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After the discovery of the Higgs boson in 2012, particle physics has
entered an exciting era. An important question is whether the Standard
Model of particle physics correctly describes the scalar sector realized by
nature, or whether it is part of a more extended model, featuring additional
particle content. A prime way to test this is to probe models with extended
scalar sectors at future collider facilities. We here discuss such models in
the context of high-luminosity LHC, a possible proton—proton collider with
27 and 100 TeV center-of-mass energy, as well as future lepton colliders
with various center-of-mass energies.
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1. Introduction

After the discovery of a scalar which complies with the properties of the
Higgs boson h of the Standard Model (SM) [1, 2], particle physics has entered
an exciting era. One important question is whether the particle discovered
by the LHC experiments indeed corresponds to the Higgs boson predicted by

* Presented by T. Robens at XXVII Cracow Epiphany Conference on Future of Particle
Physics, Cracow, Poland, January 7-10, 2021.
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the Standard Model, or whether it is part of a model featuring an extended
scalar sector. So far, both theoretical as experimental uncertainties allow
for both options, although in general the parameter space of new physics
models becomes increasingly constrained by both direct searches as well as
indirect probes, as e.g. the 125 GeV scalar coupling strength or electroweak
precision observables (see e.g. [3, 4] for recent results).

In this work, we will discuss the discovery prospects of models with ex-
tended scalar sectors at future collider facilities. We will concentrate on
two different scenarios: (a) The Inert Doublet Model, a two-Higgs-doublet
model that features an exact Zs symmetry. This model introduces 5 ad-
ditional particles in the so-called dark sector and provides a dark matter
candidate. (b) The two-real singlet extension of the Standard Model, where
the scalar sector is enhanced by two real scalar singlets. In this model, an
exact Zo ® Z, symmetry is assumed, which is successively broken by the
vacuum expectation values (v.e.v.s) of the two additional scalar fields. This
induces mixing between all CP-even scalar states. This model features a
plethora of new physics channels which so far have not been investigated by
the LHC experiments. We will briefly discuss these and subsequently, focus
on the discovery prospects for hhh production within this model at the LHC
Run 3 as well as high-luminosity LHC.

The two models described above will be covered in the subsequent sec-
tions of this manuscript. Section 2 will discuss the Inert Doublet Model,
current status as well as possible future collider prospects. In Section 3, on
the other hand, we will comment on the two-real-singlet extension, with a
special focus on discovery prospects for the hhh final state at the HL-LHC.
We will conclude in Section 4.

2. The Inert Doublet Model

2.1. The model

The Inert Doublet Model (IDM) [5-7] is an intriguing new physics model
that enhances the SM scalar sector by an additional SU(2) x U(1) gauge
doublet ¢p. Furthermore, it introduces a discrete Zs symmetry with the
following transformation properties

os — og, ¢p = —¢p, SM — SM.. (1)

In this model the symmetry remains exact. This has important conse-
quences: (a) the additional doublet does not acquire a vacuum expectation
value (v.e.v.) and (b) it does not couple to fermions. Therefore, electroweak
symmetry breaking proceeds as in the SM. Furthermore, the above sym-
metry ensures that the lightest particle of the so-called dark doublet ¢p is
stable and renders a dark matter candidate.
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The potential of the model is given by

v = 5 [t (skas) +md (shon)] + o (skas)” + 2 (shen)’
+3 (¢hes) (ehon) + M (shon) (hes)
+3| (shon) "+ (hos) ] @

After electroweak symmetry breaking, the model features 7 free param-
eters. We here chose these in the so-called physical basis 8]

v, Mh7 MHa MAv ]\4Hi ) )\2) A345, (3)

where we use Azq5 = A3 + A4 + A5 throughout this work. The v.e.v., v, as
well as M} ~ 125 GeV are fixed by experimental measurements, leading to
a total number of 5 free parameters. We here choose H as the dark matter
candidate, which implies My g+ > My L

The model is subject to a large number of theoretical and experimental
constraints. These have been discussed at length e.g. in [8-12] and will
therefore not be repeated here. In the scan for the allowed parameter ranges,
we make use of the publicly available tools 2HDMC [13], HiggsBounds-5.9.0
[14-18], HiggsSignals-2.6.0 [19, 20], as well as micrOMEGAs_5.2.4 [21]. Cross
sections are calculated using Madgraph5 [22] with a UFO input file from
[23]>. We compare to experimental values from GFitter [26, 27|, as well
as results from the Planck [28] and XENONIT [29] experiments. Direct
collider searches as well as agreement with the 125 GeV coupling strength
measurements are implemented via HiggsBounds and HiggsSignals, where
we additionally compare to the total width upper limit [30] and invisible
branching ratio [31] of h. Recast results from a LEP-SUSY search [32] were
also included. We refer the reader to the above references for more details.

2.2. Current status

The experimental and theoretical constraints lead to a large reduction
of the allowed parameter space of the model; in particular, the masses are

! Note that the new scalars in the IDM do not have CP quantum numbers, as they do
not couple to fermions. In the subsequent discussion, we can replace H «— A if we
simultaneously use A5 «— —M\5. All phenomenological considerations are identical
for these cases.

2 Note the official version available at [24] exhibits a wrong CKM structure, leading
to false results for processes involving electroweak gauge bosons radiated off quark
lines. In our implementation, we corrected this. Our implementation corresponds to
the expressions available from [25].
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usually constrained to be quite degenerate, as can be seen from figure 1.
This is due to an interplay of electroweak constraints as well as theoretical
requirements on the potential.
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Fig. 1. Masses are requested to be quite degenerate after all constraints have been
taken into account. Left: In the (M4, Mg+ ) plane (taken from [8]). Right: In the
(My+ — My, My — Mpy) plane (taken from [11]).

A particularly interesting scenario is the case when My < M}, /2, which
opens up the h — invisible channel. In such a scenario, there is an inter-
esting interplay between bounds from signal strength measurements that
require |Ag45| to be rather small < 0.3, and bounds from dark matter relic
density, where too low values of that parameter lead to small annihilation
cross sections and, therefore, too large relic density values. The effects of
this are shown in figure 2. In [8], it was found that this, in general, leads
to a lower bound of My ~ 50GeV, although exceptions to this rule were
presented in [12].
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Fig.2. (Colour on-line) Interplay of signal strength and relic density constraints
in the (Mp, Ass5) plane. Left: Using LUX constraints [33], bounds labelled “ex-
cluded from collider data” have been tested using HiggsBounds and HiggsSignals
(taken from [8]). Right: Using XENONIT results, with grey/golden diamond
points labelling those points that produce exact relic density (taken from [9]).
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2.8. Discovery prospects at CLIC

So far, no publicly available search exists that investigates the IDM pa-
rameter space with actual collider data. In [34, 35|, however, the discovery
potential of CLIC was investigated for several benchmark points proposed in
[11], for varying center-of-mass energies up to 3 TeV. We investigated both
AH and HYH~ production with A — Z H and H* — W*H, where the
electroweak gauge bosons subsequently decay leptonically. Event generation
was performed using WHizard 2.2.8 [36, 37|, with an interface via SARAH [38]
and SPheno 4.0.3 39, 40| for model implementation. CLIC energy spectra
[41] were also taken into account.

For the production modes above, we considered leptonic decays of the
electroweak gauge bosons. In particular, the investigated final states were

ete” = utuy +F, ete” = pteT+
for HA and H™ H~ production, respectively. Note, however, that in the
event generation we did not specify the intermediate states, which means all
processes leading to the above signatures were taken into account, including
interference between the contributing diagrams. This includes final states
where the missing energy can originate from neutrinos in the final state.
Event selection was performed using a set of preselection cuts as well as
boosted decision trees, as implemented in the TMVA toolkit [42]. Results for
the discovery reach of CLIC with varying center-of-mass energies are shown
in figure 3. We see that in general, production cross sections 2 0.5 fb seem
to be accessible, where best prospects for the considered benchmark points
are given for 380 GeV or 1.5 TeV center-of-mass energies. Similarly, mass
sums up to 1 TeV seem accessible, where in general the u* eT channel seems
to provide a larger discovery range. Considering the H+ H~ production
with the semi-leptonic final state, i.e. with hadronic decay of one of the
W bosons, increases the corresponding mass range to about 2 TeV [43-46].

2.4. Sensitivity comparison at future colliders

After a dedicated analysis of the IDM benchmarks in the CLIC envi-
ronment, an important question is whether other current or future collider
options provide similar or better discovery prospects. Therefore, for the
benchmarks proposed in [11, 34], production cross sections for a variety of
processes have been presented in [12], including VBF-type topologies. Cross
sections were calculated using Madgraph5. We list the considered collider

types and nominal center-of-mass energies as well as integrated luminosities
in Table I.
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Fig. 3. Discovery prospects at CLIC for the IDM in putpu~ + F (left) and p* e+ F
(right) final states, as a function of the respective production cross-sections (top)
and mass sum of the produced particles (bottom). Taken from [34].

TABLE 1

Collider parameters used in the discovery reach study performed in [12]. Collider
specifications have been taken from [47-51] for the HL-LHC, HE-LHC, FCC-hh
and muon collider, respectively. The last column denotes the minimal cross section
required to produce 1000 events using full target luminosity.

Collider | c.m. energy |TeV]| Jc T1000 D]
HL-LHC 13/ 14 3ab™' | 0.33
HE-LHC 27 15ab™t | 0.07
FCC-hh 100 20ab™' | 0.05

ee 3 5ab™t | 0.2

L 10 10ab~? 0.1

I 30 90ab~t | 0.01

We here label a scenario “realistic” when we can expect 1000 events to
be produced using target luminosity and center-of-mass energies as specified
above. Obviously, more detailed studies, including both background contri-
bution and detector response simulation, are necessary to assess the actual
collider reach.
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We consider the following production modes:

— pp colliders at various center-of-mass energies:

pp - HA, HH", HH~, AH", AH , HT"H , AA,
pp — AAjj, HTH jj.

The latter two processes are labelled “VBF-like” topologies, although
in practice we include all diagrams that contribute to that specific final
state; e.g., to the A A j j final state, also H* A production contributes,
with subsequent decays H* — W* A and hadronic decays of the .
Furthermore, all but the A A direct pair production are proportional to
couplings from the SM electroweak sector (see e.g. [8]), so, in principle,
these production cross sections are determined by the masses of the
pair-produced particles. The AA channel is proportional to

- M? — M>
A345 = A3a5 — QHTA ; (4)

so dependences here are more involved.

— pp colliders:
At the muon collider, we mainly consider

pt T = v, m,AA, ptps — v, HYH™ |

which again corresponds to VBF-like production modes. However,
as before, we do not specify intermediate states, so in fact, several
diagrams contribute which not all have a typical VBF topology. See
Appendices B and C of [12] for details.

Figures 4 and 5 show the production cross sections as a function of the
mass sum of produced particles for various collider options and production
modes. We see clearly that while predictions for direct pair-production cross
sections at pp colliders exhibit a fall with rising mass-scales for all but the
AA pair-production mode, understanding the behaviour of the VBF-induced
channels is less trivial. This can be attributed to the fact that more diagrams
contribute. For example, for AAjj, we have contributions from h-exchange
in the s-channel which are again proportional to Ass5 given by Eq. (4),
which can induce large jumps between cross-section predictions for scenarios
with similar mass scales. Similar differences can be observed for VBF-type
production at pp colliders; this can be traced back mainly to a fine-tuned
cancellation of various contributing diagrams, which is discussed in large
detail in [12].
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Fig.4. Pair-production cross-section predictions at pp colliders as a function of
the sum of produced particle masses. Left: For all considered production channels
at 13 TeV LHC. Right: for selected channels at 13 TeV, 27 TeV, and 100 TeV.
Horizontal dashed lines denote the limit of the cross section at which 1000 events
are produced with the respective target luminosity, ¢f. Table I. Taken from [12].
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Fig.5. As figure 4, but now considering the VBF-type production mode. Left:
for pp colliders, where two additional jets are produced and right: at pu colliders.
Taken from [12].

The summary of sensitivities in terms of mass scales is given in Table II.

We see that especially for AA production the VBF mode at both proton
and muon colliders serves to significantly increase the discovery reach of
the respective machine. Using the simple counting criterium above, we can
furthermore state that a 27 TeV proton—proton machine has a similar reach
as a 10 TeV muon collider, while 100 TeV FCC-hh would correspond to a
30 TeV muon—muon machine. Obviously, detailed investigations including
SM background are needed to give a more realistic estimate of the respective
collider reach.
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TABLE II

Sensitivity of different collider options specified in Table I, using the sensitivity
criterium of 1000 generated events in the specific channel. z—y denotes mini-
mal/maximal mass scales that are reachable. Numbers for CLIC correspond to
results from detailed investigations [34, 35].

Collider All others AA AA+VBF
HL-LHC 1 TeV 200-600 GeV 500-600 GeV
HE-LHC 2 TeV 400-1400 GeV | 800-1400 GeV
FCC-hh 2 TeV 6002000 GeV | 1600-2000 GeV
CLIC, 3 TeV 2 TeV — 300-600 GeV
wu, 10 TeV 2 TeV — 400-1400 GeV
e, 30 TeV 2 TeV — 1800-2000 GeV

3. Two-real-singlet extension
8.1. The model

The two-real-singlet model (TRSM) is a model that features the exten-
sion of the SM scalar sector by two additional real singlets S, X, which
obey a Zg ® Z, symmetry. It has been introduced in [52], with a first phe-
nomenological study of the model being presented in [53|. The model is also
available in the public tool ScannerS [54-56].

The transformation properties under the two discrete symmetries are
specified as

zZ5: S—-S, X—X, SM— SM,
Zx: X ——-X, S—S, SM— SM. (5)

Application of this symmetry reduces the number of possible terms in the
potential, such that we obtain

2
V o= 12870 + Ao (@qu) +38% + AgSt + P2 X2 4 Ay X
FAp5P BS? + Npx PTPX? 4+ Agx S2X2. (6)

So far, we have not specified whether the additional scalar states acquire
v.e.v.s. In fact, setting one of these to zero opens up the possibility of
having a portal-like dark matter scenario. On the other hand, when both
additional fields acquire a v.e.v., the above symmetry is softly broken and
all scalar fields mix. We here discuss this second scenario. The gauge-
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eigentstates are then given by

0 ¢s + vs ¢x +vx
b= gpto |, S =", X=———. 7

Rotation into mass eigenstates is then described by a rotation matrix R,

with
hi ®n
h2 =R ¢S s (8)
hs3 ox

where in the following we adapt the convention that
My < My < Ms.
The rotation matrix is described via three mixing angles 61 23, with

C1C2 —S81C2 —82
R = §1C3 — C18283 C1C3 + 8189283 —C2S83 s (9)
C182C3 + 8183 €183 — S182C3  C2C3

and the short-hand notation

$1 =sinfbg, So =sinbyx , s3 =sinflgx , c1 =cosbys, ...
(10)
It is important to note that all interactions to SM particles are inherited
through this mixing, with a corresponding scaling factor x; = R;; for the

mass eigenstate h;.

After electroweak symmetry breaking, the model has in total 9 free pa-
rameters; as before, two of these, v >~ 246 GeV and M, ~ 125 GeV, are fixed
by the Higgs mass measurement and electroweak precision observables. We
then choose as free input parameters

Mb7 MC7 9hS7 HhX ; 95X ; vs, vx , (11)

with a # b # ¢ € {1,2,3}.

As before, the model is subject to a large number of theoretical and
experimental constraints, which have been presented in detail in [52| and
will not be repeated here.

3.2. Phenomenology and benchmark planes

Having three distinct scalar final states, this model allows for interesting
scalar—scalar production and decay modes. At pp colliders, we have

pp — hg — hihy; pp — hg — ha ha;
pp — ha — hihy; pp — h3 — hy hy
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with decay modes given by
hg—)SM; hQ—)hlhl; hl—)SM

The exact phenomenology depends on the chosen parameter point. While
all partial decay widths to SM-like final states are given by the common
scaling factors defined above

I' (hg — SM; M) = k2 ot (hsa; M) (12)

where ot (hgv; Mg) denotes the decay width of an SM-like scalar of mass
M,, partial decays into scalar final states need to be calculated from the
new physics parameters in the potential.

In [52], a number of benchmark planes were defined in order to accommo-
date for production and decay modes in the scalar sector that are currently
not investigated by the LHC experiments. We list these in Table III.

TABLE IIT

Overview of the benchmark scenarios: The second column denotes the Higgs mass
eigenstate that we identify with the observed Higgs boson, hiss, the third column
names the targeted decay mode of the resonantly produced Higgs state, and the
fourth column lists possible relevant successive decays of the resulting Higgs states.
Taken from [52].

Benchmark  hqo5 Target Possible successive
scenario signature decays

BP1 hs  hizs — hihs ho — hihy if My > 2M;
BP2 h2 hg — hl h125 —

BP3 hy hs — hiasho  ho — hiashios if My > 250 GeV
BP4 hs ha = hihy o

BP5 ha hs — hihy —

BP6 hy hs — hahs ho — hioshios if My > 250 GeV

For some of these, especially BP4, BP5, and BP1, relatively high pro-
duction rates of 60 pb, 2.5 pb, and 3 pb, respectively, can be achieved at the
13 TeV LHC. These numbers correspond to rescaled production modes

o(M,) = ﬁg osm (M) (13)

followed by factorized decays. ogn(M,) denotes the NNLO+NNLL produc-
tion cross section for an SM-like Higgs of mass M,, with numbers taken
from [57]. The relatively large rates make these BPs prime targets for cur-

rent LHC data analyses. In the following, we however concentrate on BP3
and the hhh final state.
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3.8. hhh production in the TRSM

One interesting scenario within the TRSM is the asymmetric production
and subsequent decay

pp — h3 = hah1 — hihy hy, (14)

where h; = h is the SM-like scalar. This signature is realized in BP3 and
was analysed in detail in [53|. Input parameters for BP3 are displayed in
Table IV.

TABLE IV

The numerical values for the independent parameter values of Eq. (11) that char-
acterise BP3. The Higgs doublet v.e.v., v, is fixed to 246 GeV. The k; values
correspond to the rescaling parameters of the SM-like couplings for the respective
scalars and are derived quantities.

Parameter Value

M, 125.09 GeV
My [125, 500] GeV
M; [255, 650] GeV
Ons —0.129
Onx 0.226
Osx —0.899

Vg 140 GeV
Vx 100 GeV

K1 0.966

Ko 0.094

K3 0.239

We want to briefly comment on the calculation of rates, and differences
between these in [52] and [53]:

— In [52], production cross sections were calculated as specified in
Eq. (13), and rates for final states were then derived via multiplica-
tion with the corresponding branching ratios. This is a priori a good
approach for a first estimate, and incorporates important higher-order
effects in the production cross sections.

— In [53], on the other hand, we made use of a customized loop sm
model implemented in MadGraph5 aMC@NLO (v2.7.3) [58, 59|, and
subsequently interfaced to Herwig (v7.2.1) [60—66]. This model includes
full top and bottom mass effects and calculates production modes at
LO, i.e. at the one-loop level. Furthermore, for process (14) interme-
diate states were not specified, which guarantees the inclusion of all
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contributing diagrams as well as interference effects. In particular, in
some scenarios contributions from s-channel offshell hq states were on
the % level.

Taking this into account, we display in figure 6 the production cross section
for the hho final state as derived in [52]. For this final state, production
cross sections can reach up to 0.3 pb.
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777 HiggsBounds
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Fig.6. Production cross section for the hho final state in BP3 at a 13 TeV LHC,
as a function of My and Mjz. Experimental exclusion bounds stem from searches
for ho3 — V'V from 2016 LHC Run 2 data [67-69]. Taken from [52].

Branching ratios for hy and h hsy are displayed in figure 7.
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Fig.7. Branching ratios for hsy (left) and h ho (right) in BP3, as a function of M.
Left plot taken from [52].
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This particular benchmark plane was chosen such that hy — hh be-
comes dominant as soon as it is kinematically allowed. This induces the
predominance of bbbbbb and bbbbW W ~ rates over those for four-particle
final states.

In [53], several benchmark points were selected which were then investi-
gated at the LHC using 14 TeV center-of-mass energy, where we concentrated
on the bbbbbb final state. Those benchmark points as well as significances for
an integrated luminosity of [ £ = 300fb~" and [ £ = 3000fb™" are shown

in Table V.
TABLE V

Benchmark points investigated in [53], leading-order production cross sections at
14 TeV, as well as significances for different integrated luminosities.

(Ma, M3) | o(pp — hihihy)  o(pp — 3bb) | siglzoom-1  igl3000 m—1
[GeV] [fb] [fb]
(255, 504) 32.40 6.40 2.92 9.23
(263, 455) 50.36 9.95 4.78 15.10
(287,502) 39.61 7.82 4.01 12.68
(290,454) 49.00 9.68 5.02 15.86
(320,503) 35.88 7.09 3.76 11.88
(264, 504) 37.67 7.44 3.56 11.27
(280,455) 51.00 10.07 5.18 16.39
(300,475) 43.92 8.68 4.64 14.68
(310, 500) 37.90 7.49 4.09 12.94
(280, 500) 40.26 7.95 4.00 12.65

For details of the analysis as well as SM background simulation, we refer
the reader to the above work. We see that several of the benchmark points
are in the 4-5 o range already for a relatively low luminosity, and all have
significances above the discovery reach after the full run of the HL-LHC. We
therefore strongly encourage the experimental collaborations to adapt our
search strategy, using the actual LHC data.

Finally, we can ask whether other channels cannot equally constrain the
allowed parameter space at the HL-LHC. To this end, we have extrapolated
various analyses assessing the heavy Higgs boson prospects of the HL-LHC
in final states originating from h; — hihy |70, 71|, hy — ZZ |68, 72] and
hi — WTW= |73, 74], for i = 2,3, and combined these with extrapolations
of results from 13 TeV where appropriate. Details of the extrapolation pro-
cedure can be found in Appendix D of Ref. [75]. The corresponding results
are shown in figure 8.



Eaxtended Scalar Sectors at Future Colliders 1069
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Fig.8. Constraints on the (Ms, M3) plane from extrapolation of other searches at
the HL-LHC from extrapolation (see the text for details). Taken from [53].

Especially ZZ final states can probe nearly all of the available parameter
space. However, we want to emphasize that these depend on different model
parameters than the hy by hq final state rates and, therefore, these searches
can be considered as complementary, testing various parts of the new physics
potential. We encourage the LHC experimental collaborations to pursue
searches in all possible decay channels.

4. Conclusion

In this work, we have discussed several new physics models and their
discovery prospects at future colliders. For the Inert Doublet Model, a
two-Higgs doublet model with a dark matter candidate, we have discussed
constraints on the parameter space and presented results of a dedicated
study of several benchmark points in di-scalar production within the CLIC
environment for several center-of-mass energies. We found that, when using
both leptonic and semi-leptonic decay modes for these searches, mass scales
up to 1 TeV could in principle be reachable. Furthermore, we have performed
a simplified study where we compared collider reaches for IDM benchmark
points using a simple counting criterium. We found that, especially for
the elusive AA production channel, the inclusion of VBF-type production
modes greatly enhances the mass range that could in principle be tested
at colliders. This comparison should be taken as a starting point for more
dedicated studies at both hadron—hadron and lepton—lepton machines.

Furthermore, we reported on the sensitivity of the HL-LHC for new
physics-initiated cascade decays leading to hhh final states, with subsequent
decays into 3 bb pairs. We found that at the HL-LHC all considered bench-
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mark points such be within discovery range, while some statements could
already be made for several benchmark points for an integrated luminos-
ity of a few hundred fb~!. We strongly encourage the LHC experimental
collaborations to adapt this search using current and future LHC data.
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