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Abstract
This Chapter summarises the physics opportunities in the search and study of
physics beyond the Standard Model at the 100 TeV pp collider.

1 Introduction

Experimental measurements at a 100 TeV collider would cover previously unexplored territory at ener-
gies never before reached in a laboratory environment. Standard Model calculations will enable precise
predictions for the phenomenology of the known particles and forces in this new frontier. The compar-
ison of observations against predictions will allow for the structure of the Standard Model to be tested
at unprecedented energies and with unparalleled precision. If observations and predictions agree within
estimated uncertainties then this would provide a stunning confirmation of our present understanding of
nature. If, on the other hand, observations do not agree with theoretical predictions this would mark a
breakdown of the Standard Model of particle physics and the rise of new physical processes. In this way,
amongst its many roles, a 100 TeV collider may discover new laws of nature.

In its significance for our understanding of nature, the discovery of new physics at the energies
accessible to a 100 TeV collider would be unrivaled, but it would not necessarily be unheralded. There
are a number of reasons to believe that a new physical description of nature beyond the Standard Model
may be required at these energies. In this section we will summarise the landscape beyond the Standard
Model accessible to a 100 TeV collider.

At the deepest level, one may discover new symmetries of spacetime at 100 TeV, for which a
leading candidate is supersymmetry. Supersymmetry as a new high energy symmetry of spacetime is
theoretically motivated from a number of perspectives, covering dark matter, unification of the forces, and
the electroweak hierarchy problem. In Section 2 we will summarise these motivations in detail. Section 2
will then go on to systematically consider the rich phenomenology of the various new particles predicted
in supersymmetric theories, with an aim to connect this phenomenology with concrete supersymmetric
scenarios to provide a clear context for the interpretation of measurements.

One hint of new physical effects that may be unearthed at a new energy scale come from presence
of dark matter. It is now well established that dark matter is prevalent throughout the universe. To explain
its large abundance, many different mechanisms of new effects beyond the Standard Model have been
proposed. This spectra of models extend form supersymmetric models to other exotic models that go
beyond the basic precepts of supersymmetry. A remarkable aspect of dark matter models is that with
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a loose set of assumptions, many of these models give concrete predictions of the current dark matter
abundance originating from the early universe. In many cases, coverage of the allowed parameter space
can be obtained with a 100 TeV machine. In Section 3, we review the different classes of dark matter
models and the characteristic searches both at a hadronic collider and beyond that drive the sensitivity to
these models.

In Section 4 we will discuss the reach for a future 100 TeV collider on a variety of new physics
signatures that are not typical of supersymmetric and Dark Matter models. Most of these signatures
originate from the decay of heavy resonances to Standard Model particles, but also indirect probes of
new physics based on the measurement of the production of Standard Model particles at high invariant
masses will be discussed. To make quantitative the assessment of the 100 TeV collider reach for these
signatures, different benchmark models will be considered, related to some of the main issues of the
SM, among which the hierarchy problem and the origin of neutrino masses. The list of studies that
we present are at a very preliminary level and the list itself is far from being complete. However, they
constitute a solid starting point that allows to identify the main experimental issues associated to the
different signatures and that are essential for the design of the future facilities, i.e. both the collider and
the detectors.

It is clear that the exploration of physics beyond the Standard Model using proton-proton collisions
with a center-of-mass energy of 100 TeV bears unprecedented challenges. Energy ranges with dynamic
scales ranging from the sub GeV to 10s of TeV become a necessity to maximize the capability demanded
to study different physical effects. High instantaneous luminosity will require exquisite techniques to
mitigate pileup. Such techniques include standard techniques at the LHC such as charged particle ver-
texing studies, but also more advanced approaches such as neutral vertex association through fast timing
or with hadron fragmentation structure [1-3]. In order to contain the highest pr jets (of tens of TeV)
fully in the hadronic calorimeter a depth of at least 12 nuclear interaction lengths (A7) is necessary.

To identify highly boosted hadronically decaying top quarks, W, Z and H bosons with transverse
momenta in the multi-TeV range a very fine hadronic calorimeter lateral segmentation in 77 X ¢ of at
least 0.025 x 0.025 is needed. This allows for the measurement of the boson jet substructure. Even this
segmentation might limit the identification or these objects for the highest accessible pr objects. Tracker
or tracker+ECAL based jet substructure methods might offer a solution [4-6]. However, the increasing
presence of long-lived neutral hadrons at higher p represents a difficult challenge in jet substructure that
may have limitations [7]. This will also affect the capability to measure the polarisation of these objects.

Reconstructing leptonic decays of the top quark and W, Z and H bosons will be limited in the
highly boosted regime: the small opening angles, e.g. between the lepton and the b-jetina t — W (—
(v)b decay result in non-isolated leptons which are very hard to distinguish from e.g. a lepton from a
b-hadron decay.

Another challenge is the momentum resolution for multi-TeV muons. The size of the ATLAS
detector [8], for instance, is driven by the size of the muon system with the goal to measure the transverse
momentum of muons with pr = 1 TeV with a 10% uncertainty, resulting in a diameter of ATLAS of
about 25 m. Scaling this up to muons of p;r = 10 TeV with a similar resolution pushes the size of the
detector and of the magnetic field to unfeasible dimensions, and alternative strategies are needed and are
currently under study.

The tracking system will also be challenged to efficiently reconstruct multi-TeV objects. Identi-
fication of b jets or 7 leptons with a pr well above 1 TeV is largely unexplored, even at the LHC. The
b-tagging performance of the current ATLAS and CMS detector deteriorate dramatically in the pp range
between a few hundred GeV and 1 TeV. The 7 lepton identification and the decay components of the
tau suffer from similar limitations of resolution in the tracker and calorimeters in the highly boosted
regime. More generally, the high boost of Standard Model particles results in very collimated objects
and makes high demands on tracking capabilities in very dense environments. Charge particle angular
separation can currently go to a level roughly 0.01 x 0.01 in 1 X ¢, which has an impact for b-quark jets
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at roughly 1 TeV. Perserving consistent performance for a 100 TeV detector would require separation in
part of the detector at angles roughly 10 times smaller.

Even as much of the discussion of the beyond the Standard Model (BSM) physics potential of a
100 TeV collider focuses on the high-py regime, reconstruction of low-pr and displaced objects will
also be critical to discover many new physics scenarios. BSM models with weak couplings or com-
pressed mass spectra may lead to low-pr final states. Such events may only be distinguished above
backgrounds by tagging soft or displaced decay products, such as soft leptons, kinked or disappearing
tracks, highly-displaced vertices, or even measuring the charged particle dE'/dx. Tracking and calorime-
try must therefore be hermetic for prompt, high-pr objects in addition to soft and/or displaced objects.

In addition to the challenges of resolving high pr objects, data rates and detector readout will have
to be sufficiently fast to correspond with the high collision rate. The high collision rates and demands
for high granularity will significantly increase the data rate coming out of the detector. Triggering of
both low energy anomalous objects, such as disappearing tracks, and high pr objects demands more
sophisticated high data volume readouts and high speed pattern recognition, especially under the onset
of pileup.

While the design of a new detector poses interesting and difficult problems, many of the technolo-
gies currently being investigated for HL-LHC already go in the detection of improving the granularity
and data rate of the detectors. Additionally, much of the interesting BSM physics requires high probjects,
for which the demands on basic calorimetric resolution, tracking performance for simple objects such as
quark or gluon jets or missing transverse energy can be met with existing technologies. Nevertheless, a
clear need for more information is present.

All the BSM physics benchmarks discussed in this section are used to identify the most relevant
features needed by the new detectors. This should lead to a compromise between the feasibility of
the desired detector and the coverage of the largest possible spectrum of new physics signatures. A
realistic fast simulation of different detector configurations and a close collaboration between theorists
and experimentalists is crucial in this phase of the study to assess the limitations and to study solutions
for them.
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2 Supersymmetry
2.1 Introduction

As the detailed theoretical study of quantum field theory progressed in the 1970’s it slowly emerged, in
various respects, that a new symmetry of spacetime was possible. Under the known spacetime symme-
tries the fields we observe, such as scalars (spin-0), fermions (spin-1,/2), and vectors (spin-1), all form
different representations of the Lorentz group and they transform under the known spacetime symme-
tries in their own way, independently. However, it was realised that under the new hypothetical space-
time symmetry these different representations may themselves transform into one another and would
together be combined into a larger representation of a larger symmetry, a supersymmetry [9, 10]. These
larger representations are called superfields, since they contain multiple component fields. Perhaps the
most economical superfield, known as a chiral superfield, contains a complex scalar boson and a Weyl
fermion. Supersymmetry imposes specific relations between the interactions and masses of these com-
ponent fields. If gravitational interactions are to respect this symmetry, which they must if the symmetry
is realised at a fundamental level, then the supersymmetry manifests as a gravitational theory, known as
supergravity [11,12]. This theory contains, in addition to the spin-2 graviton, a spin-3/2 partner fermion
known as the gravitino which again has interactions purely dictated by the supersymmetry.

What would the discovery of supersymmetry mean for our understanding of nature? It would be
nothing short of the discovery of an entirely new spacetime symmetry. The discovery of any symmetry
signifies a fundamental shift in our perspective on fundamental physics and such discoveries are rare.
Examples include the early U(1)gys symmetry of electromagnetism, the SU(3)c symmetry of QCD
and more recently the embedding of electromagnetism into the full U(1)y x SU(2)y symmetry of the
electroweak sector, of which the W and Z bosons are the additional force carriers and the Higgs serves
as the final cornerstone in the theory. However, the last time a new spacetime symmetry was discovered
harks back to the work of Einstein and the discovery of the diffeomorphism invariance of the laws of
physics. The discovery of supersymmetry would thus mark a monumental shift in how we perceive
nature at its most fundamental level.

If supersymmetry is realised in nature, how could we tell? As already stated, in supersymmetry
every field is inextricably tied to its superpartner. This means that if supersymmetry were an exact sym-
metry of nature every particle we know would have a superpartner: every boson would have a fermion
partner, with the suffix ‘ino’, every fermion a boson partner, with the prefix ‘s’. Thus the Higgs boson
would have a fermion ‘Higgsino’ partner, the photon a ‘photino’, and the gluon a ‘gluino’. The elec-
tron would have a scalar ‘selectron’ partner, the top quark a ‘stop squark’ partner and so forth. Exact
supersymmetry would require that all superpartners have equal mass to their observed counterpart and
hence practically all of the superpartners would have been discovered already. However, it turns out that
the fundamental, high-energy, supersymmetry may persist if the masses of the partners are split from
their known counterparts by an amount known as the soft mass. The term ‘soft’ is used as this form
of supersymmetry breaking preserves the supersymmetric features of the theory at high energies. The
soft mass may lift the mass of, for example, the selectron by an amount 7 above the electron mass.
At energies X > m the theory will still be supersymmetric and maintain all of its appealing features,
although the partner will not be directly apparent at energies £ < m, essentially hiding supersymmetry
from low-energy observers. !

If one simply takes the Standard Model of particle physics and supersymmetrizes it, then in the
simplest variant, known as the MSSM, the only complication beyond the adding of superpartners is that
two separate Higgs doublets are required, for reasons related to anomaly cancellation.” Each doublet
obtains a vacuum expectation value. The vev for the Higgs doublet coupling to the up-type fermions is
vy, and the one coupling to down-type fermions is v4. The ratio of these parameters arises frequently

"Besides the mass terms, for the scalars there are also scalar trilinear couplings which mimic the matter Yukawa couplings.
These couplings are known as ‘A-terms’ and, while they break supersymmetry, this breaking is soft.
*In renormalizable models two Higgs doublets are also required as a result of holomorphicity of the superpotential.
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and is commonly known as tan 8 = v, /vg. Thus, all told, the number of fields is a mite greater than a
simple doubling of fields.

The couplings of the additional superpartners to the known fields is predicted by supersymmetry
itself. Thus in many cases once the mass of the superpartners are chosen it is possible to predict the
collider production rate for a specific superfield.> Because of this predictability, in this supersymmetry
section the experimental prospects for discovering supersymmetry at a 100 TeV collider can be broken
down for each particular superpartner. In Section 2.2 predictions for the production cross sections of
different particles are presented, and following this search strategies and projections for stop squarks
(Section 2.3), gluinos (Section 2.4), the first two generations of squarks (Section 2.5), and electroweaki-
nos such as winos, binos, and higgsinos (Section 2.6) are presented. However, before considering the
experimental sensitivity it is useful to explore further the theoretical aspects of supersymmetry, to inform
our interpretation of the search projections with regard to expectations for well-motivated mass ranges.

The goal of this section is not to promote supersymmetry for any of its particular virtues, nor
is it to use supersymmetry to provide a precise physics motivation for a 100 TeV collider, however it
is pragmatic to consider the superpartner mass ranges suggested by certain theoretical perspectives to
provide a reference point for experimental projections. For the sake of a broad discussion, the various
superpartner soft masses may be broken down into three categories. We may also use symmetries to
understand their expected proximity to one another. Since the Higgs mass has been measured we will
keep it separate; however, although they are not strictly related to each other, all of the other scalar
masses may be broadly described with a generic parameter 1mg. The symmetry broken by the scalar soft
masses is supersymmetry, and it may be naturally small. In isolation, the Higgsino mass p pairs the
up-type Higgsino H, with the down-type Higgsino f[d to form a Dirac mass. This parameter respects
supersymmetry, but breaks a Peccei-Quinn symmetry of the MSSM, thus it can be naturally small and
is not a priori connected with the scale of supersymmetry breaking. Also the three gaugino masses are
not strictly related to each other, however in many models they are not hierarchically different. Thus, for
the purposes of broad discussion, we may lump them into one parameter M /5. This parameter breaks
supersymmetry and a continuous R-symmetry, thus it may also be naturally small.

With these considerations in mind it is clearly possible to have hierarchies amongst these param-
eters. In particular, it is natural to have My, < mg and/or p < my, or it may be that they are all

comparable J\Ajl /2 ~ fu ~ my. We will now consider in detail some of the theoretical and phenomeno-
logical features of supersymmetry with a specific view towards motivating certain mass ranges for the
different types of superpartner.

2.1.1 Dark Matter

When the SM is supersymmetrized some remarkable features arise. The first is that if an additional Z9
global symmetry known as ‘R-parity’ is imposed, to help avoid potentially phenomenologically unac-
ceptable features such as fast proton decay, then the theory contains not one, but a number of fields that
are compelling candidates for explaining the dark matter. Most importantly, these fields have the required
masses and couplings to satisfy the required ingredients for the so-called “WIMP Miracle’, which natu-
rally generates a dark matter abundance in the region of the observed abundance for stable weak-scale
particles [13,14]. The main candidates are the so-called ‘neutralinos’, comprising the neutral Higgsinos,
Wino, and Bino, which may all mix under electroweak symmetry breaking. There are also the sneutri-
nos, which are a priori interesting dark matter candidates [15—17], although as the simplest incarnations
are already in tension with direct detection searches we will not consider sneutrinos further here. As the
dark matter searches are covered in Section 3 we will not consider the dark matter candidates in any more
detail, however it is worth keeping in mind throughout this section that the provision of good dark matter

3In some cases additional soft terms may also enter, such as scalar trilinear couplings, thus these may need to be chosen to
make predictions for some sparticles.
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Fig. 1: Renormalization group evolution of gauge couplings up to high energies, taken from [20]. The Standard
Model gauge couplings are shown in dashed black and the gauge couplings with superpartners added, with masses
in the range 0.75 — 2.5 TeV, are shown in red and blue. Unification of the forces at high energies is clearly
apparent in the supersymmetric case.

candidates remains a strong motivation for considering supersymmetric theories. Neutralino dark matter
thus motivates the mass range p1, My o S O(few TeV), otherwise it would not be possible to obtain the
correct relic density and they would overclose the Universe. This clearly points to a mass range that is
within kinematic reach of a 100 TeV collider.

2.1.2 Gauge Coupling Unification

An unexpected surprise that arises whenever the Standard Model is supersymmetrized connects the be-
haviour of the Standard Model gauge couplings to a deep idea concerning the nature of the forces at
extremely high energies. When the superpartners are added, it was found that upon evolving the U(1)y,
SU(2)w, and SU(3)¢c gauge couplings up to high energies they appeared to unify at energies close to
E ~ 10'6 GeV [18,19]. This is shown in Fig. 1. Of course, that two lines will cross is almost guaranteed,
however three lines crossing almost at a point is strongly suggestive of a deeper structure.

Ever since the unification of the electroweak forces, it has been believed that further unification
of all gauge forces, now including SU(3)¢, may occur at very high energies. A variety of larger gauge
groups into which they may unify have been proposed, however the simplest is arguably an SU(5) gauge
symmetry [21].# It is deeply compelling that the Standard Model matter gauge representations neatly fall
into multiplets of a larger symmetry, such as SU(5), as this need not have been the case. A key feature
which must arise at the unification scale in such a theory is that the gauge couplings must themselves
become equal. Thus supersymmetric gauge coupling unification is strongly suggestive that supersym-
metry may go hand-in-hand with the unification of the forces and, if discovered, the superpartners would
provide a low energy echo of physics at extremely high energies.

When considering the role of the superpartners in supersymmetric unification one finds that some
are more relevant than others. The reason is that since the matter fermions of the Standard Model fill out

“It is also possible that the gauge forces unify with gravity, in the context of String Theory, however we will not discuss this
possibility here.
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complete unified representations, so must their partners, the squarks and the sleptons. Thus although the
masses of squarks and sleptons may change the scale at which unification occurs they do not significantly
alter whether or not the couplings will unify, unless they are split by large mass differences themselves.
This means that the most important superpartners for gauge coupling unification are the fermions: the
gauginos and the Higgsinos.

Studies of supersymmetric gauge coupling unification generally find that for successful unification
it is necessary to have gauginos and higgsinos not too far from the weak scale. If the gaugino and
Higgsino mass parameters are taken equal, then unification requires p1, My /5 < O(10 TeV) with some
uncertainty due to unknown threshold corrections at the unification scale [22]. The scalar soft masses,
mg, may be arbitrarily heavy while preserving successful gauge coupling unification. This realization led
to the consideration of so-called ‘Split-Supersymmetry’ theories [23-25], in which the main motivations
for the mass spectrum are taken from gauge coupling unification and dark matter, as discussed previously.

The fact that, in addition to the gauge forces, also the matter particles are unified in representations
of the unified gauge symmetry group, can imply relations between the Yukawa couplings of quarks and
leptons at the unification scale [21,26-30]. To compare such predictions with the measured values of
the fermion masses, one has to take into account the supersymmetric loop threshold corrections at the
soft breaking mass scale [31-36], which depend on the masses of the superpartners. Including them in
the analysis, and using the measured fermion masses and Higgs mass as constraints, unified theories are
even capable of predicting the complete sparticle spectrum [36,37]. An example from a recent analysis is
shown in Fig. 2. The superpartner masses are found to be < O(5 TeV), testable at a 100 TeV pp collider.
Similar upper limits, in the range of O(20 TeV), are discussed in [38].

To summarize, as with dark matter, gauge coupling unification and the unification of matter par-
ticles in representations of the unifying gauge symmetry group motivate the existence of superpartners
of the Standard Model particles with masses < (O(10 TeV), once again suggesting that much of the
parameter space motivated by this consideration should be within reach of a 100 TeV collider.

2.1.3 The Higgs Mass

As is common in physics, when new symmetries are introduced to a theory, the predictive power often
increases. Because supersymmetry is softly broken, many new parameters associated with this breaking
are introduced and certain aspects of the increased predictivity are lost. However, some predictability
beyond the SM remains and the Higgs boson mass is a prime example.

In the Standard Model, when the theory is written in the unbroken electroweak phase there are
only two fundamental parameters in the scalar potential, the doublet mass m, and the quartic coupling
A. In the broken electroweak vacuum this translates to two fundamental parameters, the Higgs vacuum
expectation value v = 246 GeV, and the Higgs scalar mass mj. Once these two parameters are set,
all other terms, such as the Higgs self-couplings, are determined. Supersymmetric theories take this one
step further as supersymmetry relates the Higgs scalar potential quartic coupling to the electroweak gauge
couplings in a fixed manner. The story is complicated a little relative to the Standard Model by the two
Higgs doublets required in supersymmetric theories, however since the quartic couplings in the scalar

potential are no longer free parameters, once the vacuum expectation value is set v = y/v2 + vfl = 246
GeV, the Higgs mass is now also predicted by the theory. At tree level, this prediction is

mp = Myz|cos23| . (D

Clearly for any value of 3 this prediction is at odds with the observed value of m; ~ 125 GeV and
thus for consistency additional contributions to the Higgs doublet quartic terms are required. Within the
MSSM the only potential source is from radiative corrections at higher orders in perturbation theory.
The dominant corrections arise from loops of particles with the greatest coupling to the Higgs, the stop
squarks [39,40]. If the soft mass splitting between the top-quark and stop squarks is large enough then
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Fig. 2: Prediction for the superpartner and Higgs boson masses (1o HPD intervals) in classes of SU(5) unified
theories with the unification scale relations Z—; = —%, Z—“ = 6, Z—Z = —% and universal (CMSSM) boundary
conditions for the soft breaking parameters [36].

radiative corrections which are sensitive to this supersymmetry breaking may spoil the supersymmetric
prediction for the Higgs quartic couplings and allow for contributions that may bring the Higgs boson
mass within the observed window.

In Fig. 3 we show the expected soft mass parameter scales which reproduce the observed Higgs
mass. Clearly, within the MSSM the observed Higgs mass may be reproduced for scalar masses in the
range 1 TeV < mg < 10% TeV.> Furthermore, if we consider the range tan 3 > 4, then scalar masses
below O(10’s TeV) are required. This is the first upper bound we have encountered for the scalar soft
masses, resulting directly from the Higgs mass measurements. Theoretically, this has given rise to a
reduction in the allowed parameter space of supersymmetric theories and in the context of Split SUSY,
where previously scalar masses could take almost any value, now the Higgs mass measurements have led
to the so-called ‘Mini-Split’ scenario [22,43], where there is an upper bound on the value of the scalar
soft masses.

There are variants of the MSSM in which the Higgs mass may also be raised above the MSSM
tree-level prediction by utilizing additional effects deriving from couplings to new fields. If the coupling
is to new fields in the superpotential then such theories are typically variants of the NMSSM, in which
the Higgs doublets couple to an additional gauge singlet. Alternatively, the corrections may arise from
coupling to new gauge fields, due to additional contributions to the quartic scalar potential predicted by
supersymmetric gauge interactions. Importantly, in these scenarios the additional enhancements of the

5In fact, if the soft scalar trilinear term A, is chosen so as to maximise the shift in the Higgs mass, the lightest stop squark
could be as light as ~ 500 GeV [42].
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Fig. 3: Higgs mass predictions as a function of the supersymmetry breaking soft mass scale and the Higgs sector
parameter tan 3, taken from [41]. In the High-Scale scenario all soft masses ji, My /2, M are varied together,
whereas in the Split SUSY scenario p, M; /o are kept at 1 TeV and only the scalar soft masses my are varied.

Higgs mass only serve to reduce the required value of the radiative corrections, and hence the required
value of the scalar soft masses. Thus the required scalar soft mass values shown in Fig. 3 serve as an
approximate upper limit for theories beyond the MSSM.

To summarize, the measurement of the Higgs mass has now provided information that is key to
understanding the expected mass ranges of superpartners relevant to a 100 TeV collider, particularly for
the stop squarks. Although scalar masses may be as large as mg ~ 10% TeV, for a broad range of parame-
ter space, if it is the case that tan 3 > 4 this upper bound is reduced significantly to my < O(10’s TeV).
All told, the observed Higgs mass may in some cases already point towards scalar superpartners within
the expected reach of a 100 TeV collider.

It should also be noted that an appealing feature of superysmmetric models is that electroweak
symmetry breaking may be driven radiatively upon RG evolution from high to low scales [44-48]. This
attractive feature may not be possible in all scenarios, including the Mini-Split models, depending on
parameter choices.

2.1.4 Naturalness and the Hierarchy Problem

Finally, we arrive at a question that has been a driving force within fundamental physics research, and
we find a supersymmetric answer to this question in which one of the most magical aspects of supersym-
metry comes to the fore. Briefly, before considering the hierarchy problem in detail, it is worthwhile to
explain why this central feature of supersymmetric theories has been left to the end of this section. The
reason is twofold. First, as we will see, a total supersymmetric resolution of the hierarchy problem looks
increasingly under tension from LHC measurements, hence this motivation for supersymmetry is per-
haps waning relative to the others, at least in its purest form, and this trend may continue with additional
LHC data. Secondly, this discussion was deliberately left until the end to reinforce the notion that it is
not necessary to rely on naturalness arguments in order to discuss supersymmetry as a well-motivated
new spacetime symmetry, or as an interesting phenomenological framework which may lie at the core of
deep questions in fundamental physics concerning dark matter and the unification of the forces.

If the Standard Model of particle physics could be taken in isolation it would be a well-defined
quantum field theory with the Higgs mass as a renormalized input parameter, which could in principle
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take any value desired. However, this is not the case and the Standard Model must itself be viewed as a
low energy effective description of some more fundamental theory at higher energy scales, as there are
numerous reasons to expect new physics at energies Myew far above the weak scale. We will discuss
a sample here. The most obvious example is the theory which UV-completes QFT at the Planck scale
Mnyew = Mp ~ 10 GeV to provide a consistent unification of quantum mechanics and general rela-
tivity, i.e. the theory of quantum gravity. This may be preceded, at lower energies, by the grand unified
theory of the gauge forces, at the scale Mnew = Mgur ~ 1016 GeV. This may be preceded by the
Peccei-Quinn breaking scale Mnew = fo 2 10° GeV associated with the axion solution of the strong
CP-problem, or by the right-handed neutrino mass scale MNew = My 2 10 GeV. In any of these cases
there should exist new fields with mass characterized by the relevant energy scale, coupled to the Higgs.
Even in the absence of new physics at these energies, hypercharge exhibits a Landau pole and becomes
strongly coupled at very high energies, thus even within the SM there is reason to believe in the existence
of new physics at extremely high energies, although realistically quantum gravitational effects will have
entered before that scale, rendering an unambiguous discussion of this feature difficult.

The possibility of new physics at high energies is not a problem in itself, rather the problem is
concerned with how the weak scale may be so far below Myew. The reason is that even if we were to
set the tree-level Higgs mass to a value hierarchically below Mnew, this situation would not be stable
at the quantum level. Radiative corrections, most often depicted through one-loop diagrams, will in
general give corrections to the Higgs mass, and hence the weak scale, of My ~ O(Mnew). One could
choose to finely tune parameters such that all contributions contrive to cancel at low energies, leading
to My < Mnew When all corrections are included. However, in arguments elucidated by Wilson, t’
Hooft [49], and specifically quoting Susskind [50], “observable properties of a system should not depend
sensitively on variations in the fundamental parameters”. This is the core of the hierarchy problem: a
finely-tuned scenario for the weak scale is unnatural, seemingly implausible, although still possible.

The supersymmetric solution to this problem is straightforward to sketch. All fermions enjoy
a chiral symmetry acting on their individual Weyl components. A fermion mass, whether Dirac or
Majorana, breaks this chiral symmetry. This means that if the mass, and hence breaking of the chiral
symmetry, is small then a fermion may remain naturally smaller than other mass scales in the theory
and this will remain true at the quantum level. In fact, we are already familiar with this in the Standard
Model. While we may wonder at the origin of the huge hierarchy between the electron mass and the tau
mass, we do not puzzle over the quantum stability of this mass difference. This lies at the core of the
supersymmetric resolution of the hierarchy problem. Supersymmetry ties the mass of a scalar field to the
mass of its fermionic superpartner, and since supersymmetry does not break the chiral symmetry enjoyed
by the fermion, and the chiral symmetry protects the fermion mass from large quantum corrections, so
too must the mass of its scalar partner be protected, by proxy.

This means that in a supersymmetric theory it is perfectly natural for the mass of the individual
components of a superfield to be hierarchically below other mass scales in the theory, even if two super-
fields with vastly separated masses are coupled to each other with O(1) couplings. This is extraordinary
and is quite at odds with naive intuition, which is what makes this property of supersymmetry so magi-
cal. In practice it means that in a supersymmetric theory the weak scale could be comfortably below new
physics at a scale Mnew, even if this is identified with the Planck scale. Thus supersymmetry may provide
a concrete foundation for the Standard Model fields all the way up to the scale of quantum gravity.

Of course in nature supersymmetry must be broken and once the symmetry is broken at a scale m,
which represents the soft mass scale, the Higgs mass is no longer protected from quantum corrections.
Thus supersymmetry is effective in protecting the Higgs mass all the way down from a high mass scale
to the supersymmetry breaking scale Myew — ™, however from the soft mass scale down to the weak
scale, m — my, supersymmetry is no longer present. This means that for a natural theory without tuning
we must expect m ~ my, and conversely if 7 >> my, there must be some fine tuning to realize the weak
scale below the soft mass scale. These qualitative arguments may be made quantitative. A well motivated
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measure for the degree of tuning in the weak scale with respect to a given fundamental parameter in the
theory, a, is [51,52]

0log M2
Ala) = —>—Z 2
o] 0log a? 2
By minimising the weak scale potential at large tan 5 we find
M7 = =2(my, + ul*) 3)

where m%[u is the soft mass for the up-type Higgs which includes all radiative corrections. Let us consider

the tree-level contribution from the p-term, along with the one-loop contributions from stop squarks and
the winos, and the two-loop contribution from gluinos, which are given by

- Sy

ompy, (f) = = gmjlog(A/my) @)
—~ 3

smiy, (W) = —87’;2<m +m?2) log(A/mg;) 5)
om? = 2gsm 5log(A/mg) , (6)

t 3

where A is a UV-cutoff at which the full UV-completion of supersymmetry kicks in, and the last term may
be inserted into the first to obtain an estimate of the tuning from gluinos. Conservatively taking A = 10
TeV we arrive at the following expectations for a theory which is only tuned at the 10% level [53]:

p S 200GeV , my $400GeV , mg; S1TeV , mg S 800 GeV @)

This picture is clearly at odds with the stop mass values required to achieve the observed Higgs mass
in the MSSM, shown in Fig. 3. However it may be that non-minimal structure beyond the MSSM lifts
the Higgs mass without requiring large stop masses, thus this constraint is not too significant. More
importantly, current constraints on the Higgs boson couplings, which would typically be modified if
the stop squarks were light, already place stringent constraints on light stop scenarios. Furthermore,
direct searches for stops and gluinos, already show that significant portions of this parameter space are in
tension with LHC 8 TeV data (for a thorough overview see [53]). Finally, in many (but not all) concrete
scenarios it is expected that the first two generation squarks should not be significantly heavier than the
stop squarks and, as the production cross section is enhanced due to valence quarks in the initial state,
constraints on first two generation squarks are very strong, indirectly placing strong constraints on the
naturalness of many supersymmetric theories.

Where do these strong constraints leave the supersymmetric solution to the hierarchy problem?
As we are on the brink of a paradigm shift in our understanding of electroweak naturalness a number of
possibilities are plausible.

It could be that the weak scale is meso-tuned, as in Mini-Split supersymmetry, and the @sthetic
motivations for supersymmetry as a new spacetime symmetry are justified, whereas the naturalness ar-
guments were misguided, to at least some degree, since supersymmetry does solve the big hierarchy
problem and we are instead left with a relatively small tuning of the weak scale up to energies as high
as O(10%) TeV. This scenario is in some sense quite successful. A fundamental Higgs boson of mass
mp, < 135 GeV is predicted, gauge coupling unification and successful dark matter candidates are real-
ized, all at the cost of accepting some meso-tuning. Although not necessarily guaranteed, the gauginos
should be below mass scales of ~ O(few TeV), mostly driven by the dark matter requirement.

Another possibility which has only recently been explored is that the Mini-Split spectrum is re-
alized in nature, with all of the above successes, however the theory is not actually tuned due to a
hidden dynamical mechanism which renders the hierarchy from the weak scale to the soft mass scale
natural [54]. This can be achieved by employing the cosmological relaxation mechanism of [55] in a

453



CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

supersymmetric context. In this case both the @sthetic arguments for supersymmetry and the naturalness
arguments for the weak scale were well founded, however the two may have manifested in an entirely
unexpected manner, with a cocktail of symmetries and dynamics protecting the naturalness of the weak
scale up to the highest energies. As before, the gauginos should be below mass scales of ~ O(10’s TeV),
however this expectation comes from the fact that a loop factor suppression between scalars and gauginos
is expected in this model and in addition the scalars cannot be arbitrarily heavy due to the finite cutoff of
the cosmological relaxation mechanism.

Alternatively, a reevaluation of the fine-tuning in the infrared may be required if a spectrum with
heavy squarks is made natural due to correlations between soft mass UV-boundary conditions and the
infrared value of the Higgs mass, as in ‘Focus Point’ supersymmetry [56] or in the recently proposed
‘Radiatively-Driven’ natural Supersymmetry [57]. In these cases gauginos, Higgsinos, and most likely
also stop and sbottom squarks are expected to still be in the sub-10 TeV range. The first two generation
squarks may be somewhat heavier.

Finally, it is still possible that the weak scale is relatively natural due to supersymmetry, however
the sparticles have evaded detection until now. If this is the case it is likely the stop squarks are still
relatively light, in the range of a few 100’s of GeV, and the Higgs mass is raised by an additional tree-level
term. For the stop squarks to evade detection there are a number of possible scenarios. We will discuss
just a few here. One is an example of a so-called ‘compressed’ spectrum (see e.g. [58]), where the mass
splitting between the stop and the stable neutralino is so small that the tell-tale missing energy signature
carried away by the neutralino is diminished to the point of being unobservable. Another possibility is
‘Stealth Supersymmetry’ [59, 60], where again the missing energy signatures are diminished, however
in this case from sparticle decays passing through a hidden sector. Yet another possibility is for R-parity
violating decays of the superpartners [61], since in this case missing-energy signatures are removed
and the collider searches must contend with larger backgrounds (see e.g. [62] for models and collider
phenomenology). For a natural spectrum the first two generations of squarks must also have evaded
detection. One possibility is to raise their mass above experimental bounds, which is compatible with
naturalness if they stay within an order of magnitude or so of the gluinos and stops [63-65]. Dirac
gauginos also offer opportunities for suppressing collider signatures, at no cost to the naturalness of
the theory [66, 67], as Dirac gauginos may naturally be heavier than their Majorana counterparts. This
scenario allows not only for the suppression of gluino signatures at the LHC, but also suppresses the
t-channel gluino exchange production of the first two generation squarks.

In summary, if we wish for supersymmetry to provide a comprehensive solution to the electroweak
hierarchy problem, then the full cohort of sparticles should lie below O(few TeV). Otherwise we are
forced into considering at least some fine tuning of the weak scale or alternatively the introduction of an
additional mechanism, beyond supersymmetry, to enable a natural weak scale.

2.1.5 Summary

Having whetted our appetite with a variety of theoretical considerations we are now well placed to
understand the connection between theoretically motivated mass ranges in supersymmetry and the ex-
perimental reach of a 100 TeV collider for supersymmetry. A brief summary of the theory motivation for
superpartner mass ranges is as follows.

— Supersymmetric dark matter leads us to expect electroweak fermions comprising some admixture
of the bino, wino, and/or Higgsino, with mass below ~ few TeV. If the bino and wino masses
are not hierarchically separated from the gluino mass then we may also expect gluinos below
O(10’s TeV).

— Expectations from gauge coupling unification and the unification of matter particles in representa-
tions of the unifying gauge symmetry group are similar, and motivate the existence of superpart-
ners of the Standard Model particles with masses < O(10 TeV). More detailed predictions for the
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superpartner masses are possible in the context of specific unified models.

— The measured Higgs mass points towards scalar superpartners below ~ 10% TeV, and in many
well-motivated cases the upper limit may be as low as O(10’s TeV). Strictly speaking this applies
mostly to the stop squarks, however in many models they are within an order of magnitude of the
first two generation squarks as well.

— Naturalness points towards superpartners that are as light as can be possible given current experi-
mental constraints. With stops ideally below ~ 400 GeV, gluinos below ~ few TeV, and first two
generation squarks below ~ few TeV. Relaxing the naturalness criterion raises the masses at the
price of increased fine tuning. If the weak scale is natural then it is likely that supersymmetry has
been hidden by an exotic scenario, that may require specialized techniques to dig the signal out
from background.

Let us now consider the experimental prospects for supersymmetry at 100 TeV. Numerous studies have
already shown that a potential proton-proton collider operating at /s = 100 TeV greatly extends
the kinematic reach for superpartners, into the many-TeV range [68—77]. Previous studies have fo-
cused primarily on pair production of superpartners, both strongly-interacting [68, 69, 71] and weakly-
interacting [70, 73-76]. In Section 2.2 we will consider the pair production cross sections for various
superpartners at 100 TeV, including NLO corrections. In Sections 2.3 to 2.6 we will focus on searches
specific to particular superpartners, often employing simplified models. In Section 2.7 we discuss the
exotic signatures of long-lived charged superpartners and in Section 2.8 potential indirect constraints
on stop squarks from modifications of Higgs pair production. In Section 2.9 potential measurements
at a 100 TeV collider are interpreted in the context of two specific supersymmetric models, the ‘con-
strained MSSM’ and Mini-Split Supersymmetry. Section 2.10 discusses the next steps to be made after
discovering supersymmetry at a 100 TeV collider. Finally, in Section 2.11 we summarize, focussing on a
broad characterization of the expected reach of a 100 TeV collider and the potential implications for our
understanding of supersymmetry.

2.2 Cross Sections for Production of SUSY Particles
In this section we present reference cross sections for the production of SUSY particles at 100 TeV.
We first focus on the pair production of squarks and gluinos,
pp — 44,49", 49,99 + X, ®)
where the charge conjugated processes pp — ¢*¢* etc. are included. We assume 10 mass-degenerate
squark flavours, ¢ € {uL/R, dr/RyCL/R> SL/R> bL/R} and have suppressed the chirality labels in Eq.(8)
and below. The production of stops is treated separately, as the large Yukawa coupling between top

quarks, stops and Higgs fields gives rise to potentially large mixing effects and mass splitting. Thus, for
stop production we consider the pair production of the lighter mass eigenstate, ¢,

pp — 1t + X. 9)

First, in Fig. 4 we show cross section predictions for the various squark and gluino production
processes, assuming degenerate squark and gluino masses. For squark/gluino masses near 2 TeV the
inclusive cross section is of the order 100 pb. The relative size of the various production channels depends
on the squark/gluino masses and is driven by the corresponding parton luminosities. The cross sections
include NLO SUSY-QCD corrections [78,79] and the resummation of threshold logarithms at next-to-
leading logarithmic (NLL) accuracy [80, 81], as described in Ref. [82].

We will now consider individual production processes in more detail, starting with gluino pair
production in a simplified model with the squarks decoupled. In Fig. 5 we show the NLO+NLL cross
section, pp — ¢gg, including the theoretical uncertainty from scale variation and the parton distribution
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Fig. 4: NLO+NLL cross sections for squark and gluino pair-production, pp — 44, 44", g, 39, tatt + X, at
V/S =100 TeV, as a function of the degenerate squark and gluino mass mg = mg = m. From Ref. [82].
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Fig. 5: NLO+NLL cross section for gluino pair-production, pp — §j + X, at /.S = 100 TeV, as a function of the
gluino mass with squarks decoupled. The black (red) lines correspond to the cross section and scale uncertainties
predicted using the CTEQ6.6 [83] (MSTW2008 [84]) pdf set. The yellow (dashed black) band corresponds to the
total CTEQ6.6 (MSTW2008) uncertainty, as described in [82]. The green lines show the final cross section and its
total uncertainty. From Ref. [82].

functions, as determined following the procedure described in Ref. [82]. The individual sources of the
uncertainty are shown in the lower plot for the mass range 1 TeV < mj < 4 TeV. Fig. 6 shows the
corresponding results for squark-antisquark production, pp — ¢¢*, with gluinos decoupled.

Finally, in Fig. 7 we show the cross section for the pair production of the lighter stop mass eigen-
state in a model where all other sparticles are decoupled. Note that these cross sections are approximately
equal to the cross section for the lighter sbottom mass eigenstate, assuming that the rest of the coloured
SUSY spectrum is decoupled.
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Fig. 6: NLO+NLL cross section for squark-antisquark production, pp — §G* + X, at v/S = 100 TeV, as a
function of the squark mass with gluinos decoupled. The black (red) lines correspond to the cross section and
scale uncertainties predicted using the CTEQ6.6 [83] (MSTW2008 [84]) pdf set. The yellow (dashed black) band
corresponds to the total CTEQ6.6 (MSTW2008) uncertainty, as described in [82]. The green lines show the final
cross section and its total uncertainty. From Ref. [82].
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Fig. 7: NLO+NLL cross section for stop-antistop production, pp — flff + X, at VS = 100 TeV, as a function
of the stop mass with all other coloured sparticles decoupled. The black (red) lines correspond to the cross section
and scale uncertainties predicted using the CTEQG6.6 [83] (MSTW2008 [84]) pdf set. The yellow (dashed black)
band corresponds to the total CTEQ6.6 (MSTW?2008) uncertainty, as described in [82]. The green lines show the
final cross section and its total uncertainty. From Ref. [82].

Besides higher-order QCD corrections, the production of squarks and gluinos receives Born-
level [85] and higher-order electroweak (EW) contributions [86-92]. These EW corrections are enhanced
well above the TeV scale due to large logarithms of Sudakov type. For v/ > My, NLO EW corrections
can be at the level of several tens of percent of the LO cross section. In Fig. 8 we illustrate the effect of
such EW corrections for the case of squark-antisquark (left) and stop-antistop (right) production, where
for squark-antisquark production we separate different chirality combinations (LL, RR, LR+RL). The
production of left-handed squark-antisquark pairs receives NLO EW corrections with respect to the LO
predictions of up to —30%, while for the other production modes and for stop-antistop production NLO
EW corrections are smaller. These large NLO EW corrections are partly compensated (or even over-
compensated) by the contribution from photon-induced production. However, these contributions are
accompanied by very large intrinsic PDF uncertainties [92], which may substantially alter the size of
the electroweak corrections. Overall, any precision study of SUSY particle production in the multi-TeV
range should include higher-order EW corrections and photon-induced production.
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Fig. 8: Cross sections for squark-antisquark production, pp — ¢¢* + X, and stop-antistop production, pp —
15 4+ X, at /S = 100 TeV including EW corrections opw = 0Lo + 0L0EW + ONLO EW. as a function of the
produced squark/stop mass. In the case of squark—antisquark production all squarks and the gluino have the same
mass mg = mg, while in the case of stop-antistop production the gluino is decoupled and all light-flavor squark
masses are set to mg = 5000 GeV. All cross sections are obtained using NNPDF2.3QED [93].

The associated production of neutralinos with squarks and gluinos provides a complementary
probe of SUSY particle production. In Fig. 9 we present the (leading-order) cross section for pp — YV +¢
in a simplified model with degenerate squarks of the first two generations and a bino Y!. All other SUSY
particles are decoupled. The cross section for pp — )2(1] + g is shown in Fig. 10. Again, we consider
a pure bino )2(1), and set the gluino and the squarks of the first two generations to a common mass. The
cross sections have been obtained with MadGraph5 [94].

2.3 Stop Squarks

The largest radiative correction to the Higgs potential arises from top loops, thus the scalar partner of the
top (stop) is of critical importance for understanding if supersymmetry solves the hierarchy problem. In
this section, we will study the reach for stops at a future 100 TeV hadron collider.

Motivated by dark matter and proton decay, we consider R-parity to be a good symmetry and
imagine a neutral lightest supersymmetric particle (LSP) that is stable on collider time scales. We will
refer to the LSP as a neutralino (Y!), but it could have quantum numbers which differ from the usual
MSSM neutralinos. Thus we take a simplified model which consists of a stop and a much lighter neu-
tralino, and, in this model, the decay t— t%(l] occurs 100% of the time.

2.3.1 Leptonic Decays

The LHC experiments have performed many searches for stops [95, 96], and such searches will be an
important piece of the LHC and HL-LHC physics programs. However, the kinematic regime accessible
at /s = 100 TeV is completely different from that of the LHC, and will require new search strategies.
From the cross sections shown in Section 2.2 we see that a 100 TeV machine will easily produce multi-
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Fig. 9: LO cross section for neutralino-squark associate production, pp — X3 + ¢, at /s = 100 TeV, as a function
of the squark mass for three different values of the neutralino mass. We assume a simplified model with degenerate
masses for the squarks of the first two generations, a pure bino X9, and all other SUSY particles decoupled.

TeV stops, so we expect a large fraction of the parameter space to contain multi-TeV top quarks.

LHC techniques fail at higher energies precisely because the top quarks are highly boosted. In
Fig. 11 we show the top quark pr and the average AR between its decay products as a function of the
stop and neutralino masses. In most of the parameter space accessible at /s = 100 TeV the top decay
products are contained in a cone of the same size of an LHC jet: AR < 0.5. In some cases the separation
between them is even smaller than the size of LHC calorimeter cells. For example, an 8 TeV stop and
a light neutralino give a large fraction of top quarks with p%. & 5 TeV. This corresponds to a separation
between the W and the b from the top decay of AR ~ 0.07, to be compared with a tower of the CMS
hadronic calorimeter in the barrel Anp x A¢ ~ O (0.1 x 0.1) [97].

It is clear that traditional LHC searches, which aim to reconstruct the top quark from its decay
products, will be ineffective, unless detector granularities improve considerably. The same is true for
algorithms specifically designed to tag top quarks [98,99], as was shown in Ref [71]. Therefore we avoid
relying on substructure techniques, and instead build our search around the requirement of a muon inside
a jet. This greatly reduces the SM backgrounds while making the analysis almost insensitive to the future
detector design. Similar techniques are already in use at hadron colliders to tag b-jets [100—-109].

The analysis was performed with the Snowmass background samples [110] for the tt+jets, sin-
gle t+jets, ttV+jets, and V+jets (V = W, Z) background processes. An Hp-binned QCD multijet
sample was also produced, following the same prescription as the Snowmass samples. Signal samples
were produced unbinned in Hr. All samples were generated with MadGraph5 [111] and showered with
Pythia6 [112]. The detector simulation was implemented using Delphes [113] with the Snowmass
combined detector card [114]. The signal cross-section was computed at NLL + NLO in [82], consistent
with the calculations presented in Section 2.2.

Our selection requirements are (applied in the order in which they are listed):
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Fig. 10: LO cross section for neutralino-gluino associate production, pp — X{ + g, at v/S = 100 TeV, as a
function of the gluino mass for three different values of the neutralino mass. We assume a simplified model with
degenerate masses for the gluino and the squarks of the first two generations, a pure bino X9, and all other SUSY
particles decoupled.

1. Atleast two AR = 0.5 anti-k; jets [115] with || < 2.5 and pr > 1 TeV must be present in the
event.

2. We require at least one muon with p, > 200 GeV inside a AR = 0.5 cone centered around the
axis of one of the leading two jets.

3. Events in which at least one isolated lepton (either an electron or a muon) with pr > 35 GeV and
|n| < 2.5 is present are rejected. Our isolation criterion requires that the total pp of all particles
within a AR < 0.5 cone around the lepton be less than 10% of its p.

4. Agp,.; > 1.0, where Agp, ; is the minimum |A¢| between missing energy (fir) and any jet in
the event with pz > 200 GeV and |n| < 2.5.

5. After the previous cuts are applied we define three signal regions: Fir > 3, 3.5 or 4 TeV.

This set of cuts is designed to optimize the stop mass reach for light neutralinos. As we approach
the diagonal of the m; — mso plane, the top gets a smaller fraction of the initial energy, and its decay
products become more separated. In addition, the total visible energy and Fr in the event are consider-
ably reduced. In this compressed region of parameter space the natural candidate to recover sensitivity
is a dilepton search [71]. This leads us to consider also the signal region defined by the following set of
requirements:

1. Atleasttwo AR = 0.5 anti-kr jets with || < 2.5 and pr > 500 GeV in the event.

2. The presence of two isolated leptons (either electrons or muons) with pZT > 35 GeV is required.
The isolation criterion is the same described for the boosted signal region.

3. Br > 2TeV.
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Fig. 11: Left: The py distribution of the leading top quark for m; = 4,6, 8 TeV, setting mgo = 1 GeV. Right:
Average AR between W and b from top decays as a function of m; and mso.

4. Agp, ¢ > 1.0, where Agp, ; ¢ is the minimum |A¢| between i and any jet with pr > 200 GeV
and |n| < 2.5, and any isolated lepton with p4 > 35 GeV and || < 2.5.

The expected mass reach of the compressed and boosted searches is shown in Fig. 12 for 3000 fb~*
of integrated luminosity. We assume a 20% systematic uncertainty on both signal and background.
Exclusion is defined at 95% confidence level, and the significance for discovery is 5 . Background and
signal are modeled as Poisson distributions with Gaussian systematics. Exclusion limits are computed
using a modified Frequentist procedure (CLg) computed using ROOSTATS [116]. We find that stops
with masses of ~ 5.5(8) TeV can be discovered (excluded) if the neutralino is massless. In most of
the parameter space we can exclude neutralino masses up to 2 TeV. In the compressed region we can
discover stops up to 1.5 TeV. The impact of larger systematic uncertainties on both signal and background
is discussed in [71].

Another conclusion of the study is that an integrated luminosity of 3000 fb~! does not saturate the
potential of a 100 TeV collider. A factor of 10 more in integrated luminosity would extend the discovery
reach on the stop mass up to 8 TeV (for a massless neutralino) and the exclusion to 10 TeV [71].

2.3.2 Hadronic Decays

In this section we consider fully hadronic decays using strategies inspired by [98,117-121]. Experimen-
tal searches for this channel from the 8 TeV run of the LHC are reviewed in [96, 122] with a current
bound of about 700 GeV for very light neutralinos. The limit weakens with increasing neutralino mass,
disappearing completely for a neutralino heavier than about 300 GeV.

The fully hadronic channel has two advantages over leptonic searches. The first is that it has the
largest branching fraction for the top decays. The second is that it has no inherent missing energy from
neutrinos, so all the missing energy comes from the neutralinos. This allows many backgrounds to be
reduced by vetoing events with leptons.

Here we will present a very crude estimate of the reach at a future 100 TeV collider. We will
choose stringent cuts to get a very pure signal sample, and then compute the signal efficiency using
literature and simplified parton level simulations. The results, presented in Ref. [121], are summarized
in Table 1 for /s =100 TeV, and for other future collider scenarios. Those results use tree-level cross
sections given by MadGraph 5 [111], but for our 100 TeV study we use NLL+NLO results from [82].
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb~! of total integrated lumi-
nosity at /s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top
(black) and compressed spectra (blue) searches. In the boosted regime we use the Fr cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the 10 uncertainty band around the
expected exclusion.

‘ Collider ‘ Energy ‘ Luminosity ‘ Cross Section ‘ Mass
LHCS 8 TeV 20.5 fb~! 10 fb 650 GeV
LHC 14TeV | 300 fb! 351 1.0 TeV
HLLHC | 14 TeV 3ab~! 1.1fb 1.2 TeV
HE LHC | 33 TeV 3ab~! 91 ab 3.0 TeV
FCC-hh | 100 TeV lab~! 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [96, 122]. The remaining lines
give the estimated 5o discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [121]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

We use top tagging [4, 98, 99, 123—-126] to distinguish signal from background. Since highly
boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [7], the search
presented here avoids specialized substructure variables and instead uses top-tagging techniques estab-
lished at the LHC. This is applied to stop searches in theory studies in [98, 117-121]. Top tagging has
been used by experiments at the LHC [127, 128] in other types of searches, and from [127] we take the
efficiency of top tagging to be 50% for tops with pr > 500 GeV. From the same search we take the fake
rate to be 5% for the same pr range. There is very little data for p; > 800 GeV, but we will use these
efficiencies throughout out study, even at very high energy. The HPTTopTagger [4] study focuses on
pr > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

— Require both tops decay hadronically (46%),
— Require one b-tag (70%) [129, 130],
— Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [111] and is used to
compute the efficiency for the following two cuts:
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Energy | Luminosity | Cross Section | Mass

100 TeV 1ab~! 200 ab 6.2 TeV
100 TeV | 30ab~! 36 ab 7.9 TeV

Table 2: Discovery reach at a 100 TeV collider using NLL+NLO cross sections for two different luminosity
benchmarks.

— Require that both tops have pr > 500 GeV (97%),
— Require missing transverse energy bigger than 4 TeV (38%).

The first cut justifies the efficiency of the top tagger cut from above. The efficiency of the second
cut is computed after the first cut is applied, and the total efficiency of all cuts is 3.0%.

In order to estimate the size of the backgrounds, we use the same combination of cut efficiencies
obtained from the literature and parton level Monte Carlo. Because of our requirement of b and top
tags, the dominant backgrounds will be those with on-shell tops. In searches at the LHC, the dominant
background is ¢t production where one of the tops decays to a hadronic 7. At 100 TeV, however, this
background is made negligibly small by the large missing energy cut. Therefore, the dominant back-
ground is ttZ where the Z decays to neutrinos and is highly boosted to pass the missing energy cut.

The production cross section at 100 TeV is 46 pb. Applying just the 4 TeV missing energy cut
reduces the effective cross section to 130 ab. Applying the requirement of both tops having pr > 500, as
well as branching ratios and b and top tags reduces the effective cross section to 1.4 ab, so with these hard
cuts, even this potentially large background can be reduced to be essentially negligible until extremely
high luminosity is reached. Other more exotic backgrounds such as four top and t¢ZZ production are
not considered here, but they are expected to be subdominant.

Our results are summarized in Table 1. We estimate the o-significance as number of signal events
divided by the square root of the number of background events. This can be rewritten as a discovery of
N, being achieved with the following signal cross section

_ No [epop

:. 7 (10)

Os
where ¢, is the signal efficiency computed in Section 2.3.2, £,0y is the effective background cross sec-
tion,and L is the integrated luminosity of the collider run. Our cuts are such that the expected number of
background events is O(1), so we need O(5) events for a 5o discovery. In this regime, Eq. (10) is not
strictly correct, but will suffice as a reasonable approximation here. We find that at 100 TeV machine
with 1 ab—! of luminosity can discover stops with pair production cross section of 200 ab. Using leading
order cross sections from Madgraph 5, this corresponds to a discovery reach of 5.7 TeV.

Using the cross sections in Section 2.2 to estimate the mass reach leads to slightly stronger limits,
albeit with higher-order corrections included for signal while background is still treated at leading order.
With these caveats, we can use Eq. 10 and Fig. 7 to estimate the reach. The final results are shown in
Table 2. Going from leading order to the more precise calculation extends the reach by about 10%.

The analysis here is a very naive estimate of the reach, and there many things that could be done to
make it more precise including implementing top decays and hadronization as well as a realistic detector
simulation. One can also consider more sophisticated cuts which vary for the different stop masses. It
would also be interesting to see what the top tagging efficiency and fake rates look like at even higher
top momenta. These and other issues are left for future study.
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2.4 Gluinos

Gluinos are a critical component of supersymmetric theories. With regard to the hierarchy problem they
only enter the Higgs potential at two loops embedded within a stop loop. However, due to the large top
Yukawa, and reasonably large QCD gauge coupling, these corrections can be large, thus gluinos are still
important for understanding the role of supersymmetry in addressing the hierarchy problem.

In this section we study the reach of a 100 TeV collider for gluinos in the context of several
simplified models. The gluino and LSP will always be considered to be relatively light, sometimes along
with light-flavor squarks. The LSP is assumed to be stable, and all decays are assumed to be prompt.
Depending on the spectrum of heavy scalar sparticle masses, gluino decays can be mediated by light-
flavor squarks or by stops. When the decays are mediated by light-flavor squarks, the gluino effectively
undergoes a three-body decay to two quarks and the invisible . For decays mediated by stops, the
gluino decays to tt + %?. In cases where light-flavor squarks are also accessible, the gluinos and squarks
can be produced in association with each other, leading to a third class of signatures. The three signatures
considered in this section, along with the analysis strategies used to confront them, are shown below:

Simplified Model Decay Channel Search Strategy
Gluino-neutralino (light flavor) d— q7x} jets+ i, mono-jet
Gluino-neutralino (heavy flavor) g—tt 2(1) Same-sign dilepton

99— (¢ax8/aq);

Gluino-squark with a massless neutralino
q— (ax1/a9)

jets+Fr

2.4.1 Pair Production

Models of split and mini-split SUSY can have scalar superpartner masses well above the masses of the
gauginos [22-25,43]. In this case, the gluino (§) and LSP (Y?) are left as the only accessible superpartners
at a /s = 100 TeV collider. However, the large cross section for gluino production, as shown in
Section 2.2, makes this a likely discovery channel for SUSY at present and future colliders. A full
description of all analyses summarized here is available in Refs. [68,71].

Parton level events for all searches were generated using Madgraphb v1.5.10 [111]. All signals
involve the pair production of SUSY particles and are matched using MLM matching up to 2 addi-
tional jets. The k;-ordered shower scheme with a matching scale of gcut=xqcut=100 GeV was used.
We do not account for any possible inadequacies inherent in the current Monte Carlo technology, e.g.
electroweak gauge bosons are not included in the shower.

The gluinos and squarks were treated as stable at the parton level. These events were subsequently
decayed and showered using Pythia6 [112] and passed through the Delphes detector simulation [113]
using the “Snowmass" detector parameter card [114]. Total production cross sections were computed at
NLO using a modified version of Prospino v2.1 [78,79,131], and stop cross sections were computed at
NLL using [82], consistent with the results shown in Section 2.2.

2.4.1.1 Gluino-neutralino with light flavor decays

In a simplified gluino-neutralino model with decays to light flavor quarks, the gluino is the only kine-
matically accessible colored particle. The squarks are completely decoupled and do not contribute to
gluino production diagrams. The gluino undergoes a prompt three-body decay through off-shell squarks,
J — qqXy}, where q is one of the light quarks and X! is a neutralino LSP. The only two relevant param-

eters are the gluino mass myg and the neutralino mass mg.

The background is dominated by W/Z + jets, with subdominant contributions from ¢ ¢ production.
Single top events and W/Z events from vector boson fusion processes are negligible. In all cases, there
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5o
discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

are decay modes which lead to multi-jet signatures. The Jr can come from a variety of sources, such as
neutrinos, jets/leptons that are lost down the beam pipe, and energy smearing effects.

The first analysis used to confront such signals is inspired by an ATLAS upgrade study [132]. After
an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on Fp and Hp, where Fr is the magnitude of the missing transverse momentum and Hry is
defined as the scalar sum of jet pr. Following a standard four-jet pre-selection, the following cuts are
applied:

— Pr/V/Hr > 15 GeV!'/?

— The leading jet pr must satisfy pljiading <04 Hr

- EI' > (EI‘)optimal

- HT > (HT)optimal

The discovery reach and limits for all several future collider scenarios in the full mg versus mso

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb~!, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb~*
could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for mso > 1 TeV the
gluino mass reach rapidly diminishes.

A separate analysis is used to target the compressed region of parameter space of this simplified
model, where:

mg — mgo = Am < myg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the Hr signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z — vv), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically (W =/ 1/) in association with jets, where the charged lepton is not reconstructed properly.
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Fig. 14: Results for the gluino-neutralino model with light flavor decays for the analyses that target the compressed
region of parameter space. The left [right] panel shows the 5 o discovery reach [95% CL exclusion] for the four
collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not included.

Finally, when considering events with a significant number of jets, ¢ production in the fully hadronic
decay channel (t —bqq ) can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross
section for each point in parameter space. Some of the cuts chosen below are inspired by recent public
results from ATLAS [133] and CMS [134] on monojet searches. Following a standard pre-selection, we
first define a search strategy that selects events with a very hard leading jet

at most 2 jets

leading jet must have pr > (leading jet pr)optimal and 7| < 2.0
— second jet is allowed if Ap(j2, Fr) > 0.5

ET > (ET) optimal

where both (ET)Op[imal and (leading jet pr)optimal are determined simultaneously by taking the values in
the range 1 — 10 TeV that yields the strongest exclusion.

The second search strategy targeting the compressed regime uses a Fip-based selection with no jet
veto:

— leading jet with pp > 110 GeV and |n| < 2.4

- ET > (ET)Optimal

with Jrr varied in the range (1, 10) TeV. No requirement is placed on a maximum number of jets. Note
that for higher jet multiplicities the production of top quark pairs in the fully hadronic decay mode starts
to dominate over W/Z + jets production.

The discovery reach and limits for the compressed searches for all four collider scenarios in the
full mg versus msgo plane are shown in Fig. 14.

For a 100 TeV proton collider with 3000 fb~! of data, the exclusion reach for a mass difference
of 5 GeV covers gluino masses of up to approximately 5.7 TeV, with reduced reach for larger mass
differences. For very small mass differences discoveries could be made for gluino masses up to 4.8
TeV. This search improves the exclusion (discovery) reach near the degenerate limit by roughly 1.7 TeV
(1.3TeV) compared to the Hy + Fr-based analysis; the Hy + Fip-based searches do not begin to set
stronger limits until A 2> 500 GeV.
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2.4.1.2  Gluino-neutralino with heavy flavor decays

In a gluino-neutralino model with decays to heavy flavour quarks, the gluino is the only kinematically
accessible colored particle. The squarks are completely decoupled and do not contribute to gluino pro-
duction diagrams. The gluino undergoes a prompt three-body decay through off-shell stops, § — t X7,
where t is the top quark and X is a neutralino LSP. The only two relevant parameters are the gluino mass

myg and the neutralino mass mso.

The model produces two t ¢ pairs along with considerable fr (away from the compressed region
of parameter space), and therefore provides an interesting benchmark scenario for searches involving
a combination of hadronic activity, leptonic signatures and b-tagging. A search which requires same-
sign di-leptons (SSDL) is one viable approach to eliminating the SM background since this final state
is highly suppressed in the SM. A SSDL pair is required and any remaining leptons are not allowed to
form a Z-boson, inspired by the CMS collaboration in [135]. We note that this was the only channel
explored in this scenario; it would be interesting to investigate how an all hadronic final state search
would perform at the higher energy machines.

The analysis used to derive the results below requires an SSDL pair, which is very efficient at
eliminating backgrounds. The dominant background is top pair production, where both tops decay lep-
tonically (the di-leptonic channel). There are subdominant backgrounds from W b b, which are accounted
for by including the BJ Snowmass particle container [110]. All backgrounds simulated for Snowmass
are included and their rates are found to be negligible. Since the SSDL requirement is very effective at
suppressing backgrounds, only a mild cut on Fp is necessary to observe this model. This implies that

this search will also be very effective in the compressed regions of parameter space where mg ~ mgo.

After preselection, the following are used as discriminating variables. Eight model points, three
with very low LSP mass, three with medium LSP mass, and two with high LSP mass are used to define
eight signal regions, which rely on some combination of the following cuts.

— Symmetric Mpy > (symmetric MTQ)Optimal

- pr > (pT)Opﬁmal for the hardest lepton
N ET > (Er)optimal

- ]Vjets > (]Vjets)optimal

- Nb—jets > (Nb—jets)
— Meff > (meff) optimal
- (HT)jets > ((HT)jets)

optimal

optimal

Symmetric Mt is defined in the canonical way [136—138], where the SSDL pair is used for the
visible signal and the invisible particle test mass is assumed to be zero; m. s is defined as the scalar sum
of the pr of all visible objects and Fr.

The results for the gluino-squark-neutralino model are given in Fig. 15. The 14 TeV 300 fb~!
limit is projected to be 1.9 TeV (corresponding to 73 events), and the 3000 fb~! limit is projected to be
2.4 TeV (corresponding to 67 events). The 14 TeV LHC with 3000 fb~! could discover a gluino (with
g — ttxY)) as heavy as 2.0 TeV if the neutralino is massless. The 33 TeV 3000 fb~! limit is projected
to be 4.0 TeV (corresponding to 243 events). A 33 TeV proton collider with 3000 fb~! could discover a
gluino (with § — ¢ X9) as heavy as 3.4 TeV if the neutralino is massless. The 100 TeV 3000 fb~! limit
is projected to be 8.8 TeV (corresponding to 224 events). A 100 TeV proton collider with 3000 fb~*
could discover a gluino (with § — t#x9) as heavy as 6.4 TeV if the neutralino is massless. Note that
due to the relatively weak cuts that can be placed on Fr, the SSDL signal is robust against models with
almost degenerate gluino and neutralino.
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Fig. 15: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5o discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%
systematic uncertainty is assumed and pile-up is included.

2.4.2 Associated Production

In gluino-squark neutralino models, the gluino, the first and second generation squarks, and the LSP are
all kinematically accessible. The only relevant parameters are the squark mass mg, which is taken to be
universal for the first two generations, the gluino mass mg, and the neutralino mass mso. We consider
two scenarios: one in which the neutralino is massless, and the gluino and squark have similar masses;
and another in which the neutralino is also light, but the squark mass is substantially above that of the
gluino mass.

2.4.2.1 Associated production with mg ~ mg

For this study we fix the neutralino mass mgo = 1 TeV, which captures the relevant kinematics for
mg, Mg > Mgo. The decay mode is chosen depending on the mass hierarchy.

This model is a good proxy for comparing the power of searches that rely on the traditional jets
and Fr style hadron collider search strategy to discriminate against background. The final state ranges
from two to four (or more) hard jets from the decay (depending on the production channel) and missing
energy. The current preliminary limits on this model using 20 fb~! of 8 TeV data are mg = 1750 GeV
and mgz = 1600 GeV (ATLAS [139]) assuming a massless neutralino.

Following an identical analysis strategy as for the gluino-neutralino model, described in Sec-
tion 2.4.1, the results for the gluino-squark-neutralino model are given in Fig. 16 and in Table 3. A
100 TeV collider can exclude up to 16 TeV in mass for mg ~ mg.

2.4.2.2  Associated production with mg > mg

The gluino-squark-neutralino model in the previous section was probed in a region where mg ~ mg. In
this section, we consider squark-gluino associated production in a region of parameter space in which
the gluinos are relatively light, while the squarks are heavier, but not completely decoupled. This work
is documented more completely in [140], where we have analysed the prospects for squark-gaugino
associated production at a 100 TeV collider.

Squark-gluino associated production is interesting because it has the potential to probe much
higher squark masses than those reached in pair production. Spectra with a hierarchy between the gluino
and the first two generation squarks are predicted in many scenarios, such as anomaly-mediated SUSY
breaking [141, 142], or in “mini-split"-type models [22, 143, 144].

We consider two simplified models for squark-gluino associated production. In both, the particle
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NG [ Ldt 95% CL Exclusion
[TeV] [fb~'] | Mass Reach [TeV] N produced
14 300 2.8 155
14 3000 32 293
33 3000 6.8 132
100 3000 16 136

Table 3: 95% CL exclusion limits on associated gluino-squark production for various collider scenarios. The last
column indicates the total number of squark pairs produced at a squark mass at the 95% CL exclusion limit for the
given collider scenario.
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Fig. 16: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 50 discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%
systematic uncertainty is assumed and pile-up is not included.

content consists only of first and second generation squarks, gluino, and a Bino LSP (X9 = B). The two
models correspond to different choices of the LSP mass:

— Non-compressed: M; = 100 GeV (results in Fig. 18(a))

— Compressed: mg — mgo = 15 GeV (results in Fig. 18(b))
where we take the first and second generation squarks to be degenerate in mass, and decouple all other
superpartners. Our results are insensitive to the choice of /; = 100 GeV in the non-compressed spectra,
as the LSP is effectively massless for mgo <K myg. The compressed spectra are consistent with the gluino-
neutralino dark matter (DM) coannihilation region [145, 146].

Events from squark-gluino associated production have distinctive event topologies, with a hard
leading jet and significant fip. Both arise primarily from the decay of the heavy squark, since the gluino
is produced at relatively low pr. As in the gluino simplified models above, the dominant sources of
background are top pair production and production of an SM boson + jets [68]. However, both of these
backgrounds fall off rapidly both with increasing pr (1), #r, and Firv/Hr (where Hr is the scalar sum
of the jet transverse energies). This can be seen for an example spectrum point in Fig. 17.

The leading jet typically has a pr(ji) ~ mg/2, while the decay of the squark into the LSP
d — qg — 3qX) results in a highly boosted neutralino and large fr. As such, heavy squark - light
gluino associated production events have a striking collider signature with very low SM backgrounds.
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Fig. 17: Example distribution of the leading jet pr for pp — ¢g, showing that the leading jet pr of the signal
(green) is a good discriminatory variable. Shown here is the spectrum with mg ~ 26 TeV and mgz ~ 4 TeV. All
events shown satisfy frr > 2 TeV.

We impose the following baseline cuts for both spectra:
Hp > 10 TeV, Fr/\/Hr > 20 TeV'/2,

For the non-compressed spectra we impose the additional cut:
8 jets with pr > 50 (150) GeV

where the softer cut is optimized for heavier squarks and lighter gluinos, while the harder cut is opti-
mized for lighter squarks and heavier gluinos. We then scan over leading jet pr and Fir cuts in order to
maximize the significance, o
S
V1+ B+ \2B2 41282

where S (B) is the number of signal (background) events passing all cuts, and y (\) parameterize system-
atic uncertainties associated with signal (background) normalization. We have verified that the optimal
cuts render any “background” from gluino pair production subdominant to the SM background.

g

, (12)

Our results are shown in Figs. 18(a) and 18(b) for the non-compressed and compressed spectra,
respectively. We have assumed a conservative 3 ab~! integrated luminosity [147].

The solid, long-dashed and short-dashed lines correspond respectively to assuming systematic
uncertainties of 5, 10 and 15% in the signal normalisation, while keeping the background systematic
uncertainty fixed at 20%. The number of background events is quite low due to the hard leading jet pr
and Frr cuts, so the projected reach is relatively insensitive to background systematic uncertainties.

The increased reach for the compressed spectra is due to the additional fp resulting from the
heavier LSP. We note that the entire neutralino-gluino coannihilation region (whose upper endpoint lies
at mg ~ mgo & 8 TeV [146]) can be excluded if the squark masses are < 28 TeV.

The results of the previous sections imply that gluino pair production is likely to be the discovery
channel for coloured superpartners provided mg < 14 TeV. However, for the compressed spectra, gluino
pair production searches rapidly lose sensitivity. As such, squark-gluino associated production could be
a potential discovery channel for spectra where the gluino and LSP are nearly degenerate.
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Fig. 18: Experimental reach for squark-gluino associated production at a 100 TeV collider with 3 ab—! integrated
luminosity. Left panel: Experimental reach for spectra with a ~ 100 GeV LSP mass. Right panel: Experimental
reach for spectra with mg — mgo = 15 GeV. The solid, long dashed and short dashed lines are for and 5, 10, 15%
systematic uncertainty for the signal respectively. Blue lines indicate So discovery reach and red lines indicate
95% exclusion limits. We assume 20% systematic uncertainty in the background.

2.5 Squarks

While naturalness considerations motivate light stops, discussed in Section 2.3, and light gluinos, dis-
cussed in Section 2.4, supersymmetric partners of light-flavor quarks can have significantly larger masses
at little extra fine-tuning cost. However, models that include Dirac gluinos [148] can accommodate light
squark masses in a way that makes them a discovery mode for BSM physics at hadron colliders.

This section summarizes the “squark-neutralino’;sirgpliﬁed model discussed in [68,71], in which
the first and second generation squarks ¢ = up,uR, dr,dR, ¢, CR, S1, Sg are the only kinematically
accessible colored states. All other SUSY particles are decoupled. The relevant parameters of the model
are the squark mass mg, which is taken to be universal for the first two generations, and the neutralino
mass mgo. Squarks are pair-produced via strong interactions, and the only allowed decay is to a light-
flavor quark and the neutralino LSP.

Squark-neutralino simplified models have been probed at the LHC, operating at /s = 8 TeV, by
the CMS [149] and ATLAS [150] collaborations. No significant excesses have been observed, and limits
on squark masses are approaching 1 TeV for neutralinos with masses up to 400 GeV.

The final state for the model under study is two high-pp jets with significant Fp. Thus, as with
the gluino and associated gluino-squark searches in Section 2.4, this model is probed with a simple
“jets+Fir” search strategy, inspired by [132].

Parton-level signal events were generated using Madgraph5 v1.5.10 [111]. All signals involve the
pair production of SUSY particles and are matched using MLM matching up to 2 additional jets. The k;-
ordered shower scheme with a matching scale of qcut=xqcut=100 GeV was used. Note that we do not
account for any possible inadequacies inherent in the current Monte Carlo technology, e.g. electroweak
gauge bosons are not included in the shower.

The gluinos and squarks were treated as stable at the parton level. These events were subsequently
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Fig. 19: Results for the squark-neutralino model. The left [right] panel shows the 5 o discovery reach [95% CL
exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not
included. The dashed green line shows the results of a re-tuned search at /s =100 TeV.

decayed and showered using Pythia6 [112] and passed through the Delphes detector simulation [113]
using the “Snowmass" detector parameter card [114]. Total production cross sections were computed at
NLO using a modified version of Prospino v2.1 [78,79,131].

Background estimates are made using the “Snowmass 2013” background samples [110]. Gener-
ated processes include W/Z+jets, tt, single-top, diboson, ¢ + V and ¢t + V, and Higgs. QCD multijet
backgrounds were not generated, thus the analysis makes stringent cuts on fr and related quantities to
ensure that QCD multijet backgrounds will be negligible.

The squark search is optimized in two different regions of the squark-neutralino mass plane. The
first search targets high-mass squarks with relatively-light LSPs using a straighforward jets+Jr strategy.

The second search targets the “compressed” region where mg ~ mzo.

As with the jets+ i search for gluinos presented in Section 2.4, a standard event pre-selection is
defined by the following requirements:

— Pr/V/Hr > 15 GeV'/?

— The leading jet pr must satisfy plj‘iading <04 Hr

After pre-selection, rectangular cuts on Fr and Hp are simultaneously optimized to yield maxi-
mum signal significance. The resulting requirements on Hr and Jir are typically a substantial fraction of
the squark mass for low values of mso. After optimization, the background is dominated by W/Z + jets,
with smaller contributions from ¢¢ production. All other backgrounds are negligible.

The results of the squark search are shown in the solid lines in Fig. 19 for four different collider
scenarios. The 14 TeV 300 fb™! limit with massless neutralinos is projected to be 1.5 TeV (correspond-
ing to 1022 events), while the 14 TeV 3000 fb~! limit is projected to be 1.7 TeV (corresponding to
3482 events). The 14 TeV LHC with 3000 fb~! could discover a squark as heavy as 800 GeV if the
neutralino is massless. The 33 TeV 3000 fb~! limit with massless neutralinos is projected to be 3.4 TeV
(corresponding to 3482 events), with discovery reach up to 1.4 TeV for massless neutralinos.

The 100 TeV 3000 fb~! limit with massless neutralinos is projected to be 8.0 TeV (corresponding
to 849 events), with discovery reach up to 2.4 TeV if the neutralino is massless. Compared to the 14
and 33 TeV searches, the squark reach degrades less rapidly as the neutralino mass is increased from the
massless limit. The reduced cross section for light-squark production and the lower jet multiplicity of
the final state combine to reduce the mass reach for this model relative to the stop or gluino searches.

The poor performance of the search at 100 TeV motivated a re-analysis of this model for the 100
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TeV scenario. In the re-optimized analysis, the pre-selection requirements, which were optimized for
the gluino-neutralino model described earlier, are removed. Events are required to have four jets with
pr > 500 GeV, and must satisfy the following topological selection requirements, motivated by the
analysis in Ref. [149]:

— (pmiss — >0, ) < 100 GeV
— minAg(pRs leading 4 jets) < 0.6

Requirements on Hp and Fr are then simultaneously optimized, as described earlier. The results
of the re-optimized search are shown in the dashed green line of Fig. 19. The exclusion limits improve
modestly, but the discovery contours improve significantly, due partially to the increased signal accep-
tance of the new selection compared to the previous jets+ £ studies. Further improvements are expected
by implementing other analysis techniques demonstrated in Ref. [149], such as Hp-binning and the use
of variables like M7 ».

The second analysis strategy targets the compressed region of the squark-neutralino plane, where:

mg — mso = Am < mg. (13)

Due to the large LSP masses in this scenario, signal events often do not contain substantial Hr,
making a simple jets+ search ineffective. In this case we rely on initial state radiation to boost the
SUSY system, creating a monojet+#r final state.

The compressed analysis is described in detail in Section 2.4, and the results of the search for
four collider scenarios are shown in Fig. 20. For all four colliders, the Fir-based strategy has the best
performance and is used to quantify the sensitivity.

At a 14 TeV collider, it is possible to exclude (discover) squarks in the degenerate limit with mass
less than ~650 GeV (500 GeV) with 300 fb~! of data. Increasing the integrated luminosity by a factor
of 10 has a minimal impact on the discovery reach for compressed squark models. This search improves
the exclusion (discovery) reach near the degenerate limit by roughly 300 GeV (150 GeV) compared to
the jets+Fp-based analysis described above; the jets+Fir searches do not begin to set stronger limits until
Am 250 GeV.

For a 33 TeV collider, it is possible to exclude (discover) squarks in the degenerate limit with mass
less than ~1.2 (0.7) TeV with 3000 fb~! of data. This does not substantially improves the discovery
reach near the degenerate limit compared to the jets+/r analysis, but does improve the exclusion reach
by roughly 200 GeV for Am < 100 GeV.

Finally, for the 100 TeV collider, it is possible to exclude (discover) squarks in the degenerate limit
with mass less than ~4 TeV (3 TeV) with 3000 fb~! of data. This improves the exclusion (discovery)
reach near the degenerate limit compared to the jets+J analysis targeted at the non-compressed region
described above by roughly 1.5 TeV (1.8 TeV) for Am <200 GeV.

2.6 Electroweakinos

This section describes the discovery prospects for electroweakinos — Wino, Bino and Higgsino — at a 100
TeV pp collider. For studies focussing on the dark matter aspect of electroweakinos, see Sec. 3. We focus
on supersymmetric scenarios where electroweakinos have a mass at around the electroweak-TeV scale,
and all other superparticles are much heavier and beyond the collider reach. We specifically consider
scenarios in which the mass parameters of the electroweakinos are not too close to each other. In this
case, electroweakinos generally do not mix significantly with each other, leaving neutral and charged
components of Winos and Higgsinos almost degenerate and different kinds of electroweakinos well-
separated in mass. We call these nearly degenerate sets of states collectively the Lightest Supersymmetric
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Fig. 20: Results for the squark-neutralino model with light flavor decays for the analyses that target the compressed
region of parameter space. The left [right] panel shows the 5 o discovery reach [95% CL exclusion] for the four
collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not included.

Particle (LSP) (X?’i) or Next-to-Lightest Supersymmetric Particle NLSP (Xg’i)6.

Here we very briefly summarize the work in Ref. [74]7 and focus on the direct production of
NLSP pairs — neutralino pair, chargino pair and neutralino-chargino pair — and their subsequent decays
to the LSP and a boson, either the Higgs boson h or W, Z gauge bosons, producing a multiple lepton and
missing transverse energy signature.

XF = U2/, Xy = xW, (14)
W = tv, 7 — 00", h—s 22 WW* — 40,202 (15)

Although final states involving hadronic jets are possible, multilepton signals typically provide the
strongest discovery channels. We divide multilepton signals into two opposite-sign leptons of any flavor
(OSDL), two same-sign leptons of any flavor (SSDL), three leptons (3¢), and four leptons (4¢), where
leptons can be either electrons or muons.

For each simulated benchmark, we optimize the cuts on the following variables to maximize the
statistical significance with an assumed luminosity of 3 ab—:

- ¥r

- pr(l2)/pr(t)

Hr(ets)/ Meg

- My = Meg — pr(l1)

Mr (ErTniSS, 00), the transverse masses between missing energy and various combinations of leptons
— B Mg

where Hr(jets) is the scalar sum of all jet pr (we do not veto any jets if present) and Mg is the scalar pr
sum of all jets, leptons and missing energy. We refer the reader to Ref. [74] for more detailed discussions
of the variables, cut optimization, and other selection criteria that were considered.

We present results for the following cases:

— Higgsino NLSP and Bino LSP (Higgsino-Bino) : My > > M.
— Higgsino NLSP and Wino LSP (Higgsino-Wino) : M1 > p > Mo.

%In some work they are called the co-NLSP.
7See also [73] for a related work in the framework of a future 100 TeV collider.
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Fig. 21: 20 exclusion bounds of NLSP electroweakinos via 3¢ (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb—!. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5o reach, see Ref. [74].

— Wino NLSP and Higgsino LSP (Wino-Higgsino) : M > Ms > pu.
— Wino NLSP and Bino LSP (Wino-Bino) : p > My > M;.

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan 3 and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [151]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan 8 and on the signs of mass parameters.

We collect the 20 exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan 5 and signs of mass parameters since the results almost do
not depend on them. The 3¢ search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [152-154] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab—! of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ~ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab—! luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab~! data will be
challenging (see the corresponding plots in [74]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters — tan 5 and signs of mass parameters — are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan 8 and uMs > 0; for other choices, there can be a (partial) cancellation between p sin 23 and
M5 terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
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Fig. 22: 50 discovery reach (solid) and 95%CL exclusion (dashed) for the case of Wino-NLSP and Bino-LSP with
3 ab~! ata 100 TeV pp collider. Four representative choices of tan /3 and signs of mass parameters are shown.
All multilepton channels are combined, but the 3¢ search contributes most. The contributions from intermediate
Z(blue) or h(red) are separately shown to see the effects of NLSP branching ratios. For more results with different

choices of the parameters, see Ref. [74].

such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
becomes similar to the upper-right panel. This effect is studied more extensively in Ref. [155-157].
When the branching ratio to the Higgs boson dominates, the reach is relatively low because multi-lepton
signals via the Higgs boson are suppressed by the small Higgs— WW/ZZ —multileptons branching
ratios.

Other features of the curves in Fig. 22 are driven by the branching ratio to Z bosons, which depends
on mass and other model parameters. A detailed discussion of the reach is provided in Ref. [74]. In the
optimal case, with almost 100% branching ratio to the Z boson, as in the lower-left panel, multilepton
signals can enable the discovery of NLSPs with mass up to about 3 TeV for massless LSP with 3 ab™—".

Multilepton events with small angular separation between the leptons is a common feature of
multi-TeV electroweakino production. Such events are outside of the acceptance for isolated-lepton
searches, but relaxing the requirements on lepton separation in R can significantly improve the accep-
tance for high-mass signals. For example, the luminosity needed to probe a 3.5 TeV Wino is reduced by
a factor of two for AR(¢,¢) > 0.05 compared to AR(¢,¢) > 0.1. Searches for an NLSP heavier than
3 TeV, which often produces collimated leptons, are also significantly improved by retaining events with
near-by leptons. This should be an important consideration for the design of the detectors at future pp
colliders.

In summary, a 100 TeV pp collider, even with just 3 ab—! of integrated luminosity, can signifi-
cantly improve the reach for electroweakinos compared to the LHC. This provides an important probe
of SUSY even in the difficult scenario in which the colored superpartners are heavy. Of course, even if
SUSY is discovered in other search channels, the discovery and studies of electroweakinos are crucial
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in understanding the nature of SUSY breaking. Finally, even though the study presented here is in the
context of SUSY, the general lesson is applicable to a broader range of possible new physics particles
with only electroweak quantum numbers.

2.7 Long-lived Charged Particles

Due to low backgrounds and increased production cross sections at 100 TeV, exotic processes may be a
promising avenue for discovering new physics. These exotic processes could include displaced vertices
and long-lived charged or coloured objects. In this section we focus on a particular example motivated
in supersymmetry: long-lived charged sleptons.

We study the prospects for long-lived charged particle (LLCP) searches at a 100 TeV pp collider,
compared to the 14 TeV LHC, using time-of-flight measurements. We use Drell-Yan pair-produced
long-lived sleptons as an example. A novel feature of 100 TeV collisions is the significant energy loss
of energetic muons in detectors, which we utilize to discriminate against fake LLCPs. We find that the
14 TeV LHC with an integrated luminosity of 3 ab™! is sensitive to LLCP sleptons with m < 1.2TeV,
and a 100 TeV pp collider with 3 ab~! is sensitive up to ~ 4 TeV, probing interesting dark matter scenar-
ios, including in particular slepton—neutralino co-annihilating WIMP dark matter, and superWIMP dark
matter.

Long-lived charged particles (LLCPs), which are stable on collider—detector timescales, require
specific methods for triggering, reconstruction, and detection. Thus they provide interesting, model-
independent benchmarks for future collider experiments. Furthermore, their discovery will have pro-
found implications for particle physics as well as for cosmology, where their long lifetime may affect the
thermal history of the Universe.

Many extensions of the Standard Model predict LLCPs. Supersymmetry contains LLCPs in large
portions of its parameter space. In the slepton—neutralino co-annihilation scenario [158-161], dark matter
(DM) consists of the lightest supersymmetric particle (LSP), which is the neutralino X{. A charged
slepton ( is the next-to-lightest SUSY particle (NLSP), and is almost degenerate with the LSP. The
slepton NLSP is then long-lived because its decay to the LSP is phase-space suppressed. In the early
Universe, the slepton remains in thermal equilibrium almost until the DM freezes-out, and the DM relic
abundance is diluted through co-annihilations with the NLSP slepton. The correct relic abundance is
obtained for slepton masses m; < 600 GeV.

Another scenario of interest is superweakly-interacting massive (superWIMP) DM [162, 163].
This scenario is naturally realized in gauge-mediated SUSY breaking, where the gravitino G is the LSP
[164-166] and a charged slepton is often the NLSP. The NLSP slepton has a mass m; ~ 1 TeV, and
decays to the LSP with a lifetime

4
- TeV\® / mg \2 m?
= U. 1_ .
(@ = 1G) 059sec<mé) <GeV> ( T (16)

The NLSP freezes out in the early Universe with a relic density larger than the observed value
Qh? ~ 0.12, and later decays to the LSP. The relic density is then diluted by the mass ratio mea/mg.
Assuming that the NLSPs are right-handed sleptons (ER), and that Ngey 11, of them are co-NLSP (1 <
Ngen;L1, < 3), i.e. degenerate and long-lived, the gravitino relic density is numerically given by [167]
Mg

Q~h2 = N, 0.12 in
G — {Vgen;LL * Y- M2 )

A7)
where M varies from 650 TeV to 1.0 TeV as the Bino mass varies from mz = oo to mg. . Figure 23

shows the relic abundance and NLSP lifetime in this scenario in the slepton—LSP mass plane. The NLSP
slepton with mg. 2 650GeV is cosmologically viable, and they are observed as LLCPs at collider if
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Fig. 23: An overview of the parameter space in superWIMP scenarios with /r-NLSP. In the blue (green) hatched
region, gravitinos may saturate, depending on m g, the DM relic density if Ngen;11, = 1 (3), i.€., one (three) among
€Rr, IR, and 7R is long-lived. The black lines illustrate the lifetime of the NLSP slepton, and the horizontal lines
are the expected exclusion limits of right-handed long-lived slepton searches: the thinner (thicker) lines are the
14 TeV LHC (a 100 TeV collider) with an integrated luminosity of 3 ab~!.

mg. < 40TeV. We also show in this figure the expected reach of the 14 TeV LHC and of a 100 TeV
collider, which are the main results of Ref. [167].

For collider experiments, muons constitute the main background to LLCP searches. The only dif-
ference between a hypothetical LLCP and a muon is the (assumed) large mass of the former. Because
of their large mass, LLCPs will typically be produced with a smaller value of relativistic 5. This ve-
locity can be measured using the time-of-flight (ToF) to the outer detectors, or through the ionization
energy loss, dE'/dx, typically in the innermost layers of a silicon tracking detector. Searches in 100 TeV
collisions can exploit a new handle for discriminating LLCPs from muons [167]. Energetic muons with
p 2 100 GeV lose energy through radiative processes, i.e., bremsstrahlung, electron pair-production, and
photo-nuclear interactions [168], in addition to the ionization process, while LLCP’s, with lower values
of 3, will radiate significantly less. Therefore, by measuring the energy loss FEj.s along the track of
LLCP candidates, we can reduce the number of muon fakes.

We consider a ZNR LLCP with Ngen.r, = 1 as a benchmark model, and assume a worst-case
scenario in which the only production process available is the Drell-Yan direct pair-production pp —
(v, 2) — EREE. For this scenario, the CMS (ATLAS) collaboration obtained a lower bound m >
346 (286) GeV on the LLCP mass [169,170], where the LLCP sleptons are identified by ToF and d£'/dx
measurements. Note that this is the most pessimistic limit; if heavier SUSY particles can be produced,
LLCPs coming from their cascade decays will also contribute to the signal, leading to more stringent
limits.

The capabilities of future LHC runs and a 100 TeV pp collider are studied in Ref. [167], utilizing
the detector design and background samples from the Snowmass 2013 Community Summer Study [110,
114,171]. Figure 24 summarizes the results. The 14 TeV LHC is expected to probe the slepton—neutralino
co-annihilation scenario with an integrated luminosity [ £ = 0.3 ab™!, and a high-luminosity run will
discover or exclude 1TeV slepton LLCPs. Meanwhile, a 100 TeV pp collider will access 3 TeV with
JL£=3ab"l.

In the 100 TeV analysis, a qualitatively new event selection is introduced based on the energy
deposit of a candidate LLCP in the calorimeter, Ej,s. The energy loss of muons in matter, simulated
with Geant 4.10 [172], is shown in Fig. 25. Based on this, the signal LLCPs, which are initially selected
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Fig. 24: (left) Expected capabilities of the 14 TeV LHC and a 100 TeV pp collider on searches for long-lived
sleptons with Ngen;r.1, = 1, plotted in terms of the integrated luminosity required for 95% CL exclusion. Only
the Drell-Yan pair-production of the LLCPs is assumed, and three values of the slepton left-right mixing angle 0
are used. Note that, for a fixed m, the Drell-Yan production cross section is maximized (minimized) at 6§ ~ 0
(0 ~ 1.1). The lines for ZL (0 = 0) and ZR (7/2) are drawn as bands, which show the 68% statistical uncertainty
of the expectation. (right) The integrated luminosity required for discovery. Solid (dashed) lines are for 50- (30-)
discoveries.
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Fig. 25: (left) Energy deposit of a muon in the calorimeter, which is modeled as 3.0 m iron. Note that this includes
the ionization energy loss, which is 4.8-6.0 GeV for E,, = 20-3000 GeV. (right) The probability that the energy
loss of a muon in the calorimeter exceeds certain thresholds as a function of the muon energy.

by 0.4 < 8 < 0.95 and Pt > 500GeV, are further required to have Fj,ss < 30 GeV. The calorimeter
is approximated as iron of 3 m thickness. The Fj.s requirement removes 18% of fake LLCPs. If each
event is required to have two LLCPs, the muon-fake background is reduced by 34%. We note that pile-
up may degrade the calorimeter resolution, and encourage a careful study of this issue when designing
future detectors. Note that the Ej,qs cut is not introduced in the 14 TeV LHC analysis, which has a looser
requirement of pr > 100 TeV.

The resolution of the LLCP mass measurement is also discussed in [167]. Good momentum
resolution is essential to measure the mass of LLCPs. We parameterize the momentum resolution of
high-pr tracks by:

Apr=A& B -pr&C ph~C - ph (18)

The relevant parameter C' in the ATLAS experiment was measured to be C' = 0.168(16)/TeV for the
barrel region of the muon spectrometer in early 7 TeV data [173]. Stronger magnetic fields in the tracker,
as well as larger detector dimensions, will improve the momentum resolution, so we assume a value of
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Fig. 26: Distribution of the reconstructed LLCP mass in the 100 TeV analysis. Solid lines are with C' = 0.1/TeV,
while dotted lines with C' = 0 is drawn as a reference.

C = 0.1/TeV for the 100 TeV analysis, which gives the result in Fig. 26.

__ In summary, even for the most pessimistic scenario in which only the channel pp — (v,2) —
(gl is available, a 100 TeV pp collider with [ £ = 3 ab™! has the capability to discover or exclude
LLCP sleptons with m < 3TeV.

2.8 Indirect Probes

At the 100 TeV collider it would also be possible to search for the indirect effects of supersymmetry
on SM processes. Two important factors for indirect probes of new physics are precision and energy.
Precision could be delivered at the 100 TeV collider due to the large number of SM events possible
thanks to the large integrated luminosity. For many processes this would render systematic uncertainties
as the dominant limitation in indirect tests of new physics. The high energy that can be achieved at the
100 TeV collider would also enhance the indirect constraints on new physics. Indirect constraints on a
multitude of new physics processes are possible, however we will focus here on a particular example in
supersymmetry.

While light stop squarks would likely be directly observed at a 100 TeV collider, it may also be
useful to search for their indirect effects. In particular precision Higgs coupling constraints, particularly
on the Higgs-glue-glue coupling, would provide a powerful probe of light stop scenarios. In addition, as
a 100 TeV collider would also be able to observe Higgs boson pair production, it is interesting to consider
searching for the indirect effects of light stop squarks on Higgs pair production, as will be considered in
this section.

As with single Higgs production, the dominant production mode for Higgs pairs is gluon fusion.
The stop loop contributes to deviations from the SM di-Higgs rate that can be a powerful indirect signal
of SUSY. The much larger di-Higgs cross section at a 100 TeV collider improves the sensitivity of such
searches compared to the LHC.

The di-Higgs rate also constrains the Higgs potential, so considerable effort has gone into pro-
jecting collider sensitivity. Current LHC searches have used several final states [174-179] and high
luminosity projections for several channels have also been completed [180, 181]. Phenomenological
studies considering a 100 TeV machine have been done for the bby~y [182, 183], 4W [184], and bb +
leptons [185] channels.

Of course, as detailed in Section 2.3, there also exist very powerful direct searches for super-
partners, stops featuring prominently. However, these searches depend on particular assumptions about
R-parity [186—188] or where the stop lies in the particle spectrum. Work on these limits include the cases
of stops nearly degenerate with the top [59, 60, 189-192], part of a compressed spectrum [58, 193-199],
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Fig. 27: Percentage corrections, relative to the SM, of the single Higgs (red) and di-Higgs (black) production
cross sections at /s = 100 TeV in a low energy bin with invariant masses 260 < my;, < 350 GeV (left) and
260 < mpp < 2000 GeV (right). Vanishing A-terms have been assumed and the physical left- and right-handed
stop masses have been varied through the soft masses. The blue contour gives the approximate contour of color
breaking vacuum constraint.

or which decay into light superpartners like staus [200,201]. Clearly, the insensitivity of the di-Higgs
rate to these types of assumptions make it a valuable complementary search.

This is not to say that the di-Higgs approach is unconstrained. A simple EFT analysis [202]
demonstrates that constraints on single Higgs production limit the deviation due to new colored particles
in the di-Higgs rate (and that the two rates are anticorrelated). However, this analysis is inapplicable
when one or both of the stops are light. Even within the constraints imposed by single Higgs production,
the shape of the di-Higgs distribution can reveal new physics. The SM di-Higgs rate experiences a
cancellation at threshold, so new colored particles, like stops, can have large effects there. This motivates
considering the differential cross section (in invariant mass or pr for example) close to threshold to see
the greatest deviations.

The calculated MSSM di-Higgs cross section [203-206] has been used to explore this idea in
[202]. We consider contours of 10 and 20 percent deviation from the SM in the single Higgs and di-
Higgs production at a 100 TeV collider. The deviations are considered in a small invariant mass bin close
to threshold as well as the more usual large mass bin. The large bin analysis not only makes contact
with previous studies, but highlights features in the spectrum at high invariant mass. These have greater
effect on the total rate at a 100 TeV collider where the gluon luminosity at large masses are significantly
increased.

To demonstrate the mass ranges in which observable effects in di-Higgs production could be ob-
served at 100 TeV, we show contours of constant deviation in the pair production cross section at 100
TeV. In Fig. 27 the stop mixing is set to zero while the soft masses are varied. Figure 28 sets the left-
and right-handed soft masses equal and then varied while the mixing parameter is also varied. In regions
where both stops are heavy and single Higgs production is SM-like the di-Higgs production is also SM-
like. However, when the mass bin close to threshold is considered the fractional change in the di-Higgs
rate increases dramatically, so that there are regions where the effects of the stops are seen in the di-Higgs
rate close to threshold even while single Higgs deviations are small.

When one or both of the stops are light there are regions wherein the single Higgs production is
SM-like, but the di-Higgs rate shows large deviations. This complementarity at low mass enables light
stops to be detected even when direct searches fail and the single Higgs production appears SM-like do
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Fig. 28: Percentage corrections, relative to the SM, of the single Higgs (red) and di-Higgs (black) production
cross sections at /s = 100 TeV in a low energy bin with invariant masses 260 < my;, < 350 GeV (left) and
260 < mpp < 2000 GeV (right). Degenerate soft masses have been assumed, while the A-term is varied. The
blue contour gives the approximate contour of color breaking vacuum constraint.

to a cancellation. The discriminating power of these studies depends on the high di-Higgs cross section
at a 100 TeV collider. This can be easily seen by comparing these results to the 14 TeV results in [202].

2.9 Model-Specific Interpretations

Whereas the previous sections have focussed on a more model-independent approach, focussing on spe-
cific superpartners and in some cases simplified models, it is also worthwhile to consider 100 TeV mea-
surements in the context of complete supersymmetric models. The number of free parameters in the
MSSM is too large to study in its entirety, thus we will consider two well-motivated scenarios that make
specific predictions for the pattern of parameters, the ‘CMSSM’ and ‘Mini-Split’ supersymmetry.

2.9.1 Constrained Minimal Supersymmetric Standard Model

The ‘CMSSM’ [207-216] assumes four input parameters, a universal scalar mass at the grand unification
scale my, a universal gaugino mass m /o, a universal scalar trilinear soft term Ao, the usual Higgs
mixing parameter tan S, and also the sign of the p-term. This framework is especially appealing from
a phenomenological standpoint as it predicts the full set of soft parameters at the weak scale from these
input parameters, after RG evolution, and this allows for the calculation and combination of diverse
experimental constraints, from colliders to dark matter experiments. The power of this approach is
that successful phenomenological predictions in one area, for example dark matter, may be tested by
constraining the predictions made from the same parameter set, in this case with colliders. In particular,
we will focus on testing regions of parameter space that predict the observed dark matter abundance by
searching for the coloured particles whose masses are predicted once the parameters are set.

This material is based on [217]. We analyze the nature of the CMSSM parameter space for large
values of mg and m /5, considering the dark matter density prediction and the measurement of the Higgs
boson mass, which are the only constraints capable of imposing upper limits on mg and m /5. Generally,
bringing the relic dark matter density within the measured range when the mass parameters are large
requires some specific features in the sparticle spectrum such as near-degeneracy between the LSP, the
NLSP and perhaps other sparticles, as this suppresses the relic dark matter density by introducing new
coannihilation channels during thermal freeze-out. One such possibility is the narrow stop coannihilation
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Fig. 29: The solid blue lines are the profiles in the (mg,m; /) plane of the focus-point strips for Ag = 0 and
tan 5 = 10 (left panel), and Ag = 0 and tan 8 = 52 (right panel). The blue, green, purple and red lines are
particle exclusion reaches for particle searches at the LHC with 300 and 3000/fb at 14 TeV, 3000/fb with HE-LHC
at 33 TeV and 3000/fb at 100 TeV, respectively. The solid lines are for generic K1 searches. The solid (dashed)
green lines are central values (probable ranges) of m;, calculated using FeynHiggs 2.10.0, and the yellow band
represents the experimental value of my,.
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Fig. 30: The solid blue lines are the profiles in the (1,2, 0 = m;, —m,) plane of the stop coannihilation strips
for Ag/mo = 2.3 and tan 8 = 20 (left panel), and Ag/mo = 3.0 and tan 8 = 20 (right panel). The solid lines are
for generic Kt searches and the dashed lines are for dedicated stop searches, using the same colours as in Fig. 29
(the dashed black line is for the LHC at 8 TeV).

strip [218-224] where dm = mg — My is small.

Another possibility is the focus-point strip of parameter space [56,225-229], appearing at larger
values of mg/mq /2. beside the boundary of the region where radiative electroweak symmetry breaking
is consistent. Along the focus-point strip, the Higgsino component of the neutralino LSP is enhanced,
and its annihilations and coannihilations with heavier neutralinos and charginos are enhanced. Various
studies have shown that the focus-point strip may extend to very large values of mg and my /o, with
mo/ml/g ~ 3 and A(] S mo.g

Figures 29 and 30 display the profiles of the focus-point strip and of the stop coannihilation strip,
along their full lengths. Both pairs of plots show the Higgs mass values calculated using SSARD [217] as

8However, it does not extend to arbitrarily large values of mg as the Higgs mass measurement constrains m.
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inputs to FeynHiggs 2.10.0 (solid green lines). Uncertainty estimates of £3 GeV are also shown. Only
portions of the focus-point strips are compatible with the measured Higgs mass (yellow bands) within
these uncertainties, whereas for the stop coannihilation strips there are significant additional uncertainties
from RGE running, and all of the strips are compatible with the measured Higgs mass. In the cases of the
stop coannihilation strips in the lower panels of Fig. 29, we also display as blue lines the mass difference
dm = mj, —m, along the strips. In the examples shown, this mass difference is generally < my + my,
so that the branching ratio for two-body ¢t; — x + ¢ decay usually dominates over that for four-body
t1 — x + W + b + v decay. However, this is not always the case, as illustrated by examples in [224].
The branching ratio for £, — x + W + b + v decay may dominate when mg, — My > myy + My, as
seen in the right panel of Fig. 30. Thus, a complete search for supersymmetry at 100 TeV should include
searches for both the t; — x + cand t; — x + W + b + v decay signatures.

The (near-)vertical lines in Figs. 29 and 30 mark estimates from Ref. [217] of the sensitivities
of the LHC (black - 8 TeV, blue - 300/fb at 14 TeV, green - 3000/fb at 14 TeV), 3000/fb at HE-LHC
(purple) and 3000/fb at 100 TeV (red) along the stop coannihilation strips. The solid lines represent the
extrapolated reaches of the generic jets + F'p searches, and the dashed lines in the lower panels represent
the extrapolated reaches of dedicated searches for ; — ¢+ y decays, which lose some sensitivity as dm
increases because of the increase in the £; — x + W + b+ v decay branching ratio. We see that the 100
TeV collider would be sensitive to the full extents of the focus-point strips and of the stop coannihilation
strip for Ag = 2.3 myg, but not all the stop coannihilation strip for Ag = 3.0mg: this is true in general
for Ag/mo = 2.5. We note also that, as discussed in [217], high-precision measurements of electroweak
and Higgs observables could constrain the location along the dark matter strip, providing a potential
consistency test of the supersymmetric model.

2.9.2 Mini-Split Supersymmetry

The spectrum of split supersymmetry (SUSY) contains lighter gauginos (bino, winos, gluinos) and heav-
ier scalars (sfermions and Higgs bosons) [23-25, 143]. Among the gauginos, gluino production can be a
useful way to search for split SUSY at hadron colliders. Pure wino production is smaller by electroweak
couplings. Pure bino production is very small since it has no direct couplings to gauge bosons. Unless
gluinos are much heavier than other gauginos, gluino production can be the dominant production mode
of split SUSY particles. In this section, we study gluino search propects at a 100 TeV pp collider in split
SUSY models [68,69].

Gluinos are pair produced at pp colliders. Once produced, each gluino subsequently decays to the
lightest gauginos (LSP) — winos or binos — via off-shell squarks as

g — xVij. (19)

Pair production of gluinos then yields gg — X(1) X(1) j777. This channel can be searched using an effective
mass variable, M.g. The effective mass is defined as a scalar sum

Mg = pr(i) + EF™, (20)
7

where the sum runs over all jets with p7 > 50 GeV and 17 < 5.0. Cuts on the data that aid selecting
signal over background include (see also [230]):

— At least two jets with pr > 0.1 M.g.

— Lepton veto.

— BT > 0.2Meg and pr(j1) < 0.35 Meg.
Ap(j1, EFSS) < — 0.2 and Ad(j1, j2) < 27/3
- Mg > 1.5M§.
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Fig. 31: Left panel: The integrated luminosity (fb~!) needed to discover gluino pairs in split SUSY models with
5o statistical significance is contour plotted [69]. It is assumed that the gluino is more than 3 times heavier than the
LSP so that the Mg analysis is valid. In the upper horizontal axis, the wino mass with the minimal AMSB relation
is also shown. Right panel: The result at a 100 TeV pp collider is shown in terms of the gluino-to-LSP mass ratio
in split SUSY [69]. Blue and red regions are predictions of AMSB models with squark masses and tan /3 varied.
See text and Ref. [69] for more details.

The Mg spectrum depends only on the gluino mass and not on the LSP mass, as long as the gluino
is more than 3 times heavier than the LSP [69]. The discovery prospect in terms of the gluino mass is
shown in Fig. 31; the integrated luminosity needed for 5o statistical significance is shown.

The results can be interpreted in three ways. First, at a 100 TeV pp collider, up to about 7 (13)
TeV gluinos can be discovered with 10 (1000) fb~! of data. This result applies to any split SUSY models
as long as the gluino is 3 times heavier than the LSP and the decay mode in eq.(19) is dominant; for a
smaller mass difference between the gluino and the LSP, the Mg becomes a less useful observable for
discovery and other strategies may be needed.

Second, if the minimal anomaly-mediated SUSY breaking (AMSB) model [141, 142] is consid-
ered as a particular example of split SUSY models, the reach on the gluino mass can be interpreted
simultaneously as a reach on the mass of the wino dark matter candidate. In the minimal AMSB model,
the wino is the LSP; squarks are one-loop factor heavier than the gluino and out of reach for the collider.
The gluino-to-wino mass ratio, which is key to this interpretation of an indirect wino bound, is almost
fixed, but varies from 8 to 9.5 for the wino mass between 3 TeV and 200 GeV, respectively [69]. The
variation is almost entirely due to the running of gauge couplings, and the Higgsino contribution to the
quantum correction can be ignored. The wino mass corresponding to the gluino mass in this model is
also shown in the upper horizontal axis in left panel of Fig. 31. A 100 TeV pp collider can probe wino
mass up to 900 GeV (1.4 TeV) with 10 (1000) fb~! of integrated luminosity. It is known that the ~ 3 TeV
pure wino can be a thermal dark matter contributing to full dark matter density [152], but astrophysical
constraints may rule out this possibility [153, 154]. In any event, this very large wino mass is too heavy
to be probed at a 100 TeV collider, yet a smaller wino mass, perhaps as a non-thermal dark matter source,
can be indirectly probed to mass scales above a TeV as seen by this analysis.
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Fig. 32: The MSSM Higgs boson mass as computed with SusyHD [231], taking A; = 0 and fermion masses
mys2 = 1 TeV. (Dependence on the details of fermion masses is mild.) The orange solid curve and the dashed
orange curves show where the central value and the 10 variations around it give a 125 GeV Higgs mass. The
dot-dashed purple and blue lines show where the Higgs mass is 134.3 and 113 GeV, respectively. We have marked
four points, two giving the correct Higgs mass (smiling faces) and two giving an incorrect one (frowning faces),
for a closer study.

Finally, the result can be interpreted more generally in terms of the reach on the gluino-to-LSP
mass ratio. This is done in the right panel of Fig. 31. The aforementioned minimal AMSB relation of
the gluino and wino masses can be modified in general split SUSY models. The variations of sfermion
masses between 1 < mf/mg < 4rag and 3 < tan B < 50 with |u| = 4 TeV lead to the blue and
red regions; heavy squarks and Higgsinos modify the gluino mass and the wino mass at one-loop order,
respectively. The dependence on the renormalization scale is much smaller. The region of My gp and
M3 /Misp probed is under the integrated lumonsity contours in the figure. For more details of each
curve, we refer to Ref. [69]. This interpretation is most useful when a certain split SUSY model predicts
a certain gaugino mass ratio.

2.10 Supersymmetry Post-Discovery at 100 TeV

After any discovery of new particles at the LHC or at 100 TeV, we will want to undertake a detailed study
of their properties. As one example, suppose that a gluino is discovered with a mass at the TeV scale,
which decays through cascades to lighter electroweakinos. A 100 TeV collider would be an effective
gluino factory: 3 ab~! of data would lead to 2 x 107 gluino pair production events if mg = 2 TeV and
10° events if mg = 5 TeV [82]. Hence, a gluino discovery would be followed up by an extensive program
of measuring gluino branching ratios and couplings. In this section, we will outline one particular aspect
of such studies: a test of the MSSM prediction of the Higgs mass in split SUSY scenarios where the
scalars are significantly heavier than the gluino.

The MSSM at tree level predicts that the Higgs mass is less than the Z mass, but loop effects can
lift it [232-235]. This has led to extensive effort toward high-precision theoretical calculations of the
Higgs mass in the MSSM, recently reviewed in [236]. The result primarily depends on the stop mass
matrix and tan . For relatively low stop masses, large values of tan 3 and a sizable mixing parameter
Ay can achieve a 125 GeV Higgs mass, and the stops could be directly probed at 100 TeV. Here we will
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Fig. 33: Strategies for probing the SUSY scalar mass scale. The green region can be probed through associated
squark-gluino production [140]. The blue region leads to gluino lifetimes above 100 microns [22,24,43]. In the
intermediate region, the scalar mass can be indirectly probed through gluino branching ratios (which are shown
here for the choice of tan 3 that achieves a 125 GeV Higgs mass for the given mg) [238].

focus on the case of heavy scalars with small mixing (A; = 0), which achieve a 125 GeV Higgs mass at
relatively low values of tan /3. Taking all scalars to have mass mg and all gauginos to have mass 1 TeV,
contours of Higgs boson masses in the (mg, tan ) plane are shown in Fig. 32. The orange curves show
the region consistent with the measured Higgs mass. We have singled out two points on this curve, one
with 30 TeV scalars and tan 3 ~ 4 marked @L (the L for “low mass” scalars, though they are still quite
heavy!) and one with 1000 TeV scalars and tan 5 ~ 2 marked ) 7 (the H for “high mass”), for special
attention. For comparison, we have also selected two other points at the vertices of a rectangle, -9 r, and
® 17> which predict a Higgs mass differing from the true value by about 10 GeV.

A future study should thoroughly explore the whole parameter space, but for now we highlight the
low scalar mass at 30 TeV and high scalar mass at 1000 TeV as benchmarks, for both collider physics
and model-building reasons. From the collider physics viewpoint, scalars that are modestly heavier than
the gluino can be searched for directly in ¢g associated production events [237]. Preliminary estimates
for 100 TeV suggest that direct searches for this signal will probe first-generation squarks up to about
30 TeV [140]. On the other hand, scalars that are much heavier than the gluino would imply measurably
long gluino lifetimes [22,24,43]. For a 2 TeV gluino, the threshold at which lifetimes are measurable
is roughly mg ~ 1000 TeV, corresponding to a 100 micron lifetime. Improved detector technology
might push to lower lifetimes, but the lifetime goes as the fourth power of the scalar mass, so dramatic
improvements in scalar mass reach are unlikely. Thus, the region of scalar masses 30 TeV < mg <
1000 TeV must be probed in a different way. The gluino branching ratio to gluon plus higgsino has been
discussed as a key probe in this region [238] due to its logarithmic sensitivity to scalar masses [239,240].
The parameter space and the possible probes are summarized in Figure 33.

There is also a theoretical case for why the 30 TeV and 1000 TeV scalar mass scales are of
particular interest. Many theories predict that scalars are roughly a loop factor heavier than gaugi-
nos, among them anomaly mediation without sequestered scalars [141-143] and some moduli media-
tion scenarios [144,241-243]. For weak-scale gauginos, these models predict scalars not far from the
30 TeV scale. A SUSY breaking scale near 30 TeV also allows gravitino or moduli decays just be-
fore BBN [244-248]. The higher 1000 TeV scale could be appealing from the point of view of flavor
physics [23,249,250]. It is predicted in certain sequestered scenarios [251-253] that rely on approximate
no-scale structure [254-257]. These theories provide a strong motivation for distinguishing between the
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low and high scalar mass benchmarks when the scalars are neither light enough to directly produce nor
heavy enough to cause the gluino lifetime to be measurable.

2.10.0.1 Gluino observables sensitive to scalar masses and tan 5

Figure 32 makes it clear that we must probe both the scalar mass scale (especially the stop mass scale)
and tan 3 in order to compare experimental results with the MSSM Higgs mass prediction. An earlier
study has discussed the determination of the scalar mass in some detail, albeit at the LHC rather than
100 TeV [238]; we are not aware of a similarly detailed study on the determination of tan 5. We will
assume that M3 > M, My, p, so that the gluino can decay to any of the neutralinos and charginos. With
a reasonable theoretical prior, this is at least an order-one fraction of the interesting parameter space.
Any of the neutralinos and charginos will cascade promptly to the LSP. Gluino decays arise only from
dimension-six operators generated by integrating out squarks.

2.10.0.2 Scalar mass measurement

In the absence of a lifetime measurement, ratios of tree-level gluino decays probe the ratios of different
squark masses but not the overall mass scale. However, the one-loop decay g — gf[ ?72 of a gluino to
a gluon and a neutral higgsino has an additional logarithmic sensitivity to the scalar mass scale. This
results from a loop diagram that begins with the four-fermion operator responsible for decaying a gluino
to a higgsino, a top quark, and an anti-top quark; closes up the top loop; and adds a radiated gluon.
As a result, the ratio of two- to three-body decays is a clean probe of the scalar mass scale, with the
approximate dependence [239]:

21

We will assume that the decay widths to the two neutral higgsinos are summed over, because they can
be difficult to distinguish from one another experimentally. Resummation flattens out the scalar mass
dependence at large m;, but over the range we are interested in this is a relatively small effect [240].
Furthermore, because both the numerator and the denominator depend in the same way on the stop mass
and the top Yukawa coupling, this ratio is relatively insensitive to flavor-dependent physics (e.g. the stop
mass compared to the first- and second-generation squarks) or to the value of tan (.

2.10.0.3 Measurement of tan 3
To measure tan 5 we can exploit Yukawa couplings Y;, o« 1/sin3 and Y; o 1/cos /3 appearing in
higgsino couplings. One probe is the rate of a gluino decay to higgsino relative to the rate to gauginos:
(g — ttH) T(§ — ttHO) 1
——, —=—= X — .
[(§ — ttB°) T(§ — ttWO)  sin®p

(22)

If the left- and right-handed stop masses are very different, measuring decays to both binos and winos
can help to resolve the underlying physics. A disadvantage of this observable is that the dependence on
tan S is mild over the range we are most interested in: systematic uncertainties in efficiencies at colliders
of order 10% could prevent us from drawing conclusions.

An observable with a steeper tan 8 dependence is the decay rate of the gluino to bottom quarks

and a higgsino. In particular, if we can measure the ratio between two decays to higgsinos, we can obtain
I'(§ — bbH®
DG = BHT) o g (23)

I'(g — ttHO)

The disadvantage is that the decay rate in the numerator is very small for the tan S values we are in-
terested in. We could, alternatively, measure the ratio I'(§ — bbH?)/T'(§ — gH?). This has the same
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Fig. 34: Gluino branching ratios as probes of the SUSY scalar mass scale and tan 5. Top row: M; = 200 GeV,
My = 400 GeV, p = 800 GeV, and M3 = 2 TeV. Bottom row: M; = 700 GeV, My = 1 TeV, u = 200 GeV, and
M3 = 2 TeV. Notice that the bb width has been rescaled by a factor of 10 so that the green curve fits in the plot.

tan § dependence, is a larger ratio, and the events being compared may be more similar kinematically.
The denominator is sensitive to the scalar mass scale, as noted above, but if this dependence has already
been measured we can separate out the tan S dependence.

The observables I'(t2H) /T'(gH®), T(ttH°) /T (bbH?), and T'(t£H°) /T (t£B°), including resum-
mation effects, are shown in Fig. 34. From the plot we see that, as expected, the first observable (in blue)
is sensitive to the scalar mass scale but independent of tan 3, while the latter two observables (in green
and red) are sensitive to tan 8 but only weakly depend on the scalar mass scale. (This very mild depen-
dence is due to renormalization group mixing among the different dimension-six operators.) Notice that
the bbH® width has a much stronger sensitivity to tan 3 but is small—the curve has been rescaled by a
factor of 10 to fit in the plot.

2.10.0.4 Electroweak observables sensitive to tan 3

We can also measure tan /3 through purely electroweak physics. The obvious place to look is decays
purely in the electroweakino sector. See [258] for a recent detailed discussion of branching ratios in
this sector. Depending on the relative ordering of masses, some decays may be effectively absent or
inaccessible, so different strategies are necessary. A less obvious probe of tan 3 arises from precision
measurements of the Higgs boson.
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2.10.0.5 Higgsino LSPs

If higgsinos are at the bottom of the spectrum, binos and winos will both promptly decay to higgsinos
directly through the supersymmetric gauge interaction. In this case, the branching ratios carry very little
information on tan 5. However, if events can be found (for instance in wino or gluino pair production)
in which the decay ]:IQO — (0 H 9 occurs (through an off-shell Z-boson), the dilepton invariant mass
spectrum is sensitive to the higgsino mass difference, which is dependent on tan 3. However, this is a
small effect: the leading mass splitting is ~ m2Z /M, 2 and independent of tan 3, with a small sublead-
ing term of order um /M7 5 sin(23) (see e.g. [20]). The fraction of events in which this Z* decay is
observed is also weakly sensitive to tan 3.

2.10.0.6  Higgsinos heavier than gauginos

Given a spectrum with g > M o, decays of winos to binos (or vice versa if My > Ms) may be
observable, either in cascades from gluinos or higgsinos or from direct wino production when My > M.
The branching ratios in these decays depend on tan /5. To understand this, integrate out the higgsino:

gg, ~ o~ . . gg/ ~ ~ . <~ . <~ .
Log D 7BW’Hu "T'Hy + TMB&“W” (H}iD“aZHd - H;EiDHTZHu) + h.c. (24)

With My > M, for concreteness, the first term leads only to WO — hB while the second leads to
W — ZB. Because the first term involves H, Hy, and the second involves |Hgy|*, |H,|?, the tan 3
dependence of these widths will be different. In the limit Ms/u — 0, (mp, mz)/Ma — 0, and M; /Mo
fixed, the ratio of decay widths scales as

T(WO — hB% _ 4tan®(26)u’ <1 + MI/M2>2 (25)

T(Wo— ZBY) M3 1— My/M,

This is potentially an interesting probe of tan j.

2.10.0.7 Higgsinos in the middle

Now consider the spectrum My > pu > M;. (The case M7 > p > Mo has similar physics, but
binos are not directly produced, so the physics would have to be probed in gluino cascades.) Because
winos decay to binos only through mixing with the higgsino, the overwhelming majority of decays will
involve a two-step cascade W — H — B. The summed decay rates F(Wo — ZH 9+ F(Wo —
Z ﬁg ) are independent of tan /3 at tree-level, but the individual amplitudes for these two processes go
approximately as sin 3 F cos 8. As a result, when tan 8 = 1, some decays are entirely shut off: we
find that W0 — ZHS, hHY occur and WO — ZHY, hHY do not. A similar statement is true for the
neutral higgsino decays to bino. Hence, for small tan (3, two-step decays involving two Higgses or two
Z bosons occur much more often than mixed decays with one Z and one h. That is:

L(W° — ZhB%) <sinﬁ—cosﬁ>2 26)

= = = = X "
r'(wo — ZzZB% +T'(W° — hhBY) sin 3 + cos 8

is a probe of how much tan 5 deviates from 1.

2.10.0.8 Higgs boson branching ratios

In split SUSY scenarios there is one light Standard Model-like Higgs boson. Its decays are affected
only by loops of electroweakinos, which primarily modify the partial width to two photons (since this
is already a small loop effect in the Standard Model). The deviation from the Standard Model width is
given by
L(h—yy) - 0.84m3, sin(23)
P(h—yy)sm pMa—miysin(268)°

27
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Fig. 35: Deviation in h — -y branching ratio from loops of charginos. Solid curves: tan 5 = 2. Dashed orange
curves: tan § = 4.

This is a small effect: only about a 2% increase in the branching ratio when p ~ Ms ~ 500 GeV and
tan 8 ~ 2, as illustrated in Fig. 35. Neither the HL-LHC nor FCC-ee will measure the Higgs coupling to
photons accurately enough to make use of this probe. However, there is a chance that 100 TeV can make
a very precise measurement of the ratio I'(h — ~7v)/T'(h — ZZ*). Many systematics (e.g. involving
luminosity and production cross section) cancel in this ratio, so that hadron colliders can cleanly measure
it [259,260]. If a sub-percent-level measurement of this ratio can be made, this could be an interesting
alternative probe of tan  provided that the two charginos are not too heavy.

2.10.0.9 Collider physics: measuring the observables

We will present some preliminary collider studies here, focusing mainly on SUSY backgrounds (i.e. con-
fusion among different decay modes). Of course, Standard Model backgrounds must be assessed, but
cuts on missing pr and Hr can help to reduce them, and in any case distinguishing different SUSY pro-
cesses is a necessary step in measuring relative decay widths. A more extended study is in progress.In
simulating events we use Pythia [261] supplied with a decay table computed by SUSY-HIT [262] and
modified to include gluino decays as computed in [240]. Jets are clustered using FastJet [263,264]. For
these preliminary studies we forego detector simulation.

2.10.0.10 Measuring the scalar mass scale: an example with higgsino LSPs

First we focus on a spectrum with M3 = 2 TeV, My = 1 TeV, M; = 700 GeV, and p = 200 GeV.
For this spectrum, due to phase space factors, gluinos decay dominantly to third-generation quarks and
higgsinos: depending on our choices of mq and tan 3, we have roughly 33 — 36% ttH® decays and
34 — 38% tbH ™~ or thH™ decays. Our first task is to measure mg via two-body decays as discussed in

Section 2.10.0.2: Br(§ — gH®) ~ 5% (O, ) or 2% (O, ;).

We attempt to identify events with a two-body decay on one side and a three-body decay on the
other. Our final states, then, are

GG — g+ (tt or tb or tb) + p?issmg + soft + ISR/FSR. (28)

We take advantage of the fact that, neglecting events with hard ISR, if we remove the gluon from the
event we expect all other visible objects to have an invariant mass less than M. We find that the gluon is
typically one of the two hardest jets in the event, so we select events in which removing one of the leading
jets leaves a system with relatively low invariant mass. Then we attempt to test if the leading jet we
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Fig. 36: Inference of the scalar mass scale mg from the measurement of the rate of 2-body decays g — gﬁ 0. The
parameters are M3 = 2 TeV, p = 200 GeV, M; = 700 GeV, and My = 1000 GeV. The orange band represents
1o statistical uncertainty with 3 ab—! of data, while the grey band corresponds to a 10% systematic uncertainty on
cut efficiencies times cross section times luminosity.

removed is actually a gluon by requiring it to have little hard substructure as measured by IV -subjettiness
ratio variables 7 /7n_1 [125,265] (computed with the winner-take-all axis and § = 1 [266]).

We have found a set of cuts with efficiency €xp04y = 1.5 X 10~2 on events containing a 2-body
gluino decay but only €304y ~ 1.3 ¥ 10~ on other events:

Hr >2TeV,  pPs" > 16TeV,  pr(ji) > 1TeV, (29)
Niey < 4, A¢(jo, )| > 1.8, M (figuon removed) < 1.2 TeV, (30)
72/7T1(Jgluon) > 0.65, 73/T2(Jgluon) > 0.65, IMUONS Near jgluon vetoed. (€2))

Here jgluon is either the first or second highest pr jet in the event, chosen so that removing this jet and
computing the mass of the others—denoted M (jgluon removed)—gives the smallest result. We define
Nijet, as the number of jets with In| < 2.5 and pp > 100 GeV and Hrp as the scalar sum of the py of
those jets. We veto events with any muon of pr > 25 GeV near our gluon candidate, which helps reduce
the number of b- or t-jets faking our leading gluon. After these cuts, we can obtain samples that contain
a significant fraction of 2-body decays: roughly 30% for the points (=) ;, and @L and 60% for the points
©p and (. In 3 ab~! of data, these samples will contain somewhere around 3000 to 6000 events
(depending on the two-body decay rate), so despite the relatively low efficiency, statistical uncertainties
can be small.

The estimated performance of a simple cut-and-count analysis is presented in Fig. 36. The or-
ange band shows that statistical uncertainty alone can be quite small. The gray band represents a 10%
systematic uncertainty in the event rate. This corresponds to about a factor of 2 to 3 uncertainty in the
scalar mass scale, bracketing (2);, to the range 13 — 74 TeV and Oy to 400 — 3200 TeV. As we have
emphasized above, measuring ratios (rather than simply counting events as we have done here) can help
to cancel the sizable uncertainties in luminosity and production cross section. However, it may not be
possible to eliminate other uncertainties, for instance in the efficiencies of some cuts. We emphasize that
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Fig. 37: Inference of tan S from the measurement of the rate of WO — ZBO decays. The parameters are M3 = 2
TeV, M; = 200 GeV, My = 400 GeV, and i = 800 GeV. The orange band represents 1o statistical uncertainty
with 3 ab™! of data, while the grey band corresponds to a 10% systematic uncertainty on cut efficiencies times
cross section times luminosity.

this is a preliminary analysis; the cuts can be further optimized, and a more sophisticated multivariate
analysis would likely be effective. On the other hand, we have been somewhat optimistic in choosing a
2 TeV gluino mass, as both the production rate and the two-body branching fraction decrease for heavier
gluinos. Further study will be required to optimize cuts in different kinematic regions and map out the
expected statistical precision.

2.10.0.11 Measuring tan 3: an example with heavy higgsinos

Now we turn to a spectrum with M3 = 2 TeV but M; = 200 GeV, M2 = 400 GeV, and p = 800 GeV.
In this case, as discussed in Section 2.10.0.6, the relative decay rate of neutral winos to Z bosons and
Higgs bosons can probe tan 3. We examine the case of electroweakino production: in 3 ab—! we expect
about 7 x 10% wino pair production events (including both charged/charged and neutral/charged).

We search for W0 — ZBY in events with Z — (¢~ by requiring two opposite-sign same-flavor
isolated leptons with 80 GeV < my < 100 GeV, two jets with pp > 30 GeV, and p7™™"® > 200
GeV. Opposite-sign opposite-flavor pairs in the Z mass window are subtracted to eliminate contributions
from TV bosons on both sides of the event. The efficiencies of the cuts are €5,_, ,5 ~ 8.7 X 1073 on
events containing a neutral wino decaying to a Z boson and bino but only €,y = 1.6 x 10~ on other
events. After these cuts, we can obtain samples that contain a significant fraction of wino decaying to
a Z boson for tan [ ~ 4: roughly 55% for the points @L and @H. In 3 ab~! of data, these samples
will contain somewhere around 1500 to 3000 events after the cuts, so again despite the relatively low
efficiency, statistical uncertainties can be small.

The estimated performance of a simple cut-and-count analysis is presented in Fig. 37. Analogous
to Fig. 36, the orange band represents the small statistical uncertainty while the gray band represents
a 10% systematic uncertainty in the event rate. This corresponds to about a factor of 10% variation in
determining the value of tan 5. In our analysis, we only considered the SUSY background and didn’t
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take into account of the SM background. The result should be taken as a rough estimate to motivate a
further refined analysis.

2.10.0.12 Conclusions

A 100 TeV hadron collider has tremendous potential to address many deep fundamental questions in
particle physics, such as the underlying mechanism that generates the observed Higgs mass. In this
section, we have discussed how to use precision measurements of gluino and neutralino decays at a 100
TeV collider to test the Higgs mass explanation in the MSSM with gauginos at around a TeV. In the
MSSM, the Higgs mass is raised from the tree-level predication by the loop contribution of heavy stops
to the observed value. Direct searches and lifetime measurements, which have been discussed already
in the literature, still leave untouched a large and interesting region of parameter space with scalar mass
in the range (30-1000) TeV and tan 8 between 2 and 4. Among all observables in gaugino decays,
the two-body decays of gluinos are loop-induced and logarithmically sensitive to the scalar mass scale.
We have demonstrated that in a scenario with a higgsino LSP, the scalar mass could be inferred from
measuring the gluino two-body decays with a factor of 2 to 3 uncertainty at a 100 TeV collider with 3
ab~! data. There are several different approaches to measure tan 3 from either gluino decay or wino or
higgsino decays. We use winos decaying to a Z boson in a scenario with a bino LSP and wino lighter
than higgsino as an example to demonstrate the potential of determining tan § with a 10% uncertainty.
All the studies are still preliminary, yet they demonstrate the great potential of a 100 TeV collider in
precision measurements of SUSY particles at around TeV scale or below and unraveling the mystery of
the Higgs mass. A more thorough and refined analysis will be implemented and presented soon [267].

2.11 Summary of Phenomenological Studies

The supersymmetric aspect of an experimental program at 100 TeV is very rich. While comprising just
the tip of the iceberg, the phenomenological studies of Sections 2.2 to 2.10 demonstrate a varied frontier
of exciting signatures. In Fig. 38 we summarise the results of these studies in the context of simplified
models assuming 30 ab~! of integrated luminosity.

Let us revisit the broadly motivated mass ranges outlined in Section 2.1. While supersymmetry
may exist as a new spacetime symmetry at any energy, various considerations converge towards particular
mass ranges for superpartners. Dark matter considerations point towards gauginos and/or Higgsinos in
the < O(10 TeV) range. Gauge coupling unification is similarly suggestive for the gauginos, although
the upper bound on gaugino masses is less robust than for thermal dark matter. The Higgs mass points
towards a range of scalar masses, however for tan 5 2 4, squarks, in particular stop squarks, should
be expected below < O(10’s TeV). If naturalness is desired, all coloured sparticles should be within
< O(few TeV), and the stops and gluinos as light as granted by current bounds.

Comparing these expectations with the results in Fig. 38 we see that much of the supersymmetric
parameter space relevant to core puzzles in high energy physics, such as dark matter, grand unification,
the Higgs mass, and naturalness, can be covered. Let us now consider the context of such measurements
in light of our current picture of fundamental physics at the LHC, particularly with respect to naturalness
of the weak scale. We will then look towards the future potential impact these measurements could have
on our understanding of fundamental physics.

The primary goal of the LHC is the exploration of physics at the weak scale. Hence, testing
the naturalness principle in the Higgs sector is a central issue. At the time this document is written,
the LHC verdict on naturalness is not yet final. Admittedly, data at v/s = 8 TeV and preliminary
results at 13 TeV strongly disfavour the most straightforward implementations of natural low-energy
supersymmetry, which favoured new weakly-interacting particles in the 100 GeV domain and strongly-
interacting particles well below the TeV scale.

If the LHC reveals new phenomena, these discoveries will redesign the priorities of future high-
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Fig. 38: Sensitivity for simplified models considered in this section for the LHC, HL-LHC, and a pp collider
at /s = 100 TeV with data samples of 3 ab~! and 30 ab~'. The reach for strong-production at 14 TeV is
quantified by 95% confidence level upper mass limits on the mass of squarks or gluinos (or both) when the LSP
is massless, and is taken from ATLAS and CMS projections [132,268-271], or from this document in the case
of the §g — tx0ttxX) model. Sensitivity for \/s = 100 TeVand 3 ab ™' is quantified by the 50 discovery reach
presented in this document. The 30 ab~! reach is from this document when available, otherwise it is projected
from the 3 ab™! reach using the Collider Reach web tool [272].

energy physics. Although today it is impossible to say what those priorities will be, it is hard to imagine
a new-physics scenario, supersymmetric or not, which will not motivate us to continue explorations
towards energies higher those those of the LHC. As illustrated in this document, the physics program at
100 TeV is rich enough to provide an excellent tool to carry out such explorations at high energies.

If no discoveries are made at the LHC, the simplest versions of low-energy supersymmetry would
be ruled out. This would be a momentous result, as supersymmetry has played a central role in the
conceptual development of our field for decades. In this sense, the era of natural supersymmetry would
come to an end. However, in such an instance it would be incorrect to conclude that the naturalness
principle is misguided. Excluding new dynamics at the weak scale would mean ruling out our favoured
solutions to the naturalness problem, but not the problem itself, and knowing how nature deals with
Higgs naturalness will remain a standing issue. This reframing of the naturalness question would imply
the loss of the logical connection between Higgs naturalness and new phenomena at the TeV scale. If
this connection is lost, what would be so special about the energy scale explored by a 100 TeV collider
and why should we expect new phenomena in that range?

In spite of its virtues at a more fundamental level, supersymmetry may not be the answer to Higgs
naturalness. Speculations have been made about logical schemes that deal with Higgs naturalness without
dynamics at the weak scale, such as the anthropic principle or cosmological relaxation. Intriguingly, even
within these very different schemes, motivations for supersymmetry emerge, although at a scale different
than the weak scale and also for different reasons. In the context of unnatural setups, considerations
discussed in Section 2.1 about dark matter, gauge coupling unification, or the Higgs mass, or the limited
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cutoff that can be achieved in cosmological relaxation scenarios call for supersymmetry with a certain
preference for the O(10’s)TeV range. Figure 38 demonstrates that this energy range is prime territory
for a 100 TeV collider.

To summarise, speculations about the role of supersymmetry in ‘unnatural’ theories suggest that
a future physics program should not be regarded as an extension of LHC searches, but rather as concep-
tually different. If the LHC is the machine of the naturalness era, future colliders would become the
machine of the post-naturalness era. An era in which we are forced to change the focus of our basic
questions about particle physics, in which we contemplate partly unnatural theories or theories where
naturalness is realised in unconventional ways, and in which supersymmetry may enter in a new guise.
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3 Dark Matter
3.1 Introduction

Today there is an overwhelming amount of evidence from astrophysical observations that a large fraction
of the observed matter density in the universe is invisible to us. This so called Dark Matter (DM) makes
up 26% of the total energy density in the universe, and more than 80% of the total matter [273]. Despite
numerous observations of the astrophysical properties of DM, not much is known about its particle
nature. The main constraints on a particle DM candidate y are that it (see e.g. [274] for a more detailed
discussion)

should gravitate like ordinary matter

should not carry color or electromagnetic charge
is massive and non-relativistic at the time the CMB forms

are long lived enough to be present in the universe today (7 >> Tyuniverse)
— does not have too strong self-interactions (o /Mpy < 100 GeV™3).

While no SM particles satisfy these criteria, they do not pose very strong constraints on the properties of
new particles to play the role of DM. In particular the allowed range of masses spans almost 80 orders
of magnitude. Particles with mass below 10722 eV would have a wave length so large that they wipe
out structures on the kPc (kilo-Parsec) scale and larger [275], disagreeing with observations, while on
the other end of the scale micro-lensing and MACHO (Massive Astrophysical Compact Halo Objects)
searches put an upper bound of 2 x 10~? solar masses or 10*® GeV on the mass of the dominant DM
component [276-278].

Clearly we can not hope that any future collider will probe the full mass range allowed by astro-
physical observations. However there is a very broad class of models for which theory motivates the
GeV - TeV mass scale, and which therefore could be in range of a future hadron collider operating at a
centre-of-mass energy around 100 TeV. If at any point in the history of the early universe the DM is in
thermal equilibrium with the SM particles, then we can estimate its relic density today by studying how
it decouples from the SM, the so called freeze-out. For particles which are held in equilibrium by pair
creation and annihilation processes, (xx <> SM) one finds the simple relation that [279]

109GeV~! 1
My, (ov)’

Qpmh? ~ (32)
where (ov) is the velocity averaged annihilation cross section of the DM candidate x into SM particles,

Qpmh? ~ 0.12 is the observed relic abundance of DM [273], M, is the Planck scale and order one
factors have been neglected.

For a particle annihilating through processes which do not involve any larger mass scales, the
annihilation cross section scales as (ov) ~ géﬁ /M3y, where geg is the effective coupling strength
which parameterises the process. It follows that

Mpy \2 /0.3\*
Qpuh? ~ 0.12 -
pMmh 0 X (2TCV) <geﬂ> , (33)

i.e. that a DM candidate with a mass at or below the TeV scale and which couples to the SM with a
strength similar to the weak interactions naturally has a relic density in agreement with observations.
There are several variations of this simple approximation which modify the preferred mass range, e.g.
when the annihilation processes involve heavier states, when it is velocity suppressed, assisted by co-
annihilation or increased through a resonance [158]. Including these effects, one finds that weakly inter-
acting massive particles (WIMPs) can reproduce the observed relic abundance when their mass is in the
10s of GeV to few TeV range. On one side this is the main reason why we hope to find evidence for
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DM at the LHC, but on the other hand it already tells us that a higher energy collider will be necessary
to efficiently probe the WIMP paradigm for DM.

As the mass of DM increases, Eq. (32) tells us that to maintain the observed relic abundance the
annihilation cross section also has to increase. This becomes inconsistent with unitarity of the annihila-
tion amplitudes at Mpyr < 110 TeV, the so called unitarity bound on the mass of DM [280,281]. Most
well motivated models of WIMP DM do not saturate this bound, but rather have upper limits on the DM
mass in the few TeV range. One main aspect of this document is to determine how well these models
can be probed currently and with a future collider experiment.

For DM masses at the lower end of the WIMP spectrum, one typically expects that annihilation
proceeds through a mediator with My,eq > 2Mpp. Then the annihilation cross section is suppressed by
(MAy /M3 1). Assuming that no mediator particle exists with a mass below the Higgs mass, then this
puts a lower bound of a few GeV on the mass of the WIMP DM candidate, while an even wider range

of DM masses becomes accessible if the mediator is lighter but very weakly coupled to the SM.

In the first part of this report, we will focus on WIMP scenarios where the relic density of DM is set
by non-relativistic annihilation (freeze-out) to SM particles, either through a SM portal or through new
mediators. Obviously if new mediators are present, searching for or constraining them directly might
be possible before the DM itself becomes discoverable, and we will discuss how this interplay evolves
when going to higher energies.

There are DM models which do not fall into the WIMP category as defined above, but which are
still relevant for DM searches at hadron colliders. Mainly these are models where the DM is in thermal
equilibrium with the SM at some point, but the relic abundance is not determined by the usual freeze out
mechanism. The best known examples are models of asymmetric DM (ADM), where the relic abundance
is determined by an asymmetry in DM versus anti-DM in the early universe [282,283], possibly related
to the baryon asymmetry of the universe, and models where the DM annihilates to an additional (lighter)
state in the dark sector first, which later decay to SM particles:

xXx — aa followedby a — SM. (34)

Necessary ingredients in both cases are first an interaction to bring the dark sector into thermal equilib-
rium with the SM at early times, and furthermore a way to transfer entropy from the dark sector back to
the visible sector after the relic abundance is set. For the ADM scenario this means that the symmetric
abundance has to annihilate efficiently, either to SM particles as in the WIMP scenario (but with a cross
section somewhat larger than in the WIMP case), or an annihilation into lighter, unstable particles of the
dark sector.

The entropy transfer must happen before the onset of big bang nucleosynthesis (BBN) at temper-
atures around 10 MeV. This puts an upper bound on the lifetime of the unstable dark sector particle
of 7, < 1 s. From the collider perspective this means that the dark sector particles can either decay
promptly, with a displaced vertex, or could be collider stable, and all three regimes need to be probed to
say something conclusive about these non-WIMP scenarios.

In the following introductory chapters, we will review the current bounds on DM from direct
and indirect searches, from cosmology and from collider experiments, as well as how the sensitivity
is expected to evolve in the next 20 to 30 years. Then we will discuss the prospects of a 100 TeV
collider to probe the thermal WIMP scenario, starting with minimal and simplified models and moving
on to some examples of UV complete models. Following that we discuss examples of non-WIMP DM
scenarios which can be probed at hadron colliders and the possible benefit of a 100 TeV machine, before
presenting our conclusions.
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3.2 Experimental searches for DM

Searches for DM can be split into three separate classes: Direct detection, indirect detection, and collider
based searches. Direct detection consists of the search for DM using a nuclear recoil. Indirect detection
consists of the class of searches looking for annihilation of DM in galactic collisions. This class of
experiments consists of the set of satellite and ground based telescope experiments which search for
excesses of either photons or antiparticles in space. Finally, there are collider searches, where production
of DM is searched for via its missing energy signature. The two non-collider set of experiments can be
compared to the collection of collider searches. For the case of a 100 TeV proton collider, the ultimate
bounds of these searches are considered so as to put into context the comparative reach of the colliders.

3.2.1 Direct Detection

Conventional direct detection probes the rate of DM nucleon interactions in earth based experiments.
This is done through low rate, high sensitivity searches of low energy DM nucleon recoils. The searches
yield a bound on the matter DM cross section o. This cross section relies on two fundamental ingredients,
the type of interaction, and the relative density of DM in the solar system. The searches compute the rate
of DM nucleon collisions for a given recoil energy F, denoted dR/dE. This we can write as,

dR PDM / do(v,E)
22 _ _FPDM A 35
dE ~ mxmont Jooy T a0 ©3)

where ppyy is the local DM density, f(v) is the local DM velocity profile for DM velocity ¥, my is the
recoiling nucleus mass, mpys is the DM mass and j—% is the differential DM nucleus interaction cross
section. The rate measurement can be translated to a cross section bound for a given DM mass through the
fact that all parameters are known with the exception of the DM mass, m pjs, and the DM cross section.
The other parameters, in particular the DM density, ppys and velocity profile, f(v), are inferred from
local galactic measurements combined with galactic simulations. The current measurements for the DM
density and velocity profile have a level of variability that is expected to improve over the coming years.
However the variability itself motivates the use of a collider search to allow for precise determination of
the DM properties.

Direct detection searches can be split into two classes of DM interactions, spin-independent and
spin-dependent interactions. Spin independent interactions consist of DM nucleon interactions that do
not have any dependence on the spin structure of the mediator nucleon interaction. This includes inter-
actions involving a scalar mediator or a vector mediator without an axial coupling. Spin-dependent DM
occurs when the interaction model is sensitive to the spin structure of the nucleus. Direct detection has
a much larger sensitivity to spin independent interactions due to the coherent enhancement of the cross
section proportional to the square of the nucleus mass.

An ultimate bound for direct detection comes from neutrino interactions in the detectors. This
background cannot be distinguished from DM interactions and thus is is irreducible [284]. This bound
has served as a benchmark for DM searches and represents an ultimate goal for the next generation of
direct detection experiments. This bound exists for both spin-dependent and spin-independent interac-
tions, as shown in Fig. 39. Recently, the directional DM detection has demonstrated the capability to
extend beyond the neutrino wall [285]. However, there is currently no plan to build an experiment large
enough to reach this boundary.

The searches for direct detection have greatly improved over the past few years. This has been
largely from the development of two technologies, low energy cryogenic detectors, and large scale liqui-
fied noble gas detectors. Both these technologies are going through major upgrades in the detector size;
further allowing for enhanced sensitivity. In particular, the CDMS detector is expected to extend the
sensitivity to low mass DM to the sensitivity threshold near the neutrino wall. For high mass DM, the
extension of the LUX detector (LZ and Darwin) [286,287], and future extensions of liquid argon detec-
tors can potentially cross the neutrino wall [288], see Fig. 39. The same liquid noble gas detectors are
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Fig. 39: Comparison of the current best bound (solid line) with upcoming experiments (dashed line), and the
neutrino wall for spin independent(left) and spin dependent detection (right). For spin dependent interactions
additional lines potentially exist for the LZ however they are currently not publicly available.

sensitive to spin dependent DM [289,290]. Thus, allowing for the the extension of DM searches to the
neutrino wall for all DM masses with both spin independent and spin dependent DM.

3.2.2 Indirect Detection

Indirect detectors consist of space- and ground-based telescopes, which look for the products of DM
induced interactions in and beyond the galaxy. Essentially, these searches consist in looking for the
presence, on top of the ordinary cosmic rays, of possible anomalous fluxes of high energy photons,
positrons, anti-protons and neutrinos which could be attributed to DM annihilations or decays. Further
discrimination can be done by directional searches; explicitly searching for particles from dwarf galaxies
or the center of the galaxy. Currently, the experiments can be divided into two sets of experiments:
particle based detectors, such as AMS, and photon based detectors, such as the FermiLLAT satellite. In
both cases, the quoted bound is on the interaction rate of particles at a given energy (dN/dE). For the
case of photons, this can be written as

dN 1 (ov)

e F(a®) ) 36
dE 47T2m2DM (a)Ppar (36)

/ o 2
ot = /A K /Z o (r(l, 6))di(r, §) (37)

Here p,,, is the integral over the line of sight (los) of the square of the DM density ppas, F' (¢?) is the
resulting fragmented particle distribution considering the initial particle produced, and mpjs is the DM
mass. As with direct detection, the DM mass profile ppjy is a necessary input into the calculation. These
measurements also suffer from large uncertainties since the rates depend quadratically on ppy and the
integral often runs over regions where the density is poorly constrained.

Photon bounds coming from annihilating DM interactions consist of two classes of searches: con-
tinuum photon excess searches, and direct photon line searches. Continuum photon searches consist of
searches of a broad excesses of photons over the predicted photon background. These searches have rel-
atively large uncertainties since they require a precise knowledge of the photon background. When DM
annihilates to a final state that is direct photons, photon line searches can be performed. These searches
can exclude much smaller production cross sections since they consist of a classic bump hunt on top of
the photon continuum background [153,154]. In both cases, the current results are driven by two exper-
iments: FermiL AT, a low energy gamma ray satellite, and HESS, a high energy gamma ray telescope.
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The FermiLLAT satellite dominates bounds for photon energies up to 1 TeV and the HESS telescope array
is the dominant bound for energies above 1 TeV.

Figure 40 shows the current bounds for the experiments. Both of the search regions are expected

to improve with the upcoming launch of DAMPE [291] and Gamma-400 [292]. Further improvements
at high energy will come with the Cherenkov Telescope Array (CTA) [293]. These further extensions are
shown in Fig. 40. The goal is to cover the model independent calculation of the relic density shown in
Fig. 40. This allows for an exclusion/discovery benchmark of a large class of models. The relic density
line can be avoided through models with p-wave annihilation or co-annihilation. In some models, direct
photon line searches are more sensitive than broad spectrum searches. In Fig. 40, we also show the
direct photon bounds searches and the extrapolated improvements [294,295] given a consistent level of
improvement as that projected with the future continuum searches.
The AMS anti-proton results are also shown 40, along with the band of variations coming from different
astrophysical hypotheses. The AMS anti-proton results are already comparable to the existing FermiL AT
bounds, and are expected to improve further. It is expected that AMS will continue to run for another 10
years. There are currently no projected upgrades of the AMS detector.
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Fig. 40: Indirect bounds coming from current AMS [296,297], FermiLAT [298], and HESS [299] results. Addi-
tionally, projected bounds based on 15 life years of FermiLAT and the CTA [293] experiment. Bounds are shown
for bb final state for the continuum search(left) and for the direct photon search(right).

3.2.3 Relic Density

The current measured relic density from cosmic microwave background(CMB) is (2p mh? =0.1198 +
0.0026 [273]. This sets a benchmark for which models and constraints for DM can be compared. The
annihilation cross section corresponding to the observed relic density is show in Fig. 40. For light DM
the required values can be excluded by indirect detection for a number of relevant annihilation channels.

For a large class of models, relic density constraints have the ability bound the allowed space of
dark matter models. To illustrate the impact of the relic density, we consider the relic density bound for
4 types of mediators, a scalar, a pseudoscalar, a vector mediator and an axial mediator. These mediators
are further discussed in the section on simplified models 3.4.1. For scalar and pseudo-scalar mediators
the couplings to quarks are taken to be proportional to the corresponding Higgs Yukawa couplings, , as
in models with minimal flavour violation [300,301], and vector/axial mediators we take flavor universal
couplings to all quarks. For simplicity’s sake, we take the couplings to the quarks g, and the DM
particles gpas to be unity (g, = gpas = 1). This assumption is a bit naive given that for vector and axial
mediators, the couplings are on the threshold of being physical. However, the large coupling also opens
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Fig. 41: Relic density bound for the simplified models using a Scalar mediator (top-left), Pseudosalar mediator
(top-right), Vector mediator (bottom-left), and Axial mediator (bottom-right).

the allowed region of phase space of the DM models. In the sense that larger coupling means larger DM
annihilation cross section, which means smaller DM density at the time of freeze out. This allows us to
quote the resulting upper bounds on the DM production as conservative upper bounds.

Figure 41, shows the DM bounds for the four sets of mediators computed using the MadDM [302]
program. The reach of the vector mediator is roughly 80 TeV, axial mediator is 8 TeV, scalar mediator
is 6 TeV and pseudoscalar mediator is 40 TeV. The bounds all have a similar feature in that the reach in
mediator is strongest for DM masses which are close to half the mediator mass (the resonant regime).
These bounds can further be modified by the presence of additional particles that couple to the mediator.

3.2.4 Collider Production

In many models DM production at colliders proceeds via an additional particle, the so called mediator,
which couples to both SM states and DM. This can be an s-channel mediator such as a new scalar particle
or a vector boson, or a t-channel mediator such as a squark. Thus, excluding a Z or Higgs mediator, the
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search for DM at colliders consists of looking for the DM itself and at least one additional particle.

When DM is produced directly, it will not interact with the detector and thus leaves a missing
energy signature. The class of direct searches consist of missing energy signature along with an addi-
tional signature. In the case of proton-proton collisions, missing energy results as missing transverse
energy due to the lack of conservation of the momentum in the collision axis. The most generic of these
searches is the monojet DM search. The search consists of the selection of one or more jets and missing
transverse energy recoiling against the jets. Additional missing energy searches consist of replacing the
jet with another signature, such as as vector boson, photon or the Higgs boson (so called MET+X final
state).

For every MET+X collider search, the dominant background comes from Z+X, where the Z boson
decays to neutrinos Z — vv. The current modelling uncertainty of the Z+X production is theoretically
limited by the order of calculation precision for most regions of phase space. However, this can be
overcome by modelling the Z— vv production through a combination of control regions where no DM
is present. The most advanced approach involves a simultaneous fit of Z — £¢, v + X control regions,
with the theoretical predictions for the Z 4 X /v+ X production ratio as an additional constraint. The full
fit has been shown to model the distribution of Z+X differential production down to the percent level.
This sets a benchmark for the level of precision considered in the rest of the document. It is likely that
further development of these approaches in the ensuing years will allow for the preservation of such high
precision out to high energies. This ensures that the DM searches will remain statistically limited.

MET+X searches can be greatly enhanced by additional signatures that may occur in specific sce-
narios. For highly degenerate particles (in the co-annihilation regime), one can have long lived charged
particles that decay into DM. This gives the classic MET+X signature with an additional signature: such
as a short track resulting from the charged particle before it decayed. These additional tags have the
ability to greatly reduce the background and further enhance the sensitivity of collider based searches.

Since DM at the LHC involves additional non-Standard Model particles, one can indirectly search
for DM by observing these additional new particles. For example, vector mediators will decay to quarks.
Thus, one can search for vector mediators directly by looking for resonant di-jet production [303]. While
indirect searches implicitly require that all final states be probed at the LHC, a few final states stand out
as particularly complementary. These include the di-jet resonant search and resonant diphoton searches.

Given that there is roughly 20-30 years of development before the 100 TeV collisions, it is likely
that some of the current detector complications will be resolved. In particular, the triggering of events
is expected to improve with time. To illustrate the expected level of improvement, consider the current
MET triggers at the LHC. They are currently able to trigger MET with a threshold above 200 GeV. It
has been predicted that at high luminosity running, MET triggers will become ineffective due the large
amount additional collisions (pileup) that degrade the overall event resolution. However, this prediction
will very likely become invalid due to new developments in track triggering [304, 305] and advances
in understanding the MET in dense environments [3]. In this respect, the current LHC benchmarks for
future sensitivity are likely to be over conservative with respect to future developments.

3.2.5 Current DM Related Excesses

At the moment there are a few hints for new physics from astrophysics and collider experiments. First,
the Fermi collaboration has confirmed an excess in gamma rays from the galactic center [306] which,
as shown in several previous studies [307-310], can be consistent with DM annihilating in the galac-
tic center. In particular WIMP DM annihilating to massive SM particles in the mass range between
35 GeV and 310 GeV can successfully fit the excess [311]. Since indirect observations of DM often
remain inconclusive, a verification of the DM origin of this signal at a collider is desirable. The models
discussed in [311] are similar to the benchmark models that are considered in the following sections, and
the preferred mass range should be testable at a collider. Currently, strong evidence exists already that
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the pseudoscalar interpretation is ruled out by the LHC [312]. Further interpretations are likely to be
tested with a 100 TeV collider, if not already at the CERN-LHC.

Furthermore the LHC experiments have recently reported an excess of events in the diphoton
channel near 750 GeV, consistent with a new resonance [313,314]. The possibility that this resonance
provides a window to DM was discussed for example in [315-322]. Within half a year from now the
LHC should confirm or rule out the presence of this resonance, however it will be important to find out
whether it will be sufficient to determine a connection to the dark sector, or whether a 100 TeV collider
is necessary.

Other long standing, potentially DM related excesses are the cosmic positron excess [323,324]
and the annual modulation signal observed by the DAMA collaboration [325]. The former suffers from
the usual problem that an astrophysical origin of the signal is difficult to exclude, while the latter has not
been confirmed by any other DM direct detection experiment so far, and is more and more in tension
with constraints from these direct searches.

3.3 WIMP Dark Matter, Standard Model Mediators

DM that interacts with known particles through Standard Model mediators is the simplest and most min-
imal implementation of the WIMP scenario. Since the DM candidate has to be neutral and uncoloured,
the most compact models introduce a single multiplet of the electroweak SU(2) x U(1) which should
contain at least one neutral state. The smallest nontrivial, viable SU(2) representations are a doublet
with hypercharge 1/2, a triplet and a fiveplet [326]. These models introduce only one new parameter, the
mass of the multiplet, such that their parameter space can be fully explored, as discussed in Sections 3.3.1
- 3.3.3. Generically, for the correct abundance of thermal DM the mass of these WIMPs should be at the
TeV scale [326].

In principle models with more than one multiplet are also conceivable and motivated as low energy
limits of more complicated BSM scenarios like the MSSM. The simplest such model consists of a SU(2)
singlet and a doublet [327-332], with other combinations also possible [333]. In Section 3.3.4 a model
with a singlet, doublet and triplet is considered instead since this particle content is motivated by the
chargino/neutralino sector of the MSSM.

Maybe the simplest model in terms of particle content is that of a scalar SU (2) singlet with a Z5
parity symmetry, which couples to the SM only through a renormalizable coupling with the Higgs boson.
The prospects for probing this model at a 100 TeV collider are discussed in Section 3.3.5.

3.3.1 Weak Gauge Bosons 1: Wino, Higgsino DM

The smallest multiplet is an SU(2), doublet (also called the higgsino in the context of supersymmetry).
To have an electrically neutral state requires two doublets with hypercharges Y = +1/2, thus we have
two neutral Majorana states X!, x3, and one charged Dirac state x*.2 The various states are nearly mass
degenerate with a small splitting arising from electroweak symmetry breaking effects. In the high mass
limit the charged fermions are heavier by Am ~ 355 MeV [334].

The neutral and charged states interact in pairs with the Standard Model via W’s and Z’s resulting
in the interactions xYx9 7, X(f,QXiW:F, xExTZ, and x*xT~. Atahadron collider they are pair produced
via Drell-Yan resulting in final states of pairs of invisible particles. Even when a charged x is produced
the signal still looks like two invisible particles because the charged x* decays via y* — W+ 7+ and
the 7* has momentum ~ Am and is thus often undetectable.

At a hadron collider, one needs additional objects in the event other than missing energy. There
are several possibilities: the initial state radiation of a jet (or a gauge boson), production in vector boson

“We assume the presence of additional operators to slightly split the neutral masses otherwise they would combine into a
Dirac fermion which would be ruled out by direct detection.
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Fig. 42: Reach for higgsinos (SU(2), doublets) in the monojet channel (left) and in the vector boson fusion channel
(right).

fusion, or tagging on the soft Standard Model objects in the final state. Requiring the initial state radiation
of a hard jet is called the monojet channel and looks for a high pr jet and large missing energy. This
scenario was studied in [70] and found to have a mass reach from 550 GeV to 850 GeV depending on the
level of systematic uncertainty assumed, as shown in Fig. 42 (left). Recasts of 8 TeV monojet searches
have been performed and show that the mass reach at 8 TeV is less than 100 GeV [335]. In the vector
boson fusion channel, one looks for two forward jets and missing energy. This process typically has a
lower rate than the monojet channel but one may have smaller backgrounds so it is not obvious apriori
how the reach will compare to monojet. This was studied in [76] and was found to have a mass reach of
150 GeV to 500 GeV, also shown in Fig. 42 (right).

The next case is an SU(2)y, triplet with Y = 0 (also called the wino in the context of supersym-
metry). Now there is one neutral state x° and one charged state xy* with a mass splitting of Am ~ 166
MeV [336]. Both the monojet search and vector boson fusion searches can be performed and the mass
reach is 0.9 TeV to 1.4 TeV, shown in Fig. 43. Again, the monojet channel is more sensitive than vector
boson fusion.
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Fig. 43: Reach for winos (SU(2);, doublets) in the monojet channel (left) and in the vector boson fusion channel
(right).

An additional search that can be effectively utilized for the triplet case is the disappearing tracks
search where one looks for a track from the charged state that suddenly disappears when it decays into
the neutral state and a soft pion. The triplet mass splitting of 166 MeV results in a lifetime of the y*
of 7 ~ 6 cm which is long enough that some of the x*’s will decay in the region where the detector
is likely to have a tracker. There are no physics backgrounds to this search, but there are a number of
backgrounds arising from detector effects. At the LHC, this is the most sensitive search for the pure wino
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and already sets limits of 270 GeV with 20 fb~! [337,338]. One can extrapolate the LHC backgrounds
to a 100 TeV collider, though it is important to keep in mind that the estimate is rough as the backgrounds
could be much different at a future detector. The extrapolation was performed in [70] and found to have
a reach of 2.9 TeV. This is shown in Fig. 44 (left) with bands varying the background normalization up
and down by a factor of 5. See also [339] for similar studies on triplets. Due to the shorter lifetime, this
is typically not a useful channel for the doublet unless there is UV physics that decreases the splitting
between the charged and neutral states, as shown in Fig. 44 (right).
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Fig. 44: Reach for winos (SU(2), triplets) in the disappearing tracks channel (left) and for higgsinos in the
disappearing tracks channel (right).

For both the monojet and vector boson fusion searches the projections were also computed for
the 14 TeV LHC and it was found that a 100 TeV collider improves by about a factor of 5 (using an
integrated luminosity of 3 ab™! at both 14 TeV and 100 TeV). Performing these searches at 100 TeV
would not be qualitatively different than at the LHC. One search that offers the chance for a qualitative
improvement is the disappearing tracks search, because this is very dependent on the yet-to-be-designed
detector properties. Given the high sensitivity of this channel one can envisage designing the detector
to optimize this channel. Concretely, current searches require a hard recoiling jet in disappearing track
events to trigger on, but if one could trigger on the disappearing track itself, the rates would be increased.
Additionally, maintaining a high efficiency to select disappearing tracks is crucial.

Note that the study has been performed for /s = 100 TeV. To properly evaluate the mass reach
at other collision energies would require dedicated studies, but simple estimates can be made. By com-
paring parton luminosities one can see that the mass reach is linear (in center of mass energy) when the
luminosity increases quadratically. For a fixed luminosity, the mass reach increase is more mild and in
some cases seen to be closer to 40% for a factor of 2 in energy [340].

For the pure states described here there is an interesting complementarity with both direct detection
and indirect detection. Let us first consider the higgsino. In order to have the correct thermal relic
abundance, the higgsino mass should be 1 TeV. In direct detection the rate vanishes at tree level because
the coupling of neutralinos to Higgses arise from the mixing between higgsinos and binos or winos. At
one loop the rate is still suppressed due to an accidental cancellation [341]. As shown above unless
colliders can achieve systematic uncertainties below 1% one is unable to exclude (not even discover)
higgsinos. For winos, 3 TeV is the mass to satisfy the thermal relic abundance. In direct detection the
rates are again very small, but lie just above the neutrino coherent scattering rate, at ~ 1.3 x 10747
cm? [341], as discussed in more detail in the next section.

One can also consider DM state that are mixtures of binos, higgsinos, and winos. The collider
signatures depend strongly on the mass difference between the lightest neutralino and the other states.
For mass splittings of ~ 20 — 50 GeV, the reach is studied in [70] while for mass splittings of = 100
GeV the reach is studied in [74]. This scenario is studied in more detail in Section 3.3.4. A summary of
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the constraints on the pure, mixed and co-annihilating scenarios (c.f. Section 3.5.1) is given in Fig. 45.

These scenarios represent the worst possible cases in the sense that there are very few handles
in the events. Future directions that deserve more careful study are considering other particles in the
spectrum that could increase the electroweakino rate or yield jets or leptons in their decays providing
increased discrimination power.
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Fig. 45: Summary of reach for DM with SM mediators and through co-annihilation at 100 TeV.

3.3.2 Weak Gauge Bosons 2: Wino DM

As discussed above, an electroweak triplet with zero hypercharge is one of the most minimal DM models
one can imagine [326,342], and is further motivated in models of high-scale supersymmetry [22,24,25,
143,343-346] and other new physics scenarios [25,347-349].

We now summarise the status and prospects for the searches of an extra stable fermion triplet,
focusing of course on the 100 TeV proton collider, but making explicit the comparison with other future
colliders, as well as with direct and indirect DM detection experiments. Our discussion is based on
Ref. [339] for the collider reaches, and it is updated with more recent results for DD [350], as well as
with preliminary ones for ID [351].

The model. The Lagrangian for the minimal Wino DM model reads

1_.
£ = Ly + XD~ My)x. (38)

so that the only new parameter of this model is the x mass M, . If one demands x to constitute 100%
of the DM via thermal freeze out, then also M, is fixed, to roughly 3 TeV [352]. We will also consider
different values of M, to allow for different production mechanisms and for the possibility that x does
not constitute 100% of the observed DM.

While at tree level the neutral and charged components of the triplet have the same mass, higher
order corrections split the neutral Majorana fermion Y from the charged y*. This mass splitting has
been computed at the two-loop level in the SM [336], yielding to M, + — M,,, ~ 165 MeV (stable to the
level of 1 MeV for M,, > 1 TeV)'©.

The direct pair production of DM particles receive contribution, in this model, not only from
production of o, but also from that of y*. In fact, the small mass splitting causes x* to decay into

10possible heavy New Physics contributions to M. = — My, are very suppressed, since the first effective operator contributing
to a splitting arises at dimension 7.
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Fig. 46: Reach of disappearing tracks (left) and monojet (right) searches [339].

Xo plus very soft pions, which are not reconstructed at the LHC, with a decay length at rest of ~ 6 cm.
Since current detectors do not reconstruct tracks shorter than O(30) cm, the bulk of the produced x*
contributes to missing transverse energy in the same way of xo. Still, a fraction of the x* can travel far
enough to leave a track in the detector, and then decay to x( plus soft pions within it, thus yielding a
disappearing track signal that has no background within the SM [353].

The current best probe of this model at colliders is indeed given by the ATLAS [337] and CMS
[338] searches for disappearing tracks, which obtained the bound

M, > (260 — 270) GeV. (39)

In Ref. [339], the reach of the ATLAS search for disappearing tracks is extrapolated to the HL-
LHC, as well as to the 100 TeV proton collider, for both 3 and 30 ab~! of integrated luminosity (see also
Ref. [70]). The result of this procedure is shown in the left-hand plot of Fig. 46. The background to
this search comes from detector effects, and the red bands in the reach, for any given future benchmark,
correspond to a conservative quantification of the uncertainty coming from our extrapolation. In the right-
hand plot we show, for comparison, the expected reach in the “standard” monojet channel. Here the blue
bands represent how the reach is expected to change according to the control that will be achieved over
the systematics. The reach of other channels like vector boson fusion [76,339] and monophoton [339] is
somehow weaker, but it will provide a useful complementarity. Both for disappearing tracks and for the
monojet searches we find a very good agreement with the results of Ref. [70], and we refer the reader to
Ref. [339] for more details.

While the region interesting for thermal WIMP DM is out of reach at any conceived future LHC
stage, the 100 TeV collider has largely the potential to probe it, and say a final word over the existence
of a pure-Wino (independently of DM). The only channel with the potential to discover thermal DM
Winos is that of disappearing tracks, and it would benefit, at any future collider, from the capability of
reconstructing tracks below the current length of O(30) cm.

Relation with future lepton colliders. Given that x is a full EW multiplet, its contributions to
EWPT are very suppressed, at the level of W, Y ~ 1077 [326]: this sensitivity target is not touched by
LEP2 [354], and looks out of reach at any proposed future lepton collider (see Ref. [355] for the expected
reaches of high energy positron collider and CPEC).
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Wino-like (minimal 3plet) Dark Matter:
summary of constraints (solid edge) and reaches (dashed edge)
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Fig. 47: For the GC gamma ray line search of HESS [294], the lighter shading is the exclusion assuming a
NFW profile, the darker one assuming a Burkert profile. The FERMI bound from a gamma continuum from dwarf
spheroidal galaxies [356] also suffer from some astrophysical uncertainties [357], so the lighter shading.

Direct and Indirect DM detection. The most recent cross section computation for the spin inde-
pendent scattering of an EW fermion triplet with a nucleon gives [350] o1 = (2.3 £ 0.5) x 10747 cm?.
This value is out of reach at any current and planned experiment [284], for masses larger than 500 GeV.

Concerning indirect detection, gamma rays from the Galactic Center (as first recognized in [153,
154] for lines) and dwarf spheroidal galaxies are, at present, the most promising probes. We show the
reach of two most relevant searches of this kind in Fig. 47, also to compare them with the previously
discussed collider and DD reaches. We show there also the weaker reach of antiprotons from AMS-
02 [351], for comparison. As far as we know today, a very promising (gamma-ray) telescope to probe
this model in the future appears to be CTA, expected to start taking data in 2018 [358]. Whether it will
exclude or not a pure-Wino, as 100% of the DM, depends mostly on the control on the astrophysical
uncertainties that will be achieved by then.

3.3.3 Weak Gauge Bosons 3: Fiveplet DM

While the doublet and triplet DM models discussed so far can decay to the SM through dimension
5 operators, a fiveplet of SU(2) can only decay through a dimension 6 operator, thus guaranteeing a
sufficiently long lifetime of the DM even if the global Zs symmetry which makes it stable is broken at
the Planck scale.

We define the fiveplet, x as x = (X", x",x% x~,x~ ) . At the renormalizable level, the size
of the representation restricts the Lagrangian to

L=Lsm+cx (1P - M)x, (40)

where M is the mass of the fiveplet and the constant, c, is 1/2 or 1 depending on whether x" is Majorana
or Dirac, respectively. The mass degeneracy of the multiplet is broken at one loop by the gauge bosons.
For masses of the multiplet M >> myy the singly charged component lies ~ 166 MeV above the neutral
component; the doubly charged state is heavier than the neutral state by ~ 664 MeV. These small mass
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splittings between the states of the multiplet leave little phase space for decays down to the neutral
component. This implies that the charged states can have fairly long lifetimes and travel macroscopic
distances at collider experiments. This will be the basis of our search strategy.

As providing a DM candidate is the motivation for this model, we want the neutral component
to make up a significant portion of the observed abundance. The large quantum number of the fiveplet,
along with the large number of states, allows for very efficient annihilations. This implies that in order to
quench the observed relic abundance of DM through thermal freeze-out, the mass of the fiveplet must be
heavy; nearly 9.6 TeV if the Sommerfeld enhancement is included [152,342]. If the mass of the fiveplet
is less than 9.6 TeV, the amount of DM left after freeze-out is less than the observed abundance, which
leaves room for other sources of DM. There are also other mechanism that would allow for a lighter
fiveplet to fulfill the relic abundance [359-362], such that we can treat the mass of the fiveplet as a free
parameter with an upper bound of 9.6 TeV.

Direct detection and indirect detection searches are able to constrain the model. A recent reeval-
uation of the nuclear matrix element was found to be lower than originally thought, leading to a spin
independent cross section of 1.0 x 10746 cm? [349,363]. In this case, Xenon1T and LZ are projected to
have a reach to ~ 350 GeV and ~ 4000 GeV, respectively [284]. Signals (or lack there of) of DM anni-
hilations place the strongest bounds on the model. The Sommerfeld enhancement has a very large effect
for the fiveplet and increases the cross section for annihilations into vector bosons [342,362,364-367].
With the non-observation of sharp gamma ray spectral features by H.E.S.S., a fermionic fiveplet can
only make up all of the DM abundance for a small range of masses around 2.5 TeV and 10 TeV, or be
completely excluded, depending on the DM profile [294]. CTA will be able to exclude almost the entire
mass range, even for an isothermal profile [358,366,367].

The projected direct detection results depend on the DM abundance while indirect detection sig-
nals depends on both the abundance and the profile. However, collider bounds do not depend on astro-
physical results. To this end, it is important study how the MDM fiveplet can be bounded by collider
experiments. In Ref. [368], the disappearing track searches done by ATLAS and CMS [337,338] are
used to show the LHC has excluded a fiveplet below a mass of 267 (293) GeV depending on whether it is
Majorana (Dirac). Additionally, it was determined a Majorana (Dirac) fiveplet could be excluded at the
14 TeV LHC up to a mass of 410-670 GeV (465-745 GeV). In the following we review the disappearing
track search strategy and extend the method to a 100 TeV collider for the MDM fiveplet.

There have been a few other studies which extrapolate the ATLAS search [337] to future colliders
[70,339,368,369]. The optimised cuts presented in [339] are used, which look for

prj, > 1TeV, Ep>14TeV, A¢;¥1{§T > 1.5,

Prirack > 2.1 TeV, 0.1 < |nyack| < 1.9, and 41
30 cm < transverse track length < 80 cm.

The variable Aqﬁmg is the azimulthal angle between the any jet with pr > 500 GeV and the missing
energy. The requirements on the transverse track length and 7,k come from the ATLAS search and
are used in the future collider extensions as a method to estimate the background. There is no obvious
Standard Model process which mimics this signal; the background comes from p7-mis-measured tracks
and hadrons with large momentum transfer interactions with pieces of the detector. The measured signal
and background thus depend heavily on the specifics of the detector. In their search, ATLAS gives the
observed shape of the py-mis-measured tracks as do/dp¥k = (p%ack)=a where a = 1.78 £ 0.05. This
shape is normalized to the background at /s = 8 TeV reported in [337] and then scaled to the ratio of the
Z(vi) 4 jets cross section passing initial cuts on prj,, K7, and Aqﬁmm at /s = 8 and 100 TeV. There
is much inherent uncertainty in this method of extrapolating the background Measuring the spectrum of
the pr-mis-measured tracks at the current run of the LHC could help in this regard. To be conservative,
we allow for a range of the background cross section, larger or smaller by a factor of 5.
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Fig. 48: Left: The number of events passing the cuts in Eq. (41) as a function of transverse track length. The
different colors are for different masses of a Majorana Fiveplet. The larger masses have lower production cross
section and do not receive as large of a boost from the jet, so do not travel as far. The expected background for
track lengths between 30 and 80 cm is around 2 events. Right: Reach for the /s = 14 TeV LHC and a future
/s = 100 TeV collider. The bands are generated by varying the background between 20% and 500% of the
extrapolated value.

The model is implemented using FEYNRULES2.0 [370], and generated events using
MADGRAPHS5_AMC@NLO [94] for xx production with up to two extra partons. The events were
matched with the MLM scheme, hadronized, and showered using PYTHIA 6.4 [112], and fast detector
simulation was done with DELPHES [113] using FASTJET [263,264] to cluster the jets with the anti-kr
algorithm [115]. The default ATLAS card was used for DELPHES, modified so the neutral component of
x would add to the missing energy. See Refs. [368] and [369] for more details about the analysis.

Our results are summarized in Fig. 48 assuming 15 ab~! of integrated luminosity. The left panel
shows the expected number of events passing the cuts as a function of the transverse distance travelled by
the track. This shows that the heavier mass points are harder to find not just because the production cross
section decreases, but also because the tracks do not travel as far. For a given jet momentum that the xx
system recoils off, the heavier DM points do not get as much of a boost. In order to travel between 30
and 80 cm (with a decay length of a few cm) the system needs to be quite boosted.

In the right panel, we plot the significance as a function of the fiveplet mass. This is computed

using
S

\/B + OC2B2 + /325’2
where S and B are the number of signal and background events. The background and signal systematics
are incorporated into « and (3 and are conservatively given values of @ = 20% and 8 = 10% [70,339].
The bands in the plot are generated by varying the number of background events between 20% and 500%
of the ~ 2 events expected from the extrapolation.

Significance = 42)

A 100 TeV collider can greatly extend the search for minimal DM. The discovery reach of the
Majorana fiveplet is between 3.1-4.2 TeV while the exclusion reach is 3.8—4.9 TeV. For the case of the
Dirac fiveplet, the discovery and exclusion reaches are 3.5-4.5 TeV and 4.1-5.5 TeV. These results are
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Fig. 49: Relic neutralino surface defined by a thermal primordial freeze-out to abundance Qh? ~ 0.12, with
all non-neutralino superpartners decoupled, and including Sommerfeld-enhancements to freeze-out annihilation
cross-sections. Regions inside the central boxes are excluded by LEP II [372]. We also show future direct detection
and indirect detection prospects. The compressed and charged track collider studies referred to as “Compr." and
“Tracks" are described in the text [369,371].

about a factor of 7 higher than the estimated reach at the LHC. These mass reaches are important in terms
of complementarity with the other DM experiments. Depending on the DM profile, there is a possible
gap in coverage in the indirect detection experiments for a fiveplet mass of ~ 2.5 TeV, which will be
covered by a 100 TeV collider. In addition, the projected LZ results could reach a fiveplet with a mass up
to 4 TeV. With a possible higher mass reach than this, the 100 TeV collider can exceed direct detection
results without the question of the current relic abundance.

3.3.4 Weak Gauge Bosons 4: Thermal Relic Neutralino DM

Weakly interacting DM are one of the few physics scenarios which can feature an upper limit on the
particle masses. This argument is based mostly on a combination of the experimentally observed relic
density constraint and on the fact that the DM states interact weakly. In that spirit, the neutralino/chargino
sector of the MSSM is a way to interpolate between singlet, doublet, and triplet SU (2) representations of
the DM state. The question is to what degree a 100 TeV proton-proton collider, together with future direct
and indirect detection experiments, can cover the relic neutralino surface with all scalar superpartners,
i.e. squarks, sleptons, and the heavy Higgs boson decoupled to masses above 8 TeV. The main challenge
to collider searches are nearly mass degenerate (< 5% mass difference) states in the neutralino/chargino
sector which lead us to a dedicated analysis with very soft leptons and photons combined with extremely
hard initial state radiation jets at a 100 TeV hadron collider.

In Refs. [369,371] it is for example demonstrated how nearly pure bino DM, which freezes out to
the observed relic abundance through co-annihilation, can be uncovered by a 100 TeV hadron collider.
Figure 49 shows the main collider-related result: for almost pure wino DM as well as for bino-like co-
annihilating DM with small couplings to the Standard Model, a future 100 TeV hadron collider allows
for full coverage of the relic neutralino surface.

To define the relic neutralino surface the thermal relic abundances were calculated us-
ing DarkSE [373], which incorporates Sommerfeld-enhancements to the relic abundance code of
DarkSUSY [374]. In addition, the annihilation cross-section to nearly-pure wino freeze-out were checked
with MicrOMEGAs [375], modified to include Sommerfeld enhancement. MSSM mass spectra were gen-
erated with SuSpect [376], where loop corrections from decoupled SUSY particles were turned off, but
electroweakino charged-neutral electroweak custodial mass splittings were set before matrix diagonal-
ization, as described in Ref. [369].
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Fig. 50: The significance reach over thermal relic neutralino parameter space is shown, for both charged tracks and
compressed (7 + £ + j + MET) searches at a 100 TeV collider, after 15 ab~! of data. In the case of compressed
searches, a larger parameter space can be probed than what is shown above (see [371]).

In Fig. 49 we show the parameter space probed at a 100 TeV hadron collider, alongside the 20 relic
neutralino reach of future direct and indirect detection experiments. On the collider side, it first includes a
study of sensitivity to disappearing charged tracks for thermal relic neutralinos. In SUSY parameter space
with a predominantly wino LSP, the mass splitting between the LSP and lightest chargino becomes as
small as 160 MeV. With such a small inter-state mass splitting, decays of the chargino to LSP through an
off-shell W boson are suppressed and can leave O(10 mm) long charged tracks in the detector that vanish
to missing transverse energy (MET). To estimate the background to a disappearing charged track search,
Ref. [369] matched the data-driven background of an ATLAS charged tracks study [337], by simulating
pp — Z(vv) + jets events at center-of-mass energies 8 TeV and 100 TeV. The ratio of these events
passing kinematic cuts on missing transverse momentum and jet momentum were used along with the
number of background events found by ATLAS, to project the number of background events at a 100 TeV
collider. Signal events featuring at least one chargino paired with a partner electroweakino and jets, were
simulated using MG5aMC@NLO [94] with MLM matching [377], combined with Pythia6.4 [112] and
DELPHES3 [113]. A dedicated set of cuts makes use of the strengths of a 100 TeV hadron collider with
excellent detector performance [369]:

1. atleast two jets with |n| < 2.5 and pp greater than 1 TeV and 0.5 TeV, respectively;
2. at least one disappearing track with pp > 2.1 TeV, 0.1 < |n| < 1.9, and length 30-80 cm;
3. MET in excess of 1.4 TeV.

The significance shown in Fig. 50 after 15 ab~! is based on the estimate S/ \/ B + a2B? 4 (3252 with
o = 2 and 5 = 0.1 setting the signal and background uncertainty. We see that the charged track search
indeed covers the wino LSP region of the relic neutralino surface.

A second parameter region which needs to be targeted by a 100 TeV collider is nearly pure gauge
singlet DM, which freezes out to the observed relic abundance by co-annihilating with a heavier partner.
Such a nearly-pure bino LSP arises in relic neutralino parameter space where My < 2 TeV and p >
1 TeV [369,371]. Compressed electroweakino searches target the production of electroweakinos 5 —
50 GeV heavier than lighter electroweakino states. As the heavier electroweakinos decay to the LSP,
they emit soft state leptons and photons with py ~ 5 — 50 GeV. Such soft leptons and photons as part of
the collider signature allow for a smaller MET cut than traditional “jet + MET" DM searches, boosting
the mass reach of compressed DM searches [70,74,335,371,378-388]. In Ref. [369], signal events of the
type pp — x T x"+jets were simulated along with the dominant background pp — YW +jets. The cuts
applied in this study, which employed MG5aMC@NLQ, Pythia6 .4, and DELPHES3, with the default-valued
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Snowmass future detector card [114] were:

1. exactly one photon and exactly one lepton with pp = [10 — 60] GeV and |n| < 2.5, separated by
AR > 0.5, and a photon-lepton MT2 [369] of M%’e) < 10 GeV;

2. atleast one jet, with |n| < 2.5 and pp > 0.8 TeV, but no more than 2 jets with py > 0.3 TeV;

3. MET in excess of 1.2 TeV.

A 10-50 GeV size mass splitting between the LSP and NLSP guarantees that leptons and photons emitted
in NLSP to LSP decays will be soft. This should be contrasted with the expected transverse momentum
of leptons and photons coming from SM pp — W events, which is the dominant background at a
100 TeV collider. The requirement that the W boson produce ~ TeV of MET suppresses low-pr phase
space for the accompanying lepton. For similar reasons, because background events are boosted, emitted
photons will also tend to have high py. Thus the increased energy of the 100 TeV environment makes
this search particularly incisive.

The significance found in this study is shown in Fig. 50, where the background and signal system-
atic uncertainties were taken to be o = 3 = 0.05. Its mass reach extends to nearly m, ~ 2 TeV, as
shown in Fig. 50, exactly complementing indirect and direct searches. This complementarity is a conse-
quence of the MSSM thermal relic DM LSPs flipping from being nearly pure bino to nearly pure wino
around My ~ 2 TeV. For My < 2 TeV, the NLSP wino is inaccessible by direct and indirect searches,

~

but would be produced at a 100 TeV collider.

To illustrate the complementarity of 100 TeV collider searches and direct as well as indirect de-
tection experiments we illustrate the parameter space excludable by future liquid xenon direct detection
searches, and by the Cerenkov Telescope Array’s search for gamma ray lines emitted from the central
kiloparsecs of the Milky Way galaxy [389] in Fig. 51. We also show present bounds from LUX [390],
XENON100 [289], and HESS [294]. Future direct detection constraints were set using MicrOMEGAs
output along with the Xenon direct detection reach projected for the next decade [284]. Constraints from
indirect detection of DM annihilation in the galactic center were determined with MicrOMEGAs and the
one-loop, Sommerfeld-enhanced annihilation rates of Ref. [373]. The projected indirect reach is calcu-
lated using the sensitivity forecasted in [389], assuming a standard Einasto DM density profile in the
Milky Way.

The picture in all three fields of DM searches turns out to be similar: current experiments, includ-
ing the LHC, are able to significantly cut into the relic neutralino surface. However, a full coverage of
the surface, along with a comprehensive test of weakly interacting DM, is only guaranteed by the next
generation of experiments: a 100 TeV hadron collider combined with n-ton xenon detectors and CTA.
This complementarity, which requires two dedicated collider search strategies, is the central message of
Fig. 49.

3.3.5 Higgs Portal

The Higgs boson provides a unique low-dimension portal between the Standard Model and a dark sector
via interactions of the form |H|?>O, where O is a gauge-invariant operator with Ap < 2. The classic
example is O = ¢ were ¢ is neutral under the SM but enjoys a Zo symmetry [391-395]. Here we will
consider such a scalar Higgs Portal with interactions

1 1
L=_Lsy — Eaﬂqsa“qs — §M2¢>2 — cg|H|*¢? (43)

where H is the SM-like Higgs doublet and ¢ is a scalar neutral under the Standard Model. After elec-
troweak symmetry breaking the theory consists of

1 1 1
L= Lom — 50,60"0 — imi& — cgvhg? — §C¢h2¢2 (44)
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Fig. 51: Present indirect and direct detection limits on thermal relic neutralinos are shown, along with future
constraints. Codes and calculations employed in the production of this plot are described in the caption of Fig. 49.
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Fig. 52: Contours of relic DM density from freeze-out through the Higgs Portal. Constraints on the parameter
space from the LUX direct detection experiment [390] are shown in dotdashed red (LUXyr) where we assume
non-thermal processes give the observed DM relic abundance in regions where thermal freeze-out over- or under-
produces DM. The solid red line (LUXty) and shaded region show the parameter space excluded given a standard
thermal history, where ¢ may comprise only a fraction of DM.

where m% = M? + c4v? in units where v = 246 GeV.

This portal interaction respects an unbroken Zs symmetry ¢ — —¢. If the Z5 symmetry is exact
the Higgs Portal furnishes a DM candidate [391-394,396]. Higgs Portal DM is highly predictive in the
sense that the coupling cy is determined as a function of my if ¢ is required to provide the entirety of
the observed DM abundance, as illustrated in Fig. 52. While thermal abundance corresponds to small
values of cg, larger values are allowed if ¢ only accounts for some fraction of the DM or is produced
non-thermally in the early Universe.

Although it only communicates with the SM via the Higgs sector, current direct detection experi-
ments are already sensitive to Higgs Portal DM. Current bounds on ¢y from the LUX experiment [390]
are shown in Fig. 52, both in the case that ¢ comprises the entirety of the observed DM abundance (as-
suming late-time dilution or production in regions of parameter space where thermal freeze-out over- or
under-produces DM) and in the case where ¢ simply has a thermal abundance (in which case it typically
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comprises only a fraction of the observed DM abundance). Significantly, when Higgs Portal DM has
a thermal history, predicted direct detection rates are almost independent of the Higgs Portal coupling,
and the predicted rate largely becomes a function of the mass alone. This raises the prospect of strong
complementarity between direct detection and collider probes of Higgs Portal DM, where rates for ¢
production scale with positive powers of cy.

When my < my,/2 this scenario may be very efficiently probed at colliders via the Higgs invisible
width [397-405], since the Higgs can decay on-shell into ¢ pairs and the smallness of the SM Higgs
width ensures the rate for pp — h + X — ¢¢ + X is large for a wide range of c,. When my > my, /2,
however, the Higgs cannot decay on-shell to ¢¢, and ¢ pair production instead proceeds through an off-
shell Higgs, pp — h* + X — ¢¢ + X. The cross section for this process is then suppressed by an
additional factor of ]c¢,\2 as well as two-body phase space. In this regime, pp colliders such as the LHC
and a 100 TeV proton collider can provide the best means of probing Higgs Portal DM.

With this in mind we assess the reach of pp colliders at /s = 14 & 100 TeV, with an eye to-
wards constraining the region my > mj,/2 where hadron machines provides sensitivity complemen-
tary to electron-positron colliders and direct detection experiments. We implement the Higgs Portal
in FeynRules with my = 125 GeV, generating signal and background events at leading order using
MadGraphb v1.5.8 [111], showering with Pythia 8.186 [406] tune 4C, and simulating detector effects
in Delphes v3.1.2 with the default CMS detector card (for 14 TeV) and the Snowmass detector card
[114] (for 100 TeV). We consider various channels, including vector boson fusion, gluon fusion with an
associated jet, and ¢t associated production. In the case of gluon fusion with an associated jet, events
generated with MadGraph are re-weighted to more accurately reflect the py spectrum of the associated
jet.

The pre-selection and analysis cuts used in these channels are detailed in [407]. A simple cut-and-
count analysis is performed, determining the exclusion significance of a search in terms of signal events
S and background events B passing cuts via S/+/S + B, and the discovery significance via S/+/S. For
v/ = 14 TeV an integrated luminosity of 3 ab—! is assumed, while for /s = 100 TeV scenarios with
3 ab~! and 30 ab~! are considered, respectively. Systematic uncertainties in the signal and background
estimates are neglected; systematic uncertainties in background determination could have a substantial
impact at /s = 100 TeV since S/ B is quite small, but one expects data-driven determination of Z+jets
and other backgrounds to substantially lower systematic uncertainties by the 100 TeV era.

95% Combined Exclusion 50 Combined Discovery
3.5 3.5
3.0 3.0
25F 2.5
020 0520
1.5} —/5=14TeV, 3ab! ] 15r —/s=14TeV, 3ab™!
1.0t —/s=100TeV, 3ab™! L0 —/5s =100 TeV, 3ab~!
0.5} /s =100 TeV, 30 ab™" 0.5 —/5=100TeV, 30 ab™"

100 200 300 400 500 600 100 200 300 400 500 600
mg (GeV) my (GeV)

Fig. 53: Left: Approximate 95% exclusion reach from the combination of VBF, ggH and ttH channels with
3ab~!at /s = 14 and 3, 30 ab~! at \/s = 100 TeV determined from S/v/B = 1.96, neglecting systematic
errors and correlations between channels. Right: Approximate 5o discovery reach from the same combination at
/s = 14,100 TeV.
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To estimate the reach of a concerted Higgs Portal search program, we present the approximate
combined reach of VBF, monojet, and ¢t searches at /s = 14 and 100 TeV in Fig. 53. We obtain the
combination by adding the significance of the VBF, monojet, and ¢f channels in quadrature, neglecting
possible correlations between the two channels. As the cross section is suppressed at high center-of-mass
energies by the off-shell Higgs propagator, the improvement in limits between /s = 14 TeV and 100
TeV at comparable integrated luminosity is due in part to improved separation of signal from Standard
Model backgrounds.

Vs =100TeV, [Ldt=3ab" Vs =100TeV, [ Ldt=30ab"

3:5' | | / / \/ | | 1 3:5— | | | / -‘?’I
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— 100 TeV
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L
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Fig. 54: Combined reach of direct searches in VBF, ggH and t#H channels at \/s = 100 TeV for 3 ab~! (left) and
30 ab~! (right) compared to DM direct detection. In each plot the red lines denotes the 1o exclusion, 20 exclusion,
and 50 discovery reach from direct searches at /s = 100 TeV. The region to the left of the green (yellow) line
denotes the LUX exclusion for Higgs Portal DM with thermal (non-thermal) abundance given by ¢, 1m4.

The complementarity between collider searches at 100 TeV and direct detection experiments is
illustrated in Fig. 54. Collider searches are not competitive with DM direct detection for small couplings,
butat ¢y 2 1 can exceed the exclusion and discovery reach of the LUX direct detection experiment when
the Higgs portal state possesses its natural thermal abundance. In the event of a signal in future direct
detection experiments, this also suggests that direct evidence for Higgs Portal states may be obtained
through searches at colliders. In summary,

— If the Z5 symmetry is exact and the Higgs Portal DM saturates the observed DM density (which
may require a non-thermal history), then direct detection probes are likely to be most sensitive.

— If the Z5 symmetry is exact and a standard thermal history is assumed then in regions where
Q4 < Qppr colliders and direct detection experiments provide complementary probes, sensitive
to different parameter regions due to a different scaling behavior with the portal coupling c.

— If the Z symmetry is approximate and only stabilizes ¢ on the timescale 7 > 10~8s but is allowed
to decay in the early Universe, or if the Z> symmetry is exact but ¢ has hidden sector decays to
other neutral states then colliders are the only probes of the Higgs Portal coupling, with electron-
positron colliders constraining m¢ > my,/2 and proton-proton colliders constraining my > my, /2

3.4 WIMP Dark Matter, BSM Mediators (Simplified Models)

For a large class of models, the search for DM can be simplified to a search for a generic mediator that
couples to Standard Model particles [303,408—416]. The choice of mediator can be used to span the class
of different experiements that search for DM. The simplest split of the mediator class is between spin 0
and spin 1 mediators. For spin 0 mediators, the couplings of the mediator to Standard Model particles are
assumed to be yukawa. The prodcution modes thus resemble the Higgs production. This complements
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the searches for heavy scalar mediators. Additionally, in the case where electroweak symmetry breaking
is present, the search directly parallels the heavy higgs searches. For spin 1 mediators, the couplings are
flavor universal with equal coupling strength to each of the quarks. Production modes of these resemble
Standard Model Z boson production and searches with this model parallel Z’ production.

The mediators can further be split by the type of coupling structure. In the case of spin 0 media-
tors, this can be split into scalar and pseudoscalar couplings. While the production cross sections, and
sensitivity do not change by much at the collider. Pseudoscalar mediators are velocity suppressed with
direct detection, and enhanced with indirect detection. This significantly changes the sensitivity of these
experiements. Furthermore, the bounds from relic density can also change significantly. For spin 1 type
mediators, the split in coupling structure yields vector and axial-vector mediators. Again, the sensitivity
for collider experiments does not change by a large amount; however, the sensitivity with direct detection
changes drastically in direct detection. Axial-vector mediators can only be probed with spin-dependent
direct detection , whereas vector mediators can be probed with spin-independent direct detection. Mixed
coupling structures are not considered, since they can often be determined from reinterpreted bounds
of the purely coupled mediator searches; Section 3.4.3 explicitly considers interesting combinations of
vector and axial-vector mediators. The full lagrangians for these simplified models are described in 3.4.1.

For all mediator types, no mixing with Standard Model particles is assumed. Mixing of additional
particles, such as a heavy scalar with the Higgs boson, can lead to additional costraints coming from
precision measurements of the Higgs couplings. Mixing parameters typically require a completed model
and are thus ignored so as to be generic.

3.4.1 Simplified Model Collider Bounds

In DM searches at hadron colliders, the putative dark particles are pair-produced in collisions of the
visible sector particles — the Standard Model quarks and gluons. In the set-up studied here [417], there
are no direct interactions between the SM sector and the DM particles. Instead these interactions are
mediated by an intermediate degree of freedom — the mediator field. In general, one can expect four
types of mediators, scalar S, pseudo-scalar P, vector Z’ or axial-vector Z”. The corresponding four
classes of simplified models describing elementary interactions of these four mediators with the SM
quarks and with the dark sector fermions x are

1 i _ i}
Lscalar O — §m12\/IEDS2 — gDMS XX — Z 9é1rS @9 — MDMXX (45
q
L, 2 _.5 - q _ 5 -
Lpsendo-scatar > — 5MAenP? = igoaP Xv°x = Y ighy P 1770 — mpaxx. (46)
q
1 2 ! 7l ! = q !~ _
Lucctor D 5MenZu 2" — gomZuX"x = D 04 Z,37"q — mouxx . 47
q
1 . ) )
Laxial O 5mEnZu 2" = oM Zuxy" X = ) 04uZia" v g — mpyxx . (48)

q

The coupling constant gpy characterizes the interactions of the messengers with the dark sector par-
ticles, which for simplicity we take to be Dirac fermions Y, ¥, the case of scalar DM particles is a
straightforward extension of these results.

The coupling constants linking the messengers to the SM quarks are collectively described by

95m-
q Mg
scalar & pseudo — scalar messengers : 9sM = 9Yq¥q = 9q— (49)
v

vector & axial — vector messengers : gd\ = gsm . (50)
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For scalar and pseudo-scalar messengers the couplings to quarks are taken to be proportional to the
corresponding Higgs Yukawa couplings, y, as in models with minimal flavour violation [300], and we
keep the scaling g, flavour-universal for all quarks. For axial and vector mediators gsy is a gauge
coupling in the dark sector which we also take to be flavour universal. The coupling parameters which
we can vary are thus gpm plus either g, or gs, the latter choice depending on the messengers.'!

In general, the simplified model description of the dark sector is characterised by five parameters:
the mediator mass mygp, the mediator width I'yigp, the dark particle mass mpy, and the mediator-
SM and the mediator-Dark sector couplings, gsn, gpm. Out of these, the mediator width I'yigp, does
not appear explicitly in the simplified model Lagrangians (45)-(48) and should be specified separately.
I'mEeD accounts for the allowed decay modes of a given mediator particle into other particles from the
visible and the dark sector. In a complete theory, I'yvigp can be computed from its Lagrangian, but in a
simplified model we can instead determine only the so-called minimal width I'vgD min, 1.€. the mediator
width computed using the mediator interactions with the SM quarks and the y, y DM particles defined
in Egs. (45)-(48). Importantly I'viEp min does not take into account the possibility of the mediator to
decay into e.g. other particles of the dark sector, beyond Y, x, which would increase the value of I'py;.
In Ref. [413] the role of I'ygp is investigated as an independent parameter in the simplified models
characterisation of dark sectors by using a simple grid for 'y = {1,2,5,10} X I'MED, min, it is known
that this can reduce the sensitivity substantially. We instead adopt a reduced simplified description where
the width is set to its minimal computed value I'yigp min Which amounts to larger signal cross-sections
(we will also check that I'\iED min < mMmED/2). For our simplified models we have

Ny

TyEDmin = Dy + Y Nelyg, (51)
=1

where Iy is the mediator decay rate into two DM fermions, and the sum is over the SM quark flavours.
Depending on the mediator mass, decays to top quarks may or may not be open i.e. mygp should be
> 2m; for an open decay. The partial decay widths of vector, Axial-vector, scalar and pseudo-scalar
mediators into fermions are given by,

v g?p(m%\/[ED +2m}) - 4m?c A g]%(mﬁ/[ED —4m3¢) - 4mfc 52)
ff 12mmMED migp If 127mmMED miED
3 1
2 4m2 2 2 4m2 2
rS = e (1o ) TP = e (1 (53)
ff 8w miEp ff 8w miEp

where m s denotes masses of either SM quarks g or DM fermions x and the coupling constant g; denotes
either gsn or gp.

For the simplified DM searches, the most universal DM search can be done by performing the
jets+MET search (so-called monojet search) [418-430].Depending on the choice for the mediator field
different production mechanisms will contribute. For vectors and axial-vectors the dominant mechanism
is the quark-antiquark annihilation at tree-level. For scalars and pseudo-scalars on the other hand, the
loop-level gluon fusion processes are more relevant. The representative Feynman diagrams for both
channels are shown in Fig. 55. In comparing DM collider searches with direct and indirect detection
experiments it is important to keep in mind that our collider processes and limits continue to be applicable

UIn Ref. [413], gpm is parameterised for (pseudo-)scalar messengers as gpm = gy Mpm /v to look symmetric w.r.t. (49),
and g, is treated as a free parameter. Here we do not impose this requirement and leave gpm as the free parameter.
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Fig. 55: Representative Feynman diagrams for gluon and quark induced mono-jet plus MET processes. The
mediator X can be a scalar, pseudo-scalar, vector or axial-vector particle. The gluon fusion process involves the
heavy quark loop which we compute in the microscopic theory, while the quark-anti-quark annihilation is a tree-
level process at leading order.

for discovery of any dark sector particles escaping the detector. Hence dark particles produced at colliders
do not have to be the cosmologically stable DM.

Regarding the possible origin and the UV consistency of the simplified models (45)-(48), the
scalar and pseudo-scalar messenger fields in our simplified models (45)-(46) are singlets under the Stan-
dard Model. The simplified models (45)-(46) can arise from two types of the more fundamental the-
ories. The simplest theories of the first type are the two-Higgs-doublet models [431]. In this case the
mediators would originate from the second Higgs doublet. The other type of models giving rise to
our simplified models are even simpler in the sense that scalar mediators (and the dark sector particles
they are coupled to) can be genuinely neutral under the SM but mix with the neutral component of the
Higgs [391,394,432,433].These models provide a direct connection of the dark sector with Higgs physics
and can link the origin of the electroweak and the DM scales [402,434-436]. The simplified dark sector
models with vector and axial-vector mediators in Eqgs. (47)-(48) can also be derived from appropriate
first-principles theories. Since the mediators are spin-one particles, these UV models would necessarily
require the mediators to be gauge fields and the DM to be charged under these gauge transformations. A
classification of anomaly-free extensions of the Standard Model Abelian U (1)’ factor was given in [437]
and can be used for constructing an example of a consistent gauge-invariant vector and axial theories of
the type (48).

3.4.1.1 Dark matter projections

Difficulty exists in correctly modeling the production of the backgrounds at 100 TeV. In particular, the
knowledge of the gluon pdfs, the influence of higher order QCD effects, and corrections coming from
the electorweak Sudakovs. At 100 TeV collider energies, emission of additional radiation will result in
copious jet-production around the Electroweak scale. This will require delicate handling with respect
to matching and merging of parton shower and matrix element emissions. Given the likely timescale of
construction, and the rapid improvement in theoretical tools, none of the above issues should be regarded
as significantly likely to negatively affect the physics program at a 100 TeV collider. For this study,
we probe the sensitivity of the monojet search at the 100 TeV collider. The dominant backgrounds for
events in either the LHC or the future collider will come from Z — viz,IW — (v, and tt production. To
simulate a hypothetical study, all samples are done using aMC@NLO [94] with 0,1,2 jets merged with
the excepton W +jets, where the second jet was not produced.

For the signal we use MadGraph for the Vector/Axial simplified models and a combination of
MCFM [438,439] and VBFNLO [440-442] for the production of Scalar/Pseudoscalar mediators in as-
sociation with one and two-jets. The output LHE events are then merged using the CKKW-L interface
of Pythia 8§ [406]. NNPDF3.0 [443] PDF’s are used for the generation of all Monte-Carlo samples.
This scheme of generation allows for the full use of the second jet in the discrimination of signal and
background.
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The signal extraction is performed with a full shape analysis of the MET distribution following a
selection of the monojet final state. The dominant backgrounds combine from Z — v production. The
second largest background is comes from the W boson production where a lepton is either fails the lepton
identification or is out of the acceptance of the detector. The third largest background comes from ¢t pro-
duction where again a lepton from one of the W boson decays is outside of the detector volume. For the
Z — v background, the Z — p+ ™ control region is used to model the background. For the W — (v,
top and diboson backgrounds, we use the single lepton control region. For each of these control regions
the full statistical uncertainty on the shape is propagated per bin on each of the backgrounds with an
additional one percent uncertainty uncorrelated per bin to account for additional modelling uncertainties.
For all but the tail bins of the shape uncertainties on the J/;- spectrum are roughly 1% with the dominant
uncertainty resulting from the additional one percent modelling uncertainty. The signal is profiled using
the standard limit extraction (CL;) [444,445]. Additional nuisances are placed on the background nor-
malization for lepton efficiencies and luminosity. The overall uncertainy setup is extremely conservative
since more advanced approaches are in use at the LHC. Also, it is likley that advances in the understand-
ing of higher order electorweak and QCD corrections will be able to further constrain these backgrounds
to sub-percentage precision.

Detector effects for a pseudo future high energy detector, and LHC detector are simulated requiring
the same jet and MET resolutions as the CMS detector with the one exception that the detector has an
added lepton acceptance extended up to || < 4.0 and |n| < 5.5 for the 14 TeV and 100 TeV detectors
respectively [305,446,447]. Effects from pileup are taken to account to match the expected conditions
for high luminosity running at the LHC.

Kinematic distributions for our simplified models of dark sectors alongside the main SM back-
grounds are shown in Fig. 56. The distributions are shown as functions of two kinematic variables, p7 of
the leading jet, and missing energy £ . The event selection cuts imposed for the distributions in Fig. 56
are ' > 200 GeV and min(Ag #r5;) = 0.5, where i runs over all jets in each event.

3.4.1.2 Direct and Indirect Detection Limits

Comparisons for direct and indirect detection cross sections be determined from the Lagrangians
Eq. (45)-(48) giving,

v _ 9 gdugiur’
0¥, = - I (54)
T MMED
and 2 2 929
O'A _ égDMgSMa P (55)
xp 1 )
T MyED

with a ~ 0.43 [410,448] and the reduced mass p = mpnmm,/(mpm + my), for the cross section of a
DM particle scattering spin-independently (vector mediator) or spin-dependently (axial-vector mediator)
from a proton.

The cross section for a DM particle scattering from a nuclei via a scalar mediator of Eq. (45) is
given by [449-451]

2

2 m

o5 % Z fp <9Dngyq> n EfTG Z Hp <9;A249qu> 7 56)
q=u,d,s MMED g=cbt 4 MED

where £/ = 0.021(0.019), f2" = 0.041(0.045), f¥ = 0.043 and frq =~ 1~ 3, _, 4, [ [363.452,

453] and m,, is the proton mass.
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Fig. 56: Kinematic distributions for signal scalar and mediator models and the SM backgrounds at 14 TeV(top)
and 100 TeV(bottom) assuming 1 ab~! of integrated luminosity. We show four kinematic variables: pr of the
leading jet (left)and the missing energy £ (right). Ratios of (S + B)/B are shown for each observable. The red
bands indicate the uncertainties on the background distributions. The accordingly color-coded numbers for sig(JJ)
and sig(J) give the statistical significance to disfavour the presence of the signal using the CL, method.

When comparing the expected sensitivity for the LHC and a 100 TeV collider for DM searches to
those of Direct Detection it is interesting to compare the expected impact of the neutrino wall [284,411].
We take their interaction cross section to be indicative for the ultimate reach of DD experiments [284,
411]. For a pseudo-scalar mediator, taking existing limits into account [454,455], indirect detection
experiments can result in stronger limits than direct detection experiments [456,457]. For the simplified
model of Eq. (46), we use the velocity-averaged DM annihilation cross section into bb,

N, 2.2 2
(ov)t =52 (000) a1 M (57)

bb — 2 — 2 2 2 2
21 (myp — 4mpy)? + MyEpl viep

which allows us to derive a limit on the parameters in the bb channel [454].

3.4.1.3 Results

Results are obtained scanning over a spectrum of signal models at 14 TeV and 100 TeV. A predicted
luminosity of 1 ab~! is used for both analyses, so the sensitivity can be compared directly. We note that
this amount of integrated luminosity is a rather modest amount compared to what is likely to be collected
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at a future collider, the LHC bounds on the other hand represent a qualitative upper bound given the run
plans over the next 10 years.

Figure 57 presents the total cross section which the analysis excludes for each of the four mediator
types defined in Eqs. (45)-(48).We define our cross sections by setting gpyp = gsm = 1 and select
the mediator mass as indicated in the legend of each figure respectively. As an illustrative example we
have chosen a relatively small characteristic value of 100 GeV, although the results obtained for other
kinematically accessible values of DM mass were found to be similar. The kinematics of the process are
then completely specified once the couplings gpy and ggn are set, since this fixes the minimal width of
the mediator [413]. The excluded cross section is then related to the predicted cross section as follows,

o=po(gpm = 1,g9sm = 1, mymED), (58)

With the kinematics of the model fixed we set a limit on x defined above using the CL;-method, again
assuming 1 ab™! of data. Values with ;o < 1 indicate the excluded couplings and width are smaller
than the tested model, and the point is then excluded. In Fig. 57 we also distinguish between the mono-
jet (shown in green) and the multi-jet-based analyses (shown in yellow). It can be seen that the new
multi-jet-based analysis is more powerful and provides a considerable improvement at 14 and at 100
TeV.
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Fig. 57: Cross section exclusion limits as a function of mediator mass for a fixed DM mass at a given coupling. We
show results for vector (upper left panel), axial-vector (upper right panel), scalar (lower left panel) and pseudoscalar
(lower right panel)
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For the case of scalar and pseudo-scalar mediators at 14 TeV there is a cross-over for mediators heavier
than ~ 1 TeV, which is absent at 100 TeV. This corresponds to exactly the regions of phase space in
which the off-shell effects dominate. The one-jet sample has access to the significant cross section which
arises from the tails of the Breit-Wigner distribution, whereas the multileg sample does not. This region
therefore has large theory errors using the multi-leg sample. However, we note that the region of phase
space for which the multi-leg sample breaks down is far from the values of y = 1, so this region of phase
space is of limited importance in regards to setting limits on model parameters. Finally we note that
Fig. 57 also includes cross sections for interesting SM predictions which the 100 TeV collider and Run
IT of the LHC will investigate. We present the cross sections for t#H and H H and show their relative
size compared to our DM predictions.
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Fig. 58: Mass limits for vector mediator models (left panel) and axial-vector models (right pannel) at 14 and 100
TeV colliders using the multi-leg and a single-leg analysis. We also show the neutrino wall limit of the direct
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Fig. 59: Mass limits for scalar mediator models (left panel) and pseudo-scalar models (right pannel) at 14 and 100
TeV colliders using the multi-leg and a single-leg analysis. The neutrino wall affecting the direct detection experi-
ments is shown in the left plot and the indirect detection limit for pseudo-scalars using FERMI-LAT data [454] is
shown as a tiny speck in the lower left of the plot on the right.
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In Figs. 58 and 59 we show these exclusion contours for the simplified model analysis using a fixed
value of the mediator couplings, gpnm = gsm = 1 for all 4 mediator models of Egs. (45)-(48). To enable
the direct comparison between different experiments/techniques, these figures show all five exclusion
contours — the 14 TeV and the 100 TeV limits, using both the one-jet and the multi-jet analysis, together
with the DD/ID non-collider limits/projections.

It is interesting to note the dependence of the DD limits in the scalar mediator case on the number
of quark degrees of freedom it couples to. Unlike the production mechanism at collider searches which is
sensitive only to the heavy top quark, the DD limits are sensitive also to light degrees of freedom thanks
to the cancellation of the quark mass in the y,/m, factor in Eq. (56). Thus, the DD limits are quite
sensitive to choice of flavors that mediator couples to in the simplified model. The magenta contour in
in Fig. 58 represents the inclusion of interactions with all quark flavors (as in the simplified model in
Eq. (45)). For a different choice of the simplified model, for example with only the top quark couplings
to the mediator, the DD contour is shown in red. The difference between the red and magenta contours in
the scalar mediator case in Fig. 58 shows the sensitivity of the DD limits to a range of simplified models;
at the same time the collider searches are are primarily sensitive to the scalar-to-top couplings'?. For
this parameter choice we note that the collider constraints lie below the neutrino wall for 1 ab™!, as the
100 TeV collider collects more data the wall can be breached. As an example we plot the expected limit
given 100 ab—! of 100 TeV data for the scalar mediator.

3.4.2 Comparison with Relic Density

Finally, in the context of simplified models, we can compare the sensitivity of the four mediator types
with the relic density bounds. The relic density bound serves as a qualitative upper bound for the sim-
plified models [458]. If full coverage can be obtained over the range of the allowed space given the
relic constraints, the simplified model can probe all allowed space consistent with the relic density. Such
models can be modified to circumvent the relic density constraint. However, most modifications of the
simplified model which embed them in more realstic models lead to tighter constraints on the relic den-
sity.

The bounds from a 100 TeV collider, the neutrino wall, and the projected bounds from indirect
detection are shown in Fig. 60. From these bounds, we observe that the allowed mediator masses that
preserve the relic density are exlucded by direct detection for vector mediators. The axial mediators are
nearly excluded by the collider bounds, and with additional data will be excluded. The allowed scalar
region is excluded up to roughly 3 TeV, and the pseudoscalar is excluded up to 3.5 TeV. The allowed
regions for both the scalar are not completely covered. The pseudoscalar, in particular, poses the largest
challenge to be constrained by either indirect detection or collider constraints. It should be noted that
both the direct photon line and indirect Fermi and HESS projections are shown for the indirect bounds
in Fig. 60.

3.4.3 Probing Thermal DM with Monojets and Dijets

Simplified models offer a useful framework to focus on the interactions of the DM particles, while
at the same time being flexible enough to allow for a rich phenomenology [301]. As pointed out in
Refs. [303,459,460], one of the central implications of assuming the presence of a new mediator is that
one can probe the model not only with collider searches based on missing energy in association with SM
particles, but also with dedicated searches for the mediator particles themselves, which make use of the
fact that any mediator produced from SM particles in the initial state can also decay back into SM states.
Combining both kinds of searches it is possible to constrain the visible and invisible decay modes of the
assumed mediator and hence probe a wide range of mediator masses.

In the present study we demonstrate this complementarity for a 100 TeV circular proton collider

"2We note that in the previous figures the v-wall curve corresponds to the magenta curve.
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Fig. 60: Mass limits for scalar mediator models (top left panel), pseudo-scalar models (top right panel), vector
models (bottom left panel), and axial models (bottom right panels) at 100 TeV colliders. The neutrino wall af-
fecting the direct detection experiments is green for all plots expluding the pseudo-scalar mediator, where the
projected indirect detection limit using FERMI-LAT and HESS projections data [299] is shown. The relic density
is additionally computed all allowed mediator and DM masses are contained within the relic density lines.

and compare the resulting constraints to the parameter space compatible with WIMP freeze-out. For
concreteness, we consider the case of a spin-1 mediator, which could e.g. be the massive gauge boson
of an additional broken U (1)’ gauge symmetry. As discussed in [461], it is important that the couplings
of the mediator are chosen in a way that preserves gauge invariance and that perturbative unitarity is not
violated in the parameter regions under consideration. Following [461], we therefore assume that the
WIMP is a Majorana fermion and that the mediator has only vectorial couplings to SM quarks:

_ gpM _
LD =gy 7" G- TZ’“ XX - (59)
q
This choice suppresses constraints from electroweak precision observables, searches for dilepton res-
onances and DM direct detection experiments, which would otherwise rule out most of the parameter
space compatible with thermal freeze-out. In other words, we focus on a typical case that the 100 TeV
collider will have to tackle if no DM detection arises in the next decade.
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Fig. 61: Expected sensitivity of monojet (green) and dijet resonance (blue) searches at the 100 TeV collider
(dashed lines) compared to the expected sensitivity of the LHC at 14 TeV (dotted lines) and the parameter values
that reproduce the observed relic abundance (red, solid). The grey regions are excluded by perturbative unitarity
(cf. [461]).

Constraining simplified models. To calculate the expected sensitivity of the 100 TeV collider
for simplified models we assume an integrated luminosity of £ = 10 ab~! at a centre-of-mass energy of
100 TeV. For comparison, we also show the reach of the Large Hadron Collider with £ = 300 fb~! at
14 TeV (LHC14).

Monojets: We implement the analysis strategy suggested in [462], which essentially corresponds to
a scaled-up version of the most recent CMS analysis [422]. Most importantly, the analysis cuts re-
quire missing transverse energy (fr) in excess of 2.6 TeV. We simulate the expected signal using
MadGraph v5 [94] and Pythia v6 [112]. In existing monojet searches, detector effects play a rather
small role, leading to a modest reduction of the monojet cross section by about 20% [463], and we
assume that these effects are of similar size in future colliders.

We also simulate the dominant SM background, which arises from invisibly decaying Z-bosons,
pp — j + Z(— vv). In addition to statistical uncertainties, we include 1% systematic uncertainties, im-
plying that statistical and systematic uncertainties are of comparable magnitude. Denoting the expected
number of background events by B, we can then potentially exclude a given set of parameters at 95% CL
if the predicted number of signal events S violates the inequality S?/(S + B + (0.01 B)?) < 3.84 [429].
We find that the 100 TeV collider can probe any physics contributions in excess of ot = 0.15 fb.

For the LHC we implement the analysis strategy proposed in [464], which requires Fp >
800 GeV. For the cuts that we employ, and assuming 2% systematic uncertainties, we find that the
LHC will be able to probe monojet cross section larger than oy = 0.6 fb.

Dijets: The search for dijet events coming from the pp — Z " g process probes the large-
mpm parameter region [303]. We simulate this signal by means of MadGraph v5, Pythia v6 and
Delphes v3 [113]. The background expectations after imposing the cuts adopted in the CMS dijet anal-
ysis [465] are extracted from [466]. We apply these cuts to the signal using MadAnalysis [467]. The
reach of the 100 TeV collider to this signal is then estimated by applying the CL¢ method to the distri-
bution of the dijet invariant mass m;, neglecting systematic uncertainties. This approach allows us to
probe even broad resonances. We proceed in the same way for LHC14.

Combination: In Fig. 61 we show several examples for the expected sensitivity of the 100 TeV collider
compared to the projection for LHC14 TeV and the parameters that reproduce the observed DM relic
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Fig. 62: Largest value of mpyeq compatible with the observed relic abundance (for several values of gpy; solid
lines) in comparison with the largest mediator mass that can be probed by the 100 TeV collider (dashed lines) and
LHC14 (dotted lines) as a function of the quark coupling g,. In the left panel we tune mpy in such a way that the
resonant enhancement is maximised, whereas in the right panel we fix mpy = 0.45 Myeq.

abundance (Qpm/ h? = 0.119) as calculated with micrOMEGAs v4 [468]. Note that we do not display
direct detection bounds, which are strongly suppressed for the coupling combinations that we consider
and therefore turn out not to be competitive to the bounds from colliders. Theoretical constraints from
perturbative unitarity (cf. [461]) are also shown.

Probing the resonance region. For the cases considered in Fig. 61, the 100 TeV collider is
sensitive to all parameter points compatible with the observed DM relic abundance. However, for small
couplings and mpym A Mmmed/2 there is a strong enhancement of the DM annihilation cross section
due to the mediator going on-shell in the process xx — ¢g. As a result, very large mediator masses
can still be compatible with the observed DM relic abundance. This is quantified in Fig. 62, which
displays the maximal my,eq allowed by Qpy/ h? < 0.119 as a function of gq for several values of gpm
(solid lines). In the left panel we tune mpy for each value of g, and gpm to maximise the resonant
enhancement during thermal freeze-out, which typically requires mpy slightly below mpeq/2 due to the
kinetic energy of the annihilating DM particles. For small couplings, the resonance is very narrow and
the resonant enhancement is possible only at the expense of a large fine-tuning on mpy. In the right
panel we therefore show an example without excessive tuning (setting mpy = 0.45 mpmeq) such that the
effect of the resonance is reduced rather than enhanced for very narrow resonances and smaller mediator
masses are required to reproduce the observed relic abundance.

The crucial observation is that dijet resonance searches at the 100 TeV collider potentially possess
the sensitivity to probe even the resonance region. Figure 62 also shows the maximum mediator mass
that can be probed by the 100 TeV collider (dashed curve) and LHC14 (dotted curve). We conclude
that for most of the values of gpm and g, that we consider, the 100 TeV collider can probe all mediator
masses and DM masses compatible with thermal freeze-out. This conclusion is made explicit in Fig. 63,
where we show the potential reach of the 100 TeV collider and LHC14 as a function of the two couplings
gq and gpm. We observe that only highly-tuned corners of parameter space (with mpy & Mmed/2 and
9q < gpm) can potentially evade detection at a 100 TeV collider. In the largest fraction of the allowed
parameter space, on the other hand, the 100 TeV collider will be able to probe the assumption of thermal
freeze-out for the simplified model that we consider. Notably, this conclusion applies even to the scenario
where the analyzed DM particle constitutes only a fraction of the total relic density, which requires even
smaller mediator masses.
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Fig. 63: Expected sensitivity at a 100 TeV collider (dashed) and LHC14 (dotted) for thermal WIMPs in the g,-
gpm parameter plane, when setting myeq to the largest value compatible with the observed relic abundance (as
indicated by the black dashed lines). In the left panel we tune mpy in such a way that the resonant enhancement
is maximised, in the right panel, we fix mpy = 0.45 Mypeq-

3.4.4 Light Mediators: Dark Photons at a 100 TeV collider

A 100 TeV collider extends the mass reach of direct searches for new physics over the LHC and other
lower-energy colliders. There are also precision studies that can only be performed at such a high energy
machine, such as high-invariant-mass measurements of the Drell-Yan (DY) spectrum. These allow for
model-independent searches for new TeV-scale electroweakly charged states through their effect on the
RG evolution of SM gauge couplings [469]. A somewhat less appreciated possibility is that the 100
TeV collider can discover new physics that produces only low-energy objects, such as certain exotic
Higgs decays [470] or low-mass hidden sectors. One might think that lepton colliders are better suited
to discover such new physics, since reconstruction of low-pr events with multiple soft objects is greatly
aided by the much cleaner final state compared to hadron colliders. However, if the final state is conspic-
uous enough, e.g. by producing multiple leptons and/or photons, then the enormous production rate and
luminosity at a 100 TeV collider (and to a lesser extent the HL-LHC) can easily outweigh this advantage,
and allow access to Beyond the Standard Model (BSM) couplings that are several orders of magnitude
smaller than what is possible at the statistically limited lepton collider experiments.

The 100 TeV collider can therefore act as an intensity frontier experiment for the study of, for
example, light hidden sectors. One of the best examples to demonstrate this capability are BSM theories
with dark photons [471-474]. This will also demonstrate the complementarity of future lepton and
hadron colliders in offering different experimental probes of the same BSM scenario. Here we very
briefly summarize the work in [474], which studied the experimental reach of current and future lepton
and hadron colliders to study BSM sectors with dark photons.

The minimal benchmark model for dark photons features a dark U(1)p gauge symmetry that
mixes with hypercharge via a small kinetic mixing e:

£33 B B — 1 Fi 25— Ty B 4 Ly 2 Z. 60)
Here B, Zp are the hypercharge and U (1) p gauge bosons with non-canonical kinetic terms. The kinetic
mixing can be eliminated via a field redefinition to make the kinetic terms canonical. This results in fields
charged under SM hypercharge effectively acquiring a “milli-charge” under the U (1) p gauge interaction.
This gives rise to an effective mass mixing between the dark photon Zp and the SM Z-boson through the
acquired milli-charge of the SM Higgs. Diagonalizing the gauge boson mass matrix yields a Lagrangian
containing Zp ff and hZpZ couplings of O(e). In the absence of other hidden-sector states lighter

than the dark photon, Zp decays dominantly to SM fermion pairs with gauge-like branching ratios. This
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results in sizable branching fractions to SM leptons, and should be contrasted with e.g. new scalar states
that couple to SM fermions with Yukawa-like interactions and decay dominantly to third generation
fermions. '3

The dark photon mass term m%’o in Eq. (60) arises most simply by introducing a “dark Higgs” S
that breaks U (1) p via a vacuum expectation value in analogy to the SM Higgs mechanism. This expands
the scalar sector of the SM as follows:

Vo(H,S) = —p?[H[> + A H|* — p2|S|* + As|S|* + &[S |H|?, (61)

where the renormalizable coupling x induces mixing between the SM Higgs and .5, and is assumed to be
small so as not to greatly modify the properties of the observed SM-like Higgs boson. Apart from Higgs
coupling modifications, this mixing also induces hZpZp terms of O(k). (This term is also generated by
kinetic mixing, but only at O(e?).)

Historically, most of the effort in searching for dark photons has been devoted to masses in the
range MeV < myz, < 10 GeV, through techniques as diverse as precision QED measurements, rare
meson decays, supernova cooling, collider experiments, and beam dumps [475-510]. However there is
no theory reason not to extend the searches to the entire experimentally accessible range [470,470,495,
496,511-515]. Generation of dark photon masses in natural theories has been studied in [477,516-519],
and in many cases can allow for natural dark photons above 10 GeV equally well.

In our study of dark photon signatures, it is useful to distinguish the hypercharge portal, i.e. the
kinetic mixing € in Eq. (60), from the Higgs portal, i.e. the Higgs mixing x in Eq. (61). Both refer to
renormalizable operators connecting the SM to a hidden BSM sector, and both generate distinct leading
signals that may be observed at future lepton and hadron colliders. Note that while some aspects of the
Higgs portal coupling were studied already above, that study was restricted to the case where the Higgs
is the only mediator to the DM sector, while here the mediator couples to the Higgs portal, thus allowing
for mixing with the Higgs and a vast range of complementary signatures not studied above.

The most promising signatures of the hypercharge portal that were studied in [474] are 1. elec-
troweak precision observables (EWPOs) sensitive to the hypercharge portal, 2. the process pp — Zp —
{7 ¢~ production via DY-like direct production and 3. exotic Higgs decays via the hypercharge portal,
h — ZZp — 44. Their reach is compared in the plane of dark photon mass vs. kinetic mixing in Fig. 64.
Ideally, detection in all three channels, at both future 100 TeV and lepton colliders, would allow for a
detailed diagnosis of the dark sector.

If there is non-negligible mixing between the SM-like and the dark Higgs, additional measure-
ments are possible via the Higgs portal. It is useful to define the effective mixing parameter

2
L — (62)
[mj, —m3]

The most promising Higgs portal signature is the exotic Higgs decay h — ZpZp, with branching
fraction that scales as O(x’ 2). As long as the Zp are produced on-shell, they decay via the hypercharge
portal without € affecting the Zp Zp production cross section. As Fig. 65 makes clear, this is the scenario
where the advantages of the 100 TeV collider as an intensity frontier experiment are most apparent.
Branching ratios as low as Br(h — ZpZp) ~ 1077(1078) can be probed with 300 fb—! (3 ab™1)
when Zp decays promptly, since the search for the 4/ final state with two mz,, resonances and one my,
resonance is practically background-free.

Prompt Zp decay implies € > 10~°. Detection of prompt h — ZpZp — 4/ is therefore already
sensitive to kinetic mixings much smaller than what can be probed directly. That sensitivity is greatly
extended when expanding the search to include long-lived particles produced in exotic Higgs decays.

B3See [474] for a MadGraph [111] implementation, as well as tables of branching ratios and decay widths.
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Fig. 64: Summary of dark photon constraints and prospects (see [474] for references). High-energy colliders
(LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mz, 2 10 GeV, while precision QED
observables and searches at B- and ®-factories, beam dump experiments, and fixed target-experiments probe lower
masses. Dark photons can be detected at high-energy colliders in a significant part of open parameter space in the
exotic decay of the 125 GeV Higgs boson, h — ZZp — 44, (blue curves) in Drell-Yan events, pp — Zp —
00, (red curves) and through improved measurements of electroweak precision observables (green/purple dashed
curves). Note that all constraints and prospects assume that the dark photon decays directly to SM particles,
except for the precision measurements of the electron/muon anomalous magnetic moment and the electroweak
observables. Figure taken from [474]. Drell-Yan projections are rescaled from the LHC results of [514,515], and
we anticipate some further improvement at high masses may be possible.

This is separately motivated in theories of Neutral Naturalness [523,524] and more generally in Hidden
Valleys [525-528], of which the dark photon scenario is a particular example.

Figure 66 illustrates the sensitivity to kinetic mixing achievable if dark photon decays within a
1 or 10m detector volume could be reconstructed at the LHC or a 100 TeV collider (assuming prompt
lepton efficiencies and expected signal-to-background). Different contours indicate different assumptions
made for the exotic Higgs decay branching ratio Br(h — ZpZp), which can be relatively large even if
kinetic mixing is tiny. The enormous rate of Higgs production at a 100 TeV collider compensates for the
overwhelming fraction of dark photons that escape the detector for very small kinetic mixing, allowing
e as small as ~ 10710 to be probed. This opens a window onto a broad swath of otherwise inaccessible
parameter space, and relies on having available a production mechanism for dark sector states that is
separate to the coupling which controls their decay to SM particles. Searches with sensitivity to the
displaced dilepton final state are already underway at the LHC [529, 530].
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Fig. 65: Expected 95% CLs limits on the total exotic Higgs decay branching ratio, Br(h — ZpZp) (top), and
the effective Higgs mixing parameter ' (bottom) at the LHC (left) and a 100 TeV pp collider (right). Gray
bands correspond to regions where quarkonium background may invalidate these projections. The limits obtained
in [470] from a recast of LHC Run 1 results are shown in red (h — ZZ* — 4/{ search by CMS [520]) and blue
(ATLAS ZZ cross section measurement [521]) shaded regions. The limit from the CMS 8 TeV h — 2a — 4u
search [522] is shaded in orange, assuming the efficiencies for pseudoscalar and dark photon decay to muons are
the same. Figure from [474].

For the Higgs portal, important complementarities with the capabilities of future lepton colliders
can also be identified.

— Assizable Br(h — ZpZp) is generated through non-negligible mixing of the SM-like Higgs with
the dark Higgs S. This leads to potentially detectable Higgs coupling deviations at lepton colliders.

— Direct production of the SM-singlet dark Higgs s is possible at both lepton and hadron colliders,
either directly or through exotic decays of the SM-like Higgs boson. If s can only decay via its
mixing with the Higgs, the dominant final state will be third-generation fermion pairs bb, 77~
and cc. If s is light enough to be produced at lepton colliders, the energy of its decay products may
be so low that reconstruction of these final states without resonances of light leptons is difficult
at a 100 TeV hadron collider. In that case, the clean environment of a lepton collider could prove
invaluable in searching for s — bb, 77~ signals.

Finally, the potentially stunning sensitivity of a 100 TeV collider to dark photon signatures is only
possible if future detector designs allow for the recording and reconstruction of relatively soft objects,
with pr ~ O(20 GeV), as well as low-mass ~ O(10 GeV) displaced decays. If these requirements are
satisfied, a 100 TeV collider could easily discover hidden sector signatures that cannot be probed by any
other means.
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Fig. 66: Estimate of expected 95% CLs limits on ¢ for different Br(h — ZpZp) at the LHC (left) and a 100
TeV collider (right), assuming a displaced lepton jet search has the same sensitivity to decays within the given
distance from the interaction point as a prompt Zp Zp search (see Fig. 65). A detector size L of 1 m is assumed
for all plots. Gray shaded regions show current constraints (see [474] for references).

3.5 WIMP, Non-Minimal Models
3.5.1 Gluino, Stop Coannihilation

A non-minimal scenario that can thermally produce the correct relic abundance and may be testable at a
future collider is co-annihilation. For concreteness we consider the DM to be a bino (electroweak singlet)
and the co-annihilator to be a colored sparticle with a mass m = 1.05 my where my is the bino mass.
The near mass degeneracy allows the bino annihilation rate (with the co-annihilator) to increase which
decreases the relic abundance. The mass that gives the correct relic abundance depends on the splitting
between the bino and co-annihilator. The collider rate, on the other hand, is determined by the mass of
the co-annihilator.

The first co-annihilator we consider is the gluino which is a color octet fermion. At 100 TeV
one finds a reach for the bino of 5.8 TeV to 6.2 TeV.'* The reach is shown in Fig. 67 (left). In this
figure the upper z-axis shows the bino mass assuming mgz = 1.05 my while the lower x-axis shows the
mg — myg value for which one finds the correct relic abundance [531]. In this projection the gluinos are
pair produced and assumed to decay via g — X 4 undetected. The most effective search is in the monojet
channel.

The second co-annihilator we consider is the right handed stop which is a color triplet scalar. The
expected exclusion for the bino is 2.4 TeV to 2.8 TeV and in fact the discovery reach is 1.7 TeV to 2.1
TeV and is shown in Fig. 67 (right). The x-axes, the same as in the gluino case, show the bino mass
assuming m; = 1.05 my and the m; — my value for the relic abundance [531,532]. The stops are pair
produced and assumed to decay via f — ¥ + undetected so the monojet channel is used.

Relative to 14 TeV, the increase is reach is about a factor of 5. Importantly, however, the factor of
5 is enough to cover the thermal relic region for stops and come fairly close to covering the region for
gluinos.

14 Actually the reach is 6.1 TeV to 6.5 TeV on the gluino and is not too sensitive to the bino mass.
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Fig. 67: Reach for binos that co-annihilate with gluinos (left) and and binos that co-annihilate with stops (right).

One obvious direction for future study is to consider also looking for the decay products of the
gluino or stop. This may be challenging because the most likely decays are ¢ — X7j7 via an offshell
squark and £ — Ybjj or £ — Yblv via an offshell top, where the jets and leptons will have a momentum
~ Am which is O(10) GeV in the preferred parameter region. It is not clear how feasible it will be to tag
such low p7 objects at 100 TeV. On the other hand, in the monojet channel the §§ or t£* system recoils
against a hard jet, so one can expect more energetic decay products when using certain selection criteria.

3.5.2 MSSM Dark Matter

A crucial question in the development of a new collider program is whether, beyond increasing our
sensitivity and mass reach to new phenomena, the design energy and luminosity can provide us with
definite answers to our most pressing questions. DM motivated SUSY is a very compelling framework to
ask ourselves this question for a high energy hadron collider project, such as the 100 TeV proton collider.
SUSY is one of the best motivated theories of physics beyond the SM. The DM relic density provides
us with well-defined constraints on the mass and the nature of the WIMP candidate. In the MSSM with
neutralino LSP, y) masses above 3.5-4 TeV are strongly disfavoured by the universe overclosure bounds,
thus defining a mass scale well within the reach of the 100 TeV collider energy. In addition, direct DM
searches set constraints probing more and more in depth into the MSSM parameter space, in particular
for values of the u parameter below 1-1.5 TeV. These constraints are complementary to those derived
from direct searches at the LHC and indirect sensitivity from the Higgs sector.

For this report, the sensitivity of an 100 TeV pp collider to DM-motivated MSSM has been study
by scans of the 19-parameters pMSSM where the SUSY particle masses have been independently varied
up to 20 TeV. The pMSSM has been extensively used to assess the current and projected coverage of
the MSSM parameter space by the LHC searches [533-536]. Generated pMSSM points have been
checked against low-energy and flavour physics constraints and the lightest Higgs boson mass has been
required to be in the range 119< M0 <129 GeV. In addition, we require the neutralino relic density
not to exceed the PLANCK CMB result, when accounting for systematic uncertainties. This allows for
additional, non-SUSY contributions to the relic density from CMB. For each accepted pMSSM point,
sets of inclusive SUSY events have been generated and the physics objects computed after a parametric
detector simulation.

Searches in jets+MET, leptons+MET, monojets and monoW/Z+MET have been evaluated using
analysis strategies derived from those currently performed on the LHC data, but re-optimising the kine-
matical cuts. Results have been obtained in terms of the fraction of pMSSM points that could be excluded
in case no excess of events is observed with a given integrated luminosity of 100 TeV pp data and when
combining with current and future DM direct detection data. Results are summarised in Fig. 68 and
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Fig. 68: Fraction of DM-motivated pMSSM points with neutralino LSP and SUSY masses up to 20 TeV excluded
by searches at a 100 TeV pp collider in the neutralino scattering cross section vs. neutralino mass plane. Current
and projected limits from DM direct detection experiments are overlayed.

Vs L Collider | +LUX | +LX | +3rd Gen.
(TeV) | (ab™h) (MET) DM DM DM
100 1.0 0.63 0.65 0.73 0.90
100 3.0 0.67 0.69 0.75 091
100 5.0 0.69 0.72 0.76 0.92

Table 4: Fraction of DM-motivated pMSSM points with neutralino LSP and SUSY masses up to 20 TeV excluded
by searches at a 100 TeV pp collider and DM direct searches.

Table 4 showing how the combination of 100 TeV collider and future DM direct detection experiments
can virtually saturate the MSSM parameter space, if SUSY is responsible for (at least part of) DM.

In gravitino DM models with thermal leptogenesis, the interplay of gravitino relic density, re-
heating temperature of the Universe after the inflationary phase, Try and the gluino mass, Mg, determine
an upper bound on the gluino mass relevant to the HL-LHC and also a high energy hadron collider [537].
With a sensitivity to the gluino mass up to ~10 TeV, the 100 TeV collider can fully probe these models
for Try > 3 x 108 GeV (see Fig. 69).

3.6 Beyond WIMP DM

As mentioned in the introduction, there is a variety of DM models where the observed relic density is
obtained by a mechanism different from WIMP freeze-out, but which nevertheless are testable in collider
experiments.

Here we will discuss an example of an asymmetric DM (ADM) model, a scenario with a composite
hidden sector, a model of super-WIMPs and a variation of supersymmetry where the abundance of the
DM candidate, the gravitino, is set by decays of the next-to lightest supersymmetric particle. All these
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Fig. 69: Distribution of DM-motivated pMSSM points with gravitino LSP, neutralino NLSP and SUSY masses
up to 20 TeV in the re-heating temperature vs. gluino mass plane. A constraint on the gluino mass can exclude
gravitino LSP models with thermal leptogenesis requiring re-heating temperatures above ~ 5 x 10% GeV.

models lead to collider signatures that could be detectable at a hadron collider but which are different
from the usual DM search channels. Their detectability should therefore also be taken into account when
discussing future collider experiments.

What this section is not, but what would be highly desirable for the future, is a full classification of
beyond-WIMP DM signatures which are relevant for colliders. In particular the testability of the ADM
paradigm (and not just particular models) at a future collider should be analyzed further.

3.6.1 Asymmetric DM through the Higgs Portal

The Higgsogenesis scenario introduced in Ref. [538] is one of the most compact ADM models. The DM
sector consists of a pair of a vector-like SU(2) doublet of fermions X5 and a neutral fermionic singlet
X1 (the DM candidate), and is thus similar to the singlet doublet models mentioned above and to the
Bino/Higgsino scenario, which can be probed at a 100 TeV collider up to masses of order 1.2 TeV, see
Fig. 45 and Ref. [70] for more details.

The basic idea is to use the chemical potential of the Higgs to transfer an asymmetry between the
SM and the DM sector. After an asymmetry is generated in the visible sector, but before electroweak
symmetry breaking, the Higgs carries a nonzero charge asymmetry, which is transferred to the DM sector
by an operator

LD i(HTXQ)2 + h.c., (63)
Ay
which is possible for values of Ay up to the GUT scale. A small Yukawa coupling yy X2 X1 H allows
X9 — X1 H decays, which transfer the asymmetry to X; once the temperature drops below My, , and
which should happen after the transfer operator freezes out. The inverse process, where an asymmetry
generated in the dark sector is transferred to the SM, is also possible with this mechanism.

In Ref. [538] it was shown that this mechanism can give the correct DM relic abundance for a
range of DM masses from 10 GeV to 10 TeV, which should at least partially be in range of a future
hadron collider. A more detailed study would be welcome.
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Note that while the Higgsogenesis mechanism is minimal in the sense that no complicated transfer
sector is possible, the problem of annihilating the symmetric component is not yet addressed. Indeed
Ref. [538] introduces an auxiliary mediator ¢ such that the DM can annihilate through the process
X1X1 — ¢¢, with ¢ later decaying to SM particles. In this case the constraints from light mediator
searches (see Section 3.4.1) become relevant, and additional studies for light scalar portals at 100 TeV are
needed.

Instead if one demands that the symmetric component of DM in ADM models annihilates directly
into SM particles, then one can use a similar approach as for WIMP particles, namely by either classi-
fying the annihilation channels using effective operators or, as done in the WIMP section above, using
the particles that mediate the annihilation. The main difference is that now the annihilation has to be
stronger than in the WIMP case, since the relic abundance should be dominated by the asymmetric con-
tribution, otherwise it would just be another WIMP scenario. For ADM annihilating to SM quarks, this
was studied in [539, 540] using effective operators to parameterise the interactions. An update of this
study using the simplified model approach discussed above, and including projections to 100 TeV hadron
colliders, would be useful.

Alternatively if the ADM candidate is part of a complex, possibly composite dark sector, then the
fast annihilation of the symmetric component into unstable dark sector states can be a natural conse-
quence of the model, and such an example is discussed in the next section.

3.6.2 Dark QCD, Hidden Valley DM

Models where the DM candidate is a stable composite state of a QCD like dark sector are well motivated,
simply by comparison with the case of the proton in QCD. Stability of DM would be guaranteed by global
DM number conservation, and the mass scale can be generated through dimensional transmutation from
a small coupling at a high scale.

Such models were originally considered in the context of parity symmetric "mirror world" sce-
narios [541-544], where the DM would be composed of mirror protons. However in those scenarios the
only interactions of the visible world with the dark sector are gravitational, such that they are not relevant
for collider phenomenology (and indeed are difficult to verify overall).

In [525,528] so called Hidden Valley were introduced where a QCD like confining hidden sector
communicates with the SM through heavy mediators, and DM models based on this general construction
were introduced e.g. in [545-548]. The main idea is that the DM candidate is a composite baryonic bound
state made out of dark quarks of a "dark QCD" which, similar to the proton in the SM, is stable because
it carries a conserved DM number, and with a mass of order of the GeV scale set by the dark QCD
confinement scale Ap. A heavy TeV scale mediator X is responsible for sharing the asymmetry between
the SM and the dark sector. Fast annihilation of the symmetric DM component is now guaranteed by
the equivalent of proton anti-proton annihilations into pions in QCD, i.e. the DM annihilates to dark
pions. The heavy mediators itself can allow the dark pions to decay back to SM particles, therefore no
additional light mediators have to be introduced by hand.

Observability of such a dark sector is mainly determined by whether the mediator particle can be
produced at a collider. If this is the case, the phenomenology can be quite spectacular, since the strong
dynamics in the hidden sector can produce dark jets, events with many displaced vertices, final states
with many heavy flavours, and more [528, 549].

Let us first consider one characteristic signature dubbed "emerging jets" in [550], where the medi-
ator X is pair produced and decays to quarks and dark quarks. While each quark will undergo a regular
shower and hadronization process and give rise to jets, the dark quarks will shower in the dark sector
first and produce dark jets made out of mostly dark pions. These dark pions naturally have lifetimes of
order milimeters to meters, and therefore decay back to SM particles throughout the detector, collimated
within a "dark jet". The strategy proposed in [550] is to reconstruct regular multi-jet events and then
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search for emerging jets, i.e. jets with few or no tracks pointing back to the interaction point, in the
multi-jet sample. It was found that requiring two emerging jets in one event almost fully removes the
QCD backgrounds, which mostly come from long lived neutral mesons decaying in the detector. At the
14 TeV LHC this class of models can be probed for mediator masses up tol.5 TeV which, by applying
naive parton luminosity scaling'®, implies a reach of up to 9 TeV at a 100 TeV machine with 3 ab~!.

A variation of the above scenario occurs when the dark pions in the shower have different life-
times, ranging from prompt decays to particles stable enough to escape the detector. In this case one
gets a jets plus missing energy signal, with the missing energy correlated with the jet directions. Refer-
ence [551] proposes a search for such events coming from the decay of a Z’' mediator into hidden sector
particles, which utilises the transverse mass computed from the jets and missing energy to distinguish
from QCD backgrounds. At the LHC the projected reach is 3.5 TeV, which should scale up to 20 TeV at
a 100 TeV collider.

Finally if the hidden sector communicates with the SM mainly through the Higgs portal, then
exotic Higgs decays involving displaced vertices might be the leading tool to probe such dark sec-
tors [470,526]. A 100 TeV machine is an ideal tool to search for exotic Higgs decays, simply due
to the large amount of Higgs bosons produced there (this is discussed in the accompanying Higgs at
100 TeV document).

The main point of this section is to introduce some examples of DM models which give rise to
signatures which are different from the well known missing energy searches and also different from
standard mediator searches. Detectability at a hadron collider in these cases is mainly due to particles
associated with the DM sector, but not the DM itself'®, and this is also the reason why new search
strategies are possible and necessary.

A possible classification of signatures should be possible in two steps: First, one specifies how
the dark sector communicates with the SM. This is very similar to the WIMP case, so the classification
of SM and BSM mediators done above can be applied here as well. The second step is to classify the
dynamics in the dark sector itself. This includes distinguishing perturbative and non-perturbative dark
sectors, and a classification of additional symmetries which could for example give rise to a hierarchy of
lifetimes or further constrain the interactions of the mediator.

3.6.3 Radiating DM

Radiation in the Dark Sector At the spectacular partonic center of mass energies afforded by a 100 TeV
collider, radiative processes reach unprecedented levels. This is true not only for QCD and electroweak
interactions, but also for any new physics sector that contains light particles with appreciable couplings.
A particularly well-motivated example is self-interacting DM [552,553], which could potentially resolve
shortcomings of our present understanding of cosmic structure formation on dwarf galaxy scales (see
also [554, 555]). Moreover, DM self-interactions can also lead to Sommerfeld enhancement in DM
annihilation [556-558], and possibly even to the formation of DM bound states [559, 560].

Perhaps the leading candidate for the mediator of DM self-interactions is a dark photon A’—the
gauge boson of a corresponding to a new local U (1)’ symmetry in the dark sector. To be phenomenolog-
ically relevant, A’ is typically light (MeV-GeV), has relatively strong couplings to DM (/' ~ 0.01-0.1),
and tiny couplings to the SM sector through kinetic mixing with the photon. The dark sector Lagrangian
in such a scenario reads

. . 1 1 €
Laark = X (i@ — my +igad')x — ZFZLVF’“” + imi,ALA/“ — ingFW : (64)
Here, x is the fermionic DM particle with mass m,, g4 = V4o’ is the U(1)’ gauge coupling, m s is
the dark photon mass, and e is the kinetic mixing parameter, which is typically < 1073. We remain ag-

Shttp://collider-reach.web.cern.ch
!6This is also true e.g. for the disappearing track search which is crucial for the Wino scenario discussed above.
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Fig. 70: The process that gives radiating DM its name: production of two DM particles x, followed by the emission
of several soft or collinear dark photons A’ [561].

nostic about the origin of the dark photon mass—it could originate from a dark sector Higgs mechanism
or from the Stiickelberg mechanism.

When DM is produced with a large boost at a collider, there is a high probability that additional
collinear A’ bosons are radiated (see Fig. 70) [561]. This is particularly true if the DM itself and the
dark photon are rather light, for instance on the order of GeV, where direct detection bounds are weak.
The higher the center of mass energy of the process, the more A’ bosons are radiated, as illustrated in
Fig. 71. These A’ bosons eventually decay to observable SM particles through the kinetic mixing term
in Eq. (64), with the exact branching ratios depending sensitively on m 4/ (see Fig. 2 in Ref. [561]).
Depending on the value of ¢, the decays can be either prompt or displaced. Phenomenologically, the final
state of the process pp — Yx + nA’ thus consists of two “jets” of collimated A" decay products, plus
missing energy.

Phenomenology of Radiating Dark Matter Depending on the decay modes, these A’ jets can be clas-
sified into one of the following categories:

— Lepton Jets. If all A’ bosons radiated by a DM particle decay leptonically, a large num-
ber of collimated leptons is expected. Such lepton jets have been discussed previously for in-
stance in Refs. [470,516,518, 564-570]. Experimentally, lepton jets have been searched for in
Refs. [530,571]. SM backgrounds to these searches are extremely low, making them a particularly
sensitive probe of new physics. This is especially true for m 4 < 2m.., where all A’ bosons decay
leptonically. At larger m 4/, the branching ratio for A’ — ¢*/~ varies between 20% and 70%.

— Mixed Jets. If some of the A’ in the dark photon jet decay leptonically and others decay hadron-
ically, we expect a QCD-like jet with anomalously large lepton content. This signature can be
distinguished from ordinary QCD jets by looking for an anomalously large energy deposit in the
electromagnetic calorimeter and/or the muon system. Moreover, for displaced A’ decays, the oc-
currence of displaced vertices is a smoking gun signature.

— Hadronic Jets. If all collimated A’ bosons decay to hadrons, they closely resemble a QCD jet.
Nevertheless, if the kinetic mixing parameter e is so small that A’ decays are displaced, a separation
from SM backgrounds is possible.

Why go to 100 TeV It is clear from Fig. 71 that a search for radiating DM could greatly benefit from
the increased center of mass energy afforded by a 100 TeV collider: at higher /3, the probability that
a DM particle radiates at least one A’ is much higher than at the LHC, and in many events, several
A’ bosons will be emitted per DM particle, making the signature even more spectacular. Of course,
the relation between the partonic center of mass energy v/ and the collider energy /s depends on the
details of the DM production process. If DM is produced through an s-channel mediator with mass at the
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Fig. 71: The distribution of the number of dark photons A’ radiated in each DM pair production process pp — Yx
for several values of the partonic center of mass energy /3. We have used a dark fine structure constant of
o' = 0.05, a DM mass of m,y = 4 GeV, and a dark photon mass m 4 = 1.5 GeV. The computation was carried
out in Pythia 8 [261,562,563], using the hidden valley model implemented therein. See Ref. [561] for an analytic
treatment of dark radiation.

electroweak scale, /5 is typically similar to the mediator mass if that mass is kinematically accessible.
Naturally, at a 100 TeV collider, much heavier mediators can be probed than at the LHC. For off-shell
production, e.g. through colored ¢-channel mediators such as squarks, v/ is determined by the valence
quark PDFs. Once again, a 100 TeV machine would have a significant edge over the LHC. In fact, dark
radiation cannot be probed in such ¢-channel scenarios at the LHC at all. At 100 TeV, such restrictions are
removed, allowing a 100 TeV collider to probe radiating DM in all of the most important electroweak-
scale production channels.

Some Thoughts on Search Strategies and Detector Design The sensitivity of a search for radiating DM
hinges crucially on the analysis cuts imposed. Questions to consider in designing a search for radiating
DM are

— Is there a signal in the tracking detector? Most prompt A’ decays will lead to such signals,
but for displaced decays of longer lived A’ bosons, it will usually be absent. Moreover, some
subdominant decay modes (4’ — KK and A’ — 7%+) do not yield a tracker signal.

— Is there a signal in the calorimeters? Once again, the presence of such a signal depends on the
A’ decay mode: A" — "~ is not visible to the calorimeters, while all other decay modes are.

— What fraction of the decay energy is deposited in the electromagnetic calorimeter? (as op-
posed to the hadronic calorimeter). For short-lived A’, this fraction allows to distinguish different
decay modes. For displaced decays, however, even a decay like A’ — eTe™ can deposit its energy
mostly in the hadronic calorimeter.

It is clear from these considerations that the sensitivity of a search for radiating DM depends
sensitively on the detector design. In particular, the values of the kinetic mixing parameter € that can
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be probed efficiently in the search for displaced decays change with the radial size of the detector. This
statement can be quantified by considering that the A’ decay rate to leptons is given by

1 1 € 2 mas
(A ) = Zae? =
(A= 0707) = gaeima = o0 cm<10—3> <GeV> (65)

in the limit my, < m 4 (see Ref. [561] for a more detailed discussion of A’ decays). For this reason,
it may be useful, for instance, to have one rather compact detector and one fairly large one (like at the
LHC). Thinking even further, a dedicated search for radiating DM in the small € region might benefit
from dedicated muon detectors placed far away > 10 m from the interaction point. Of course, with such
a system it would be difficult to achieve good angular coverage.

3.6.4 SuperWIMPs and Gravitino DM

Many extensions of the SM introduce additional particles which are only very weakly coupled to the
SM, and which are potential DM candidates. Prime examples are the axion as a solution of the strong
CP problem, and the gravitino which arises in supersymmetric models involving gravity. In some cases
the mechanism that sets the relic density of such particles is accessible at colliders, and we will discuss
one such example now, following [424] (see also [572-575]).

Consider a super-WIMP (SWIMP) with mass mgwivp which is stable on cosmological time
scales, but which is not thermalized in the early universe, and furthermore a weakly interacting particle
L which freezes out with relic abundance €2r,. If L decays to the SWIMP with a lifetime short enough to
not upset nucleosynthesis, then the super-WIMP can be the DM candidate with abundance set by

MSWIMP Q. 66)
mr,

2
Qswimvph” =

The difference from a WIMP scenario is that now L can be charged, and this is the case for example in
supersymmetric models where L can be a charged slepton, or a KK-lepton in extra-dimensional models.
Signatures of these scenarios now include heavy stable charged particles travelling through the collider
and displaced decays of L in the detector which can give rise to either displaced vertices or kinked
tracks. Since L is the natural end product of any new particle which is produced and which carries the
DM symmetry, these signatures will also appear in combination with jets and leptons. Another exciting
possibility is that L, if charged, can loose energy rapidly and therefore might get stuck in the detector or
in the surrounding material [573], where it can be trapped and analyzed before it decays.

The reach for these signatures should scale with the center of mass energy, since they are free
from SM backgrounds. Therefore a 100 TeV collider can certainly probe my, in the multi-TeV range,
maybe even reach 10s of TeV, provided that future detectors have at least the same capabilities as the
LHC experiments.

3.7 DM Summary

In this section, the reach of a 100 TeV collider for large classes of DM models was explored and com-
pared to the reach of the 14 TeV LHC, indirect and direct DM detection experiments and other collider
and laboratory experiments. As one would have expected, a 100 TeV machine vastly increases the mass
range up to which DM models can be probed, and in several cases the upper mass limit indicated by the
observed DM density is reached. In other words:

— There are well defined DM models whose parameter space can be fully probed at a 100 TeV
collider.

Maybe the simplest example is the Wino (SU(2) triplet) scenario studied in Sections 3.3.1, 3.3.2, 3.3.4.
Here one important aspect is that monojet searches alone can not cover the theoretically motivated DM
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Final State Analysis Section
jet+MET Wino, Higgsino DM 33.1-334
jet+MET Higgs Portal 3.35
jet+MET Simplified Vector/Axial 34.1-3423
jet+MET Simplified Scalar/Pseudo 34.1-343
jet+MET Gluion/stop coannihalation 3.5.1
VBF jets +MET Wino, Higgsino DM 33.1-332
VBF jets +MET Higgs Portal 3.3.5
photon+MET Wino 332
Disappearing tracks Wino,Higgsino 33.1-332
Disappearing tracks Fiveplet DM 333
Disappearing tracks Relic-Neutralino 334
lepton+y+MET Relic-Neutralino 334
Zp = UU+(Zp — 1) Dark Photons 3.4.4,3.6.3
displaced jets Dark QCD/Hidden Valley 3.6.2
long lived charged particle Super-WIMPS/Gravitino 3.64
dijet Simplified Vector/Axial 34.1-3423

Table 5: Overview of the final states and the associated model, with a link to the respective section.

mass range, however the combination with either indirect detection or with disappearing track searches
is sufficient to fully probe the viable parameter space.

Monojet and related missing energy searches are essential to establishing the presence (or absence)
of DM at a collider, and in many scenarios they extend the reach beyond parameter space accessible in
direct detection, as can be nicely seen for example in Figs. 58, 59. However also here it is important to
notice that full coverage of the viable parameter space is often only possible by combining these searches
with other channels. A nice example is provided in Fig. 62, where the search for the mediator in the dijet
channel is necessary to probe the tuned region of parameter space where resonant annihilation allows for
very large DM and mediator masses.

Fortunately a hadron collider allows the study of many signal channels in parallel, and standard
multijet + MET searches can easily be combined with disappearing track or displaced object searches.
The importance of those more exotic signatures is not only highlighted by their ability to close of the
parameter space of some of the minimal models discussed in Sections 3.3.1-3.3.4, but also because
they give access to a broader range of DM models which might not easily show up in missing energy
signatures, like some of the examples discussed in Section 3.6.

A list of final states which are relevant for DM searches at a 100 TeV collider is given in Table 5.
Here information is provided which models are probed by which final states and, for models which are
testable in several final states, which ones are the most sensitive. It should be emphasised that this list
is not complete but instead based on the models and channels for which studies are available, and in
particular scenarios for which only one channel is sensitive would benefit from further studies.
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While the overall prospects for observing DM at a 100 TeV hadron collider are promising, one
should not forget that there are models which are notoriously difficult to probe. The worst offender is
one of the simplest models, namely the Higgs portal with a singlet scalar DM candidate, discussed in
Section 3.3.5. The good news here is that this model also has a clear prediction for the direct detection
rate, which is accessible in the next generation of experiments. Further studies of such a DM candi-
date might then require a linear collider, so this should be seen as additional motivation to study the
complementarity of high energy lepton colliders with a 100 TeV hadron collider.
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4 Other BSM Signatures

This section is devoted to the assessment of the potentials of a future circular hadron collider at 100
TeV (to which we will sometimes refer simply as FCC) in terms of BSM signature that are not “typical”
of supersymmetric and dark matter models. Of course, most of the signatures discussed here can be
relevant for certain such models, however they do not constitute their key ingredient nor their smoking
gun signatures in a way clarified in the following discussion. In particular the goal of this section can be
summarized in two points:

— Study morivated and generic signatures that allow to test new physics. With motivated and generic
we mean signatures that are shared by large classes of new physics scenarios.

— Define collider and detector benchmarks that allow the highest possible sensitivity to these moti-
vated and generic signatures and that can help in a concrete assessment of the needed design of the
future facilities.

The results will be presented as a list of more or less detailed studies of concrete BSM models,
which predict a particular signature, shared by broad BSM scenarios. The cases presented in what follows
generally fall into three broad categories:

— Single production of new particles;
— Pair production of new particles;
— Precisione measurement aimed at constraining NP indirectly.

However, since single and pair production can constitute, in some cases, like for instance fermionic
top partners, inseparable signatures of motivated BSM scenarios, we prefer to separate the results into
three sections devoted to new bosonic resonances, which are signatures typically interesting for single
production and new fermionic resonances, which, depending on the scenario can be interesting both in
the single production (in association with other SM particles) and pair production. Finally we will devote
a last section to the non-resonant signatures, which are aimed at constraining new physics indirectly. We
can already get a preliminary idea, which will be refined in the following sections, of the reach of a 100
TeV collider on high invariant mass objects, by considering the single production of a general heavy
resonance R. For the production of a narrow resonance R, which can be described as a 2 — 1 processes,
the inclusive tree level production cross-section can be written as

FR—)ij 16772<2JR + 1) Cr dLij
X) =
olpp = R+X) =Y 7 N Ol d|

ijEp §=M?2

(67)

where I'p_,;; represent the partial widths of the corresponding decay process R —  ij,
i,j =49,4,¢, Wrr,Zr 1,7} are the colliding partons in the two protons, and dL;;/d5s s=M3 is the
corresponding parton luminosity evaluated at the resonance mass. The factor Jg is the spin of the reso-
nance, C'r the dimension of its color representation, C; ; are the dimensions of the color representations
of the two partons and Ny is the number of polarization states of the incoming partons contributing to
the production. This last quantity is equal or smaller than the sum over polatization (2s; + 1)(2s; + 1),
where s;, s; are the spins of the incoming partons. For instance, in the case of a scalar produced by gluon
fusion, like the Higgs boson, Ny, = 2, since only the (+—) and (—+) polarization configurations of
the initial gluons contribute to the production of a J = 0 state. If needed, the cross-section in Eq. (67)
can be corrected by a k-factor to take into account higher order radiative corrections. In Fig. 72 the
parton luminosities dL;;/d5 as function of $ are shown for quark and gluon partonic initial states, and
in particular for gg, gq, q¢ and qq configurations. There are two kind of corrections to the expression
of the production cross section in Eq. (67), which come from width effects, suppressed by I'/M and
from the effect of parton luminosities varying too fast, within a region corresponding to the resonance
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Fig. 72: Parton luminosities d£/d$ as functions of the partonic center of mass energy /5 for a 100 TeV proton-
proton collider, computed using the NNPDF30_LO_as_0118 PDF set [443]. Upper left: gg, qg and gg initial
states; Upper right: qq initial states; Lower: qq initial states.

width, to be considered constant. In this latter case, approximating the integral over the parton lumi-
nosities with their value at the resonance mass fails, generating a large off-shell tail at low masses. This
threshold effect usually corresponds to the region where the parton luminosities start to decrease faster
than exponentially, which roughly corresponds, in Fig. 72, to the point where the curves change their
convexity.

A simple application of the formula in Eq. (67) for the production of new resonances is given by
the production of exotic colore resonances. In Fig. 73 we show the production cross sections'” for some
different colored resonances corresponding to charged and neutral color-octet vectors, charged color-
sextet vectors with fractional charge and excited quarks with spin 3/2. From the figure it is clear that
production cross sections of the order of fb or hundreds of ab are expected for colored states in the mass
range 25-50 TeV. Considering the large integrated luminosity planned for a 100 TeV collider, of several
inverse ab, some of these states should be accessible up to masses even above 50 TeV, depending on
their production mechanism. As it is clear from Fig. 72, the color-octet vectors, being produced by qq
have the lowest production cross section, followed by the excited quark, produced by gg and the diquark
sextets, produced by ¢gq. In general, all these colored resonances are expected to decay back to di-jets.
Assuming an integrated luminosity of several inverse ab a 100 TeV collider should be able to extend the
reach on colored resonances of the LHC from a few TeV, to the 30-60 TeV region.

Another interesting possibility is the production of new gauge bosons, such as Z’ and W' vectors.
These are typically produced by Drell-Yan ¢ annihilation and decay to two leptons or lepton-neutrino
depending on the charge, leading to final states that are effectively zero background in the multi-TeV

"The widths relevant to compute these production cross sections using Eq. (67) are set to the value corresponding to inter-
actions fixed by a (model-dependent) dimensionless coupling that we have set to one for illustration [576].
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Fig. 73: Production cross sections for exotic colored resonances at 14 TeV and 100 TeV. Left: charged and neutral
color-octet vector states; Center: fractionally charged color-sextet vector states (di-quark-like); Right: spin-3/2
excited quark states.

region. The typical cross sections of different Z’ and W’ models [577] are shown in Fig. 74. Again
the reach of the LHC, which is around 5 TeV for such states, can be significantly extended at a 100 TeV
collider, up to 25-35 TeV. The case of new vector bosons arising as composite resonances is also very
interesting. In Fig. 75 we show the cross section of a p-like state arising in minimal composite Higgs
models [578] for typical values of the parameters. In this case decays to two electroweak gauge bosons
are typically enhanced compared to di-lepton and lepton-neutrino final states, corresponding to a reach
that extends up to about 20 TeV. Scenarios presenting new Z’ and W’ bosons are studied in more detail
in Sections 4.1.1, 4.1.2, 4.1.4, respectively in the di-lepton and lepton neutrino, di-jet and ¢7 final states.
Resonances arising from a strong sector responsible for electroweak symmetry breaking (EWSB) are
discussed in Section 4.1.5, where the reach from direct searches in DY production is compared with the
indirect reach of leptonic colliders and in Section 4.1.7, where the VBF production is studied in the b
final state.

Up to now we have given some examples of the reach of a 100 TeV collider on single resonance
production. Of course also pair productions are extremely favored by the large available center of mass
energy. Some of the very well know candidates for pair production searches are the so-called top part-
ners, which can be either scalar, fermions or even vectors [579], depending on the model, whose role is
compensating the large sensitivity of the Higgs mass parameter to the top loop contribution responsible
for the hierarchy problem of the electroweak scale. On top of these particles, other states with different
quantum numbers can be related to naturalness, like for instance color octet fermions, as the gluino in
SUSY. All these states related to naturalness will be discussed extensively in this BSM part of the report,
both in the SUSY section, focusing, for what concerns colored particles, on stops, sbottoms and gluinos,
and in this section, focusing on fermionic partners of the top, usually referred to as just top partners. In
order to give a preliminary idea of the reach of a 100 TeV collider on these particles, we show in Fig. 76
the typical production cross sections for both color-triplets [S80] and color-octets [581] scalars, fermions
and vectors. In the case of color-triplet particles, the spin-0, 1/2, and 1, refer to stop-like, 7”-like and
color-triplet vector top partners respectively. In the case of color-octet they correspond to states that are
techni-meson-like, gluino-like (both Majorana or Dirac) and KK-gluon-like. Differently to what hap-
pens for the single production of resonances, which essentially depend on a free coupling of the new
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Fig. 74: Production cross section of W’ and Z’ gauge bosons in various models [577] at 100 TeV.
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Fig. 75: Production cross section of a p-like vector resonance arising in minimal composite Higgs models [578] at
100 TeV. Typical values of the relevant parameters have been chosen.

theory, the pair productions are completely fixed by QCD interactions and, once the quantum numbers
under the color gauge group are fixed, their production rate can be determined model independently. Of
course, the bigger the color charge and the spin, the bigger the pair production cross section. Provided
that the decay channels can be efficiently discriminated from background, the large rates are expected to
lead to mass reach that extend from about 5 TeV for color-triplet scalars, to about 15 TeV for color-octet
vectors. Concerning colored resonances, fermionic top-partners are discussed in more details in Section
4.2.2, where both single and pair production are considered and in Section 4.2.3, where the top-partners
arising in Twin Higgs models are studied in signatures involving displaced decays with a prompt ¢ pair.

In order to compare the reach on colored resonances produced in pairs, with un-colored ones, we
consider the pair production of new heavy leptons. These particles may be motivated in BSM scenarios
related to the mechanism of neutrino mass generation. In Fig. 77 we show the heavy leptons pair produc-
tion cross section. We consider both a triplet [582] and a singlet of SU(2) 1, denoted by 7" and N. In the
case of the triplet, analogously to what happens for the colored particles, the pair production cross section

547



CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

1e+07 ) g
—— Vector triplet E A — Vector octet

—— Dirac fermion octet 3
----- Majorana fermion octet ]

le+06 £ —— Fermion triplet
1e+05 | Scalar triplet

Scalar octet
10000

100 TeV

Fig. 76: Pair production cross sections of new colored states. Left: color-triplets; Right: color-octets. The different
dashing represent spin-1 (solid), 1/2 (dashed), and 0 (dot-dashed).

is entirely fixed by electroweak interactions [583,584]. The states in the triplet are expected to be almost
degenerate in mass and typically decay into the T+ — Wy, Z¢* hé* and T — W*(F, Zv, hv final
states, as discussed in Section 4.2.1. From the Figure, we see that depending on the decay channel the
reach on these particles, which at the LHC is limited to around the TeV, can be extended at a 100 TeV
collider in the range of 5—8 TeV. Concerning the SM singlet [V, we consider its production in association
with a SM lepton, which depends on the details of the mixing matrix between /N and the SM neutrinos.
In the Figure we show the N/* production cross section normalized to a mixing matrix equal to the
identity, which would correspond to the production cross section of a doublet of SU(2). Some of these
signatures involving heavy leptons are discussed in detail in Section 4.2.1.
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Fig. 77: Pair production of new heavy leptons at 14 and 100 TeV, for an SU(2) triplet (7+:°) and for a singlet state
N/(¢* via mixing. See Section 4.2.1 for details.

4.1 New Bosonic Resonances
4.1.1 New Gauge Bosons in Dilepton Final States

If a new gauge boson is discovered the next step will be to identify its origins within some underlying
UV theory. A necessary step along this road is the determination of the new gauge boson couplings to
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Model | 1ab~! | 10ab~! | 100ab~!
SSM 23.8 33.3 41.3
LRM | 226 31.5 39.5

0 20.1 29.1 37.2

X 22.7 30.6 38.2

n 20.3 29.8 38.0

I 22.4 29.2 36.2

Table 6: Discovery reach in the leptonic decay mode for various Z’ models [577] in TeV at /s =100 TeV for
different integrated luminosities. Exclusion reach are roughly ~ 3.5 TeV larger in all cases.

the various fields of the Standard Model. Here we discuss a set of measurements that have been proposed
to access this information and their potential use at a 100 TeV hadron collider.

“Identification” is the first step after a new discovery, i.e., the determination of what it is that has
been found. We have been experiencing an example of this procedure in action in the ongoing program
to probe the detailed nature of the 125 GeV Higgs boson. In going from the LHC to a 100 TeV collider,
the window for the discovery of new gauge bosons is enormously increased as is summarized for the
usual canonical scenarios in both Table 6 and Fig. 78. While discovery in the clean Drell-Yan leptonic
channels will only require order 10’s of events, the determination of the various couplings necessitates
event statistics which are order 10 — 100 times larger. This implies that only new gauge bosons with
masses about 10 TeV or more below their corresponding discovery reach will be amenable to coupling
extractions for a given value of the integrated luminosity.

Frequently, to simplify the situation as much as possible in the case of a new Z’, it is assumed
that the couplings are generation independent, that Z — Z’ mixing can be neglected (which is a very
good assumption for large masses) and that the gauge charge to which the Z’ couples commutes with the
corresponding SM generators. Under these assumptions the couplings of the Z’ to the SM fermions are
given in terms of only 5 independent parameters corresponding to the SM fermion representations: (),
Ly, up, dr and er. Surrendering any of these simplifying assumptions enlarges the set of independent
parameters that need to be determined. On the other hand, in the case of a W/, the most important
quantity to determine is the helicity of its couplings to the SM fermions, which separates potential models
into two broad categories.

In order to extract the values of the Z’ couplings in as model-independent of a way as possible we
cannot assume that the new gauge bosons will only decay into the known SM particles. This implies that
measurements which depend on the new gauge bosons width, such as the production cross section times
leptonic branching fraction, o By, cannot be used for this purpose. Several of these decay-independent
observables (which mostly employ high pr lepton triggers) have been proposed and were discussed in
detail in Ref. [585], which we will summarize below. First we consider those observables that employ
the dilepton discovery mode to extract coupling information.

— The most obvious way to by-pass the shortfall of 0B, as a useful observable is to rescale it by
the Z’ width, e.g.,, o ByI"z so that it only depends on the couplings above in the narrow width
approximation (NWA). The typical values of I'z /My in the models in Table 6 are of the order of
1% or so. One finds that this observable, o B;I" 7/, varies by a factor of about 20 for just these six
familiar sample models thus showing its strong coupling sensitivity. Since this quantity makes use
of the discovery channel, only a few hundred events are necessary to obtain a reasonably reliable
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Fig. 78: Left: Cross section times leptonic branching fraction, o (pp — Z') x BR(Z’ — [*17), as functions of the
mass for the Z’ models indicated in the legend at /s =100 TeV. The legend is ordered following the order of the
curves at Mz = 20 TeV; Right: same quantity for the SSM/LRM W' (with gg = g1 and Dirac neutrinos).

determination with small (statistical) errors.'® The main difficulty with employing this observable
occurs when the Z’ width is substantially smaller than the dilepton mass resolution so that the
value of I'z/ cannot be trivially determined.

A familiar observable is the leptonic forward-backward asymmetry, Arp, which can be obtained
from the lepton’s angular distribution. In the Z’ rest frame, with z = cos #* being defined between
the initial quark, ¢, and outgoing [~ direction, this distribution is given by ~ 1 + 22 + 8 Appz/3.
Note that a non-zero value of A p requires vector and axial-vector couplings of the Z’ to both the
quarks and leptons. A problem arises in that the ¢ direction cannot always be identified with the
boost direction of the Z’, which itself is not always cleanly defined (without applying a suitable
cut). Similarly, the rapidity coverage for the leptons can be critical especially if it more restricted
than the typical ATLAS/CMS value of |n,| < 2.5 as larger scattering angles, which show the
greatest sensitivity, will have a reduced contribution. All this results in a dilution of Arp which
can be partially compensated for using Monte Carlo. Again, only a few hundred events are needed
to obtain a reasonable estimate of A p but this increase in required statistics for a fixed luminosity
implies a significant reduction in the reach for coupling information extraction. Since both uu and
dd initial states will, in general, contribute to Z’ production the knowledge of the PDFs (and their
evolution) will be important in the use of Agpg to extract Z’ coupling information. Going beyond
NWA it is possible that information on Arp can be obtained in the interference region below the
Z' peak but this will also require a significant increase in integrated luminosity.

The last observable that makes direct use of the £ = e, i discovery channel is the central rapidity
ratio (1), i.e., the fraction of events with lepton rapidities below some cut value compared to those
above that same value. 7, is sensitive to the wii/dd admixture in the Z’ couplings and so is also
quite sensitive to the Z’ mass due to the running of the PDFs. However, in comparison to the
previously discussed observables, r,, provides somewhat weaker information on the Z’ couplings.
The Z' — 77~ mode is also potentially powerful, particularly in the case of generation-
independent couplings, as the 7 polarization, P, (as can be determined in single-prong decays)
can be used to extract the coupling ratio vg/a,. Even in the 1-parameter Eg models, P, can take
on values over its entire allowed range —1 < P, < 1. However, this mode suffers from the obvi-
ous 7 identification issues in this highly boosted regime and its possible effectiveness for coupling
extraction at 100 TeV will require further study.

1830 times the events needed for discovery corresponds to roughly a reduction of at least 10 TeV in mass from the discovery
reach for the same integrated luminosity.
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To get a rough idea of the separation of the various models en route to coupling extraction provided
by these observables, consider the top two panels in Fig. 79 which assumes L = 5 ab~! and Mz = 15
TeV. We see that these six models are all distinguishable from each other except for the two Eg models,
1) and 7, using just these variables alone.
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Fig. 79: Comparisons of the values of the observables App, r,, and 7,1 for L = 10 ab—! and My = 15 TeV
for the six models shown in Table 6 and Fig. 78 above with the same color coding (from left to right: blue, cyan,
black, magenta, green and red, see Fig. 78 for the corresponding models).

Once we go beyond the dilepton channel, numerous possibilities to obtain coupling information
are available each with their own strengths and weaknesses.

— Still restricting ourselves to 2-body decays to SM fermions, Z' — tt (using boosted top tech-
niques) may be useful if the top polarization can be measured as it is sensitive to the ratio of the
LH- and RH-couplings at the Z'tt vertex. The use of this variable at 100 TeV requires further
study. See Section 4.1.4 for a study of resonances decaying into the ¢f final state.

— 3-body decays of the Z’ can be useful, e.g., in the absence of Z — Z’ mixing the decay Z' — (v W
occurs by W emission off of a lepton leg. The W, being coupled to the leptons in a LH manner,
projects out the LH Z’ coupling to leptons as well. Although this decay rate suffers from both
3-body phase space and coupling factors in comparison to Z’ — ¢+¢~ itis also log?(M_/ /My)
enhanced due to the infrared and collinear singularities in the relevant diagrams. This enhancement
can be quite important for mass ratios of order 200 that we are considering here. For example, for
a Z' mass of 15 TeV in the LRM the cross section for the [*v/W T final state is about 50 ab. One
difficulty at these energies is the rather large boost of the final state W, Z and its small opening
angle with respect to the lepton from which it was emitted, i.e., isolation issues. Further, if the
W, Z are found through their dijet decay modes (for statistical reasons) this will not easily allow
for W, Z separation and will likely appear as a fat single jet. However, this final state deserves
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Fig. 80: Comparison of the W' leptonic transverse mass distribution for LH(red,solid) or RH(blue,dashed) cou-
plings assuming a mass of 15 TeV and an integrated luminosity of 10 ab—!. The Drell-Yan SM background appears
is in green(dotted).

further study since the ratio 7o,y = ['(Z' — wW)/T(Z' — £1{~) can provide reasonable
coupling information as shown in Fig. 79.

— The Z’ can be produced in association with another SM state, e.g., Z'WW=, by “initial state radia-
tion”. This additional gauge boson can be used as a probe to again “project out” certain combina-
tions of the leptonic Z’ couplings. These channels suffer from some of the same issues as in the
case of ry,17 as W and Z final states will be essentially impossible to distinguish in their dijet de-
cay modes while employing their leptonic decays will require increased luminosity to compensate
for the smaller branching fractions. More study is needed.

Now let us very briefly mention the case of a new W’. If the W’ couples LH and/or neutrinos
are Dirac states then the W’ — /(v mode is the standard discovery channel (the case of W' decays
involving RH neutrinos will be discussed in Section 4.1.9). For integrated luminosities of 1(10,100)
ab~! the discovery reach is found to be 31.6(39.1, 46.7) TeV. As mentioned above, the main issue here
is whether the W’ couples in a LH or RH manner. Employing only this mode in the NWA, however, a
purely LH or RH W' are indistinguishable. One possibility to get around this, similar to that discussed
above, is to make use of the W/ — tb mode and then determine the polarization of the top. Another is
to go off-resonance in the transverse mass (M) region below the W’ Jacobian peak and examine the
W — W interference; this interference is absent(destructive) if the W' is RH(LH). This is particularly
noticeable when M ~ 0.4 My, as can be seen in Fig. 80, even for low integrated luminosities. Using
this technique the W’ coupling helicity can be determined for masses up to roughly 10 TeV below the
discovery reach. Of course if the neutrinos are Majorana fields and the W’ couples in a RH manner as
in the LRM then W’/ — /N is the discovery channel where the heavy N itself decays to dijets and a
charged lepton. This signature will be studies in details in Section 4.1.9.

4.1.2 Di-jet Resonances and Calorimeter Requirements

In this preliminary stage of the design of a future 100 TeV collider, we seek to estimate the necessary
specifications of detection devices that will be able to accommodate the planned high energies and pro-
vide suitably precise measurements of any new phenomena that occur. In this subsection we discuss the
kinematic properties of resonant processes involving jets, with particular attention to the performance
of hadronic jets and to the calorimeter containment of very energetic particles. The benchmark model
chosen for this study is a resonant new particle coupling to quarks and gluons, that would manifest as a
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Fig. 81: Excited quark production cross-sections as a function of mass.

local excess over the QCD background.

The sensitivity of a new physics search for a resonant process is linked to an accurate measurement
of the jet energy, and therefore to the calorimeter resolution. Broader local excesses are more difficult
to distinguish over the QCD background. In this contribution we use simulations of new physics events
(specifically, decays of excited quarks) and modify the calorimeter energy resolution in the detector
simulation, in order to observe the effect of the smearing on the width of the signal excess in the dijet
invariant mass. Firstly we give an overview of the simulation and software used for this study, including
an overview of the benchmark model chosen. Then we include further detail on the calorimeter smearing
and the event selection. The last part of this contribution contains the results of this study and conclusions
towards future studies.

The benchmark model used in this study is quark compositeness [586,587]: excited up and down
quarks, and relative antiparticles, are simulated from proton-proton collisions at 100 TeV. Only gauge
interactions are included in the benchmark model. The excited quark masses are assumed to be 10 and
40 TeV. Cross sections for this model at 100 TeV as a function of the ¢* mass are shown in Fig. 81
for different parton distribution functions [84, 588-590]. The Pythia event generator [406] using the
MRST2008LO [84] and the default tune for parton shower, interfaced to the Sacrifice steering software
[591], are used for the event generation. Following the event generation, Delphes 3.1.2 [113] is used to
apply detector effects using the standard FCC detector card to the signal and perform jet finding, using
the anti-kt algorithm [263] with radius 0.5. The events were analysed in MadAnalysis [592] and ROOT
5.34.18 [593].

The energy resolution for a calorimeter in this study is parameterized as:

gZ?@c%, (68)

where c is the constant term that is varied in this study to model possible effects e.g. from calorimeter
punch-through, using the Delphes SimpleCalorimeter module. Events were selected according to the
following criteria [594]:

— Leading and subleading jets must have p7 > 50 GeV and rapidity |y| < 2.8;
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Fig. 82: Dijet invariant mass peak for a ¢* after event selection, fitted using a Gaussian shape, after smearing with
different values of the constant term of the jet energy resolution. Left: 10 TeV ¢*; Right: 40 TeV ¢*.

— Half the rapidity separation (y*) of leading and subleading jets must be below 0.6.

Analysis of data from simulated 10 TeV ¢* decays smeared with Delphes indicates that an increase in
the constant term of the jet energy resolution broadens the width of the dijet invariant mass signal. To
quantify the broadening, the core of the dijet mass distribution after smearing and event selection is fitted
using a Gaussian as shown in Figs. 82. The width of the Gaussian is then divided by the dijet mass to
obtain a relative resolution, and plotted as a function of the constant term broadening in Fig. 83. The
relative mass resolution ranges from 2.5% without any smearing to approximately 7% in the case of a
15% constant term, for a ¢* with a mass of 40 TeV .
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Fig. 83: Relative mass resolution as a function of jet energy resolution constant term for a 40 TeV ¢*.

Figure 82 show that a Gaussian shape does not provide a good description of the signal peak. The
broadening of the dijet mass peak is driven by both PDF effects, dominant in the higher mass samples,
and by the choice of the jet algorithm. Although initially informative, this study should be extended
to a more systematic analysis of different effects that broaden the dijet invariant mass peak in order
to improve the peak parameterisation, and to the study of the impact of this broadening on the search
sensitivity.
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4.1.3 Resonances in the jj Final State

Estimates for the sensitivity of a 100 TeV pp collider to color singlet 2 1/9 and color octet G’ vector boson
dijet resonances have been performed in Ref. [466], while studies of other resonant and non-resonant
scenarios are performed in Refs. [595-597]. The color singlet Z}; particle is a dijet resonance predicted
in models with gauged baryon number [598], whose phenomenology is encapsulated by a flavor-universal
coupling to quarks g /6 and the Z; mass. The coloron G’ arises in extended SU (3)¢ color models as a
heavy cousin of the SM gluon, and also couples universally to quarks with a coupling g5 tan 6. The two
models also exhibit different dijet resonance peak structures as a result of different final state radiation,
and serve to complement the discussion in the previous section regarding broadening effects and peak
sensivity via explicit simulation of color-singlet and color-octet resonance models.

We simulate QCD continuum background and Z and G’ signals using MadGraph 5 [111] and
passed to PYTHIA [112] for parton showering and hadronization: we use MLM [599] matching between
QCD two-jet and three-jet final states. Events are clustered using FASTJET v.3.0.2 [264] by the anti-kr
algorithm [115] with distance parameter R = 0.5 and basic detector simulation effects are used to smear
the jet energies and momentum reconstruction. We do not include any interference between signal and
background for the resonance searches, and so the background sample is identical for each of the BSM
searches. The dijet invariant mass is constructed following the CMS 8 TeV analysis [600], where the two
leading pr jets are used as seed jets. Then, subleading jets within AR = 1.1 are added to the closest
seed jet to form two wide jets.

We analyze the dijet search sensitivity at the 100 TeV pp collider. Using our samples for QCD
background and signal, we conduct a resonance search using a Crystal Ball fit on the signal distri-
bution to identify the peak structure of the resonance [598]. To estimate the statistical significance
o = Ng/+/Ng + Np of this signal peak, we compare the number of signal events within 3 standard
deviations of the Gaussian core of the Crystal Ball fit to the number of QCD events in the same mass
window: we do not include systematic uncertainties, though these are certainly important when the res-
onance becomes very weakly coupled.

The results for the Z/; and coloron resonances are shown in Fig. 84 for 50 discovery sensitivity
using 3 ab~—! and 10 ab~"! integrated luminosity. We have reproduced the current exclusion limits from
Ref. [598] in the gray region. For the right panel, the coloron has a total width larger than 15% of
its mass above the curve marked “Wide resonance,” while for couplings below the line labeled “Non-
minimal models,” the ultraviolet completion of the extended color sector requires additional particles,
such as vectorlike quarks or a second coloron, to retain perturbative gauge couplings.

We see that a ZJ; boson can be discovered as heavy as 32 TeV, depending on its coupling to quarks
gn, while the 100 TeV pp collider also have discovery sensitivity to couplings as small as gp ~ 0.2 for
lighter Z}; resonances. Colorons can be discovered as heavy as 42 TeV, and couplings as small as
tan@ ~ 0.02 can also be seen. The sensitivity prospects of the 100 TeV pp machine for low O(TeV)
resonance masses, however, strongly depend on the dijet trigger threshold, which in turn depends on
improvements in trigger bandwidth and limits from detector hardware.

4.1.4 Resonances in tt Final State

The sensitivity of a 100 TeV pp collider to heavy particles decaying to top-antitop (¢t) final states has
been studied in Ref. [601]. The existence of such particles was discussed in the framework of a generic
Randall-Sundrum model [602]. This model predicts a number of heavy particles, such as an extra Z’
gauge boson (see Ref. [577] for a review) or Kaluza-Klein (KK) excitation of the gluon gx i [603]. The
studies used a complete suite of leading-order and next-to-leading order Monte Carlo samples from the
HepSim repository [604] to understand the backgrounds expected for top decays for transverse energies
above 3 TeV. No detector simulation was used. The KK signal was generated at leading-order (NLO
predictions at 100 TeV are presented in [605]).
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Fig. 84: Projected 50 discovery sensitivity for (left) Z; and (right) coloron dijet resonances, where the current
exclusion bounds are shaded gray.

The studies used dijet invariant mass distributions to extract ¢f resonance signals above 8 TeV. The
dijet masses were reconstructed using the anti-k7 algorithm [115] with a distance parameter of 0.5. The
studies of the sensitivity were performed in a fully boosted regime, i.e. by looking at the invariant mass
of two jets arising from the t¢ system. This approach is challenging due to large collimation of decay
products from top quarks, and large background expected from the SM jets. It should also be noted
that even leptonic top-quark decays is a challenge at such transverse momentum, since leptons from W
decays are often within the vicinity of boosted b-quark jets.

The analysis used several popular discriminating variables that reduce SM backgrounds, such as
N-subjettiness characteristics [265,606], the jet k7 splitting scales [607], jet eccentricity [608], the effec-
tive radius of jets and jet masses. In addition, b-tagging was used assuming a 70% b-tagging efficiency.

Figure 85 shows the dijet masses after double b-tagging and jet shape cuts optimized to increase
the signal-over-background ratios. This figure was used to estimate sensitivity, which is equivalent to
“20 evidence” value of o x BR for the signal calculated using the C'L; method as implemented in the
MCLIMIT program [609]. Figure 86 shows the sensitivity limits for Z’ and gx particles simulated
using the PYTHIAS8 model [112]. It should be noted that PYTHIAS8 generates the boosted ¢t topology
similarly, but the decay widths and the production rates of Z’ and gx x are different. The width of the
Z' boson was set to I' /M = 3%, while the width of g i is substantially larger, I'/M = 16%. The gx i
production rate is more than a factor of ten larger than that of Z’ boson.

The discriminating variables based on jet substructure and b-tagging can increase the signal-over
background ratio by several orders of magnitude, as shown in Table 7. This increases the sensitivity on
the 0 x BR of Z’ and gx x bosons by more than a factor of ten. A requirement for a high-momentum
muon inside boosted jets can improve the signal-over-background ratio as shown in Table 7, but it sig-
nificantly reduces statistics, thus it does not lead to a competitive limit compared to the selection based
on a combination of b-tagging and jet substructure variables. Figure 87 illustrates the rejection factor for
QCD background events as a function of the efficiency of top-quark reconstruction [601]. Identifying
top quarks with a cut on a high-momentum muon near or inside a jet is less performant compared to jet
substructure techniques once branching ratios are taken into account. Even simple jet substructure tech-
niques, such as a cut on 732 (the ratio of the N-subjettiness variables 73 /75 [265,606]) and the splitting
scale v/d12 [607], can overperform the leptonic channel in terms of the background rejection and signal
efficiency.

It should be pointed out that the 95% CL sensitivity estimates for a 100 TeV collider with the
integrated luminosity of 10 ab™! are rather general, as long as the widths of the ¢f resonances are similar
to those discussed in this analysis. Table 8 shows the values of o x BR for theory and experimental
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Fig. 85: Dijet mass distributions after jet shape and b-tagging requirements on both jets (see Ref. [601] for details).
No subjet requirements were imposed on the second jet. The expectations for resonant processes are shown with
the lines. The background histograms are stacked. Left: Dijet mass distribution with Z' — ¢¢ signal; Right: Dijet
mass distribution with g i — t signal.
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Fig. 86: 95% CL sensitivity estimates for a 100 TeV collider with an integrated luminosity of 10 ab—! for Z’
and gx i bosons decaying to tf using the “fully-boosted” regime without resolving separate decay products of
top quarks. Details of the selection cuts are given in Ref. [601]. The sensitivities are given after applying jet
substructure selections [601] and double b-tagging.

sensitivity as a function of resonance masses used in Fig. 86 for different values of integrated luminosity.
It can be seen that a 100 TeV collider with an integrated luminosity of 10 ab™! can be sensitive to a gx i
resonance with a mass of 17 TeV, assuming the LO QCD cross section for the gx i production. The
study also shows that the assumed integrated luminosity is sufficient to be sensitive to Z' — tt decays
with mass of 13 TeV.

It is useful to estimate how the sensitivity would improve with integrated luminosity. The results
discussed above were extrapolated to higher values of luminosity using a similar technique. For an
integrated luminosity of 30 ab—!, the Z’ mass reach would increase to 16 TeV, while the mass reach for
gix ik would increase to 19.5 TeV. More details on this analysis can be found in Ref. [601].
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‘ No cuts ‘ JS2 ‘ b-tag ‘ b-tag+JS1 ‘ b-tag+JS2 ‘ b-tag+JS1+p ‘

‘ 0.0007 ‘ 0.007 ‘ 0.16 ‘ 0.19 ‘ 0.21 ‘ 0.36 ‘

Table 7: The signal-over-background (S/B) ratio for a Z’ with mass 10 TeV for different combinations of the
selection cuts [601]. The abbreviation "JS2" indicates the jet substructure cuts applied for both jets, while "JS1"
indicates the jet substructure cuts for a single jet. The last column shows a combination of b-tagging, jet sub-
structure selection and a reconstruction of a high-momentum muon that carries more than 35% of jet transverse
momentum. Although the S/B ratio is the largest for the last column, the statistics expected for 10 ab=! is not
sufficient to obtain a competitive 95% CL sensitivity compared to other selections.
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Fig. 87: Rejection factor for QCD jets versus efficiency of reconstruction of top quarks for different variables
used to select top jets.

4.1.5 Composite Resonances: Direct vs Indirect Probes

In this subsection, we study the expected direct reach of a 100 TeV collider on heavy vector triplets [610]
and compare it to the expected indirect reach of various proposed future lepton colliders in a minimal
composite Higgs model [611].

The comparison of the discovery and exclusion prospects of a 100 TeV collider and various pro-
posed lepton colliders is crucial to gain a deeper understanding of the expected impact of these experi-
ments. It is most conveniently done within a small parameter space of an explicit model. Here we choose
a minimal composite Higgs model [612-614]. This is not only a theoretically well-motivated scenario
but also predicts direct and indirect signs of new physics which can be studied at the different collid-
ers. All new physics effects are comprehensively discussed in Ref. [611] and we refer the reader to this
reference for further details. Here we report a brief summary of this study.

The strongest indirect constraints on composite Higgs models come from electroweak precision
tests. However, their impact depends heavily on the details of the model. In order to remain as much as
possible agnostic on these details and therefore more model independent, we do not focus, when con-
sidering indirect effects, on electroweak precision tests, measured both at LEP (with some improvement
from Tevatron and LHC) and possibly improved at future leptonic machines. Instead we concentrate on
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mass o X BR (fb)

(TeV)  Z'(th)  Z'(exp) gxk (th)  grr (exp.)
8 18.46 7.00 262.3 20.2

10 7.03 3.97

12 3.02 2.54 45.4 7.7

14 1.44 1.75

16 0.73 1.27 12.2 4.7

18 0.39 1.10

20 0.21 0.98 4.2 4.1

Table 8: Values of 0 x BR for theory and experimental sensitivity as a function of resonance mass shown in
Fig. 86.

indirect effects originating from the modification of the Higgs couplings because they are largely model-
independent. In fact, for all models based on the minimal coset SO(5)/SO(4), the Higgs coupling to
electroweak gauge bosons is universally predicted to deviate from the SM expectation by ky = /1 — &,
where ¢ = v2/f2, f is the decay constant of the pseudo-Nambu-Goldstone boson Higgs and v is the scale
of EWSB. We will thus take the sensitivity of future lepton colliders to ki as a good model-independent
measure of their reach on composite Higgs models.

Direct signatures stem from top partners and electroweak vector resonances. Top partners are
generally more model-dependent: their mass controls the generation of the Higgs potential and thus the
level of fine tuning required to achieve EWSB and a light Higgs boson [615]. The prospect for top partner
searches at a 100 TeV collider are discussed in Section 4.2.2. In the analysis we perform here, aiming at
being as much as possible model independent, we focus on vector resonances which are associated with
the current operators of the SM gauge group. In particular, we study a colorless triplet under SU(2),
with zero hypercharge. The simplified model for the heavy vector triplet, studied in detail in model B of
Ref. [610], depends on only two parameters: the mass m,, of the vector triplet and the new coupling g,
which describes the self interactions of the heavy vector and parameterizes the couplings to SM particles.
The two parameters are related to £ by
gpv°

=
mp

&=

(69)

Thus the indirect reach on £ can be compared to the direct reach on m,, and exclusion bounds are set in
the (m,, £) or, analogously, in the (m,, g,) plane.

Figure 88 shows the LHC bounds on o xBR at 8 TeV with 20 fb—!, expected limits at the 14 TeV
LHC with 300fb—! (LHC) and 3ab—! (HL-LHC) and at a 100 TeV collider with 1ab~! and 10ab™!.
Blue curves represent CMS bounds on W Z in a fully leptonic final state [617], while the more sensitive
orange curves depict CMS limits from opposite sign di-lepton searches [616]. We verified that the corre-
sponding ATLAS searches in Refs. [618] and [619] yield similar results. The current bounds have been
extrapolated to larger center-of-mass energies and different integrated luminosities with the procedure
described in Ref. [611]. As it can be seen from the figures, the limits approach a constant value at high
invariant masses. This is expected as the region corresponds to the zero background regime. An increase
of the integrated luminosity by a factor of 10 at a constant center-of-mass energy improves the exclusion
bound by a factor of 10 for large masses and and by a factor v/10 ~ 3 for intermediate masses where
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Fig. 88: Left: Bounds on o x BR from LHC at 8 TeV (LHC8) with 20 fb~! (solid) and corresponding extrapolations
to LHC at 14 TeV with 300 fb—! (solid) (LHC) and 3 ab~"! (dashed) (HL-LHC); Right: extrapolation of LHCS to
a 100 TeV collider with 1ab~! (solid) and 10ab~! (dashed). The two analyses of refs. [616] (CMS di-leptons,
orange, lower curves) and [617] (CMS fully leptonic di-bosons, blue, upper curves) are considered.

the background becomes sizeable, and the limit scales as the square root of the number of background
events. At very low masses, the bounds become unreliable due to a subtlety in the extrapolation proce-
dure which gives a conservative, but not strongest, bound (see Ref. [611] for details). Finally note in the
low mass limit, that bounds from the 14 TeV LHC are weaker than at 8 TeV, and a similar feature can be
observed when comparing a 100 TeV collider to the LHC at 14 TeV. This is due to the larger background
expected at higher center-of-mass energies. The growing cross-section at higher energy colliders will
compensate for this effect, however, and will eventually result in stronger limits on the model parameters
in the entire mass range.

These bounds on o xBR can be translated into excluded regions in the (m,, g,) and (m,, ) pa-
rameter space shown in the left and right panels of Fig. 89 respectively. Both plots show the relevant
parameter space for a 100 TeV collider. The strong coupling g, is constrained to be larger than the SM
couplings but still within the perturbative regime, 1 < g, < 47, and { < 1. Regions which violate these
conditions are theoretically excluded and shaded in grey in the exclusion plots. Current direct limits for
8 TeV are shown in dark violet, while extrapolated bounds from the 14 TeV LHC and a 100 TeV collider
are depicted in medium and light colours. The 100 TeV collider bound refers to an integrated luminosity
of 10ab™!, while the dashed violet line shows the bound at 1 ab—".

The shape of the direct bounds can be understood as follows. The coupling of the heavy triplet to
SM fermions scales as g%/ gp, where g is the SM SU (2) 1, gauge coupling. Since the dominant production
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Fig. 89: Comparison of direct and indirect searches in the parameter space of the MCHM. Left: comparison in the
(m,, gp) plane; Right: comparison in the (m,, §) plane. See the text for details.

mode is Drell-Yan, we see that the vector becomes effectively weakly coupled for large values of g,,. This
explains the weaker mass reach at large couplings. Furthermore, the scaling behaviour accounts for the
far mass reach of the di-lepton channel for low couplings. The kink at intermediate masses is due to
the transition between the regions where di-boson searches dominate the exclusion (low masses, large
coupling) and where di-boson searches dominate the exclusion (high masses, low coupling). The triplet
coupling to SM bosons goes as g, and hence di-boson channels are more sensitive for larger values of
Yp-

From the plots we can infer, as expected, that an increase in the center-of-mass energy of the
collider enhances the mass reach significantly. In fact, only a 100 TeV collider has the capability to
access the multi-TeV region. An increase in luminosity improves the mass reach only slightly but is
considerably more effective in the reach for larger g,.

Note that resonances become broad for large g, because their coupling to longitudinal vector
bosons and the Higgs grows which increases the intrinsic width as gg. Broad resonances are harder to
detect and since a narrow resonance has been assumed in our analysis we expect the actual limits to be
even weaker than ours in the large coupling regime. To estimate the region where finite width effects
should start to become relevant we included the fine red dotted curves which depict the boundary to the
region where the widths exceeds 20% of the mass. In the region above the red line the width is even
larger and our bounds are no longer reliable (see Ref. [610] for details).

Indirect constraints are depicted as black dashed lines and show the expected 2 ¢ errors on &,
corresponding to twice the error on ky ~ 1 — £/2, obtained from single Higgs production. The values
are taken from Refs. [620-622]. In the (m,, &) plane, the limits simply corresponds to horizontal lines
and translate into straight lines with varying inclination in the (m,, g,) plane. In particular, the plots
show the LHC reach with 300 fb~! and 3 ab—! corresponding to £ > 0.13 and & > 0.08 respectively, and
the expected reach of the ILC and a leptonic FCC at /s = 500 GeV and /s = 350 GeV corresponding
to £ > 0.01 and £ > 0.004. Note that CLIC with 2 ab~! is expected to have a sensitivity comparable to
the leptonic FCC.

In conclusion, the plots demonstrate that direct and indirect searches are complementary and probe
the parameter space of a composite Higgs model from different directions. While direct searches are
more powerful in the low coupling regime, indirect searches win for large couplings.
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Fig. 90: Left: regions in the m, — f plane excluded by flavon contributions to € (orange) and Amy (red) for
our benchmark point and Ag = 2. The dashed red contour corresponds to the excluded region based on projected
improvements in Amy. Right: parameter space where the branching ratio for B; — u™p™~ stays within the 20
confidence interval (shaded gray), as well as contours of 1%, 5% and 10% enhancement with respect to the SM
prediction. Figure from Ref. [637].

4.1.6 Hunting the Flavon

In spite of a major effort in theoretical and experimental particle physics over many decades, the hier-
archies in the quark and lepton masses and mixing angles is not explained by the Standard Model. A
high-energy collider going significantly beyond LHC energies will, for the first time, have the chance to
systematically probe a dynamic origin of this flavor structure. We know various theories, which address
the flavor structure for example through abelian flavor symmetries [623-626], loop-suppressed couplings
to the Higgs [627], partial compositeness [628], or wave-function localization [629-633]. All of these
mechanisms introduce flavor-violating couplings and new, heavy degrees of freedom, which are usually
expected to be too heavy to be produced at the LHC. For instance, partial compositeness or warped extra
dimensions predict vector-like heavy quarks and colored spin-one resonances with large cross sections,
as discussed elsewhere in this report. Unfortunately, these resonance features are often not uniquely
pointing to flavor models.

A 100 TeV machine will for the first time directly probe parameter space not excluded by quark
flavor experiments. For low flavor breaking scales, which are well motivated if the flavor sector is related
to electroweak symmetry breaking [634, 635] or dark matter [636], the FCC-hh has the potential to
discover the dynamical degree of freedom of flavor symmetry breaking. In our discussion following
Ref. [637] we focus on flavon couplings directly related to the flavor breaking mechanism induced by a
minimal Froggatt-Nielsen model.

Before we discuss potential FCC searches, we briefly review the current and future indirect con-
straints in the quark and lepton sectors. On the quark side, the flavon mass and couplings are con-
strained by the non-observation of new physics in meson mixing and semi-leptonic meson decays. Fu-
ture improvements in meson mixing analyses are unliely to significantly change the typical current con-
straints [638], and CP-violation in K — K mixing will remain the strongest bound. We show its impact
on the flavon parameter space in the left panel of Fig. 90. In the semi-leptonic decay By — putp~
possible per-cent deviations from the SM prediction could hint at a flavon, while current limits from By
and B, decays from CMS and LHCb measurements [639-641,641] are weaker than bounds from meson
mixing. In the right panel of Fig. 90, we show the current best fit point as well as contours of constant
deviation from flavon exchange in By — ™ searches.
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Fig. 91: Left: Regions in the m, — f plane excluded by flavon contributions to the conversion Ny — Ne. Right:
top branching ratios into a flavon and a jet as a function of the flavon mass, assuming a fixed VEV of f = 500
GeV. Figure from Ref. [637].

In contrast to the quark sector, the next generation of experiments measuring lepton flavor violation
will gain immense sensitivity over the current experiments. The current bound from the radiative decay
w — ey will be improved by an order of magnitude by the MEG II experiment [642]. In addition, the
DeeMe [643], COMET [644], and MuZ2e [645] experiment project an improvement of up to four orders of
magnitude in ;» — e conversion. Finally, the bound on Br(x — 3e) should be improved by five orders of
magnitude by the Mu3e experiment [646]. To illustrate this improvement we choose a benchmark point
where the flavor structures in the quark and lepton sectors are generated by the same minimal parameter
setup. On the one hand, this allows us to directly assess the different experimental projections. Given that
this link is a strong assumption, we should aim at an independent coverage of the flavon parameter space
through leptonic and hadronic observables. In the left panel of Fig. 91, we show the current constraint
and impact of future limits from yx — e conversion for which we find the strongest future limits. At least
for relatively small flavon masses the experimental test of the lepton sector will soon surpass the flavor
physics reach.

Collider searches at the FCC will complement the quark flavor reach in particular in the weak
regime where the scalar flavon effects are partly cancelled by the additional pseudo-scalar contributions.
Such searches are particularly challenging due to the absence of flavon couplings to electroweak gauge
bosons and top quarks (in our simple setup).

For our collider signatures we rely on flavon-specific flavor off-diagonal coupling to charm and top
quarks. In the light-flavon region, the LHC sets a bound from rare top decays, which will be significantly
improved at the FCC-hh, as discussed in the SM part of this report [647]. The corresponding branching
ratios and projected limits are shown in the right panel of Fig. 91. The small production cross sections
at the LHC, shown in the left panel of Fig. 92, make it impossible to probe flavons heavier than the
top quark even at high LHC luminosities. Flavon production cross sections at the 100 TeV collider are
typically larger by two orders of magnitude. In particular flavon production with heavy initial-state sea
quarks become gain relevance. Still, we find that s-channel resonance searches at 100 TeV are barely
sensitive due to top and QCD backgrounds [637].

We therefore propose to search for flavons in associated production with a top quark. For the
leading flavon decay a — t+jet we arrive at a same-sign top pair signature with an additional jet,

pp — tpa — tytec (70)
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Fig. 92: Flavon production cross sections in the different channels for the 14 TeV LHC and a 100 TeV hadron
collider using the MSTW2008 PDF set [84]. Couplings are evaluated at u = m, or u = m, + m; with CRUN-
DEC [649]. Figure from Ref. [637].

with a partonic gc initial state. It leads to two same-sign leptons, two b-jets, and one additional jet. We
simulate the hard process with MADGRAPHS+PYTHIA8+DELPHES3 [94,113,261,263,264] and find a
signal rate of 5.4 x 1073 pb x (500 GeV/ f)? for m, = 500 GeV. The irreducible SM background,

pp — BWHTW T (71)

has a leading order cross section of 5.7-10~7 pb and is therefore negligible. Instead, we need to consider
tetZj and t,tWj production, with at least one leptonic top decay and a leptonically decaying weak
boson. These backgrounds are significantly larger, o;,z1+; = 0.33 pb and 0y,77; = 0.48 pb. To isolate
the signal, we

require two isolated same-sign leptons with
Riso =0.2, Iiso = 0.1, prye > 10 GeV, [me] < 2.5 (72)

- veto a third lepton with any opposite-sign combination giving |[m+,- — mz| < 15 GeV,

- identify the hardest anti-k7 jet [648] (pr > 40 GeV, and |n;| < 2.5) jet with pp; > 100 GeV as
our c-candidate;

- require, among the non-c jets, at least two b-tags with a parton-level b-quark within R < 0.3 and
an assumed tagging efficiency 50 %;

- require Pr > 50 GeV;

- require my < mpo < Mg}

- onsider two b-jet charge tagging efficiencies, as described below.

Since the missing transverse momentum has to be distributed between the flavon decay and the top decay,
we define two branches by assigning each b-quark to the leptons and minimizing ARy,p, + ARy,p,. We
further assign the hard c-jet to the top candidate with the smaller Ay s, ;. For most signal events we
expect m; < mpo < Mg, which allows us to search for an excess of events over the background that
provides side-bands at high value of m7 2 [136,137]. We show the corresponding distribution in the left
panel of Fig. 93.

A final, distinctive feature of the signal is that both leptons originate from tops, so the two b-jets
should be tagged with the same charge [650]. Recent ATLAS studies [651] show that a b-b distinction is
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Fig. 93: Regions in the m, — f plane which can be probed by quark flavor physics (¢x), by lepton flavor physics
(¢ — e conversion), and by a 100 TeV hadron collider. For the latter we show the reach of anomalous top decays
and same-sign top production. Figure from Ref. [637].

possible with eg = 0.2 and eg = 0.06. For our analysis we assume two scenarios: a conservative esti-
mate based on these ATLAS efficiencies, and a more optimistic case for which we assume an improved
mis-tagging rate of ep = (.01 and an overall b-tagging efficiency of 70 %.

To summarize our findings and illustrate the competitive reach of a 100 TeV collider, we show
its projected 95% CL reach in the associated production channel in Fig. 93. In addition, we show the
projected reach of indirect quark flavor and lepton flavor experiments. We see that experiments sensitive
to the quark and lepton sectors nicely overlap in the parameter space of our universally challenging
benchmark model. The combination of direct and indirect searches in the quark and lepton sectors will
for the first time give us the opportunity to test the dynamic nature of the flavor structure in the Standard
Model. Just like any collider search, the FCC-hh will provide us with conclusive information about the
nature of the flavon up to TeV-scale flavon masses.

4.1.7 W' — tbin Weak Boson Fusion

In this section we discuss the motivations, summarize the main results and suggest possible improve-
ments of the study presented in Ref. [652], where a first estimate of the reach of a 100 TeV collider
ona W’ vector resonance produced via weak-boson-fusion and decaying dominantly into tb was pre-
sented. As we pointed out in the previous subsection, vector resonances V' are a general prediction of
many BSM scenarios and in particular of compelling models of Higgs compositeness [653], where they
emerge from new strongly interacting dynamics which also generates the Higgs. Naturally, one thus
expects a strong interaction of the vector resonances with the Higgs and the would-be Goldstone bosons,
i.e. the longitudinal W7, Z, bosons. The mass hierarchy of the SM quarks can indeed be explained
through variations in the size of the mixing of SM quarks with the strong sector. Consequently, the inter-
action of vector resonances with SM light quarks is typically small. Heavier quarks, such as the top and
bottom, have a sizable mixing with their composite partners in the strong sector and are partially com-
posite particles [628]. The light generations have instead a negligible degree of compositeness. The light
quark couplings to vector resonances is thus small and is inversely proportional to the V' coupling to the
W1,/ Z1, bosons, which we denote as gy [610,654,655]. This implies that for larger gy couplings, corre-
sponding to the regime of a more strongly coupled BSM dynamics, the vector resonance production via
Drell-Yan, which is the main production mechanism at the LHC, is suppressed by ~ g2/ g%,. In the large
gy regime, the alternative vector-boson-fusion (VBF) production mechanism, which is instead enhanced
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by g%/, becomes thus relevant (as shown in Fig. 94) and can allow to directly test a strongly-coupled (but
yet perturbative) regime that could otherwise be difficult to test via the DY channel. The sensitivity of
the VBF production, due to its t-channel nature, increases considerably with the center-of-mass energy
of a pp collider (Fig. 94). A future 100 TeV collider, as we estimated in Ref. [652], can give a unique
opportunity to test a wide range of vector resonance masses for large gy coupling. As it is clear from
the previous subsection, this particular choice of parameter space cannot be easily probed at the LHC '°,
even with 3000 fb~! [611].

For our analysis of the channel in Fig. 95 at a 100 TeV collider, we have considered a two-site
effective description of a Minimal Composite Higgs Model (MCHM) [653] with partial compositeness
(see Ref. [652] for details on the model). The relevant terms of the Lagrangian read as follows:

Ly = —g2My cot oW, W Hh
;92 Mg, 0 7&and - -
Higr oot b (Zrwr (9w, = a,w,)
+ZPMW Y (9, W, = 0, W,) + W WY (0,2, — 8,2,) ] (73)
92

tan HQWI/j_ (cj%'y“q% + ﬂlL”Y’”Z)

V2

2 ! —
—i—g—QVV#Jr (ry*br) (s7 cot B — cF tanfs) + H. c.

N

where g2 = e/ sin Oy, sy (cw) = sin Oy (cos Oy ) and ¢ = (g%, g?) represents a doublet of the first or
second generation of quarks. The parameter sz, (cp = /1 — s%) represents the degree of compositeness

of the 3rd generation (¢1,, by, ) doublet. Motivated by the partial compositeness scenario, we have con-
sidered a relatively large value s;, = 0.7. For such a value the W' — tb BR is about 0.6 in the regime
gy 2 3, relevant to this analysis. The 6, parameter in the Lagrangian determines the rotation which
diagonalizes the mixing between a composite W* resonance from the strong sector and an elementary
W boson, which leads to the W' and to the SM W mass-eigenstates. @ controls the interactions of the
vector resonances. In particular, the V' coupling to Wy, /Z 1, bosons is given by gy = ga cot 6.

We have performed a search analysis, based on Monte Carlo simulations, of the VBF W' — th
signal depicted in Fig. 95 at a 100 TeV collider. Signal and background events have been simulated at
LO with MadGraph 5 [111] and passed to PYTHIA [264] for showering and hadronization. We have
also applied a smearing to the jet energy in order to mimic detector effects [656]. The main backgrounds
include the WWW/bb, which is mainly made of ¢f events with a minor contribution from single-top Wt
events, the Whb+jets and the t-channel single top tb+jets. This latter, which has a t-channel topology
similar to the signal, represents the dominant background after applying our selection. We focused on
the final state:

e/ 1+ njet jets, Njer > 4 (2 b-tag). (74)

and we applied the following isolation criteria and pr acceptance cuts on the lepton and jets:
prj>30GeV, prl>40GeV, AR(l—j) > 0.2, |n;| < 5,6 (75)

We explored a region at high W' masses, where the top is boosted and, as a consequence, the lepton
tends to be harder and at a lower R separation from the b-jet, which also comes from the top decay. The
relatively hard acceptance cut on the lepton pr has been chosen in order to obtain a better distinction
from the b-jet [657].

19 Also considering that V' resonances become typically broad in this regime.
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Fig. 94: Upper: cross section for the W' VBF production at the LHC-14 (dashed curve) and at a futuristic 100
TeV pp collider (thick curve) for a coupling gy = 4. Cross sections scale as g3 with the coupling. We have
applied a 30 GeV cut on the jet pr and a rapidity acceptance |n;| < 5. Lower left: contours of different ratios of
the VBF over DY W' production cross sections on the (M-, gv) parameter space at the LHC-14; Lower right:
same quantity at a 100 TeV collider. The shaded areas in the upper-left corner of the parameter space correspond
to values gyv/My > 1 which are indicative of a theoretically excluded region (where v/f 2 1) in MCHM.

Fig. 95: Feynman diagram for the VBF W' = tb process. Both the W'+ and the W'~ processes are considered

in the analysis.
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Fig. 96: Normalized rapidity distribution of all of the final jets which have passed the acceptance requirements in
Eq. (75), with the exception of the |n;| restriction, for the total background (red dashed curve) and the signal with
my, = 4 TeV, gy = 4 (black curve) at a 100 TeV collider.

We have employed a simple search strategy which relies on the main characteristics of the signal:
the distinctive VBF topology with the two final forward-backward jets emitted at high rapidity and with
a large 7 separation (see Fig. 96) and the presence of a heavy resonance which leads to hard final states.
We have thus imposed a first cut on H7T5, defined as the scalar sum on the pr of the leading and second-
leading jet, H15 > 800 GeV, which already reduces significantly the background and we have then
imposed a forward-backward jet tagging, by requiring that at least one signal jet had > 2.5 and at least
one jet 7 < —2.5 and that the forward-backward jets had a rapidity separation |An g ps| > 8.

We found that at a 100 TeV collider, the signal is really boosted and, for a significant fraction of the
events, the two final forward-backward jets have a rapidity larger than 6, as shown in Fig. 96. We thus
point out that it would be advantageous to extend the rapidity acceptance of a future pp collider to the
forward region up to values ~6.

The subsequent steps of the analysis consist on a simple reconstruction procedure of the top and the
bottom in the final state which allow the W' resonance reconstruction. We have thus imposed a bound
on the reconstructed W invariant mass, my;, and on the pr of the top and of the bottom:

M,y (TeV) 2 3 4 5 6

76
my > (TeV) 1.5 25 35 40 50 (76)

prbt >(TeV) | 075 09 15 15 15

The final results of our selection are shown on Table 9. We used these results to extract the
discovery/exclusion reach on the W' (mass, coupling) parameter space of a 100 TeV collider. We found
that while the 14 TeV LHC can access only a small portion of the MCHM parameter space (the high-
luminosity LHC, with 3 ab—! can exclude a W' vector resonance up to about 2.1 TeV), a future 100 TeV
pp collider has a much wider sensitivity. The left plot in Fig. 97 shows that at a 100 TeV collider a 5o
discovery is achieved for a W' in the VBF channel with masses up to 5.1 (4) TeV with 10 (1) ab—! of
integrated luminosity in the large gy coupling region. The exclusion potential of a 100 TeV collider, as
shown in the lower plot of Fig. 97, extends up to W' masses of 6.1 (5.1) TeV with 10 (1) ab—!. These
values refer to a jet-rapidity acceptance |n;| < 6. As we anticipated, we found that the reach of a 100
TeV collider is significantly enhanced, by about a 10% in the W' mass reach, if the rapidity acceptance
on the jets can be increased from 5, the present LHC rapidity coverage, up to 6.
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100 TeV signal bckg
il <5 nil <6 [njl <5 In[ <6
(M (TeV), gv)
(2,4) 0.56 1.1 70 100
(3,4) 0.13 0.25 31 45
4,4) 0.022 0.042 4.8 7.2
(4, 8) 0.082 0.15 4.8 7.2
(5, 8) 0.028 0.051 3.6 4.9
(6, 12) 0.013 0.022 1.4 1.8

Table 9: Signal and background cross sections, in fb, at a 100 TeV collider after the complete selection.

FCC@100TeV - 50 Discovery FCC@100TeV - 95%CL Exclusion

2 3 4 5 6 2 3 4 5 6
My [TeV] My [TeV]

Fig. 97: The 100 TeV pp collider reach, with 1 and 10 ab~!, on a w’ produced via VBF in the tb channel. Left:
5o discovery potential. Right: 95% CL exclusion reach. The continuous (dotted) curves are obtained for a jet
rapidity acceptance |;| < 6 (5). The shaded areas in the upper-left corner of the parameter space correspond to
values gy v/My > 1 which are indicative of a theoretically excluded region (where v/ f > 1) in MCHM.

In conclusion, we have shown that a future 100 TeV pp collider offers the possibility to test, using

the VBF channel, a wide range of a vector resonance mass and coupling parameter space and, most
importantly, that the reach of a 100 TeV collider in VBF extends up to the more strongly-coupled regime
of composite Higgs models, which is not within the reach of LHC.
Motivated by MCHM with partially composite 3rd generation quarks, we have focused on the W' — tb
channel and have outlined a simple signal-selection strategy which mainly relies on the distinctive VBF
topology. Several improvements and extensions to our analysis are possible. Firstly, one could further
exploit the boosted nature of the final states to apply more refined top-reconstruction techniques (as for
example explained in Section 4.1.4). It could be also interesting, in this case, to consider a different
final state, for example a totally hadronic final state, which would lead to a larger signal cross section
compared to the semileptonic channel considered in our analysis. A natural extension of our study
is then to consider different W' decay channels. In the case, for example, where the top degree of
compositeness is relatively small (s;, < 0.5) the dominant decay channels become W = Wz /Wh.
Finally, in our analysis we have neglected the possible contributions of vector-like quarks, which could
lead to spectacular new signatures [655] at a 100 TeV collider.
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4.1.8 Photon Cascade Decay of the Warped Graviton

The warped Randall-Sundrum models, where Standard Model gauge fields [658,659] and fermions [630]
are allowed to propagate in the 5-dimensional bulk, provides an excellent framework to address both the
Planck-weak and flavor hierarchy problems of the SM [629,660,661]. In this class of models, the Kaluza-
Klein (KK) gravitons (as well as gauge and fermion KK states) mostly interact with heavy SM fields such
as the top quark, Higgs, and longitudinal modes of Z/W gauge bosons because all the particles involved
in the relevant couplings are localized near the TeV/IR brane. Hence, once produced, they give rise to
interesting collider signatures, and various aspects of collider phenomenology (mostly in the context of
the LHC) have been studied in, for example, in Refs. [603, 662-672].

At the same time, future colliders beyond the LHC could not only offer discovery opportunities for
the KK particles but also allow their precision studies. Given this situation, it is opportune and interesting
to examine potential signals from KK particles in more detail and explore other non-conventional decay
modes especially if they can provide independent information on the underlying model parameters. With
this goal in mind, we investigate here a novel signature coming from the cascade decay of KK gravitons,
i.e., those with final states having other KK particles. We particularly focus on the “photon cascade”
decay mode, for which the original study was presented in Ref. [673],

pp — G1 — 717, (77

where (G and ~; denote the first KK states of the graviton and photon, respectively. This channel could
potentially be a good cross-check of the conventional search channels accompanying two heavy SM
states. Moreover, in the post-discovery and precision study phase, the specific dependence of the rate
on the volume factor for the process in Eq. (77) — which differs from that in conventional ones — may
enable us to extract the underlying model parameters separately in conjunction with information from
other channels. In this context, we emphasize that, in general, this new decay mode is complementary to
the ones that were previously investigated.

A rough sketch of particle profiles in the model under consideration is given as follows: 1) all
KK states are localized near the TeV/IR brane, 2) left-handed top and bottom quarks are either localized
near TeV brane or have a (roughly) flat profile; for concreteness we choose this latter option, with the
tr localized near the TeV brane, 3) SM photon and gluon have flat profiles, and 4) light SM fermions
are localized near the UV brane (to suppress their couplings with the Higgs). We then find the following
features of the KK graviton coupling, in particular, for their production and decay: i) the couplings
to tr/h/W/Zy, are the largest, i.e., O(1), ii) the coupling to the SM gluon, relevant for production,
is suppressed by a “volume factor” ~ 1/(kwR), and iii) the coupling of ~; with 7 is “in-between”
the previous two. Here, £ and R are the curvature scale and the compactification radius of the RS
background, respectively; the Planck-weak hierarchy is generated for kR ~ 11.

The couplings relevant to vertices G1gg and G117y have been studied in Ref. [662], and it turns out
that they are proportional to 1/(k7R) and 1/v/km R. Therefore, the total rate for gg — G1 — WW, ZZ
etc., goes like ~ 1/(kmR)?, whereas that for gg — G1 — 71 scales with ~ 1/(kwR)3. Roughly
speaking, we then anticipate that the ratio between conventional channels and photon cascade channel
should scale as k7 R, enabling us to extract information on the 5D parameter k£ R. Hence, a measurement
of the process proposed here after potential discovery made in the conventional heavy SM channels can
shed light on the parameters of warped models.

The signal process that we consider is pp — G1 — 717 followed by v1 — WTW ™ — (jj)lv.
We adopted the KK photon couplings and model parameter values in Ref. [668], which motivated the
choice BR(y; — WTW ™) ~ (.44 as a typical value. Basically, the signal process is characterized by a
three-step cascade decay of (z; into -y, (hadronic) W, and £ (e or u) along with an (invisible) neutrino:

G1 = 1 = AWEWT = AW (= ji)Fv (78)
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Since all visible particles (including the hadronic W) are fully distinguishable, many distinctive kine-
matic features can be easily applied without any combinatorial issues. We first expect a hard photon
due to a sizable mass gap between G1 and ;. A large mass hierarchy between y; and W again enables
us to have hard jets, lepton, and missing transverse momentum. In particular, the W is so significantly
boosted that the two jets are highly collimated, demanding us to employ the boosted object techniques
to tag merged two-prong W jets while suppressing the single-prong QCD jet background.

On top of the cuts motivated by the hardness of final state objects, the two invariant masses defined
by G1 and 1 and the associated invariant mass cuts play a crucial role in suppressing backgrounds.
In order to reconstruct them, we first obtain the energy-momentum of the invisible neutrino using the
missing transverse momentum constraint and v/W mass-shell conditions. Although there arise two
solutions, we consider the event of interest as accepted in our analysis if either of the resulting solutions
pass the two invariant mass window cuts:

m] —T7 < my; <ml+T7, (79)
mlG — F? < Mygjjr < mlG + 2F1G7 (80)

where FlG and I'] are the widths of G and ~;, respectively. Here the asymmetric form of the latter
criteria considers the possibility of skewed Breit-Wigner distributions for KK gravitons having a large
c(= k/Mp) parameter. More quantitatively, it turns out that the KK graviton with a large ¢ value
(e.g., ~ 2) has a particle width larger than ~ 20% of its mass. Moreover, the G1gg coupling emerges
from a dim-5 operator (in turn, due to its spin-2 nature) which grows with energy, and therefore, larger
M5 values are preferred. In particular, at higher energy colliders such as a 100 TeV collider, the KK
graviton mass of a few TeV is in the regime of low z, so that we expect that the associated invariant
mass distribution is not significantly affected by the gluon parton distribution function, i.e., the skewness
becomes manifest. The left panel of Fig. 98 demonstrates the shift of the peak position for three different
KK photon masses with the ¢ parameter fixed to 2. We observe that the peak position is shifted by about
half F? in all cases, comparing with relevant theory expectations denoted by the black dashed vertical
lines.

When it comes to the selection process in regard to 11y, and m.;;,,, we introduce a new weighted
measure VV defined as

w = Mg =mil | |myez = (mf +0.5T7)]
r] 150§ ’

€29)

in order to capture the events where one of the invariant mass windows is marginally not satisfied while
the other is satisfied. The right panel of Fig. 98 shows the performance of the VV measure. The signal
events typically give a small JV, whereas background events are peaked at a larger value of W. This is
because it is rather unlikely for the reconstructed m¢, and m., in background events to be within both
invariant mass windows simultaneously.

Given that the collider signature of our signal process is characterized by v¢jj + Fr, several SM
processes should be taken into consideration as potential backgrounds. Obviously, the irreducible SM
background is from W W~ production. Due to the existence of merged 57 in the signal, we expect that
the most important reducible background comes from W j~, which contains a (single-prong) QCD jet. It
turns out that this reducible background dominates over the irreducible one from WW+~. Several other
backgrounds such as W W j (by a photon fake), ZZ~, and W jj~v can be considered, but they can be
sufficiently suppressed by a set of cuts that we impose.

We next discuss the discovery opportunity of the KK graviton based on the cuts listed in Table 10.
To this end, we take a couple of representative study points (SPs) at /s = 100 TeV: 1) SP1 with
m'ly = 2.5 TeV and ¢ = 2 and 2) SP2 with m}’ = 3 TeV and ¢ = 2. As mentioned before, the dominant

SM background is W jv. For the distributions of the transverse momenta of the leading jet P% and
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Fig. 98: Left panel: unit-normalized myy . distributions for three different m., values with ¢ = 2. /s is set
to be 100 TeV. The vertical dashed lines indicate the relevant theory expectations. Right panel: unit-normalized
distributions of the WV variable for the dominant background W j~ (black solid histogram) and the signal (red
dashed histogram) events at /s = 100 TeV.

the photon P, the background peaks in the low Pr region while the signal events tend to have larger
values of Pr above 150 GeV and 600 GeV for the jets and photon, respectively. Therefore, we find
that P} > 150 GeV and P;. > 600 GeV are very powerful in reducing the background. Furthermore,
the invariant mass constructed with the two W’s and the photon can provide a powerful handle for the
signal-background separation. As discussed above, we implement this observation as the V¥V measure
and confirm its performance (see the right panel of Fig. 98).

We make our parton-level Monte Carlo simulation for both signal and background processes,
using MG5_aMC@NLO [94] and CalcHEP3.4 [674] using the parton distribution functions NNPDF23 [675].
To implement the warped hierarchy/flavor model under consideration appropriately, we first take existing
model files in Ref. [676]. As the model files do not contain the vertex of G117, we add the relevant
vertex structure based on the corresponding one encoded in GG1y~y as previously explained. In addition,
various decay modes of y; are written by modifying the existing vertices in the model files. We obtain the
total number of signal (defined as S) and background (defined as B) events to calculate the significance
S/\/E as follows:

S =
B =

ew X Ns, (82)

ew X Nyww +2 % (1 =€) X Ny, (83)

where Ng, Nww,, and Ny, are numbers of events after all cuts, i.e., the numbers in the second
and third last rows in Table 10, for the signal (either SP1 or SP2), WW+, and W jvy backgrounds,
respectively. Here the tagging efficiency ey (rejection rate €;) for a two-prong W-jet (single-prong
QCD jet) is set to be 0.5 (0.95) [677]. For a more conservative analysis, we include a factor of two for
the IV j background to account for the next-to-leading order corrections.

Table 10 shows signal (SP1 and SP2) and background (W W+~ and W j~y) cross sections in fb
according to a set of cuts at a pp collider of /s = 100 TeV. We find that m] = 2.5 TeV (or equiva-

lently, m? ~ 3.7 TeV) can allow a 50 discovery of our photon cascade decay signal with an integrated
luminosity of 3 ab~—!. This scale of the KK graviton mass is in a fairly good agreement with precision
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SP1 SP2 WW~ Wiy
No cut 04 0.13 - -
Basic cuts 035 0.12 | (391) (1.68x10°)
py > 600 031  0.11 1.81 132.0
Pt > 150 026  0.10 0.28 42.5
Inil| < 2.0 021  0.08 0.19 29.6
Emiss > 150 020 0.077 | 0.10 13.1
ARj; <04 0.19 0.077 | 0.09 -
60 < m;; < 100 0.19 0.077 | 0.09 -
W < 0.9(SP1) 0.03 - 0.0025 0.29
W < 2.0(SP2) - 0.014 | 0.0055 1.19
L (ab™h) 3 3 3 3
Number of events (SP1) 90 - 7.5 870
Number of events (SP2) - 42 16.5 3570
S/VB 500 1.lo - -

Table 10: Signal and background cross sections in fb according to a sequence of cuts for two study points, SP1:
m] = 2.5 TeV with ¢ = 2 and SP2: m] = 3 TeV with ¢ = 2, and two dominant SM backgrounds at a pp
collider of /s = 100 TeV. To evaluate the background cross sections as leadlng order (in parentheses) without
1ntr0duc1ng any possible divergence, we require basic selection cuts such as pJ. > 20 GeV, p}/ > 10 GeV,
7| <5, [n"/*| < 2.5, and AR;;/;, > 0.01. All momenta and masses are in the unit of GeV.

electroweak constraints [678,679] as well as the current bounds inferred from a null observation of KK
gluons [680, 681].

To summarize, we have studied an unconventional search channel of the KK graviton featured by
a novel “cascade decay” into a photon and an on-shell KK photon +; which subsequently decays into
a semi-leptonic W pair. The highly energetic photon due to the mass gap between (71 and 7, provides
a distinct and elementary final state signature which can be detected efficiently. Although the photon
coupling is suppressed by a SD “volume factor”, the strong coupling between (71 and ; renders this
mode merely semi-suppressed. Consequently, we pointed out that the different dependence of the total
rate on the volume factor from that of conventional search channels could enable us to determine the
underlying model parameters. We found that the discovery reach of the KK graviton at future colliders
such as a 100 TeV collider would be roughly m? = 4 TeV at an integrated luminosity of 3 ab—!.
Finally, we emphasize that the proposed search strategy with regard to v¢jj + K signature can be
straightforwardly applied to other BSM models containing processes yielding the same final state.

4.1.9 Seesaw Models and Resonances with Cascade Decays Involving RH Neutrinos

A widely discussed paradigm for neutrino masses is the so-called type-I seesaw mechanism [682—685]
which postulates the existence of heavy right-handed (RH) neutrinos [V with Majorana masses. The mass
scale of the RH neutrinos, synonymous with the seesaw scale, is a priori unknown, and its determination
would play a big role in vindicating the seesaw mechanism as the new physics responsible for neutrino
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mass generation. In a bottom-up approach, the seesaw scale could be anywhere ranging from the left-
handed (LH) neutrino mass scale of sub-eV all the way up to the grand unification theory (GUT) scale.
However, there are arguments based on naturalness of the Higgs mass which suggest the seesaw scale
to be below 107 GeV or so [686, 687]. It is therefore of interest to focus on the seesaw scale being
in the multi-TeV range which can be accessed at the current and foreseeable future collider energies.
In particular, hadron colliders can probe TeV-scale seesaw through the “smoking gun” lepton number
violating (LNV) signal of same-sign dilepton plus dijet final states: pp — W* — N#* — (%5 [688]
and other related processes, such as the collinear-enhanced ¢-channel photon exchange processes [689—
691]. In addition, there are many kinds of complementary low energy searches for rare processes, such
as neutrinoless double beta decay (0v33) [692], lepton flavor violation (LFV) [693], anomalous Higgs
decays [694—697] and so on which are sensitive to TeV-scale models of neutrino mass. It is important
to emphasize that the collider probe of the seesaw is truly complementary to the low-energy searches of
LNV and LFV at the intensity frontier. For a recent review on the collider aspects of TeV-scale seesaw,
see e.g., Ref. [698].

In the simplest seesaw extension of the SM, i.e. with the minimal addition of the heavy Majorana
neutrinos while keeping the SM gauge group unchanged, there are two key aspects that can be tested
experimentally, namely, the Majorana mass My of the mostly sterile neutrinos and their mixing Vy
with the active neutrinos. In the traditional “vanilla" seesaw mechanism [682—-685], the left-right neutrino
mixing is suppressed by the light neutrino mass M,, < 0.1 eV:

M, 100 GeV
o~ L <1078 ————— . 84
Vev =\ 3 S 1070 /=5 (84)

Thus for a TeV-scale seesaw, the experimental effects of the light-heavy neutrino mixing are expected
to be too small, unless the RH neutrinos have additional interactions, e.g. when they are charged under
a U(1) or SU(2) gauge group. There exists a class of low-scale Type-I seesaw scenarios [699-708],
where Vpy can be sizable due to specific textures of the Dirac and Majorana mass matrices in the seesaw
formula M, ~ —MpM X,lMg. However, the constraints of small neutrino masses usually suppress the
LNV ¢*¢% 5 signals [702,707,709] in these models.

Another natural realization of a low-scale seesaw scenario with large light-heavy neutrino mix-
ing is the inverse seesaw model [710,711]. In this case, the magnitude of the neutrino mass becomes
decoupled from the heavy neutrino mass, thus allowing for a large mixing

M, 1keV
Viv ~ 1|2 1072, | oY (85)
s 7

where pg is the small LNV parameter in the theory, whose smallness is “technically natural”, i.e. in the
limit of ug — 0, lepton number symmetry is restored and the LH neutrinos are massless to all orders in
perturbation theory, as in the SM.

As for the LNV signature at colliders, in a natural seesaw scenario with approximate lepton num-
ber conservation, the LNV amplitude for the on-shell production of heavy neutrinos at average four-
momentum squared § = (MJQ\,1 + MJQVZ) /2 can be written as

2AMy O(AMN>

My (86)

= 2
Auv(®) = Vivgam e
for AMy < Ty, i.e. for small mass difference AMpy = |Mpy, — My, | between the heavy neutrinos
compared to their average decay width I'y = (', + ', )/2. Thus, the LNV amplitude in (86) will
be suppressed by the small mass splitting, except for the case AMy ~ I'y when it can be resonantly
enhanced [712]. In general, whether the dilepton signal can be of same-sign or mostly of opposite-
sign depends on how degenerate the RH neutrinos are and to what extent they satisfy the coherence

574



CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

Fig. 99: Feynman diagram for the “smoking gun” collider signal of seesaw in the LRSM.

condition [713]. For seesaw models with suppressed same-sign dilepton signal, one can use the opposite-
sign dilepton signal [714] and rely on the specific kinematic features to distill the signal from the huge
SM background. Another option is to use the trilepton channel: pp — W* — N(* — 0¥+ 4
F [715-720], which has a relatively smaller SM background.

The current direct search limits using the same-sign dilepton channel with 20 fb—! data at \/s = 8
TeV LHC [721,722] range from |Vn|? < 1072 — 1 for My = 100 — 500 GeV for £ = e, u. These
limits could be improved by roughly an order of magnitude and extended for heavy neutrino masses up
to a TeV or so with the Run-II phase of the LHC [698] or with a future lepton collider [723,724]. On
the other hand, with the currently allowed mixing, a 5o discovery can be made for a TeV-scale heavy
Majorana neutrino at a 100 TeV collider with 1 ab™! of integrated luminosity [691]. We should note
here that the W vector boson fusion processes [690, 691, 698] become increasingly important at these
energies and must be taken into account, along with the usual Drell-Yan production mechanism so far
considered in analyzing the LHC data.

On the theory front, a natural framework which could provide a TeV-scale renormalizable theory
of the seesaw mechanism is the Left-Right (L-R) Symmetric extension of the SM (LRSM) [725-728],
see also Section 4.5 of Volume 2 of this report. The two essential ingredients of seesaw, i.e., the existence
of the RH neutrinos (and exactly three of them) and the seesaw scale, emerge naturally in LRSM — the
former as the parity gauge partners of the LH neutrinos and the latter as the scale of parity restoration.
There also exist examples [729] where the small neutrino masses via type-I seesaw at TeV-scale can
arise without excessive fine tuning of the LRSM parameters. In addition, the discovery of the RH gauge
bosons below 10 TeV could falsify the popular mechanism of leptogenesis as a viable explanation of
the observed matter-antimatter asymmetry in our Universe [730-733]. There are therefore considerable
theoretical motivations to search for TeV-scale L-R seesaw signatures at the LHC and future colliders.
It is worth emphasizing that in the LRSM, the Majorana nature of the RH neutrinos inevitably leads to
the LNV signature of ¢*¢*j; [585,688,717,734-741], irrespective of the light-heavy neutrino mixing
parameter V;. A RH charged gauge boson mass up to ~ 5.5 TeV with 300 fb~! of data at the 14 TeV
LHC [734] or up to ~ 32 TeV with 1 ab~! of data at a 100 TeV collider [585,741] can be probed using
the same-sign dilepton channel.

For My, > My > Myy, there are four different sources in the LRSM for the origin of the £/;j
signal at the LHC [739,742] (see Fig. 99):

LL: pp — Wi — IN — UWp — Ujj, (87)
RR: pp = Wr — (N — UWS; — U], (88)
RL : pp — Wr — (N — UWL — Uy, (89)
LR: pp = Wi — IN — UWg — Ujj, (90)
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where the first (LL) mode is the only one that arises in the SM seesaw via s-channel exchange of the
SM W -boson, whereas all the four modes can arise in L-R models. These signals are uniquely suited
to probe the Majorana and Dirac flavor structure of the neutrino seesaw and are therefore an important
probe of the detailed nature of the seesaw mechanism. To this end, it is important to disambiguate
the different mechanisms (87)-(90) in case of a positive collider signal in future. This can be done
systematically [741] by determining the kinematic endpoints of different invariant mass distributions,
€.g., My, Myjj, Myg; etc., irrespectively of the dynamical details. This general kinematic strategy is
equally applicable to both same and opposite-sign dilepton signals. In this sense, its efficacy is not
just limited to the type-I seesaw models, but also to many of its variants, such as the inverse [710,711],
linear [743] and generalized [704,744-746] seesaw models, which typically predict a dominant opposite-
sign dilepton signal. Some of these variants might indeed be relevant in the potential discovery of parity
restoration, if the recent observations from both CMS [714] and ATLAS [722] indicating a paucity of
(% 0% jj events is confirmed in future collider data.

Let us consider pure right-handed current (RHC) signals for the process of Eq. (88). Here we
try to be as model independent as possible and we assume and discuss general left and right gauge
couplings g, gr. We are testing effects of a heavy particle sector neglecting small heavy neutrino and
W2jE mixings with corresponding light SM states. In this way pure effects coming from right-handed
sector on the pp — [ljj process are discussed [747]. It is also shown when mixings of heavy neutrino
states can be factored out.

RHC Lagrangian includes general couplings gy, gr, which are important for gauge couplings
unification [745, 748]

9L IR

V2 V2

L7, describes the SM physics of charged currents. It includes the neutrino mixing matrix Uppsns,
responsible for neutrino oscillations phenomena. Lp is responsible for non-standard effects connected
with heavy neutrinos NV, and right-handed currents mediated by an additional heavy charged gauge
boson Ws. K defines a mixing matrix between flavour and massive heavy neutrino states. We assume
it unitary, for a discussion, see Ref. [747].

L1+ Lr= ﬁa’YuPL(UPMNS)ajleﬂ; + WQ’YHPR(KR)W‘ZJ‘WQ-Z + h.c. 1)

The main RHC Feynman diagram which gives the pp — [lljj process comes through two W5
gauge bosons and heavy neutrinos N, in intermediate states, i.e. pp—Wsy — Nyl — UIWy — lljj.
For literature, see Refs. [688,715,729,735-737,739, 740, 745-747,749-758]. This signal mimics the
signature of neutrinoless double beta decay when the two leptons are same-sign electrons.

To account lepton number violation, which might come if Majorana neutrinos are involved, we
use the following notation:

05" = olpp — IF15j5), (92)
o5 T = olpp — 71T jj). (93)

We collectively denote all these cross-sections by o;;. The process depends on the gauge couplings gz,
and g, the quark mixing matrices U, é}?M, which can be chosen of the same form [759, 760], the Parton
Distribution Functions (PDFs) f,(z, @?) and the heavy neutrino mixing matrix (Kg),;, see Eq. (91).
The mass scales which are important for the process are: Myy,, My, and \/s. It can be shown, that quite
generally we have I'(Ws) /My,, I'(N,) /My, < 1 and the NWA can be used to compute o;; [747,761].
When masses of heavy neutrinos are degenerate then dependence on the mixing matrix elements (K r)q;
can be factorized from the whole expression in the following way:

2

++ b_\ii 7 (94)

i -

Z(K}Lz)ia(K}k%)aj

a

g

576



CHAPTER 3: BEYOND THE STANDARD MODEL PHENOMENA

100 T L— T L L— L— ‘ ‘ ‘
\ /“‘“.‘ Ok = 0L, My, ;= 0.925 TeV
.’ .\o..‘
1+ TN °
L e |
9r = gL My, 5= 5 TeV 100 .?,. * -.‘.x/E=1oo Tev
- PI b ‘0 """
0.01 1 = NN e,
g =) N, -
= Vs=14Tev = 4l \\ AN |
§ 107 : N
7 iy % N
o o \ L S
o =
= & e e _Vs=14TeV
€ 106 A “o
0.01k . -, ]
A} -
-8 A\ Y '\Q
10 %, *
4 [ Vs=8 TeV\.\.
107+ H w E
10—10 . . . . | . . . | . . . h . . . |
14 0 2 4 6 8
My, [TeV] My, [TeV]

Fig. 100: Examples of the neutrino mixing K independent analysis. Left: The dependence of the total cross-
section 0. = 04, + 0.t + 0., on My, derived with the help of the MADGRAPH for /s = 8, 14, 100 TeV.
Heavy neutrino masses are My, , = 5TeV and My, = 10 TeV, while g;, = gr. NWA is valid only in the region
in which My, > My, , and My, is neither close to My, nor to /s (where the distance is measured in I'(W3)
units). Right: An example of fitting analytical formula (102) (blue dashed curves) to the numerical results (red
dots) obtained for /s = 8, 14 and 100 TeV, M N5 = 0.925 TeV, My, = 10 TeV with the help of the MadGraph
5 [111]. Values of the fitted parameters a, b, c and d are given in the main text, see eqgs. (103)-(105).

2
ot = T D (KRia(KR)as| (95)
where T+, 57 are “bare” cross-sections calculated for (K R)aj = daj, and
ot = o(pp — Wib) x BR(WSE — NiIE)BR(N, — I£j7), (96)
ot = Jolpp = W5) +a(pp — Wy )] x BR(W," — N1l )BR(Ny — 1] 75). 97)
These can be written as
1
/ / Ay fa(y, Q1) f5(, Q)5 (2ys), 98)

M2

N /s M3, /ms

where f,,(x,Q?) are PDFs of partons «, while () is a characteristic scale of partonic process. Finally,
Oqp stands for partonic cross-section. Using the NWA one can write the “bare” cross sections in the
following form [761]:

2
~ gRT Fy (1) W 6
pr— @
7 18s [18+ E FW I‘b Z ( W2> ©9)

Here, we have used differential parton-parton luminosities ®,g(7), see e.g. [762], defined as:

1 dz T
Pas(7,Q%) = 1+&w/‘$f(xQ)m(fQﬁ (100)
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and
Fy(z) = (2-3z+2%0(1 — ). (101)

Let us shortly comment on the form of eq. (99). First, the typical asymptotic ~ 1/s is clearly
visible. Second, note that ¢ ~ g% while one would rather expect & ~ g% from counting powers of gauge
couplings entering matrix element corresponding to the process pp — [;1;jj. That difference is no longer
surprising when one recalls that dominant contributions to the cross-section come from configurations in
which W5 and N, are nearly on-shell, what precisely corresponds to NWA. Finally, let us also remark
that the simple consequence of G ~ g#% is that the cross-section scales like (gr/gr)?g7.

It turns out that one can estimate the total cross-section Gee = 0.4, + 0.7 + 0., under investi-
gation using naive approximation:
. Fyw (21)
ee — 1 1 F
+ 15 2 Fw ()

where 1 = Myy,/(1TeV) while P(u) = a(e™® 4 ce~9). For example, in the scenario in which
M Nis = 0.925 TeV, the values of fitted parameters a, b, ¢ and d are (see Fig. 100):

P(p), (102)

(8 TeV) a=018 x 10°fb, b=3.62, c=0.002, and d=217,  (103)
(14 TeV) a=132x10°fb, b=3.97, ¢=0016, and d=192,  (104)
(100 TeV) a=540x10°fb, b=3.04, ¢=0.020, and d=0094  (105)

Heavy neutrino masses are taken as in Ref. [747], though here the cross sections in Fig. 100 is
general and independent of the K r mixing matrix parametrization. For My = 10 TeV the cross section
is already very small, at the ~ ab level in a whole range of considered My, masses.

From this analysis we see that the pp — [ljj process signal coming from right-handed currents
(RHC) is about two order of magnitudes larger at a 100 TeV collider compared to the LHC at 14 TeV and
the process can be parametrized in a simple way for My, > My, independently of the heavy neutrino
mixing scenarios. The background for the process depends on charges of dileptons. For the same [£]*
(LNV) and opposite [£1F (LNC) signal cases see, e.g., the discussions in Refs. [735, 741, 763, 764].
Further studies are needed to assess the potential for extracting signal from background at a 100 TeV
collider.

4.2 New Fermionic Resonances
4.2.1 Seesaw Leptons at Future Hadron Collider Experiments

As we already stressed in Section 4.1.9, collider tests of neutrino mass-generating offer a high degree of
complementarity to low energy probes like neutrinoless double-beta decay, and precision lepton exper-
iments. In particular, low energy realizations of fermionic Seesaw mechanisms predict EW- and TeV-
scale SU(2), singlets (V) and triplets (7, T°) that couple to gauge bosons through mixing (singlet) or
directly via gauge quantum numbers (triplet).

If kinematically accessible, these particles can be resonantly produced in hadron collisions through
a variety of mechanisms. Fig. 101 shows LO and NLO production rates of a singlet neutrino for my >
My [765,766]. While Drell-Yan (DY) largely dominates at 14 TeV, the situation is qualitatively different
at 100 TeV, where the gluon fusion (GF) process

99 - N (106)
is the leading production mode for my < 1.5 TeV [765]. Beyond this, vector boson fusion (VBF)

W~ Fusion
—

a7y Nt g (107)
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Fig. 101: 100 TeV pair production rates of a singlet seesaw lepton [765] as a function of mass.
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Fig. 102: Left: required luminosity for 3 (5)o evidence (discovery) at a 100 TeV collider as a function of heavy
neutrino mass 7y in the x* p* final state assuming optimistic (dash) and pessimistic (dash-dot) mixing scenarios
[691]; Right: sensitivity to N — p mixing at a 100 TeV collider [691]. Both plots are in the Type-I Seesaw model.

is dominant. For my = 1 TeV, the GF, DY, and VBF mechanisms all share cross sections of the order
of 100 fb. In Fig. 77 we have already shown the NLO triplet pair production rates for both the charged
current and neutral current Drell-Yan processes [767,768]

q¢ - W* - T°T* and ¢qq —~v — THT". (108)
Compared to the 14 TeV LHC, the reach of a 100 TeV pp collider grows considerably from 014 ey = 1

ab for triplet masses mz =~ 2.5 TeV to o199 ey = 1 ab for my ~ 10 — 11 TeV.

We now briefly summarize preliminary discovery potential of Seesaw leptons at 100 TeV. We note
that model-independent benchmark searches are rather robust since it is straightforward to reinterpret
collider results for a particular neutrino flavor model.

A key prediction of Type I-based scenarios is the existence of lepton number violating interactions,
N — (W7, which implies the same-sign leptons collider signature [688] already discussed in Section
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Fig. 103: Left: in ISS, number of ;=775 events at a 100 TeV collider as a function of the seesaw scale My for
representative scaling factors f [769]. Triangles respect constraints from LFV radiative decays while crosses do not
respect the 7 — p~y BaBar upper limit [770]. Right: in Type III Seesaw, required luminosity for 2 (5)o sensitivity
(discovery) at a 100 TeV collider versus heavy lepton mass my with fully reconstructible final states [767].

4.1.9
qqd — NUf = (E0EWT = £ 55 (109)

The largeness of the N/* VBF production cross section relative to the charged current DY process of-
fers considerable gain to inclusive searches for heavy Majorana neutrinos. Assuming currently allowed
mixing, a 50 discovery can be made via the u*u* channel for my = 1070 GeV at 100 TeV after 1
ab~!; conversely, N — y mixing as small as S ~ |VuN|2 < 8 x 1075 may be probed [691]. In the
same-sign muon final state, the left panel of Fig. 102 shows the required luminosity for 3 (5)o evidence
(discovery) as a function of m assuming an optimistic (dash) and pessimistic (dash-dot) mixing sce-
nario; in the right panel of Fig. 102 the sensitivity to mixing between heavy neutrinos and muons flavor
states is shown. The Inverse Seesaw relies on an approximately conserved lepton number symmetry to
suppress the light neutrino masses and lower the seesaw scale while keeping large Yukawa couplings.
As a consequence, heavy neutrinos form pseudo-Dirac pairs and lepton number violating processes such
as the one in Eq. (109) are suppressed. In Ref. [769], a search relying on lepton flavor violating (LFV)
final states

qqd — NUGF = G GWF = 56355, (110)

was proposed. The left panel of Fig. 103 shows the number of expected events for inclusive p77 5
production. Similar numbers would be expected for the e*7F analogue, while experimental limits on
w — ey [771,772] severely limit the et ¥ 5 event rate. This assumes only the lightest pseudo-Dirac
pair is kinematically accessible, and uses the i x-parametrization [773] with a neutrino Yukawa coupling

-1 1 0
Y,=f 1 1 09 |- (111)
1 1 1

Mg, is defined as in Ref. [769] and can be interpreted as the seesaw scale. The mass of the heavy
neutrinos is equal to Mg up to corrections proportional to Y, v/Mp, explaining the difference at low
Mp.

For masses well above the EW scale, triplet fermions preferentially decay to the Higgs and longitu-
dinal polarizations of the W and Z bosons, a manifestation of the Goldstone Equivalence Theorem. For
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Fig. 104: Left: Exclusion reach for a top partner 7" of electric charge 2/3; Right: same plot for an X /3 of charge
5/3. The plots are obtained by assuming that future searches at 100 TeV will be sensitive to the same number of
signal events as the current 8 TeV ones. Namely, excluded signal yields S, =~ 25 and S, ~ 10 are assumed for
the T" and the X5,3. Signal selection efficiencies are also extracted from 8 TeV results. In the case of the single
production mode, for which no dedicated searches are currently available, the efficiency (e ;,.) is taken equal to
the pair production one for simplicity. Further details can be found in Ref. [774].

EW boson decays to jets or charged lepton pairs, heavy lepton pairs can decay into fully reconstructible
final-states with four jets and two high-pr leptons that scale like pf} ~ my/2:

TT* — W +WZ/Wh — 0 + 45 /2j+2b, (112)
TYT™ — W +ZZ/Zh/hh — 00 + 45 /25 +2b/4b. (113)

Assuming a nominal detector acceptance and efficiency of .4 = 0.75, at 100 TeV and after 10 fb~!, a
50 discovery can be achieved for mp ~ 1.4 — 1.6 TeV [767]. Taking instead A = 1.0, The right panel
of Fig. 103 shows the discovery potential of the combined charged current and neutral current processes.
After 3 ab™1, there is 5 (2)o discovery (sensitivity) up to mp ~ 6 (8) TeV.

4.2.2 Fermionic Top Partners in Composite Higgs Models

An 100 TeV collider can probe models with a terrific amount of Electro-Weak fine tuning. Even if none of
these models had to be discovered, the result will be extremely informative as it will strongly disfavour (or
exclude) a Natural origin of the Electro-Weak scale, pushing us towards the investigation of alternatives.
We illustrate this point by estimating the reach, in terms of exclusions, for vector-like coloured fermions
with a sizeable coupling to third-generation quarks, the so-called “top partners”. Top partners are a
common prediction of composite Higgs models in which the partial compositeness paradigm is assumed
for the generation of fermion masses (see, e.g., Refs. [613,614] for a review). In these models, their mass
M is directly related to the amount of fine-tuning A according to the approximate formula

M 2
Am(——) . 4
(500GeV> (114

Top partners are coloured, thus they are unmistakably produced in pair by QCD interactions. They
are also endowed with a sizeable coupling to third generation quarks and SM vector bosons or Higgs.
The latter coupling is responsible for their decay, but also for their single production in association with
a forward jet and a third generation quark. Exclusion contours are displayed in Fig. 104, in the plane
defined by the top partner mass and its single production coupling. Top partners of electric charge 2/3
(and BR(Wb) = 0.5, which is typical for a SM singlet) and 5/3 are shown, respectively, in the left and
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right plots. The results are based on a rough extrapolation based on current LHC Run-I limits and details
are reported in the figure caption and, more extensively, in Ref. [774]. A partial confirmation of the
validity of the extrapolation, based on 100 TeV simulations, can be found in Ref. [775].

The result is that top partner masses of around 9 TeV can be excluded at an 100 TeV collider
with 10 ab~! luminosity in a completely model-independent way (i.e., for vanishing single-production
coupling). According to Eq. (114), this corresponds to A ~ 300. For composite Higgs models that
cannot be excluded at the LHC, namely for ¢ = v2/f? = 0.05 or ¢ = 0.01, single production couplings
of order ¢ >~ 0.2 or ¢ ~ 0.1 are expected [774] and the reach considerably increases.

4.2.3 Exotic Quarks in Twin Higgs Models: Displaced Decays in Association with a Prompt tt Pair

Models of “neutral naturalness”, where the top partners do not carry SM color, provide a new set of
signatures at hadron collider experiments. Since the low-energy connection between the SM and the
sector that stabilizes the weak scale is feeble, the decays of the lightest BSM particles into the SM typi-
cally have macroscopic lifetimes, leading to displaced signatures. These challenging signals, combined
with the low production rates of uncolored particles, imply that it is not unconceivable that a neutrally
natural theory with a fine-tuning of O(10)% may completely escape detection at the LHC. However,
a general feature of this class of models is that they only solve the little hierarchy problem, and thus
require UV completion at a relatively low scale of at most ~ 10 TeV. The particles belonging to the UV
theory would likely become accessible at a future 100 TeV collider, thanks to the high partonic energies
available, allowing the future collider to probe an entirely new set of experimental signals. In this sub-
section, following Ref. [776], we begin the identification of the signatures of UV completions of neutral
naturalness, by considering its prime example, the Twin Higgs [777], as benchmark model.

In the Twin Higgs, all the new particles lighter than about a TeV are complete SM singlets. How-
ever, the model requires to be extended below ~ 10 TeV, to remove residual logarithmic divergences.
In non-supersymmetric UV completions, new exotic fermions charged under both the SM and the twin
gauge symmetries must accompany the top quark. Their masses are expected to be in the 1-10 TeV
range. Some of these new fermions carry SM color, and would therefore be pair produced with large
rates at a 100 TeV collider. Once produced, each of these “exotic quarks” decays into a SM top quark
plus twin particles. Some of the twin particles can decay back to the SM with long lifetimes, giving rise
to spectacular displaced vertices in combination with the prompt ¢ pair. Therefore, the signatures we
consider are, labeling the exotic quarks as 7T, B3,

pp = (T = tZ)(T —tZ) — tt + twin hadrons, twin hadron — displaced signal ,
pp — (B—tW)(B —1IW) — tf + twin leptons, twin lepton — displaced signal ,
(115)

where Z, W are the twin gauge bosons (we denote all the twin particles with a hat).
We consider the “fraternal” version of the Twin Higgs, inspired by naturalness, where only the
third generation SM fermions acquire a twin partner [523]. Therefore the twin hadrons in eq. (115) are

produced by the Z — bb decay, followed by twin hadronization. Depending on the parameters, the long-
lived twin hadron can be either a C' P-even scalar meson {3, a vector meson Y or a glueball G’O++. The
X0 and G0++ decay through mixing with the 125 GeV Higgs and therefore primarily into bb, whereas the
T decays via photon kinetic mixing and thus almost democratically into all the SM electrically charged
particles. The corresponding proper decay lengths are [523,776]

2 4 5
- f 5GeV
CTXbO ~ 3.8cm (nli)) (1 TeV) < A ) )

m; \4[/1073\? /5GeV >
1. A 11
Jem (100GeV> < ¢ ) < A ) ’ (116)
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where the benchmark value of the Z»-breaking scale f ensures that Higgs coupling deviations are too
small to be detected at the LHC. The choice of twin-QCD confinement scale A is instead motivated by
naturalness arguments [523]. For €, which determines the size of the kinetic mixing between the twin
photon (with mass m ;) and SM photon, we use the value naturally generated by exotic quark loops. In
our study we kept most of the above parameters fixed to the benchmark values of Eq. (116), except for
the mass of the b quark. As a consequence, the typical decay lengths that we consider are as follows:
the proper lifetime of Xpo approximately varies from 1 cm to 10 m, whereas the T and G0++ have
centimeter-scale decays.

For the hadronic (bb) displaced decay search, the detector is modeled, following the ATLAS
searches of refs. [778,779], as the sum of two annuli with radii 1 < r < 28 cm and 200 < r < 750
cm, representing the inner detector (ID) and hadronic calorimeter plus muon spectrometer, respectively,
with an efficiency for displaced vertex (DV) identification equal to a constant 10%. In the search for
T decays we concentrate on dimuon DVs in the ID, which is modeled, following the CMS search of
Ref. [529], as an annulus with radii 1 < r < 50 cm and efficiency for DV identification equal to a
constant 50%. In addition, simple cuts are applied directly on the twin hadrons, to roughly reproduce
reasonable experimental requirements.

The combination of the prompt ¢¢ and displaced signal ensures a straightforward triggering, and
is expected to remove completely the SM background. Then, assuming no events are observed, a signal
hypothesis can be excluded at 95% if it would predict more than 3 events. The projected reach of the
displaced twin hadron + t¢ search at a 100 TeV collider is shown in Fig. 105, assuming an integrated
luminosity of 1 ab=!. The sensitivity extends up to ms ~ 11 TeV. For comparison, we also show the
estimated reach obtained from the search for direct stop production [780], which is sensitive to the exotic
quarks if all the produced twin particles leave the detector as missing energy. We find that the potential of
the search for t{+displaced signals can be significantly superior. Estimates for luminosities different from
1 ab—! can be obtained by assuming that the signal rate scales with the partonic luminosities. This is a
reasonable first approximation, because at large m the exotic quark branching ratios are approximately
independent of the mass, and the variation of the typical twin hadron boost factor gives subdominant
effects.

The twin leptons are produced in the decay of the twin W boson, W — @/ (since we assume
twin electromagnetism is broken, for our purposes the distinction between twin tau and twin neutrino is
irrelevant, so we simply denote all twin leptons by /). The twin leptons can mix with the SM neutrinos
and thus effectively behave as sterile neutrinos, decaying into either three SM leptons or one SM lepton
and a pair of quarks. As a consequence, both hadronic and leptonic displaced decay searches are relevant.
The proper decay length is given by

1073\? / m; \5
I iy 117
e = 10em (sin9V> (76) (a1

where sin 6, controls the /-v mixing. In the range of parameters we consider, the lifetime varies from 1
cm to 10 m. The simulation of the twin lepton signals is described in detail in Ref. [776]. Here we only
observe that the twin leptons are very boosted, and thus their decay products are very collimated, with
typical angular separation of AR ~ O(0.01). Therefore searches for lepton jets [530] play an important
role.

The projected reach of the displaced twin lepton + t¢ search at a 100 TeV collider with 1 ab™" is
shown in Fig. 106, again under the assumption of zero SM background. The sensitivity extends up to
mp ~ 11 TeV, with hadronic displaced signals more promising due to the larger branching ratio of i
into quarks. To compare the reach of the twin hadron and twin lepton signals, it is useful to recall that
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Fig. 105: Projected bounds on the mass of the exotic quark 7 from the twin hadron displaced signal at a 100 TeV
collider. The orange and blue curves correspond to the ¢¢+displaced twin hadron signals. Also shown are the
bounds from top partner (dot-dashed light blue lines) and stop (dotted black lines) searches.

my =~ (mg + y? f2/2)1/2, therefore the T and B are approximately degenerate for masses much larger
than 1 TeV.

To summarize, we presented a first study of displaced decays produced in association with a
prompt ¢t pair at a future 100 TeV collider. Both hadronic and leptonic displaced signals were con-
sidered. The presence of the decay products of the tops guarantees triggering, and is expected to remove
completely the SM background. This signature can arise, for example, from exotic quarks that appear in
several UV completions of Twin Higgs models. We estimated that a 100 TeV collider with 1 ab—! will
be able to probe these new fermions up to masses of ~ 11 TeV, thus providing a strong test of the most
motivated region of parameters.

4.2.4 Probing Naturalness Model-Independently at a 100 TeV Collider

One of the primary goals of the current and future collider program is to search for new physics associated
with the stabilization of the electroweak scale. In symmetry-based solutions to the hierarchy problem,
the large quantum corrections to the Higgs scalar from the top quark must be canceled by “top partners,”
new states with couplings related by symmetry to that of the top quark. In traditional theories such as
minimal supersymmetric or composite Higgs models, these top partners carry SM color charge like the
top quark and are copiously produced at hadron colliders. In this broad class of models, searches for
new colored particles directly probe electroweak naturalness. Placing the top partner mass beyond the
LHC reach of ~ 1 TeV already implies a tuning in the Higgs mass of at least a few percent; searches
for colored particles at a 100 TeV collider would probe even more parameter space, with a null result
worsening the tuning.

However, al already mentioned earlier in this report, it is possible to formulate theories of “neutral
naturalness” in which the top partners do not in fact carry SM color charge. This can be achieved if
the symmetry which protects the Higgs is discrete and does not commute with SM color. Known exam-
ples include the folded SUSY [782] and Quirky Little Higgs [783] models in which the top partners carry
electroweak charge but not color, and the Twin Higgs [777] in which the top partners are completely neu-
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Fig. 106: Projected bounds on the mass of the exotic quark 5 from the twin lepton displaced signal at a 100 TeV
collider. The blue solid lines correspond to hadronic displaced searches and the brown dashed lines to leptonic
displaced searches. Left: sinf, = 10~3; Right: sinf, = 3-1074,

tral under the SM gauge forces. In these models therefore searches for new colored or even electroweak
charged particles do not directly constrain naturalness. While specific neutral naturalness models pro-
posed thus far predict various other new physics signatures (see e.g. [524,524,776,784-786]), it is not
obvious whether or not future collider experiments can robustly constrain neutral naturalness— i.e., is
there a “no-lose theorem” indicating that the physics behind electroweak naturalness will be observable?

In Ref. [781], this question was addressed by exploring neutral top partner models using a bottom-
up, effective field theory (EFT) approach. Model-independently, a 100 TeV hadron collider would be
able to directly probe the interaction of neutral top partners with the Higgs to a modest degree. The top
partners can be directly pair-produced through off-shell Higgs bosons, however because these neutral
partners may be invisible to detectors this is a challenging signal, requiring the identification of initial
state radiation or forward jets recoiling off of missing energy [407,787]. In typical neutral naturalness
models, such direct searches can probe masses up to ~ 300 GeV [407,781]. Additionally, measure-
ments of double Higgs production at a 100 TeV [182, 183,788] may be able to probe the loop-induced
corrections to the triple Higgs coupling for similar top partner masses.

However, the true power of a 100 TeV collider for probing neutral naturalness is its unprecedented
reach in energy. As argued in Ref. [781], a common feature of all neutral top partner EFTs is the need
for a UV completion of the top partner dynamics [789-795], typically at a scale about a loop factor
above the top partner mass, e.g. ~ 10 TeV. This defines a new energy scale at which further new
states must appear, likely carrying SM color charge. (In the case of known Twin Higgs theories this
is the scale at which colored squarks or resonances appear.) As demonstrated explicitly in Ref. [776],
a 100 TeV collider can allow access to these high mass states which are a necessary component of
neutral naturalness. The resulting constraints on theory are complementary to those from precision
measurements of Higgs properties, which can be achieved at future lepton colliders.

Applying this reasoning to EFT scenarios for Neutral Naturalness, Ref. [781] found model-
independent arguments regarding the extent to which naturalness would be tested by results from future
colliders. To cover the full range of possible neutral naturalness scenarios, all perturbative neutral top
partner structures had to be classified, including those which have yet to be realized in a top-down theory.
These include scalar top partners with direct couplings to the Higgs, as well as fermionic top partners
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Fig. 107: Model-independent sensitivity estimate of future lepton and hadron colliders for theories of Neutral
Naturalness, with three fermionic top partners of mass my, and a single scalar mediator coupling to the top partners
with Yukawa coupling ys7r. my 2 500 GeV leads to tuning worse than 10% due to incomplete cancellation of
the top loop. Green horizontal line: prediction for yspr in the Twin Higgs model. Red shading: reach of future
lepton colliders from precision Higgs coupling measurements. Black contours: additional tuning due to the scalar
mediator that can be probed by a 100 TeV collider via direct searches, assuming a mass reach for UV completions
up to ~ 20 TeV. Requiring both top partner and mediator tunings to be better than 10% requires either high-scale
direct production signals at 100 TeV, or Higgs coupling deviations at lepton colliders, or both. See text and [781]
for details.

which must couple to the Higgs via some additional mediator states. In all cases the top partner EFTs
must be completed by further new physics at some UV scale A, e.g. to regulate the divergences of the
new scalar particles. Reference [781] makes the assumption that at or below the scale A new colored
particles appear, as is realized in all neutral naturalness models known so far [789-795], so that new
states will be discovered if A < 10 — 20 TeV. The constraints on these models from both direct probes
of the top partner interactions as well as the reach of a 100 TeV collider for new states at A was analyzed.
In all cases, it was found that untuned models always lead to observable new physics at future colliders,
as long as the top partner sector had a similar number of degrees of freedom as the top quark sector.

A representative example of these methods is provided by the case of fermionic top partners 7'
interacting through one or more scalar mediators S, as shown below.

\\l/ Mr
ystT T T
H

SI —[—{L— @ >

o A, it

~ ~

Integrating out the heavy scalar(s) leads to the | H|*T'T effective interaction, which cancels the quadrati-
cally divergent top loop at low scales. SUSY Twin Higgs theories [793,795] are top-down models falling
into this category, though the EFT approach applies more generally. In this class of models the Higgs
mixes with the singlet scalar mediator, producing deviations in the effective Higgs coupling which can
be probed most effectively at lepton colliders, see red shading in Fig. 107. In the Twin Higgs model,
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Fig. 108: For theories of Neutral Naturalness with Ny fermionic top partners and N, scalar mediators, A™# is
the “unavoidable tuning price” the theory has to pay in order to avoid detection at both future lepton and hadron
colliders. The black (orange) curves assume that the 100 TeV collider can probe UV completions at ~ 20 (10) TeV.
Dashed curves: combines independent tunings multiplicatively, i.e. A = [, A;. Solid curves: only considers the
most severe of several independent tunings, i.e. A = Min{A;}. Natural theories where the number of top partners
is not large have to produce signals at the 100 TeV collider, future lepton colliders, or both. See text and [781] for
details.

this allows TeV-scale top partners to be detected. On the other hand, light top partners could escape
detection in the fully model-independent case if yg77 is large. In order for this to be natural, the UV
completion scale would have to be quite low. Since the 100 TeV collider can probe UV completions up
to ~ 10 TeV, these natural theories will lead to direct production of new states. The black contours in
Fig. 107 show the additional tuning suffered only due to the singlet mediator, if the UV completion scale
is high enough to avoid direct production of new states at a 100 TeV collider. This effectively probes
large values of yg7r in natural theories inaccessible to lepton colliders. Combined with the requirement
that top partners not be much heavier than 500 GeV to avoid incomplete cancellation of the top loop, it
leads to the conclusion that every natural theory with SM-charged states at the UV completion scale can
be discovered.

This argument generalizes beyond the canonical case of three top partners (/Ny = 3) and one scalar
mediator (Vs = 1). More generally, one can define an unavoidable tuning price that a theory of Neutral
Naturalness has to pay in order to avoid both Higgs coupling deviations at lepton colliders and direct
production of new states at 100 TeV. This is shown as a function of (Ny - N,) in Fig. 108. Natural
theories where the number of top partners is not large have to produce signals at the 100 TeV collider,
future lepton colliders, or both.

Different tuning arguments have to be constructed for different scenarios of Neutral Naturalness
(e.g. scalar top partners), but the principle of the argument remains the same, as do the conclusions. Com-
bining the results for all top partner scenarios, Ref. [781] finds that neutral naturalness models are gener-
ically observable at future colliders unless they are tuned at the ~ 10% level or worse. Within the above-
mentioned assumptions this provides a “no-lose theorem” for future colliders as model-independent
probes of naturalness. Avoiding this result by violating requires very exotic model-building, such as
extremely large top partner multiplicity, or solutions to the hierarchy problem not based on symmetry at
all (e.g. [55,796,797]). Results from future colliders will therefore provide a qualitative advance in our
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understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

4.3 Non-Resonant Signatures
4.3.1 Measuring Top Couplings via tW /tZ Scattering

Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweak Z gauge boson have been
directly probed, in t¢Z production at the LHC [798], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below 100% [799]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in Ref. [800] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such as tW — tW, grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent of WW scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [801], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [802].2°

As shown in Fig. 109, tW scattering participates in the process pp — ttWj, giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at 100 TeV would significantly profit
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production of pp —
ttW+0(1) jets, which arises at O(gg(g) gw) and has a cross section cqcp A 25pb. The signal arises
at O(gsgs ), with a cross section ogw =~ 4 pb (cross sections computed at LO with MadGraph5 [370]
and a custom FeynRules [94] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of ~ 0.7 pb and ~ 0.06 pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the final state
particles.

Let us be specific and focus on the Z coupling to the right-handed top quark,

CR9Ztptpt RYutRZ" (118)

where gzt = —%(gs%u /cw) and cg = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [800]

R D, HEgy"tr, (119)
v
and gives rise to a deviation from the SM, cp — 1 = %ER/si], of an expected size ¢g ~ g2v?/A2,

where A is the mass of the resonance that has been integrated out, and g, its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitude tW — tW grow with energy. The leading

divergence is given by
2
M=-I_\Js(s+ D) en+0O(5). (120)
2miy,

The high energy behaviour of this amplitude has been explicitly shown in Ref. [800].

Here we directly focus on the effects that such a high energy growth has on the kinematical vari-
ables associated with ¢¢W j production. In particular, for a sizeable ¢ the particles that participate in
the strong scattering, the W and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig. 110, where we show the (normalized) distribution

ndeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [615] could potentially be exchanged in tW scattering.
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Fig. 109: Feynman diagram for the tWW — tW scattering in pp collisions. Anomalous top couplings lead to the
final {W pair having large invariant masses, providing a unique handle to identify the signal.
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Fig. 110: Invariant mass distributions for the ¢tV j electroweak production at a 100 TeV collider. We applied
some benchmark cuts (inset top-right) on the tops and the W, specifically on the transverse momentum (pr),
pseudorapidity (1), and invariant mass (m).

of events in a 100 TeV collider as a function of the maximum invariant mass between the pairs tW and
tW, for the set of cuts shown in the legend.?! The events in the presence of anomalous Zt gt couplings
are typically harder than in the SM (cr = 0). The power of a 100 TeV collider in performing this type of
“precision” probes of the top couplings is apparent once we notice that the values of ¢y used for the dis-
tributions are an order of magnitude smaller than those that the LHC will be able to probe after 300 fb~*
of integrated luminosity (¢ ~ 0.3 [800]). Awaiting for a detailed study, the improvement in sensitivity
can be estimated by assuming that the a 100 TeV collider will be able to measure cross sections with
absolute uncertainties at the same level as at the LHC (a sensible assumption given £ = 10ab~1), but
for energies a factor \/s100Tev/S13 Tev = 100/13 ~ 8 larger. Recalling that the new physics effects we
are interested in grow as ¢gr$ (see Eq. (120)), we can then expect to probe at a 100 TeV collider values of
cr at the per cent to per mille level (similar conclusions hold for the couplings of the left-handed top).

It is conceivable then that through a careful study of pp — ttWj production, a 100 TeV collider
would be able to greatly improve our sensitivity to new physics modifying the top-Z couplings. Further-
more, as explained in Ref. [800] this is not the only process which shows a strong high energy behaviour

2!0ne should be aware that at a 100 TeV collider and for large invariant masses there could be large logarithms arising from
the collinear singularity of the gluon splitting. These have been partly tamed by cutting on the pr of the tops.
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in the presence of non-standard top couplings. One prominent example is tZ — th scattering, identified
through tth+jets production, which would also constitute an important (and complementary) probe of
the nature of the top-Higgs sector using a 100 TeV collider.

4.3.2 Running Electroweak Couplings as a Probe of New Physics

In this report has clearly emerged how a future 100 TeV collider can improve in the production of heavy
states. However, we will now argue that there are also novel opportunities for precision studies that could
uncover new light (relative to /s) states indirectly. In particular, any new states interacting with gauge
bosons will impact how the associated gauge couplings evolve with energy, thereby providing a model-
independent handle on their existence provided sufficiently clean channels involving these couplings can
be identified and studied experimentally. Such a possibility has been demonstrated for electroweak (EW)
processes [469] to be discussed below, with similar applications possible in the colored sector of the the-
ory [803,804]. Analogous possibilities are also familiar from precision studies at LEP, where constraints
on new heavy fields could be applied through accurate determination of the Z boson properties via the
modification of gauge boson propagators by new states.

Many theories extending the SM introduce several new states coupling to weak gauge bosons,
potentially making them promising cases for such indirect tests. Moreover, the model-independence of
this setup amounts to an insensitivity to how these new states may decay, thereby opening the possibility
of inferring the presence of new physics that may be difficult to discover directly due to reduction of
conventional handles (as is the case with reduced missing energy in supersymmetry (SUSY) for com-
pressed spectra [58, 805] or in models of Stealth SUSY [59]) or due to increased backgrounds. The
evolution of EW gauge couplings is fully determined within the SM: the coupling 1 grows in the UV
while aip decreases as shown in Fig. 111. At energies above the mass of any charged particles extending
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Fig. 111: Evolution of the two EW gauge couplings within the SM (solid lines) and in the presence of new states
of the MSSM (dashed lines). Shown are the contributions to running of ais from the presence of a triplet fermion
(wino), and to the running of «; in the presence of three SU(2)y, singlet scalars of hypercharge 1 (right-handed
sleptons); each are shown assuming the new states entering at either 200 GeV or 1 TeV. Figure from [469].

the SM, however, this behavior can change: new fields contribute to the beta functions at scales above
their masses, such that the asymptotic freedom of ary may no longer persist. Indeed in the minimal super-
symmetric Standard Model (MSSM) the sign of a2’s beta function is flipped once all superpartners are
included, such that above that threshold the coupling will increase in the UV. Even the qualitative running
behavior can thus serve as a consistency check of the SM itself, or as an indirect probe of new fields if
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they exist. As indicated in Fig. 111, however, deviations in the running coupling are typically of order
1% after a decade of running in the presence of an isolated new state of the MSSM. As such, percent-
level experimental precision is needed in order to assess cases in which beta functions are modified by a
single field at a given threshold.

Experimental sensitivity to the running of a2 relies on minimizing uncertainties in the pro-
cess under examination. Statistical uncertainties are minimized by identifying a process whose cross-
section remains sizable at high energy; theoretical uncertainties are minimized for processes that are
well determined theoretically; and experimental uncertainties are minimized for processes that are suf-
ficiently clean. Drell-Yan (DY) processes proceeding through neutral and charged currents satisfy these
three criteria. At hadron colliders, both a; and oy can thus be sensitively probed with the (neutral
current) process pp — Z*/y* — £T4~, while oy is constrained with the (charged current) process
pp — W+ — ¢+ [806]. Modifications to the running of 1 » may be observed in the shape of the
dilepton invariant mass spectrum in the neutral current case, while in the charged current case the shape
of the transverse mass spectrum is modified:

do doZ/v
— Z¥ |y =0t = =M 121
M, (pp = Z*/v" = £7L7) Al (01,2(Q = My)) (121)
do e doeW™
— * = My,——— =M . 122
My (pp — W* — tv) /MT d © M rd,, (2(Q w)) (122)

Thus both effects rely on the fact that the couplings are evaluated at a scale, (), corresponding to the
invariant mass of the final state.

The main uncertainties impacting the precision with which final state distributions of DY processes
can be used to constrain running couplings are statistical, theoretical (scale and PDF), and experimental.
Statistical uncertainties are sufficiently small, for an integrated luminosity of 3ab~! at 100 TeV, assum-
ing final states with My, My, < 3TeV. At these energies, theoretical uncertainties entering through
scale and PDF are < 1 — 2%, determined using the generators DYNNLO and FEWZ [807-812] with the
NNPDF2.3 PDF set [675]. Finally experimental uncertainties are assumed to be similar to those of the
LHC, where neutral current DY measurements at 7 and 8 TeV indicate uncorrelated uncertainties again
at the level of 1 — 2% [813-815]. Treating these uncertainties accordingly, the significance with which
a 100 TeV collider is indirectly sensitive to typical SUSY states is as shown in Fig. 112. Shown is also
a comparison to how well the 14 TeV LHC can perform analogous measurements assuming the running
of a is as in the MSSM.

A general treatment can be carried out by comparing sensitivity to states of a mass, M, with
contributions Abj o to the two EW gauge couplings. At the leading log level, this parameter space
depends only on the representation (charge) of the new states; dependence on the spin of the new states
enters through their finite contribution to gauge boson propagation, which must be accounted for only in
higher order matching. Thus working at leading log level, results are as shown in Fig. 113 for current
and future runs of the LHC, together with comparisons to what can be gained at 100 TeV and to what
is learned through precision studies at LEP where new physics effects could be observed through the
presence of higher dimension operators that may be generated upon integrating out heavy states.

The effect of systematic uncertainties on the sensitivity of hadron colliders in extracting running
coupling information is a crucial consideration of this program. Fig. 114 shows how the reach of the
LHC and of a 100 TeV machine respond to varying these uncertainties, taking sensitivity to the sign
of B3 and to the presence of a wino or the full MSSM as examples. A change in sign of 32, as would
be obtained with the MSSM contributing to the running, can be probed at the 30 level between LHC
and a future 100 TeV collider even as systematic uncertainties approach the 10% level. The effect of
varying scale choice, taking My, /2 < Q) < 2My, as the scale at which the EW couplings are evaluated,
is shown for the case of a wino or the full MSSM contributing to S2: this has the effect of varying the
pertinent thresholds that can be constrained within about a factor of four. This analysis is all carried out
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Fig. 112: Sensitivity to new states contributing to the running of SU(2)r. Left: Sensitivity at 100 TeV and its

combination with the LHC to Higgsinos, wino, and a 5 of SU(2),. Right: Sensitivity of the same machine(s) to

the entire MSSM entering the running of a. Figures from [469].
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Fig. 113: Sensitivity of past, current, and future colliders to generic new states of mass M contributing to beta
functions of the EW gauge group. Left: results for states charged under hypercharge, determined through neutral
current DY. Right: results from SU (2) representations using charged current DY.

at leading log order in the EW couplings, and thus the uncertainty band coming from scale choice may
be significantly reduced by carrying out a higher order calculation of these processes. Taking the central
scale choice as the fiducial value, a 100 TeV machine can thus provide indirect sensitivity to the presence
of a wino up to masses = 1.5 TeV and of the MSSM up to ~ 3.5 TeV.
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Fig. 114: Impact of varying systematic uncertainties. Left: Variation in sensitivity to the sign of cay’s beta function
with respect to the overall size of uncorrelated systematic uncertainties. Right: Variation in sensitivity to contribu-
tions to running a from a wino and the entire MSSM entering at mass M, with respect to varying scale choice
within a factor of two of My, . Figures from [469].
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