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1. Introduction

After the discovery of the Higgs boson by the LHC experiments [1, 2], particle physics has
entered in exciting era. A crucial question is whether the boson discovered by the LHC experiments
is the only scalar boson realized in nature, or whether it is part of a more extended scalar sector
that could in principle explain additional current puzzles of nature as dark matter or the flavour
structure. Although the Standard Model (SM) parameters by themselves are all determined, not
all couplings have been measured yet, as e.g. triple and quartic Higgs couplings. This as well
as theoretical and experimental uncertainties still leaves room for a large variety of new physics
scenarios. The latter could manifest themselves via either direct deviations in e.g. invariant mass
distributions, signatures that are not present in the SM alone (as e.g. events with large missing
transverse energy), or deviations in SM-like quantities that are small and therefore can be a result
of loop induced new physics effects.

In this work, I briefly discuss a short overview on various model with extended scalar sectors,
with a focus on models that can be tested at future lepton colliders. I also briefly mention the
recasting of various searches for new physics scenario within the Inert Doublet Model.

2. Imert Doublet Model: Recast

The Inert Doublet Model (IDM) [3-5] is a two Higgs doublet model with an exact Z, symmetry
that renders the lightest scalar of the second doublet stable and therefore provides a dark matter
candidate. Furthermore, the symmetry prevents the coupling to fermions of that doublet, such that
the additional bosons decay via electroweak gauge bosons. The potential is given by

The scalar potential of IDM is given by
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and where h H, A, H* denote the physical mass eigenstates.

In this work we follow the scan presented in [6] and subsequently updated in [7-10].

At the LHC, a prime signature of the model are processes with electroweak gauge bosons and
missing transverse energy, leading typically to multi-lepton signatures. An overview on possible
cross sections for such processes at various collider stages has been provided in [9] . Similar
final states are also accessible in other new physics scenarios, such as supersymmetric setups or
other scalar extensions with dark matter candidates. Therefore, a natural question is how sensitive
searches that were designed for other models are for the IDM, or whether it is necessary to design
search strategies targeted at this model specifically.

Recasts for the IDM for such signatures have already been presented in the literature, see e.g.
[11] or [12] for recent work. However, a large part of the parameter space the searches might be
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Figure 1: Total rates as a function of the available phase space using a mass estimation for 2¢ and 3¢
lepton searches for the IDM. High rates are correlated with small available phase space, in turn leading to
suppression for high missing transverse energy cuts. Taken from [8].

sensitive to is already constrained by e.g. results from dark matter as e.g. relic density or direct
detection constraints.

In [8], we investigated constraints on the IDM stemming from recasting the searches for
h — invisible from early run 2 LHC data. As a side product, we additionally checked whether
any of the points that we investigated might be excluded by multi-lepton searches with missing
transverse energy that were designed for supersymmetric scenarios [13, 14]. We found that the
relatively high cuts on missing transverse energy of around 100 GeV basically cut out all regions
of parameter space with higher cross sections. A rough estimate of this dependence is shown in
figure 1, where we estimate the available phase space based on kinematic properties of the parame-
ter points. We observe there is a direct correlation between high cross sections and small expected
missing transverse energy’.

As a follow up, we then investigated the constraints that come from a more recent search for
dilepton and missing energy, primarily designed for the THDMa, a two Higgs doublet model with
an additional pseudoscalar field that serves as a portal to the dark sector [15-34]. This search has
been shown to put relatively strong constraints in that model (see e.g. [30]), and it is therefore
natural to investigate whether this can pose constraints on the IDM.

In ongoing work [35], we therefore have used the publicly available code CheckMATE [36, 37]
to recast the corresponding search [38] in the IDM. We show preliminary results of this study in
figure 2, with allowed and excluded points both in the (mpg, m4) and (myg + my4,0) plane. We see
that in principle only a small region of the parameter space is sensitive to this search. In addition, as
various channels are contributing to the corresponding final state, one cannot draw clear exclusion
contours in the di-mass plane as naively expected.

!In principle more detailed studies would be needed here. The argument leading to the above plot can only be seen
as a first estimate.
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Figure 2: Allowed and excluded points from a scan presented in [35], using the recasted THDMa search
as implemented in CheckMate. Left: (mp, ma) plane. Right: (mg + m4,0 g a) plane. Very few points are
sensitive.
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Figure 3: Transverse missing momentum distributions for various parameter points in the IDM and
THDMa, including cross section predictions. Although rates for the THDMa points are significantly lower,
all of these are forbidden by the search, while the IDM points are still allowed. This is mainly due to the
applied cut in missing transverse momentum.

It is interesting to see that for the THDMa, parameter points with much smaller cross sections
are already excluded. We investigate the reason for this behaviour in figure 3, which shows the
missing energy distribution for various new physics points in the IDM and THDMa, respectively,
in addition to the corresponding production cross sections. We see that the IDM points have a
peak toward lower missing transverse momentum, while the THDMa points peak at higher values.
As before, large constraints on missing transverse momentum cut out the interesting regions in
parameter space for the IDM.
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Figure 4: Production cross sections of an SM like scalar in various production processes, at a Higgs factory
with a center-of-mass energy of 250 GeV. Taken from [42].

3. New physics at Higgs factories

In both the last European strategy (see e.g. [39] for the Physics Briefing Book) as well as the
Snowmass/ P5 process (see e.g. [40]), a Higgs factory was identified as one of the next important
world wide collider projects. It is therefore interesting to investigate in which way novel scalars
could be produced and discovered at such a machine.

For Higgs-like particles, one of the main production modes is the so-called scalar strahlung,
leading to

ete” = Zh; 3)

via offshell Zs in the s-channel, and where /; denotes a CP even neutral scalar. Another production
mode would be vector boson fusion (VBF) leading to the final state

Note that the process specified in eqn (3) also contains the latter process. We therefore plot the
production cross section for a SM-like scalar in figure 4 for a center-of-mass energy of 250 GeV.
The production cross sections were calculated using Madgraph [41] at leading order.

We see that, in particular for masses > 80 GeV, the Z & production is dominant, and we therefore
concentrate on this production channel for the rest of this section.

In [43], it was pointed out that one channel that has not been investigated yet in phenomeno-
logical studies was

ete - WW™ Z,

that can partially be mediated by an additional scalar from eqn (3) decaying into a W* W~ pair. In
order to determine the best parameter point, the production cross sections in figure 4 need to be
convoluted with the respective branching ratios for that final state as well as realistic production
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Figure 5: Production rates for a Higgs-like scalar at a 250 GeV Higgs factory: (left) convoluted with
branching ratios to W* W~ final states and (right) with realistic production rescaling as e.g. discussed in
[45].

rates. We here refer to a scenario where the extra scalar can e.g. stem from a singlet extension, this

D8l (h) = giy

where the g; denote the couplings to vector bosons for additional new scalars in the model and g is

way obeying the sum rule [44]

the respective coupling in the SM. The current measurements of the Higgs signal strength this way
already put strong constraints on the allowed parameter space (see e.g. [45] for a recent update).
In figure 5, the left hand side shows the rate convoluted with the branching ratio to W* W™, while
the right hand side additionally takes into account realistic current constraints on the production
rescaling derived using HiggsTools [46] based on HiggsBounds [47-50] and HiggsSignals [51—
53]. We see that, after taking these additional factors into account, the largest rates stem from
new scalar masses around 130 — 140 GeV. In [54], some preliminary results on studies for these
parameter points are presented.

4. New physics at Muon Colliders

Another interesting point is the investigation of the potential of high energy lepton colliders,
like e.g. colliders with muonic initial states, that have recently attracted large interest (see e.g.
[55-57] for recent community reports). One advantage of such high-energy machines is that they
experience an enhancement of vector boson fusion processes as the masses of the emitted elec-
troweak gauge bosons become small with respect to the available collider energy, therefore leading
to a log-type enhancement of the respective cross sections. In particular, this means that processes
that are dominated by vector boson fusion channels are largely enhanced, see e.g. [58-68].

In [10], we have investigated the pair-production of A A in the IDM at a muon collider in the
vector boson fusion topology, focusing on a machine with a center-of-mass energy of 10 TeV. This
paper equally contains the newest updates to the parameter space of the IDM. A crucial quantity in
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Figure 6: Total cross-section, with pre-cuts, for the channel given in eqn (4) at 10 TeV in the plane of
M, and A3ss. The dashed line corresponds to the maximal possible value of 345 as a function of My, for
A345 = 0 and My = 40 GeV. Points lying on or near the dashed line come from the parameter scan with
maximal 345 coupling. Red circled points mark specific benchmark points. Taken from [10].

this channel is given by
2 (M3 - M)

A5 = Aus + 5 ;

v
where A345 = A3 + A4 + As, Ma(m) are the masses of the A (H) and v is the vacuum expectation
value of the SM-like doublet. This coupling determines the rates of the s-channel contributions
to A A production in VBF. In figure 6, we show the production cross sections at a 10 TeV muon
collider for the process

wrpm > v v AA - v v, jjt ¢ HH, 4)

in the (M A /7345) plane, where we equally display the upper limit on A345 for A345 = 0, My =
40 GeV, where the latter values are motivated by dark matter constraints. We see that largest pro-
duction rates are obtained for maximal A345 values, together with a relatively light mass for A.

A dedicated search strategy including background simulation and cut as well as machine learn-
ing based setups has been discussed in [10] and will not be repeated here. We show the results for
both cut and machine learning based significances in figure 7, where we define the significance

2= |2

according to [69]

(S+B)1n(1+%)—5]
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Figure 7: Subset of parameter points that were used for the cut-and-count analysis (left) and the ML analysis
(right) shown on the M4 — My vs. My plane. Figure taken from [10].

In general, we find that machine based techniques supersede the cut based searches as pre-
sented in the above work, with significances larger than 5 being possible for relatively light dark
matter masses ~ 200 GeV and large mass differences allowing for large A34s.

5. Conclusion

In this work, I gave a brief overview on work that discussed new physics scenarios with ex-
tended scalar sectors at current and future colliders. I focussed on the importance of designing
dedicated searches for new physics scenarios with varying topologies, by means of recasting the
dilepton search for the THDMa for the Inert Doublet Model. Furthermore, I gave a brief overview
on some aspects of loght scalar searches at Higgs factories as well as a discussion of a search for the
Inert Doublet Model at future muon colliders. In general, these three topics can only give a glance
on all possible scenarios that relate to extended scalar sectors, with a wide variety of additional
topics that cannot be covered in this short proceeding contribution.
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