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Abstract
The fundamental nature of dark matter (DM) and other new particles and in-

teractions that are not described in the Standard Model (SM) remains unknown. In
this thesis, we investigate the phenomenology of new physics models that can nat-
urally incorporate a dark matter particle, and explore new Machine Learning (ML)
techniques to search for new physics at the Large Hadron Collider (LHC).

In the frst part of this thesis, we present an overview of the current experimen-
tal evidence for the existence of dark matter and infer some of the properties that
a viable candidate must have from a theoretical perspective. We then motivate the
introduction of supersymmetry and favour models as two theoretical frameworks
that can provide a solution to open problems of the SM. More specifcally, we focus
on models that naturally incorporate a dark matter particle and explore the exper-
imental signatures they would produce. Although current searches at the LHC are
sensitive to the concrete signals that would be produced by these and other well-
motivated models, we show the limitations of this strategy when searching for new
physics. In particular, the reach of most LHC searches is limited by their signal and
background model dependence. For this reason, we motivate the introduction of
ML techniques to extend the sensitivity of new physics LHC searches in a signal and
background model-independent way. We show that these methods provide a signif-
icant performance improvement compared to traditional approaches, increasing the
discovery potential for new physics.

In the second part of this thesis, we present a compilation of three articles. In the
frst article, we analyse the sensitivity of supersymmetric searches at the LHC to the
Next-to-Minimal Supersymmetric Standard Model (NMSSM). The NMSSM gives a
solution to the hierarchy problem of the SM and provides a viable dark matter can-
didate. We explore the phenomenology of this model and highlight the specifc sig-
nals that it would produce that are different to those of the Minimal Supersymmetric
Standard Model (MSSM). We show that some of these signals are not well covered
by the dedicated MSSM-inspired LHC searches. In the second article, we propose
a model that explains the observed experimental anomalies in B meson decays, in-
corporating a viable dark matter candidate. We examine the phenomenology of this
model and investigate the potential observable signals at the LHC and dark matter
direct and indirect detection experiments. In the fnal article, we explore the comple-
mentarity of two ML techniques that allow to search for new physics at the LHC in
a signal and background model-independent way. We examine the performance of
these techniques in a hadronic resonance search for different cross sections, showing
that they are able to signifcantly outperform traditional analysis methods.

Finally, in the third part of this thesis, we present the conclusions and a summary
of results of the three articles.
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Resumen
La naturaleza de la materia oscura y de otras partículas e interacciones funda-

mentales más allá de las descritas por el Modelo Estándar es aún desconocida. En
esta tesis investigamos la fenomenología de modelos de nueva física que incorpo-
ran un candidato a materia oscura, y exploramos nuevas técnicas de aprendizaje
automático para buscar señales de nueva física en el Large Hadron Collider (LHC).

En la primera parte de esta tesis presentamos una recopilación de la evidencia
experimental actual que demuestra la existencia de la materia oscura. Utilizando
esta información, inferimos ciertas propiedades teóricas que cualquier candidato a
materia oscura debe satisfacer. A partir de ahí, motivamos la introducción de mod-
elos supersimétricos y de sabor como dos marcos teóricos que pueden proporcionar
respuestas a algunos de los problemas abiertos del Modelo Estándar. En concreto,
nos centramos en modelos que además incorporan un candidato a materia oscura de
forma natural, explorando las señales que producirían en diferentes experimentos.
Aunque las búsquedas de nueva física en el LHC son sensibles a las señales concre-
tas que producirían los modelos más populares, argumentamos que esta estrategia
tiene ciertas limitaciones para el descubrimiento de nueva física. En concreto, el al-
cance de estas búsquedas está limitado por las hipótesis sobre los modelos de señal
y ruido utilizados para el análisis de los datos. Por este motivo, argumentamos que
las técnicas de aprendizaje automático pueden ser útiles para aumentar el alcance y
sensibilidad de las búsquedas de nueva física, sin tener que realizar hipótesis sobre
los modelos de señal y ruido. Finalmente, mostramos que estos métodos permiten
alcanzar un rendimiento muy superior al de los métodos tradicionales, aumentando
signifcativamente el potencial de descubrir nueva física en el LHC.

En la segunda parte de esta tesis presentamos una compilación de tres artículos.
En el primer artículo analizamos la sensibilidad de las búsquedas supersimétricas en
el LHC al modelo Next-to-Minimal Supersymmetric Standard Model (NMSSM). El
NMSSM proporciona una solución al problema de las jerarquías en el Modelo Están-
dar y además incluye un posible candidato a materia oscura. En este primer artículo
exploramos la fenomenología de este modelo y resaltamos las señales experimen-
tales concretas que produciría, y que lo distinguen del Minimal Supersymmetric
Standard Model (MSSM). En concreto, mostramos que algunas de estas señales es-
pecífcas del NMSSM no están bien cubiertas por las búsquedas en el LHC, que están
diseñadas para optimizar la sensibilidad a las señales que produciría el MSSM. En
el segundo artículo proponemos un modelo que explica las anomalías experimen-
tales observadas en la desintegración de mesones B y que incorpora un candidato a
materia oscura. En este trabajo, investigamos la fenomenología de este modelo y las
señales que produciría en el LHC, en experimentos de detección directa e indirecta.
Por último, en el tercer artículo exploramos la complementariedad de dos técnicas
de aprendizaje automático que permiten realizar búsquedas de nueva física en el
LHC sin introducir modelos específcos para la señal y el ruido. En concreto, estudi-
amos el rendimiento de ambos métodos en una búsqueda de resonancias hadrónicas
para diferentes secciones efcaces, mostrando que pueden sobrepasar de manera sig-
nifcativa el rendimiento de los métodos de análisis tradicionales.

Finalmente, en la tercera parte de esta tesis presentamos las conclusiones y re-
sumimos los principales resultados de los tres artículos.
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Introduction

Theoretical particle physics is an exciting feld. Over the past few decades, we have
accomplished the goal of building and testing the Standard Model (SM) of particle
physics, which describes all fundamental particles and interactions that we know.
This model is able to explain with great accuracy and precision almost all of the
particle interactions that we observe in Nature. However, there is a set of phenom-
ena that the SM cannot explain, such as the origin of neutrino masses, the value of
the Higgs mass, the matter-antimatter asymmetry of the universe, or the nature of
dark matter (DM). In order to explain all these issues, we need to go beyond the
SM (BSM) and introduce new physics. The current generation of experiments allows
us to test the existence of new particles and interactions. More concretely, collider
experiments such as the Large Hadron Collider (LHC), dark matter direct and indi-
rect detection searches, and neutrino experiments offer different and complementary
ways of searching for new physics.

In this context, the aim of this thesis is to shed some light on the nature of dark
matter and explore new techniques to search for new physics at the LHC. This the-
sis can be divided in three parts. The frst part consists of three chapters. In the
frst chapter, we describe the experimental evidence for the existence of dark matter
and present an overview of our current knowledge about the nature of dark matter.
In the second chapter, we motivate the introduction of two theoretical frameworks
that provide an answer to open problems of the SM and incorporate a candidate for
dark matter: supersymmetry and favour models. In the third chapter, we introduce
the core concepts of Machine Learning (ML) and provide a series of examples that
demonstrate the power of these techniques for analysing data at the LHC. We show
how ML methods can be used to extend the sensitivity to potential new physics sig-
nals at the LHC in a signal and background model independent way, signifcantly
outperforming traditional analyses techniques.

The second part of this thesis is presented as a compilation of three articles. In
the frst two articles, we explore the phenomenology of two models that provide a
solution to the dark matter problem, which are introduced in Chapter 2. First, we
examine the sensitivity of current experimental searches to the Next-to-Minimal Su-
persymmetric Standard Model (NMSSM), a popular and well-motivated supersym-
metric model that addresses the hierarchy problem of the SM. Second, we develop
a model that provides a solution to the B anomalies and a viable candidate for dark
matter at the same time. Importantly, most new physics searches at the LHC are
designed to target the specifc signals that these models would produce. In the last
article, we investigate the performance of two ML techniques at increasing the sen-
sitivity of new physics searches at the LHC in a fully data-driven way, going beyond
the current paradigm of signal and background model dependence of most searches.
The main results of the three works are briefy summarised in the third part of the
thesis, which contains the conclusions section.



5

1 Dark Matter and the Universe

The SM provides a very good description of the 5% of the visible energy-matter con-
tent of the universe. The nature of the other 95% is one of the most exciting mysteries
of physics. We know that this 95% is made up of two different substances called dark
energy and dark matter. The former is responsible for the accelerated expansion of
the universe, while the latter is an invisible attractive matter that holds the universe
together. These two substances have played a fundamental role in the evolution of
the universe. In this chapter, we present astrophysical and cosmological evidence
for the existence of dark matter and present an overview of our current knowledge
about the nature of dark matter.

1.1 Astrophysical Evidence for Dark Matter

The extensive evidence for the existence of dark matter comes from the combina-
tion of galaxy rotation curves, gravitational lensing effects and observations of the
Cosmic Microwave Background (CMB). Taken together, this experimental evidence
demonstrates that 26% of the Universe is made of a mysterious substance called dark
matter.

In 1933, the astronomer Fritz Zwicky observed that the rotational velocities of
the galaxies in the Coma Cluster were too large to be explained by the distribution
of visible matter in the cluster. He found that most of the matter content that would
explain his observations was missing, and thus proposed that some sort of non-
luminous, hidden matter had to account for his measurements [1]. In the 1970s,
the empirical evidence for the existence of dark matter was frmly established. In
Newtonian dynamics, the rotational velocity of an object that follows an orbit of
radius r around a galaxy of mass M(r) is given byr 

GN M(r)
v(r) = , (1.1)

r

where GN is Newton’s constant. However, multiple observations of galaxies [2]
showed that the rotational velocity remains approximately constant instead of falling√ 
like ∝ 1/ r. This behaviour can be explained if there is an invisible component of
matter in the galaxy, as shown in Fig. 1.1.

The effect of gravitational lensing is well described by General Relativity. When
the light emitted by some background source passes by a massive object, the gravita-
tional pull from this object bends the trajectory of the light. As a result, the image of
the background source appears distorted (weak lensing) or even duplicated (strong
lensing). The amount of bending can be measured to infer the mass of the lensing
object, which can then be compared to its luminosity. For many galaxy clusters, ob-
servations show a disagreement between their mass and luminosity, demonstrating
that they have a signifcant non-luminous component.

The Bullet Cluster is one of such galaxy clusters that provides compelling evi-
dence for the existence of dark matter through gravitational lensing [3]. This cluster
is a merger event of two colliding clusters of galaxies. The collision of visible (bary-
onic) matter is expected to produce X rays, as shown in Fig. 1.2. The colours indicate
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FIGURE 1.1: Rotation curves of spiral galaxies [4].

FIGURE 1.2: X-ray image of the Bullet Cluster [5]. The colours indicate the
temperature of the plasma, and the green lines denote the density contours of
the gravitational potential of the cluster reconstructed from weak lensing.

the temperature of the gas and the green lines show the density contours of the grav-
itational potential of the cluster reconstructed from weak lensing. Importantly, the
gravitational potential is not aligned with the distribution of visible matter. There-
fore, this observation shows that there is a weakly interacting matter that has passed
through the cloud of ordinary matter without much interaction, and it represents
most of the mass of the cluster.
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1.2 Cosmological Evidence for Dark Matter

Dark matter has played a fundamental role in the evolution of the universe. In this
section, we outline the standard model of Big Bang cosmology (ΛCDM). This model
assumes the fat universe described by General Relativity and provides a good de-
scription of the accelerated expansion of the universe, the observed abundances of
light elements, the existence and structure of the CMB, and the large-scale structure
of the universe. The ΛCDM model offers the cosmological evidence in support of
dark matter.

1.2.1 The Expanding Universe and Cosmological Parameters

There are many observations that show that the universe is homogeneous and isotropic
at large scales [6, 7]. The space-time metric that respects these properties is the
Friedmann-Lemaître-Robertson-Walker (FLRW) metric, which reads� � 

dr2
ds2 = dt2 − a(t)2 2dΩ2 , (1.2)

1 − kr2 + r

where a(t) is the scale factor and k = +1, 0,−1 is the curvature constant, which
describes open, fat and closed space-times, respectively. Einstein feld equations
connect the geometry of space-time to the distribution of matter within it, and are
given by

Gµν = 8πGNTµν , (1.3)

where GN is Newton’s constant and Gµν = Rµν − 2
1 gµν R is the Einstein tensor, with

Rµν and R the Ricci tensor and scalar, respectively, and gµν is the metric tensor. The
energy-momentum tensor Tµν describes the matter content of the universe and can
be written as

Tµν = pgµν + (p + ρ)uµuν , (1.4)

where uµ is the four-velocity of the fuid, ρ denotes its energy density and p is the
pressure. The zero-zero component of these equations is the Friedmann equation:� �2ȧ(t) 8πGN k

= ρ − (1.5)
a(t) 3 a(t)2 ,

which relates the rate of expansion of the universe to its energy density. The rate of
expansion is defned as the Hubble parameter:

ȧ(t)
H(t) ≡ , (1.6)

a(t) 

and we can further defne the critical energy density ρc as

3H2
ρc ≡ , (1.7)

8πGN

that is, the energy density that corresponds to a fat universe like ours. In this way,
we can rewrite Friedmann’s equation and describe the total energy density of the
universe as

ΩT = Ωm + Ωr + ΩΛ , (1.8)
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with Ωi ≡ ρi/ρc. Each of these terms represent the contribution of a given species to
the total energy density of the universe (ΩT), which is shared between matter (Ωm),
radiation (Ωr) and dark energy (ΩΛ).

In the universe today, the main contributions come from the matter and dark
energy terms. The radiation term only made a signifcant contribution in the early
universe. These parameters can be measured to determine the amount of matter and
dark energy in the universe, as will be discussed in the following subsections.

1.2.2 Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN) is an epoch of the early universe that began only
10 seconds after the Big Bang. At that time, the universe was strongly dominated
by radiation and the extremely high energies of photons prevented the formation of
stable nuclei. As the universe cooled, protons and neutrons were bound into the frst
atomic nuclei: hydrogen (1H, about 75%), helium-4 (4He, about 25%) and traces of
deuterium (D), helium-3 (3He) and lithium-7 (7Li). The proportions in which these
elements were created can be calculated and depend directly on two parameters:
the neutron–proton and the baryon-photon density ratios [8]. These predictions can
be compared with the observed abundances today to measure baryon density, as
shown in Fig. 1.3.

1.2.3 The Cosmic Microwave Background

At the end of BBN, the age of the universe was about 1000 seconds and the universe
was made of the plasma of light nuclei formed during BBN, electrons and photons.
At that time, temperature was too high for the binding of electrons to nuclei. Af-
ter 370000 years, the universe cooled enough to allow the formation of stable neu-
tral atoms. At that point, the fraction of free electrons and protons was drastically
reduced and photons decoupled from matter, travelling freely through space and
producing an almost black body spectrum of T ' 2.73 K. The remnant background
radiation from these photons is the Cosmic Microwave Background (CMB).

The small anisotropies in the angular power spectrum of the CMB can be mea-
sured and are very sensitive to the dark and visible matter content of the universe, as
shown in shown in Fig. 1.4. In particular, the total matter density can be measured
from the amplitude of the spectrum, while the baryon density affects the relative
heights of the peaks. The third peak contains information about the dark matter
density. Through this measurement, the total matter and dark energy content of the
universe are measured to be [10]:

Ωm = 0.3166 ± 0.0084 ,
ΩΛ = 0.6847 ± 0.0073 . (1.9)

The total matter content of the universe is shared between baryonic (Ωb) and dark
matter (Ωχ): Ωm = Ωb + Ωχ. These parameters are measured to be [10]:

Ωbh2 = 0.02237 ± 0.00015 ,

Ωχh2 = 0.1200 ± 0.0012 . (1.10)

This means that dark matter is fve times more abundant than baryonic matter in the
universe.
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FIGURE 1.3: Predicted abundances of 4He, D, 3He and 7Li by the standard
BBN model. The coloured boxes represent the measured abundances for these
elements. The vertical bands indicate the CMB measurement of the baryon
density (light blue) and the BBN accordance range (pink). This fgure is taken
from Ref. [9].

1.2.4 Large scale structure

The observed large scale structure of the universe shows patterns that contain large
flaments of galaxies clustered together with vast voids in between. Directly after
the Big Bang, the universe consisted of a nearly homogeneous primordial plasma
with tiny density fuctuations1. Regions with overdensities contained dark mat-
ter, baryons and photons, and while the mass of the overdensity gravitationally
attracted more matter, the high temperature produced by photon-matter interac-
tions created a large outward pressure. The opposite forces of gravity and pressure
created Baryonic Acoustic Waves (BAO), which produced shells of baryonic mat-
ter after photons decoupled in the recombination epoch [11]. The radius of these
shells is known as the sound horizon. Therefore, dark matter remained at the centre
of the anisotropy and baryons concentrated at the sound horizon associated to that
anisotropy.

1The origin of these fuctuations are thought to be quantum fuctuations generated during the in-
fation process.
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FIGURE 1.4: The CMB temperature power spectrum as measured by Planck [6,
7]. The theoretical prediction from the ΛCDM model is in full agreement with
the experimental measurement.

In this way, as the universe expanded, the initial tiny fuctuations in the density
of the primordial plasma grew into the large scale structure that we observe in the
universe today. The effects of these fuctuations can be observed in the structure of
the anisotropies of the CMB spectrum. In particular, the characteristic peak structure
in Fig. 1.4 is produced by the acoustic oscillations, and each peak approximately cor-
responds to photons decoupling when a particular mode reaches its maximum am-
plitude. As discussed in last subsection, the peaks contain interesting information
about the matter-energy content of the universe.

Simulations based on the ΛCDM model reproduce the observed large scale struc-
ture of the universe with excellent accuracy when these small density fuctuations
in the very early universe are included. The Millennium Simulations [12–14] are the
largest N-body simulations ever performed to investigate the evolution of the dis-
tribution of matter in the universe over time and the process of galaxy formation. A
benchmark result from this simulation is shown in Fig. 1.5, which presents the ob-
served and simulated large-scale structure distribution of matter for two catalogues
of galaxies. This structure is complex and non-linear, presenting superclusters of
galaxies, long flaments, voids and walls. In order to explain the observed large-
scale structure and the process of galaxy formation, dark matter had to be either
cold (non-relativistic) or partially warm (semi-relativistic) at the time of galaxy for-
mation.
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FIGURE 1.5: Large-scale structure distribution of matter for two observed cat-
alogues of galaxies (blue) and the Millennium N-Body simulation (red) [15].
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1.3 Theories and Candidates

1.3.1 Dark Matter properties

From the astrophysical and cosmological observations described in the previous sec-
tions, we can infer some properties about the nature of dark matter. In particular, the
candidate or candidates for dark matter must be:

• Five times more abundant than baryonic matter: BBN and observations of the
large scale structure of the universe show that most DM cannot be baryonic.
Detailed analysis of the anisotropies in the CMB spectrum indicate that the
density of DM is about fve times larger than the density of baryonic matter.

• Stable or with a lifetime longer than the age of the universe: In order to ac-
count for the astrophysical and cosmological observations presented in the last
sections, dark matter must survive long enough to produce these phenomena.

• Electromagnetically neutral or with a very small charge: Observations show
that dark matter does not interact with the electromagnetic force. Otherwise,
it would scatter off photons like baryonic matter and it would be observable.
The most stringent limit is based on the potential effects of magnetic felds in
galaxy clusters in the DM density profle, which set an upper bound in the DM
charge of q . 10−13e mDM/GeV [16, 17].

• Gravitationally interacting: This is demonstrated by all the astrophysical and
cosmological evidence presented in the last sections.

• Mostly cold (non-relativistic) or warm (semi-relativistic): Observations from
small-scale structure formation imply that dark matter cannot be hot (relativis-
tic). The reason for this is that the free-streaming length of relativistic dark
matter is much larger than galactic scales, which would have dissolved the
density fuctuations in the very early universe, altering the observed small-
scale structure of the universe today.

• Little self-interacting or non-self-interacting: Observations of merging clus-
ters provide an upper limit in the dark matter self-interaction cross-section
of σDM/mDM ≤ 1 barn GeV−1 [18], which means that dark matter is mostly
collision-less (compared to ordinary matter). DM self-interactions could solve
certain small-scale structure problems [19, 20].

There is a variety of BSM models that incorporate a dark matter candidate with
these properties. These candidates are very different in nature, and the most pop-
ular models include: Weakly Interacting Massive Particles (WIMPs) [21], Strongly
Interacting Massive Particles (SIMPs) [22], Dark Photons [23], sterile neutrinos [24,
25], the QCD axion [26, 27], Fuzzy DM [28], Ultra-light scalars [29], Primordial Black
Holes [30, 31], and WIMPZILLAs [32].

Although all these candidates are well motivated from a theoretical perspective,
a WIMP dark matter candidate is specially appealing. Many BSM models designed
to address some of the open questions of the SM naturally incorporate a WIMP DM
candidate, while also offering a simple mechanism to explain the observed amount
of dark matter in the universe today. These DM candidates naturally emerge at the
weak scale, thus providing an excellent dark matter candidate that offers exciting
detection prospects in current experiments. For this reason, in the rest of this thesis
we will focus on models that can accommodate a WIMP DM candidate.
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1.3.2 Weakly Interacting Massive Particles

In addition to the properties outlined above, a thermal WIMP dark matter candi-
date emerging at the weak scale can naturally produce the observed amount of dark
matter in the universe today. This mechanism is called thermal freeze-out and it is
a thermal decoupling process, which occurs in the same way as for light elements,
CMB photons or neutrinos in the early universe.

In the early universe, DM particles are in thermal and chemical equilibrium with
SM particles, which means that the production and annihilation processes occur at
equal rates. As the universe expands, the particle bath cools down. When the tem-
perature drops below the DM mass, the SM particles do not have enough energy
to produce DM particles and therefore the production mode becomes kinematically
forbidden. However, the annihilation process continues and thus the amount of
dark matter in the universe decreases. As the expansion process continues, the den-
sity of DM particles in the universe is drastically reduced and the annihilation rate
becomes much smaller. Eventually, the annihilation process stops and dark matter
freezes out. The amount of DM that is left throughout the universe is the relic density,
which should match the dark matter density that we observe today, presented in
Eq. 1.10.

To be more specifc, the time evolution of the number density of DM particles nχ 
in the expanding universe is described by the Boltzmann equation

dnχ 2 2+ 3Hnχ = −hσvi(nχ − nχ, eq) , (1.11)
dt

where H is the Hubble parameter, hσvi is the thermally averaged DM annihilation
cross section times relative velocity, and nχ, eq is the number density of the DM par-
ticles in thermal equilibrium, given by� �3/2 � � 

mDMT −mDMnχ, eq = gDM exp , (1.12)
2π T

where gDM is the number of internal degrees of freedom of the DM particle and T is
the temperature of the thermal bath. The Boltzmann equation describes the effects
of the expansion of the universe and DM creation and annihilation processes on the
number density. Note that nχ decreases with the expansion of the universe, subject
to the contribution from the collision term in the right-hand side of the equation. We
can scale out this effect by defning the comoving number density Y = nχ/s, where
s is the total entropy density of the universe. Using the fact that the evolution of the
universe is isoentropic and thus s ∝ a−3, we can rewrite the Boltzmann equation in
terms of Y as

dY
= −shσvi(Y2 − Y2 ) . (1.13)eqdt

Since dark matter production occurs in the radiation epoch, then the entropy density
s as a function of T is given by

2π2
ss = g∗T3 , (1.14)

45
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where gs is the effective number of relativistic degrees of freedom that enter the∗ 
entropy calculation, defned as � �3 � �3Ti 7 Tisg∗ = ∑ gi + ∑ gi , (1.15)

T 8 T
bosons fermions

where Ti and gi are the temperature and number of internal degrees of freedom of
each relativistic species, respectively. In a radiation dominated universe, the energy
density is given by

π2
ρ = g∗T4 , (1.16)

30
and in this case the effective number of relativistic degrees of freedom g∗ that enter
the density calculation is defned as� �4 � �4Ti 7 Tig∗ = ∑ gi + ∑ gi . (1.17)

T 8 T
bosons fermions

Now we can defne the dimensionless variable x = mDM/T and rewrite the Boltz-
mann equation as:

dY
= − x

shσvi(Y2 − Yeq
2 ) . (1.18)

dx H(mDM) 

Using x = mDM/T, we can rewrite H = H(mDM)/x2. Replacing this expression into
Eq. 1.18, and using the expressions for the entropy and the total density, given in
Eq. 1.14 and Eq. 1.16, and Friedmann equation Eq. 1.5, we fnally obtain:

dY λ hσvi(Y2 − Y2= − eq) , (1.19)
dx x2

with r 
πg∗

λ = − mDM . (1.20)
45GN

The Boltzmann equation 1.19 cannot be solved analytically. However, we can
approximate the solutions in the limiting case t → ∞, which corresponds to the
universe today. The number density Y decreases exponentially before freeze-out.
At freeze-out time, the DM particles decouple from the thermal bath and its num-
ber density remains constant. Therefore, the equilibrium number density Yeq after
freeze-out will continue to decrease. In this way, for late times x � x f and thus we
can approximate Y � Yeq, which yields

dY ≈ − λ hσviY2 . (1.21)
dx x2

√ 
The Boltzmann velocity distribution has the temperature dependence hvi ∝ T.
Since we are assuming that freeze-out occurs when dark matter is non-relativistic,
we can expand the thermally averaged annihilation cross section as

bhσvi ≈ a + , (1.22)
x
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where a and b are the leading s and p-wave contributions to the DM annihilation
cross section, respectively. Integrating Eq. 1.21, we fnally obtain [21]:

Y∞ = � x f � , (1.23)
bλ a + 2x f

with x f ≡ mχ/Tf , where Tf is the temperature at freeze-out. Now we can use this
result to write the relic density today as

3s−1ρχ mχY∞s0h2 3 × 10−27cm
Ωχh2 = = ≈ . (1.24)

ρc ρc a + b
2x f

This equation can be rewritten in terms of the observed relic abundance today, pre-
sented in Eq. 1.10, as:

Ωχh2 ≈ 0.12 × 
3s−12.2 × 10−26cm

hσvi (Majorana) ,

Ωχh2 ≈ 0.12 × 
3s−14.4 × 10−26cm

hσvi (Dirac) . (1.25)

In order to obtain the measured relic abundance, the thermally averaged annihila-
tion cross section is hσvi = 2.2 × 10−26cm3s−1 for a Majorana particle, and hσvi = 
4.4× 10−26cm3s−1 for a Dirac particle. Remarkably, the fact that this happens exactly
at the weak scale is known as the “WIMP miracle", and it motivates the introduction
of DM candidates with weak scale masses. Dark matter candidates with masses in
this range are within reach of current generation experiments, which we will analyse
in detail in next section.

1.4 Searches for Dark Matter

In the previous section, we have shown that there are many extensions of the SM that
can incorporate a DM candidate, each of them with a different nature. All these the-
ories are well motivated and we do not know which one is correct. In order to max-
imise the discovery potential, it is important to adopt a complementary approach
and use the combined power of collider, direct and indirect detection searches, as
illustrated in Fig. 1.6.

1.4.1 Collider Searches

Particle colliders provide an excellent tool to discover new physics. In these exper-
iments, two particle beams are accelerated to high energies. When two particles
collide against each other, the energy of the collision is transformed and new parti-
cles are generated. The aim in this type of experiment is to fnd the potential new
physics particles that may be produced in these collisions. The Large Hadron Col-
lider (LHC) is the most powerful proton-proton collider ever built, providing centre
of mass energies of up to 14 TeV. Since 2008, hundreds of dedicated searches have
been performed at the LHC to probe the SM and search for new physics particles
[33–37]. In 2012, the ATLAS and CMS experiments confrmed the existence of the
Higgs boson [38, 39].

DM interactions are too weak to be directly measured at any particle detector in
collider experiments. However, momentum conservation can be used to determine
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FIGURE 1.6: Different approaches to search for Dark Matter.

the amount of missing transverse energy, /ET , in a given collision. In this way, the
strategy in DM searches performed at collider experiments consists in targeting fnal
states with large amounts of missing transverse energy. In particular, the most pop-
ular and simple search looks for a SM particle recoiling against a sizeable amount of
missing transverse energy, which would correspond to the DM particle. The ATLAS
and CMS collaborations have exhaustively looked for this type of signal [35, 36], but
no evidence of DM particles have been found yet. However, these results can be
interpreted within a framework of simplifed models [40] to constrain the masses and
couplings of DM particles.

1.4.2 Direct Detection Searches

Direct detection experiments aim to detect the collision of a DM particle with a tar-
get atomic nuclei or its bound electrons in the detector material. The frst process
is called nuclear recoil (NR), while the second one is an electron recoil (ER). These
signals are small and rare, and are produced in the form of scintillation, ionisation
or lattice vibrations. In most current generation experiments, the detector is either
a tank flled with a noble liquid or a solid-state cryogenic detector, but some ex-
periments are also based on room temperature scintillation or ionisation detectors,
superheated liquid detectors or directional detectors. In this section, we will briefy
describe the frst two experimental designs.

In the frst case, the incoming DM particle collides with a xenon (or argon) nu-
clei producing the emission (scintillation) or absorption (excitation) of light, and the
emission of electric charge (ionisation). Two sets of detectors measure the light and
charge signals, and the information from both sources is combined to estimate the
energy and location of the collision. In noble liquids, DM particles with masses
above 5 GeV can be searched for by observing the elastic collision with a xenon nu-
clei. However, this channel has limited sensitivity to lighter masses due to the small
momentum transfer in the process. Recently, the LUX [41–43] and XENON1T [44, 45]
experiments showed that this threshold can be lowered by measuring the inelastic
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FIGURE 1.7: Current status of DM direct detection searches for a spin-
independent elastic scattering of a DM particle with a nucleus [52].

ER processes that follow the nuclear recoil. This signal is characterised by the exci-
tation and ionisation of the recoiling atom (Migdal effect [46]) and the emission of a
bremsstrahlung photon. Since electrons have a very small mass compared to xenon
nuclei, the ER signals produced by the Migdal effect yield an enhanced sensitivity at
low masses, reaching a threshold of 80 MeV.

In the second case, the incoming DM particle interacts with the nuclei of a crystal
lattice, creating a vibration that propagates through the material, known as phonon,
and induces a temperature increase that can be measured in the detector. In addition,
these experiments simultaneously measure an ionisation (SuperCDMS [47, 48] and
EDELWEISS [49]) or scintillation (CRESST [50]) signal. Cryogenic detectors provide
an excellent energy resolution and are sensitive to DM masses down to 1 MeV.

The recoiled energies measured in these experiments depend on the DM-nucleus
scattering cross section. This cross section is typically used to present the limits as
a function of the DM mass. Furthermore, from a theory perspective the interaction
of a DM particle with an atomic nucleus can be described using a non-relativistic
effective feld theory (EFT) [51] approach. In this way, a set of effective operators
modelling the different types of interactions between a DM particle and quarks and
gluons can be constrained and interpreted within a simplifed model framework.

The next generation of experiments will allow to increase the sensitivity of direct
detection DM searches near the irreducible neutrino background region, known as
the neutrino foor. A collection of current and projected limits from DM direct detec-
tion experiments are shown in Fig. 1.7 and Fig. 1.8, respectively [52].
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FIGURE 1.8: Future sensitivity projections of DM direct detection searches for
a spin-independent elastic scattering of a DM particle with a nucleus [52].

1.4.3 Indirect Detection Searches

Indirect detection searches for DM consist in observing the sky searching for any
unexplained sources for gamma rays, neutrinos or antiparticles, which may be ex-
plained by DM annihilation processes. The incoming fux of the decay products de-
pends on the annihilation rate of the DM particles, the density of DM in the region
where the excess is observed and the number of fnal states particles produced in the
annihilation process. Using this information, different bounds on the DM mass can
be inferred.

Gamma rays are an excellent candidate signal for DM annihilation processes,
and provide signifcant information about the properties of DM. There are multiple
specifc striking shapes in the gamma ray spectrum that can be used to identify a
DM annihilation process [53–58]. For instance, if the DM pair annihilates into two
photons or two neutrinos, then the fnal state particles produce a monochromatic
line with an energy Eγ ' mχ. Therefore, a gamma ray excess over astrophysical
backgrounds with this feature at the GeV scale would be a clear signature for DM
annihilation, which would also allow to measure the mass of the DM particle.

Searches for gamma rays that could be produced by DM annihilation typically
target regions of the sky with a high density of DM, such as the galactic centre.
However, the large backgrounds in this region make the search for potential gamma-
ray signals very hard. For this reason, most searches target objects and regions of the
sky that maximise the signal to background ratio. For example, dwarf spheroidal
galaxies have a high matter density and low luminosity due to the dominant DM
component, which results in low gamma-ray backgrounds. Therefore, these object
are an excellent target for indirect DM searches and provide the best limits on the
DM annihilation rate using gamma-ray signals, as shown in Fig. 1.9.
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FIGURE 1.9: Limits on the DM annihilation rate from gamma-ray signals by
the Fermi-LAT telescope [59].

An alternative search channel is based on identifying an excess of antiparticles
that could be produced in the annihilation of DM particles. In order to maximise
the signal to background ratio, searches typically focus on relatively rare fnal states
such as positrons or antiprotons. The main backgrounds in the sky for this signal
are given by supernovae and cosmic-ray interactions. Even though the Pamela [60]
and AMS-02 [61] experiments have observed a clear excess of high-energy positrons,
the absence of any signals in other complementary channels, such as gamma rays
and antiprotons, suggests that the origin of this excess could be an unknown back-
ground.

Finally, astrophysical neutrino searches can also provide information about the
nature of DM. The most promising neutrino searches target the production of high-
energy neutrinos from DM annihilation in the Sun. If the DM particles captured
by the Sun accumulate to a large enough density, their annihilation inside the Sun
would produce SM particles. Neutrinos are the only particles that could escape the
Sun. Therefore, an anomalous fux of high-energy neutrinos from the Sun would
provide information about the spin-dependent DM-nucleon cross section. This sig-
nal is targeted by experiments such as IceCube [62], Super-K [63] or Antares [64].
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2 New Physics Models and Dark Matter

The SM provides a very good description of the 5% of the visible energy-matter
content of the universe. In the frst chapter of this thesis, we provided compelling
evidence for the existence of DM. In this chapter, we now present two promising
theoretical frameworks that aim to solve some open problems of the SM and can
easily incorporate a DM candidate.

2.1 Supersymmetry

Supersymmetry is an extension of the SM that aims to resolve some of the questions
that the SM leaves open. If confrmed correct, this theory would provide an elegant
and consistent solution to the hierarchy problem [65], it would predict a high-energy
unifcation of the gauge couplings [66, 67], and offer an excellent dark matter can-
didate [68]. Therefore, supersymmetry extends the strong foundations of the SM
to create a more comprehensive picture of Nature. In this section, we motivate the
introduction of supersymmetry and present the building blocks of the simplest su-
persymmetric models.

2.1.1 Why Supersymmetry?

We have compelling evidence to support the idea that the Standard Model is not
the fnal solution to provide a complete description of particle physics. It is clear
that we will need a new framework to describe physics at the reduced Planck scale,
MP = 2.4 · 1018 GeV, where quantum gravitational effects become important. Below
that scale, we have experimentally explored particle physics phenomena up to the
TeV scale without any signs of new physics. Intuitively, it is natural to imagine
that new physics should exist somewhere in the 16 orders of magnitude between
the electroweak scale, MW , and the Planck scale, MP. The fact that these two scales
are extremely different, with no evidence of additional new structure in between, is
known as the hierarchy problem.

Consider a particle with renormalized mass mR = m0 + δm, where m0 is the bare
mass of the particle and δm is the one-loop correction to the bare mass. The one-loop
corrections for fermions and gauge bosons are qualitatively given by:

ΛUV
δmF ' mF log ,

mF

2 2 ΛUV
δmG ' mL log , (2.1)

mL

where mF and mG are the fermion and gauge boson masses, respectively, mL denotes
the masses of the fermions and gauge bosons running in the loop, and ΛUV is the
ultraviolet momentum cut-off introduced to regulate the one-loop integral. This
scale is interpreted as the energy scale at which new physics contributions enter
the theory. Importantly, in both cases we fnd that even for large values of ΛUV ∼ 
1016 GeV, the logarithmic divergence prevents large corrections to the fermion and
gauge boson masses. In particular, for fermions we have that δmF . mF and for
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2 2bosons δm ' mG. Therefore, the one-loop corrections to the mass are of the sameG
order than the mass itself and there is no fne tuning required. In each case, there is
a symmetry that protects the masses from large corrections; for fermions it is chiral
symmetry, while for bosons it is gauge symmetry.

Now, we look at the correction to the only SM scalar particle, the Higgs boson.
In this case, the correction to the Higgs mass from a fermion loop is given by

2δm ' Λ2 (2.2)H UV ,

where mH is the Higgs boson mass. In this case, we fnd that the correction to the
Higgs mass is sensitive to quadratic contributions to ΛUV. As a result, for large scales

2ΛUV ∼ 1016 GeV the quantum correction to mH is about 28 orders of magnitude
larger than expected. Therefore, if our theory were to be valid up to this scale, then
we would need an enormous amount of fne tuning between m2 ' 104 GeV2 andH

2 1032δm ' GeV2. Since the observed Higgs boson seems to be a fundamentalH
particle, the presence of new physics above the electroweak scale requires a striking
cancellation of the quadratic divergences that contribute to δm2

H.
The systematic cancellation of the dangerous quadratic contributions to δm2

H
should not be a coincidence and suggests that the SM might be valid only up to

2a scale ΛUV ' 103 GeV, which would naturally yield the correction δmH of the same
order than m2

H. This requires the introduction of new physics effects that cut off the
loop integral at this scale and are responsible for the cancellation of the quadratic
divergences. For fermions and gauge bosons, it was a symmetry that protected the
masses from these dangerous divergences. For the Higgs boson, a new symmetry
that relates fermions to bosons would naturally induce a cancellation of the Λ2

UV con-
tributions. If each of the SM fermions that contribute to the loop has a scalar partner
that gives a contribution of opposite sign, then quadratic divergences cancel. This
new symmetry that relates fermions to bosons is called supersymmetry, and it is the
only possible extension of the Poincaré symmetry.

2.1.2 The Minimal Supersymmetric Standard Model

In this subsection, we will present the Lagrangian of a general supersymmetric non-
abelian gauge theory and build the simplest possible supersymmetric extension of
the SM1. First, we introduce a chiral superfeld φi, with scalar component feld ϕi
and fermionic component feld ψi (each subscript labels a different feld). Second,
we can introduce a vector superfeld V ≡ VaTa, where Ta are the generators of the
gauge group and Va the corresponding gauge superfelds, with bosonic component
feld vµ 

a and fermionic component feld λa. Note that the superscript a depends on
the number of generators of the gauge group. Using the chiral superfelds φi and
vector superfelds Va defned above, the most general supersymmetric Lagrangian

1The technical details about the full construction of this Lagrangian can be found on many great
reviews about the topic [69, 70]
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� �† µν (B) − 14 Fa(A) Dµ ϕ i (Dµ ϕ)i µν (Fa) 

� � � �a(C) 2
i ψiσ

µ Dµψ̄ i + h.c. (D) 2
i λaσµ Dµλ̄ + h.c.

FIGURE 2.1: Interactions induced by each of the kinetic terms in the La-
grangian 2.3. Scalars and fermions are represented by dashed and solid lines,
respectively. Gauge bosons and gauginos are represented by solid curved and
solid wavy lines, respectively.

in the Wess-Zumino gauge for a general gauge group is given by [69]:

� �† i � � i � � 
L = Dµ ϕ (Dµ ϕ)i + ψiσ

µ Dµψ̄ − Dµψ σµψ̄ii i i2 2
1 i � �a i � �a− Fa + λaσµ Dµλ̄ − Dµλ σµλ̄a
4 µν (Fa)µν 

2 2√ √
¯− 2igψ̄iλ

aTij
a ϕj + 2igϕi

†Tij
aψjλ

a

1 ∂2W 1 ∂2W† � �
¯ ¯− ψiψj − ψiψj − V ϕi, ϕ†

j . (2.3)
2 ∂ϕi∂ϕj 2 ∂ϕ†

ji ∂ϕ†

The potential V in the previous equation is written as the sum of the F-term and
D-term, and is given by

2 � �2� � ∂W 1
V ϕi, ϕ†

j = ∑ + ∑ gϕi
†Tij

a ϕj + ka , (2.4)
i ∂ϕi 2 a

where the ka factor is part of the Fayet-Iliopoulos term [71], which is only present for
U(1) gauge felds. The most general superpotential W is given by

� � 1 1
W ϕi = ai ϕi + mij ϕi ϕj ++ yijk ϕi ϕj ϕk , (2.5)

2 3!

where the coeffcients ai, mij and yijk are constraint by the gauge invariance require-
ment. Finally, the gauge covariant derivatives act as follows on the different compo-
nent felds: � � 

Dµ ϕ = ∂µ ϕi + igvµ 
a Tij

a ϕj ,i� � � Dµψ i = ∂µψi + igvµ 
a Tij

aψj ,�a bDµλ = ∂µλa − g f abcv λc . (2.6)µ 

All the interactions induced by the terms in the Lagrangian 2.3 are shown in Fig. 2.1
and Fig. 2.2. The terms in Fig. 2.2c and Fig. 2.2d are the mass terms that correspond
to the component felds of the chiral superfeld. Note that there are no mass terms for
the gauge bosons and the gauginos, since these only appear once gauge symmetry
and supersymmetry are broken, respectively.
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�2(A) −
√ 

2igψ̄iλ̄
aTij

a ϕj + h.c.
� 

(B) 1 gϕ†
i Ta

2 ij ϕj

∂2W 2(C) − 1 ψiψj + h.c. ∂W2 ∂ϕi∂ϕj (D) ∂ϕi

FIGURE 2.2: Interactions induced by each of the non-kinetic terms in the La-
grangian 2.3. Scalars and fermions are represented by dashed and solid lines,
respectively. Gauginos are represented by solid wavy lines.

LHχSF spin 0 spin 1
2

� 
SU(3), SU(2), U(1)Y

� � � � � 
Quarks and squarks

bQbu
db 

eeuL, dL

†euRed†
R

(uL, dL) 
†uR

d†
R

3, 2, 1
6� � 

3, 1,− 23� � 
3, 1, 1

3

Leptons and sleptons
bLbe (eν, eL) 

†eR

(ν, eL) 
†eR� � 

� � 
1, 2,− 12
(1, 1, 1) 

Higgs and higgsinos
bHubHd

� � 
H+ 

u , H0
u� � 

H0
d , H− 

d

eH+ eH0
u , u� � eH0 eH− 
d , d

� � 
1, 2, 1

2� � 
1, 2,− 12

TABLE 2.1: Left-handed chiral superfelds (LHχSF) of the MSSM with their
particle content and spin. The quantum numbers of the new felds under
SU(3) × SU(2) and their U(1)Y charge are given in the last column. There
is one copy of the quark and lepton superfelds for each family in the SM. Note
that the right-handed chiral superfelds associated to the LHχSF are not listed
in the table.

The Minimal Supersymmetric Standard Model (MSSM) [69] is the simplest su-
persymmetric extension of the SM. It is constructed from Lagrangian 2.3 by intro-
ducing a chiral superfeld for every fermion of the SM, a vector superfeld for every
gauge boson of the SM and two chiral superfelds for the Higgs bosons, which give a
mass to up- and down-type quarks and charged leptons respecting supersymmetry
in the superpotential. In this way, we introduce the scalar partners of the quarks and
leptons, the squarks and sleptons, and the fermionic partners of the gauge bosons,
the gauginos. We also get a richer Higgs sector from the fermionic partners of the
Higgs states, which will mix with some of the gauginos to generate the neutralinos
and the charginos. In Table 2.1 and Table 2.2 we present all the chiral and vector
superfelds that are introduced in the MSSM, respectively.

Now we will see how the gauge eigenstates presented in Table 2.1 and Table 2.2
mix with each other after electroweak symmetry breaking (EWSB) to produce the
physical mass states if the MSSM. In the SM, one physical Higgs remains after EWSB,
and three Goldstone bosons G± , G0 are eaten by W± , Z to get their masses. In the
MSSM, the eight Higgs degrees of freedom mix to give fve physical Higgs states
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� � 
VSF spin 1

2 spin 1 SU(3), SU(2), U(1)Y

Gluons and gluinos bG eg g (8, 1, 0) 

W-bosons and winos bW eW± e, W3 W± , W3 (1, 3, 0) 

B boson and binos bB eB0 B0 (1, 1, 0) 

TABLE 2.2: Vector superfelds (VSF) of the MSSM with their particle content
and spin. The quantum numbers of the new felds under SU(3) × SU(2) and
their U(1)Y charge are given in the last column.

Sector Gauge eigenstates Mass eigenstates Spin

Neutral
W3, B0

H0
u, H0

d

Z, γ 

H0
1 , H0

2 , A0
1

1

0

Charged
W± 

H+ 
u , H− 

d

W± 

H± 

1

0

Neutralinos
eW3 e, B0

eH0 eH0
u, d

eχ0 χ0 χ0 χ0
1, e2, e3, e4

1
2

Charginos
eW± 

eH+ eH− 
u , d

eχ± χ± 
1 , e2

1
2

TABLE 2.3: Particle content of the electroweak and electroweakino sectors of
the MSSM in terms of the unphysical gauge eigenstates and the physical mass
eigenstates. The particles of the Higgs, neutralino and chargino sectors are
ordered by increasing mass.

H1
0, H2

0, A0
1, H± and three unphysical Goldstone bosons G± , G0, eaten by W± and Z.

The mass eigenstates H1
0 and H2

0 are CP-even neutral scalars, A1
0 is a CP-odd neutral

scalar and H± are electrically charged.
In addition, all the above particles mix with their superpartners to form the elec-

troweakino sector. After EWSB, the neutral higgsinos He u0, He d0 mix with We 3, Be0 to
produce four neutralinos, which are denoted as χe0

1, χe0
2, χe0

3 and χe0
4. The electrically

charged higgsinos He± mix with the gauginos We ± into two charginos, which are de-u
noted as χe± and χe2

± . All the particles of the electroweak and electroweakino sectors1
of the MSSM are presented in Table 2.3.

Now that we have presented the chiral and vector superfelds of the MSSM and
studied their representations in the gauge and mass bases, we can go back to La-
grangian 2.3 and defne the superpotential of the MSSM. If R-parity2 [69] is a con-
served quantity in the theory, then the MSSM superpotential is given by

WMSSM = yu ubQb Hb u − yd dbQb Hbd − ye be bL Hbd + µ Hb u Hbd , (2.7)

2R-parity is a multiplicative quantum number defned in terms of baryon number B, lepton number
L and spin s as R ≡ (−1)3B+L+2s such that SM particles (including the Higgs bosons) have R = 1,
whereas all superpartners have R = −1.
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where the Yukawa matrices yu, yd, ye and the chiral superfelds Qb, bL, ub, db, be repre-
sent matrices and vectors in family space, respectively. The frst three terms of the
superpotential are Yukawa terms, while the last one is called the µ-term, which is the
supersymmetric version of the Higgs boson mass term in the SM.

2.1.3 Breaking Supersymmetry

In the previous subsection, we have derived the Lagrangian of the MSSM. However,
this Lagrangian yields a set of supersymmetric particles with the same masses as
their corresponding SM particles. Since there has been no evidence of these new
particles in experimental searches, we have to break supersymmetry in such a way
that the superpartners have larger masses than their SM associates.

The standard mechanism to break supersymmetry is to introduce a hidden sec-
tor, assume that the symmetry is broken is this sector and mediate the breaking to the
visible MSSM sector, either through gauge interactions, gravity or other processes.
Since we do not know the details of this hidden sector, we have to parameterize our
ignorance and introduce a set of supersymmetry breaking terms by hand. The idea
here is that if we eventually manage to measure these parameters, then we may be
able to infer the actual mechanism behind supersymmetry breaking. Note that this
mechanism is analogous to the electroweak symmetry breaking in the SM.

Any supersymmetry breaking terms that we may introduce to the model must
preserve the best features of supersymmetry, such as the cancellation of quadratic
divergences associated to the hierarchy problem. For this reason, we will only in-
troduce soft breaking terms, which are defned as the set of terms that respect the
cancellation of the quadratic divergences. Any term with mass dimension strictly
larger than 0 satisfes this condition. Therefore, we can have scalar soft supersym-

2metry breaking mass terms, −mij ϕi
† ϕj, gaugino mass terms −(mij/2)λiλj + h.c and

bilinear and trilinear scalar couplings bij ϕi ϕj and cijk ϕi ϕj ϕk, as long as they respect
gauge invariance.

In this way, applying this recipe to the MSSM we obtain3 [69]:� �3 81LMSSM = −soft M1BeBe+ M2 ∑ We a eWa + M3 ∑ geagea + h.c.
2 a=1 a=1

2 2 2 † 2 2 †− mQQe†Qe− mL
eL†eL − mUueRueR − mDde†RdeR − mEeReR

2 H† 2 H†− mHu u Hu − mHd d Hd − (bHuHd + h.c.)� � e e e− AuueRQHu − AddRQHd − AeeReLHd + h.c. . (2.8)

In the frst line, M1, M2, M3 are the bino, wino and gluino mass terms. The second
line contains the mass terms for squarks and sleptons, mi

2, which are matrices in
family space. The SU(2) doublets Qe and eL, which only contain the scalar compo-

† de† †nent felds, and the singlets ueR, R and eR are matrices and vectors in family space,
respectively. The third line contains the mass terms for the Higgs sector. In the last
line, Au, Ad, Ae are trilinear couplings, which are matrices in family space, and have
a one-to-one correspondence with the Yukawa couplings in the superpotential.

3Note that chiral superfelds are denoted by hatted capital letters, while unhatted capital letters
denote their complex scalar component felds.
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2.1.4 Successes and problems of the MSSM

In previous subsections we introduced the effective Lagrangian of the MSSM. Now
we will briefy summarise some of the successes and problems of the MSSM. First,
the most important achievements of the MSSM are:

• The hierarchy problem. As we have highlighted throughout this section, the
main motivation for the introduction of the MSSM is that it provides a solution
to the hierarchy problem.

• Radiative electroweak symmetry breaking. Multiple supersymmetric mod-
els with spontaneous symmetry breaking (SSB) coming from a hidden sector
expect a degenerate scalar spectrum at the scale of the mediators. Then the
renormalization group equations lead to a non-degenerate scalar spectrum at
lower scales due to radiative corrections. These radiative corrections can nat-
urally induce a SSB in the visible sector at a scale close to the SSB in the Higgs
mechanism. This process is called radiative electroweak symmetry breaking.
For a review, see [72].

• Gauge unifcation. The rich collection of particles introduced by the MSSM
substantially modifes the renormalization group equations of the SM cou-
plings. In particular, a unifcation of the gauge couplings g1, g2, g3 can be
achieved at a high scale ΛGUT ∼ 1016 GeV, with a small deviation possibly
due to threshold corrections for new particles around ΛGUT [73–75].

• LSP and dark matter. In the MSSM with R-parity, every sparticle decay chain
leads to the lightest supersymmetric particle (LSP), which is stable. If the light-
est neutralino, χe1

0, is also the LSP4 and can reproduce the observed relic abun-
dance, then it provides an excellent candidate for WIMP DM [68, 76].

The MSSM also has some important shortcomings, such as:

• The µ-problem [77]. In the superpotential defned in Eq. 2.7, the natural value
for the couplings in the Yukawa matrices yu, yd, ye is O(1), while the natural
value for the parameter µ would be of the order of the cut-off scale where the
theory breaks down, ΛUV ∼ 1016 GeV. However, the term µ Hb u Hbd governs
electroweak symmetry breaking and therefore should be of the order of the
electroweak scale, which is many orders of magnitude below the Planck scale.
If the physical origin of this parameter is not related to supersymmetry break-
ing, there is no reason for the µ parameter to be of the order of the soft breaking
scale. Explaining why the µ parameter is so small would provide a solution to
the µ-problem.

The NMSSM provides one of the most popular solutions to this problem, in-
troducing a mechanism that relates supersymmetry breaking to an effective
µ-term.

• The little hierarchy problem. The observed SM Higgs boson mass mH ' 
125 GeV is below the allowed upper bound of the MSSM, which is set at
135 GeV. However, the MSSM upper bound on the tree-level mass of the SM

2 2Higgs, given by m ' mZ cos2 2β, suggests that the observed Higgs massh, tree
requires large radiative corrections in the MSSM with a signifcant amount of

4From now on, when we talk about the LSP and NLSP we will restrict to the neutralino and chargino
sectors.
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fne tuning. These contributions can be explained through heavy sparticle mix-
ing, especially in the stop sector. This issue is known as the little hierarchy
problem [78] and can be naturally alleviated in the NMSSM [79, 80].

2.1.5 The Next-to-Minimal Supersymmetric Standard Model

In the previous subsections we presented the Lagrangian of the MSSM, the minimal
supersymmetric extension of the SM. This Lagrangian is completely specifed by the
supersymmetric kinetic terms (gauge interactions), the superpotential (mass terms
and Yukawa interactions) and the soft supersymmetry breaking terms, which are
introduced to give mass to gauginos and scalars. We discussed the most important
contributions of the MSSM, such as giving a solution to the hierarchy problem, pro-
viding a viable dark matter candidate or making an accurate prediction for gauge
unifcation. Despite the great success of the model from a theory perspective, we
further analysed how the µ-problem is an important caveat of the model that can-
not be ignored. In this section, we go beyond the MSSM and introduce the Next-to-
Minimal Supersymmetric Standard Model (NMSSM) [81], a simple singlet extension
of the MSSM that provides a solution to the µ-problem.

The general NMSSM is the simplest possible extension of the MSSM and it is
built by adding an new gauge singlet chiral superfeld that is even under parity. The
most general renormalizable superpotential for the NMSSM is given by

W = WMSSM + λSbHb uHbd + ξSSb+ 
2
1

µSSb2 + 
3
1

κSb3 , (2.9)

where λ and κ are dimensionless couplings, µS is a supersymmetric mass term and
ξS is a tadpole coupling. The soft supersymmetry breaking Lagrangian reads� � 

1
κAκ S3 1

bSS2= LMSSM 2Lsoft soft − λAλSHuHd − + + ξSS + h.c. − mS|S|2 , (2.10)
3 2

where Aκ and Aκ are trilinear couplings and mS is a mass term. The superpoten-
tial of the general NMSSM has three dimensionful parameters, µ, µS and ξF, and
the corresponding soft supersymmetry breaking parameters are b, bS and ξS, re-
spectively. These mass terms can be avoided by requiring a scale-invariant super-
potential, which only contains dimensionless parameters. This is accomplished by
introducing a Z3 discrete symmetry, under which every component feld in a chiral
superfeld transforms as φ → e2πi/3φ, and all gauge and gaugino felds are neutral.
This simpler model is known as the scale invariant NMSSM, which we will study in
detail in the rest of this subsection.

The superpotential of the scale invariant NMSSM is then given by

WNMSSM = WMSSM + λSbHb uHbd + 1κSb3 , (2.11)
3

and the associated soft supersymmetry breaking Lagrangian is:� � 
LNMSSM = LMSSM 2− λAλSHuHd − 1κAκ S3 + h.c. − mS|S|2 . (2.12)soft soft 3

A key feature of this model is that when the scalar component of the superfeld Sb 
acquires a vacuum expectation value (VEV), s, of the order the electroweak scale it
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generates an effective µ-term with

µeff = λs , (2.13)

which provides a solution to the µ-problem of the MSSM. Therefore, the Higgs sector
of the NMSSM can be described by the six independent parameters

{λ, κ, Aλ, Aκ, tan β, µeff} , (2.14)

where tan β ≡ vu/vd.
In the rest of this subsection, we will analyse the Higgs sector of the scale in-

variant NMSSM in detail. Including contributions from supersymmetry gauge in-
teractions, soft supersymmetry breaking and D- terms, the resulting scalar Higgs
potential is � � � �2 2 2 2 2VHiggs = m + λ2S2 |Hu| + m + λ2S2 |Hd| + mS|S|2Hu Hd� � 

2+ λ2 |HdHu| + κ2|S|4 + λAλSHuHd + λκS2HuHd + 1κAκ S3 + h.c.
3

2 2 � �2 2
1 + g2 2 2 2+ 

g |Hu| − |Hd| + 
g |Hd

†Hu|2 , (2.15)
8 8

where g1 and g2 are the U(1)Y and SU(2) gauge couplings, respectively. Now we can
obtain the neutral physical Higgs felds by expanding this scalar potential around
the neutral VEVs vu, vd and s as

H0 Hu
0

,R + iHu
0

,I H0 Hd
0
,R + iHd

0
,I SR

0 + iSI
0

= vu + √ , = vd + √ , S = s + √ , (2.16)u d2 2 2

where the felds have been expanded in their CP-even and CP-odd components,
denoted by the indices R and I, respectively. By doing this expansion, the VEVs can
then be obtained from the minimum of the potential:� � � �2 2 2 2 2 2 2 2VHiggs = mHu

+ λ2s vu + mHd
+ λ2s vd + mSs� � 

2 2 2 3+ λ2v vd + κ2s4 − 2 λAλsvuvd + λκs vuvd + 1κAκ s + h.c.u 3

1
2 + g2

2
2 2+ 

g
(v − vd)

2 . (2.17)u8

By doing a phase rotation of the felds S, H0 and Hd
0 in Eq. 2.15, we can choose theu

VEVs vu, vd and the parameters λ, Aκ real and positive, while the VEV s and κ, Aλ 
are real and can have any sign. Likewise, the components of the Yukawa matrices
yu, yd, ye can be chosen real and positive. These choices ensure that the resulting
theory presents phenomenologically acceptable VEVs for S, H0 and Hd

0, and doesu
not introduce unacceptably large CP violation effects. Minimising this potential with
respect to vu, vd and s, we fnd the following minimisation conditions:� 

g1 + g � ��2 2
2 2 2 2 2vu mHu

2 + µeff + λ2vd + 
4

vu − vd − vdµeff(Aλ + κs) = 0 ,� 
g1 + g � ��2 2

2 2 2 2 2vd mH2 + µeff + λ2vu + vd − vu − vuµeff(Aλ + κs) = 0 ,
d 4

2 2 2s
� 
mS + λ2(v + vd) + κAκ s + 2κ2s2 − 2λκvuvd

� 
− vuvdλAλ = 0 . (2.18)u
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Using the frst two equations we can derive:

vuvd 2µeff(Aλ + κs) 
= sin(2β) = (2.19)

v2 m2 + m2 + 2µ2
Hu Hd eff + λ2v2

,

2 2 2where v = v + v ' (174 GeV)2. Note that these equations can also be written inu d
2 2 2terms of M2 = g2v , with g2 ≡ (g1 + g2)/2. In order to obtain vu and vd differentZ

from zero, we need µeff(Aλ + κs) 6= 0.

The Higgs sector

We will now study the mass spectrum in the (scalar) Higgs sector, which can be
described in terms of the six independent parameters presented in Eq. 2.14. If we
expand the Higgs scalar potential 2.15 around the neutral VEVs vu, vd and s, as
shown in Eq. 2.16, the elements of the CP-even tree level Higgs mass matrix M2

S can
be written in the basis (Hd,R, Hu,R, SR) as:

M2 2 2
S,11 = g vd + µeff(Aλ + κs) tan β ,

M2 2 2
S,22 = g vu + µeff(Aλ + κs)/ tan β ,

M2
S,33 = λAλ 

vuvd + κs (Aκ + 4κs) ,
s

M2
S,12 = 22λ2 − g

� 
vuvd − µeff(Aλ + κs) ,

M2
S,13 = λ (2µeff vd − (Aλ + 2κs) vu) ,

M2
S,23 = λ (2µeff vu − (Aλ + 2κs) vd) . (2.20)

This matrix can be diagonalized to obtain the three physical CP-even Higgs states,
H1

0, H2
0 and H3

0, which are ordered by increasing mass. Note that the singlet com-
ponent introduced in the NMSSM results in a new CP-even Higgs boson, H3

0, in
comparison to the MSSM.

Similarly, the elements of the CP-odd tree level Higgs mass matrix M02 can beP
written in the basis (Hd,I, Hu,I, SI) as:

M02
P,11 = µeff(Aλ + κs) tan β ,

M0 
P
2
,22 = µeff(Aλ + κs)/ tan β ,

vuvdM02
P,33 = λ (Aλ + 4κs) − 3κAκ s ,

s
M02

P,12 = µeff(Aλ + κs) ,
M02

P,13 = λvu (Aλ − 2κs) ,
M0 

P
2
,23 = λvd (Aλ − 2κs) . (2.21)

This matrix contains a massless Goldstone mode G, which we can see more clearly
if we rotate the matrix into the basis (A, G, SI), where we defne A = cos βHu,I + 
sin βHd,I. Thus we obtain:⎛⎝ Hd,I

Hu,I

⎞⎠ = 

⎛⎝ sin β − cos β 0
⎛⎝ ⎞⎠ A

G

⎞⎠ , (2.22)cos β sin β 0
SI 0 0 1 SI
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which means that we can remove the Goldstone mode and write the components of
the remaining CP-odd tree level Higgs mass matrix M2

P in the basis (A, SI) as:

2µeff(Aλ + κs)M2 = ,P,11 sin(2β) 

M2 = λ (Aλ + 4κs) vuvd − 3κAκ s ,P,22 s
M2 = λv (Aλ − 2κs) . (2.23)P,12

This matrix can be diagonalized to obtain the two physical CP-odd Higgs states,
A0

1 and A0
2, which are ordered by increasing mass. Note that the singlet component

introduced in the NMSSM also yields a new CP-odd Higgs boson, A0
2, in comparison

to the MSSM.
Finally, we can write the charged Higgs mass matrix M0

± 
2 in the basis (Hu

+ , H+ = d
H−∗) as:d � � ��� � 

M02 g2
2 cot β 1

= µeff(Aλ + κs) + vuvd − λ2 . (2.24)± 2 1 tan β 

This matrix contains one massless Goldstone mode and one physical eigenstate with
mass � �22µeff(Aλ + κs) 2 2M2 = + v

g − λ2 , (2.25)± sin(2β) 2

which corresponds to the physical charged Higgs bosons H+ and H− .

The electroweakino sector

We will now study the mass spectrum in the (fermionic) electroweakino sector. For
this purpose, we consider the soft supersymmetry breaking gaugino mass terms,
which were introduced in Eq. 2.8:� � 

gaugino 1 3 8
Wa + M3∑ ∑We a e aM1BeBe+ M2 + h.c. . (2.26)L = − geagesoft 2 a=1 a=1

In the neutralino sector, Be and We 3 mix with the neutral higgsinos He d0, He u0 and Se, gen-
erating a symmetric 5 × 5 mass matrix M0

N . Note that the new singlet component
introduced in the NMSSM results in a ffth neutralino, which is not present in the
MSSM. We can write the tree level neutralino mass matrix in the basis (−iBe,−iWe 3,
He d0, He u0, Se) as: ⎛ ⎞−g1vd −g1vuM1 0 √ √ 0⎜ −g2

2
vd −g2

2
vu ⎟⎜ M2 √ √ 0 ⎟⎜ 2 2 ⎟M0 = ⎜⎜ ⎟⎟ . (2.27)N 0 −µeff −λvu⎝ ⎠0 −λvd

2κs

This matrix can be diagonalized to obtain the fve physical neutralino states: χ0
1, χ0

2,
χ0

3, χ0
4 and χ0

5. � �1Similarly, in the chargino sector the charged gauginos We − = √ We 1 + iWe 2 and
2� �1We + = √ We 1 − iWe 2 mix with the charged higgsinos He u+ and He d− . If we defne

2

ψ+ = (−iWe + , He+) and ψ− = (−iWe − , He d−), we can write the tree level charginou
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mass matrix in the basis (ψ+ , ψ−) as:

M± 
C = 

⎛ ⎜⎜⎝ 
0 0 M2 g2vd
0 0 g2vu µeff

M2 g2vu 0 0
g2vd µeff 0 0

⎞ ⎟⎟⎠ . (2.28)

Again, this matrix can be diagonalized to obtain the four physical chargino states,
χ±e and χe± 

2 .

Squarks and sleptons

Finally, we present tree level squark and slepton mass matrices. In the basis (etR,etL),
the top squark mass matrix is given by:

= 

⎛⎝m
⎞⎠T + yt v d) 

g2 2 2 2 2 1
2 �yt (Atvu − µeffvd) 

g
− (v − v �3u u (2.29)Met 2 2 .

1 2
12 − g2 2 2 2 2yt (Atvu − µeffvd) mQ3

+ yt vu + (vu − vd) 4

The bottom squark mass matrix in the basis (ebR,

� 
ebL) is given by:

yb (Abvd − µeffvu) 
2 2 2 2 2yb (Abvd − µeffvu) mQ3

+ ybvd + (vu − vd) 

⎛⎝m
⎞⎠ 2

2 2 2 2 2 1
B + ybvd + (v d) 

g− v �6u (2.30)Meb = 2 2 .g1 2
12 +
g

4

The tau slepton mass matrix in the basis (τeR, τeL) is given by:⎛⎝m
⎞⎠ 2

2 2 2 2 2 1
E + yτ vd + (v d) 

g �yτ (Aτ vd − µeffvu) 
2 2 2 2 2yτ (Aτvd − µeffvu) mL3
+ yτ vd − (vu − vd) 

− v �2u (2.31)=Mτe g1
2−g2

2
.

4

The tau sneutrino mass squared is given by: � � 
g1

2 + g2
22 2 2

d) (2.32)MeντL
= m − (v − v .L3 u 4

The top squark mass matrix Met can be diagonalized to obtain the physical mass
eigenstates et1, et2. Similarly, the diagonalization of the bottom squark mass matrixeb2. Finally, the diagonalization of the tau slepton
mass matrix Mτe produces the mass eigenstates τe1, τe2. All physical states are ordered
by increasing mass.

yields the mass eigenstates eb1,Meb
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2.2 The favour of New Physics

The SM contains twelve elementary fermions that are grouped in three generations
of increasing mass. In the quark sector, the six fermions are related through the CKM
matrix [82, 83]. Similarly, in the lepton sector the PMNS matrix describes the mixing
between the three families [84, 85]. Although we do not know the origin of fermion
masses and mixings, this favour universality is a symmetry structure of the SM that
applies to the electroweak and strong forces.

A promising approach to look for new physics effects consists in targeting pro-
cesses that are rare in the SM and searching for potential deviations from the SM
predictions in experimental data. Here there are multiple favour observables in-
volving Flavour Changing Neutral Currents (FCNC) that provide a good candidate
for fnding new physics effects. In the SM, FCNC processes only occur at the loop
level and are therefore suppressed. These processes can be complemented by new
physics contributions, such in meson mixing or rare decays, which we will study in
detail in this section.

2.2.1 New physics in meson mixing

The mixing of neutral mesons Bs
0, Bd

0, K0 and D0 with their own anti-particles is a
quantum effect that results from the box diagrams, shown in Fig. 2.3 for the B0 me-s
son. These mesons are defned by their quark content and thus they are favour
eigenstates. For these mesons, the favour eigenstates differ from the mass eigen-
states, which are an admixture of the meson and anti-meson states. To be more
specifc, in the rest of this subsection we will analyse in detail the B0-B̄0 meson sys-q q
tem, with q = s, d, but the description presented here can also be extended to the
rest of neutral mesons K0 and D0.

0The SM effective Hamiltonian in the favour basis (Bq
0, B ) is given by [86]:q� � 

Mq Γq Mq Γq

H = 11 − 2
i

11 12 − 2
i

12 , (2.33)
Mq Γq Mq Γq

21 − 2
i

21 22 − 2
i

22

where Mq and Γq are the mass and decay rate of the particles. The diagonal elements
of this matrix correspond to favour conserving transitions, while the off-diagonal
elements correspond to the box diagrams shown in Fig. 2.3 and are thus propor-
tional to a product of CKM factors. More specifcally, the on-shell part of the box
diagrams (up- and charm-quark running in the loop) corresponds to Γq

12, while the
off-shell part of the diagrams (top-quark contribution) corresponds to Mq For a12.
hermitic Hamiltonian preserving CPT, we have that Mq

= (Mq , Γq
= (Γq

12 21)
∗ 

12 21)
∗ 

Mq
= Γqand Mq

= 22. The mass eigenstates can be obtained diagonalizing this11 22, Γq
11

Hamiltonian, which yields the states:

Bq 0
= pB0 − qBq ,H q

Bq 0
= pB0 + qBq , (2.34)L q

with |p|2 + |q|2 = 1. In the previous equation, p and q are coeffcients that depend
on M12 and Γ12, and H and L denote the heavy a light states, respectively. The mass
eigenstates BH

q and BL
q have defnite masses MH

q , ML
q and decay rates ΓH

q , ΓL
q .

The B0-B̄0 system can be described in terms of the quantities |Mq
12| and theq q 12|, |Γ
q

relative phase φq = arg(−Mq
12), which describes CP-violation in the mixing.12/Γq

These three quantities are related to three key experimental observables: the mass
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FIGURE 2.3: Bs
0-B̄0 mixing diagrams in the SM.s

difference ΔMq, the decay rate difference ΔΓq and the semi-leptonic CP asymmetries
asl

q . These three observables are described in more detail below.

The mass difference ΔMq

The mass difference between the mass eigenstates of the neutral Bq meson is given
by [86]:

ΔMq ≡ Mq
H − Mq ' 2|Mq (2.35)L 12| .

The calculation of the box diagrams shown in Fig. 2.3 yields

Mq F λ2 f 2
12 = 

12
G

π 

2

2 t MW
2 S0(xt)BBq Bq

MBq η̂B , (2.36)

where λt = Vtq
∗ Vtb contains the CKM structure and can introduce an imaginary part.

In the previous equation, S0(xt) ' 2.36853 is the Inami-Lim function [87], which
gives the result of the 1-loop box diagram in the SM. The perturbative 2-loop QCD
corrections are quantifed by η̂B ' 0.83798 [88]. The bag parameter BBq and the
decay constant fBq describe the hadronic contribution to B-mixing. These parameters
are calculated in lattice QCD and constitute the main source of uncertainty in the
calculation of the mass difference in the SM.

Importantly, the quantity Mq
12 describes the contribution of off-shell intermedi-

ate states to the box diagrams and it is sensitive to heavy internal particles. In the
SM, these heavy particles are the W bosons and the top quark. However, there are
many new physics models (supersymmetry, leptoquarks, ...) which could induce
additional contributions to this observable. Therefore, the mass difference ΔMq is
very sensitive to new physics effects. The SM prediction for this quantity is given by
[89]:

ΔMSM −1= (18.77 ± 0.86) ps ,s

ΔMSM −1= (0.543 ± 0.029) ps , (2.37)d

while the measured experimental values for these observables are [90]:

ΔMExp −1
s = (17.757 ± 0.021) ps ,

ΔMExp −1
d = (0.5064 ± 0.0019) ps , (2.38)

which means that there is room for new physics contributions to the mixing process
[89, 91].
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The decay rate difference ΔΓq

The decay rate difference between the mass eigenstates of the neutral Bq meson is
given by [86]:

ΔΓq ≡ Γq
H − Γq

12| cos φq . (2.39)' 2|Γq
L

In this case, the calculation of Γq
12 is based on the Heavy Quark Expansion (HQE)

[92, 93]. In this framework, the total decay rate of a heavy hadron is expanded in
inverse powers of the heavy quark mass as ! 

Λ2 Λ3 Λ4 Λ5
Γ = Γ0 + Γ2 + Γ3 + Γ4 + O , (2.40)

m2 3 m4 5m mb b b b

where the hadronic scale Λ ' ΛQCD has to be calculated for each term indepen-
dently. In the previous equation, the leading term Γ0 describes the decay of a free
b-quark, while the dominant correction is given by the term Γ3. Each Γi can be ex-
panded in perturbation theory and be written as" !# 

α2 α3
Γ(0) αS Γ(1) S Γ(2) SΓi = + + + O , (2.41)i i i OD=i+34π (4π)2 (4π)3

where each non-perturbative matrix element of an operator OD of dimension D is
given by OD = Bq|OD|Bq /(2MBq). Following this approach, the quantity Γq

12
can be calculated in the HQE as ! 

OD=6 OD=7 OD=8Γq
= Γ3 + Γ4 + O , (2.42)12 m3 m4 m5

b b b

which results in the following SM predictions [89]:

ΔΓSM
s

−1= (9.1 ± 1.3) · 10−2 ps ,

ΔΓSM
d

−1= (2.6 ± 0.4) · 10−3 ps , (2.43)

while the measured experimental values for these observables are [89, 90]:

ΔΓExp
s

−1= (8.8 ± 0.6) · 10−2 ps ,

ΔΓExp
d

−1= (−1.3 ± 6.6) · 10−3 ps , (2.44)

which leaves little room for new physics contributions to the mixing process. Since
Γq

12 is given by on-shell contributions to the mixing process, this quantity is sensitive
to light (below MBq ) new physics particles running in the loop. In the SM, these
light particles are the up- and charm-quark. However, any potential new physics
contributions involving non-suppressed CKM contributions to the tree-level decay
b → ccs¯ are expected to be negligible. Therefore, it is reasonable to assume that there
are no new physics effects in Γq

12. This means that any new physics effects affecting
ΔΓs come from the phase φq.
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Semi-leptonic CP asymmetries asl
q

The semi-leptonic CP asymmetry of the B0 meson is defned as [89]:q

Γ(B̄0(t) → l+νlX) − Γ(B0(t) → l−ν̄lX) Γq
q q qa = sin φq . (2.45)sl ≡ 12

Γ(B̄0(t) → l+νlX) + Γ(B0(t) → l−ν̄lX) Mq
q q 12

Using the approach described for calculating M12
q and Γq

12, then we have that" #� �2Γq
12 q q Vuq Vuq

= −10−4 c + a + bq ' (4.80 + 0.44i) · 10−3 , (2.46)
Mq Vtq Vtq12

where cq ' −48, aq ' 11 and bq ' 0.23 in the SM. There is a clear hierarchy in
the three contributions to Eq. 2.46. First, the term cq is real and it gives the largest
contribution to the total value. The second term, proportional to aq, includes an
imaginary part and it is GIM [94] and CKM suppressed. The term proportional to
bq also includes an imaginary part and it suffers from the strongest GIM and CKM
suppression. All three terms have subtle cancellations between them, which can be
modifed by new physics effects.

As a result, the SM prediction for the semi-leptonic asymmetries asl
q are [89]:

s,SM −1a = (2.06 ± 0.18) · 10−5 ps ,sl
d,SM −1a = (−4.73 ± 0.42) · 10−4 ps , (2.47)sl

while the measured experimental bounds for these observables are much larger than
the SM predictions [90]:

s,Exp −1a = (60 ± 280) · 10−5 ps ,sl
d,Exp −1a = (−21 ± 17) · 10−4 ps . (2.48)sl

Although the experimental bounds for these observables are far above the SM pre-
dictions, the imaginary component of Im(Γq

12) sets strong bounds on BSM con-12/Mq

tributions [90]. However, different new physics effects in concrete individual chan-
nels could modify the GIM and CKM suppression in Eq. 2.46. Therefore, there is still

dplenty of room for new physics in the semi-leptonic asymmetries as
sl and asl .

2.2.2 New physics in b → sµµ transitions

The favour anomalies in the measured decay rates of the B meson are currently
among the most promising signals of new physics [95–97]. In particular, recent mea-
surements hint at lepton favour universality violation in the ratios [98–100]:

B → K(∗)µ+µ+ 
RK(∗) = . (2.49)

B → K(∗)e+e− 

In the SM, these ratios do not suffer from hadronic corrections [101] and are pre-
dicted to be RK(∗) = 1 [102]. However, the measurements of these clean observables
produce a sizeable ∼ 3σ deviation from the SM, as shown in Fig. 2.4. Furthermore,
measurements of the differential branching fractions [95] and angular observables
[97, 103–107] for the process B → K(∗)µ+µ− also show signifcant deviations from
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FIGURE 2.4: Measurement of RK(∗) by the LHCb experiment [99]. The thin
line corresponds to the current experimental uncertainty, while the thick line
denotes the expected sensitivity after Run 3 of the LHC. The coloured bands
correspond to the theory predictions for these ratios in the presence of different
Wilson coeffcients. The shaded regions indicate the 1σ and 2σ uncertainty
bands. This fgure is taken from Ref. [108], where the authors systematically
analyse in depth a rich variety of scenarios.
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FIGURE 2.5: SM diagrams that describe the decay B → K(∗)µ+µ− , with and
underlying b → sµ+µ− transition.

the SM predictions. The SM diagrams associated to this process are shown in Fig. 2.5.
Taken together, all the experimental anomalies involve the process b → sµ+µ− .

These experimental results can be effciently interpreted in a model independent
effective feld theory framework. Using this approach, we can parameterize new
physics effects in b → sµ+µ− transitions through the SM effective hamiltonian:

10
µ+µ− 4GFHeff = − √ 

2
VtbVts

∗ ∑ CiOi . (2.50)
i=1

Recent global fts [108–111] have found that the experimental anomalies can be ex-
plained through new physics contributions to the effective operators O9 and O10,
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FIGURE 2.6: SM diagram that describes the decay B → D(∗)τ−ν̄τ , with and
underlying b → cτν̄τ transition.

defned as:

αemO9 = sγµ PLb)( ̄ (2.51)( ¯ µγµµ) ,
4π 
αemO10 = ( ¯ µγµγ5µ) .sγµ PLb)( ̄ (2.52)
4π 

The Wilson coeffcients C9 and C10 contain both the SM and new physics contribu-
tions:

= CSM + CNP ,C9 9 9

CSM + CNP= . (2.53)C10 10 10

Following this approach, multiple models have been suggested to explain the signs
of lepton favour universality violation observed in b → sµ+µ− transitions. In par-
ticular, tree-level solutions with new Z0 [112, 113] and leptoquarks [114, 115], and
1-loop solutions with new scalars and fermions [116–118] are extremely popular in
the literature.

2.2.3 New physics in b → cτν̄τ transitions

There is another signifcant experimental anomaly in D meson decays involving the
b → cτν̄τ transition. This process is shown in Fig. 2.6. In particular, there are impor-
tant deviations in the observables [119–121]:

B → D(∗)τ− ν̄τRD(∗) = , (2.54)
B → D(∗)l− ν̄l

with l = e, µ. The measurement of these observables yields a substantial ∼ 4σ de-
viation from the SM prediction. However, this process involves QCD uncertainties
that are hard to model in the SM. Since this transition occurs at tree-level, any po-
tential new physics contributions must be large enough to explain the experimental
anomaly. As a result, new physics interpretations of this measurements are usu-
ally in confict with other constraints. For instance, obvious candidates such as new
W 0 bosons and charged Higgs bosons, H+ , have been discarded, and leptoquarks
remain the most popular candidate to address this anomaly [122]. Combined expla-
nations of the RK(∗) and RD(∗) anomalies have also been proposed in the literature
[123, 124].
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3 Machine Learning at the LHC

3.1 Why is Machine Learning relevant at the LHC?

The LHC is the most powerful particle accelerator and it has the potential to resolve
key open problems in particle physics. The vast amount of data collected by this
experiment are complex and high dimensional, which requires powerful techniques
to extract the relevant information. Furthermore, the particle interactions with the
detectors are ruled by quantum mechanics. As a result, the data analysis and the
conclusions extracted from LHC data must be interpreted in statistical terms.

In statistics, a statistical model p( 
observing

~ 
~ 

x, θ) can be used to describe the probability of
x given the set of parameters θ of the underlying theory. However, the

statistical model over the high-dimensional space of the experimental data is not
known explicitly, and currently one has to rely on large samples of simulated data to
model the physics of particle interactions on different scales. For low-dimensional
data, kernel-based density methods may be used to obtain a reasonable estimation of
the distribution of observed data, which can then be compared to the simulation. As
the dimensionality of data increases, the amount of data needed to obtain a reliable
statistical analysis grows exponentially with the number of dimensions. This phe-
nomenon is known as the curse of dimensionality and it makes computational tasks
intractable for high-dimensional input data. To address this issue, traditional meth-
ods apply physics knowledge to construct high-level observables that reduce the
number of dimensions, encoding the most relevant information from the observed
data. As a result, the reconstruction of each individual collision and the identifca-
tion of the particles involved in the event are based on specifc key features in the
data. Although this strategy allows to reduce the dimensionality of data to estimate

θ using simulated samples, it may not be optimal in many For instance,)x cases.~ ,
this information loss could be critical in physics searches. Since the collectednew
LHC data are complex and potential new physics may have subtle experimental sig-
natures, new physics particles could be easily missed with traditional approaches.

Machine Learning (ML) is feld the intersection of science andat computera
statistics. ML techniques excel at learning statistical models from high-dimensional

p( 

data [125] and therefore provide a fantastic tool for LHC physics. The process of
learning is called training, and it provides the ML model with the ability to gener-
alise the learned statistical model to data that was not used during training. Different
approaches can be applied depending on the nature of the problem and the details
of the available data. In general terms, there are two types of learning tasks: super-
vised and unsupervised. In supervised learning, the model is trained on a labelled
dataset to classify data or predict an outcome accurately. Importantly, the desired
outcome for each element of the training dataset is known beforehand. By contrast,
unsupervised learning tasks do not use this information and the goal of the algo-
rithm is to learn patterns from the training dataset. In between these two categories,
semi-supervised learning tasks occur when only a fraction of the input dataset is
labelled.

ML tools have been applied to different tasks such as particle identifcation [126],
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event classifcation [127], track fnding [128] or fast simulations [129]. These tech-
niques were also used in the discovery of the Higgs boson [130]. Most of these
applications have produced a signifcant improvement in the discovery potential of
new physics particles. In Chapter 6, we will study in detail how to apply unsuper-
vised and semi-supervised methods for fnding new particles.

3.2 Supervised Learning

There are many problems in high energy physics that can be reformulated as ma-
chine learning problems. In these problems, the goal is to fnd a function f : X → Y 

x ∈ X ⊆ Rp with p features to a low-dimensional~that maps the observed input data

~~ 
~space with a target label y ∈ Y ⊆ R, which optimises a given metric L( f (x), y) called

~ 
loss function. For N observations, we defne the input dataset as X (x1, . . . , xN) 

x ∈ X and y ∈ Y are sampled from
p(x, y).~ 

= 
and the target labels as Y = (y1, . . . , yN), where

In supervised learning, the function space is formed by the family of functions
~ 

~ 

~ 

fθ (x) parameterized by a set of parameters θ. The loss function L( fθ (x), y) mea-

~ 

sures the difference between the prediction fθ (x) and the desired output y, and the
algorithm minimises this function with respect to the parameters θ.

~~ 

3.2.1 Regression and Classifcation

The two most important tasks in supervised learning are classifcation and regres-
sion. In classifcation, the possible outcomes of the input data are organised in two
or more categories. The goal in these problems is to fnd the boundaries in feature
space that separate regions associated to different labels. In regression, the model
learns to approximate a function of continuous outputs. In both cases, the goal is
to approximate a function that is able to map a set of input data to a collection of

~ 

desired outputs.
Linear models use a linear function of the input features to make a prediction.

The linear function to be learned can be written as

p

f (x, w) = w x + b = ∑ wixi + b , (3.1)· 
i=1

~w is a vector with the weights (parameters) of the model, and b is a constant
parameter called bias. The training procedure consists in optimising these parame-
ters to give the model prediction power.

The simplest case of regression is linear regression. The aim of linear regression
is to predict an output ŷ that approximates the desired output y by optimising a
2-parameter linear function. This is formulated as:

ŷ = w1x1 + b . (3.2)

The weight and bias can be optimised by minimising the Mean Squared Error (MSE),
which is defned as the residual sum of squares:

N

where

1
MSE = ∑(ŷi − yi)

2 . (3.3)
N i=1
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When this approach is extended to multiple features it is known as multivariate
linear regression.

Linear models can also be used for classifcation tasks. One of the most popu-
lar approaches is logistic regression, a statistical model that uses a logistic function
to model a classifcation problem. In linear regression, we modelled the predicted
output ŷ as a function of the data x directly. In logistic regression, we model the
probability that ŷ belongs to a given class, provided the observed data

~ 
For binaryx~ .

classifcation, y ∈ {0, 1}, the linear function to be learned is mapped to the logit
function as � � 

p(x)
f (x, w) = w x + b = log

1 − p(x)~ 
~ 

~~~~ (3.4)· ,

where p(x) ≡ P(ŷ = 1|x) is defned as the probability of belonging to class 1 given
x, and 1 − p(x) is defned as the probability of belonging to class 0. The logarithm
function is the natural logarithm. From this equation, we can write the probability
p(x) of belonging to class 1 as

~ 
~ 

~ 

~ 

~ 

~~ 
1

, (3.5)
1 + exp (− f (x, w)) p(x) = 

which is a sigmoid function. The regression coeffcients can be estimated using Max-
imum Likelihood Estimation. For multiple training examples, the input dataset is

~ 

defned as X

~~ 

~ 

(x1, . . . , xN) and the target labels as Y

~ 

to maximise the likelihood:
~ 

L(w) = P(Y|X; w) 

~ 

P(yi|xi; w) 

= (y1, . . . , yN), and we want= 

N

∏= 
i=1
N

~~p(xi)
yi (1 − p(xi))

yi

i=1

For numerical stability, in practice it is more convenient to maximise the equivalent
log-likelihood function:

N

∏ (3.6)= .

� �
∑ ~~~w) = yi log p(xi) + (1 − yi) log (1 − p(xi)) 
i=1

which is equivalent to minimising the negative log-likelihood function:

log L( (3.7),

~~ 

~~w) ≡ − log L(w) 

yi log p(xi) + (1 − yi) log (1 − p(xi)) 
i=1

This is very is convenient to optimise the model using gradient-based techniques,
such as gradient descent or stochastic gradient descent, which are guaranteed to
converge for convex objectives.

The negative log-likelihood and binary cross-entropy functions are exactly the
same, but they were formulated in different contexts. In the context of ML, they
are used interchangeably. For this reason, it is common to minimise the average

L( 
N � � 
∑ (3.8)= − .
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FIGURE 3.1: Diagram of a perceptron. The input data , xp) and the

~ 

~x = (x1,
weights are processed by the neuron, the weighted sum z is transformed by
the activation function and sent as an output.

~ 

cross-entropy function:

N
w) = − yi log p(xi) + (1 − yi) log (1 − p(xi))~ 

· · · 

� �1
∑ 

1i= 
J( (3.9).

N

Therefore, once the parameters of the linear model are optimised on the training
data, the probability that a new given observation belongs to class 1 is computed
using Eq. 3.5.

3.2.2 Artifcial Neural Networks

Artifcial Neural Networks, which are more often simply called Neural Networks
(NNs), are a class of models inspired by the biological neural networks that form the
human brain. Neural networks aim to learn information through a set of connected
neuron layers that are formed by a collection of artifcial neurons or units. Each
artifcial neuron, like neurons in a biological brain, receives a signal that is processed
and then transmitted to other neurons connected to it. The connections between
artifcial neurons model the synapses of a biological brain, transmitting information
to other neurons. In this way, a neural network is a statistical model that uses a
network of functions to learn complex patterns in data and transform them into a
desired output.

The frst neural network with a threshold activation function was introduced by
Rosenblatt [131] in 1958. This network is formed by a single layer with only one
neuron, and it is called perceptron. The perceptron is a model that learns a linear
binary classifer called threshold function, which maps an input to a binary output.
The model prediction ŷ is given by( 

x + b > 01 if ~~w
0 otherwise

· 
ŷ = (3.10)

where

~~ 

~w is the vector of weights and b is the bias. The perceptron learning algorithm
is a simple update rule and it is guaranteed to converge for linearly separable data.
The structure of a perceptron is shown in Figure 3.1.

Formally, the output of a single-layer network with one unit is described as

w x + b) ,ŷ = σ ( · (3.11)
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FIGURE 3.2: Diagram of a neural network. The input data ~x
enter the network through an input layer of 4 units, then the information fows
through three hidden layers, and a fnal output layer gives the prediction ŷ
[132].

where σ is the activation function of the layer. The aim of the activation function is to
introduce non-linearity into the output of a neuron. For a perceptron, the activation
function is the threshold function. It is worth noting that linear regression can be
thought of as a linear neuron, where the activation function is the identity function,
σ(z) = z, and thus the output ŷ is a real number. Furthermore, logistic regression
can be viewed as a perceptron with a sigmoid activation function, σ(z) = 1/(1 + 
exp (−z)). However, note that logistic regression is motivated from a probabilistic
perspective, with a training procedure based on conditional likelihood. By contrast,

= (x1, x2, x3, x4) 

the perceptron is trained to give a prediction ŷ for a given set of data

~ 

~x.
The multilayer feed-forward neural networks, also known as multilayer percep-

trons, are the most popular and widely studied neural networks. The structure of
these networks consists of one input layer where each unit represents an input vari-
able, one or more hidden layers, and one output layer with one or more output units
that produces the output. Each unit can be viewed as a perceptron that takes a set of
input data and weights, processes the information and gives an output that is trans-
mitted to other units. The number of neurons in each layer, the connections among
the neurons and the choice of activation functions are collectively known as the ar-
chitecture of the network. Neural networks with many hidden layers are called deep
neural networks. The structure of a 5-layer neural network is shown in Figure 3.1.
The function that is minimised to optimise the parameters of the model is called loss
function. In the case of linear regression, we introduced the MSE in Eq. 3.3, while in
logistic regression the loss function was the cross-entropy defned in Eq. 3.9.

The aim of a neural network is to learn a function that maps a set of features
to an output ~~~y, which is mathematically described as y = fθ (x), through a sequence
of transformations. The collection of weights that parameterize the full network is
denoted by θ. Formally, for a layer indexed by i, there is a matrix of weights Wi that
is formed by all the weight vectors ~ ~w of each neuron, and a vector bi of biases. In
practice, all neurons of a layer share the same activation function σi, so the output of

x
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a layer
(3.12)

hi can be written as
hi+1

where the dimension of the vectors

~ 
~ 

= σi(Wihi + bi) ,

hi, bi and hi+1 equals the number of neurons in
layers i and i + 1, respectively. The dimension of the matrix of weights Wi is n × m,
where n and m are the number of neurons in layers i and i + 1, respectively. The

~ 

~ 

~ 

~~ 

vector hi is the i-th transformation of the input data x.
Neural networks are trained using an optimisation algorithm known as gradient

descent with backpropagation. At each iteration, the gradient of a differentiable loss
function with respect to the model parameters (weights and biases) is calculated.
Since neural networks are composite functions, and each of the neurons applies a

~ 

linear transformation followed by a non-linear differentiable activation function, the
chain rule can be used to compute the gradient of the loss function effciently. At
each gradient step t, the parameters of the neural network are updated as

~ 

~~= θt − erθ L ( fθ (x), y) ,

where e is a parameter called learning rate, which controls the magnitude of the gra-
dient step. In practice, this algorithm is computationally expensive. For this reason,
a widely used alternative is stochastic gradient descent. This method only uses a
small subset of the training data called mini-batch to calculate the loss function and
perform the gradient step, which is suffcient to have an estimate for the full training
data.

Finally, a popular traditional choice of activation function is the sigmoid func-
tion. Currently, this function is only used in the output layer of the network for bi-
nary classifcation problems. In the last few years, the Rectifed Linear Unit (ReLU)
[133] activation function, defned as

σ(z) = max(0, z) , (3.14)

has become the standard choice because it helps to overcome the vanishing gradients
problem [134]. Although this function is not differentiable at the origin, the value of
the derivative can be prescribed.

3.3 Unsupervised Learning

Unsupervised learning is a paradigm that implements an algorithm that does not
use the set of desired outputs for training. The aim of the algorithm is to use a set

θt+1 (3.13)

of input data X ~~~(x1, . . . , xN), with x ∈ X 
tion of the data that can be useful for discovering patterns, compress information or
generate new content. The main motivation behind unsupervised approaches is the
lack of knowledge about the desired output. Furthermore, unsupervised methods
allow to identify unexpected properties in the distribution of data. In this section, we
will briefy introduce two of the most studied techniques in unsupervised learning:
clustering and dimensionality reduction.

Cluster analysis or clustering consists in classifying a set of data into different
groups or clusters according to some metric or distance that is chosen based on the
specifc problem. The idea is that the data within each cluster are closer to each other
as measured by this metric than to those of other clusters. One of the most popular

= ⊆ Rp, to learn a compact representa-
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clustering methods is called K-means, which consists in identifying a set of K clus-
ters in a given dataset using the Euclidean distance as a metric. The standard algo-
rithm starts by randomly assigning a cluster to each observation, then compute the
mean vectors or centroids of each cluster, and assign each observation to the cluster
with the closest centroid. The last two steps are iterated until the assignment of the
observations to each cluster stops changing. The algorithm minimises the following
objective function:

K N p1
(xij − xi0 j)

2J = ∑ ∑∑ , (3.15)|Ck|k=1 i,i0∈Ck j=1

where Ck denotes a specifc cluster and |Ck| is the number of observations within
that cluster.

Dimensionality reduction consists in compressing data from a high-dimensional
space into a low-dimensional space that preserves the most signifcant properties of
the original data. In high-dimensional spaces, data are usually sparse due to the
curse of dimensionality. In addition, analysing the data is computationally expen-
sive or even intractable. For this reason, dimensionality reduction techniques are
crucial to reduce the dimensionality of data without loosing much information, and
can be applied as a pre-processing step to problems such as noise reduction, cluster-
ing, or to prepare data for other analyses.

Principal Component Analysis (PCA) is one of the most popular dimensional-
ity reduction techniques. It consists in fnding an orthonormal basis from a linear
combination of the features, such that each of the axes (the principal components)
is ordered by the variance of data in that dimension. In this way, the frst principal
component is defned as the direction in feature space that maximises the variance
of the projected data. The second principal component is defned as the direction
that is orthogonal to the frst principal component and maximises the variance of
the projected data. The aim of this process is to select a set of the frst few principal
components that keeps as much information as possible from the original data but
in a low-dimensional space.

3.4 Applications at the LHC

There are many problems in particle physics that can be formulated as a classifca-
tion task in a high-dimensional variable space. For this reason, ML techniques have
gained signifcant attention for LHC physics. In this section, we briefy review the
main applications of ML methods at the LHC.

3.4.1 Jet classifcation

Machine learning techniques have been applied in a variety of jet classifcation prob-
lems, such as favour tagging (discriminate between b or c jets and light quark jets),
jet substructure tagging (discriminate between jets induced by W, Z, t and H decays)
and quark-gluon discrimination.

A jet is a collimated spray of particles resulting from the production of quarks
and gluons that leaves a radiation pattern in the detector. There are two main ap-
proaches for jet tagging. The frst approach is based on designing a set of physics-
inspired features that contain most of the relevant information about the jet sub-
structure of the observed jet. In particular, N-subjettiness variables [135, 136] are
one of the most studied tools to describe the the substructure of a jet. These vari-
ables quantify to what degree a jet can be described by N subjects, and they have
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been use extensively to discriminate between jets produced in the decay of heavy
particles (W, Z, t, H and even new physics particles) and light jets that constitute the
QCD background [137, 138]. The second approach consists in representing the jet as
an image on the detector plane, with the energy depositions of the particles repre-
senting the pixel intensities [139]. The main advantage of this approach is that ML
and computer vision techniques can be used to exploit the rich low-level information
that is available in these images directly, without any potential loss of information
due to miss-modelling effects [140]. These techniques are able to achieve nearly opti-
mal performance on particular classifcation tasks. For a full review of ML methods
for jet tagging, see [141].

Clustering algorithms also play an important role in jet classifcation. Jet shapes
are a cone of radiation that leaves a spread distribution of energy deposits in the de-
tector. For this reason, clustering algorithms are used to identify jets (and subjects) in
the detector. The most popular jet clustering algorithms are the Cambridge-Aachen
algorithm [142], the kt algorithm [143], and the anti-kt algorithm [144]. The anti-kt
algorithm has become the standard choice at ATLAS an CMS analysis for being safe
to infrared emissions.

3.4.2 Event classifcation

One of the most established applications of ML at the LHC is the identifcation
of events that contain interesting processes from their corresponding backgrounds
[145]. Traditional approaches usually implement a cut-based selection, which sep-
arates events in different subsamples depending on kinematical properties of the
particles involved in the event. ML techniques can be trained on a dataset with a
simulated signal and a simulated or real background to discriminate between events
of the two classes. For instance, one of the ATLAS searches for a Higgs boson [146]
used a ML model trained on a simulated Higgs signal and real background events
to select a sub-sample of events that are used to perform a ft to the mass sidebands.
In the last few years, it has been shown that ML methods outperform traditional
approaches at discriminating between signal and background events [147].

3.4.3 Track fnding

One of the most computationally intensive tasks in the analysis of particle collisions
at the LHC is the reconstruction of particle tracks. Track-reconstruction algorithms
are responsible for fnding the pixel elements in the innermost layer of the detector
where a charge has been deposited, which are called hits. The algorithm then recon-
structs pixel clusters from the individual neighbouring hits and builds a set of track
seeds, which are then extended to compute the full track that reaches the calorime-
ter. This full process is a sequence of clustering algorithms that return about ∼ 103

tracks for each candidate event. The ATLAS collaboration uses neural networks to
identify merged clusters [148]. Recently, Graph Neural Networks [149] have gained
signifcant attention for reconstructing particle tracks at the LHC [150–152].

3.4.4 Fast simulations

The detailed simulation of particle collisions and their interactions with the detector
at the LHC is a computationally intensive task, which currently constitutes over 50%
of the computing resources of the LHC experiments. These simulations are key for
interpreting the observed data in these experiments, and the amount of simulated
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events and that will be needed at the high luminosity phase of the LHC (HL-LHC)
will be signifcantly larger than for Run 1 [153].

Generative Adversarial Networks (GANs) [154] are one promising approach to

~ 

address the growing need for fast and accurate simulations at the LHC. The training
process of GANs is framed as a zero-sum game between two models: a generative
model that is trained to generate simulated samples, and a discriminator model that
tries to classify the examples as real (from the full simulator) or fake (from the gen-
erative model). The two models are trained until the discriminator model fails to
distinguish between real or fake events abut half the time, which means that the
generator model has learned to generate realistic examples.

The frst fast simulation at the LHC using GANs simulated the electromagnetic
showers in a multi-layer calorimeter [129], showing a good performance compared
to the full simulation and achieving large computational speedups. Other approaches
have shown that GANs can be used to generate large amounts of simulated samples,
signifcantly improving the computational cost with respect to full simulators [155].

3.5 Machine Learning for New Physics searches at the LHC

3.5.1 New Physics searches as a likelihood-free inference problem

The main goal of most experimental measurements performed at the LHC is to con-
strain the parameter space of new physics models, which are typically parameter-
ized in an effective feld theory or directly described by a collection of model param-
eters. The observed high-dimensional data is interpreted using a likelihood function

xN),~ 
~ 

p(X|θ), which describes the probability of observing a set of events X = (x1, . . . ,
where each event is represented by a set of p observables, x ∈ X ⊆ Rp, as a function
of a set of parameters θ of the underlying theory.

The likelihood function is given by [156, 157]

N
~p(xi|θ) ,

i=1

where:
λNe−λ 

Pois(N|λ) = , (3.17)
N!

is the Poisson distribution, which describes the probability distribution for the num-
ber of observed events N. For particle physics measurements, the expected event
rate is λ = Lσ(θ), where L is the integrated luminosity and σ(θ) is the cross section
as a function of the model parameters, and it is calculated including effciency and
acceptance effects. The second term in Eq. 3.16 contains the likelihood function for
each single event, given by

pfull(X|θ) = Pois(N|λ) ∏ (3.16)

~ 
~ ~ dpσ(x|θ)

p(x|θ) = 
σ(x) 

which describes the probability density of the p-dimensional vector of observables

1
(3.18),

dxp

~ 

~

~ 

x as a function of the model parameters θ. Note that this kinematic likelihood func-
tion is the normalised fully differential cross section of the event. The most accurate
description of the kinematic distributions contained in this function is given by com-
plex Monte Carlo simulations. Using these techniques, simulated samples of events
x can be sampled from p(x|θ) for a given set of parameters θ of a specifc model. In
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these tools, the kinematic likelihood is implicitly defned as [158, 159]Z Z Z 
p(x|θ) = dzp p(x|zd)p(zd|zs)p(zs|zp)p(zp|θ) ,~~ dzd dzs (3.19)

where zp are the variables that characterise the particles involved in the hard inter-

~ 

action (four-momenta, charges, favour and helicities), zs details the parton shower
and hadronization processes, and zd describes the interactions of the simulated par-
ticles with the detector. The explicit calculation of the integral over this extremely
high-dimensional space is not feasible, because the full simulation of a single event
can easily involve ∼ 108 random numbers [160]. As a result, the calculation of the
likelihood function is an intractable problem.

In order to address the intractability of the likelihood function, traditional anal-
x to only oneysis techniques in particle physics reduce the full set of observables

or two summary statistics v(x), such as the reconstructed invariant mass of the de-
cay products of a target resonance, the transverse momentum of the leading particle

~ 

~ 

~ 

The likelihood function p(v(x)|θ) in this
reduced low-dimensional space can be estimated using one- or two-dimensional
histograms with simple density estimation techniques, such as kernel methods or
Gaussian processes. The problem with this approach is that in many cases there is
a signifcant amount of information in the full likelihood function that is lost in this
approximation [161, 162]. In addition, choosing the optimal summary statistics is a
diffcult and problem-dependent task. However, extending this approach to a higher
number of summary observables is not viable due to the curse of dimensionality.

Once the reduced likelihood function has been approximated, it can be used to
derive exclusion limits on the parameter space of the EFT or new physics model
[163]. The main idea here is to compare the histograms of a signal region where the
signal is potentially located, and a control region where one expects mainly back-
ground events or a simulated sample of events. For a particular signal assumption,
the Neyman-Pearson lemma [164] states that the likelihood ratio

p(xi|θA) 

in the event, or an angular observable.

Np(X|θA) =r(X|θA, θB) = ∏ (3.20),
~p(xi|θB) 

is the most powerful test statistic to discriminate whether the events have been gen-
erated from the set of parameters θA or θB. In statistical terms, the two hypothesis
are called null and alternative hypothesis. The likelihood ratio test can be used to
establish discovery (reject the background-only hypothesis) or to set exclusion limits
on the model (reject the signal-plus-background hypothesis). Therefore, discovery is
formulated with the background-only hypothesis as the null hypothesis, and exclu-
sion limits are set using the signal-plus-background hypothesis as the null hypothe-
sis. In both cases, the compatibility of the observed data and the null hypothesis is
quantifed using a p-value, which measures the probability of observing the data as-
suming the null hypothesis. When the p-value is smaller than a defned signifcance
level, the null hypothesis is rejected.

Following this approach, most new physics searches at the LHC are designed to
target specifc signals that would be produced by concrete, well-motivated theoreti-
cal models. This approach has been useful to explore and constrain the phenomenol-
ogy of the most popular models in some simplifed scenarios [33–37]. As an illus-
trative example, a summary of results from the ATLAS supersymmetry searches
is shown in Figure 3.3. In these searches, complex analysis techniques based on
summary statistics are applied to test the existence of supersymmetric particles. By

p(X|θB) i=1
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Model Signature
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q̃q̃, q̃→qχ̃01 0 e, µ 2-6 jets Emiss
T 139 m(χ̃01)<400GeV ATLAS-CONF-2019-0401.9q̃ [10× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃01)=5GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃01 0 e, µ 2-6 jets Emiss
T 139 m(χ̃01)=0GeV ATLAS-CONF-2019-0402.35g̃

m(χ̃01)=1000GeV ATLAS-CONF-2019-0401.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃01 1 e, µ 2-6 jets 139 m(χ̃01)<600GeV ATLAS-CONF-2020-0472.2g̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃01 ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃01 )=50GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃01 0 e, µ 7-11 jets Emiss
T 139 m(χ̃01) <600GeV ATLAS-CONF-2020-0021.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃01)=200GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃01 0-1 e, µ 3 b Emiss
T 79.8 m(χ̃01)<200GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃01)=300GeV 1909.084571.25g̃

b̃1b̃1, b̃1→bχ̃01/tχ̃
±
1 Multiple 36.1 m(χ̃01)=300GeV, BR(bχ̃01)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 139 m(χ̃01)=200GeV, m(χ̃±1 )=300GeV, BR(tχ̃±1 )=1 1909.084570.74b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃02 → bhχ̃01 0 e, µ 6 b Emiss
T 139 ∆m(χ̃02 , χ̃

0
1)=130GeV, m(χ̃01)=100GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 τ 2 b Emiss
T 139 ∆m(χ̃02 , χ̃

0
1)=130GeV, m(χ̃01)=0GeV ATLAS-CONF-2020-0310.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃01 0-1 e, µ ≥ 1 jet Emiss
T 139 m(χ̃01)=1GeV ATLAS-CONF-2020-003, 2004.140601.25t̃1

t̃1 t̃1, t̃1→Wbχ̃01 1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃01)=400GeV ATLAS-CONF-2019-0170.44-0.59t̃1

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1 τ + 1 e,µ,τ 2 jets/1 b Emiss
T 36.1 m(τ̃1)=800GeV 1803.101781.16t̃1

t̃1 t̃1, t̃1→cχ̃01 / c̃c̃, c̃→cχ̃01 0 e, µ 2 c Emiss
T 36.1 m(χ̃01)=0GeV 1805.016490.85c̃

m(t̃1,c̃)-m(χ̃01 )=50GeV 1805.016490.46t̃1
0 e, µ mono-jet Emiss

T 36.1 m(t̃1,c̃)-m(χ̃01)=5GeV 1711.033010.43t̃1

t̃1 t̃1, t̃1→tχ̃02, χ̃
0
2→Z/hχ̃01 1-2 e, µ 1-4 b Emiss

T 139 m(χ̃02)=500GeV SUSY-2018-090.067-1.18t̃1
t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss

T 139 m(χ̃01)=360GeV, m(t̃1)-m(χ̃01)= 40 GeV SUSY-2018-090.86t̃2t̃2 Forbidden

χ̃±1 χ̃
0
2 via WZ 3 e, µ Emiss

T 139 m(χ̃01)=0 ATLAS-CONF-2020-0150.64χ̃±
1 /χ̃

0
2

ee, µµ ≥ 1 jet Emiss
T 139 m(χ̃±1 )-m(χ̃01 )=5 GeV 1911.126060.205χ̃±

1 /χ̃
0
2

χ̃±1 χ̃
∓
1 via WW 2 e, µ Emiss

T 139 m(χ̃01)=0 1908.082150.42χ̃±
1

χ̃±1 χ̃
0
2 via Wh 0-1 e, µ 2 b/2 γ Emiss

T 139 m(χ̃01)=70 GeV 2004.10894, 1909.092260.74χ̃±
1 /χ̃

0
2

χ̃±
1 /χ̃

0
2 Forbidden

χ̃±1 χ̃
∓
1 via ℓ̃L/ν̃ 2 e, µ Emiss

T 139 m(ℓ̃,ν̃)=0.5(m(χ̃±1 )+m(χ̃01)) 1908.082151.0χ̃±
1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃01)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 jets Emiss

T 139 m(χ̃01)=0 1908.082150.7ℓ̃
ee, µµ ≥ 1 jet Emiss

T 139 m(ℓ̃)-m(χ̃01)=10 GeV 1911.126060.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃01 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 139 BR(χ̃01 → ZG̃)=1 ATLAS-CONF-2020-0400.55H̃

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃01 Multiple 36.1 m(χ̃01)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

χ̃±1 χ̃
∓
1 /χ̃

0
1 , χ̃±1→Zℓ→ℓℓℓ 3 e, µ 139 Pure Wino ATLAS-CONF-2020-0091.05χ̃∓

1 /χ̃
0
1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓

1 /χ̃
0
1 [BR(Zτ)=1, BR(Ze)=1]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±1 χ̃
∓
1 /χ̃

0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃01)=100 GeV 1804.036021.33χ̃±
1 /χ̃

0
2 [λi33 , 0, λ12k , 0] 0.82χ̃±

1 /χ̃
0
2 [λi33 , 0, λ12k , 0]

g̃g̃, g̃→qqχ̃01, χ̃
0
1 → qqq 4-5 large-R jets 36.1 Large λ′′112 1804.035681.9g̃ [m(χ̃0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃0
1)=200 GeV, 1100 GeV]

Multiple 36.1 m(χ̃01)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′
112

=2e-4, 2e-5] 1.05g̃ [λ′′
112

=2e-4, 2e-5]

t̃t̃, t̃→tχ̃01, χ̃
0
1 → tbs Multiple 36.1 m(χ̃01)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃±1 , χ̃
±
1 → bbs ≥ 4b 139 m(χ̃±1 )=500 GeV ATLAS-CONF-2020-0160.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]
t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k

<1e-8, 3e-10< λ′
23k

<3e-9] 1.0t̃1 [1e-10< λ′
23k

<1e-8, 3e-10< λ′
23k

<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2020

ATLAS Preliminary√
s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

FIGURE 3.3: Summary of results from the ATLAS supersymmetry searches
[33].

targeting the specifc production modes and different combinations of fnal state par-
ticles for the most popular supersymmetry scenarios, a set of limits on the particle
masses and cross sections are derived. These limits can then be used to constrain the
parameters θ of the underlying model, as shown in Section 2.1.

3.5.2 Neural Networks for likelihood-free inference problems

In the previous subsection we have shown that calculating the likelihood function
~p(x|θ) is an intractable problem. However, one solution to this problem is to for-

mulate the task of density estimation into the easier task of classifcation. Assume
~x ∈ X 

binary classifer to fnd a function f : X → Y that maps an observed event to a
target y ∈ Y ⊆ [0, 1]. Suppose that the function f is a neural network trained to

that a collider event is described by a set of features ⊆ Rp, and we train a

~ 

~ 

~~ 

~ 
distinguish between events generated by θA ( f (x) → 1) and events generated by θB
( f (x) → 0). If f is trained by minimising an appropriate loss function, such as the
binary cross entropy [165]:

L( f (x)) = − log ( f (xi)) − log (1 − f (xi)) ,∑ ∑ (3.21)
~ 

~ 
~ 

~ 
~ 

~xi∈θA xi∈θB

then in the limit of infnite training data, using the same number of samples from the
two hypothesis, an optimally trained neural network will satisfy [156–159, 166–171]:

f (x) p(x|θA) 
1 − f (x) p(x|θB) 

= , (3.22)
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so that it learns the likelihood ratio defned in Eq. 3.20 (or a function that is mono-
tonically related to the likelihood ratio). The Neyman–Pearson lemma states that
this defnes the optimal classifer.

Furthermore, in Ref. [156] it is shown that neural networks can be trained to learn
θ θ| )x~ BA, .either the likelihood function p(x|θ) directly or the likelihood ratio r( 

this reference, the techniques that are used to calculate both functions are integrated
into a software tool called MadMiner. First, the likelihood function can be learned di-

~ In

rectly by sampling events x from different different parameter values θ. This can be
achieved using Neural Density Estimation (NDE) techniques such as autoregressive
fows [172]. Second, the likelihood ratio can be learned using Calibrated Discrimi-
native Classifers (CARL) [167]. After training the neural network with one of these
methods, it can estimate the likelihood function or the likelihood ratio for any event
and parameter value. A complete review of ML for likelihood-free inference can be
found in [173].

3.5.3 Model-dependent new physics searches at the LHC

In the previous subsection, we showed how neural networks can be used to estimate
likelihood functions or likelihood ratios to test new physics hypothesis. Given that
the collected data are complex and high-dimensional and potential new physics may

~ 

have subtle signatures, the signifcant improvements offered by deep learning are
critical to fully exploit the rich datasets from LHC experiments. Although this allows
ML techniques to outperform traditional methods, most approaches are still based
on fully supervised classifers and therefore suffer from a strong model dependence.

The main limitation of current model-dependent new physics searches at the
LHC is that it is not viable to examine the complete landscape of theory models
and possibilities. Most importantly, the reach of these searches is further limited by
our own ability to imagine new models and therefore some potential signals may
be missed. This motivates the introduction of new methods that are less reliant on
model assumptions and are sensitive to a broad spectrum of new physics signatures.

With this in mind, numerous approaches have been developed to extend the sen-
sitivity of experimental searches to model-agnostic BSM scenarios [174–184]. The
strategy in these analyses consists in comparing the observed data with samples of
simulated data for a large number of different fnal states. Although the searches
are signal model-independent in the sense that they do not target a specifc signal
model, they usually target a broad class of models such as the resonant production
of a new physics particle and its decay into a specifc fnal state. Even when the
analyses do not rely on such general model assumptions, they still require to specify
a set of kinematical features and target a specifc region of the phase space. How-
ever, these are minor assumptions and thus the searches are considered to be nearly
signal model-independent. The most important problem with this approach is that
it is still based on the traditional, histogram-based analysis techniques presented on
Section 3.5.1 and therefore suffers from a substantial look elsewhere effect.

An additional major issue of both traditional and most supervised machine learn-
ing methods is that they rely on simulated background data that may suffer from
potentially large mis-modelling effects. Therefore, there is an extra model depen-
dence in the background that can have an important effect in new physics searches.
The reason for this is that any sizeable mis-modelling effects in the background can
be interpreted as a signal-like anomaly in the analysis.

In order to perform signal model-independent searches and avoid the potentially
dangerous effects produced by the background model dependence, ML models may
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be developed to learn directly from data. This implies going beyond supervised
learning and working without per-instance labels. In the next subsection, we will
show how the likelihood-free inference learning methods presented in Section 3.5.2
can be used to search for new physics in a signal and background model-agnostic
way.

3.5.4 Machine learning for less-than-supervised anomaly detection

In the context of new physics searches at the LHC, an anomaly is an event or set
of events with a collection of defning properties that differs signifcantly from the
majority of the data. Although this defnition applies to all new physics searches,

~ 

in the previous subsections we have focused on techniques that heavily rely on spe-

~ 

cifc assumptions about the signal and the background modelling. In this subsec-
tion we will now focus on machine learning techniques that are able to identify the
anomalous events and are as signal- and background-independent as possible. For
a complete review on this topic, see Ref. [185].

First, we are interested in approaches that do not rely on a specifc signal model
hypothesis. In Section 3.5.2, we learned how neural network classifers can be used
to learn the likelihood ratio presented in Eq. 3.22 to discriminate between a signal
model hypothesis and the background hypothesis. For anomaly detection, we can
formulate the problem as a data versus background hypothesis test. The Neyman-
Pearson lemma states that the optimal test statistic is given by the likelihood ratio1

data, background| )x~ = 
( )p xbackground

pdata(x)
r( 

where pdata(x) is the probability density of the observed data in a signal region and~ 
is the probability density of the background. For anomaly detection,( )p xbackground ~ 

, (3.23)

~ 

~ 

~~ 

~ 
Eq. 3.23 defnes a hypothesis test with pdata(x) as the alternative hypothesis and
pbackground(x) as the null hypothesis. Furthermore, ideally we can write the proba-
bility density of the observed data as

pdata(x) = αpsignal(x) + (1 − α)pbackground(x) , (3.24)

~ 
~ 

~ 
~ 

~ 

~ 

~ 

where psignal(x) is the probability density of the potential signal in the data distribu-
tion, and α is the fraction of signal in data, with α ∈ [0, 1]. In this case, we can show
that Eq. 3.23 is also the optimal test statistic for identifying the signal:

pdata(x)
r(x|data, background) = 

pbackground(x) 
αpsignal(x) + (1 − α)pbackground(x) 

pbackground(x) = 

~ 

~= α r(x|signal, background) + (1 − α) .

Second, we are also interested in methods that are background model-independent.
One approach that can be used to estimate the background density directly is the
sideband method, which is commonly used on resonance searches. The idea is to
defne a control region away from the signal where we can estimate pbackground(x) 

(3.25)

~~ 

~ 

1We remark that the likelihood p(x|θ) describes the probability that a particular outcome x is ob-
served when the parameter takes a specifc value θ, and thus it can be viewed as a probability density

x.over the outcome
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and then extrapolate this prediction to the signal region, where the density of the
observed data is described by pdata(x). The are only two requirements for applying
the sideband method. First, there must be one feature in data where the signal is
localised and the background has a smooth density. Second, the background distri-
bution must not have overdensities in the signal region. These are mild assumptions
on the background model dependence.

In the rest of this subsection, we will analyse some popular fully data-driven
models that have been developed to perform signal and background model-independent
new physics searches at the LHC. One popular type of new physics searches where
less-than-supervised approaches can be applied is in resonance searches. These
searches target the production of a heavy new physics particle with mass m0 that
decays into other particles that can be fully observed in the detector. Typically, the
new physics particle decays into two jets, each with approximately half of the mass
of the parent particle. The experimental signature of this decay is a localised over-
density of events on the invariant mass distribution of the two jets. The technique
that aims to fnd such a localised excess of events on top of a smooth background
distribution in experimental analyses is known as bump hunt. This methodology is

~ 

well established for searching new particles and it was used in the discovery of the
Higgs boson [38, 39].

The common approach to search for new physics signals in LHC analyses is to
defne a signal region where the signal is (potentially) located, count the number of
observed events that lie in this region and compare it to the number of predicted
events, which is estimated using control regions (note that this estimation can also
be done using simulated data). In a resonance search, the invariant mass m of the
leading jets in the event defnes a feature for which the signal is localised at m = m0,
and the background has a smooth density. The region m ∈ [m0 − δ, m0 + δ] is defned
as the signal region (SR), and the adjacent upper and lower regions are defned as
the sideband region (SB). In a signal model-agnostic search, the value of m can be
scanned in different windows for which the ML model that is built to fnd the signal
is repeatedly applied. A bump hunt can be performed in the feature m, estimating
the background density in the SB and then extrapolating this prediction to the SR in
an unsupervised way using the sideband method described above.

Autoencoders

Autoencoders (AEs) are a fully-unsupervised technique that has been widely used
for anomaly detection in different felds. An AE is a neural network that learns
to compress data into a low-dimensional representation and then reconstruct the
original input from the compressed version. More specifcally, a frst neural network
fφ : X → Z called encoder is used to compress the input data ~x ∈ X 

∈ Rm. A second network gΦ : Z → 
⊆ Rp into

a low-dimensional latent representation ~z
X called decoder is then used to reconstruct the original input data from the latent
representation. The encoder and decoder networks are parameterized by φ and Φ,
respectively, which are the weights and biases of the networks. The architectures of
the two networks are often symmetric, and the full network is trained with a single
loss function such that the reconstruction error between the original input event and
the reconstructed output version of the event is minimised.

The AE can be trained on a data sample that contains mostly background events,

~ 
~described by pdata(x), to learn an effcient representation of the background, retain-

ing the most relevant information about the background density pbackground(x) and
ignoring the signal noise. In this way, the AE will learn to reconstruct background
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events well and it will struggle to reconstruct anomalous (e.g. signal) events. The
idea is that if the signal distribution psignal(x) is suffciently different to the back-
ground distribution, then the signal should be slightly off-manifold in the com-
pressed latent representation of the background. The reconstruction error is defned
by some distance metric between the original and reconstructed event, and can be
used as a classifcation score to select anomalous signal-like events.

~ 

A conceptually richer version of the plain AE described above is the Variational
Autoencoder (VAE). In this case, the low-dimensional latent representation of the
data that is learnt has a well-defned structure, which is described by a set of pa-
rameters of a multivariate Gaussian distribution. From a probabilistic perspective,

z given the
x, or calculate the posterior distribution:

~ 

~ 
the goal of the encoder is to infer values of the latent space variables
observed data

p(x|z)p(z)
p(z|x) = ~ 

p(x)~ 
~ 

which describes the probability distribution of the parameters

~ 
~~ (3.26),

~~ 
~~ 

~ 
~ 

z given the evidence
x. Here the latent variables are drawn from a prior p(z), and p(x|z) is a likelihood
function. Since calculating p(x) is an intractable problem, the posterior p(z|x) can-
not be calculated explicitly. Variational inference consists in approximating the pos-

~ 
~ 

~~ 
~ 

terior with a family of distributions qλ(z| 
family of Gaussian distributions, λ = (µx ~ ~ 

x), indexed by a set of parameters λ. For a
x, σ2). To perform this approximation, wex

~ 
~ 

~ 
~ ~~~~ 

minimise the Kullback-Leibler (KL) divergence:

|z~ ~ 
Z � � 

qλ(z|x)DKL(qλ( x)||p(z|x)) = qλ(z|x) log
p(z|x) 

∞ 
~dz ,

which measures the information that is lost when approximating the true posterior

(3.27)
−∞ 

~~~~distribution p(z|x) by qλ(z|x).
family of parameters λ = (µ, σ2) that minimise this divergence.

In practice, it can be shown [186, 187] that it is equivalent to minimise the total
loss function:

The goal of the minimisation process is to fnd the

~ 

~ 

~~~~ ~~L(φ, Φ) = −E fφ(z|x) log (gΦ(x|z)) + DKL( fφ(z|x)||p(z)) ,

where the frst term is the expected negative log-likelihood of x with respect to the

(3.28)

distribution of representations~z (it is an expected negative reconstruction error), and
it is minimised so that the decoder learns to reconstruct the data. The second term
is the Kullback-Leibler regularizer, which encourages the posterior to be close to the
prior.

In order to train the model using backpropagation despite the non-differentiable
stochastic sampling operation, a reparametrization trick must be applied. The main

~~~ 
assumption about the latent space is that

z ∼ qλ(z|x) ~ 
z is sampled from a multivariate Gaus-
N (µ,~σ2).

~ 
=sian distribution, such that The reparametrization trick

consists in writing this as

~ 

~~ ~~~~z µ + σ e, where ~e ∼ N (0, 1) is a random vector
and denotes the element-wise product. In this way, the encoder learns how to

µ and

= 

map the compressed representation of the input data into the latent vectors
~σ, representing the mean and variance of the multivariate Gaussian. The stochastic
component is excluded from the backpropagation process and is injected directly
into the latent space as an external input.

AEs [188–191] and VAEs [192–194] have been successfully used for unsupervised
anomaly detection in the context of resonance searches. A major challenge of AEs
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and VAEs is that if there is a suffcient overlap between the signal and background
probability distributions, so that the signal is localised in a region of high back-
ground probability density, then these methods may learn to reconstruct both the
signal and background well. In addition, large reconstruction errors do not nec-
essarily correspond to signal events and could be associated to background events
from low pbackground(~x) regions instead. In Chapter 6 of this thesis, a detailed analy-
sis of the performance of an AE on a hadronic resonance search is presented.

Classifcation Without Labels

The Classifcation Without Labels (CWoLa) [195] framework was introduced as a
technique that allows to learn from mixed samples. Suppose that we have two mixed
samples M1 and M2 such that:

pM1(~x) = α1 psignal(~x|M1) + (1 − α1)pbackground(~x|M1) ,
pM2(~x) = α2 psignal(~x|M2) + (1 − α2)pbackground(~x|M2) , (3.29)

where α1 and α2 are the signal fractions in M1 and M2, respectively, and they satisfy
0 ≤ α2 < α1 ≤ 1. With this setup, a binary classifer (the CWoLa classifer) can be
trained to distinguish the events from M1 and M2. Similarly to Eq. 3.25, we can
show that this classifer is optimal to distinguish signal and background events:

pM1(~x)r(~x|M1,M2) = 
pM1(~x) 
α1 psignal(~x|M1) + (1 − α1)pbackground(~x|M1) 

= 
α2 psignal(~x|M2) + (1 − α2)pbackground(~x|M2) 
α1 r(~x|signal, background) + (1 − α1) = . (3.30)
α2 r(~x|signal, background) + (1 − α2) 

Importantly, in the last step in Eq. 3.30 we are implicitly assuming that psignal(~x|M1) 
= psignal(~x|M2) and pbackground(~x|M1) = pbackground(~x|M2). Therefore, the perfor-
mance of the CWoLa classifer relies on the assumption that the probability distribu-
tion of the signal (and the same for the background) is statistically identical in the
two regions M1 and M2.

The CWoLa technique has been successfully applied to new physics resonance
searches. CWoLa Hunting [196, 197] is a weakly-supervised anomaly detection tech-
nique based on the idea of Classifcation Without Labels. In this approach, a classifer
is trained to distinguish two statistical mixed samples M1 (a signal region) and M2
(a sideband region) with different amounts of (potential) signal. If the fractions of
signal are different between the two mixed samples, the CWoLa classifer will ide-
ally learn the signal features that are useful to discriminate between both regions.
In this way, the output of the classifer can be used to select signal-like events. This
approach has already been tested by the ATLAS collaboration on real fully-hadronic
search [198]. In Chapter 6 of this thesis, a detailed analysis of the performance of
the CWoLa Hunting approach is presented in the context of a hadronic resonance
search.

Anomaly Detection with Density Estimation

In this section, we present the Anomaly Detection with Density Estimation (AN-
ODE) [199] technique, an unsupervised anomaly detection method that has been
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developed to search for new physics phenomena in a signal and background model-
independent way at the LHC. This technique was introduced in the context of res-
onant anomaly detection at the LHC. The ANODE method uses a neural density
estimator to estimate the probability distribution pdata(x|m) in the signal region and~ 
the probability distribution pbackground(x|m) in the sideband region. The function
pbackground(x|m) is then interpolated automatically into the signal region by the neu-
ral density estimator. In this way, the likelihood ratio

~ 
~ 

pdata(x)
r(x|data, background) = 

pbackground(x)~ 

is approximated in the signal region in a fully data-driven way. The idea behind this

~ 

approach is that the estimated likelihood ratio from Eq. 3.31 is optimal for signal
versus background discrimination, as shown explicitly in Eq. 3.25.

Simulation Assisted Likelihood-free Anomaly Detection

The Simulation Assisted Likelihood-free Anomaly Detection (SALAD) [200] is an
anomaly detection technique that works in two steps. First, a binary classifer f is
trained to distinguish data and a simulated sample in the sideband region. Asymp-
totically, using the same number of events in both samples the following weight
function is defned:

~ (3.31),

~ 
~ 

~ 

| ≡)x m~ f (x) p(x|data)
(w

~ 

p(x|simulation) 

Second, the function w(x|m) is used to reweight a sample of simulated background
events in the signal region. A second classifer g is trained to distinguish this reweighted
background simulation from the data in the signal region. For an optimally trained
neural network, in the limit of infnite training data we will have that:

p(x|signal + background) 

(3.32)= .
1 − f (x) 

g(x) 
1 − g(x) ∝ , (3.33)

~p(x|background) 

which defnes an optimal classifer to distinguish between signal and background
events. Unlike the previous techniques described in this section, the SALAD method
is not fully data-driven because it relies on a sample of simulated data.
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We test the impact of the ATLAS and CMS multilepton searches performed at the LHC with 8 as well as
13 TeV center-of-mass energy (using only the pre-2018 results) on the chargino and neutralino sector of the
next-to-minimal supersymmetric Standard Model (NMSSM). Our purpose consists in analyzing the actual
reach of these searches for a full model and in emphasizing effects beyond the minimal supersymmetric
Standard Model (MSSM) that affect the performance of current (MSSM-inspired) electroweakino searches.
To this end, we consider several scenarios characterizing specific features of the NMSSM electroweakino
sector. We then perform a detailed collider study, generating Monte Carlo events through PYTHIA and testing
against current LHC constraints implemented in the public tool CheckMATE. We find e.g., that supersymmetric
decay chains involving intermediate singlino or Higgs-singlet states can modify the naive MSSM-like picture
of the constraints by inducing final states with softer or less easily identifiable SM particles—reversely, a
compressed configuration with singlino next-to-lightest supersymmetric particle occasionally induces final
states that are rich with photons, which could provide complementary search channels.
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I. INTRODUCTION

After several years of operation, the LHC has been
placing limits on the production of particles beyond the
Standard Model (SM), thus constraining several scenarios
of new physics. The most severe limits apply to the
production of colored particles and typically exclude most
candidates with mass well above the TeV range [1,2], with
noticeable caveats and exceptions, however [3–9]. In
contrast, color singlets are less conspicuous at a hadron
collider, due to their electroweak-size production cross
section, so that weaker constraints are expected.
Nevertheless, several studies point to the exclusion of
new-physics scenarios with typical masses ranging from
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100 to 500 GeV [10,11]. Yet, such limits commonly
assume optimized scenarios—characterized e.g., by the
overwhelming dominance of specific channels in the decay
chain—which are not necessarily realized in ultraviolet-
complete models. Therefore, it appears meaningful to
assess the impact of these searches for a full (UV-complete)
model.
A popular family of models for physics beyond the SM is

that of softly broken supersymmetric (SUSY) extensions of
the SM [12,13]. Originally motivated by the stabilization of
the Higgs mass at the electroweak scale against radiative
corrections from grand unification (GUT)/Planck-scale
new physics, this class of models also produces a dark
matter (DM) candidate in the presence of a (strict or
approximate) R-parity: the lightest SUSY (R-odd) particle
(LSP). Several arguments, such as the μ-problem [14] or the
naturalness of the Higgs mass, advocate the necessity to
look beyond the minimal SUSY Standard Model (MSSM),
the minimal and by far most studied SUSY-inspired model.
A departure from minimality also means the opening of
potentially new effects in the phenomenology, which could
e.g., complicate the reading of limits at colliders.
In this paper, we will consider the next-to-MSSM

(NMSSM) [15,16], a simple singlet extension of the
MSSM. Beyond allowing for a solution to the μ-problem,
the NMSSM is often considered for the phenomenology of
its extended Higgs sector—consult e.g., Refs. [17–24] for a
few recent discussions and summaries. From the perspec-
tive of DM, the presence of an additional singlino compo-
nent in the neutralino sector—beyond the bino, wino, and
Higgsinos of the MSSM—opens up new scenarios satisfy-
ing the relic density [25–27], possibly at low mass [28–30],
even though the viability of this later option has been
questioned [31].
Another interesting aspect of the NMSSM phenomenol-

ogy consists in the opening of new mechanisms at colliders.
References [32,33] have insisted on the impact that a light
singlino LSP could have on squark/gluino searches—see
also Refs. [34–36]. Here, we wish to focus on the collider
searches applying to the neutralinos and charginos—the
superpartners of the Higgs and gauge bosons. Already at
the level of the MSSM [37,38], the multilepton searches
obviously perform less efficiently than in the simplified
framework in which they are presented. In fact, a light
electroweakino sector could even explain some small
excesses of events [39]. In the NMSSM, we can first stress
the obvious difference with the MSSM due to the presence
of the singlino component. The potential reach of LHC
searches for this scenario was assessed in Ref. [40].
References [41–43] recently pointed out the robustness
of the Higgsino-singlino DM scenario in view of lepton-
signature searches at the LHC. In addition, the NMSSM
superpotential opens up several couplings between the
Higgsino and the Higgs sectors and, in particular, couplings
to the neutral singlet Higgs bosons. These features can have

an impact on the properties of the final state at colliders,
either through an alteration of the kinematic variables—
e.g., opening of compressed configurations due to the
presence of an additional neutralino state and production
of softer final states—or through a weakened relevance of
the standard channels—e.g., electroweakino decays
through Higgs bosons would replace light leptons in the
final state by hadronic τ’s, which are harder to identify
experimentally. We will show how these characteristics
may considerably affect the relevance of the multilepton
searches performed by the ATLAS and CMS collaborations
[44–52] in order to investigate the neutralino and chargino
sectors at moderate masses. The prospects or constraints of
the LHC searches on DM-inspired NMSSM scenarios have
already been discussed in the past; see e.g., Refs. [40–
43,53–57]. Here, however, while we still consider the upper
bound on the DM relic density as a selection criterion, we
wish to perform a more collider-oriented, less DM-preju-
diced analysis, which we believe to be justified as several
mechanisms could unsettle the identification of the LSP
with today’s DM.
To this end, we carry out a scan on the NMSSM Higgs

sector, using NMSSMTOOLS [58–60] and applying phenom-
enological limits of various origins encoded in this public
tool; additionally, the DM relic density and the decays of
SUSY particles are computed using MICROMEGAS [25,61–
63] and NMSDECAYS [64,65]. Among the points satisfying
all the constraints, we delimit several scenarios involving a
neutralino-chargino sector at moderate masses (below
500 GeV) and extract several points for testing against
LHC SUSY searches; this last test is carried through
CheckMATE2 [66–69], which is based on the fast detector
simulator DELPHES [70], after event generation through
PYTHIA [71]. We then discuss how the NMSSM phenom-
enology impacts the collider searches in each scenario
and suggest complementary signatures to help cover the
parameter space. Our approach differs from that of the
recent paper [57] in that we discuss the collider constraints
on the electroweakino sector independently of the DM
detection observables, since the latter depend on additional
(e.g., astrophysical) assumptions, and fine-tuning mea-
sures. We also target specific NMSSM scenarios, providing
a less blind coverage of the NMSSM parameter space.
However, we do not focus exclusively on the Higgsino-
singlino scenario, which has been studied in other works,
e.g., Refs. [40–43], but consider several other configura-
tions of the electrowikino sector, with lighter gauginos.
Finally, we restrict to the scenario where all the scalar
SUSY particles are comparatively heavy, hence testing the
electroweakino sector as the only source of new-physics
particles close to the electroweak scale (except for possible
Higgs-singlet states).
In the following section, we discuss our strategy for

investigating the parameter space of the NMSSM and
selecting scenarios involving the neutralino and chargino
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sectors. Then, we consider the impact of the multilepton
searches at the LHC. We base this analysis both on general
features of the scan and on the particular properties of
specific test points. Finally, we briefly discuss the expected
reach of the High-Luminosity run at the level of the test
points that are still allowed after taking into account the
early 13 TeV result and suggest additional search strategies,
before a short conclusion.

II. INVESTIGATING THE NEUTRALINO AND
CHARGINO SECTOR OF THE NMSSM

A. General considerations

In this work, we are considering the neutralino and
chargino sectors of the NMSSM. For simplicity, we restrict
ourselves to the CP- and Z3-conserving NMSSM below. In
this section, we remind the reader of a few general features
relative to neutralinos and charginos in the NMSSM as well
as their interactions. For completeness, we indicate the
form of the superpotential below, though most of our
notations follow [15]:

WNMSSM ¼ λŜĤu · Ĥd þ
κ

3
Ŝ3 þWYukawa: ð1Þ

At first sight, theNMSSMneutralino and chargino sectors
are very similar to theirMSSMcounterparts. The interactions
of the bino and winos are fixed by the SUð2Þ ×Uð1Þ gauge
symmetry. The soft SUSY-breaking Lagrangian provides the

gaugino mass terms M1 and M2. The mass of the doublet
Higgsinos originates in the effective μ-term of the super-
potential—generated dynamically in the Z3-conserving
NMSSMwhen the gauge-singlet superfield takes its vacuum
expectation value (vev): μeff ¼ λs, s≡ hŜi. The gaugino-
Higgsino mixing is generated by the SUSY-gauge inter-
actions when the electroweak symmetry is broken. Beyond
the MSSM, however, the NMSSM includes one additional
fermionic component, singlet under electroweak inter-
actions: the singlino. The superpotential determines the
singlino-singlet interactions, hence the singlino mass 2κs,
as well as the mixing of the singlino with the doublet
Higgsinos, ∝ λv [with v≡ ð2 ffiffiffi

2
p

GFÞ−1=2 the electroweak-
breaking vev and GF the Fermi constant].
These considerations may be summarized in writing

down the mass matrices of the charginos and neutralinos. In
the interaction bases of the charged gauginos (λ�) and
Higgsinos (ψþ

u , ψ−
d ), ψ

þ ¼ ð−{λþ;ψþ
u ÞT , ψ− ¼ ð−{λ−;ψ−

d Þ,
the chargino mass term reads

L∋−ψ−Mχ�ψ
þþH:c:; Mχ� ¼

�
M2 g2vu
g2vd μeff

�
: ð2Þ

For the neutralinos in the base ψ0 ¼ ð−{λ1;
−{λ32;ψ0

d;ψ
0
u;ψSÞT (with λ1 representing the bino, λ2

representing the wino, ψ0
u;d representing the Higgsino,

and ψs representing the singlino components), the mass
term reads

L ∋ −
1

2
ψ0TMχ0ψ

0 þ H:c:; Mχ0 ¼

0

BBBBBBBB@

M1 0 − g1vdffiffi
2

p g1vuffiffi
2

p 0

0 M2
g2vdffiffi

2
p − g2vuffiffi

2
p 0

− g1vdffiffi
2

p g2vdffiffi
2

p 0 −μeff −λvu
g1vuffiffi

2
p − g2vuffiffi

2
p −μeff 0 −λvd

0 0 −λvu −λvd 2κs

1

CCCCCCCCA

: ð3Þ

Diagonalizing these mass matrices, one obtains the chargino
mass states (at tree level), χ−i ¼ Uijψ

−
j and χþi ¼ Vijψ

þ
j , as

well as the neutralino mass states χ0i ¼ Nijψ
0
j , where U, V,

and N are orthogonal mixing matrices.
Beyond the extended neutralino sector, the interactions

of the Higgsinos in the NMSSM differ from those of their
MSSM counterparts. Indeed, the superpotential produces
Higgsino/singlino couplings to the Higgs sector, involving
singlet as well as doublet Higgs components. This has the
important phenomenological consequence that neutralino
decays and production channels in the NMSSM may more
easily employ a Higgs mediator. Such an affinity to Higgs
bosons affects the efficiency of searches through leptonic
final states, due to the suppressed Higgs couplings to light
leptons. For a pure singlino state, the Higgs sector is

actually the only point of contact with SM matter. Mass
mixing with the Higgsino components (and secondarily
with gauginos) may generate direct couplings to gauge
bosons for a mostly singlino state, however. Depending on
the configuration of the spectrum, the phenomenology of
such a state could be dominated by its subdominant
Higgsino-gaugino components or by its naive singlinolike
couplings.
This discussion shows that the Higgs sector could play a

significant part in the phenomenology of NMSSM neu-
tralinos and charginos. Beyond the two CP-even and the
unique CP-odd neutral doublet states in the MSSM, the
NMSSM involves one additional CP-even and one CP-odd
singlet components. Singlet-doublet mixing appears at tree
level. It tends to dominate the couplings of mostly singlet
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states to SM matter, since pure singlet components only
interact with the Higgs and Higgsino sectors otherwise. The
production cross section of singlet states at colliders is thus
suppressed, opening the path to realistic scenarios involv-
ing singlets lighter than 125 GeVand possibly as light as a
few GeV—in this latter case, however, severe constraints
from flavor physics or the nonobservation of sizable
unconventional decays of the Higgs state at about
125 GeV must be taken into account; see e.g., Ref. [17].
In contrast, singlet states directly couple to Higgsino and
singlino components via the superpotential parameters λ
and κ—see Eq. (1)—leading to a possible impact on the
phenomenology of neutralinos and charginos when λ and κ
are of order 0.1–1 (i.e., far from the MSSM limit
λ ∼ κ → 0). For example, the singlet Higgs states open
new Higgs funnels for the annihilation of the LSP in the
early Universe [25–27]. In particular, light singlets allow
for realistic light DM scenarios [28–30]. Additionally,
singlet states could enter neutralino decay chains, typically
leading to bb̄ or τþτ− signatures: their couplings to
Higgsino and singlino components may supersede gauge
couplings, and, if light, they may easily be exchanged
on shell.
Therefore, despite the apparent closeness between the

MSSM and NMSSM neutralino and chargino sectors, we
can expect sizable differences in the phenomenology of
both models at colliders, which we aim at investigating in
the following sections.

B. Generating the spectra

We explore the parameter space of the CP- and Z3-
conserving NMSSM with the public spectrum generator
NMSSMTools_5.1.0 [58–60]. This tool includes lead-
ing radiative corrections to the masses and couplings of the
Higgs and SUSY particles. Higgs decays are also calcu-
lated in this package through an extension of HDECAY

[72,73] to the NMSSM. In the case of light—generally
singlet-dominated—states, NMSSMTOOLS now employs the
more consistent description outlined in Refs. [74–76].
Similarly, NMSDECAYS [65]—generalizing SDECAY [64]
to the NMSSM—computes the decay widths and branching
ratios of the SUSY particles.
We perform a random scan over a region of the parameter

space characterized by the following input: λ ∈ ½0.001; 0.7�,
κ ∈ ½−0.7; 0.7�, tan β ∈ ½1; 30�, μeff ∈ ½−1; 1� TeV, M1 ∈
½−1; 1� TeV, M2 ∈ ½0.01; 1� TeV. We fix the mass of the
heavy doublet Higgs states via the input MA ¼ 1 TeV—
here, MA, the diagonal doublet-mass entry in the CP-odd
mass-matrix, substitutes the trilinear soft coupling Aλ

and largely determines the mass of the CP-even, CP-odd,
and charged doublet Higgs states—but we scan over the
mass of the singlet states via the condition mP ∈
½1; 1000� GeV—mP represents the diagonal singlet-mass
entry in the CP-odd mass matrix and replaces the trilinear
soft coupling Aκ. We are indeed chiefly interested in the

impact of Higgs states beyond the MSSM. Concerning the
SUSYscalar sector, sinceour focus is that ofmoderately light
neutralinos/charginos, we choose rather heavy scales for the
masses of squarks and sleptons, beyond the naive reach of
Run-1 searches: the slepton masses are fixed at 1 TeV, while
the squark masses are varied between 2 and 15 TeV—this
wide range is motivated by the condition on the mass of the
SM-like Higgs boson, which we cannot set to ∼125 GeV as
an input, but should reach this value (within theoretical and
experimental uncertainties) when the squark scale scans over
the interval [2, 15] TeV. The trilinear sfermion couplings Af

are in the range ½−2; 2� TeV. Finally, M3 ¼ 3 TeV should
place the gluinos at a relatively safe scale in view of current
limits.
This choice of input is criticizable in many ways. The

upper bound jλj; jκj < 0.7 is the typical limit set by the
condition of perturbativity of the couplings up to the GUT
scale. Very large values of tan β > 30 generally result in
sizable enhancements of the heavy Higgs couplings, which
can lead to tensions in the flavor sector or in direct searches.
Concerning the gaugino and Higgsino masses, we are
mostly interested in light states, since the electroweak-size
production cross section typically falls out of reach of the
LHC sensitivity for large mass suppression, motivating our
upper limit of 1 TeV. Regarding the Higgs masses, our
decision of fixing MA ¼ 1 TeV excludes the mediation of
DM annihilation by a heavy doublet state, except when the
LSP has a mass of ∼500 GeV (on the fringe of the relevant
range for collider multilepton searches). This scenario is
not our focus, however, as we are interested in effects
beyond the MSSM. Nevertheless, MA ¼ 1 TeV also tends
to suppress the singlet-doublet mixing among Higgs states,
which impacts the affinity of light singlet states to SM-like
particles. The relevance of LHC colored searches for
particles below the TeV range justifies our choice of
restricting to heavy squark states. In the case of the sleptons,
however, this decision is less motivated as these are weakly
interacting particles. Sleptons are typical t-channel mediators
for interactions between the chargino/neutralino sector and
SM particles. Light smuons are also motivated by the excess
in the measurement of the anomalous magnetic moment of
the muon [77]. Again, such configurations already occur in
the MSSM, which explains our decision of discarding them
in the current discussion.

C. Phenomenological limits on the scan

NMSSMTOOLS is equipped with several tests allowing for
the selection of points of reasonable phenomenological
relevance. Here, we provide a brief summary of the
constraints that we choose to apply:

(i) A first class of limits results from general consid-
erations on the perturbativity of the couplings up to
the GUT scale, the naturalness of soft SUSY-break-
ing mass terms (points for which the squared Higgs
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masses obtained from the minimization conditions
of the scalar potential are much larger, by more than
a factor 10, than the scale of the squark masses are
regarded as “unnatural”), the stability of the spec-
trum (absence of tachyonic masses), or the potential.

(ii) NMSSMTOOLS applies limits on the NMSSM Higgs
sector originating in direct searches at LEP [78,79],
the TeVatron [80–82], or the LHC. In the latter case,
the properties of the observed Higgs state are tested
in a global fit [83], while several constraints from
unsuccessful searches [84–93]-in particular searches

for Higgs-to-Higgs decays involving a light singlet
state—are also considered.

(iii) Additionally, the scenario involving a light (singlet-
dominated) Higgs state is sensitive to constraints
from bottomonium decays and spectroscopy, which
are implemented according to Refs. [94–96].

(iv) Limits on the invisible Z-decays are applied follow-
ing the SM estimate of Ref. [97].

(v) SUSY searches at LEP [98] are included in the form
of cuts on the SUSY masses as well as the limit on
stop and sbottom decays.

(vi) The flavor observables implemented in NMSSMTOOLS have been described in Refs. [99,100]. The NMSSM
predictions for these observables are requested to fall (within theoretical uncertainty) in the 95% C.L. experimental
range employed by NMSSMTOOLS: BR½B̄ → Xsγ� ∈ ½3.02; 3.62� × 10−4, BR½B̄ → Xdγ� ∈ ½0.27; 2.55� × 10−5,
BR½B̄s → μþμ−� ∈ ½2.7; 4.5� × 10−9, BR½B̄d → μþμ−� ∈ ½0.11; 0.71� × 10−9, BR½B̄→ τþντ�∈ ½0.78;1.44�×10−4,
BR½B̄ → Xslþl−�low ∈ ½0.84; 2.32� × 10−6, BR½B̄→Xslþl−�high∈½0.28;0.68�×10−6, BR½Bþ→Kþlþl−�∈½0.8;1.28�×
10−7, BR½B̄ → Xsνν̄� < 6.4 × 10−4, BR½Bþ → Kþνν̄� < 1.6 × 10−5, BR½B0 → K0νν̄� < 4.9 × 10−5, BR½Bþ →
K�þνν̄� < 4 × 10−5, BR½B0 → K0�νν̄� < 5.5 × 10−5, ΔMs ∈ ½17.715; 17.799� ps−1, ΔMd ∈ ½0.5027; 0.5103� ps−1,
BR½Kþ → πþνν̄� < 4.03 × 10−10, BR½KL → π0νν̄� < 2.6 × 10−8, ΔMK ∈ ½0.5275; 0.5311� × 10−2 ps−1, εK ∈
½2.206; 2.240� × 10−3. Channels where the SM prediction is in tension with the experimental measurement, such

as Rð�Þ
D , are not considered.

In addition, bounds from invisible SM Higgs decays are
implemented, which can constrain the parameter space of
the electroweakino sector [101]. Thus, a sizable collection
of phenomenological limits is employed, with the notable
exception of LHC SUSY searches. Furthermore, since we
decided to freeze the slepton mass at 1 TeV, we also choose
to discard limits on the anomalous magnetic moment of the
muon included in NMSSMTOOLS [102].
DM observables can be computed via an interface with

MICROMEGAS [25]. A strong assumption behind the appli-
cation of corresponding limits is that the LSP of the
NMSSM is the actual DM of the Universe and that it is
thermally produced. We note that there is no deep reason in
making this identification, as other production modes, other
sources of DM, or decays of the LSP (of the NMSSM) into
e.g., a lighter gravitino or through small R-parity-violating
terms could be invoked. Yet, we choose to consider the
measured DM relic density [103,104] as an upper bound on
thermal LSP relic production in the early Universe. Limits
from direct detection searches [105–111] depend on further
astrophysical assumptions as to the distribution of DM in
our Galaxy, which could be questioned further if our LSP
only represents a fraction of the DM relics. The comple-
mentarity of these searches is frequently invoked, and one
could derive the associated limits under e.g., the simple
assumption that the limits from direct searches can be
rescaled in proportion to the amount that our LSP relics
represent with respect to the measured DM relic density.
However, for simplicity, we will not consider them, as their
impact is comparatively orthogonal to that of collider

searches. As it is, applying an upper bound on the DM
relic density significantly constrains the type of spectra that
we analyze. While we abide by this restriction in the current
paper, it is not fully legitimate from the perspective of a
collider study, so that the scope of our analysis is
necessarily reduced.

D. NMSSM electroweakino scenarios

After performing the random scan and applying the
phenomenological limits described in the previous sub-
sections, we obtain a large number of viable candidate
spectra in the NMSSM. While we wish to investigate limits
from LHC SUSY searches, we can only perform these tests
over a limited number of spectra, due to the large amount of
computer resources needed in order to simulate the events.
Therefore, we choose to restrict this collider analysis to a
few thousand points that we classify into specific configu-
rations of the chargino/neutralino/Higgs spectra. Although
this restriction means that we could be testing too few
points to get a fully representative sample of the NMSSM
electroweakino phenomenology, we try to compensate this
feature by targeting NMSSM-specific effects. The con-
figuration with a light singlino LSP and Higgsino NLSP is
an obvious target and has already been studied in other
works, e.g., Refs. [40–43]. However, since we also allow
for light gauginos, spectra with bino LSP are possible,
together with specific NMSSM effects at colliders that are
associated with the heavier neutralinos or singlet Higgs
states. We stress that we do not claim to provide an
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exhaustive picture of the NMSSM electroweakino DM
phenomenology. In particular, specific DM scenarios (con-
sidering e.g., specific annihilation channels) would require
a separate analysis since our classification focuses on
characteristics influencing the collider searches, not the
DM phenomenology. In view of the typical range of
neutralino and chargino masses of the MSSM for which
multilepton searches are relevant (see Fig. 2 of Ref. [37] for
Run-1 and Figs. 14–18 of Ref. [112] for Run-2), we focus
on NMSSM spectra with LSP mass below 200 GeV and
NLSP mass below 500 GeV. In fact, we even maximize the
numerical effort on points with LSP masses below
100 GeV and NLSP masses below 300 GeV. In this
fashion, we increase the scan density by a factor 10 for
points with a LSP mass below 100 GeV and another factor
10 when a singlet Higgs mass is below 100 GeV: indeed,
since the low-mass range receives more constraints from
pre-LHC observables, e.g., associated with the light
Higgs sector, it requires a closer scrutiny to be populated
by viable points. The characteristics of each scenario are
described below:

1. MSSM-like spectra

While the MSSM limit of the NMSSM is characterized
by λ ∼ κ ≪ 1, we do not expect sizable effects beyond the
MSSM in the neutralino/chargino searches if none of the
singlet and singlino states intervenes in the production and
decays of the lighter neutralino/chargino states (with mass
below 500 GeV). By extension, if all singlino and singlet
states are heavy (beyond ∼500 GeV), the outcome of
collider searches should be comparable to that obtained
in the MSSM case. We thus define a first scenario where
singlino and singlet states appear with a mass beyond
500 GeV. This will serve as a control region for comparison
with the MSSM results. This sample contains ∼3000
points. These cluster in the Z and Higgs funnels as well
as in the chargino-coannihilation region due to the limits
associated with the DM relic density. The LSP is then
dominantly bino, with possible winos or Higgsinos in the
upper mass range (mLSP ≳ 100 GeV).

2. Singlino LSP

The second scenario involves a singlino-dominated LSP
(with mass below 200 GeV). This sample contains ∼3500
spectra. LSP masses go down to a few GeV, where DM
annihilation typically proceeds via a singlet-Higgs funnel.
Beyond the low-mass region, this annihilation channel may
intervene for any choice of LSP/NLSP masses, so that the
structures of Z=Higgs funnels and chargino-coannihilation
region are blurred. In the Z3-conserving NMSSM, how-
ever, a sum rule among the masses makes it difficult to
reach NLSP masses beyond a few hundred GeV; compa-
ratively light Higgsino states are indeed expected. In the
presence of a singlino LSP, all the SUSY decay chains end
up with this genuine NMSSM state, which leads to an

obvious alteration of the phenomenology as compared to
the MSSM setup. In contrast to earlier studies of this
scenario, e.g., Refs. [40–42], the gauginos can be relatively
light in the spectra that we consider. The presence of
comparatively light winos is expected to increase the global
electrowikino production cross section at the LHC, naively
leading to more severe limits with respect to the case where
only Higgsinos are light. On the other hand, the presence of
a light bino is liable to dilute the Higgsino coupling to
electroweak gauge bosons, hence lowering the production
cross section and the efficiency of the lepton searches. The
latter has already been discussed in Ref. [43].

3. Singlino NLSP

The impact of a singlino NLSP on SUSY searches is less
obvious than that of a singlino LSP. Indeed, this NLSP state
is typically harder to produce in collisions of SM particles
than the heavier gauginos and Higgsinos. In addition, the
decay chains of the heavier states could be blind to the
presence of this NLSP. In such a case, the existence of a
light singlino NLSP is largely devoid of phenomenological
consequences. Therefore, we restrict this scenario further to
the case where the singlino intervenes at more than 30% in
the decay of heavier neutralino/chargino states. We keep a
total of ∼2500 points in this scenario. As could be
expected, the structures of Higgs=Z funnels (determined
by the constraint on the DM relic density) emerge again, as
in the MSSM scenario. On the other hand, the condition of
a singlino NLSP is largely incompatible with the coanni-
hilation region. The presence of a singlino NLSP in the
SUSY decay chains could lead to various effects. In
particular, it adds a new ladder in the decay chain, which
possibly increases the number of SM particles in the final
state and tends to make them softer (the spectrum is more
compressed).

4. Decays into Higgs singlets

The presence of light Higgs singlet states can affect the
phenomenology of neutralinos and charginos, as the SUSY
particles may now sizably decay toward such a Higgs final
state. This impacts the multiplicity of leptons in the final
state, since only the less-efficiently detected τ’s are sub-
stantially produced in Higgs decays. We define a sample of
points where the singlet Higgs intervenes at more than 10%
in the decays of the NLSP or a close-by neutralino/chargino
state (with mass within 10 GeV of the NLSP). Our scan
contains ∼1250 such points, Most of the time, the CP-odd
state is lightest [with Oð100Þ exceptions], but both CP-
even and CP-odd states are often simultaneously light. We
note that this scenario has a nonvanishing overlap with the
light singlino scenario. Yet, we checked that only Oð100Þ
out of our ∼1250 points involve a singlino LSP or NLSP. In
fact, most of the spectra contain a binolike LSP with mass
close to half of the Z or the SM-Higgs masses.
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5. Higgs singlet on LSP annihilation threshold

Our final sample consists of points where the LSP
annihilation is mediated by a Higgs singlet state. The
spectra that we retain here satisfy the approximate con-
dition mS ≃ 2mLSP, where mS is the mass of either the CP-
even or the CP-odd singlet state andmLSP is the mass of the
LSP. Additionally, we exclude the traditional Z=Higgs
funnel and chargino-coannihilation region based on the
mass contours that we obtained in the MSSM-like scenario.
We note that we already encountered singlet-mediated
annihilation in the context of singlino LSP. However, the
large majority of the points satisfying the previous con-
ditions in our scan involve a bino-LSP (occasionally a
Higgsino). Our sample gathers ∼3000 of such points.
Evidently, these scenarios offer a restricted view of the

possible new effects in the NMSSM. In addition, the
diversity of spectra is limited by the constraint on the
upper bound on thermal relic density, which is not essential
for a study from the collider perspective. Relaxing this
assumption would have multiple consequences, such as
enabling scenarios with charged LSP, disentangling the
correlations between the Higgs and LSP masses, opening
new kinematical windows, etc. Nevertheless, in view of the
time and computational cost of the collider simulation, we
choose to restrict our scope to the specific cases
listed above.

E. Collider test—Multilepton signatures

1. Collider signatures

Before discussing the relevant SUSY searches, we
briefly summarize the important collider signatures.
Since the colored superpartners as well as electroweak
sfermions have very small production cross sections (due to
their mass) in the spectra under investigation, only neu-
tralinos, χ0i , and charginos, χ

�
m, are kinematically accessible

at the LHC,

pp → χ0i χ
0
j ; pp → χ0i χ

�
m; pp → χ�mχ

∓
n ; ð4Þ

where i; j ¼ 1;…; 5 and m, n ¼ 1, 2. Here, we have
omitted single electroweakino production since the pro-
duction cross section is negligible for decoupled squarks. A
typical cross section of chargino pair production in p − p
collisions with 8 TeV center-of-mass energy (respectively,
13 TeV) can be as large as Oð2Þ pb [respectively Oð4Þ pb]
for charginos at 100 GeV, while chargino-neutralino
production may yield a production cross section of
Oð5Þ pb [respectively Oð10Þ pb]. The typical production
channels involve the electroweak Higgs bosons, so that the
cross section is sensitive to the quantum numbers of the
light electrowikinos. Wino NLSPs thus generally lead to
the most sizable cross sections. Scenarios with Higgsino
NLSPs are expected to produce weaker signals. In addition,
if the singlino or bino components mix with the neutral

wino or Higgsino, the cross section can be further reduced
due to weaker electroweak couplings of the NLSP. The
decay chains are relatively complicated and mainly depend
on the composition of the electroweakinos. If kinematically
allowed, the dominant decay modes involve on-shell weak-
gauge or Higgs bosons,

χ0i → W�χ∓m; χ0i → H�χ∓m; ð5aÞ

χ0i → Zχ0j ; χ0i → Φχ0j ; ð5bÞ

χ∓i → Zχ∓j ; χ∓i → Φχ∓j ð5cÞ

χ∓i → W∓χ0j ; χ∓i → H∓χ0j ; ð5dÞ

where Φ ¼ H1; H2; H3; A1; A2. Electroweak gauge bosons
and Higgs bosons then typically decay into SM fermions,
with the important difference that a Higgs boson mainly
couples to sufficiently massive fermions, while W and Z
couple to all fermions with comparable strength. If such
channels are kinematically inaccessible, the neutralinos and
charginos decay into three-body final states via off-shell
Higgs and gauge bosons,

χ0i → χ0jff̄; ð6aÞ

χ0i → χ�mff̄0; ð6bÞ

χ�m → χ0i ff̄
0; ð6cÞ

where f, f0 denote SM fermions. If the mass splitting
between electroweakino states is below a few GeV, the
partons in the final state cannot be treated as free particles
so that the explicit decays into pions must be taken into
account, e.g., χþ1 → πþχ01 [113]. In addition, when the
phase space is extremely reduced and the electroweakino
states have a sizable Higgsino nature, the loop-induced
channel

χ02 → χ01γ ð7Þ

can acquire a sizable branching ratio or even dominate the
χ02 decays for moderate values of tan β [114]. This channel
is also relevant in some other compressed configura-
tions [115].

2. Experimental searches

In general, leptonic final states benefit from a much
stronger sensitivity at colliders, as compared to hadronic
final states, due to their very clean signature and the
reduced SM backgrounds. As a consequence, experimental
searches for electroweakinos mostly consider final states
with high-pT leptons and missing transverse momentum. In
experimental analyses, leptons are divided into two classes,
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the so-called light leptons e and μ and the hadronically
decaying τ’s. Throughout this work, we demand that the
decays are prompt, so that searches for long-lived particles,
such as disappearing track analyses [116,117], are not
relevant.

Run-1.—The lepton plus SM Higgs search targets associ-
ated chargino-neutralino pair production with subsequent
decay into light leptons, large missing transverse momen-
tum, and a Higgs boson [44]. The Higgs boson is
reconstructed in the bb̄ (SRlbb), γγ (SRlγγ), and WW
(SRll) final state—in the latter case, a second lepton
(expected from the W boson decay) with the same-sign
(SS) charge as the first lepton (expected from the chargino
decay) is requested.
The dilepton and large missing transverse momentum

search aims at discovering electroweak production of
charginos and neutralinos as well as production of slepton
pairs [45]. There, the authors demand exactly two leptons
(electrons, muons) and large missing transverse momen-
tum. For chargino pair production with intermediate
sleptons, they impose a strict cut on the transverse mass
mT2, and the events are categorized in same flavor (SF) and
different flavor (DF) classes, namely the following final
states: eþe−, μþμ−, eþμ−. Chargino pair production fol-
lowed by decays intoW’s and the LSP are targeted by three
signal regions (SR-WW). A parent Z boson is also con-
sistent with the signal regions including eþe− or μþμ− in
the final state. In this case, additional jet activity is required
by the search. This search targets production processes
such as pp → χ�1 χ

0
2 with a hadronically decayingW boson

(SR-Zjets). We have not considered the complementary
search targeting two τ’s plus large missing transverse
momentum and a jet veto since it has not been implemented
into CheckMATE.
The trilepton study searches for direct production of

chargino-neutralino pair, further decaying into three leptons
(electron, muon, tau) in association with large missing
transverse momentum [46]. Here, SM-Higgs as well as Z-
boson-mediated χ02 decays are taken into account. In the
MSSM, this search usually provides the highest sensitivity
to a light electroweakino sector. Three classes of signatures
are considered in the final state: three light leptons, i.e., e or
μ (SR0τ); two light leptons and a hadronically decaying τ
(SR1τ); and finally a single lepton plus two τ’s (SR2τ).
These are further split into 24 signal regions targeting
chargino-neutralino pair production with subsequent
decays into sleptons, gauge bosons, or the SM Higgs
boson which translate into the “same-flavor opposite-sign”
(SFOS) requirement or veto, missing transverse cut, invari-
ant mass cuts, and kinematic cuts on opposite-sign (OS)
lepton pairs.
Finally, the four lepton analysis targets events with four

or more leptons [47]. The signal regions demand at least
four light leptons (SR0Z) or exactly three light leptons and

a hadronically decaying tau (SR1Z) requiring Z candidates.
This search is motivated by Higgsino-like χ02χ

0
3 pair

production where both Higgsinos decay into a Z and the
LSP. Moreover, it includes signal regions targeting R-parity
violating decay modes, slepton-induced decays, and decays
via gauge-mediated SUSY breaking scenarios.

Run-2.—The ATLAS and CMS collaborations have pub-
lished a plethora of new searches in Run-2. The CMS
search [48] for multilepton final states looks for charginos
and neutralinos in signatures with either two same-sign
light leptons or with three or more leptons, while allowing
up to two hadronically decaying τ’s and demanding little
hadronic activity as well as missing transverse momentum.
All final state topologies are covered by a large number of
signal regions. For example, the dilepton phase space is
split into multiple signal regions characterized by initial-
state-radiation veto, missing transverse momentum, and the
transverse momentum of the dilepton pair. The “three or
more lepton” categories are classified according to the
number of light leptons and hadronic taus. The signal
regions with label A have at least one light SFOS. pair
among the three light leptons and are categorized according
to missing transverse momentum, transverse mass, and
invariant dilepton mass. Signal regions of type B do not
contain an SFOS. pair. Events with three leptons and at
least one hadronic tau which contain an SFOS. pair are
further tested withmT2 as a discriminating variable, and the
corresponding signal regions are in category C. If no SFOS.
is found, the events are split either in events with OS or SS
lepton pairs corresponding to categories D and E, respec-
tively. The last category F contains events with two
hadronic taus. Finally, events with more than three leptons
are classified according to the number of SFOS. pairs and
number of hadronic taus and intervals of missing transverse
momentum and are labeled with categories G–K.
Likewise, ATLAS presented an electroweakino search in

two and three lepton final states [49]. They divide their
study into three search strategies. The first looks for two
leptons and demands a jet veto targeting chargino pair
production. This final state channel is further binned
according to the transverse mass and the dilepton invariant
mass, while the signal regions are split between SF and DF
dilepton pairs (SR2-SF, SR2-DF). The second search
strategy focuses on dileptons and additional hadronic
activity which is optimized for the associated chargino-
neutralino pair production with subsequent decays into
gauge bosons, where the W decays into two jets and the
dilepton pair originates from the Z decay. The signal
regions are organized according to the size of the mass
splitting between the NLSP and the LSP and is denoted
with SR-low, SR2-int, and SR-high. The final search
strategy targets chargino-neutralino production leading to
the trilepton and missing transverse momentum final state.
The trilepton final state signatures are binned in missing
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transverse momentum, transverse mass, and the transverse
momentum of the least energetic lepton denoted by SR3-
WZ-0J. If a b-jet veto is required, the signal region
identifier is SR3-WZ-1J. In all searches, the leading lepton
is required to have pmin

T > 25 GeV.
Reference [50] searches for two hadronically decaying

taus and missing transverse momentum. The search targets
electroweakino production modes with decays via inter-
mediate third generation sleptons. The selection cuts are
relatively generic so that the search might be sensitive to
our scenarios. The search demands an OS τ pair with
moderate requirements on the τ transverse momentum and
missing transverse momentum. To further discriminate the
signal from the background, the transverse mass mT2 is
exploited in order to remove tt̄ and WW events.
In Run-2 the experimental collaborations have started to

probe the compressed electroweakino sector with soft
leptons in the final state, which is an extremely challenging
signature at hadron colliders [118]. In Ref. [51], the authors
probe two low-momentum OS leptons and missing trans-
verse momentum. They target compressed charginos and
neutralinos decaying via off-shell SM gauge bosons into
the LSP. With simplified model assumptions, they are able
to exclude chargino masses up to 165 GeV with mass
differences of 7.5 GeV between the NLSP and the LSP.
They reach such sensitivity to compressed spectra because
the signal leptons are only required to have pmin

T > 5 GeV.
In addition, some moderate cuts on missing transverse
momentum, invariant mass, and the scalar sum of jet
transverse momenta are imposed.
ATLAS also presented a search [52] focusing on

scenarios with compressed mass spectra. They could
exclude Higgsino (wino) scenarios with mass splittings
down to 2.5 (2.0) GeV. Signal electrons (muons) are
requested to have pmin

T > 4.5ð4Þ GeV. Further cuts on
missing transverse momentum, transverse mass, and initial
state radiation are demanded. Finally, the SR are binned in
exclusive as well as inclusive bins of the invariant dilep-
ton mass.
Reference [57] also considered two additional CMS

searches, from Refs. [119,120]. Unfortunately, these
searches had not been implemented into CheckMATE at
the time of our numerical scan and could not be included
a posteriori without a substantial numerical effort.
However, we only expect a limited impact on our parameter
points. Reference [119] focuses on the electroweak pro-
duction of charginos and neutralinos leading toWH events
and seems to perform better than the corresponding search
in Ref. [48]. It selects events with an isolated lepton (from
the W) and a bb̄ pair (from a SM Higgs boson), applying
cuts on the transverse as well as contranverse masses and
considering two separate bins of missing transverse
momentum. As a SM-like Higgs boson is explicitly
targeted, we do not expect additional coverage in the
scenarios with light singlet Higgs. The search of

Ref. [120] targets final states with two opposite-charge,
same-flavor leptons, jets, and missing transverse momen-
tum. The relevant topologies are strongly produced electro-
weakinos, which subsequently employ a decay mode
characteristic of a slepton-edge scenario. Such signals
are certainly irrelevant for our benchmark points where
we have assumed the sfermions to be heavy. However, this
CMS search also considers χ01 pair production decaying
into ZZ, ZH, and a light gravitino as well as χ02χ

�
1

production with the characteristic WZ final state. The
relevant signal region is the on-Z search region, which is
sensitive to a hadronically decaying W- or Z-boson in
association with the leptonically decaying Z-boson. The
WZ signal regions appear to perform slightly better than the
corresponding search in Ref. [48], since the observed reach
slightly improves on the expected one.

3. Numerical procedure

Now, we briefly discuss the numerical tools employed
for the collider test. The searches discussed in the previous
paragraph have been implemented by the CheckMATE

Collaboration [66–69]. CheckMATE2.0.26 is based on the
modified fast detector simulation DELPHES3.4.1 [70].
CheckMATE tests whether a model point is excluded by
comparing its expected signatures with all implemented
experimental searches at the LHC. SLHA2 spectrum files are
accepted as input, and Monte Carlo (MC) events are
generated with PYTHIA8.223.
In Table I, we list the searches implemented in CheckMATE

that are relevant for our analysis. The column on the left
displays the arXiv number or the conference proceedings
reference of the corresponding search. The second column
shows the final state signature, and the third column gives
the total integrated luminosity. All studies listed in Table I
have been validated against the results published by the
experimental collaborations. Details on the validation can
be found in the CheckMATE manual and web page [66,68].
In order to estimate the efficiencies for all signal regions

of all employed searches, hence the number of signal events
for all searches, we first generate truth level MC events for
each benchmark point with PYTHIA8.223] [71]. Here, we
consider all processes summarized in Eq. (4). The MC
event generation for the simulation of the production of
supersymmetric partners of the electroweak SM bosons is
computationally quite expensive. The reasons are manifold
such as relatively large production cross sections, the small
leptonic branching ratios, and the small efficiency of the
signal regions. In general, this requires a large MC event
sample. However, due to computational limits, the max-
imally allowed number of MC events was set to 150,000
events. As a result of this computational cost, we could not
sample an arbitrary number of model points, as we
discussed before. The corresponding total cross sections
are computed at tree level and scaled up by a constant k-
factor of 1.3.
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For particle spectra involving relatively small mass
splittings with respect to the LSP, the simulation of addi-
tional radiation is important [121,122]. However, we have
not matched the partons from the exact matrix element
calculation with the parton shower [123], and thus our
results in the compressed region have a large uncertainty.
Finally, we removed the benchmark points for which
PYTHIA was not able to process the hadronization of the
final states, due to very little available phase space.
The truth level MC events together with the production

cross sections are then passed on to CheckMATE. Each model
point is tested against all the analyses shown in Table I.
CheckMATE determines the optimal signal region among all
the analyses with the largest expected exclusion limit. For
this signal region, CheckMATE compares the simulated signal
with the actual experimental observation and determines
whether the model point is excluded at the 95% C.L. [124]
with the help of the following ratio,

r≡ S − 1.64ΔS
S95exp :

; ð8Þ

where S, ΔS, and S95exp : denote the number of signal events,
the MC error, and the experimentally determined 95% con-
fidence level limit on S. The error due to the finite MC
sample is ΔS ¼ ffiffiffi

S
p

. Here, we do not include systematic
errors in the calculation of the ratio r such as the theoretical
uncertainty on the partonic production of electroweakinos
and SUSY decay chains (higher-order, parametric, etc.),
parton distribution, parton shower, and luminosity
uncertainties.
We do not statistically combine signal regions since the

correlations among them are not publicly available in
general. The exact value of r delimiting the 95% C.L.
exclusion contour is a matter of discussion. We will
consider a point as being clearly in tension with the
experimental data if r ≥ 1.5., i.e., if for the most sensitive
signal region the predicted number of signal events is by a

factor of 1.5 larger than the 95% C.L. upper bound. If
r < 0.67, the point appears to be essentially compatible
with the experimental results. It corresponds to the number
of signal events which is below the 95% C.L. upper bound
divided by 1.5. Benchmark points with 0.67 < r < 1.5
actually present possibly large uncertainties (originating
from e.g., parton distribution function sets, the choice of
renormalization and factorization scale, the details of
parton showering, or the finite MC statistics) so that a
conservative approach cannot classify them as excluded at
95% C.L.; we will regard them as “potentially constrained.”

III. COLLIDER SEARCHES—RESULTS

In this section, we investigate the constraints from Run-1
searches as well as preliminary results of several Run-2
searches (for an integrated luminosity of 36 fb−1) on our
benchmark samples for all five scenarios presented in
Sec. II D. For each model point, we generated MC events,
estimated the detector response, and explicitly probed the
impact of the ATLAS and CMS searches summarized in
Table. I. Of course, we naively expect the constraints from
Run-2 to have a higher reach than those of Run-1, due to
the larger cross sections accessed at a center-of-mass
energy of 13 TeV (roughly a factor 2 at the partonic level).
On the other hand, the SM background processes also
become more prominent at 13 TeV.

A. MSSM-like spectra

1. General discussion

In Fig. 1, we show our randomly sampled model points
in the plane defined by the masses of the lightest neutralino
and chargino states: mχ0

1
and mχ�

1
. Chargino masses below

∼100 GeV are inaccessible due to LEP2 constraints.
Moreover, the cross sections for chargino/neutralino pro-
duction in p − p collisions are suppressed in the high-mass
range. Constraints in lepton searches correspondingly
weaken, although the efficiency tendentially increases

TABLE I. Multilepton searches included in the collider test. The first column shows the center-of-mass energy.
The second column provides the arXiv number or the conference proceedings identifier. The middle column denotes
the final state which is targeted by the analysis, and the last column displays the total integrated luminosity. l
denotes electron, muon, as well as hadronic taus τh.
ffiffiffi
s

p
Reference Final state Lðfb−1Þ

8 TeV 1501.07110 (ATLAS) [44] 1lþ 1hþ ET 20.1
1403.5294 (ATLAS) [45] 2lþ ðjetsÞ þ ET 20.1
1402.7029 (ATLAS) [46] 3lþ ET 20.1
ATLAS-CONF-2013-036 [47] 4lþ ET 20.1

13 TeV CMS-PAS-SUS-16-039 [48] ≥ 3lþ ET 35.9
ATLAS-CONF-2017-039 [49] 2ð3Þlþ ET 36.1
1708.07875 (ATLAS)[50] 2τh þ ET 36.1
CMS-PAS-SUS-16-048[51] soft dileptonþ ET 35.9
1712.08119 (ATLAS)[52] soft dileptonþ ET 36.1
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for large mass splittings between the LSP and the NLSP,
due to the emission of leptons with large transverse
momentum. All the model points that we keep in this
sample satisfy the constraints imposed in Sec. II C and
distribute in the χ01=χ

�
1 -mass plane according to the

characteristic structures that result from the relic-density
condition. The Z and Higgs funnel regions can be
easily identified and are characterized by mχ0

1
≈ 45 GeV

and mχ0
1
≈ 60 GeV, respectively; in these cases, DM

annihilation proceeds mainly through the mediation in
the s-channel of a Z or SM Higgs bosons close to their
mass shell. In the upper left-hand corner of Fig. 1, the
proximity in mass of the chargino and the neutralino opens
the path to chargino coannihilation.
In the upper part of Fig. 1, we display the constraints of

the collider test. Model points which are clearly allowed
(r ≤ 0.67) or clearly excluded (r ≥ 1.5) by direct LHC
searches are shown in green or red, respectively.
Ambiguous points (0.67 < r < 1.5) are depicted in inter-
mediate shades, depending on the value of r. In the lower
part of Fig. 1, we show which category of searches is most
sensitive to the spectra, for points with r > 0.67.
We observe that the collider searches constrain bench-

mark points in both funnel regions up to chargino masses of
about 500 GeV. However, strict exclusion (r > 1.5) only
applies for mχ�

1
≲ 300 GeV, and even then, many points

continue to satisfy r < 1.5 and even r < 0.67. For light
charginos with mass ≲200 GeV, production cross sections
of charginos and neutralinos may reach Oð5 pbÞ for a
center-of-mass energy of 8 TeV [respectively Oð10 pbÞ at
13 GeV], mediating sizable cross sections with two or three
leptons in the final state. On the other hand, the reduced
available phase space tends to produce somewhat soft
leptons, which reduces the efficiency of the searches. The
competition of these two effects explains the inhomoge-
neity of the pattern of constraints in the low-mass region.
However, we checked that the excluded points are usually
associated with the largest leptonic cross sections for a
given kinematic range (which is almost fully determined by
the chargino mass, if the LSP is in the funnel region). In this
region, the most efficient of the considered searches appear
to be the CMS multilepton 13 TeV searches [48] of SR A
type (three light leptons in the final state and at least one
SFOS. pair). The 8 TeV searches are largely superseded
and only proved efficient for mχ�

1
≲ 140 GeV anyway. We

find that the ATLAS 13 TeV search tends to be less
competitive than the CMS analysis. The extensive binning
of the CMS search in multiple signal regions explains this
situation, since it provides sensitivity to a wide range of
mass scales and mass hierarchies.
In the chargino-coannihilation region (top left-hand cor-

ner), the sparticle spectrum is compressed (mχ�
1
−mχ0

1
≈ 0),

so that the leptons in the final state are endowed with very
little transverse momentum. The detection of these soft
leptons is experimentally problematic. The effort to inves-
tigate compressed spectra at 13 TeV results in occasional
limits in our sample of points. However, as already discussed
in Sec. II E 3, we did not generate matched events in the
compressed region, so that the results should be understood
at a purely qualitative level.
As expected, the searches for three light leptons in the

final state provide the best sensitivity to the spectra. The
corresponding signal regions are optimized for the process
pp → χ02χ

�
1 with subsequent decays of χ02 → Zð�Þχ01 and

FIG. 1. Model points with MSSM-like spectra in the plane
defined by the masses of χ�1 and χ01. Top: Exclusion plot. The
color of the points reflects the performance in view of collider
searches: dark green → r < 0.67 (allowed); middle green
→ 0.67 < r < 0.75; light green → 0.75 < r < 1; yellow
→ 1 < r < 1.25; orange → 1.25 < r < 1.5; red → r > 1.5 (ex-
cluded). Bottom: Constraining analyses. Each color corresponds
to the category of searches that is most sensitive to the spectrum,
for all points with r > 0.67.
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χ�1 → Wð�Þχ01 (the superscript
ð�Þ indifferently marks on- or

off-shell gauge bosons). While the cross sections involving
τ final states are competitive, we observe no sensitivity of
the associated signal regions, which can be easily under-
stood from the reduced efficiency for the identification of
hadronic τ’s in the detector.
We also separately considered the impact of 8 TeV

searches in order to compare our results with the ATLAS
analysis of Ref. [37]. The general shape of the region of
exclusion is consistent, but the ATLAS study seemed to
hint at somewhat more efficient collider limits in both
funnel regions than those observed in our sample. These
differences could be the consequence of the likelihood-
driven scan performed in Ref. [37], while we restrict
ourselves to a simple random scan; thus, the sampling
may depend on the priors. In addition, an extrapolation
technique was applied to evaluate the limits in Ref. [37],
whereas we chose to display only the benchmark points for
which we performed an actual test. Finally, CheckMATE2

cannot account for the correlations among signal regions. It
only applies Eq. (8) to the most promising channel, in order
to check whether a benchmark point is excluded or not.
This method is expected to be more conservative than the
ATLAS procedure, which consists in calculating the
p-value.

2. Test points

In Table II, we list a few points illustrating various
features of the MSSM-like scenario:

(i) 39_A18 involves a light electroweakino sector, with
a bino LSP in the Z funnel, winos at a mass of
∼125 GeV, and Higgsinos at ∼250 GeV. The cor-
responding production cross sections at the LHC are
rather large and reach up to ∼2 pb (respectively,
5 pb) in the χ�1 χ

0
2 or χþ1 χ

−
1 channels at a center-of-

mass energy of 8 TeV (respectively, 13 TeV). The
wino decays are then essentially mediated by
electroweak gauge bosons, leading to BR½χþ1 →
χ01l

þνl� ≃ 22% and BR½χ02 → χ01l
þl−� ≃ 6.6%,

where l denotes light leptons. These channels turn
out to be the main contributors to the pp → 3l cross
sections and result in predicted signals of
σ8 TeV½pp → 3l� ≃ 45 fb and σ13 TeV½pp → 3l�≃
93 fb. As a result, 3l searches are quite efficient.
In fact, the corresponding ATLAS Run-1 searches of
type SRτa are sufficient to conclude to the exclusion
of this point. These limits are superseded by the
Run-2 results, where the CMS trilepton search is
the most powerful one. The most sensitive signal
region, SRA08, requires one SFOS. dilepton
pair and moderate cuts on transverse missing mo-
mentum (150 ≤ ET ≤ 200 GeV), transverse mass
(100 ≤ mT ≤ 160 GeV), and invariant dilepton
mass (mll ≤ 70 GeV). For this specific point, the

targeted invariant mass, corresponding to
∼mχ0

2
−mχ0

1
, is slightly below the Z-mass window,

and the χ02 decay proceeds through an off-shell Z-
boson. TheWZ signal regions of the ATLAS 13 TeV
multilepton study do not show good sensitivity in
this context, due to rather strict cuts and a coarse
binning. On the other hand, mχ�

1
−mχ0

1
≃ 80 GeV≃

mχ0
2
−mχ0

1
. This difference is close to the W-mass,

and thus the mT2 variable is not efficient enough to
suppress the WW SM background for dilepton final
states. As a result, the efficiency in 2l searches is
rather weak. This point, rather typical of the targets
of the 3l searches, is thus clearly excluded.

(ii) 52_A5 shares some similarities with the previous
benchmark point: the bino LSP is in the funnel region,
and the wino and Higgsino states are relatively light,
with masses of order ∼115–220 GeV. Contrary to
39_A18, however, the spectrum is more compressed
and involves a sizable wino-Higgsino mixing. The
latter somewhat reduces the production cross sections
compared to the case of pure wino. In addition,
mχ�

1
−mχ0

1
≃ 65 GeV ≃mχ0

2
−mχ0

1
, and the decays

occur via off-shell SM gauge bosons, which means
that the leptons in the final state are relatively soft.
Consequently, the efficiency in searches is reduced.
8 TeV searches are only mildly sensitive to this point
(which is also related to an upward fluctuation in some
signal regions targeting small mass differences
mχ0

2
−mχ0

1
), and only Run-2 searches are actually

able to exclude it. Again, the CMSmultilepton search
is the most efficient among the considered channels,
with SRA07 being the most sensitive signal region.
The cuts are very similar to SRA08 with somewhat
weaker conditions (100 ≤ ET ≤ 150 GeV). This evo-
lution with respect to the previous spectrum is
expected, since the considered masses are smaller
and the whole spectrum is somewhat more com-
pressed.

(iii) spectr31: For this point, the mass of the domi-
nantly bino LSP falls in the Z funnel. The wino
states share a mass of ∼220 GeV, while the Higg-
sinos are heavier at ∼335 GeV. Due to the larger
masses involved in the electroweakino sector, the
production cross sections in p − p collisions are
modest as compared to the previous points (a few
100 fb for the dominant χ02χ

þ
1 and χþ1 χ

−
1 channels).

Correspondingly, the leptonþMET cross sections
are also reduced [Oð10Þ fb]. However, the produced
leptons are energetic and lead to a good efficiency in
searches. Constraints from Run-2 return a clear
exclusion. The most sensitive signal region is
SRA29. It requires a similar cut on the missing
transverse momentum as SRA07 and SRA08, but
the transverse cut of mT ≥ 160 GeV is harder, and
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the invariant mass of the SFOS. dilepton pair of 75 ≤
mll ≤ 105 GeV corresponds to the signal region
with on-shell Z. Most of the SM background events
are expected in this Z-mass window. However, a
hard cut on mT is fairly efficient since roughly 86%
of the SM WZ events of the Z-mass window cluster
in the region defined by mT ≤ 100 GeV and
35 GeV ≤ ET ≤ 100 GeV are discarded. Surpris-
ingly, even for this benchmark point, the ATLAS

trilepton search is not performing very well. How-
ever, the ATLAS dilepton signal regions show
relatively good sensitivity to this spectrum.

(iv) 139_A24 also contains a bino LSP in the Z funnel.
The electroweakino sector includes Higgsino states
at ∼190 GeV and wino states at ∼900 GeV. Cor-
respondingly, the production cross sections of char-
ginos and neutralinos is somewhat reduced (as
compared to wino states). The decay chains are

TABLE II. Test points in the MSSM-like scenario. The first lines detail the characteristics of the lightest
electroweakino states, with B, W, H, and S standing for bino, wino, Higgsino, and singlino and documenting the
nature of the dominant component of the considered state. In case of a large mixing, both large components are
indicated. For the other scenarios, we will also provide the masses of the lightest Higgs states, but in the case of the
MSSM-like scenario, only the SM-like Higgs is light, with mass ∼125 GeV, so that we skip such information here.
We then provide the magnitude of the “traditionally” leading branching fractions into W, Z for the light charginos
and neutralinos. There, the superscript � indicates that the decay is mediated off shell. Any departure from 1 implies
the existence of other important decay channels; in this particular scenario, these correspond essentially to decays
involving the SM-like Higgs, but in the other scenarios, decays involving the Higgs singlets, the singlino, or even the
photon can be relevant. Then appear the cross sections of the leading production channels in p − p collisions for
8 TeV as well as 13 TeV center-of-mass energy. Next, we derive the value of the cross sections mediated by the
electroweakinos for three light leptons in the final state. We do not indicate the cross sections involving τ final states
since we observe no (or little) experimental sensitivity to them. Finally, the last two lines identify the name of the
most relevant search in the analysis of CheckMATE and the associated value of the ratio r: below 0.67, we regard the
point as allowed, and excluded above 1.5; intermediary values mean that the signal is close to exclusion but that a
full accounting of uncertainties would certainly place it within error bars.

39_A18 52_A5 spectr31 139_A24

mχ0
1
(GeV) B 43 B 50 B 43 B 41

mχ0
2
(GeV) W 125 W/H 116 W 222 H 192

mχ�
1
(GeV) W 125 W/H 117 W 223 H 190

BR½χ�1 → χ01W� 1 1� 1 1
BR½χ0i → χ01Z� 1� (i ¼ 2) 1� (i ¼ 2) 0.97 (i ¼ 2) 0.58i¼2; 0.85i¼3

σ8 TeV½pp → χ0i χ
�
1 � (pb) 2.45 (i ¼ 2) 2.02 (i ¼ 2) 0.27 (i ¼ 2) 0.31 (i ¼ 2þ 3)

σ8 TeV½pp → χþ1 χ
−
1 � (pb) 1.27 1.13 0.13 0.10

σ13 TeV½pp → χ0i χ
�
1 � (pb) 4.94 (i ¼ 2) 4.02 (i ¼ 2) 0.62 (i ¼ 2) 0.69 (i ¼ 2þ 3)

σ13 TeV½pp → χþ1 χ
−
1 � (pb) 2.59 2.28 0.31 0.22

σ8 TeV½pp → 3l� (fb) 45 43 5 4
σ13 TeV½pp → 3l� (fb) 93 89 12 9
Search SR A08 SR A07 SR A29 SR A25
r 4.7 2.1 2.5 0.5

295_A24 11_A39 10_A41A

B 59 B/H 95 H 99
H 152 H 123 H 112
H 150 H 113 H 104
1 1� 1�
1 (i ¼ 2, 3) 1� (i ¼ 2, 3) 0.89� (i ¼ 2)
0.69 (i ¼ 2þ 3) 1.06 (i ¼ 2þ 3) 1.39 (i ¼ 2)
0.23 0.66 0.89
1.45 (i ¼ 2þ 3) 2.13 (i ¼ 2þ 3) 2.72 (i ¼ 2)
0.48 1.31 1.73
11 18 24
23 35 47
SR A25 SR1-wk-1l-mll2 SR1-wk-1l-mll1
0.6 0.5 3.2

CONFRONTING THE NEUTRALINO AND CHARGINO SECTOR OF … PHYS. REV. D 101, 075010 (2020)

075010-13



dominated by χ�1 → χ01W
�, χ02 → χ01Z, and χ02 →

χ01HSM, the latter channel depleting the final state of
light leptons. In the end, the CheckMATE analysis
concludes no sensitivity to this spectrum from both
the Run-1 and Run-2 searches. In the case of the
13 TeV searches, we should mention that the signal
region that is selected as the most sensitive one,
SRA25, shows an upward fluctuation in the number
of observed events. As a result, the observed limit on
the number of signal events is weaker than expected.

(v) 295_A24: For this point, the bino LSP is in the SM-
Higgs funnel, withHiggsino states around∼150 GeV
and winos at ∼1 TeV. The Higgsino production in
p − p collisions is comparatively reduced. In addi-
tion, the mass difference mχ2 −mχ1 roughly corre-
sponds to the Z-mass. In this region of parameter
space, events with pair production of chargino and
neutralino look very similar to the dominantWZ SM
background. This benchmark point is therefore very
challenging experimentally.

(vi) 11_A39 is representative of the chargino coanni-
hilation region, with a Higgsino-bino admixture as
the LSP, at a mass of ∼95 GeV, and Higgsino states
in the 110–120 GeV region. The winos are much
heavier, with masses around 730 GeV. The dominant
production channels are χ�1 χ

0
2, χ

þ
1 χ

−
1 , and χ01χ

0
2 and

generate soft leptons in the final state. This results in
very low efficiencies for leptonic searches. Accord-
ing to CheckMATE, this point is not constrained by
multilepton searches. Unsurprisingly. the most sen-
sitive channel corresponds to the CMS searches for
compressed spectra [51,125]. Comparing with the
CMS exclusion plot, the benchmark points seem to
be on the exclusion boundary. However, the CMS
plot assumes wino pair production with subsequent
decays via off shell W and Z boson, while the point
under consideration has a Higgsino NLSP with
reduced production cross section. We stress that we
did not match the MC events, so that the theoretical
uncertainty on this benchmark point could be rela-
tively large. In particular, the CMS soft dilepton study
demands the presence of one jet, although the cut is
very mild, with pTðj1Þ ≥ 25 GeV.

(vii) 10_A41A is another example in the coannihilation
region. The LSP and NLSP’s are Higgsino states.
The bino and winos are much heavier (beyond
500 GeV). In this case, the searches for a soft lepton
pair in the final state that have been performed in
Run-2 appear to be sensitive to the production and
decays of the Higgsinos. CheckMATE identifies a
CMS search as the most constraining limit and
concludes the exclusion of this spectrum. The main
difference with the previous benchmark point rests
with the smaller mass splitting between the LSP and
the NLSP. With decreasing mass difference, the cut

0.6 ≤ ET=HT ≤ 1.4 becomes more efficient. Here,
HT is the scalar sum of all jets (mainly from initial
state radiation). A smaller mass gap leads to less
energetic decay products of the NLSP, which tend to
increase the overall missing transverse momentum.

B. Singlino LSP

Now, we study how the LHC electroweakino searches
perform in scenarios beyond the MSSM. Thus, we first
focus on points with singlino LSPs.

FIG. 2. Impact of the collider searches on the benchmark points
involving a singlinolike LSP. The results are shown in the plane
defined by the masses of the lightest neutralino and chargino
states. The apparent edges at 40, 60, and 100 GeV are simply
scanning artifacts related to a change in the density of the scan (as
the low-mass regions are subject to more subtle phenomeno-
logical requirements, they require a higher scan density to be
populated). The color code is the same as in Fig. 1.
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1. Global analysis

Our results for the collider searches are shown in Fig. 2.
The color labels are the same as in Fig. 1. In contrast with
the previous subsection, the model points distribute across
most of the mass plane, with LSP masses as low as 2 GeV.
The possible existence of light singlet scalar states funnel-
ing the DM annihilation in the early Universe explains the
traditional “funnel” and “coannihilation” structures fading
away. Contrarily to Ref. [31], we find spectra involving
LSP masses below ∼10 GeV and satisfying limits from the
Higgs and Z decays. This scenario is often considered as a
trademark of the NMSSM. On the other hand, we find few
benchmark points of this type with both a light LSP and a
heavier NLSP (mχ�

1
≳ 300 GeV). This is in fact a relatively

generic feature of the Z3-conserving NMSSM: in this
model, it is indeed difficult to simultaneously satisfy
stability conditions (positive Higgs squaredmasses) together
with the relic density constraint (implyingmΦ ∼ 2mχ0

1
, where

mΦ represents the mass of a mostly singlet CP-even or CP-
odd Higgs state) when requiring a large value of μeff (for a
heavy χ�1 ).
In the upper plot of Fig. 2, most benchmark points that

are excluded by the leptonic searches have LSP masses
below 40 GeV. Even there, we continue to observe outlier
points with r < 0.67. The impact of the multilepton
searches on this scenario thus appears limited, although
the corner with mχ0

1
≲ 40 GeV and mχ�

1
≲ 150 GeV looks

strongly constrained. As compared to the MSSM-like
scenario, we actually observe that, for comparable kin-
ematical configurations, the production cross sections of
electroweakinos (hence the mediated 2l and 3l cross
sections) tend to be reduced by ∼20% in the scenario with
singlino LSP. We understand this fact as a consequence of
the characteristics of the spectra that are selected by the
relic-density condition, due to the different nature of the
LSP (singlino vs bino), and the systematic presence of a
(comparatively) light Higgsino component. This means that
somewhat larger luminosities are needed in order to achieve
comparable limits as those of the MSSM-like scenario. We
also note that, due to the opening of the Higgs-singlet
funnels mediating DM annihilation, the kinematical con-
figurations can be relatively different from those encoun-
tered in the MSSM-like scenario. On the other hand, the
decays of the neutralinos and charginos are largely
unchanged (at the level of the branching ratios), although
the presence of light Higgs singlet states (Φ) occasionally
induces decays of the form χ0i → Φχ01. According to the
analysis of CheckMATE, CMS 13 TeV searches for three light
leptons (SR A) or more (SR G) are currently placing the
most effective limits, except in the coannihilation region,
where dedicated searches for compressed spectra perform
better. On the whole, however, many points with light
spectra are compatible with the collider constraints. This
scenario with light singlinolike LSP thus remains

phenomenologically viable from the perspective of collider
searches. Previous studies [41] have insisted on the
resilience of this scenario even to 3000 fb−1 searches at
a High-Luminosity (HL)-LHC, although the corner involv-
ing light LSPs and heavy charginos should be covered.

2. Test-points

In Table III, we present various examples of points with
singlino LSP:

(i) 11_B3A represents a first example of a very-light
dark matter candidate, with mass ∼7 GeV (singlino
at ∼98%). An efficient annihilation of this particle is
only possible because of the existence of a light
Higgs mediator H1 with mass of ∼15 GeV. The
Higgsinos, bino, and winos take masses of about
170, 350, and 1000 GeV, respectively. The produc-
tion cross sections of these states at the LHC are not
particularly large (suppression by the mass scale).
On the other hand, the mass splitting ensures the
presence of energetic leptons in the final state.
Although both a light CP-odd and a light CP-even
Higgs state are present, the decays of the Higgsinos
and winos essentially involve the electroweak gauge
and the SM-like Higgs bosons. According to Check-

MATE, the CMS search for three light leptons at
Run-2 returns r ¼ 1.2. The signal region with best
sensitivity is SRA29. The large mass splitting
between the LSP and the NLSP explains the selec-
tion of a signal region with a rather strict cut on the
transverse mass mT ≥ 160 GeV, while the cut
on missing transverse momentum 200 ≤ ET ≤
250 GeV is rather moderate. Further statistics should
place this point within the range of clear exclusion.

(ii) 2_B5 is similar to the previous point, with a singlino
LSP at ∼8 GeV, Higgsino states at ∼160 GeV, a
bino at ∼500 GeV, and the winos at ∼1 TeV. The
Higgsino production cross section is smaller than
that of the previous point, resulting in smaller 3l
signals. Both a light CP-even and a light CP-odd
singlet are present, but they only have a moderate
impact on Higgsino decays. In addition, due to the
somewhat reduced mass splitting between the light-
est neutralino and the lighter chargino, signal events
are unable to satisfy a very tight cut on the transverse
mass, so that the most sensitive signal region is
SRA25, with a somewhat weaker cut on mT as
compared to the selected signal region of the
previous benchmark point. The CheckMATE analysis
concludes the absence of constraints from multi-
lepton searches.

(iii) 133_B5A includes a singlinolike LSP with mass
∼24 GeV, annihilating in the A1 funnel, Higgsino
and wino (mixed) states at ∼130 and ∼265 GeV,
and a heavy bino. The production cross section of
electroweakinos is of order ∼1 pb in the dominant
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channels, leading to sizable 3l cross sections. We
note the increase in cross section as compared to the
pure Higgsino case. However, these are tendencially
reduced as compared to those of comparable spectra
in the MSSM-like scenario. On the other hand, the
mass splitting between the singlino and the NLSP is
also larger compared to similar MSSM scenarios,
since the singlino LSP is lighter than the typical bino
in the Z funnel. As a result, the leptons are more
energetic, and the reach of the light lepton searches
is higher. According to CheckMATE, already the Run-
1 3-lepton search SR0τa16 is sensitive to this point,
with ∼10 predicted events against an experimental
limit of ∼6, hence leading to tensions. Full exclusion
is achieved at Run-2. Interestingly, the most sensi-
tive signal region is a CMS search for more than
three light leptons in the final state, labeled with G.
Indeed, the Higgsino spectrum allows for χ02χ

0
3

production with subsequent decays into two Z

bosons. Despite the small branching ratio for a four
light-lepton final state, the signal is almost back-
ground free and thus leads to a viable search. The
signal region G05 explicitly demands four light
leptons with the further requirement of two SFOS.
pairs and a tight cut on the missing transverse
momentum ET ≥ 200 GeV, with the goal to further
suppress the SM background processes.

(iv) 33_B3A contains a singlino LSP at ∼29 GeV, in the
A1 annihilation funnel. The NLSP is a bino/Higgsino
admixture at ∼140 GeV, while the other Higgsino
states are somewhat heavier (∼160 GeV), and the
winos are at∼1 TeV.The production cross sections of
the bino/Higgsino states as well as the 3l cross
sections are comparable to those of 11_B3A. How-
ever, the decays of the bino/Higgsinos involve the
lightHiggs singlets at the level of∼15%, and themass
splitting between LSP and NLSP is reduced. As
discussed in Ref. [43], the presence of a light bino

TABLE III. Test points for the singlino LSP scenario. The general features are similar to those of Table II.

11_B3A 2_B5 133_B5A 33_B3A

mχ0
1
(GeV) S 7 S 8 S 24 S 29

mχ0
2
(GeV) H 167 H 158 H/W 131 H/B 141

mχ�
1
(GeV) H 171 H 158 H/W 130 H 162

mH0
1
(GeV) 15 18 20 11

mA0
1
(GeV) 24 9 49 63

BR½χ�1 → χ01W� 1 1 1 1
BR½χ0i → χ01Z� 0.86i¼2; 0.54i¼3 0.90i¼2; 0.59i¼3 0.87i¼2; 0.78i¼3 0.83i¼2; 0.80i¼3

σ8 TeV½pp → χ0i χ
�
1 � (pb) 0.47 (i ¼ 2þ 3) 0.21 (i ¼ 2þ 3) 1.86 (i ¼ 2þ 3) 0.46 (i ¼ 2þ 3)

σ8 TeV½pp → χþ1 χ
−
1 � (pb) 0.14 0.19 0.72 0.17

σ13 TeV½pp → χ0i χ
�
1 � (pb) 1.01 (i ¼ 2þ 3) 0.47 (i ¼ 2þ 3) 2.75 (i ¼ 2þ 3) 0.98 (i ¼ 2þ 3)

σ13 TeV½pp → χþ1 χ
−
1 � (pb) 0.31 0.41 1.48 0.38

σ8 TeV½pp → 3l� (fb) 6 3 25 7
σ13 TeV½pp → 3l� (fb) 12 6 53 14
Search SR A29 SR A25 SR G05 SR A25
r 1.2 0.5 4.6 0.6

82_B4 98_B5A 118_B5 46_B5

S 37 S 40 S/H 63 S/H 64
W 136 H 133 H 146 H 146
W 134 H 133 H 137 H 122
37 18 144 77
83 65 138 70
1 1 1� 1
0.97i¼2 0.91i¼2; 0.93i¼3 1�i¼2; 0.45i¼3 0.07i¼2; 0.06i¼3

1.70 (i ¼ 2) 1.12 (i ¼ 2þ 3) 0.64 (i ¼ 2þ 3) 0.29 (i ¼ 2þ 3)
0.94 0.47 0.33 0.50
3.47 (i ¼ 2) 2.30 (i ¼ 2þ 3) 1.34 (i ¼ 2þ 3) 0.68 (i ¼ 2þ 3)
1.94 0.98 0.68 0.35
31 20 9 0
65 44 18 1
SR A24 SR G03 SR A03 SR F04
2.8 3.7 0.8 0.4
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component reduces the NLSP couplings to Z-bosons,
thus somewhat reducing the production cross section
and the decays of the corresponding state to
Z þ singlino. CheckMATE finds no conclusive sensi-
tivity for both Run-1 and Run-2 searches.

(v) 82_B4: This point has loose similarities with
39_A18 of the MSSM-like subset. The mass of
the singlino LSP falls in the A1 funnel but is also
quite close to the Z funnel. The NLSPs are winolike,
with masses of ∼135 GeV, while the Higgsinos take
masses in the range ∼250–290 GeV. The decays of
χ02;3;4, χ

�
1 are essentially mediated by gauge bosons.

The presence of a wino NLSP again leads to sizable
cross sections. However, the production cross sec-
tions (χþ1 χ

−
1 , χ

þ
1 χ

0
2) at the LHC and the subsequent

multilepton signals are reduced by ∼30% as com-
pared to 39_A18. Only Run-2 results are thus able
to exclude this point, yet with a lower significance
than for 39_A18.

(vi) 98_B5A: This point differs from the previous one in
that the light NLSPs with mass around ∼133 GeV
are Higgsino-like, while the winos take mass in the
range of 300 GeV. The production cross section of
the Higgsinos in proton-proton collisions is further
reduced. As before, light singlet Higgs states are
present in the spectrum and allow for an efficient
annihilation cross section of the singlinolike NLSP,
irrespectively of the very low electroweak charge of
this state (gauge singlet at ∼95%). On the other
hand, the decays of the SM-like Higgs or the
electroweakinos into singlet Higgs states remain
at the percent level, and hence have little impact
on the chargino/neutralino phenomenology at col-
liders. The decays of the electroweakinos is still
dominated by the mediation of W and Z. Exclusion
is achieved at Run-2, via the CMS search for more
than four light leptons in the final state. This
benchmark has some similarity with 133_B5A: in
both cases, Higgsinos have the same mass scale,
but the mass difference is smaller for 98_B5A,
thus barely allowing for an on-shell decay of
both Z bosons in the decays of a produced Higgsino
pair. As a consequence, less net missing transverse
momentum is expected, and the best sensitive
signal region G03 has a weaker requirement, with
100 ≤ ET ≤ 150 GeV.

(vii) 118_B5: For this point, the LSP is in the SM-Higgs
funnel. The singlet Higgs states do not play a critical
role for the annihilation cross section. Although
dominantly singlino at ∼56%, the lightest neutralino
contains a sizable Higgsino component. Further
Higgsino states come with a mass of ∼140 GeV,
while the winos are heavy (∼1 TeV). This point is
only mildly constrained by the Run-2 3l searches.
The small production cross section of Higgsinos is

combined with a small mass splitting, which results
in decays through off-shell Z and W bosons, hence
in a poor sensitivity of all Run-2 searches. Interest-
ingly, 2l searches at Run-1 (WWc SF) place
stronger bounds, which would result in r ¼ 1.25.
However, this is the consequence of a downward
fluctuation in the corresponding signal region: the
expected S95 limit is actually smaller than the
observed one. According to the selection rules of
the most sensitive search by CheckMATE, the CMS
Run-2 3l search A03 is chosen, instead, as the
relevant test channel, leading to the weaker
limit r ¼ 0.8.

(viii) 46_B5 also includes a singlino/Higgsino LSP in the
SM-Higgs funnel, with the remaining Higgsinos in
the range 120–150 GeV and the binos and winos
around 0.5 TeV. The cross sections are somewhat
weaker than for the previous point, and the Higgsino
decays dominantly involve the singlet-Higgs states
with mass ∼70–77 GeV. In turn, these Higgs states
dominantly decay into bottom pairs. The lepton
flavor appearing in Higgs decays is essentially τ,
reducing the multiplicity of light leptons in the final
state. According to CheckMATE, no tension with the
Run-1 or Run-2 searches exists for this point. As no
SUSY search is optimized for decay chains ending
in hadronically decaying light scalar states and that τ
searches are less efficient than those involving light
leptons in the final state, this point is difficult to
probe. The best “sensitivity” is obtained for the
CMS 13 TeV search with a τ pair and a light lepton.

As a concluding remark for this scenario, we see that the
presence of a light wino component (as in points 133_B5A
and 82_B4) increases the electrowikino cross section and
leads to stronger constraints from lepton searches.
Therefore, the singlino-Higgsino scenario (with heavier
winos), which is more commonly studied, does not become
more robust, in general, from lowering the wino mass. On
the other hand, the presence of a light bino component, as
in point 33_B3A, can reduce the NLSP couplings to Z-
bosons, leading to somewhat weaker constraints.

C. Singlino NLSP

In this subsection, we consider the impact of the LHC
searches on a scenario with light singlino NLSP.

1. Global analysis

In this scenario, the lightest neutralino typically is almost
systematically bino dominated. In the plane ðmχ0

1
; mχ�

1
Þ, the

Z and SM Higgs funnel structures again emerge as a
consequence of the condition on the thermal DM relic
abundance. The low-mass range for the chargino (100–
150 GeV) proves to be less populated in this sample than in
theMSSM case: this can be understood as a consequence of
the requirement for an intermediary singlinolike NLSP. The
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coannihilation region is largely irrelevant in this scenario,
since the spectrum would imply an intermediary singlino
state between the already almost degenerate wino or
Higgsino neutralino and chargino. However, we also find
occasional points where the upper bound for the thermal
DM relic density can be satisfied through the mediation of a
scalar singlet.
In general, the existence of a singlino NLSP could have

little to no impact on the collider phenomenology, if this
state is ignored by the other, more efficiently produced
electroweakino states. As discussed in Sec. II D, we
decided to focus on points with decays of at least 30%
of the heavier neutralino states (with mass below 300 GeV)
into the singlino NLSP. Naively, this condition could blur
the limits from 3l searches by opening the channel
χ03 → Φð�Þðχ02 → Φð�Þχ01Þ, where Φð�Þ represents a possibly
off-shell (singlet or doublet) Higgs or gauge boson. The
consequences can take various forms. First, the final states
are modified, possibly richer in light leptons (if Φ has a
significant decay into light leptons) than in the MSSM-like
scenario or poorer (if Φ is a Higgs boson, with subsequent
decays into heavy SM fermions, or a photon, due to
reduced available phase space between the electroweakino
states). In addition, the leptons produced in this decay chain
will tend to be less energetic than for a direct decay to the
LSP, because of the presence of an intermediate step. This
would result in a weaker efficiency of the searches.
Figure 3 presents the sensitivity of LHC multilepton

searches in the same mass plane as previously. As in the
MSSM-like scenario, the limits included within CheckMATE

lead to the exclusion of many points in the funnel regions,
with chargino masses up to ∼400 GeV. Interestingly,
however, many spectra with mχ�

1
≲ 200 GeV appear to

escape these constraints: there, the presence of a singlino
NLSP together with light charginos leads to compressed
spectra with soft leptonic final states, which are more
challenging to access experimentally. Beyond the CMS
searches for three or more light leptons [48], we observe
that the signal regions with more than three leptons (SR G)
are much more relevant than in the MSSM-like scenario.
We can understand this as follows: the presence of an
additional ladder (singlino NLSP) in the decay chain
increases the multiplicity of leptons in the final state, leading
to an increased relevance of the associated search channels.
In fact, we can relate the higher density of excluded points in
the chargino mass range∼200–300 GeV to the performance
of the 4l searches.We also checked that low 2l and 3l cross
sections were more frequently obtained in the funnel regions
than for the MSSM-like scenario.
We observe that many points with a chargino mass in the

range mχ�
1
≈ 150…300 GeV contain a large branching

ratio of the photonic decay of the singlino NLSP
χ02 → χ01γ. This is achieved in situations where the two-
body decays employing massive gauge or Higgs bosons are
kinematically forbidden. Consequently, the final states are

quite rich in photons, so that the search for (comparatively
soft) photon final states could offer a viable alternative in
view of probing this type of compressed spectra.

2. Test-points

Table IV collects a few benchmark points representative
of this scenario:

(i) 58_B9D: The spectrum of the point is reminiscent
of that of 39_A18 in the MSSM-like scenario: the
bino LSP with mass ∼48 GeV is in the Z funnel;
mostly wino states take a mass of ∼130 GeV; while
mostly Higgsino states take a mass of ∼270 GeV—
winos and Higgsinos are sizably mixed, though. In
addition, a singlino NLSP intervenes at a mass of

FIG. 3. Model points in the χ�1 and χ01-mass plane for the
singlino NLSP scenario. These plots follow the color code
of Fig. 1.
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∼82 GeV. The decays of this state are essentially
mediated by an off-shell Z and thus appear relatively
conventional (although BR½χ02 → χ01γ ≃ 8%�). The
decays of χ03 (respectively, χ

0
4) involve the singlino-

like state at ∼40% (respectively, ∼25%). While the
leptonic cross sections at the LHC, dominated by the
χ03;4χ

�
1 channels, are comparable to those obtained

for 39_A18, an appreciable proportion of the
produced leptons originate in the decays of χ02
and are thus relatively soft. Therefore, these leptons
are identified with only a weak efficiency. According
to CheckMATE, Run-1 searches are insensitive to this
point. At Run-2, it is possible to constrain this
spectrum via 3l searches, though r remains below
1.5. The most sensitive signal region is SRA02 with
a cut on the invariant dilepton mass below the Z-
mass window as well as a weak cut on missing
transverse momentum and mT ≤ 100 GeV. This
search is thus able to access the leptons originating
in the subleading χ03 → χ01Z

� decay. We expect a
clear exclusion to be within reach of a somewhat
larger integrated luminosity.

(ii) 20_B9E involves a binolike LSP in the SM-Higgs
funnel. The singlino is about 10 GeV heavier. The
Higgsinos and winos take mass in the range of ∼120
and 300 GeV, respectively. The production cross
sections of the Higgsino states in p − p collisions
are comparatively small. In addition, the Higgsinos
have sizable decays into the light CP-odd singlet
Higgs and the singlino. The latter mostly decays via
photonic or hadronic channels. The resulting signals
in the multilepton channels are considerably sup-
pressed, leading to a good agreement with the
experimental limits. CheckMATE identifies a 3l search
of Run-1 as the most “sensitive” channel.

(iii) 132_B9B contains a bino LSP in the SM-Higgs
funnel, a singlino NLSP at ∼75 GeV, Higgsino
states at ∼140 GeV, and winos at ∼850 GeV. The
production cross section of the Higgsinos is larger
than for the previous point. The decays of these
states largely involve the singlino and the CP-even
Higgs singlet at ∼55 GeV. Then, the singlino has
sizable photonic decays, while the singlet Higgs
essentially decays into bb̄ pairs. Again, CheckMATE

concludes to little sensitivity of the multilepton
searches.

(iv) 62_B9D: The spectrum contains a binolike LSP with
mass ∼59 GeV, a singlinolike NLSP (at ∼97%) with
mass ∼111 GeV, Higgsino states at ∼240 GeV, and
winos at ∼400 GeV. The production cross section of
electroweakinos is relatively small due to the com-
paratively large mass of the winos and Higgsinos, so
that the 3l cross sections at the LHC are modest. The
decays of the Higgsinos and winos involve χ02 (at
greater than or equal to 70%), while the main decay
channel of the NLSP (at 91%) is χ02 → χ01γ (its
dominant “active” component is Higgsino-like at
∼2%). This induces final states that are rich with
photons. This suggests that photonic searches could
be employed to probe this type of spectrum.However,
the results from Run-2 in the multilepton channels
(more than 3l) are able to exclude this point.

(v) 24_B9F: This point features a binolike LSP at
∼62 GeV and a singlinolike NLSP at ∼175 GeV.
The heavier electroweakinos are dominantly winos
(with mass ∼240 GeV) and Higgsinos (with mass
∼320 GeV). Except for the presence of the singlino,
this point is comparable to spectr31 of the
MSSM-like scenario. The singlino copiously inter-
venes in the decays of the mostly Higgsino states

TABLE IV. Test-points for the singlino NLSP scenario. The general features are similar to those of Table II.

58_B9D 20_B9E 132_B9B 62_B9D 24_B9F

mχ0
1
(GeV) B 48 B 62 B 59 B 59 B 62

mχ0
2
(GeV) S 82 S 73 S 75 S 111 S 175

mχ�
1
(GeV) W/H 127 H 123 H 139 H 236 W 241

mH0
1
(GeV) 48 70 55 110 125

mA0
1
(GeV) 116 15 102 142 247

BR½χ�1 → χ01W� 1� 0.81� 0.92� 0.30 0.45
BR½χ0i → χ01Z� (pb) 0.27�i¼3 0.01�i¼3; 0.18

�
i¼4 0.16i¼3; 0.55i¼4 0.08i¼3; 0.23i¼4 0.94i¼3

σ8 TeV½pp → χ0i χ
�
1 � (pb) 1.80 (i ¼ 3) 0.28 (i ¼ 3þ 4) 0.75 (i ¼ 3þ 4) 0.12 (i ¼ 3þ 4) 0.17 (i ¼ 3)

σ8 TeV½pp → χþ1 χ
−
1 � (pb) 1.01 0.11 0.31 0.06 0.09

σ13 TeV½pp → χ0i χ
�
1 � (pb) 3.66 (i ¼ 3) 0.37 (i ¼ 3þ 4) 1.57 (i ¼ 3þ 4) 0.28 (i ¼ 3þ 4) 0.41 (i ¼ 3)

σ13 TeV½pp → χþ1 χ
−
1 � (pb) 2.07 1.12 0.65 0.13 0.21

σ8 TeV½pp → 3l� (fb) 24 2 9 3 4
σ13 TeV½pp → 3l� (fb) 51 3 18 8 9
Search SR A02 SR0τa16 SR A19 SR G05 SR A30
r 1.2 0.3 0.2 2.4 3.3
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(over 50%), but subdominantly in the decays of the
lighter winos (less than 1%). The latter are the main
contributors to the leptonic cross sections in p − p
collisions. In addition, the singlino decays are
conventional and mostly proceed through an on-
shell Z. The large mass gap between LSP and NLSP
also ensures energetic leptons in the final state.
Thus, the additional ladder due to the presence
of a singlino does not particularly endanger the
traditional search strategy. According to CheckMATE,
Run-1 results already hint at tensions in the 3l
searches. This is confirmed by the CMS searches
at 13 TeV.

D. Decays into Higgs singlets

Light singletlike Higgs states are phenomenologically
realistic in the NMSSM. In the scenario with light singlino
LSP, the annihilation of DM in the early Universe is often
mediated by such a Higgs boson. However, light singlet
Higgs states could also exist irrespectively of the presence
of a very light DM candidate. In this subsection, we
investigate the impact of the LHC searches on this type
of scenario.

1. Global analysis

As in the scenario with singlino NLSP, the produced
electroweakinos do not necessarily involve the singlet state
in their cascade decays, and, in such a case, the electro-
weakino phenomenology largely reduces to that of a
MSSM-like point. Therefore, the spectra of our sample
satisfy the additional requirement that the Higgs singlet
intervenes at more than 10% in the decays of the NLSP. The
presence of this extra Higgs state in the decay chain is
expected to increase the proportion of bb̄ or ττ final states,
hence reducing the effectiveness of lepton final state searches
since only hadronic taus (BR ∼ 65%) can be taggedwhile the
efficiency of hadronic taus (ϵτ ∼ 40 ∼ 70%) is much worse
than that of light leptons. In this sample, most points possess
a bino LSP and cluster in theZ or SMHiggs funnels.Wino or
Higgsino LSPs are also represented in the coannihilation
region. Finally, occasional points (with mostly bino LSPs)
may annihilate in the Higgs-singlet funnel. Such points
typically broaden theZ=SM-Higgs funnels.Wewill consider
this latter case more closely in the following subsection.
In Fig. 4, we present the limits resulting from LHC

searches. The general aspect is comparable to that obtained
in the MSSM-like scenario. However, the coannihilation
region appears to be less efficiently probed than in the
MSSM-like case, and we observe a higher density of
allowed points at the base of the funnel region. In fact,
we checked that, while the maximal values of the 2l and 3l
cross sections mediated by the electroweakinos are com-
parable to those of the MSSM-like points, much lower
values are also accessible. Indeed, the opening of decays

through a light Higgs singlet is expected to reduce the
relevance of light-leptonic final states.
Once again, the CheckMATE analysis identifies the CMS

searches at a center-of-mass energy of 13 TeV, with three or
more leptons in the final state (type SR A and SR G), as the
most constraining signal regions. We identify a marginal
sensitivity of searches with τ final states (type SR F) for
points with low chargino masses (large production cross
sections). In practice, no clear exclusion is obtained for any
of these spectra with the preliminary Run-2 data.

2. Test points

We already encountered a few points involving light
singlet states mediating the electroweakino decays, e.g., in

FIG. 4. Model points in the χ�1 and χ01-mass plane for the
scenario with light Higgs singlets in electroweakino decays.
These plots follow the color code of Fig. 1.
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the scenario with singlino NLSP (20_B9E for example). A
few additional points that are representative of this scenario
are provided in Table V:

(i) 223_C1B_C1: The electroweakino spectrum con-
tains a binolike LSP with mass of ∼45 GeV (Z
funnel), winolike states at ∼127 GeV, and Higg-
sino-like states at ∼300 GeV. This is comparable to
the characteristics of the point 39_A18 of the
MSSM-like scenario. Similarly, the production cross
section of the winolike states in p − p collisions
reaches a few pb and leads to sizable leptonþMET
cross sections. The presence of a light singletlike
pseudoscalar with mass ∼74 GeV has little impact
on the decay chains. Only a small fraction of the
neutralino decays are mediated by the singlet scalar
A1: almost 87% of the decays proceeds through an
off-shell Z-boson, so that multilepton final states are
quite common. CheckMATE already identifies tensions
with the 3l results of Run-1. Exclusion is achieved
at Run-2 in the same channel. SR A08 is the most
sensitive signal region, with cuts optimized for
invariant-mass pairs below the Z-mass window
and a transverse cut above the MW end point. This
illustrates the fact that the presence of a light
singletlike state does not automatically yield sig-
nificant effects on the phenomenology of electro-
weakino states at colliders.

(ii) 30_C1B_C1: The spectrum is similar to that of
spectr31of the MSSM-like scenario, but, in addi-
tion, aCP-odd singletlikeHiggs is present at amass of
∼65 GeV. Chargino pair, and associated charged and
neutral wino final states are the prominent production
channels with BRðχ02 → χ01A1Þ ¼ 12.3%. Thus, the
presence of the light singlet pseudoscalar does not

yield a deep impact on the phenomenology. Both the
ATLAS and CMS multilepton searches do not have
sensitivity to the chargino production channel. How-
ever, they both perform efficiently for the χ�1 χ

0
2

channel. Tensions appear in the 3l searches of
Run-1. The CMS search at 13 TeV confirms the
exclusion of this benchmark in the trilepton final state.

(iii) 3_C1B_C19A contains a binolike LSP in the SM-
Higgs funnel, with Higgsino NLSP at ∼150 GeV,
and singlino/wino states at ∼800 GeV. Higgsino
production in p − p collisions at 8 TeVamounts to a
few 100 fb. The decays of these states involve the
light CP-odd singlet of ∼26 GeV at the level of 12%
(χ02) and 40% (χ03). In comparison to a Z-boson, the
presence of the light Higgs in the decay chain
increases the probability of a τ pair with low
invariant squared mass, while final states with only
light leptons are less frequent. Chargino pair produc-
tion is also quite frequent, however; the mass splitting
between the chargino andLSP is roughly theW-mass,
and the events closely resemble the SM WZ back-
ground. Thus, this final state is difficult to probe.
According to CheckMATE, both the Run-1 and Run-2
multilepton searches are blind to this spectrum.

(iv) 4_C1A_C21: For this point, the light singlet Higgs
is CP even and has a mass of ∼64 GeV. It enters the
decays of the neutral Higgsinos at ∼170 GeV.
Singlino and winos are substantially heavier
(∼500 GeV). The χ�1 χ

0
2;3 channel would potentially

deliver the best sensitivity. However, a sizable
fraction of the Higgsino decays employ the Higgs
channels, reducing the relevance of light leptons in
the final state. In addition, although χ02 has sizable
decays into the Z boson, its production cross section

TABLE V. Test points for the scenario with light Higgs singlets. The general features are similar to those of
Table II.

223_C1B_C1 30_C1B_C1 3_C1B_C19A 4_C1A_C21 47_C1B_C1

mχ0
1
(GeV) B 45 B 44 B 60 B 68 B 35

mχ0
2
(GeV) W 127 W 223 H 153 H 169 W 120

mχ�
1
(GeV) W 128 W 223 H 147 H 152 W 120

mH0
1
(GeV) 125 123 125 64 127

mA0
1
(GeV) 74 65 26 178 71

BR½χ�1 → χ01W� 1 1 1 1 1
BR½χ0i → χ01Z� 0.87� (i ¼ 2) 0.88 (i ¼ 2) 0.88i¼2; 0.61i¼3 0.93i¼2; 0.05i¼3 0.17�i¼2

σ8 TeV½pp → χ0i χ
�
1 � (pb) 2.36 (i ¼ 2) 0.27 (i ¼ 2) 0.55 (i ¼ 2þ 3) 0.44 (i ¼ 2þ 3) 3.4 (i ¼ 2)

σ8 TeV½pp → χþ1 χ
−
1 � (pb) 1.37 0.15 0.25 0.23 1.7

σ13 TeV½pp → χ0i χ
�
1 � (pb) 4.78 (i ¼ 2) 0.63 (i ¼ 2) 1.16 (i ¼ 2þ 3) 0.92 (i ¼ 2þ 3) 6.7 (i ¼ 2)

σ13 TeV½pp → χþ1 χ
−
1 � (pb) 2.80 0.37 0.53 0.49 3.4

σ8 TeV½pp → 3l� (fb) 33 4 7 5 10
σ13 TeV½pp → 3l� (fb) 68 10 14 11 21
Search SR A08 SR A30 SR A25 SR A24 SR F02
r 4.7 3.1 0.6 0.4 0.96
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is reduced (due to the Higgsino nature), and the
events associated to χ�1 χ

0
2 look WZ like, making it

difficult to separate the signal events from the SM
background events. No constraints from multilepton
searches apply.

(v) 47_C1B_C1: In this case, the bino LSP at a mass of
∼35 GeV can annihilate through the funnel of a light
CP-odd Higgs at ∼71 GeV. The wino NLSP states
have a mass of ∼120 GeV, leading to sizable
production cross sections at both Run-1 and Run-
2. The decays of the neutralino χ02 dominantly
employ the χ01A1 channel (at ∼83%). 8 TeV searches
appear to be completely blind to this point. At
13 TeV, the signal regions with light leptons offer
a marginal sensitivity to the spectrum, and the CMS
searches of F type (one light lepton and a tau pair)
prove competitive. However, the sensitivity remains
as yet too loose to conclude to a clear exclusion of
this spectrum.

E. Higgs singlet on LSP annihilation threshold

Finally, we consider a scenario where the relic density
constraint is satisfied via the mediation of a resonant singlet
Higgs state in DM annihilation. The mass of the (CP-even
or -odd) singlet is thus approximately twice the LSP mass.
We already encountered this type of mediation in the
context of light singlino LSP. However, the large majority
of the points populating the current sample involves a bino
LSP, with occasional Higgsino/winos at the fringe with
mχ0

1
≈mχ�

1
. In order to characterize the singlet-mediation

scenario more closely, we decided to exclude Z and SM-
Higgs funnels as well as the coannihilation region. This is
reflected in Fig. 5 through the unpopulated regions in the
LSP-chargino mass plane corresponding to the excluded
parameter space of the scan. The sparsity of points for
mχ0

1
> 100 GeV is an artifact of the scan, as we concen-

trated the numerical effort on mχ0
1
< 100 GeV.

1. Global analysis

Again, we observe a very inhomogeneous pattern of
constraints in the plane defined by the LSP and χ�1 masses.
Excluded points seem to appear with a larger density for
lighter LSPs and charginos, while points with a chargino
mass above ∼300 GeV are generally allowed. In fact, the
pattern of exclusion essentially extends outside of the
Z=HSM funnel and coannihilation regions the features
observed in the MSSM-like scenario. Most of the time,
the light singlet Higgs only intervenes in the relic-density
condition, without having a particular effect on the collider
phenomenology (contrarily to the points targeted in the
previous scenario). Thus, the collider phenomenology is
essentially that of a binolike LSP and remains largely
unchanged with respect to the MSSM-like case (up to the
access to a wider range of kinematical configurations).

Correspondingly, the CMS 3l search at 13 TeV center-of-
mass energy again emerges as the most efficient of the
multilepton searches.

2. Test points

Table VI provides a few examples of points with LSP
annihilation in a light-singlet Higgs funnel:

(i) 122_C2B_C1: The spectrum includes a binolike
LSP at ∼38 GeV that annihilates in the CP-odd
singlet Higgs funnel (mA0

1
≃ 80 GeV), wino states at

∼115 GeV, and Higgsino states at ∼225 GeV. The
singlino is very heavy (∼5 TeV). As the electro-
weakino sector is light, the production cross section

FIG. 5. Model points in the χ�1 and χ01-mass plane for the Higgs
singlet on LSP in annihilation threshold. These plots follow the
color code of Fig. 1.
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of the mostly wino states (χ02χ
�
1 , χ

þ
1 χ

−
1 ) is rather

large. The decays of these states are then essentially
mediated by gauge bosons (the light pseudoscalar
does not intervene in the decay chain), leading to
sizable lepton cross sections. As mχ0

2
−mχ0

1
>

70 GeV, the leptons are relatively hard, so that the
lepton searches at the LHC prove efficient; according
to CheckMATE, the ATLAS three-lepton search of Run-
1 is able to exclude the point, which is also in tension
with the two-lepton WWa SF signal region. This
picture is confirmed by the 13 TeV results. The most
sensitive signal region targets events below the Z-
mass window and applies the weakest cuts on the
missing transverse momentum and the transverse
invariant mass. Except for the LSP being off the
funnel regions (in fact, on theCP-odd singlet funnel),
the phenomenology of the electroweakino sector of
122_C2B_C1 at colliders is essentially the same as
for a MSSM-like scenario (e.g., 39_A18).

(ii) 543_C2B_C1: Except for the binolike LSP anni-
hilating in the CP-odd singlet funnel, this point has
similarities with spectr31 of the MSSM-like
scenario. The mostly wino states have a mass of
∼225 GeV, while the Higgsinos have a mass of
∼600 GeV, and the singlino is very heavy
(∼12 TeV). The decays of the winos and Higgsinos
are essentially mediated by the gauge bosons—the
CP-odd Higgs has only a limited impact on the
decay chains, intervening at ∼20% in the decays of
neutralinos. Due to the relatively high mass, the
production of winos returns moderate cross sections.
However, the leptons are rather hard and thus
efficiently detected by the experiment. While only

a mild excess appears in Run-1 3l searches, Check-
MATE returns the exclusion of the point at 13 TeV.

(iii) 203_C2B_C15: This spectrum contains a light
binolike LSP with mass ∼5 GeV. Its annihilation
is mediated by a singletlike CP-odd Higgs with
mass ∼10 GeV. The winos and Higgsinos have
masses of ∼190 GeV and ∼320 GeV. Half of the
decays of the second lightest neutralino involve the
SM-like Higgs, while the decay into the CP-odd
scalar at ∼10 GeV has a negligible impact on the
decays of neutralinos and charginos. While the BR
into Z bosons represents only 50% of the decays of
χ02, the benchmark point is clearly excluded by the
CMS trilepton signal region.

(iv) 186_C2B_C15: This spectrum is similar to that of
122_C2B_C1. However, the production cross sec-
tion of the wino states χ02χ

þ
1 is notably suppressed,

leading to a small 3l cross section. The dominant
production channel is that of a chargino pair. Neither
the ATLAS nor the CMS dilepton signal regions are
sensitive to the former production channel. More-
over, we note that χ02 → χ01A1 is the main decay
channel of the wino, placing this benchmark point
beyond the reach of the current trilepton searches.

(v) 195_C2B_C1: Again, this point includes a rela-
tively light bino/wino spectrum that appears to be
unconstrained by multilepton searches. In this case,
the production cross section of thewinos is rather high
and leads to sizable multilepton cross sections. The
CP-odd singlet has a negligible impact on the electro-
weakino decays. Instead, the rather low-mass gap
mχ0

2
−mχ0

1
< 45 GeV suggests that the leptons in the

final state are too soft in view of the applied cuts.

TABLE VI. Test-points for the scenario where Higgs singlets mediate the DM annihilation. The general features are similar to those of
Table II.

122_C2B_C1 543_C2B_C1 203_C2B_C15 186_C2B_C15 195_C2B_C1 7_C2A_C19

mχ0
1
(GeV) B 38 B 30 B 5 B 36 B 70 B 76

mχ0
2
(GeV) W 116 W 227 W 188 W 125 W 113 H 175

mχ�
1
(GeV) W 117 W 227 W 188 W 125 W 113 H 175

mH0
1
(GeV) 125 125 126 123 126 123

mA0
1
(GeV) 80 64 10 73 145 345

BR½χ�1 → χ01W� 1� 1 1 1 1 1
BR½χ0i → χ01Z� 0.81� (i ¼ 2) 0.72 (i ¼ 2) 0.54 (i ¼ 2) 0.07� (i ¼ 2) 0.97� (i ¼ 2) 1 (i ¼ 2, 3)
σ8 TeV½pp → χ0i χ

�
1 � (pb) 2.69 (i ¼ 2) 0.29 (i ¼ 2) 0.48 (i ¼ 2) 0.22 (i ¼ 2) 4.67 (i ¼ 2) 0.37 (i ¼ 2þ 3)

σ8 TeV½pp → χþ1 χ
−
1 � (pb) 1.41 0.16 0.24 1.60 2.36 0.13

σ13 TeV½pp → χ0i χ
�
1 � (pb) 5.36 (i ¼ 2) 0.67 (i ¼ 2) 1.07 (i ¼ 2) 0.44 (i ¼ 2) 9.28 (i ¼ 2) 0.80 (i ¼ 2þ 3)

σ13 TeV½pp → χþ1 χ
−
1 � (pb) 2.87 0.37 0.55 3.28 4.73 0.29

σ8 TeV½pp → 3l� (fb) 48 3 7 0 32 6
σ13 TeV½pp → 3l� (fb) 100 8 18 1 63 13
Search SR A01 SR A30 SR A27 WWa SF SR A01 SR A25
r 3.4 2.1 1.7 0.5 0.6 0.6
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(vi) 7_C2A_C19: Higgsino NLSPs are evidently also
present in this sample, as illustrated by this point.
The production cross sections are somewhat reduced
due to the Higgsino nature of the lightest decaying
electroweakinos, leading to a signal consistent with
the LHC limits. The standard decay of the neutral
Higgsinos into the bino LSP and a Z make the 3l
channel the most relevant search strategy for this
point, and the corresponding CMS 13 TeV searches
accordingly appear as the most sensitive search.

IV. OUTLOOK FOR THE HL-LHC PHASE AND
ALTERNATIVE SEARCH CHANNELS

A. HL-LHC prospects

Finally, we wish to conclude the discussion of the
collider constraints by revisiting the discovery prospects
of our electroweakino benchmark points for the future
high-luminosity run. Our numerical analysis is based on the
official ATLAS HL-LHC analysis [126] that has been
employed in a high-luminosity natural SUSY study [127].
The ATLAS study considers the direct electroweak pro-
duction of charginos and neutralinos with decays via the
SM gauge bosons and the SM Higgs at a center-of-mass
energy of

ffiffiffi
s

p ¼ 14 TeV, together with an integrated
luminosity of 3000 fb−1. They take into account the
configuration of the LHC-LH ATLAS detector; optimized
selection cuts for the signal regions during the HL phase;
and, most importantly, the MC-derived estimation of
background processes. The signal regions are optimized
for the identification ofWZ andWH final states. Again, the
WZ signal regions target trilepton final states with missing
transverse momentum. A dilepton pair in the Z-mass
window is requested, as are a b-jet veto and a minimal
cut on the transverse momentum for all three leptons of
pT ≥ 50 GeV. Four signal regions with cuts of increasing
strength on the transverse mass and missing transverse
momentum are defined. In addition, theWH signal regions
distinguish among a three-lepton and a hadronic-tau final
states, with a strict b-jet veto in both cases. The former
signal category focuses on searches for a SM Higgs
decaying into two leptons via intermediate ZZ, WW, or
ττ. Here, SFOS lepton pairs are discarded, and further cuts
on the missing transverse momentum and the transverse
masses of all involved light leptons are requested. The
second topology targets hadronic taus originating from the
SM Higgs decays. In this case, the invariant mass of the
hadronic tau pair is requested to fall in the SM-Higgs mass
window 80 ≤ mττ ≤ 130 GeV.
We tested all the test points that continue to be allowed

with the 8 TeVor the 13 TeV searches with 36 fb−1 against
these high-luminosity prospects. The interesting but
expected result is that the official ATLAS HL-LHC does
not show any sensitivity to these benchmark points. On the
one hand, the ATLAS study is not optimized to detect light

electroweakinos with mχ�
1
≤ 200 GeV. On the other hand,

no signal region with light singlet scalars is considered, so
that decays of singlet scalars into bb̄ are systematically
discarded by the b-jet veto. Light singlet decays into
hadronic taus are also missed in general, since the hadronic
τþτ− pairs are required to satisfy the cut selecting the SM-
Higgs mass window. Finally, the ATLAS high-luminosity
study does not consider the compressed region, which
implies the absence of sensitivity in the coannihilation
region.

B. Alternative search channels

The numerical results clearly show that the multilepton
—and in particular the trilepton and large missing trans-
verse momentum—searches provides an effective coverage
of the MSSM as well as NMSSM parameter space.
However, as already in the MSSM, the NMSSM parameter
regions cannot be fully excluded. The reasons are manifold,
e.g., (i) the reduced cross sections for electroweakinos with
Higgsino/singlino admixtures compared to that of winolike
eigenstates and (ii) the non-negligible branching ratios into
the singlinos and singletlike (pseudo)scalars. In particular,
if the singlet states are much lighter/heavier than the SM
Higgs boson, the dedicated electroweakino searches target-
ing the SM Higgs boson in the final state do not prove very
efficient, since the signal regions are optimized for a signal
where the scalar is compatible with a Higgs with mass of
about 125 GeV.
In our scan, the singlet (pseudo)scalars can have masses

as low as a few GeV and up to 125 GeV (and beyond). We
only focus on search channels for light (pseudo)scalars in
the following. The phenomenology of light singlets in
neutralino decays at the LHC have been discussed for many
years [128–131]. Light singlets can certainly appear in
production channels like χ�1 χ

0
2 with subsequent decays

χ�1 → W�χ01 and χ02 → Φχ01 (with Φ a singlet-dominated
scalar state). Viable final state configurations from asso-
ciated chargino-neutralino production are ðl�bb̄;l�τþτ−;
l�μþμ−;l�γγÞ þ ET . We first discuss the signature with
an isolated lepton, a photon pair, and missing transverse
momentum in the final state. The SM background rates are
very small, although this channel generally suffers from
very low signal rates due to the small branching ratio.
Nevertheless, ATLAS considered the diphoton channel in
electroweakino pair production for a SM-like Higgs boson
and demonstrated that this topology can be a viable LHC
signature [44]. In our scan, the diphoton branching ratio for
a singlet-dominated state with mass below 125 GeV can
still reach the order of magnitude of that of the SM-like
state. Thus, the branching ratio suppression could still be
balanced by the background-free aspect, for a singlet at,
say, 80 GeV. Our light singlet scenarios could be probed in
the diphoton and missing transverse momentum channel if
signal regions with low invariant diphoton masses are
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introduced. For the mass range between 20 to 60 GeV, the
diphoton branching ratio is in general too low to be
promising. Another regime is that of ultralight singlets,
with mass below two muon masses. Then, the loop-induced
decay into photons can become dominant. However, the
singlet also tends to become long lived. Signatures with
long-lived photons in gauge-mediated supersymmetry
breaking (GMSB)-motivated scenarios have been studied
in Ref. [132]. Still, the mixing of a pseudoscalar with the
neutral pion increases its lifetime, so that the decay of the
pseudoscalar is prompt again in a small mass window
around mπ [76,133], but the photon pair will most likely
appear as a single photon experimentally [133]. GMSB-
inspired searches targeting photon final states might then be
sensitive [134]. However, we should stress that we did not
obtain points in this extreme low-mass regime due to our
scanning procedure. The reason is to be searched both in
the limited number of points that we keep in the scan and
the strong phenomenological constraints that apply on a
very light (pseudo)scalar. In addition, the DM relic density
calculation probably cannot be trusted in this mass range,
since it neglects hadronic effects, so that it made limited
sense to look for such spectra actively.
In the regime 2mμ < mΦ < 2mτ, the decay of the singlet

into muons tends to dominate. Due to the small mass of the
singlet, the muons would be very soft pT ≈Oð10Þ GeV,
and thus the threshold for the muon transverse momentum
has to be set very low, at e.g., 7 GeV. The leading lepton
from the W� should be energetic enough to trigger the
event. Moreover, a moderate cut on missing transverse
momentum should help to further suppress the background.
In contrast to the Φ → ττ channel, the invariant mass of the
muon pair will reconstruct mΦ. However, for relatively
heavy electroweakinos, the singlet will be highly boosted,
and thus both muons can be very collinear and might not be
distinguishable.
Scenarios with 2mτ < mΦ < 2MB (B-meson mass) have

chargino/neutralino topologies with a single light lepton, a
tau pair, and missing transverse momentum. This final state
might be very promising. SM backgrounds can be effi-
ciently suppressed by demanding at least one light lepton
and two hadronic taus, rejecting events compatible with a
Z-boson. In addition, a cut on the transverse mass of the
light lepton and missing transverse momentum further
suppresses the SM background as in the generic MSSM
multilepton electroweakino search focusing on SM Higgs
with H → ττ in final states. However, there is also a major
difference due to the much lower singlet mass. The angular
separation of both isolated taus originating from the same
(pseudo)scalar, ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔΦ2 þ Δη2

p
, can be very small;

i.e., both taus are almost collinear. In the worst case,
separation might not even be possible. Moreover, the
visible decay products of taus might be relatively soft
since the neutrinos carry away a significant portion of the
original tau energy. Despite all difficulties, Ref. [131]

shows that signal isolation is possible. Reference [19]
investigated boosted ditaus signatures and estimated the
sensitivity of boosted tagging techniques at the LHC.
For 2MB < mΦ ≪ mZ, the lbb̄þ ET final state is an

interesting search channel. CMS [119] considered this
topology for a SM Higgs boson. They require the invariant
mass of the two b-jets to be compatible with a parent SM
Higgs boson and cut on the transverse mass as well as the
contransverse mass. Signal regions are binned into various
ranges of missing transverse momentum. A similar search
strategy might work for our scenarios. Figure 2 in
Ref. [119] shows the SM mbb̄ distribution. It is clear that
the main contribution comes from top pair production and
the mbb̄ distribution peaks around 140 GeV. For much
lower mbb̄ values, the background is steeply falling. Again,
defining signal region with a large binning in a wide range
of mbb̄ is mandatory.
The χ02χ

0
3 production channel with both eletroweakinos

decaying into a singletlike Higgs in association with
missing transverse momentum can be a viable signal,
e.g., bb̄bb̄þ ET . Both ATLAS and CMS considered this
signature in GMSB-motivated scenarios [135,136], where
the LSP is a massless gravitino and the pair produced
neutral Higgsinos decay purely into the SM Higgs bosons.
Our benchmark points with light (pseudo)scalars cannot be
probed by Refs. [135,136] due to the cuts on the invariant
mass mbb̄ compatible with a SM Higgs boson. A large
binning in a wide range of invariant masses of singlet
candidates would improve sensitivity in such searches.
Actually, the situation can become even more difficult as

in so-called stealth SUSY scenarios, which can be realized
in the Z3-violating NMSSM [32]. A small mass splitting
between the NLSP and the scalar withmNLSP ≈mLSP þmΦ
and mLSP ≪ mΦ; mNLSP can heavily reduce the missing
transverse momentum, hence degrading the sensitivity at
the LHC. Indeed, typical final states would involve hadrons
(including hadronic tau decays) with little missing trans-
verse momentum in which case the QCD backgrounds can
be quite overwhelming. However, we stress that such
configurations do not appear in our scans, first because,
as explained in Ref. [32], such a scenario is difficult to
realize in the Z3-conserving case and second because it is
challenging to combine with the thermal relic density
requirement (which typically demands a light scalar at
twice the singlino mass).
In the NMSSM, we have also encountered regions of the

parameter space where, due to strong phase-space sup-
pression, the decay χ02 → χ01γ becomes dominant. This is
particularly true in compressed configurations involving a
singlino NLSP. Even for moderate mass splittings, the
branching ratio can be large if the Z decay mode is
suppressed due to the neutralino mixing matrices.
ATLAS and CMS searches targeting final states with
photons and missing transverse momentum might have
sensitivity as it was shown in Ref. [137]. Such searches
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currently focus on GMSB-inspired scenarios, where the
lightest electroweakino (typically a bino or wino) decays
into a photon and the almost massless gravitino. However,
the mass splitting is rather small in our relevant NMSSM
scenarios Δm ¼ mNLSP −mLSP and for a large LSP mass,
the photon only carries away little momentum. We explic-
itly tested a few benchmark points against dedicated GMSB
search [134], but it seems that the mininum requirement on
the transverse momentum of signal photons is rather severe
and our benchmark points fail to pass those selection
requirements, hence remaining unconstrained.
Of course, it is likely that blind spots will persist in the

electroweakino sector of the NMSSM, but some additional
coverage could be gained by considering more specific
searches.

V. CONCLUSIONS

In this work, we considered electroweakino scenarios in
the NMSSM that are characterized by light Higgsinos and
gauginos, with jμj; jM1j, and /orM2 ≤ 500 GeV, as well as
possibly light singlinos and light singlet Higgs bosons. All
squarks and sleptons decouple, hence avoiding direct
search limits from ATLAS and CMS, and suppressing
corresponding contributions to flavor-changing neutral
current processes. In addition, the beyond-Standard-
Model doublet Higgs states are also chosen at a relatively
high scale. We randomly generated NMSSM benchmark
points and selected those satisfying the LEP, flavor, and
Higgs limits from NMSSMTOOLS, as well as the upper bound
on the thermal relic density of the LSP. However, we
decided to discard constraints from direct DM searches, as
these depend on additional assumption and our central aim
is a collider analysis. Then, in view of testing the reach of
the multilepton searches performed at the LHC, we
considered five distinct NMSSM scenarios, namely, (i) a
MSSM-like scenario with no light singlinos or singlets, (ii)
the singlino-LSP scenario, (iii) a scenario with singlino
NLSPs entering the decay chain of heavier electroweaki-
nos, (iv) a scenario including light Higgs singlet states
mediating electroweakino decays, and (v) a scenario where
a Higgs singlet has its mass on the annihilation threshold.
For each benchmark point satisfying the limits mentioned
above, we generated MC event samples and handed them to
CheckMATE, which tests a benchmark scenario against
current ATLAS and CMS SUSY searches. We considered
a selection of relevant electroweakino searches, covering a
large class of electroweakino final state topologies. All
these searches have been implemented and fully validated
in CheckMATE. As expected, the multilepton (more than 3l)
searches show the best sensitivity, while the soft dilepton
searches lead to a partial coverage in the coannihilation
region.
The main results are summarized in Figs. 1–5. In these, a

model point is clearly excluded only if the predicted
number of signal events is larger than 1.5 times the

95% C.L. upper bound, while clearly allowed points have
a predicted signal that is at least a factor 0.67 below the
nominal bound for the most sensitive signal region. Large
regions of parameter space of the electroweakino NMSSM
scenarios which were allowed by 8 TeV data are now
covered by Run-2 data. However, many benchmark sce-
narios with very light neutralinos are still allowed by the
2016–2017 data of Run-2 of the LHC, which should
conclude data collection at the end of 2018.
The standard search channels for weakly interacting

particles at the LHC primarily rely on energetic light
leptons in the final states. We have seen that these channels
continue to be relevant for the chargino-neutralino sector of
the NMSSM. However, we also note that the comparatively
small alteration with respect to the electroweakino sector of
the MSSM is sufficient to highlight some new effects. From
the perspective of the relic density, the LSP annihilation in
the singlet Higgs funnels opens a large panel of kinematical
configuration which could affect the collider searches. In
addition, the existence of a singlino state implies a possible
new ladder in the decays of SUSY particles, which could
also modify the multiplicity of the leptons in the final state
and their energy. Finally, the possibility of decays involving
light Higgs states tends to strengthen the final states with τs,
which are more difficult to identify. Admittedly, these
features appear more as curiosities than leading trends in the
NMSSM electroweakino phenomenology, but they can open
“exceptions” in the exclusion picture of collider searches. In
fact, we observe that the pattern of constraints, even in
configurations with light spectra, is far from homogeneous
and that, at least from the statistical approach of CheckMATE,
many points remain allowed in kinematical configurations
that are naively excluded in the “idealized” scenarios.
Obviously, increased statistics should achieve the exclu-

sion of many points that are already constrained. However,
considering that the mechanisms that allow some spectra to
evade limits from light-lepton searches are structural, it is
likely that many of them will continue to be resilient to this
form of searches. Searches considering bb̄ or ττ pairs from
a light Higgs state could help improve the coverage of these
scenarios. In addition, compressed configurations with
sizable χ02 → χ01γ are easily achieved in the NMSSM, since
both the bino and the singlino can be comparatively light
and the singlino naturally mixes with the Higgsinos.
Photonic searches, similar to those currently considered
in GMSB-inspired frameworks but targeting soft photons,
can be expected to cover this type of phenomenologies.
Finally, we stress that we have been considering a very

restricted class of scenarios and that e.g., relaxing the
constraint on the DM relic density would open an even
richer phenomenology to collider investigations.
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Abstract We study an extension of the Standard Model that
addresses the hints of lepton flavour universality violation
observed in B → K (∗)l+l− decays at LHCb, while providing
a viable candidate for dark matter. The model incorporates
two new scalar fieldsand a Majorana fermion that induce one-
loop contributions to B meson decays. We show that agree-
ment with observational data requires the new couplings to
be complex and that the Majorana fermion can reproduce the
observed dark matter relic density. This combination of cos-
mological and flavour constraints sets an upper limit on the
dark matter and mediator masses. We have studied LHC dijet
and dilepton searches, finding that they rule out large regions
of parameter space by setting lower bounds on the dark matter
and mediator masses. In particular, dilepton bounds are much
more constraining in a future high-luminosity phase. Finally,
we have computed the scattering cross section of dark matter
off nuclei and compared it to the sensitivity of current and
future direct detection experiments, showing that parts of the
parameter space could be accessible in the future to multi-ton
experiments. Future collider and direct DM searches comple-
ment each other to probe large areas of the parameter space
of this model.

1 Introduction

LHCb has reported anomalies in the measured decay rates
of the B meson, which have been interpreted as hints of
lepton flavour universality violation [1,2]. The SM pre-
dicts equal rates for the processes B → K (∗)μ+μ− and
B → K (∗)e+e−, and it is customary to study the ratios of
these branching ratios, defined as R(K ) and R(K ∗), since
the dependencies on hadronic matrix elements (and asso-
ciated uncertainties) cancel out [3]. The measurements of
these hadronically clean observables deviate consistently
(although perhaps with not enough statistical significance)

a e-mail: jesus.moreno@csic.es

from the SM prediction R(K (∗)) = 1 [4]. These hints are
complemented by measurements of other observables that
are more sensitive to hadronic physics. In particular, the
differential branching fractions [1,2,5] and angular observ-
ables [6–13] associated to the processes B → φμ+μ− and
B → K (∗)μ+μ− also deviate from the SM predictions. Inter-
estingly, all the apparent anomalies involve the transition
b → sμ+μ−.

In order to account for these experimental results, one
can modify the SM effective Hamiltonian, which involves
penguin and box diagrams, by including one-loop contribu-
tions from new exotic particles. A full classification of the
various particle combinations, considering different gauge
representations, was presented in Refs. [14,15]. Among the
different models, some featured neutral scalar or fermions
that, if stable, could play the role of dark matter (DM).1 The
first possibility was investigated in Ref. [41], where it was
found that the large new couplings required to reproduce the
correct DM relic abundance induce sizeable 1-loop contribu-
tions to DM-nucleon scattering, leading to very strong limits
from direct detection experiments. In addition, as reported by
[42], the Higgs portal coupling typically dominates over other
new physics effects. The second possibility was addressed in
Ref. [43], where the fermionic dark matter field was accom-
panied by one additional scalar and one additional coloured
fermion.

In this work, we consider a modification of the model of
Ref. [43]. Namely, we will also assume a fermionic dark mat-
ter particle, but with two extra scalar fields, one of which has
a colour charge. On top of this, we include the latest SM theo-
retical prediction for the mass difference in Bs−mixing [44],
which differs from the experimental observation by 1.8 σ . In
order to reduce this tension and provide an explanation for the

1 An alternative to this one-loop solution is to consider Z ′ [16,17]
or leptoquark [18,19] tree-level contributions, see e.g., Ref. [20] and
references therein. The DM problem has been addressed in the frame-
work of these constructions [21], see e.g., Refs. [22–36] for the Z ′, and
Refs. [37–40] for the leptoquark models.
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B anomalies, complex couplings are needed, leading to new
CP-violation sources, a scenario that has not been studied in
the context of one-loop models so far. We explore the param-
eter space of this model, taking into account all the flavour
observables, DM constraints, and LHC collider signatures.

This paper is organised as follows. In Sect. 2, we intro-
duce the details of the particle physics model, address the
constraints from the observed DM relic abundance and
Bs−mixing and discuss the implications on the model’s
parameter space. In Sect. 3, we investigate the possibility
of observing this scenario at the LHC, for which we take into
account dijet and dimuon searches. We also include a pro-
jection of the potential reach of the High Luminosity phase
of the LHC. Finally, in Sect. 4, we compute the DM-nucleus
scattering cross section and study current constraints and the
future reach of direct DM detection experiments. The con-
clusions are presented in Sect. 5.

2 The model

In this article, we consider a model in which the DM particle
is a Majorana fermion, χ , with two extra scalar fields,φq and
φl , which couple to left-handed quarks and leptons, respec-
tively.2 The interactions between the new particles and the
SM are described by the Lagrangian,

LNP
int = λQi Q̄iφq PRχ + λLi L̄iφl PRχ + h.c., (2.1)

where Qi and Li denote the SM left-handed quark and lepton
doublets of each generation, and λQi and λLi are the corre-
sponding new couplings. The quantum numbers for the new
fieldsare summarised in Table 1. We impose aZ2 parity under
which the SM fields are invariant, and which guarantees the
stability of the DM candidate, as long as mφq,l > mχ . Upon
rotation from the electroweak to the quark mass eigenbasis,
the couplings λQi are rotated in flavour space. Assuming
that the electroweak and mass eigenbasis are aligned for the
leptons and down-type quarks, the couplings to the up-type
quarks are generated by the CKM rotation as follows:

λQi Q̄i → λQ j (ūL ,i Vi j , d̄L , j ). (2.2)

From now on, we will denote the couplings in the mass eigen-
basis with the corresponding quark or lepton label. These
couplings are, in general, complex.

This model induces new physics contribution to flavour
observables at the one loop level. In particular, a new box
diagram appears for the b → sμ+μ− transition, as shown in

2 As we will comment in Sect. 4, the alternative construction with Dirac
DM is ruled out mainly by experimental results from direct DM detec-
tion.

Table 1 Quantum numbers of the new fields. We also indicate the
charges under Z2

SU (3) SU (2)L U (1)Y Z2

φq 3 2 1/6 − 1
φl 1 2 − 1/2 − 1
χ 1 1 0 − 1

b

s̄

μ−

μ+

φq φl

χ

χ

Fig. 1 One-loop diagram contribution from the new particles to the
b → sμ+μ− transitions

Fig. 1. These effects can be described using an effective field
theory approach, thus parameterising the new contributions
as corrections to the corresponding Wilson coefficientsof the
effective Hamiltonian,

Hμ+μ−
eff = −4GF√

2
VtbV

∗
ts(C9O9 + C ′

9O′
9

+C10O10 + C ′
10O′

10) + h.c., (2.3)

where the effective operators O9, O′
9, O10, O′

10 are defined
as:

O9 = αem

4π
(s̄γ μPLb)(μ̄γμμ), (2.4)

O′
9 = αem

4π
(s̄γ μPRb)(μ̄γμμ), (2.5)

O10 = αem

4π
(s̄γ μPLb)(μ̄γμγ5μ), (2.6)

O′
10 = αem

4π
(s̄γ μPRb)(μ̄γμγ5μ). (2.7)

The Wilson coefficients C9, C ′
9, C10, C ′

10 contain both the
SM and new physics (NP) contributions,

C9 = CSM
9 + CNP

9 ,

C10 = CSM
10 + CNP

10 , (2.8)

with the primed coefficients defined in an equivalent way.
Global fits [20,45–53] have been used to determine the

new physics contribution to the Wilson coefficients in order
to reproduce the observed experimental results. These fits
favour CNP

9 = −CNP
10 , and suggest that no new physics is

required for operators involving electrons or tau leptons.
Motivated by these results, we assume negligible couplings
to the first quark generation (i.e., λQ1 = 0) and to the first
and third lepton generations (i.e., λe = λτ = 0). This pro-
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vides an explanation for the RK (∗) anomalies, while relaxing
the bounds from other searches.

Therefore, in total, we are left with six free parameters
in this model, namely the masses of the three new particles
(mχ , mφl , mφq ), and the couplings to b−type quarks, s−type
quarks, and leptons (λb, λs , λμ).

It should be noted that the couplings λ1|φl |2|H |2 and
λ2|φq |2|H |2 are allowed by gauge symmetry in the Lagra-
ngian of Eq. (2.1). However, they only lead to an overall shift
to the masses of φl and φq after electroweak symmetry break-
ing since the couplings to the Higgs play no phenomenolog-
ical role in the relevant range of φl,q masses. Likewise, the
terms λ3|φl H |2 and λ4|φq H |2 are also allowed by gauge
symmetry. They typically induce a small split in the masses
of the neutral and charged components of the doublets φl and
φq in the range of φl,q masses that survive the collider con-
straints. Finally, a term of the form (φl H)2 can lead to large
contributions to neutrino masses at one loop, which forces
the corresponding coupling to be extremely small [43]. We
will neglect these couplings in the following.

As mentioned in the Introduction, similar models have
been discussed in the literature, featuring either scalar DM
[41,54–56] or fermionic DM [43]. Our model differs from
that of Ref. [43] in that we have two extra scalar fields which
couple to the lepton or quark sectors.

2.1 Dark matter relic abundance

In order for χ to be a viable DM candidate, it must reproduce
the observed relic abundance, which can be inferred from
Planck satellite data to be 
h2 = 0.1199 ± 0.0022 [57].
The pair-annihilation proceeds through the two t−channel
diagrams with φq and φl , shown in Fig. 2.

The stringent flavour constraints force the couplings to
quarks to be much smaller than the couplings to leptons
(muons and neutrinos), and the combination of flavour and
collider bounds impose mφq > mφl , with coloured scalars
generally above 1 TeV. Therefore DM annihilation into a
μ−μ+ or νμν̄μ pair is the dominant channel. The thermally-
averaged annihilation cross section, 〈σv〉, can be expressed
as a plane wave expansion in terms of the dimensionless
parameter x = mχ/T . For the case of a Majorana fermion,

χ q

χ q̄

φq

χ μ−/ν μ

χ μ+/ν̄μ

φl

Fig. 2 Tree-level contributions to the DM pair annihilation

the zero-velocity term is helicity suppressed, and the leading
contribution comes from the linear term in 1/x [58],

〈σv〉 = 2
|λμ|4m2

χ

(
m4

φl
+ m4

χ

)

16π
(
m2

φl
+ m2

χ

)4
1
x

, (2.9)

where we have neglected the muon and the neutrino masses.
In order to reproduce the correct relic abundance, we can
now impose 〈σv〉 = 2.2 × 10−26 cm3 s−1 (where x ∼ 20 at
freeze-out).

We will use this relation to fix mφl as a function of the
other parameters, thus effectively reducing by one the num-
ber of free parameters. Furthermore, due to the suppression
of the velocity-independent term for 〈σv〉, indirect detection
bounds are not expected to constrain our model.

2.2 Bs−mixing and other flavour constraints

This model introduces new couplings to the s and b quarks
(and to the rest of the quarks by rotation of the CKM matrix).
We must therefore incorporate constraints from B meson
physics.

The most relevant bounds are those that involve b →
sμ+μ− transitions. The new physics contribution to the Wil-
son coefficient comes from box and photon-penguin dia-
grams [14,15], CNP

9 = Cbox
9 + Cγ

9 , with3

Cbox
9 =

√
2

128παemGFm2
ψ

λsλ
∗
b

VtbV ∗
ts

|λμ|2 (
F(xq , xl)

+ 2G(xq , xl)
)
,

Cγ
9 =

√
2

8GFm2
ψ

λsλ
∗
b

VtbV ∗
ts
F9(xq), (2.10)

where we have defined the dimensionless variables xq =
m2

φq
/m2

χ and xl = m2
φl

/m2
χ , and the loop functions are:

F(x, y) = 1
(1 − x)(1 − y)

+ x2 log x

(1 − x)2(x − y)

+ y2 log y

(1 − y)2(y − x)
,

G(x, y) = 1
(1 − x)(1 − y)

+ x log x

(1 − x)2(x − y)

+ y log y

(1 − y)2(y − x)
,

F9(x) = −2x3 + 9x2 − 18x + 6 log x + 11
36(x − 1)4 . (2.11)

The term G(xq , xl) vanishes if χ is a Dirac particle.

3 We have neglected the Z -penguin contribution to CNP
9 , since it is

suppressed by (mb/mZ )2 and is subdominant compared to the photon
exchange.
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In order to constrain the Wilson coefficients we use the
first global fit that takes into account the possibility that C9
and C10 are complex [59]. This is a natural scenario that
arises when new CP-violation sources are introduced, and
has not been studied in detail in the literature so far.

Likewise, the new physics contribution to Bs−mixing can
be parameterised in terms of an effective Hamiltonian,

Hbs̄
eff = CNP

B B̄
(s̄αγ μPLbα)(s̄βγμPLbβ), (2.12)

where α and β are colour indices. The new physics contri-
bution to the Wilson coefficient is given by

CNP
B B̄

= 1
128π2m2

ψ

(λsλ
∗
b)

2 (
F(xq , xq) + 2G(xq , xq)

)
,

(2.13)

where the loop functions F and G were already defined in
Eq. (2.11).

In order to quantify the allowed magnitude of the Wilson
coefficient CNP

B B̄
, we follow the steps of [44] and introduce a

complex parameter � in the following way:

MSM
12 + MNP

12
MSM

12
≡ |�|eiφ�, (2.14)

where MSM
12 and MNP

12 describe the SM and new physics con-
tributions to Bs−mixing, and their values are given by the
corresponding box diagrams. The complex phase, φ�, quan-
tifies the CP-violating effects introduced by the imaginary
parts of the new couplings. We find:

|�| = �Mexp
s

�MSM
s

=
∣∣∣∣∣1 + CNP

B B̄

CSM
B B̄

∣∣∣∣∣ ,

φ� = Arg

(
1 + CNP

B B̄

CSM
B B̄

)
, (2.15)

where �Ms is the mass difference of the mass eigenstates of
the Bs meson.

The parameter |�| can be constrained using the most
precise experimental measurement of �Ms[60] and the last
update on its theoretical prediction [44], which show a 1.8σ

difference,

�Mexp
s = (17.757 ± 0.021) ps−1,

�MSM
s = (20.01 ± 1.25) ps−1. (2.16)

The dominant uncertainties in the calculation of�MSM
s come

from lattice predictions for the non-perturbative bag param-
eter, B, and decay constant, fBs , and to a lesser extent from
the uncertainty in the values of CKM elements. Both of these
errors have been considerably reduced since the last theory
update for the mass difference [61]. The last average given by

the lattice community [62] gives significantly more precise
values for B and fBs .

From these values, one can infer |�| = 0.887 ± 0.055,
and using the data provided in Ref. [44] we obtain CSM

B B̄
=

4.897 × 10−5 TeV−2 . Using Eq. (2.15) we find that the
Wilson coefficient has to satisfy

√√√√
(

1+ ReCNP
B B̄

CSM
B B̄

)2

+
(

ImCNP
B B̄

CSM
B B̄

)2

∈ [0.777, 0.998] (2σ).

(2.17)

CP-violating effects are further constrained by the CP asym-
metry of the golden mode Bs → J/ψ φ [60],

Amix
CP (Bs → J/ψφ) = sin(φ� − 2βs) = − 0.021 ± 0.031,

(2.18)

where βs = 0.01852 ± 0.00032 [63], and penguin contribu-
tions are neglected. Using Eq. (2.15), this can be interpreted
as an additional constraint on the real and imaginary parts
of CNP

B B̄
(and in turn, on the real and imaginary parts of the

couplings λsλ
∗
b).

In Fig. 3, the effect of all of these constraints on the real and
imaginary parts of the couplings λsλ

∗
b for several benchmark

points is shown. Regions that are allowed by b → sμ+μ−
observables and Bs−mixing (given by Eqs. (2.17) and (2.18))
are shaded in green and blue, respectively. For illustrative
purposes, the figure shows the constraints for multiple values
of DM and mediator masses, while keeping λμ = √

4π fixed.
We remind the reader that the mass of mφl is fixed so as to
reproduce the correct relic density using Eq. (2.9).

As we can observe, in order to simultaneously satisfy
both types of constraints, complex couplings are needed
(Im(λsλ

∗
b) �= 0). Also, as the mass of the dark matter parti-

cle and the mediators increase, both areas are more difficult
to reconcile. In practise, this leads to an upper bound on the
masses of the exotic new particles. The precise limit depends
on the choice of couplings, which we will discuss in Sect. 3.

Finally, the new physics couplings to the up-type quarks
are generated via CKM rotation,

λu = Vusλs + Vubλb,

λc = Vcsλs + Vcbλb. (2.19)

These couplings generate a new physics contribution to
D0−mixing, and the Wilson coefficient CNP

DD̄
is obtained

replacing λs and λ∗
b in Eq. (2.13) by λu and λ∗

c , respectively.
In contrast to Bs−mixing, there is no precise theory deter-

mination for the mass difference in the D0 system. Therefore,
in order to constrain the new physics contribution toCDD̄ we
use the measured value of the mass difference in D0−mixing.
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Fig. 3 The dark (light) green area is the 1σ (2σ ) allowed region by
b → sμ+μ− observables in the (Re(λsλ∗

b), Im(λsλ
∗
b)) plane. Dark

(light) blue regions correspond to 1σ (2σ) Bs− mixing allowed regions.

We take λμ = √
4π and mφq = 1.5 TeV (top row), 2.5 TeV (bottom

row). The specific values of mχ , mφl are given in the plot and mφl is
fixed to reproduce the measured DM relic abundance

The experimental bound on the mixing diagram is given by
[64]

|M12|exp
DD̄

∈ [0.6, 7.5] × 10−3 ps−1 (2σ), (2.20)

whereas the new physics contribution to D0−mixing is
described by

|M12|DD̄ = |CDD̄|
2MD0

〈D0|O|D̄0〉, (2.21)

whereO is a combination of operators containing all possible
SM and new physics contributions to D0−mixing. Using the
last results from [65] we get the following bound on the
Wilson coefficient:

|Cexp
DD̄

| ≤ 5.695 × 10−8 TeV−2 (2σ). (2.22)

Although this model induces new physics contributions
to other flavour observables (such as b → sγ , b → sνν̄

and effective Zμ+μ− and Zqiq j couplings), their size is
very small and does not produce significant deviations from
current experimental searches.

2.3 Benchmark scenarios

All the new physics contributions to the observables described
above depend on five independent parameters: the three
masses of the new particles, mχ , mφq and mφl , the product
of the couplings λsλ

∗
b and the absolute value of the coupling

|λμ|.
The three masses only enter the Wilson coefficients

through the factor m−2
χ and the dimensionless loop func-

tions. In addition, all the Wilson coefficients are proportional
to λsλ

∗
b or |λμ|2 or both. In order to constrain our model, we

consider two scenarios by fixing the value of |λμ|. Then we
scan over the mass parametersmχ andmφq , withmφl fixed by
the requirement of reproducing the correct relic abundance,
and check all the flavour observables described in Sect. 2.2. In
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(a1) (a2) (a3)

(a4) (b) (c1)

(c2) (c3) (c4)

Fig. 4 Diagrams for the pair production of the coloured scalar mediator, φq , leading to dijet + ET/ signatures in the final state. Diagrams (a1)–(a4)
are generated by purely QCD interactions, and diagrams (b), (c1)–(c4) are generated by DM t-channel exchange

this way, for any combination of masses and a fixed value of
|λμ| we get a set of allowed values for λsλ

∗
b. We consider two

hierarchies between |λs | and |λb| that lead to different con-
straints from D0−mixing, and, ensuring that Im(λsλ

∗
b) �= 0,

we define the following benchmark scenarios:

(A1) |λμ| = 2, with λb = λ∗
s ;

(A2) |λμ| = 2, with λb = 4λ∗
s ;

(B1) |λμ| = √
4π , with λb = λ∗

s ;
(B2) |λμ| = √

4π , with λb = 4λ∗
s ,

where |λμ| = √
4π is the perturbative limit. After establish-

ing a hierarchy between |λs | and |λb|, we calculate their max-
imum and minimum allowed values from the corresponding
maximum and minimum allowed values of λsλ

∗
b. Scenarios

with |λs | > |λb| are excluded by D0−mixing constraints.
Likewise, as we will see in Sect. 3, smaller values of λμ are
constrained by LHC bounds.

3 LHC constraints and prospects for high-luminosity

In this section, we study the experimental signatures that this
model would produce at the LHC. DM search strategies in

both ATLAS and CMS involve analysing final states con-
taining jets and leptons produced in association with a DM
particle, identified from missing transverse energy. In this
model, direct production of the coloured and leptonic scalar
doublets φq and φl , respectively, typically leads to such final
states.

Let us first consider production processes that involve the
coloured scalar, φq . In this case, our model could lead to
visible signals in final states with both monojet / dijet + ET/

signatures. When the new physics coupling λq is smaller
than the strong interaction coupling, αQCD, pure QCD pro-
cesses constitute the main contribution to the cross section
[66]. In this model, this implies that QCD diagrams dom-
inate over those with new physics couplings. As a conse-
quence, monojet searches for this model are less effective
than dijet searches and we will concentrate on the latter. The
dijet + ET/ processes are shown in Fig. 4, where diagrams
(a) correspond to the QCD contributions, and diagrams (b)
and (c) involve new physics couplings. The main produc-
tion channel is the pair production of the coloured scalar
particles, that subsequently decays into a DM particle and a
quark,

pp → φqφ
∗
q / φqφq / φ∗

qφ
∗
q → qq + ET/ . (3.1)
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(d1) (d2)

Fig. 5 Diagrams for the pair production of the leptonic scalar mediator,
φl , leading to μμ/μν + ET/ signatures in the final state

In addition, the scalar doublet φq has the same quantum num-
bers as squarks in supersymmetric (SUSY) models. There-
fore, the kinematics in its production and decay in diagrams
(a) of Fig. 4 mimic those of squarks in SUSY models with
decoupled gluinos. As a consequence, limits from ATLAS
and CMS squark searches can be used to constrain the model.

One can also consider the pair production of the leptonic
scalar, φl . In this case, the production process is mediated
by W or Z bosons and involves the electroweak coupling, as
shown in Fig. 5. The decays of φl lead to clean final states
with one or two leptons and missing energy. Although flavour
constraints require λμ 
 λq , the cross section of this pro-
cess is smaller than the production of the coloured mediator
for similar mediator masses. However, since mφl is fixed for
every value of mχ to reproduce the correct relic abundance,
there are regions of the parameter space where both searches
are complementary. We will here consider the process

pp → φlφ
∗
l → μμ/μν + ET/ , (3.2)

where the dimuon channel leads to the strongest constraints.
As in the previous case, we can exploit the analogy between
φl and sleptons to use the limits from slepton searches to
constrain this model.

3.1 Simulation details

We have implemented this model in Feynrules 2.3[67].
The calculation of the matrix elements and the event gener-
ation is done using MadGraph5_aMC@NLO 2.6.3[68].
Production and decay of the new particles are considered
independently using the narrow width approximation, as
implemented in MadSpin[69], which further accounts for
spin correlations in decay chains.4 We then use Pythia
8.235[70] to shower the parton-level events and we pass
the output to CheckMATE 2.0.26 [71], which compares
the expected signal with supersymmetric searches at the LHC
and derives an exclusion limit. As we have explained above,
we can apply squark and slepton searches to constrain the
coloured and leptonic mediator, respectively.

4 The narrow width approximation is not valid in benchmark points B1
and B2, for which we have taken interference effects into account.

In order to describe initial and final state radiation and
reproduce the correct jet structure precisely, we consider
leading order (LO) production with parton shower matching
and multijet merging when needed. The LO multijet merg-
ing techniques describe how parton shower emissions can be
combined with full matrix element calculations to achieve a
better accuracy in the description of the radiation spectrum.
Using this technique, every jet is classified according to its
pT and then compared to a hardness scale Qcut. In this way,
emissions above the hardness scale Qcut are described at LO
accuracy using the corresponding matrix element calcula-
tion for an extra hard, wide-angle QCD emission in the final
state, while emissions below this scale are defined as soft
or collinear jets and the all-orders resummation description
from the parton shower is preserved. Note that even though
O(αs) corrections are included using this procedure, the cal-
culation remains formally LO + LL accurate after parton
shower due to missing virtual corrections.

After hadronization, the showered events and the produc-
tion cross sections are passed to CheckMATE. Each model
point is tested against all the implemented experimental anal-
yses to determine the optimal signal region. For this signal
region, CheckMATE compares the simulated signal with the
actual experimental observation and determines whether the
model point is excluded at the 90% confidence level.

3.2 Results

Constraints from LHC searches for the four benchmark
points defined in Sect. 2.3 are presented in Fig. 6 on the
(mχ , mφq ) plane, for all the points that satisfy the flavour
constraints of Sect. 2.2 and that reproduce the correct DM
relic abundance. This figure shows the complementarity
between the experimental limits obtained from the pp →
j j + ET/ and pp → μμ + ET/ searches. The experimen-
tal results used in our analysis are summarised in Table 2.
The colour code represents the average value of the coupling
|λb| in the region allowed by flavour constraints, defined as
|λb|mean = (|λb|max +|λb|min)/2, where |λb|max and |λb|min
are the maximum and minimum allowed values respectively.
The variation of our results when choosing either the min-
imum or maximum value for |λb| has been checked and is
insignificant.

Regarding the pp → j j + ET/ search, the limits in every
scenario show that for the lightest DM mass, coloured medi-
ators with masses below ∼1 TeV are excluded. Even though
heavier DM produces larger amounts of missing energy in
final states, the cross section decreases rapidly with the mχ ,
leading to similar exclusion limits. It is interesting to note
that exclusion limits are slightly stronger for the scenarios
with |λb,t | > |λs,c|, where mediators with masses below
∼1.1 TeV are excluded. The reason for this is that final states
with either top or bottom quarks are more sensitive than final
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Fig. 6 LHC limits from the pp → j j+ET/ (green) and pp → μμ+ET/

(blue) searches. On the left (right), results for the scenario with |λμ| = 2
(|λμ| = √

4π ) are presented. The figures in the upper panel correspond
to λb = λ∗

s , while the bottom panel shows limits for λb = 4λ∗
s . The

colour code represents the average value of the coupling |λb| in the
region allowed by flavour constraints, as defined in the text. Solid lines
represent the current exclusion limits, whereas dashed ones correspond
to the projected reach of the LHC High luminosity phase

Table 2 List of experimental searches sensitive to our model, where l
denotes electron and muon. The third column describes the final state
targeted by the analysis and the last column displays the total integrated
luminosity
√
s Search Final state L [fb−1]

13 TeV 1710.11412 [72] t t̄ / bb̄ + ET/ 36.1
ATLAS-CONF-2017-039 [73] 2l / 3l + ET/ 36.1

14 TeV atlas_phys_pub_013_011 [74] t t̄ + ET/ 3000
atlas_phys_2014_010_hl_3l [75] 2l / 3l + ET/ 3000

states with light jets to some experimental searches, which
are specifically designed to target topologies with top and
bottom quarks signatures. The most stringent experimental
search involves final states with at least two (bb̄ production)
or four (t t̄ production) jets or exactly two leptons and missing
energy [72]. In particular, the most sensitive signal region is

optimised to detect events featuring a DM particle produced
in association with a t t̄ pair, which decays fully hadronically.

Regarding the pp → μμ + ET/ search, the limits show
that models with dark matter masses below approximately
30 GeV are ruled out for |λμ| = 2, with the exclusion limit
going down to ∼ 13 GeV for |λμ| = √

4π . This corre-
sponds to mediator masses below 360 GeV for |λμ| = 2
and 410 GeV for |λμ| = √

4π . The pp → μμ + ET/ cross
section mainly depends on mφl , so the limits on mχ can be
understood through its relation with mφl given by the DM
relic condition (2.9) for a particular value of λμ. The most
stringent search involves final states with 2l + 0 j , 2l and at
least 2 jets, or 3l and missing energy [73]. In particular, the
most sensitive signal region is characterised by 2l+0 j and a
dilepton invariant mass mll > 300 GeV, and it is optimised
to target slepton pair production.

The most remarkable result is that LHC limits completely
exclude the scenario with |λμ| = 2 and λb = λ∗

s , as well
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as a sizeable region of the scenario with λb = 4λ∗
s for the

same |λμ|. These constraints become weaker for larger val-
ues of |λμ| and, for the scenarios with |λμ| = √

4π , most of
the parameter space is allowed. It is crucial to note that the
limits coming from final states with jets and leptons are com-
plementary to each other. While the former exclude regions
of the parameter space with large mχ and small mφq , the lat-
ter rule out models with very heavy mediator massesmφq and
light dark matter. Importantly, these limits are also comple-
mentary to the ones coming from direct detection, where dark
matter masses below 12 GeV lie below the neutrino floor.
Therefore, it is fundamental to consider both approaches to
explore the model.

It is worth mentioning that the small couplings required
by flavour constraints lead to decay widths slightly below
the QCD scale for mφq � 370 GeV. Strictly speaking, this
means that the computation of the decay width cannot be
handled perturbatively and that the new particle φq may
hadronize into bound states with SM quarks, analogous to
R-hadrons [76], before decaying. However, the typical width
involved is �φq ∼ O(10−2) − O(10−3) GeV, which means
lifetimes of the order τ ∼ 10−22 s, so any potential bound
state would decay promptly in the detector. This region of the
parameter space is excluded by ATLAS and CMS R-hadron
searches [77,78].

We have also studied the limits that could be obtained with
3000 fb−1 of 14 TeV data once the LHC High Luminosity
phase [79] is completed. As we can observe in the plots, the
main gain would come from the leptonic channels, which
would allow to test a considerable amount of the model’s
parameter space. In particular, scenarios with |λμ| < 2 would
be completely excluded. The experimental searches giving
the strongest exclusion limits target the same final states and
are shown in the low panel of Table 2.

4 Direct DM detection prospects

Finally, in this section we discuss whether our model is
expected to produce an observable response in direct detec-
tion experiments. We have calculated this response, by
matching the model parameters to effective DM-nucleon
interaction terms,

Lint =
∑
N

∑
i

cNi OiχχNN , (4.1)

where N is the corresponding nucleon, and Oi is the set of
non-relativistic operators [80,81]. The values for the coef-
ficients cNi can be derived as the non-relativistic limit of
the original interaction Lagrangian, and the differential rate
can be computed using the corresponding nuclear form fac-
tors from Refs. [81,82], and for a given choice of the DM

halo properties. We have adopted the so-called standard halo
model [83] with local DM density ρχ = 0.4 GeV/cm3, a
central velocity of v0 = 220 km s−1, and a escape speed
of vesc = 544 km s−1 to calculate the number of expected
recoils in a specific experiment.

The leading tree-level DM-quark interactions are given by
scalar (χχψψ) and vector (χγ μχψγμψ) type interactions.
The latter is the leading contribution toO1 for Dirac DM [84],
but it vanishes in the case of Majorana DM. For scalar type
interactions Majorana DM does not in general vanish, but
with our models chiral structure, it does. With sub-dominant
couplings to the first generation of quarks, and given that
mφq > mφl , one-loop contributions to the DM-nucleon scat-
tering cross sections will generally be larger than the tree level
process. The loop contributions for a generic fermionic DM
that involve the exchange of a photon can be classifiedas elec-
tric and magnetic dipoles (χ iσμνγ 5χFμν and χσμνχFμν ,
respectively), anapole (χγ μγ 5χ∂νFμν), and charge radius
(χγ μχ∂νFμν). However, in the particular case of Majorana
DM considered in this work, the magnetic dipole and charge
radius effective couplings are forbidden by charge conjuga-
tion symmetry. Thus, the dominant one-loop interaction is
the anapole moment [85]. When taking the non-relativistic
limit, the anapole moment gives contributions to the O8 and
O9 operators [86,87], which are velocity and momentum
dependent. In terms of the fundamental parameters of the
model, the corresponding couplings read

c8 = 2eAQN ,

c9 = −eAgN , (4.2)

where e is the electron charge, QN is the nucleon charge, and
gN are the nucleon g-factors (gp = 5.59 and gn = 3.83). The
effective coupling to the anapole interaction term, A, reads
[88]

A = − e |λμ|2
96π2m2

χ

[
3
2

log
μ

ε
− 1 + 3μ − 3ε√

(μ − 1 − ε)2 − 4ε

arctanh

(√
(μ − 1 − ε)2 − 4ε

μ − 1 + ε

)]
, (4.3)

with μ ≡ m2
φl

/m2
χ and ε ≡ m2

l /m
2
χ . The nuclear responses

to the O8 and O9 operators are markedly weaker than that
of O1, which implies that, in general, the scattering cross
section is very small and beyond current experimental lim-
its. Furthermore, because our DM particle interacts with the
quark sector, it is not a priori clear that the spin-independent
O1 and spin-dependent O4 arising from the so-called twist-2
operator [89–91] and the axial vector operator respectively
are still negligible.

Given the range of DM masses that we consider in
this study, the main constraint is due to Xenon1T results
[92], which we simulate using the prescription outlined in
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Fig. 7 Theoretical predictions for the anapole coupling, A, as a func-
tion of the DM mass,mχ for the four benchmark points: A1 (red points),
A2 (green), B1 (orange), and B2 (blue). For comparison, we show the
current exclusion line by Xenon1T [92] and the predicted reach of LZ

[94,95] and DarkSide-20k [96]. The shaded area represents the neutrino
floor. The plot on the right-hand side incorporates LHC constraints,
explained in more detail in Sect. 3

Fig. 8 The same as in Fig. 7,
but for the spin-independent
coupling, c1, that originates
from the twist-2 coupling

appendix A of Ref. [93], achieving good agreement. As we
can see in Fig. 7, the theoretical predictions for this model are
beyond the reach of current experimental searches. We also
show the reach of future direct detection experiments. The LZ
detector, will employ 5.6 tons of liquid xenon with 1000 days
exposure as outlined in [94,95]. The DarkSide-20k experi-
ment [96], is an argon detector which will employ 20 tons of
fiducialmass for a duration of 10 years. We have assumed that
the DarkSide collaboration will be able to achieve a thresh-
old energy of 5 keV, a reasonable assumption considering the
results from DarkSide-50 [97]. For reference we have also
calculated the neutrino floor for anapole interactions in the
(A, mχ ) plane. We have used the prescription described in
Ref. [98] and the expected neutrino fluxes from Refs. [99–
104]. It is clear that our model favourably lays in a region
of parameter space that would be probed by a generation
of experiments with multi-ton targets, that can probe near
or even slightly beyond the neutrino floor. Spectral analysis
with the neutrino background compounded with annual mod-
ulation data, could provide complete discrimination between
model and the anapole moment which is both velocity and
momentum dependent.

For completeness, we have also calculated the effect on
the total scattering cross section from aforementioned twist-
2 operator and spin-dependent interaction. The former con-

tribute to the spin-independent scattering cross section (oper-
ator O1) and can be sizeable if the new coupling to quarks
is large or the colour mediator is very light. We have explic-
itly checked that once LHC constraints are included in the
parameter space of the model, these terms are always sub-
dominant to the anapole term discussed above.5 We represent
in Fig. 8 the theoretical predictions for c1 as a function of
the DM mass from this contribution. For the spin-dependent
interaction, we found that the predicted rate for our sampled
parameter space is always sub-dominant.

Had we chosen to work with a Dirac fermion, the dipole
and charge radius contributions should have been added. As
it has been pointed out in Ref. [84], the fairly large coupling
to muons that is required to explain the flavour anomalies
leads to effective DM couplings that are orders of magnitude
higher than those coming from the tree level contribution,
the most important being the charge-radius interaction. This
we have checked, and in fact above mχ ∼ 10 GeV, all our
parameter points are excluded by Xenon1T. Belowmχ ∼ 10,
the model is excluded by both LHC constraints and indirect
detection bounds. Unlike in the Majorana case, the s-wave

5 Note that box diagrams containing a W boson give an additional con-
tribution, which is further suppressed by CKM factors and electroweak
couplings and can thus be safely neglected.
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contribution to the thermal cross section 〈σv〉 is no longer
helicity suppressed and hence excluded [105].

Our results suggest that future multi-ton direct detection
experiments, such as DarkSide [96], would be able to probe
this model in the mass range mχ ∼10–60 GeV. It is very
interesting to point out that many of the points in this DM
mass range feature very heavy φq and therefore would be
beyond the reach of collider searches. In a sense, future direct
DM detection and the LHC complement each other to probe
a large part of the model’s parameter space.

5 Conclusions

In this article, we have studied a particle physics model that
addresses the hints of lepton flavour universality violation
observed by LHCb in b → sμ+μ− transitions, and that
provides a solution to the dark matter problem. The scenario
that we have analysed incorporates two new scalar fields and
a Majorana fermion that provide one-loop contributions to B
meson decays.

The Majorana fermion is stable and can reproduce the
observed DM relic abundance. We have studied the effect of
new physics in flavour observables, for which Bs−mixing
and b → sμ+μ− processes provide the most important con-
straints. In order to find an explanation for the B anoma-
lies and to reduce the 1.8 σ tension between the predicted
and measured mass difference in Bs−mixing, complex cou-
plings are needed. We have used results from the first global
fit that takes into account this possibility. The combination
of flavour bounds and constraints on the DM relic abundance
leads to upper limits on the masses of the exotic states, and
in general points towards a rather light DM candidate (with
a mass mχ � 200 GeV).

We have studied the signatures that this model would pro-
duce at the LHC. The dominant processes are the pair produc-
tion of the coloured and leptonic scalars. For the former, the
strongest exclusion limits are given by dijet + ET/ searches.
For the latter, the final states are very clean, containing 1
or 2 leptons and missing energy. Both searches are com-
plementary and exclude different regions of the parameter
space, setting lower bounds on DM and mediator masses.
The high-luminosity phase improves bounds coming from
both searches, with dilepton being the most pronounced. The
collider constraints are weakened when the λμ parameter is
pushed towards the perturbative limit.

Finally, we have investigated how DM direct detection
experiments constrain this model. Given the range of DM
masses that we consider in this study, the main constraint is
due to Xenon1T results. The small new couplings required
by flavour constraints means that one-loop contributions to
the DM-nucleon scattering cross section are generally larger
than the tree level process. In particular, the dominant loop

induced interaction is the anapole moment. We have shown
that this model is not excluded by current data and could be
probed by the next generation of experiments with multi-ton
targets in the mass range mχ ∼10–60 GeV.
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Abstract Anomaly detection techniques are growing in
importance at the Large Hadron Collider (LHC), motivated
by the increasing need to search for new physics in a model-
agnostic way. In this work, we provide a detailed comparative
study between a well-studied unsupervised method called the
autoencoder (AE) and a weakly-supervised approach based
on the Classification Without Labels (CWoLa) technique.
We examine the ability of the two methods to identify a new
physics signal at different cross sections in a fully hadronic
resonance search. By construction, the AE classification per-
formance is independent of the amount of injected signal. In
contrast, the CWoLa performance improves with increasing
signal abundance. When integrating these approaches with
a complete background estimate, we find that the two meth-
ods have complementary sensitivity. In particular, CWoLa is
effective at finding diverse and moderately rare signals while
the AE can provide sensitivity to very rare signals, but only
with certain topologies. We therefore demonstrate that both
techniques are complementary and can be used together for
anomaly detection at the LHC.
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1 Introduction

The LHC has the potential to address many of the most fun-
damental questions in physics. Despite all the searches for
physics beyond the Standard Model (BSM) conducted by
ATLAS [1,2] and CMS [3–5], no significant evidence of new
physics has been found so far. These searches are designed
to target specific new physics signals that would be produced
by particular, well-motivated theoretical models. However, it
is not feasible to perform a dedicated analysis for every pos-
sible topology and therefore some potential signals may be
missed. This motivates the introduction of new methods that
are less reliant on model assumptions and that are sensitive
to a broad spectrum of new physics signatures.

A variety of machine-learning assisted anomaly detec-
tion techniques have been proposed that span the spectrum
from completely supervised to completely unsupervised1

[23–63] (see Refs. [60,64] for an overview). Two promising
approaches are CWoLa Hunting [24,25] and deep autoen-
coders (AE) [27–32]:

• CWoLa Hunting is a weakly-supervised anomaly detec-
tion technique that uses the idea of Classification With-
out Labels (CWoLa) [65] and trains a classifier to dis-
tinguish two statistical mixed samples (typically a signal

1 Citation block taken from the Living Review [6]. Background model
dependent, non-machine learning models have also been studied exper-
imentally - see Refs. [7–22].
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region and a sideband region when used to search for
new physics [24,25]) with different amounts of (poten-
tial) signal. The output of this classifier can then be used
to select signal-like events. This method has already been
tested in a real search by the ATLAS collaboration [44].

• Autoencoders are the basis for a fully-unsupervised
anomaly detection technique that has been widely
explored and used in many real-world scenarios. A deep
autoencoder is a neural network that learns to compress
data into a small latent representation and then recon-
struct the original input from the compressed version.
The AE can be trained directly on a background-rich
sample to learn the features of background events and
reconstruct them well. By contrast, it will struggle to
reconstruct anomalous (e.g. signal) events. The recon-
struction loss, defined by some chosen distance measure
between the original and reconstructed event, can then
be used as a classification score that selects anomalous
events.

To date, there has not been a direct and detailed comparison
between these two methods.2 The goal of this paper will
be to provide such a comparison, describe the strengths and
weaknesses of the two approaches, and highlight their areas
of complementarity.

We will focus on the new physics scenario where a signal
is localized in one known dimension of phase space (in this
case, the dijet invariant mass) on top of a smooth background.
While CWoLa Hunting explicitly requires a setup like this
to generate mixed samples, AEs technically do not, as they
can function as anomaly detectors in a fully unsupervised
setting. However, even for AEs one generally needs to assume
something about the signal and the background in order to
enable robust, data-driven background estimation.

In this scenario, both models can be trained to exploit the
information in the substructure of the two jets to gain discrim-
inating power between the signal and background events.
CWoLa Hunting, being able to take advantage of the weak
labels, should excel in the limit of moderately high signal rate
in the sample because it is able to take advantage of learnt
features of the signal. It should fail however in the limit of
no signal. On the other hand, an unsupervised approach like
the AE is fully agnostic to the specific features of the signal,
and thus should be robust in the limit of low signal statistics.
While the behaviour of these strategies in the high and low
signal statistics limits can be understood on general grounds,
it is the intermediate regime in which the two strategies might
have a ‘cross-over’ in performance that is of most interest for

2 Recently, the authors of the Tag N’ Train method [47] also made com-
parisons between these approaches with the aim of combining them. Our
study has the orthogonal goal of directly comparing the two approaches
in detail as distinct methods to understand their complementarity.

realistic searches. It is therefore worth analyzing in detail for
some case studies the nature of this crossover and the degree
of complementary of the strategies.

In this work, we provide a detailed comparative analysis
of the performance of CWoLa Hunting and AEs at anomaly
detection on a fully hadronic resonance search. After evalu-
ating the ability of both methods to identify the signal events
for different cross sections, we test whether they are able to
increase the significance of the signal region excess. Here
we emphasize the importance of going beyond the AUC
metric and consider more meaningful performance metrics
such as the Significance Improvement Characteristic (SIC).
Furthermore, a realistic fit procedure based on ATLAS and
CMS hadronic diboson searches is implemented. We will
confirm the general behavior of AE and CWoLa Hunting
approaches at large and small signal strengths described in
the previous paragraph, and we will demonstrate quantita-
tively the existence of a cross-over region in a part of param-
eter space that could be of practical relevance. We conclude
that the approaches have complementary sensitivity to dif-
ferent amounts or types of signals.

This paper is organized as follows. In Sect. 2, we describe
the resonant hadronic new physics signal that we consider
and the simulation details for the generated events. In Sect. 3,
we introduce the details of CWoLa Hunting and the AE and
explain how they can be successfully implemented in this
type of new physics searches. We present results for the two
models in Sect. 4 and discuss their performance at anomaly
detection. Finally, the conclusions are presented in Sect. 5.

2 Simulation

In order to investigate the performance of CWoLa Hunting
and AEs in a generic hadronic resonance search, we con-
sider a benchmark new physics signal pp → Z ′ → XY ,
with X → j j j and Y → j j j . There is currently no ded-
icated search to this event topology. The mass of the new
heavy particle is set to mZ ′ = 3.5 TeV, and we consider two
scenarios for the masses of the new lighter particles: mX ,
mY = 500 GeV and mX , mY = 300 GeV. These signals
typically produce a pair of large-radius jets J with invariant
mass mJJ � 3.5 TeV, with masses of mJ = 500, 300 GeV
and a three-prong substructure. These signals are generated
in the LHC Olympics framework [60].

For both signal models, we generated 104 events. One
million QCD dijet events serve as the background and are
from the LHC Olympics [60] dataset. All the events were
produced and showered usingPythia 8.219 [66] and the
detector simulation was performed usingDelphes 3.4.1
[67], with no pileup or multiparton interactions included.
All jets are clustered with FastJet 3.3.2 [68] using
the anti-kt algorithm [69] with radius parameter R = 1.
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We require events to have at least one large-radius jet with
pT > 1.2 TeV and pseudo-rapidity |η| < 2.5. The two
hardest jets are selected as the candidate dijet and a set of
substructure variables are calculated for these two jets as
shown in Fig. 1. In particular, the N -subjettiness variables
τ

β
i were first proposed in Refs. [70,71] and probe the extent

to which a jet has N subjets. All N -subjettiness variables
are computed using FastJet 3.3.2 and angular expo-
nent β = 1 unless otherwise specified in the superscript. The
observable ntrk denotes the number of constituents in a given
jet. Jets are ordered by mass in descending order.

3 Machine learning setup

In this section, we describe the machine learning setup and
the strategies that we follow to train CWoLa Hunting and the
AE approaches.

3.1 Classification without labels (CWoLa)

The strategy closely follows Refs. [24,25]. To begin, we use
a set of high-level observables computed from the two lead-
ing jets. In particular, we consider the following set of input
features for each jet:

Yi =
{
mJ ,

√
τ

(2)
1 /τ

(1)
1 , τ21, τ32, τ43, ntrk

}
. (3.1)

A reduced set of input features is shown in Fig. 1. Importantly,
the correlation between this set of input features and mJ J is
minimal and not sufficient to sculpt artificial bumps in the
absence of signal, as we will demonstrate in Sect. 4.

We select all of the events in the rangemJ J ∈ [2800, 5200]
GeV and split them uniformly in log(mJ J ) in 30 bins. After
selecting this range, 537304 background events remain in
our sample. In order to test for a signal hypothesis with mass
mJ J = mpeak, where mpeak is the mean mass of the injected
signal, we build a signal region and a sideband region. The
former contains all of the events in the four bins centered
around mpeak, while the latter is built using the three bins
below and above the signal region. By doing this, we obtain
a signal region in the range mJ J ∈ (3371, 3661) GeV with a
width of 290 GeV, and a lower and upper sidebands that are
202 GeV and 234 GeV wide, respectively. The size of the
signal region window depends on the signal width3 and can
be scanned for optimal performance. In Fig. 2, we show the
binned distribution of a fraction of signal and all background
events, with a signal-to-background ratio of S/B = 6×10−3

3 This is dominated by detector effects; for models with a non-trivial
off-shell width, this may not be optimal.

and a naive expected significance S/
√
B = 1.8σ in the sig-

nal region. Note that if a signal is present in data, the signal
region will have a larger density of signal events than the
mass sidebands, which are mainly populated by background
events by construction. In a real search the location of the
mass peak of any potential signal would be unknown, and
thus the mass hypothesis must be scanned, as described in
Ref. [25].

After defining the signal and sideband regions, a CWoLa
classifier is trained to distinguish the events of the signal
region from the events of the sideband using the set of twelve
input features that describe the jet substructure of each event,
presented in Eq. (3.1). In this way, the CWoLa classifier will
ideally learn the signal features that are useful to discrimi-
nate between both regions. It is important to remark that the
classifier performance should be very poor when no signal
is present in the signal region, but if a signal is present with
anomalous jet substructure then the classifier should learn
the information that is useful to distinguish the signal and
sideband regions.

In this work, the classifiers that we use are fully connected
neural networks with four hidden layers. The first layer has
64 nodes and a leaky Rectified Linear Unit (ReLU) [72] acti-
vation [73] (with an inactive gradient of 0.1), and the second
through fourth layers have 32, 16 and 4 nodes respectively,
with Exponential Linear Unit (ELU) activation [74]. The out-
put layer has a sigmoid activation. The first three hidden lay-
ers are followed by dropout layers with a 20% dropout rate
[75]. We use the binary cross-entropy loss function and the
Adam optimizer [76] with learning rate of 0.001 and learning
rate decay of 5×10−4, batch size of 20480 and first and sec-
ond moment decay rates of 0.8 and 0.99, respectively. The
training data is reweighted such that the low and high side-
bands have equal total weight, the signal region has the same
total weight as the sum of the sidebands, and the sum of all
events weights in the training data is equal to the total num-
ber of training events. This reweighting procedure ensures
that the two sideband regions have the same contribution to
the training process in spite of their different event rates, and
results in a classifier output peaked around 0.5 in the absence
of any signal. All classifiers are implemented and trained
using Keras [77] with TensorFlow [78] backend.

We implement a nested cross-validation procedure with
five k-folds and therefore all data are used for training, vali-
dation and testing. We standardize all the input features from
the training and validation sets using training information,
and those from the test set using training and validation infor-
mation. The full dataset is divided randomly, bin by bin, in
five event samples of identical size. We set one of the sam-
ples aside for testing and perform four rounds of training
and validation with the other four, using one of the subsets
for validation each time. For each round, we train ten neural
networks for 700 epochs on the same training and validation
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Fig. 1 A reduced set of the input features that we use for training the
models are shown for Jet 1 (first and second rows) and Jet 2 (third
and fourth rows) for the signals with (m j1 ,m j2 ) = (500, 500) GeV

(red) and (m j1 ,m j2 ) = (300, 300) GeV (blue), and the background
(green). We plot the same number of signal and background events for
visualization purpose

data, using a different initialization each time. We measure
the performance of each classifier on validation data using
the metric εval, defined as the true positive rate for the correct
classification of signal region events, evaluated at a threshold

with a false positive rate f = 1% for incorrectly classifying
events from the sideband region. Only the best out of the ten
models is saved. We use an early stopping criterion to stop
training if the validation performance has not improved for
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Fig. 2 Distribution of a fraction of signal and all background events
on the mJ J plane. Events are divided in 30 bins and a signal region and
a sideband region are defined, as described in the text in Sect. 3.1. The
amount of signal that has been injected corresponds to S/B = 6×10−3

and S/
√
B = 1.8σ in the signal region

300 epochs. At the end of the four rounds, we use the mean of
the outputs of the four selected models to build an ensemble
model which is more robust on average than any individual
model. This ensemble model is used to classify the events in
the test set, and the x% most signal-like events are selected
by applying a cut on the classifier output. This procedure is
repeated for all five choices of test set, and the selected most
signal-like events from each are combined into a signal-like
sample. If a signal is present in data and CWoLa Hunting is
able to find it, it will show as a bump in the signal region
of the signal-like sample on the mJ J plane, and standard
bump-hunting techniques can be used to locate the excess.

It is worth mentioning that using an averaged model
ensemble is important to reduce any potential overfitting.The
cross-validation procedure ensures that even if an individ-
ual classifier learns any statistical fluctuations in the training
data, each model will tend to overfit different regions of the
phase space. As a result, the models will disagree in regions
where overfitting has occurred, but will tend to agree in any
region where a consistent excess is found.

3.2 Autoencoder

In this subsection we describe the strategy followed for the
AE implementation. In the first place, we take the two lead-
ing jets in each event, ordered by mass, and consider the
following set of input features for each jet:

Yi = {mJ , τ21, τ32, ntrk, pT } . (3.2)

After analyzing different sets of input features, we found
that the collection of 10 features presented in Eq. (3.2) led to

optimal performance. All the input features are standardized
for the analysis.

Unlike the CWoLa method, the AE is trained on all the
available background events in the full mJ J range. The AE
only requires a signal region and a background region for the
purposes of background estimation through sideband inter-
polation. For the anomaly score itself (the reconstruction
error), the AE is completely agnostic as to the mJ J range
of the signal.

In this work, the AE that we consider is a fully con-
nected neural network with five hidden layers. The AE has
an input layer with 10 nodes. The encoder has two hidden
layers of 512 nodes, and is followed by a bottleneck layer
with 2 nodes and linear activation. The decoder has two hid-
den layers of 512 nodes, and is followed by an output layer
with 10 nodes and linear activation. All of the hidden lay-
ers have ReLU activation, and the first hidden layer in the
encoder is followed by a Batch Normalization layer. We use
the Minimum Squared Error (MSE) loss function and the
Adam optimizer with learning rate of 10−4, first and sec-
ond moment decay rates of 0.9 and 0.999, respectively, and a
mini-batch size of 128. In Appendix C we describe our quasi-
unsupervised model-selection procedure. We use Pytorch
[79] for implementing and training the AE.

In order to achieve a satisfactory generalization power,
we decided to build an AE ensemble. For this purpose, we
train fifty different models (i.e. the ensemble components)
with random initialization on random subsamples of 50000
background events. Each model is trained for only 1 epoch.
It is important to note that the training sample size and num-
ber of training epochs had a significant impact in the AE
performance. When these are too large, the AE learns too
much information and losses both generalization power and
its ability to discriminate between signal and background
events. Note that if there is a sufficient overlap between the
distributions of signal and background events, then learning
more about the background will not necessarily help to find
the signal. For this reason, our training strategy gives the AE
more generalization power and makes it more robust against
overfitting.

The autoencoder ensemble is evaluated on the full dataset.
The final MSE reconstruction loss of an event is obtained by
computing the mean over the fifty different ensemble com-
ponents. The optimal anomaly score is derived from the SIC
curve as described in Appendix C. The results presented in
this paper are for an AE trained on S = 0. We have verified
that including relevant amounts of signal S do not signifi-
cantly change the results. Therefore, for the sake of compu-
tational efficiency, we choose to present the AE trained with
S = 0 everywhere.
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4 Results

4.1 Signal benchmarks

Now we are ready to test the performance of CWoLa Hunting
and the AE for different amounts of injected signal. Impor-
tantly, we will quantify the performance of CWoLa Hunting
and the AE not using the fullmJ J range, but using a narrower
slice mJ J ∈ (3371, 3661) GeV, the signal region defined
in Sect. 3.1. This way, all performance gains from the two
methods will be measured relative to the naive significance
obtained from a simple dijet resonance bump hunt.

We define a set of eight benchmarks with a different
number of injected signal events. For this purpose, to the
current sample of 537304 background events in the range
mJ J ∈ [2800, 5200] GeV, we add from 175 to 730 signal
events. This results in a set of benchmarks distributed over
the range S/B ∈ [1.5×10−3, 7×10−3] in the signal region,
corresponding to an expected naive significance in the range
S/

√
B ∈ [0.4, 2.1]. To test the consistency of both models

when no signal is present in data, we add a final benchmark
with no signal events which allows us to evaluate any pos-
sible biases. For each S/B benchmark, the performance of
CWoLa Hunting is evaluated across ten independent runs to
reduce the statistical error using a random subset of signal
events each time. After exploring a large range of cross sec-
tions, we decided to examine this range in S/B because it
is sufficient to observe an intersection in the performance of
the two methods. The observed trends continue beyond the
limits presented here.

4.2 Supervised metrics

The performance of CWoLa Hunting and the AE in the sig-
nal region for different S/B ratios as measured by the Area
Under the Curve (AUC) metric is presented in Fig. 3 for the
two signal hypotheses considered in this work. Even though
only a small fraction of signal events is used for training,
the AUC metric is computed using all the available signal
to reduce any potential overfitting. The results in both cases
show that CWoLa Hunting achieves excellent discrimination
power between signal and background events in the large
S/B region, reaching AUC scores above 0.90 and approach-
ing the 0.98 score from the fully supervised case. As the
number of signal events in the signal region decreases, the
amount of information that is available to distinguish the sig-
nal and sideband regions in the training phase becomes more
limited. As a result, learning the signal features becomes
more challenging and performance drops in testing. When
the S/B ratio in the signal region is close to zero, the signal
and sideband regions become nearly identical and the classi-
fier should not be able to discriminate between both regions.
For the benchmark with no signal events, the AUC scores

are only 0.43 and 0.59 for the signals with larger and smaller
jet masses, respectively.4 It is interesting to note that, in the
absence of signal, the AUC should converge to 0.5. However,
we will see that the presence of background events (from a
statistical fluctuation)with a feature distribution that partially
overlaps with the one from signal events, located in a region
of the phase space with low statistics, allows the classifier
to learn some information that turns out to be useful to dis-
criminate between signal and background. Importantly, this
does not imply that the information learnt by the classifier
will be useful for enhancing the signal excess, as we discuss
in detail below. By contrast, the AE performance is solid and
stable across the whole S/B range. The reason is that, once
the AE learns to reconstruct background events, its perfor-
mance is independent of the number of signal events used for
training as long as the contamination ratio is not too large.
In our analysis, this ratio is always below 0.1% so the AE is
trained on the full sample of background events with S = 0
for computational efficiency. Interestingly, the AUC curves
from CWoLa Hunting and the AE cross at S/B ∼ 3 × 10−3.

The most standard way of measuring the performance of
a given model is through the Receiver Operating Character-
istic (ROC) curve, and the area under this curve, the AUC
metric. These two metrics are useful to compare the over-
all performance of different models in many classification
tasks. However, the goal of a resonant anomaly detection
search is to find a localized signal over a large background.
For this purpose, the most important variables to consider are
the signal-to-background ratio (S/B) and the naive expected
significance (S/

√
B). With this in mind, we will consider

the Significance Improvement Characteristic (SIC) [80] to
measure the performance of CWoLa Hunting and the AE
at enhancing the significance of the signal excess. The SIC
metric measures the significance improvement after apply-
ing a cut in the classifier output. In particular, any given cut
will keep a fraction εS of signal events and a fraction εB of
background events, which are defined as the signal and back-
ground efficiencies of the cut. The significance improvement
for this cut is thus given by SIC = εS/

√
εB .

In order to find the localized signal over the large back-
ground, which we presented in Fig. 2, we will use the SIC
metric to find the optimal cut in the classifiers output that
leads to the maximal enhancement in S/

√
B in the signal

region. The SIC curves for CWoLa Hunting and the AE are
shown in Fig. 4. The SIC curves are calculated using all the
available signal and background events in the signal region.
For CWoLa Hunting, the results show that the shape and the
location of the peak of the SIC curve depend on the amount
of injected signal used during training. In order to find the
signal efficiency that leads to a maximal overall significance
improvement for all S/B benchmarks, we analyze how the

4 For visualization purpose, this benchmark is not shown in the plot.
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Fig. 3 Performance of CWoLa Hunting (blue) and the AE (orange) as measured by the AUC metric on the signal with (m j1 ,m j2 ) = (500, 500) GeV
(left plot) and (m j1 ,m j2 ) = (300, 300) GeV (right plot). The error bars denote the standard deviation on the AUC metric from statistical uncertainties

Fig. 4 The SIC curves for CWoLa Hunting (top row) and the AE (bot-
tom row) are shown for the signals with (m j1 ,m j2 ) = (500, 500) GeV
and (m j1 ,m j2 ) = (300, 300) GeV in the left and right plots, respec-

tively. For CWoLa Hunting, a SIC curve is shown for each of the clas-
sifiers that were trained on mixed samples with different amounts of
injected signal
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Fig. 5 Top row: The SIC value as a function of S/
√
B for a set of

fixed signal efficiencies is shown for the signals with (m j1 ,m j2 ) =
(500, 500) GeV (left plot) and (m j1 ,m j2 ) = (300, 300) GeV (right
plot). The εS = 17% and εS = 13% signal efficiencies, respectively,
maximize the overall significance improvement for all S/B bench-

marks. Bottom row: The signal efficiencies are chosen such that the
SIC values are maximized for CWoLa Hunting and the AE. The SIC
values associated to the 1% and 0.1% are also shown for comparison.
These values are calculated using only the fraction of signal that defines
each S/B benchmark

SIC value changes as a function of S/
√
B for a set of fixed

signal efficiencies in the top row of Fig. 5. We find that the
signal efficiencies that yield the maximum overall signifi-
cance improvement for CWoLa Hunting are εS = 17% and
εS = 13% for the high and low jet mass signals, respectively.
For the AE, the optimal signal efficiencies are εS = 16% and
εS = 18%, respectively. Now we will use these optimal sig-
nal efficiencies to set an anomaly score threshold that max-
imizes the significant improvement in the signal region for
each model. In practice, model independence would prevent
picking a particular value and so we will later compare these
optimized values with fixed values at round logarithmically
spaced efficiencies.

4.3 Sideband fit and p-values

After evaluating the quality of the two methods at identify-
ing the signal events among the background, we compare

how they perform at increasing the significance of the signal
region excess. For this purpose, we performed a parametrized
fit to the mJ J distribution in the sideband region. We then
interpolate the fitted background distribution into the signal
region and evaluate the p-value of the signal region excess.

For the CWoLa method, we used the following 4-
parameter function to fit the background:

dσ

dmJ J
= p0(1 − x)p1

x p2+p3 ln(x)
, (4.1)

where x = mJ J/
√
s. We use the previous function to esti-

mate the background in the range mJ J ∈ [2800, 5200] GeV.
This function has been previously used by both ATLAS [81]
and CMS [82] collaborations in hadronic heavy resonance
searches.

For the AE, we find that this function does not fit well
the distribution of surviving events on mJ J after applying
a cut on the reconstruction error. Instead, we found that a
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Fig. 6 Significance of the signal region excess after applying different
cuts using the classifier output for CWoLa Hunting (left plots) and the
AE (right plots), for one of the runs corresponding to the benchmarks
with S/B � 4 × 10−3 (top row) and S/B � 2.4 × 10−3 (bottom
row) on the signal with (m j1 ,m j2 ) = (500, 500) GeV. For CWoLa,
we show the 100%, 10%, 1%, 0.04% most signal-like events. For the
AE, we show the 100% and 0.6% event selections. In both cases, the

smallest cut corresponds to the optimal cut according to the SIC curve.
The blue crosses denote the event selection in each signal region bin,
while the blue circles represent the event selection in each bin outside
of the signal region. The dashed red lines indicate the fit to the events
outside of the signal region, the grey band indicates the fit uncertainty
and the injected signal is represented by the green histogram

simple linear fit (on a narrower sideband region) is able to
describe the background distribution on the sideband with
good accuracy and it is sensitive to an excess on the signal
region for the cuts that we considered. For the cut based
on the SIC curve and the 1% cut, the fit is implemented on
the range mJ J ∈ [3000, 4000] GeV. For the 0.1% cut, we
need to extend this range to mJ J ∈ [2800, 4400] GeV. This
range extension produces a better fit χ2 in the sideband and
mitigates a small bias in the predicted signal at S = 0.5

The validity of sideband interpolation relies on the
assumption that the mJ J distribution for background events
surviving a cut can still be well modelled by the chosen func-
tional forms. This is likely to be the case so long as the selec-

5 As we tighten the cut, we will see that the fraction of events that
survive at the lower end of the mJ J distribution is significantly smaller
than for higher invariant masses. This extends the linear behaviour to
the range mJ J ∈ [2800, 4400] GeV for the 0.1% cut.

tion efficiency of the tagger on background events is smooth
and monotonic in mJ J , and most simply6 if it is constant in
mJ J (which would require signal features uncorrelated with
mJ J ).

In Fig. 6, we show the fit results for CWoLa Hunting and
the AE for one of the runs corresponding to the benchmarks
with S/B � 4 × 10−3 and S/B � 2.4 × 10−3 on the signal
with (m j1,m j2) = (500, 500) GeV. After applying different
cuts using the classifiers outputs, the significance of signal
region bump is significantly increased. For the benchmark
with more injected signal, CWoLa Hunting yields a sub-
stantial significance increase of up to 7.6σ , while the AE is
able to increase the bump significance by up to 4.1σ . When
the amount of injected signal is reduced, the results show
that CWoLa Hunting becomes weaker and it rises the excess

6 Complete decorrelation is sufficient, but not necessary to prevent
bump-sculpting [83].
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Fig. 7 The significance of the signal region excess after applying
different cuts for CWoLa Hunting and the AE, for the signals with
(m j1 ,m j2 ) = (500, 500) GeV and (m j1 ,m j2 ) = (300, 300) GeV, is
shown in the left and right plots, respectively. The plots in the top row
show the cuts that maximize the overall significance improvement for
all benchmarks according to the SIC curve, while the bottom row plots
show results for fixed, predetermined cuts. The best cuts for CWoLa

Hunting (blue) correspond to the 17% and 13% signal efficienciesfor the
signals with high and low jet masses, respectively. For the AE (orange),
the best cuts correspond to the 16% and 18% signal efficiencies, respec-
tively. The dotted lines denote the naive expected significance, S/

√
B.

The round cuts from the bottom plots show the 1% and 0.1% event
selections for CWoLa Hunting and the AE. The initial significance of
the bump (100% selection) is shown in green

significance up to only 2.6σ . However, in this case the AE
performs better than CWoLa Hunting, increasing the bump
significance up to 3.1σ . This is an important finding because
it suggests that CWoLa Hunting and the AE may be com-
plementary techniques depending on the cross section. Note
that the event distribution from the AE is clearly shaped due
to some correlations between the input features and mJ J . In
particular, since the jet pT is very correlated withmJ J . How-
ever, the average jet pT scales monotonically (and roughly
linearly) with mJ J , which means that no artificial bumps are
created and the distribution post-selection is still well mod-
elled by the chosen fit function. Finally, note that the fit to the
raw distribution (i.e. no cut applied) is lower than the naive
expected significance S/

√
B due to a downward fluctuation

in the number of background events in the signal region, as
discussed in Appendix A.

In order to systematically study if CWoLa Hunting and
the AE could be complementary techniques depending on
the cross section, we analyze their performance at increasing
the significance of the signal region excess for different S/B
benchmarks and the two signal hypotheses in Fig. 7. The
top two plots show the cuts on the classifier output that lead
to the largest overall significance improvement according to
the SIC curve. For CWoLa Hunting, we show the median
p-values from the ten independent runs for every benchmark
corresponding to the 17% (top left) and 13% (top right) sig-
nal efficiencies, which correspond to fractions of signal-like
events between 0.04% and 1.7% depending on the bench-
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Fig. 8 Density of events on the (m j1 ,m j2 ) plane for the most signal-
like events selected by CWoLa Hunting for the signal hypothe-
sis (m j1 ,m j2 ) = (500, 500) GeV (top row) and (m j1 ,m j2 ) =
(300, 300) GeV (bottom row). From left to right, we show results for

three benchmarks with S/B � 4×10−3, 2.8×10−3, 0. The location of
the injected signal is indicated by a green cross. Note that the upper right
plot shows a small statistical fluctuation that disappears when averaging
over a larger number of simulations

mark. The error bars represent the Median Absolute Devia-
tion. Note that the fit result does not always agree with the
naive expected significance, S/

√
B, due to the high uncer-

tainties among the ten independent classifiers and the small
fractions of events considered in some cases. For the AE, we
show the p-values associated to the 16% (top left) and 18%
(top right) signal efficiencies,which correspond to the 0.36%
and 0.63% most signal-like events, respectively.

Importantly, there are other cuts that enhance the signif-
icance of the signal region excess, as shown in the bottom
plots of Fig. 7. In a real experimental search, with no previ-
ous knowledge about any potential new physics signal, the
two models would be able to find the signal for fixed round
cuts of 1% and 0.1%. For the AE, these cuts are applied in
the signal region to derive an anomaly score above which all
the events in the full mJ J range are selected.

The statistical analysis demonstrates two things. First,
CWoLa Hunting is able to increase the significance of the
signal region excess up to 3σ − 8σ for S/B ratios above
∼ 3 × 10−3 for both signal hypotheses, even when the origi-
nal fit shows no deviation from the background-only hypoth-
esis. By contrast, the AE shows a superior performance below

this range for the signal with (m j1,m j2) = (500, 500) GeV,
boosting the significance of the excess up to 2σ − 3σ in the
low S/B region where CWoLa Hunting is not sensitive to the
signal. Importantly, there is again a crossing point in the per-
formance of the two methods as measured by their ability to
increase the significance of the excess. Therefore, our results
show that the two methods are complementary for less-than-
supervised anomaly detection. Second, it is clear that the AE
is not able to increase the bump excess for the signal with
(m j1,m j2) = (300, 300) GeV below S/B ∼ 3 × 10−3,
even when it reaches a fairly solid AUC score, as shown in
Fig. 3. This means that even though the AE is able to clas-
sify a sizeable fraction of signal events correctly, there is a
significant fraction of background events that yield a larger
reconstruction error than the signal events. In other words,
the AE does not consider the signal events as sufficiently
anomalous and finds more difficult to reconstruct part of the
background instead. Therefore, cutting on the reconstruc-
tion error does not result in a larger fraction of signal in the
selected events. By construction, this is the main limitation
of the AE: it focuses its attention in anything that seems
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Fig. 9 Density of events on the (m j1 ,m j2 ) plane for the most signal-
like events selected by the AE for the signal hypothesis (m j1 ,m j2 ) =
(500, 500) GeV (top row) and (m j1 ,m j2 ) = (300, 300) GeV (bottom

row). From left to right, we show results for three benchmarks with
S/B � 4 × 10−3, 2.8 × 10−3, 0. The location of the injected signal is
indicated by a green cross

anomalous, whether it is an exciting new physics signal or
something that we consider less exotic.

Finally, it is important to analyze the performance of
CWoLa Hunting and the AE when training on no signal.
For consistency, both models should not sculpt any bumps
on themJ J distribution when no signal is present on data. For
CWoLa Hunting, the expected significance at S/B = 0 is 0σ

for all cuts. For the AE, we find that the excess significance at
S/B = 0 is 0.89σ , 0.56σ and 1.06σ for the SIC-based, 1%
and 0.1% cuts, respectively. We checked that this is caused
by the shaping of the mJ J distribution and the small statis-
tical fluctuations that appear for such tight cuts. We remark
that this effect is not produced by the signal.

4.4 What did the machine learn?

In order to illustrate this point, we can examine what the clas-
sifiers have learnt by looking at the properties of the events
which have been classified as signal-like for three bench-
marks with S/B � 4 × 10−3, 2.8 × 10−3, 0. In Figs. 8 and 9
we show the density of events on the (m j1,m j2) plane for the
most signal-like events selected by CWoLa Hunting and the

AE, respectively. The cuts applied in each case correspond
to the 0.1% cut. For CWoLa Hunting, it is clear that the clas-
sifier is able to locate the signal for the two mass hypotheses.
In addition, note that the upper and lower right plots show
a small statistical fluctuation that is produced by the differ-
ent fractions of signal-like events represented in each plot,
which disappears when averaging over a larger number of
simulations.

The AE similarly identifies the high mass signal point, but
fails to identify the low mass one. This can be most easily
understood by observing the selection efficiency as a function
of the two jet masses for the trained AE, shown in Fig. 10.
In the left plot, we show the total number of events on the
(m j1,m j2) plane. In the middle and right plots, we show
the selection efficiencies for the 1% and 0.1% cuts. These
results illustrate that the AE has learnt to treat high mass
jets as anomalous (since these are rare in the training sam-
ple), and so the (m j1,m j2) = (300, 300) GeV signal is more
easily reconstructed than high mass QCD events. In other
words, high mass QCD events are regarded as more anoma-
lous than signal events, and a sufficiently high selection cut
on the AE reconstruction error will eliminate the signal. We
remark again that this is one of the main limitations of the
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Fig. 10 The total density of events on the (m j1 ,m j2 ) plane is plot-
ted on the left. The 1% and 0.1% selection efficiencies for the AE
and CWoLa are plotted on the middle and right images, respectively.
The top row shows results for the AE, while the bottom row shows

results for CWoLa. The selection efficiency in a given bin is defined
as the number of events passing the x% cut divided by the total num-
ber of events in that bin. These results correspond to the signal with
(m j1 ,m j2 ) = (300, 300) GeV and S/B � 4 × 10−3

AE. Therefore, it is crucial to find the cut that maximizes
the fraction of signal within the most anomalous events. As
shown in Fig. 13 in Appendix B, that cut corresponds to the
anomaly score that maximizes the SIC curve in the signal
region. In contrast, the bottom row of Fig. 10 shows that
CWoLa is able to learn the signal features.

5 Conclusions

In this article, we have compared weakly-supervised and
unsupervised anomaly detection methods, using Classifica-
tion without Labels (CWoLa) Hunting and deep autoencoders
(AE) as representative of the two classes. The key difference
between these two methods is that the weak labels of CWoLa
Hunting allow it to utilize the specific features of the signal
overdensity, making it ideal in the limit of large signal rate,
while the unsupervised AE does not rely on any information
about the signal and is therefore robust to small signal rates.

We have quantitatively explored this complimentarity in
a concrete case study of a search for anomalous events in
fully hadronic dijet resonance searches, using as the target a
physics model of a heavy resonance decaying into a pair of

three-prong jets. CWoLa Hunting was able to dramatically
raise the significance of the signal in our benchmark points in
order to breach 5σ discovery, but only if a sizeable fraction
of signal is present (S/B � 4 × 10−3). The AE maintained
classification performance at low signal rates and had the
potential to raise the significance of of one of our benchmark
signals to the level of 3σ in a region where CWoLa Hunting
lacked sensitivity.

Crucially, our results demonstrate that CWoLa Hunting is
effective at finding diverse and moderately rare signals and
the AE can provide sensitivity to rare signals, but only with
certain topologies. Therefore, both techniques are comple-
mentary and can be used together for anomaly detection.
A variety of unsupervised, weakly supervised, and semi-
supervised anomaly detection approaches have been recently
proposed (see e.g. Ref. [60]), including variations of the
methods we have studied. It will be important to explore
the universality of our conclusions across a range of models
for anomaly detection at the LHC and beyond.
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Appendix A: Background fit

In this appendix, we briefly describe the details about the fit
procedure and discuss results from the fit to the background
events. In order to evaluate the significance of any poten-
tial excess in the signal region, the total number of predicted
signal region events is calculated by summing the individ-
ual predictions from each signal region bin. The systematic
uncertainty of the fit in the signal region prediction is esti-
mated by propagating the uncertainties in the fit parameters.
We test the validity of the fit using a Kolmogorov–Smirnov
test.

In Fig. 11 we show the fit to the background distribu-
tion using the 4-parameter function presented in Eq. (4.1).
First, the Kolmogorov–Smirnov test yields a p-value of 0.99,
which means that the fit describes the background distribu-
tion well outside of the signal region. In addition, the fit

Fig. 11 Fit to the background distribution of dijet events and residuals
from the fit. The signal region events are indicated by blue crosses

result produces a p-value of 0.5. However, the residuals indi-
cate that the number of predicted events in the signal region
is overestimated due to a local negative fluctuation of size
n = 123 events.7 As a result, the fit will always underesti-
mate the excess significance when a signal is injected in the
signal region. For example, if we introduce a number n of
signal events in the signal region, the fitprediction will match
the number of observed events and therefore the excess sig-
nificance will be exactly zero, even when a signal has been
injected.

Appendix B: Density of events for the optimal cut

See Figs. 12 and 13.

7 This has been validated as a fluctuation with an independent sample.
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Fig. 12 Density of events on the (m j1 ,m j2 ) plane for the most signal-
like events selected by CWoLa for the signal hypothesis (m j1 ,m j2 ) =
(500, 500) GeV (top row) and (m j1 ,m j2 ) = (300, 300) GeV (bot-
tom row). The optimal cut is derived from the signal efficiency that
maximizes the SIC curve. From left to right, we show results for three

benchmarks with S/B � 4 × 10−3, 2.8 × 10−3, 0. The location of the
injected signal is indicated by a green cross. Note that the upper right
plot shows a small statistical fluctuation that disappears when averaging
over a larger number of simulations

Fig. 13 Density of events on the (m j1 ,m j2 ) plane for the most signal-
like events selected by the AE for the signal hypothesis (m j1 ,m j2 ) =
(500, 500) GeV (top row) and (m j1 ,m j2 ) = (300, 300) GeV (bot-
tom row). The optimal cut is derived from the signal efficiency that

maximizes the SIC curve. From left to right, we show results for three
benchmarks with S/B � 4 × 10−3, 2.8 × 10−3, 0. The location of the
injected signal is indicated by a green cross
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Appendix C: Autoencoder model selection

Here we will motivate the selection of the AE model used
in the main body of the paper. In general, the challenge or
central tension of AE model selection for anomaly detection
is to choose a model that strikes a good balance between
compression and expressivity, between describing the bulk
of the data just well enough (i.e. with the right size latent
space) without swallowing up all the anomalies as well. Here
we will put forth some guidelines that could be used to find
this balance in an unsupervised way. While a complete study
is well beyond the scope of this work, the two signals provide
some evidence for the usefulness of these guidelines.

To begin, it is useful to consider the AE as consisting of
three components:

1. Choice of input features.
2. Latent space dimension.
3. Rest of the architecture.

Our philosophy is that item 1 defines the type of anomaly we
are interested in, and so cannot be chosen in a fully unsuper-
vised way. In this paper, we chose the input features to be
(mJ , pT , τ21, τ32, ntrk) because we observed they did well
in finding the 3-prong qqq signals. In contrast, item 2 and
item 3 can be optimized to some extent independent of the
anomaly (i.e. just from considerations of the background).

Our main handle for model selection will be the concept
of FVU: fraction of variance unexplained. This is a com-
monly used statistical measure of how well a regression task
is performing at describing the data. Let the input data be
�xi , i = 1, . . . , N and the (vector-valued) regression function
being

�yi = f (xi ) . (C.1)

Let the data to be described be �Yi . (So, for an AE, �xi = �Yi .)
Then the FVU F is

F =
1
N

∑N
i=1( �Yi − �yi )2

1
N

∑N
i=1( �Yi − 〈 �Y 〉)2

, (C.2)

i.e. it is the MSE of the regression divided by the sample
variance of the data. In the following, we will be working
with features standardized to zero mean and unit variance, in
which case the denominator (the sample variance) is just n,
the number of input features, and F becomes

F = 1
N

N∑
i=1

1
n

n∑
a=1

(Yia − yia)
2 , (C.3)

i.e. it is the MSE of the regression normalized to the number
of input features.

Our criteria for whether it is worth adding another latent
space dimension to the AE is whether it substantially reduces
the FVU. Here the measure of “substantially reduces” is
whether it decreases the FVU by significantlymore than 1/n.
A decrease of 1/n (or less) suggests that the AE is merely
memorizing one of the input features via the extra latent
space dimension. In that case, adding the latent space dimen-
sion should not help with anomaly detection. Meanwhile, a
decrease in FVU of significantly more than 1/n suggests that
the latent space dimension is learning something nontrivial
about the inner workings of the data, capturing one of the
underlying correlations. In this case adding the latent space
dimension may help with anomaly detection performance.

We will demonstrate the effectiveness of this model selec-
tion criteria using the two signals considered in this paper,
Z ′(3500) → X (m)X (m), X → qqq events with m =
500 GeV and m = 300 GeV.

We scan over the size of the latent space and hidden lay-
ers, nlatent = 1, 2, 3, 4, . . . and nhidden = 128, 256, 512,
respectively. For each architecture and choice of input fea-
tures we train 10 models with random initializations on a
random subset of 50000 background jets.

For evaluation, we feed all 1M QCD events and all the
signal events to the trained models. We compute the follow-
ing metrics for each model: 〈MSE〉bg , σ(MSE)bg , max(SIC)
where the SIC is computed by cutting on the MSE distribu-
tion. For all three metrics, we only compute them using the
MSE distribution in a window (3300, 3700) GeV in mJ J .

Shown in Fig. 14 is the FVU versus the number of latent
dimensions, for 5 input features and different AE archi-
tectures. Each point represents the average MSE obtained
from 10 independent trainings. We see that the FVU ver-
sus nlatent plot has a characteristic shape, with faster-than-

Fig. 14 FVU vs number of latent dimensions, for 10 input features
and different AE architectures. The diagonal line is 1 − nlatent/n =
1 − nlatent/10 indicating the nominal case of a latent dimension just
memorizing one of the input features
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Fig. 15 Decrease in FVU from adding one more latent dimension vs
number of latent dimensions, for 10 input features and different AE
architectures. The horizontal line is 1/n = 1/10 indicating the nominal
case of a latent dimension just memorizing one of the input features

nominal decrease for small nlatent (the AE is learning non-
trivial correlations in the data) and then leveling out for larger

nlatent (the AE is not learning as much and is just starting to
memorize input features).

In Fig. 15 we show the decrease in FVU with each added
latent dimension, versus the number of latent dimensions.
From this we see that nlatent = 1, 2, 3 add useful informa-
tion to the AE but beyond that the AE may not be learning
anything useful.

We also see from these plots that the FVU decreases with
more nhidden as expected, although it seems to be levelling
off by the time we get to nhidden = 512. This makes sense –
for fixed nlatent the bottleneck is fixed, so increasing nhidden
just increases the complexity of the correlations that the AE
can learn, with no danger of becoming the identity map. This
suggests that the best AE anomaly detector will be the largest
nhidden that we can take for fixed nlatent , although the gains
may level off for nhidden sufficiently large.

Now we examine the performance of the various AE mod-
els on anomaly detection of the 300 GeV and 500 GeV
3-prong signals. The max(SIC) versus nlatent is shown in
Fig. 16. We see that there is decent performance on both sig-
nals for nlatent = 2, 3, 4, 5 with nlatent = 2 being especially

Fig. 16 max(SIC) vs. nlatent for the 500 GeV signal (left) and 300 GeV signal (right), 5 input features, and nhidden = 512. The blue dots are the
maxSICs for each of the 10 independent trainings, while the orange dot is the max(SIC) obtained from the average of the 10 MSE distributions

Fig. 17 max(SIC) of the averaged MSE distributions vs. nhidden for the 500 GeV signal (left) and 300 GeV signal (right), 5 input features, and
nlatent = 2, 3, 4
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good for both.8 This is roughly in line with the expecta-
tions from the FVU plots. Importantly, if we restricted to
nlatent = 2, 3 which have the larger decreases in FVU, we
would not miss out on a better anomaly detector.

Finally in Fig. 17, we show the max(SIC) for the MSE dis-
tributions averaged over 10 trainings vs nhidden , for nlatent =
2, 3, 4. We see that generally the trend is rising or flat with
increasing nhidden , which is more or less consistent with
expectations.

To summarize, we believe we have a fairly model-
independent set of criteria for AE model selection, based
on the FVU, which empirically works well on our two sig-
nals. Admittedly this is too small of a sample size to conclude
that this method really works; it would be interesting to con-
tinue to study this in future work. Based on these criteria,
we fix the AE model in this paper to have nlatent = 2 and
nhidden = 512.
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Conclusions

In this thesis, we have explored various research directions in our search for new
physics. The thesis can be divided in three parts. The frst part consists of three chap-
ters, which introduced the different complementary research directions that we have
investigated. In the frst chapter, we described the current experimental evidence
that supports the existence of dark matter and present a summary of the properties
that characterise it. In the second chapter, we presented supersymmetry and favour
models as two promising theoretical frameworks that could provide an answer to
some open questions of the SM, including a candidate for dark matter. In the third
chapter, we introduced the core concepts of machine learning, presenting a series of
examples that show the power of these techniques for analysing data at the LHC.
We emphasised how ML methods can be used to perform signal and background
model-independent new physics searches at the LHC, substantially outperforming
traditional analyses techniques.

The second part of this thesis is presented as a compilation of three articles. In the
frst two articles, we examined the phenomenology of the electroweakino sector of
the NMSSM and proposed a model that provides a solution to the B anomalies and
a viable candidate for dark matter. In both cases, we performed a detailed collider
analysis to explore the potential experimental signatures produced by these models.
In the future, extending the sensitivity of the current dedicated new physics searches
to model-agnostic BSM scenarios will be key to discover new physics at the LHC.
For this reason, in the third article of this thesis we investigated the performance
of weakly-supervised and unsupervised machine learning methods at anomaly de-
tection. Now we will summarise the key points and the main results of each of the
three articles.

In the frst article, we explored the phenomenology of the electroweakino sector
of the NMSSM, analysing the impact of the ATLAS and CMS multi-lepton searches
performed at the LHC with 8 and 13 TeV data. This model extends the MSSM par-
ticle content with one extra neutralino and two extra Higgs bosons. As a result, we
show that the phenomenology of the NMSSM can be substantially different to that
of the MSSM. In order to test this, we defned a set of scenarios that represent the
most distinctive features of the NMSSM electroweakino sector. We examined the
actual reach of current LHC electroweakino searches to these scenarios and empha-
sised the effects beyond the MSSM that may affect their performance. Since most of
the current supersymmetry searches at the LHC are targeting MSSM-like scenarios,
the distinctive experimental signatures of the NMSSM could be easily missed.

A frst important result in this article is that the standard multi-lepton searches
have a good sensitivity to the neutralino and chargino sectors of the NMSSM. How-
ever, we also found that this model has two specifc experimental signatures that
are only partially covered by current ATLAS and CMS searches. First, the NMSSM
admits a very light CP-odd Higgs boson and allows for the lightest CP-even Higgs
boson to be lighter than the SM-like Higgs. We showed that the potential presence of
light singlet-like scalars and pseudoscalars would enable new fnal states that may
escape detection. Second, the new singlino component only interacts with the SM
through the Higgs sector. We probed that if the lightest supersymmetric particles
have a sizeable singlino component, this signifcantly alters the decay chains at the
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LHC and the dark matter phenomenology. Indeed, we found that the presence of
intermediate singlino or Higgs-singlet states in decay chains can induce fnal states
with soft leptons. In addition, compressed confgurations often produce fnal states
with soft photons, and decays mediated by light Higgs states tend to enhance the
presence of tau leptons in fnal states, which are more diffcult to identify. As a
result, we found that certain regions of the parameter space that are marked as ex-
cluded in the simplifed scenarios presented by the experimental collaborations are
allowed in our study. Additional search strategies were suggested to target the spe-
cifc NMSSM experimental signatures that are not well covered by current searches.
Finally, we briefy discussed the expected sensitivity of the High-Luminosity LHC.

When this study was conducted, the sensitivity of ATLAS and CMS searches
to the specifc kinematical features of the NMSSM presented above was limited.
Since then, both collaborations have performed dedicated searches targeting the spe-
cifc scenarios that produce these experimental signatures [33–37]. Importantly, they
have also extended the range of simplifed scenarios to constrain increasingly com-
plex frameworks. Despite these outstanding efforts, there is still no evidence for the
existence of supersymmetric particles in LHC analyses. However, the lower bounds
on the masses of the SUSY particles have been improved. In particular, there are
strong lower bounds on the masses of squarks (at about 1.2 TeV) and the gluino
(at about 2 TeV), and weak limits on the masses of electroweakinos due to their
small production cross sections (up to a few hundred GeV, depending on the search
channel). Therefore, searches for neutralinos and charginos still offer an excellent
discovery potential at the LHC. As discussed before, this sector has a very rich phe-
nomenology and the exclusion limits depend dramatically on the composition of
electroweakinos and the assumptions on the mass spectrum [201]. This could par-
tially explain why we have not observed any signs of supersymmetry at the LHC so
far.

In the second article of this thesis, we proposed an extension of the SM to ad-
dress the signs of lepton favour universality violation observed in B meson decays
and provide a viable candidate for dark matter. We showed that incorporating new
physics effects via one-loop contributions to the B meson decay explains the signs
of lepton favour universality violation observed by multiple experiments. More
specifcally, we extended the Standard Model content with two extra scalar felds
a one Majorana fermion. Crucially, the Majorana fermion reproduces the observed
relic density and thus provides an excellent dark matter candidate. In order to look
for the experimental signatures that this model would produce, we performed a de-
tailed collider analysis and studied the reach of current and future direct detection
experiments. This allowed us to constrain the parameter space of the model, setting
lower bounds on the masses of the new particles. Finally, we found that a sizeable
region of the parameter space of this model will be probed at the High Luminosity
LHC and future direct detection experiments.

In the frst two articles, we analysed the reach of current new physics searches
at the LHC to the two theoretical models that we proposed. Most of these searches
are constructed to target specifc fnal states that are produced by concrete, well-
motivated theory models. Although this approach has allowed to constrain the most
popular models, the lack of evidence of new physics effects motivates the introduc-
tion of techniques that allow to search for new physics in a model-agnostic way.

For this reason, in the fnal article of this thesis we investigated new ways of
enhancing the sensitivity of new physics searches at the LHC in a fully data-driven
way, going beyond the current paradigm of signal and background model-dependent
searches. More specifcally, we provided a detailed comparative study between
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weakly-supervised and unsupervised methods for anomaly detection. For this pur-
pose, we selected CWoLa and autoencoders as representative models for the two
classes. We tested the performance of these methods in a fully hadronic dijet reso-
nant search, analysing their ability to identify the signal at different cross sections.
Both methods were able to signifcantly outperform traditional approaches, increas-
ing the signifcance of the signal excess beyond the 5σ discovery limit in some cases.
We demonstrated that CWoLa and the AE are complimentary techniques at different
cross sections and can be used together for anomaly detection at the LHC.
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Conclusiones

En esta tesis hemos explorado varias direcciones de investigación en nuestra búsqueda
de nueva física. Esta tesis puede dividirse en tres partes. La primera parte consiste
de tres capítulos, en los cuales hemos introducido las direcciones de investigación
complementarias que hemos investigado. En el primer capítulo describimos la evi-
dencia experimental actual que demuestra la existencia de la materia oscura y pre-
sentamos las principales características que la defnen. En el segundo capítulo pre-
sentamos la supersímetría y los modelos de sabor como dos marcos teóricos con un
gran potencial para proporcionar respuestas a problemas abiertos del Modelo Están-
dar, incluyendo un candidato a materia oscura. En el tercer capítulo introdujimos los
conceptos fundamentales de aprendizaje automático, incluyendo múltiples ejemp-
los que demuestran la capacidad de estas técnicas para analizar los datos del LHC.
En concreto, pusimos especial atención en mostrar cómo estos métodos pueden uti-
lizarse para realizar búsquedas de nueva física en el LHC sin un modelado específco
de las posibles señales y el ruido. Además, mostramos que estos métodos mejoran
considerablemente el rendimiento de las técnicas de análisis tradicionales.

La segunda parte de esta tesis ha sido presentada como una compilación de tres
artículos. En los primeros dos trabajos hemos examinado la fenomenología del sec-
tor de los electroweakinos en el NMSSM y hemos propuesto un modelo que propor-
ciona una explicación a las anomalías experimentales en los mesones B, incluyendo
además un candidato viable de materia oscura. En ambos casos, realizamos un estu-
dio detallado de las posibles señales experimentales que producirían estos modelos.
En el futuro, ampliar la sensibilidad de las búsquedas dedicadas de nueva física a
escenarios más generales será clave para descubrir nueva física en el LHC. Por este
motivo, en el tercer artículo de esta tesis nos centramos en investigar el rendimiento
de técnicas de aprendizaje débil y no supervisado en la detección de anomalías. A
continuación, resumimos las principales conclusiones y resultados de cada artículo.

En el primer artículo exploramos la fenomenología del sector de los electroweaki-
nos en el NMSSM, analizando el efecto de las búsquedas con varios leptones real-
izadas por ATLAS y CMS en el LHC con datos a 8 y 13 TeV. Este modelo incrementa
el contenido de partículas del MSSM con un neutralino y dos bosones de Higgs adi-
cionales. En consecuencia, mostramos que la fenomenología del NMSSM puede ser
diferente a la del MSSM. Para demostrar esto, defnimos un conjunto de escenarios
clave que muestran las características más distintivas del sector de los electroweaki-
nos del NMSSM. A continuación, examinamos el alcance real de las búsquedas de
electroweakinos en el LHC a estos escenarios característicos del NMSSM. Además,
resaltamos los efectos que van más allá del MSSM que podrían afectar el rendimiento
de estas búsquedas. Como la mayoría de las búsquedas supersimétricas en el LHC
están diseñadas para optimizar la sensibilidad a las señales producidas por el MSSM,
las señales características del NMSSM podrían no estar bien cubiertas.

Una de las principales conclusiones de este artículo es que las búsquedas en
canales con varios leptones tienen una buena sensibilidad a los sectores de neu-
tralinos y charginos del NMSSM. Sin embargo, también encontramos que este mod-
elo tiene dos señales muy específcas que solo se encuentran cubiertas de manera
parcial por las búsquedas experimentales de ATLAS y CMS. En primer lugar, en
el NMSSM puede haber un bosón de Higgs muy ligero que sea impar bajo CP.
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Además, el más ligero de los bosones de Higgs que son par bajo CP podría tener
una masa inferior a la del bosón de Higgs del Modelo Estándar. Así, demostramos
que la presencia de estos bosones escalares y pseudo-escalares con una componente
singlete activa nuevos estados fnales, que pueden pasar fácilmente desapercibidos
en las búsquedas. En segundo lugar, la componente singlino sólo interacciona con
las partículas del Modelo Estándar a través del sector de Higgs. De este modo,
probamos que si la partícula supersimétrica más ligera tiene una componente singlino
signifcativa, entonces altera sustancialmente las cadenas de desintegración en el
LHC, así como la fenomenología de la materia oscura. En efecto, encontramos que
la presencia de estados intermedios con una componente singlino o singlete induce
estados fnales con leptones suaves. Además, las confguraciones comprimidas en
el espectro de masas producen estados fnales con fotones suaves. Las desintegra-
ciones mediadas por bosones de Higgs ligeros también tienden a incrementar la
presencia de leptones tau en los estados fnales, los cuales son difíciles de identi-
fcar. En consecuencia, encontramos que existen regiones permitidas en el espacio
de parámetros que ya han sido excluidas en los escenarios simplifcados estudia-
dos por las colaboraciones experimentales. Por este motivo, sugerimos estrategias
adicionales para cubrir las señales específcas producidas por el NMSSM que expli-
camos anteriormente. Por último, terminamos discutiendo brevemente la sensibili-
dad esperada en la fase de alta luminosidad del LHC.

Cuando este estudio fue realizado, la sensibilidad de las búsquedas supersimétri-
cas realizadas por ATLAS y CMS a las señales específcas producidas por el NMSSM
era limitada. Sin embargo, resulta importante mencionar que desde entonces ambas
colaboraciones han realizado nuevas búsquedas para ampliar la cobertura a los es-
cenarios del NMSSM discutidos anteriormente [33–37]. Además, se ha extendido el
rango de escenarios considerados para constreñir el espacio de parámetros de mod-
elos supersimétricos, asumiendo confguraciones en el espectro de masas cada vez
más complejas. Aunque estos avances son bastante signifcativos, aún no se han en-
contrado señales que indiquen la presencia de partículas supersimétricas en el LHC.
Sin embargo, los límites inferiores en las masas de estas partículas cada vez son más
altos. En concreto, los límites actuales en las masas de los squarks y los gluinos
son bastante fuertes, y se sitúan entorno a 1.2 TeV y 2 TeV, respectivamente. Los
límites en las masas de los eletroweakinos son bastante más débiles debido a que
las secciones efcaces son pequeñas, y se sitúan entorno a varios cientos GeV, de-
pendiendo del canal en el que se realice la búsqueda. Por tanto, las búsquedas de
neutralinos y charginos aún ofrecen un gran potencial de descubrimiento en el LHC.
Como ya hemos discutido en el primer artículo, este sector tiene una fenomenología
muy completa y los límites de exclusión dependen en gran medida tanto de la com-
posición de los propios electroweakinos, como de las hipótesis que se realicen sobre
el espectro de masas en este sector [201]. Esto podría explicar parcialmente porqué
aún no hemos observado ninguna señal de supersimetría en el LHC.

En el segundo artículo de esta tesis propusimos una extensión del Modelo Están-
dar para explicar los indicios de violación de la universalidad del sabor observada
en las desintegraciones de mesones B, incluyendo a su vez un candidato a mate-
ria oscura. En este trabajo demostramos que si añadimos efectos de nueva física
a través de contribuciones a un loop en la desintegración de los mesones B, pode-
mos explicar los indicios de violación de la universalidad del sabor observadas en
varios experimentos. De forma más específca, el modelo propuesto amplía el con-
tenido de partículas del Modelo Estándar con dos partículas escalares adicionales
y un fermión de Majorana. Una característica importante del modelo es que el fer-
mión de Majorana reproduce la densidad de reliquia observada en la materia oscura
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y, por tanto, es un buen candidatos para materia oscura. Además, nuestro estudio
incluye un análisis detallado de las señales experimentales que podría producir este
modelo. En concreto, utilizamos datos recolectados por el LHC, experimentos de
detección directa e indirecta para constreñir el espacio de parámetros del modelo.
Esto nos permite establecer límites inferiores en las masas de las partículas de nueva
física. Encontramos que existe una región del espacio de parámetros considerable
que actualmente está permitida experimentalmente, pero que podrá ser probada en
la fase de alta luminosidad del LHC y en futuros experimentos de detección directa
de materia oscura.

En los primeros dos artículos de esta tesis hemos analizado el alcance de las
búsquedas actuales de nueva física en el LHC a los dos modelos concretos que
hemos estudiado. La mayoría de estas búsquedas están diseñadas para optimizar
la sensibilidad a los estados fnales que son producidos por modelos teóricos consis-
tentes. Aunque esta estrategia ha permitido constreñir los modelos más populares,
la falta de indicios de nueva física en estos experimentos motiva la introducción de
técnicas que permitan buscar nueva física sin hipótesis previas sobre las posibles
señales.

Por este motivo, en el último artículo de esta tesis hemos investigado cómo au-
mentar la sensibilidad de las búsquedas de nueva física en el LHC utilizando so-
lamente los datos experimentales. Esto implica ir más allá del paradigma actual
basado en hipótesis específcas sobre las señales y el ruido. En concreto, realizamos
un estudio comparativo detallado entre modelos de aprendizaje débil y no super-
visado para la detección de anomalías. Para ello, seleccionamos CWoLa y los au-
toencoders como modelos representativos de ambas clases, respectivamente. Estu-
diamos el rendimiento de ambos métodos en una búsqueda de resonancia hadrónica
con dos jets, analizando la capacidad de cada modelo para identifcar la señal en
función de la sección efcaz. El principal hallazgo de este estudio es que ambas téc-
nicas son capaces de superar de forma signifcativa el rendimiento de las técnicas de
análisis tradicionales. Por ejemplo, la signifcación estadística de los dos métodos so-
brepasa las 5σ que establecen el límite de descubrimiento en varios casos. Además,
demostramos que CWoLa y los autoencoders son técnicas complementarias para
diferentes secciones efcaces y, por tanto, podrían utilizarse de manera conjunta para
la detección de anomalías en el LHC.
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