applied to this variable, different HS efficiency
and PU rejection working points can be selected. The ROC curve for the different discriminators is
presented in 8.2d.
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FIGURE 8.2: Distribution for corrJVT (a) and RpT (b) shown for hard-scatter and pileup jets in the
transverse momentum range between 20 GeV < pT < 30 GeV. The final JVT distribution and the

ROC curves when applying the different discriminants are shown in (c) and (d) [167].
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8.4 Photons and electrons

FIGURE 8.3: Flow diagram of the algorithm used for electron and photon reconstruction [169].

Photons (γ) and electrons (e±) are reconstructed in ATLAS using both, calorimeter and tracker
information. In a naive picture, photons – being electrically neutral – don’t interact with the inner
detector and deposit their energy only in the EM calorimeter in the form of an EM shower. The
charged electrons on the other hand leave hits in the inner detector that form a track before showering
electromagnetically in the calorimeter. Due to the sizeable amount of material sitting before the
calorimeter, see 7.3, this simple description is complicated by the conversion of photons and also the
emission of bremsstrahlung by electrons. To reach highly performant reconstruction of photons and
electrons, these effects need to be accounted for. The necessity to be able to reconstruct a photon
from an electron-positron pair coming from a conversion vertex as well as recovering energy lost by
an electron emitting a bremsstrahlung photon introduces a certain codependence between these two
object reconstructions, which is why they are covered simultaneously in this chapter. An overview of
the deployed algorithm is shown in 8.3. The description follows the ATLAS documentation of e±/γ
reconstruction with so-called superclusters, provided in [169].



54 Chapter 8. Object reconstruction

8.4.1 Photon and electron reconstruction

FIGURE 8.4: Visualisation of the inclusion of satellite clusters in the supercluster reconstruction
chain [169].

For both photons and electrons, the energy deposited in the calorimeters is reconstructed using
topological clusters equivalent to those described in 8.2, using the same {4, 2, 0} thresholds. The
difference in the e±/γ reconstruction compared to the jet reconstruction is that for the former only
the electromagnetic part of topo-clusters is considered, meaning that only energy from cells in the
EM calorimeter is used. Clusters need to pass a minimum EM energy threshold of 400 MeV. By
requiring the EM fraction of the cluster energy to be fEM > 0.5, an initial pile-up cluster rejection
can be achieved at this early stage.

For the reconstruction of electrons and converted photons, ID tracks within a region of interest
defined by the calorimeter clusters are used, following a two-step reprocessing of the ID information.
Firstly, given that the standard tracking applied in the ID assumes a pion hypothesis, the track parame-
ters of the considered tracks are refit, taking the considerably higher expected energy loss of electrons
as well as the electron mass hypothesis into account. Secondly, standard tracking may fail altogether
in producing track candidates due to the mentioned higher energy loss that is not considered in the
standard track-finding procedure. In this case, silicon detector-based track seeds found within the
region of interest that did not create tracks in the tracking sequence are used to find electron tracks,
allowing for a higher energy loss at material intersections.

The obtained tracks are matched to EM topo-clusters, where a track is considered matched if
|∆η| < 0.05 and −0.1 < q(φtrack − φcluster) < 0.05, where q denotes the charge of the particle
inferred from the trajectory. The φ cut is asymmetric to account for energy loss from radiated photons.
In case of several tracks passing the matching requirements, a ranking of the tracks based on track
quality and matching using ∆R =

√
∆φ2 + ∆η2 as a distance metric is performed and the best track

chosen.
At low pseudorapidity values, roughly 20 % of photons undergo conversion before reaching the

calorimeter, increasing to ∼65 % for |η| ≈ 2.3. For the reconstruction of these converted photons,
the conversion vertex needs to be identified. Both, tracks that include silicon sensor measurements
and those reconstructed from the TRT alone, are included in the procedure. Two kinds of conversion
vertices are considered, two-track vertices and single-track vertices where the second track could
not be reconstructed. For two-track vertices, the tracks need to be of opposite charge. Single-track
vertices are built from tracks containing only TRT measurements. To limit the number of unconverted
photons incorrectly matched to a conversion vertex built by TRT tracks, a high probability for the TRT
tracks to be electrons [170] is required.

To build the final supercluster object, ET-sorted topo-clusters are used as seeds to which so-called
satellite clusters are added. For photons, a cluster must have ET > 1.5 GeV to form a seed. For
electrons, the seed cluster must match a track with at least four silicon hits and pass a minimum
transverse energy requirement of ET > 1 GeV. Starting from seed clusters that fulfil the above
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requirements, satellite clusters are added. These denote neighbouring clusters within a ∆η × ∆φ =
0.075× 0.125 window. They are added to the supercluster to recover secondary EM showers that
originate from the same e±/γ object. This window is extended to ∆η × ∆φ = 0.125× 0.300 for
electron seeds if the track matched to the seed cluster is also matched to the satellite cluster. For
photon seeds that have a conversion vertex matched, clusters matched to the same conversion vertex
are added as satellites as well. The method is visualised in 8.4.
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FIGURE 8.5: Reconstruction efficiency for electrons (a) and converted photons (b) as a function of
the transverse energy ET [169]. Only converted photons are highlighted here since the reconstruction

efficiency of unconverted photons is close to 100 %.

Since electron and photon reconstruction is done in parallel (see 8.3), a given cluster can seed both
an electron and a photon. In simply identifiable cases, like electrons matched to a good quality track
or photons without a conversion vertex, the supercluster is transformed into an electron or photon
object directly for usage in physics analyses. The remaining objects are flagged as ambiguous and it
is left to the individual analyses to decide how to classify the object based on their specific needs. The
reconstruction efficiency of the supercluster algorithm for electrons is shown in 8.5a as a function of
the truth transverse energy ET, reaching ∼98 %. The efficiency for reconstructing converted photons
is shown in 8.5b, which levels off at ∼70 % for high truth transverse energy.

8.4.2 Photon identification

Photon identification aims to differentiate promptly produced photons from hadronic jets. Especially
neutral pions decaying to two collimated photons present a significant background for the photon
reconstruction. So-called shower shape variables are used for identification, which characterises lon-
gitudinal and transversal shower developments. An overview of these variables and their definitions

Working point name Utilised variables
Loose Rhad, Rhad1 , Rη and wη2

Medium Loose + Eratio
Tight Loose + Rφ, ws 3, fside, ∆Es, Eratio, ws tot, f1
Loose′-2 Tight, removing ws3, Fside
Loose′-3 Tight, removing ws3, Fside, ∆E
Loose′-4 Tight, removing ws3, Fside, ∆E, ws1,tot

TABLE 8.1: List of variables used to define the Loose, Tight, and Loose′ photon selections.
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is given in 8.2. Due to the difference in the evolution of electromagnetic and hadronic showers, the
shower shapes provide a strong separation power and allow the definition of selection cuts.

Three basic working points are provided for photons: Loose, Medium and Tight. Loose and
Medium photons are primarily used in the trigger. Loose selection makes use of the variables Rhad,
Rhad1 , Rη and wη2 . Medium selection adds a cut on Eratio. The primary working point used for
offline analyses is the Tight photon definition, incorporating cuts on the variables defined in 8.1. The
identification cuts are tuned separately for high and low ET photons and are also optimised in bins of
|η| since shower shapes vary due to the slightly changing geometry of the calorimeter. 8.6 shows the
identification efficiency obtained for unconverted and converted photons respectively as a function of
ET. The identification efficiency reaches ∼93 % for unconverted photons and ∼98 % for converted
photons.
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FIGURE 8.6: Efficiency of the Tight photon identification as a function of ET, split into unconverted
(a) and converted (b) photons [169].

8.4.3 Photon isolation

To further suppress non-prompt photons originating from hadronic activities, isolation cuts are ap-
plied. The activity close to photon candidates can be quantified by searching for tracks or calorimetric
energy deposits close to the object of interest. Since prompt photons are expected to appear isolated
in the calorimeter, requiring this activity not to surpass a given threshold gives a powerful handle on
background suppression.

The calorimeter isolation uses the Econe0.2
T XX variable, which is defined as

Econe0.2
T XX = EisolXX

T,raw − ET,core − ET,leakage(ET, η, ∆R)− ET,pile-up(η, ∆R),

where XX encodes the size of the searched cone, ∆R = XX/100. This means that for example
in the Econe0.2

T 40 definition, the cone size is ∆R = 40/100 = 0.4. EisolXX
T,raw sums the transverse

energy of positive-energy topological clusters that fall within the chosen cone. From this value,
the isolation variable is computed by subtracting the raw particle energy ET,core in a window of
∆η × ∆φ = 0.125× 0.175 around the barycentre of the cluster, a parametrised leakage correction
ET,leakage(ET, η, ∆R) accounting for wider showers as well as a parametrised average contribution
from pile-up ET,pile-up(η, ∆R).
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Category Description Name Usage
Hadronic leakage Ratio of ET in the first layer of the hadronic calorimeter to

ET of the EM cluster (used over the ranges |η| < 0.8 and
|η| > 1.37)

Rhad1 e/γ

Ratio of ET in the hadronic calorimeter to ET of the EM
cluster (used over the range 0.8 < |η| < 1.37)

Rhad e/γ

EM third layer Ratio of the energy in the third layer to the total energy in
the EM calorimeter

f3 e

EM second layer Ratio of the sum of the energies of the cells contained in a
3× 7 η × φ rectangle (measured in cell units) to the sum of
the cell energies in a 7× 7 rectangle, both centred around
the most energetic cell

Rη e/γ

Lateral shower width,√
(ΣEiη

2
i )/(ΣEi)− ((ΣEiηi)/(ΣEi))2, where Ei is the

energy and ηi is the pseudorapidity of cell i and the sum is
calculated within a window of 3× 5 cells

wη2 e/γ

Ratio of the sum of the energies of the cells contained in a
3× 3 η × φ rectangle (measured in cell units) to the sum of
the cell energies in a 3× 7 rectangle, both centred around
the most energetic cell

Rφ e/γ

EM first layer Total lateral shower width,
√
(ΣEi(i− imax)2)/(ΣEi),

where i runs overall cells in a window of ∆η ≈ 0.0625 and
imax is the index of the highest-energy cell

ws tot e/γ

Lateral shower width,
√
(ΣEi(i− imax)2)/(ΣEi), where i

runs over all cells in a window of 3 cells around the
highest-energy cell

ws 3 γ

Energy fraction outside the core of three central cells, within
seven cells

fside γ

Difference between the energy of the cell associated with
the second maximum and the energy reconstructed in the
cell with the smallest value found between the first and
second maxima

∆Es γ

Ratio of the energy difference between the maximum
energy deposit and the energy deposit in a secondary
maximum in the cluster to the sum of these energies

Eratio e/γ

Ratio of the energy measured in the first layer of the
electromagnetic calorimeter to the total energy of the EM
cluster

f1 e/γ

TABLE 8.2: Definition and description of the shower shape variables used to differentiate electro-
magnetic from hadronic showers [169].
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Working point Calorimeter isolation Track isolation
Loose Econe20

T < 0.065× ET pcone20
T /ET < 0.05

Tight Econe40
T < 0.022× ET + 2.45 GeV pcone20

T /ET < 0.05

TABLE 8.3: Definition of the Loose and Tight photon isolation working points.
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FIGURE 8.7: Efficiency of the respective isolation working points as a function of η, split into
converted photons ((a)) and unconverted photons ((b)) [169].

The track isolation variable pconeXX
T uses tracking information. It is defined as the sum of the

transverse momenta of all tracks within a given cone around the photon cluster direction, given as

pconeXX
T = ∑ pT,track(∆Rcone, PV)

The tracks in the sum have to pass a minimum transverse momentum cut of pT > 1.5 GeV and
need to be associated with the selected vertex (PV) of the event. Since for boosted topologies, the
surrounding objects are less spread, the cone radius is pT dependently defined as

∆Rcone = min(
10 GeV
pT[GeV]

, 0.2).

The efficiency of the isolation is shown in 8.7 as a function of η. The working points shown in the
Looses and Tight curves follow the definition given in 8.3.

8.5 Muons

Muons are reconstructed from measurements both in the Inner Detector (ID) as well as the Muon
System (MS) [171]. Pattern recognition algorithms are applied in both systems independently and the
resulting tracks from the ID and segments from the MS are then combined to form muon candidates.

For each chamber, a so-called track segment is built from hits aligned on a trajectory that is loosely
compatible with the interaction point (IP). Muon track candidates are constructed by combining the
segments from different chambers. Starting from seeds, which are defined as the segments built in
the middle layer of the detector, a combinatorial search is performed. For the muon reconstruction
accepted combinations of segments are selected based on hit multiplicity and overall fit quality re-
quirements. Next, the tracks found in the inner detector and the muon candidates are combined.
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Depending on which specific detector information is used to reconstruct a muon candidate, four
distinct muon types are discerned, which are defined in the following. The first type, so-called com-
bined muons, is obtained by extrapolating MS-only candidates consisting of combined segments in-
ward, towards the IP, and searching for matching tracks in the ID. A complimentary inside-out ex-
trapolation is used as well. After finding a match, the combined measurements are refit into one final
muon track object using a global fit. These form the muon type of the highest purity. To regain ef-
ficiency in the reconstruction, additional reconstruction chains are deployed. Segment-tagged muons
are reconstructed from ID tracks that are associated with at least one track segment after extrapola-
tion to the MS. These segments need to be built either in the CSC or the MDT for segment-tagged
muons to be accepted as muon candidates. Further, in regions where the MS is only partially instru-
mented due to gaps needed for services (|η| < 0.1), calorimeter information can also be used to build
muon candidates. ID tracks matched to energy deposits in the calorimeter that is compatible with
a minimum-ionising particle are then also identified as muons. These are called calorimeter-tagged
muons and have the lowest purity of all muon types, but allow to recover acceptance. Outside of the
ID acceptance (2.5 < |η| < 2.7), extrapolated muons can be reconstructed from MS measurements
alone that are compatible with the IP. As a minimum requirement, muon segments need to be found
in at least two out of three MS layers in the forward region.

8.6 Missing transverse momentum

For particles that either interact only weakly or possibly don’t interact at all with the matter, no
signals are registered in the active sensor elements of the ATLAS detector. The missing transverse
momentum (Emiss

T ) gives an experimental handle on signatures with undetected particles. Due to
momentum conservation, the vectorial sum of the transverse momenta pT of all particles produced in
a pp collision has to add up to zero. A deviation in this sum from the expectation allows inferring the
momentum carried away by particles that don’t interact with the detector.

The basic task of the Emiss
T reconstruction is thus to collect all objects originating from the hard

scatter interaction and sum up the transverse components of their momenta. These objects can log-
ically be separated in the hard event signals made up of reconstructed electrons, photons, muons,
τ-leptons as well as jets on one side and the soft event signals on the other. Soft signals are the rem-
nant detector signals that did not get associated with any of the hard objects, like single tracks that
still can be matched to the primary vertex, which need to be included in the Emiss

T calculation to avoid
– or minimise – reconstruction biases.

Missing transverse momentum is defined [172] using the negative sum of the transverse x and y
components of the hard and soft signals

Emiss
x(y) = − ∑

i∈{hard objects}

px(y),i − ∑
j∈{soft signals}

px(y),j, (8.10)

that can be associated with the primarily selected vertex. Emiss
T captures – as its name suggests – the

momentum missing from the event to balance the vector sum to zero. From these components the
following observables can be constructed:

Emiss
T = (Emiss

x , Emiss
y ) (8.11)

Emiss
T = |Emiss

T | =
√
(Emiss

x )2 + (Emiss
y )2 (8.12)

φmiss = tan−1(Emiss
y /Emiss

x ) (8.13)

The vector Emiss
T has a magnitude Emiss

T and an azimuthal orientation φmiss. By construction,
Emiss

T has a positive value. It has to be noted here that due to the finite detector acceptance and
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limited reconstruction and selection efficiencies, not all four momenta of a hard interaction can be
reconstructed. Also, neutral particles not included in any reconstructed objects are not accounted for,
since the inclusion of these signals from the calorimeter would suffer unacceptable contributions from
the pile-up. Thus the missing transverse momentum exhibits an observational bias towards positive
values which is then also expected in events without a genuine transverse momentum loss from not
detected particles. Resolution effects of the individual reconstructed objects play a role here as well
since, for example, a shift in a jet momentum from its true value due to the resolution will cause a
shift in the missing transverse momentum calculation.

8.6.1 Emiss
T reconstruction

In the calculation of Emiss
T only mutually exclusive detector signals should be used, leading to the

necessity to define an overlap removal strategy to avoid any double counting. At the same time,
different analyses prioritising different objects might not interpret a given event the same way. Both
of these issues are addressed by defining a sequence of selected objects that are used for the Emiss

T
calculation. The Emiss

T is split into one contribution for each hard object type (e, γ, τhad, jet) as well
as the soft term:

Emiss
T = − ∑

selected
electrons

pe
T − ∑

selected
photons

pγ
T − ∑

selected
τ−hadrons

pτhad
T − ∑

selected
muons

pµ
T − ∑

selected
jets

pjet
T

︸ ︷︷ ︸
hard term

− ∑
unused
tracks

ptrack
T

︸ ︷︷ ︸
soft term

, (8.14)

thus allowing for a flexible recalculation of the missing transverse momentum depending on an
individual analysis selection. The soft term includes ID tracks that can not be associated with any of
the hard objects but passes basic quality selections (for details see [173]) and can be associated with
the selected primary vertex. The matching to the vertex applies cuts on the transverse and longitudinal
impact parameters, namely |d0| < 1.5 mm and |z0 sin(θ)| < 1.5 mm. Especially in events with a
low multiplicity of hard objects, this term plays an important role in improving both the Emiss

T scale
and resolution.

8.6.2 Emiss
T response and resolution

(a) (b)

FIGURE 8.8: Distribution of the mean missing transverse momentum projected on the transverse
momentum vector of the Z boson in Z → µµ events [172]. A selection requiring no jets in the

events is shown in (a), while (b) gives the inclusive selection.
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The performance evaluation uses two basic characteristics to quantify the reconstruction quality,
the Emiss

T response and resolution. In this context, the response is the deviation of the measured Emiss
T

from the expected value Emiss, true
T for a specific final state. The response is called linear if it does not

depend on the truth Emiss
T or the hardness of the interaction. To test the case of 〈Emiss

T 〉 = 0, the final
state of Z → µµ is chosen, which can be used both in MC as well as data due to the low backgrounds.
Production of neutrinos in the hadronic recoil of the Z is strongly suppressed and thus this channel
can be seen as free from Emiss

T . In Z → µµ events, one can use the pT of the Z boson as a reference
for the hardness of the interaction, with respect to which one can evaluate the Emiss

T response. To be
sensitive to limitations in the Emiss

T reconstruction, the magnitude of the Emiss
T component parallel to

the axis defined by the Z’s momentum, PZ0

‖ , is used

PZ0

‖ = Emiss
T · AZ0 , AZ0 =

pZ0

T

pZ0

T

, (8.15)

where pZ0

T is the two dimensional vector of the Z boson’s momentum in the transverse plane and
pZ0

T is its magnitude. The expectation value for PZ0

‖ is zero and any deviation from it represents a

bias in the Emiss
T reconstruction. 8.8 shows the mean value of PZ0

‖ as a function of the transverse
momentum of the Z boson. 8.8a shows the distribution for a selection of events that don’t contain
additional jets, while 8.8b displays the inclusive case. Without jets, Emiss

T is reconstructed from the
two muons and the soft term alone. One can see that without other hard objects in the event, the Emiss

T
depends strongly on the hard scatter activity. Neutral particles that are not included in the soft term
but also charged particles that either did not get reconstructed or are not considered in the soft term
due to failing the track selection cause this behaviour. In the inclusive case (8.8b), where the Z recoils
against reconstructed jets, the pZ0

T dependence can be recovered above pZ0

T > 20 GeV. Still, a bias
due to acceptance and reconstruction efficiency limitations is also expected in the inclusive selection.

(a) (b)

FIGURE 8.9: The combined distribution of Emiss
x and Emiss

y from Z → µµ simulation is shown in
(a), while (b) displays the RMS of the x and y component of missing transverse energy as a function

of the number of primary vertices [172].

The resolution is defined as the root mean square (RMS) of the differences between the x(y)
component of the Emiss

T in reconstruction and at the truth level. One can see from the combined
distribution of Emiss

x and Emiss
y in 8.9a that the shape exhibits non-gaussian tails, making the definition

of the resolution via the RMS an appropriate measure of the variability between the reconstructed
value and the true value compared to fitting a Gaussian function to the distribution and taking its
width as the uncertainty.
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9
Dark photon from SM Higgs boson
decay in ZH production mode

This analysis is based on the ZH production mode where Z → `+`− (` = e, µ) and H → γγd,
which proceeds at leading order through the Feynman diagrams shown in Figure 9.1. The study is
performed using a final state consisting of two same-flavour, opposite-charge electrons or muons,
an isolated photon and missing transverse momentum. The requirements applied to the photon and
the Emiss

T , originating from a potential SM Higgs boson decay, are optimised to maximise the signal
acceptance. On the other hand, the leptons are used for triggering the event and provide a Z boson
mass constraint. The transverse mass mT of the γ−Emiss

T system presents a kinematic edge at the
Higgs boson mass and is included as a variable of interest in the boosted decision tree (BDT) score
that is exploited to search for a dark photon signal. The kinematics of these events allow the search
for low-mass ( 6= 0) γd. Hence, the analysis is optimised for dark photon searches in the [0-40] GeV
mass range.

FIGURE 9.1: Feynman diagrams for H→ γγd in qq̄→ ZH and gg→ ZH production modes.

9.1 Data samples

The data used in this search were collected by the ATLAS experiment from the LHC pp collisions
at
√

s = 13 TeV during stable beam conditions, with all subdetectors operational [174]. The corre-
sponding total integrated luminosity is 139 fb−1. The data were recorded with high efficiency using
unprescaled trigger algorithms based on the presence of single leptons or di-leptons, where electrons
and muons are considered as leptons [175, 176].

The trigger thresholds as summarised in Table 9.1 are based on the transverse momentum pT
of the leptons and are determined by the data-taking conditions during the different periods [177],
particularly by the number of multiple pp interactions in the same or neighbouring bunch crossings,
referred to as pileup. The number of pileup interactions ranges from about 8 to 70, with an average of
34. Single-lepton triggers with low pT threshold and lepton isolation requirements are combined in a
logical OR with higher-threshold triggers without isolation requirements to give maximum efficiency.
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The di-lepton triggers require two leptons that satisfy loose identification criteria, with symmetric
(symmetric or asymmetric) pT thresholds for electrons (muons). The di-lepton trigger complements
the single-lepton trigger to recover between 3% and 3.6% signal efficiency depending on the dark
photon mass points for combined Z → ee and Z → µµ final states.

TABLE 9.1: List of single-lepton and di-lepton triggers.

Period Electron Muon

Single-lepton

2015 pT > 24, 60, 120 GeV pT > 20, 50 GeV

2016-2018 pT > 26, 60, 140 GeV pT > 26, 50 GeV

Di-lepton

2015 p1
T, p2

T > 12 GeV
p1

T > 18 GeV, p2
T > 8 GeV

p1
T, p2

T > 10 GeV

2016, 2018 p1
T, p2

T > 17 GeV
p1

T > 22 GeV, p2
T > 8 GeV

p1
T, p2

T > 14 GeV

2017, 2018 p1
T, p2

T > 24 GeV
p1

T > 22 GeV, p2
T > 8 GeV

p1
T, p2

T > 14 GeV

9.2 Simulated event samples

Monte Carlo (MC) simulated samples are used to model both the signal and the different background
processes using the configurations shown in Table 10.4. All the samples were generated at a centre-
of-mass energy of 13 TeV. The generated events were processed through a simulation [178] of the
ATLAS detector geometry and response using GEANT [131], and through the same reconstruction
software as the collected pp collision data. Corrections were applied to the simulated events so that
the particle candidates’ selection efficiencies, energy scales and energy resolutions match those de-
termined from data control samples. In addition, appropriate scale factors corresponding to the fired
triggers are applied [175, 176]. The simulated samples are normalised to the total integrated lumi-
nosity, using the corresponding cross-sections computed to the highest order available in perturbation
theory. The pileup effects were modelled using events from minimum-bias interactions generated
using PYTHIA8.186 [179] with the A3 set of tuned parameters [180]. They were overlaid onto the
simulated hard-scatter events according to the luminosity profile of the recorded data (reweighting
procedure). For massive γd signal samples and the tWγ background process, the detector response
was simulated using a fast parameterized simulation of the ATLAS calorimeters [181]. For the mass-
less signal samples and all remaining background samples, the full GEANT simulation was used. All
simulated samples, except those produced with the SHERPA2.2.1 [182] event generator, used EVT-
GEN 1.2.0 [183] to model the decays of heavy-flavour hadrons.
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TABLE 9.2: The configurations used for event generation of signal and background processes. V
refers to an electroweak boson (W or Z/γ∗). The matrix element (ME) order refers to the order in
the strong coupling constant of the perturbative calculation in the MC event generation. PDF refers
to the parton density libraries used with the generator. The tune refers to the underlying-event tune

of the parton shower model.

Process Generator ME Order PDF Parton Shower Tune

Signal samples

ZH, H → γγd POWHEG-BOX [v2] NLO NNPDF [3.0nlo] PYTHIA

[8.245]
AZNLO

SM background samples

VγQCD SHERPA v2.2.8 NLO (up to 2
jets),
LO (up to 3 jets)

NNPDF [3.0nnlo] SHERPA

MEPS@NLO
SHERPA

VγEWK MADGRAPH5_aMC@NLO
[v2.6.5]

LO NNPDF [2.3lo] PYTHIA

[8.240]
A14

ZQCD SHERPA v2.2.1 NLO (up to 2
jets),
LO (up to 4 jets)

NNPDF [3.0nnlo] SHERPA

MEPS@NLO
SHERPA

ZEWK SHERPA v2.2.1 NLO (up to 2
jets),
LO (up to 4 jets)

NNPDF [3.0nnlo] SHERPA

MEPS@NLO
SHERPA

Single t-quark/tt̄ POWHEG-BOX [v2] NLO NNPDF [2.3lo] PYTHIA

[8.230]
A14

tt̄ (V, VV), Wtγ MADGRAPH5_aMC@NLO
[v2.2.3]

NLO NNPDF [2.3lo] PYTHIA

[8.210]
A14

SM Higgs POWHEG-BOX [v2] NNLO (ggF),
NLO (VBF,
VH, tt̄H)

PDF4LHC15 PYTHIA

[8.230]
AZNLO

VVγ SHERPA v2.2.11 NLO (0 jets),
LO (up to 3 jets)

NNPDF [3.0nnlo] SHERPA

MEPS@NLO
SHERPA

VV/VVV SHERPA v2.2.2 NLO (0 jets),
LO (up to 3 jets)

NNPDF [3.0nnlo] SHERPA

MEPS@NLO
SHERPA

Samples for evaluating systematic uncertainties

ZH, H → γγd POWHEG-BOX [v2] NLO NNPDF [3.0nlo] Herwig [v7.1.3] H7-UE-
MMHT

ZγQCD MADGRAPH5_aMC@NLO
[v2.3.3]

NLO NNPDF [2.3lo] PYTHIA

[8.212]
A14

WγQCD MADGRAPH [v2.8.1] NLO NNPDF [2.3lo] PYTHIA

[8.244]
A14

WγEWK MADGRAPH [v2.8.1] NLO NNPDF [3.0nlo] Herwig [v7.1.3] H7-UE-
MMHT

ZQCD MADGRAPH5_aMC@NLO
[v2.2.3]

NLO NNPDF [2.3lo] PYTHIA

[8.210]
A14

ZEWK Herwig [v7.1.3] NLO NNPDF [3.0nlo] Herwig [v7.1.3] H7-UE-
MMHT

Vγγ MADGRAPH5_aMC@NLO
[v2.7.3]

NLO NNPDF [2.3lo] PYTHIA

[8.244]
A14

tt̄ POWHEG-BOX [v2] NLO NNPDF [3.0nlo] Herwig [v7.0.4] H7-UE-
MMHT

tt̄ V MADGRAPH5_aMC@NLO
[v2.3.3]

NLO NNPDF [3.0nlo] Herwig [v7.2.1] H7-UE-
MMHT
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9.2.1 Signal samples

The signal process of a Higgs boson decaying to a photon and an invisible dark photon (γd) was gener-
ated in the ZH production mode as shown in Figure 9.1. Both qq̄ → ZH and gg → ZH production
modes were considered in order to have the full ZH cross-section of 0.884 pb [184]. Matrix ele-
ments were estimatd using POWHEGv2 [185, 186] with the NNPDF3.0 parton density libraries [187].
Events from the qq̄→ ZH process were generated at the next-to-leading order (NLO) while the ones
corresponding to gg → ZH were generated at the leading order (LO). PYTHIA8.245 was used to
perform the Higgs boson decay as well as the hadronisation and showering with the CTEQ6L1 PDF
set and the AZNLO tune [188]. The samples were generated at a Higgs boson mass of 125 GeV, a
width set to the SM value of 4 MeV [184] and the complex pole scheme [189] turned off. The Hid-
den Valley scenario [190] for BSM Higgs boson decay as implemented in PYTHIA8.150 was used to
produce H → γγd signal events. In order to extend the reach of the analysis while keeping a similar
approach and optimisation, several samples with higher γd masses were simulated. The aim is to
perform searches for relatively massive γd in H → γγd decay channel using the same experimental
data and analysis procedure. Samples with mγd up to 40 GeV were compared to the nominal (mass-
less) one as presented in Figure 9.2, and they present small variations in the considered kinematics
variables. These small differences would be partially mitigated at the reconstruction level after taking
into account the different detector effects and resolutions. In addition, signal-to-background optimi-
sation will be performed for all mγd masses and the same analysis procedure can be extended to the
search for “low-mass” dark photons and extract the corresponding sensitivity. It was decided to limit
the scope of this search to mγd = 40 GeV because of the limited phase-space above this value due
to constraints from the Higgs boson mass. A total of six Monte Carlo samples were generated with
dark photon masses equal to 0, 1, 10, 20, 30, 40 GeV. Finally, to increase the generation efficiency,
a generator-level lepton filter was applied, requiring two electrons or muons with pT > 10 GeV and
|η| < 2.7.
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FIGURE 9.2: Comparison of truth level kinematics variables: pTγd (a) and mT (b) for several hidden
valley dark photon masses (0, 20, 40 GeV) in qqZH, H → γγd. The ratio is calculated with respect

to the massless point (0 GeV).
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9.2.2 Background samples

The analysis is affected by a large variety of background processes. The irreducible background
comes from VVγ final states (V being any of W, Z) with both V bosons decaying leptonically. The
reducible background, which is dominant, comes from biased Emiss

T measurement (fake Emiss
T ) —

typically due to undetected particles or hadronic jets not fully contained in the detector acceptance
— or from particle misidentification. For instance, an electron can wrongly be identified as a photon
(electron faking photon, e  γ), or an energetic neutral pion (π0 → γγ) contained in a hadronic
jet can wrongly be identified as a photon (jet faking photon, j  γ). Moreover, a track in a jet may
also be wrongly identified as a lepton, or a lepton from a heavy-flavour quark decay may appear as an
isolated lepton (jet faking lepton, j `). Finally, events from top-quark production, with subsequent
semi-leptonic t → W(→ `ν)b decay, contain genuine Emiss

T , one or two leptons, and one or two
b-jets that may fail a b-jet veto.

Whenever higher-order cross-section computations are available [191, 192, 193], they are used to
rescale the cross-section of the generator. Finally, a specific treatment was applied to processes with
possible overlapping events in Zγ and Z+jets, VV and VVγ or in tt̄ and tt̄γ. To avoid duplicated
events, the overlap removal algorithm gives preference to photons produced in matrix elements (ME)
over the ones from initial/final state radiations or decays. As an example, overlapping events were
removed from Z+jets and kept in the Zγ process. Finally, `` final states consist of ee and µ+µ−

channels and include the leptonic decay of τ-leptons.

Irreducible background: These processes were generated according to the number of leptons in
their final states as ``ννγ, ```νγ and ````γ using the SHERPA v2.2.11 [194] event generator at
NLO with up to three jets at the leading order (LO). In addition, contributions from off-shell bosons
were also included. The full event was generated using NNPDF30_nnlo_as_0118 libraries and tuning
developed by the Sherpa authors [187].

Zγ+ jets and Wγ+ jets productions: The Z(→ ``)γ+ jets and W(→ `ν)γ+ jets processes are
split into two components based on the order in the electroweak coupling constant αEWK. The
strongly-produced component is of order α3

EWK and the electroweak component is of order α5
EWK.

The strong background processes of Z(→ ``)γ+ jets are modelled using filtered SHERPA 2.2.8 [182]
samples. These samples are filtered by requiring a vector boson pT > 90 GeV and are merged with
SHERPA 2.2.8 Vγ+ jets samples produced with a biased phase space enhancing pT(V) and pT(γ)
at high values. A photon filter was applied, with pT > 7 GeV, for all the merged Z(→ ``)γ+ jets
samples. These calculations use the Comix [195] and Open-Loops [196] matrix element genera-
tors, and merging is done with the SHERPA parton shower [197] using the ME+PS@NLO prescrip-
tion [198]. The NNPDF30_nnlo_as_0118 PDF and tuning [187] is used. Matrix elements for the
strongly-produced contribution are calculated at NLO in αS for up to two additional final-state par-
tons, and at LO for up to three additional partons with NLO EWK+QCD corrections used as the
central value for SHERPA. Matrix elements for the electroweak VBF contribution are calculated at
LO in αS with five final-state partons (e.g. `+`−γjj QCD=0) in MADGRAPH 2.6.5. The LO inter-
ference between this electroweak and strong production samples was generated, and its cross-section
is about 5% of the electroweak sample. This value is taken into account as uncertainty on the elec-
troweak background contribution. The showering is done using PYTHIA8.240 [199] and merged in
the CKKW-L scheme [200]. The photon pT is required to be larger than 10 GeV, and the Frixione
isolation [201] is applied to remove overlap with charged partons.
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Z + jets production: The modelling of Z+jets is crucial in this analysis. This background has sig-
nificant systematic uncertainties, as the modelling of the Emiss

T depends on the modelling of pile-up in-
teractions and the jet energy response. The Z+jets samples used are simulated using the SHERPA 2.2.1
event generator and the NNPDF3.0 NNLO libraries and the SHERPA tuning, with the invariant ``
mass m`` > 40 GeV.

Top-quark pair and single top-quark productions: Background samples for top-quark pair pro-
duction, as well as single top-quark, including Wt production, were simulated using POWHEG-BOX

[v2] interfaced with PYTHIA8.230 with the NNPDF2.3LO libraries and the A14 tuning was used.
Both s-channel and t-channel productions are included in the single top-quark samples. The dia-
gram removal scheme (DR) [202] is used to remove interferences and overlap between the tW and tt̄
productions.

tt̄ (V, VV), tt̄γ and Wtγ production: Background samples for top-quark pair production in as-
sociation with one or two vector bosons (W or Z) or a photon, as well as a single top-quark with
an additional W and γ, were simulated with the MADGRAPH5_aMC@NLO 2.3.3 generator [154]
interfaced with PYTHIA8.210 with the NNPDF2.3LO libraries and the A14 tune.

SM Higgs boson production: Different production modes are considered as backgrounds as they
can produce final states with `+`− + γ + Emiss

T . Higgs bosons produced in association with a W or
Z boson as well as Higgs bosons produced via gluon-gluon fusion (ggF), vector boson fusion (VBF)
and ttH productions were all considered. These samples were generated using POWHEG-BOX [v2]
with the NNPDF3.0 libraries and then showered with PYTHIA8.230 and AZNLO tuning.

Di-boson production: ZZ → `+`−`
′+`

′−, ZZ → `+`−νν̄, WZ → `ν`+`− and WW →
`+ν`−ν̄ (` = e, µ) processes are simulated using the SHERPA2.2.2 [194] event generator with
NNPFD3.0NNLO libraries in the case of qq and gg-initiated production. The gg → ZZ processes
include a QCD k-factor of 1.7 which was calculated from the ratio NLO/LO of the corresponding
cross-sections at 13 TeV [184]. The qq→ `+`−νν̄ samples include both ZZ and WW events.

Tri-boson production: The expected contribution from this background is very minor as it is sup-
pressed by the requirement of no more than two leptons in the final state. Tri-boson production,
VVV, with V = W or Z, is simulated by the SHERPA2.2.2 event generator at NLO with NNPDF3.0
NNLO PDF libraries and tuning.

9.3 Event reconstruction and selection

9.3.1 Event reconstruction

Candidate events are required to have a reconstructed vertex with at least two associated tracks, orig-
inating from the beam collision region in the x− y plane, with pT > 0.5 GeV. The primary vertex in
the event is selected as the vertex with the highest scalar sum of the squared pT of associated tracks
[203].

Electrons are reconstructed by matching clustered energy deposits in the EM calorimeters to
tracks in the ID [204]. Candidates falling within the transition regions between the barrel and endcap
EM calorimeters (1.37 < |η| < 1.52) are also included. All electrons must fulfill pT > 4.5 GeV and
|η| < 2.47 as well as loose identification criteria [204]. A longitudinal impact parameter requirement
of |z0 sin(θ)| < 5 mm as well as a transverse impact parameter satisfying |d0|/σ(d0) < 5 are
required to ensure that electrons originate from the primary vertex.
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Muons are reconstructed by matching ID tracks to MS tracks or track segments, by matching ID
tracks to a calorimeter energy deposit compatible with a minimum-ionizing particle, or by identify-
ing MS tracks passing the loose requirement and compatible with the primary vertex [205]. Muon
candidates are required to fulfil pT > 4 GeV, |η| < 2.7 and a very loose isolation criterion. A longitu-
dinal impact parameter requirement of |z0 sin(θ)| < 5 mm as well as a transverse impact parameter
satisfying |d0|/σ(d0) < 3 are required to ensure that muons originate from the primary vertex as
well.

Photon candidates are reconstructed from clustered energy deposits in the EM calorimeter [204].
They must fulfill pT > 15 GeV, |η| < 2.37 and tight identification and isolation criteria [204]. They
are also required to be outside the transition region (1.37 < |η| < 1.52) between barrel and endcap
EM calorimeters.

Particle flow (PFlow) jets are reconstructed using the anti-kt algorithm [162, 206] with a radius
parameter of R = 0.4, using charged constituents associated with the primary vertex and neutral
PFlow constituents as inputs [207]. A complete energy calibration procedure, which recovers the
initial parton energies after removing pile-up effects, is then applied [208]. Jet candidates are required
to have pT > 20 GeV and |η| < 4.5. A jet vertex tagger (JVT) discriminant [209] is used to identify
jets within |η| < 2.5 originating from the hard scattered (HS) interaction through the use of tracking
and vertexing. For jets with |η| > 2.5, a forward jet vertex tagging algorithm (fJVT) [210, 211]
is used to reject pile-up jets. The working points used for JVT (fJVT) provide an HS selection
efficiency of about 97% (93% for pT > 50 GeV). In the case of b-jets, a multivariate discriminant
output is used for the identification [212]. The used working point provides a 77% b-jet tagging
efficiency in simulated inclusive tt̄ events, with rejection factors of 6 and 134 for charm-hadron jets
and light-flavour quark- or gluon-initiated jets, respectively.

The missing transverse momentum ~Emiss
T , originating from the unbalanced momentum in the

transverse plane, is defined as the negative vectorial sum of the transverse momenta of all selected
(hard objects) electrons, muons, photons, PFlow jets, as well as the “soft term”, which is estimated
from tracks compatible with the primary vertex, but not matched to any of those objects [213]. Jets
are only included in the ~Emiss

T definition if they have pT > 20 GeV and satisfy the tight JVT and
fJVT selections to mitigate pile-up effects. Moreover, an Emiss

T significance S is defined to reduce the
effects on Emiss

T from resolution fluctuations.S is a powerful quantity to discriminate between events
with fake ~Emiss

T , arising from instrumental sources or poorly reconstructed physics objects and events
with genuine ~Emiss

T originating from weakly interacting particles, like neutrinos. The variable S is
calculated as |~Emiss

T |/
[
σ2

L
(
1− ρ2

LT
)]1/2, where σL is the total standard deviation in the direction

longitudinal to the ~Emiss
T corresponding to the summation of the covariance matrices from resolution

effects of physics objects and soft term entering the ~Emiss
T calculation and ρLT is the correlation factor

of the longitudinal (L) and transverse (T) measurements [214].
To resolve ambiguities in the reconstruction of physics objects and to avoid double counting of

energy deposits and momentum measurements, a ∆R separation is required as detailed in Table 9.3.
Finally, several cleaning requirements are applied to suppress non-collision backgrounds [215].

Misreconstructed (bad quality) jets can be caused by electronic noise, and jets from collisions are
identified by requiring a good fit to the expected pulse shape for each constituent calorimeter cell.
Cosmic-ray showers and beam-halo interactions with the LHC collimators are other sources of misre-
constructed jets. Those jets are identified by requirements on their energy distribution in the calorime-
ter and the fraction of their constituent tracks that originate from the primary vertex. Events are re-
jected if they contain a bad quality jet with pT > 20 GeV as they tend to give rise to fake Emiss

T and a
poor description of its distribution in the tail region.
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TABLE 9.3: Overview of the overlap removal between reconstructed physics objects and the corre-
sponding matching criteria in order of priority.

Remove Keep Matching criteria
jet electron ∆R < 0.2
jet muon number of tracks < 3 and ∆R < 0.2
jet photon ∆R < 0.4

electron jet 0.2 < ∆R < 0.4
electron muon shared same ID track
electron electron shared same ID track, electron with lower pT removed
muon jet 0.2 < ∆R < 0.4
muon electron muon with calorimeter deposits and shared ID track

photon electron ∆R < 0.4
photon muon ∆R < 0.4

9.3.2 Signal region selection

The signal region (SR) targets the `+`−+γ+Emiss
T final state, where the two same-flavour, oppositely

charged leptons come from a Z boson decay, the photon comes from the Higgs boson decay and the
Emiss

T arises from the potential undetected dark photon. Accepted leptons are required to match the
corresponding online trigger candidates, and trigger scale factors and their uncertainties are applied.
Table 9.4 lists the event selections in the SR, optimised using a multivariate approach to maximize the
signal over background acceptance. A BR(H → γγd) = 5% was assumed for all dark photon masses.
The resulting acceptance times efficiency for combined qqZH and ggZH signal events amounts to
10.5% for all considered γd masses.

TABLE 9.4: Optimised kinematic selections defining the signal region for `+`−+γ+Emiss
T .

Two same flavour, opposite sign, medium ID and loose isolated leptons,
with leading pT > 27 GeV, sub-leading pT > 20 GeV

Veto events with additional lepton(s) with loose ID and pT > 10 GeV

76 GeV < m`` < 116 GeV

Only one tight ID, tight isolation photon with Eγ
T > 25 GeV

Emiss
T > 60 GeV with ∆φ(~Emiss

T ,~p ``γ
T ) > 2.4 rad

m``γ > 100 GeV

Njet ≤ 2, with pjet
T > 30 GeV, |η| < 4.5

Veto events with b-jet(s)

Accepted signal electrons, reconstructed using a likelihood-based identification algorithm, must
fulfil a ‘Medium’ criteria [204], while ‘Loose’ criteria are used to veto additional electrons in the SR.
The likelihood relies on the shape of the EM shower measured in the calorimeter, the quality of the
track reconstruction, and the quality of the match between the track and the cluster. Similarly, selected
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muons are also required to have ‘Medium’ quality identification [205] while ‘Loose’ criteria are used
to veto additional muons. To suppress hadronic and non-prompt lepton backgrounds, electron and
muon candidates are required to satisfy the particle-flow ‘Loose’ isolation criteria, which are based
on tracking and calorimeter measurements [205]. The veto on events with a third loose lepton is used
to reduce ZZ → `+`−`

′+`
′− and WZ → `ν`+`− contributions. The invariant mass of the selected

lepton pairs m`` is required to be within the Z boson peak ([76− 116] GeV) to reject processes such
as tt and WW → `+ν`−ν̄.

Exactly one ‘Tight’ photon, satisfying the tight isolation criteria [204] is required. The isolation
section requires that the sum of the transverse energies (at the electromagnetic scale) of positive-
energy topological clusters located within a distance ∆R = 0.4 of the photon candidate γ must be
less than 0.24× Eγ

T + 2.45 [GeV], where Eγ
T is the transverse energy of the photon. In addition, the

scalar sum of the pT of all tracks located within a distance ∆R = 0.2 of the photon candidate must
be less than 0.05× Eγ

T [GeV].
Other selections are applied, which exploit the topology and kinematics of the signal events. A

threshold on Emiss
T was optimised to select signal events while rejecting the inclusive Z production.

In addition, ~Emiss
T is expected to be back-to-back with the (Z− γ) system, leading to a requirement

on the azimuthal separation ∆φ(~Emiss
T ,~p ``γ

T ) applied in the SR. Furthermore, events with more than
2 jets (with pjet

T > 30 GeV, |η| < 4.5) are rejected to reduce contributions from V+jets processes.
Finally, a veto on any b-tagged jet is also applied to reduce processes with a top quark. Moreover,
a cut flow is presented in Table 9.5 showing the effect and the efficiency times acceptance of each
optimised SR selection.

Events are categorised into two sub-regions called, respectively, e+e−- and µ+µ−-channel. The
expected signal and background composition in each SR, as predicted from MC simulation, after all
the optimisations, is shown in Table 9.6. It should be noticed that the VV background is dominated
by the WZ process where the photon is the result of an electron misidentification while contributions
from WW, ZZ are found to be negligible due to the very low probability of jets being misidentified
as photons. The VVγ background is dominated by ZZγ and WWγ contributions from the ``ννγ
final state.

To enhance the sensitivity of the search for the γd signal, a boosted decision tree (BDT) algorithm
was implemented using the XGBoost classifier [216]. For training and testing, all events entering the
SR are used. All signal events are assigned to the positive class (y = 1) and all background events
are assigned to the negative class (y = 0) in the training data. The model has been trained using a
feature set consisting of the following 6 variables, according to their ranking: S (Emiss

T significance),
mT (Equation 9.1), m``, pγ

T, m``γ, and pratio
T (Equation 9.2), with:

mT =
√

2Emiss
T pγ

T[1− cos[∆φ(~Emiss
T ,~pγ

T)]] (9.1)

pratio
T =

|~Emiss
T + ~pγ

T| − p``T

p``T
(9.2)

The distributions of the first three more important input variables are presented in Figure 9.3. To train
the BDT, the simulated samples introduced in section 9.2 for the signal and the background processes
are used. The signal samples for all considered γd masses were merged and the same weight was
assigned to their events. To enhance the statistical power of the training sample, a five-fold cross-
validation strategy was adopted. The simulation samples were divided into five equal subsets. Five
BDT classifiers with the same input variables were trained. In each BDT training, four subsets of
simulation samples were used as the training sample, and the remaining subset was used as the testing
sample. The five BDT training correspond to the five possible permutations of such training-testing
setups. The five trained BDT models were used to calculate the BDT score of data that were divided
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TABLE 9.5: Number of events after each cut in SR for 139 fb−1 for ZH, H → γγd considering
BR=5% and mγd = 0 GeV. Generator-level filters are applied to the total events. Only the statistical

uncertainty is shown.

Channel ee µµ

Selection Yields ε× A [%] Yields ε× A [%]
Filter efficiency 396.3 100 396.3 100
Preselections 101.1± 0.5 25.5 101.1± 0.5 25.5
Trigger 100.7± 0.5 25.4 100.7± 0.5 25.4
ee or µµ channel 38.0± 0.3 9.6 45.3± 0.3 11.4
Veto extra photons 37.9± 0.3 9.6 45.2± 0.3 11.4
Veto extra leptons 37.8± 0.3 9.5 45.2± 0.3 11.4
Leading lepton pT 37.8± 0.3 9.5 45.2± 0.3 11.4
Photon pT 36.8± 0.3 9.3 44.1± 0.3 11.1
Emiss

T 22.6± 0.2 5.7 26.5± 0.3 6.7
mll 21.7± 0.2 5.5 25.2± 0.2 6.3
mllγ 21.7± 0.2 5.5 25.1± 0.2 6.3
∆φ(~Emiss

T ,~p ``γ
T ) 19.3± 0.2 4.9 22.4± 0.2 5.7

TABLE 9.6: Expected event yields for signal and background in the SR corresponding to L =
139 fb−1. Signal events are for massless γd, assuming BR(H → γγd) = 5%. Events for background
processes are categorised as Zγ (QCD+EWK Zγ), Z+jets (QCD+EWK Z+jets), Top (single top-
quark, Wt), tt̄ (tt̄, tt̄V, tt̄VV), Topγ (Wtγ), VVγ (WWγ, WZγ, ZZγ), VV (WW, WZ, ZZ), SM
Higgs (ggH, VH, VBF H) and Wγ (QCD+EWK Wγ). Only statistical uncertainties on the simu-

lated samples are shown.

Channel Signal Zγ Z+jets Top tt̄ Topγ VVγ VV SM Higgs Wγ Total background

ee 19.3± 0.2 155± 15 274± 55 3.5± 0.7 25± 1 1.9± 0.1 26± 1 27± 1 0.41± 0.01 3.5± 1.5 517± 57

µµ 22.4± 0.2 283± 18 380± 63 4.6± 0.8 26± 1 2.4± 0.1 35± 1 24± 1 0.54± 0.01 1.6± 1.1 758± 66

into five subsets in the same manner. The BDT classifier output is then used as an observable for the
final statistical analysis as discussed in Section 9.6.

9.4 Treatment of the background processes

The different background sources, described in Section 9.2.2, are classified into disjoint categories,
described below, according to their treatment in the analysis. In what follows, weak bosons W, Z are
always meant to decay leptonically: W → `ν and Z → `+`−, unless stated otherwise.

• Irreducible background from VVγ final states: Z(→ `+`−)Z(→ νν̄)γ and W+(→
`+ν)W−(→ `−ν̄)γ .

• Background from electrons faking photons (e  γ): the involved final states are mostly
Z(→ `+`−)W(→ eν), and to a lesser extent also Z(→ `+`−)Z(→ e+e−) with an undetected
electron, VVV with undetected leptons, and finally `+`−Vt and VVtt̄ that were not rejected
by the b-veto.

• Background from fake Emiss
T : the largest contribution comes from Zγ + jets and Z + jets,

where the Emiss
T mismeasurement is mostly due to jet energy mismeasurement. For the Z +

jets to mimic the signal sought, one jet must be misreconstructed as a photon; this source
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FIGURE 9.3: Signal and MC backgrounds distributions of the most important input variables S (a, d),
mT (b, e) and m`` (c, f ) used in the BDT training and testing for the (ee, µµ) SR respectively. The
S/B (black) and S/

√
B (red) ratios are also shown where the signal is considered for mγd = 0 GeV

and assuming BR(H → γγd) = 5%.

of background is therefore included in the fake Emiss
T estimation. Minor contributions to this

category come from Zγγ and ZH(→ γγ) with an undetected photon, and from gg→ H and
VBF Higgs production with subsequent H → Zγ decay. The ZZ and VVV final states are not
included in this category, as they are already accounted for in the e γ case.

• Background from top quark production: the main final states are tWγ, tt̄γ, tt̄ and single
top-quark production — in the last two cases, the identified photon comes from j  γ. The
`+`−Vt and VVtt̄ events are not included in this category, as they already enter the e  γ
category.

• Background from Wγ: enters the SR due to a jet faking a lepton.

• Other background from Higgs: tt̄H(→ Zγ) and VH(→ Zγ): this category can be divided
into tt̄H(→ Zγ), ZH(→ Zγ) and W(→ `ν)H(→ Zγ). Their experimental effects differ:
the first one fails the b-veto; the second is irreducible if one of the two Zs decays to νν̄ and the
other to `+`−; the third has genuine Emiss

T and an undetected lepton. However, their contribu-
tions are so tiny (by 3 or 4 orders of magnitude) with respect to any other concurrent process
that it is more convenient to treat them all in a dedicated category. Note that this category
does not include all processes involving the Higgs boson, as some are already accounted for in
previously described categories.



9.4. Treatment of the background processes 75

The background contributions coming from the fake Emiss
T category (which is dominant) and from

the e  γ category are estimated with data-driven techniques. The other categories are estimated
from MC simulation. The normalization for the top-quark background is checked in a dedicated
validation region (VR), while the normalization of VVγ irreducible background is adjusted in a
dedicated control region (CR), as described in Section 9.4.3.

9.4.1 Evaluation of the background from electrons faking photons

This background occurs because electrons and photons produce similar shower shapes in the EM
calorimeter, and photons may convert early in the tracker into an asymmetric e+e− pair where one
track may not be reconstructed; to keep the photon detection efficient, such cases must be considered,
at the price of having a background from electrons wrongly identified as photons.

As this background cannot be perfectly modelled in simulation, a two-step data-driven approach
has been performed. First, the “electron-to-photon fake rate”, fe γ is estimated. This rate is then
applied to a “probe-electron” CR, whose events are selected with the same criteria as for the SR, but
requiring an extra electron instead of the photon — called “probe electron”, ep, in the following.

To estimate fe γ, two sets of data events are selected, respectively with e+e− and e±γ final
states, with no additional leptons or photons. The distributions of the invariant masses, mee and meγ,
for the two final states, both exhibit a peak around the Z mass, on top of a continuous background.
The Z contribution is extracted using a functional fit, where the peak is modelled as a double-sided
Crystal Ball function, while the continuum is described by an exponential of a polynomial function.
The quantity fe γis computed from the results of this fit as the ratio of the number of events from
Z → e+e− and from Z e±γ where the second category counts the e±γ misidentification.

The estimate is done in several bins of photon pT and η, as fe γ exhibits a strong dependence on
these two variables. The values of fe γ increase both as a function of η and pT, ranging from 1.3–3%
in the barrel, to about 7% at high pT in the endcap as shown in Figure 9.4. The overall uncertainty on
each value is evaluated by combining in quadrature the statistical uncertainties of the data samples, a
systematic uncertainty quantifying the deviation between the actual and fitted peak, and an additional
systematic uncertainty from a non-closure of the whole procedure carried out on MC simulation. The
overall relative uncertainty on fe γ ranges from 7% to 11%.
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FIGURE 9.4: Values of fe γ as a function of pT, for different regions of η.

The probe-electron CR (ep-CR) is populated with `+`−ep + Emiss
T events, where the probe electron

must satisfy the same kinematic requirements as the photon: in particular pep
T > 25 GeV, |ηep | < 1.37

or |ηep | ∈ [1.52, 2.37], m``ep > 100 GeV, and ∆φ(~Emiss
T ;~p ``ep

T ) > 2.4 rad. The rest of the event
satisfies the same requirements as for the SR. Each event in the ep-CR is then scaled by the respective
fe γ, computed as a function of ηep and pep

T ; the number of the scaled events gives the estimate of the
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e γ background in the SR. Since this procedure is done per event, it also allows for the estimation
of the distributions of all kinematic variables for this background.

For the µ+µ− channel and the e+e− channel, the final states of the ep-CRs are respectively
µ+µ−ep + Emiss

T and e+e−ep + Emiss
T ; in the latter case, there is an ambiguity about which of the

three electrons to be considered as the ep. In principle, any of the three could be misidentified as a
photon; however, the opposite-charge requirement on the remaining e+e− pair always rules out one
of the 3 possibilities.

In the ep-CR, there is a contamination of jets faking electrons, occurring at a rate f j e, which is
estimated from the simulation at the level of 6%–7%. This is accounted for by rescaling all events in
the ep-CR by a quantity 1− f j e; a systematic uncertainty equal to f j e is assigned to this correction.

The data-driven estimates of the background from e  γ in the e+e− channel and µ+µ− chan-
nel are, respectively, 21.0 ± 2.4 and 20.4 ± 2.1 events. The errors are evaluated by combining in
quadrature the statistical uncertainty of the ep-CR, the uncertainty on fe γ and f j e.

9.4.2 Evaluation of the background from fake Emiss
T

The data-driven estimate of the background from fake Emiss
T is achieved by means of an “ABCD

method”; besides the SR (here labelled region A), three CRs (B, C, D) are defined by inverting the
selection cuts on the Emiss

T and ∆φ(~Emiss
T ;~p ``γ

T ) variables:

• region A: Emiss
T > 60 GeV and ∆φ(~Emiss

T ;~p ``γ
T ) > 2.4 rad;

• region B: Emiss
T ∈ [30, 40] GeV and ∆φ(~Emiss

T ;~p ``γ
T ) > 2.4 rad;

• region C: Emiss
T > 60 GeV and ∆φ(~Emiss

T ;~p ``γ
T ) < 2.4 rad;

• region D: Emiss
T ∈ [30, 40] GeV and ∆φ(~Emiss

T ;~p ``γ
T ) < 2.4 rad.

Two more validation regions (VR) are introduced:

• region A′: Emiss
T ∈ [40, 60] GeV and ∆φ(~Emiss

T ;~p ``γ
T ) > 2.4 rad;

• region C′: Emiss
T ∈ [40, 60] GeV and ∆φ(~Emiss

T ;~p ``γ
T ) < 2.4 rad.

as illustrated in Figure 9.5.

FIGURE 9.5: Regions involved in the “ABCD” method for estimation of the background from fake
Emiss

T ; region A is the signal region.

The regions B, C, D are built such to be enriched in events with fake Emiss
T . The residual con-

tribution of events with genuine Emiss
T is subtracted; a large portion of them come from the e  γ

background and therefore can be evaluated and subtracted by applying the data-driven procedure de-
scribed in Section 9.4.1 to the specific regions. The other processes (VVγ, top, Wγ, and tt̄H +VH)



9.4. Treatment of the background processes 77

are estimated from simulation and subtracted. Then, the fake Emiss
T background in region A can be

computed as:

Nfake Emiss
T

A = R ·
Nfake Emiss

T
B · Nfake Emiss

T
C

Nfake Emiss
T

D

(9.3)

where R is a parameter that accounts for the correlation between the variables Emiss
T and

∆φ(~Emiss
T ;~p ``γ

T ) in the fake Emiss
T processes — if the two variables were independent, R = 1. The

variables were chosen to have R close to 1 and to be stable when varying the requirements on each of
the variables used.

The value of R is estimated from MC simulation; the dominant processes to the fake Emiss
T back-

ground are Zγ + jets and Z + jets. In these processes, only a few events enter the A, C regions,
causing the statistical uncertainty on R to be large; to overcome this, regions (A + A′) and (C + C′)
are used instead, exploiting the stability of R with respect to the value of the Emiss

T cut. Moreover,
the compatibility of the R-value obtained with this approach with that from A, C regions has been
checked. The extracted value for:

RMC =
NZ(γ)+jets

A+A′ · NZ(γ)+jets
D

NZ(γ)+jets
B · NZ(γ)+jets

C+C′

(9.4)

is displayed in Table 9.7, for the ee and µµ channels; the quoted uncertainties are due to the
statistical uncertainties on the MC simulation. The relative contribution of Zγ + jets and Z + jets
processes, and the j  γ fake rate occurring in the second case, are known not to be precisely
modelled by MC simulation; for this reason, the contribution of the Z+ jets process has been changed
by ±50% of the MC prediction, to check its impact on RMC. The result is also shown in Table 9.7;
the small variations are well covered by the statistical uncertainties, therefore there is no evidence
that the amount of Z + jets has an impact on RMC.

A further check on the reliability of RMC has been carried out exploiting the two VRs A′, C′,
where a similar factor:

R′ =
Nfake Emiss

T
A′ · Nfake Emiss

T
D

Nfake Emiss
T

B · Nfake Emiss
T

C′

(9.5)

is introduced, and computed from MC simulation and data. R′MC is computed using Zγ + jets
and Z + jets processes, while R′data uses event counts after the subtraction of e γ, VVγ, top, Wγ
and VH background processes. The results are shown in Table 9.7; the comparison of R′MC and R′data
shows no significant discrepancy. In a conclusion, the evaluation of RMC is considered reliable and is
used in Equation (9.3).

TABLE 9.7: Values of R for the ee and µµ channels. RMC is computed from simulation, assuming
a relative amount of Z + jets with respect to Zγ + jets processes as predicted by the simulation
(nominal) or changed by factors 0.5 or 1.5. R′ is computed using regions A′, C′ instead of (A + A′)
and (C +C′), to allow a comparison between simulation and data in a sample enriched by fake Emiss

T .
Statistical uncertainties on the simulated samples are reported.

channel RMC R′

nominal 0.5× (Z + jets) 1.5× (Z + jets) R′MC R′data
ee 1.12± 0.11 1.15± 0.13 1.06± 0.08 1.09± 0.11 1.16± 0.06
µµ 1.24± 0.11 1.25± 0.14 1.23± 0.09 1.15± 0.11 1.18± 0.05



78 Chapter 9. Dark photon from SM Higgs boson decay in ZH production mode

The data-driven estimates of the fake Emiss
T background in the ee and µµ channels are, respec-

tively, 413± 50 and 581± 64 events. The errors are evaluated from the propagation of the statistical
uncertainties of RMC and of data in the ABCD regions.

9.4.3 Treatment of the irreducible background and the top-quark background

The irreducible VVγ background plays an important role at high values of the BDT score, which
drives the sensitivity of the search; for this reason, a dedicated “VVγ-CR” is introduced, to correct
the normalisation of this background (see Section 9.6). Recalling that such a background is a pure
electroweak process, to which Z(→ `+`−)Z(→ νν̄)γ and W+(→ `+ν)W−(→ `−ν̄)γ contribute,
the “VVγ-CR” has been built to be enriched in Z(→ µ+µ−)W(→ µν)γ, thus requiring exactly
three muons, one photon and no electrons. The opposite-charge µ+µ−-pair whose invariant mass is
closest to the Z mass must fulfil all `+`− kinematic cuts of the SR; to reduce the statistical uncertainty,
no requirements are applied on Emiss

T and ∆φ(~Emiss
T ;~p ``γ

T ). The purity of ZWγ events in such a CR
is estimated to be 83% from simulation.

To check the normalization of the top-induced background predicted by simulation, a “top-VR”
has been used, enriched by such processes; it is defined starting from the selection of the SR, removing
the requirements on m`` and ∆φ(~Emiss

T ;~p ``γ
T ), and requiring at least one b-tagged jet. The purity of

events with top-quark production is estimated to be 92% from simulation in such a VR.

9.4.4 Background proportion in the signal region

Following the background estimation using data-driven techniques as presented above, the back-
ground proportion in the signal region is presented in Figure 9.6, for the µ+µ− (left) and e+e− (right)
channels.

FIGURE 9.6: Expected relative proportions of different background categories in the signal region,
for the µ+µ− (left) and e+e− (right) channels. Fake Emiss

T and e  γ yields are evaluated data-
driven, as explained in the text, while other backgrounds are from MC simulation.

9.4.5 Background checks in validation region

As an overall check of the background estimates, the data-driven techniques described in Section 9.4.2
and Section 9.4.1 are applied in the VR A′ (Figure 9.5). The comparison between the expected
background and data is displayed in Figures 9.7 and 9.8, showing good agreement.
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FIGURE 9.7: Comparison between the expected background and data in the validation region A′,
as a function of Emiss

T , for the ee (a) and µµ (b) channels. The background yields from “fake Emiss
T ”

and “e  γ” are estimated with data-driven techniques. The other backgrounds are obtained from
simulation and have been merged. Uncertainties shown are statistical, both for data and for simu-
lated backgrounds, while for the data-driven backgrounds, the systematic uncertainties related to the

method are also included.

9.5 Systematic uncertainties

This section presents the various sources of systematic uncertainties affecting all levels of the analysis.
They are categorised according to their origin, effects and the way they have been estimated.

9.5.1 Experimental systematic uncertainties

The analysis is impacted by several uncertainties related to the detector resolution, inefficiencies and
mis-measurements. They are grouped into the following categories: uncertainties in the luminos-
ity, uncertainties in the trigger efficiencies and uncertainties related to the reconstruction of physics
objects such as electrons, muons, jets, and Emiss

T . The estimations of these uncertainties require a
particular treatment as they affect the search via potential biases to the modelling of the signal and
background processes in the MC simulation. These systematic uncertainties can affect both the yield
and the shape of the final observable (BDT classifier response) and are included in the statistical
evaluation.

The uncertainty in the luminosity is 1.7% [217] and impacts the simulated yields of both the signal
and backgrounds. This uncertainty was obtained using the LUCID-2 detector [218] for the primary
luminosity measurements. In addition, systematic uncertainties resulting from the effects of pile-up
modelling, due to the reweighting procedure, are also considered.

Systematic uncertainties are estimated for lepton reconstruction and isolation efficiencies [204,
205] and for the energy scale and resolution, [204]. Additional uncertainties on lepton trigger effi-
ciencies are also considered to take into account differences between data and simulation [175, 176].

For the photons, uncertainties in the reconstruction, isolation, energy scale and resolution are
considered [204, 219].
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FIGURE 9.8: Comparison between the expected background and data in the validation region A′,
as a function of mT, for the ee (a) and µµ (b) channels. The background yields from “fake Emiss

T ”
and “e  γ” are estimated with data-driven techniques. The other backgrounds are obtained from
simulation and have been merged. Uncertainties shown are statistical, both for data and for simu-
lated backgrounds, while for the data-driven backgrounds, the systematic uncertainties related to the

method are also included.

For jets, uncertainties related to the energy and resolution [208] as well as pile-up jet tagging
[220] are all taken into account. Specific systematic uncertainties are considered for heavy flavour
tagging to correct for identification efficiencies of the bottom, charm and light tagged jets [221, 222].

For Emiss
T , uncertainties associated with reconstructed objects are propagated and included in its

calculation. Additional uncertainties associated with the Emiss
T soft term scale and resolution are

independently evaluated [213].
An additional uncertainty on the shape of the BDT classifier response for the fake Emiss

T -induced
background (Section 9.4) is considered. It is meant to account for inaccuracies in the shape of the
Z+jets MC events characterized by high bin-to-bin fluctuations. To reduce these fluctuations a Gaus-
sian smoothing algorithm is applied to the Z+jets distribution and the uncertainty is obtained from
the difference between this varied shape and the one corresponding to the nominal Z+jets MC distri-
bution together with the other MC simulated processes entering the fake Emiss

T category.
Finally, the comparison between data and MC predictions in the “top-VR” shows a discrepancy

at the level of 20% for top-induced background (Section 9.4.3). For this reason, in the treatment of
such a background, a relative systematic uncertainty of ±20% is considered.
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9.5.2 Theoretical systematic uncertainties

Theoretical uncertainties affect all simulated signal and background processes. They originate from
the limited order in αs or αEWK at which the matrix elements are calculated, the matching of those
calculations to parton showers and the uncertainty of the proton PDFs. The uncertainties from the
variation of the QCD scale and the variation of PDFs are considered for the signal and simulated
background processes. Uncertainties for backgrounds entering different control (CR) and validation
(VR) regions were also estimated.

For the H → γγd signal, the total ZH cross-section is calculated up to NLO precision and
is provided by the LHC Higgs Cross-Section Working Group [184]. NLO electroweak corrections
reduce the cross section by 5.3%.

This correction has been propagated to the BDT classifier response. The corresponding system-
atic uncertainties are extracted from the maximum and minimum variations of the NLO corrections
and amount to 0.2-0.3%. The parton shower (PS) model effects on signal processes were estimated
through a comparison between PYTHIA8 and HERWIG7 showering models. The difference between
the two algorithms in each BDT classifier response bin is taken as a systematic uncertainty on the PS
model and amounts to 0.4-6.0% (0.2-36%) for qq→ ZH (gg→ ZH).

For the QCD renormalisation µR and factorisation µF scales, a seven-point scale variation is
considered, which amounts to varying the renormalisation and factorisation scales independently by
a factor of 1/2 and 2 around µ to the combinations of (µR, µF ) = (µ/2, µ/2), (2µ, 2µ), (µ, 2µ),
(2µ, µ), (µ, µ/2) and (µ/2,µ). The effect of these variations was propagated to the BDT classifier
distributions. An envelope covering differences with respect to the nominal values is taken as the
systematic uncertainty.

Depending on the γd mass and the BDT bin, the uncertainties from PS vary from [-4,+5]%
(qqZH) to [-19,+25]% (ggZH). Finally, uncertainties related to the choice of the PDF are com-
puted by considering the yield predictions with a full ensemble of 100 PDFs within the NNPDF set.
The standard deviation of this set of yields is taken as the corresponding PDF uncertainty. The uncer-
tainties related to the αs variations are computed by considering the difference in the yield from two
αs variations (0.1195 and 0.1165). The αs and PDF uncertainties are quadratically added and their
impact varies from ±0.4% to ±1.1%.

Similar approaches have also been applied to estimate theoretical uncertainties for background
processes that were evaluated using MC predictions. Up and down variations with respect to nominal
values for QCD (µR, µF) scales, PDF+αs and PS algorithms were considered as systematic uncertain-
ties for VH, tt̄H(H → Zγ), tt̄, tt̄V, Wtγ, single top-quark, WγQCD,EWK and VVγ. Uncertainties
from PDF+αs amount to a maximum up to ±10% (Wγ, single top-quark), QCD scale up to ±30%
(tt̄V) and PS up to ±40% (Wγ, tt̄). Finally, theoretical uncertainties associated with Zγ and Z+jets
were also evaluated as contributions from these processes need to be known in data-driven background
estimation.

9.6 Results and Interpretation

To estimate the compatibility of the data with the SM expectations, as well as to extract upper limits
at 95% confidence level (CL) on the branching ratio of H → γγd a binned maximum likelihood fit is
performed in the SR to the distribution of the BDT classifier response merging the ee and µµ channels
to obtain the best sensitivity.

The chosen binning in the SR is optimised to obtain the best-expected sensitivity to the signal
model, while also keeping low statistical uncertainties in each bin.

The likelihood function is built as a product of Poisson probability functions based on the ex-
pected signal and background yields in each BDT bin of the SR and the single-bin VVγ CR. Two
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free parameters are included in the simultaneous likelihood fit: the branching ratio BR(H → γγd),
which consists in the parameter of interest (POI) and multiplies the signal yield and the floating nor-
malization factor for the VVγ irreducible background kVVγ, which is constrained by the VVγ CR.
The systematic uncertainties are included as nuisance parameters, which are constrained by Gaussian
distributions centred at zero with a width equal to the corresponding uncertainty:

L(data|µsig, θ) = ∏
i∈{BDT bins}

Pois(Ndata
i |Ni(µsig, θ))× ∏

j∈{syst}
G(θj|0, 1) (9.6)

where:

• Ni(µsig, θ) ∝ µsigNsig
i (θ) + ∑bkg Nbkg

i (θ)

• G(x|0, 1) is a Gaussian with mean µ = 0 and σ = 1

• Nsig/bkg
i (θj) = nsig/bkg

i × (1 + θj∆j), with ∆j the value of the jth systematic uncertainty and

nsig/bkg
i the central values from MC of from data-driven estimates.

The dominant backgrounds, fake Emiss
T and electron faking photons are included in the fit taking

the normalization from data-driven estimates described in Section 9.4. To model the BDT shape in
the fit, simulated events are used for fake Emiss

T , while for the background with an electron faking
a photon data from the probe-electron CR (ep-CR) is considered after re-scaling each event by the
appropriate fake rate fe γ. The systematic uncertainties from data-driven methods are included in the
fit as correlated among different BDT bins, as well as other experimental and theoretical systematic
variations.

Two different fits are performed. The first corresponds to the background-only fit, in which the
background predictions are determined in a fit to data assuming the presence of no signal. The second
configuration instead allows for the presence of a specific signal and it is referred to as the model-
dependent fit.

The results of the background-only fit are shown in Table 9.8, where observed and expected event
yields are shown for all of the background processes considered in this analysis. The normalisation
kVVγ factor is found to be 1.35 ± 0.38. The pre-fit and post-fit distributions of the BDT classifier
response are shown in Figure 9.9 for the combined ee + µµ channels. Post-fit uncertainties are reduced
thanks to the constraints on nuisance parameters, in particular the ones related to the fake Emiss

T -
induced background. Post-fit distributions of the BDT classifier response for the separate channels
are shown in Figure 9.10. Pre-fit distribution of mT is also shown in Figure 9.11, being one of the
most discriminant variables entering the BDT classifier.

The relative impact of each source of systematic uncertainty on the SM background estimates is
summarised in Table 10.3. The purely statistical uncertainty of simulated samples is dominant, except
in the last BDT bin, varying from about 3% to 16%. The largest systematic uncertainties in the last
BDT bin are related to the shape of fake Emiss

T and to the jet energy scale and resolution corresponding
respectively to 18% and 13%; uncertainty due to energy scale and resolution of electrons and photons
corresponds to 5.6%, while the same uncertainty for muons corresponds to 4.1%. The other experi-
mental and theoretical systematic uncertainties have a relative impact below about 3.5% in all BDT
bins.

The event yields in data are consistent with the predicted SM background event yields, as shown
in Table 9.8. The model-dependent fit is therefore performed to extract upper limits at 95% CL on
the branching ratio of the sought decay mode of the Higgs boson. These limits are based on the
profile-likelihood-ratio test statistic [223] and CLs prescriptions [224], evaluated using the asymp-
totic approximation [225]. The fit is performed including the signal component of the Higgs boson
production in ZH with subsequent Higgs boson decays into γ and γd. The results are provided for the
massless dark photon, as well as for low dark photon mass values up to 40 GeV, as shown in Figure
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TABLE 9.8: Observed event yields in 139 fb−1 of data compared to expected yields from SM back-
grounds obtained from the background-only fit for the ee + µµ channel in the SR and the VVγ CR.
The total expected yields before the fit are also shown. The expected yields for the massless γd signal
are shown assuming BR(H → γγd) = 5%. The uncertainty includes both statistical and systematic
sources. The individual uncertainties can be correlated and do not necessarily add in quadrature to

equal the total background uncertainty.

BDT bin SR 0 - 0.50 SR 0.50 - 0.64 SR 0.64 - 0.77 SR 0.77 - 0.88 SR 0.88 - 0.96 SR 0.96 - 1 VVγ CR

Observed 910 84 59 72 42 6 32

Post-fit SM background 910± 29 85.5± 8.7 59.9± 7.3 69.7± 7.8 41.6± 6.1 7.3± 2.0 31.4± 5.4

Fake Emiss
T 800± 34 72.1± 8.3 45.7± 6.5 53.2± 7.1 27.9± 6.1 2.0± 1.9 2.1+3.5

−2.1
e γ 21.5± 2.0 3.33± 0.62 3.75± 0.74 6.4± 1.1 5.7± 1.4 1.47± 0.25 1.24± 0.07
VVγ 44± 12 5.3± 1.6 5.8± 1.7 6.4± 1.8 5.7± 1.9 3.30± 0.97 27.3± 6.4

tt̄, tt̄γ, single t 42± 15 4.3± 1.5 3.4± 1.2 3.6± 1.2 2.13± 0.80 0.50± 0.18 0.63± 0.22
Wγ 3.3± 1.5 0.39± 0.18 1.18± 0.55 − 0.04± 0.02 − −

tt̄H, VH 0.15± 0.02 0.03± 0.01 0.04± 0.01 0.06± 0.01 0.09± 0.03 0.02± 0.01 0.17+0.18
−0.17

Pre-fit SM background 900± 120 90± 35 65± 27 53± 24 35± 22 7.8± 4.4 24± 4.7

Signal (ZH → γγd) 5.1± 1.3 1.98± 0.51 3.2± 1.0 5.5± 1.6 11.1± 3.1 14.9± 1.9 −

TABLE 9.9: Summary of the relative uncertainties in the background estimate for the BDT bins after
the background-only fit. The individual uncertainties can be correlated and do not necessarily add in

quadrature to equal the total background uncertainty.

BDT bin 0 - 0.50 0.50 - 0.64 0.64 - 0.77 0.77- 0.88 0.88 - 0.96 0.96 - 1
[%] [%] [%] [%] [%] [%]

Total (statistical+systematic)
uncertainty 3.1 10 12 11 15 28

Statistical uncertainty 3.1 9.9 12 11 14 16
Fake Emiss

T shape 0.17 0.97 0.40 0.55 2.8 18
Jet E scale and resolution 0.02 3.3 2.1 0.47 2.1 13
Electron, photon E scale

and resolution 0.04 0.45 0.75 0.46 1.7 5.6
Muon E scale and resolution 0.08 0.17 0.15 0.91 1.2 4.1
Fake Emiss

T data-driven 0.50 0.28 0.18 0.04 0.40 3.5
Emiss

T soft term scale
and resolution 0.26 0.16 0.59 0.49 0.20 2.8

Electron trigger/ID/
iso/reco eff. 0.01 0.10 0.10 0.01 0.17 1.0

Muon trigger/ID/
iso/reco eff. 0.01 0.07 0.08 0.06 0.03 0.84

Flavour tagging eff. < 0.01 0.08 0.10 0.04 0.02 0.82
Electrons faking photons

data-driven 0.02 0.08 0.06 0.06 0.07 0.73
Photon ID/iso/reco eff. 0.01 0.07 0.08 0.04 0.09 0.61
Reweighting of 〈µ〉

in MC simulation 0.08 0.10 0.32 0.46 0.09 0.48
Top normalization 0.08 0.06 0.06 0.02 0.09 0.13
Theoretical VVγ 0.04 0.02 0.16 0.04 0.13 0.49
Theoretical fake Emiss

T 0.05 0.11 0.12 0.22 0.29 0.45
Theoretical top 0.09 0.05 0.17 0.10 0.04 0.28
Theoretical Wγ 0.04 0.10 0.18 0.05 0.13 0.24
Theoretical Higgs 0.01 0.05 0.04 0.02 0.08 0.05
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FIGURE 9.9: Distribution of the BDT classifier response in data and for the expected SM background
before (a) and after (b) the background-only fit. The expectations for ZH, H → γγd are also shown
for the massless dark photon (red dashed line) and for dark photon mass values of 20 GeV (blue
dashed line) and 40 GeV (yellow dashed line), assuming BR(H → γγd) = 5%. A zoomed view of
the last BDT bin with a linear y-axis scale is also shown. Uncertainties shown are statistical for data,
while backgrounds include statistical and systematic sources determined by the multiple-bin fit. The

lower panel shows the ratio of data to expected background event yields.

9.12. The corresponding values are also reported in Table 9.10. The observed (expected) upper limits
on BR(H→ γγd) are at the level of 2.3% (2.8%), for massless γd and vary slightly until mass values
of 20 GeV. The mass dependence of the limits becomes stronger beyond that value and the observed
(expected) upper limit increases to about 2.5% (3.1%) at 40 GeV.

TABLE 9.10: Observed and expected limits at 95% CL on BR(H → γγd) for different values of the
γd mass for the ee + µµ channel. The asymmetric error corresponds to the ±1σ

mγd BR(H → γγd)
95% CL
obs BR(H → γγd)

95% CL
exp

[GeV] [%] [%]

0 2.28 2.82+1.33
−0.84

1 2.19 2.71+1.28
−0.81

10 2.21 2.73+1.31
−0.82

20 2.17 2.69+1.29
−0.81

30 2.32 2.87+1.36
−0.86

40 2.52 3.11+1.48
−0.93
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FIGURE 9.10: Distribution of the BDT classifier response in data and for the expected SM back-
ground after the background-only fit in the ee-SR (left) and µµ-SR (right). The expectations for ZH,
H → γγd are also shown for the massless dark photon and for dark photon mass values of 20 and 40
GeV, assuming BR(H → γγd)=5%. A zoomed view of the last BDT bin with a linear y-axis scale
is also shown. The error bars are statistical, and the dashed band includes statistical and systematic
uncertainties determined by the multiple-bin fit. The lower panel shows the ratio of data to expected

background event yields.

9.7 Summary

A search for dark photon candidates arising from semi-visible Standard Model Higgs boson decay
H → γγd is performed. The Higgs boson production in association with a Z(→ `+`−) boson is
exploited, which benefits from a relatively clean signal and high-efficiency lepton triggers. The search
uses pp collision data collected by the ATLAS experiment at a centre-of-mass energy of

√
s = 13 TeV

between 2015 and 2018 and corresponding to an integrated luminosity of 139 fb−1. A rectangular
cut optimisation method is used to optimize the signal region where data events are shown in the
event display shown in Figure 9.13. Moreover, Data-driven techniques are optimized to estimate the
main backgrounds from processes characterized by fake Emiss

T and electrons misidentified as photons,
while the normalization of the irreducible background is obtained using MC simulations constrained
by data in a dedicated control region.

The sensitivity of the search is enhanced thanks to a Boosted Decision Tree algorithm that permits
the construction of the discriminant kinematic observable. No excess of events above the SM expecta-
tion is found. Therefore, limits on the branching ratio of a SM Higgs boson decaying to a photon and
a dark photon can be set. For massless γd, an observed (expected) upper limit on BR(H → γγd) of
2.28% (2.82+1.33

−0.84%) is set at 95% CL. For massive γd, the observed (expected) upper limits are found
to be within the [2.19,2.52]% ([2.71,3.11]%) range for masses spanning from 1 GeV to 40 GeV.
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FIGURE 9.11: Distribution of mT in data and for the expected SM background before the
background-only fit. The expectations for ZH, H → γγd are also shown for the massless dark
photon (red dashed line) and for dark photon mass values of 20 GeV (blue dashed line) and 40 GeV
(yellow dashed line), assuming BR(H → γγd) = 5%. Uncertainties shown are statistical for data,
while backgrounds include statistical and systematic sources determined by the multiple-bin fit. The

lower panel shows the ratio of data to expected background event yields.
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FIGURE 9.13: Display of a candidate event in the search for dark photons in H → γγd produced
through the ZH production mode with Z → ee (left) and Z → µµ (right) from proton-proton colli-
sions at 13 TeV centre-of-mass energy at the LHC. Starting from the centre of the ATLAS detector,
the hits and reconstructed tracks of the charged particles in the Inner Detector (ID) are shown as
grey-coloured dots and lines, respectively. The energy deposits in the electromagnetic (the green
layer) and hadronic (the red layer) calorimeters are shown as yellow boxes. The associated green
histograms show the amount of energy in the EM calorimeter. Identified electrons are shown with
their reconstructed track (green line) and their energy in the EM calorimeter. Identified muons are
shown with their reconstructed track (red line) from the ID track and the muon spectrometer (outer
blue layer) hits (in red dots). The pT values of the leading and subleading electrons (green) and
muons (red lines) are 57 (91) GeV and 34 (23) GeV, respectively. The pT of the identified photon
(yellow cluster and green histogram without an associated track) is 62 (37) GeV. The value of Emiss

T
(purple dashed line) from a potential non-interacting γd is 63, (91) GeV for ee(µµ) channels. The
invariant mass of the ee(µµ) pair is 92 (91) GeV while the transverse mass of the γ− Emiss

T system is
(123 GeV, 105 GeV) for (Z → ee, Z → µµ). The figure at the top shows the transverse plane, while

the one at the bottom shows the side projection.
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decay in ggF and VBF production
modes

This search is based on the reinterpretation of the ATLAS mono-photon results [18] using the RE-
CAST strategy (Request Efficiency Computation for Alternative Signal Theories) [226], a framework
designed to preserve the same topology of the original mono-photon analysis, reusing the same phase-
space and background estimates as well as systematic uncertainties, in the context of searching for
dark matter production from heavy Higgs bosons decay to a photon and a massless dark photon. The
introduced signal model includes both the gluon-gluon Fusion (ggF) and the VBF production modes
of the heavy Higgs bosons as presented in the Feynman diagrams shown in Figure 10.1. To improve
the sensitivity of this search, different signal regions (SR) are considered based on the missing trans-
verse momentum Emiss

T selections ranging from 200 GeV to 375 GeV, being the primary observable of
this search. The results of this reinterpretation are presented in terms of 95% CL exclusion limits on
the σ× BR(H → γγd), considering separate ggF and VBF production modes as well as the com-
bined ggF + VBF production for different heavy Higgs boson masses: 400, 600, 800, 1000, 1500,
2000, 2500 and 3000 GeV.

FIGURE 10.1: Feynman diagrams for H→ γγd in ggF (right) and VBF (left) production modes.
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10.1 The γ + Emiss
T search

An overview of the γ + Emiss
T search [227] based on the full Run-2 dataset collected with the ATLAS

experiment is presented in this section. The aim is to look for an excess of events with a γ + Emiss
T

final state over the SM prediction, which offers a clean signature to search for new physics processes
that include extremely weekly- or non-interacting particles, leading to Emiss

T in the final states.

10.1.1 Event selection

All the events in the analysis must satisfy beam, detector and data-quality criteria. They are selected
by a trigger requiring at least one photon candidate with transverse energy Eγ

T above a threshold of
140 GeV and passing ‘loose’ identification requirements. Events are required to satisfy the selection
reported in Table 10.1, more details concerning these criteria can be found in [227]. To improve
the sensitivity of the analysis, seven SRs are defined corresponding to different Emiss

T ranges: four
inclusive (SRI1–SRI4) and three exclusive (SRE1–SRE3).

TABLE 10.1: Selection criteria for the SRs.

Event cleaning Detector quality conditions and primary vertex

Leading γ Eγ
T > 150 GeV, |η| < 1.37 or 1.52 < |η| < 2.37,

tight, isolated, |∆zγ| < 250 mm,
∆φ(γ, Emiss

T ) > 0.4

Emiss
T significance > 8.5

Jets 0 or 1 with pT > 30 GeV, |η| < 4.5 and ∆φ(jet, Emiss
T ) > 0.4

Leptons veto on e, µ and τ

SRI1 SRI2 SRI3 SRI4 SRE1 SRE2 SRE3
Emiss

T [GeV] > 200 > 250 > 300 > 375 200–250 250–300 300–375

10.1.2 Background estimates and results

The SM background in the various SRs arises from several processes that generate real photons and
from events in which one or more energetic jets or electrons are misidentified as photons. The latter
are estimated through the use of control samples including jets or electrons, scaled by misidentifica-
tion rates determined from data. The background with real photons is dominated by the Z(→ νν)γ
process, secondary contributions come from W(→ lν)γ and Z(→ ll)γ production with unidentified
electrons, muons or with hadronically decaying τ leptons and from γ+jets events. These contri-
butions are obtained using Monte Carlo (MC) simulations constrained by observed event counts in
dedicated control regions (CRs) through the estimation of normalisation factors. Control regions are
built by inverting one or more of the selection criteria used to define the SRs, allowing one of the
background processes to become dominant but otherwise kinematically similar to the given SR. The
contribution of these backgrounds is determined separately for each SR, as defined in Table 10.1, with
a maximum-likelihood fit, referred to as the ‘background-only fit’. This procedure constrains the nor-
malisation of the dominant backgrounds to the observed event yields in the associated CRs, assuming
that no signal is present in the CRs and including the background contribution from the misidentifi-
cation of electrons and jets as photons estimated with data-driven techniques. The inputs to the fit
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for each SR include the number of events observed in its associated CRs and the number of events
predicted by simulation in the SR and CRs for each background process. The latter is described by
Poisson statistics. The systematic uncertainties are included in the fit as nuisance parameters, mod-
elled by Gaussian distributions with widths corresponding to the sizes of the associated uncertainties.
Using a simultaneous fit technique allows a straightforward combination of multiple CRs and permits
a coherent treatment of the correlation of the systematic uncertainties across the different regions.
The product of the various probability distributions forms the likelihood, which the fit maximises by
adjusting the background normalisation and the nuisance parameters.

Since the shape of BSM signal models over multiple Emiss
T bins is different from the background

prediction, a ‘simplified shape fit’ is applied in the CRs associated with the exclusive SRs plus the
inclusive SR corresponding to the highest Emiss

T range (SRI4) shown in Table 10.1. This allows
normalisation factors for the background contributions in each Emiss

T bin to be extracted by exploiting
the Emiss

T shape information and it is used to set exclusion limits on the considered models when no
excess is found in the data.

The background-only simultaneous fit is performed to evaluate the SM background expectations
in all regions of the analysis. The event yields in data are consistent with the SM expectations within
uncertainties in all signal regions. The observed number of events and the expected SM background
contribution resulting after performing the ‘simplified shape fit’ are reported in Table 10.2 [227]. The
values of the normalisation factors for W/Z + γ and γ + jets backgrounds are also shown.

TABLE 10.2: Observed and expected yields from SM backgrounds obtained from the ‘simplified
shape fit’ [227]. The normalisation factors obtained from the fit are also shown at the bottom of
the table. The uncertainty includes both statistical and systematic uncertainties. The individual un-
certainties can be correlated and do not necessarily add in quadrature to equal the total background

uncertainty.

SRE1 SRE2 SRE3 SRI4

Observed events 3023 1164 679 427

Expected SM events 3070± 130 1182± 75 680± 53 448± 42

Z(→ νν)γ 1910± 110 758± 65 468± 49 306± 40
W(→ `ν)γ 394± 22 159± 15 71.0± 8.2 56.7± 7.1
Z(→ ``)γ 33.2± 2.4 9.32± 0.89 4.26± 0.48 2.69± 0.37

γ + jets 87± 35 11.9± 4.8 2.7± 1.1 3.0± 1.2
Fake photons from e 511± 48 188± 18 100.9± 9.5 59.7± 5.6

Fake photons from jets 136± 28 56± 29 33± 16 20± 11

kZγ 0.99± 0.08 0.89± 0.09 0.90± 0.11 0.86± 0.12
kWγ 0.81± 0.09 0.84± 0.11 0.74± 0.11 0.85± 0.13

kγ+jets 0.82± 0.21

The total uncertainty ranges from 3.5% to 9.5% depending on the SR. The purely statistical un-
certainty is dominant, varying from 2.4% to 8.5% and driven by the statistical precision from the CRs
adopted to constrain the normalisation of the leading Z(→ νν)γ background. The relative impact
of each source of systematic uncertainty on the total SM background estimates is summarised in Ta-
ble 10.3 [227]. A large experimental uncertainty is related to jets misidentified as photons and varies
from 1.4% to 4.1%. The impact of the uncertainty in the jet energy scale and resolution varies from
1.6% to 2.7%. The uncertainty related to electrons misidentified as photons varies between about 2%
and 2.3%. Other experimental systematic uncertainties related to electrons, photons, muons and the
Emiss

T ‘soft term’ have a relative impact below 1.5% in all SRs. Theoretical systematic uncertainties
in the W/Z + γ and γ + jets MC estimates have an impact of 0.5% in all SRs.
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TABLE 10.3: Summary of the uncertainties (%) in the background estimate for inclusive SRs after
the background-only fit and for exclusive SRs after the ‘simplified shape fit’ [227]. The individual
uncertainties can be correlated and do not necessarily add in quadrature to equal the total background

uncertainty.

SRI1 SRI2 SRI3 SRI4 SRE1 SRE2 SRE3
[%] [%] [%] [%] [%] [%] [%]

Total (statistical+systematic) uncertainty 3.5 4.8 6.2 9.5 4.3 6.3 7.8
Statistical uncertainty 2.4 3.6 5.3 8.5 3.3 5.0 6.7
Fake photons from jets 1.4 2.5 2.8 4.1 1.4 3.6 3.7
Jet energy scale/resol 1.6 2.2 2.5 2.7 2.2 2.2 2.3
Fake photons from electrons 2.1 2.0 2.0 2.0 2.3 2.3 2.1
Electrons reco/id/isolation eff. 1.0 1.2 1.3 1.4 1.0 1.0 1.2
Electron/photon energy scale/resol 0.8 0.6 0.7 0.9 0.9 0.9 0.6
Muon reco/id/isolation eff. 0.7 0.8 0.9 1.0 0.6 0.7 0.9
Emiss

T soft term scale/resolution 0.1 0.4 0.7 0.9 0.5 0.2 0.5
Theoretical W/Z + γ, γ + jets 0.5 0.5 0.5 0.5 0.5 0.5 0.5
〈µ〉 reweighting in MC simulation 0.3 0.2 0.2 0.2 0.3 0.2 0.2

10.2 Description of the signal model

In the search for high mass resonances from heavy Higgs bosons in γ + Emiss
T final states carried out

in this search, the phase-space defined by the reinterpreted mono-photon analysis leads to dominant
contributions from both ggF and VBF production processes as shown in Figure 10.1. For both these
processes, dedicated MC generators are used to simulate and model the signal events, at a centre-of-
mass energy of 13 TeV following the configurations shown in Table 10.4. The heavy Higgs boson
decay to a photon and a massless dark photon H → γγd is handled assuming the Hidden-Valley dark
photon scenario [190] implemented in PYTHIA since 8.150 version.

The signal events produced via ggF are generated using POWHEG [v2 NNLOPS] [228, 229, 230,
231, 232] with the CT10 set of parton distribution functions (PDFs), calculated at NNLO accuracy
in αS. The simulation was interfaced with PYTHIA [8.306] using the CTEQ6L1 PDF set and the
AZNLO underlying-event tune to handle the heavy Higgs boson decay, the parton shower and the
non-perturbative hadronization effects. The ggF prediction from the MC samples is normalised to
the next-to-NNLO cross-section in QCD plus electroweak corrections at NLO [184, 233, 234, 235,
236, 237, 238, 239, 240, 241, 242]. In addition, a filter is applied at the generator level requiring
events to contain one photon with a pT > 120 GeV and |η| < 2.5.

The other signal production process is through VBF. Signal events from this production mode
were generated with matrix elements calculated using POWHEG [v2] [185, 186] at NLO accuracy in
αS, using the PDF4LHC15_nlo_30_pdfas set of PDFs [243]. In addition, PYTHIA [8.306] [244] was
used with the dipole recoil shower variable [245] turned on, to perform the heavy Higgs boson decay
as well as the parton shower and the non-perturbative hadronization effects with the CTEQ6L1 PDF
set and the AZNLO underlying-event tune. Moreover, at the generator level, a filter is applied to
require events with Emiss

T higher than 75 GeV.
The samples of both ggF and VBF processes were generated with the width set to the SM value

of 4 MeV [246] and the complex pole scheme [189] turned off. A total of eight MC samples per
production process were generated with heavy Higgs boson masses equal to 400, 600, 800, 1000,
1500, 2000, 2500 and 3000 GeV.

The generated events were processed through a simulation [178] of the ATLAS detector geome-
try and response using GEANT [131], and through the same reconstruction software as the collected
pp collision data. Corrections were applied to the simulated events so that the particle candidates’
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selection efficiencies, energy scales and energy resolutions match those determined from data con-
trol samples. The simulated samples are normalised to the total integrated luminosity assuming
their cross-sections, computed to the highest order available in perturbation theory as given in Ta-
ble 10.5 [246]. The detector response was simulated using a fast parameterised simulation of the
ATLAS calorimeters [181] and the full GEANT simulation is used for the other sub-detectors.

TABLE 10.4: The configurations used for event generation of the signal processes. The matrix
element (ME) order refers to the order in the strong coupling constant of the perturbative calculation.

The tune refers to the underlying-event tune of the parton shower.

Process Generator ME Order Parton Shower PDF Tune

ggF, H → γγd POWHEG [v2 NNLOPS] NNLO PYTHIA [8.306] CT10,
CTEQ6L1

AZNLO

VBF, H → γγd POWHEG [v2] NLO PYTHIA [8.306] PDF4LHC15,
CTEQ6L1

AZNLO

TABLE 10.5: Cross-section σ values of heavy Higgs boson productions in ggF and VBF processes.

mH (GeV) 400 600 800 1000 1500 2000 2500 3000

σggF (pb) 9.516 2.006 0.449 0.123 8.91×10−3 1.08×10−3 1.78×10−4 3.50×10−5

σVBF (pb) 0.758 0.327 0.162 0.087 2.28×10−2 7.05×10−3 2.36×10−3 8.25×10−4

TABLE 10.6: Theoretical uncertainties (%) for ggF and VBF production modes and different heavy
Higgs masses computed in the most inclusive SRI1, with Emiss

T > 200 GeV.

mH (GeV)
ggF, H → γγd VBF, H → γγd

PDF+scale (%) PS (%) PDF+scale (%) PS (%)

400 (-14.6 +16.9) 2.20 (-1.54 +1.29) 10.0

600 (-14.7 +16.1) 2.20 (-2.57 +2.04) 2.82

800 (-15.0 +16.2) 6.49 (-2.63 +1.82) 2.94

1000 (-15.4 +16.4) 4.54 (-4.21 +3.41) 3.43

1500 (-16.3 +17.2) 3.01 (-5.28 +4.01) 2.51

2000 (-13.3 +13.3) 2.17 (-6.46 +5.05) 1.46

2500 (-22.1 +23.1) 2.36 (-8.15 +7.38) 1.09

3000 (-22.1 +23.1) 3.60 (-9.03 +7.52) 2.28
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Theoretical uncertainties: Signals from ggF and VBF are considered for the computation of the
theoretical uncertainties in each SR bin of the analysis as shown in Table 10.1. As no dependence
on Emiss

T has been noticed, the estimates in the most inclusive SRI1 (Emiss
T > 200 GeV) have been

considered. Theoretical uncertainties include uncertainties on the NLO cross-section due to the QCD
factorisation and renormalisation scales [247] as well as the choice of parton distribution functions.
Uncertainties on initial- and final-state radiations due to the choice of parton shower (PS) parame-
ters used with PYTHIA [8.306] are estimated by generating MC samples with the alternative tunes
described in Ref. [248]. The uncertainties for both production processes and for each mass point
are summarised in Table 10.6. Because of technical reasons, some information was missing in the
samples mH = 400 GeV, 2500 GeV, so the corresponding uncertainties related to samples mH= 600
GeV, 3000 GeV are considered as a conservative estimate.

10.3 Reinterpretation results

The reinterpretation of the Run-2 γ + Emiss
T search is performed including the heavy Higgs boson

signal decaying to a photon and a massless dark photon into the simultaneous likelihood fit described
in Section 10.1. The signal experimental and theoretical uncertainties are considered in the fit as
nuisance parameters. The background estimation has been obtained providing to the fit the same
inputs of the γ + Emiss

T analysis. To illustrate the shape of the different H → γγd signals in the
SR, their Emiss

T distributions have been superimposed to the expected SM background and data after
performing the ‘simplified shape fit’ as shown in Figure 10.2. Signal acceptances for ggF and VBF
processes in the SRs used in the ‘simplified shape fit’ are shown in Table 10.7.

TABLE 10.7: Signal acceptance (%) for ggF and VBF processes in all the exclusive and the last
inclusive SRs used in the ‘simplified shape fit’.

SRE1 SRE2 SRE3 SRI4

mH (GeV) ggF (%) VBF (%) ggF (%) VBF (%) ggF (%) VBF (%) ggF (%) VBF (%)

400 8.15 4.30 0.35 0.49 0.04 0.05 0.00 0.01

600 9.05 4.95 18.9 9.10 7.74 5.44 0.35 0.53

800 3.21 1.96 5.33 3.27 15.4 9.39 15.6 10.5

1000 1.63 1.24 2.50 1.72 5.92 4.01 29.4 21.2

1500 0.50 0.38 0.73 0.69 1.65 1.33 33.3 30.0

2000 0.22 0.21 0.35 0.33 0.67 0.69 32.7 34.3

2500 0.10 0.09 0.16 0.18 0.35 0.41 29.6 38.0

3000 0.04 0.08 0.08 0.11 0.19 0.29 28.9 39.6

Exclusion upper limits at 95% CL on σ × BR(H → γγd) are obtained performing the ‘sim-
plified shape fit’ including both the SRs and their associated CRs by means of the HistFitter pack-
age [249]. These limits are based on the profile-likelihood-ratio test statistic [223] and CLs pre-
scriptions [224], evaluated using the asymptotic approximation [250]. Results for the heavy Higgs
boson signal produced via ggF and VBF separately as well as through a combination in which
the two processes have been merged proportionally to their relative theoretical cross-sections [246]
ggF+VBF are shown in Figure 10.3 for the considered Higgs mass values. The theoretically pre-
dicted cross-section of a heavy Higgs boson produced via ggF or VBF is superimposed assuming
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FIGURE 10.2: Distributions of Emiss
T for (a) ggF, (b) VBF, and (c) ggF+VBF production modes of

H → γ γd assuming the BR(H → γ γd) = 0.05. The signals are superimposed to the expected SM
background and data after performing the ‘simplified shape fit’. The error bars are statistical, and the
dashed band includes statistical and systematic uncertainties determined by the fit. The lower panel

shows the ratio of data to expected background event yields.
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a BR(H → γγd) = 0.05. Table 10.8 summarises the observed and the expected exclusion limits at
95% CL on σ× BR(H → γγd) for ggF and VBF separately as well as for the combined productions
ggF+VBF. The relative impact of the signal theoretical uncertainties on the exclusion limits is below
11.5% for the ggF process and below 2.5% for the VBF process considering all mass samples, while
the signal experimental uncertainties have an overall impact below 7% for both processes.
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FIGURE 10.3: Observed and expected exclusion limits at 95% CL on σ× BR(H → γ γd) as func-
tion of the heavy Higgs mass. The yellow band shows the ±1σ uncertainties. The theoretically
predicted cross-section of a heavy Higgs boson produced via (a) ggF, (b) VBF and (c) ggF+VBF is

superimposed assuming a BR(H → γγd) = 0.05.

10.4 Summary

The reinterpretation of the ATLAS full Run-2 γ + Emiss
T search using the RECAST framework is per-

formed in the context of the production of a heavy Higgs boson decaying to a photon and a massless
dark photon. Dominant contributions come from both gluon-gluon Fusion (ggF) and Vector-Boson
Fusion (VBF) production modes and different mass hypotheses for the heavy Higgs boson have been
considered spanning from 400 GeV to 3 TeV to probe the sensitivity of the γ + Emiss

T search to-
wards the H → γγd signal. Exclusion upper limits on the cross-section times the branching ratio for
H → γγd are provided for both production modes ggF and VBF separately and for the combined
ggF + VBF processes for the considered Higgs masses. The exclusion limits at 95% confidence
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TABLE 10.8: Observed and expected exclusion limits at 95% CL on σ× BR(H → γγd) obtained
with the ‘simplified shape-fit’ for ggF, VBF and combined ggF+VBF channels.

95% CL Limits σggF × BR σVBF × BR σ(ggF+VBF) × BR

mH Obs. (fb) Exp.+1σ
−1σ (fb) Obs. (fb) Exp.+1σ

−1σ (fb) Obs. (fb) Exp.+1σ
−1σ (fb)

400 GeV 23.9 27.3 +12.7
−7.80 44.4 51.4 +23.1

−15.2 24.2 28.1 +12.7
−8.30

600 GeV 5.08 5.72 +2.60
−1.65 9.30 10.43 +4.35

−2.94 5.45 6.10 +2.66
−1.80

800 GeV 3.04 3.56 +1.63
−1.05 4.54 5.28 +2.17

−1.46 3.31 3.86 +1.69
−1.13

1 TeV 1.93 2.30 +1.02
−0.67 2.62 3.08 +1.21

−0.85 2.14 2.52 +1.04
−0.71

1.5 TeV 1.73 2.05 +0.92
−0.60 1.86 2.17 +0.87

−0.59 1.79 2.09 +0.84
−0.57

2 TeV 1.74 2.05 +0.88
−0.59 1.64 1.92 +0.78

−0.52 1.64 1.93 +0.76
−0.54

2.5 TeV 2.06 2.44 +1.24
−0.77 1.48 1.73 +0.70

−0.49 1.50 1.75 +0.71
−0.48

3 TeV 2.11 2.50 +1.27
−0.79 1.42 1.66 +0.69

−0.46 1.44 1.68 +0.69
−0.46

level for the ggF + VBF H → γγd are found to be in the range from 1.44 (1.68 fb) to 24.2 (28.1 fb)
observed (expected) respectively, with the highest limit corresponding to a heavy Higgs boson with a
mass of 400 GeV and the lowest limit corresponds to the heaviest considered mass of 3 TeV.
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Part IV

THE HL-LHC ATLAS UPGRADE:
PERFORMANCE EVALUATION OF

LGAD SENSORS FOR THE HGTD
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11
The High Granularity Timing
Detector (HGTD)

FIGURE 11.1: Position of the two HGTD disks within the ATLAS Detector, outside of the Inner
Tracker and in front of the forward calorimeters. Each disk is equipped with two double-sided in-

strumented layers [251].

After Run 3 of data taking at the LHC (between 2021 and 2024), the machine will be upgraded to
deliver an increased instantaneous luminosity to amass pp collision data at an even faster rate. The
High-Luminosity LHC (HL-LHC) [252] is expected to start operations in 2027 at a centre of mass
energy of 14 TeV and run at least until 2040, a period dubbed Phase II. It will achieve an instantaneous
luminosity of 7.5× 1034 cm−2 s−1 and will provide a dataset of an integrated luminosity of up to
4000 fb−1. The expected running conditions will be an environment with an average number of
interactions per collision of around 200, about one order of magnitude larger than during Run 2.
Thus the successful physics program at the LHC can expand, improving precision measurements of
the Standard Model [253], and continue probing the Higgs sector where studying the couplings to the
SM to the per cent level will be possible [254], but also expanding the reach of searches for signatures
of physics beyond the SM to higher mass ranges [255].

The ATLAS detector was constructed to operate at an instantaneous luminosity of
1× 1034 cm−2 s−1 withstand radiation damage during the collection of up to 1000 fb−1 of integrated
luminosity. Substantial updates of the individual subsystems are thus necessary to cope with the
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HL-LHC environment, which requires the capability to process much higher data rates as well as a
radiation hardness to a fluence of 1× 1016 neq cm−2 and an irradiation of 10 MGy.

The goal of the upgrades of ATLAS is a performance equal to or better than achievable with the
current detector but in the much harsher environment of the HL-LHC. The trigger and data acquisi-
tion systems will improve their granularity and will have faster electronics, achieving an output rate
of 10 kHz. The current tracking detector of ATLAS would in general not survive the expected radi-
ation levels and the TRT would reach an occupancy of 100 %. The tracker will thus be completely
replaced by a fully silicon-based tracking detector, the Inner Tracker (ITk) [256, 257]. Compared to
the current tracker, ITk will have more pixel layers and feature a higher granularity. Its acceptance
will be extended and allow reconstruction of charged particle tracks up to |η| = 4. The calorimeter
system will also be upgraded. Both, the Liquid Argon Calorimeter [258], as well as the Tile Calorime-
ter [259], will receive new front end and back-end electronics to cope with the higher data rates. In the
end-cap region, the electronics of the muon chambers will also be replaced to perform under the new
conditions. Additionally, a new detector will be installed in the forward region, measuring the time
of minimum ionising particles (MIPs) with high precision, the High-Granularity Timing Detector
(HGTD) [260, 251].
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FIGURE 11.2: The expected pile-up density at HL-LHC conditions is compared to the situation
found during Run 2 in (a) [260]. The expected resolution of the longitudinal track impact parameter
σz0 provided by ITk is shown as as a function of |η| for muons of pT = 1 GeV and pT = 10 GeV in

(b) [251].

HGTD aims to provide high precision time measurements for tracks in the forward region, with
an average resolution of 30 ps per track at the beginning of the HL-LHC runtime, deteriorating not
farther than 50 ps per track until the end of the HL-LHC due to the increasing radiation damage to the
sensor. The detector consists of two disk-shaped vessels, one installed in each end-cap region, both
containing two double-sided instrumented layers, that will be installed in the forward region of the
ATLAS detector (see 11.1), covering the range 2.4 < |η| < 4.0.

Contamination from additional pile-up interactions is one of the main challenges for the HL-LHC.
In the nominal operation scenario [261], an average of 200 simultaneous pp interactions (〈µ〉 =
200) are expected to occur within each bunch crossing. The luminous region is expected to show
a Gaussian spread of 45 mm along the beam axis (z) and a spread of 175 ps in time. The expected
average pile-up vertex density (11.2a) at nominal conditions will be 1.8 vertices/mm. While the ITk
can resolve the quoted vertex density in the central region, the degradation of the resolution of the
longitudinal impact parameter z0 in the forward region, as can be seen from 11.2b, leads to sizeable
pile-up contaminations. Beyond a pseudorapidity value of |η| ∼ 2.2 the z0-resolution is already in
the millimetre range for low pT tracks. It is thus challenging to unambiguously associate tracks in
the forward region to reconstructed vertices. The approach followed by HGTD to resolve this issue
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is to take advantage of the time component provided by this new detector. Even though a forward
track might be spatially compatible with a given vertex, by observing a large difference in the time
associated with the track and that associated to the selected vertex, pile-up tracks can be identified
and rejected. Using a back-of-the-envelope estimation, given a beam spread of 175 ps and a time
resolution per track of 30 ps, the pile-up can be reduced by a factor 6 in the HGTD acceptance. The
added time component will thus improve the object reconstruction performance in the forward region,
which includes better object identification as well as enhanced pile-up rejection.

HGTD also provides luminosity measurement capabilities. HGTD shows a nearly perfectly lin-
ear detector response as a function of 〈µ〉, using the proportionality between the number of hits in
a limited acceptance range and the instantaneous luminosity. The time information also allows to
reject backgrounds in the high-radiation environment, which makes HGTD more reliable than for ex-
ample track counting techniques. Finally, occupancy data read out at 40 MHz makes the luminosity
measurement available at a bunch-by-bunch level without limitations from a trigger bias.
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12
Performance in beam tests of Low
Gain Avalanche Detectors for the
HGTD

12.1 Introduction

The High Luminosity upgrade of the Large Hadron Collider (HL-LHC) [262, 263] at CERN is ex-
pected to deliver an integrated luminosity of 4000 fb−1 with an increase of the instantaneous lumi-
nosity from 1034cm−2s−1 to 7.5× 1034cm−2s−1 resulting in a nominal average of 200 simultaneous
pp interactions per bunch crossing. The correct assignment of particles originating from the hard-
scattering process and the suppression of detector signals produced by the additional low-energy pp
collisions (pile-up) are among the most difficult challenges in this busy environment.

A High Granularity Timing Detector (HGTD) [264, 251] installed at the end-cap/forward region
of the ATLAS detector [265] with an η coverage of 2.4 to 4.0 would provide additional capabilities
to the foreseen new inner tracker [257, 256] to mitigate pile-up effects on physics final states contain-
ing forward jets/particles. Due to the high radiation levels expected in this region for an integrated
luminosity of 4000 fb−1, the detector sensors and front-end electronics must sustain a 1 MeV neu-
tron equivalent fluence of up to 2.5×1015 neq/cm2 and 2 MGy of total ionising dose estimated at a
distance of 120 mm from the beam pipe. Assuming a safety factor of 1.5, the inner (middle) ring of
the detector should be replaced at every 1000 fb−1 (2000 fb−1) to keep its performances at an optimal
level. The HGTD would be able to measure the time of a minimum ionising particle (MIP) with a
resolution ranging from approximately 30 ps at the beginning of the HL-LHC operations to 50 ps to-
wards the end, with an average time resolution per hit of 35 ps and 70 ps, respectively. Given the need
for an accurate time measurement and a high radiation hardness, the Low Gain Avalanche Detector
(LGAD) technology [266] was chosen for the sensors with an active thickness of 50 µm and a pad
area of 1.3× 1.3 mm2. The time resolution is strongly linked to the front-end analogue performance,
which makes the read-out ASIC a very challenging circuit to design. The time jitter should be low
enough to not deteriorate the sensor performance. The HGTD ASIC, ATLAS LGAD Time Read Out
Chip (ALTIROC) [267], has a discriminator of ∼2 fC and should achieve a good time measurement
for charges as low as 4 fC, to cope with the reduction of the sensor gain due to irradiation. This
lower limit on charge collection of 4 fC should satisfy the HGTD requirements of a minimum hit ef-
ficiency of 95% taking into account the ALTIROC jitter. The final ALTIROC is under design, where
early prototypes are being tested at both laboratory and beam lines to validate their performances and
readiness for the HL-LHC requirements [268, 251].

This chapter presents the performance of LGAD sensors, mounted on custom electronic boards,
using the data collected in 2018 and 2019. In 2018 the tests were carried out at CERN SPS [269] with
a high-energy pion beam, while in 2019 they were carried out at the DESY II Test Beam Facility [270]
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with an electron beam. Previous results for unirradiated and irradiated LGADs and first HGTD hybrid
modules can be found in Refs. [271, 272, 268]. This chapter is organised as follows: in Section 12.2
the LGAD technology and the tested sensors are described, while the test beam set-up and the data
acquisition system are presented in Section 12.3. The data processing and the analysis methods are
detailed in Section 12.4, followed by the presentation and discussion of the results in Section 12.5.
The conclusions are presented in Section A.5.

12.2 Sensors

This section describes the main features and properties of the tested sensors. Several irradiation
campaigns were carried out and the different irradiation levels are indicated. The initial electrical
characterization is also presented.

12.2.1 Low Gain Avalanche Detectors

The LGAD sensors are thin n-on-p silicon devices whose design [266, 273] has been originally devel-
oped by the Centro National de Microelectrónica (CNM) Barcelona within the CERN-RD50 collabo-
ration [274]. Their geometry was later optimized for high-precision time measurements. LGADs are
based on implanting a few micrometre-thick, highly doped p-type layer between the high-resistivity
p-type bulk and the n+ implant (Figure 12.1), which acts as a high-field charge multiplication layer
providing a moderate gain of about 5 to 70.

The tested prototypes have been manufactured by CNM and Hamamatsu Photonics (HPK).
Wafers (W) from both vendors contain a variety of pad structures, such as single-pad diodes and
segmented arrays of pad diodes with various granularities. CNM sensors were produced on 4-inch
silicon-on-silicon wafers with an active thickness of 50 µm and a resistivity of 12 kΩ cm on a 300 µm-
thick support wafer and 1 µm buried oxide (see Figure 12.1). To improve the radiation hardness, CNM
investigated different doping materials: Boron for wafer 41, Boron plus Carbon for wafer 51 and Gal-
lium for wafer 62 [275]. Carbon-enriched LGADs aimed to obtain similar performances as Boron
ones but at lower bias voltages. On the other hand, HPK sensors were produced on 6-inch silicon-
on-insulator wafers with an active thickness of 45 µm and a resistivity of 3.4 kΩ cm to 4.6 kΩ cm.
HPK used only Boron to manufacture two types of LGADs with different doping profiles, a gain
layer depth of 1.6 µm for the type-3.1 and 2.2 µm for the type-3.2, edge sizes of 300 µm and 500 µm
as well as different nominal inter-pad distances (from 30 µm to 95 µm) in the case of 2×2 arrays.
The tests reported in this thesis were performed on CNM single-pad sensors with an overall active
area of 1×1 mm2 and a gain layer of about 0.7×0.7 mm2 with a single guard ring (GR) structure of
0.135 mm and HPK single-pad and 2×2 array sensors with an overall active area of 1.3×1.3 mm2.
Figure 12.2 shows a schematic view of the CNM and HPK single-pad LGAD sensors.

1 CNM production run 10478.
2CNM production run 10924.
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FIGURE 12.1: Cross section of a single-pad CNM LGAD sensor.

FIGURE 12.2: Geometry of CNM (left) and HPK 3.1 (right) single-pad LGAD sensors.

12.2.2 Irradiation

Radiation damage in silicon mainly results in the reduction of the effective doping concentration and
the acceptor removal, by introducing trapping centres that reduce the mean free path of the charge
carrier and increase the leakage current [274]. A surface effect is the accumulation of positive charge
in the oxide (SiO2) and the Si-SiO2 interface which affects the interpixel capacitance. This has an
impact on the detector’s performance and charge collection efficiency. For LGADs, the radiation
damage results in the degradation of the gain with fluence at a fixed voltage [276], which implies the
need to increase the applied bias voltage after irradiation to at least partially compensate for this loss.

To study the LGAD performance after irradiation, the sensors were exposed to fluences up to
3×1015 neq/cm2 at various facilities with different particle types and energies. The main facilities
are the TRIGA reactor in Ljubljana for 1 MeV neutrons, the CERN Proton Synchrotron (PS) IRRAD
facility for 24 GeV protons and the CYRIC facility in Japan for 80 MeV protons. Table 12.1 lists the
LGAD sensors measured in the beam tests, including the manufacturer, the sensor IDs, the implant
of the multiplication layer as well as the irradiation type and fluence. It also includes the device name
assigned to each sensor for easier reference in the text and contains several pieces of information: the
sensor type (Boron, Carbon, Gallium, 3.1 or 3.2), the geometry (single-pad or array), the irradiation
level in units of 1014neq/cm2 and the type of particle that were exposed to.
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TABLE 12.1: List of CNM and HPK LGAD sensors studied in the 2018-2019 beam test periods:
single-pads ("S") and arrays ("A") including the information on the implant of the multiplication

layer, the irradiation level and type.

Device name Manufacturer Sensor ID Implant Irradiation type Fluence [neq/cm2]
LGA35 CNM W9LGA35 Boron unirradiated
Boron S CNM W4S1030 Boron unirradiated

Boron S1n CNM W4S1095 Boron n 1×1014

Boron S6n CNM W4S1016 Boron n 6×1014

Boron S1p CNM W4S1067 Boron p 1×1014

Carbon S CNM W5S1013 Boron+Carbon unirradiated
Carbon S1n CNM W5S1005 Boron+Carbon n 1×1014

Carbon S1p CNM W5S1038 Boron+Carbon p 1×1014

Gallium S CNM W6S1021 Gallium unirradiated
Gallium S1n CNM W6S1007 Gallium n 1×1014

Gallium S30n CNM W6S1006 Gallium n 30×1014

Gallium S1p CNM W6S1028 Gallium p 1×1014

3.1 A HPK 3.1 W8 2x2 SE5IP3 Boron unirradiated
3.1 S8n HPK 3.1 W8 P2LGE5 Boron n 8×1014

3.1 S10p HPK 3.1 W8 LGE5 Boron p 10×1014

3.2 A HPK 3.2 W18 2x2 SE5IP3 Boron unirradiated
3.2 S8n HPK 3.2 W18 P4LGE5 Boron n 8×1014

3.2 A15n HPK 3.2 W18 2x2 SE5IP3 Boron n 15×1014

3.2 S15n HPK 3.2 SE3 (high gain) Boron n 15×1014

12.2.3 I-V and C-V measurements

Electrical measurements on the sensors were carried out before the beam test using a cooled probe
station equipped with needle contacts. To study the gain layer Vgl , full depletion Vf d and breakdown
Vbd voltages, the current-voltage (I-V) and the capacitance-voltage (C-V) scans were performed for
each sensor with the guard ring grounded. Figure 12.3 shows the I-V characteristics for several tested
sensors. The I-V measurements for both CNM and HPK sensors revealed a bulk leakage current
of about 1 nA before irradiation. This value increases for irradiated sensors to about 0.1 µA and it is
about two orders of magnitude higher for Gallium-type LGADs at lower fluences. For the unirradiated
devices, Vbd is below 100 V at −30 °C for the CNM sensors and Vbd is 140 V for HPK-3.2 and 270 V
for HPK-3.1 at 20 °C. For HPK sensors the I-V curve was later measured at −30 °C, and Vbd was
found to be 70 V for HPK-3.2 and 200 V for HPK-3.1 [251]. As expected, the breakdown voltage
moves towards lower voltage values as the temperature decreases and it also moves towards higher
voltage values as the fluence increases.

FIGURE 12.3: Leakage current-voltage dependence for CNM (left) and HPK (right) sensors. Note
that all curves were performed at −30 °C except the two unirradiated HPK devices that were mea-

sured at 20 °C.
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The C-V measurements in Figure 12.4 show the Vgl and Vf d for unirradiated HPK sensors. The
Vgl is 40 V for HPK-3.1 and 55 V for HPK-3.2 and the Vf d is 50 V for HPK-3.1 and 65 V for HPK-
3.2. This is explained by the difference in gain layer depth, as deeper the gain layer more bias is
required for the sensor to be fully depleted, which is the case of HPK-3.2. Similar measurements for
CNM sensors showed equivalent Vgl and Vf d values below 50 V [275]. The detector capacitance was
measured to be C = 2.9 pF for both CNM and HPK sensors.

FIGURE 12.4: Capacitance-voltage dependence for unirradiated HPK sensors showing a full deple-
tion voltage of 50 V for HPK-3.1 and 65 V for HPK-3.2.

12.3 Test beam set-up

The HGTD beam test campaigns were conducted at CERN SPS [269] H6A line using a high-
momentum 120 GeV pion beam and at DESY [270] TB 22 line using a 5 GeV electron beam. The
two set-ups are similar, but to reduce the multiple scattering at DESY the number of devices under
test (DUTs) evaluated simultaneously was therefore reduced. At CERN, up to six DUTs were tested
at the same time [271], placed in a thermally isolated enclosure where the temperature could reach
−40 °C. Measurements were taken at −30 °C and −20 °C. At DESY, only three DUTs were tested
simultaneously with a cooling system consisting of a styrofoam box with a separate compartment for
the addition of dry ice packs [277]. The temperature was monitored with a Pt100 sensor and it was
in the range of −40 °C to −25 °C. In both test beam infrastructures, for position-dependent mea-
surements, a beam telescope [278] was used allowing the evaluation of sensor efficiency and charge
uniformity as a function of the particle incident position. An independent time reference was provided
to the data acquisition (DAQ) system by a Silicon Photomultiplier (SiPM) assembly [279].
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12.3.1 Read-out electronics boards

LGAD sensors were assembled on 10 cm× 10 cm read-out and amplification boards using double-
sided conductive tape. These boards were developed at the University of California Santa Cruz
(UCSC) [280] in two versions: single-channel for single-pad LGADs and four-channel for 2 × 2
LGAD arrays. The LGAD front-side metal pad layer was coupled to the input of an onboard trans-
impedance first-stage amplifier via multiple wire bonds to reduce the inductance, while the guard ring
was grounded. The single-channel version (Figure 12.5 (left)) only includes this first amplification
stage based on a single-transistor common emitter design that acts as an inverting trans-impedance
amplifier. For further amplification, it uses an external second-stage amplifierwith hermetic E/B cover
design from Mini-Circuits with a gain of about 10 and a 2 GHz bandwidth. The four-channel ver-
sion (Figure 12.5 (right)) includes, in addition to the first amplification stage, two more amplifiers
with a voltage divider between them resulting in a total gain of about 200 at a 1.6 GHz bandwidth.
Both boards are equipped with SMA connectors providing low voltage input (2.25 V for the single-
channel version, or 5 V for the four-channel version), one amplifier output (which goes to the external
second-stage amplifier in the single-channel version) or four amplifier outputs (four-channel version),
a calibration line input and a high-voltage input for reverse biasing the LGAD from the back of the
sensor. The amplifier outputs were connected to the oscilloscope to record the LGAD signal. A third
type of board developed at the University of Kansas (KU) was also used to test two 2×2 DUTs,
3.1 A and 3.2 A. This KU board [281, 282] is a two-channel version and is equipped with a 2-pin
connector providing low voltage input, two SMA connectors providing two amplifier outputs and a
LEMO connector serving as high-voltage input. It includes two identical two-stage trans-impedance
amplifiers.

FIGURE 12.5: LGAD read-out boards: UCSC single-channel version (left), UCSC four-channel
version (centre) and KU two-channel version.

12.3.2 Time reference system

To perform timing measurements with the DUTs, a time reference system with a resolution similar
to or better than that of the DUT is needed. The chosen system [279] consists of a SiPM coupled to
a quartz bar assembled in a light-tight housing. The full assembly is attached to a custom read-out
board designed at Institut de Física d’Altes Energies (IFAE). The measured time resolution from this
time reference system was found to be 39.0(22)ps for an operating voltage of 27.8 V. After hundreds
of hours in operation and under beam exposure in several beam tests, an increase in the SIPM leakage
current was observed. Thus, a reduced voltage of 27.6 V was applied and the corresponding time
resolution was found to be 63.3(9)ps. This time reference system was tested together with the
DUTs and with an additional unirradiated LGAD, LGA35 (see Table 12.1), which has a well-known
performance and was also used as a reference in the evaluation of the time resolution performances
(See Section 12.5).
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Quartz bar

A 6-side polished quartz bar of size 3 × 3 × 10 mm3 was used as a medium where the traversing
charged particles generate photons through the Cherenkov effect. To maximize the photon transmis-
sion efficiency, the chosen quartz is suitable for ultraviolet (UV) light where the Cherenkov spectrum
peaks. A transparent optical grease3 was selected for the interface quartz-SiPM window which is also
optimized for blue light detection [283].

SiPM

A SiPM detector4 was chosen due to its extremely high sensitivity, high efficiency and very low time
jitter. It has an active area of 3 mm× 3 mm made of 50 µm micro-cells interconnected in a parallel
manner [284], providing a 72% fill factor. The sensor is encapsulated on a 4 mm× 4 mm× 0.7 mm-
thick SMT package [283] and is integrated into an evaluation board which can be easily mounted via
pin headers (Figure 12.6) [285]. This design allows a fast replacement which is useful since after its
use in several beam test campaigns its performance degrades due to the particle fluence.

FIGURE 12.6: SiPM evaluation board (3D schematics and picture).

Light-tight support

The SiPM and the quartz assembly needed both mechanical support and optical isolation from the
environment to achieve efficient photon detection. A light-tight enclosure was designed at IFAE
and 3D printed using black PLA plastic with a 90% fill factor at IJCLab. The support as shown in
Figure 12.7 consists of two parts:

• a main cubic unit with a hole allowing the insertion of the quartz bar and the attachment via a
screw of the SiPM evaluation board at the back face

• a cover for fixation via two screws and optical isolation of the quartz bar at the front face

3Bluesil Paste 7 from Silitech AG.
4MicroFC-30050-SMT model from SensL Technologies TM.
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FIGURE 12.7: SiPM light-tight support design of the main unit.

Read-out board

The SiPM evaluation board does not include any amplification stage. Therefore, a read-out board was
designed at IFAE for this purpose using a commercial amplifier [286], providing a 2 GHz bandwidth
with a gain of 10 at a nominal operating voltage (12 V). In addition, the position of the SiPM-
quartz assembly in the board was chosen to be aligned with the LGADs on their respective read-out
boards. To avoid high-frequency electromagnetic interference a metal shield encloses the amplifier
and filtering circuitry (Figure 12.8 (left)).

12.3.3 Beam tracking system

The alignment of the DUTs was provided by custom-made L-shape supports where the LGAD
read-out boards could be mounted back-to-back in pairs on a base plate. As explained earlier, at
CERN, the set-up was placed in a thermally isolated enclosure whereas at DESY it was mounted
on a light-tight cooling box. In both cases, the position of the assembly was remotely controlled by
a micrometric x − y motor stage in the perpendicular plane to the beam axis (z direction). In this
way, DUTs were precisely positioned inside the beam profile of a size of about 2× 2 cm2. Position-
dependent measurements were possible to perform with the use of a EUDET-type telescope [278]
consisting of two equidistant arms, each comprised of three MIMOSA pixel planes. Each MIMOSA
plane has an area of 10.6× 21.2 mm2 and is composed of pixels with a size of 18.5× 18.5 µm2,
providing particle track information with a resolution of a few micrometres. DUTs were placed in

FIGURE 12.8: SiPM PCB without metal cover (left) and full assembly at the test beam (right).
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the space available between the two telescope arms as shown in Figure 12.9. Two intersecting plastic
scintillators coupled to photomultiplier tubes were also integrated at each extremity of the telescope
and used in the trigger scheme. An additional pixel reference plane, using the FE-I4 [287] read-out
chip, was also positioned at the end of the second telescope arm and served for DUT alignment
as well as for triggering purposes. The dimension of the FE-I4 plane is 16.8 × 20.0 mm2 with a
pixel size of 50× 250 µm2. The time reference system described before was placed after the pixel
reference plane. At CERN, this system was mounted outside the telescope structure and it was
aligned with respect to the beam by using a remote control positioning stage5 whereas at DESY it
was mounted directly on the telescope structure, being already aligned with the MIMOSA and pixel
reference planes.

12.3.4 Data acquisition and trigger scheme

Signals from DUTs were registered by a four-channel oscilloscope (the first 3 channels for DUTs and
a fourth channel for the time reference signal coming from the SiPM assembly). In the case of data-
taking at CERN, two identical 10 GS s−1 synchronized oscilloscopes with a 2 GHz bandwidth were
used, each of them with an input of a time reference signal from two identical SiPM systems. For data-
taking at DESY, only one oscilloscope was used since only three DUTs were tested simultaneously
to reduce the multiple scattering.

The trigger and DAQ architecture are presented in Figure 12.10 (top). A region of interest
(ROI) on the FE-I4 plane that contained the projected area of the different LGADs and SiPM was
defined. It is critical to have an optimal alignment of all the LGADs and the SIPM to perform time
measurements. The typical size of the ROI was about the SIPM size, 3 mm× 3 mm. Thus, the
implementation of this ROI resulted in a reduced hit rate. The downstream intersecting scintillators
in the telescope, the HitOR signal from the FE-I4 plane and the oscilloscope auxiliary output
were the input to the EUDET Trigger Logic Unit (TLU) [288]. The oscilloscope needed to have a
sufficient time offset to record the signal that arrived previous to the trigger. When the oscilloscope
is triggered through the EXT signal coming from the TLU (event), it emits a TTL pulse that is sent
back to the TLU module for synchronization of the telescope and FE-I4 DAQ system (NI-Crate
using EUDAQ [289] and USBPix/MMC3 [290]) with the HGTD DAQ system (oscilloscope). The
oscilloscope has a dead time of approximately 10 s caused by the buffer read-out, which at CERN
SPS was granted by the time in between spills (about 4 s-long, every 16 s). At DESY, a NIM logic
circuit was implemented to generate a busy signal (20 ns-long veto pulse) from the oscilloscope for
the TLU. Figure 12.10 (bottom) shows the busy signal implementation scheme.

Two independent data streams were recorded, one containing particle position information from
the telescope and the FE-I4 while the second containing waveform signals from the DUTs regis-
tered by the oscilloscope. These two data streams were merged offline for further analysis (See
Sections 12.4 and 12.5.

5Stage system from Physik Instrumente (PI).
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FIGURE 12.9: Beam telescope infrastructure at DESY including scintillators for triggering, a pixel
reference plane, a time reference system based on a SiPM and LGAD sensors as DUTs.

12.4 Data analysis approach

As mentioned in the previous section, two independent systems were used to collect the data used in
this analysis: the oscilloscope provided data on the LGAD and SIPM waveforms while the telescope
on the particle track information. This section describes the general methodology used to recon-
struct and process the information from these two chains, and how it was used to derive the physical
quantities of interest for the analysis.

12.4.1 Waveform processing

This procedure is described in several steps as it is done in [291]. The first step was to convert
the oscilloscope binary data into a ROOT ntuple containing the raw waveform information of each
DUT which was sampled with a time bin of 25 ps. Figure 12.11 shows a typical LGAD signal. The
second step was the determination of the pulse polarity, the maximum, the minimum, the start and
the stop points of the signal. With this information, a check if the complete pulse was within the
oscilloscope acquisition window was made. The third step was to compute the pedestal and the noise
in the range from the 10 % to 90 % points before the start of the pulse. They were defined as the mean
and the standard deviation of a Gaussian fit, respectively. Subsequently, the value obtained for the
pedestal was subtracted from all the data points of the waveform, on an event-by-event basis. The
minimum, maximum, start and stop points were then re-calculated. The maximum of the waveform
was determined from the sample with the highest amplitude. The fourth step was the computation of
several waveform properties such as the charge, the rise time, the jitter, the signal-to-noise ratio and
the Time Of Arrival (TOA) at different thresholds.

For each event, the charge, q, was determined by dividing the integral of the pulse (see Fig-
ure 12.11) by the trans-impedance of the read-out board, Rb, and the gain of the voltage amplifier,
Gampl:

q =

∫ stop
start A dt

Rb × Gampl
(12.1)

Several methods to reconstruct the TOA have been studied [271], the analysis presented in this
thesis uses the Constant Fraction Discriminator (CFD) method: the TOA is defined as the point
in which the signal crosses a predefined fraction, fCFD, of its total amplitude. To obtain the time
resolution, the TOA value at fCFD=20% will be used for the time references and the unirradiated
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FIGURE 12.10: DAQ and trigger scheme (top) and busy signal scheme (bottom).

DUTs whereas for the irradiated DUTs the TOA value will be at fCFD=50%. The impact of this
choice on the time resolution estimate is discussed in Appendix 12.6.

The last step was to produce a merged file containing the oscilloscope data together with the
telescope-reconstructed data (see next Section) for user analysis.

12.4.2 Track reconstruction

The telescope together with the FE-I4 provided the tracking information that allowed us to recon-
struct the trajectory of the particles and to identify the specific position where the DUT has been
hit. The tracking capability of the telescope was provided by six MIMOSA planes as explained in
Section 12.3.3. The positions of the MIMOSA, FE-I4 and DUT planes were known with a precision
of 1 mm in the z direction along the beam line. The position of the hits from each MIMOSA plane,
together with their respective z coordinate, were used to reconstruct the particle trajectory and the
(x,y) coordinates of the hit on the DUT planes.

After the removal of "hot" pixels from the MIMOSA planes, identified as the ones with an oc-
cupancy higher than ten times the average one, the remaining hits were grouped into clusters. Only
clusters with a maximum of 6 hits were used for tracking. In the FE-I4 plane, a cluster was required
to have a maximum of 2 neighbouring hits. The cluster coordinates were the centroid of the hit co-
ordinates in x and y. Only events with exactly one cluster in the FE-I4 were then considered. The
MIMOSA planes were aligned by iteratively shifting the plane’s coordinates in the x and y direction
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FIGURE 12.11: Recorded waveform from an LGAD. The integral of the signal is denoted by the red
area.

with respect to a reference plane. This procedure aimed to minimize the difference between the re-
constructed track position at the MIMOSA plane and the measured hit position in the same plane. The
position resolution was taken as the resolution of the fit performed during the alignment procedure.

For data collected at CERN SPS, the following track-fitting procedure was applied. Given the z
position of the MIMOSA planes along the beam axis and the x and y positions of the hits in these
planes, 3D tracks were built from the six planes of the telescope starting with the planes closest
to the FE-I4 [271]. The reconstructed tracks must coincide with a hit in the FE-I4 plane and only
events with a single reconstructed track through the six MIMOSA planes were considered. The track
fitting procedure was slightly different for data collected at DESY in order to take into account the
differences in the experimental set-up and the beam type. The tracking procedure was initialised in
the upstream MIMOSA planes, and no matching requirement between the extrapolated track and the
FE-I4 cluster was applied [292, 293]. Events with more than one candidate track were retained if the
candidate tracks were compatible with kinks from multiple scattering from a single track.

Once the tracks have been reconstructed, their trajectory was evaluated at the z coordinate of the
DUTs, to determine the (x,y) coordinates of the hit and this information was saved into a file. The
precision on the position of the extrapolated reconstructed track in the DUT planes was about 3 µm
in the x and y directions.

12.5 Sensors performance results

The study presented in this thesis aims to evaluate the LGAD sensor performances, before and after
irradiation, with particle beams using the reconstructed position of the tracks. The following LGAD
properties have been investigated: the collected charge, the time resolution and the hit reconstruction
efficiency.

In the subsequent analyses, two types of cuts were applied to remove the background events (Fig-
ure 12.12). A geometrical cut based on the position where the DUT or the time references (LGA35,
SIPM) were located inside the FE-I4 ROI, and a timing cut using a 2 ns window from the maximum
point of the time difference distribution between the TOA of the DUT and SIPM read out by the same
oscilloscope. As mentioned in Section 12.4, the TOA was determined for all of the devices with the
CFD method, where the values at fCFD =20% for the unirradiated DUTs and the references and at
fCFD =50% for the irradiated DUTs were considered. Figure 12.12 shows the reconstructed tracks
inside the FE-I4 ROI at the DUT plane before (left) and after (right) the timing cut. After applying
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the cleaning selections in geometry the retained events correspond to reconstructed tracks inside the
FE-I4 ROI that are crossing the DUT.

FIGURE 12.12: Reconstructed tracks inside the FE-I4 ROI at the DUT plane before (left) and after
(right) a timing cut was applied. Time difference distributions between the DUT and LGA35 (centre).

To guide the interpretation in terms of irradiation fluence, in the presented figures points corre-
sponding to the same fluence will be shown in the same colour. Solid markers correspond to neutron
irradiation and empty markers correspond to proton irradiation. Black points either solid or empty
markers correspond to unirradiated DUTs.

12.5.1 Collected charge

From the retained events after applying the cleaning cuts, a distribution using the charge derived
from Equation 12.1 was obtained for each DUT and it was fitted with a Landau-Gaussian convoluted
function. The collected charge reported for each sensor is defined as the Most Probable Value (MPV)
from this fit and designated as ChargeMPV for later calculations. As an example, Figure 12.13 shows
a charge distribution of Carbon S1p operated at a bias voltage of 220 V, before (left) and after (right)
the cleaning selections. Figure 12.13 (right) also includes the resulting fit function with an MPV of
9.8 fC. The negative charge remaining after the cleaning cuts results from noise events or fluctuating
signals from particles hitting the edge of the sensor.

FIGURE 12.13: Charge distribution for Carbon S1p operated at a bias voltage of 220 V before (left)
and after (right) cleaning cuts. The right figure also includes the Landau-Gaussian fit.

Figure 12.14 show the results for CNM and HPK sensors, respectively. Unirradiated sensors
always have high collected charges, even if they are operated at low bias voltages. Irradiated sensors
yield a lower collected charge than unirradiated devices at the same bias voltage and they require
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a higher bias voltage to obtain similar performance. The gain of the sensors is reduced with the
irradiation, the higher the fluence the higher the bias voltage needed to obtain the minimum required
charge of 4 fC to provide a good timing. The three types of CNM sensors were irradiated at a fluence
of 1014 neq/cm2 with neutrons (S1n DUTs) and protons (S1p DUTs). By comparing them, neutron-
irradiated DUTs show better performance at the same bias voltage. In particular, Carbon S1n collects
more charge than Boron S1n whereas Gallium S1n need more voltage to get the same amount of
charge. This is in agreement with laboratory data [294]. Unirradiated DUTs, Boron S6n and Gallium
S30n were not operated at higher voltages to prevent the early death of the sensor. For HPK sensors,
3.2 A does not perform properly at low temperatures and could not be operated at voltages higher than
−70 V because it presented self-triggering [251, 294]. However, after irradiation type-3.2 performs
better than type-3.1 as is seen in the case of 3.2 S8n which requires less voltage to achieve the same
performance as 3.1 S8n. Type-3.2 has a deep and high-dose multiplication layer, which leads to
a reduced acceptor removal rate. Therefore, the gain is higher at the same voltage for the same
irradiation level. Figure 12.14(right) for HPK 3.2 sensors is in agreement with Figure 5.8 (a) in [251].

FIGURE 12.14: Collected charge as a function of the bias voltage for CNM Boron, Carbon and
Gallium sensors (left) and HPK 3.1 and 3.2 sensors (right). The horizontal line represents the HGTD

requirement of a minimum collected charge of 4 fC.

12.5.2 Uniformity

To study how uniform is the charge within the pad of the sensors, a two-dimensional (2D) map of the
occupancy as a function of the reconstructed particle position in the DUT plane was built. To increase
the number of events and provide a simpler interpretation of the results, the uniformity of the charge
was evaluated in the x-axis while integrating over the y-axis. This was done by dividing the sensor
active area into ten bins of 0.1 × 1 mm2 as shown in Figure 12.15 (left). The collected charge in each
bin k, ChargeMPVk , was computed. As an example, Figure 12.15 (right) shows the charge distribution
in one bin together with the Landau-Gaussian function fit for DUT Carbon S1p.

The uniformity of the charge was evaluated for each DUT at the maximum applied voltage. As
shown in Figure 12.14, the collected charge varies with the bias voltage and with the irradiation level.
To compare sensors with different collected charges, the value computed in each bin is normalized to
the collected charge of the sensor. Thus, the uniformity of the charge along the x-axis is calculated as
a relative charge defined as:

Relative Charge =
ChargeMPVk

ChargeMPV
(12.2)

Figure 12.16 shows the uniformity for the CNM sensors while Figure 12.17 shows for the HPK
ones. The uniformity in the y-axis was also checked and was found to be similar. Small deviations are
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FIGURE 12.15: 2D map of the hit occupancy as a function of the reconstructed particle position in
the DUT plane for Carbon S1p operated at a bias voltage of 220 V (left). The black boxes correspond

to the bins along the x-axis. Charge distribution computed in a bin size of 0.1 × 1 mm2 (right).

observed for the unirradiated and low-fluence CNM sensors. The uniformity of Carbon S1p shows
larger deviations, which stay within 10% of the average and therefore are not considered significant.
Similarly, the uniformity of Gallium S30n presents a spread within 5% on most of its surface. The
tested HPK sensors show a very good uniformity at all fluences. At the highest fluence, for A15n-ch0
the relative charge decreases at the edges much more than for the other DUTs. In general, for both
vendors, larger deviations can be appreciated in the periphery of the sensors due to edge effects.

12.5.3 Time resolution

The time resolution is one of the key parameters when assessing the sensor performance. It can be
determined by:

σ2
LGAD = σ2

Landau + σ2
Timewalk + σ2

Jitter (12.3)

The Landau fluctuations, σLandau, are caused by non-uniformities in energy deposition along the
particle path inside the sensor. While this effect is reduced by decreasing the thickness of the sensor,
thinner sensors suffer from large capacitance and low deposited charge. Therefore, a compromise
must be made. The time walk effect, σTimewalk, is explained by the fact that signals with different
amplitudes reach a fixed discriminator at different times. This effect can be mitigated by using specific
reconstruction techniques. The jitter term, σJitter, is instead proportional to the presence of electronic
noise and to the rise time, while it is inversely proportional to the signal slope.

For all the combinations of DUTs and references tested simultaneously, a distribution of the TOA
differences can be built and used to extract the DUT time resolution. The width of the time difference
distribution between device i and j will be given by:

σi,j = σi ⊕ σj, (12.4)

where σi and σj are the individual time resolutions of the two devices, and σi,j is estimated as the
width of a Gaussian function fit.

When exactly three devices are considered, it is possible to solve the system of three equations
and derive the individual time resolutions by measuring the resolution of several time differences. For
example, considering two references and a DUT, the time resolution of the DUT can be extracted as:

σDUT =

√
σ2

DUT−Re f 1 + σ2
DUT−Re f 2 − σ2

Re f 2−Re f 1

2
(12.5)
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FIGURE 12.16: Relative charge along the x-axis for CNM Boron, Carbon and Gallium sensors,
indicating the temperature and the bias voltage of operation.

FIGURE 12.17: Relative charge along the x-axis for HPK 3.1 and 3.2 sensors, indicating the temper-
ature and the bias voltage of operation.
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When more than three devices are considered simultaneously, the system is over-constrained and
one way to determine the value of the individual time resolutions is through a χ2 minimization:

χ2 =
N

∑
i=1

j<i

∑
j=1

(σ2
ij − σ2

i − σ2
j )

2

σ2
σ2

ij

(12.6)

For each DUT, the two references (LGA35 and SIPM) were used to compute its time resolution
using Eq. 12.5. An example of a time difference distribution together with the Gaussian fit function
used to extract the resolution was shown in Figure 12.12 (centre).

Figure 12.18 shows the time resolution as a function of the bias voltage for CNM and HPK
sensors, respectively. Both figures show an improvement in the time resolution with higher bias
voltages. For Gallium sensors in Figure 12.18 (left), at 200 V, both neutron- and proton-irradiated at
a fluence 1014 neq/cm2 were tested. DUT Gallium S1n achieves a time resolution of 27.4 ps, this type
of radiation, therefore, causing less damage than the proton one, for which DUT Gallium S1p achieves
a time resolution of 38.3 ps at the same bias voltage. The same conclusion can be obtained for Carbon
sensors in the bias voltage range of 150 V to 160 V, where both neutron- and proton-irradiated sensors
were tested and the neutron-irradiated one shows a better performance.

FIGURE 12.18: Time resolution as a function of the bias voltage for CNM Boron, Carbon and
Gallium sensors (left) and HPK 3.1 and 3.2 sensors (right) .

Gallium S30n reaches the target time resolution at expense of being operated at a rather high voltage.
Detailed studies on the uniformity of the time resolution within the pad for this sensor are included
in [277].

Figure 12.18 (right) for HPK 3.2 sensors agrees with Figure 5.11 (a) in [251]. At 8×1014 neq/cm2,
HPK 3.2 performs better than HPK 3.1. For HPK sensors, a conclusion on the impact of the irradiation
type on the sensor performance cannot be made. DUT 3.2 S8n achieves the best resolution of about
30 ps at 400 V.

The time resolution together with the collected charge obtained in Section 12.5.1, allows for
defining the best operating voltage point for each sensor and irradiation level. Looking at these two
key parameters in Figure 12.19, only for irradiated DUTs from both vendors, all sensors follow the
same trend. This figure is in agreement with Figure 5.8 (a) in [251] for HPK 3.2 sensors. The plot is
divided into four regions where LGADs meeting the HGTD requirements in terms of collected charge
>4 fC and time resolution <70 ps appear in the bottom right area.
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FIGURE 12.19: Time resolution as a function of the collected charge for irradiated CNM and HPK
sensors.

12.5.4 Hit reconstruction efficiency

The hit reconstruction efficiency is defined as the reconstructed tracks giving a signal on the sensor
for which the charge in the sensor is greater than a given threshold value, Qcut, divided by the total
number of reconstructed tracks crossing the sensor:

Hit Efficiency =
Reconstructed tracks with q > Qcut

Total reconstructed tracks
(12.7)

To avoid the effect of the edge of the sensor, the global efficiency values sensor are computed
in the central 0.5 × 0.5 mm2 region of the DUT, representing a quarter of its surface for the CNM
sensors and less than a quarter of its surface for the HPK sensors.

The efficiency as a function of the charge threshold at the highest operating voltage is shown in
Figure 12.20 for CNM and HPK sensors, respectively. All DUTs do not get the same amount of charge
at their maximum operating voltage, thus, the charge threshold results in a more dramatic efficiency
drop in the cases with low collected charge. This is the case of DUTs irradiated with a fluence greater
than 6 × 1014 neq/cm2, where the efficiency decreases as the charge threshold increases. This can
be seen in Figure 12.20 (left) for Boron S6n where the efficiency decreases from 99.7% to 52.4% at
390 V when the charge threshold varies from 0.5 fC to 5 fC. In this case, the sensor was operated
at a moderate voltage and the collected charge was rather low (4.26 fC). Similarly, for Gallium
S30n the efficiency decreases from 99.9% to 74.7% at 740 V when the charge threshold varies from
0.5 fC to 5 fC, where the collected charge is 5.31 fC. For less irradiated DUTs, the efficiency as a
function of the collected charge threshold is more constant as can be seen for other DUTs represented
in Figure 12.20 (left). In the case of HPK sensors in Figure 12.20 (right), the efficiency for both
type-3.1 and type-3.2 remains constant as the charge threshold increases. At higher fluences, 1.5 ×
1015 neq/cm2, for DUT 3.2 A15n the efficiency decreases as the charge threshold increases because
of its low collected charge of about 5 fC whereas for DUT 3.2 S15n the efficiency remains constant
as its collected charge is 22.76 fC.

An efficiency larger than 95% is reached for all the sensors up to a fluence of 3× 1015 neq/cm2

for a charge threshold of 2 fC, corresponding to the discriminator of the ALTIROC.
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FIGURE 12.20: Efficiency as a function of the charge threshold for CNM Boron, Carbon and Gallium
sensors (left) and HPK 3.1 and 3.2 sensors (right).

In order to study the uniformity of the efficiency within the sensor, the efficiency was determined
as a function of the hit position of the track on the sensor. In the following studies, the charge
threshold was set to 2 fC for all sensors. Figure 12.21 (left) shows the 2D map of the efficiency as
a function of the hit position in DUT Carbon S1p and Figure 12.21 (right) in DUT 3.1S10p. On
the left plot, the sensor was tested at CERN SPS with a 120 GeV pion beam and using a thermally
isolated enclosure with a well-stabilized position in x− y plane whereas the sensor on the right plot
was tested at DESY with a 5 GeV electron beam and using a styrofoam box, filled with dry ice, which
was moving upwards during data taking due to the evaporation of dry ice. The consequences of the
movement/temperature variation and other different factors as the lower beam energy contributes to a
more smeared plot.

FIGURE 12.21: 2D efficiency map for CNM Carbon S1p (left) and for HPK sensor 3.1 S10n (right).

The effect of the bias voltage on the efficiency was also studied. Figure 12.22 show the efficiency
as a function of the bias voltage for CNM and HPK sensors, respectively. To maintain equivalent
efficiencies in highly irradiated sensors, the bias voltage has to be increased except in highly irradiated
CNM sensors. For the HPK sensors, 3.2 S8n has higher efficiency at lower voltages compared to 3.1
S8n since the gain for type-3.2 is higher at the same voltage, thus achieving higher efficiency earlier.
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FIGURE 12.22: Efficiency as a function of the bias voltage for CNM Boron, Carbon and Gallium
sensors (left) and HPK sensor 3.1 S10n (right). For each data point, the charge threshold is 2 fC.

12.6 Impact of the CFD fraction

A study of the time resolution variation for different CFD fractions is presented. The results of this
study are used to determine if the CFD fractions, 20% for unirradiated DUTs and references and 50%
for the irradiated DUTs, used to calculate the time resolutions in this study are indeed the optimal
values achieving the best time resolution. The calculation is carried out by repeating the computation
of the time resolution (following the same procedure as for the results in Section 12.5.3) changing
each time the fraction used in the CFD method for the DUT and using 12.6.

Figure 12.23 and Figure 12.24 show the time resolution as a function of the DUT CFD fraction
for CNM and HPK sensors, respectively. For the unirradiated sensors, the Landau term dominates
the time resolution and a low CFD fraction is preferred. For DUT Carbon S1p and operated at a
bias voltage of 150 V, the time resolution is significantly better compared to the DUT Gallium S. The
Landau term still dominates the time resolution and a low CFD fraction is also preferred. HPK sensors
were irradiated at a higher fluence up to 1015 neq/cm2. Given the higher noise in these sensors, the
effect on the time resolution of the jitter term becomes larger. The measured time resolutions varied
from 1.20% to 11.99% for various HPK sensors with CFD fraction in the range from 30 % to 60 %.
This interval is identified as the optimal range of CFD fraction for HPK sensors. The 50% CFD
fraction used for the DUTs is within the optimal range of CFD fraction for HPK sensors. The fraction
of 20% used for the SiPM and the LGA35 is the optimal fraction for the unirradiated devices. The
unirradiated, or with low fluence, CNM sensors results in a 5 to 20% change of measured resolution
when compared to resolution for the optimal CFD fraction.
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FIGURE 12.23: Time resolution as a function of the CFD fraction for CNM Boron (left), Carbon
(right) and Gallium (bottom) sensors.

FIGURE 12.24: Time resolution as a function of the CFD fraction for HPK 3.1 (left) and 3.2 (right)
sensors.
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Conclusion

This thesis presents two distinct subjects, the first one is related to the search for dark photons with
the ATLAS detector at the LHC, and the second presents an upgrade study of the ATLAS detector
for the HL-LHC run expected to start in 2029.

For the dark photon section, two different searches were performed at a centre-of-mass energy
of
√

s = 13 TeV using the total LHC Run-2 integrated luminosity of 139 fb−1 recorded by the
ATLAS detector, the first one concerns a search for dark photon candidates arising from semi-visible
SM Higgs boson decay H → γγd, produced together with a Z boson with the Z(→ `+`−)
ensures a relatively clean signal and high-efficiency lepton triggers. Data-driven techniques are
optimized to estimate the main backgrounds from processes characterized by fake Emiss

T and electrons
misidentified as photons, while the normalization of the irreducible background is obtained using
MC simulations constrained by data in a dedicated control region. Moreover, the sensitivity of
the search is enhanced thanks to a Boosted Decision Tree algorithm that permits to construct the
optimal kinematic observable. No excess of events above the SM expectation is found. Therefore,
limits on the branching ratio of a SM Higgs boson decaying to a photon and a dark photon can be
set. For massless γd, an observed (expected) upper limit on BR(H→ γγd) of 2.28% (2.82+1.33

−0.84%)
is set at 95% CL. For massive γd the observed (expected) upper limits are found to be within the
[2.19-2.52]% ([2.71-3.11]%) range for masses spanning from 1 GeV to 40 GeV.

To broaden the exploration of this predicted dark matter particle, a second search for massless
dark photons was carried out considering some heavy Higgs bosons with masses ranging from
400 GeV to 3 TeV, produced either in gluon-gluon Fusion ggF or in Vector-Boson-Fusion VBF
modes. The results of this search are presented in terms of exclusion limits on the cross-section times
the branching ratio. For a massless dark photon, the exclusion limits at 95% confidence level on the
σ × BR(H → γγd) obtained with a simplified shape-fit for the combined ggF + VBF production
of the heavy Higgs boson are found to be in the range from 1.44 (1.68 fb) to 24.2 (28.1 fb) observed
(expected) respectively, with the highest limit corresponding to the lightest considered boson with a
mass of 400 GeV and the lowest limit corresponding to the heaviest considered mass of 3 TeV. Limits
for separate ggF and VBF productions as well as intermediate heavy boson masses are provided.

Concerning the upgrade section, after the ongoing Run 3, the LHC will be upgraded to provide
an even higher instantaneous luminosity. To cope with the challenging environment, a new timing
detector called the High Granularity Timing Detector (HGTD) that will be installed in the ATLAS
detector to mitigate pile-up effects during the High Luminosity (HL) upgrade of the LHC. The
design of the HGTD is based on the use of Low Gain Avalanche Detectors (LGADs), with an active
thickness of 50 µm, that allow measuring with high-precision the time of arrival of particles. The
HGTD will improve the particle-vertex assignment by measuring the track time with a resolution
ranging from approximately 30 ps at the beginning of the HL-LHC operations to 70 ps at the end.
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Before the assessment of the module performance, each component is studied separately. This thesis
reports performance studies of several unirradiated, as well as neutron- and proton-irradiated, LGAD
sensors with different structures, single-pads and 2×2 array of pads, from two vendors, CNM and
HPK. Beam test measurement campaigns have been done during the years 2018 and 2019 at the
CERN Super Proton Synchrotron (SPS) and the Deutsches Elektronen-Synchrotron (DESY). The
results obtained with data recorded by an oscilloscope synchronised with a beam telescope which
provides particle position information within a resolution of a few µm such as the collected charge,
time resolution, hit efficiency as well as the charge uniformity as a function of the position of the
incident particle inside the sensor pad are documented in this section.

For CNM LGADs, different doping materials aiming to have an improvement in radiation
hardness are compared. At the same fluence, Boron plus Carbon sensors collect more charge than
Boron at the same bias voltage, whereas Gallium sensors collect less charge. The addition of Carbon
helps reduce the operating voltage to achieve the same amount of charge. This is extremely important
at higher fluences where standard LGADs need a rather high voltage to get a good performance.
The replacement of Boron with Gallium does not show clear benefits, thus, this research line is not
pursued. This was also confirmed by laboratory measurements.

For HPK LGADs, two different doping profiles were investigated. Type-3.2 operate at a lower
voltage and performs better than type-3.1 after irradiation and it was chosen as a baseline in HGTD
TDR. The worse performance before irradiation was explained by the high Boron dose. All tested
LGADs achieve the HGTD requirement of a collected charge greater than 4 fC for an ALTIROC
optimal operation to perform good timing.

The tested sensors reach a time resolution below 40 ps. The hit reconstruction efficiency is greater
than 95% at a threshold of 2 fC for all the sensors when operated at the highest voltage point. Test
beam results are in agreement with laboratory measurements. Gallium S30n meets the HGTD re-
quirements in terms of collected charge, time resolution and hit efficiency after a fluence of 3×
1015 neq/cm2.
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A TRTxAOD Buggy variables

The Transition Radiation Tracker TRT is the outermost and largest of the three sub-systems of the
ATLAS Inner Detector. It is designed to operate in the 2T solenoidal magnetic field at the LHC
design luminosity (L = 1034cm2s−1). It is made of thin-walled straw drift tubes of 4 mm diameter
with a single hit design resolution of 130µm [295]. The TRT consists of about 50000 straws in
the barrel region that are mounted in a 32-fold geometry, divided into three layers of modules. The
end-cap regions, on the other hand, consist of 320000 straws divided into 14 layers of wheels [296].
The TRT was designed to provide many measurements aimed at increasing the momentum resolution
and providing additional particle identification. Its geometry gives on average 30 two-dimensional
space-points for charged particles with |η| < 2 and pT > 0.5GeV/c. In addition to a significant
contribution to the precision of the momentum measurement due to the track length measured, the
TRT provides particle identification through the collection of ionization electrons in the active gas
and electron-pion discrimination through the production and detection of transition radiation (TR)
photons [295].

The xAOD is part of the overall ATLAS EDM, thus the TRTxAOD is a special extended xAOD
format used in the TRT system. During the past, several discrepancies have been observed when
comparing similar information included in the xAOD data format and the calibration ntuples derived
from ESD’s. Among the known issues was the one related to the drift circle error variable which was
not correctly filled in the xAOD. The systematic study presented in this appendix succeeded in identi-
fying the origin of these differences and correcting the drift circle error variable in the xAOD. Hence
the provided fix of deactivating track slimming in MC xAODs gives significantly better agreement
for the variables in the xAOD and ESD ntuples that had disagreed.

TRTxAOD Buggy variables or TRT reconstruction software validation is a qualification task that
was crucial for tracking studies as it essentially strives to prove compatibility when going from ESD
to xAOD event data model formats. The aim was to first identify these TRTxAOD buggy variables by
comparing all relevant ones in xAOD and ntuple data. The origin of the problem behind discrepancies
in these variables needed to be fully understood through a systematic study. A fix was then provided
and a full validation was performed using data and MC TRT samples.
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A.1 Run-2 Event Data Model

During the 2013–2014 shutdown of the Large Hadron Collider, ATLAS switched to a new event
data model for analysis storing its data using xAOD format [297], which can be created and read
in standalone ROOT. It is produced as the result of the Athena-based reconstruction, used as both
input and output for physics group productions and allows reduction of content without changing the
format [298]. The MC production requires going through several steps:

• Event generation: Creation of particle with a certain four-momentum, EVGEN.

• Simulation: Propagation of particles through the detector, HITS.

• Digitization: Calculation of detector response to particles, RDO.

• Reconstruction: Turning detector hits into tracks, energy deposits, particle hypotheses, ESD.

• Derivation: Adding and removing objects & variables, the output format generated in this step
is (AOD, xAOD).

On the other hand, raw data is the equivalent of MC RDO, starting directly at reconstruction.
TRTxAOD production (MC and data) usually requires running Reconstruction and Derivation steps
on MC, data production shown below (in special cases, Digitization might be needed as well).

A.2 Track slimming

One important aspect of tracking EDM is the size that the written data takes when being stored on
disks. This is far less trivial than it first sounds: on the one hand, small persistent representations
of the tracking EDM are necessary to comply with the computing budget of the experiment, but
on the other hand, as much information as possible should be accessible for the physicist to allow
optimal event analysis techniques. In the context of tracking EDM, a major step towards achieving
a good balance between disk size and usability was to identify all information that can be recreated
when the track is read back from disk storage. In principle, this includes all fitted parameters and
estimated covariances, but excludes the hit collection. A simple refit such as a slimmed track after it
has been read from the persistent storage would recreate the full track information as achieved in the
original event reconstruction. The flexible TSOS(TrackStateOnSurface) container design of the Track
class was hereby a key feature since it allows the creation of a track collection of stripped hits and
a Perigee representation that is then written to disk. The track collection size could be significantly
reduced (depending on the track collection, the reduction factor varies between 6 to 10) [299].

A.3 Samples, event and track selection

This study was done using TRTFramework,v1.6 and AnalysisBase,21.2.5, two ntuples (data&MC),
four xAOD samples (data&MC) with and without Track slimming, produced by Philippe Calfayan.

• Data and MC ntuples:/eos/user/h/heljarra/Ntuple
calibNtuple_data18_v2.root ; calibNtuple_mc_v2.root

• xAOD track slimming deactivated: /eos/user/h/heljarra/xAOD/notrkslimming
TRTxAOD_data18_v2.pool.root; TRTxAOD_mc_noTrkSlim_v3.pool.root
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• xAOD track slimming activated: /eos/user/h/heljarra/xAOD/trkslimming
TRTxAOD_data18_trkSlim_v3.pool.root; TRTxAOD_mc_v2.pool.root

The Base configuration file of TRTFramework used for TRT analyses consisting of event and track
selection was updated to become :

• TRTAnalysis - General setup
GRL.UseGRL: NO
RemoveEventOverlap: YES
SkipTriggers: NO
PixHits: 1
SiliconHits: 7
TRTHits: 15

• Lepton Requirements
LepHandler.ElectronPtCutGeV: 10
LepHandler.ElectronAbsEtaCut: 2.0
LepHandler.MuonPtCutGeV: 10
LepHandler.MuonAbsEtaCut: 2.0
LepHandler.TrackPtCutGeV:0 #it was 10
LepHandler.TrackAbsEtaCut: 2.0

A.4 Results

A.4.1 searches for TRTxAOD buggy variables

During this study, a systematic check was done for all TRTxAOD variables and the corresponding
ones in ntuples. This comparison resulted in 3 classes of variables: non-problematic ones not needing
any correction, variables with naming issues in the 2 data formats and finally variables which are
different (buggy) and need to be corrected.

TRTxAOD non-problematic variables

Variables presenting a good agreement in xAOD-Ntuple comparison, both in data and MC, are non-
problematic and don’t need any correction. They are highly related to TRT geometry, like bec, layer,
phi_module, strawlayer, strawnumber, TRTboard, TRTchip, t0, tot, isHTh, driftTimeToTCorrection,
driftTimeHTCorrection, gasType. Figures[A.1, A.2, A.3, A.4, A.5, A.6, A.7, A.8, A.9, A.10, A.11,
A.12, A.13] show the comparison for all these variables.
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FIGURE A.1: bec(Barrel/EndCap) form xAOD which is det("Detector part") in ntuple and it takes
-1,1 for Barrel, 2 for End-cap A and -2 for End-cap C.
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FIGURE A.2: Layer number (Barrel [0-2]; End-cap [0-13].
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FIGURE A.3: phi_module from xAOD which is mod in ntuple, it is defined like Module phi sector
[0-31].
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FIGURE A.4: straw layer from xAOD which is stl in ntuple. In xAOD it takes the values [19, 24, 30]
in the Barrel and [6x16, 8x8] in Endcap. In ntuple it is defined in the Barrel: [0,18], [0,24],[0,30],

Endcap: for lay 0-5 : [0,15] for lay 6-13 :[0,7]
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FIGURE A.5: straw number (xAOD) which is stw(Ntuple), it is defined like the straw number in the
straw layer, Barrel: [0,14-17],[0,18-22],[0,22-27], Endcap: 6x[0,23], 8x[0,23].
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FIGURE A.6: TRTboard(xAOD) which is brd(Ntuple), it is defined like the Board of straw hit (Bar-
rel: [0-1],[2-4],[5-8], Endcap: [1]).
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FIGURE A.7: TRTchip(xAOD) which is brd(Ntuple), it is defined like the chip of straw hit, (Barrel:
[1-21],[1-34],[1-50], Endcap: [84-107]...[204-227], [228-239]...[312-323]).
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FIGURE A.8: t0, in xAOD it is defined to be the t0 of the straw (from calibration) [0-35 ns, mostly
6-12 ns], and in ntuple: [0, 19ns] roughly.
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FIGURE A.9: tot, in xAOD it is the Time-Over-Threshold of the Low-Threshold bits [0-75 ns], and
in ntuple: (0,56.7) discreet values.
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FIGURE A.10: isHTh(xAOD) which is HT(Ntuple), it is defined like the High-Threshold hit indica-
tor [0/1].
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FIGURE A.11: driftTimeToTCorrection(xAOD) which is ToTCorrection(Ntuple), it is defined like
the TOT correction to the drift time [-3-6 ns].
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FIGURE A.12: driftTimeHTCorrection(xAOD) which is HTCorrection(Ntuple), it is defined like the
HT correction to the drift time [0.0-1.5 ns], 0 (for MC).
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FIGURE A.13: gasType(xAOD) which is isArgonStraw(Ntuple), it takes 0 for Xenon and 1 for
Argon.
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Nomenclature issue variables

Variables globalX and globalY from xAOD’s are defined as the x(y)-position of the hit [-1050-1050
mm], In order to check whether they are problematic or not, a comparison to their equivalents in cali-
bration formats is needed. In the latter, variables locx and locy are defined as the position x(y) (for the
hit) [-1075,+1075]. In principle, the comparison should show a good agreement between globalX(Y)
from xAOD and ntuple locx(y) variables. However, Figures A.14, A.15 show disagreements between
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FIGURE A.14: Comparison of globalX and locx in DATA and MC
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FIGURE A.15: Comparison of globalY and locy in DATA and MC

globalX(Y) and locx(y), meaning that locx and locy are not globalX and globalY. Furthermore, ntu-
ple data include two other variables, x and y which are defined as the centre of the specific detector
element in x (y) within the [-1075,+1075] range. These 2 variables show a good agreement when
compared to globalX(Y)(Figures A.16, A.17). We can conclude and say that there is a nomenclature
issue with globalX(Y), locX(Y) and X(Y). Variables x and y from ntuple should be defined like the
x(y)-position of the hit not the centre of the specific detector element in x (y) [-1075,+1075] as it is
in the TWiki page.
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FIGURE A.16: Comparison of globalX and x in DATA and MC
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FIGURE A.17: Comparison of globalY and y in DATA and MC
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TRTxAOD problematic variables

Following a systematic comparison of xAODs and ntuples, a significant disagreement for some vari-
ables in DATA and MC is observed, while for some others the difference is visible only in MC. The
list of these variables is shown below; localX, TrackError_(un)biased show a disagreement between
TRTxAOD and ntuple in DATA and MC (Figures A.18, A.19, A.20). Variables localX and driftTime
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FIGURE A.18: localX from xAOD which is r from ntuple, in xAOD it is defined like the estimated
drift radius in straw [-2.0-2.0 mm] and r in ntuple is the drift radius [0,2mm].
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FIGURE A.19: TrackError_unbiased from xAOD is drrtrackunbias2 in ntuple.

from msos, drifttime, (un)biasedResidualX, (un)biasedPullX, where pull, from ntuple, is defined as :

pull =
dri f t_radius− track_unbiased√

dri f t_radius_error2 + track_unbiased_error2
(A.1)

and bpull defined as :

bpull =
dri f t_radius− track_biased√

dri f t_radius_error2 − track_biased_error2
(A.2)

show an agreement in data but not in MC (Figures A.21, A.22, A.23, A.24, A.25, A.26, A.27).
These particular variables need more detailed study in order to understand the origin of the observed
discrepancies.
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FIGURE A.20: TrackError_biased fron xAOD is drrtrack2 in ntuple.
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FIGURE A.21: localX from msos in xAOD and rtrack from ntuple, it is defined like the drift radius
as obtained from the biased track ( track-to-wire distance), in xAOD takes the values [-2.2-2.2 mm]

and in ntuple (-3,3mm).
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FIGURE A.22: driftTime from msos in xAOD and ttrack from ntuple, it is defined in xAOD like
the drift time from track measurement and ntuple it is the expected drift time based on time to wire

distance (-1,60ns).
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FIGURE A.23: The raw drift time which is drift time from xAOD and t from ntuple.
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FIGURE A.24: The unbiased drift circle radius residual(i.e. NOT including the hit in track fit) which
is unbiasedResidualX in xAOD and (r-rtrackunbias) in ntuple.
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FIGURE A.25: The biased drift circle radius residual(i.e. including the hit in track fit) is biasedResid-
ualX in xAOD and (r-track) in ntuple.
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FIGURE A.26: The unbiased drift circle pull is unbiasedPullX from xAOD and pull A.1 from ntuple.
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FIGURE A.27: The biased drift circle pull is biasedPullX from xAOD and bpull A.2 from ntuple.
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A.4.2 Understanding the source of TRTxAOD variables discrepancies

The second step of this study aims to understand the source of all the disagreements. It requires look-
ing at possible correlations between multiple observables to identify the subset of hits/tracks/events
that cause the problem and provide a fix to the TRT reconstruction software. Observations made in
Paragraph A.4.1 point out to the following: Requiring trackError ==0 in xAOD MC and rejecting hits
with Trackerror_unb (ttwd) ==0 while considering only TrackError_unbiased !=0 may help to reduce
the number of problematic variables.

Problematic variables from xAOD for trackError ==0 (MC only)

Figures A.28, A.29, A.30, A.31, A.32 show the distributions of localX, driftTime, drifttime,
(un)biasedResidualX, (un)biasedPulllX after rejecting hits with trackError ==0. The peak around
0 seems to appear only in MC events.
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FIGURE A.28: localX for trackerror_(un)biased==0 in MC
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FIGURE A.29: driftTime for trackerror_(un)biased==0 in MC
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FIGURE A.30: drifttime for trackerror_(un)biased==0 in MC
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FIGURE A.31: (un)biasedResidualX for trackerror_(un)biased==0 in MC
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FIGURE A.32: (un)biasedPulllX for trackerror_(un)biased==0 in MC
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Problematic variables from xAOD for TrackError_unbiased !=0 (The same for ttwd != 0)

Figures A.33, A.34, A.35, A.36, A.37, A.38, A.40, A.41, A.39 show the distributions of localX, drift-
Time, localx(r), (un)biasedResiduals, (un)biasedPull, trackError_unbiased after rejecting hits with
Trackerror_unb ==0 ( or ttwd ==0) from DATA and MC.
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FIGURE A.33: localX track_to_wire(rtrack) for TrackError_unbiased !=0 in DATA and MC.
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FIGURE A.34: driftTime(ttrack) for TrackError_unbiased !=0 in DATA and MC

These results show that for TrackError ==0, distributions of xAOD variables: localX, driftTime,
localx(r), (un)biasedResiduals, (un)biasedPull, trackError_unbiased are affected by hits with ttwd
==0. The peak at 0, observed only in MC, means that some hits have TrackError ==0 and Tracker-
ror_unb (ttwd !=0). Variables that are not affected by hits with ttwd ==0 are "r" in (data & MC) and
trackError_biased, biasedPulls in MC. Based on these results, the remaining problems seem to point
to an incorrect hit or track slimming procedure in xAOD production.
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FIGURE A.35: unbiasedResidualX(r-rtrackunbias) for TrackError_unbiased !=0 in DATA and MC
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FIGURE A.36: biasedResidualX(r-rtrack) for TrackError_unbiased !=0 in DATA and MC
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FIGURE A.37: unbiasedPullX(pull) for TrackError_unbiased !=0 in DATA and MC
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FIGURE A.38: biasedPullX(bpull) for TrackError_unbiased !=0 in DATA and MC
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FIGURE A.39: localX(r) for TrackError_unbiased !=0 in DATA and MC
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FIGURE A.40: TrackError_unbiased for TrackError_unbiased !=0 in DATA and MC
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FIGURE A.41: TrackError_biased for TrackError_unbiased !=0 in DATA and MC

A.4.3 Fixing the source of discrepancies and validation

In order to fix the source of these discrepancies, a study on how the track slimming affects the dis-
tributions of the problematic variables is needed. A systematic study of these variables, with and
without the activation of the track slimming algorithms, is then performed on DATA and MC events.

Track slimming activated in DATA and MC

Figures A.42, A.43, A.44, A.45, A.46, A.47, A.48, A.49 show the distributions of all problematic
variables with the Track slimming algorithm activated in DATA and MC events.
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FIGURE A.42: localXtrack_to_wire(rtrack) for Track slimming activated in DATA and MC
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FIGURE A.43: driftTime(ttrack) for Track slimming activated in DATA and MC
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FIGURE A.44: unbiasedResidualX for Track slimming activated in DATA and MC
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FIGURE A.45: biasedResidualX for Track slimming activated in DATA and MC
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FIGURE A.46: unbiasedPullX for Track slimming activated in DATA and MC
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FIGURE A.47: biasedPullX for Track slimming activated in DATA and MC
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FIGURE A.48: TrackError_unbiased for Track slimming activated in DATA and MC
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FIGURE A.49: TrackError_biased for Track slimming activated in DATA and MC

Track slimming deactivated in DATA and MC

Figures A.50, A.51, A.52, A.53, A.54, A.55, A.56, A.57 show the distributions of problematic vari-
ables with the Track slimming algorithms deactivated in DATA and MC. Comparing Figures A.42,
A.43, A.44, A.45, A.46, A.47, A.48, A.49, with Figures A.50, A.51, A.52, A.53, A.54, A.55, A.56,
A.57 leads us to conclude that the source of the observed discrepancies originates from using the track
slimming procedure in MC xAOD events while it was deactivated in data/ MC ntuples events as well
as in data xAOD.
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FIGURE A.50: localXtrack_to_wire(rtrack) for Track slimming deactivated in DATA and MC

A.4.4 Drift circle error correction

The localXError from xAOD is named dr2 in ntuple event format. It is defined in xAOD as the local
covariance and its square root is used to calculate the drift radius uncertainty in straw with its value
mostly laying within the [0.08-0.22] mm range. The error on drift radius from ntuple is defined as
dr and Figure A.58 shows a clear disagreement between localXError and dr2 in data and MC. After
correcting the drift circle error, a new variable, called errDC, is added to the msos of xAOD format
(through the decoration mechanism), using Athena 21.0.77 [trt107, trt108]. Figure A.59 shows a
good agreement between errDC from xAOD and dr2 in ntuple.
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FIGURE A.51: driftTime(ttrack) for Track slimming deactivated in DATA and MC
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FIGURE A.52: unbiasedResidualX for Track slimming deactivated in DATA and MC
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FIGURE A.53: biasedResidualX for Track slimming deactivated in DATA and MC
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FIGURE A.54: unbiasedPullX for Track slimming deactivated in DATA and MC
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FIGURE A.55: biasedPullX for Track slimming deactivated in DATA and MC
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FIGURE A.56: TrackError_unbiased for Track slimming deactivated in DATA and MC
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FIGURE A.57: TrackError_biased for Track slimming deactivated in DATA and MC
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FIGURE A.58: Comparison of localXError and dr2 for DATA and MC.
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FIGURE A.59: Comparison of errdc and dr2 for DATA and MC.
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A.4.5 Drifttime correction in ntuple

Figure A.23 shows an overall good agreement between xAOD and ntuple in Data. However, a dis-
agreement in MC persists meaning that an extra correction needs to be applied to the whole [-1,1]ns
range. This correction should be applied only to ntuple drifttime t>1 where the disagreement ex-
ists. Hence, a time correction called ephase, defined in range (-17.8,14.6ns) roughly, is applied to the
drifttime. For t<1ns, variables from the ntuple format are kept. if (t < 1) drifttime->Fill(t); if (t >
1)drifttime->Fill(t+ephase);
Figure A.60 shows a good agreement for the variable drifttime after this new correction and based
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FIGURE A.60: drifttime(t) in DATA and the corrected drifttime in MC(t+ephase)

on it, the variable ephase from ntuple used in this correction is not the known ephase used for cosmic
runs.

A.5 Conclusion

A systematic study of TRT variables included in the xAOD and ntuple event formats are presented.
The properties of these variables were carefully checked for both MC and data events in order to
extract all possible discrepancies resulting in bad-quality TRT data. The results show first an incom-
patible naming of the same quantities in both xAOD’s and ntuples leading to unphysical discrepancies.
Once this naming problem has been sorted out, all the affected variables agreed in both formats. In
addition, the track slimming algorithms were affecting some variables in xAOD’s MC events. This
was the source of the observed incompatibilities between the same variables in xAOD’s and ntu-
ples(buggy variables). Deactivating the track slimming algorithm in xAOD production has fixed the
remaining discrepancies and a full agreement between TRT variables in xAOD and ntuple formats is
achieved.
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B TRTxAOD variables description

The list of TRTxAOD variables used in this study and their description is given below in Table B.1.
The word unbiased is used when the hit information was removed and then the track was refitted
[300].

variable name Type Description

bec vector<int> BEC = "Barrel/EndCap" 1: Barrel, 2: End-cap; positive (A-side), negative (C-side).
layer vector<int> Layer number (Barrel [0-2] ; End-cap [0-13]).
phi_module vector<int> Module phi sector [0-31].
strawlayer vector<int> Straw layer in module (Barrel: [19, 24, 30], Endcap: [6x16, 8x8]).
strawnumber vector<int> Straw number in straw layer (Barrel: [0,14-17],[0,18-22],[0,22-27], Endcap: 6x[0,23], 8x[0,23]).
TRTboard vector<int> Board of straw hit (Barrel: [0-1],[2-4],[5-8], Endcap: [1]).
TRTchip vector<int> Chip of straw hit (Barrel: [1-21],[1-34],[1-50], Endcap: [84-107]...[204-227], [228-239]...[312-323]).
drifttime vector<float> The raw drift time.
tot vector<float> The Time-Over-Threshold of the Low-Threshold bits [0-75 ns].
gasType vector<char> 0=Xe, 1=Ar, 2=Kr, 6=emulated Ar, 7=emulated Kr.
isHT vector<char> The High-Threshold hit indicator [0/1].
highThreshold vector<char> The High-Threshold bit settings [0-7].
T0 vector<float> The t0 of the straw (from calibration) [0-35 ns, mostly 6-12 ns].
driftTimeToTCorrection vector<float> The TOT correction to the drift time [-3-6 ns].
driftTimeHTCorrection vector<float> The HT correction to the drift time [0.0-1.5 ns].
localX vector<float> The drift radius as obtained from the biased track ( aka track-to-wire distance) [-2.2-2.2 mm].
localX vector<float> The estimated drift radius in straw [-2.0-2.0 mm].
localXError vector<float> local covariance, use the square root of it to get the drift radius uncertainty in straw [0-1.2 mm, mostly 0.08-0.22 mm].
globalX vector<float> The x-position of the hit [-1050-1050 mm].
globalY vector<float> The y-position of the hit [-1050-1050 mm].
unbiasedResidualX vector<float> The unbiased drift circle radius residual (i.e. NOT including this hit in track fit).
biasedResidualX vector<float> The biased drift circle radius residual (i.e. including this hit in track fit).
unbiasedPullX vector<float> The unbiased drift circle pull.
biasedPullX vector<float> The biased drift circle pull.
driftTime vector<float> Drift time from track measurement.

TABLE B.1: Variables used from TRTxAOD’s. The columns are the names of the TRTxAOD ele-
ments (left), their type (centre) and their descriptions (right).
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C
Calibration Ntuple variable
description

The ntuple is structured in such a way that each entry corresponds to one hit. The information kept
for each hit is shown in Table C.1. All variables in the ntuple are declared as floats even information
that would be better stored as integers [301].

variable name Description Expected Range

det detector part −1,−2, 1, 2
lay layer [0, 2] for barrel [0, 13] end-caps
mod phi module [0, 31]
stl straw layer Barrel: [0, 18], [0, 24], [0, 30], Endcap: for lay 0-5 : [0, 15] for lay 6-13 :[0, 7])
stw straw number (within the straw layer)
brd Board of straw hit (Barrel [0-1],[2-4],[5-8], Endcap [1])
chp Chip of straw hit (Barrel [1,21],[1,34],[1,50], Endcap [84,107]...[204,227], [228,239]...[312,323])
locx position x (for the hit) [-1075,+1075]
x center of the specific detector element in x same as locx
y centre of the specific detector element in y same as locy
r drift radius [0,2 mm]
dr error on drift radius
t drift time
rtrack track to wire distance (-3,3 mm)
drrtrack error on track to wire distance
rtrackunbias track to wire distance unbiased
drrtrackunbias error on track to wire distance unbiased
ttrack track drift time (-1,60 ns)
ttrackunbias track drift time unbias
t0 T0 [0, 19 ns] roughly
ephase time correction (-17.8,14.6 ns) roughly
ToT time over threshold (0,56.7) discrete values
HT High Threshold level (if exceeded) 0 or 1
ToTCorrection time over threshold correction [-3,6 ns]
HTCorrection high threshold level correction 0 (for MC)
isArgonStraw is this straw filled with Argon 0 or 1

TABLE C.1: Variables used from the calibration ntuple. The columns are the names of the ntuple
elements (left), short descriptions of each element (centre) and the expected range of the element if

available (right).
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