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ABSTRACT: Additional Higgs bosons appear in many extensions of the Standard Model
(SM). While most existing searches for additional Higgs bosons concentrate on final states
consisting of SM particles, final states containing beyond the SM (BSM) particles play an
important role in many BSM models. In order to facilitate future searches for such final
states, we develop a simplified model framework for heavy Higgs boson decays to a massive
SM boson as well as one or more invisible particles. Allowing one kind of BSM mediator in
each decay chain, we classify the possible decay topologies for each final state, taking into
account all different possibilities for the spin of the mediator and the invisible particles.
Our comparison of the kinematic distributions for each possible model realization reveals
that the distributions corresponding to the different simplified model topologies are only
mildly affected by the different spin hypotheses, while there is significant sensitivity for
distinguishing between the different decay topologies. As a consequence, we point out that
expressing the results of experimental searches in terms of the proposed simplified model
topologies will allow one to constrain wide classes of different BSM models. The application
of the proposed simplified model framework is explicitly demonstrated for the example of
a mono-Higgs search. For each of the simplified models that are proposed in this paper we
provide all necessary ingredients for performing Monte-Carlo simulations such that they
can readily be applied in experimental analyses.
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1 Introduction

The discovery of a scalar boson at the Large Hadron Collider (LHC) — consistent with
the prediction for the Higgs boson of the Standard Model (SM) within the theoretical and
experimental uncertainties — marks an important milestone for particle physics [1, 2]. Tt
is the first spin-0 particle for which no substructure is known and which could, therefore,
be a fundamental particle. While so far no conclusive hints for beyond SM (BSM) physics
have been found, there is ample room for extending the scalar sector of the SM by adding
additional scalar bosons.

An extended scalar sector could help to resolve several open issues of the SM like the
lack of a sufficient amount of CP violation to explain the baryon asymmetry of the Universe.
Intriguingly, also an explanation for Dark Matter (DM) could be closely connected to the
scalar sector. While the DM particle itself (or one of several DM particles) could be a
scalar particle, also the role of the mediator between the visible and the dark sector can
be played by a scalar particle.



This hypothesis can be tested in various ways. Direct or indirect DM searches concen-
trate on directly detecting the DM particle(s). In this work, we will, however, concentrate
on LHC collider experiments, which target the mediator particle, while the DM particles
cannot directly be detected but give rise to a certain amount of missing transverse energy
as a trace of their presence. Since missing energy by itself is unobservable, the presence
of an additional particle in the final state is required. Typical examples are a single jet, a
single Higgs boson, or a single Z boson.!

For interpreting the results of these “mono-X plus missing energy” searches, the experi-
mental collaborations usually rely on benchmark models like the Two-Higgs-Doublet Model
(THDM) with an added pseudoscalar DM portal (THDMa). In these models, an initial
heavy resonance decays into a SM boson and a mediator particle, where the latter decays to
invisible particles. The focus on this specific decay topology is rather restrictive. In fact,
many other well motivated BSM models with “mono-X plus missing energy” signatures
exist in which different decay topologies (with different kinematics) are encountered.

An example for this is the decay of a heavy Higgs boson into a the lightest neutralino
and the second-lightest neutralino in the Minimal Supersymmetric extension of the SM
(MSSM). In the MSSM, this decay mode is of particular interest since it can efficiently be
used to set constraints on the parameter region in which the lightest and second-lightest
neutralino are close to each other in mass, and where direct neutralino searches are less
sensitive. Accordingly, this decay mode has received considerable attention [4-17],> but
nevertheless no dedicated experimental searches for this signature have been performed at
the LHC so far.

While specific well-motivated BSM models could be directly constrained experimen-
tally, a model-independent approach allowing a re-interpretation of the results of dedicated
searches for additional Higgs bosons decaying into BSM particles and of “mono-X plus miss-
ing energy” searches within wide classes of BSM models would clearly be more useful. The
development of such an approach is the main purpose of this work. Focusing for definite-
ness in the present paper on mono-Z and mono-Higgs plus missing transverse energy final
states, we introduce simplified model topologies that describe different decay modes of the
heavy neutral resonance. This approach resembles the one that has been adopted for the
simplified models that are used in direct LHC searches for supersymmetric particles. As
a first step, we categorize the different decay topologies. For each topology we then inves-
tigate the most relevant kinematic distributions and discuss the question to what extent
the different decay topologies can be distinguished from each other experimentally. We ex-
emplify our approach by recasting an existing ATLAS mono-Higgs plus missing transverse
energy search.

Our paper is structured as follows. In section 2, we detail our simplified model ap-
proach. We then use this approach to classify and kinematically compare mono-Z and
mono-Higgs plus missing energy final states in sections 3 and 4, respectively. In section 5,

Tt should be noted that these searches are also sensitive to long-lived particles which decay outside of
the detector. For long-lived particles decaying inside of the detector specific searches are designed [3].

2Also the similar decay mode of heavy Higgs bosons into two staus resulting in a di-tau plus missing
energy final state has been investigated phenomenologically [13, 18, 19].



we exemplify our approach by recasting an existing ATLAS mono-Higgs plus missing trans-
verse energy search. The conclusions can be found in section 6. Appendices A and B give
details on the employed model file and the Monte-Carlo event generation.

2 Simplified model approach

Our simplified model approach represents an extension of the SM. In order to model heavy
scalar resonance decays to SM particles plus missing energy, we supplement the SM particles
by one additional heavy scalar ¢, one mediator M, and one invisible particle Z. In the
present paper, we assume the heavy scalar ¢ to be produced resonantly via gluon fusion or
bottom-associated Higgs production, which are typical production modes for BSM Higgs
bosons.

We assume the mediator particle to be electrically neutral.> Moreover, we allow it to
be either a scalar, a fermion or a vector boson. Similarly, the invisible particle, which is
electrically neutral, can be a scalar, a fermion or a vector boson. This particle is assumed
to be invisible for typical particle detectors. This can be the case in particular if it is stable
(e.g. due to a protecting symmetry) or sufficiently long-lived.

In summary, our simplified model approach contains the following particles in addition
to the SM particles:

e heavy scalar: ¢,
o mneutral mediator: Mg, Mg, or My,
e invisible particle: Zg, Zr, or Zy,

where the subscript “S” is used to denote scalar particles; the subscript “F” to denote
fermions; and the subscript “V” to denote vector bosons. Each simplified model topology
contains only one type of the possible mediators and one type of invisible particle. While
in principle it would be straightforward to include finite width effects, we assume in this
paper that all the scalar resonances and the mediators have negligible widths for the sake
of clarity of the presentation. Correspondingly, we also assume in this work that all BSM
particles (except of the invisible particle) have a short life time and decay promptly.

Our simplified model Lagrangian then contains — in addition to the SM interactions
— all possible interactions between the BSM particles as well as between the BSM and
SM particles. Motivated by the fact that the effects of four-point interactions in decay
processes are normally suppressed due to the large amount of energy required to produce
three particles at the same time (and also to reduce the complexity of our models), we
include only three-point interactions. Note that this is not a restriction of our framework.
It can easily be extended to include four-point interactions.

We do not explicitly fix the CP character of the scalars as well as the chirality of the
vector bosons. Instead, our model implementation allows one to set the CP character (or

3For the mono-Z and mono-Higgs plus missing energy signatures considered in this work, an electrically
charged mediator cannot contribute.



the chirality) of each coupling separately. The presence of certain interactions, however,
implicitly restricts the CP character of the involved scalars. For example, the presence of a
scalar-scalar-vector-boson coupling (M gZgZ) implies that the two scalars have an opposite
CP character. Note also that due to the Lorentz symmetry all vector-boson-vector-boson-
vector-boson couplings involving at least two identical vector bosons are zero.

We have implemented the model as outlined above as a FeynRules [20, 21] model. This
allows one to easily derive model files for many common particle physics tools. We make
use of FeynRules to derive a UF0 model file [22] that is employed for generating Monte-
Carlo event samples. More details on the UFO model file can be found in appendix A. These
model files are distributed as ancillary material for the present paper.

In the subsequent sections, we work out a complete classification of the different mod-
els and decay topologies that can be constructed using our simplified model setup. For
each final-state signature (e.g. one Z boson plus missing transverse energy), we construct
all possible decay topologies of the neutral scalar decay either directly or via up to two
mediators to the respective final state. For each of these decay topologies, we then formu-
late all possible spin configurations for the mediator and the invisible particles. In order to
compare the kinematic distributions of each different topology (and spin configuration), we
generate Monte-Carlo (MC) samples for each of the topologies and spin realizations (see
appendix B for details on the event generation).

For our numerical analysis, we concentrate on four benchmark points (BPs),

e BPIL: my = 1TeV, mpy = 400 GeV, mz = 10 GeV,
e BP2: my = 1TeV, mpg = 400 GeV, mz = 100 GeV,
e BP3: my = 1TeV, mpg = 260 GeV, mz = 10 GeV,
e BP4: my = 1.5TeV, mpq = 400 GeV, mz = 10 GeV.

BP1 is designed to exemplify a hierarchical spectrum between the heavy scalar, the me-
diator, and the invisible particle. For BP2, the hierarchy between the mediator and the
invisible particle is reduced by raising the mass of the invisible particle. For BP3, the
mass of the mediator is lowered also resulting in a smaller hierarchy between the mediator
and the invisible particle. BP4 targets the case of an even enlarged hierarchy between the
heavy scalar and the other particles by raising mg to 1.5 TeV.

The goal of our study is, however, not only to classify all possible topologies and to
discuss their kinematic differences, but also to provide a framework for the presentation
of experimental searches allowing for a straightforward re-interpretation of these searches
in concrete BSM models. As we will discuss in detail with a concrete example in sec-
tion 5, tabulated acceptance x efficiency values in dependence of mg, maq, and mz allow a
straightforward re-interpretation of a specific experimental search for different BSM models
that realize one of the simplified model topologies.

While in many models only one simplified model topology appears, it is also possible
that a BSM model gives rise to more than one simplified model topology. In this case it
is still possible to apply our simplified model framework by summing the cross section x



efficiency x acceptance values for each of the contributing topologies. Moreover, it is also
possible that a specific topology appears multiple times in the BSM model. Also in this
case the cross section x efficiency x acceptance values can be summed (see the discussion
of the example in section 5). In this procedure, possible interference effects are neglected.

3 Simplified models for mono-Z boson + E;Piss signatures

As first signature, we discuss the mono-Z plus missing energy final state. This signature
has already been searched for intensively by the experimental collaborations [23-32]. The
results of these searches are often interpreted in terms of Z’ models or the TDHM extended
with a pseudoscalar dark matter portal (THDMa).

3.1 Topologies

In order to have a final state involving a Z boson and invisible particles, the initial neutral
scalar can either decay directly to a Z boson and an invisible particle or the decay can be
induced by up to two electrically neutral mediators.*

In general, one can distinguish five different types of final-state topologies:

(a) 1vsl unbalanced topology (see figure la)

The scalar resonance decays directly to an invisible particle and a Z boson. The
Z boson recoils against the invisible particle resulting in a missing energy spectrum
peaking at high E:,n}iss values.

(b) 2vsl balanced topology (see figure 1b)

The scalar resonance decays to a mediator and an invisible particle. The mediator
then decays to a Z boson and an invisible particle. Since the scalar resonance is
produced approximately at rest, the mediator recoils against the first invisible particle
resulting in a “balanced” missing energy spectrum.

(c) 2vsl unbalanced topology (see figure 1c)

The scalar resonance decays to a mediator and a Z boson. The mediator then decays
to two invisible particle. For this topology, the Z boson recoils against the mediator
resulting in a missing energy spectrum peaking at high EF values (kinematically

similar to the 1vsl topology).

(d) 2vs2 balanced topology (see figure 1d)

The scalar resonance decays to two mediators. One of the mediators then decays
to a Z boson and an invisible particle. The second mediator decays to two invisible
particles. This topology is kinematically similar to the 2vsl balanced topology and

features a similar E7"° spectrum.

4As explained above (see section 2), we do not consider topologies with four-point interactions.
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Figure 1. Decay topologies of a neutral scalar boson ¢ decaying in its rest frame to a Z boson
plus Emiss,
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Figure 2. Initial state radiation topologies where the Z boson is radiated from the inital state and
then the scalar resonance decays into invisible particles.

(e) initial state radiation (ISR) topology (see figure 2)

The Z boson is radiated from the initial state. The scalar resonance ¢ then decays
completely to invisible particles. Note that the different decay topologies as shown
in figure 2 can not be distinguished experimentally.
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Figure 3. Mono-Z + EX processes for the unbalanced 1vsl topology.

3.2 Feynman diagram realizations

The Feynman diagram realizations of the different topologies (employing different spin
hypothesis for the mediator and the invisible particle) are shown in figures 3 to 6.

For the unbalanced 1vsl topology, two different Feynman diagram realizations exist:
Ty (see figure 3a) and Zg (see figure 3b). This kind of topology can be present, for example,
in models that contain a heavy scalar and a dark photon/Z’ in the case of figure 3a or a
long-lived CP-odd scalar, like for example in THDMa, in the case of figure 3b.

For the balanced 2vsl topology, five different Feynman diagram realizations exist:
MpTr (see figure 4a), MgZg (see figure 4b), My Zy (see figure 4c), MgZy (see figure 4d),
and My Zg (see figure 4e). The 2vsl topology for a mono-Z boson plus missing energy final
state can be realized for example in the MSSM: a heavy Higgs boson is produced via gluon
fusion or in association with bottom quarks; it then decays to the lightest (invisible particle)
and the second-lightest neutralino (mediator); the second-lightest neutralino then decays
to a Z boson and the lightest neutralino. This cascade decay is a promising search channel
at the LHC, and its cross section can exceed the cross section of direct neutralino pair
production [13-17]. Another example for a concrete model realizing the MgZg diagram is
the N2HDM, which extends the SM by a second Higgs doublet and a real singlet. Assuming
that one of the doublets is inert (i.e. protected by a Zy symmetry, see e.g. ref. [33]), the
initial scalar resonance, which could be a dominantly singlet-like state, can decay to the
heavier and lighter CP-even states of the inert doublet. The heavier inert state then decays
to a Z boson and the lighter inert state which is stable due to the Zs symmetry.

For the unbalanced 2vsl topology, four different Feynman diagram realizations exist:
MsZs (see figure 5a), MgZp (see figure 5b), MgZy (see figure 5c), and MyZp (see
figure 5d). One possible realization of the unbalanced 2vsl topology can occur in the
Two-Higgs-Doublet model with an additional CP-odd singlet, dubbed as THDMa, which
serves as a DM portal [34-38]. This model is also frequently used as a benchmark model in
experimental analyses, see for instance ref. [39]. As discussed e.g. in ref. [38], searches for a
bbZ(— €0) + EXss final state have the potential to probe still unconstrained regions of the
parameter space compatible with an explanation of the observed Galactic Centre gamma
ray excess [40]. Another examplary model realizing the unbalanced 2vsl topology is the
MSSM: a heavy CP-even Higgs boson decays to a CP-odd Higgs boson and a Z boson.
The CP-odd Higgs boson subsequently decays to two neutralinos.
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Figure 4. Mono-Z + EIS processes for the 2vsl balanced topology.
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Figure 5. Mono-Z + EX processes for the 2vs1 unbalanced topology.

For the 2vs2 topology, only two different Feynman diagrammatic realization exist:
MsZs (see figure 6a) and MgZy (see figure 6b). This topology can be present, for exam-
ple, in the singlet-extended THDM (NTHDM) or the Next-To-Minimal-Supersymmetric
extension of the SM (NMSSM), where the mediator Mg can be a singlet Higgs and Zg a
light pseudoscalar.

For the ISR topology, several Feynman diagrammatic realizations are possible. Ex-
perimentally, these are, however, not distinguishable. Therefore, we do not explicitly show
Feynman diagrams here.
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Figure 6. Mono-Z + EX' processes for the 2vs2 topology.

3.3 Kinematic analysis

For the kinematic analysis of the mono-Z plus missing energy final state, we concen-
trate on the Z boson decay to two muons. This decay mode should provide the best
experimental resolution. Moreover, we assume that the scalar resonance is produced via
bottom-associated Higgs production. We expect our result to be qualitatively similar for
the other Z boson decay modes (including off-shell decays) and for Higgs production via
gluon fusion.

Since there is only one visible particle in the final state (apart of the usual QCD
radiation), the number of relevant observables is low. As a consequence of the scalar
resonance being produced approximately at rest, the momentum of the Z boson has no
preferred direction. The transverse momentum of the Z boson, however, contains valuable
information about the underlying process.®

In figure 7, we compare the transverse momentum distributions® of the Z boson (la-
belled with pr,,,) for BP1. All distributions are generated assuming bottom-associated ¢
production. As mentioned above, we expect very similar results for ¢ production via gluon
fusion.

In the upper left panel, the distributions for the 1vsl topology are shown. The distri-
butions peak at ~ 450 GeV. If no detector effects are taken into account, the distribution
has a sharp endpoint at ~ 495 GeV. The Zy and Zg spin realizations are not distinguishable
experimentally for this distribution.

In the upper right panel of figure 7, we display the distributions for the 2vsl balanced
topology. Since the Z boson is not recoiling against a single invisible particle, the transverse
momentum spectrum has no clear peak and is spread out up to values of ~ 550 GeV. While
the MpZp, MgZy, and MgZg spin hypotheses are hardly distinguishable featuring a broad
peak at around 250 GeV, the spin hypotheses with a vector mediator — My Zr and My Zg
— give rise to a kinematic spectrum featuring two peaks at ~ 80 GeV and ~ 400 GeV. This
difference in the kinematic spectra arises as a consequence of the Lorentz structure of the
scalar-vector-vector (or scalar-scalar-vector) coupling between the scalar resonance, the

5A full multivariate analysis could be able to extract additional information. Carrying out such an
analysis is, however, beyond the scope of the current work.

5Tt is important to note that all shown distributions are obtained after applying showering and detector
effects to the parton level events. For more details about the event production chain see appendix B.
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Figure 7. Mono-Z + E}s final state: transverse momentum distribution of the di-muon system
for BP1. The upper left panel displays the results for the 1vsl balanced topology; the upper right
panel for the 2vsl balanced topology; the middle left panel for the 2vsl unbalanced topology; the
middle right panel for of the 2vs2 topology; and the lower panel for the ISR topology.

mediator, and the invisible particle. In order to answer the question whether this differ-
ence between the vector- and the non-vector-mediator spin hypotheses is experimentally
distinguishable, a dedicated study implementing a realistic analysis flow would be required.

The kinematic distributions of the 2vsl unbalanced topology — as shown in the middle
left panel of figure 7 — are very similar to the distributions of the 1vsl topology. They
feature a clear peak at ~ 400 GeV. The different spin hypothesis are not distinguishable
experimentally.
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For the 2vs2 topology — as shown in the middle right panel of figure 7 — the kine-
matic distributions are similar to the 2vsl balanced topology. As only scalar mediators are
possible, the two different spin hypotheses are not distinguishable. The distributions have
a broad peak at ~150GeV. In comparison to the 2vsl balanced topology, the distribu-
tions have a slightly lower endpoint at ~ 450 GeV (vs. ~ 550 GeV for the 2vsl unbalanced
topology).

As a final topology, we take into account the ISR topology shown in the lower panel of
figure 7. As already mentioned above, the different spin hypotheses are indistinguishable.
The pr ,,, distribution is very broad reaching its maximum at ~ 200 GeV.

To sum up, we find that the results for the different simplified model topologies are ro-
bust with respect to variations of the spins of the mediator and the invisible particles. Our
results indicate that the different spin hypotheses will not be experimentally distinguish-
able, with the possible exception of the 2vsl balanced topology for which the distribution
in case of a vector mediator shows different patterns than for the other spin hypotheses.

After comparing the topologies (and the corresponding spin hypotheses), we investigate
the dependence on the masses of the mediator and the invisible particle in figure 8. In this
figure, the spin hypotheses for a given topology are shown as thin lines: turquoise dot-
dashed for the 1vsl topology, blue solid for the 2vsl balanced topology, green dashed for
the 2vsl unbalanced topology, red dotted for the 2vs2 topology, and orange dot-dot-dashed
for the ISR topology. For each bin, the area between the minimum and maximum value
for a given topology obtained from varying the different spin hypotheses is filled in the
respective color.

The upper left plot of figure 8 shows the pr,, distribution for BP1. The curves in
this plot correspond to the curves in figure 7. In the upper right plot of figure 8, the
distributions are shown for BP2, for which mz = 100 GeV in contrast to mz = 10 GeV for
BP1. The increased mass of the invisible particle hardly affects the kinematic distributions.

Stronger effects are visible for BP3 (see lower left plot of figure 8). Here, the lowered
mediator mass (maq = 260 GeV in comparison to maq = 400 GeV for BP1 and BP2) shifts
the distributions of the 2vsl unbalanced and the 2vs2 toplogies to slightly higher pr ,,
values. While the overall shape of the 2vsl balanced distribution is very similar to BP1
and BP2, the effect of varying the spin hypotheses is diminished. The distributions of the
1vsl and the ISR topologies are not dependent on the mediator mass.

For BP4 (see lower right plot of figure 8), featuring an increased scalar resonance
mass in comparison to the other benchmark points, the distributions are in general shifted
to higher pr,, values. The peaks of the 1vsl and 2vsl unbalanced topologies are at
~ 700 GeV, whereas the other topologies reach a broad maximum at ~ 200 GeV.

As expected, we observe for the various benchmark points that the missing energy
distributions of the unbalanced topologies (1vsl and 2vsl unbalanced) peak at high values,
whereas the balanced topologies (2vsl balanced, 2vs2, and ISR) are broader and also have
a significant event fraction at low E} values. Most existing experimental searches apply
a lower cut on ERS of ~ 80—100GeV [25, 27, 29, 31, 32, 39]. While these searches
are expected to have the highest sensitivity to the unbalanced topologies, we also expect
them to show a significant sensitivity to the balanced topologies. This is in contrast

- 11 -
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Figure 8. Mono-Z + E** final state: transverse momentum distribution of the di-muon system
evaluated for BP1 (upper left panel), BP2 (upper right panel), BP3 (lower left panel), and BP4
(lower right panel). All different curves of the 1vsl topology are contained in the turquoise band;
the curves of the 2vsl balanced topology in the dark blue band; the curves of the 2vsl unbalanced
topology in the green band; and, the curves of the 2vs2 topology in the red band. The ISR topology
curve is shown in orange.

to the experimental searches performed in ref. [23, 24, 26, 28, 30] demanding EFss >
150—250 GeV, which we expect to have a much lower sensitivity to the balanced topologies.
We also want to point out that the existing searches concentrate on heavy resonances
produced via gluon fusion or via light quarks in the initial state. In order to suppress
background events, b jets are often vetoed. As a consequence, these searches are not
sensitive to heavy scalar resonances produced in association with bottom quarks. This
production channel is, however, one of the dominant channels in many extensions of the
SM Higgs sector (e.g. for the TDHM type-II at high tan 5 values).

4 Simplified models for mono-Higgs boson + E* signatures

As a second experimental signature, we investigate a mono-Higgs plus missing en-
ergy final state. Also for this signature, a lot of experimental searches already ex-
ist [41-48, 48, 49, 49-51]. These searches are typically interpreted in Z’ models, the THDM
extended with an additional gauged U(1) symmetry, or in the THDMa.
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Figure 9. Sketch of an asymmetric neutral scalar boson ¢ decay in its rest frame leading to a
mono-Higgs (H) plus EX collider signature.

4.1 Topologies

As for the mono-Z topologies, the mono-Higgs plus missing energy final state can be
produced by the decay of the initial neutral scalar either directly into a Higgs boson and
an invisible particle or mediated by up to two electrically neutral mediators.”

(a) 1vsl unbalanced topology (see figure 9b)

The scalar resonance decays directly to an invisible particle and a Higgs boson. The
Higgs boson recoils against the invisible particle resulting in a missing energy spec-
trum peaking at high E%liss values.

(b) 2vsl balanced topology (see figure 9b)

The scalar resonance decays to a mediator and an invisible particle. The mediator
then decays to a Higgs boson and an invisible particle. Since the scalar resonance
is produced approximately at rest, the mediator recoils against the first invisible
particle resulting in a “balanced” missing energy spectrum.

”As mentioned above (see section 2), we do not consider topologies with four-point interactions.
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Figure 10. Mono-H + EI* processes (1vsl topology).

(c) 2vsl unbalanced topology (see figure 9c)

The scalar resonance decays to a mediator and a Higgs boson. The mediator then
decays to two invisible particles. For this topology, the Higgs boson recoils against
the mediator resulting in a missing energy spectrum peaking at high E{Fiss values
(kinematically similar to the 1vsl topology).

(d) 2vs2 balanced topology (see figure 9d)

The scalar resonance decays to two mediators. One of the mediators then decays to
a Higgs boson and an invisible particle. The second mediator decays to two invisible
particles. This topology is kinematically similar to the 2vsl balanced topology and
features a similar E¥SS spectrum.

Note that we do not include an initial-state radiation topology for the mono-Higgs plus
E{Fiss final state. While it is in principle easily possible to take into account this topology,
the associated cross section is negligibly small for most BSM models.

4.2 Feynman diagram realizations

We show the Feynman diagram realizations of the different mono-Higgs topologies in fig-
ures 10 to 13.

Two different Feynman diagram realizations exist for the 1vsl topology: Zy (see fig-
ure 10a) and Zg (see figure 10b).

Five different Feynman diagram realizations can be constructed for the 2vsl balanced
topology: MpZp (see figure 11a), MgZg (see figure 11b), MyZy (see figure 11c), MgZy
(see figure 11d), and MyZg (see figure 11le). The MpZp realization can be encountered
e.g. in the MSSM: a heavy Higgs boson is produced via gluon fusion or bottom-associated
Higgs production; it then decays into the lightest neutralino and a heavier neutralino, which
then decays to a SM-like Higgs boson and the lightest neutralino. As for the mono-Z final
state, the mono-H final state with the M gZg realization can be constructed in the N2HDM
if one of the Higgs doublet is inert.

The 2vsl unbalanced topology can be realized by five different Feynman diagrams:
MsZs (see figure 12a), MgZp (see figure 12b), MgZy (see figure 12¢), and MyZp (see
figure 12d). The MgZp topology can be realized e.g. in the THDMa or the MSSM, with
the lightest neutralino playing the role of Zp. Another example for the MgZy realization
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Figure 12. Mono-Higgs (H) + EX* processes (unbalanced, 2vsl topology).

is the SM extended by a complex scalar singlet which is subject to an additional gauged
U(1) symmetry, whose gauge boson plays the role of the invisible particle.

Only two Feynman diagram realizations exist for the 2vs2 topology: MgsZg (see fig-
ure 13a) and MgZy (see figure 13b). This topology can be realized in extensions of the
THDM.
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Figure 13. Mono-Higgs (H) + ER processes (2vs2 topology).

4.3 Kinematic analysis

In order to study the kinematics of the mono-Higgs plus missing energy final state, we
assume the SM-like Higgs boson to decay into two photons. This decay channel has a high
mass resolution and low background. We assume the initial scalar resonance to be produced
in association with bottom quarks. Apart from the mass resolution, we expect very similar
results for other Higgs decay channels (including off-shell decays) and production via gluon
fusion. As for the mono-Z final state, the transverse momentum of the di-gamma system
contains valuable information about the underlying process.

The transverse momentum distribution of the di-gamma system, labelled with pr -,
is shown for BP1 in figure 14. As in section 3, all distributions are generated for the scalar
resonance being produced in association with bottom quarks. We expect very similar
results for ¢ production via gluon fusion.

In the upper left panel of figure 14, we show the pr -, distribution for the 1vsl topology.
The distributions peak at ~ 480 GeV, falling off quickly for higher pr ., values. The Zy
and Zg distributions are not distinguishable experimentally for this distribution.

The spin realizations for the 2vsl balanced topology, shown in the upper right panel
of figure 14, could, however, potentially be distinguishable experimentally. Whereas the
distributions of the My Zy and My Zg spin realizations show a double peak structure (with
peaks at ~ 80 GeV and ~ 420 GeV) due to the momentum dependence of the scalar-vector
couplings, the other distributions feature only one broad peak at ~ 200 GeV.

The 2vsl unbalanced configuration presented in the lower left panel of figure 14, how-
ever, shows no significant difference among the different spin realizations. All the distribu-
tions show a clear peak at pr ., ~ 380 GeV.

As a final case the 2vs2 topology is shown in the lower right panel of figure 14. We can
see that the two spin configurations MgZg and MgZy are practically identical, so that
the invisible particle nature has no impact in the distribution.

As we saw above for the case of the mono-Z signal the different spin hypotheses are
not expected to be experimentally distinguishable, with the possible exception of the 2vsl
balanced topology in the case of vector mediators that shows a different distribution for
the pr .- variable.
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Figure 14. Mono-H + EF** final state: transverse momentum distribution of the di-gamma system
for BP1. The upper left panel displays the results for the 1vsl balanced topology; the upper right
panel for the 2vsl balanced topology; the lower left panel for the 2vsl unbalanced topology; and
the lower right panel for the 2vs2 topology.

After comparing the topologies and spin hypotheses, we assess the dependence on
the masses of the involved particles by evaluating the distributions for the four different
benchmark points (see figure 15). The description of the figure is analogous to figure 8 for
the mono-Z signature. Comparing the pr ., distributions for BP1 and BP2 — upper left
and right panels of figure 15, respectively — no differences are visible (with the exception of
the 2vsl balanced My Zy topology). This clearly shows that the kinematical distributions
are insensitive to the invisible particle mass as we also observed for the mono-Z signature.
The case of BP3 — lower left panel of figure 15 — is different, since the mass of the mediator
is smaller than for the cases BP1 and BP2. In this case, we can see a shift in the peak of the
distributions in comparison to BP1 and BP2. For example for the 2vsl balanced topology
(with a vector mediator), we observe the first peak to be shifted to ~ 100 GeV. For the 2vsl
unbalanced topology, the peak is shifted to ~ 440 GeV. Consequently, the distributions of
the 1vsl and 2vsl unbalanced topologies almost overlap. For the 2vs2 topology, we can
see that the distribution reaches larger values of pr,, than for BP1 and BP2. Examining
BP4 for which the mass of my is larger (see lower right panel of figure 15), we see a clear

17 -



pp — bbp — bbH + Eppiss (BP1) pp — bbo — bbH + Ermiss (BP2)
T T T T T T T T T T T T T T T T

0.008 T 0.008 T
—— 1vsl —— 1vsl
[ — 2vsl balanced = ] [ — 2vsl balanced poo
0.006F =777 2\'5:1 unbalanced ; - i Y 2\'51 unbalanced ; 1" =7 4
....... 2vs2 i I e 2vS2 | i
o et i o == i
2 ' o 2 ) —
e i - ! E {
= 0.004 e = 4 & 0.004F el - q
PeY H F= = H
2 i ! 2 = -
s H = = 2 r - , et == 1
- = = -
0.002F | , I A 0.002f ; = .
L = [ i
I i e L .
0.000 — -n-l““’-:{:‘r_. L L L L i 0.000 -.4"‘-'— :,r.:‘}‘—-‘ L L L P
0 100 200 300 400 500 0 100 200 300 400 500
pr.a [GeV] pra [GeV]
pp — bbp — bbH + Ep iss (BP3) pp — bb — bbH + Er miss (BP4)
0.008 T T T T T T T T T 0.008 — T T T T T T T T T T
—— lvsl —— lvsl
2vs] balanced ] [ —— 2vsl balanced
—-==- 2vsl unbalanced == —-==- 2vsl unbalanced
0.006 ) B 0.006 B
....... 2\752 : L 71‘“ 2\752
g P <
£ 0.004 F ~_ ! 4 & 0.004F B
E P E
z T o ! z .
= - [ b __.:fj__ =__
0.002}- ] 1 0002f | e gl Cpmeeed ETL
. i . 1
. F= — ] a 1‘
e A 1 L 1 L 1 L _ | 1 L 1 L 1 L 1 L T — |
0'0000 100 200 300 400 500 0'0000 100 200 300 400 500 600 700 800
pr.a [GeV] pr.a [GeV]

Figure 15. Mono-H + EX** final state: transverse momentum distribution of the di-gamma system
evaluated for BP1 (upper left panel), BP2 (upper right panel), BP3 (lower left panel), and BP4
(lower right panel). All different curves of the 1vsl topology are contained in the turquoise band;
the curves of the 2vsl balanced topology in the dark blue band; the curves of the 2vsl unbalanced
topology in the green band; and the curves of the 2vs2 topology in the red band.

shift in the distributions of all the topologies in comparison to the other benchmark points.
First of all the increase of mass of the heavy scalar makes the distributions reach larger
values. The 2vsl balanced topology gives rise to a peak at ~ 60 GeV while the 1vsl and
the 2vsl unbalanced topologies feature a first peak at ~ 500 GeV and then a second one at
~ 660 GeV for the 2vsl balanced topology and at ~ 750 GeV for the 1vsl topology.

We can see for the mono-H signature that the 1vsl and 2vsl unbalanced distributions
of pr g peak at higher values. The balanced topologies (2vsl balanced and 2vs2) show
broader peaks at lower values of the distribution. Several experimental searches apply a
relatively large cut value of Ej@iss > 150 GeV [41-47, 49, 49, 51]. While these searches could
be sensitive to the unbalanced topologies, they are relatively insensitive to the balanced
topologies. However, there are also some searches [48, 50] with cuts at lower values (ERS >
90-105 GeV) that can be more sensitive to the balanced topologies by capturing those events
lying in the low-energy area of the distribution.
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5 Exemplary application: ATLAS mono-Higgs + E}niss search

In this section, we show how the simplified models worked out in the previous sections
can be used in practice. For our exemplary study, we focus on the mono-Higgs plus E%liss
search conducted in ref. [52] (using 36.1fb~'). We have chosen this search, besides the fact
that the search signature is covered by the simplified models worked out in section 4, since
the analysis performed in ref. [52] is conveniently already available in the public analysis
database of the MadAnalysis 5 framework [53-57].

We want to stress here that recasting an existing analysis is not optimal. Instead of
extracting the information we discuss below by recasting an existing analysis, this informa-
tion could most easily and most precisely be provided by the experimental collaborations
as part of their analyses, for instance as supplementary material. If the information that
is needed for the simplified model interpretation is directly provided as part of the exper-
imental analysis, a re-implementation or recasting of a previously done analysis, which is
always associated with approximations, is avoided. Instead, the experimental collabora-
tions can employ the full tool chain of their actual analysis without relying on fast detector
simulation tools like Delphes. Accordingly, the main purpose of the recasting we perform
below is to demonstrate the use of our simplified model framework — as a proposal for
how this framework could be applied by the experimental groups.

5.1 Acceptance x efficiency maps

First, we discuss the efficiency of the mono-Higgs plus ERS search for the different sim-
plified model topologies worked out in section 4. The search conducted in ref. [52] was
optimized for (and interpreted in) a Two-Higgs-Doublet Model with an additional U(1)
gauge symmetry. This model gives rise to a final state corresponding to the 2vsl unbal-
anced topology within our simplified model framework. It should be noted in this context
that the heavy resonance is assumed to be a vector boson in ref. [52] instead of a scalar
as in this work. As we will illustrate below, the analysis of ref. [52] can nevertheless be
re-interpreted in the proposed simplified model framework.

In order to assess the sensitivity also to the other topologies, we perform a scan in the
(mg, mag, mz) parameter space generating MC events for each parameter point. For each
MC sample, we then calculate the kinematic acceptance times detector efficiency using the
MadAnalysis recasting functionality [53, 56].

The resulting efficiency maps for gluon-initiated ¢ production are presented in figure 16.
In the upper left panel, the acceptance x efficiency map for the 1vsl topology is shown. In
the upper right panel, it is shown for the 2vsl balanced topology; in the lower left panel for
the 2vsl unbalanced topology; and in the lower right panel, for the 2vs2 topology. For the
1vsl topology, the parameter scan is restricted to the two parameters m, and mz (as no
mediator appears in the 1vsl topology), which are varied in the interval [100,2000] GeV.
For the 2vs1 unbalanced topology, we set mz = 1GeV and scan mg and m 4 in the interval
[100,2000] GeV. For the other topologies, we fix my = 1TeV and vary mag and mz in the
interval [100,1000] GeV. For all plots, the kinematic constraints are depicted by gray lines.®

8 As we assume here for simplicity that all involved particles have a negligible decay width, no off-shell
effects are incorporated, and the kinematic constraints result in sharp boundaries.
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Figure 16. Acceptance x efficiency maps for the gg-initiated mono-Higgs plus EF'** simplified
model topologies derived by recasting the ATLAS mono-Higgs plus EX5 search of ref. [52]. The
results are shown in the (mg, mz) parameter plane for the 1vsl topology (upper left panel), in the
(maq, mz) parameter plane for the 2vsl balanced topology (upper right panel), in the (mg, mam)
parameter plane for the 2vsl unbalanced topology (lower right panel), and in the (maq, mz) param-
eter plane for the 2vs2 topology (lower right panel). The kinematic constraints for each topology
are depicted by gray lines.

For the 1vsl topology, we find the highest values of acceptance x efficiency (~ 0.28)
for mg ~ 900 GeV and mz ~ 200 GeV. The acceptance x efficiency values decrease if the
kinematic limit of mg = mz + mpy is approached. In this limit, the invisible particle and
the Higgs boson are produced at rest (in the ¢ rest frame) implying that almost no missing
transverse energy is recorded. Since the analysis of ref. [52] requires a minimum amount
of missing transverse energy (ER5 > 150 GeV), this directly results in a lower acceptance.
The acceptance also decreases towards the lower right corner of the parameter plane (high
mg, low m7). This is mainly a consequence of the MadAnalysis implementation of ref. [52].
While ref. [52] defines two signal regions, namely the resolved signal region, in which the
two b jets can be disentangled, and the merged signal region, in which the two b jets are
merged into a single large-radius jet, only the resolved signal region is available within
MadAnalysis. For the resolved signal region, E%ﬁss < 500 GeV is required. For high m
and low mz, the amount of missing transverse energy surpasses this threshold.
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The highest acceptance x efficiency (~ 0.27) for the 2vs1 balanced topology is reached
for the highest values of mas and the lowest values for mz, i.e. maq~900GeV and
mz ~ 100 GeV in the depicted mass range. The low acceptance values for mgy ~ 2mz +mpg
are again a consequence of the Higgs boson and the invisible particles being produced ap-
proximately at rest. For the lower right corner of the shown parameter plane, the invisible
particle produced by the initial ¢ decay is approximately produced at rest. The decay of
the additionally produced mediator then mimics the situation of the 1vsl topology, where
the lower right corner of the upper right panel of figure 16 corresponds to the mg = 1TeV
and mz = 100 GeV parameter point in the upper left panel of figure 16.

For the 2vsl unbalanced topology, we obtain the highest acceptance x efficiency values
(~0.29) for mg ~ 900 GeV and maq ~ 100 GeV. Since the mediator decays to two invisible
particles, the mass of the invisible particle does not influence the visible kinematics (as long
as maq > 2mg). Therefore, the 2vsl unbalanced topology behaves like the 1vsl topology
with the mediator particle in the 2vsl unbalanced topology playing the role of the invisible
particle in the 1vsl topology. Only for small mediator masses, small differences are visible
in comparison to the 1vsl topology.

For the 2vs2 topology, the highest values of acceptance x efficiency (~0.16) are ob-
tained for mayg ~ 250GeV and mz ~ 100 GeV. This topology behaves very similar to
the 2vsl balanced topology. The kinematically accessible parameter region is, however,
reduced in comparison to the 2vsl balanced topology.

In summary, while the maximum acceptance x efficiency values are reached in different
regions of the parameter space for the different topologies, the maximum values are of
similar magnitude. This clearly shows that the analysis of ref. [52] has also a significant
sensitivity for other topologies than the 2vsl unbalanced topology, for which the analysis
was originally designed. Since the patterns of the acceptance x efficiency maps that we have
found for the different topologies are a direct consequence of the missing transverse energy
requirements of the experimental search, we expect similar results for other mono-Higgs
(or mono-Z2) plus EJsS searches.

For each point in the parameter space of the simplified model topologies the acceptance
x efficiency maps can be utilised to translate a given signal cross section into the corre-
sponding number of signal events that would be expected to be observed in the considered
experimental analysis. From this information, together with the number of expected SM
background events and the number of the actually observed events in the experimental
analysis (which are saved as part of the MadAnalysis analysis implementation [57]) we can
directly obtain observed upper limits on the cross sections that are associated with the dif-
ferent simplified model topologies, following the procedure outlined in ref. [56]. For models
that can be mapped to the simplified model topologies, those cross section limits can easily
be used for comparing the model predictions with the experimental limits. It is sufficient
for this purpose to know the signal cross section for each of the simplified model topologies
that is realised in the considered model as a function of the masses of the particles that
correspond to @, M and Z. This direct application of the cross section limits works best
for simple models where only one channel contributes to the signal. As we will discuss
for the example of the MSSM below, for more complicated models where several channels
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Figure 17. 95% CL upper limits, derived by recasting the ATLAS mono-Higgs plus EF' search
for gluon-initiated production of ref. [52], on the cross sections that are associated with the different
simplified model topologies for this process. The results are shown in the (mg, mz) parameter plane
for the 1vsl topology (upper left panel), in the (maq, mz) parameter plane for the 2vsl balanced
topology (upper right panel), in the (mg,maq) parameter plane for the 2vsl unbalanced topology
(lower left panel), and in the (maq, mz) parameter plane for the 2vs2 topology (lower right panel).
The kinematic constraints are depicted by gray lines.

contribute to the signal it can be advantageous to utilise the information contained in the
acceptance x efficiency maps rather than just resorting to the cross section limits. How-
ever, in both kinds of applications the information about the signal cross section for the
simplified model topologies is sufficient as input, i.e. no recasting or event generation is
needed in order to apply the experimental results for testing the considered models.

The 95% CL upper limits for the different simplified model topologies that we have
obtained from recasting the ATLAS mono-Higgs plus EX' search of ref. [52] are shown in
figure 17. For all four topologies, the strongest upper limit on the observed cross section
is of O(10) fb within the considered parameter space. If the acceptance x efficiency value
drops to zero (e.g. close to a kinematic edge), no upper limit on the observed cross section
can be set. This is indicated by the upper bin of the colour coding, which represents the
o959 cr, > 4001b region. The overall behaviour of the different topologies follows the one
observed in figure 16. For the relationship between the acceptance x efficiency value and
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Figure 18. Acceptance x efficiency map (left) and observed upper limit on the cross section
(right), derived by recasting the ATLAS mono-Higgs plus EX search for bb-initiated production
of ref. [52], for the 2vsl balanced topology.

the observed upper limit on the cross section, we refer to ref. [56]. As a consequence of
this non-trivial relationship, the contours for the cross section limits displayed in figure 17
slightly differ from the patterns of the acceptance x efficiency maps shown in figure 16.

In addition to the results for gluon-initiated ¢ production, we show in figure 18 re-
sults for bottom-quark-associated ¢ production. Here, we discuss only the 2vsl balanced
topology, since we will make use of this result below. As a result of the additional b jets
in the final state, the obtained acceptance x efficiency values (shown in the left panel) are
slightly lower than the values observed for the 2vsl balanced topology for gluon-initiated
¢ production (see the upper right panel of figure 16), with a maximal value of ~ 0.20.
Correspondingly, also the observed upper limit on the cross section (shown in the right
panel) is slightly weaker in comparison to the case of gluon-initiated ¢ production (see the
upper right panel of figure 17).

5.2 MSSM interpretation

After demonstrating how our proposed simplified model framework can be utilised by the
experimental collaborations in order to present their results, we now want to illustrate how
the information provided in this way can be used by phenomenologists to constrain specific
BSM models.

As an example, we consider the case of the MSSM and focus on the 2vsl balanced
topology, see the discussion in section 4. Specifically, we consider the decay of a heavy
Higgs boson into two neutralinos. One of these neutralinos, X1, is the lightest supersym-
metric particle and therefore corresponds to the invisible particle in the simplified model
framework. The second neutralino corresponds to the mediator particle. It decays to x1
and a SM-like Higgs boson, which we denote by h in this section.

The MSSM comprises not just a single heavy Higgs boson but two heavy neutral Higgs
states, namely the CP-even H boson and the CP-odd A boson. They can be produced either
via gluon fusion or bottom-associated Higgs production. We focus here on a scenario in
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which three of the four neutralinos, labelled by X123 with mg, < mg, < my, are relatively
light, whereas the fourth neutralino is much heavier and does not affect the Higgs decay
processes. It should be noted that either ¥3 or x2 can be the mediator. Consequently,

eight different sub-channels contribute to the mono-Higgs plus Emlss signature:”

e 99 — H — XoX1 — X1X1h,
e 99 = H — X3x1 — Xx1x1h,
e 99 =~ A= Xox1 — xaxah,
e g9 — A= X3X1 — X1X1h,
o pp — Hbb — X2X1bb — X1X1hbb,
e pp — Hbb — X3X1bb — X1X1hbb,
o pp — Abb — XaX1bb — X1X1hbD,
o pp — Abb — X3X1bb — X1X1hbD.

While we could compare the predicted cross-section values for each of these sub-channels
with the corresponding upper limits presented in figures 17 and 18, a more stringent con-
straint can be obtained by combining all sub-channels. This is achieved by calculating
the cross section for each sub-channel, multiplying with the corresponding acceptance X
efficiency value (as provided in figure s 16 and 18), and then adding up the individual
contributions in order to obtain the result for the overall cross section X acceptance x
efficiency,

(0 x Axe)(pp— (bb)H, A — (bb)X1X1h) =
=0(g99 = H — XaX1 = X1X1h) - [(A X €)5551, (Mg = mpy, ma = myz,, mz = mg, )]

+o(gg = H = X3X1 = XaXuh) - [(A x €)35,,, (Mg = mug, mag = mg,, mz = mg, )]

+0(99 = A = Xa2X1 — Xaxah) - [(A x )30, (m¢ =Ma, MM = Mgy, Mz = My, )|

+o(gg = A= X3x1 — xaxih) - [(Ax €)3%, (

+o(p x €)%,

x €)%,

pp — bbH — be2X1 — bbxlxlh Svsiob. m¢ =My, MM = Mg,, M = Mg,

(A
+ O(pp — bl_)H — bB}Zg)Nﬁ — bg)zl)zlh ( 2vsl-b. m¢ =My, MM = Mgy, Mz = My,
+ o (pp — bbA — bbXaX1 — bbX1X1h) -

+ o(pp — bbA — bbysX1 — bbx1X1h) -

[ ><€2vs1b (Mg = ma,map = mg,, mz = m)h)}
{A X €) 2vq1 (Mg =ma, mpy = mg,, mz *mxl)} .

%In principle, X3 can also first decay into %2 and a Higgs boson. This process would, however, correspond
to a final state with two Higgs bosons, while we focus on a mono-Higgs final state here.
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Figure 19. Predicted cross section x acceptance x efficiency for the mono-Higgs plus FEiiss
signature in the (M, u) parameter plane of the MSSM according to the analysis carried out in
ref. [52].

After multiplying with BR(h — bb), this cross section x acceptance x efficiency value
together with the expected background contribution can be directly compared to the num-
ber of experimentally observed events for the considered luminosity (following again the
procedure outlined in ref. [56]).

For our numerical analysis, we use FeynHiggs 2.18.0 [58—66] in order to obtain the
predictions for the Higgs mass spectrum and the Higgs branching ratios. For calculating
the Higgs production cross sections, we employ SusHi 1.7.0 [67-77]. The neutralino
branching ratios are obtained using SUSY-HIT [78-81].

We set all squark soft SUSY-breaking parameters (as well as the gluino mass parameter
M3 and the Wino mass parameter Ms) equal to the common scale Mgygy, which we fix to
2TeV. All trilinear soft SUSY-breaking parameters are set to zero apart from the trilinear
stop coupling, which we fix by setting the stop mixing parameter X; to 4 TeV. The ratio
of the two vacuum expectation values, tan 3, is set to 10. The scale of the non-SM-like
Higgs bosons is fixed to 1 TeV. All input parameters are assumed to be real implying that
no mixing between the CP-even H and the CP-odd A bosons occurs.

The predicted values for the overall cross section x acceptance X efficiency in depen-
dence of M; and the Higgsino mass parameter p are shown in figure 19. The highest values
are reached for 250 GeV < p < 850GeV and M < 400GeV with o0 x A x € < 0.251b.
Even this maximal cross-section value is far smaller than the 68% CL limit set in ref. [52]
of ~5fb. Even if we rescale this exclusion limit naively to 3000fb~! (as expected to be
collected during the high-luminosity phase of the LHC), no part of the parameter plane as
presented in figure 19 could be excluded on the basis of the mono-Higgs plus E%liss
at the HL-LHC.

search
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Even though the recasting of the ATLAS mono-Higgs plus EFsS search of ref. [52]
in the framework of the proposed simplified model topologies and its application to the
production of heavy Higgs bosons in the MSSM has not resulted in an excluded region
in the considered MSSM parameter plane, we regard this example as a useful illustration
of our proposed framework. In particular we have demonstrated how the acceptance x
efficiency maps as presented in section 5.1 can be used to constrain realistic BSM models
(possibly involving multiple sub-channels) without the need for running any MC generation
(for the desired situation where those acceptance x efficiency maps would be presented by
the experimental collaborations as part of their analysis). Moreover, the result of our
considered example motivates new analysis strategies that are optimized for e.g. the 2vsl
balanced topology (and not only for the 2vsl unbalanced topology as done by most existing
experimental searches).

6 Conclusions

Searches for additional Higgs bosons that are targeted at final states containing BSM
particles have the potential to significantly enhance and complement the sensitivity of
searches where the additional Higgs boson directly decays into SM particles. While Higgs
searches involving BSM final states have been explored for some specific cases, a systematic
investigation of BSM final states is lacking up to now. In this paper, we have proposed
a simplified model framework in order to facilitate experimental analyses of dedicated
searches for additional scalar resonances that decay into one or more BSM particles. We
have pointed out that a simplified model interpretation can be very helpful in this context
as a way to present the experimental results in a form that makes them easily applicable
to a wide variety of possible models of BSM physics.

As a first step in the development of the simplified model framework, we have focused
in this paper on signatures comprising a mono-Z or a mono-Higgs plus missing transverse
energy. Searches for a single SM particle recoiling against missing transverse energy are
well-motivated in general by the quest to unravel the nature of dark matter and by the possi-
bility that additional scalars of an extended Higgs sector could serve as a dark matter portal.
While in the present paper we have restricted our discussion to this particular class of signa-
tures, we stress that our general approach can easily be extended also to other final states.

Existing searches for mono-Z and mono-Higgs plus missing transverse energy signa-
tures concentrate on a specific decay topology in which the resonant particle decays into a
mediator and a SM particle (Z or Higgs boson) with the mediator particle decaying into
two invisible particles. We have pointed out in our analysis that in many BSM models
other decay topologies can be encountered.

As a first step, we have classified all possible decay topologies, taking into account only
three-point interactions and considering decay chains which may contain a BSM mediator
particle and invisible particles in the final state. Incorporating all different possibilities for
the spin of the mediator and the invisible particles we encountered five distinct topologies:
the 1vsl topology, for which the resonant scalar directly decays to an invisible particle
and a SM particle; the 2vsl balanced topology, for which the resonant particle decays to
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an invisible particle and a mediator particle, which then decays to the SM particle and an
invisible particle; the 2vs1 unbalanced topology, for which the resonant particle decays into
a SM particle and a mediator particle, which then decays into two invisible particles; the
2vs2 topology, for which the initial resonance decays to two mediator particles, of which
one decays to two invisible particles and the other one to a SM and an invisible particle;
as well as the ISR topology, for which the SM particle is radiated off the initial state while
the scalar resonance directly decays to two invisible particles.

As the next step, we investigated the kinematic distribution of the transverse mo-
mentum of the involved SM particle, which we regard as the most relevant experimental
observable. We found that the spin character of the mediator and of the invisible particles
has only a small impact on the kinematic distributions in most cases, indicating that a
wide range of models can be covered by investigating a simplified model decay topology.
Moreover, we found a similar behaviour for the 1vsl and the 2vsl unbalanced topologies.
Both topologies feature a comparably sharp peak at large transverse momentum values,
while the 2vsl balanced, the 2vs2 and the ISR topologies feature a broad peak a lower
transverse momentum values. Thus, the kinematic information obtained in an experimen-
tal analysis can be exploited for a possible discrimination between the different simplified
model topologies.

These findings indicate that the proposed framework of decay topologies can serve as
easy-to-use simplified models for the presentation of future experimental searches for mono-
Higgs and mono-Z plus missing transverse energy final states. Providing results not only
for one specific decay topology but for the whole set of simplified models would make the
results applicable to a wide variety of possible BSM models without the need to perform a
tedious recasting based on MC generators.

As phenomenological applications, experimental results that are presented in terms
of the simplified model topologies can be utilized for confronting predictions of different
models with the experimental limits. This can either be carried out directly via the pro-
vided cross section limits, which should work best for relatively simple models, or via the
acceptance x efficiency maps. The latter approach should be advantageous for more com-
plicated models involving several channels. In both kinds of applications the information
about the signal cross section for the simplified model topologies is sufficient as input, i.e.
no recasting or event generation is needed in order to apply the experimental results for
testing the considered models.

We have demonstrated how the proposed framework can be applied to experimental
analyses using an existing ATLAS mono-Higgs plus missing energy search as an example.
We have recasted this search to the various simplified model topologies, finding significant
sensitivity to all of them. This clearly demonstrates the usefulness of our approach. As
further step we have carried out a phenomenological analysis based on the experimental
information that is expressed in terms of the simplified model approach. Considering the
scenario where a heavy MSSM Higgs boson decays into a final state consisting of a mono-
Higgs plus missing energy, a non-trivial signature composed of several sub-channels, we
demonstrated that constraints on the parameter space of realistic models can be obtained
in a straightforward way.
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Consequently, the proposed framework is suitable to be implemented in codes which
automatically test BSM models against experimental limits like HiggsBounds [82-86] or
SModelS [87-92]. In this context, we also want to note that the proposed framework is
applicable for search results that are given in the form of 95% C.L. limits, but can also be
employed for results comprising the full likelihood information.

In order to facilitate the use of our simplified model approach, we provide all necessary
ingredients (i.e. model files) as ancillary material to this paper. While in the present
paper our discussion focused on the mono-Z and mono-Higgs final states, the proposed
framework can directly be generalised to final states containing more than one Z or Higgs
boson. Also final states with W bosons or leptons can be treated in the same manner.
With this in mind, we hope that our approach can serve the community by improving
the re-interpretability of future searches and as motivation to investigate so far unexplored
decay topologies.
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A UF0 model file

The FeynRules model file is called simpBSM; the corresponding UFO model file,
simpBSM_UF0. The model file contains seven particles in addition to the SM particles:
pO (scalar resonance), Ms (scalar mediator), Mv (vector mediator), Mf (fermion mediator),
Is (invisible scalar boson), Iv (invisible vector boson), and If (invisible fermion).!"

These particles are coupled to each other (and to SM particles) including all Lorentz-
invariant dimension-four Lagrangian terms. By default, all the couplings added in addition
to the SM couplings are set to the value one. These couplings are named by “g” followed
by a short string denoting the involved particles (e.g. the coupling “gpOMsIs” controls
the interaction between the scalar resonance, the scalar mediator, and the scalar invisible
particle).

For scalar-fermion-fermion interactions, two couplings are involved. The coupling de-
noted by an additional “S” at the end controls the CP-even part of the interaction; the
coupling denoted by an additional “A” at the end the CP-odd part (e.g. “gMsIfIfS” and
“gMsIfIfA”). Similarly, the coupling denoted by an addition “L” at the end controls the
left-handed part of a fermion-fermion-vector interaction; and the coupling denoted by an
addition “R” at the end controls the corresponding right-handed part.

The FeynRules and UF0 model files are distributed as ancillary material for this paper.

10The model file also contains charged mediators as well as couplings to W bosons. These are not needed
for the work presented here but may be useful for future extensions.
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topology spin realization MG decay syntax

yA 0>7Z21
1vsl v P M
Is p0 > Z Is
Mplp p0 > Mf If~, (Mf > Z If)
Mg pO > Ms Is, (Ms > Z Is)
2vsl balanced MvyZy pO > Mv Iv, (Mv > Z Iv)
Mgy p0 > Ms Iv, (Ms > Z Iv)
MyZIg p0 > Mv Is, (Mv > Z Is)
MgsZs pO > Ms Z, (Ms > Is Is)
7 0> Ms Z, (Ms > If If~
2vsl unbalanced MsIr P S (Ms )
My p0 > Ms Z, (Ms > Iv Iv)
My ZIp pO > Mv Z, (Mv > If If~)
9vs? MsZg pO > Ms Ms, (Ms > Is Is, Ms > Z Is)
VS
MsIy pO > Ms Ms, (Ms > Iv Iv, Ms > Z Iv)
Z 0>1IviI
ISR1 v P vy
Is p0 > Is Is
ISR2 MgsTg pO0 > Ms Is, Ms > Is Is
MsIy p0 > Ms Iv, Ms > Iv Iv
ISR3 MsTg pO > Ms Ms, Ms > Is Is
MgsTy pO > Ms Ms, Ms > Iv Iv

Table 1. List of mono-Z topologies with MadGraph syntax for event generation. The “ISR1”
topology corresponds to the left topology of figure 2; the “ISR2” topology to the middle topology
of figure 2; and the “ISR3” topology to the right topology of figure 2.

B Event generation

We use MadGraph5_aMC@NLO 2.8.2 [93] with Pythia 8.244 [94] as parton shower. The
MSTW2008L0 [95] parton-distribution set is used evaluated with LHAPDF 6.3.0 [96]. We
simulate the detector response using Delphes 3.4.2 [97] with the ATLAS-LHC configura-
tion card as provided by Delphes. The event analysis is performed using MadAnalysis 5
(version 1.9) [53-56]. We employ the four-flavour scheme.

Using this setup, we generate MC event samples employing the UF0 model file in-
troduced in appendix A. Events for the scalar resonance production via gluon fusion are
generated using the MadGraph syntax

generate g g > p0 (MG_decay_syntax)

where the “MadGraph decay syntax” for the various topologies can be found in tables 1
and 2. For the ISR topologies, the syntax

generate g g > Z p0 (MG_decay_syntax)

should be used instead.
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topology spin realization MG decay syntax

Lvsl Iy pO > H Iv
Is pO > H Is
Mplp pO0 > Mf If~, (Mf > H If)
MgsZsg pO0 > Ms Is, (Ms > H Is)
2vsl balanced My Iy pO > Mv Iv, (Mv > H Iv)
Mgy p0O > Ms Iv, (Ms > H Iv)
MyZIg pO > Mv Is, (Mv > H Is)
MgsZg p0 > Ms H, (Ms > Is Is)
2vsl unbalanced MsTp po > Ms H, (Ms > If If-)
Mgy pO > Ms H, (Ms > Iv Iv)
My I p0 > Mv H, (Mv > If If-~)
9vs? MgsTg pO > Ms Ms, (Ms > Is Is, Ms > H Is)
MsZy pO > Ms Ms, (Ms > Iv Iv, Ms > H Iv)

Table 2. List of mono-Higgs topologies with MadGraph syntax for event generation.

The syntax for bottom-associated production reads
generate p p > b b~ p0 PGG=0 QED=0, (MG_decay_syntax)
and
generate g g > b b~ Z p0 PGG=0, (MG_decay_syntax)

for the ISR topologies. Here, the syntax “PGG=0" excludes the scalar production via gluon
fusion.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
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