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Abstract: We present cross-section expectations for various processes and collider options, for bench-
mark scenarios of the Inert Doublet Model, a Two Higgs Doublet Model with a dark matter candidate.
The proposed scenarios are consistent with current dark matter constraints, including the most
recent bounds from the XENONIT experiment and relic density, as well as with known collider
and low-energy limits. These benchmarks, chosen in earlier work for studies at ete™ colliders,
exhibit a variety of kinematic features that should be explored at current and future runs of the LHC.
We provide cross sections for all relevant production processes at 13 TeV, 27 TeV and 100 TeV proton
collider, as well as for a possible 10 TeV and 30 TeV muon collider.

Keywords: collider phenomenology; beyond the Standard Model Physics; extended scalar sectors;
future colliders; dark matter

1. Introduction

The LHC discovery of a scalar particle consistent with the Standard Model (SM)
predictions left many questions unanswered, among which is the lack of a dark matter
candidate. This motivates investigations of beyond the SM extensions of the scalar sector.
The Inert Doublet Model (IDM) [1-3], a Two Higgs Doublet Model with a discrete Z, sym-
metry, is a simple and well-motivated model that leads to a stable dark matter candidate. It
has been discussed widely in the literature (see e.g., [4-50]), and we refer the reader to this
discussion for further reference.

The imposed discrete Z, symmetry (called D-symmetry) corresponds to the following
transformation properties:

¢s — ¢s, opp — — ¢p, SM — SM. 1

Here, the ¢ doublet plays the same role as the analogous doublet in the Standard
Model, providing the SM-like Higgs particle. This doublet is even under the D-symmetry,
while the second doublet, the inert (or dark) ¢p, is D-odd and contains four scalars, two
charged and two neutral ones, labelled H *and H, A, respectively. In the rest of this work,
we consider cases where H serves as the dark matter candidate of the model.

We refer here to our previous analysis [32,33,51], where we proposed benchmark
scenarios with an emphasis on the discovery potential at e*e™ colliders. The bench-
marks presented in this work were chosen to cover a large range of the parameter space
relevant at colliders, especially regarding the mass differences in the dark scalar sector.
In particular, we divided the benchmark points into two categories, roughly split into ar-
eas where the new scalar masses are below 300 GeV or reach up to 500 GeV. As mass
spectra are usually relatively degenerate for these particles [20,30,32], especially for higher
masses 2 300GeV, all scalar masses are relatively close, so a characterization by one scale
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is sufficient. For lower mass scales, the dark matter candidate can be lighter than the un-
stable scalars masses. Another important point is the on- or off-shellness of the decay
products, which in this case are electroweak gauge bosons. As major backgrounds stem
from the production of such bosons, together with missing energy, such features are an im-
portant selection criterium for signal over background enhancement. In total, we consider
40 specific parameter points, split into the low and high mass regions as discussed above.
A more detailed description of the specific characteristics of these benchmark points is given
in Section 4 below.

In this work cross-section predictions are given for these benchmarks, for a variety
of production processes at the 13 and 27 TeV LHC, for a 100 TeV proton-proton collider,
as well as for a muon collider. The unstable dark scalars decay as A — HZ (100%) and
H* — W*H (dominantly) for all points considered, where the above decays can be on-
or off-shell depending on the mass spectra. Cross sections were calculated using Mad-
graphb [52] with a UFO input file from [7]. Note the official version available at [53] exhibits
a wrong CKM structure, leading to false results for processes involving electroweak gauge
bosons radiated off quark lines. In our implementation, we corrected for this. Our imple-
mentation corresponds to the expressions available from [54].

In order to assess the possible collider reach, we then resort to a very simple counting
criterium, and mark a benchmark point as reachable if at least 1000 events will have been
produced for a specific collider scenario, using the colliders nominal center-of-mass energy
and design luminosity. We acknowledge that this simple comparison criterium can only
serve as a first step, and needs to be further tested by including full signal and background
simulation, including the development of specific search strategies. However, we find this
useful to provide first guidance for the benchmark points considered here.

The IDM is distinct in the sense that its unique signatures are mostly SM electroweak
gauge boson and missing (transverse) energy. VBE-type SM scalar production with invisible
decays in the off-shell mode is also an important channel, cf. for example, [34]. As
couplings in both electroweak production and decay are determined by SM parameters
(see e.g., discussion in [30]), rate predictions depend on a very small number of new
physics parameters, typically mainly the masses of the new scalars; we will give examples
to exceptions to this in the main body of this manuscript. This distinguishes it from other
scalar extensions where a large number of additional parameters plays a role. While
production modes can be similar to standard two Higgs doublet models, the exact Z;
symmetry prevents couplings of the new scalars to fermions and therefore leads to distinct
signatures of electroweak gauge bosons and missing (transverse) energy.

Finally, we want to briefly comment on other new physics models that lead to similar
final states. In particular, many searches have been carried out by the LHC experiments
within supersymmetric frameworks, cf. for example, [55,56]. Supersymmetric models
can also lead to multilepton signatures and missing transverse energy. In [18,34], recasts
of such searches within the IDM were considered. The parameter space in [18], which is ex-
cluded by LHC Run 1 searches is however equally excluded by dark matter considerations,
as it features quite low dark matter masses which would lead to an overclosure of the uni-
verse. In [34], a heuristic argument was given why multilepton SUSY searches tend to cut
out parameter regions in the IDM that would a priori lead to high event rates. Another
model one could consider in this respect is the THDMa [57-63], a two Higgs Doublet model
with an additional pseudoscalar that, in the gauge eigenstate, serves as a portal to a dark
sector. Again, dilepton and missing transverse energy signatures are one of the prime
channels of this model. However, both this and the SUSY scenarios come with topologies
different to the one that led to these final states in the IDM. A more detailed comparison
of the consequences of these differences is in the line of future work.
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2. The IDM

The scalar sector of the IDM consists of two SU(2); doublets of complex scalar fields,
¢s and ¢p, with the D-symmetric potential:

V = =3 [m} (phps)+mdy (ohep)] + 5 (plds)2+% (phep)?
HAs3(pEeps) (ohdp HAs(@lop) (Phes) + 5 [(91op)2+(9hes)?].-

Exact D-symmetry (cf. Equation (1)) implies that only ¢s can acquire a nonzero
vacuum expectation value (v). As a result the scalar fields from different doublets do not
mix, and the lightest particle from ¢p is stable. The dark sector contains four new particles:
H, A and H*. We here choose H to denote the dark matter candidate (choosing A instead
is equivalent to changing the sign of As).

The model contains seven free parameters after electroweak symmetry breaking.
The SM-like Higgs mass M;, and the vev, v, are fixed by LHC measurements as well
as electroweak precision observables. We choose the remaining five free parameters to be

()

MH/ MA/ MHi/)\Z/ /\345/ (3)

where the A’s refer to couplings within the dark sector and to the SM-like Higgs, respec-
tively, with Azss5 = Az + Aq + As.

3. Experimental and Theoretical Constraints

We consider the following experimental and theoretical constraints on the model (see
e.g., [20,32] for a more detailed discussion):

*  Positivity constraints: we require that the potential is bounded from below.

e  Perturbative unitarity: we require the scalar 2 — 2 scattering matrix to be unitary.

¢ Global minimum: in the IDM two neutral minima can coexist even at tree level. Unless
the following relation is satisfied

2 2
oS My

VAT VA
the inert minimum is only a local one, with the global vacuum corresponding to the case

of massless fermions [64]. We impose the above relation in our scan.
¢ Higgs mass and signal strengths: the mass of the SM-like Higgs boson / is set to

4)

M, = 125.1 GeV,

in agreement with limits from ATLAS and CMS experiments [65,66], while the total
width of the SM-like Higgs boson obeys an upper limit of [67]

Ftot S 9 MeV. (5)

We have confirmed that all points obey the newest limit for invisible Higgs boson
decays, BRy, ,iny < 0.15 [68]. Furthermore, all points have been checked against
currently available signal strength measurements, including simplified template cross-
section information, using the publicly available tool HiggsSignals-2.6.0 [69,70],
where we require agreement at 95% confidence level.

*  Gauge bosons width: introduction of light new particles could in principle significantly
change the total width of electroweak gauge bosons (cf. e.g., [54]). To ensure that
W* — HH*and Z —+ HA, H"H~ decay channels are kinematically forbidden we set:

Man+ Mp: > My, Mg+ Mg > Mz, 2Mp+ > M;. (6)
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*  Electroweak precision tests: we call for a 20 (i.e.,, 95% C.L.) agreement with elec-
troweak precision observables, parametrized through the electroweak oblique pa-
rameters S, T, U [71-74], tested against the latest results from the GFitter collabora-
tion [75,76]. In our work, calculations were done through the routine implemented
in the Two Higgs Doublet Model Calculator (2HDMC) tool [77], which checks whenever
model predictions fall within the observed parameter range.

¢  Charged scalar mass and lifetime: we take a conservative lower estimate on the mass
of M+ following analysis in [78] to be

Mpy+ > 70 GeV. (7)
We also set an upper limit on the charged scalar lifetime of

T <1075, (8)

in order to evade bounds from quasi-stable charged particle searches. More detailed
studies using recasts of current LHC long-lived particle searches can be found in [79,80].

¢ Collider searches for new physics: we require agreement with the null-searches
from the LEP, Tevatron, and LHC experiments. We use the publicly available tool
HiggsBounds-5.9.0 [81-85]. In addition the reinterpreted LEP II searches for super-
symmetric particles analysis exclude the region of masses in the IDM where simulta-
neously [8]

My < 100 GeV, My < 80 GeV, A M(A,H) > 8 GeV, 9)

as it would lead to a visible di-jet or dilepton signal. After taking into account all
the above limits we are outside of the region excluded due to the reinterpretation
of the supersymmetry analysis from LHC Run I [18].

¢ Dark matter phenomenology: we apply dark matter relic density limits obtained
by the Planck experiment [86]:

Q¢ h? = 0.1200 + 0.0012. (10)

For a DM candidate that provides 100% of observed DM in the Universe we require
the above bound to be fulfilled within the 2¢ limit. However, we also allow for the case
where H is only a subdominant DM candidate, with

Quh? < O h2. (11)

Note that this also leads to a rescaling of the respective direct detection limits [20,32].
In the results presented here, we apply XENONIT limits [87]. We use a digitized
format of that data available from [88]. For consistency, we here calculated the dark-
matter related variables using micrOMEGAs_5.0.4 [89]. Note that for some points, relic
density values change using the most up-to-date version, thatis, micrOMEGAs_5.2.4 [90].
Similar results can be obtained by changing the integration mode for some points.
We list the corresponding values for the low-mass benchmark points in Appendix A
for reference.

Requiring Exact Relic Density

As discussed above, we here require relic density to be below the current value
as determined by the Planck collaboration (cf. Equation (10)). In the Inert Doublet model,
meeting the exact relic density is only possible in certain mass ranges. We here enhance
a previous discussion on this which was presented in [32] (see also the discussion in [91]).
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¢ Lower bound on dark matter mass
A combination of signal strength measurements for the 125 GeV resonance sets an up-
per limit on the absolute value of the coupling A345, which determines the H Hh
coupling. In this area, the major annihilation channel is HH — bb, mediated
by h-exchange. Low values of A345 in turn lead to large values for the relic density,
as annihilation cross sections are taking lower values. In principle, co-annihilation
with A or H* could remedy this, leading to larger annihilation cross sections, for mass
splittings which are smallish. Indeed, in [91] this scenario is explicitly discussed
(see also [6]). The combination of these bounds leads to a lowest value of My ~
55GeV [20,30,34,91]. In a more detailed scan, however, we find that masses can in prin-
ciple be as low as around 44 GeV, if the mass difference between M4 and My is
quite small, up to 4 GeV; the dominant contribution then comes from coannihilation
of HA — (dd, s5, bb), but none of these points results in the correct relic density.

o Resonance region, My ~ M/2
In this region, the main annihilation channels are h-mediated, primarily into bb and
W1 W~ final states. This leads to points that meet the exact relic density, with smallish
|Asg5| < 0.006 values.

¢  Region up to around 75 GeV
In this region, HH annihilation into (partially off-shell) W"W~ final states start
to dominate. Due to interference effects between h-mediated and quartic couplings
(see e.g., [5,91]), some points in the mass range around 70 — 73 GeV render exact relic
density, including all current constraints. Absolute values for A345 are < 0.006 in that
region. As in the low mass region, for quite mass-degenerate scalars, My — My <
7GeV, the dominant annihilation process is given by HA — (dd, s5, bb); none
of these points however renders the correct relic density.

* Region between 75 GeV and 160 GeV
This region was proposed in [92] as a good region for dark matter relic density in the IDM,
where the calculation depends on cancellations between diagrams for V' V* final states.
However, the values for Asy5 required here are by now ruled out by limits from direct
detection experiments. The dominant annihilation channelis HH — W W™,

* Region between 160 GeV and around 500 GeV
In this region, currently no study exists that provides scenarios within the IDM where
exact relic density can be generated. Examples for studies are given in [7,13,20].
Largest values of relic density stem from HH — W' W™ annihilation, with annihilia-
tion rates too large to render the exact value.

U Larger masses, Mg = 500 GeV
Here, the exact values of relic density can be obtained if mass splittings between dark
scalars are quite small, roughly <10GeV (see also discussion in [93]). The dominant
annihilation channel is HH — WT W~. It is possible to obtain the correct relic
density for small mass differences My+ — My < 10GeV, A5 < 0.25.

~

4. Benchmark Points

In this section, we list all production cross sections for the production channels
pp — HA, HH", HH-, AHT, AH-, H" H~, AA (12)

for the benchmark scenarios proposed in [32], for center-of-mass energies of 13 and
27 TeV and 100 TeV proton-proton collider. We additionally consider the VBEF-like
production of AA and HTH™ at the same hadron collider options as well as a muon-muon
collider with center of mass energies of 10 TeV and 30 TeV. Cross sections were calculated
using Madgraph5 [52], with an UFO input model from [7]. We separate the benchmarks
into low mass benchmark points (BPs) with dark masses up to 300 GeV, as well as high
mass points (HPs), which cover the whole mass range up to 1 TeV. The parameter choices
as well as kinetic properties of these points are listed in Tables 1 and 2. We also emphasize
when a point reproduces exact relic density.
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Table 1. In all benchmarks M, = 125.1 GeV. Bold font denotes BP with 100% DM relic density. Note that BP5 and BP17
were excluded by the updated XENONT1T limits [87]. Taken from [32], with adjustments for A345 as discussed in [33] and
updated relic density values using micOMEGAS_5.0.4.

No. My Ma Mpy= on-szhell on-‘;\{lell >%13§/0 Az A34s Qph?
BP1 72.77 107.803 114.639 v 144513  —0.00440723 0.11998
BP2 65 71.525 112.85 v 0.779115 0.0004 0.07076
BP3 67.07 73.222 96.73 v 0 0.00738 0.06159
BP4 73.68 100.112 145.728 v 208602  —0.00440723 0.089114
BP6 72.14 109.548 154.761 v v 0.0125664  —0.00234 0.117
BP7 76.55 134.563 174.367 v 1.94779 0.0044 0.031381
BPS8 70.91 148.664 175.89 v v 0.439823 0.0058 0.12207
BP9 56.78 166.22 178.24 v v v 0.502655 0.00338 0.081243
BP23 62.69 162.397 190.822 v v v 2.63894 0.0056 0.065
BP10 76.69 154.579 163.045 v 3.92071 0.0096 0.028125
BP11 98.88 155.037 155.438 1.18124 —0.0628  0.002735
BP12 58.31 171.148 172.96 v v 0.540354 0.00762  0.0064104
BP13 99.65 138.484 181.321 v 2.46301 0.0532 0.0012541
BP14 71.03 165.604 175.971 v v v 0.339292 0.00596 0.11833
BP15 71.03 217.656 218.738 v v v 0.766549 0.00214 0.12217
BP16 71.33 203.796 229.092 v v v 1.03044  —0.00122  0.12205
BP18 147 194.647 197.403 0.387 —0.018  0.0017711
BP19 165.8 190.082 195.999 2.7675 —0.004  0.0028308
BP20 191.8 198.376 199.721 1.5075 0.008 0.0084219
BP21 57.475 288.031 299536 v v v 0.929911 0.00192 0.11942
BP22 71.42 247.224 258.382 v v v 1.04301 ~0.0032 0.12206

Table 2. High-mass benchmark points (HPs) accessible at colliders with O(TeV) center-of-mass energies. M; = 125.1 GeV
for all points. HP10 provides exact relic density. Taken from [32], with adjustments for A345 as discussed in [33] and updated
relic density values using micOMEGAS_5.0.4.

No. My My Mpy:= on-thell on-?lﬂell >DSI(\)/‘£/0 Az A345 Quh?
HP1 176 291.36 311.96 v v 1.4895 —0.1035  0.00072692
HP2 557 562.316 565.417 v 4.0455 —0.1385 0.07163
HP3 560 616.32 633.48 3.3795 —0.0895 0.0011357
HP4 571 676.534 682.54 N Vv 1.98 —0.471 0.00056712
HP5 671 688.108 688.437 1.377 —0.1455 0.024523
HP6 713 716.444 723.045 2.88 0.2885 0.035145
HP7 807 813.369 818.001 3.6675 0.299 0.032488
HP8 933 939.968 943.787 v 2.9745 —0.2435 0.09637
HP9 935 986.22 987.975 2.484 —0.5795 0.0028109
HP10 990 992.36 998.12 Vv 3.3345 —0.040 0.12215
HP11 250.5 265.49 287.226 3.90814 —0.150071  0.0053534
HP12 286.05 294.617 332.457 3.29239 0.112124 0.002771
HP13 336 353.264 360.568 2.48814 —0.106372  0.009366
HP14 326.55 331.938 381.773 0.0251327  —0.0626727 0.0035646
HP15 357.6 399.998 402.568 2.06088 —0.237469  0.0034553
HP16 387.75 406.118 413.464 0.816814 —0.208336 0.01158
HP17 430.95 433.226 440.624 3.00336 0.082991 0.032697
HP18 428.25 453.979 459.696 3.87044 —0.281168  0.0085817
HP19 467.85 488.604 492.329 4.12177 —0.252036 0.013879
HP20 505.2 516.58 543.794 2.53841 —0.354 0.0088693

Figure 1 shows the initial benchmark candidates discussed in [32], that obey all
current constraints, in the (My+ — Mp; Mg — My ) plane. All points form a narrow band
corresponding to M4 < Mpy+. Our chosen benchmark points, also indicated in Figure 1
(red points) cover mass gaps up to about 250 GeV.
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Figure 1. Distribution of benchmark candidate points (green) in the (My+ — My; M4 — My) plane,
after all constraints are taken into account, as well as selected benchmark points (red) in the same
plane. The dashed lines indicate the electroweak gauge boson masses that distinguish between on-
and off-shell decays of dark scalars. The relatively narrow band stems mainly from electroweak
precision constraints. Plot was shown previously in [32].

5. Production Cross Sections at Various Collider Options

We first focus on the completed LHC Run 2 with a center-of-mass energy of 13 TeV and
assuming an integrated luminosity of 150 fb~!. The production cross sections at 13 TeV
for all considered benchmark scenarios are listed in Tables 3 and 4. In Figure 2 cross sections
for different on-shell scalar pair-production channels are compared, shown as a function
of the sum of produced scalar masses. We note that, apart from AA production, all
processes show a similar decrease in the cross section as the mass scale rises; as these
production modes are stemming from Drell-Yan processes with intermediate gauge bosons,
the masses remain the only undetermined parameters, while all couplings are given by SM
electroweak variables. Therefore, differences between, for example, HH™ and AH" are
small for the same mass scale. In general, AH~ /HH™ states are produced with slightly
lower cross sections, due to the parton content of the proton. For the AA process, however,
the coupling
M3, — M;

Azgs = A3+ Ay —As = Azgs —2 =

(13)

determines the cross section, which is no longer a function of the mass only. Therefore, for this
production mode the cross sections do not follow the same simple behaviour. For example,
cross sections < 0.1 fb are usually achieved for Azg5 < 0.5 for the low mass BPs.

~
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Table 3. Production cross sections in fb for low-mass benchmark points from Table 1, for different on-shell scalar pair-

production channels at 13 TeV LHC. Bold font denotes benchmark points for which H completely saturates DM relic density.

No. My My Mpy+ HA HHT HH- AHt AH™ HTYH- AA
BP1 72.77 107.803  114.639 322 304 183 169 98.2 133 0.925
BP2 65 71.525 112.85 1020 363 220 323 195 141 1.46
BP3 67.07 73.222 96.73 909 505 311 444 272 243 0.939
BP4 73.68 100.112  145.728 377 166 96.4 115 65.7 56.3 0.757
BP6 72.14 109.548  154.761 314 144 83.5 90.0 50.0 45.5 0.912
BP7 76.55 134563  174.367 173 99.1 56.2 50.9 27.7 29.3 0.491
BPS 70.91 148.664 175.89 144 103 58.6 428 23.0 28.6 0.500
BP9 56.78 166.22 178.24 125 116 66.4 34.5 18.3 27.3 0.683
BP10 76.69 154579  163.045 120 119 67.8 46.4 25.2 37.3 0.489
BP11 98.88 155.037  155.438 87.7 101 57.2 50.5 27.5 44.0 0.278
BP12 58.31 171.148 172.96 113 125 71.7 34.6 18.4 30.3 0.554
BP13 99.65 138.484  181.321 113 68.8 38.2 449 24.2 25.0 0.209
BP14 71.03 165.604  175.971 106 103 58.5 35.6 18.9 28.6 0.650
BP15 71.03 217.656  218.738 46.9 54.6 30.0 14.2 7.14 12.9 0.502
BP16 71.33 203.796  229.092 57.3 47.3 25.8 14.6 7.36 10.9 0.536
BP18 147 194.647  197.403 29.2 34.0 18.1 21.3 11.0 17.9 0.112
BP19 165.8 190.082  195.999 25.2 28.6 15.0 22.6 11.7 18.3 0.0362
BP20 191.8 198.376  199.721 17.7 21.4 11.0 20.1 10.3 16.9 0.00305
BP21 57.475 288.031  299.536 20.6 21.8 11.4 444 2.06 4.09 0.345
BP22 71.42 247.224  258.382 31.3 32,5 17.3 8.04 3.89 7.00 0.381
BP23 62.69 162.397  190.822 125 88.9 50.2 31.3 16.5 21.1 0.545

Table 4. Production cross sections in fb for high-mass benchmark points from Table 2, for different on-shell scalar pair-

production channels at the 13 TeV LHC. Dashes ( - ) indicate cross-section values smaller than 1073 fb. For the HP10 scenario

(bold) H completely saturates DM relic density.

No. My My My HA HH' HH- AHt AH™ HtH™ AA
HP1 176 291.36 311.96 8.33 8.76 4.27 3.99 1.84 3.12 0.132
HP2 557 562316  565.417 0.184 0.259 0.0993 0.253 0.0970 0.190 -
HP3 560 616.32 633.48 0.143 0.191 0.0718 0.153 0.0565 0.115 0.00273
HP4 571 676.534 682.54 0.105 0.149 0.0552 0.0991 0.0358 0.0830 0.00512
HP5 671 688.108  688.437 0.0672 0.0990 0.0358 0.0927 0.0334 0.0690 -
HP6 713 716.444  723.045 0.0511 0.0740 0.0263 0.0730 0.0260 0.0529 -
HP7 807 813369  818.001 0.0253 0.0375 0.0129 0.0367 0.0126 0.0265 -
HP8 933 939.968  943.787 0.0106 0.0161 0.00530 0.0157  0.00518 0.0113 -
HP9 935 986.22 987.975  0.00904 0.0139 0.00453 0.0118 0.00383  0.00883 -
HP10 990 992.36 998.12 0.00742 0.0113 0.00366 0.0112 0.00363  0.00794 -
HP11 250.5 265.49 287.226 5.82 6.30 3.00 5.66 2.68 4.03 -
HP12 286.05 294.617  332.457 3.59 3.60 1.64 3.41 1.56 2.23 0.00337
HP13 336 353264  360.568 1.73 2.21 0.977 1.99 0.874 1.54 0.00135
HP14 326.55 331.938  381.773 2.11 2.05 0.902 1.99 0.872 1.23 -
HP15 357.6 399.998  402.568 1.14 1.52 0.655 1.21 0.512 0.955 0.00556
HP16 387.75 406.118  413.464 0.931 1.21 0.515 1.10 0.464 0.840 -
HP17 430.95 433226  440.624 0.632 0.837 0.347 0.828 0.342 0.627 -
HP18 428.25 453979  459.696 0.575 0.769 0.318 0.678 0.276 0.517 -
HP19 467.85 488.604  492.329 0.394 0.541 0.217 0.490 0.196 0.374 -
HP20 505.2 516.58 543.794 0.287 0.357 0.140 0.340 0.132 0.233 -
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Figure 2. Production cross sections for benchmarks from Tables 1 and 2 as a function of the produced
scalar mass sum, for on-shell scalar pair-production at 13 TeV LHC. Horizontal dashed lines indi-
cate minimal cross sections required to produce 1000 events at LHC Run 2 and HL-LHC (see text
for details).

We label scenarios as realistic, if they produce at least 1000 events during that run,
translating to minimal cross sections of about 7 fb indicated by the horizontal dashed line
in Figure 2. We note that this only corresponds to a rough estimate of accessibility. Detailed
studies, including background simulation, would be needed to determine discovery options
for each BP individually. Note that the decays of the heavier dark scalars are predominantly
given by

H* - W*H; A — ZH,

with the electroweak gauge bosons decaying as in the SM. Only BPs 2,3,4 have sizeable
branching ratios for the channel H¥ — A W= of 0.34, 0.25, and 0.08, respectively.

5.1. Current LHC Data, Run 2

With the simple counting criterium proposed above, one can see that minimum
cross section of 7 fb (horizontal dashed line in Figure 2) limits the LHC Run 2 sensitivity
to the scalar mass sum of about 450 GeV for HH~ and AH~ production channels and
to about 500 GeV for other scalar pair-production channels. We see that most of the low
mass benchmark points in Table 3 (BPs 1-16, 18-20 as well as 23) provide high enough cross
sections for dark scalar pair-production in all channels but the AA pair-production channel.
On the other hand, for the high-mass benchmark points (Table 4), only HP 1 renders high
enough cross sections in the HA and HH production mode.

5.2. High Luminosity Option

At the high luminosity LHC, the target integrated luminosity corresponds to 3ab~!
(see e.g., [94]), lowering the cross-section threshold for our simple counting criterium
to 0.33fb. The accessible mass range for pair-production of IDM scalars is extended
to a mass sum of about 850 GeV for HH~ and AH~ channel, and about 1 TeV for other
channels (except for AA), see Figure 2. The AA channel additionally opens up for BPs
1-10, 12, 14-17, and 23. Similarly BP21 and 22 also render the minimal number of generated
events in all channels. Only for BPs 11, 13, and 18-20 the total number of events generated
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does not suffice in the AA channel. Note that the hAA coupling scales with Asys, cf.
Equation (13). For the high-mass points, now HP1, HP11-16 become accessible in all but
the AA channel; for HPs 17-19, the HA,H, HH', AH", HT H~ channels seem to become
accessible, corresponding to a mass range for scalar masses up to 500 GeV.

5.3. High Energy Option

Values for the production cross sections at a 27 TeV center-of-mass energy are
given in Tables 5 and 6. With a center-of-mass energy of 27 TeV and a target luminosity
of 15 ab~1 [95], the minimal cross section required to obtain at least 1000 events in the full
run further decreases to 0.07 fb. This means that all but BP20 are accessible in all channels.
BP20 features a low value of A345 ~ 0.09 and a relatively high mass My, leading to a low
AA cross section even at the 27 TeV HE-LHC. For the high-mass points, HPs 2-7, 11-20 are
open in all but the AA channel, while HP1 even renders a large enough cross section for this
channel as well. For HPs 8-10, the H H~, A H™ channels additionally remain inaccessible.
This means that all HPs and BPs are accessible in at least one channel, with scalar masses up
to 1 TeV. The enhancement factors for production processes with respect to cross sections
at the LHC including at least one unstable new scalar are shown in Figure 3. In general,
for the low BPs the cross-section enhancement is about a factor 3, where for AA final states
a maximal value of ~6 is reached for BP21. For HPs the enhancement can be up to a factor
10 depending on the dark scalar masses. In fact, the largest enhancement is obtained
for HP10, where the cross section increases by a factor 20. However, the absolute value
for AA production at 27 TeV for this point is O (10~° fb), making it too small for a detailed
investigation of this channel.

Table 5. Production cross sections for BPs from Table 1 in fb for for on-shell scalar pair-production at 27 TeV HE-LHC.

No. My My HA HHT HH- AHt AH™ HYH- AA
BP1 72.77 107.803  114.639 846 770 516 441 289 368 3.84
BP2 65 71.525 112.85 2540 910 614 814 547 387 5.23
BP3 67.07 73.222 96.73 2270 1250 849 1100 750 645 3.39
BP4 73.68 100.112  145.728 982 432 284 308 199 166 3.06
BP6 72.14 109.548  154.761 824 380 248 241 154 137 3.81
BP7 76.55 134563  174.367 470 266 172 143 89.4 91.7 222
BPS 70.91 148.664 175.89 396 276 178 122 75.5 90.5 2.34
BP9 56.78 166.22 178.24 347 309 200 100 61.2 87.0 3.35
BP10 76.69 154579  163.045 332 316 205 131 81.9 114 233
BP11 98.88 155.037  155.438 249 271 175 142 88.8 131 1.33
BP12 58.31 171.148 172.96 313 331 215 100 61.5 94.7 2.76
BP13 99.65 138.484  181.321 316 189 120 127 79.0 79.1 0.954
BP14 71.03 165.604 175971 297 276 178 103 63.1 90.3 3.19
BP15 71.03 217.656  218.738 138 152 95.6 443 26.0 45.0 2.78
BP16 71.33 203.796  229.092 167 133 83.2 45.4 26.8 38.9 2.87
BP18 147 194.647  197.403 89.6 98.5 60.4 64.0 38.4 57.8 0.590
BP19 165.8 190.082  195.999 78.4 83.9 51.1 67.5 40.6 58.5 0.188
BP20 191.8 198.376  199.721 56.7 64.3 38.6 60.7 36.4 54.4 0.0161
BP21 57.475 288.031  299.536 64.6 65.0 39.2 15.5 8.62 17.5 2.21
BP22 71.42 247224  258.382 94.9 94.0 57.8 26.4 15.1 26.9 2.25
BP23 62.69 162.397  190.822 348 241 154 91.2 55.9 69.3 2.66
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Table 6. Production cross sections for HPs from Table 2 in fb for high-mass benchmark points for scalar pair-production at

the 27 TeV HE-LHC.

No. My My Mpy+ HA HHT HH—- AHt AH™ HTYH- AA
HP1 176 291.36 311.96 28.7 28.5 16.4 14.1 7.79 12.9 0.850
HP2 557 562.316  565.417 1.07 1.36 0.650 1.34 0.637 1.11 -
HP3 560 616.32 633.48 0.871 1.06 0.498 0.886 0.410 0.787 0.0311
HP4 571 676.534 682.54 0.678 0.871 0.402 0.630 0.284 0.642 0.0644
HP5 671 688.108  688.437 0.474 0.629 0.284 0.598 0.269 0.488 0.00151
HP6 713 716.444 723.045 0.381 0.499 0.222 0.494 0.220 0.395 -
HP7 807 813.369  818.001 0.219 0.294 0.126 0.289 0.123 0.230 -
HPS8 933 939.968  943.787 0.113 0.155 0.0634 0.152 0.0623 0.118 -
HP9 935 986.22 987.975 0.0999 0.138 0.0563 0.123 0.0496 0.103 0.00364
HP10 990 992.36 998.12 0.0861 0.119 0.0479 0.118 0.0476 0.0910 -
HP11 250.5 265.49 287.226 20.9 21.2 12.0 19.3 10.8 15.1 0.00521
HP12 286.05 294.617  332.457 13.6 12.9 7.07 12.3 6.72 9.09 0.0219
HP13 336 353264  360.568 7.18 8.39 4.49 7.67 4.08 6.49 0.00980
HP14 326.55 331938  381.773 8.53 7.86 419 7.65 4.07 5.43 -
HP15 357.6 399.998  402.568 5.00 6.07 3.19 497 2.57 4.35 0.0440
HP16 387.75 406.118  413.464 4.20 5.00 2.59 4.60 2.37 3.85 0.00448
HP17 430.95 433226  440.624 3.02 3.64 1.85 3.61 1.83 3.01 -
HP18 428.25 453979  459.696 2.78 3.39 1.72 3.05 1.53 2.57 0.00756
HP19 467.85 488.604  492.329 2.02 2.52 1.25 2.32 1.14 1.95 0.00385
HP20 505.2 516.58 543.794 1.55 1.78 0.862 1.71 0.824 1.32 -
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Figure 3. Ratio of production cross sections for all production channels specified with at least one un-

stable new scalar at the 27 TeV HE-LHC and current center-of-mass energy of 13 TeV. While in the low

energy range, cross sections are enhanced roughly by a factor < 3, for higher masses they can change

by an order of magnitude. Scenarios with cross-section value smaller than 1073 fb at 13 TeV are

not indicated.

5.4. 100 TeV Proton-Proton Collider

A circular hadron-hadron collider with a 100 TeV center of mass energy is currently
another option for a future accelerator design [96,97]. For reference, we therefore list
the corresponding cross-sections for scalar pair-production in Tables 7 and 8. The target
accelerator luminosity corresponds to 20ab~!; this corresponds to a production cross
section of 5 x 1072 fb, respectively, to fulfill our accessibility criterium.
For the low BPs, this would allow closure of the remaining AA channel for BP 20.
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For the high-mass benchmark points, HPs 1, 3, 4, 9, 11-13, 15, 16, 18, 19 now could
be reachable in all channels using our criterium. For the remaining points, the AA production
cross section remains too low. As for the HE-LHC, this corresponds to a possible mass reach
up to 1 TeV for the single scalar masses, where, however, a larger number of total channels
is open.

Table 7. Production cross sections for BPs from Table 1 in pb for for on-shell scalar pair-production at a 100 TeV FCC.

No. Mgy My Mpg+ HA HH* HH- AH™T AH™ HtH—- AA
BP1 72.77 107.803 114.639 4.00 3.47 2.65 2.06 1.55 1.85 0.0337
BP2 65 71.525 112.85 11.2 4.07 3.12 3.67 2.80 1.94 0.0380
BP3 67.07 73.222 96.73 10.1 5.47 422 4.88 3.75 3.09 0.0249
BP4 73.68 100.112 145.728 4.61 2.02 1.52 1.47 1.10 0.901 0.0260
BP6 72.14 109.548 154.761 391 1.79 1.34 1.17 0.871 0.763 0.0336
BP7 76.55 134.563 174.367 2.31 1.29 0.957 0.722 0.529 0.530 0.0215
BPS8 70.91 148.664 175.89 1.97 1.33 0.992 0.622 0.453 0.533 0.0238
BP9 56.78 166.22 178.24 1.74 1.47 1.10 0.517 0.375 0.517 0.0359
BP10 76.69 154.579 163.045 1.67 1.51 1.13 0.668 0.488 0.641 0.0241
BP11 98.88 155.037  155.438 1.28 1.31 0.975 0.718 0.525 0.715 0.0137
BP12 58.31 171.148 172.96 1.58 1.57 1.18 0.519 0.376 0.550 0.0299
BP13 99.65 138.484 181.321 1.60 0.937 0.691 0.647 0.472 0.459 0.00938
BP14 71.03 165.604 175.971 1.51 1.33 0.989 0.531 0.385 0.532 0.0341
BP15 71.03 217.656  218.738 0.742 0.763 0.560 0.244 0.173 0.301 0.0341
BP16 71.33 203.796  229.092 0.882 0.674 0.493 0.250 0.177 0.268 0.0341
BP18 147 194.647  197.403 0.499 0.511 0.370 0.343 0.246 0.337 0.00685
BP19 165.8 190.082 195.999 0.441 0.441 0.318 0.361 0.259 0.336 0.00216
BP20 191.8 198.376 199.721 0.329 0.345 0.247 0.327 0.234 0.311 0.000189
BP21 57.475 288.031 299.536 0.367 0.346 0.249 0.0941 0.0646 0.153 0.0319
BP22 71.42 247224  258.382 0.524 0.487 0.353 0.152 0.106 0.204 0.0296
BP23 62.69 162.397  190.822 1.74 1.17 0.867 0.476 0.345 0.425 0.0280

Table 8. Production cross sections for HPs from Table 2 in fb for high-mass benchmark points for scalar pair-production at

a 100 TeV FCC.
No. Mgy My M+ HA HHt HH- AHt AH™ HtH- AA
HP1 176 291.36 311.96 176 163 114 86.4 59.2 103 12.3
HP2 557 562.316  565.417 9.89 11.1 7.00 10.9 6.88 10.1 -
HP3 560 616.32 633.48 8.32 9.01 5.62 7.72 4.77 9.27 0.781
HP4 571 676.534 682.54 6.76 7.60 4.70 5.79 3.53 9.13 1.76
HP5 671 688.108  688.437 5.02 5.78 3.52 5.54 3.37 5.19 0.0421
HP6 713 716.444  723.045 421 4.79 2.89 4.75 2.86 4.39 0.0185
HP7 807 813.369  818.001 2.69 3.11 1.84 3.07 1.81 2.85 0.0210
HPS 933 939.968  943.787 1.59 1.87 1.07 1.85 1.06 1.66 -
HP9 935 986.22 987.975 1.45 1.71 0.978 1.56 0.886 1.72 0.150
HP10 990 992.36 998.12 1.29 1.52 0.863 1.52 0.856 1.36 -
HP11 250.5 265.49 287.226 132 125 86.6 115 79.2 99.1 0.0714
HP12 286.05 294.617  332.457 89.9 79.5 54.3 76.1 51.9 65.6 0.320
HP13 336 353.264  360.568 51.0 54.2 36.4 50.1 33.6 46.7 0.160
HP14 326.55 331938  381.773 59.4 51.2 34.3 49.9 335 422 0.00751
HP15 357.6 399.998  402.568 37.2 40.7 27.0 34.1 225 33.7 0.781
HP16 387.75 406.118  413.464 31.8 34.3 22.6 31.8 20.9 29.6 0.0805
HP17 430.95 433226  440.624 239 26.0 17.0 25.7 16.8 23.7 0.0180
HP18 428.25 453979  459.696 223 24.4 15.9 22.2 14.4 20.9 0.147
HP19 467.85 488.604  492.329 16.9 18.8 12.1 17.5 11.2 16.5 0.0795
HP20 505.2 516.58 543.794 13.5 14.0 8.87 13.5 8.54 12.1 -

Production cross sections for selected scalar pair-production channels, for different
proton collider options, are compared in Figure 4. In general, production cross sections
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are enhanced by one to two orders of magnitude with respect to the corresponding values
at the 13 TeV LHC, cf. Figure 5.
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Figure 4. Production cross sections for benchmarks from Tables 1 and 2 as a function of the produced
scalar mass sum, for selected scalar pair-production channels, for 13 TeV, 27 TeV and 100 TeV proton
collider options. Horizontal dashed lines indicate minimal cross sections required to produce 1000
events at the respective energy, assuming design luminosity.
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Figure 5. Ratio of production cross sections for all production channels specified with at least one
unstable new scalar at the 100 TeV pp collider and the LHC with a center-of-mass energy of 13 TeV.
Production cross sections are enhanced roughly by one to two orders of magnitude.

5.5. VBF-Like Topologies

Apart from the direct pair-production processes in Equation (12), also final states with
additional jets should be considered. We here include all processes that lead to the required
final state; a subset of these are VBF-like topologies. As an example, we additionally consider

pp — AAjj, pp - H H jj.

Both processes can include VBF-type diagrams. The respective cross sections for the low
and high mass benchmarks, with varying collider energies, are given in Tables 9 and 10,
and compared in Figure 6.
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Table 9. Production cross sections for BPs from Table 1 in fb for X + dijet at proton-proton colliders for varying center-of-
mass energies. No VBF cuts were applied.

No. My My MH;E (AA)13 (AA)27 (AA)m() (HJr H7)13 (HJr H7)27 (HJr H7)100
BP1 72.77 107.803 114.639 0.750 3.11 27.5 33.5 137 1070
BP2 65 71.525 112.85 18.9 52.0 250 34.8 142 1120
BP3 67.07 73.222 96.73 3.87 11.1 58.9 55.5 217 1660
BP4 73.68 100.112 145.728 2.99 9.44 56.5 16.0 70.9 606
BP6 72.14 109.548 154.761 1.33 5.02 38.0 13.5 61.4 536
BP7 76.55 134.563 174.367 0.988 4.43 42.5 9.22 43.5 420
BP8 70.91 148.664 175.89 0.982 4.78 51.3 9.36 42.8 419
BP9 56.78 166.22 178.24 1.01 5.34 63.8 9.11 43.8 424
BP10 76.69 154.579 163.045 0.819 417 47.9 11.3 51.6 478
BP11 98.88 155.037 155.438 0.422 2.08 23.0 12.5 55.3 484
BP12 58.31 171.148 172.96 0.937 5.13 63.7 9.66 45.5 448
BP13 99.65 138.484 181.321 0.888 3.78 334 7.87 37.3 373
BP14 71.03 165.604 175.971 0.875 4.63 55.0 9.36 449 418
BP15 71.03 217.656 218.738 0.788 4.84 67.7 5.12 27.7 298
BP16 71.33 203.796 229.092 0.895 5.15 66.0 4.49 25.0 280
BP18 147 194.647 197.403 0.240 1.30 159 5.57 26.8 258
BP19 165.8 190.082 195.999 0.133 0.646 6.67 5.50 26.0 246
BP20 191.8 198.376 199.721 0.0653 0.284 2.32 5.05 23.9 223
BP21 57.475 288.031 299.536 0.756 5.29 85.5 2.37 15.2 231
BP22 71.42 247.224 258.382 0.777 5.04 74.3 3.31 18.8 248
BP23 62.69 162.397 190.822 1.06 5.42 61.5 7.21 35.7 372

Table 10. Production cross sections for HPs from Table 2 in fb for X + dijet at proton-proton colliders for varying
center-of-mass energies. No VBF cuts were applied.

No. My My MHi (AA)13 (AA)27 (AA)l(]() (H+ H_)13 (H+ H_)27 (H+ H_)10()
HP1 176 291.36 311.96 0.319 2.20 34.4 147 9.57 136
HP2 557 562.316 565.417 0.00145 0.0112 0.143 0.0769 0.674 10.2
HP3 560 616.32 633.48 0.0107 0.126 3.12 0.0643 0.718 15.8
HP4 571 676.534 682.54 0.0169 0.234 6.90 0.0587 0.751 19.9
HP5 671 688.108 688.437 - 0.0105 0.239 0.0295 0.320 5.71
HP6 713 716.444 723.045 - 0.00762 0.149 0.0230 0.266 4.99
HP7 807 813.369 818.001 - 0.00553 0.137 0.0117 0.160 3.37
HPS8 933 939.968 943.787 - 0.00165 0.0340 0.00492 0.0821 1.94
HP9 935 986.22 987.975 - 0.0162 0.696 0.00482 0.0945 3.00
HP10 990 992.36 998.12 - 0.00131 0.0275 0.00349 0.0640 1.61
HP11 250.5 265.49 287.226 0.0423 0.200 1.64 1.39 7.76 84.4
HP12 286.05 294.617 332.457 0.175 0.772 5.89 0.853 5.29 66.0
HP13 336 353.264 360.568 0.0136 0.0829 1.00 0.565 3.56 42.1
HP14 326.55 331.938 381.773 0.216 0.959 7.00 0.499 3.38 45.7
HP15 357.6 399.998 402.568 0.0200 0.157 2.77 0.375 2.57 34.0
HP16 387.75 406.118 413.464 0.00768 0.0498 0.622 0.318 2.18 28.0
HP17 430.95 433.226 440.624 0.00490 0.0316 0.361 0.240 1.72 22.5
HP18 428.25 453.979 459.696 0.00640 0.0486 0.756 0.203 1.52 20.8
HP19 467.85 488.604 492.329 0.00396 0.0311 0.484 0.148 1.17 16.4
HP20 505.2 516.58 543.794 0.00550 0.0388 0.397 0.0982 0.852 13.3

Note that we did not apply VBF-like cuts, as, depending on the parameter point,
different channels contribute; for AA production, this can for example, be gluon-gluon or
vector-boson fusion to i with successive decays to AA, as well as diagrams with for exam-
ple, a charged scalar in the t-channel. For H™ H™ final states, standard dijet production
with Z /< radiation with successive decay into H" H™ can also play a significant role.
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Figure 6. Production cross sections for benchmarks from Tables 1 and 2 as a function of the produced
scalar mass sum, for VBF production channels, for 13 TeV, 27 TeV and 100 TeV proton collider
options. Horizontal dashed lines indicate minimal cross sections required to produce 1000 events
at the respective energy, assuming design luminosity.

For AA production, comparing to non-VBF like topologies, we encounter enhance-
ment rates up to three orders of magnitude when considering the VBF-like contribution,
especially for example, for HP14 and HP20, where the largest relative growth takes place
for 13 TeV. However, at this center-of-mass energy the total rate remains small. If we con-
sider accessible points only, with at least 1000 events being produced over the full run
in the VBF mode, the largest enhancement can be seen for HP20 at 100 TeV and HP14 at
27 TeV or 100 TeV, where the production cross section increases by roughly three orders
of magnitude. A detailed analysis for the latter point shows that the predominant con-
tribution for this point at, for example, 100 TeV stems from off-shell H™ A production
and subsequent decay Ht — W™ A as well as processes decribed by diagrams with
a charged scalar in the t-channel, initiated by WW fusion. Note this identification stems
from graph identification within Madgraph5; in general, only the complete set of WW initi-
ated diagrams is gauge-invariant. The above statement has been derived by evaluations
in the unitary gauge.

Enhancements by more than an order of magnitude are also observed for HPs 11
and 12 at the same center-of-mass energies 27 TeV and 100 TeV, HPs 2 and 16 at 100 TeV,
followed by BP 2 accessible already in Run II and BP 20 at 100 TeV. At 13 TeV, the cross
section for BP 2 rises from ~1.5 fb to ~19 fb when VBF-like topologies are considered. This
can again be traced back mainly to contributions from H* A production with successive
decays H¥ — AW=*. At 13 TeV, for example, BPs 11 and 13 might now be accessible at
the HL-LHC in the AA VBF channel. At27 TeV, BP20 as well as 7 additional HPs might now
be visible; at 100 TeV, nearly all HPs have large enough cross sections in this channel, with
only HPs 8 and 10 having cross sections < 0.04 fb. We show the enhancement for points
with more than 1000 events with full integrated luminosity in Figure 7.
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Figure 7. Enhancement of AA production cross sections at pp colliders with various center-of-
mass energies when VBF-type topologies are included. Only points with minimal cross-section
requirements as specified in the text are shown. See detailed discussion in main body of paper.

In Figure 6, although in general a decrease in the cross sections is observed for rising
masses, there are points which deviate from this behaviour, as, for example, the production
cross sections for AAjj at 100 TeV. As an example, HP4 here leads to a cross section of about
7 b , while the production cross section for HP5 is more an order of magnitude lower, while
masses of A are quite similar. This can be traced back to the production of an off-shell
with two jets, where the I subsequently decays to AA. This process is mediated via the A345
coupling, which grows with the difference between M#, and M. In fact, concentrating
on the dominant contribution, namely gg — h* g g, with subsequent decays h* — A A,

3 2
we find that (%) ~ 0.026. The production cross sections in this mode are 4.7 fb and

0.11 fb for HP4 and HP5, respectively, displaying the same ratio. Additional contributions
in both points stem from VBF diagrams with, for example, a charged or neutral scalar
in the t-channel; for HP 4/ 5, these contribute roughly 4% /10% to the total cross section.
For the H" H™ channel, the VBF-induced cross sections are up to a factor of 2 larger
than for the direct production; maximal enhancement is observed for HP4 at 100 TeV.
In fact, enhancements can mainly present for this collider option. In contrast, for example,
for BP3 at 13 TeV, the VBF-type cross section only amounts to about 20% of the direct
production. As before, we note a general decrease of the cross sections as masses rise.
However, we can again observe that for similar mass scales, there can be exceptions where
cross sections differ by about a factor 3. Again, this can be traced back to diagrams that are
mediated via the SM-like scalar /. The coupling between i and HTH™ is given by

M2 _ MZ N
/\3 = /\345 - 2%

As an example, we can consider production cross sections for BP21 and HP11 at 100
TeV; both points feature similar charged scalar masses, however, the mass differences
to the dark matter candidate vary largely. For BP21, we have A3 ~ 2.9, while for HP11,
the corresponding value is given by A3 ~ 0.5. This leads to a relative factor of around 30
for contributions which are triggered by h-exchange in the s-channel. In fact, the corre-
sponding cross sections stemming from gluon-fusion are 118 fb for BP21 and 4 fb for HP11,
reflecting this ratio. Other diagrams come from pp — jjv (Z), with the electroweak
gauge boson decaying into the charged scalars, as well as diagrams with charged scalars
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in the f-channel. Due to quantum interference, it is not obvious to disentangle these from
h-induced contributions. However, for HP11 it can be stated that gg-induced processes
contribute roughly ~5% to the total cross section, while the corresponding number for BP21
is 250%. Similarly, one can compare cross sections for HP4 and HP5 a 100 TeV center-
of-mass energy; although these points feature similar charged scalar masses, the cross
sections differ by a factor 3.5. This can again be traced back to differences in A3, which
is given by 4.15/0.64 for HP4/HP5, respectively. Comparing numbers from gg-induced
processes only, which are dominantly mediated via h-exchange, we find that the cross
sections are given by 10.5 fb and 0.229 fb respectively, representing the above hierarchy
in the coupling. In other channels, processes which are si-mediated are contributing mainly
for HP4. As before, a clear disentanglement is not possible due to interference effects,
however, one can state that for HP4 at least 50% of the total cross section are mediated
via h, while this number goes down to about 4% for HP5.

In summary, for AA final states inclusion of processes with additional jets can greatly
improve the collider reach. For H" H™, instead, maximal enhancements reach a factor 2
ata 100 TeV collider, while for lower center-of-mass energies the respective cross sections
can be up to a factor 5 smaller than the direct production channel.

5.6. Purely Photon-Induced Processes

We also briefly comment on the possibility of observing photon-induced production
processes using forward proton spectrometers, as for example, discussed in [98-100]. Here,
photons are emitted from the protons, and the final state p’ p’ + X is measured, with X
being the final state generated via photon-fusion and p’ denoting intact protons in the final
state, which could be measured in the proton spectrometers. For the IDM, the only possible
process into novel final states is given by

pp = p'pH H,

as no other BSM final state can be generated via photon-photon fusion at tree-level. In prin-
ciple processes would be possible via the photon-photon-Higgs vertex, possibly allowing
for AA photo-production, and also contribute to the above process, albeit at higher order.
This is currently not implemented in our framework and beyond the scope of the cur-
rent work. We present the production cross-sections for all benchmark scenarios in
Tables 11 and 12, respectively.

Table 11. Production cross sections for BPs from Table 1 in fb for Xp'p’ at a 13 and 100 TeV pp
collider. No cuts are applied on the scattered proton kinematics.

No. My My MHj: (H+ H_)13 (H+ H_)mo
BP1 72.77 107.803 114.639 0.404 2.63
BP2 65 71.525 112.85 0.425 2.74
BP3 67.07 73.222 96.73 0.695 4.14
BP4 73.68 100.112 145.728 0.184 1.37
BP6 72.14 109.548 154.761 0.150 1.16
BP7 76.55 134.563 174.367 0.100 0.833
BP8 7091 148.664 175.89 0.0971 0.817
BP9 56.78 166.22 178.24 0.0927 0.786
BP10 76.69 154.579 163.045 0.126 1.00
BP11 98.88 155.037 155.438 0.148 1.15
BP12 58.31 171.148 172.96 0.103 0.855
BP13 99.65 138.484 181.321 0.0875 0.750
BP14 71.03 165.604 175.971 0.0970 0.814
BP15 71.03 217.656 218.738 0.0455 0.440
BP16 71.33 203.796 229.092 0.0384 0.388
BP18 147 194.647 197.403 0.0651 0.592
BP19 165.8 190.082 195.999 0.0667 0.604
BP20 191.8 198.376 199.721 0.0625 0.572
BP21 57.475 288.031 299.536 0.0143 0.181
BP22 71.42 247.224 258.382 0.0248 0.277

BP23 62.69 162.397 190.822 0.0734 0.651
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Table 12. Production cross sections for HPs from Table 2 in fb for Xp'p’ at a 13 and 100 TeV pp
collider. No cuts are applied on the scattered proton kinematics.

No. My My MHi (H+ H_)13 (H+ H_)mg
HP1 176 291.36 311.96 0.0122 0.161
HP2 557 562.316 565.417 0.00106 0.0276
HP3 560 616.32 633.48 - 0.0194
HP4 571 676.534 682.54 - 0.0154
HP5 671 688.108 688.437 - 0.0150
HP6 713 716.444 723.045 - 0.0128
HP7 807 813.369 818.001 - 0.00868
HP8 933 939.968 943.787 - 0.00547
HP9 935 986.22 987.975 - 0.00471
HP10 990 992.36 998.12 - 0.00457
HP11 250.5 265.49 287.226 0.0167 0.205
HP12 286.05 294.617 332.457 0.00958 0.134
HP13 336 353.264 360.568 0.00699 0.106
HP14 326.55 331.938 381.773 0.00557 0.0895
HP15 357.6 399.998 402.568 0.00450 0.0766
HP16 387.75 406.118 413.464 0.00403 0.0709
HP17 430.95 433.226 440.624 0.00310 0.0587
HP18 428.25 453.979 459.696 0.00261 0.0514
HP19 467.85 488.604 492.329 0.00195 0.0420
HP20 505.2 516.58 543.794 0.00127 0.0310

No cuts on the scattered proton kinematics are applied. As for direct pair-production,
the cross sections are determined by the available phase space, given by the masses of
the charged scalars, and exhibit decline with rising mass scales. The production cross
sections are lower by factors 300 for 13 TeV and up to 800 for 100 TeV with respect to the
direct pair-production cross sections, given in Tables 3, 4, 7 and 8 for 13 TeV and 100 TeV,
respectively. Therefore, all points here would in principle be within reach first in direct
pair-production, using again our simple counting criterium. The photon-fusion mode
would in principle provide an additional test of the model for photon induced processes.
However, even not taking into account the acceptance of the proton spectrometers only BPs
1-3 would be accessible at the HL-LHC, corresponding to a mass range up to 200 GeVfor
the sum of the produced particles. At 100 TeV, all low mass points as well as HPs 1, 11-18
would be accessible, enhancing the mass range to 900 GeV.

5.7. Muon Collider

Recently, discussions of a muon collider have again raised some interest in the commu-
nity (see e.g., [101]). We therefore present cross sections at such a collider for two collider
options, namely, for center-of-mass energies of 10 TeV and 30 TeV. Note that without taking
beamstrahlung and initial state radiation effects into account, the cross sections for u™ p~
and ee” induced processes are the same as lepton masses are negligible for the considered
center-of-mass energies. Since beamstrahlung and initial state radiation effects are much
less important for i~ they were therefore not taken into account in the presented study.

For direct production, we found that cross sections are similar for all BPs and HPs,
given by 0.13 fb for HA production and 0.31 fb for H" H™ production at the 10 TeV collider,
respectively; cross sections at 30 TeV are about an order of magnitude lower. Cross sections
might slightly rise due to radiative return (see e.g., [102]). We therefore list results for VBF-
type production modes only; in particular, we consider

ptus = v AA, wtu — v HYH .

Production cross sections for these processes can be found in Tables 13 and 14, and are
compared in Figure 8.

Depending on the parameter point, different diagrams contribute. For the low-mass
BPs, production cross sections range between 0.06 fb and 1.17 fb at 10 TeV and between
0.1fb and 3 fb at 30 TeV. For example, the dominant contribution to the cross section for AA
final states at BP21, the benchmark point with the highest rates, stems from diagrams
with a charged scalar in the t-channel. For high-mass HPs, cross sections start basically
an order of magnitude lower, and can reach up to roughly 1 fb at both center-of-mass
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energies, depending on the benchmark point and production mode. Note that for H" H™~
the VBF-like production almost always renders rates higher than direct pair-production,
with the exception of the HPs at 10 TeV center-of-mass energy. For example, for BP3
at 30 TeV, diagrams with W-boson fusion to a Z-boson or photon with successive decay
to H" H™ are predominant, with slightly lower contributions from diagrams with an A or
H in the t-channel.

Table 13. Production cross sections for BPs from Table 1 in fb for Xv, 7, ata 10 and 30 TeV muon-collider.

No. My My MHi (AA)m (H+ H7)10 (AA)::,() (H+ H7)30
BP1 72.77 107.803 114.639 0.476 0.828 0.732 1.03
BP2 65 71.525 112.85 0.678 0.714 1.00 1.09
BP3 67.07 73.222 96.73 0.426 0.825 0.641 1.22
BP4 73.68 100.112 145.728 0.798 0.549 122 0.946
BP6 72.14 109.548 154.761 0.954 0.551 147 0.834
BP7 76.55 134.563 174.367 0.787 0.451 1.24 0.767
BP8 70.91 148.664 175.89 0.714 0.463 1.15 0.807
BP9 56.78 166.22 178.24 0.813 0.600 1.33 0.921
BP10 76.69 154.579 163.045 0.521 0.515 0.837 0.857
BP11 98.88 155.037 155.438 0.286 0.452 0.464 0.698
BP12 58.31 171.148 172.96 0.600 0.564 0.984 0.969
BP13 99.65 138.484 181.321 0.567 0.366 0.904 0.680
BP14 71.03 165.604 175.971 0.754 0.601 1.23 0.860
BP15 71.03 217.656 218.738 0.880 0.610 1.51 0.919
BP16 71.33 203.796 229.092 1.17 0.519 1.98 0.817
BP18 147 194.647 197.403 0.214 0.296 0.362 0.515
BP19 165.8 190.082 195.999 0.121 0.247 0.209 0.442
BP20 191.8 198.376 199.721 0.0586 0.210 0.106 0.385
BP21 57.475 288.031 299.536 1.45 0.595 2.67 1.14
BP22 71.42 247.224 258.382 1.05 0.504 1.85 0.931
BP23 62.69 162.397 190.822 1.41 0478 2.13 0.832
Table 14. Production cross sections for HPs from Table 2 in fb for Xv, 7, ata 10 and 30 TeV muon-collider.

No. My My M+ (AA)10 (H H )y (AA)3 (H* H )3
HP1 176 291.36 311.96 0.691 0.240 1.28 0.470
HP2 557 562.316 565.417 0.00892 0.0265 0.0211 0.0639
HP3 560 616.32 633.48 0.143 0.0506 0.356 0.128
HP4 571 676.534 682.54 0.229 0.0777 0.602 0.206
HP5 671 688.108 688.437 0.0103 0.0184 0.0268 0.0473
HP6 713 716.444 723.045 0.0110 0.0181 0.0295 0.0474
HP7 807 813.369 818.001 0.00910 0.0144 0.0263 0.0397
HP8 933 939.968 943.787 0.00324 0.00792 0.00986 0.0226
HP9 935 986.22 987.975 0.0297 0.0144 0.103 0.0460
HP10 990 992.36 998.12 0.00312 0.00695 0.00991 0.0201
HP11 250.5 265.49 287.226 0.0760 0.116 0.141 0.230
HP12 286.05 294.617 332.457 0.170 0.0996 0.320 0.204
HP13 336 353.264 360.568 0.0392 0.0722 0.0785 0.152
HP14 326.55 331.938 381.773 0.151 0.0746 0.295 0.159
HP15 357.6 399.998 402.568 0.0677 0.0678 0.139 0.145
HP16 387.75 406.118 413.464 0.0291 0.0533 0.0609 0.117
HP17 430.95 433.226 440.624 0.0203 0.0473 0.0438 0.105
HP18 428.25 453.979 459.696 0.0308 0.0435 0.0669 0.0979
HP19 467.85 488.604 492.329 0.0208 0.0368 0.0464 0.0849
HP20 505.2 516.58 543.794 0.0359 0.0326 0.0824 0.0773

As before, in general, one can observe a decrease of production cross sections with
rising mass scales, where however some exceptions exist. For H" H~ production, it is
again instructive to compare cross sections for BP21 and HP11, which feature similar
charged scalar masses but different My, leading to a factor 5 difference in production cross
sections at 30 TeV. This difference can be traced back to the interference between two differ-
ent gauge-invariant sets of diagrams which contribute to this process, with W W~ and Wu
fusion, which we label GI I and GI II, respectively; the two sets of diagrams are displayed
in Appendix B. Contributions from these sets of diagrams are shown in Table 15 where
we also consider two additional parameter points HP11b and HP11c, which have the same
charged or charged and dark matter mass as BP21. We see that, while contributions to GI I
mainly depend on the masses of the charged scalars, in GI I the masses of the neutral dark
scalars also play a role via diagrams with these particles in the t-channel.
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Figure 8. Production cross sections for benchmarks from Tables 1 and 2 as a function of the produced
scalar mass sum, for AA and HTH~ production at 10 TeV and 30 TeV muon collider. Horizontal
dashed lines indicate minimal cross sections required to produce 1000 events at the respective energy,
assuming 5 year integrated design luminosity.

Table 15. Transition between BP21 and HP11, including different contributions from gauge-invariant
sets of diagrams with WW (GI I) and Wy (GI 1) fusion, for HT H™~ production in the VBF-like mode
at a muon collider with 30 TeV center-of-mass energy. Masses are in GeV and cross sections in fb.
See text for details.

BP21 HP11 HP11b HP11c
M+ 299.536 287.226 299.536 299.536
My 57.475 250.5 250.5 57.475

My 288.031 265.49 265.49 265.49

GII 19.01(7) 19.69(8) 18.04(6) 18.76(7)
GIII 17.89(5) 19.43(5) 17.83(5) 17.86(6)
Equation (14) 112 9) 0.23(9) 021(7) 0.90(9)
GIT+GITI 1.129(3) 0.2293(6) 0.2274(7) 0.973(3)
total 1.144(5) 0.2297(7) 0.2276(8) 0.968(3)

From the table, we observe that the final contribution seems to dominantly stem from
a fine-tuned cancellation between these two type of diagrams according to

/PS|M1+MU|2 ~ /PS (|M1|2—|MH|2), (14)

where M; = |M;|e'? and [ pg denotes integration over phase space. The above equation
is, for example, fulfilled if the integrated matrix elements differ by a phase and obey

2 o _ _
/PS\MH| ~ /PS|M1||M11|COS(¢H ?1)-

A similar observation can be made by comparing HP4 and HP5, which feature similar
scalar masses but vary in the mass differences between My+ and Mpy. A detailed study
shows that, as before, a larger mass gap increases contributions from GI I, therefore leading
to a larger total result.

For the AA channel, things are slightly different. Here, the main contribution stems
from WW fusion only, where the corresponding diagrams can be found in Appendix C.
It is instructive to consider the contributions triggered by h- exchange, with the coupling
strength A345 (cf. Equation (13)), with respect to the remaining diagrams. Note that this
discussion now assumes unitary gauge; in general, the above split is not gauge-invariant.
We again consider HP4 and HP5 at 30 TeV; these points have similar charged and heavier
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neutral scalar masses, but largely different M, resulting in different A345 values. We list
the separate contributions in Table 16. Note that the total contribution is dominated
by the h—exchange diagram for HP4, corresponding to the relatively large A345 value.
From the table, we can see that indeed the different terms are found to be proportional
to the ratio of the tH™ H™ coupling squared.

Table 16. Comparison of different contributions to AA final state in the VBF-like production mode
at a muon collider with the center-of-mass energy of 30 TeV. Masses are given in GeVand cross
sections in fb.

HP4 HP5
Ma 676.534 688.108
My+ 682.54 688.437
My 571 671
Asss 3.88 0.62
h-exchange only 0.510(2) 0.01259(4)
all others 0.01625(4) 0.01347(5)
interference 0.078(4) 0.0008(1)
total 0.604(3) 0.02686(9)

In general, however, the total contribution depends on all three dark scalar masses.
This can be seen in Table 17, where we compare BP21, HP12, as well as variations around
BP21 where we vary the mass differences between the dark scalars. Comparing BP21b and
BPP21c, we observe that the contribution from -exchange is directly proportional to A%,
as expected. For a similar mass range of M 4, we can therefore tune the total cross section
by at least an order of magnitude by varying the other dark scalar masses.

Table 17. Comparison of different contributions to AA final state in the VBF-like production mode
at a muon collider with the center-of-mass energy of 30 TeV. Masses are given in GeV and cross
sections in fb.

BP21 HP12 BP21b BP21c

Ma 288.031 294.617 288.031 288.031

M+ 299.536 332.457 329.536 329.536

My 57.475 286.05 57.475 280.031

Azss 2.63 0.277 2.63 0.152

h-exchange only 2.25(1) 0.2155(8) 2.067(8) 0.00689(3)
all others 0.00706(2) 0.1899(5) 0.2223(7) 0.2216(8)

interference 0.36(1) 0.1094(9) 1.19(1) 0.067(1)

total 2.68(1) 0.3208(8) 3.48(1) 0.295(1)

In [103], the authors give a rough estimate of integrated luminosity that could be
achieved at a muon collider, as a function of the center-of-mass energy. In particular

L Vs i
/ ~ <10 TeV) '

Fora 10 TeV collider, they estimate an integrated luminosity of 10ab~! for a 5-year
run. Applying the above expression for the higher center-of-mass energy, we roughly
expect the integrated luminosity to be larger by one order of magnitude.

The authors equally state that target processes at 10 TeV should have cross sections
of O(fb), with a similar rescaling at 30 TeV. Using this criterium, we see that at 10 TeV only
BPs 16, 21, 22, and 23 would be accessible in the VBE-like production of AA, while none
of the HPs can be tested. At 30 TeV, all low mass BPs are accessible; in the high mass region,
HPs 2, 5-8, 10 and 18-20 render too low cross sections. This corresponds to a maximal mass
range of about )} ; M; = 1400 GeV.

In accordance with the previous discussion, we can again alternatively require that
at least 1000 events are produced in order to assess accessibility of a certain benchmark
point. Using this criterium, all low mass BPs would be accessible during a 5 year run
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at 10 TeV in all channels, with the exception of AA production for BP20; this channel
however provides a large enough cross section at 30 TeV. For the high-mass HPs, HPs
1, 3, 4, 12 and 14 would be accessible in the AA channel, where HP 1 and 11 have large
enough cross sections in the H" H™~ channel. This corresponds to a mass range of up to
600 GeV(1400 GeV) in the HTH~ (AA) channel. At 30 TeV, all HPs would be accessible.

We want to emphasize again that the accessibility criterium of 1000 generated events
can only be regarded as a first approximation and was introduced for comparison only;
obviously, detailed investigations are needed in order to determine the true discovery
range. We however consider this an easy selection criterium. More detailed results for in-
vestigation and reachability of the discussed benchmarks scenarios at CLIC can be found
for example, in [33,51,104].

6. Conclusions

We have presented several benchmarks for the Inert Doublet Model, a Two Higgs Dou-
blet Model with a dark matter candidate, and provided predictions for the pair-production
of dark scalars at the 13 TeV LHC, a high-energy upgrade, as well as a possible 100
TeV proton-proton collider. We also gave predictions for pair-production cross sections at
possible y "~ colliders with various center-of-mass energies. Applying a simple counting
criterium, we categorize these benchmarks in terms of their possible accessibility at dif-
ferent facilities. For example, after the high-luminosity run of the LHC, assuming target
luminosity, for the low BPs in Table 1 all channels should be accessible, apart from the
AA final state which is suppressed due to small absolute values of the coupling As3s.
Taking additionally VBF-like topologies into account for this final state then renders all but
BPs 18 - 20 accessible after the HL-LHC run. For the high benchmark points HPs 1 and
11-17 should be accessible in all but the AA channel; for HPs 18 and 19, in addition the
AH~, HH™ production modes render lower cross sections. For HP20, only the HH* and
AH™ channels look feasible. This corresponds to a possible reach up to about 500 GeV for
scalar masses. For AA, masses up to 300 GeV render large enough cross sections. We
also briefly comment on the possibility of using proton spectrometers at hadron colliders
to tag processes induced via photon-photon fusion. At tree-level, only charged scalar
pair-production is possible. Cross sections for these processes are much smaller than for
direct pair-production, but some points are within range at both HL-LHC as well as a 100
TeV collider assuming high tagging efficiency of forward proton spectrometers.

In turn, several possible future scenarios are considered: a high-energy upgrade to
a center of mass energy of 27 TeV, a 100 TeV proton-proton facility, as well as a possible
muon collider with different energy stages. For CLIC, detailed studies are available and
have been presented in [33,51,104-106]; we therefore omit their discussion here. The main
result for 3 TeV CLIC is that the discovery reach for charged scalar pair-production extends
to up to scalar masses of 1 TeV. At 27 TeV, we find that the range up to 1 TeV can basically
be covered in all channels, although some of the BPs and HPs still remain elusive in the AA
channel. Ata 100 TeV collider, the number of HPs that remain inaccessible in this channel
decreases. Including again AA production with additional jets, only two of the HP points
remain inaccessible in this channel according to our simple counting criterium.

At a muon collider, we can again discuss both direct as well as VBF-like production
channels. For direct production, AH as well as H" H™ seem to be accessible at all center-of-
mass energies considered for all BPs and HPs. For the VBF-like probes, with 10 TeV center-
of-mass energy, basically all low-mass BPs as well a subset of high-mass HPs are accessible
for AA production, which might provide an interesting cross check. This corresponds to
a mass scale for M 4 in this channel of about 700 GeV. At 30 TeV, all channels should be
accessible assuming target luminosity over the whole runtime. In addition, for almost all
scenarios the VBF-induced production of H" H™ gives higher cross sections than direct
pair-production, with the exception of the HPs at 10 TeV.

We again want to emphasize that our rough criterium needs to be supported by
detailed studies for each scenario, including both signal and background. However, we
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consider the BPs and HPs presented here give useful guidelines for either phenomenologi-
cal studies or experimental searches.
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Appendix A. Benchmark Tables Using micrOMEGAs_5.2.4

We present the benchmark points from Table 1, were micrOMEGAs_5.2.4 has been used
in the relic density calculation, in Table Al. For selected benchmark points, deviations can
be up to 7%. We also present values for micrOMEGAs_5.0.4 for fast=0 in the integration
setup (see [89] for details).

Table A1. As Table 1 (without A; and on or offshell information for intermediate gauge bosons), with dark matter relic
density calculated using micrOMEGAs_5.2.4 and micrOMEGAs_5.0.4 with fast=0. Note that several benchmark points,
selected previously to match PLANCK measurements, result in relic density slightly above the assumed limit (indicated

by slashed font).
No. MH MA MHj: A345 QHhZ QHhZ OHhZ
5.0.4 5.2.4 5.0.4, fast=0

BP1 72.77 107.803 114.639 —0.00440723 0.11998 0.12277 0.12245
BP2 65 71.525 112.85 0.0004 0.07076 0.07085 0.070725
BP3 67.07 73.222 96.73 0.00738 0.06159 0.061706 0.061569
BP4 73.68 100.112 145.728 —0.00440723 0.089114 0.08854 0.088507
BP6 72.14 109.548 154.761 —0.00234 0.117 0.12155 0.12104
BP7 76.55 134.563 174.367 0.0044 0.031381 0.031334 0.031303
BPS8 70.91 148.664 175.89 0.0058 0.12207 0.122618 0.12537
BP9 56.78 166.22 178.24 0.00338 0.081243 0.081226 0.080547
BP23 62.69 162.397 190.822 0.0056 0.065 0.0608 0.062146
BP10 76.69 154.579 163.045 0.0096 0.028125 0.028312 0.028293
BP11 98.88 155.037 155.438 —0.0628 0.002735 0.002735 0.0027319
BP12 58.31 171.148 172.96 0.00762 0.0064104 0.0064098 0.0063558
BP13 99.65 138.484 181.321 0.0532 0.0012541 0.0012541 0.0012534
BP14 71.03 165.604 175971 0.00596 0.11833 0.12245 0.12169
BP15 71.03 217.656 218.738 0.00214 0.12217 0.12647 0.12571
BP16 71.33 203.796 229.092 —0.00122 0.12205 0.12686 0.12615
BP18 147 194.647 197.403 —0.018 0.0017711 0.0017711 0.0017667
BP19 165.8 190.082 195.999 —0.004 0.0028308 0.0028308 0.0028209
BP20 191.8 198.376 199.721 0.008 0.0084219 0.0084219 0.0083755
BP21 57.475 288.031 299.536 0.00192 0.11942 0.11937 0.11845
BP22 71.42 247.224 258.382 —0.0032 0.12206 0.12699 0.1263
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Appendix B. Diagrams Contributing to y™ =~ — Ht H~ vy Uy
Appendix B.1. Diagrams via WT W~ Fusion (GI I)
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Diagrams made by MadGraph5_aMC@NLO

Figure A1. GI I diagrams for WT W™ fusion.
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Appendix B.2. Sample Diagrams via Wy Fusion (GI II)
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Figure A2. GIII diagrams for Wy fusion.
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Appendix C. Sample Diagrams Contributing to y* = — A Av, 7,
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Figure A3. Diagrams for WTW~ fusion.
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