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If there’s an answer to the questions we feel bound to ask
Show yourself destroy our fears release your mask...

We’ll just keep on trying

Till the end of time.

Queen, Innuendo. Innuendo, Sony/ATV Music Publishing LLC (1991).
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Chapter 1

Introduction.

The summer of 2012 marked an important milestone on the history of the Large Hadron Collider
(LHC). The ATLAS and CMS collaborations announced the observation of a resonance at 125
GeV in the di-photon spectra, corresponding to the resonant production of a scalar particle,
with a 50 confidence level. The Higgs boson had been discovered. Thus, the field spectra of
the Standard Model (SM) of particle physics was completed. Since then, 8 years have passed
and the SM remains unchallenged at the LHC. So far, all the observations from the ATLAS
and CMS detectors remain faithful to the SM predictions, while no definite signs of deviations
have been detected. However, we have good reasons to believe that the SM is not the final
picture. Intrinsically, there are several phenomena raising questions for which we would like to
find an answer for, such as why are the electroweak scale and Planck scale so far apart?, are
the conservation of baryon and lepton numbers just accidental symmetries?, why is there no CP
(Charge-Parity) violation in the QCD (Quantum Chromodynamics) sector?, etc. Furthermore,
there are astrophysical and cosmological observations that lead us to believe that there is new
physics beyond the SM: the matter-antimatter asymmetry, the accelerated expansion of the
Universe and dark matter. Finally, the SM only describes three of the four fundamental forces
we know, as it doesn’t include gravity.

To solve the intrinsic puzzles of the SM and describe the observations that the SM can’t,
a plethora of Beyond Standard Model (BSM) theories have been proposed. So far, the most
theoretically compelling ones, are the theories drawn from the supersymmetry paradigm, in
which for every bosonic field a fermionic counterpart exists and viceversa. They can be invoked
to address the majority, if not all, of the main SM problems and are predicted to be observed
at the LHC. There is also a large number of non-supersymmetric extensions, such as theories
with extra dimensions, multi-Higgs models and theories with new internal symmetries, which are
often designed to describe specific SM problems. All together, the BSM theories form a vast sea
of possibilities that should be thoroughly explored, as new physics can be found in any corner.

An extensive program of searches for new physics has been put forward at the LHC, aiming
to cover new physics theories as much as possible. However, the vastness of BSM theories and
scenarios within, makes it an impossible endeavor, for the experimental collaborations, to pursue
on their own. Thus, a close communication between theorists and experimenters is necessary.
This encourages new ideas on where to look for new physics. Furthermore, it promotes the
preservation of the experimental results in such a way that they can be reinterpreted in the
context of beyond vanilla or not yet though of theories. With this spirit, the LHC reinterpretation
forum was funded as a joint effort between experimenters and theorist aimed to make the most
of the LHC legacy.

It is within the framework of reinterpretation of LHC results that this thesis unfolds. On the
phenomenological side, it explores the sensitivity of current LHC results to the Minimal Dirac



Gaugino Model (MDGSSM), a beyond vanilla SUSY theory where the gauginos are promoted
to Dirac states'. Interestingly, the MDGSSM presents a considerably different phenomenology
compared to SUSY models already considered at the LHC. The corresponding work involved
the re-interpretation, following different approaches, of a variety of LHC analyses. On the tool
development side, it regards the new developments of the SModelS reinterpretation tool presented
in its version 1.2. My main contribution to this version was the development of a Interactive
Plots Maker, to facilitate the comparison of SModelS output. Moreover, in this thesis we discuss
the implementation of a tool to determine if signal regions (SRs) from different analyses are
statistically independent from each other and hence, can be trivially combined.

On another note, we are living on a global era of big data which has translated in the develop-
ment of sophisticated data science techniques. The interest on them has undoubtedly propagated
to the field of particle physics. In both the collider and astrophysics fronts, a humongous amount
of data is collected, which is utterly complicated to interpret without relying on modern data
science. Thus, experimental collaborations have been increasingly adopting (and developing)
modern machine learning (ML) techniques for their studies. The need to do the same in High
Energy Physics (HEP) phenomenology is becoming ever more stringent. For one, to be able
to properly interpret experimental results, a good understanding of the sophisticated techniques
experimenters employ, is required. Furthermore, as pointed out, the LHC reinterpretation frame-
work has as goal to cover the vast variety of proposed BSM theories. Most of this theories are
made of a complicated interplay between their free parameters. The introduction of ML can
definitely upgrade the exploration of such parameter spaces. Moreover, ML reopens the possi-
bility of following the inverse problem. That is, to pursue data-driven searches for anomalies in
experimental results, which could be later interpreted in the context of a BSM theory.

This thesis then also describes the first steps taken by the author, into the emergent subject
of ML in HEP phenomenology. In concrete, I worked on implementing a neural network to accu-
rately predict, with an estimated uncertainty, the production cross sections of the inert doublet
Model. First results of this project were presented as part of contribution 22 of the New Physics
Working Group Report of the Les Houches 2019 Physics at TeV Colliders workshop [1]. In there
we also discuss the importance of providing uncertainties on ML predictions and on recommen-
dations for sharing all the material involved in the production of ML applications. Furthermore,
we present more examples of ML classifiers and regressors applied to HEP phenomenology.

The present manuscript is structured as follows. Chapter 2 serves as an introduction to the
SM and our present quest to extend it. Regarding our motivation to go beyond the SM, we
give special attention to dark matter, while in the new physics theory front, we emphasize on
supersymmetry. Then, Chapter 3 presents the simplified model framework for interpreting LHC
results, followed by a description of the main LHC analysis reinterpretation approaches. Chapter
4 starts by describing the general concept of the simplified model re-interpretation tool SModels,
to then focus on the developments presented in its most recent version, v1.2. In Chapter 5 we go
beyond vanilla and explore the MDGSSM in the context of the LHC reinterpretation framework.
In the first section we provide an introduction to the model and our motivations to study it.
In the second, we present constraints on the gluinos and squarks of the model derived from the
reinterpretation of appropriate LHC analyses. In the third, we turn to the electroweakino sector.
We present our study of the collider phenomenology of the electroweakino parameter space where
the lightest neutralino is a non-overabundant dark matter candidate that evades constraints from
the DM direct detection searches, LEP and LHC Higgs measurements. The study was divided
in two classes of scenarios: those with only promptly decaying electroweakinos and those with
long lived charginos and/or neutralinos. This is followed by Chapter 6 where we discuss the
implementation of TACO (Testing Analyses’ COrrelations), a tool to determine the orthogonality

! As opposed to the minimal realization of a supersymmetric SM, where gauginos are Majorana particles.



of SRs from different LHC analyses. Afterwards, in Chapter 7 we discuss applications of ML
regressors and classifiers in HEP phenomenology. Finally, the general concluding remarks are
provided in Chapter 8.



Chapter 2

The journey beyond the Standard
Model.

Ever since the times of the ancient Greek philosophers, symmetries were considered essential for
the description of Nature. For the Pythagoreans, everything could be described by combinations
of geometrical figures. From Aristotle to the dawn of the Renaissance, it was established that the
movement of ethereal objects around the earth (and afterwards around the Sun) had to be com-
posed of spherical shapes. In those times, complicated systems of perfect spheres were devised
to accurately describe the dynamics of the Solar system. It was only until the beginning of the
XVII century that Kepler realized, after a careful study of the data gathered by Tycho de Brahe,
that planets followed elliptic trajectories around the Sun. Around the same time, the modern
vision of symmetries in Nature started to emerge, as Galileo established a group of translational
transformations following the idea that the laws of Nature must be the same regardless of the
observer. The Galilean transformations were sufficient to leave invariant the laws of classical
physics regardless of the observer. However, the invariance under these transformations didn’t
hold for the theory of electromagnetism established in the XIX, since Galileo didn’t accounted
for the behavior of physics near the speed of light. Hendrik Lorentz, thus came up of with an
improved group of transformations by which the laws of physics at high speeds were respected,
regardless of the reference frame, while still comprising classical motions. This, together with
the discovery of the constant speed of light, led to Einstein’s postulation of the Theory of Special
Relativity. Following from this notion of symmetry, Emmy Noether proved in her theorem that
for every differentiable symmetry of the action of a physical system has a corresponding conser-
vation low. This translates into the outstanding fact that the conserved laws of Nature can be
described by continuous symmetric groups. Noether’s theorem was essential in the establish-
ment of the current Standard Model of Particle Physics (SM), which describes the fundamental
components of known matter and its interactions. And furthermore, it remains indispensable for
any new description of the fundamental laws of physics.

In Sec. 2.1 we provide a condensed description of the SM and the symmetries it is based on
(for more comprehensive reviews see e.g |2, 3]). This is followed by Sec. 2.2 describing the main
theoretical and observational motivations for journeying beyond the SM. Then, an overview on
BSM theories is given in Sec. 2.3, with emphasis on supersymmetry (see e.g. [1, 5, (] for more
on BSM theories). Finally, we present in Sec. 2.4 the LHC, our main machine to study the SM
and its possible extensions.



2.1 The Standard Model of Particle Physics.

The SM is a Quantum Field Theory (QFT) based on a combination of global and internal
symmetries. The global symmetries act on the coordinates of space-time. They include rotations,
translations and boosts and form the Poincaré group. Furthermore, they are connected to the
conservation of mass-energy, linear momentum and angular momentum. The internal symmetries
are related to the gauge invariance of the SM under the SU(3) x SU(2)r, x U(1)y group. The
SU(2)r, x U(1)y is spontaneously broken into U(1)gas at the electroweak scale by the Brout-
Englert-Higgs mechanism. These internal symmetries are connected to the conservation of strong,
weak and electromagnetic charges. The field content of the SM, shown in 2.1, can be divided in
fermionic (spin 1/2), vector bosonic (spin 1) and scalar bosonic (spin 0) parts. The fermionic
part is comprised by three families with identical quantum numbers but distinguishable masses.
Each family is made of four fermions, two quarks and two leptons. The quarks are colored,
i.e. charged under strong interactions; one has electromagnetic charge 2/3 (up-quark) and the
other -1/3 (down-quark). The two leptons are colorless; one with electromagnetic charge -1
(charged lepton) and one 0 (neutrino). Each fermion has two irreducible representations of the
Lorentz group, known as chiralities, described together as Dirac spinors. Fermions are then left-
handed (LH) or right-handed (RH), according to their chirality. The LH quarks and leptons are
doublets under SU(2)r, while the RH counterparts are singlets. The exception is the neutrino,
since only their LH chirality has been observed so far (more on neutrinos below). The bosonic

Names Symbol SU(3), SU(2), U(1)y

Quarks Q = (ur,dr) (3,2,1/6)

up (3,1,2/3)

(x3 families) dr (3,1,-1/3)

Leptons L= (Ver,er) (1,2,-1/2)
(x3 families) eRr (1,1,1)

Miggs | A=(0,0")" (1,2,1/7)
Gluons G (8,1,0)
W boson (Wt w2 w3)T (1,3,0)
B boson B (1,1,0)

Table 2.1: Field content in the SM.

part comprehends the gauge bosons that mediate the three fundamental interactions associated
with the gauge groups of the SM. The gluons g propagate the strong interactions, the W+, W~
and Z° the weak interactions and the photon v the electromagnetic one. The Z° and ~ are a
mixture of B and the neutral W3, as a consequence of the spontaneous electroweak symmetry
breaking. Finally, the picture is completed by the scalar part. It is made of a complex scalar
Higgs field, which transform as doublet under SU(2);, and is responsible for the EWSB.

The mathematical description of the SM fields and their interactions is given by the La-
grangian

Lsv=Le+ Lr+ Ls+ Ly, (2.1)
where
1 1 1
Lo = —ZGZVGg” — ZWSVWA“’ - EBWB’“’ (2.2)
Ly = ixPx (2.3)
Ls = (D, H) (D) — V(H) (2.0
Ly =v¥ Li H er; +v? Qi H ugr; +y7 Qi H drj + h.c. (2.5)



Lq contains the kinetic terms of the gauge fields, where G, W, and B*" are the field strength
tensors corresponding to SU(3)¢, SU(2)1, and U(1)y, respectively.

Ly contains the kinetic terms of the fermionic field. In there, the covariant derivatives D,
are defined, to ensure gauge invariance, as:

A L Oj i
D, =0, — zgs?aGZ - zg?jWIj —ig'YB, (2.6)

where 05,7 = 1,2,3 are the Pauli matrices and A\q,a = 1, ..., 8 the Gell-Man matrices, represen-
tations of the SU(2); and SU(3)¢ groups, respectively. These gauge invariant terms describe
the gauge interactions of the fermions and the Higgs fields.

Lg describes the scalar sector. The first term is the kinetic term of the Higgs field, while
V(H) is the corresponding potential, given by

V(H)=p?H'H + N(H'H)?, (2.7)

where p? is the only dimensionful operator in the SM. By setting u? < 0 and A > 0, the Higgs
potential acquires the well-known ‘mexican hat’ shape. In this configuration, the minimum of
V(H) is a continuous function p?/2)\ = v/2, where v is defined as the vacuum expectation value
(vev). The result is the spontaneous breaking of the electroweak symmetry SU(2)r x U(1)y
into the U(1)gar group related to the conservation of the electrical charge. To ensure that the
neutral photon remains massless, the minimum of the Higgs potential corresponds to a non-zero
v only for the neutral scalar field, thus we choose

(H)p = <°> | (2.8)
V2

Writing the Higgs potential as fluctuations around the minimum we obtain

1 [ Gy+if
i="175 <(v ) —11'93> : (29)

After symmetry breaking we end up with one physical scalar h and three massless Goldstone
bosons that ultimately yield their corresponding longitudinal degrees of freedom to the W+ and
Z bosons, trough the Higgs mechanism. As a consequence, the W= and Z bosons acquire masses

1 1
Miy = 29" Mz = (g% +g°)" (2.10)
Finally, Ly describe the Yukawa interactions between the scalar and Dirac fields. In there,
H = i0?H*. After symmetry breaking, the diagonalisation of the Yukawa interactions leads to

the fermion masses,
v v v

R R M, = — s mg = ——= .
\/iye U \/iyu d \/§yd

Note that, the up- and down-type quarks mass matrices are diagonalised separately, by two
distinct unitary matrices V;, 4. This translates into the mismatch between the mass and weak
eigenstates of the quarks that give rise to the flavor changing charged-current interactions, de-
scribed by the Cabbibo-Kobayashi-Maskawa (CKM) matrix Vora = VUVC;r )

It is important to note also that neutrinos remain massless in the SM, since they don’t have
RH components. However, from the observation of neutrino oscillations it follows that they
actually have tiny masses. This leads to the definition of an equivalent of the CKM matrix
in the lepton sector, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. Furthermore, the
massiveness of the neutrinos already calls for an extension of the SM. To describe massive LH

Me = (2.11)

10



neutrinos, RH counterparts must be invoked, assuming they are of Dirac nature. The small
masses of the LH neutrinos could then be realized trough the see-saw mechanism, which relates
them to the large difference between the electroweak and the grand unification scale. Currently,
we only know the relation between the masses of the three neutrino generations and not their
exact mass scales. Also, we don’t know if they are Dirac (like the other fermions) or Majorana
particles. Dedicated experiments are being carried out that could potentially lead to the char-
acterization of neutrinos in the upcoming years. Bounds on the mass scales can be derived from
cosmological probes [7], the observation of the neutrinoless double beta decay [¢] and the tritium
beta decay [9]. Finally, the Dirac/Majorana nature of neutrinos could be determined by the
negative/positive observation of the neutrinoless double beta decay (see [10] for recent results).

The SM has been a very successful theory. It provides our current best description of the
elementary building blocks of Nature and their fundamental interactions (gravity aside). It has
shown an outstanding predictive power, with important examples being the precise electroweak
measurements on the Z resonance performed by LEP [11] and the detection of the Higgs boson
by the ATLAS and CMS LHC experiments [12, 13]. As for today, no deviation from the SM
has been observed at any collider experiment, instead we are reaching an ever more precise
understanding of the theory.

2.2 Why do we look for new physics?

Despite the large success of the theory, there are clear indications that the SM is not the fun-
damental description of Nature. The most obvious one is the fact gravity is not incorporated
in the SM. However, quantum gravity effects are only expected to be relevant at the Planck
scale Mpr ~ 10' GeV, 16 orders of magnitude above the reach of the LHC or any foreseen
experiment in the near future. Our motivations to extend the SM can be divided as theoretical
and observational. The theoretical motivations are not originated by inconsistencies in the SM,
per se, but come mainly from a desire of a better understanding of certain aspects of the theory
and from questioning its behavior at higher energy scales. They will be discussed in Sec. 2.2.1.
The observational ones are actually observed astrophysical and cosmological phenomenons that
cannot be explained by the SM. In sec. 2.2.2 we will focus on one of the main ones: Dark Matter.

2.2.1 Theoretical motivations.

e The hierarchy problem is often considered as the most dazzling theoretical argument
to extend the SM. It refers to the enormous energy distance between the electroweak scale
and the Planck scale. The former is dictated by EWSB, after which the physical Higgs
boson acquires a mass of 125GeV, through self-interaction. The latter is expected to be
the fundamental scale. Hence, we assume that the SM is valid up to a high cut-off scale
Agsy = Mp. This assumption leads to a strong fine-tuning on the Higgs mass, since
it receives radiative corrections that grow quadratically with the energy (as opposed to
logarithmically like the other particles), from the virtual effects of every particle the field
interacts with. For instance, at one loop the contribution from interaction with a Dirac

fermion is
y.?‘
Am? = LA 2.12
H ]2 SM ( )

which makes manifest that a high cut-off Agys would lead to a Higgs mass a lot larger
than the one we observe. Thus, a severe amount of fine-tuning is required so the radiative
corrections cancel each other almost completely, without invoking new physics below the
Planck scale.

11
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Figure 2.1: Two-loop renormalization group evolution of the SM gauge couplings, from [15]. In

here a;l = (g?/4m)~1), where g1 = \/5/3¢', g2 = g and g3 = gs. The dashed lines correspond
to the SM, while the solid lines correspond to MSSM scenarios with a common sparticle mass
threshold of 750 GeV (blue) or 2.5 TeV (red).

Note that we have followed the case of the momentum cut-off regularization scheme, which
renders the hierarchy problem very apparent. However, even when adopting dimensional
regularization, where m% only receives a correction of the order of the heaviest mass (the
top quark, in the SM), contribution cancellations are still necessary. Furthermore, the
fact that the Higgs mass is extremely sensitive to higher scales remains, even if it’s less
apparent.

e The strong CP problem. So far there isn’t any experimental indication of CP violation
in the QCD sector of the SM. However, in the QCD lagrangian a CP violating term of the
form HQCDGWGW, where Oqcp is the QCD vacuum angle, should be naturally present,
since there isn’t, a priori, any theoretical restriction to it. Hence, a very small value for
fqcp (if not zero), is needed to describe the experimental observations. This is known
as the strong CP problem. A proposed solution, that avoids fine tuning, is the U(1)pg
Peccei-Quinn theory [14] which involves the addition of a new pseudoscalar particle, the
axion.

e Grand unification. From the realization of the unification of the electromagnetic and
weak forces at the electroweak scale and the unification of electricity and magnetism be-
fore that, it became natural to think about the possibility of a larger gauge symmetry
group that contained the strong and electroweak forces. Such realization could provide
an explanation (missing in the SM) for charge quantisation and for the exact cancellation
of proton and electron charges. This is the idea behind the Grand Unification Theories
(GUTs), where the strong and electroweak interactions are unified at a higher energy scale.
The simplest example of a GUT, that embeds the three gauge groups and fits the known
fermionic fields, is the one based on the SU(5) group, described in Sec. 2.3.2. A necessary
condition for a GUT is that all the gauge couplings unify at some energy scale. This can be
tested by using the renormalization group equations (RGE) to extrapolate the three cou-
plings at high energies. The result corresponds to the dashed lines in 2.1, from which one
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Figure 2.2: Rotation curve of the galaxy NGC-3198, as shown in [23]. The velocity measure-

ments are compared to the expectations from visible matter only (‘disk’ line) and dark matter
only (‘halo’ line).

concludes that gauge unification is not quite realized within the SM. However, when con-
sidering supersymmetric extensions it is possible to achieve unification around the 10°GeV
scale. The red and blue lines in 2.1 show this behavior for two scenarios of the minimal
supersymmetric extension of the SM.

e The fermionic sector. There are several features on the fermionic sector that may hint
the presence of underlying symmetries not described by the SM. For starters, the mass and
mixing patterns are not well understood. On the one side, there is a large mass difference
among the fermions. Between the up quark to the top quark masses there are five orders of
magnitude and the difference becomes even more evident when considering the tiny masses
of the neutrinos. On the other side, the structure of the CKM and PMNS mixing matrices
is non-trivial. In the former, the mixing is small and the matrix is almost diagonal while
in the former the mixing angles are fairly large. Furthermore, there are some consistency
conditions that seem to be accidentally fulfilled. Namely, the baryon and lepton numbers
are conserved (allowing stable protons) and all gauge anomalies are canceled.

2.2.2 Observational motivation: Dark Matter.

There is strong cosmological and astrophysical evidence of new physics beyond the SM. On the
astrophysical front, we have the observation of a clear matter-antimatter imbalance, implying
a baryon asymmetry in the early Universe achieved if the three Sakharov conditions [16]| are
fulfilled: baryon number violation, C and CP violation and out of equlibrium interactions. While
C and CP violation is realised in the weak sector, the violation of B only occurs trough non-
perbutavie processes in the SM. The third condition requires the existence of an electroweak
transition phase for which the Higgs mass would need to be lighter than the measured value
[17]. Thus, the need for new physics. In the cosmological front, the description of accelerated
expansion of the Universe requires new physics to avoid relying on a very fined-tuned cosmological
constant. But probably the most pressing motivation is the observation of Dark Matter (DM).
Thus, we dedicate this section to its description. For more detailed discussions on DM see,
for instance, [18, 19, 20, 21, 22]. The first evidence of DM dates back to 1933 [21], when
Fritz Zwicky measured an anomalous mass over luminosity ratio from the Coma Cluster, that

13



hinted a large presence of undetected matter. However, it was until the first observations of
unexpected galaxy rotation curves in the 1970s [25], that the DM problem acquired notoriety.
The phenomenon is well schematized in Fig. 2.3, where the rotation curve of the galaxy NGC-
3198 [23] is shown as a function of the galactic radius r. In there, the ‘disk’ line represents the
expected behavior of the rotation curve when taking only the visible matter into account. The
visible matter is concentrated in the center of the galaxy, hence the ‘disk’ line follows a 1//r
function for larger r. However, velocity measurements of stars in NGC-3198, depicted by the
upper line of Fig. 2.3, show a constant rotation curve outside the center. This behavior can be
reproduced when assuming the presence of a constant halo of invisible matter permeating the
galaxy, as represented by the ‘halo’ line. Further astrophysical evidence comes from gravitational
lensing, Lymman-« and cluster collisions. The latter is specially important, since it cements the
particle DM paradigm. When two clusters collide, the average velocity of baryonic matter should
considerably reduce, while the DM halo, decoupled from the baryons and assumed not strongly
self-interacting, is expected to remain mostly unaffected by the collision. This was confirmed
after studying the Buller Cluster [26]. From X-ray emissions the baryonic matter distribution
was inferred and found to be decoupled from the overall mass inferred from weak lensing. This
phenomenon can not be explained by the alternative hypothesis of modified gravity, which implies
a correlation between the overall mass and the baryonic matter, but is well in compliance with
the particle DM paradigm.

Finally, the study of thermal anisotropies in the Cosmological Microwave Background (CMB)
measured by the WMAP and Planck satellites [27, 28|, provides a very important cosmological
evidence of DM, since it allows for an estimation of it’s present density. This is possible since
the angular power spectrum of the CMB anisotropies depend on the baryonic and non-baryonic
matter abundance in the Universe. Within the standard cosmological model ACDM, the relic
density measured by the Planck collaboration [25] is

Qh? = 0.12 £ 0.0012 (2.13)

where h is the Hubble constant in units 100km/(s-Mpc), and A is the ratio between the DM
density and the critical density of the Universe ppas/p.. When comparing (2.13) with the
baryonic matter density Qyh? = .02237 & 0.00015 we find that the DM abundance is more than
five times larger than its baryonic counterpart!

From the evidence discussed above little is known about the exact nature of DM. Besides its
abundance, we only know that it has to be stable (or at least have a lifetime larger than the age
of the Universe), not electrically charged, almost not self-interacting and cold (i.e. not relativistic
at keV temperatures to allow structure formation). Nonetheless, this is sufficient to discard any
SM explanation. Hence, the need for invoking new massive particles that can conform the DM.

The WIMP scenario.

A very popular hypothesis is that DM is made of Weakly Interacting Massive Particles (WIMPs),
i.e. that they are coupled to the SM via weak interactions. It is assumed that the WIMPs were
in thermal equilibrium with the SM in the early Universe. Then, as the Universe expands and
its temperature drops, the WIMPs decoupled from the thermal bath, since the interaction rate
could no longer compensate the expansion. The point where the WIMPs become effectively
decoupled from the SM, and their density stabilizes is known as freeze-out. After it, the WIMP
becomes non-relativistic for 7" < m,, where 7" is the temperature and x a generic WIMP. The
remaining DM relic density must then match (or at least not exceed) the observed abundance
from eq. (2.13). This is known as the WIMP scenario. It is quite promising since it could imply
the sought out new physics at the electroweak scale and could be directly detected via its weak
interaction to the SM.
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Figure 2.3: Variation of comoving number density of a WIMP in the early Universe as a function
off z =m/T , as shown in [29].

For a given model with a WIMP component y, the relic density at freeze-out can be computed
from the Boltzmann equation for the number density evolution of x
dn 2 eq\2
i —3Hny — (0annv) (nx — (nx )%), (2.14)
where n, is the DM number density, H the Hubble constant, (0g,nv) the thermally averaged
annihilation cross section and n3? the DM number density at equilibrium. Although there are

standard approximate analytical solutions (for example see [20, 30, 31, 32]), in general eq. (2.14)
can only be solved numerically. Fortunately, numerical relic density solutions can be efficiently
obtained for generic models via dedicated tools such as MicrOMEGAs [33, 3] and MadDM [35, 30|,
while a further option for supersymmetric models is DarkSUSY |37, 38|. Numerical solutions

of the Boltzmann equations are shown in fig. 2.3 as a variation of comoving number density
dependent on x = m, /T. When freeze-out occurs (dashed lines), the comoving number density
becomes constant and corresponds to the DM relic density. The solid line, corresponding to
thermal equilibrium, continuously drops to very small values. Furthermore, fig. 2.3 shows that
the resulting relic density is proportional to (ogn,v). The reason is that for larger values of
(0annv), the decoupling from thermal bath occurs later, hence the remaining DM abundance is
reduced. A common assumption ensuring non-relativistic WIMPs by the time of departure from
the thermal bath, is that freeze-out is reached at T' ~ m,/20. In that case, the resulting relic
density is approximately given by

Oh2 ~ 3 % 10*27cm3s*1‘ (2.15)

<Uannv>

for which the observed abundance is obtained if m,, is of the order of O(100) GeV and the WIMP

presents typical electroweak couplings. This is known as the “WIMP miracle’.
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Other scenarios.

The WIMP scenario is certainly not the only picture that could explain the observed DM relic
abundance. A well-known alternative is that DM is made of Feebly Interacting Massive Particles
(FIMPs) that were never in equilibrium with the thermal bath, thus the observed abundance is
obtained trough an alternative mechanism known as freeze-in [39]. Qualitatively, it is explained
as follows. At temperature T the SM particles are in thermal equilibrium while the DM particle
x interacts very feebly with the thermal bath, so it remains thermally decoupled. Usually, it
is assumed that the y abundance is negligibly small in the early Universe. At first, some x
production is possible trough the small interactions with the bath; however, FIMP production
dominantly occurs when T drops below m, (provided that y is heavier than the particles in the
bath). The y abundance then ‘freezes-in’ with a relic density that increases with the interaction
strength of y with the bath.

The freeze-out and freeze-in can be viewed as opposite mechanisms. In the former, the initial
DM abundance is the full thermal number density, which then drops when T' reaches below
m, and the resulting relic density is in inverse proportion to the DM-thermal bath interaction
strength. In the latter, the initial abundance is negligible but is enhanced when T" < m,, and the
subsequent stable abundance is directly proportional to the interaction strength with the bath.
There are two standard FIMP scenarios, either the FIMP itself is the DM or the frozen-in FIMPs
later decay to a lighter DM particle yielding the observed abundance. Finally, like the WIMPs,
FIMPs can also have masses of the order of the weak scale, as long as they are lighter than the
reheating temperature after inflation and heavier than the keV scale to avoid structure formation
constraints. However, their direct detection becomes quite challenging since their SM interaction
cross sections may be of orders of magnitude below the sensitivity of current experiments.

A further alternative, is that the DM is solely produced from gravitational interactions. This
is well motivated from the fact that DM has indeed only been observed so far trough gravitational
effects. Gravitational particle production can be achieved as a consequence of the expansion of
the Universe or the time dependence of the cosmic scale factor [10, 11]. For instance, 12| discusses
the possibility of particle creation during the transition from the inflation phase to the matter
dominated or radiation dominated one. Following that idea, in [13, 44] is proposed that DM is
made of super-heavy particles produced at the end of the inflation period. Another possibility,
detailed in [15, 16] is that particle production happens during the inflation oscilation regime. In
[17] the gravitational production of DM is studied for different inflation models and is shown that
for certain combination of models and DM masses the right abundance is obtained. Of course, a
purely gravitational nature of DM would impose a big challenge for its detection. Nonetheless,
it has been proposed that gravitational production may lead to curvature fluctuations [18] or
non-gaussianities [19] detectable in the CMB.

(WIMP) Dark matter detection.

If the DM is actually constituted by WIMPs we should be able to detect them trough their weak
interaction with the SM. This could happen directly, by WIMP scattering with nuclei, indirectly
by measuring their annihilation products, or they could be produced at a collider.

Direct detection experiments are designed to observe a potential nuclear recoil produced
by WIMP scattering off the nucleus. The WIMP-nucleon interaction is often classified as spin
dependent (axial vector) or spin independent (scalar). Stronger constraints are derived from the
latter as protons and neutrons contribute equally and the total amplitude grows with the atomic
mass. In contrast, the former is proportional to J(J + 1), where J is the spin of the nucleus;
hence, is not enhanced by a larger number of nuclei. Since the interaction cross sections are
expected to be very low, detectors use heavy elements, such as xenon and germanium, as target
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Figure 2.4: 90 % confidence level upper limits on the spin independent WIMP-nucleon cross
sections as a function of the WIMP mass, taken from [51].

nuclei to improve their sensitivity. Furthermore, they are often placed underground to suppress
background contamination. A compelling review on direct detection experiments is found in [50].
So far, no direct hints for DM have been observed. The current bounds on spin independent
WIMP-nucleon cross sections, coming from the XENONIT experiment|51], are shown in Fig. 2.4.
Finally, the same experiment has recently reported a possible excess in electronic recoil events,
predominantly around the 2-3 keV region [52].

Indirect detection of DM could be realized from different astrophysical messengers such as
photons, neutrinos, positrons and antiprotons, product of WIMP self-annihilation. Depending on
the type and source of the messenger we could make inferences on the nature of the DM particle.
However, compared to direct detection experiments, larger uncertainties are often encountered
in indirect detection experiments. The modeling of the background is quite challenging. As an
example, a y-ray excess from the galactic center was observed by Fermi-LAT that would hint
the presence of DM [53]. However, further studies showed that it may come from unresolved
point sources incompatible with the DM halo description. Although it is still notably that
similar excesses have been observed in other galaxies, it is clear that a deeper understanding
of all possible sources is required. Nonetheless, there are exceptions. Robust constaints on
light WIMPs have been derived by observing photons coming from dwarf spheroidal galaxies
[51]. Another promising signal has been recently obtained from observations of the Experiment
to Detect the Global EoR Signature (EDGES), an experiment focused on radio detection of
hydrogen signatures from the Epoch of Reionization (EoR). In [55] an unexpected deep absorption
radiation in the 78MHz was reported. The absorption profile is consistent with the expected 21cm
redshifted signal induced by early stars. However the best-fitting amplitude of the signal is more
that twice as larger than predicted. So far, the best explanation for the discrepancy seems to be
a cooling of the hydrogen gas due to the interaction of DM with baryons.

Finally, DM could also be produced at colliders. This requires DM pair-production associated
with an SM particle coming from initial state radiation. The dedicated LHC searches are known
as mono-X, where X stands for the associated SM particle. Furthermore, DM production at
colliders also opens the opportunity for FIMP detection on the light of Long Lived Particle
(LLP) searches. The strategies for detecting DM at colliders will be presented in Sec. 3.1 where
we discuss the LHC searches for new physics.
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2.3 Theories of new physics.

2.3.1 Supersymmety.

The basic principle of supersymmetry (SUSY) is the presence of fermionic generators that trans-
form the spin of the fields they act on by a factor of 1/2. This means that in a supersymmetric
theory, for each boson there must be a fermionic counterpart and viceversa. The motivations for
the SUSY framework are manifold. From the purely aesthetical point of view, it is the only way
to non-trivially extend the Poincaré space-time symmetries. In the theoretical sense, it provides
a natural solution to the hierarchy problem as the fermionic and bosonic contributions to the
Higgs mass can cancel each other out. Also, it allows for a unification of the electroweak and
strong forces (see Fig. 2.1). Furthermore, it can be invoked to explain unsolved astrophysical ob-
servations. Notably, SUSY theories with a conserved R-parity provide excellent DM candidates.
And if that is not enough, certain SUSY breaking mediation mechanisms may suggest a connec-
tion to gravity at high energy scales whose influence may even be observed at the weak scale.
Undoubtedly, this makes SUSY a very appealing framework, thus it has strongly influenced the
search for new physics (as we will learn in Sec. 3.1). In this section the basic parts of the super-
symetric Lagrangian will be presented, followed by an overview on the Minimal Supersymmetric
Standard Model (MSSM) and its possible signals at hadron colliders. Comprehensive reviews on
SUSY and the MSSM can be found, for instance, in [15, 56], while [57] is a standard textbook
on the subject.

It is convenient to describe the supersymmetric Lagrangian in the superfield formalism where
bosonic and fermionic fields are grouped together in single entities. The superspace coordinates
are composed by the usual 2, ‘bosonic’ space-time coordinates and four ‘fermionic’ counterparts,
described by the anticommuting Grassmann variables 6,. A superfield S (z,0) is then a function
of a 4-component bosonic field and a Majorana spinor with an equal number of degrees of freedom.
Let us express the Majorana spinors as

¢=( XL ) (2.16)

*UQXE

where x7, is a left-handed two component Weyl spinor, and —o2x7 transform as a right-handed
spinor. By defining the usual projection 1 g = Pr, gt a Dirac spinor can be recovered from the
combination of the two Majorana spinors.

A minimal supersymmetric prescription requires two kinds of superfields'. The first ones are
the chiral superfields which describe the fermion and Higgs fields and their respective superpart-
ners. A left-chiral superfield contains a complex scalar field S, a fermion field 7, and auxiliary
field F. The latter leaves the action invariant, i.e. it is not physical, but is added to properly
describe invariances under SUSY transformations. By defining &, = x,, + 55757#9 the left-chiral
superfield is expressed as:

Sp(x,0) = S(&) + V200 () + 100, F (&) (2.17)

The interactions between fermions and scalars are described by an holomorfic function of the
left-chiral superfields, known as the superpotential. In general renormalizable form is given by

A~ 1 a1 U
W = LiSp + 5 MiS1.8], + cvignS1.81SEs (2.18)

where M;; represents the mass terms of the fermions, y;;; the yukawa couplings and L; are mass-
dimension parameters that only affect the scalar potential part of the Lagrangian. The latter
term is only allowed when Si is a gauge singlet. Such cases will not be described here.

I There are also hyperfields, graviton superfields...
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Secondly, we have the gauge superfields describing the gauge (vector) fields V# and their
superpartners, the gauginos A. Analogously to the chiral superfields, an auxiliary field D is also
included. The gauge superfield is the written as

A~

1 - P 1 -
Hy = 5(9757“0)1/5 + 05004 — 1(9759)2@1. (2.19)

The gauge kinetic terms are described by defining a curl superfield, a generalized supersymmetric
description of the field strength tensor. This encompasses the gauge-invariant kinetic terms of A
as well as the kinetic terms of the vector fields.

Finally, the gauge invariant kinetic terms are given by the Kéahler potential

K =8fe20tafag, (2.20)

from which, in addition to gauge invariant kinetic terms for the scalar and fermionic fields,
we obtain interactions between the gauginos and the components of Sy proportional to the
corresponding gauge couplings.

Soft supersymmetry breaking.

As can be inferred from eq. (2.18), in a SUSY invariant theory all the fermionic and bosonic fields
must have a corresponding superpartner with an equal mass. In such case, the superpartners
of the SM fields would have been easily detected. However, since no signs of them have been
found, SUSY must be broken. Nonetheless, it should only be broken so ftly, so to no reinvoke the
hierarchy problem. This means that we shall be careful not to introduce terms with quadratic
divergences. We are then left with linear, bilinear and trilinear interactions together with scalar
and gaugino mass terms as options for soft supersymmetry breaking. Without any assumption on
the nature of SUSY breaking, one should take all terms into account. Nonetheless, it is expected
that SUSY breaking happens in a ‘hidden sector’ whose effect is somehow mediated to the visible
sector. Depending on the mediation mechanism, specific patterns on the soft SUSY breaking
parameters emerge reducing the total degrees of freedom. Several ideas have been proposed.
SUSY breaking could be gravity mediated (SUGRA), in which case the hidden sector would give
rise to a gravitino (superpartner of the hypothetical graviton), that in turn generates soft SUSY
breaking terms trough radiative corrections. Its minimal setup, known as minimal supergravity,
is parametrized by only five parameters: a common scalar mass mg, a common gaugino and
higgsino mass m /5, a common trilinear coupling Ao, tan and sing(u) (for the definition of the
last two parameters see 2.3.1). Although in general, mg, m, /2 and Ag are actually dependent on
the gravitino mass, in the minimal version they are taken as independent.

Another possibility is anomaly-mediated SUSY breaking (AMSB). In this scenario soft break-
ing terms are generated trough anomalous violation of a local superconformal invariance. Its
minimal setup is described by 3 parameters: the scalar mass mg, the gravitino mass ms,, and
tan 5. At the weak scale, AMSB leads to a specific hierarchy for the gaugino mass terms. The
other alternative is gauge-mediated SUSY breaking (GMSB). In this picture SUSY breaking
mass terms are generated via SM gauge couplings at one loop. An interesting phenomenological
feature of GMSB is the prediction of a gravitino as the lightest supersymmetric particle (LSP).
This differentiates the GMSB from the AMSB and SUGRA scenarios where the LSP is normally

a linear combination of the electroweak gauginos and higgsinos.

The Minimal Supersymmetric Standard Model.

The MSSM constitutes the minimal realization of a supersymmetric SM. The fermionic fields,
written in terms of Majorana spinors, are embedded in left-chiral superfields, while the SM gauge
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bosons are described by gauge superfields. In the MSSM two Higgs doublet fields are required
to give masses to all fermions which are included in left-chiral superfields. The resulting field
content is summarized in Table 2.2. The superpotential of the MSSM is

Names Superfield Spin 0 Spin 1/2 | Spin1 | SU(3), SU(2), U(1l)y
Quarks Q Q = (ur,dr) | (ur,dr) (3,2,1/6)
uc % u% (3,1,-2/3)
(x3 families) de ds, ds, (3,1, 1/3)
Leptons L (VeLaéL> (V6L76L) (1, 2, —1/2)
(x3 families) ee % €% (1,1, 1)
Higgs H, (Hy Hy) | (), H) (1,2, 1/2)
I':{d (Hg>Hd_) (ﬁg>[:[cl_) (17 2, '1/2)
Gluons G g g (8,1,0)
W 1% W Wo | wE wo (1, 3, 0)
B B B B (1,1,0)

Table 2.2: Field content in the MSSM.

W = uH,Hy + yoQH,U® + yqQH D¢ + yo LH,E®, (2.21)
where y; are 3x3 matrices in flavor space and p is the mass parameter of the Higss-higgsino
superfield. In principle, baryon number (B) and lepton number (L) violation is allowed by
supersymmetry (and by the SM gauge symmetries). However, the phenomenon is experimentally
constrained, particularly by the proton lifetime estimation. Thus, B and L violating terms are
explicitly suppressed in (2.21) by introducing a discrete symmetry, the R-parity. It is defined as

R = (—1)B02s, (2.22)

where s is the particle spin. Under R-parity, all the SM particles and the Higgs bosons are even
(R = 1) while their superpartners are odd (R = —1). As a consequence, the superpartners can
only be produced in pairs and the LSP is stable. If the LSP is electrically neutral, it could
be a prime WIMP dark matter candidate. Without assuming any scenario for SUSY breaking
mediation, the soft SUSY breaking sector of the MSSM is read as
1. - .
Looft = —§(M3gg + MoWW + MiBB + h.c.)

+ (aueaanHzﬂ}b + adQHdci}r% — aef/HdéTR + h.c.)

OO - Lm2 L - dhmbin - dlmddy — chmden

—myy HoHy, —mi HiHg + (bH,Hg + h.c.)

(2.23)

where M7, My and M3 correspond to the bino, wino and gluino mass terms, respectively, a; are
the 3 x 3 trilinear couplings and mj; are the 3 x 3 mass terms of the sfermions.

Electroweak symmetry breaking in the MSSM impose certain conditions on the free param-
eters (|p|?, m%{u, m%{d and b) of the potential. To express them we start by writing the vevs of

the neutral scalar fields as

(ha) (hq)
Uy = , Vg = —— 2.24
which, after electroweak symmetry breaking, are parametrized as
v? =02 402 = 2m%/(g* + ¢’*) = (246GeV)>. (2.25)
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Finally, by defining the ratio of v, and vy as

tan B = % (2.26)
Va

we can write the conditions for electroweak symmetry as

(m% + m%{d + 2u2) sin(23)

bu = u 5 , (2.27)
2 2 2
m% —m3; tan M2
p2= e b_Mz (2.28)
tan= 5 — 1 2
Note that to avoid a fine-tuned cancellation between the Higgs potential parameters, their values

must lie around the electroweak scale. For m%{u, mlzqd and b this could be explained from a

common SUSY breaking mediation origin. However, the u term is SUSY conserving, which
makes the parameter independent. Thus, p remains fined-tuned. This known as the ‘i problem’.
The scalar sector is then composed by five physical degrees of freedom. We have two CP-even
neutral states h and H, a pair of charged Higgs bosons H* and a CP-odd neutral state A.
Normally, h denotes the SM Higgs boson. A notable consequence of the electroweak symmetry
breaking in the MSSM is that my, is actually bounded from above. At tree level, we have the
constraint

mp, < mz|cos(28)], (2.29)

which is incompatible with the measured value of the Higgs boson mass, m;, = 125GeV. This
is solved in the MSSM by taking into account loop corrections, specially those coming from the
tops and their superpartners, the stops®. They are given by

3
A(m,?l) = o cos2a yfmf [ln(mlg1 mg, /m?) + Athreshold] , (2.30)
where « is the scalar mixing angle determined by
sin 2« _ _(m%[%-m,zl) (231)
sin 203 m%l . m%

and Aghreshold corresponds to the finite threshold correction to the supersymmetric Higgs quartic
coupling, given by

Ahreshold = cos” 07 sin® 0[(m? —m? ) /mi]In(m? /m? )

+ cos™ 0;sin’ 0; [(m£2 —mf )2 — ;(mg‘2 —m ) In(m; /m )} Jmi, (2.32)

where 67 is the top-squark mixing angle and t~1,2 are the two stops mass states, defined below in
eq. (2.45).
The resulting mass content in the MSSM is enlisted as follows.

e Gauge boson masses. The masses of W* and Z continue to follow the relations of
eq. (2.10) but with v? = v2 + v2.

e Fermion masses. The fermion masses now depend on tan 3. The mass matrices of the up
quarks are proportional to v, = vsin 8, while ones corresponding to the down quarks and
charged leptons are proportional to vy = vcos 5. Thus, at tree level the fermion masses
are given by

v v v
My = —=Yu Sin B, mg = —=ygcos B, me = —1y, cos 3. 2.33
\/Ey B, mq /34 B \/Qy B (2.33)

2 In Sec. 5.1 we shall learn that the Higgs mass can be naturally enhanced at tree level when promoting the
gauginos to Dirac states.
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Higgs boson masses. The Higgs boson masses are given as

m?% = Bpu(cot 3 + tan f3), (2.34)

m3,. = Bu(cot B + tan 3) + M3, (2.35)
1

gy = 5 (% + M) F /(3 + M2)? — 4% M3 cos? 5. (2.36)

from which we derive the upper bound on my, presented in eq. (2.29).

Gluino mass. The SU(3)¢ group remains unbroken and thus the gluinos do not mix with
the other fermions. Therefore, their masses at tree level are simply

Neutralino and chargino masses. Electroweak symmetry breaking implies that the
higgsinos and the electroweak gauginos are mixed in blocks according to their electric
charge. This results in four neutral mass eigenstates, referred to as neutralinos, and two
charged mass eigenstates, denoted as charginos. In the electroweak basis (B W, whg, 7/’112)
the neutralino mass matrix is given by

M, 0 —g'vg/2  gv,/2
0 M, gua/2  —gvu/2
M-o = 2.
X° —g'va/2  gug/2 0 i (2.38)
.g/Uu/2 — g /2 H© 0

By diagonalising the mass matrix with the unitary matrix V,, we obtain the neutral mass
eigenstates )Z? as

B X

1% 0

oo | = v, X% (2.39)
ha X~3

Ung X4

When M;, M> and p are well separated, the mixing is reduced and we can effectively
classify the neutralinos as ‘bino-like’, ‘wino-like” and ‘higgsino-like’.

Similarly, the chargino mixing matrix is given in the (VNV +, whi; W, wh;) basis by
Ms —gvd/\/i)
M.+ = 2.40
* (—gvu/ V2o (240)

The charged mass eigenstates are related to the corresponding gauge eigenstates by two
unitary matrices U, and W, as

() - () ()=o) o)

The unitary matrices are chosen so that

0 M-+
X2

- 1 M 0
Up M= W, (2.42)
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e The sfermion masses. Analogously to gauginos and higgsinos, in principle sfermion mass
states can also mix after electroweak symmetry breaking. Thus, assuming only mixing
between SU(2) doublet and singlet fermions of the same generations, we end up with a
series of similarly constructed 2x2 sfermion mass matrices. For the case of stops ¢, the
mass matrix is given by

m? +m?+ D(ty) mi(—A; + pcot
a2 = i 7 (tr) ;( t2 % ﬁ) (2.43)
mi(—A¢ + pcot ) mg -+ mj + D(tR)
where generically
D = M} cos 26(T3 — Qsin” Oyy). (2.44)

The diagonal contributions to the stop mass matrix are, the soft term mass terms m?

tr, R’
the fermion mass m? and the D— terms denoting squark-Higgs boson interaction D(t L,R)s
while A; = (a¢/y:). From eq. (2.43) we deduce that the mixing between the ‘left” and ‘right’
sfermion states depends on the mass of the corresponding fermion. This is considerable for
the 3rd generation sfermions while for the rest it is often considered negligible given the
smaller fermionic masses. For the stops the mixing can be parametrized by the angle 0; as

t1\ _ [ cosO; sinb;\ (L
<7§2> N (— sinf; cosf;) \tr (2.45)

The general MSSM contains more than 100 free parameters. However, by taking into account
a few phenomenological considerations it is possible to significantly reduce the parameter space
while remaining agnostic about the SUSY breaking mediation mechanism. From experimental
observations we can assume that

e possible new sources of CP-violation are suppressed,
e no terms inducing flavor changing neutral currents should appear,
e first and second generation universality is preserved.

The result is a simplified version of the MSSM with only 19 free parameters, known as the
phenomenological MSSM (pMSSM). The remaining parameters are:

e Three gaugino mass terms: M, My and Ms.

e Five first and second generation sfermion mass terms: mg, mag, Mg, , m; and mep.
e Five third generation sfermion mass terms: me, My, My, M} and mz,.

e Three Higgs sector parameters: tan 3, M4 and p.

e Three third generation trilinear couplings: A;, Ap and A,

MSSM signals at hadron colliders.

It is important to understand how supersymmetric particles would be produced at the LHC.
Thus, we provide a brief overview on sparticle production and their decay channels. In the

following, we assume that the MSSM is R-parity conserved and that the lightest neutralino x{
is the LSP.
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Figure 2.5: Feynman diagrams for strong production at hadron colliders via gluon-gluon and
gluon-quark fusion, taken from [15].

Sparticle production. Sparticle production can happen trough strong or electroweak pro-
cesses giving rise to gluinos and squarks or charginos, neutralinos and sleptons, respectively.
Unless the gluino and squark masses are too large, strong production dominates in hadron col-
lisions. The corresponding reactions are:

99 — 99, Giqj (2.46)
99 = 9Gi, (2.47)
qq = 99, Gid; (2.48)
qq = GiGj- (2.49)

These final state combinations can arise from ¢-chanel exchange of either a squark or a gluino,
depending on the final state, while the (2.46) and (2.48) processes receive further contributions
from gluon s-channel processes. The relevant Feynman diagrams are shown in Figs. 2.5 and 2.6
corresponding to gluon-gluon and gluon-quark fusion and to strong quark-antiquark annihilation
and quark-quark scattering, respectively.

Turning to electroweak production, charginos and neutralinos are produced as

94— XXy XXl (2.50)
ud — X ¥R, di— X; Yo (2.51)
where 4,5 = 1,2 and k,l =1, ...,4. While for sleptons we have
qq — I 15, o} (2.52)
ud — Iy, dia — 1L} (2.53)

The reactions in (2.50) and (2.52) can occur via electroweak bosons in the s—channel. Chargino
and neutralino production also receive contributions from ¢—channel squark exchange which
are generally subdominant because of a potentially large squark mass. The relevant Feynman
diagrams of electroweak production are shown in 2.7.
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Figure 2.6: Feynman diagrams for strong production at hadron colliders via quark-antiquark
annihilation and quark-quark scattering, taken from [15].
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Figure 2.7: Relevant Feynman diagrams for elecroweakino production, taken from [15].
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Decay channels. Let us now summarize the main sparticle decay patterns. For gluinos, when
at least one squark is lighter than them, the predominant decay is

g —qq. (2.54)

Alternatively, when all the squarks are heavier, gluino decays happen through off-shelf squarks,
resulting in the three body decays

9= qaxy, ad'xX; (2.55)

where again i = 1,...,4 and 7 = 1,2. It is also possible that gluinos decay as g — gf(? through a
quark-squark loop. This happens in very compressed mg — myo scenarios, leading to long-lived
gluinos. Sfermions may decay through gauge and Yukawa interactions as

F= 18, =15y (2.56)

where i = 1,...,4, 7 = 1,2, f = [,v,q and decays to charginos involve up-type<>down-type
switch of (s)quarks or a [ <> v one in the case of (s)leptons. Generally, direct decays to the LSP
are kinematically favoured. However, in the case where sleptons are heavy, their decays to )Zf
and )@t may be preferred. Furthermore, left-handed fermions would also prefer to decay into )Zic
and )Z%t, rather than to the LSP if the former are wino-like and kinematically allowed. Finally,
if gluinos are lighter than the squarks, the strong two-body decay

q—qg (2.57)

would actually dominate.
Finally, charginos and neutralinos can decay via the two-body processes

Q= Z%0, WX, hRQ, U vD, @ [HRY, AR H %7, qdl, (2.58)
X WX, Z55 1, vlqd [HYE, A HEX. 0 (2.59)

where the final states in brackets are expected to be subdominant since the produced sparticles
are normally heavier. Also, if charginos and neutralinos have a significant higgsino content and
the process is kinematically allowed, the decays to third-family quark-squark pairs would be
enhanced by the large top-quark Yukawa coupling. It the two-body decays are kinematically
forbidden, it follows that the three-body decays

W= PR R = fIR X = fR and 55— SR (2.60)

induced from the (now off-shell) gauge bosons, Higgs scalars, sleptons and squarks appearing in
the two-body decays.

From the above we can infer that sparticles produced at hadron colliders would subsequently
cascade decay into combinations of SM and SUSY particles until the LSP is generated. As an
example, 2.8 shows some of the possible decay chains that gluinos can undergo. As a consequence,
SUSY signatures are expected to be made of different combinations of jets and leptons plus
missing energy (corresponding to the LSP) depending on the realized production and decay
channels. The SUSY searching strategy at the LHC, described in Sec. 3.1, is based on this
expectation.

Beyond the MSSM.

So far, we have focused on the minimal SUSY extension of the SM, the MSSM. The phenomenol-
ogy of this supersymmetric realization has been widely studied; in fact, most searches at the LHC
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Figure 2.8: Several examples of gluino cascade decays, taken from [15].

are optimized in the context of this model. However, the MSSM is indeed not the only inter-
esting SUSY theory. Several beyond vanilla extensions with distinctive properties have been
proposed, which also deserve thorough phenomenological studies. The simplest one is known as
the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [58], in which an SM singlet
chiral superfield S, composed by a complex scalar field S and a fermionic singlino S is added.
In the simplest scenario the superpotential is extended by

W = ASH, - Hy + gﬁ?’ (2.61)

The NMSSM was proposed to address the p problem. When the S superfield acquires a vacuum
expectation value s an effective y term is obtained as

Leff = s (2.62)

now connected to the SUSY breaking scale. Several phenomenological differences are expected
from the NMSSM as compared to the MSSM. For instance, we obtain additional tree level
contributions to the Higgs mass and the possibility of a singlino-like neutralino LSP. The latter
as a consequence of the mixing of the singlino with gauginos and higgsinos.

Another interesting example is the so-called MSSM+RN [59, 60]. In there, the MSSM is
extended by a RH neutrino superfield (RN) N composed by an RH neutrino and a corresponding
sneutrino N, yielding Dirac neutrino masses. The N sneutrino can mix with the 77, allowing
for a mostly RH sneutrino LSP as a viable DM candidate.

Furthermore, the MSSM can also be extended by a U (1)’ gauge group, forming what is known
as the UMSSM. The symmetry group of the model is

SU(3) x SU((2)L x U(1)y x U(1)'. (2.63)
The UMSSM is well-motivated, for instance, in the context of superstring models [01] and
GUTs [62] . Interesting properties of the UMSSM include: obtaining a my, of 125 GeV without

relying on large contributions from the stops, SM like tree-level couplings of h and, similarly
to the NMSSM, the p problem can be addressed by the vev of a singlet field, responsible for
U(1) symmetry breaking. Moreover, as in the MSSM+RN the DM candidate can be either a
neutralino or an sneutrino.

Finally, another well-motivated extension of the MSSM is to allow Dirac masses for the
gauginos, an idea originally proposed to allow the gluino to be massive [63]. Models with Dirac
Gauginos (DG) have interesting features such as providing a tree level boost to the Higgs mass,
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being able to be associated to N = 2 supersymmetry, possibility of preserving R-symmetry
and increase naturalness. The MDGSSM constitutes the minimal extension of the MSSM with
Dirac gaugino states. It is obtained from the addition of one adjoint chiral superfield for each
gauge group. This indeed translates into a different phenomenology from that of the MSSM.
For instance, the electroweakino sector is enriched by 2 new neutral states, one bino and one
wino, and one charged wino state, yielding a total of 6 neutralinos and 3 charginos. Furthermore,
the MDGSSM includes an explicit, but soft R-symmetry breaking term, B,. As a consequence,
small mass splittings are induced between the bino-like and wino-like electroweakinos, yielding
the possibility of LLP signatures. In Chapter 5 we will present the MDGSSM in more detail
and discuss the collider phenomenology of the colored and electroweakino sectors. We will also
delimit the regions of the former sector, where the lightest neutralino is a viable DM candidate.

2.3.2 Non-SUSY extensions.

There are, of course, several alternatives to the SUSY framework. They usually address specific
theoretical or observational puzzles. Without intention of completeness, we provide here an
overview on non-SUSY extensions of the SM.

e SU(5), the simplest GUT.

As an example GUT, let us briefly describe the simplest one, the SU(5). It is the minimal
group that can accommodate all the particles of the SM which can be broken exactly into
its gauge groups

SU(5) — SU(3) x SU(2) x U(1) (2.64)

by the vacuum expectation value of the nuetral component of the adjoint irreducible rep-
resentation (irrep) 24.

In the SU(5) GUT, the left-handed quarks and leptons are accommodated in irreps of
SU(5) as 5 = [d%, L] and 10 = [Q, u$;, €%], while left-handed anti-neutrinos can be added
as 1 = [v}]. The gauge bosons fit in the adjoint irrep 24, together with 12 new fraction-
ally charged bosons with both lepton and baryon numbers, known as leptoquarks. Since
leptons and bosons are assembled in the same irreps, B and L numbers are not conserved
individually, but the B-L combination is. This can lead to proton decay through leptoquark
exchange, a distinctive signature in many GUTs. Finally, the Higgs boson is accommodated
in either a 5 or a 5 irrep, which will decompose in triplets of SU(3) and doublets of SU(2)
after SU(5) symmetry breaking. The colored Higgs triplets are another source of B and L
violation and mediate fast proton decay, unless they are very heavy. Thus, fine tuning is
required to be left with the doublets at the electroweak scale while leaving the triplets in
the GUT one. This is known as the doublet-triplet splitting fine tuning problem.

e Extra dimensions. Another way to journey beyond the SM is considering new extra
spatial dimensions. Since we only experience four dimensions (3 space and 1 time), these
new dimensions must be ‘compactified’. However, according to the universal extra dimen-
sion (UED) model |64, 65], the SM can propagate into the extra dimensions. Originally
proposed ( 100 years ago) to unify electromagnetism and scalar gravity, theories with extra
dimensions have been found to have interesting properties. For instance, they can address
the hierarchy problem |66, 67] and provide DM candidates [65|. Furthermore, they are the
basis for modern superstring and brane theories.

Let us consider here the simplest case of one extra compactified dimension y and its effect
on a massless scalar field. This will be sufficient to suggest the presence of a DM candidate.
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The action of a massless scalar field in five dimensions is given by
1
§—_ / & (o, )0 U (2, ) (2.65)

where M =1,...,5and u =1, ...,4. The y dimension is compactified over a circle of radius
R; thus, the field has the periodic boundary conditions

U(zh,y) = (2, y + 27R) (2.66)
which allow the Fourier expansion
W (2", y) = Wn(a",y) exp(iny/R). (2.67)

After substituting the above in eq. (2.65) and integrating out the y dimension one obtains
S = / d*2(9,9°0,9° + > (9, V" oI — ﬁ\p"w")) (2.68)
n

where ¥,, = v27RW¥,,. Thus, we obtain a zero mode ®y and an infinite tower of massive
complex scalar fields, known as Kaluza-Klein (KK) modes. Each KK mode has a mass
given by m, = n/R where n is a quantum number called Kaluza-Klein number. The
KK number represents the quantized momentum in the compactified dimension which is
conserved. Hence, the lightest KK mode is stable hinting a possible DM candidate?. In
the context of the UED model, this can be the first KK partner of the B boson.

e Axions. As discussed in Sec. 2.2.1, the strong CP problem can be solved by extending
the SM by a U(1) pg symmetry [14]. This symmetry is spontaneously broken giving place
to a Nambu-Goldstone boson, the axion. The CP problem is solved by replacing the CP-
violating angle qcp with the dynamical CP-conserving axion. An standard review on
axions and the CP problem is provided by Peccei himself [70].

The axions can also be DM candidates. In the hot early Universe axions were massless,
since the motion of the axion field occurs in the angular direction of its Mexican hat shaped
potential and the curvature of the potential in this direction is zero at high temperatures.
Then, as the Universe cools down to a temperature of a few hunderd MeV, the axion field
starts oscillating around the minimum of the potential acquiring a non-zero mass due to
nontrivial QCD vacuum effects. These oscillations remain undamped in the present epoch,
making it possible for the axions to make up for (or a portion of) the observed dark matter.

Despite their small masses
1012GeV

Ja

(where £, is the axion decay constant ranging between 10°GeV and 10'2GeV) axions can be
cold dark matter candidates as they are never in thermal equilibrium in the early universe.
The mechanism trough which axions are produced depends on whether the PQ symmetry
breaks before or after inflation. For more details on axions as DM see [71]| and references
therein.

m 6 x 10 %V (2.69)

e Multi-Higgs models.

It is possible to extend the SM without adding new continuous symmetries (or spatial
dimensions). This is commonly done by extending the scalar sector with new scalar SU(2)

3See [69] for pioneering work on Lightest Kaluza Klein particles as DM candidates.
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doublets, forming what are known as N Higgs Doublet Models (NHDM). The case of the
2HDM has been widely studied (for instance, see [72]). One of its simplest realizations is
the Inert Doublet Model (IDM) [73], known as the prototype model for including Higgs
dark matter. In there, the SM is extended by one scalar doublet that doesn’t generate a
vev. Furthermore, the new scalar doublet is defined as Z-odd while the rest of the SM
is Zs-even. The result is an inert doublet containing four physical degrees of freedom:
two charged, one neutral scalar and one pseudo scalar Higgs where either (or both) of the
former is the DM candidate.

Another popular extension is the so-called scotogenic model [71], constituted by 3 right
handed neutrinos and an inert scalar doublet. In there, the left-handed neutrinos acquire
small Majorna masses through one-loop radiative corrections involving the new scalars.
Furthermore, it can accommodate two types of DM particles, one fermionic (the lightest
RH neutrino) and one bosonic (the lightest inert scalar).

Furthermore, multi-Higgs models have been proposed in connection with flavor symmetries.
For instance, in the 3HDM with S3 family simmetry, the discrete symmetry is extended
to the scalar sector [75]. As a result, a CKM matrix in accordance with the experimental
results and the prediction of a non-zero reactor neutrino mixing angle 63 is obtained while
preserving the S3 symmetry in the flavor sector. This model was later extended to a 4HDM
(occupying all the irreducible representations of the S3 group) to allow for DM candidates
without tempering with its original properties [76].

2.4 The Large Hadron Collider.

Consisting of a 27 km ring of superconducting magnets, the Large Hadron Collider is currently the
world’s most powerful particle accelerator®. It collides very energetic hadrons with the purpose
of exploring the physics at the electroweak scale. On the one hand, it allows for precision
measurements of SM interactions, and on the other, to search for signals of new physics (see
Sec. 3.1) at said scale. The first operational run (Run 1) of the machine collided protons at a
7-8 TeV center of mass energy and reached an integrated luminosity of 30 fb~! per experiment.
Notably, by the end of this run the Higgs boson was discovered. As for today, the LHC has
finished Run 2 where protons were collided at a 13 TeV center of mass energy, and a total
integrated luminosity of 150 fb~! was achieved®.

The highly energetic proton collisions occurring at the LHC can be described under the
parton model framework. Following the QCD factorization theorem, the scattering amplitudes
of hadronic reactions with large momentum transfer can be factorized into a product of the
parton-level scattering and the corresponding parton distribution functions (PDFs). Thus, the
cross section corresponding to the scattering of two hadrons A and B producing a final state F’
is given by

0(AB— F X) = Z/dmadazb faya(@a, Q%) foy5 (2, Q%) 6(ab — F), (2.70)
a,b

where X is the scattering remnant. The hard scattering cross section 6(ab — F) is obtained
from a phase space integration over the corresponding matrix element. The PDF f,/4(za, Q?)

4Several options for a next generation collider have been discussed in the HEP community. In the 2020
update of the European Strategy for Particle Physics a high priority has been given to the construction of an
electron-positron collider that would serve as a ‘Higgs factory’.

5Currently, major upgrades are undergo at the LHC, heading us to the high-luminosity era. A total of 3000
fb~! integrated luminosity is expected by the end of the LHC’s lifetime.
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Figure 2.9: Scheme of particle identification at ATLAS and CMS, taken from [31].

(foyB(xp, Q%)) describe the fractional longitudal momentum z, (x3) of a parton a (b) inside an
hadron A (B) and depends on the squared four-momentun transfer Q2. PDFs are fitted from
data of numerous deep inelastic scattering experiments and their change rate over different energy
scales is determined from the DGLAP evolution equations [77, 78, 79]. For detailed discussions
on LHC physics, see [30, 81, 82, 83].

There are four major detectors placed around the LHC ring aimed to study the particles
produced in hadron collisions. The ALICE (A Large Ion Collider Experiment) is a heavy-ion de-
tector designed to study the quark-gluon plasma formed at extreme energy densities. The LHCb
(Large Hadron Collider beauty) is primarily intended to study CP violation in beauty-hadron
interactions which could possibly explain the observed matter-antimatter asymmetry in the Uni-
verse. The other two are the multipurpose detectors, ATLAS (A Toroidal LHC Apparatus) and
CMS (Compact Muon Solenoid), and are the ones we are interested on here.

The ATLAS and CMS detectors are designed to cover a wide range of physics, and thus
constitute our main tools to study the large variety of proposed BSM theories. Although not
exactly the same®, the overall design of the detectors is similar. They are made of four main
stages:

e The inner-chamber. It is made of a silicon tracker designed to detect the tracks left by the
charged particles that pass trough it, and to measure their momentum. Its placement, very
close to the interaction point, permits the identification of heavy quark decays occurring
away from the primary interaction vertex.

e The Electromagnetic Calorimeter (ECAL). The second layer of the multi-purpose
detectors is the ECAL. It is designed to measure the energies of electromagnetically inter-
acting particles.

e The Hadronic Calorimeter (HCAL). Analogously to the ECAL, its purpose is to
measure the energy of hadrons.

e The muon chambers. Muons interact only feebly with the calorimeters. Thus, a muon
spectrometer has been placed in the outer layer of the ATLAS and CMS apparatuses to
measure their energy.

The four-stage design of ATLAS and CMS permits the identification of the (quasi-)stable
particles constituting the final-states of the proton collision (see Fig. 2.9). They are namely,

SFor instance, their magnetic systems follow different designs.
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e Jets. They are made of traveling bunches of hadrons originated from the showering and
hadronization (see Sec. 3.3.2) of the initially produced partons. The jet components can
be electrically charged or neutral. In the former case, they would be seen in the tracking
chamber and the ECAL before deposing the rest of their momentum in the HCAL. In the
latter case, they would only be detected by the HCAL.

e Dh-jets. They are originated by a hard bottom quark. The typical lifetime of b-hadrons
is enough for them to travel a measurable distance before decaying. Thus, b-jets are
distinguished from the ordinary jets by reconstruction of the secondary vertex associated
with the b-hadron decay.

e Photons. They typically depose their energy in the ECAL but since they are electrically
neutral, they don’t leave a track in the inner chamber.

e Electrons. After leaving a track in the inner chamber, they lose most of their energy in
the ECAL.

e Muons. They leave a track, loose some energy at the ECAL, but most of their energy is
deposed in the muon chamber.

e Missing energy. The missing transverse energy E{}”SS quantifies the transverse energy of
the undetected particles produced in a collision event. It is defined as

5 = = > bt (2.71)
i

where p7"%*¢ is the negative sum of the momentum pr of all the detected particles. In the

SM, the only particles that would pass undetected are the neutrinos.

At ATLAS and CMS an event can be defined as the occurrence of a combination of the above
particles identified by the detector, together with their kinematic properties. The distributions
of these events, can potentially be matched to the eq. (2.70) cross sections, allowing us to study
the properties of the underlying theory to which they correspond.
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Chapter 3

(Re)Interpretation of LHC searches.

In Sec. 2.3 we learned that a plethora of theories has been proposed to extend the SM. The
diverse nature of these theories translates into a vast variety of different new signals that could
be searched for at the LHC. The ATLAS and CMS detectors are multi-purpose instruments
capable of covering a huge range of possibilities. The humongous amount of data that can
be collected is an essential asset of the LHC and its adjacent detectors, but it comes with its
challenges. The first one is that it’s impossible to record the totality of events detected by ATLAS
and CMS (and by the rest of the LHC experiments), hence it is primordial to select which events
are worth saving. Afterwards, it is necessary to be able to distinguish a potential new signal
from the SM background in the saved data. To overcome these challenges, it is useful to study
where new signals are expected to be observed over the detector object parameter space, in the
context of concrete BSM theories. With this in mind, the ATLAS and CMS collaborations have
put forward an extensive and ever growing program of searches for new physics, aiming to cover
popular new physics theories as much as possible. In Sec. 3.1 a brief overview on this program
will be given. Presently, most LHC searches intepret their results as constrains on simplified
models [34, 85]. In this way, the theory dependence of the interpretations are reduced, allowing
for generic descriptions of the experimental impact on the kinematical parameters of a BSM
theory. The simplified model framework will be presented in Sec. 3.2. Finally, to extend the
coverage of new physics theories, LHC searches should be re-interpreted in the context of BSM
scenarios not yet tested. This inspired the creation of the LHC reinterpretation forum, a joint
effort beteween experimenters and theorists intended to make the most of the LHC results. The
latest report of the forum, including a list of recommendations for presenting LHC results, can
be found in [26]. An overview on the LHC reinterpretation effort is given in Sec. 3.3.

3.1 LHC searches for new physics.

The extensive program of searches for new physics performed by ATLAS and CMS can be roughly
divided in 3 categories: missing energy, long lived particle and resonance searches. While they
are introduced in the following lines, detailed reviews are provided in [37, 30].

e Missing energy searches. Asmentioned in Sec. 2.4 the only SM particles that would pass
undetected are the neutrinos, thus they account for all the E{,l“"” in an SM event assuming
a %100 efficiency of the detector. However, in many BSM theories the E* is expected to
be enhanced since they often include stable neutral particles (i.e. DM candidates). Hence,
BSM theories can be looked for in regions with high Ej’f”“. This has motivated a large
number of different searches, here classified as SUSY and Dark Matter searches.

SUSY searches. As mentioned in Sec. 2.3.1, R-symmetric SUSY models are very attractive
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BSM theories as they can lead to unification at large energy scales without compromising
the stability of the proton, solve the hierarchy problem, account for dark matter, etc. In
them, the superpartners can only be produced in pairs that subsequently cascade decay
into it an stable, preferably neutral, LSP. At the LHC, pair production of particles from
such models, would be observed as SM final states plus Ej"fiss corresponding to the neutral
LSP. For instance, in a scenario with mgz > mg, squarks can decay as ¢ — ¢+ LSP, leading
to a 2-jet+EM% signature after squark production. ATLAS and CMS have performed a
large number of SUSY searches targeting different SM+E%¢ final states depending on the
initially produced sparticle. Some examples are:

— E:,miss + jets + X inclusive jets plus missing energy (X = anything).

— Ems5 4 jets + 0l: lepton veto.

— EIss 4 nl: multilepton.

— EMs% 4 jets + 11: jets plus one lepton.

— EIss 4 jets + 21 with Q(lh = —Q(l2)): jets plus opposite-sign dileptons.
— Emss 4 jets + 21 with Q(lh = +Q(l2)): jets plus same-sign dileptons.

Moreover, despite these searches are tagged as ‘SUSY’ for historical reasons, they can also
be applied to a more general class of models which present similar signatures form cascade
decays, e.g. to some UED and Little Higgs scenarios.

Dark Matter searches. Searching for the direct production of dark matter particles has
the small predicament of having a completely invisible signature, given that . ﬁTi =0 so
E:Tiss = (0. However, it is possible that a SM particle X recoils from the collision in the
opposite direction of the dark matter particles, allowing the computation of a non trivial
E:,T’?iss and yielding a X + E’Tm“ signature. For example, if X is a jet we can search for
signal events with at least one high pr jet associated with a large E}”iss . This type of
searches are known as mono-X searches.

A fundamental step in missing energy searches, is to determine the SRs in which the BSM
signal is expected to dominate over the background (SM) expectation. To construct them,
experiments often employ the ‘cut-based’ strategy', in which a series of cuts on detector
objects are imposed (e.g. a minimum E%“'SS) to subtract the background while enhancing
the signal expectation. Once that the SRs are constructed it is possible to compare the SM
expectation to the number of experimentally observed events to make a statement about
the expected BSM signal. Due to the typically low number of expected background events,
the dedicated statistical procedure known as the CLs prescription [35], is generally used

for limit setting in searches.

e Long Lived Particle searches. In the context of LHC physics, an LLP typically refers
to a new physics particle with a lifetime of the order of the detector scale or larger, i.e.
that decays at least 1mm away from the main collision vertex. There is a large number
of theories in which LLPs can be realized. For example, they appear in SUSY theories
with approximate R symmetry [$9, 90, 91] or in scenarios with quasi degenerate multiplets
[92, 93] (as we will see in Sec. 5.3). Other examples include gauge-portal theories where
new vector mediators produce LLPs (e.g. [941]) and Dark Matter theories with non-thermal
freeze-in scenarios [39]. See [95] for a comprehensive overview of theoretical models with

'In recent years, strategies based on modern ML algorithms, such as BDTs, have been gaining terrain over the
classic ‘cut-based’ searches as they are proven to be very efficient on constructing SRs. However, as ML algorithms
become more complex, the matter of reproducibility has risen. In [36] is recommended that relevant material,
such as the implemented algorithm and the ‘learned” ML model, be shared for re-interpretation purposes.
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LLPs. The large variety of scenarios translates into a considerable amount of possible LLP
signatures. They can be classified by the nature of their gauge interaction as electrically
neutral, electrically charged or color charged?.

Neutral LLPs can only be distinguished if they decay within the detector, otherwise they
would count as Er}”iss. Typical expected signatures are those with displaced jets, leptons, or
photons plus E?”SS. The displaced objects are tagged as such because their reconstructed
track doesn’t point back to the main collision vertex.

Different search strategies have been performed by ATLAS and CMS, depending on the na-
ture of the displaced objects and the detector position they arise from. Regarding displaced
hadronic decays, ATLAS has searches with neutral LLPs, decaying in the HCAL [96, 97],
in the inner tracker or muon chambers [95], in the inner tracker with large associated Ef7%
[99] and inner tracker decays with large EM*  jets or leptons [100]. Searches focusing on
inner tracker decays rely on standard triggering to select events with high-pr jets, E;l”“ ,
or leptons. While for the HCAL and muon chamber decays the CalRatio (Calormeter
Ratio trigger) and MuonRol (Muon Region of Interest cluster trigger) dedicated triggers
are used. The former is designed to select events with long-lived neutral particles in the
outer radius of the ECAL or within the HCAL by triggering on signals with at least one
narrow jet with small energy deposit in the ECAL and no charged tracks pointing back
to the jet. The latter looks for decays occurring in the outermost layers of the HCAL or
in the muon spectrometer. On the other hand, CMS have performed inclusive searches
for displaced jets [101, ) |. They are based on an displaced jet tagging algorithm
to identify displaced jet pairs in the inner tracker, while triggering is focused on large
Hp =) |pr| values. Turning to displaced leptonic decays, both ATLAS and CMS have
searched for lepton pairs originating from a displaced vertex [100, , |. While CMS
has an additional search requiring exactly one isolated muon and one isolated electron
with impact parameters between 0.2 cm < |dg| <10cm [106]. The CMS searches trigger
on reconstructed electrons or muons using inner tracker information |[104] or reconstructed
muons relying only on the muon chamber [105]. The [100] ATLAS search triggers on muons
without an inner track, electrons or photons. For selecting events it requires one muon with
pr > 50 GeV, or one electron with pp > 110 GeV, or one photon with pyr > 130 GeV,
or a electron, photon or electron-photon pair with a minimum pp for each object of 38-48
GeV. The displaced leptons must be of opposite sign and arise at least 4mm away from the
primary vertex. The [107] ATLAS search focus on displaced muons with |dp| < 200 cm.
For more details on searches for these and other displaced objects, see [103].

An electrically charged LLP could give a very clear signature. If it traverses the whole
detector, it would look like a very energetic muon and be considered as a Heavy Stable
Charged Particle (HSCP), while if it decays in the inner tracker into a stable neutral
particle, it would leave a disappearing track (DT) signature. The latter assumes that
the SM decay products of the charged LLP are very soft, thus are not reconstructed.
HSCP searches [109, , , , 113] trigger on large EZ"** or high-pr muons. They
rely on two main charachteristics. One, massive particles or with an electric charge # e,
have an ionization loss dE/dx distinguishable from that of the SM particles. Two, the
traveling speed of heavy particles is measurably smaller than the speed of light. DT
searches [111, , | trigger on large E:,Wiss in association with initial state radiation
jets with high pp.

A bit more complicated is the case of color charged LLPs, e.g. the gluino in the split
SUSY scenarios [116, 117]. The initially produced gluino will hadronize and form charged

2The latter can be subdivided again by their electric charge.
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or neutral ‘R-hadrons’ [118, |. The fraction of charged R-hadrons strongly depends on
the unknown hadronization model and can have a strong impact on the interpretation of
a search. A reference study split SUSY collider phenomenology can be found in [117].

An extensive list of LLP signatures is presented in [108]. Notably, LLP signatures are
rarely observed from pure SM events, making it very easy to distinguish the signal from
the background. This, together with the fact that new physics hasn’t been found (yet) in
resonance or missing energy searches, has lead to a large interest of the HEP community
on this kind of searches despite the challenges they impose for their implementation.

e Resonance searches. A common method for searching new physics at colliders is to
look for new resonances in the production rates of SM particles. Resonances provide very
distinctive signatures. They appear as large narrow peaks (depending on the decay width)
in the My, spectrum of the final states, around the pole mass of the resonant particle.
For instance, the SM Higgs bosons was discovered as a resonance in the di-photon M;,,
spectrum |12, 13]. It is also possible to search for a new resonance decaying partly into
invisible final states, by considering the qum'ss . W bosons are typical examples of such
resonances since they decay as W — [v.

Resonance searches for new physics aim to observe peaks in the M;,, spectra of the SM
final state particles, consequence of the resonant production of BSM particles. For instance,
the Z’, realized in U(1) SM extensions, has been searched in the M;,, spectra of ete™
and pTp~ above the Drell-Yan background. Other examples are W’ bosons from SU(2)
extensions and graviton excitations in KK models.

The determination of discovery (or exclusion) of a resonant BSM particle follows from the
application of a dedicated statistical procedure, such as the BUMPHUNTER algorithm
[120]. By systematically comparing the measured data (signal) with the SM expectation
(background) at different energy bins of M;,, spectra, CLs on the background or on the
background+signal hypotheses can be derived. If the tested region of an M;,, distribution
is in agreement with the SM at a 95% CL, the mass of the predicted BSM particle is
considered as excluded in that energy region.

While the interpretation of resonance searches is generally straightforward and model inde-
pendent (as long as interference effects are depreciable), the case of missing energy and LLP
searches is more complex. For instance, the MSSM is composed by a large number of free
parameters yielding a complicated interpretation of its collider signatures. If the number of pa-
rameters is reduced by considering (minimal) SUSY breaking scenarios, model specific patterns
are introduced and potential interpretations could not be translated to alternative scenarios.
Furthermore, optimizing a search for an specific scenario would mean that the general MSSM
would be only partially tested. To overcome these issues, the concept of Simplified Model Spec-
tra (SMS), also denoted as simplified models, has been introduced [34, , , 85]. The SMS
approach was originally introduced in SUSY searches but their usage has now been extended to
DM and LLP searches. The next section is dedicated to an overview on simplified models and
their interpretation.

3.2 Simplified Model Spectra.

Simplified Model Spectra are sets of effective Lagrangian descriptions, called simplified models,
designed to characterize a new physics model with a small number of kinematic parameters
related to collider physics, namely particle masses, production cross-sections, and branching
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(a) T1 (b) TSWW,T522, T5WZ

Figure 3.1: Graphic representations of the T1 (left) and the superposition of the TSWW, T5Z7Z
and T5WZ topologies (right).

fractions®, in a manner that is assumed to be sufficient to describe the essential phenomenology
of the new physics model.

It is very advantageous to present new physics search results using simplified models. To start,
it is desired that LHC searches cover as widely as possible popular BSM theories while remaining
applicable to a broader range of theoretical models, in a straightforward manner. The SMS
approach allows this. Furthermore, simplified model results encourage a strong communication
between experimenters and theoreticians in the HEP community. They show a clear relation
between the free parameters and the detector signatures yielding more transparent and instructive
results. They allow experimenters to efficiently design and tune search strategies. Finally, they
can be easily used to test a wide range of complete models that present similar topologies.

Simplified models were first introduced in new physics searches to represent generic scenarios

of R-parity conserving SUSY models [123, , |. Their application was then rapidly extended
to DM searches (see [126] for a compendium) and, more recently to LLP searches, with a list of
topologies proposed by the LLP community found in [108]. Currently, most of ATLAS and CMS
searches for new physics have chosen to present their results as constraints on simplified models
[125, |. In them, a simplified model topology is defined by a set of hypothetical particles and
a sequence of their production and decays and their corresponding signal-efficiency x acceptance
(A X €) is computed for each signal region. From this, a 95% confidence level upper limit (UL)
on the product of the cross section and branching fraction ([c x B]yyr) is derived as a function
of particle masses or, in the case of LLP searches, as a function of their lifetimes.
It is instructive to describe the general procedure to define a simplified model topology and
derive its [0 x B]yr, map trough an illustrative example. In here, we have chosen to use the T1
topology (schematized in 3.1(a)). Note that this topology corresponds to an R-parity conserving
SUSY signature, hence proper of a missing energy SUSY search. At the end of this section, a
few words on the key differences between SUSY, DM and LLP simplified models will be given.

The T1 topology corresponds to gluino pair production with both the gluinos directly decay-
ing into a pair of light quarks and the lightest neutralino y9:

pp—33d, §—qix). (3.1)

leaving a signature of at least four hadronic jets plus missing energy in the ATLAS and CMS
detectors. Since the produced gluinos have the same branching ratios (BRs), the legs in T1 are
equal and the topology is considered symmetric.

3In LLP searches, lifetimes are also required.
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This 3-body decay mode occurs in models where the squarks are heavy enough to become
effectively decoupled. They arise from the operator

A2
Lint = ~5Gq:GX, + h.c., (3.2)
1! M,LQ 141

where i runs over the different quark flavors, \; is the Yukawa coupling for the quark-squark-y?
vertex, and M; is the effective scale of the interaction.

Alternatively, a simplified model spectrum can include an intermediate state. For instance,
the gluino can go trough a 3-body decay to either a chargino or a heavier neutralino that sub-
sequently decays into a neutral LSP plus a charged boson (W¥) or a neutral boson (Z or H),
respectively

G a7 X" = a@ (WD) or §— q@X° — @ (ZXY). (3.3)

forming a one-step cascade decay. This translates into 3 possible topologies different from T1,
namely TSWW, T5ZZ, and TS5WZ. They are illustrated in Fig. 3.1(b)). In each one, is assumed
that BR(YJ — X} + Z) = BR()Z% — X+ W) = 1. It is important to note that the decays
W+ and Z° (or H) have different leptonic decay modes. In hadronic searches, this is seen as a
different fraction of the events that are truly hadronic and the presence of W*s decaying into
non-vetoed leptons.

As mentioned before, a simplified model is described by a minimal set of parameters. The T1
topology is parametrized by mg and mgo and o(p p — ¢ §). In the case of the TSWW, T5ZZ,

and TS5WZ toplogies, the mass of the intermediate particle m g+ 30y and the BR of g to xt, X
extend the number of parameters. To reduce the number of variables, is customary to set the BRs
at 100% for each simplified model and construct linear combinations of them to study models
with different decay modes. For further simplification, since it is difficult to present limits on a
four-dimensional space (specially on printed paper), it is often preferred to set the mass of the
intermediate particle as dependent on the parent particles (here mg) and the daughter particles
(here myo) by following the relation

Mz 50) = Mgo +1(mg — myo), (3.4)

where 7 can be fixed to different values covering different kinematic cases.

Let us now describe the procedure to derive upper limit maps. As explained in [125], the first
step is to apply event selection on simulated simplified model events to obtain the corresponding
A X € as the ratio between the number selected events and the total number of generated events.
This is done for different values of the parent and daughter particles to form an A x e map. As an
example, in the left side of Fig. 3.2 an A x € map corresponding to the T1 topology is shown as
a function of mg ans mg. Afterwards, the A x e together with the background estimations and
their uncertainties are used to compute a 95% confidence level upper limit on the cross section
times branching ratio [0 x B]y, following the CLs criteria. Doing this for every point in the A x e
map results in a corresponding upper limit map like the one on the right side of Fig. 3.2. Finally,
a lower limit on the particle masses of a simplified model is derived by comparing [0 x B]y with
the predicted o.

Limits on particle masses derived from single simplified models are often conservative com-
pared to the real exclusion line. The reason is that different simplified models can populate the
same SR, increasing the signal expectation. For instance, TOWW, T5ZZ, and THWZ all repre-
sent a 8-jet+ E:,Tf”ss signature, so the same signal region is sensitive to all of them. In fact, limits
from these toplogies have been presented directly in the form of a composite THVV topology in
[127]. Thus, a more accurate constrain can be obtained when combining topologies with similar
expected signatures. The overall limit will then depend on the efficiencies of each topology and
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Figure 3.2: A x e map (left) and upper limit map (right) of the T1 from CMS-SUS-16-033 [127].

on the relative branching ratio of decay into the allowed channels. The enhanced oyp, limit is
obtained by evaluating the appropriate efficiency for each component and adding the individual
signal predictions, before comparing them against the total limit on the number of signal events
Ny . For simplicity, consider the case of two symmetric topologies A and B, with corresponding
ea,p efficiencies and BR 4 p branching ratios. In there, oy, would be computed as:

_ NuL
BR%e4 + BR%ep’

where BR is squared to take the BRs of the two legs in each topology into account.

We close this section by sketching the key differences between the simplified models in SUSY,
DM and LLP searches. In SUSY searches, simplified models often rely on a series of generaliza-
tions that reduce to model dependencies. To start, the production process is ignored and only
on-shell particles are considered. Furthermore, only the on-shell decay products are described
since virtual particles are replaced by an effective vertex. Thus, SUSY simplified models are solely
described by the masses and decay rates of the involved BSM particles and by the production
cross sections of the initial ones. In the case of DM simplified models, these assumptions usually
don’t hold. As discussed in Sec. 3.1 the identification of DM signals relies on the associated
production of SM particles. This means that the interpretation of DM searches strongly depends
on the detailed production processes. Hence, DM simplified models are designed with an explicit
light mediator of the interaction between DM and SM particles. As for LLP simplifed models, a
key feature that differentiates them from those SUSY and DM searchess, is their dependency on
the lifetimes of the long lived components. Furthermore, the last final states are not necessarily
Ej"liss , they can be an observed LLP like an HSCP or an R-hadron. The diverse variety of LLP
signatures translate into several possibilities of interesting simplified models. In [108] a list of
proposed topologies has been put forward aiming for a wide coverage of signatures by defining
LLP simplified models as general as possible.

ouUL (3.5)

3.3 Reinterpretation of LHC results.

Regardless of the extensive program of searches performed by ATLAS and CMS, no new physics
has been found yet at the LHC. Nonetheless, a vast portion of the BSM theory landscape has

39



not been explored. On the one hand, mass limits derived in the context of simplified models
are based on simple scenarios of a new physics model, thus can significantly change in more
realistic realizations of the same theory. On the other hand, there is a long list of not-so-
popular or beyond-vanilla theories that are not directly tested by the experiments. Hence, the
re-interpretation of LHC searches is very well motivated and has become a very active field. An
overview of it’s current status is provided in [36], by the LHC Reinterpretation Forum.

There are mainly two approaches for re-interpretation of new physics searches. The first one
is very fast but conservative. It is based on recasting [0 x By, and efficiency maps from simplified
models, presented by the experiments, to directly compare them against the SMS topologies of
a BSM theory. This approach will be only briefly presented in Sec. 3.3.1 while a more detailed
discussion is offered in Sec. 4 in the context of the SModelS tool. The other one is a more general
but more time consuming approach since it relies on full event simulation. It’s main idea is to
fully model the signal events and detector response followed from the production of new physics
particles and then apply to them the signal selection cuts used by the experimental analyses to
compute signal efficiencies.

Moreover, recent years have seen the appearance of re-interpretation boosted by ML tech-
niques. They are being used in the process of generalization of likelihoods or exclusion limits.
Model exclusion boundaries or likelihood (ratios) can be learned, explored and provided for fur-
ther use using ML models. For example, SUSY-AI [128], is based on a neural network trained
to classify parameter points from the pMSSM as excluded or allowed.

Finally, SM measurements can also be used to constrain BSM theories. This has been done
both in the context of EFT Lagrangians [129, | and, more recently for explicit simplified BSM
scenarios [131], without the need for further detector simulations*. An alternative approach, in
which measurements are desgined with BSM measurements in mind, has been proposed in [132].
Given the scope of this thesis, reinterpretation of SM measurements will not be further discussed
here but the interested reader is refered to [30].

3.3.1 Reinterpretation of SMS results.

Nowadays, most ATLAS and CMS searches for new physics present their results as upper limit
and efficiency maps in the context of simplified models. Furthermore, they present limits on the
masses of the particles that constitute the simplified model topologies. As described in Sec. 3.2,
the outcome are efficiency and upper limit maps like the ones shown in Fig 3.2. However, such
limits can significantly change for more realistic scenarios of the same theory ° or for different
theories presenting similar topologies. Fortunately, results presented in the simplified model
framework are relatively straightforward to re-interpret in the context of different new physics
models. This follows from the assumption that efficiencies or upper limits remain approximately
valid for a generic model predicting the same signature as the simplified model. Thus, one can
directly compare the o x BB at given points of the generic model with the corresponding [0 x By .
Alternatively, one can also use efficiency maps to compute the expected signal events and the
corresponding yields. For example, in Sec. 5.2 we follow this approach to derive first limits on
the gluinos and squarks of the MDGSSM. For that, we recasted, among others, the upper limits
from Fig. 3.2.

Realistic models often have a large number of combinations of production channels and decay
modes, thus the task of comparing each one of them to a corresponding experimental result turns
into a very laborious one. Fortunately, dedicated tools have been implemented that automatically
decompose BSM scenarios into simplified model topologies and automatically compare them with

“This is possible since SM measurements are presented in the context of truth-level (hadron-level) events.
®This was explicitly shown in [133] for the pMSSM.
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the experimental results. Currently, a tool that applies this approach to generic BSM scenarios
presenting a Z symmetry is SModelS [134, |. The general concept behind this tool will be
discussed until Chapter 4. There are also tools deviced for specific models, such as HiggsBounds
[136, |, intended for multi-Higgs models, ZPEED, [135] focused on Z’ resonances, and DarkCast
[139], devised for dark photon models.

3.3.2 Reinterpretation based on full event simulation.

When a tested parameter point splits into a large number of channels, as is typically the case of
complex BSM models, or the cross section corresponding to missing topologies (i.e. the fraction
of non available simplified model) is large, the limits that can be obtained with the SMS approach
become very conservative. Alternatively, it is possible to reproduce an experimental analysis by
means of full simulation of LHC events with Monte Carlo (MC) event generators followed by the
simulation of the detector response. This is a more general and often more stringent approach,
since it doesn’t rely on the availability of simplified model results and can use the full spectra
of the model to compute the signal efficiencies. However, it has the drawback of being more
time consuming and harder to implement, as it requires the full simulation of a large number
of events and a detailed description of the original experimental set-up. Furthermore, so far its
only applicable to cut-based analyses.

The general idea of this approach is to compute the expected signal efficiencies of BSM
processes that would be measured by a cut-based analysis. This is achieved by implementing
the same selection cuts in the analyses and computing the ratio of selected events over the total
number of events produced.

Evidently, it is essential to be able to accurately simulate the signal events resulting from a
hard collision, given a new physics model. Furthermore, most searches for new physics are not
unfolded, i.e. they are parametrized by detector-level (reconstruction-level) events, hence the
detector response also has to be properly simulated. Fortunately, all this can be achieved with
a set of dedicated tools.

The tools dedicated for event simulation are known as general purpose MC event generators.
They are very important in high energy physics and a vital item in any experimenter’s (and
in many theorist’s ) tool-box, as they allow to make predictions on collider experiments for a
theoretical model or in other words, to map the theoretical prediction of a measurement onto the
experimental result. Furthermore, experimental collaborations often rely on Monte-Carlo event
generation for designing and optimizing specific analysis strategies.

Before presenting the current landscape of reinterpretation tools based on full event simula-
tion, let us briefly describe the complicated task of recreating the full process of a hard collision
event all the way to the detector response. This can be divided in three steps: parton-level event
generation, simulation of hadronisation and showering and emulation of the detector response.
For each one, specific tools are used. Several frameworks, such as MadGraph5_aMC@NLO |[110],
interface them for an automatized production of events.

e Parton-level event generators. The first stage of an event, known as parton-level, is con-
formed by the elementary particle production resulting from proton collisions trough el-
ementary processes. At this stage the effects of color confinement are not yet taken into
account, hence the final states are mainly composed of bare quarks and gluons.

Parton-level generators automatically generate matrix elements to describe a specific final
state at leading order (LO) in perturbation theory, i.e. they compute the LO cross section
of the production process. Recently, automatic calculations of NLO corrections have been
included [140, |. To describe the incoming partons they employ implementations of
PDFs, internally described or selected from the LHAPDF [142] framework. The probabilistic
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distribution of the outgoing particles are computed from the leading order perturbation
theory description of the process. A widely used dedicated tool is MadGraph5 [110] which
outputs parton-level events using the LHE format [113].

o Simulating showering and hadronization.

The resulting partons from the hard process (as well as the partons from initial state
radiation) will branch out into a cascade of radiating partons with deacreasing momentum,
forming a parton-shower that fills the space with mostly soft gluons. In MC generators
the parton showers can be simulated as a sequential step-by-step process formulated as
an evolution of a transferred momentum that decreases at each step until perturbation
theory is no longer applicable. When this point is reached, color confinement takes over to
group the partons into colorless hadrons, in a process known as hadronization. Dedicated

tools such as PYTHIA |14, 115], HERWIG [110] and Sherpa [117, 118] are extensively used to
simulate both the parton showering and hadronization giving as output hadronised events
(often referred as truth- or particle-level MC events) on a HEPMC [119] format.

e Detector simulation.

The last step is to emulate the detector response. There are mainly two ways currently
used by the reintepretation community. The first one is to use the fast detector simulator
DELPHES [150] as it provides a fast way of reproducing the detector response from hadronised
events. In DELPHES, analysis objects, such as jets, missing energy and isolated electrons are
reconstructed from a realistic simulation of the propagation of the stable (within the de-
tector) SM particles trough the calorimeters, while their energy is deduced by smearing the
long-lived particles’ momenta according to the detector resolution. Futhermore, DELPHES
is a multi-purpose simulator in the sense that it can be used to simulate the response of dif-
ferent LHC (or future) experiments. The other way is known as the ‘smearing+efficiency’
approach. This is implemented, for instance, in the RIVET framework [I151, |. The
main idea is the use of effective transfer functions to map physics objects from truth-level
to detector-level. This is done by ‘smearing’ truth-level event kinematics with resolution
functions in conjunction with reconstruction efficiencies.

Once with a set of simulated events, what follows is to apply the selection cuts implemented
by the analyses. By doing so, one obtains the efficiency of the signal . Then, the number of
expected signal events ng are computed as:

ns = ;Lo (3.6)

where £ is the integrated luminosity (provided by the experiment) and o is the total cross section
of the production process. Finally, ng is used, together with the observed and expected number
of (SM) background events provided by the analyses, to compute the 95% CL level of exclusion
using the CLs prescription, or alternatively, the %95 CL upper limit on o.

Currently, there are a number of public tools, that can either take detector level events or
smear truth-level ones and apply selection cuts on them to derive constraints on new physics
scenarios:

e CheckMATE [153, | takes the output from DELPHES to derive signal efficiencies using
the cut-based analyses implemented in it’s database. Since the release of CheckMATE 2,
it is possible to generate events using Pythia or MadGraph5_aMC@NLO within the same
framework. Furthermore, new analyses can be implemented by external users with the
CheckMATE AnalysisManager [155].
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e MadAnalysis 5 [156, 157] also relies on DELPHES to obtain detector-level events. The list of
available analyses is found in it’s Public Analysis Database (PAD) [158, 157] which can be
automatically installed locally. Users are encouraged to validate and add to the PAD any
analysis implemented within the MadAnalysis framework. Furthermore, MadAnalysis 5
has been integrated to MadGraph5_aMC@NLO. Finally, it is now possible to use efficiency and
smearing functions for detector emulation with MadAnalysis [159].

e ColliderBit [I160] is the GAMBIT framework [161] module devoted to reinterpretation of
collider results. It follows the ‘smearing+efficiency’ approach for detector simulation by
means of the BuckFast routines and the published efficiency functions from the individual
experiments.

e Rivet [162, 151] was originally established as a toolkit and library of collider event analyses
at truth level. However, since the release of v2.5.0 it comes with a detector efficiency
and kinematic smearing system trough which truth-level events are passed, allowing the
reinterpretation of reconstruction-level BSM search results.

e adl2tnm [163] and CutLang |10, 165] parse and run analysis logic written under the recently
developed domain-specific language ADL [166, 1], designed with intuitive keywords to
specify analysis objects and operators. Specifically, ad12tnm is a Python code that writes
C++ analysis code from ADL files while CutLang is runtime ADL interpreter. Both packages
can take a variety of event formats. A repository of LHC analyses implemented in the ADL
language is available in [167]. Furthermore, a parser from ADL to Rivet is also under
development.

All the tools described above provide a clear road-map for re-interpreting searches for promptly
decaying new particles. However, a standard framework doesn’t exist yet for LLP searches. The
reason being that this type of searches rely on detector-dependent definitions of reconstructed
objects, hence fast detector simulators require to be significantly adapted. Nonetheless, several
implementations of LLP searches have been performed by following different approaches. Some
of them have been made public via the ‘LLP Recasting Repository’ or are available in some of
the aforementioned frameworks. Two examples are:

Displaced jets with truth-level events. In [168] the CMS search for displaced di-jets [169)]
was implemented. The followed approach involved taking truth-level information and use it to
reconstruct the various vertex, cluster, and track-level observables of each event. To estimate
the reconstruction efficiencies, the authors computed truth-level efficiencies from signal models,
identical to the ones used by the experiment, and normalized them to the analysis results.
The obtained ratios were then used to re-scale truth-level efficiencies from other models. For
validation, the ratios were compared for different LLP masses and kinematics, obtaining an
agreement at a factor-of-two level.

Displaced Leptons with a customised DELPHES version. The CMS search for displaced leptons
[106] has been implemented in MadAnalysis relying on a customized version of DELPHES® (dubbed
DELPHES-LLP) available within the MadAnalysis framework [170]. It was originally designed to
handle neutral LLPs decaying into leptons within the tracker but can be extended to simulate
neutral LLPs decaying into muons outside the tracker or charged LLPs with leptonic decays.

5From v3.4.1, the standard DELPHES includes the features of the customised version.
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Chapter 4

SModelS. Recent developments.

The nature of the SMS approach allows us the possibility of deriving constraints on a wide
variety of BSM theories. Furthermore, since event simulation is not necessary, these constraints
are rapidly derived. It is with this spirit that the SModelS tool was conceived.

In SModelS a general procedure to decompose BSM theories, presenting a Zs symmetry, into
simplified model topologies is implemented. Followed by an automatic matching between the
produced topologies and the corresponding simplified model results in its large database. It
provides detailed information on the relevant topologies that are not covered by any result in the
database. Moreover, SModelS comes with a set of auxiliary ‘smodelsTools’ that make for more
efficient phenomenological studies.

SModelS is under constant development. In the first version of the tool, only UL maps
from SUSY searches where included in the database, however by v1.1 efficiency maps started
to be included. Afterwards, v1.2 (the current at the time of this writing) arrived with several
new features. First, by considering the lifetime of Zs-odd particles, the type of searches in
the database was extended to include HSCP and R-hadron searches. Second, it now allows
for a combination of signal regions in effciency map results by means of covariance matrices
provided by the experiments. Third, smodelsTools now includes an interactive plots maker! for
an easier visualization of the results from a model scan. Finally, several other improvements
were included to increase the user-friendliness, such as the use of wildcards in the selection of
experimental results and a faster database that can be given as a URL. The database is also
constantly growing, with releases independent of the tool itself. Current version of the database
is v1.2.3.

In Sec. 4.1 SModelS general concept is described, followed by an overview of the current
database in Sec. 4.2. Afterwards, the main improvements in SModelS v1.2 will be detailed in
Sec. 4.3, based on the official publication [135]. The complete description of the implementation,
functionalities and general usage of SModelS can be found in the online manual?.

4.1 General concept.

SModelS [134], is a public tool that, based on a general procedure to decompose BSM collider
signatures into SMS topologies, provides a way to cast BSM predictions for the LHC in a model
independent framework, which can be directly confronted with the relevant experimental con-
straints on simplified model topologies. SModelS currently focuses on BSM models with a Zs
symmetry, SUSY or non-SUSY. As schematized in Fig. 4.1, it is made of three key ingredients

!The author of this thesis was heavily involved in the development of this tool.
2https:; /smodels.readthedocs.io/en/latest /index.html
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Figure 4.1: SModelS scheme.

e The decomposition of the BSM spectrum into SMS topologies.
e A database of experimental SMS results.
e The interface between decomposition and results database.

The SModelS implementation is based on assuming that the signal efficiencies from the ex-
perimental searches in its database depend mostly on the event kinematics and are just sightly
affected by the details of the BSM model. For instance, simplified models from DM searches are
not included in SModelS since they are generally model dependent. Furthermore, it remains the
responsibility of the user to apply SModelS only to models and experimental results for which
this assumption is approximately valid.

The general re-interpretation procedure of the SModel$ framework, as detailed in [134] works
as follows. First, all the signal topologies appearing in the full BSM spectrum are computed,
together with their respective cross section times branching ratios o x B, here called weights.
Since only models with a Zs symmetry are considered, all the possible signal topologies will
correspond to pair production of Zs-odd particles P that decay as P — P’ + SM. The general
picture of a resulting topology is shown in Fig. 4.2, where the production of a pair of Zs-even
BSM states and their subsequent cascade decay is schematized. All the relevant information in
each topology is reduced to the number of vertices and SM final state particles in each vertex,
the masses of all the conforming BSM particles, and the diagram weight o x B.

As a consequence of the decompositon, the full model has been transformed into a group of
SMS topologies, whose only information are the masses and weights o x B associated to each
one of them. This prepares the next step of the procedure: confronting the obtained theoretical
predictions of the group of SMS topologies with the experimental constraints. To do this, SModelS
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Figure 4.2: Graphic representation of a general SMS topology in a model with a Zy symmetry.

automatically compares each signal topology from the decompositon with the SMS topologies
constrained by experimental analyses. This is fairly trivial when the analysis provide an [0 x By,
map for a single toplogy as a function of the masses of the relevant BSM particles. For example,
constraints on the T1 are normally presented individually as function of mg and m 0 However,
it often happens that analyses constrain the sum of several topologies instead of the ‘constituent
ones. For instance. in [127] constraints are shown for the composite T5VV topology rather than
on the THOWW, T5ZZ and THWZ topologies individually. In such cases, SModelS combines the
signal topologies according to the individual contributions to the total o x By assumed by the
experimental search. Once this is done, the resulting theoretical predictions for the cross sections
of the combined topologies can be directly compared to the experimental upper limits. Finally,
the result is presented as

oxB
r o % BluL (4.1)
where if r > 1, the theoretical prediction would be considered as excluded.

Alternatively, SModelS can also use efficiency map results to confront theoretical predictions.
These kind of results often provide the efficiencies corresponding to different signal regions at each
point. The corresponding upper limits are computed using the number of observed and expected
events and the corresponding uncertainties, for each SR at each point. By default, SModelS
keeps only the UL of the best SR (i.e. largest ratio (theory prediction)/(expected limit)) or, if a
covariance matrix is available, the UL after SR combination.

4.2 The database.

SModelS contains a large and regularly updated database of validated SMS results from ATLAS
and CMS. Since v1.1 [171], two types of experimental results are used:

e Upper Limit (UL) results contain the experimental constraints on the cross section times
branching ratio ( o x BR ) for simplified model or a combination of them. These constraints
are typically given in the format of UL maps, which correspond to 95% CL upper limit
values on o x BR as a function of the respective parameter space (usually BSM masses
or slices over mass planes). Their advantage is that the statistical evaluation drawn from
the measured efficiencies, are already done by the experimental collaborations. Moreover,
they usually assume the best signal region (for a given point in parameter space), a com-
bination of them or more involved limits from other methods. However, this means that
the interpretation of UL maps is restricted to constraining signal topologies individually.

o FEfficiency Map (EM) results constrain the total signal ()} o x BR X €) in a specific
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signal region®. They correspond to a grid of simulated acceptance times efficiency (A x ¢)
values for a specific signal region for a specific simplified model. Furthermore, additional
information, such as the luminosity, number of observed and expected events is also stored
in a EM-type result. EMs are either directly provided by the experimental collaborations
or computed by the theory groups by means of full event simulation. A useful property of
this kinds of results is that they can be used to constrain combinations of simplified models
that contribute to the same SR. Moreover, when covariance matrices are provided by the
experimental collaborations, contributions from different signal regions can be combined.

At the time of redacting this thesis, the current version of the database is v1.2.3 [172]. It
comprises 3246 individual maps from 397 distinct signal regions and 96 different SMS topologies,
from a total of 96 ATLAS and CMS analyses. From Run 1, it includes results from 25 ATLAS
and 18 CMS 8 TeV searches. From Run 2, results from 23 ATLAS and 30 CMS 13 TeV searches
are present, including 3 UL and 8 EM maps from CMS LLP searches. The complete list of the
results that compose this version is found in https://smodels.github.io/docs/ListOf Analyses.

4.3 Developments in SModelS v1.2.

With the publication of v1.2 [135], SModelS announced several new developments. First, while
previous versions were restricted to missing energy signatures and assumed prompt decays within
each decay chain, the current one now considers the lifetime of each Z3-odd particle and appro-
priately takes into account missing energy, heavy stable charge particle and R-hadron signatures.
This is detailed in Sec. 4.3.1. Second, SModelS now allows for a combination of signal regions
in efficiency map results whenever a covariance matrix is available from the experiment. This
important step towards fully exploiting the constraining power of efficiency map results, is ex-
plained in Sec. 4.3.2. Futhermore, smodelsTools now provides an interactive plots maker to
conveniently visualize the results of a model scan. This is discussed in Sec. 4.3.3. Finally, sev-
eral other improvements that increase the user-friendliness, such as the use of wildcards in the
selection of experimental results, and a faster database which can be given as a URL are not
discussed here but can be found in [135].

4.3.1 Combination of signal regions.
Methodology.

If the experiment provides a covariance matrix together with efficiency maps for SMS topologies,
the signal contributions in different signal regions can be combined [173, .4 This is im-
plemented in SModelS v1.1.3 onwards following the (symmetric) simplified likelihood approach
of [173], and easily extendible to the more general treatment described in [174] once experimental
results are available in that format.

SModelS allows for a marginalization as well as a profiling of the nuisances, with profiling
being the default. As CPU performance is a concern in SModelS, we try to aggregate the official
results, which can comprise a very large number of signal regions, to an acceptable number
of aggregate regions. Here “acceptable” means as few aggregate regions as possible without
significant loss in precision or constraining power. The CPU time required scales roughly linearly
with the number of signal regions, so aggregating e.g. from 80 to 20 signal regions means gaining
a factor of four in computing time.

SHere e = A x e.

4With or without covariances, EMs are needed for all signal regions. Since the best SR can change depending
on the model being tested, a single map containing the efficiencies for the best SR in each bin cannot be used in
a general way.

47


https://smodels.github.io/docs/ListOfAnalyses

For the computation of the 95% confidence level from the likelihoods, a CLs(= CLg,/CLy)
limit [175] is computed from the test statistic g,, as described in section 2.4, Eq. (14), in [176].
We then search for CLs; = 0.95 using Brent’s bracketing technique through the SciPy optimize
library, see [177].

When using runSModelS.py, the combination of signal regions is turned on or off with the
parameter combineSRs described in the previous section. Per default, combineSRs=False, in
which case only the result from the best expected signal region (best SR) is reported. If com-
bineSRs=True, both the combined result and the result from the best SR are quoted. If the
user writes his/her own python code, the combination of SRs is envoked by setting combine-
dResults=True in theoryPredictionsFor(). In the same instance, one can switch between
profiling and mariginalizing with marginalize=True/False, False being the default. An explicit
example is discussed in the “How To’s” of the online manual [178].

Example case.

The CMS SUSY group is providing covariance matrices for most of their analyses, so far under
the assumption of Gaussian errors. However, by the time SModelS v1.2 was released, only
two CMS analyses also provide simplified-model efficiency maps for each SR: CMS-SUS-16-
050 [179] and CMS-PAS-SUS-16-052 [180].° Since the former analysis has significantly non-
Gaussian background uncertainties, as we have checked, the covariance matrix provided for it is
not a good approximation [171]. For this reason, only the covariance matrix for CMS-PAS-SUS-
16-052 was included in SModelS v1.2.

Concretely, CMS-PAS-SUS-16-052 is a search for supersymmetry with compressed mass spec-
tra in events with at least one soft lepton, moderate to high values of missing transverse mo-
mentum p%ﬂss, and one or two hard jets, compatible with the emission of initial-state radiation.
It targets scenarios of stop-pair production, pp — t~1t~’{, where the mass difference to the )2(1] is
smaller than the mass of the W boson. The analysis has 44 SRs. The simplified model in-
terpretations assume either four-body stop decays, t — bf f’ ) (T2bbWWoff) or decays via an
intermediate chargino, £ — bx;", X7 — ff'xX}) (T6bbWWoff). Efficiency maps for all 44 SRs are
provided for both simplified models.

Figure 4.3 shows validation plots for the T2bbWWoff simplified model, comparing the 95%
CL cross section upper limit derived by SModelS to the official UL from CMS across the SMS
mass plane for three cases: using only the best SR (top left), combining all 44 SRs (top right),
and aggregating to 17 SRs before combination (bottom). The z and y axes are m; and m; —
myo = Am, respectively, and the colour code shows fur, = ol (CMS) /o¥ (SModelS). A value of
fur, = 0.8 means that our SR combination gives a 20% weaker limit than the official CMS result,
a value of fyr, = 1.2 means that it is 20% too aggressive. Also shown are the official exclusion
line (black) and the exclusion line derived from SModelS (grey).

We see that using only the best SR leads to too weak a limit: the mean fyr, is about
0.6 and the mass limit is up to about 150 GeV too low—compared to the maximum reach of
mz ~ 500 GeV this is significant. In contrast, the combination of all 44 SR performs much better
for reproducing the official CMS result. Aggregating the 44 original SRs to 17 speeds up the
calculation by more than a factor 2 while still giving a result very close to the full combination.
The same holds true for the T6bbWWoff topology. We therefore included the efficiency maps
for 17 aggregated SRs as CMS-PAS-SUS-16-052-agg in the SModelS database. The covariance
matrix is given in the globalInfo.txt file in the same folder. Combining 17 SRs takes less than
2 sec on an average 4-core Intel i5 desktop computer.

5Other CMS Run 2 SUSY analyses provide covariance matrices but no efficiency maps. ATLAS analyses
typically give efficiencies for the best SR only; moreover they do not provide covariances.
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Figure 4.3: Comparison of exclusion curves from CMS-PAS-SUS-16-052 efficiency maps for the
T2bbWWoff simplified model, using only the best signal region (top left), the combination of all
44 signal regions (top right) and the combination of 17 aggregate signal regions (bottom). The
color map shows the fyr-value obtained from dividing the official limit by the one obtained with
SModelS. The grey lines indicate the SModelS exclusion r = 1. For comparison, the black line
shows the official CMS exclusion curve.

4.3.2 Implementation of HSCP and R-hadron signatures.

The implementation of HSCP and R-hadron signatures required several important changes in
theSModelS code as detailed below. For the user this is noticeable only in an extended out-
put format in particular in the reporting of missing topologies, and a set of 10 new txnames
(SMS topology definitions), which serve as a short-hand notation for the HSCP and R-hadron
topologies.

Extension of decomposition procedure.

Taking the BSM particle masses, quantum numbers, total decay widths, branching ratios and
total production cross-sections as input, SModelS performs a decomposition of the collider
signature of any Z, symmetric BSM model into a coherent sum of simplified-model topologies.
The resulting topologies exhibit a two-branch structure emerging from the production of twoZs-
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Figure 4.4: Decomposition into simplified model topologies and computation of weights in
SModelSv1.2.

odd BSM states and their subsequent cascade decays. In the v1.0 and v1.1 releases, it was
assumed that all BSM decays are prompt and that all cascade decays end in a stable neutral
BSM particle leading to MET final states (otherwise, if checkInput=True, an error was issued).
From v1.2 onwards this has been generalized in two ways.

First, instead of always assuming a MET final state, we allow each cascade decay to terminate
in any BSM particle. Using the quantum numbers defined for the BSM particle, the final state is
then classified as a MET signature, an HSCP or an R-hadron. If it does not fall in any of these
categories, an error message is displayed.

Second, during the decomposition into simplified models, at each step in the cascade we
compute the probabilities for the respective BSM particle to decay promptly (Fprompt) and
to decay outside the detector (Fiong) [181, 182]. The procedure is illustrated schematically in
Fig. 4.4. The fraction of decays which take place inside the detector (labeled simply as “displaced
decays”) is approximated as Fgisplaced = 1 — Flong — Fprompt- Note that the final states appearing
in the displaced vertex are not stored during decomposition, since SModelS is currently not able
to constrain displaced decay signatures; this is left for future work. As a result, for the time
being, all elements with displaced decays will be identified as missing topologies.

Concretely, Fiong and Fprompt are computed from the respective particle proper lifetime, 7,

using the approximation
1 ginner
F tzl—exp<—< 4.2
promp = () (42)

1 gou er
o (- {2),)

We choose (Cinner/VB)et = 1 mm and (£outer/YB)et = 7m,® which provides a good approximation
to the result of a full simulation as shown in Appendix B of [152].
After decomposition the respective weight & of each simplified-model topology is hence given

by

and

~ ) i X Y
= Oprod (H BRZ X fprompt) ‘Flong/displaced}-long/displaced ) (4‘4)

i
where 0,04 is the production cross section of the mother particles and X, Y are the Z» final states
of the two cascades. The index ¢ runs over all intermediate Zs-odd particles. For each chain, the

5As we currently include CMS results only, fouter corresponds to the CMS detector size. For the inclusion of
ATLAS results (£outer/v8)est would have to be adjusted accordingly.
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Figure 4.5: Extension of the SModelS bracket notation to include the Zs-odd final state descrip-
tion, in this example (HSCP, MET).

last probability factor is given by Flone for decays which take place outside the detector, or by
Fdisplaced for displaced decays.

Extension of SModelS bracket notation

As explained in detail in [171], inside SModelS the structure and final states of elements are
represented in textual form using a nested brackets notation. In order to fully specify all the
information of a given SMS topology (an element), we must also include the list of masses for the
Zo-odd states, the list of Z>-odd final states and the element weight. The masses for the Zs-odd
BSM states are represented by a mass array for each branch. An example is given in Fig. 4.5.
The quantum numbers of this BSM final state are essential for defining which type of signature
this element represents. In an element the Zs-odd final state quantum numbers are mapped to
final state signatures, as defined in the particleNames module. Currently the defined types of
final states are: ‘MET’, ‘HSCP’, ‘RHadronG’, ‘RHadronQ’, the latter two being color-octet and
color-singlet R-hadrons, respectively. New final state types can easily be added in this module.

HSCP and R-hadron results in the database

The v1.2.2 database includes results from the CMS searches for lepton-like HSCPs (carrying one
unit of elementary charge), color-octet (gluino-like) R-hadrons and color-triplet (squark-like) R-
hadrons at 8 TeV [110] and 13 TeV [109] center-of-mass energies. The relevant topologies and
their short-hand notation (“txnames”) in the SModelS database are summarized in Fig. 4.6.

We computed efficiency maps for the eight HSCP simplified-model topologies shown in
Fig. 4.6. To this end, for the 8 TeV analysis we utilized the recasting provided in Ref. [183]. For
the 13 TeV analysis we performed a dedicated recasting (see Appendix A of [182] for details).
These efficiency maps are included in the SModelSv1.2.2 database.

For the R-hadron searches we only consider the direct production topologies TRHadGM1,
TRHadQM1. As R-hadrons are strongly produced, their production via cascade decays is as-
sumed to be less relevant and hence not considered here. We include the respective cross-section
upper limits from Refs. [109, | considering the cloud hadronization model (assuming a 50%
probability for gluino-gluon bound state formation as in [110]).

4.3.3 Interactive Plots Maker.

For a simple and quick visualization of results from a scan over input files, we now provide an
“interactive plots maker” as part of smodelsTools. This tool allows to easily produce interactive
plots which relate the SModelS output (in python output format) with information on the user’s
model stored in the SLHA files. It gives 2d plots in the parameter space defined by the user,
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Figure 4.6: Simplified model topologies containing HSCP and R-hadron final states included in
the SModelSv1.2.2 database. A double line represents an HSCP or R-hadron, while a dashed line
represents an arbitrary decay chain terminating in a neutral LLP (providing a MET signature).
The labels of the topologies correspond to the naming convention used in the database.

with additional user-defined information appearing in hover boxes. The output is in html format
for viewing in a web browser. We stress that the aim is not to make publication-ready plots but
simply to facilitate the user’s analysis of, e.g., the properties of points in a scan.

The general usage of the SModelS interactive plots tool is:

smodelsTools.py interactive-plots [-h] [-p PARAMETERS]

-f SMODELSFOLDER -s SLHAFOLDER [-o OUTPUTFOLDER]
[-N NPOINTS] [-v VERBOSITY]

arguments:

-h, --help show this help message and exit.
-p PARAMETERS, --parameters PARAMETERS path to the parameters file |. /iplots paramete

-f SMODELSFOLDER, --smodelsFolder SMODELSFOLDER path to the smod-
els folder with the SModelS python output files.

-s SLHAFOLDER, --slhaFolder SLHAFOLDER path to the SLHA folder with the
SLHA input files.

-0 OUTPUTFOLDER, --outputFolder OUTPUTFOLDER path to the output folder,
where the plots will be stored [./plots].

-N NPOINTS, --npoints NPOINTS How many (randomly selected) points will be
included in the plot. If -1, all points will be read and included [-1].

-v VERBOSITY, --verbosity VERBOSITY Verbosity (debug, info, warning, error)
[info].

The default values are given in [|. A typical usage example is:

./smodelsTools.py interactive-plots \
-f inputFiles/scanExample/smodels-output/ \
-s inputFiles/scanExample/slha -p iplots_parameters.py \
-o results/iplots
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The above command will read the SModelS output files (in python format) from the folder
inputFiles/scanExample/smodels-output, the corresponding SLHA input files from inputFiles/scanExampls
and generate a set of HI'ML files with the interactive plots, which can be visualized with a regular
web browser.

The settings in iplots_parameters.py include:

plot _title: main overall title for your plots, e.g. the model name.

x and y axes:: axis label, SLHA block and PDG code number of the variables you want to
plot, in a python dictionary form. Example:”

variable_x = {’m<sub>gluino</sub>’: [’MASS’, 10000211}
variable_y = {’m<sub>LSP</sub>’: [’MASS’, 1000022]}

spectrum hover information: defines which information from the input SLHA file will appear
in the hover box. The syntax is again a python dictionary.

e slha_hover_information: information from the input SLHA file, e.g. model parameters
or masses. Example:
slha_hover_information = {’m(gluino)’: [’MASS’, 1000021],
’m(chil0)’: [’MASS’, 1000022]1}.

e BR_hover_information: defines for which particle(s) to display decay channels and branch-
ing ratios. Example:
BR_hover_information = {’BR(gluino)’: 1000021}.
The output is written in the form .25[1000022, 1, —1], where the first number (0.25) is the
branching ratio, and the numbers in [] are the PDG codes of the decay products.

WARNING: Lists of branching ratios can be very long, so the may not fit in the hover box.
One can define the number of entries with BR_get_top (default: ‘all’); e.g. BR_get_top =
3 will display only the three largest branching ratios.

e ctau_hover_information: displays the mean decay length in meter for the listed parti-
cle(s). Example:
ctau_hover_information = {’ctau(chil+)’: 1000024}.

SModelS hover information: defines, as a list of keywords, which information to display from
the SModelS output. Example:

smodels_hover_information = [’SmodelS_excluded’, ’r_max’,
’Tx’, ’Analysis’, ’file’].

The options are:

e SModelS_status: prints whether the point is excluded or not by SModelsS;

e r_max: shows the highest r-value for each parameter point (‘False’ if no experimental
result applies);

e chi2: shows, if available, the y? value associated to the highest r-value (if not, the
output is ‘False’);

"Htm] notation like <sub>NAME</sub> for subscript and <sup>NAME</sup> for superscript works for axes labels
and in the spectrum hover information, but not in the SModelS hover information.
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e Tx: shows the topology/ies which give the highest r-value;

e Analysis: shows the experimental analysis from which the strongest constraint (r _max)
comes from;

e MT_max: shows the missing topology with the largest cross section (in SModelS bracket
notation);

e MT_max_xsec: shows the cross section of MT max in fb;

e MT_total_xsec: shows the total missing cross section in fb, i.e. the sum of all missing
topologies cross sections;

e MT_long_xsec: shows the total missing cross section (in fb) in long cascade decays;

e MT_asym_xsec: shows the total missing cross section (in fb) in decays with asymmetric
branches;

e MT_outgrid_xsec: shows the total missing cross section (in fb) outside the mass grids
of the experimental results;

e file: shows the name of the input spectrum file.
Choice of plots to make

e plot_data: choice of which points to plot; the options are: all, excluded, non-excluded
points. Example:
plot_data = [’all’, ’excluded’, ’non-excluded’].

e plot_list: which quantities to plot in the x, y plane; the same options as for SModelS
hover information apply. Example:
plot_list = [’r_max’, ’chi2’, ’Tx’, ’Analysis’, ’MT_max’,
MT_max_xsec’, ’MT_total_xsec’].

The plotted quantities (r _max, chi2, Tk, Analysis, etc.) and kind of points (all, excluded,
non-excluded by SModelS) are reflected in the interactive plots’ filenames. Moreover, a file
index.html is created for a convenient access to all plots.
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Chapter 5

Constraining the Minimal Dirac
Gaugino Model.

Most SUSY searches at the LHC are performed in the context of the MSSM, where gauginos are
Majorana particles. By introducing Dirac gauginos, we obtain an enriched phenomenology, from
which considerable differences in the LHC signatures and limits are expected as compared to the
MSSM. Concretely, in the MDGSSM we have an electroweakino sector extended by two extra
neutralino and one extra chargino eigenstates. Moreover, production cross sections are enhanced
for gluinos, while for squarks they are suppressed. Furthermore, small mass splitting within both
the bino- like and wino- like states may lead to the presence of LLPs.

The present chapter disscusses current constraints on the gluinos and squarks and on the
electroweakino sector of the MDGSSM, mainly derived from reinterpreting LHC results but also
from considering constraints from dark matter searches. In Sec. 5.1 the MDGSSM is introduced
and general phenomenological considerations are discussed. In Sec. 5.2 we explore the conse-
quences of the current LHC limits on gluinos and squarks in this model based on [184]. In
Sec. 5.3 we focus on the electroweakino sector of the model. In there, we find the parameter
space where the lightest neutralino is a viable DM candidate that avoids constrains from DM
direct detection, LEP and LHC Higgs measurements. Followed by exploring the consequences
for collider phenomenology of the DM compatible electroweakino parameter space. This section
is based on [185].

5.1 The Minimal Dirac Gaugino Model.

To add Dirac masses for the gauginos, we need to add a Weyl fermion in the adjoint representation
of each gauge group; these are embedded in chiral superfields S, T, O which are respectively a
singlet, triplet and octet, and carry zero R-charge. The resulting field content is summarised in
Table 5.1. The mass terms can then be written by the supersoft [186] operators

Esupersoft = /d29 [ \@mDBeawlaS + 2\/§ meeatr (W2aT)
+ 2\/§mD39°‘tr (W3a0) + h.c., (5.1)

where W, are the supersymmetric gauge field strengths. While it is possible to write the masses
through hard breaking operators [187], in spontaneously broken SUSY, Dirac masses should only
appear through the above supersoft terms which have the remarkable property that they do not
appear in the renormalisation group (RG) equations for any other operators [188, , |.
This means that Dirac gauginos can, in principle, be taken much heavier than their Majorana
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Names Spin 0 Spin 1/2 Spin 1 | SU(3), SU(2), U(1)y
Quarks Q | Q@=(ur,dr) | (ur,dr) (3,2,1/6)
u® % uG (3,1,-2/3)
(x3 families) | d° 1 ¢ (3,1, 1/3)
Leptons L (Ter,€1) (Ver,€L) (1, 2,-1/2)
(x3 families) | e €% R (1,1, 1)
Higgs Hy, | (H, Hy) (Hf, Hy) (1,2,1/2)
Hq (Hc(l)ch?) (g&HJ) (1a 2, '1/2)
Gluons W3, Ja g (8,1,0)
W Waq wE W | wE WO (1, 3,0)
B Wi, B B (1,1,0)
DG-octet O, O, q (8,1,0)
DG-triplet T {10, 7%} | {W'= W0 (1,3,0)
DG-singlet S S B’ (1,1,0)

Table 5.1: Chiral and gauge multiplet fields in the model. The red coloured section corresponds
to the new chiral multiplets that complete the DG model. The rest are the usual multiplets
found in the MSSM.

counterparts since, instead of inducing a logarithmic correction to the sfermion masses, they only
induce a finite shift: when this hierarchy is maximally large (i.e. we start with zero soft masses
for sfermions) it is known as the supersoft scenario, which would be realised e.g. in models of
goldstone gauginos [190, 191].

The supersoft property when applied to the Higgs masses means that Dirac gaugino (DG)
models are much more natural than Majorana ones, although they do not completely alleviate
the little hierarchy problem by themselves [192]. On the other hand, the singlet and triplet fields
can have new superpotential couplings with the Higgs,

W D AsSH, - Hq + 2\ Hq - TH,, (5.2)

which naturally enhance the Higgs mass at tree level — and can also be associated with an N = 2
supersymmetry in the gauge-Higgs sector [193, 194]. An N = 2 SUSY in turn leads automatically
to alignment [195] due to the SU(2) R-symmetry of the two Higgs doublets (which form an N = 2
hypermultiplet) [196]. This alignment is surprisingly robust under quantum corrections, where
there is an accidental cancellation of N = 2 breaking effects [195]. Moreover, it has been found
that the R-symmetry also prevents chirality-flip diagrams, which significantly relaxes flavour
constraints [197, 198, 199] and suppresses squark production at the LHC, rendering DG models
“supersafe” [200, 201, 202, 203].

The above motivations led to many studies, and realisations being developed [204, 205, 180,
206, 193, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223, 224,
225, 226, 227, 228, 229, 230, 231, 232, 233, 234, 235, 190, 191, 236, 187, 237, 238, 239]. The
models fall either into the class of those that preserve an exact R-symmetry, or allow a small
amount of R-breaking. On the former side, the principal example is the Minimal R-Symmetric
Supersymmetric Standard Model (MRSSM) [197]: this requires the addition of supplementary R-
Higgs fields (in the same gauge representation as the MSSM Higgs doublets but with different R-
charges) which do not obtain expectation values after electroweak symmetry breaking. However,
the couplings in eq. (5.2) are forbidden, and the equivalent couplings between the Higgs and R-
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Higgs fields do not give any tree-level enhancement to the Higgs mass, making the Higgs sector
rather like the MSSM — except that stop mixing is forbidden by the R-symmetry, so that in
order to obtain the correct value of the Higgs mass either the new superpotential couplings must
be very large [237, 238, 239] or the stops should be in the O(10-100) TeV range [195].
Quantum gravity arguments tell us, however, that no continuous global symmetries should
be exact, and so the R-symmetry should be broken at some scale. In this paper, we shall consider
the minimal model: the MDGSSM, described by just the matter content of the MSSM and the
adjoint chiral superfields. This model requires R-symmetry to be broken in the Higgs sector by a
B, term, otherwise it would be spontaneously broken at the same time as electroweak symmetry
and generate a massless R-axion in the Higgs sector. As in [200, ) , , |, we shall
assume that this is the only source of R-symmetry breaking, and is motivated by minimality,
naturalness (allowing the couplings Ag7) and the idea that the Higgs sector couples to a different
source of SUSY breaking than the other fields (in order e.g. to generate the ;1/B,, terms of similar
order etc). This is perfectly consistent at the level of the RG equations: the B, term does not
generate other R-breaking operators on RG evolution. Consequently, the superpotential is

WMDGSSM _yii U,Q; - Hy — V' D;Q; - Hq — Y/ E/L; - Hg (5.3)
+ puHy - Hg + AsSH, - Hg + 2\r Hg - TH,,, (5.4)

where Q;,L;U;, D;, E;,, Hg, Hy, are, respectively, the superfields for the left-handed (LH) squarks;
LH sleptons; right-handed (RH) up-type squarks; RH down-type squarks; RH sleptons; down-
and up-type Higgs fields as in the MSSM, and Y,”,Y;’, Y27 which are the standard Yukawa cou-
plings of the MSSM. For the supersymmetry-breaking terms, we add just the supersoft operators
eq. (5.1), and the standard soft terms

_ﬁstandard soft :Qz(sz)ng + Ul(m2U)ZUJ + DZ(mZD)gDJ + Ez(m%)i[’]
+ B (mi)] Ej +miy, |Hul? +miy, |Hal* + Bu(Hy - Ha + h.c.)
+m3|S|2 4 2m2tr(TTT) + m3| 0| (5.5)

1
+ [tsS + 5B58? + Brix(IT) + Botr(00)

+ /:1:53 + AgpStr(TT) + AsoStr(0OO0) + h.C} .
Importantly, the above contains no SUSY-breaking squark trilinears; but there is still some
small mixing in the stop/sbottom sector due to the u-term. For simplicity we shall also take
A, = Ast = Ago = 0 in the following, which is well justified in gauge mediation models [213],
but we do not expect these parameters to affect our bounds in any significant way.

Both the MDGSSM and the MRSSM can be embedded in grand unified theories by adding
additional electroweak-charged fields [241]; in the former case there is a constrained scenario,
the CMDGSSM. For simplicity and generality we shall not include the extra fields, which in
any case should not significantly affect the bounds on squarks and gluinos. Instead we shall
take a phenomenological approach, choosing masses and couplings at the scale of the colorful
superpartners. While the parameter space of such models is large, we shall argue that the
constraints we find should be quite general for this class of models.

The present chapter re-examines LHC bounds on squarks and gluinos in the MDGSSM and
on the electroweakino sector of the model. Squarks and gluinos which have so far been studied
only for Run 1 data [200, , |. For the MRSSM there was a study of collider bounds on
sleptons and electroweakinos in the MRSSM using Run 1 data [211], and a recent examination of
bounds on charginos in a gauge-mediation scenario [245]. The scalar octet partners of the gluons,
or “sgluons”, have received more attention in the literature: Dirac gaugino models predict two
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real sgluons, a scalar and pseudoscalar, since they come from a (complex) chiral superfield. These
have very interesting collider phenomenology [216, , , , , , l;
in particular, if CP is preserved then the pseudoscalar is likely to be relatlvely hght and decay
predominantly to tops, so they can be searched for in four-top events |23, .

5.1.1 General phenomenological considerations.

The electroweakino sector.

An interesting phenomenological consequence of adding the chiral superfields S and T is, that
we obtain 6 neutralino and 3 chargino mass eigenstates (as compared to 4 and 2, respectively, in
the MSSM). The neutralino mass matrix My in the basis (B’, B, W°, W HY, HY) is given by

Mu = (5.6)
Mps 0 0 0 —Mmzswcg mzswsg
0 0 0 Mpw \/ijchwsﬁ \f/\TmZCWCB
0 0 Mpw 0 mzcwcg —mzcwsa
_7\/g§$\smzswsﬁ —mzSswceg \/iATchst; mzcwcg 0 —n
—@m SwC M7 S S \f)me P MCw S _ 0
gy WZOWEB ZSWSp ZCweg ZCWS3 U

where sy = sinfyy, sg = sin § and cg = cos f; tan f = v, /v4 is the ratio of the Higgs vevs; Mpp
and mpyw are the bino and wino Dirac mass parameters; u is the higgsino mass term, and Ag and
Ar are the couplings between the singlet and triplet fermions with the Higgs and higgsino fields.
By diagonalising eq. (5.6), one obtains pairs of bino-like, wino-like and higgsino-like neutralinos,
with small mass splittings within the bino or wino pairs induced by Ag or Ar, respectively. For
instance, if Mpp is sufficiently smaller than Mpy and p, we find mostly bino/U(1) adjoint )2(1)72
as the lightest states with a mass splitting given by

oM 2X% —
Moo — Mo = Ziv ( gY)C,gSB . (5.7)

X2 X1 2 gy

Turnlng to the charged EW-inos, the chargino mass matrix in the basis vt = (VV’+ W, H+)
= (W'=,W~,HJ) is given by:

0 Mpw 2)‘T mwcg
Mo = Mpw 0 me85 s (5.8)
)‘T mwsg V2 2mweg "
This can give a higgsino-like ¥* and two wino-like Y= —the latter ones again with a small

splitting driven by Ap. Note that in both egs. (5.6) and (5.8), Majorana mass terms are absent
since we assume purely Dirac eigenstates in this model.

The mass splitting between the two lightest neutralinos determines the X lifetime. If the
splitting is very small, the Xy can live long enough to effectively be a co-LSP on collider scales
and appear only as MET. For larger mass splittings, the ¥ can decay promptly, leading to the
complex signatures discussed in the paragraphs above. In between, the X3 is a long-lived neutral
particle, whose decays can give signatures with displaced vertices, with soft displaced photons
plus MET being the predominant one. Similarly, when )Zli is the NLSP, its lifetime is determined
by the Mg+ —Mgo Mass splitting. If Myt —Mgo is small enough, ﬁc would be a long-lived charged
particle that could leave a DT signature or be considered as an HSCP at the LHC, depending
on its resulting lifetime. The collider phenomenology of scenarios with LL electroweakinos will
be discussed in detail in Sec. 5.3.
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Effect of R-symmetry breaking.

The mass-splittings in the neutralinos are due to the R-symmetry breaking effect of both the
H, and H, fields obtaining an expectation value — hence they are proportional to cgsg which
vanishes for large and small tan 8. In addition, when Ag = gy /v2,Ar = ¢g2/v/2, we have an
effective global symmetry among the gauginos and higgsinos which allows the neutralinos and
charginos to remain of Dirac type at tree-level — this is not actually the SU(2) R-symmetry, of
which the higgsinos are actually singlets.

This means that any Majorana masses for the neutralinos and charginos (which we are
neglecting) should be smaller than the above splittings in order for the analysis in this paper to
be valid: this makes a difference to the softness of the decays from Y9 to xJ, for example.

Turning to the gluinos, at tree level g; 2 are exactly Dirac in our model; the two states are
only split by a tiny difference at one loop from the small amount of mixing between the left-
and right-handed squarks proportional to . Here, however, a modest Majorana mass could be
tolerated, since the only effect would be to split the eigenstates and so be distinguishable in a
detector as separate particles: in our benchmarks they shall be indistinguishable. Interestingly,
in our model the octet fermion ¢’ only couples to the scalar octets, gluino and gluons. Hence the
two gluino mass eigenstates, g1, go = 7(/\3 +3), \[()\3 — ¢'), couple only to the squarks and
quarks through the component A3, and their couplings are the same up to a factor of ¢. This
means that over the parameter space, their decays are almost identical, meaning that together
they behave like a purely Dirac gluino—except for when the decay is highly non-relativistic.

In our model, the only relevant non-relativistic two-body decays of a gluino are when a squark
becomes nearly degenerate with it; and so to obtain differences between §; and o decays we
would furthermore need a sizeable source of R-symmetry breaking, which means squark mixing.
We can therefore expect a sizeable difference between the two gluino decays into stops or sbottoms
only near the kinematic limit. This can be seen as follows: for a two-body decay g; — ¢q for
i = 1,2 we can write the couplings (suppressing the gauge and Lorentz indices) as

L2 —V2g335 910 + V2934rdpAs (5.9)
and so if ¢, = cos8,q, +sinbyq,, G = —sinyq; + cos 0,G,, then the coupling to say ¢ is
£5 = G|eLaq) + cplai)], b =Vagcosty, ch=-v2gsing,  (5.10)
while ¢ = —ic}, (c%)* = —ick. The width for the gluino decays is then
L(q — qq) = Ty [( 4 mi —m2)(len® + |erl?) + 2mgmg, (cher + c}q)} . (5.11)
2 2
K = \/ —m2 —mZ )% —4dmZmz . (5.12)
So then when mg, ~ mg +mg,, mg, > my, we have (mgl + mg — mél) ~ 2mgmg, and
Km
(g — qqi) ~ mqg5 1+ 2cosf,sinb, (5.13)
167wm?

gi

Hence for maximal squark (stop or sbottom) mixing there is a complete suppression of one of
the decays in this limit.

For three-body decays of a gluino to neutralinos and quarks, we shall argue below that in our
model the neutralinos should be light, and so even though the neutralinos themselves significantly
break the R-symmetry through their mixings, the quarks/neutralinos should be relativistic and
we should not see a significant difference between the two gluino components.
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Effects on the Higgs mass at tree-level.

In the (phenomenological) MSSM, it is reasonable to consider the bino/wino/higgsino masses as
free parameters. However, in the MDGSSM (and in DG models generally) these have a large
effect on the Higgs mass at tree level. Indeed, it is well known that in the supersoft limit the
Higgs D-term potential is erased [186]; and a large p-term has a similar effect. Moreover, the
singlet and triplet scalars obtain tree-level masses mggr, mrp proportional to the Dirac mass
terms:

m%R :m%+4\mpy|2+Bs, mQTP :m?p+4\mD2]2+BT, (5.14)

and so if mpy or mpy are large then the scalar singlet/triplet should be heavy. If we then
integrate them out, then the correction to the Higgs quartic coupling is

2 2 2 2
2 2
A~ O (gymDY> +0 (IASmDY> +0 <92mD2> +0 <\[ATmD2> . (5.15)

MsRr msr mrtp mrp

The exact expressions for the Two-Higgs Doublet model parameters are given in [195]. This
means that we need to make the singlet and triplet scalars heavy relative to the gauginos and
higgsinos in order to not suppress the Higgs mass or even render the potential unstable. Without
removing the scalars from the spectrum entirely and losing all trace of naturalness, this means
keeping the gauginos/higgsinos well below a TeV.

Additionally, scalar triplet fields are well-known to generate a shift to the electroweak p-
parameter at tree-level:

Am? v? 2
Ap = 2W =— <\/§)\T/,L + ngD202ﬁ> , (5.16)
My Mrp

while the experimental best-fit value is [255]
Ap=(3.742.3) x 1074 (5.17)

2> 2 TeV for typical values of pu,mps ~ 500 GeV. Numerically we find it is
hard to find satisfactory parameter points for gaugino/higgsino masses of O(TeV) and so in our
benchmark points we shall take them to be only a few hundred GeV.
On the other hand, in the decoupling limit, the light Higgs mass is given by

(A& + A7)
2

leading to mpp 2

mj, ~ M cos®(28) + v? sin?(28) + ... (5.18)
and so taking small tan 8 and moderate values of Ag, A7 we can enhance the Higgs mass at
tree-level without having exceptionally heavy stops (given that the stop mixing will be small in
the absence of SUSY-breaking trilinear couplings).

5.2 Collider limits on gluinos and squarks.

Previous studies of Dirac vs. Majorana gauginos highlighted a weakening of collider limits on
squarks due to the absence of a chirality flip in the DG case [200, ) , |. In the MSSM,
squark-anti-squark production at the LHC (pp — .4}, qrq}) proceeds via s-channel gluon
and t-channel gluino exchange; squark—squark production (pp — ¢4, ¢*¢*) of same (LL, RR)
and mixed (LR) chirality via ¢-channel gluino exchange is another important contribution to the
total squark production. Squark—squark production of same chirality however requires a chirality
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Squark production, LHC 13 TeV, mg=1.5 TeV.
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Figure 5.1: Squark production cross-sections at leading order (LO) for the 13 TeV LHC as a
function of the gluino mass in the MSSM (in red) and in the DG case (in blue), for mg = 1.5 TeV,

assuming an 8-fold squark degeneracy (¢ = 4, d, ¢, §). The dashed, dotted and full lines show
the squark-squark, squark-antisquark and total squark production cross-sections, respectively.

flip, so it is absent in the DG case. Moreover, the other t-channel gluino exchange processes are
suppressed by |p|/ mg in the amplitude, where |p| is the momentum in the propagator. This has a
huge impact on the total squark production in the presence of a heavy Dirac gluino as illustrated
in Fig. 5.1. This suppression of light-flavour squark production at the LHC is the perhaps best
known consequence of Dirac gauginos.

There are also other interesting consequences, which may impact collider phenomenology.
For one, the cross-section of gluino-pair production is enhanced in the DG case because of the
larger number of degrees of freedom than in the MSSM (see [250] for a detailed discussion).
Another important aspect is the more complex electroweak-ino spectrum. Concretely, while in
the MSSM the neutralinos are a linear combination of the four neutral fermions, the bino B, wino
WO and higgsinos I:IS and HY, in the DG model this is supplemented by two adjoint fermions:
a bino B’ and wino W". In the chargino sector, the charged winos W+ and higgsinos ﬁj ,
I:Id_ are supplemented by the triplet W%, We thus have six neutralino and three chargino mass
eigenstates, which may appear in gluino and squark cascade decays.

One may therefore expect that LHC phenomenology, and constraints from current searches,
are different in DG models as compared to the MSSM. In this section we will derive such limits
on gluinos and squarks, on the light of run 2 LHC results.

5.2.1 Benchmark scenarios.

To quantitatively investigate how the aforementioned arguments affect LHC limits on gluinos
and squarks, we chose four benchmark scenarios with different values of Ag, Ar. Concretely we
take mpy < pu < meop with, for the first three benchmarks,

mpy = 200 GeV, =400 GeV, mps =500 GeV. (5.19)

Moreover, to favor a large tree-level boost to my,, we take tan 8 = 2. This gives a hierarchical
spectrum of bino-, higgsino- and wino-like states with masses of about 200, 400 and 500 GeV,
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Figure 5.2: Influence of Ag on the mass splitting between the two bino-like mass eigenstates )2(1)72
(left) and on the lifetime of the 3 (right) for the parameters of eq. (5.19) and tan § = 2.

respectively. Finally, we set A = 0.2 and choose two values of A\g, Ag = —0.27 and —0.74, to
have cases with small and sizeable )2(1)72 mass splittings. The dependence of the )2(1)72 mass splitting
and the Y9 lifetime on g is shown in Fig. 5.2%.

With this setup, the masses of gluinos and squarks are treated as free parameters (msp and a
scalar soft mass-squared parameter), while the masses of the 3rd generation squarks are adjusted
such that my,, € [123, 127] GeV. The calculation of the mass spectrum and decay branching ratios

is done with SARAH [257, , , , | and SPheno [262], including Higgs mass calculation
the 2-loop level [263, , |. We consider three distinct cases:
DG1: Ag=—0.2T; m; ~my ~ 3.6 TeV, (5.20)
DG2: As=—0.74; m; ~ mj ~ 2.6 TeV, (5.21)
DG3: Ag=—0.74; m; ~ mj ~ 1.6 TeV. (5.22)
For DG1 with Ag = —0.27, the two bino-like mass eigenstates 5((1)2 are quasi-degenerate with

sub-GeV mass splitting, and the Y3 has a mean decay length of nearly 3 km, so that it will
appear as a co-LSP. For A\g¢ = —0.74 (DG2 and DG3), the two bino-like mass eigenstates )2(1)72
have masses of about 182 GeV and 216-218 GeV, respectively, and the Y3 decays promptly into
O ff via an off-shell Z.

Since we are mostly interested in gluino and squark cascade decays, we consider also a fourth
benchmark with heavy winos by moving msp above 1 TeV, thus on the one hand somewhat sup-
pressing decays into wino-like states, and on the other hand changing the kinematic distributions
of such cascades. Concretely,

DG4 : mip =200 GeV, u =400 GeV, mop = 1175 GeV,
As = —0.79, A\r = —0.37; m; ~ my ~ 3TeV. (5.23)

The main parameters and resulting masses for the four benchmark scenarios are summarised
in Table 5.2. Examples of gluino and squark decay branching ratios are given in Table 5.3 and
compared to the branching ratios in the MSSM with an equivalent bino/wino/higgsino spectrum.

The complete SLHA spectrum files produced with SARAH/SPheno are available at [266].2 Note

I This results does not include 1 loop neutralino decays.

2For the sake of reproducibility of our results, we provide moreover the SPheno model and input files, as well as
the UFO model and two helpful scripts for modifying the SPheno .spc files so they can be used for event generation
with MadGraph/Pythia.
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Parameters Masses
DG1 | DG2 | DG3 | DG4 DG1 | DG2 | DG3 | DG4
mip 200 200 200 200 X0 [201.35 | 182.1 | 181.8 | 182.4
map 500 500 500 1175 || X9 | 201.72 | 218.0 | 216.6 | 213.2
I 400 400 400 400 X9 | 403 400 | 396 | 408
tan 2 2 2 2 X9 | 419 445 | 441 | 437
~Xs | 027 | 074 | 074 | 0.79 || XY | 537 536 | 535 | 1226
V2Ar | 014 | 014 | 014 | —026 || X3 | 548 | 548 | 546 | 1227
m2 | 1.25¢7 | 6.5¢6 | 2.26¢6 | 8.26¢6 || X7 | 400 395 | 391 | 398

Q3 ~1

m% 6.25¢6 | 6.25¢6 | 6.25¢6 | 6.25¢6 || X3 536 | 536 | 534 | 1224
X .

map | 1750 | 1750 | 1750 | 1750 || X8 | 949 | 548 1 547 | 1229

1 3604 | 2607 | 1590 | 2894
12 3613 | 2637 | 1613 | 2927
hi | 124.0 | 125.0 | 125.3 | 125.2

Table 5.2: Parameters and masses of the four benchmark scenarios; mip, map, @, tan 3, Ag, Ar

and the soft masses of the third generation (m%2 = m?j = mZD ) are fixed for each benchmark,
while m3p and m% = mzﬁ = m% will be varied to scan over gluino and squark masses.
1 1 1

here, that our conventions differ (as usual) from the SARAH DiracGauginos implementation. We
have

Parameter | SARAH convention
Ag —lam (5.24)
A1 LT/V/2

Scenarios DG1, DG2 and DG3 have heavy stops and sbottoms, so the gluino branching ratios
in Table 5.3 will not change significantly with the gluino mass in the region accessible with current
LHC data, as long as mg < mg (if mg > mg, then of course § — ¢G decays dominate). This
is different for DG3 which has stops and sbottoms at about 1.6 TeV. Here the gluino branching
ratios vary a lot with mg up to 2 TeV, as shown in Fig. 5.3. We note that in this figure BR (1)
and BR(g2) are averaged over because R-symmetry breaking effects lead to differences in g; and
g2 decays near the threshold where 2-body decays into sbottoms/stops become kinematically
allowed. These differences are however experimentally not observable.

5.2.2 Simplified model limits with SModelS.

As a first step, we applied the Simplified Model Limit approach using SModel$ [171] to the DG1
and DG3 scenarios. The results are shown in Fig. 5.4.

For DG1, when mg < mg the strongest constraint comes from the pp — gg, § — 73X}
simplified model (denoted as T1) and excludes gluino masses up to about 1250 GeV for LO
cross-sections. When mg < mg, the strongest constraint mostly comes from the pp — Gq™,
G — qx} simplified model (denoted as T2), excluding squark masses up to roughly 1300 GeV as
long as the gluino is not too heavy. In the equivalent MSSM case (MSSM1 scenario in Table 5.3),
the gluino mass limit would be only 1 TeV due to the smaller gluino pair-production cross-section
while, conversely, the squark mass limit would be about 2 TeV for 2.6 TeV gluinos.

For DG3, which has stops around 1600 GeV and a xy—x" mass splitting of about 35 GeV,
the picture changes. On the one hand, over a large part of the region with mz < mg, the
strongest constraint now comes from the pp — §g, § — ttx} simplified model (denoted as
T1tttt). Moreover, and more importantly, gluino and squark decays via the bino-like 3 are
followed by X3 — XV ff via an off-shell Z, which is a different topology in the simplified model
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| DG1 | DG2 [ DG3 | DG4 || MSSM1 | MSSM4 |

Gluino decays, mg ~ 2 TeV, mq ~ 2.6 TeV
J — qq + binos 12% | 6% 18% 10% 15%
G — bb + binos — 1% - 6% - 1%
g — tt + binos 1% | 4% - 6% 1% 3%
G — (qq""), bb) + heavy EW-inos | 66% | 36% | — | 13% 66% 19%
g — (tt, tb,bt) + heavy EW-inos | 20% | 53% | - | 61% 23% 62%
g—t+ 7?172 — - 48% - - -
G—b+bio - 1 52% | - - -
Squark decays, mg ~ 2 TeV, mg ~ 2.6 TeV
dr — q + binos 99% | 99% | 98% | 99% 92% 92%
gr. — q + heavy EW-inos 99% | 99% | 99% | 97% 98% 97%

Table 5.3: Branching ratios of gluino and squark decays for DG1-DG4. For gluino decays we
consider the mass hierarchy mg < myg, ,, for squark decays the mass hierarchy ney, , > Mg The
columns MSSM1 and MSSM4 give the comparison to the equivalent MSSM case with M; =
200 GeV, p =400 GeV and My = 500 GeV (MSSM1) or 1200 GeV (MSSM4); third generation
squark masses are about 3.6 TeV for MSSM1 and 3 TeV for MSSM4, while tan 3 = 10 and
A; = —4 TeV to achieve my, =~ 125 GeV.

picture.® This drastically reduces the effective cross-section (¢ x BRs) that goes into the T1,
T1tttt or T2 topologies. Consequently, the excluded region is noticeably smaller for DG3 than
for DG1, with a gluino mass limit of only 1 TeV (corresponding to the factor 2 reduction of the
T1 cross-section which is also seen in the comparison between DG1 and MSSM1 above), and a
squark mass limit below 1 TeV.

It is also worth pointing out that for heavy gluinos and squarks, the effective T1(tttt) or T2
cross-sections become too small and electroweak production of charginos followed by )Zzi — WX
decays (denoted as TChiWW) takes over as the most constraining simplified model signature.
Note however that TChiWW upper limit maps are available for 8 TeV only—neither ATLAS nor
CMS have provided them for the 13 TeV data—and do not exclude any of the scan points.

We have to keep in mind, however, that the constraints which can be derived in the context
of simplified models considerably weaken in realistic scenarios where the gluinos (squarks) share
out their branching ratios over several decay channels [133]. For instance, in the DG1 scenario
BR(§ — qqx?) « 0.1, which means that only 1% of the total gluino-pair production is constrained
by the pp — 3, § — qgX} simplified model. This clearly suggests that the simplified model limits
are not sufficient for constraining complex scenarios as the ones considered here. Nonetheless,
this approach provides a very fast way to derive results that can serve as lower bounds, when
scanning for the true exclusion lines of such cases.

5.2.3 Recast of the ATLAS multi-jet plus E7** analysis.

To derive the true exclusion limit, a full recasting of the experimental search(es) is necessary.
With this aim, we implemented (see [267]) the ‘Meff-based’ signal regions of the ATLAS multijet
search [208] for squarks and gluinos in final states with 2-6 jets and large missing transverse
momentum, using 36 fb~! of \/s = 13 TeV pp collision data, in MadAnalysis5 [155].

We scanned over gluino and light-flavor squark masses for the DG1, DG2, DG3 and DG4
scenarios. For each scan point, we simulated 30K events with MadGraph5_aMCONLO |140], with

3In SModelS txname notation, these would be constrained by, e.g., T5ZZoff or T6ZZoff results, which are
however not available.
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Figure 5.3: Branching ratios of gluino decays (averaged over g; and g2) for DG3 as function of
the gluino mass, for mg ~ 2.6 TeV.
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Figure 5.4: SModelS constraints in the gluino versus squark mass plane, on the left for DG1, on
the right DG3. The colour code denotes the simplified model which gives the strongest constraint
(T1: pp — G4, § — qax¥; Tltttt: pp — g, § — X3 T2: pp — 43, ¢ — qx?; TChiWW:
pp — Xffgli, )zli — W*XY). Full-colour (non-transparent) points are excluded by SModelS, while
light-shaded points escape the simplified model limits.

parton showering and hadronization done in Pythia8.2 [115] and the simulation of the ATLAS
detector with Delphes3 [150]. Afterwards, the events were analyzed with MadAnalysis5 and
exclusion confidence levels (CL) were computed. Finally, for limit setting, since signal regions
are inclusive, only the “best” (i.e. the statistically most sensitive) were used.

Figure 5.5 shows the 95% CL exclusion lines in the gluino vs. squark mass plane for the
benchmark scenarios with light winos, and for MSSM1, an MSSM scenario equivalent to DGI.
In the region mg > mg we found a robust limit of mgz 2 1.65 TeV when squarks are very heavy, in
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Figure 5.5: 95% CL exclusion limits in the gluino vs. squark mass plane for DG1 (green), DG2
(blue) and DG3 (red) contrasted with MSSM1 (black dashed line), derived from the recasting
of the ATLAS 2-6 jets + MET analysis for 36 fb=! at \/s = 13 TeV. Only the most sensitive
(=best expected) signal region is used for the limit setting.

all cases. In the region mg > mg, for DG2 and DG3 we obtained a squark limit of mg 2 1.1 TeV,
while for DG1 the limit reaches mg > 1.4 TeV. The difference is a consequence of the ¥3 — Z*x!
decays, which are present in DG3 and DG2 but not in DG1.

We also observe different “dips” in the exclusion contours for the different benchmark sce-
narios which originate from a switch of the best signal region from 6j-Meff-1800 (6 jets, Mg >
1800 GeV) to 6j-Meff-2600 (6 jets, Meg > 2600 GeV) at different, but close, values of gluino
mass for each scenario.

To understand the shape of the exclusion contour, it is instructive to consider which signal
regions are used for the limit setting and how the various production modes contribute to the
final CLs value. To this end, Fig. 5.6 shows the CLs values in the best signal region from various
proton-proton processes as a function of gluino mass, for medium heavy squarks of mg ~ 2.6 TeV.

We see that the best signal region switches from 6j-Meff-1800 (6 jets, Mg > 1800 GeV) to
6j-Meff-2600 (6 jets, Mg > 2600 GeV) at different values of gluino mass for the three benchmark
scenarios. In particular for DG3 this leads to the exclusion CL dropping below 0.95 for mg ~
1.7 TeV, where gluino decays into 3rd generation squarks become dominant, and getting back
above 0.95 for mg ~ 1.8-2 TeV. Moreover, we observe that taking into account gluino-pair
production would only give a bound of mg 2 1.65-1.7 TeV, as is also found in the limit of heavy
squarks in Fig. 5.5. The inclusion of both gluino-pair and gluino-squark production is essential
for a correct limit setting.®

Next, we compare in Fig. 5.7 the CLs values in different signal regions for DG1 and DG3. In
order to cut across the dip-peak features in the exclusion contours, we here choose mgz ~ 3.6 TeV
for DG1 and mg ~ 2.6 TeV for DG3. We see again that for relatively light gluinos the best signal
region is 6j-Meff-1800 and the observed CL value drops below 0.95 for gluino masses around
1.65 TeV. The 6j-Meff-2600 signal region, on the other hand, excludes higher gluino masses, up

4This was also pointed out in [133] in the context of simplified model limits.
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Figure 5.6: 1-CLs values in the best signal regions from all proton-proton processes as a function
of gluino mass for (a) DG1, (b) DG2, (c¢) DG3; mg ~ 2.6 TeV in all three cases. Individual
contributions to the total CLs (denoted by the solid black line labelled pp — all) are given
by the faint dashed lines, namely gluino-pair production (diamonds); squark-pair production
(triangles) and gluino-squark production (squares). The best signal region at each gluino mass
value is identified by the colour code as indicated in the plot legends.

to about 1.8 TeV in DG1 with mg ~ 3.5 TeV, and up to about 2 TeV in DG3 with mg ~ 2.6 TeV.
However, 6j-Meff-2600 becomes the “best” signal region (used for the limit setting in Fig. 5.5)
only for gluino masses of 1.8 TeV onwards. This is responsible for the dip-peak structure in the
exclusion curve in Fig. 5.5; using only the 6j-Meff-2600 signal region, the gluino mass limit would
be stronger.

Turning to the squark exclusion limits, Fig. 5.8 shows the CLs values in the best signal regions
as a function of squark mass, for fixed gluino mass. We again compare only DG1 and DG3, as
DG2 is very similar to the latter. For mg ~ 2.4 TeV, signal regions with 4 jets (first 4j-Meff-2600
and then 4j-Meff-3000) exclude squark masses up to 1.9 (1.8) TeV for DG1 (DG3). This is partly
due to a substantial contribution from gluino-squark production. As the gluino mass is increased
to ~ 4 TeV, both squark-pair and gluino-squark production cross-sections are suppressed, and
the best signal region is typically one with only 2 jets. The exception is DG3 with squark masses
around 1 TeV, where a 5-jet signal region with rather low Mg cut (5j-Meff-1600) becomes the
best one. This is again a consequence of the X3 — Z*X{ decays, which are present in DG3 (and
DG2) but not in DG1.

Finally, turning to the heavy winos scenario, Fig. 5.9 show the 95% CL exclusion limits in
the gluino vs. squark mass plane for the DG4 and its MSSM equivalent MSSM4 scenarios.
Interestingly, when comparing these limits with the ones for DG2 and DG3, we find very similar
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Figure 5.8: 1-CLs values in the best signal regions from all proton-proton processes as a function
of squark mass for (a) DG1 and (b) DG3. The solid lines are for mz ~ 2.4 TeV, while the dashed
lines are for mgz ~ 4 TeV. (Since the input parameters are the soft masses, m; and m; vary
slightly in the two cases.)

results; the main difference is a small increase of the squark limit by about 100-200 GeV, when
winos are heavy. Regarding DG4 compared to MSSM4, the same arguments as for the light wino
cases apply.

Before concluding this sector, a comment is in order on the effect of higher-order corrections.
It is well known from the MSSM [269, | that K-factors for gluino-pair and gluino-squark
production can be very large, of the order of a factor 2-3, depending on the PDF set used while
K-factors for squark production are somewhat smaller but still sizeable. The reason for this
comes from the fact that the K-factors for squark-pair final states are almost mass independent,
while for final states involving gluinos the K-factor mass dependence is strong. This is partic-
ularly noticeable in the scenario where squarks and gluinos are almost mass degenerate. For a
fixed gluino mass and increasing squark mass, the LO cross section decreases while the NLO cor-
rection increases, leading to larger K-factors. For the DG case, the next-to-leading order (NLO)
corrections to squark production in the R-symmetric model were computed in [239], with the
conclusion that NLO K-factors are generally larger than in the MSSM by the order of 10-20%.
Since the cross-section of squark production falls off very steeply with increasing squark mass,
K = 2 has only little impact, pushing the gluino mass limit about 100 GeV higher. The higher-
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Figure 5.10: 95% CL exclusion limits in the gluino vs. squark mass plane for benchmark DG4
with K-factors 1 (LO), 2 and 3.

order corrections for Dirac gluino final states have not been computed explicitly, but we may
assume they are not vastly different from the MSSM. Taking a K-factor of 2-3 as the reference,
the gluino mass limit increases by roughly 200 GeV to mg 2 2 TeV for heavy squarks, while for
mg ~ mg the limit is pushed to roughly 2.3-2.4 TeV. We illustrate this explicitly for the scenario
DG4 in Fig. 5.10.
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5.2.4 Conclusions

Most SUSY searches at the LHC are optimised for the MSSM, where gauginos are Majorana
particles. Dirac gauginos are, however, an interesting and theoretically well-motivated alter-
native. Their phenomenological consequences at the LHC include that gluino-pair production
is enhanced by a factor 2 as compared to the MSSM, while squark production is strongly sup-
pressed due to a much faster decoupling of the gluino t-channel exchange. Moreover, the extended
chargino and neutralino sector present in DG models can have important effects on the collider
signatures.

Here, we have investigated the bounds from LHC searches on squarks and gluinos in the
Minimal Dirac Gaugino Supersymmetric Standard Model for several representative benchmark
scenarios. Since a typical MDGSSM scenario should have electroweakinos not too far above
the electroweak scale, we chose, as a primary test case, scenarios with a bino-like LSP around
200 GeV, higgsinos around 400 GeV and winos around 500 GeV. Thus all charginos and neu-
tralinos may appear in gluino and squark cascade decays. We also considered a scenario with
heavier winos of about 1200 GeV, and we compared all these to the nearest equivalent models
in the MSSM.

In the context of simplified model constraints, derived with SModelS, the large variety of
possible decay modes in our benchmark scenarios led to very weak limits. The reason is, that
in complex scenarios like the ones considered here, only a small fraction of the total SUSY
production leads to simple signal topologies which are constrained by the available simplified
model results.

We therefore went on to confront our benchmark scenarios with a full recasting of the AT-
LAS multi-jet + MET search [208] with MadAnalysis5. By comparing the bounds in the DG
benchmark scenarios to those in the MSSM, we confirmed and quantified by how much supersoft
models are supersafe: for large gluino masses, the bounds on squarks are very significantly (by
several hundred GeV) suppressed compared to the MSSM, and this should have consequences for
the naturalness of allowed models. We showed that this statement is robust even including loop
corrections to the production. On the other hand, for smaller gluino masses, the extra degrees
of freedom lead to larger production cross-sections, and so the lower limit on the gluino mass in
these models is somewhat higher than in the MSSM.

An important feature of the DG case, which we discussed in some detail here, is that the
trilinear Ag and Ar couplings, which give a tree-level boost to the light Higgs mass, lead to small
mass splittings within the bino and wino states. This is important for LHC phenomenology
because, if the mass splitting between the two lightest states (in our benchmark scenarios the
two binos) is very small, then the Y9 can live long enough to effectively be a co-LSP on collider
scales and appear only as MET. For larger mass splittings, however, the ¥J may decay promptly
into ffx{ via an off-shell Z-boson, leading to an additional step in part of the gluino and squark
cascade decays. For mg ~ mg this has no noticeable influence on the mass limits. For heavy
gluinos or squarks, however, we showed that the mass limits slightly weaken when Ag is large.

5.3 Constraining the electroweakino sector.

5.3.1 Introduction

The lightest neutralino [271, , 32] in supersymmetric models with conserved R-parity has
been the prototype for particle dark matter (DM) for decades, motivating a multitude of phe-
nomenological studies regarding both astrophysical properties and collider signatures. The ever
tightening experimental constraints, in particular from the null results in direct DM detection
experiments, are however severely challenging many of the most popular realisations. This is in
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particular true for the so-called well-tempered neutralino [273] of the MSSM, which is pushed

into blind spots [274] of direct DM detection. One sub-TeV scenario that survives in the MSSM
is bino-wino DM [275, , , |, whose discovery is, however, very difficult experimen-
tally [279, 280, 281].

It is thus interesting to investigate neutralino DM beyond the MSSM. While a large literature
exists on this topic, most of it concentrates on models where the neutralinos — or gauginos in
general — have Majorana soft masses. Models with Dirac gauginos have received much less atten-
tion, despite their excellent theoretical and phenomenological motivations. The phenomenology
of neutralinos and charginos (“electroweakinos” or “EW-inos”) in DG models is indeed quite dif-
ferent from that of the MSSM. Therefore, we here provide up-to-date constraints on this sector
in the context of the MDGSSM.

Currently there is no reason that the electroweak fermions must be heavy, (LEP and LHC
limits impose only weak constraints) and so far the only real constraints on them have been
through DM studies. Therefore we shall begin by revisiting neutralino DM, previously examined
in detail in [210] (see also |282, 212]), which we update in this work. We will focus on the EW-
ino sector, considering the lightest neutralino x{ as the Lightest Supersymmetric Particle (LSP),
and look for scenarios where the Y{ is a good DM candidate in agreement with relic density and
direct detection constraints. In this, we assume that all other new particles of the model are
heavy and play no role in the phenomenological considerations.

While the measurement of the DM abundance and limits on its interactions with nuclei
have been improved since previous analyses of the model, our major new contribution shall be
the examination of up-to-date LHC constraints, in view of DM-collider complementarity. For
example, certain collider searches are optimal for scenarios that can only over-populate the relic
density of dark matter in the universe, so by considering both together we obtain a more complete
picture.

Owing to the additional singlet, triplet and octet chiral superfields necessary for introducing
DG masses, the EW-ino sector of the MDGSSM comprises six neutralinos and three charginos,
as compared to four and two, respectively, in the MSSM. More concretely, one obtains pairs
of bino-like, wino-like and higgsino-like neutralinos, with small mass splittings within the bino
(wino) pairs induced by the couplings Ag (Ar) between the singlet (triplet) fermions with the
Higgs and higgsino fields. As pointed out in 5.1 this can potentially lead to a long-lived X3 and/or
Sﬁ We will therefore discuss the potential of probing DG DM scenarios with LLP searches at
the LHC.

This section is based on [185] and is organized as follows. In subsection 5.4 we explain our
numerical analysis: concretely, the setup of the parameter scan, the tools used and constraints
imposed, and how chargino and neutralino decays are computed for very small mass differences.
In particular, when the phase-space for decays is small enough, hadronic decays are best described
by (multi) pion states (rather than quarks), and we describe the implementation of the numerical
code to deal with this. Furthermore, loop-induced decays of EW-inos into lighter ones with the
emission of a photon can be important, and we describe updates to public codes to handle them
correctly.

The results of our study are presented in subsection 5.5. We first delineate the viable pa-
rameter space where the lightest neutralino of the MDGSSM is at least part of the DM of the
universe, and then discuss consequences for collider phenomenology. Re-interpreting ATLAS and
CMS searches for new physics, we characterize the scenarios that are excluded and those that
escape detection at the LHC. In addition, we give a comparison of the applicability of a simplified
models approach to the limits obtained with a full recasting. We also briefly comment on the
prospects of the MATHUSLA experiment. In section 5.6 we then propose a set of benchmark
points for further studies. A summary and conclusions are given in section 5.7.
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5.4 Setup of the numerical analysis

5.4.1 Parameter scan

We now turn to the numerical analysis. Focusing solely on the EW-ino sector, the parameter
space we consider is:

0 <mpy, mpa, p<2TeV; 1.7<tanf <60; —-3<Ag, Ap <3. (5.25)

The rest of the sparticle content of the MDGSSM is assumed to be heavy, with slepton masses
fixed at 2 TeV, soft masses of the 1st/2nd and 3rd generation squarks set to 3 TeV and 3.5 TeV,
respectively, and gluino masses set to 4 TeV. The rest of parameters are set to the same values
as in [184]; in particular trilinear A-terms are set to zero.

The mass spectrum and branching ratios are computed with SPheno v4.0.3 [283, |, using
the DiracGauginos model [281] exported from SARAH [258, , , 260]. This is interfaced to
micrOMEGAs v5.2 [33, , ]? for the computation of the relic density, direct detection limits
and other constraints explained below. To efficiently scan over the EW-ino parameters, eq. (5.25),
we implemented a Markov Chain Monte Carlo (MCMC) Metropolis-Hastings algorithm that
walks towards the minimum of the negative log-likelihood function, —log(L), defined as

—log(L) = x4,z — log(pxy1) + log(mrsp) . (5.26)
Here,

° X?th is the y2-test of the computed neutralino relic density compared to the observed relic

density, QhQPIanck = 0.12 |28]. In a first scan, this is implemented as an upper bound only,
that is ) ) )
Qh* — Qh
e = = Wina) (5.27)
Q

if Qh? > Qh%,, ., and zero otherwise. In a second scan, eq. (5.27) is applied as a two-
sided bound for all Qh2. Allowing for a 10% theoretical uncertainty (as a rough estimate,
to account e.g. for the fact that the relic density calculation is done at the tree level only),
we take A?Z =0.1 QhQPIaan.

® Dy is the p-value for the parameter point being excluded by XENONIT results [51]. The
confidence level (CL) being given by 1 — pyyp, a value of py; = 0.1 (0.05) corresponds to
90% (95%) CL exclusion. To compute py,r, the LSP-nucleon scattering cross sections are
rescaled by a factor Qh%/Qh3,, ..

e mrsp is the mass of the neutralino LSP, added to avoid the potential curse of dimension-
ality.6

In order to explore the whole parameter space, a small jump probability is introduced which
prevents the scan from getting stuck in local minima of —log(L). We ran several Markov Chains
from different, randomly drawn starting points; the algorithm is outlined step-by-step in Ap-
pendix A.

5More precisely, we used a private pre-release version of micrOMEGAs v5.2, which does however give the same
results as the official release.

5Due to the exponential increase in the volume of the parameter space, one risks having too many points with
an mrsp at the TeV scale. Current LHC searches are not sensitive to such heavy EW-inos.
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Figure 5.11:  Distribution of the estimated probability for p,,: as function of mj obtained
from the RFC. Points with an estimated probability above 70% (green line) of being outside
the desired 120 < my, < 130 range (red lines) are discarded. Values in the my > 200 GeV and
my, < 50 GeV ranges are not depicted for clarity reasons.

5.4.2 Higgs mass classifier

A common drawback for the efficiency of phenomenological parameter scans, is finding the subset
of the parameter space where the Higgs mass my, is around the experimentally measured value.
Our case is not the exception, as my, depends on all the input variables considered in our study.
This is clear for p, the mass term in the scalar potential, and tan 8, the ratio between the vevs.
For the soft terms, the dependence becomes apparent when one realises that in DG models, the
Higgs quartic coupling receives corrections of the form

2 2 2 2
2 2
A~ O (gymDY> +0 (fASmDY) +0 <g2mm> +0 (\[ATmD2> ., (5.28)

MmsRr msRr mrp mrp

where mggr and mpp are the tree-level masses of the singlet and triplet scalars, respectively, and
are given large values to avoid a significant suppression on the Higgs mass’.

To overcome this issue, we have implemented Random Forest Classifiers (RFCs) that predict,
from the initial input values, if the parameter point has a my, inside (p;y,) or outside (pout) the
desired our 120 < my, < 130 GeV range. A sample of 50623 points was chosen so as to have an
even distribution of inside/outside range points. The data was then divided as training and test
data in a 67:33 split. We trained the classifier using the RFC algorithm in the scikit-learn
python module with 150 trees in the forest (n_estimators=150).

The obtained mean accuracy score for the trained RFC was 93.75%. However, we are inter-
ested in discarding as many points with mj outside of range as possible while keeping all the
pin ones. To do so we have rejected only the points with a 70% estimated probability of being
Pout- In this way, we obtained an improved 98.8% on the accuracy for discarding p,y,: points
while still rejecting 86% of them. The cut value of estimated probability for py,: was chosen as
an approximately optimal balance between accuracy and rejection percentage. Above the 70%

"See for instance, Sec. 2.4 of [184] for a discussion on the effects of electroweak soft terms on the tree-level
Higgs mass in DG models.
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value there is no significant improvement in the accuracy, but the rejection percentage depreci-
ates. This behaviour is schematised in Figure 5.11, where the estimated probability of pg.: is
shown as a function of my,.

Finally, to estimate the overall improvement on the scan efficiency, we multiplied the percent-
age of real oy (roughly 88%) by the poy: rejection percentage (86%) and obtained an overall 75%
rejection percentage. Hence, the inclusion of the classifier yields a scan approximately four times
faster.

In the various MCMC runs we kept for further analysis all points scanned over, which

1. have a neutralino LSP (charged LSPs are discarded);
2. have a light Higgs boson in the range 120 < my < 130 GeV (see above);

3. avoid mass limits from supersymmetry searches at LEP as well as constraints from the Z
boson invisible decay width as implemented in micrOMEGAs [285];

4. have Qh? < 1.1QR%, 4 (or Qr% = Qh%,, . +10%) and
5. have py;p > 0.1

With the procedure outlined above, many points with very light LSP, in the mass range below
my,/2 and even below myz/2, are retained. We therefore added two more constraints a posteriori.
Namely, we require for valid points that

6. Ap lies within 30 of the measured value Apex, = (3.9 £ 1.9) x 1074 [237], the 30 range
being chosen in order to include the SM value of Ap = 0;

7. signal-strength constraints from the SM-like Higgs boson as computed with Lilith-2 [285]
give a p-value of p; ., > 0.05; this eliminates in particular points in which mrsp < ms/2,
where the branching ratio of the SM-like Higgs boson into neutralinos or charginos is too
large.

Points which do not fulfil these conditions are discarded. We thus collect in total 52550 scan
points (out of O(10°) tested points), which fulfil all constraints, as the basis for our phenomeno-
logical analysis.

5.4.3 Treatment of electroweakino decays

As argued above and will become apparent in the next section, many of the interesting scenarios
in the MDGSSM feature the second neutralino and/or the lightest chargino very close in mass to
the LSP. With mass splittings of O(1) GeV, )ﬁc or Xy decays into x{+ pion(s) and >~<(2J,i decays
into X?’i + 7 become important. These decays were in the first case not implemented, and in the
second not treated correctly in the standard SPheno/SARAH. We therefore describe below how
these decays are computed in our analysis; the corresponding modified code is available online
[250].8

Note that the precise calculation of the chargino and neutralino decays is important not only
for the collider signatures (influencing branching ratios and decay lengths), but can also impact
the DM relic abundance and/or direct detection cross sections.

8We leave the decays ¥° to )Zji—i— pion(s) to future work.
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Chargino decays into pions

When the mass splitting between chargino and lightest neutralino becomes sufficiently small,
three-body decays via an off-shell W-boson, )ﬁc — XY+ (Wj)* start to dominate. How-
ever, as pointed out in e.g. Appendix A of [290] (see also [291]| and references therein), when
Am < 1.5 GeV it is not accurate to describe the W* decays in terms of quarks, but instead we
should treat the final states as one, two or three pions (with Kaon final states being Cabibbo-
suppressed)?; and for Am < m, the hadronic channel is closed. Surprisingly, these decays have
not previously been fully implemented in spectrum generators; SPheno contains only decays to
single pions from neutralinos or charginos in the MSSM via an off-shell W or Z boson, and SARAH
does not currently include even these. A full generic calculation of decays with mesons as final
states for both charged and neutral EW-inos (and its implementation in SARAH) should be pre-
sented elsewhere; for this work we have adapted the results of |92, , 292| which include only
the decay via an off-shell W:

T(v- ~0_—\ _ fTQI'G%‘U{ﬂ" 2 2 ~2  ~N2 2 (~2 ~ 2
(X7 = Xim ) = omg? L (leL]® + |erl?) (m, mg)” —mz (m2 + mg)
2 -
+ dmom_m2Re (cr.chy) (5.29)
N o GQ (Am;(l)2 9 4m?2 3/2 _ _
(37 8500 = gy [ |F@ (1= 25 ) R, g

{UCL|2 + |crl?] [qQ (Mm% +mg — 2¢%) + (m2 — T?L%)Q} — 12Re(ch})q2ﬁL_ﬁLo} ; (5.30)

G2 (Amf(l)2
S S
(X = xa37) 691275 g3m? f2 Jg

{ it +

. . 2
A\ (2, g, ¢%) | BWa(d?)|” 9(¢?)

m2 — m2)°
m? +mé —2¢* + % —12Re(crcy)m_mg p.  (5.31)
q

2
Mx

Here m_,mq are the masses of the y;, X} respectively, ey = Al/Q(mQ_,ﬁz%,m%)/@ﬁz_) is the
pion’s 3-momentum in the chargino rest frame, and f; ~ 93 MeV is the pion decay constant.
The couplings ¢y, cr are the left and right couplings of the chargino and neutralino to the W-
boson, which can be defined as £ D —x; v*(cL P + crPr) xoW,, . The couplings of the W-boson
to the light quarks and the W mass are encoded in G'r; in SARAH we make the substitution
G2 — g3|c4dW|2 /(16 M), where ¢4V is the coupling of the up and down quarks to the W-
boson.

While the single pion decay can be simply understood in terms of the overlap of the axial
current with the pion, the two- and three-pion decays proceed via exchange of virtual mesons
which then decay to pions. The form factors for these processes are then determined by QCD,
and so working at leading order in the electroweak couplings we can use experimental data for
processes involving the same final states; in this case we can use 7 lepton decays. The two-pion
decays are dominated by p and p’ meson exchange, and the form factor F(¢?) was defined in
egs. (A3) and (A4) of [290]. The expressions for the Breit-Wigner propagator BW, of the a;
meson (and not the ag meson as stated in [92, , |), which dominates 37 production, as
well as for the three-pion phase space factor g(¢?) can be found in eqs. (3.16)-(3.18) of [291]. As
in [92, , | we use the propagator without “dispersive correction,” and so include a factor

9As the mass difference is raised above Am = 1.5 GeéV is it found numerically that, with many hadronic decay
modes being kinematically open, there is a smooth transition to a description in terms of quarks.
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Figure 5.12: Chargino decays in the MSSM limit of our model; see text for details.

Large |u| limiting case, MDGSSM

1071 104.8 Ve
N B
: I' N
107 081 | \
4 N hadrons
109 g ’ \\\ e ———
| : .
_ o6t ] \.\ Sner
(@] ¥
2 g |1 v L
=~ 10-11 < f \ T
[ U] N \
C 0.4 ,'_ \
2 : \
m ’ : .
10-13 [ : ) \
N - ~~
s i T I
[ ¥ s
10-15 1
i, /
ook LS =
0.1 0t2 015 Ii. 115 é 10 0.1 OYZ 015 1 115 é 10
My — mye (GeV)

My — mygo (GeV)

Figure 5.13: Chargino decays in the MDGSSM.

of 1.35 to compensate for the underestimate of 7= — 37y, decays by 35%. Note finally that the
three-pion decay includes both 7~ 7%7% and 7~7~ 71 modes, which are assumed to be equal.
For comparison with [92, 290, 292], in Figure 5.12 we reproduce Fig. 6 from [290] (same
as Fig. 1 in [292]) with our code by taking the MSSM-limit of our model; we add Majorana
gaugino masses for the wino fixed at My = 200 GeV and scan over values for the bino mass
of My € [210,220] GeV while taking p = 2000 GeV and adding supersymmetric masses for the
S and T fields of Mg = Mr = 1 TeV. Keeping tan 8 = 34.664 and B, = (1TeV)? we have a
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spectrum with effectively only Majorana charginos and neutralinos, which can be easily tuned
in mass relative to each other by changing the bino mass.

In Figure 5.13 we show the equivalent expressions in the case of interest for this paper, where
there are no Majorana masses for the gauginos. We take tan § = 34.664, u = 2 TeV, vy = —0.568
GeV, vg = 0.92 GeV, Ag = —0.2, V2\r = 0.2687, mps = 200 GeV, and vary mpy between 210
and 221 GeV. We find identical behaviour for both models, except the overall decay rate is
slightly different; and note that in this scenario we have Y9 almost degenerate with Y!, so we
include decays of )ﬁc to both states of the pseudo-Dirac LSP.

Finally, we implemented the decays of neutralinos to single pions via the expression

~0 ~0_0 ng%C%/HEﬂ 2 2 ~92  ~2)\2 2 (~2 | ~2
L(xz = Xim) = TordZ 2 (leLl” + lerl?) [(m2 —mi)” —mg (M3 —|—m1)]
TGy My
+ 4mymam?2Re (cpch) } (5.32)

where now mq o are the masses of ), and ¢y, cg are the couplings for the neutralinos to the
Z-boson analogously defined as above; since the neutralino is Majorana in nature we must have
CR = —CJ.

Neutralino decays into photons

In the MDGSSM, the mass splitting between the two lightest neutralinos is naturally small.!”

Therefore in a significant part of the parameter space the dominant ¥ decay mode is the loop-
induced process X3 — X} + . This is controlled by an effective operator

L :ﬁl’y“’yy(clgpll + CEPR)\I/QF#V, (533)

0
where U; = ( 56 > is a Majorana spinor, and yields
i
Chol2 (M2, —m2.)3
‘ 12| ( X2 Xl) . (534)

2 m2

' = +7) =

Our expectation (and indeed as we find for most of our points) is that |Cya| ~ 107°-1076 GeV L.

This loop decay process is calculated in SPheno/SARAH using the routines described in [261].
However, we found that the handling of fermionic two-body decays involving photons or gluons
was not correctly handled in the spin structure summation. Suppose we have S-matrix elements
M for a decay F(p1) — F(p2) + V(p3) with a vector having wavefunction e,, then we can
decompose the amplitudes according to their Lorentz structures (putting v; for the antifermion
wavefunctions) as

M = g, MH =¢,(p3) | 2101 Py va + 2901 Ppy*vs + pl 2301 Prvg + pY 2401 Prug |- (5.35)

This is the decomposition made in SARAH which computes the values of the amplitudes {x;}. Now,
if V' is massless, and since M is an S-matrix element, the Ward identity requires (p3), M" = 0
(note that this requires that we include self-energy diagrams in the case of charged fermions),
and this leads to two equations relating the {z;}:

M1z — M mixy — max2

L, 4 2
r3 =" Ty = ——T"" where p1 - p3 = =(my — m3). 5.36
D1 - P3 D1 - P3 2( ! 2) (5.36)

10T his could be even more so in the case of the MRSSM with a small R-symmetry violation.
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Here, m1 and mg are the masses of the first and second fermion, respectively. Performing the
spin and polarisation sums naively, we have the matrix

> MM* = z; M}, (5.37)
spins, polarisations
2(m? + m3) —8mims 2m3ma my(m2 + m3)
M, = —8mymao 2(m? +m3)  mi(m? +m3) 2mims
J 2m3ms mi(m? +m3) —m2(m? +m3) —2m3my
mi(m? + m3) 2m3ms —2m3ms —m2(m? + m3)

When we substitute in the Ward identities and re-express as just x1,zs we have

. 2(m? +m3)  —4dmime xt
| Z' | MM* =(z1,29) ( _41mlm22 2m3 + m3) ) ( x; ) : (5.38)
spins, polarisations
This matrix will yield real, positive-definite widths for any value of the matrix elements x1, xs,
whereas this is not manifestly true for eq. (5.37). For earlier versions of SARAH, instead of one
of these expressions above, an incorrect formula was used. As of SARAH version 4.14.3 we
implemented the spin summation for loop decay matrix elements given in eq. (5.38), i.e. in such
decays we compute the Lorentz structures corresponding to 1,2 and ignore xs, 4.
This applies to all )Z? 2 Wy and )22;1 — )Zic’y transitions.

5.5 Results

5.5.1 Properties of viable scan points

We are now in the position to discuss the results from the MCMC scans. We begin by considering
the properties of the YJ as a DM candidate. Figure 5.14((a)) shows the bino, wino and higgsino
composition of the >~<(1) when only an upper bound on QA? is imposed; all points in the plot also
satisfy XENONIT (py;p > 0.1) and all other constraints listed in section 5.4.1. We see that cases
where the Y{ is a mixture of all states (bino, wino and higgsino) are excluded, while cases where
it is a mixture of only two states, with one component being dominant, can satisfy all constraints.
Also noteworthy is that there are plenty of points in the low-mass region, mrsp < 400 GeV.

Figure 5.14((b)) shows the points where the Y} makes for all the DM abundance. This, of
course, imposes much stronger constraints. In general, scenarios with strong admixtures of two
or more EW-ino states are excluded and the valid points are confined to the corners of (almost)
pure bino, wino or higgsino. Similar to the MSSM, the higgsino and especially the wino DM
cases are heavy, with masses = 1 TeV, and only about a 5% admixture of another interaction
eigenstate; in the wino case, the MCMC scan gave only one surviving point within the parameter
ranges scanned over. Light masses are found only for bino-like DM; in this case there can also
be slightly larger admixtures of another state: concretely we find up to about 10% wino or up
to 35% higgsino components.

As mentioned, we assume that all other sparticles besides the EW-inos are heavy. Hence, co-
annihilations of EW-inos which are close in mass to the LSP must be the dominating processes
to achieve Qh? of the order of 0.1 or below. The relation between mass, bino/wino/higgsino
nature of the LSP, relic density and mass difference to the next-to-lightest sparticle (NLSP) is
illustrated in Figure 5.15. The three panels of this figure show mygp vs. Qh? for the points from
Figure 5.14((a)), where the LSP is > 50% bino, wino, or higgsino, respectively. The NLSP-LSP
mass difference is shown in colour, while different symbols denote neutral and charged NLSPs.
Two things are apparent besides the dependence of Qh? on Mo for the different scenarios:
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Figure 5.14: Bino, wino and higgsino admixtures of the LSP in the region where it makes up
for (a) at least a part or (b) all of the DM abundance; limits from XENONIT and all other
constraints listed in section 5.4.1 are also satisfied. The colour denotes the mass of the LSP.

1. All three cases feature small NLSP-LSP mass differences. For a wino-like LSP, this mass
difference is at most 3 GeV. For bino-like and higgsino-like LSPs it can go up to nearly
25 GeV, though for most points it is just few GeV.

2. The NLSP can be neutral or charged, that is in all three cases we can have mass orderings
W< )ﬁc < x5 as well as ¥} < X9 < )ﬁc.

For bino-like LSP points outside the Z and Higgs-funnel regions, a small mass difference
between the LSP and NLSP is however not sufficient—co-annihilations with other nearby states
are required to achieve QA2 < 0.132. Indeed, as shown in Figure 5.16, we have mps ~ mpy, with
typically mpa/mpy =~ 0.9-1.4, over much of the bino-LSP parameter space outside the funnel
regions. This leads to bino-wino co-annihilation scenarios like also found in the MSSM. The
scattered points with large ratios mpa/mpy have u = mpy, i.e. a triplet of higgsinos close to the
binos. Outside the funnel regions, the bino-like LSP points therefore feature Mg =M < 30 GeV

and mgo = Mo < 60 GeV in addition to Mgy — Mygo < 20 GeV.
For completeness we also give the maximal mass differences found within triplets (quadru-
plets) of higgsino (wino) states in the higgsino (wino) LSP scenarios. Concretely we have

meo —meo S 15 GeV and m_+ — moo < 50-10 GeV (decreasing with increasing m. o) in the

X2 X1 % X1
higgsino LSP case. In the wino LSP case, Myt — Mg < 4 GeV, while Mg gk = Mo S < 20 GeV
(though mostly below 10 GeV). However, as noted before, either mass ordering, m. %9 < Mg or

My < Mg is possible.

An important point to note is that the mass differences are often so small that the NLSP
(and sometimes even the NNLSP) becomes long-lived on collider scales, i.e. it has a potentially
visible decay length of ¢7 > 1 mm. This is illustrated in Figure 5.17, which shows in the left
panel the mean decay length of the LLPs as function of their mass difference to the LSP. Long-
lived charginos will lead to charged tracks in the detector, while long-lived neutralinos could
potentially lead to displaced vertices. However, given the small mass differences involved, the
decay products of the latter will be very soft. The right panel in Figure 5.17 shows the importance
of the radiative decay of long-lived ¥Js in the plane of ¥} mass vs. ¥3—x} mass difference. As
can be seen, decays into (soft) photons are clearly dominant.
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a chargino LLP. Right: Mo V8. Mgo — Mo for points with long-lived neutralinos; the branching

ratio of the loop decay Y9 — X!~ is indicated in colour.

Let us now turn to the region where the X} would account for all the DM. Figure 5.18 (left)

shows the points with QA% = Qh%,lanck + 10% in the plane of Mg V8. Mgo — Mgo. Points with

bino-like, higgsino-like and wino-like ¥ are distinguished by different colours and symbols. As
expected from the discussion above, there are three distinct regions of bino-like, higgsino-like
and wino-like DM, indicated in blue, green and orange, respectively.

From the collider point of view, the bino-like DM region is perhaps the most interesting one,
as it has masses below a TeV. We find that, in this case, the NLSP is always the Y3 with mass
differences mgg — Mo ranging from about 0.2 GeV to 16 GeV. As already pointed in [282, 210],
this small mass splitting helps achieve the correct relic density through 2?72 co-annihilation. In
the region of mgo = 1001000 GeV, it is induced by —Ag ~ 0.05-1.26.'" For lower masses,

"Our conventions differ (as usual) from the SARAH DiracGauginos implementation: As = —lam and A\p =
LT/+/2 in SARAH convention.
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Figure 5.18: Left: mpgp vs. NLSP-LSP mass difference for points from Figure 5.14((b)); points
with bino-, higgsino-, and wino-like LSP are shown in blue, green and orange, respectively. Right:
mass differences Am of )287374 and )2{572 to the XY as function of the x{ mass, for the bino DM
points of the right panel.

mgo ~ 40 GeV or mgo ~ 60 GeV, where the DM annihilation proceeds via the Z or h pole,

and we have Am ~ 0.4-1.7 GeV and |\g| ~ 6 x 107*-0.26 (with Ag ~ —0.26 to 0.02). With
the exception of the funnel region, all the bino-like points in the left panel of Figure 5.18 also
have a )Zf[ and )234 close in mass to the Y¥. This is shown explicitly in the right panel of the

same figure. Concretely, we have Mgt — Mg < 30 GeV and mgo = Mg R 10-60 GeV. Often,

that is when the LSP has a small wino admixture, the )@t is also close in mass. In most cases
Mg+ < Myg although the opposite case also occurs. All in all this creates peculiar compressed
EW-ino spectra; they are similar to the bino-wino DM scenario in the MSSM, but there are more
states involved and the possible mass splittings are somewhat larger. In any case, the dominant
signatures are 3-body and/or radiative decays of heavier into lighter EW-inos; only the heavier
5&,3 and )Zg’()- can decay via an on-shell W, Z or h°.

Finally we show in Figure 5.19 the spin-independent (o) and spin-dependent (o5P) {9
scattering cross sections on protons, with the p-value from XENONI1T indicated in colour. While
the bulk of the points has cross sections that should be testable in future DM direct detection
experiments, there are also a few points with cross sections below the neutrino floor. We note
in passing that the scattering cross section on neutrons (not shown) is not exactly the same in

this model but can differ from that on protons by few percent.

5.5.2 LHC constraints

Let us now turn to the question of how the DG EW-ino scenarios from the previous subsection can
be constrained at the LHC. Before reinterpreting various ATLAS and CMS SUSY searches, it is
important to point out that the cross sections for EW-ino production are larger in the MDGSSM
than in the MSSM. For illustration, Figure 5.20 compares the production cross sections for pp
collisions at 13 TeV in the two models. The cross sections are shown as a function of the wino
mass parameter, with mps = 1.2mpy (My = 1.2 M;) for the MDGSSM (MSSM); the other
parameters are pu ~ 1400 GeV, tan 3 ~ 10, Ag ~ —0.29 and v2\p ~ —1.40. While LSP-LSP
production is almost the same in the two models, chargino-neutralino and chargino-chargino
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production is about a factor 3-5 larger in the MDGSSM, due to the larger number of degrees of
freedom.
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Constraints from prompt searches
SModelS

We start by checking the constraints from searches for promptly decaying new particles with
SModelS [134, , , |. The working principle of SModelS is to decompose all signatures
occurring in a given model or scenario into simplified model topologies, also referred to as sim-
plified model spectra (SMS). Each SMS is defined by the masses of the BSM states, the vertex
structure, and the SM and BSM final states. After this decomposition, the signal weights, deter-
mined in terms of cross-sections times branching ratios, o x BR, are matched against a database
of LHC results. SModelS reports its results in the form of r-values, defined as the ratio of the
theory prediction over the observed upper limit, for each experimental constraint that is matched
in the database. All points for which at least one r-value equals or exceeds unity (rpmax > 1) are
considered as excluded.

Concretely we are using SModelS v1.2.3 [172]|. For our purpose, the most relevant “prompt”
search results from Run 2 included in the v1.2.3 database are those from

e the ATLAS EW-ino searches with 139 fb—!, constraining WZ*) + E&“?iSS (ATLAS-SUSY-
2018-06 [294]), WH + ERss (ATLAS-SUSY-2019-08 [205]) and WW ™) + Emiss (ATLAS-
SUSY-2018-32 [296]) signatures arising from chargino-neutralino or chargino-chargino pro-
duction, as well as

e the CMS EW-ino combination for 35.9 fb~!, CMS-SUS-17-004 [297], constraining W Z(*) +
E%liss and WH + Ej@iss signatures from chargino-neutralino production.

One modification we made to the SModelS v1.2.3 database is that we included the combined

WZzZ™ + EIiss constraints from Fig. 8a of [297]; the original v1.2.3 release has only those from
Fig. 7a, which are weaker. It is interesting to note that the CMS combination [207] for 35.9 fb~!
sometimes still gives stronger limits than the individual ATLAS analyses [294, ) | for full

Run 2 luminosity.

The SLHA files produced with SPheno in our MCMC scan contain the mass spectrum and
decay tables. For evaluating the simplified model constraints with SModelS, also the LHC cross
sections at /s = 8 and 13 TeV are needed. They are conveniently added to the SLHA files by
means of the SModelS—micrOMEGAs interface [285], which moreover automatically produces the
correct particles.py file to declare the even and odd particle content for SModelS. Once the
cross sections are computed, the evaluation of LHC constraints in SModelS takes a few seconds
per point, which makes it possible to check the full dataset of 52.5k scan points.

The results are shown in Figures 5.21 and 5.22. The left panels in Figure 5.21 show the
points excluded by SModelS (rmax = 1), in the plane of myo vs. mgo (top left) and Mgt V.

mgo (bottom left), the difference between )28’4 not being discernible on the plots. Points with

XO
bing—like or higgsino-like LSPs are distinguished by different colours and symbols: light blue dots
for bino-like LSP points and magenta/pink triangles for higgsino-like LSP points. There are no
excluded points with wino-like LSPs.

As can be seen, apart from two exceptions, all bino LSP points excluded by SModelsS lie in the
Z or h funnel region and have almost mass-degenerate )2(314 and ﬁc — actually most of the time
they have mass-degenerate )Z%A and )Z{EQ corresponding to a quadruplet of wino states, as winos
have much higher production cross sections than higgsinos. The reach is up to about 750 GeV
for wino-like )Z%A, Xf? When the next-to-lightest states are higgsinos and winos are heavy, the
exclusion reaches only Mg Myt < 400 GeV.

The higgsino LSP points excluded by SModelS have )2(1)72 and ﬁc masses up to about 200 GeV
and always feature light winos ()Z%A, )25%) below about 500 GeV. In terms of soft terms, the
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Figure 5.21: LHC constraints from prompt searches evaluated with SModelS. The left panels
show the excluded points, rmax = 1, in the mgo vs. mgo 24 (bottom)
planes, with bino-like or higgsino-like LSP points distinguished by different colours and symbols
as indicated in the plot labels. The right panels show the same mass planes but distinguish the
signatures, which are responsible for the exclusion, by different colours/symbols (again, see plot
labels); moreover the region with rpax > 0.5 is shown in yellow, and that covered by all scan
points in grey.

(top) and m_+ vs. m
X;

excluded bino LSP points have mps < 750 GeV or p < 400 GeV, while the excluded higgsino
LSP points have p < 200 GeV and mpy < 500 GeV (see Figure 5.22).

The right panels of Figures 5.21 and 5.22 show the same mass and parameter planes as the
left panels but distinguish the signatures, which are responsible for the exclusion, by different
colours/symbols. We see that W H + EX simplified model results exclude only bino-LSP points
in the h-funnel region, but can reach up to mye, < 750 GeV; all these points have mpy = 60 GeV,
mpy < 750 GeV and p = mpg, cf. Figure 5.22 (right). The WZ*) 4 Emiss (W) 4 pmiss)
simplified model results exclude bino-LSP points in the Z- and h-funnel regions for winos up to
roughly 600 (400) GeV, and higgsino-LSP points with masses up to roughly 200 (150) GeV when
the wino-like states are below 500 (400) GeV. Correspondingly, in Figure 5.22 (right) the green
crosses lie in the range mps < 500 GeV, while blue triangles lie in the region of mps < 600 GeV
or p <400 GeV.

For completeness, the right panels of Figures 5.21 and 5.22 also show the region with ryay >
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Figure 5.22: As Figure 5.21 but in the mpo vs. p plane.
0.5. This is primarily to indicate how the reach might improve with, e.g., more statistics. It

also serves to illustrate the effect of a possible underestimation of the visible signal in the SMS
approach, although in the comparison with MadAnalysis 5 below we will see that the limits from
simplified models and full recasting actually agree quite well.

We note that we have run SModelS with the default configuration of sigmacut=0.01 fb,
minmassgap=5 GeV and maxcond=0.2. Long-lived X3 are always treated as EITniss irrespective
of the actual decay length, as the Y3 — X} + X decays (X mostly being a photon) are too
soft to be picked up/vetoed by the signal selections of the analyses under consideration.!? The
excluded regions depend only slightly on these choices. Overall the constraints are very weak:
of the almost 53k scan points, only 340 are excluded by the prompt search results in SModelS;
548 (1126) points have ryax > 0.8 (0.5).

MadAnalysis 5

One disadvantage of the simplified model constraints is that they assume that charginos and
neutralinos leading to WZ®*) + Ezr?iss or WH + EcrpniSS signatures are mass degenerate. SModelS
allows a small deviation from this assumption, but )ch)zg production with sizeable differences
between My and m.o will not be constrained. Moreover, the simplified model results from

X;
[294, , , | are cross section upper limits only, which means that different contributions to
the same signal region cannot be combined (to that end efficiency maps would be necessary [171]).

It is therefore interesting to check whether full recasting based on Monte Carlo event simulation
can extend the limits derived with SModelS.

Here we use the recast codes |
[156, , , ].13 These are

e two CMS searches in leptons —I—Ejniliss final states for 35.9 fb=! of Run 2 data, namely the
multi-lepton analysis CMS-SUS-16-039 [302], for which the combination of signal regions
via the simplified likelihood approach has recently been implemented in MadAnalysis5

) )

126 this end, we added if abs(pid) == 1000023: width = 0.0%GeV in the getPromptDecays () function of
slhaDecomposer.py; this avoids setting the X3 decay widths to zero in the input SLHA files.
13See http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase.
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Figure 5.23: DM-compatible points found in our scan (Q2h? < 0.132) in the plane of lightest
neutralino vs. third lightest neutralino mass. The left plot shows points for which mps < 900
GeV, the right plot has mps > 700 GeV. Higgsino-like LSP points are shown in green, winos
in blue and binos in black. The red transparent region surrounds all points that were found to
be excluded using MadAnalysis5; the location of the recast points are shown as large circles
(binos), crosses (winos) and triangles (higgsinos). Excluded points are coloured red.

(see contribution no. 15 in [!]), and the soft lepton analysis CMS-SUS-16-048 [303], which
targets compressed EW-inos; as well as

e the ATLAS search in the 11 + H(— bb) + EF* final state based on 139 fb~! of data,
ATLAS-SUSY-2019-08 [295], which targets the W H + EXS channel and which we newly
implemented for this study.

For these analyses we again treat the two lightest neutralino states as LSPs, assuming the
transition x93 — X! is too soft as to be visible in the detector. For the CMS 35.9 fb~! analyses,
we simulate all possible combinations of >~((1),2 with the heavy neutralinos, charginos, and pair pro-
duction of charginos; while to recast the analysis of [295] we must simulate pp — )Zzi )22>2 + njets,
where n is between zero and two. The hard process is simulated in MadGraph5_aMC@NLO |30 v2.6
and passed to Pythia8.2 [115] for showering. MadAnalysis5 handles the detector simulation
with Delphes 3 [150] with different cards for each analysis, and then computes exclusion confi-
dence levels (1 — CLg), including the combination of signal regions for the multi-lepton analysis.
For the two 35.9 fb~! analyses we simulate 50k events, and the whole simulation takes more than
an hour per point on an 8-core desktop PC. For the ATLAS 139 fb~! analysis, we simulate 100k
events (because of the loss of efficiency in merging jets, and targeting only b-jets from the Higgs
and in particular the leptonic decay channel of the W) and each point requires 3 hours.

The reach of collider searches depends greatly on the wino fraction of the EW-inos. Winos
have a much higher production cross section than higgsinos or binos, and thus we can divide the
scan points into those where mps is “light” and “heavy.” The results are shown in Figure 5.23.
They show the distribution of points in our scan in the mgo — Mo plane. In our model, there
is always a pseudo-Dirac LSP, so the lightest neutralinos are nearly degenerate; for a higgsino-
or wino-like LSP the lightest chargino is nearly degenerate with the LSP. However, mgo gives
the location of the next lightest states, irrespective of the LSP type. In this plane we show the
points that we tested using MadAnalysis 5, and delineate the region encompassing all excluded
points.

For “light” mpo < 900 GeV, nearly all tested points in the Higgs funnel are excluded by
[295] up to myg, = 800 GeV; the Z-funnel is excluded for my, < 300 GeV. Otherwise we can

~
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find excluded points in the region mgo < 200 GeV, mgo < 520 GeV. While for small mgo —
myo the ATLAS-SUSY-2019-08 search [295] is not effective, at large values of Mg some points
are excluded by this analysis, and others still by CMS-SUS-16-039 [302] and/or CMS-SUS-16-
048 [303]. We note here that the availability of the covariance matrix for signal regions A of [302]
is quite crucial for achieving a good sensitivity. It would be highly beneficial to have more such
(full or simplified) likelihood data that allows for the combination of signal regions!

For “heavy” mps > 700 GeV,'* we barely constrain the model at all: clearly Z-funnel points
are excluded up to about mgo = 260 GeV; but we only find excluded points for mgo < 100 GeV,
myg, < 300 GeV. Hence one of the main conclusions of this work is that higgsino/bino mixtures
in this model, where mps > 700 GeV, are essentially unconstrained for mgo 2 120 GeV.

In general, as in [181], one may expect a full recast in MadAnalysis 5 to be much more powerful
than a simplified models approach. However, comparing the results from MadAnalysis 5 to those
from SModelS, a surprisingly good agreement is found between the r-values from like searches
(such as the W H + ER channel in the same analysis).!® Indeed, from comparing Figures 5.23
with the upper two panels in Figure 5.21, we see that the excluded region is very similar, with
perhaps a small advantage to the full MadAnalysis 5 recasting at the top of the Higgs funnel
and at larger values of mgo for higgsino LSPs, while SModelS (partly thanks to more 139 fb~1
analyses) is more powerful in the Z-funnel region. A detailed comparison leads to the following

observations:

e The WZ + Ezr?iss upper limits in SModelS can be more powerful than the recasting of
the individual analyses implemented in MadAnalysis5. As an example, consider the two
neighbouring points with (mpy,mpg, i, tan 8, —Ag, vV2Ar) = (742.6, 435.7, 164.1, 5.83,
0.751, 0.491) and (746.6, 459.9, 154.2, 12.77, 0.846, 0.466), with mass parameters in GeV
units. They respectively have (m>297m>22’m>2g) = (189,474,753) GeV and (182,500, 761)
GeV, i.e. well spread spectra with higgsino LSPs. For the first point SModelS gives rmax =
0.99 and for the second 7pax = 0.84 from the CMS EW-ino combination [297]. The 1— CLg
values from MadAnalysis5 are 0.79 and 0.84, respectively, from the combination of signal
regions A of the CMS multi-lepton search [302]; in terms of the ratio rya5 of predicted over
excluded (visible) cross sections, this corresponds to ryias = 0.67 and 0.71, so somewhat
lower than the values from SModelS.

e The WH +E}mss signal for the two example points above splits up into several components
(corresponding to different mass vectors) in SModelS, which each give r-values of roughly 0.3
but cannot be combined. The recast of ATLAS-SUSY-2019-08 [295] with MadAnalysis 5,
on the other hand, takes the complete signal into account and gives 1 — CLg = 0.77 for the
first and 0.96 for the second point.

e The points excluded with MadAnalysis 5 but not with SModelS typically contain complex
spectra with all EW-inos below about 800 GeV, which all contribute to the signal.

e Most tested points away from the Higgs funnel region, which are excluded with MadAnalysis 5
but not with SModelS, have rya.x > 0.8.

e There also exist points which are excluded by SModelS but not by the recasting with
MadAnalysis 5. In these cases the exclusion typically comes from the CMS EW-ino combi-
nation [297]; detailed likelihood information would be needed to emulate this combination
in recasting codes.

14The regions are only not disjoint so that we can include the entire constrained reach of the Higgs funnel in the
“light” plot; away from the Higgs funnel there would be no difference in the “light” mp2 plot if we took mp2 < 700
GeV.

15\We shall see this explicitly for some benchmark scenarios in section 5.6.
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Figure 5.24: Exclusion plots for points with only charged LLPs (left) and points with neutral
and charged LLPs (right), obtained in the simplified model approach. Red points are excluded
by the HSCP searches implemented in SModelS, orange points are excluded by DT searches;
the latter are plotted as circles if excluded at 36 fb~! and as triangles if excluded at 140 fb~1!.
Non-excluded points are shown in blue.

It would be interesting to revisit these conclusions once more EW-ino analyses are imple-
mented in full recasting tools, but it is clear that, since adding more luminosity does not dra-
matically alter the constraints, the SModelS approach can be used as a reliable (and much faster)
way of constraining the EW-ino sector; and that the constraints on EW-inos in Dirac gaugino
models are still rather weak, particularly for higgsino LSPs where the wino is heavy.

Constraints from searches for long-lived particles

As mentioned in section 5.5.1, a relevant fraction (about 20%) of the points in our dataset
contain LLPs. Long-lived charginos, which occur in about 14% of all points, can be constrained
by Heavy Stable Charged Particles (HSCP) and Disappearing Tracks (DT) searches. Displaced
vertex (DV) searches could potentially be sensitive to long-lived neutralinos; in our case however,
the decay products of long-lived neutralinos are typically soft photons, and there is no ATLAS
or CMS analysis which would be sensitive to these.

We therefore concentrate on constraints from HSCP and DT searches. They can conveniently
be treated in the context of simplified models. For HSCP constraints we again use SModelS, which
has upper limit and efficiency maps from the full 8 TeV [110] and early 13 TeV (13 fb~1) [109] CMS
analyses implemented. (The treatment of LLPs in SModelS is described in detail in Refs. [182,
293].) A new 13 TeV analysis for 36 fb~! is available from ATLAS [111], but not yet included in
SModelS; we will come back to this below.

For the DT case, the ATLAS [114] and CMS [115] analyses for 36 fb~! provide 95% CL upper
limits on 0 x BR in terms of chargino mass and lifetime on HEPData [305, 306]|. Here, o x BR stands
for the cross section of direct production of charginos, which includes )ﬁt X; and )Zf 1Y production,
times BR()Z%E — xymt), for each produced chargino. Using the interpolate.griddata function
from scipy, we estimated the corresponding 95% CL upper limits for our scan points within the
reach of each analysis'® from a linear interpolation of the HEPData tables. This was then used
to compute r-values as the ratio of the predicted signal over the observed upper limit, similar to

16 This is 95 < mg+ < 600 GeV and 0.05 < 7+ <4 ns (15 < c7p+ < 1200 mm) for the ATLAS analysis [111],
1 1 1

and 100 < mex < 900 GeV and 0.067 < T2 < 333.56 ns (20 < c7 4 < 100068 mm) for the CMS analysis [115].
1 1
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Figure 5.25: Exclusion for charged LLPs using A. Lessa’s recast code for the ATLAS HSCP
search [I11] from https://github.com/llprecasting/recastingCodes; red points are ex-
cluded, green points are not excluded by this analysis.

what is done in SModelS. The points with only charged ()ﬁ) LLPs and those with both charged
and neutral (Y9) LLPs are treated on equal footing However, for the points which have both
a neutral and a charged LLP, if My > Mg, the X1 %Y direct production cross section and the

branching fraction of X1 — X9mT were also 1ncluded.

There is also a new CMS DT analysis [307], which presents full Run 2 results for 140 fb~!.
At the time of our study, this analysis did not yet provide any auxiliary (numerical) material
for reinterpretation. We therefore digitised the limits curves from Figures 1la—1d of that paper,
and used them to construct linearly interpolated limit maps which are employed in the same
way as described in the previous paragraph. Since the interpolation is based on only four values
of chargino lifetimes, T = 0.33, 3.34, 33.4 and 333 ns, this is however less precise than the

interpolated limits for 36 fb—.

The results are shown in Figure 5.24 in the plane of chargino mass vs. mean decay length; on
the left for points with long-lived charginos, on the right for point with long-lived charginos and
neutralinos. Red points are excluded by the HSCP searches implemented in SModelS: orange
points are excluded by DT searches. The HSCP limits from [110, | eliminate basically all
long-lived chargino scenarios with ery+ 2 1 m up to about 1 TeV chargino mass. The exclusion
by the DT searches [1 11, 115] covers 10 mm S Tt S S 1mandmg = up to about 600 GeV; this is

only slightly extended to higher masses by our reinterpretation of the limits of [307]. The white
band in-between cr ~ 103-10* mm corresponds to Mgk — Mo A Mgk the chargino lifetime
changes significantly when decays into pions become kinematically forbidden.

To verify the HSCP results from SModelS and extend them to 36 fb~!, we adapted the code
for recasting the ATLAS analysis [I11] written by A. Lessa and hosted at https://github.
com/llprecasting/recastingCodes. This requires simulating hard processes of single/double
chargino LLP production with fwo additional hard jets, which was performed at leading order
with MadGraph5_aMCONLQO. The above code then calls Pythia 8.2 to shower and decay the events,
and process the cuts. It uses experiment-provided efficiency tables for truth-level events rather
than detector simulation, and therefore does not simulate the presence of a magnetic field.
However, the code was validated by the original author for the MSSM chargino case and found
to give excellent agreement.
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We wrote a parallelised version of the recast code to speed up the workflow (which is available
upon request); the bottleneck in this case is actually the simulation of the hard process (unlike
for the prompt recasting case in the previous section), and our sample was simulated on one
desktop. We show the result in Figure 5.25. For decay lengths CTex > 1 m, the exclusion is
very similar to that from SModelS, only slightly extending it in the Mot =~ 1-1.2 TeV range.
For decay lengths of about 0.2-1 m, the recasting with event simulation allows the exclusion of
points in the 0.2-1 TeV mass range; this region is not covered by SModelS. As with the SModelS
results, we see that LLP searches are extremely powerful, and where a parameter point contains
an LLP with a mass and lifetime in the correct range for a search, there is no possibility to evade
exclusion.

5.5.3 Future experiments: MATHUSLA

We also investigated the possibility of seeing events in the MATHUSLA detector [95], which
would be built O(100)m from the collision point at the LHC, and so would be able to detect
neutral particles that decay after such a long distance. Prima facie this would seem ideal to
search for the decays of long-lived neutralino NLSPs; pseudo-Dirac states should be excellent
candidates for this (indeed, the possibility of looking for similar particles if they were of O(GeV)
in mass at the SHiP detector was investigated in [305]). However, in our case the only states
that have sufficient lifetime to reach the detector have mass splittings of O(10) MeV (or less),
and decays Y3 — X + 7 vastly dominate, with a tiny fraction of decays to electrons.

In the detectors in the roof of MATHUSLA the photons must have more than 200 MeV (or
1 GeV for electrons) to be registered. Moreover, it is anticipated to reconstruct the decay vertex
in the decay region, requiring more than one track; in our case only one track would appear,
and much too soft to trigger a response. Hence, unless new search strategies are employed, our
long-lived %9 will escape detection.

5.6 Benchmark points

In this section we present a few sample points which may serve as benchmarks for further
studies, designing dedicated experimental analyses and/or investigating the potential of future
experiments. Parameters, masses, and other relevant quantities are listed in Tables 5.4 and 5.5.

Point 1 (SPhenoDiracGauginos_667) lies in the h-funnel region. It features almost pure bino
5(?,2 with masses of 62-63 GeV, higgsino-like )Z{E and >~<§,4 with masses around 560-580 GeV,
and heavy wino-like f(gﬁ and )25'573 around 1.2 TeV. A relic abundance in accordance with the
cosmologically observed value is achieved through Y9%9 co-annihilation into bb (63%), gg (17%)
and 777~ (13%) via s-channel h exchange.!” Kinematically just allowed, invisible decays of the
Higgs boson have a tiny branching ratio, BR(h — {I%J) = 5.2 x 1074, and thus do not affect
current Higgs measurements or coupling fits. The main decay modes of the EW-inos are:

17This is one example where the precise calculation of the NLSP decays influences the value of the relic density.
Without the ¥5 — %97 loop calculation, T'tor (X3) = 9 x 107*® GeV and Qh? = 0.111. Including the loop decay, we
get [iot ()}8) = 6.6 x 1077 GeV and Qh? = 0.127. Note also that one has to set useSLHAwidth=1 in micrOMEGAs
to reproduce these values with SLHA file input.
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Point 1 2 3 4 5
mpy 62.58 184.24 553.94 555.47 382.20
mpa 1170.19 221.81 553.59 602.61 594.06
L 605.67 1454.11 1481.55 1115.58 480.55
tan 3 15.63 10.44 7.92 12.28 28.05
—As 0.016 1.13 0.97 0.60 0.27
V2 —1.26 —0.86 0.07 1.2 —0.93
mso 62.34 195.23 561.69 563.82 387.74
mgg 63.45 211.70 576.12 568.31 387.92
mge 581.86 222.47 589.85 600.39 432.96
mso 583.62 224.13 592.91 606.63 433.87
mgo 1233.07 1523.80 1532.71 1162.02 669.12
mgo 1234.85 1528.71 1536.34 1166.42 669.53
M 563.75 215.00 588.28 580.86 398.60
My 1212.35 229.86 592.69 626.84 619.96
M 1254.34 1521.61 1527.55 1184.63 703.47

; 0.997 0.95 0.97 0.96 0.997

" 0(107?) 0.04 0.02 0.03 O(107?)

. 0(1073) 0.01 0.01 0.01 0(1073)
Qh? 0.127 0.116 0.127 0.127 0.113
oS (0p) | 94x10713 | 22x 1071 | 1.6 x 10710 | 1.2 x 10719 | 1.8 x 10710
oSP(xip) | 2.7x 1077 | 4x107% | 1.9x107% | 27x107% | 1.1 x 1078
pPXIT 0.93 0.62 0.42 0.50 0.29
Tmax 0.39 - - - -

1 — CLy 0.65 0.51 0.02 0.03 0.07
OLHC13 14.9 2581 41.2 35.9 87.8
OLHC14 18.0 2910 49.6 43.8 103.1

Table 5.4:  Overview of benchmark points 1-5. Masses and mass parameters are in GeV, Yp

scattering cross sections in pb, and LHC cross sections in fb units. f;, fi and f; are the bino,
wino and higgsino fractions of the X9, respectively. Tmax is the highest r-value from SModelS
(when relevant), while 1 — CL; is the exclusion CL from MadAnalysis5. oppcis and oppcig are
the total EW-ino production cross sections (sum over all channels) at 13 and 14 TeV computed
with MadGraph5_aMC@ONLO; the statistical uncertainties on these cross sections are 3% for Point 2,

and about 5-7% otherwise.
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Point 6 7 8 9 10

mpy 1452.39 1919.27 1304.08 1365.50 809.67
mp2 1459.01 1229.16 1269.15 848.28 446.83
w 1033.56 1105.53 1957.19 572.96 224.68
tan 3 7.67 17.17 33.24 9.57 6.05
s 0.81 1.10 1.39 0.90 0.81
V27 0.42 0.29 0.05 0.31 0.37
mgo 1075.01 1158.96 1327.19 605.27 246.93
mgg 1079.15 1159.09 1327.31 605.71 247.19
Mgy 1470.39 1295.59 1346.21 900.98 484.79
mgo 1473.61 1296.08 1356.92 901.04 485.79
Mo 1527.23 1951.32 2076.15 1380.78 821.83
Mgy 1528.27 1957.08 2078.22 1383.37 821.86
M 1081.00 1159.38 1327.28 605.50 247.28
M 1526.26 1291.71 1331.70 898.31 480.35
M 1528.71 1299.64 2059.14 903.81 490.70
f; 0.02 0.01 0.05 0.01 0.02
& 0(107%) 0.03 0.94 0(1073) 0.01
fa 0.98 0.96 0.01 0.99 0.97
Qh? 0.112 0.124 0.11 0.04 0.006
oS (x9p) | 41x 10710 | 6.2 x 10710 | 6.4 x 10719 | 5.6 x 1071 | 1.2 x 107
oSP(xip) | 42x 1076 | 23x 1077 | 1.6 x 1072 | 1.3x107% | 2.1 x 107
PX1T 0.35 0.20 0.28 0.92 0.46
Tmax - - 0.28 - 0.39
1 - CL - - — — 0.73
OLHC13 0.48 0.65 0.32 13.2 490.5
OLHC14 0.64 0.90 0.45 16.3 557.3

Table 5.5:  Overview of benchmark points 6-10. Notation and units as in Table 5.4. The
statistical uncertainties on the LHC cross sections are about 10% for Points 6-8, 6-7% for
Point 9 and 3-4% for Point 10.
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mass decays

1254 GeV x3 — X1 7 (57%), xih (42%)

1235 GeV XG — ng (32%), X9 (29%), XEW* (36%)

1233 GeV x5 — X7 (33%), X5h (30%), XT W= (36%)

1212 GeV x2 — ><3Wi (49%), XIW* (49%)

584 GeV x4 — XJh (33%), XSh (25%), X3Z (21%), X0Z (20%)
582 GeV X3 —XVZ (30%), X5Z (26%), X3h (24%), X{h (20%)
564 GeV X1 — Xlwi (51%), XaW* (48%)

63 GeV x2 — X717 (86%); Tior = 6.6 x 10717 GeV (er &~ 3 m)
62 GeV 1, stable

Regarding LHC signals, pp — )Zic )Zg 4 production has a cross section of about 9 fb at /s = 13 TeV
and leads to almost equal rates of W2 —|—E§?iss and WH —f—Ejn}iSS (H = h) signatures, accompanied
by soft displaced photons in 3/4 of the cases. With )Z%A masses only 1.7 GeV apart, SModelS
adds up signal contributions from )ﬁc X} and )fo(g production. This gives r-values of about 0.4
for the WH + EIS topology (ATLAS-SUSY-2019-08 [295]) and about 0.3 for the W Z + Emiss
topology (CMS-SUS-17-004 [297] and ATLAS-SUSY-2017-03 [309])!® in good agreement with the
exclusion confidence level (CL), 1 — CL; = 0.645, obtained with MadAnalysis5 from recasting
ATLAS-SUSY-2019-08 [295], and 1 — CLg = 0.26 from the combination of signal regions A from
CMS-SUS-16-039 [302].

Point 2 (SPhenoDiracGauginos_50075) has a Y! mass of 195 GeV and a large Y)—x) mass
difference of 16 GeV due to Ag = —1.13. The LSP is 95% bino and 4% wino. The next-lightest
states are the wino-like sz and )2374 with masses of 215-230 GeV (mﬁt <mg < my :i:) The

higgsino-like >~<3i and 5(2,6 are heavy with masses around 1.5 TeV. A relic density of the right or-
der, Qh? = 0.116, is achieved primarily through co-annihilations, in particular )Z?)Zli (29%) and
ﬁ“)}l_ (20%) co-annihilation into a large variety of final states; the main LSP pair-annihilation
channel is Y)%{ — WTW~ and contributes 15%. The main decay modes relevant for collider
signatures are:

mass decays

230 GeV 22 = W (82%), X (11%)

220 GeV X34 — GFTW* (98-99%), X0y (2-1%)

215 GeV X1 — X1W* (100%)

212 GeV X5 — X7 (87%), X0Z* (13%); Tior = 8.2 x 10710 GeV (prompt)
195 GeV  {Y, stable

Despite the large cross section for )Zﬁ)ng (92&5(1_,2) production of 1.6 (0.9) pb at /s = 13 TeV,
the point remains unchallenged by current LHC results. Recasting with MadAnalysis5 gives
1 — CLs =~ 0.51 from both the CMS soft leptons [303] and multi-leptons [302] + EMisS searches
(CMS-SUS-16-048 and CMS-SUS-16-039), but no constraints can be obtained from simplified
model results due to the complexity of the arising signatures. In fact, 86% of the total signal
cross section is classified as “missing topologies” in SModelS, i.e. topologies for which no simplified
model results are available. The main reason for this is that the )2%74 decay via )Zli, and thus
5(1%2)2%,4 production gives events with softish jets and/or leptons from 3 off-shell Ws. It would
be interesting to see whether the photons from Y5 — %97 decays would be observable at, e.g.,
an ete™ collider.

18This drops to r < 0.1 if displaced X3 — X}~ decays are not explicitly ignored in SModelS.
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Point 3 (SPhenoDiracGauginos_12711) is similar to Point 2 but has a heavier bino-wino mass
scale of 560-590 GeV. The YJ—x3 mass difference is 14 GeV (Ag = —0.97) and the LSP is 97%
bino and 2% wino. The wino-like states are all compressed within 5 GeV around m ~ 590 GeV.
Qh? = 0.127 hence comes dominantly from co- annihilations among the wino-like states, with mi-
nor contributions from Y{x3 — WHW~= (3%) and X)X — WZ or Wh (2% each). The collider
signatures are, however, quite different from Point 2, given the predominance of photonic decays:

mass decays
593 GeV X3 — X1 (T7%), XIW* (23%)
X — X (61%), Xy W (27%), X9 (T%)
590 GeV X3 — {7y (83%), x5y (13%)
588 GeV X1 — X9W™* (55%), XYW™* (45%)
576 GeV X3 — X1 (92%), X1Z* (8%); Tior = 3.3 x 10719 GeV (prompt)
562 GeV XY, stable

Moreover, the total relevant EW-ino production cross section is only 41 fb at /s = 13 TeV,
compared to = 2.6 pb for Point 2. Therefore, again, no relevant constraints are obtained from
the current LHC searches. In particular, SModelS does not give any constraints from EW-ino
searches but reports 34 fb as missing topology cross section, 64% of which go on account of
W*(— 2 jets or lv) + v + ESSS signatures.

Point 4 (SPhenoDiracGauginos_2231) has bino and wino masses of the order of 600 GeV
similar to Point 3, but features a smaller ¥{—¢3 mass difference of 4.5 GeV (Ag = —0.6) and a
larger spread, of about 46 GeV, in the masses of the wino-like states (v/2Ar = 1.2). The higgsi-
nos are again heavy. Qh? = 0.127 comes to 46% from )2?)21_ annihilation; the rest is mostly Xli
co-annihilation with )2?’2’3. The pp — )Zli’2>~<g74 ()ZiQ)ZiQ) production cross section is 24 (12) fb at
13 TeV. Signal events are characterised by multiple soft jets and/or leptons —i—E}mSS arising from
3-body decays via off-shell W- or Z- bosons as follows:

mass decays

627 GeV >Z2 = X{W* (62%), xaW* (9%), X3W* (20%), X4W* (7%)
607 GeV x4 — XTW™* (99.9%)

600 GeV ><3 — XTW* (99.9%)

581 GeV X7 — XVW™* (97%), X9W* (3%)

568 GeV X9 — X1 (98%), XVZ* (2%); Tior = 3.8 x 10712 GeV (prompt)
564 GeV XY, stable

Point 5 (SPhenoDiracGauginos_16420) has the complete EW-ino spectrum below ~ 700 GeV.
With mpy < g < mpo in steps of roughly 100 GeV, the mass ordering is binos < higgsinos <
winos. Small \g = —0.27 and large v/2\7 = —0.93 create small mass splittings within the binos
and larger mass splitting within the winos. Concretely, the )2?72 are 99.7% bino-like with masses
of 388 GeV and a mass splitting between them of only 200 MeV. The higgsino-like states have
masses of about 400-430 GeV and the wino-like ones of about 620-700 GeV. Qh? = 0.113 is
dominated by )21 X; annihilation, Which makes up 60% of the total annihilation cross section;
the largest individual channel is X{X; — Zh contrlbutlng 14%. Nonetheless 0%+ (13%) and
X9XE (12%) co-annihilations are also important. ¥{XJ co-annihilation contributes about 4%.
The decay modes determining the collider signatures are as follows:
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mass decays

703 GeV X3 — X1 Z (78%), X1 h (16%), X3 W+ (6%)

670 GeV X0 — X9Z (45%), X W+ (36%), X3 (18%)

669 GeV X2 — X9Z (46%), Xi W+ (35%), X4 (18%)

620 GeV X5 — XaW™ (50%), YW= (50%)

434 GV X9 — xiW* (99%)

433 GV X9 — XFW* (99%)

399 GeV X7 — X9W* (58%), XIW* (42%)

388 GeV X5 — XV (100%); Tior = 4.1 x 10719 GeV (er ~ 0.5 m)
388 GeV XY, stable

The )Z;F)Z; and )Zzif(g (1,7 = 1,2,3; k = 3...6) production cross sections are 27 fb and 55 fb

at the 13 TeV LHC, respectively, but again no relevant constraints can be obtained from re-
interpretation of the current SUSY searches.

For the design of dedicated analyses it is relevant to note that )2;392876 production would give
signatures like 2W2Z + E{,I}iss or 3IW1Z + Ejl?iss, etc., accompanied by additional jets and/or
leptons from intermediate )Z%A — )ﬁEW* decays appearing in the cascade.

We also note that the Y3 is long-lived with a mean decay length of about 0.5 m. However,
given the tiny mass difference to the ¥ of 180 MeV, the displaced photon from the Y9 — xJv
transition will be extremely soft and thus hard, if not impossible, to detect.

Point 6 (SPhenoDiracGauginos_11321) is a higgsino DM point with mg 1.1 TeV and a
rather large mass splitting between the higgsino-like states, Mgy —Mgo ~ 4 GeV and Myt —Mgo =
6 GeV. Here, Qh% = 0.112 results mainly from ¥{%9 and )2(1)72)21i co-annihilations. The main de-
cay modes of the heavy EW-ino spectrum are:

mass decays

1529 GeV X3 — X1 Z (90%), XTh (8%)

1528 GeV X2 — XVZ (83%), X9h (6%), XiW T (7%), X9Z (4%)

1527 GeV X2 — 07 (62%), X972 (22%), XiWT (8%), X5h (6%)

1526 GeV X5 — XTZF (60%), XIW* (17%), X9W* (17%), Xxh (6%)
1474 GeV - X — XVZ (69%), X3Z (15%), x; WT (8%), x3h (7%)

1470 GeV X9 — 92 (79%), XiWTF (9%), Xh (8%), XVZ (5%)

1081 GeV X7 — XUW* (100%)

1079 GeV X9 — X9Z* (89%), XV (11%); Tior = 9.9 x 10719 GeV (prompt)
1075 GeV XY, stable

The LHC production cross sections are however very low for such heavy EW-inos, below 1 fb at
13-14 TeV. This is clearly a case for the high luminosity (HL) LHC, or a higher-energy machine.

Point 7 (SPhenoDiracGauginos_37) is another higgsino DM point with mgo =~ 1.1 TeV but
small, sub-GeV mass splittings between the higgsino-like states, Mgy — Mgo ~ 120 MeV and
Mgz — myo ~ 400 MeV. Co-annihilations between XY, X9 and ¥F result in Qh? = 0.124. The
main decay modes are:
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mass decays

1957 GeV XG — X1 WT (33%), XU 2Z (33%), X} oh (31%)

1951 GeV x5 — XfWﬂF (33%), X322 (32%) O oh (32%)

1300 GeV X3 — X1 (55%), th (40%), X3, W= (5%)

1296 GeV x34 = T W (44%), 10 ,Z (31%), X3 5h (25%)

1292 GeV x2 — XlWi (49%), XSW* (50%)

1159 GeV X7 — XIn T (69%), Xo7T (21%); Tior = 3.4 x 10717 GeV (e ~ 6 mm)
9 — X7 (100%); Tior = 2.1 x 1071 GeV (er &~ 92 mm)

1159 GeV XY, stable

The high degree of compression of the higgsino states causes both the Y3 and the )Zf to be long-
lived with mean decay lengths of 92 mm and 6 mm, respectively. While the X3 likely appears
as invisible co-LSP, production of )Z{E (either directly or through decays of heavier EW-inos) can
lead to short tracks in the detector. Overall this gives a mix of prompt and displaced signatures
as discussed in more detail for Points 9 and 10. Again, cross sections are below 1 fb in pp
collisions at 13-14 TeV.

Point 8 (SPhenoDiracGauginos_100) is the one wino LSP point that our MCMC found (within
the parameter space of mpy,mpa, u < 2 TeV), where the ¥ accounts for all the DM. Three of
the wino-like states, )2(1)72 and ﬁc, are quasi-degenerate at a mass of 1327 GeV, with the forth
one, )Zéc, being 5 GeV heavier. The relic density is Qh? = 0.11 as a result of co-annihilations
between all four winos. What is special regarding collider signatures is that the >~<2i decays into
ﬁ: + 7, while the )ﬁc is quasi-stable on collider scales. Chargino-pair and chargino-neutralino
production is thus characterised by 1-2 HSCP tracks, in part accompanied by prompt photons.
In more detail, the spectrum of decays is:

mass decays

2078 GeV X6—>X4Z (28%), X3k (21%), X5h (18%), X7 (14%), x5 WT (10%)

2076 GeV x5—>x4h (24%), X9Z (24%), X972 (21%), Wh (12%) XaWF (11%)
Xih

2059 GeV X3 — ngi (41%), XYWE (37%) X+ Z (9%), (9%)
1356 = XiWF (81%), x5 W* (19%)
1346 X9 = XEW* (65%), Xa W* (35%)

1332 GeV X3 — X7 (100%)

1327 GeV X7 — XJetv (100%); Tior = 2.3 x 10718 GeV (cr ~ 84 m)
9 — X7 (100%); Tior = 1.6 x 10716 GeV (er ~ 1.2 m)

1327 GeV XY, stable

Like for Points 6 and 7, the LHC cross sections are very low for such a heavy spectrum. Nonethe-
less SModelS gives ryax = 0.28 from HSCP searches; from the Pythia-based recasting we compute
1 — CLg = 0.38. We hence expect that this point will be testable at Run 3 of the LHC.

Point 9 (SPhenoDiracGauginos_625) is an example for higgsino-like LSPs at lower mass,
around 600 GeV, where the XY is underabundant, constituting about 30% of the DM in the stan-
dard freeze-out picture. The higgsino-like states are highly compressed, Myt — Mgy = 230 MeV
and Mgy —Mgo =~ 435 MeV, which renders the ﬁc long-lived with a mean decay length of 55 mm.
Direct )ﬁc production has a cross section of about 10 fb at the 13 TeV LHC; more concretely
o(pp — X{EX?,Q) ~ 8 fb and o(pp — x{ x3) =~ 2 tb. The )Zf can also be produced in decays of
heavier EW-inos, in particular of the wino-like )Zg 4 and )23573, which have masses around 900 GeV.
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This gives rise to WZ, WH and WW events (with or without E:,Wiss) accompanied by short dis-
appearing tracks with a cross section of about 2 fb at 13 TeV. The classic, prompt WZ, WH,
WW + ERsS signatures also have a cross section of the same order (about 2 fb). While all this
is below Run 2 sensitivity, it shows an interesting potential for searches at high luminosity. The
detailed spectrum of decays is:

mass decays
1383 GeV >z6 = i WT (35%), X027 (33%), X1, (31%)
1381 GeV x5 — XiﬁWI (34%), X322 (33%), X3 2h (32%)
904 GeV X3 — X1 Z (49%), X7 h (44%), L. W (T%)
901 GeV x4 — xng (37%). X3 yh (31%), YEWF (33%)
Xs - X1 T (34%), 5(1 2Z (33%), X1 2h (32%)
898 GeV X2 — X1 9, WE (94%), Xih (3%), GEZ (3%)
606 GeV x5 — X1y (87%), XImV (11%); Tior = 2.5 x 10713 GeV (er <1 mm)
5 = X0t (96%), X01FY (4%); Thor = 3.6 x 10715 GeV (er &~ 55 mm)
605 GeV Y, stable

Point 10 (SPhenoDiracGauginos_236) is another example of a low-mass higgsino LSP point
with long-lived charginos. The peculiarity of this point is that the whole EW-ino spectrum lies
below 1 TeV: the higgsino-, wino- and bino-like states have masses around 250, 500 and 800 GeV,
respectively. The %) is highly underabundant in this case, providing only 5% of the DM relic
density. Nonetheless the point is interesting from the collider perspective, as it has light masses
that escape current limits. Moreover, with a mean decay length of the )Zic of about 13 mm,
it gives rise to both prompt and DT signatures. Indeed, SModelS reports rymax = 0.39 for the
prompt part of the signal, concretely for W27 + E%ﬁss from ATLAS-SUSY-2017-03 (o = 17.51 fb
compared to the 95% CL limit of og5 = 44.97 fb). The cross section for one or two DTs is esti-
mated as 0.4 pb by SModelS, however the short tracks caused by )Zf decays are outside the range
of the DT search results considered in section 5.5.2. Last but not least, DTs with additional
gauge or Higgs bosons have a cross section of about 50 fb.!? Recasting with MadAnalysis 5 gives

— CLs = 0.73 (corresponding to r = 0.6) from the ATLAS-SUSY-2019-08 [295] analysis. The
decay patterns of Point 10 are as follows:

mass decays

822 GeV ;zﬁ = ;i WT (35%), X§ 2Z (34%), X3 ,h (29%)
X5 — X1inF (35%), X122 (33%), X1 2h (30%)

491 GeV x3 — x1 12 (50%), X1 h (34%), X§ ;W (15%)

486 GeV x4 - x1 2Z (37%), Xy WT (35%), X3 ok (28%)

485 GeV X3 — Xl 2z (44%) XTWT (33%), X3 5h (22%)

480 GeV X2 — x1 2W (90%), XEh (5%), X2 (5%)

247 GeV X7 — X907F (92%), XVFv (8%); Thot = 1.5 x 107 GeV (er &~ 13 mm)
X9 — X0y (95%), X970 (5%); Tior = 1.2 x 10713 GeV (er =~ 2 mm)

247 GeV XY, stable

The SLHA files for these 10 points, which can be used as input for MadGraph, micrOMEGAs
or SModelS are available via Zenodo [266]. The main difference between the SLHA files for
MadGraph5_aMC@ONLO or micrOMEGAs is that the MadGraph5_aMC@NLO ones have complex mixing

198ee [182, | for details on the computation of the prompt and displaced signal fractions in SModelS.
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matrices, while the micrOMEGAs ones have real mixing matrices and thus neutralino masses can
have negative sign. The SModelS input files consist of masses, decay tables and cross sections in
SLHA format but don’t include mixing matrices. The CalcHEP model files for micrOMEGAs are
also provided at [266]. The UFO model for MadGraph5_aMCONLO is available at [284], and the
SPheno code at [289)].

5.7 Conclusions

Supersymmetric models with Dirac instead of Majorana gaugino masses have distinct phe-
nomenological features. In this paper, we investigated the electroweakino sector of the Minimal
Dirac Gaugino Supersymmetric Standard Model. The MDGSSM can be defined as the minimal
Dirac gaugino extension of the MSSM: to introduce DG masses, one adjoint chiral superfield
is added for each gauge group, but nothing else. The model has an underlying R-symmetry
that is explicitly broken in the Higgs sector through a (small) B,, term, and new superpotential
couplings Ag and Ar of the singlet and triplet fields with the Higgs. The resulting EW-ino sector
thus comprises two bino, four wino and three higgsino states, which mix to form six neutralino
and three chargino mass eigenstates (as compared to four and two, respectively, in the MSSM)
with naturally small mass splittings induced by Ag and Ar.

All this has interesting consequences for dark matter and collider phenomenology. We ex-
plored the parameter space where the ¥ is a good DM candidate in agreement with relic density
and direct detection constraints, updating previous such studies. The collider phenomenology
of the emerging DM-motivated scenarios is characterised by the richer EW-ino spectrum as
compared to the MSSM, naturally small mass splittings as mentioned above, and the frequent
presence of long-lived charginos and/or neutralinos.

We worked out the current LHC constraints on these scenarios by re-interpreting SUSY and
LLP searches from ATLAS and CMS, in both a simplified model approach and full recasting
using Monte Carlo event simulation. While HSCP and disappearing track searches give quite
powerful limits on scenarios with charged LLPs, scenarios with mostly E%ﬁss signatures remain
poorly constrained. Indeed, the prompt SUSY searches only allow the exclusion of (certain)
points with an LSP below 200 GeV, which drops to about 100 GeV when the winos are heavy.
This is a stark contrast to the picture for constraints on colourful sparticles, and indicates that
this sector of the theory is likely most promising for future work. We provided a set of 10
benchmark points to this end.

We also demonstrated the usefulness of a simplified models approach for EW-inos, in com-
paring it to a full recasting. While cross section upper limits have the in-built shortcoming of not
being able to properly account for complex spectra (where several signals overlap), the results
are close enough to give a good estimate of the excluded region. This is particularly true since it
is a much faster method of obtaining constraints, and the implementation of new results is much
more straightforward (and hence more complete and up-to-date). Moreover, the constraining
power could easily be improved if more efficiency maps and likelihood information were available
and implemented. This holds for both prompt and LLP searches.

We note in this context that, while this study was finalised, ATLAS made pyhf likelihood
files for the 11 + H(— bb) + EXisS EW-ino search [205] available on HEPData [310] in addition to
digitised acceptance and efficiency maps. We appreciate this very much and are looking forward
to using this data in future studies. To go a step further, it would be very interesting if the
assumption My = Mg could be lifted in the simplified model interpretations.

Furthermore, the implementation in other recasting tools of more analyses with the full
~ 140 fb~! integrated luminosity from Run 2 would be of high utility in constraining the EW-ino
sector. Here, the recasting of LLP searches is also a high priority, as theories with such parti-
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cles are very easily constrained, with the limits reaching much higher masses than for searches
for promptly decaying particles. A review of available tools for reinterpretation and detailed
recommendations for the presentation of results from new physics searches are available in [36].

Last but not least, we note that the automation of the calculation of particle decays when
there is little phase space will also be a fruitful avenue for future work.
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Chapter 6

Determination of Independent SRs in
LHC Searches for New Physics.

The LHC search programmes for new physics has produced hundreds of publications with an even
larger number of individual SMS results. As discussed in sec. 3.2, results are typically presented
as upper limits on production cross sections or signal efficiency “maps” for a small number of
simplified models. In some cases, ATLAS and CMS also provide covariance matrices that allow
for a combination of likelihoods derived from different signal regions. This is however, not general,
and is restricted to signal regions within the same analysis. When perfoming a phenomenological
study, a recasting of multiple analyses exploring different parts of the parameter space must
often be carried out, which often raises the question: which analyses can be combined? Here, we
propose a method to determine subsets of analyses whose event selection criteria do not overlap,
and hence, can be trivially combined. This originated from the Les Houches ‘Physics at TeV
Colliders’ workshop 2019 and appeared as contribution 16 in the BSM working group report [1].

6.1 Introduction.

Generally, analyses implemented by different collaborations (e.g. ATLAS wvs. CMS) can safely
be considered to be uncorrelated, as are those carried out at different centre of mass energies
(e.g. 13 TeV wvs. 7 TeV). In addition, within this work we looked only at signal regions, and do not
considered possible correlations between control regions, as we assume such correlations to be
second order effects and negligible for reinterpretation purposes. Our considerations thus focus
on the signal regions, and we attempt to answer the question of whether any given pair of signal
regions overlap in the space of all measured quantities or not. Using the analyses contained both
in SModelS [134, , , | and MadAnalysis 5 [156, , , |, we want to determine
the parameter space covered by the topologies that populate these signal regions and generate
events to cover all the signal regions, enabling us to infer correlations between the analyses.

To determine which pairs of analyses are uncorrelated, we pursue the following strategy.
Restricting ourselves to analyses implemented both in the SModelS v1.2.2 and MadAnalysis 5
v1.8.20 frameworks, we use the SModelS database to extract the simplified models that a given
analysis is sensitive to, alongside with the mass ranges for the BSM particles. We then sample
this space of simplified model mass parameters and create random, realistic events from these
simplified models using MadGraph5_aMC@NLO [I40]. These events are then passed to a modified
version of MadAnalysis 5, which as usual checks whether an event passes the cuts in each SR,
but in addition records the corresponding set of SR cuts passed for every event. Using this
information, a statistical bootstrap procedure is used to extract a correlation matrix relating
every signal region through the events that co-populate them.
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6.2 Implementation

To investigate the analysis correlations, we chose to use the overlap of analyses implemented
both in SModelS and MadAnalysis 5: at the time of publication, these are ATLAS-SUSY-2015-
06 [312], CMS-SUS-16-039 [302], CMS-SUS-16-033 [127] and CMS-SUS-17-001 [313], all being
searches for SUSY. A description of the signal regions under consideration is shown in appendix

B.

6.2.1 Topology identification.

Using the SModelS database, we extract the topologies that a certain analysis is sensitive to,
as denoted in table 6.1, and consequently the mass parameter space the analysis can access. A
topology describes a specific cascade decay, which, in the case of simplified models, is reduced
to a 2- or 3- body decay with symmetric branches. A full list of the topologies contained in
SModelS is given in https://smodels.github.io/. In the case of 3- body decays, the topology
is reduced further so that the mass of the intermediate particle is fixed as a function of that of
the mother and granddaughter.

Two analyses may both be sensitive to a given topology, but in different yet overlapping
regions of the simplified model space that depends on the masses of the mother and daughter
particles, denoted by mg and my respectively. We want to generate events that randomly popu-
late the union of the two regions without doubly populating the regions that are in common. We
deduce this convex mass hull using the efficiency maps in SModelS: the efficiency maps provide
upper limits on the production cross sections as a function of the masses of the simplified model
particles. If the efficiency map of the point chosen in the parameter space is 0, then we move on
to probe a different part of the parameter space until eventually a contour can be interpolated
around the range of mass points that can be touched by the different analyses. For topologies
involving two-body decays, this curve is obtained by sampling values of mg, and determining the
minimum and maximum m; values for which the regions are populated by the corresponding
signal. When three-body decays are involved, the scan is expanded tri-dimensionally to deter-
mine minimum and maximum values of my (the mass of the granddaughter particle) for a given
my and mg for which the SRs are populated.

6.2.2 Event generation and analysis.

We produce 50000 events evenly distributed over the corresponding convex mass hulls for each
topology. These events have been generated with MadGraph5_aMC@NLO, using the standard MSSM

UFO implementation shipped with the package [311]. Hard-scattering events have been matched
with parton showers, as described with Pythia 8.2 [145] that has also handled hadronisation. As
parameter inputs, we used template SLHA files [315], specific for each topology.

Hadron-level events are passed to MadAnalysis 5, whose expert mode (from v1.8.20 onwards)
has been augmented by two new functions (DumpSR and HeadSR) dedicated to the writing to a
file of the information on how a given event populates the various signal regions of the recasted
analyses under consideration. In practice, the main executable of the recasting module (located
in tools/PAD/Build/Main/main.cpp) has to be modified so that HeadSR is called prior to the
event loop (in the Execute function), and that DumpSR is called within the event loop (i.e. for
each event). The former function writes, as the first line of the output file, the signal regions
as they are ordered internally in the code. The latter function writes, for each event, a set of 0
and 1 indicated whether the event populates each signal region (following the internal ordering).
Both functions take an ostream object as argument.
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Tag Analysis Topologies
A0(A-K,SS) CMS-SUS-16-039 TChiWZ, TChiWZ(off), TChiWH, TChipmSlepL,
TChiChipmStauStau, TChiChipmSlepStau

Al CMS-SUS-16-033 T1, T1bbbb, T1tttt(off), T2, T2bb, T2tt(off)
A2 CMS-SUS-17-001 T2tt(off), T6bbWW
A3 ATLAS-SUSY-2015-06 T1, T2

Table 6.1: Table showing the sample of analyses investigated, with the names of the topologies
reached and the tag-name used to refer to the analysis in the figures that follow.

6.2.3 Statistical framework.

The augmented MadAnalysis 5 output consists in a grid of binary flags indicating the pass/fail
status of each of Nyt event for each of the Nggr signal-region selections. In general, each event can
have more than one “true” SR flag. This defines the correlation or co-population which makes
analysis combination problematic, as a single unusual event could produce multiple observed
analysis excesses. It would not make sense to count all such measures of the same event as if
they were independent. To reduce this large matrix of binary flags to a more useful figure, we
first make it much larger: by use of bootstrap sampling from a unit Poisson distribution, every
event is multiplied by a set of Npoot “bootstrap samples”’, with sampled weights w ~ Pois(u = 1)
which replace the 0/1 binary SR weights. The total data structure is now a Neyt X Nsr X Npoot
tri-dimensional array of SR event weights - the SRs in each bootstrap history correlated through
their common weight fluctuation. The event axis is then summed over, reducing to a two-
dimensional Ngg X Npoot array of SR weight sums W = 3" _ . w, over the Ny0r, “histories”. This
two-dimensional array allows us to compute the correlation between two SRs ¢ and j as usual
via the covariance:

covij = (WiW;) — (Wi)(Wj) , (6.1)

and
Pij = COVi]’/\/WCOVj]’. (62)
The averages here are computed over the bootstrap histories.

The correlations matrix p;; acts as a sliding scale of event sharing between —1 and 1, and
whether the combination of SRs ¢ and j is acceptable can be decided by applying a cutoff
lpij]l < pmax. With asymptotic statistics, p;; should be positive, as there is no mechanism
(such as normalisation by the sum of SR yields) to generate true negative correlations where
an increase in yield for one SR due to weight fluctuations leads to the active depopulation of
another. But with finite statistics random negative correlations can occur, and empirical study
of their distribution can help in setting the ppax cutoff.

We have implemented this bootstrap procedure in a Python program called TACO (Testing
Analyses’ COrrelations), available at https://github.com/hreyes91/TACO. TACO takes as
input a data frame in which each column corresponds to a SR, each row to an event, and which
is filled with 1 and 0 depending on whether the event passes the cuts of the corresponding signal
region. The program then generates a user-defined number of Nyt histories (here taken as
1200) and computes the correlations between the considered SRs from the produced Ngr X Npoot
matrix. Afterwards, TACO determines if the SRs are approximately uncorrelated based on a
user-defined pmax cut-off (here 0.05) and substitutes the p;; coefficients with a 0 (if |ps;| < pmax)
or a 1 (if |pij| > pmax) to produce an “independence matrix”, which is the final value of the
calculation.
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Figure 6.1: Matrix showing the correlation between the SRs of the A3 ATLAS analysis [312]. As

expected for “inclusive” SRs, all the blocks in the matrix are red, denoting correlation between
the SRs.

The implementation of the bootstrap procedure was applied to the signal regions populated
with at least 300 events; this includes those in the Al, A2, A3 analyses and 11 SRs from the
AO(A-K,SS) analysis (see table 6.1 for the naming scheme). In our results given in Figs 6.1
and 6.2, green blocks denote SRs which are independent, whereas red blocks are not. In all
figures exhibiting correlations between signal regions within a sole analysis (Figs. 6.1, 6.2(a),
6.2(b), 6.2(c)), the anti-diagonal elements are trivially correlated. Fig. 6.1 depicts the results
originating from the A3 ATLAS analysis. As expected for “inclusive” SRs, these are tagged as
correlated. For the considered CMS analyses, results are shown in Fig. 6.2 where we can see
that “exclusive” SRs are normally estimated as uncorrelated. For instance, Fig. 6.2(b) shows
that most of the A1SR(1-5) regions, where the number of b-jets is N, = 0, are uncorrelated with
the set of A1SR(6-12) regions in which N, > 1. In addition, the the pairs of SRs that seem
correlated feature a p parameter very close to the ppax = 0.05 threshold, with p = 0.06. They
could thus be expected to be found uncorrelated as soon as more events are included. In this way,
the results we present are on the conservative side in the sense that correlated SRs will surely be
flagged as correlated, but independent SRs can erroneously be flagged correlated if the number
of bootstrap iterations is too low. Moreover, in Figs. 6.2(d), 6.2(e) and 6.2(f) the determination
of the independency between SRs of different analyses is presented. As a quick sanity check, we
see for example that the SRs AOCSR017 and ASCSRO018 in fig 6.2(a) are independent; this is
because despite looking in the same dilepton invariant and stansverse mass ranges, the missing
transverse energy ;lomISS ranges do not overlap. For the most part, the SRs from the A0(A-K,SS),
Al and A2 analyses were determined as independent from each other, while the rest of these SRs
are expected to be determined as such once the number of populating events is increased.

6.3 Prospects.

We developed a probabilistic method for the determination of approximately uncorrelated pairs
of analyses’” SRs. It is based on simplified models, and first results were presented using the
intersection of analyses present in both SModelS and MadAnalysis 5. It is our pronounced
hope that the effort will be repeated with a wider set of analyses with the aim to compile a
complete detailed list of analyses that can be treated as independent from each other. Specifically,
CheckMATE [154, 153] and its database is a potential future target for this effort. Given such a
database, a potential future extension of this work is to identify the subset of independently
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Figure 6.2: Matrices showing the correlations between the SRs of the CMS analyses under consid-
eration that are populated with at least 300 events: AO(A-K,SS), A1 and A2. The green blocks
denote that two SRs can be treated as approximately independent from each other, whereas the
red blocks indicate that they are correlated.
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populated SRs that maximises limit-setting power within a BSM parameter scan. The source
code developed for this work can be accessed on Zenodo [316]. So far, only events originating
from simplified model topologies were produced. In a future project, we wish to introduce also
more complicated events to cover potential correlations that might be missed by too simplistic
simplified models-based events.
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Chapter 7

Practical Machine Learning for
regression and classification and
applications in HEP phenomenology.

This chapter regards contribution 22 of the BSM working group report from the Les Houches
‘Physics at TeV Colliders’ workshop 2019 [1]|. In there, we discuss practical applications of ML
in HEP phenomenology and in particular the possibility to examine HEP models of new physics
in their full dimensionality. ML models can be trained to provide likelihood evaluations, cross-
sections and exclusion boundaries given the parameters of the HEP model. We discuss ways to
accelerate the applicability of ML, to evaluate uncertainties in the ML model and to provide
a sustainable reuse of training data and ML model. Various examples are discussed. Namely,
ML-based regression of cross sections in left-right symmetric models, of cross sections in the inert
doublet model and the regression of likelihoods for the MSSM7 as provided by the GAMBIT
collaboration. The second example was the was the responsibility of the author of this thesis.
The other two where carried out by other collaborators of this project but are include here for
completeness. Links to the training data can be found at https://www.phenoMLdata.org.

7.1 Introduction

In recent years machine learning has gained increasingly more traction in the particle physics
community. Where machine learning was first used predominantly only in HEP experiments for
the creation of metrics in a cut-and-count analysis, since a few years it also finds applications in
various other branches of particle physics. This article is aimed at theorists and experimenters
who want to understand how machine learning can be used for regression and classification in
HEP phenomenology.

Many recent examples of the application of ML in phenomenology come from simulations
and the exploration of theoretical models. Application range from simulations of particle physics
events via so-called generative ML models [317, , , , , , 323] to proposals to search
for new physics with the help of ML based anomaly detection, discussed in contribution 23 of [1].
Early ML applications in particle physics phenomenology and theory include the estimation of
parton density functions [324] and various applications to jet physics as summarised in [325, 320].
Furthermore it has been demonstrated that high-parameteric model exclusion boundaries [128] or
likelihood (ratios) can be learned, explored and provided for further use via the use of ML models,
see e.g. [327]. The ML model is made by learning numbers based on theoretical calculations
or experimental measurements (e.g. cross-sections, likelihoods, posteriors, confidence level for
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exclusion) from training data given the parameters of the physical model and including even the
experimental nuisance parameters [328, |. Typically training data is provided by simulators
(e.g. event generators) or by evaluating the likelihood of a given parameter set and theory
with the help of experimental data. Examples could be a cross section of a new particle or
an experimentally derived likelihood as a function of the parameters of a 20-dimensional BSM
theory. Here, an effective high-dimensional sampling of the full model parameter space is needed.

Even though ML allows to explore physical parameters in their full dimensionality, the ap-
plication of such an approach has so far been limited. The keen interest of the experimental and
theoretical community at Les Houches led to this note describing ways to accelerate progress in
researching ML models for phenomenology.

First, we wish to encourage the experimental and theoretical communities to study and
release model data in its full dimensionality. The publication of high-dimensional data should
become a standard practice. Furthermore, we propose in this contribution a standardized way
to publish high-dimensional training data, a way to publish the trained ML model, and a code
database to provide examples to quickly (re-)train ML models on such data. We also present
various examples, worked out within the Les Houches workshop, that follow this approach.

7.2 Project description

The idea of this project is to simplify the creation and reuse of ML models made for HEP
phenomenology. For this we like to encourage to save the ML model, the HEP data set and the
code to train the ML models. If the construction of ML models can be simplified, any publication
on HEP phenomenology could use ML models to store probabilities, cross sections, and limits
also for multidimensional HEP models.

7.2.1 Classification and Regression with uncertainties

The majority of machine learning in high energy physics uses supervised learning. Within su-
pervised learning there are two main branches: classification and regression. In classification the
ML algorithm learns to classify new data into a discrete number of classes (e.g. excluded or not
excluded parameter configurations), whereas in regression the ML algorithms learns to predict a
continuous quantity (e.g. a cross section). Both these branches can be seen as a prediction of an
output variable y (or a set of output variables #) given a set of input variables Z. The machine
learning algorithm created with the data estimates the mapping function f (z) = y between the
two. This estimator of the true mapping function f(x) is learned from n examples where z; and
the true function values f(z;) are known.

Determining the best parameters of a particular ML model (e.g. a neural network) is called
training. The core of machine learning is that this determination of parameters is automated
based on data (hence called training data). As this data has a big influence on the performance
of the algorithm, having a data set that is both large and information dense enough is often key
to training a good machine learning algorithm. In low dimensional problems (i.e. problems with
few input variables) with a computationally cheap data generation procedure data can easily
be generated with random sampling or grid sampling. In HEP phenomenology, however, data
generation typically requires the execution of a chain of numerical integration programs, e.g.
event generators or simulations and often even a (time-consuming) comparison to experimental
data. HEP more often than not deals with high dimensional functions for which the truth values
are computationally costly to acquire. Techniques like active learning can predominantly sample
parameter regions that are difficult to learn for the ML algorithm and can help to mitigate these
problems e.g. to learn exclusion boundaries of HEP models [330].
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Since there is freedom in the choice of ML models/algorithms, a limited amount of training
data and uncertainties in the data, there are two uncertainties to consider. So called aleatoric
uncertainties are uncertainties inherent to the data or data collection procedure, e.g. noise. These
cannot be removed or reduced by adding more data points. Second, epistemic uncertainties are
uncertainties that are introduced with our ML model for the estimator f(z) ~ f(z). An example
of this type of uncertainty is the uncertainty related to the trained values of the parameters (e.g.
the weights of a neural network) of the ML algorithm. One way to estimate such uncertainties
in neural networks is by applying dropout of nodes that stays turned on during inference [331].
As dropout randomly disables a fraction of the network parameters, the output of the network
will again change at each inference step. The spread of the output can then be interpreted as a
measure of model uncertainty.

7.2.2 Collection of Machine Learning Models

The core of this initiative is formed by a collection of trained ML models. These models, whether
they are neural networks or other types of models, should be stored together with meta data
which allows them to be read by an end-user package. Such an end-user package would allow
external users to quickly use ML models and access the predictions made by these models.

The format of the trained ML model can differ based on which library was used to create the
trained model. For scikit-learn [332] for example the authors suggest [333] to serialise the entire
model object with the joblib package in Python. For more neural network based packages a
more natural choice would be to store the model in an .onnx-file. Especially .onnx-files guarantee
a cross-library support of trained networks, giving a strong guarantee that information encoded
in trained networks will still be usable in the coming future.

As to where to store these trained models, we think we can best look at the current best
practice in the machine learning research community. There they use primarily GitHub for this.
Trained models are often stored together with their training and production code and instructions
in a README file on how to use the included codes. As most papers use data from publicly
available sources (e.g. the MNIST data set [331] or credit card data set [335]), data is most of
the time not included, but instead referred to.

We suggest to adopt this practice for high energy physics, with the only exception being for
the data. Most of the already published papers in our field generate their own data. This makes
it impossible to just cite the data location; the data needs to be stored somewhere as well. As the
standard platform to publish data in particle physics phenomenology is Zenodo we suggest using
that as a default location to store the data sets used for creating machine learning algorithms.
This includes both training and testing data.

For this collection of models to work the inclusion of meta data is crucial. It should contain
for example what the inputs for the model should be and what its output(s) represent(s). It
will furthermore contain information that will make the use of the model more robust against
mistakes. By including information on the boundaries of the training region, the package’s code
can warn the user if a model is used outside of its intended range. The specifics of the meta data
and the exact storage format are currently in the process of being developed.

The advantage of this methodology is that the trained model can be bundled together with
the meta data, so that the model can easily be communicated by the creating user, and easily be
used by the external user. In this way efficient communication of for example high-dimensional
results becomes possible. To encourage this, a searchable library of publicly available models
will be created, providing a single go-to location for neural networks in high energy physics.
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7.2.3 Collection of Training Data

Alongside a trained model with meta data, each model instance should also come with a publicly
accessible data set. For this we have set up webpage (https://www.phenolMLdata.org) and a
Zenodo group!, in which the high dimensional training data of each of the trained models will
be published. We intend to also create a link with a tool like SPOT [336], which makes online and
codeless visualisation of high dimensional data possible. A link to the data and the ML model
could be added to the arXiv or inSPIRE entries of a HEP publication. This publishing of data
is in our view essential to fully understand the trained models and to speed up the improvement
of existing models.

7.2.4 Collection of Code to build Machine Learning models

To stimulate the adoption of machine learning in high energy physics even further each trained
model will also have its training (and all other relevant) code published on platforms like GitHub.
This code can then serve as example or as best-practice show case for both basic (e.g. how to
train a network) to more complicated machine learning cases (e.g. how to extract epistemic and
aleatoric uncertainties from a neural network).

7.3 Examples and best-practice

7.3.1 Examples of past phenomenological studies

Over the last years there are several examples where the use of ML techniques have shown to
be very useful for phenomenology studies. Typically these methods have been applied to replace
the event generation plus detector simulation chain using neural networks or Gaussian processes.
This is usually the bottleneck of recasting and doing global fits of new physics models using LHC
data.

The first use case was in the study of coverage properties on the constrained minimal super-
symmetric standard model (cMSSM) parameter space inferred from a Bayesian posterior and the
profile likelihood based on an ATLAS experiment sensitivity study [337]. The use of a shallow
neural network allowed a fast prediction of the cMSSM mass spectrum gaining a factor of ~ 10*
with respect to run a SUSY spectrum calculator as softsusy in sampling the cMSSM parameter
space.

In a similar manner Buckley et al. [338] employed both a Bayesian deep neural network and
a supported vectorial machine to interpolate between a grid of points in the cMSSM parameter
space and therefore get fast predictions for the signal predicted by the model in the context of
an ATLAS analysis.

Other phenomenological applications of ML in the SUSY context have been the development
of SCYNeT [339] and SUSY-AI [128] packages. The first one uses neural network regression for a
fast evaluation of the profile likelihood ratio using the 11-dimensional phenomenological minimal
supersymmetric Standard Model (pMSSM) as an input. The authors have applied it to a global
fit of the model including LHC data speeding up enormously the inference. Instead SUSY-AI
does classification using a random forest algorithm which is trained with input data based in
an analysis done by the ATLAS collaboration of the 19-dimensional pMSSM. Besides predicting
whether a point of the model is excluded or not, it provides the epistemic uncertainty in the
classification.

A recent application of deep neural networks have been developed to predict production cross
sections of SUSY particles at the LHC. This is the case of DeepXS [310] which employs deep

https://zenodo. org/communities/phenoml_database/
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neural networks for a fast prediction of electro-weakino production cross-sections at the next-to-
leading order in the pMSSM context. In this case the gain in speed is of order 107 compared
with prospino [341] .

A further recent development has been the proposal of using deep neural networks for learn-
ing the full experimental information contained in the likelihood functions being used for the
statistical inference in searches and measurements at the LHC [328]. The likelihoods learnt this
way, so-called DNNLikelihoods, would allow a complete and framework-independent distribu-
tion of the physics analysis results, also enabling a precise combination with other experimental
likelihoods, whenever the correlations among parameters are know.

Finally Kvellestad et al. [312] investigated the performance of deep neural networks to learn
the signal mixture estimation of a ditau signal coming from a pair of degenerate Higgs bosons
of opposite CP charge in the context of a Two-Higgs-Doublet model. They found a ~ 20 % im-
provement in the estimate of the uncertainty of signal mixture estimates, compared to estimates
based on fitting, say, standard discriminating kinematic variables.

Moreover, recent papers have officially brought Bayesian networks into HEP. In [313]| Bayesian
classification for jet tagging has been introduced, while also serving as a clear introduction to
Bayesian neural networks. The corresponding follow-up paper [311] presents Bayesian network
regressors that predict the energy of a tagged top quark inside a fat jet. The work provides a good
example on the usage of Bayesian networks to determine statistical and systematic uncertainties
coming from the training sample.

In addition to deep neural networks, Gaussian processes have been applied as fast predictors
of LHC analyses efficiencies in the context of the reconstruction of a natural SUSY scenario [315]
and dark matter simplify models [316] using LHC simulated data.

So far there is a very limited number of works which have followed somehow the pre-
scription in line of what is suggested in Sec. 7.2 to publish results. This is the case of the
DeepXS (https://github.com/SydneyOtten/DeepXS) and DNNLikelihood (https://github.
com/riccardotorre/DNNLikelihood) projects where weights of the trained models and python
scripts with neural networks implementations have been published on GitHub so the user can
train the data himself. Furthermore training data are also available in Zenodo 2. In the case
of SUSY-AI pickle files containing the trained weights are available (for details see https:
//www.susy-ai.org), whereas data were made public by the ATLAS collaboration. Finally
another example is [320] as they also have made their training data avaliable on Zenodo [317].

7.3.2 Learning Wi Boson Production and Decay Rates

In light of its successful explanation of LHC data, the SM remains the best description of nature
at high energies and short distances. Despite this success, there exists several experimental and
theoretical motivations for the existence of new physics. One such example is the discovery [315,

| of nonzero neutrino masses: in order to accommodate neutrino masses in a gauge-invariant
and renormalizable manner, the SM must be extended by new particles and new couplings [350].
Such models that achieve this, known collectively as Seesaw models, can be tested at a variety of
laboratory-based experiments, including the LHC and its potential successors [351, , , |.

In practice, only benchmark and limiting cases of full, realistic, UV-complete Seesaw models
are tested at the LHC due to the often cumbersome number of free parameters in the theory. For
example: in the Left-Right Symmetric Model (LRSM) [355, , , ) |, which predicts
the existence of a new Wg gauge boson and heavy Majorana neutrinos as shown in Fig. 7.1(a),
one typically assumes that Wpg bosons can only decay to one charged lepton flavor and one
heavy neutrino. Such a scenario is unlikely to be realized in nature as it is weakly motivated

2Links to the training data can be found at https://www.phenomldata.org
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Figure 7.1: (a) Diagram within the LRSM containing a heavy neutrino and two new gauge
bosons. (b) Spread of the prediction error made by the trained machine learning algorithm on
the LRSM cross sections.

and not even observed in SM W boson decays. Were one able to efficiently interpolate and
extrapolate from constraints on parameter space benchmarks, then LHC searches could be more
fully utilized and subsequently make more general statements on new physics models. We explore
this possibility here using ML techniques. As a first step, we attempt to quantify how efficiently
a typical, off-the-shelf deep learning neural network can learn the production and decay cross
sections for a Wg boson in the LRSM as a function of several (five) relevant mass and coupling
parameters. Knowing then the acceptance and selection efficiencies as a function of inputs, which
can be derived from Monte Carlo simulation, then one can in principle derive constraints on a
fuller LRSM parameter space beyond that which was directly constrained.

Model and Model Inputs

For our purposes, it suffices to stipulate that the LRSM [355, , , , | is a gauge-
extended scenario that postulates that the universe, in the UV limit, respects the gauge and
parity symmetries Grrsm = SU(3). ® SU(2)L ® SU(2)gr ® U(1)p—r ® Px . Here, SU(2)R is
a copy of the SM SU(2); gauge group and describes maximally parity violating, right-handed
interactions. In addition, Px is a discrete parity that ensures L <> R field exchange symmetry.
To protect LRSM, one RH neutrino (Ng) for each fermion generation is required. The residual
U(1) that protects against anomalies conserves the difference between baryon and lepton numbers
(B—L). After Left-Right symmetry breaking at a scale vg > vpw =~ 246 GeV, the RH and B— L
gauge sector breaks down to the SM hypercharge gauge group, SU(2)p@U(1)p_r ®@P — U(1)y.
This in turn reduces to QED when EWSB occurs.

In the mass basis, the relevant interaction Lagrangian that describes massive Wg bosons
from the SU(2)r gauge group coupling to RH quarks and leptons is given by

IR (5 — i j IR 1, — i j
AL=Rwy, 3 [EZLVZ.%“PR%] + W 3y [em%“PRNﬂ +He. (7.1)
2% 12

The mixing matrices V% and Y® describe the mixing between RH quarks and RH leptons with
their respective mass eigenstates, in analogy to the CKM and PMNS matrices. We ignore quark

mixing and approximate both the CKM matrix and V® with 3 x 3 identity matrices. The gauge
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couplings g1, gr controls the strength of LH, RH currents and set gr = g1, =~ 0.65 in accordance
with LR symmetry.

We consider at /s = 14 TeV the canonical LRSM signature featuring the production of
same-sign leptons and two light quarks via an s-channel Wg and Ny, shown in Fig. 7.1(a) and
given by [360]:

uidy — Wi — 67 Ny — (7 Ly i, (7.2)

We decouple heavy neutrinos No and N3 and vary discretely the three mixing and two mass
parameters

Yen,, Ying, Yon, € {1074,107%,107%1071, 1}, (7.3)
my, € {15,30,45,60,75,100,150,300,

450, 600, 750, 1000, 1500, 3000, 4500} GeV, (7.4)

My, € {1,2,3,4,5,6,8,10,12.5,15,17.5,20} TeV. (7.5)

Altogether, we compute a total of N = 22.5k cross sections, which constitutes our data set. We
simulate the full 2 — 4 process at leading order and do not make the narrow width approximation.
This means that a number of interesting kinematic limits are covered, including: non-resonant
Wg production when My, 2 /s [301, |, the production of long-lived Ny [362, ], and
boosted regimes such as when my, < My, < /s [304, |.

Computational Setup

To simulate the process in Eq. 7.2, we use MadGraph5_aMC@NLO [!40] in conjunction with the
EffLRSM UFO libraries [364, 365]. The NNPDF 3.1 NLO + LUXqed parton densities [360] are
used and evolved using LHAPDF6 [142]. Total widths for Wx and N; are computed on the fly
for each parameter space point [367, |. The collinear factorization py scale is dynamically

to be half the sum of the transverse energy EF = 1/p§2 + m% of all final-state particles k. No
generator-level phase space cuts are applied.

Cross Section Learning

Using the generated data we trained a 3-layer neural network with elu [365]| activation functions.
As preprocessing we applied a base-10 logarithm to the input coupling strengths and to the cross
sections that we aimed to predict. The data was z-score-normalized. The network was trained
for 1000 epochs or until no mean squared error improvement was shown in 100 epochs (whichever
occurred first).

Training was performed over random selections of the data in sizes of [500, 1000, 1500, 2000,
2500, 3000, 4000, 5000, 6000, 7000, 8000] events. 80% of the data was used for training, the
remaining 20% for testing. For each of the training sizes the experiment was repeated 10 times
(each with a new randomized selection of the total data). The test data was used to determine
the relative error in the prediction of the cross section. This allowed us to determine the error
made by the algorithm as function of the training size and, more importantly, when it becomes
acceptable compared to the error made by the work-flow through which the data was generated
in the first place. The results of this procedure can be found in Figure 7.1(b).

A more direct indication of the performance of the algorithm can be made in the form of a
truth-prediction plot, in which the prediction of the algorithm is plotted against the value that
the algorithm ought to predict. For a perfect algorithm the predictions would form a perfect
diagonal line in such a plot. As seen in Figure 7.2(a), after training we find good agreement
between predicted and truth rates.
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Figure 7.2: Truth-prediction plots for the trained algorithm without Monte Carlo Dropout (a)
and with Monte Carlo Dropout (rate: 0.2) (b) (tentative). The cross sections are z-score nor-
malised to help the training of the algorithm.

When applying an algorithm such as the one we trained, the user is not only interested in
the prediction of the algorithm, but also in the prediction uncertainty due to the algorithm. To
take all related sources of uncertainty into account, one also has to determine the uncertainty
due to the model configuration and training (i.e. the epistemic uncertainty), as explained in
Section 7.2.1. Using the Monte Carlo Dropout technique discussed in Section 7.2.1, it is possible
to determine the event-by-event uncertainty on the predictions made by the algorithm. Although
work on estimating the uncertainty (including the aleatoric uncertainty) is ongoing, a tentative
result of this can be seen in Figure 7.2(b) where the dropout rate was set to 0.2. To compensate
the network capacity for this dropout rate, the width of the network layers is increased from [50,
50| to |60, 60].

From comparing Figure 7.2(a) and Figure 7.2(b) we see that the trained algorithm has a
reduced accuracy when the epistemic uncertainty is determined alongside a prediction. This is
expected as the inclusion of dropout can degrade the performance of the algorithm. However,
by altering the configuration of the neural network it might be possible to counteract this loss in
performance. To find this configuration, in future iterations of the network we plan on performing
a hyperparameter scan for our model. Additionally, as our cross section data has some intrinsic
uncertainty, as least from the Monte Carlo process through which it was calculated, we also plan
on including aleatoric uncertainty determination.

7.3.3 Learning the production cross sections of the Inert Doublet Model.

One of the simplest extensions of the Standard Model (SM) is the addition of a second Higgs
doublet in the so-called Two-Higgs-Double Models (2HDM). If a Z5 parity is further imposed,
the model can easily avoid the bounds from flavor changing neutral currents and provide a dark
matter candidate. This realisation of the 2HDM is the one known as the Inert Doublet Model [73],
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where the SM doublet (Hj) is Z3-even and the new doublet (Hz) is odd. The scalar potential
in this case is given by:

V = i [Hy|? + 3| Ha > + A [Hy | + Ao [Ha|* + As|Hy |*[Hg|?

A5
2

(7.6)
+M[H1TH, |2 +

[(Hy'H2)? + h.c].
The above parameters are chosen so only the SM Higgs, h, acquires a vacuum expectation value
(vev), thus maintaining the Z5 symmetry unbroken. After imposing the correct values for the
Higgs mass and vev, the model contain five free parameters which we choose to be the masses
of the new scalars (H°, A° and H*):

ME, = p3 + %(Ag + M+ As)v?, (7.7)
Mo = i3 + %()‘3 + A= A%, (7.8)
Mps =3+ %)\302, (7.9)
and the two couplings:
X and AL = A3+ M+ A5 (7.10)

In the above expressions, v = 246GeV is the Higgs vev.

Searches for the inert scalars at the LHC are particularly challenging due to their small
(electroweak) production cross sections. Since the new states are Zs-odd, they are pair produced
at the LHC and the following 8 processes can be relevant for LHC searches:

pp — HOH?, A°A° HYA°, H°H*, A°HY HYH-, H'H™ and A°H". (7.11)

See [309] and references therein for a discussion of LHC signatures and limits. The goal of this
project is to train a Deep Neural Network to accurately predict the above (leading order) cross
sections given as input the five free parameters of the model. In other words, to create a function
that maps the free parameters of the IDM to their corresponding production cross sections:

9o TIDM = (Mpo, M g0, Mg+, A, A2) — 01DM (7.12)

where orpy represents a vector containing the 8 cross section values.
As a first step, 50000 samples were generated following the method of jittered sampling [370],
from a parameter space chosen as:

50 < Mpo, Mao, Mp+ < 3000GeV; —27 < g, \j, < 2. (7.13)

All the cross sections were computed at leading order using MadGraph 2.6.4 [110] and the IDM
UFO implementation from the FeynRules data base [371, |. Since the expected integrated
luminosity at the High-Luminosity LHC is about 3pb™!, we imposed a lower limit on the cross
sections of our data set of oy = 107 "pb by discarding the cross sections below this limit.
Afterwards, the remaining data was divided as training and test data in a 70:30 split.

An efficient training of the neural network requires some re-scaling of the input variables.
For this, we followed the prescription and recommendations in [310] and pre-processed the model
parameters via a z-score transformation:

Tpum = T — i{T1Dw) ) (7.14)
o(z1pMm)
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where pu(xpym) and o(xpym) are the mean and standard deviation of xpyg, respectively. In
addition the corresponding cross sections were logarithmically rescaled as:

o1bM ] (7.15)

/ — 1 e
JIDM 0og [min(UIDM)

The hyperparameters of the training algorithm were set as follows. As initializer of the neural
network weights we chose He normal. In each hidden layer, we set LeakyReLU as an activation
function. In order to obtain an approximation of the Bayesian uncertainties [331] as Monte
Carlo dropout a “permanent” dropout layer was implemented after each hidden layer, where
“permanent” means that the dropout is present not only during training, but also for inferences.
To take into account the pre-processing of the target values we used a custom loss function that
minimises the mean absolute percentage error (MAPE) of the original cross sections:

N
1
L(O—‘érum U{:)red) = N Z ‘1 - eXp<O—£)red - Uérue)’ ) (716)
=1

where N is the batch-size which we choose to be 32. Furthermore, we applied the Adam optimizer
with an initial learning rate of aju; = 1072 and the EarlyStopping callback with a patience of
50. After 500 epochs have ended or EarlyStopping has terminated the iteration, the learning
rate was divided by 2 and the training continues until 10 of those iterations were completed. To
choose the best configuration, we ran a scan over the rest of the hyperparameters: the number of
hidden layers, the number of artificial neurons, A of the L2 regularization term and the dropout
fraction, and trained a neural network with each combination for the pp — HYH? process.
Finally, we trained one neural network for each of the remaining production processes using
the configuration that better minimised the MAPE for the first process. This configuration is
formed by 6 hidden layers with 192 artificial neurons, A = 107> and a dropout fraction of 1%.
The training data set, the code and the trained neural networks are presented in the GitHub
repository https://github.com/SydneyOtten/IDM_XS fulfilling the criteria from sections 7.2.2,
7.2.3 and 7.2.4.

In order to test the performance of the neural network, 100 sample predictions were drawn
for each point in the test data and their mean pi(op.cq) and standard deviation std(opreq) was
computed. From this, we computed the relative error (RE),

(Upred - Utrue)

Otrue

RE = , (7.17)

which quantifies the distance between ji(opreq) and the true cross section o, and the coefficient
of variance (CV),
Std(Up,«ed)
N(Upred) ’
which describes the estimation of the Bayesian uncertainty.
The results are summarised in Table 7.1. For the processes of associated production of
two different inert scalars, we obtained quite good results. The best one overall is for A°H*
production, with ©(RE) ~ 0.005, u(CV) = 0.03, and the 1 std interval around the mean predicted
cross section containing the true value for 99.97% of the test points. For the pair-production
processes, however, the outcomes are not ideal: we observe large REs and CVs, specially the
regions with large cross sections. The worst case is AYA° production with u(RE) ~ 0.1 and
©(CV) = 0.19, and 1 std around the mean prediction containing the true value for only 95.09%
of the test points. The mean predicted vs. the true cross section for these two cases is shown in
Fig. 7.3. We see here that 1. o(pp — A°A®) reaches much higher values than o(pp — A°H*) and

CV = (7.18)
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HOHY | A°A° | gtH- | HOA? | HOH* | AHY | HOH- | A°H~
1(RE) 0.0303 | 0.1049 | 0.2259 | 0.0058 | 0.0076 | 0.0048 | 0.0057 | 0.0072
n(CV) 0.0850 | 0.1880 | 0.1508 | 0.0272 | 0.0402 | 0.0276 | 0.0276 | 0.0287

within 1 std | 0.9833 | 0.9509 | 0.9812 | 0.9981 | 0.9995 | 0.9997 | 0.9886 | 0.9817

Table 7.1: Summary of the accuracy of the predictions of the trained neural network from the
test data: mean relative error, ;(RE), mean coefficient of variance, u(CV), and fraction of test
points whose true values lie within 1 std from the mean correspondent prediction, denoted as
“within 1 std”, for the eight production processes.

pp—+AH* pp = ACA?

102

101 4

1072

Predicted ol pb]
Predicted of pb]

1074

106 4

1077 10°% 1075 107* 103 1072 107! 10° 1077 10-° 1073 107! 10* 10° 10°
True o[pb] True o[pb]
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Figure 7.3: Mean predicted vs. true cross section for the processes with (a) the best and (b) the
worst performance. The error bars correspond to 1 std from the mean prediction in each point.

2. the largest uncertainties arise for the highest cross sections. To understand this further, we
plot in Fig. 7.4 the true cross section vs. the mass of the final state, with CV shown as color code.
We observe that as the cross sections get larger so does the CV, a fact that is more notorious
for the pair-production processes, which reach much higher values, specially when 2M 40 ~ M},
where h-mediated production becomes kinematically allowed. Moreover, as expected, the cross
sections peak towards low masses; in this region the density of points is rather low, which is
also a cause of larger uncertainties. This suggests that the target values (i.e. the values of the
cross sections) of the training sample should be more evenly distributed. Nevertheless, there is
the positive conclusion that, in general, we observe a direct proportionality between the relative
error and the standard deviation of the predictions. This can be deduced from Fig. 7.3 when
comparing the size of the error bars for point with their respective distance from the red line
(proportional to the error of the prediction). This is very important in order to ensure a correct
interpretation of the uncertainty on the prediction.

In summary, we obtained first results from trained neural networks that predict the LHC
production cross sections for inert scalars in the IDM, with an estimation of the Bayesian uncer-
tainty. The next step of this project will focus on reducing this uncertainty and, by making sure
that the true value is inside the 1 std uncertainty interval of the prediction, reducing the relative
error of the predictions over the full parameter space for all the processes under consideration.
One way to achieve this regards implementing Dropout-based Active Learning [372].

117



pp = A%H* pp —A%A°
] 10° 1 10°

102 4

1 3] S ] 1
10 10714 il ¢

-2 T 5
10 0o 2 104 0 g
g 1004 o 2
= g = 1077 T T T T T <
2 102 b -1 2 50 100 150 200 250 300 35 -14
® ? £ 5 1014 g
Z 10 28 g 2§
[T [T
i 1072 58
) 1 38
1075 g g
- 1054 : -
10°6 Vi f"':l‘"-h-,- E
-5 s -5
1077 T T T T T T 1077 T T T T
500 1000 1500 2000 2500 3000 3500 1000 2000 3000 4000
My + Mao [GeV] 2Ma: [Gev]
0 040
(a) pp =~ A°H™ (b) pp —» A°A

Figure 7.4: True cross section vs. effective mass for the processes with (a) the best and (b) the
worst performance. In color, the logarithm of the coefficient of variance is shown.

7.3.4 Global fits of Gambit Zenodo data

The GAMBIT collaboration has released the data resulting from their global fits of a variety
of beyond Standard Model models [373, , , , , , , | in Zenodo. These
data can be trained using deep learning methods to predict, for instance, dark matter and LHC
observables or likelihoods related with those observables for a posteriori interpolation.

One example is the seven-dimensional MSSM (MSSM7) [375] for which we have created a
machine learning model in the form of two stacked deep neural networks to perform a regression
on the MSSM7 combined likelihood. A total of 22.6 million samples were used for the training
and evaluation of the models. Data exploration reveals that ~ 595000 of those samples have
a likelihood of 0 whereas all the other samples range from ~ —450 to —255. The great void
between -255 and 0 enhances the difficulty for a single neural network to perform well in every
likelihood region. This particular inhomogeneity of the data raises the standard deviation from
~ 7 when excluding the zero likelihoods to ~ 42 when including them. Thus, it was no surprise
to find an extraordinarily well performing deep network when excluding the zeros from the
training procedure. However, when training a neural network on the full data set, we achieved
an accuracy of 100 % for identifying zero likelihoods. We have implemented a stacking mechanism
that combines the knowledge of two deep neural networks by merging them into a deep hybrid
network.

Deep Hybrid Network Architecture and Training

The two neural networks comprising the hybrid architecture were constructed and trained with
Tensorflow and Keras. Their most important difference is due to the data they were being
trained on:

Net A is trained on the full data set including the samples with a likelihood of 0.

Net B is trained on the full data set excluding the samples with a likelihood of 0.

The stacking mechanism is therefore simple: firstly, the input is processed by net A. If it predicts
a 0, the final prediction is 0. If it does not predict 0, query net B and give its prediction as the
final result. Nets A and B share most of their hyperparameters. Thus, if not explicitly mentioned
otherwise, the subsequent network features are true for the procedures of both nets:
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Data Preprocessing: The input, as well as the output, are z-score normalised, i.e. for sample
x;, it is transformed into z and
r Ty — ﬁ(x)

x; = o) (7.19)
where i and o are the mean and standard deviation. However, for the parameters ) and
sgn(u), p = 0 and o = 1. After normalising the data, it is split into three parts: first
of all, 5% of the 2.26 - 107 samples are stored as test samples the neural networks will
not see at all during their training. The other 95% are then again split into training and
validation samples with a ratio of 9:1 respectively. The training samples are the ones that
the loss function gets to compare to the model predictions while the validation samples are
only used as a monitor for the performance. However, as will be explained in the training
paragraph, the Network will be slightly biased towards the validation set.

Network Topology: The input is processed by 8 layers of fully connected neurons with 64 (net
A) or 100 (net B) neurons with the selu activation function. The initial weights are drawn
from a normal distribution with g = 0, opeta = 0.125 and opetp = 0.1.

Training: The loss function measuring the deviation of the model predictions and true values
is minimised by the ADAM[351] optimiser with default values beside the learning rate and a
batch-size of 180000 and has been customised with respect to the data preprocessing. Our
loss function is a modification of the mean absolute error (MAE):

N

Loss (50 (%)) = 5 > 0(v) Vi = i, (7.20)
i=1

where g; is the predicted and y; is the true label for input x;. Additionally, a learning rate
scheduling with a; = 0.01, ay = 10~° and a factor of 1.7 dividing the learning rate for each
iteration. One iteration is equivalent to 2500 epochs of training or until the EarlyStopping
routine has ended the iteration with a patience of 200 epochs. For each iteration, the
model parameters giving the best validation loss are loaded into the architecture and the
optimisation continues which causes the bias mentioned earlier.

Performance measurement

To measure the performance of the model, we evaluate both neural networks by comparing their
predictions to 5% of the corresponding data sets (the test sets). The test set of net A consists
of 1.13 million points, including 50650 samples whose likelihood is 0. Although the training
procedure for net A is a typical regression, its function in the stack is to classify whether the
parameter space point corresponds to a likelihood of 0 or not. Therefore, the only interesting
measure for net A is the binary classification accuracy which was 100 %. For net B, an evaluation
plot is shown in Figure 7.5.

7.4 Conclusions

Machine learning can find various applications in HEP phenomenology. Here, the use of ML based
regression and classification of information for high-dimensional HEP models was discussed with
emphasis on best practices for a sustainable reuse of phenomenological information. To give an
example, phenomenological studies of the likelihood of a particular HEP model should publish the
multidimensional records of all likelihood evaluations. Such data can be used to train ML models
which allow to evaluate the likelihood of this HEP model in its full dimensionality. The ML code
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Figure 7.5: A validation plot of net B, showing the true label y; on the x-axis and the pre-
dicted label y; on the y-axis with a mean absolute error (MAE) of 0.7405. The test points are
additionally showing the error bounds: 1o in red, 2¢ in green, 3¢ in yellow and the rest in blue.

and the trained ML model should then be published with appropriate meta data specifying input
and output variables, boundaries of the training regions, etc., to allow an easy reuse. We propose
to build a HEP-wide framework storing such information.

As proof of concept and feasibility, we showed various examples of applications such as ML-
based regression of cross sections in left-right symmetric models and in the inert doublet model

and the regression of likelihoods for the minimal supersymmetric standard model as provided by
the GAMBIT collaboration.
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Chapter 8

Conclusions.

An extensive program of searches for new physics is being carried out by the ATLAS and CMS
collaborations. In them, results are commonly interpreted in the context of simplified models.
This approach allows a more clear understanding of the results and notably, facilitates their
reinterpretation. However, mass limits derived from simplified models can significantly change
when considering more realistic scenarios of a same theory. Furthermore, there is still a wide
variety of new or beyond vanilla BSM theories that are no directly covered by the experimental
collaborations. Thus, the presence of a very active framework of re-interpretation of LHC results.
Carried within this context, the aim of this thesis was to study the collider phenomenology of
beyond vanilla theories and to contribute on the development of tools to render more efficient
such endeavor. Another aspect of this thesis, regarded the first steps taken by the author on the
emergent subject of ML applications to HEP phenomenology.

In chapter 4 we discussed about the developments presented in version 1.2 of the SModelS
reinterpretation tool. Namely, it now features the combination of signal regions whenever a
covariance matrix and the corresponding efficiency maps are provided by the analysis. This
is very useful to enhance the constraining power that can be derived from simplified models.
Another major improvement is the implementation of HSCP and R-hadron signatures, consider-
ably extending the types of topologies than can be tested by SModelS. Furthermore, version 1.2
presented the addition of an Interactive Plots Maker, a tool to efficiently visualize the SModelS
output and compare it with the parameters of the model under study. Is in the development of
this tool where I was mainly involved.

In chapter 5 we went beyond vanilla and explored the collider phenomenology of the coloured
sector (in Sec. 5.2) and the electroweakino sector (in Sec. 5.3) of the MDGSSM. There are several
motivations for studying this model. Among them, we find that a natural enhancement of the
Higgs mass at tree level is induced. Furthermore, significant differences on collider constrains
and signatures are expected with respect to the MSSM. In Sec. 5.1 we introduced the model
together with some general phenomenological considerations.

In the first collider study of the MDGSSM, we derived LHC limits on the gluinos and squarks
in the MDGSSM. As a first step, we used SModelS to quickly obtain bounds on the masses of
the colored SUSY particles. However, since we were dealing with complex scenarios where the
gluinos and squarks share out their branching ratios over several decay channels, the constrains
that can be derived from simplified models are expected to be weak. Thus, we turned to recasting
with full event simulation to obtain more realistic results. This required the implementation and
validation of the ATLAS-SUSY-2016-07 multijet analysis into the Madanalysis 5 framework. By
comparing the finally obtained bounds to those in equivalent MSSM scenarios, we quantified their
differences. On the one hand, when gluino masses are large, bounds on squarks are suppressed
as compared to the MSSM. This is due to a forbidden chirality flip in the squark production via
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t-channel gluino exchange process in the MDGSSM. On the other hand, when gluino production
dominates, the constrains are enhanced in the MDGSSM case due to the extra gluino degrees of
freedom.

In the second study, we constrained the electroweakinos of the MDGSSM. First, we delimited
the parameter space where the lightest neutralino is a viable dark matter candidate that avoids
direct detection constrains as well as bounds from LEP and LHC Higgs measurements. The
allowed scenarios were divided in two classes: the ones where all the neutralinos and charginos
(except the LSP) are promptly decaying and the ones with long-lived electroweakinos. We then
derived LHC limits on these scenarios by reinterpreting SUSY and LLP searches using both
simplified model and full recasting with MC simulation approaches. Regarding the prompt
scenarios, only certain points with an LSP mass < 200 GeV were excluded, while if winos are
heavy, the limit drops to 100 GeV. Regarding the LLP scenarios, we only focused on those where
long-lived charginos are present. This is because the decay products of long-lived neutralinos are
typically dominated by soft photons and currently any ATLAS and CMS analysis is sensitive to
the corresponding signature. Thus, we used HSCP and DT searches to derive, actually powerful,
constrains on the scenarios with charged LLPs. Moreover, we found that comparable limits on
electroweaknos are obtained between both reinterpretation approaches. Finally, we provided 10
benchmark points that could serve as useful guidance in future work.

In chapter 6 we discussed a proposed method to determine the orthogonality of signal regions
of different analysis. If analysis are determined as uncorrelated they can be trivially combined
to potentially yield stronger constrains. The method was implemented into a tool we called
TACO. First results were presented for LHC analyses in the intersection between the SModelS
and MadAnalysis databases, derived from events produced from simplified model topologies. In a
follow up work, we wish to include also more complicated events to uncover potential correlations
that could have been missed. Furthermore, as more concrete results are obtained, is our objective
to implement them in standard reinterpretation tools such as SModelS and MadAnalysis. Then,
orthogonal signal regions could be automatically combined.

Chapter 7 regards the usefulness of ML classifiers and regressors in HEP phenomonelogy,
in particular to address the full dimensionality of BSM theories. In there, we emphasize on
the importance of estimating uncertainties of ML model predictions. Also, we provided recom-
mendations on the sustainability and reproducibilty of trained ML models. Furthermore, we
presented several examples of ML applications. In particular, I was responsible for the ‘Learning
the production cross sections of the Inert Doublet Model’ sub-project. In there, we designed
a neural network with a permanent dropout implementation, with the purpose of accurately
predicting, with an estimated uncertainty, the production cross sections of the inert scalar in
the IDM. In general, we observe a direct proportionality between the estimated uncertainty and
the relative errors of the prediction This is very important for the correct interpretation of the
former. Regarding accuracy, we showed promising results. However, improvements are still re-
quired, specifically in the resonant regions. A possible way to address the issue regards the use
of active learning methods.

The quest for new physics is very vivid. New search possibilities are continuously arising.
An important example is the development of LLP searches that permit us to study a whole
different type of collider phenomenology. The success of this endeavor undoubtedly relies on a
close communication between the experimenters and theorists in our field. On the one hand, this
permit us to come up with optimal search strategies. On the other, it encourages the proper
preservation of LHC results so they can be reinterpreted in the context of theories not yet tested.
Finally, I stress the importance of employing (and developing) modern ML techniques in HEP
phenomenology. Several applications have already been discussed in the literature. They include,
signal vs background classification, prediction of observables, data-driven anomaly searches, the
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production of generative models, etc. I believe that machine learning, with a proper treatment
of uncertainties, will play an important role on future breakthroughs in the field.
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Appendix A

MCMC scan: steps of the
implementation

The algorithm starts from a random uniformly drawn point, computes —log(L) denoted as
—log(L)e1q, then a new point is drawn from a Gaussian distribution around the previous point,
from which —log(L), denoted as —log(L)new, is computed. If pp x log(L)new < log(L)od,
where pp is a random number between 0 and 1, the old point is replaced by the new one and
—log(L)oig=—10og(L)new. The next points will be drawn from a Gaussian distribution around
the point that corresponds to —log(L)sq. The steps of the implementation are the following:

1. Draw a starting point from a random uniform distribution.

2. If point lies within allowed scan range, eq. (6), compute spectrum with SPheno. If the
compututation fails, go back to step 1 (or 9).

3. Check if 120 < my, < 130 GeV. If not, go back to step 1 (or 9).

4. Call micrOMEGAs, check if the point is excluded by LEP mass limits or invisible Z decays,
or if the LSP is charged. If yes to any, go back to step 1 (or 9).

Compute the relic density and px17 with micrOMEGAS.
If relic density below Qh%,, . + 10% = 0.132, save point.

Compute X?Zhg for relic density.

Compute —log(L)oq = X?yﬂ —log(pxir) + log(mrsp).

© »® T o o

Draw a new point from a Gaussian distribution around the old one.
10. Repeat steps 2 to 7.
11. Compute —log(L)pew-

12. Run the Metropolis—Hastings algorithm:
pp=random.uniform(0,1.)

If pp x 1og(L)new < log(L)ola:
10g(L)old:10g(L)new

13. iteration+4. While iteration<mniterations: repeat steps 9 to 13.

This algorithm was run several times, starting from a different random point each time, to explore
the whole parameter space defined by eq. (6).
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Appendix B

Description of the signal regions
considered in Chapter 6.

Mz [GeV] | P [GeV] | My < 75 GeV | 75 > My < 105 GeV | My > 105 GeV
50-100 AOASR1 AO0ASRI15 AOASR32
100-150 AOARA2 AOASR16 AOASR33
150-200 AOSRA3 AOASR17 A0ASR34
0-100 200-250 AOASR4 AOASR18 AOASR35
250-400 AOASR19
400-500 AOASR5 AO0ASR20 AOSR36
> 550 AOASR21
50-100 AOASR6 AOASR22 AO0ASR37
100-160 100-150 AOASRT AOASR23 AOASR38
150-200 AOASRS8 AOASR24 AOASR39
> 200 AOASR9 AO0ASR25 AO0ASRA40
50-100 AOASR10 AOASR26 AO0ASRA41
100-150 AOASR11 AOASR27 AOASR42
> 160 150-200 AOASRI12 AO0ASR28 AOASR43
200-250 AOASR13 AOASR29
250-400 A0ASR14 AO0ASR30 AO0ASR44
> 400 AOSAR30
Table B.1: Summary of the AOA signal regions in the A0 analysis, cf. Ref. [302].

Table B.2: Summary of the AOB signal regions in the A0 analysis, cf. Ref. |

Mr(GeV) | piSS(GeV) | My < 100GeV | My > 100GeV
0-120 50-100 AOBSR1 AOBSR4
> 100 AOBSR2 AOBSR5
> 120 > 50 AOBSR3 AOBSR6
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p?iss [GGV] 75 > My < 105 GeV MTQ(ZlZQ)[GGV] My <75 GeV | My > 105 GeV
50-100 AOCSRO06 AO0CSRO1 AOCSRO12
100-150 AOCSRO7 AO0CSR02 AO0CSRO13
150-200 AOCSRO8 AO0CSRO03 AO0CSRO014
200250 AOCSR09 0-100 AOCSR04 AO0CSRO15
250-300
300-400 AOCSR10 AOCSRO05 AOCSRO016
> 400 AOCSR11
50-200 > 100 AOCSRO17
>200 AO0CSRO18

Table B.3: Summary of the AOC signal regions in the A0 analysis, cf. Ref. [302].

Mrp [GeV] p?iss [GeV] | My <75 GeV | 75 > My < 105 GeV | My > 105 GeV
50-100 AODSR1 AODSRG6 AODSRI11
100-150 AODSR2 AODSRY7 AODSR12
0-100 150-200 AODSR3 AODSRS AODSR13
200-250 AODSR4 AODSRO09 AODSR14
>250 AODSRb5 AODSR10
>100 50-200 AODSR15
>200 A0DS016

Table B.4: Summary of the AOD signal regions in the A0 analysis, cf. Ref. [302].

Mro(ly, 7) [GeV] | piss [GeV] | My < 60 GeV | 60 > My < 100 GeV | My > 100 GeV
50-100 AOESR1 AOESRG
100-150 AOESR2 AOESR7
0-100 150-200 AOESR3 AOESRS AOESR11
200250 AOESRA AOESR9
> 250 AOESR5 AOESR10
> 100 >50 AOESR15

Table B.5:  Summary of the AOE signal regions in the A0 analysis, cf. Ref. [302].

MT2<11, T) [GGV] p?iss [GGV] My <100 GeV | My > 100 GeV
50-100 AOFSR1 AOFSR7
100-150 AOFSR2 AOFSRS
0-100 150-200 AOFSR3 AOFSR9
200250 AOFSR4
250-300 AOFSR5 AOFSR10
> 300 AOFSR6
> 100 50-200 AOFSR11
> 200 AQOFSR12

Table B.6: Summary of the AOF signal regions in the A0 analysis, cf. Ref. [302].
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PSS [GeV] 0, 17y 27,
nOSSF>2 | nOSSF< 2 | nOSSF> 0 | nOSSF> 2 | nOSSF< 2
0-50 AOGSRI1 AOHSR1 AOISR1 A0JSR1 AOKSRI1
50-100 AOGSR2 AOHSR2 AOISR2 A0JSR2 AOKSR2
100-150 AO0GSR3 AOHSR3 AOISR3 A0JSR3
150-200 AO0GSR4 AOHSR4 AOISR4 A0JSR4 AOKSR3
>200 AOGSR5

Table B.7:  Summary of the A0(G-K) signal regions in the A0 analysis, cf. Ref. [302].

]Vjets 0 1
My [GeV] <100 >100 <100 >100
Pl [GeV] <50 >50 <50 >50

PSS < 100 GeV AOSSSR1 AOSSSR6 | AOSSSR11 | AOSSSR16 | AOSSSR21 | AOSSSR26
100 < p < 150 GeV | ++ | AOSSSR2 | AOSSSR7 | AOSSSR12 | AOSSSR17 | AOSSSR22 | AOSSSR27
-- | AOSSSR3 | AOSSSR8 | AOSSSR13 | AOSSSRI18 | A0OSSSR23 | AOSSSR28
150 < pis < 200 GeV AOSSSR4 AOSSSR9 | AOSSSR14 | AOSSSR19 | A0OSSSR24 | AOSSSR29
PSS > 200 GeV AOSSSR5 AOSSSR10 | AOSSSR15 | AOSSSR20 | A0SSSR25 | AOSSSR30

Table B.8: Summary of the AOSS signal regions in the A0 analysis, cf. Ref. |

Niet | Nojer | Hr [GeV] | HESS [GeV]
AISR1 | >2] 0O > 500 > 500
AISR2 | >3 | 0 >1500 > 750
AISR3 | >5| 0 > 500 >500
AISR4 | >5| 0 > 1500 > 750
AISR5 | >9| 0 > 1500 > 750
AISR6 | >2 | >2 >500 >500
AISR7 | >3 | >1 >750 >750
AISR8 | >5| >3 >500 > 500
AISR9 | >5| >2 | > 1500 > 750
AISRI0 | >5 | >3 >750 > 750
AISRIL | >7 | >1 >300 > 300
AISRI12 | >5 | >1 >750 > 750

Table B.9: Summary of the signal regions in the Al analysis, cf. Ref. |

mTQ(l1l2) [GQV]

100 — 140

140 — 240

> 240

EFS 7200 GeV

A2SR1

A2SR2

A2SR3

Table B.10: Summary of the signal regions in the A2 analysis, cf. Ref. |
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A3SR2jl | A3SR2jm | A3SR2jt [ A3SR4jt | A3SR5j | A3SR6jm | A3SRGjt

EXSS[GeV] > 200
pr(j1)[GeV] > 200 300 200
pr(j2)[GeV] > 200 50 200 100
pr(Jjs)[GeV] > - 100
pT(j4)[GeV} > - 100
pr(Js)[GeV] > - 50
pr(Jje)[GeV] > 50
Ag(jety o (3), EF™ ) min > 0.8 04 [ 08 0.4
A¢<jeti>37 ErTmss)min > - 0.2
EWss [ /Hy [GeV1/?] > |20 -
Aplanarity > - 0.04
ESS [ (N) > - 0.2 0.25 0.2
meg(incl.) [GeV] > 1200 1600 | 2000 2200 1600 [ 1600 2000

Table B.11:

128

Summary of the signal regions in the A3 analysis, cf. Ref. |

.




Appendix C

Résumé Francais.

C.1 Introduction.

[’été 2012 a marqué une étape importante dans I'histoire du grand collisionneur de hadrons
(LHC). Les collaborations ATLAS et CMS ont annoncé I'observation d’une résonance a 125 GeV
dans le spectre de di-photons, correspondant a la production résonante d’une particule scalaire,
avec un niveau de confiance de 5o. Le boson de Higgs avait été découvert. Le boson scalaire était
la derniére piece manquante du modeéle standard (SM) de la physique des particules. Ainsi, le
spectre des champs de la théorie a été complété. Huit ans se sont écoulés et le SM reste incontesté
au LHC. Jusqu’a présent, toutes les observations des détecteurs ATLAS et CMS restent fidéles
aux prédictions du SM, alors qu’aucun signe précis de déviation n’a été détecté. Cependant, nous
avons de bonnes raisons de croire que le SM n’est pas la théorie finale. Intrinséquement, plusieurs
phénoménes soulévent des questions auxquelles nous aimerions trouver une réponse: pourquoi
I’échelle électrofaible et 1’échelle de Planck sont-elles si éloignées?,La conservation du nombre
de baryons et du nombre de leptons ne sont-elles que des symétries accidentelles?, Pourquoi n’y
a-t-il pas violation de CP (charge - parité¢) dans le secteur QCD (Chromodynamique quantique)?,
etc. De plus, il existe des observations astrophysiques et cosmologiques qui conduisent & penser
qu’il existe une nouvelle physique au-dela du SM: I'asymétrie matiére-antimatiére, ’expansion
accélérée de I’Univers et la matiére noire. Finalement, le SM ne décrit que trois des quatre forces
fondamentales que nous connaissons, en laissant de coté la gravité.

Pour résoudre les énigmes intrinséques du SM et décrire les observations que le SM ne ne
parvient pas a expliquer, une pléthore de théories au-dela du modéle standard (BSM) ont été pro-
posées. Jusqu’a présent, les plus théoriquement convaincantes, sont les celles tirées du paradigme
de la supersymeétrie (SUSY), dans lequel pour chaque champ bosonique une contrepartie fermion-
ique existe et vice-versa. Elles peuvent étre invoquées pour résoudre la majorité, sinon la totalité,
des problémes du SM et devraient étre observées au LHC. Il existe également un grand nombre
d’extensions non supersymétriques, telles que des théories avec des dimensions supplémentaires,
des modéles multi-Higgs et des théories avec de nouvelles symétries internes, qui sont souvent
congues pour décrire des problémes spécifiques du SM. Dans ’ensemble, les théories BSM for-
ment une vaste mer de possibilités qui devraient toutes étre explorées, car de la nouvelle physique
peut étre trouvée dans tous les coins.

Un vaste programme de recherches sur la nouvelle physique a été proposé au LHC, visant
a couvrir autant que possible les nouvelles théories de la physique. Cependant, I'immensité
des théories et des scénarios BSM, rend impossible pour les collaborations expérimentales de
poursuivre cet objectif par eux-mémes. Ainsi, une communication étroite entre théoricien et
expérimentateur est nécessaire. Cela encourage de nouvelles idées sur ot chercher de la nouvelle
physique. De plus, il favorise la préservation des résultats expérimentaux de telle maniére qu’ils
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puissent étre réinterprétés dans le contexte des théories au-dela de la nouvelle physique standard.
C’est dans cet esprit que le forum de réinterprétation des recherches du LHC a été congu, dans
le cadre d’un effort conjoint entre expérimentateurs et théoriciens visant & tirer le meilleur parti
de I'héritage du LHC.

C’est dans le cadre de la réinterprétation des résultats du LHC que cette thése se déroule.
Du coté phénoménologique, il explore la sensibilité des résultats actuels du LHC au modéle
Minimal avec gauginos de Dirac (MDGSSM), une théorie SUSY au-dela de la nouvelle physique
standard ot les gauginos sont promus aux états Dirac. Fait intéressant, le MDGSSM présente
une phénoménologie considérablement différente des modéles SUSY déja envisagés au LHC. Les
travaux correspondants ont impliqué la réinterprétation, selon différentes approches, d’une variété
d’analyses du LHC. Coété développement d’outils, il concerne les nouveaux développements de
I'outil de réinterprétation SModelS présentés dans sa version 1.2. Ma principale contribution &
cette version a été le développement d’un créateur de tracés interactifs, pour faciliterl’étude des
résultats de SModelS. De plus, dans cette thése, nous discutons de la mise en ceuvre d’un outil
pour déterminer si les régions de signal de différentes analyses sont statistiquement indépendantes
les unes des autres et, par conséquent, peuvent étre combinées de maniére triviale.

De plus, nous vivons & I’ére mondiale du big data, qui s’est sans aucun doute propagée au
domaine de la physique des particules. Tant sur le domaine des collisionneurs que sur celui
de 'astrophysique, une énorme quantité de données est collectée, dont 'interprétation est trop
complexe pour ne pas s’appuyer sur la science des données moderne. Ainsi, les collaborations ex-
périmentales adoptent de plus en plus (et développent) des techniques modernes d’apprentissage
automatique (ML) pour leurs études. La nécessité de faire de méme en phénoménologie de
la physique des hautes énergies (HEP) devient de plus en plus stricte. D’une part, pour étre
en mesure de bien comprendre et de (ré)interpréter les résultats expérimentaux, une bonne
compréhension des techniques sophistiquées qu’ils emploient est nécessaire. En outre, comme
indiqué, le cadre de réinterprétation du LHC a pour objectif de couvrir la grande variété de
théories BSM proposées. La plupart de ces théories sont faites d’une interaction compliquée
entre leurs paramétres libres. L’introduction du ML peut certainement améliorer ’exploration
de ces espaces de paramétres. De plus, le ML ouvre la possibilité de suivre le probléme inverse,
c’est-a-dire poursuivre les recherches basées sur les données pour trouver des anomalies dans les
résultats expérimentaux, qui pourraient étre interprétées plus tard dans le contexte d’une théorie
BSM.

Donc, cette thése décrit la premiére tentative par 'auteur, dans le sujet émergent du ML
en phénoménologie HEP. Concrétement, j’ai travaillé sur 'implémentation d’un réseau neuronal
pour prédire avec précision et avec une incertitude estimée, les sections efficaces de production
dans le modéle de doublet inerte (IDM). Nous discutons également de I'importance de fournir
des incertitudes sur les prédictions des modéles de ML et sur les recommandations pour partager
tout le matériel impliqué dans la production des applications de ML. De plus, nous présentons
plus d’exemples de classificateurs et régresseurs basé sur le ML et appliqués a la phénoménologie
HEP.

Le manuscrit est structuré comme suit. Le chapitre 2 sert d’introduction au SM et a notre
quéte actuelle pour ’étendre. En ce qui concerne notre motivation a aller au-dela du SM, nous
accordons une attention particuliére & la matiére noire, tandis que dans le cadre des théories de
nouvelle physique, nous mettons 'accent sur la supersymétrie. Ensuite, le chapitre 3 présente
le cadre de modéle simplifié pour interpréter les résultats du LHC, suivi d’une description des
principales approches de réinterprétation des analyses du LHC. Le chapitre 4 commence par
décrire le concept général de I'outil de réinterprétation de modéles simplifiés SModelS, pour en-
suite se concentrer sur les développements présentés dans sa version la plus récente, v1.2. Dans le
chapitre 5, nous allons au-dela de la nouvelle physique standard et explorons le MDGSSM dans
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le contexte du cadre de réinterprétation du LHC. Dans la premiére section, nous fournissons
une introduction au modéle et nos motivations pour I’étudier. Dans la seconde, nous présen-
tons les contraintes sur les gluinos et les squarks du modéle, dérivées de la réinterprétation des
analyses LHC appropriées. Dans le troisiéme, nous nous tournons vers le secteur electroweakino.
Nous présentons notre étude de la phénoménologie des collisionneurs de ’espace des paramétres
electroweakino oil le neutrino le plus léger est un candidat & la matiére noire non surabondant
qui échappe aux contraintes des recherches de détection directe de la matiére noire, LEP et des
mesures de Higgs au LHC. L’étude a été divisée en deux classes de scénarios: ceux avec seulement
des électroweakinos en désintégration rapide et ceux avec des charginos et / ou des neutralnos a
longue durée de vie. Ceci est suivi par le chapitre 6 ot nous discutons de la mise en ccuvre de
TACO (Testing Analyses’ COrrelations), un outil pour déterminer 'orthogonalité des région du
signal (SR) a partir de différentes analyses du LHC. Ensuite, dans le chapitre 7, nous discutons
des applications des régresseurs et classificateurs ML en phénoménologie HEP. Finalement, les
conclusions finales sont abordées.

C.2 Sommaire des Chapitres.

C.2.1 Chapitre 2 - Le voyage au-dela du modéle standard.

Le modéle standard de la physique des particules est actuellement notre meilleure description
des éléments constitutifs de la nature. Cependant, plusieurs indications nous motivent & étendre
le SM. Dans 'aspect théorique, ils incluent le probléme de hiérarchie, le probléme de CP fort,
la grande unification, etc. Au sens observationnel, la motivation la plus claire est I'existence de
matiére noire (DM); le SM ne peut pas décrire I'excés de matiére observé dans 1'Univers.

Par conséquent, plusieurs théories ont été proposées pour étendre le SM afin de répondre a
ces énigmes théoriques et observationnelles. Les plus complétes sont celles tirées du contexte de
la supersymétrie. Le modéle standard supersymétrique minimal (MSSM) a été largement étudié,
car il est connu pour fournir des solutions au probléme de hiérarchie et fournir des candidats de
DM viables, entre autres propriétés. Cependant, il existe d’autres théories SUSY qui méritent de
I’attention . En particulier, dans cette thése, nous nous concentrons sur la théorie minimale SUSY
ou les gauginos (super partenaires des bosons de jauge) sont des états de Dirac. Finalement,
notre machine principale pour étudier le SM et ses extensions possibles est le grand collisionneur
de hadrons.

C.2.2 Chapitre 3 - (Re)Interprétation des recherches du LHC.

AuLHC, ATLAS et CMS ont mis en place un vaste programme de recherche de nouvelle physique.
Cela peut étre grossiérement classé en recherches de résonance, d’énergie manquante et de partic-
ules a longue durée de vie (LLP). Les premiers sont généraux a interpréter (effets d’interférence
mis & part). Alors que les deux autres sont généralement plus complexes. Cela est principale-
ment di a leur optimisation dépendant du modéle et aux modéles théoriques complexes & partir
desquels ils sont optimisés. Pour y remédier, ATLAS et CMS ont choisi de présenter leurs ré-
sultats dans le cadre des spectres de modéles simplifiés (SMS). Les SMS sont des ensembles de
descriptions lagrangiennes efficaces, appelés modéles simplifiés, congus pour caractériser un nou-
veau modeéle physique avec un petit nombre de paramétres cinématiques, liés a la physique des
collisionneurs, d’une maniére supposée suffisante pour décrire la phénoménologie essentielle des
modéles de nouvelle physique. Cela permet aux recherches du LHC de couvrir aussi largement
que possible les théories BSM populaires tout en restant applicables & un plus large éventail de
modéles théoriques, de maniére simple. Les résultats sont ensuite présentés sous la forme de
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cartes de la limite supérieure sur des sections efficaces multipliées par des rapports de branche-
ment (o X B) et des cartes d’efficacité sur les paramétres libres des modéles simplifiés.

La variété des théories BSM est trop vaste pour que les collaborations expérimentales les
couvrent d’elles-mémes. Ainsi, il est nécessaire que les résultats du LHC soient réinterprétés pour
tester des théories plus complexe ou pas encore pensé. Actuellement, il existe deux approches
principales pour ce faire. La premiére, connue sous le nom d’approche par modéle simplifié, est
rapide mais souvent conservatrice. Son idée principale est de comparer directement la limite
supérieure expérimentale avec le o x B correspondant du modéle théorique. Alternativement, on
peut également utiliser des cartes d’efficacité pour calculer les événements de signal attendus et les
bornes correspondantes. L’approche du modéle simplifié suit 'hypothése selon laquelle Iefficacité
ou les limites supérieures restent approximativement valables pour un modéle générique prédisant
la méme signature que le modéle simplifié. La seconde approche prend plus de temps mais
est généralement plus compléte. Elle est connue sous le nom de réinterprétation basée sur le
simulation compléte d’événements (ou refonte compléte). Son idée générale est de calculer les
rendements de signal attendus des processus BSM qui seraient mesurés par une analyse basée
sur les selections. Ceci est réalisé en appliquant les mémes selections dans les analyses et en
calculant le rapport des événements sélectionnés sur le nombre total d’événements produits.
Ces événements sont produits via des générateurs d’événements Monte Carlo et la réponse du
détecteur est émulée par des simulateurs dédiés. Finalement, nous notons que, bien que le
processus de réinterprétation basée sur le simulation compléte d’événements soit bien standardisé
pour le cas de recherches d’énergie manquantes par plusieurs outils, il n’existe pas encore une
méthode claire pour les recherches LLP. Néanmoins, plusieurs implémentations de recherches
LLP ont été effectuées en suivant différentes approches.

C.2.3 Chapitre 4 - SModelS. Developemments récents.

La nature de I’approche SMS nous permet de dériver des contraintes sur une large variété de
théories BSM. Dans SModelS |13/, , |, une procédure générale de décomposition des
théories BSM, présentant une symétrie Zs, en topologies de modéle simplifiées, est implémentée.
Ceci est suivi d'une correspondance automatique entre les topologies produites et le résultat du
modéle simplifié correspondant trouvé dans sa grande base de données. Avec la publication de la
version 1.2 [135], SModelS a annoncé plusieurs nouveaux développements. Premiérement, alors
que les versions précédentes étaient limitées aux signatures énergétiques manquantes et ne sup-
posaient que des désintégrations rapides, la version actuelle prend désormais en compte la durée
de vie de chaque particule Zs-impair et prend correctement en compte les signatures de énergie
manquante, des particules chargée, stable et lourde (HSCP) et des hadrons R . Deuxiéme-
ment, SModelS permet désormais une combinaison de régions de signal dans les résultats de la
carte d’efficacité chaque fois qu'une matrice de covariance est disponible & partir de I’expérience.
Troisiemement, smodelsTools fournit désormais un créateur de tracés interactifs pour visualiser
facilement des résultats de SModelS et les comparer avec les paramétres des théories BSM.

C.2.4 Chapitre 5 - Contraintes sur le modéle minimal de Dirac gaugino.

La plupart des recherches SUSY au LHC sont effectuées dans le contexte du MSSM, ou les
gauginos sont des particules de Majorana. En introduisant les gauginos de Dirac, nous obtenons
une phénoménologie enrichie, des différences considérables dans les signatures et les limites du
LHC sont attendues par rapport au MSSM. Concrétement, dans le MDGSSM nous avons un
secteur electroweakino étendu par deux neutralinos et un chargino. De plus, les sections efficaces
de production sont agrandie pour les gluinos, tandis que pour les squarks, ils sont supprimés. De
plus, une petite division de masse dans les deux états bino et wino peuvent conduire a la présence
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des LLP. Nous avons réalisé deux études pour explorer la phénoménologie des collisionneurs du
secteur coloré (dans le premier) et du secteur electroweakino (dans le second).

Dans la premiére étude [184], nous avons étudié les limites des recherches du LHC sur les
squarks et les gluinos pour quelques scénarios représentatifs. Dans le contexte de contraintes de
modéle simplifiées, la grande variété de modes de désintégration possibles dans nos scénarios a
conduit & des limites trés faibles. La raison en est que, dans des scénarios complexes comme
ceux considérés ici, seule une petite fraction de la production totale de SUSY correspond aux
topologies de signaux qui sont contraintes par les résultats de modeéles simplifiés disponibles.
Nous avons donc confronté nos scénarios & une refonte compléte de la recherche ATLAS multi-
jet + MET [268] avec MadAnalysis 5. En comparant les limites sur nos scénarios du MDGSSM
a ceux du MSSM, nous avons confirmé que les limites des squarks sont trés significativement
(de plusieurs centaines de GeV) supprimées par rapport au MSSM. Nous avons montré que
cette déclaration est robuste méme en incluant des corrections de boucle de la production. En
revanche, pour les petites masses de gluino, les degré de liberté supplémentaires conduisent a des
sections efficaces de production plus importantes, et donc la limite inférieure sur la masse des
gluinos dans ces modéles est quelque peu plus élevée que dans le MSSM.

Dans la deuxiéme étude ('article correspondant est en préparation), nous avons étudié le
secteur electroweakino du MDGSSM. Nous avons exploré ’espace des paramétres ot le neutralino
le plus léger YY) est un bon candidat & la DM en accord avec la dénsité relique et les contraintes
de détection directe. La phénoménologie des collisionneurs des nouveaux scénarios motivés par
la DM est caractérisée par le spectre du secteur EW-ino plus riche par rapport a celui du MSSM,
naturellement de petites répartitions de masse et la présence fréquente de charginos et/ou de
neutralinos a longue durée de vie. Nous avons dérivé des contraintes actuelles du LHC sur
ces scénarios en réinterprétant les recherches SUSY et LLP réalisées par ATLAS et CMS. Pour
¢a, nous avons suivi une approche de modéle simplifiée et une refonte compléte & 'aide de la
simulation d’événements de Monte Carlo. Alors que les HSCP et les recherches des traces qui
disparaissen (DT) donnent des limites assez puissantes aux scénarios avec des LLP chargés, les
scénarios avec principalement des signatures E’Tniss restent peu contraints. En effet, les recherches
SUSY ne permettent d’exclure que (certains) points avec un LSP inférieur 4 200 GeV, et ¢a tombe
a environ 100 GeV lorsque les winos sont lourds. C’est un contraste frappant avec I'image pour
les contraintes sur les particules colorées, et indique que le secteur EW-ino de la théorie est
probablement le plus prometteur pour les travaux futurs. Finalement, nous avons fourni un
ensemble de 10 points de référenc a cette fin. En outre, nous avons constaté que le modéle
simplifié¢ et 'approche de refonte compléte fournissent des limites comparables sur le secteur
electroweakino du MDGSSM.

C.2.5 Chapitre 6 - Détermination des SR indépendants dans les recherches
du LHC pour la nouvelle physique.

Le programme de recherche du LHC pour la nouvelle physique a produit des centaines de publi-
cations et un plus grand nombre de résultats SMS individuels. Dans certains cas, ATLAS et CMS
fournissent également des matrices de covariance qui permettent une combinaison de probabil-
ités dérivées de différentes régions de signal (SR). Ce n’est cependant pas général, et est limité
aux régions de signal dans la méme analyse. Néanmoins, avoir une connaissance de la corréla-
tion entre les régions de signal est trés utile, car elles permettent leur combinaison et dérivent
ainsi des limites plus strictes sur les théories BSM. Avec cela comme motivation, nous avons
développé une méthode probabiliste pour la détermination de paires d’analyses approximative-
ment non corrélées. La méthode a ensuite été implémentée dans un outil que nous avons appelé
TACO. Pour les résultats présentés, seuls les événements issus de topologies de modéles simplifiés
ont été produits. Dans un futur projet, nous souhaitons introduire également des événements
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plus compliqués pour couvrir les corrélations potentielles qui pourraient étre manquées par des
événements basés sur des modeéles simplifiés trop simplistes. Ce travail est apparu comme la
contribution 16 dans le rapport du groupe de travail BSM [1] de atelier Les Houches ‘Physics
at TeV Colliders’ 2019.

C.2.6 Chapitre 7 - Apprentissage automatique pratique pour la régression et
la classification et les applications en phénoménologie HEP.

Ce chapitre concerne la contribution 22 du rapport du groupe de travail BSM de l'atelier Les
Houches ‘Physics at TeV Colliders’ 2019 [1]. Ici, nous discutons des applications pratiques du
ML dans la phénoménologie de la Physique des Hautes énergies et en particulier la possibilité
d’examiner les modéles de la nouvelle physique dans leur pleine dimensionnalité.

L’idée de ce projet est de simplifier la création et la réutilisation de modéles d’apprentissage
automatique congus pour la phénoménologie HEP. Pour cela, nous avons encouragé a sauveg-
arder le modéle ML, ’ensemble de données et le code pour former les modeéles de ML. Si la
construction des modéles ML peut étre simplifiée, toute publication sur la phénoménologie HEP
pourrait utiliser des modeéles ML pour stocker les probabilités, les sections efficaces et les limites
également pour les modéles HEP multidimensionnels. De plus, nous insistons sur I'importance
de quantifier les incertitudes épistémiques. Ils concernent ceux introduits avec notre modéele ML
pour l'estimateur f(m) ~ f(x). Un exemple de ce type d’incertitude est l'incertitude liée aux
valeurs entrainées des paramétres (par exemple les poids d’un réseau neuronal) de 1’algorithme
ML. Une fagon d’estimer ces incertitudes dans les réseaux de neurones consiste a appliquer
dropout aux nceuds pendant l'inférence [331].

Finalement, a titre de preuve de concept et de faisabilité, nous avons montré divers exemples
d’applications. Ici, nous ne mentionnons que celui qui était de la responsabilité de 'auteur de
cette thése: ‘Apprentissage des sections efficaces de production dans le IDM. Dans ce travail,
nous avons obtenu les premiers résultats de réseaux de neurones formés qui prédisent les sections
efficaces de production du LHC pour les scalaires inertes dans I'IDM, avec une estimation de
I'incertitude bayésienne. La prochaine étape de ce projet se concentrera sur la réduction de cette
incertitude et, en s’assurant que la vraie valeur est a l'intérieur de 'intervalle d’incertitude 1 std
de la prédiction, la réduction de I'erreur relative des prédictions sur tout I’espace des paramétres
pour tous les processus sous considération. Une fagon d’y parvenir concerne la mise en ceuvre de
lapprentissage actif basé sur le dropout [372].

C.3 Conclusion.

Un vaste programme de recherches sur la nouvelle physique est mené par les collaborations
ATLAS et CMS. Au sein de ces derniéres, les résultats sont généralement interprétés dans le
contexte de modeles simplifiés. Cette approche permet une compréhension plus claire des ré-
sultats et facilite notamment leur réinterprétation. Cependant, les limites de masse dérivées de
modéles simplifiés peuvent changer considérablement lorsque 1'on considére les scénarios plus
réalistes d’une méme théorie. En outre, il existe encore une grande variété de théories au-dela
de la nouvelle physique standard qui ne sont pas directement couvertes par les collaborations
expérimentales. Ainsi, justifiant la présence d’un cadre trés actif de réinterprétation des résultats
du LHC. Portée dans ce contexte, 'objectif de cette thése était d’étudier la phénoménologie des
théories au-deld de la nouvelle physique standard et de contribuer au développement d’outils
pour rendre plus efficace une telle entreprise. Un autre aspect de cette thése a porté sur les
premiers pas de 'auteur sur le sujet émergent des applications ML a la phénoménologie HEP.
Dans le chapitre 4, nous avons discuté des développements présentés dans la version 1.2 de

134



'outil de réinterprétation SModelS. A savoir, il comporte désormais la combinaison de régions
de signal chaque fois qu'une matrice de covariance et les cartes d’efficacité correspondantes sont
fournies par les analyses LHC. Ceci est trés utile pour améliorer le pouvoir contraignant qui
peut étre dérivé de modéles simplifiés. Une autre amélioration majeure est I'implémentation des
signatures HSCP et R-hadron, étendant considérablement les types de topologies qui peuvent
étre testées par SModelS. En outre, la version 1.2 a présenté ’ajout d’'un Interactive Plots Maker
(créateur de tracés interactifs), un outil pour visualiser efficacement les résultats de SModelS et
les comparer avec les paramétres du modéle théorique & I’étude. C’est dans le développement de
cet outil que j’étais principalement impliqué.

Dans le chapitre 5, nous sommes allés au-dela de la nouvelle physique standard et avons
exploré la phénoménologie du secteur coloré et du secteur electroweakino du MDGSSM. Il y a
plusieurs motivations pour étudier ce modéle. Parmi eux, nous constatons qu’une augmentation
naturelle de la masse de Higgs au premier ordre est induite. De plus, des différences importantes
sur les contraintes et les signatures des collisionneurs sont attendues en ce qui concerne le MSSM.

Dans la premiére étude du MDGSSM, nous avons dérivé les limites du LHC sur les gluinos et
les squarks dans le MDGSSM. Dans un premier temps, nous avons utilisé SModelS pour obtenir
rapidement des limites sur les masses des sparticules colorées. Cependant, comme nous avions
affaire a des scénarios complexes ot les gluinos et les squarks répartissent leurs ratios de ramifica-
tion sur plusieurs canaux de désintégration, les contraintes dérivées de modéles simplifiés étaient
faibles. Ainsi, nous nous sommes tournés vers la refonte avec une simulation d’événements com-
pléte pour obtenir des résultats plus réalistes. Cela a nécessité la mise en ccuvre et la validation
de P'analyse multijet ATLAS-SUSY-2016-07 dans le cadre de Madanalysis 5. En comparant
les bornes finalement obtenues & celles des scénarios MSSM équivalents, nous avons quantifié
leurs différences. D’une part, lorsque les masses gluino sont grandes, les limites des squarks sont
supprimées par rapport au MSSM. Ceci en raison d’une inversion de chiralité interdite dans la
production des squarks via le processus d’échange de gluino, dans le MDGSSM. D’un autre coté,
lorsque la production de gluino domine, les contraintes sont renforcées dans le cas du MDGSSM
en raison des degrés de liberté supplémentaires du gluino.

Dans la deuxiéme étude, nous avons contraint les électroweakinos du MDGSSM. Premiére-
ment, nous avons délimité ’espace des paramétres ot le neutralino le plus léger est un candidat
viable a la matiére noire qui évite les contraintes de détection directes ainsi que les limites im-
posées par le LEP et par les mesures de Higgs au LHC. Les scénarios autorisés ont été divisés en
deux classes: ceux oul tous les neutralinos et charginos (sauf le LSP) se désintégrent rapidement
et ceux avec des électroweakinos & longue durée de vie. Nous avons ensuite dérivé les limites
du LHC sur ces scénarios en réinterprétant les recherches SUSY et LLP en utilisant & la fois
un modéle simplifié et une refonte compléte avec des approches de simulation de Monte Carlo.
En ce qui concerne les scénarios avec electroweakinos en décomposition rapide, seuls certains
points avec une LSP avec masse < 200 GeV ont été exclus, tandis que si les winos sont lourds,
la limite tombe & 100 GeV. En ce qui concerne les scénarios LLP, nous nous sommes concentrés
uniquement sur ceux ol des charginos a longue durée de vie sont présents. En effet, les produits
de désintégration des neutrialinos a longue durée de vie sont généralement dominés par les pho-
tons de basse énergie et actuellement, aucune analyse dans ATLAS ot CMS n’est sensible & la
signature correspondante. Ainsi, nous avons utilisé les recherches HSCP et DT pour dériver des
contraintes, qui s’avérent puissantes, sur les scénarios avec des LLP chargés. De plus, nous avons
constaté que des limites sur les electroweakinos obtenues par les deux approches de réinterpré-
tation sont comparables. Enfin, nous avons fourni 10 points de référence qui pourraient servir
d’orientations utiles dans les travaux futurs.

Dans le chapitre 6, nous avons discuté d’'une méthode proposée pour déterminer ’orthogonalité
des régions de signal de différentes analyses. Siles analyses sont déterminées comme non corrélées,
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elles peuvent étre combinées de maniére triviale pour produire potentiellement des contraintes
plus fortes. La méthode a été implémentée dans un outil que nous avons appelé TACO. Les
premiers résultats ont été présentés pour les analyses du LHC a l'intersection entre les bases de
données de SModelS et de MadAnalysis, dérivées d’événements produits & partir de topologies de
modéle simplifiées. Dans un travail de suivi, nous souhaitons également inclure des événements
plus compliqués pour découvrir des corrélations potentielles qui auraient pu étre manquées. De
plus, & mesure que des résultats plus concrets sont obtenus, notre objectif est de les implémenter
dans des outils de réinterprétation standard tels que SModelS et MadAnalysis. Ensuite, les
régions de signaux orthogonales pourraient étre automatiquement combinées.

Le chapitre 7 concerne I'utilité des classificateurs et régresseurs ML dans la phénoménologie
HEP, en particulier pour aborder la pleine dimensionnalité des théories BSM. En particulier,
nous insistons sur I'importance d’estimer les incertitudes des prédictions du modéle ML. Nous
avons également fourni des recommandations sur la durabilité et la reproductibilité des modéles
ML formés. De plus, nous avons présenté plusieurs exemples d’applications ML. En particulier,
j'étais responsable du sous-projet ‘Apprentissage des sections efficaces de production du mod-
éle de doublet inerte’. Ainsi, nous avons conc¢u un réseau neuronal avec une implémentation
d’abandon permanent, dans le but de prédire avec précision, avec une incertitude estimée, les
sections efficaces de production du scalaire inerte dans 'TDM. En général, nous observons une
proportionnalité directe entre I'incertitude estimée et les erreurs relatives de la prédiction. Ceci
est trés important pour l'interprétation correcte de la premiére. Concernant la précision, nous
avons montré des résultats prometteurs. Cependant, des améliorations sont encore nécessaires,
en particulier dans les régions résonantes. Un moyen possible de résoudre le probléme concerne
I'utilisation de méthodes d’apprentissage actives.

La quéte d’une nouvelle physique est trés vive. De nouvelles possibilités de recherche ap-
paraissent sans cesse. Un exemple important est le développement de recherches LLP qui nous
permettent d’étudier un tout autre type de phénoménologie des collisionneurs. Le succés de
cette entreprise repose sans aucun doute sur une communication étroite entre les expérimenta-
teurs et les théoriciens de notre domaine. D’une part, cela nous permet de trouver des stratégies
de recherche optimales. D’autre part, il encourage la bonne conservation des résultats du LHC
afin qu’ils puissent étre réinterprétés dans le cadre de théories non encore testées. Finalement,
je souligne I'importance d’employer (et de développer) des techniques modernes de ML dans la
phénoménologie HEP. Je pense que 'apprentissage automatique, avec un traitement approprié
des incertitudes, jouera un role important dans les progrés futurs de la physique des particules.
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Abstract. The ATLAS and CMS collaborations has been putting forward an extensive pro-
gram of searches for new physics, aiming to cover new physics theories as much as possible. The
results of these searches are typically interpreted in the context of popular models or simplified
model topologies. However, there exist a plethora of non-minimal, non-standard or less-known
BSM theories and scenarios that are not directly covered by the experimental analyses. Thus, the
importance of a framework of LHC reinterpretation to test any of such beyond vanilla theories.
Is within this spirit that this thesis unfolds. It concerns two aspects: phenomenology of beyond
vanilla new physics and the further development of dedicated tools.

On the tools development side, we describe recent developments of the SModelS package, a
tool for interpreting simplified models results from the LHC. Furthermore, we present a new
tool to determine if signal regions from different analyses are statistically independent from
each other and hence, can be trivially combined. On the phenomenological side, we explore
the collider phenomenology of a very interesting alternative to the Minimal Supersymmetric
Standard Model: The Minimal Dirac Gaugino Supersymmetric Standard Model (MDGSSM).
First, we derive current LHC limits on the gluinos and squarks of the model. Second, we delimit
the parameter space of the MDGSSM electroweakino sector where the lightest neutralino is a
viable DM candidate, to then constrain the emerging scenarios on the light of supersymmetry
and long lived particle searches.

Finally, this thesis also regards machine learning (ML) applications to HEP phenomenology.
Among other examples, we present a neural network to accurately predict, with an estimated
uncertainty, the production cross sections of the inert doublet model. Furthermore, we discuss
the importance of providing uncertainties on ML predictions and provide recommendations for
sharing all the material involved in the production of ML applications.

Résumé. Les collaborations ATLAS et CMS proposent un vaste programme de recherche de
nouvelle physique, visant & couvrir autant que possible les théories de la nouvelle physique. Les
résultats de ces recherches sont généralement interprétés dans le contexte de modéles populaires
ou de topologies des modéles simplifiées. Cependant, il existe une pléthore de théories et de
scénarios BSM non minimales, non standard ou moins connues qui ne sont pas directement
couverts par les analyses expérimentales. Ainsi, 'importance d’un cadre de réinterprétation du
LHC pour tester ces théories au-dela de la nouvelle physique standard. C’est dans cet esprit que
se déroule cette thése. Il considére deux aspects: la phénoménologie et le développement d’outils
dédiés.

En concernant le développement d’outils, nous décrivons les développements récents de ’outil
de réinterprétation SModelS, un outil d’'interprétation des résultats des modéles simplifiés du LHC
De plus, nous présentons un noveau outil pour déterminer si les régions de signal de différentes
analyses sont statistiquement indépendantes les unes des autres et, par conséquent, peuvent étre
combinées de maniére triviale. Sur ’aspect phénoménologique, nous explorons la phénoménologie
aux collisionneurs d’une théorie au-dela de la nouvelle physique standard trés intéressante: le
modéle minimal avec gauginos de Dirac (MDGSSM). Dans un premier temps, nous dérivons des
limites de courant sur les gluinos et les squarks du modeéle. Dans une deuxiéme étude, nous
délimitons I'espace des paramétres du secteur électroweakino du MDGSSM ou le neutralino le
plus léger est un candidat a la matiére noire viable, suivi par la contrainte des scénarios émergents
a la lumiére des recherches de supersymétrie et de particules & vie longue.

Finalement, cette thése concerne également les applications d’apprentissage automatique a la
phénoménologie HEP. Entre autres exemples, nous présentons un réseau neuronal pour prédire
avec précision, et avec une incertitude estimée, les sections efficaces de production du modéle
de doublet inerte. En outre, nous discutons de I'importance de fournir des incertitudes sur les
prédictions des modéles ML et formulons des recommandations pour partager tout le matériel
impliqué dans la production des applications de ML.
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