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ABSTRACT: Searches for dark matter produced via scalar resonances in final states con-
sisting of Standard Model (SM) particles and missing transverse momentum are of high
relevance at the LHC. Motivated by dark-matter portal models, most existing searches are
optimized for unbalanced decay topologies for which the missing momentum recoils against
the visible SM particles. In this work, we show that existing searches are also sensitive
to a wider class of models, which we characterize by a recently presented simplified model
framework. We point out that searches for models with a balanced decay topology can be
further improved with more dedicated analysis strategies. For this study, we investigate
the feasibility of a new search for bottom-quark associated neutral Higgs production with
a bbZ + p?iss final state and perform a detailed collider analysis. Our projected results in
the different simplified model topologies investigated here can be easily reinterpreted in a
wide range of models of physics beyond the SM, which we explicitly demonstrate for the
example of the Two-Higgs-Doublet model with an additional pseudoscalar Higgs boson.
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1 Introduction

The discovery of a scalar boson ten years ago marked a milestone for particle physics [1, 2].
Within the current experimental and theoretical uncertainties, it agrees remarkably well
with the Standard Model (SM) Higgs boson. Besides further characterizing the discovered
boson, searching for additional beyond the Standard Model (BSM) scalars is one of the
main efforts within the LHC physics program.

Additional Higgs bosons could provide ways to address various unexplained experi-
mental observations like dark matter (DM). Higgs bosons can constitute DM or act as a
mediator between the visible and invisible sectors [3, 4]. Scenarios involving DM particles
can be tested by direct DM detection experiments (searching for the scattering of DM par-
ticles with e.g. nucleons), by indirect detection experiments (searching for the annihilation
of DM particles), or collider experiments (searching for the production of DM particles at
colliders) [5-7].

Two complementary strategies are pursued at colliders to search for DM. Besides the
search for the decay of the mediator particle into DM particles, giving rise to a missing
transverse momentum signature, searches are also performed for decays of the mediator
particles into SM particles. Concerning the former type of searches, since the DM particles
experimentally only manifest themselves in the form of a missing transverse momentum,
the presence of at least one additional SM particle in the final state is required.



Most of the “mono-X plus missing momentum” searches [8-24] — with X being for
example a jet, a photon, a Higgs boson, or a Z boson — are motivated by simplified scalar
or vector portal models [25-28]. In these portal models, a heavy resonance decays invisibly
into dark matter particles and is produced in association with SM particles. As a result of
this event topology, the missing transverse momentum recoils against the visible transverse
momentum resulting in an “unbalanced” missing momentum distribution peaking at high
values.

In general, however, also other event topologies with a more “balanced” (i.e., softer)
missing momentum distribution can appear in well-motivated BSM models. In order to
classify the different decay topologies, a simplified model framework for scalar resonance
searches with missing transverse momentum final states has been developed in [29], which
allows one to cover a wider class of BSM models compared to a dedicated search within a
particular model.

The aim of the present study is to demonstrate this approach by applying it to a
potential search for DM in bottom-quark associated neutral Higgs production with a bbZ +
PSS (where piis® is the missing transverse momentum) final state and perform a detailed
collider study. This channel is so far not well explored and complementary to many existing
Z + pRss final states searches, which often explicitly veto b-jets. Based on our analysis
setup, we derive expected limits for the various simplified model topologies. In addition,
as an application of our model-independent results we also provide expected limits for the
Two-Higgs-Doublet model with an additional pseudoscalar DM portal (2HDMa).

This work is structured as follows. In section 2 we review the simplified model ap-
proach. The production of Monte-Carlo event samples and the event reconstruction is
described in section 3. We detail the event analysis in section 4. In section 5, we discuss
the expected sensitivity of the proposed search. Our conclusions can be found in section 6.

2 Simplified models for mono-Z plus missing momentum final states

The simplified model considered in the following represents a generic extension of the SM.
Specifically, we focus on a scenario where a heavy scalar resonance decays into SM particles

I The possible experi-

and transverse missing momentum with intermediate BSM states.
mental signatures are characterised in terms of different simplified model topologies. The
considered simplified model enlarges the SM with a heavy scalar resonance ®, a mediator
M and an invisible particle I (with masses mg, mas, and my, respectively). This invisible
particle can either be stable or sufficiently long-lived to escape the detector undetected.
The spin nature of the mediator and the invisible particle could be either scalar, fermion or
vector as described in [29]. It is important to note that for the different topologies that can
occur for the specified matter content, we do not distinguish between the different types
of mediators and between the different types of invisible particles. In this way the results
obtained for the simplified model topologies can be mapped to different classes of explicit
models. The approach of treating the mediator and the invisible particles in a generic way

independently of their spin nature is motivated by the results in [29] where it has been

'A detailed description of the simplified model approach for BSM Higgs searches can be found in [29].



shown that the spin nature of the different particles has only a minor impact on the results
for the different simplified model topologies.

In this work, we will concentrate on the mono-Z plus missing momentum signature (in
association with additional b-jets from the production of the scalar resonance). A detailed
study of this signature in the simplified model context can be found in [29]. This final
state gives rise to four different topologies that are shown in figure 1 (where we omit the
b-jets from the production of the scalar resonance). The first topology can be found in
figure 2a. This topology is dubbed the 1-vs-1 unbalanced topology. In this case, the scalar
resonance decays into a Z boson and an invisible particle directly. As a consequence of
the direct decay of the scalar, the invisible particle recoils against the Z boson, resulting
in a missing transverse momentum spectrum peaking at high p%iss values. The second
topology presented in figure 2b is the 2-vs-1 balanced topology. The decay products of
the scalar resonance are a mediator and an invisible particle. The mediator subsequently
decays into an invisible particle and a Z boson. Given the fact that the scalar resonance
is produced approximately at rest, the mediator will recoil against the invisible particle
in the first step of the decay process, yielding a balanced missing transverse momentum
spectrum. The third topology can be found in figure 2c. In this case, the scalar resonance
decays into a Z boson and a mediator, which decays into two invisible particles. As the Z
boson recoils against the mediator in the scalar reference frame, the Z boson is produced
in opposite direction with respect to the missing transverse momentum originating from
the decay of the mediator. This results in a very similar kinematical situation as the 1-vs-1
topology, where the missing transverse momentum spectrum peaks at high p%iss values.
The last topology is the 2-vs-2 balanced topology, shown in figure 2d. In this case the
scalar resonance decays into two mediator particles. One of them decays into a Z boson
and an invisible particle, while the second mediator decays into two invisible particles.
Although it contains two mediators in the decay, this topology is similar to the 2-vs-1
balanced topology with respect to its kinematics. For that reason the missing transverse
momentum spectrum features a similar balanced distribution in p%‘iss

In [29], an additional topology for this specific signature has been discussed: the ini-
tial state radiation topology. In this case, the Z boson is radiated from the initial state
while the scalar resonance decays completely into invisible particles (directly or indirectly
through different mediators). We do not consider this case in the present study because of
the extremely low cross section resulting from requiring the presence of a bb pair accom-
panying the heavy resonance and the Z boson as produced from an initial state radiation
process. The details of the different Feynman diagrams contributing to each topology can
be found in [29].

In this work, we will concentrate on the four topologies shown in figure 1 and perform
a detailed collider analysis. Concretely, we focus on the production of a neutral scalar
resonance ¢ via bottom-associated production and its subsequent decay to a Z boson and
one or more invisible particles. This process can be realized for each of the four topologies
in figure 1. Corresponding Feynman diagrams for the decay of the scalar boson ® in these
four topologies are shown in figure 2. No dedicated experimental search has so far been
performed in this channel.
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Figure 1. Decay topologies of a neutral scalar boson ® decaying in its rest frame to a Z boson
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For the sake of simplicity, we will assume that the narrow-width approximation holds
for the scalar resonance and the mediator. The analysis interpretation can, however, be
straightforwardly extended to include finite-width effects.

3 MC samples and event reconstruction

This analysis is based on simulated pp collisions at a center-of-mass energy of 13 TeV
applying the conditions of the CMS detector [30] during the Run 2 data-taking period,
in which an amount of data equivalent to a total integrated luminosity of 137fb™! was
collected. Several SM background processes contribute to the signature explored in this
work as detailed in section 4.3 below. The most important background sources are Z+jets,
tt, single-top, and di-boson production in final states with two leptons. Monte Carlo
simulated events are used to model the expected signal and background yields, as well as
the relevant distributions of the observables that are used throughout the entire analysis.

Signal MC samples for the four topologies described in section 2 have been generated at
leading order (LO) in perturbation theory using MADGRAPHS5 AMC@NLO 2.6.5 [31, 32]
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Figure 2. Feynman diagrams for a neutral scalar boson ® decaying to a Z boson plus piiss. The
spin of M and I is not specified here. Depending on the diagram, different spin configurations are
possible.

and the UFO model simpBSM provided in [29]. PYTHIA 8.230 was used to simulate
parton shower, hadronization, and the underlying event [33]. Signal samples have been
generated varying two of the model mass parameters, resulting in a dedicated 2D scan per
signal topology. All mass configurations have been chosen in such a way that none of the
resonances ends up being off-shell in the decay chain. Therefore the mass scan is limited
to the region of kinematically allowed 1 — 2 decays. More details regarding the mass scan
implemented in each case are reported in table 1. The selection of the mass parameter
that is fixed in the scan is based on choosing the one whose variation does not change the
kinematics or produces the smallest effect for the signature under consideration.?

The dominant background of Z/~* — I, denoted as Z+jets, has been generated at lead-
ing order with MADGRAPHS__ AMC@NLO interfaced to PYTHIA using the MLM matching
scheme to properly describe hard emissions of up to four extra jets. The POWHEG v.2 [34,
35] generator interfaced to PyYTHIA for showering is employed to generate top-quark pair
production (¢t) and single-top processes at next-to-leading-order (NLO) in QCD. The var-
ious di-boson processes (WW, WZ, and ZZ) are produced at LO accuracy using PYTHIA
as both matrix element and parton shower generator.

The set of parton distribution functions (PDFs) used for simulating all the above
samples is NNPDF 3.1 NNLO ([36], which have been accessed through the LHAPDF

interface [37, 38]. All background MC samples have been generated in the five flavour (5F)

2For the case of the 1-vs-1 unbalanced topology, the mass of the mediator m; was formally set to
mar = 600 GeV throughout this paper, however, this value has no impact on the results of this topology.



Topology Mass fixed | Masses varied | Kin. constraints | No. points

1-vs-1 unbalanced m (me, mr) me > my+my 300

me > my+m
2-vs-1 balanced me (mpr,my) ¢ ! M 80
my = mr+myg

me > Mz + mys

2-vs-1 unbalanced mr (mae, mar) 300
myr > 2mp
me 2> 2mpy

2-vs-2 balanced me (mpar, myr) ma; > my+my 28
my > 2my

Table 1. The two-dimensional mass scans that have been performed for the four signal topologies.
The second column indicates which mass parameter has been fixed in the scan, while the third one
specifies the masses that were scanned for a given topology. The kinematic constraints taken into
account when generating the individual mass grids are shown in the fourth column. In the last
column the total number of mass points generated for each case is given.

scheme, whereas the signal samples were produced in the 4F scheme. The detector response
simulation for all samples has been performed with the DELPHES 3.5.0 [39] package using
the default configuration for the case of the CMS detector. For simplicity, simultaneous pp
collisions usually occurring in the same bunch crossing or in nearby bunch crossings, and
commonly known as pileup, are not considered in the simulation. The analysis described
in the next section has been done within the framework of MADANALYSIS5 1.8.45 [40].

4 Analysis of the pp — bb®(— Z + pIss) process

4.1 Event selection

The event selection targets a signal topology in which a substantially boosted Z boson
is produced in association with a pair of relatively forward b-jets. Due to the invisible
particles in the final state, events are moreover characterized by large missing transverse

momentum, p%iss. The selection of the final state particles, i.e. the leptons (e and p), jets

and p%iss, is designed to be as inclusive as possible with respect to the scanned mass points.

Electrons and muons are selected if they fall within the pseudorapity range |n| < 2.4,
and if they both have at least a transverse momentum of pp > 10 GeV, here called loose
leptons. Signal leptons, referred to as leptons, are expected to be more energetic due to the
boosted Z boson, hence a higher cut of pr > 20 GeV is applied. Additionally, an isolation
requirement is added for both electrons and muons. For electrons the isolation is calculated
using the energy deposited in a cone of AR < 0.3 around the electron and required to be
less than 15% of the electron energy. For muons the isolation is calculated from the energy
of all tracks in a cone of AR < 0.3 around the muon and required to be less than 10% of

the muon energy.



Selected jets must have a minimum transverse momentum of pr > 20 GeV. Two main
jet definitions are used in the analysis; the standard jets, which are additionally required
to have a pseudorapidity value satisfying |n| < 2.4, and the forward jets, allowed to reach
pseudorapidity values of up to |n| < 5. The latter are relevant given the marked presence of
jets with high pseudorapidity in the signal processes. The standard jets are further labeled
depending on whether they pass the b-tagging algorithm or not. If they pass the criterion,
they are called b-tagged jets. All jets are cleaned by requiring the absence of any type of
loose lepton inside a cone of AR < 0.4 around the jet momentum.

The base event selection starts by requiring the presence of exactly two leptons of
same flavour and vetoing events with additional loose leptons. Selected leptons must
be oppositely-charged, and their invariant mass must be within a window of 76 GeV <
m(I*t1™) < 106 GeV, which corresponds to the bulk of the distribution of the recon-
structed Z boson mass. In order to reduce the V'V and Z+jets backgrounds while keep-
ing almost the entire signal, a cut on the transverse momentum of the leading lepton of
pr(liead) > 50GeV is applied, as well as on the transverse momentum of the di-lepton
system with the same lower threshold of pr(IT1~) > 50 GeV. Moreover, the angular sepa-
ration between the two leptons is required to be AR(I™,17) < 3. Given that in most signal
scenarios the largest amount of p%ﬁss is usually produced when the invisible particles are
back-to-back with respect to the Z boson, a moderate lower threshold for the difference
in azimuthal angle between p{** and the di-lepton system is included in the selection,
applying A@(p51T1~) > 0.5. In all signal topologies there is a relatively heavy inter-
mediate resonance (¢). Thus, a large reconstructed invariant mass of its decay products
is expected. However, as it is only possible to estimate the missing momentum in the
transverse plane, the transverse mass of the meiSS and di-lepton systems, partly encoding
the information about the mass of ¢, is used instead in order to further reduce the SM
background, imposing mp (P, 1F17) > 140 GeV.

Two signal regions are constructed based on the information coming from the jets in
the event. The first region, named as Standard-SR, is defined by requiring at least one b-
tagged jet in the event on top of the above base selection. The other signal region, named
ForwardJets-SR, is constructed by demanding no b-tagged jets but at least two forward
jets with a separation in pseudorapidity of |1(j1) — n(j2)| > 2.5. If more than two forward
jets are found in the event, the pair combination with the largest value for this quantity
is considered for the above condition. No requirement is imposed on the p%ﬁss, given that
the full distribution is employed in the statistical analysis, as it will be explained in detail

later. A summary of all the kinematic selections described above can be found in table 2.

4.2 Signal selection efficiency

In order to study the efficiency of the above selection for the four topologies described
in section 2, a scan on the mass parameters (mg,myr, my) is carried out as specified in
table 1, and the overall efficiency is determined. For each topology one of the three mass
parameters is kept fixed, while the other two masses are varied simultaneously in order to
obtain a 2D map of the analysis efficiency per topology. This is performed individually



Quantity Standard-SR~ ForwardJets-SR
N; (opposite-charge, same-flavour) | = 2 (with additional lepton veto)
pr(l) 50/20 GeV leading/trailing
m(IT17) 76 GeV < m(IT17) < 106 GeV
pr(IT17) > 50 GeV

AR(I*,17) <3

Ag(piss [+]7) > 0.5

mep (PSS 1) > 140 GeV

N tag >1 =0

1(71) — 1(J2)[max - > 2.5

Table 2. Summary of the kinematic selections for the two defined signal regions.

for both signal regions defined above. The obtained values for the Standard-SR and the
ForwardJets-SR are depicted in figure 3 and figure 4 respectively.

First, one can notice that the Standard-SR has an overall larger efficiency for all sig-
nal topologies compared to the ForwardJets-SR, though the contribution of the latter is
clearly non-negligible. The highest efficiency value for the Standard-SR. occurs for the
2-vs-1 unbalanced topology and for a mass combination of about (2100 GeV, 1500 GeV,
10 GeV) reaching up to 0.168 £ 0.002,% where the reported uncertainty is purely statistical.
Similarly high values of the efficiency are also found for various points along the approx-
imate line mg — mys = 600 GeV for the 2-vs-1 unbalanced topology, and for points near
me —my = 600 GeV in the 1-vs-1 unbalanced topology. For the ForwardJets-SR, the high-
est efficiency is also reached for the 2-vs-1 unbalanced topology, but this time for a mass
combination of (2500 GeV, 1900 GeV, 10 GeV), resulting in an efficiency of 0.128 4+ 0.002.
This demonstrates that the analysis is highly efficient for signal scenarios with a semi-
boosted regime, which can be deduced from the event selection using relatively energetic
leptons coming from the Z boson. In the case of extremely boosted Z bosons, the two lep-
ton signatures overlap, impacting on their reconstruction and causing the isolation criteria
to reject most of those events. An additional feature that is observed in the ForwardJets-
SR for the two unbalanced topologies is that the efficiency gets larger for increasing mass
mg of the scalar resonance (for a fixed mass difference mg —m;y (for 1-vs-1 unbalanced) or
ma —mys (for 2-vs-1 unbalanced)). This is caused by the fact that the jets point more into
the forward or backward direction as the mass of the heavy resonance is enhanced, which
implies that they are more likely to pass the pseudorapidity difference cut included in the
definition of the ForwardJets-SR. With regard to the variation in the signal kinematics for
the various topologies, one can observe that the two unbalanced cases closely resemble each
other, whereas the main qualitative difference occurs when comparing the balanced with

3A value that is consistent within the statistical uncertainty is obtained for the 1-vs-1 unbalanced
topology for (2100 GeV, 600 GeV, 1500 GeV).
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Figure 3. Analysis efficiency (including detector acceptance) for the selection corresponding to the
Standard-SR (for a sample produced with the charged lepton decays of the Z boson). The horizontal
and vertical axes indicate the mass combination for which the efficiency is measured, while the color
coding indicates the efficiency value obtained for this mass combination. The results are shown for
the 1-vs-1 unbalanced (upper left panel), 2-vs-1 balanced (upper right panel), 2-vs-1 unbalanced
(lower left panel), and 2-vs-2 balanced (lower right panel) topologies. The kinematic constraints for
each topology are indicated by solid red lines, whereas the fixed mass value is specified in the legend.
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Figure 4. Analysis efficiency (including detector acceptance) for the selection corresponding to
the ForwardJets-SR (for a sample produced with the charged lepton decays of the Z boson). The
horizontal and vertical axes indicate the mass combination for which the efficiency is measured, while
the color coding indicates the efficiency value obtained for this mass combination. The results are
shown for the 1-vs-1 unbalanced (upper left panel), 2-vs-1 balanced (upper right panel), 2-vs-1
unbalanced (lower left panel), and 2-vs-2 balanced (lower right panel) topologies. The kinematic
constraints for each topology are indicated by solid red lines, whereas the fixed mass value is
specified in the legend.
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the unbalanced cases. For the balanced topologies, the variation in the selection efficiency is
less pronounced as one moves across the scanned phase space, given that here mg has been
fixed. The most visible variation in the 2-vs-1 balanced topology occurs (besides kinematic
edges) where the difference mp; —my is increased, which results in a slightly more boosted
Z boson and a more sizable imbalance between the Z boson and the p{*. In the 2-vs-2
balanced topology, the variations in mjp; — m; can barely modify the above-mentioned

imbalance, since an invisible decay of the mediator occurs in both legs of the diagram.

4.3 Background expectation

The multiple background processes contributing to the selection described in section 4.1 are
estimated using simulation, which is detailed in section 3. The main SM processes that pass
the selection are Z+jets, tt, single-top (tW channel), and di-boson production. The Z+jets
process enters in the Standard-SR selection if a relatively boosted Z boson is produced in
association with a b-quark, whereas if a similarly energetic Z boson is produced through di-
boson production it becomes more likely that it will contribute to the ForwardJets-SR. The
tt production with di-leptonic decay also poses a substantial background component, given
the presence of b-quarks in the final state and the fact that p%iss is generated by neutrinos.
The production of a single top quark, specifically in the tW channel with di-leptonic decay,
exhibits a very similar signature compared to tt, only differentiated at Born level by having
one less b-quark. In both cases, if the b-quark(s) are not tagged as b-jet(s) during the
selection, the event could end up in the ForwardJets-SR, with possible contributions of
other jets arising from QCD initial or final state radiation. WW, WZ, and ZZ production
with additional jets can also enter both signal regions. For WZ, if the lepton from the
W boson is not reconstructed, this background resembles the signal signature; this also
happens if one of the Z bosons in the ZZ process decays into a pair of neutrinos while the
other decays into a lepton pair. In the case of the WW process, the signature is similar to
that of the ¢t and tW processes, where additional (b-)jets can arise from QCD radiation.

A summary of the expected event yields for the various background components as-
suming an integrated luminosity of 137 fb"'* is reported in table 3.

As can be noticed, the remaining background after the selection in both signal regions is
relatively high, and this can be understood if one takes into account that no requirement has
been imposed on piis. This has been done on purpose to keep the selection as inclusive as
possible with respect to highly diversified kinematics resulting from the multiple signal sce-
narios explored; the strategy to follow in order to boost the sensitivity for all signal topolo-
gies will be outlined in the next section. Table 3 elucidates the fact that Z+jets amply domi-
nates the background composition in both signal regions, though this particular background
will be relatively easy to discriminate using p%iss, as it will be illustrated in section 4.4.
Another clear observation extracted from the above table is that ¢t and tW backgrounds
are more prominent in the Standard-SR, something that would be expected given the b-jet
requirement in this region and the b-jet veto in the ForwardJets-SR. The consequences of

4This is approximately the amount of luminosity collected by the CMS experiment during the Run 2
data taking period (see [41]), and it will be used as reference for most of the results presented in this work.

- 11 -



Process Standard-SR | ForwardJets-SR
Z + jets 350147 + 18557 | 618659 + 24667
tt 72839 4+ 421 7672 + 137
Single-top (tW) 6380 + 59 826 + 21
wWw 77T+ 13 224 + 22
wWZzZ 143+ 6 749+ 14
Z7 149+ 3 462 +5

Table 3. Yield estimates in the two defined signal regions for the different background processes
contributing after the selection specified in section 4.1 for a reference integrated luminosity of
137fb . The reported uncertainty represents solely the statistical component.

Region Number of pii bins Bin edges in pss [GeV]
Standard-SR 10 [0, 20,40, 70, 100, 135, 190, 280, 400, 550, 1000]
ForwardJets-SR 8 [0, 20, 40, 70, 100, 150, 240, 360, 1000]

miss

Table 4. Binning in pi* chosen for each of the two signal regions. All events with p&iss >
1000 GeV are added to the last bin of the respective region.

that will be more clear when evaluating the expected sensitivity of the analysis per signal
region, as despite the analysis having a larger efficiency in the Standard-SR (see figure 3
and figure 4), the smaller contribution of processes with a substantial tail in the piss

distribution (¢t and tW) provides the ForwardJets-SR with a solid discriminating power.

4.4 Limit extraction method

As mentioned in the previous section, an optimisation of the analysis for a specific signal
topology will lead to a drastic reduction in sensitivity for other kinematically distinct
topologies. Consequently, the strategy devised for the present analysis was to keep the
selection as inclusive as possible and to try to implement a robust statistical analysis in one
of the most powerful observables to achieve a strong level of discrimination in the majority
of signal regimes. The variable designated to accomplish that task was the p%iss, given
the huge discrimination against the dominant Z + jets background (which does not have a
genuine p?iss contribution) and the moderate separation against all the other backgrounds
mentioned in section 4.3. The statistical inference is then performed using a shape scanning
over the binned p# distribution. The selected binning, which has been chosen according
to both statistical and sensitivity considerations, is shown in table 4 for both signal regions.

The corresponding p2i distributions for all background processes and for a few bench-
mark signal points are presented in figure 5. It can be noticed there that the Z+jets process
has a negligible contribution in bins with high signal expectation, therefore weakly impact-
ing the full significance of the analysis. The other processes, however, do present relatively
large p%iss due to the genuine presence of invisible particles, and are the contributions that
determine in the end the overall analysis sensitivity. In terms of signal shapes, one can
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Figure 5. Binned piiss distributions for both signal regions, Standard-SR (left panel) and

ForwardJets-SR (right panel), constructed to perform the statistical analysis corresponding to the
limit extraction procedure. All processes, including the benchmarks chosen for the signal topologies,
have been normalized to an integrated luminosity of 137 fb™!, where for all the signal benchmark
scenarios shown (dashed histograms), a common cross section of 1 pb has been used for their nor-
malization. For all signal topologies, the mass combination used was (1000 GeV, 300 GeV, 100 GeV),
except for the 1-vs-1 unbalanced topology, where m; is irrelevant (see above), and the 2-vs-1 un-
balanced topology, where m; = 10 GeV was used; it should be noted that these modifications do
not significantly alter the shape of the p2'* distribution. The various background processes have
been stacked up to illustrate the overall background contribution. The various di-boson processes
(WW, WZ, and ZZ) have been grouped under the label V'V.

see a clear difference between the balanced and the unbalanced cases, but among signal
topologies of the same kind (e.g. 1-vs-1 unbalanced compared to 2-vs-1 unbalanced), the
distinction is much less pronounced, in agreement with what was perceived from the signal
efficiency maps obtained in section 4.2.

The statistical model is built using the template shapes displayed in figure 5 for each
given process. On top of the statistical uncertainty resulting from the limited number of MC
events in the samples per bin, various systematic uncertainties affecting the normalization
have been incorporated to make the results more realistic. An uncertainty has been assigned
to the integrated luminosity value used, corresponding to 2.5%, where we refer to the
measured uncertainty value by CMS in 2018 [42]. An uncertainty on the normalization
of the tt process, and consequently affecting only this template, with a value of 5% is
included, assuming the latest precision achieved by the theoretical calculations of the cross
section [43]. Similarly, a value of also 5% [44] is considered for the single-top production
through the tW channel. For the case of the Z + jets process, and given the more specific
configuration used to generate events, we have used the uncertainty value obtained after
running the FEWZ 3.1 program presented in [45], which corresponds to a total uncertainty
of 2.5% on the cross section. For V'V and taking into account the combination of multiple

~13 -



individual processes into this template, a conservative 15% uncertainty is assumed, which
is close to the uncertainty value delivered by most NLO MC generators like MCQNLO and
POWHEG for these processes.

The limits are computed using the ROOSTATS package [46] by means of the HIsT-
FACTORY interface [47] that is implemented in ROOT [48]. The calculation is made using
the asymptotic approximation in ROOSTATS, which is an implementation of the results
obtained in [49], and also considering the CLgs method described in [50]. Two categories
corresponding to the two signal regions are constructed. Thus, limits for each individual
category as well as for the combination of both categories are provided. A confidence level
(CL) of 95% has been used to compute all the limits that will be presented in this work.

5 Expected sensitivity

The expected sensitivity of this analysis is evaluated by setting limits in the absence of a
signal on the product of the production cross section times the full branching fraction for a
given topology, i.e. o (bb®) x B(® — Z+pis)x B(Z — 1l). Here, the term B(® — Z+pis®)
depends on the specific decay case covered by the signal topology; as an example, for the
2-vs-1 unbalanced topology (figure 2c) that terms read B(® — Z + piss) = B(® —
ZM) x B(M — II).

The presented expected limits on o (bb®) x B(® — Z + p2iss) x B(Z — 1l) are model-
independent under the assumption that the narrow width approximation is valid so that
this factorization into the production and the decay part is possible. Within this context
the limits only depend on the realized topology. For a concrete model, these constraints
can be reinterpreted as limits on the masses and couplings of the given model.

Two sets of results are presented in terms of limits on the cross section. The first
group corresponds to 1D projections, where two of the mass parameters are fixed and the
remaining mass is varied. In those results the sensitivity of the two defined signal regions
can easily be compared with each other and with the combined sensitivity. Furthermore,
we will indicate the bands corresponding to one and two standard deviations from the
reported central value. The second set of results are 2D limit scans corresponding to the
ones presented in figures 3 and 4 for the efficiency case. In those results we display the
central limit value obtained from the combination of the two signal regions.

5.1 Limit scan in 1D

The 1D limit projections are shown in figures 6 and 7. The first observation to be made is
with respect to the individual sensitivity reached by the two signal regions. The individual
limits are close to each other for all different variations presented in the figures, which points
to the fact that the two regions are similarly important with respect to the overall sensitivity
of the analysis. This is explained by the limited efficiency of identifying one b-tagged jet for
the signal scenarios that are investigated here, caused by both the forward kinematics of
the jets and the performance of the b-tagging algorithm. On the other hand, the low rate of
forward jets in the background processes dominating for this di-lepton selection makes the
ForwardJets-SR highly competitive despite having a slightly lower overall signal efficiency,
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Figure 6. Expected upper limits on the cross section times branching fraction (as defined in the
text) for a 1D variation of one of the mass parameters in each topology. The horizontal axis indicates
the varied mass parameter, while the vertical axis represents the upper limit obtained at 95% CL
for various scenarios: the central limit obtained using only the Standard-SR (red dotted line),
the central limit obtained using only the ForwardJets-SR (blue dotted line), and the central limit
obtained combining the two signal regions (black solid line). The green and yellow uncertainty bands
correspond to the 68% and 95% interval coverage for the combined limit, respectively. The results
are shown for the 1-vs-1 unbalanced (upper left panel), 2-vs-1 balanced (upper right panel), 2-vs-1
unbalanced (lower left panel), and 2-vs-2 balanced (lower right panel) topologies. The choice for the
two mass parameters that have been kept fixed is indicated in the legend for each signal topology.
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Figure 7. As in figure 6, but for different choices of the varied and fixed mass parameters.

as this signal region benefits from a drastic reduction of the overwhelming high-p%iss top
background. This becomes particularly evident in the m; and m s scans for the unbalanced
topologies in figure 6, where one can see that the ForwardJets-SR provides almost identical
sensitivity to the Standard-SR in the entire mass range.

Another interesting piece of information that can be extracted from these results,
and that was also asserted in the analysis of the efficiencies in section 4.2, is that there
is no intrinsic difference in the signal kinematics for the two unbalanced topologies; in
good approximation these two topologies can be treated such that they yield identical
results, and this is verified in both projections shown in figures 6 and 7. This means
that any experimental analysis optimized for one of those two topologies is automatically
optimal for the other one as well. In the case of the analysis presented in this work, it
can be corroborated from the limits that our analysis is highly sensitive to scenarios with
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semi-boosted Z bosons, occurring for a mass difference mg — my (for 1-vs-1 unbalanced)
or mg — mps (for 2-vs-1 unbalanced) of around 1TeV. The situation for the balanced
topologies is slightly more involved. Even though the results are very close to each other if
myy is sufficiently small (see figure 7 right panel), with increasing mediator mass the limits
depart from each other substantially, and the limits for the 2-vs-1 balanced topology are
found to be up to a factor of two stronger compared to the 2-vs-2 balanced topology for the
same mass parameters. This effect can be explained from the discussion of the efficiency
results in section 4.2. It arises from the fact that the Z boson becomes more boosted for
the 2-vs-1 balanced case if the difference mp; — my increases.

5.2 Limit scan in 2D

Analogously as it was done for the signal efficiency in section 4.2, a scan in the 2D plane
formed by the two mass parameters that are varied is performed to get the cross section
limit map for each signal topology. The results are shown in figure 8, where the limit
obtained from the combination of the two signal regions is depicted.

At first glance, a comparison with the patterns observed in the efficiency maps reveals
a quite close similarity between the upper limits and the signal efficiency. This effect is of
course expected given that the signal normalization is the main factor contributing to the
constraint imposed on the cross section. Nevertheless, a closer look at figure 8, in particular
at the limit maps corresponding to the unbalanced topologies (left panel), evidences a shift
of the region with the most stringent limits with respect to the region with the largest effi-
ciency towards higher mass differences mg — m; (for 1-vs-1 unbalanced) or mg — mys (for
2-vs-1 unbalanced). The size of this shift for the unbalanced cases ranges from 100 GeV to
400 GeV depending on the heavy scalar mass, and is a consequence of exploiting the shape
of the pss distribution as a further constraint on the models. For larger mass differences
(above ~ 600 GeV) the efficiency tends to drop due to the collimation of the leptons from
the Z boson decay, but at the same time the p2iss distribution starts to peak at higher val-
ues, which compensates the loss in signal acceptance by an increased significance in the last
bins of the piis* distribution (see figure 5). This effect is less obvious to discern for the two
balanced topologies where the additional boosting created by more unbalanced configura-
tions is either almost non-existent (2-vs-2 balanced) or localized in the corners of the phase
space (2-vs-1 balanced). The strongest upper limits obtained for the 1-vs-1 unbalanced
and the 2-vs-1 unbalanced topologies are around 3.5 x 10~% pb, whereas they are close to
5.5 x 107* pb and 4.5 x 1072 pb for the 2-vs-1 balanced and 2-vs-2 balanced topologies,
respectively. In terms of similarities among the signal topologies, figure 8 confirms once
again that the unbalanced topologies lead to an equivalent kinematic configuration, while
the two balanced scenarios lead to a slight difference in kinematics if they are compared
to each other for the same mass range. Our results presented here and in section 5.1 show
that a clear distinction can be made between the unbalanced and the balanced scenarios,
which motivate specific experimental analyses optimized for each case individually.
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Figure 8. Expected upper limits on the cross section times branching fraction (as defined in the
text) for a 2D variation of the mass parameters in each topology. The horizontal and vertical axes
indicate the mass combination for which the limit is calculated, while the color coding represents
the central value obtained at 95% CL combining the two signal regions for that specific 2D point.
The results are shown for the 1-vs-1 unbalanced (upper left panel), 2-vs-1 balanced (upper right
panel), 2-vs-1 unbalanced (lower left panel), and 2-vs-2 balanced (lower right panel) topologies.
The kinematic constraints for each topology are indicated by solid red lines, whereas the fixed mass
value is specified in the legend.
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5.3 2HDMa interpretation

After deriving model-independent limits, we here demonstrate how these limits can be
employed to constrain a concrete BSM model. As an exemplary model,” we study the Two-
Higgs-Doublet model (2HDM) of type-II with an additional pseudoscalar, which serves as
a dark matter portal. This model is usually referred to as 2HDMa.

In addition to the usual type-II 2HDM (see e.g. [51] for a review), the 2HDMa adds
the following terms to the Lagrangian [27, 52],

LonpMa = Lonpm + X(@ + my )X — yyaoXiy X

1 ‘
5 Mag® + ikag® g +hc. + ..., (5.1)

+ %Gﬂaoa“ ag —
where ag is the additional gauge-singlet pseudoscalar of mass mg,, X is a Dirac fermion
dark matter candidate of mass m,, and ®; 5 are the two 2HDM doublets. The dark sector
Yukawa coupling is denoted as y,. The portal coupling x and the pseudoscalar mass m,,, are
parameters with mass dimension one. The ellipsis denotes additional quartic interactions
which are not relevant for our discussion here. After electroweak symmetry breaking, the
2HDM pseudoscalar, which we denote by Ag, will mix with a¢ (with the mixing angle 6)
leading to the mass eigenstates a and A.

Within this model, the dark matter density of the Universe can be explained while tak-
ing into account the existing cosmological constraints and limits set by direct and indirect
dark matter searches [53]. Moreover, this model has been used as a possible explanation for
the gamma ray Galactic Centre excess observed by the Fermi-LAT space telescope [54-56]
and for the baryon asymmetry of the Universe [57]. Moreover, this model is often used
as a benchmark model for LHC dark-matter searches [27]. As discussed in [53], the LHC
signature

pp — bbH — bbZa — bblT 1™ xx (5.2)

could be a promising way to test this explanation of the Galactic Centre excess, which
so far cannot be probed by other constraints (e.g., searches for the BSM Higgs bosons
decaying to SM particles; see [27, 52, 53]).

This signature can be straightforwardly mapped to our 2-vs-1 unbalanced simplified
model topology: H plays the role of the scalar resonance ®; a is the neutral mediator
M; and x is the invisible particle I. This mapping allows us to easily reinterpret the
model-independent expected limits derived above within the 2HDMa parameter space.

We calculate the cross section for the process in eq. (5.2) at the leading order using
MadGraph5_aMCONLO (v2.6.5). These cross section values are then compared to the expected
limits presented in the lower left panel of figure 8. We also show projections for increased
luminosities by simply rescaling the limits by the square root of the relative increase in
luminosity.

Figure 9 shows the resulting constraints on the 2HDMa parameter space in four differ-
ent parameter planes. In the upper left panel, we show the (mg, sg) parameter plane with

5See [29] for more examples of models with similar experimental signatures.
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Figure 9. Projected expected limits on the 2HDMa parameter space in the (mg, sg) parameter
plane (upper left), in the (mg,m,) parameter plane (upper right), in the (sg,tan ) parameter
plane (lower left), and in the (my,tan ) parameter plane (lower right). The limits are shown for
three different luminosities: 137fb~! (blue), 300fb™* (red), and 3000fb™" (green). For the lower
right parameter plane, we also show the limit presented in [12].

mpy = 600 GeV and tan 8 = 10. With a luminosity of 137 fb~!, pseudoscalar masses of up
to 300 GeV can be probed; sy can be probed down to values of ~ 0.15.5 Increasing the
luminosity enhances the sensitivity, especially in the low sy region. Our projected limit is
in good agreement with the projection obtained in [53] confirming the potential to probe

models that provide explanations for the Galactic Centre excess.”

The limits are shown in the (mg, m,) parameter plane fixing sy = 0.35 and tan 8 = 10
in the upper right panel of figure 9. The gray line delimits the physical region for which
mpg > mge + myz. With a luminosity of 137fb~! the proposed search can probe scalar
masses up to ~ 1.1 TeV. Increasing the luminosity to 300 fb~* (3000 fb_l), masses up to
1.2TeV (1.4TeV) are tested.

SFor s¢ — 1 the cross section for the process in eq. (5.2) goes to zero resulting in a rapid loss of sensitivity.

"Small differences can be explained by the inclusion of a K factor of 1.4 for the bottom-associated Higgs
production cross section and by a more simplified treatment of detector effects in [53]. The selection cuts
in [53] are, moreover, optimized for the unbalanced topology.
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In the 2HDMa, the bottom-associated H production is enhanced for large tan 8. Cor-
respondingly, stronger limits in the large tan  region are expected. This is confirmed in
the lower left panel of figure 9, which shows the limits in the (sg, tan ) parameter plane for
mpg = 600 GeV and m, = 150 GeV. As expected from the dependence of the cross-section
on sg and tan g3, the limits are strongest for sy ~ 0.9 and large tan 8. With a luminosity of
137fb~!, tan 8 values down to ~ 6 can be probed for sy ~ 0.9. Increasing the luminosity
to 300fb~1 (3000 fb~1), tan 3 values down to ~ 5 (~ 3) are tested.

The dependence on tan 3 is further explored in the lower right panel of figure 9, which
shows the limits in the (mg,tan3) plane for sy = 0.35 and m, = 250 GeV. While the
proposed search is not able to probe the region of tan 3 < 3 even with £ = 3000fb~!, the
interval 500 GeV < mpy < 1600 GeV can be probed for larger tan 8. For comparison, we
also show the 2HDMa limit set by the search presented by the ATLAS Collaboration in [12]
with a luminosity of 139 fb~!. We observe that this limit is significantly stronger than our
projection for £ = 137fb~! and £ = 300 fb—!. Moreover, it also outperforms our projection
for £ = 3000 fb~! except for a parameter region with relatively small tan 3. This difference
in sensitivity is mainly a consequence of the different final states considered in our analysis
and in [12]. In contrast to our proposed search, [12] vetoes b-jets in the final state, searching
for a Z+pis final state. While the 4 +piiss final state, which our analysis targets, allows
one to identify the production mode in case a signal is detected, the Z + p2i final state
seems to have better sensitivity in comparison to the bottom-associated Higgs production
in the case of the 2HDMa. Moreover, it should be noted that our simplified analysis relies
on a simplified detector simulation, is not optimized for the unbalanced topology, and,
moreover, does not use advanced multivariate analysis techniques.

6 Conclusions

While it is expected that the production of DM at colliders will result in an increased
amount of p%‘iss in the detectors, the exact way in which this additional source of miss-
ing momentum will manifest itself is of course not established. Most existing searches
are focused on well-motivated but at the same time specific models with a determined
unbalanced event topology, for which the missing transverse momentum recoils against
the visible particles. This restriction reduces the chance for a discovery, since other BSM
models may predict more balanced event topologies.

In this work, we have studied the capability of a potential new search in the context
of a greater variety of theoretical scenarios based on a flexible simplified model framework,
which covers two unbalanced and two balanced event topologies. Our detailed collider
study focuses on bottom-quark associated neutral Higgs production with a bbZ + praiss
final state. The analysis strategy exploited is based on a selection more inclined towards
unbalanced configurations between the p%liss and the recoiling product.

Our results indicate that in the presence of the b-associated production of a heavy
scalar, the inclusion of jets in the forward region of the detectors plays a very important role
in the performance of the analysis. This yields for the study that is presented here a com-

parable sensitivity to the one expected using only the standard central jets with b-tagging.
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Furthermore, the obtained limits show that the analysis proposed here is well suited
for both unbalanced topologies, yielding almost exactly the same results in both cases,
and thus demonstrating that the kinematics of the two unbalanced topologies cannot be
distinguished with the proposed analysis (which on the other hand implies that the same
search can be applied to a wider class of theoretical models than the ones addressed by
a dedicated search within a specific model). We showed that the analysis has a signifi-
cant sensitivity also for the two balanced topologies, although this sensitivity is somewhat
reduced as compared to the unbalanced case. Such scenarios, where there is a marked dif-
ference in kinematics with respect to the unbalanced topologies, will probably further profit
from a dedicated strategy addressing the challenges arising when using softer objects and
a more relaxed event selection. In the other extreme, where the Z bosons become highly
boosted and the reconstruction of individual leptons starts to fail, complementary searches
like bb + DM could be of vital importance. As an additional application of the model-
independent results that we have achieved, we presented projected limits on the 2HDMa
parameter space. We find the projected limits to be not as strong as existing searches that
do not require the presence of b-jets in the final state. Those searches are, however, more
optimized for the unbalanced topology and use advanced multivariate analysis techniques.

In this paper we have demonstrated for the example of the considered search how
results for BSM Higgs searches can be presented in the framework of simplified models, i.e.
within a framework that up to now has been applied very successfully for direct searches
for BSM particles and DM, but so far has not been used by the experimental collaborations
for BSM Higgs searches. We encourage the experimental collaborations to make use of this
framework for the presentation of their future experimental results.

Finally, we hope that the presented study serves as a starting point for future ex-
perimental efforts which are not restricted to only unbalanced event topologies. More
sophisticated experimental analysis techniques, such as the inclusion of machine learning
and advanced algorithms to discriminate against the main background processes, could
certainly be an important asset when performing such analyses in a more realistic context.

Acknowledgments

We thank Jose Miguel No and Katherina Behr for useful discussions. D.P.A.; A.G., V.M.L.,
C.S., and G.W. acknowledge support by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) under Germany’s Excellence Strategy — EXC 2121 “Quantum
Universe” — 390833306. H.B. acknowledges support from the Alexander von Humboldt
foundation. V.M.L. acknowledges the financial support by Ministerio de Universidades and
“FEuropean Union-NextGenerationEU/PRTR” under the grant Maria Zambrano ZA2021-
081, and the Spanish grants PID2020-113775GB-100 (AEI/10.13039/501100011033) and
CIPROM/2021/054 (Generalitat Valenciana). This work has been partially funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) — 491245950.

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.

- 29 —


https://creativecommons.org/licenses/by/4.0/

References

1]

ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [nSPIRE].

D. Curtin et al., Ezotic decays of the 125 GeV Higgs boson, Phys. Rev. D 90 (2014) 075004
[arXiv:1312.4992] [INSPIRE].

G. Arcadi, A. Djouadi and M. Raidal, Dark matter through the Higgs portal, Phys. Rept. 842
(2020) 1 [arXiv:1903.03616] [INSPIRE].

M. Duerr et al., How to save the WIMP: global analysis of a dark matter model with two
s-channel mediators, JHEP 09 (2016) 042 [arXiv:1606.07609] [INSPIRE].

J.L. Feng, Dark matter candidates from particle physics and methods of detection, Ann. Rewv.
Astron. Astrophys. 48 (2010) 495 [arXiv:1003.0904] [INSPIRE].

G. Bertone, D. Hooper and J. Silk, Particle dark matter: evidence, candidates and
constraints, Phys. Rept. 405 (2005) 279 [hep-ph/0404175] [INSPIRE].

ATLAS collaboration, Search for new phenomena in events with an energetic jet and
missing transverse momentum in pp collisions at \/s = 13 TeV with the ATLAS detector,
Phys. Rev. D 103 (2021) 112006 [arXiv:2102.10874] [INSPIRE].

CMS collaboration, Search for new particles in events with energetic jets and large missing
transverse momentum in proton-proton collisions at /s = 13 TeV, JHEP 11 (2021) 153
[arXiv:2107.13021] [INSPIRE].

ATLAS collaboration, Search for dark matter in association with an energetic photon in pp
collisions at /s = 13 TeV with the ATLAS detector, JHEP 02 (2021) 226
[arXiv:2011.05259] [INSPIRE].

CMS collaboration, Search for new physics in final states with a single photon and missing
transverse momentum in proton-proton collisions at /s = 13 TeV, JHEP 02 (2019) 074
[arXiv:1810.00196] [INSPIRE].

ATLAS collaboration, Search for associated production of a Z boson with an invisibly
decaying Higgs boson or dark matter candidates at \/s = 13 TeV with the ATLAS detector,
Phys. Lett. B 829 (2022) 137066 [arXiv:2111.08372] [iNSPIRE].

CMS collaboration, Search for dark matter produced in association with a leptonically
decaying Z boson in proton-proton collisions at /s = 13 TeV, Eur. Phys. J. C 81 (2021) 13
[Erratum ibid. 81 (2021) 333] [arXiv:2008.04735] INSPIRE].

ATLAS collaboration, Search for dark matter produced in association with a Standard Model
Higgs boson decaying into b-quarks using the full run 2 dataset from the ATLAS detector,
JHEP 11 (2021) 209 [arXiv:2108.13391] [INSPIRE].

ATLAS collaboration, Search for dark matter in events with missing transverse momentum
and a Higgs boson decaying into two photons in pp collisions at \/s = 13 TeV with the
ATLAS detector, JHEP 10 (2021) 013 [arXiv:2104.13240] [INSPIRE].

~ 93 -


https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/literature/1124337
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/literature/1124338
https://doi.org/10.1103/PhysRevD.90.075004
https://arxiv.org/abs/1312.4992
https://inspirehep.net/literature/1272679
https://doi.org/10.1016/j.physrep.2019.11.003
https://doi.org/10.1016/j.physrep.2019.11.003
https://arxiv.org/abs/1903.03616
https://inspirehep.net/literature/1724453
https://doi.org/10.1007/JHEP09(2016)042
https://arxiv.org/abs/1606.07609
https://inspirehep.net/literature/1472069
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://arxiv.org/abs/1003.0904
https://inspirehep.net/literature/847767
https://doi.org/10.1016/j.physrep.2004.08.031
https://arxiv.org/abs/hep-ph/0404175
https://inspirehep.net/literature/648746
https://doi.org/10.1103/PhysRevD.103.112006
https://arxiv.org/abs/2102.10874
https://inspirehep.net/literature/1847779
https://doi.org/10.1007/JHEP11(2021)153
https://arxiv.org/abs/2107.13021
https://inspirehep.net/literature/1894408
https://doi.org/10.1007/JHEP02(2021)226
https://arxiv.org/abs/2011.05259
https://inspirehep.net/literature/1829872
https://doi.org/10.1007/JHEP02(2019)074
https://arxiv.org/abs/1810.00196
https://inspirehep.net/literature/1696608
https://doi.org/10.1016/j.physletb.2022.137066
https://arxiv.org/abs/2111.08372
https://inspirehep.net/literature/1969392
https://doi.org/10.1140/epjc/s10052-020-08739-5
https://arxiv.org/abs/2008.04735
https://inspirehep.net/literature/1811113
https://doi.org/10.1007/JHEP11(2021)209
https://arxiv.org/abs/2108.13391
https://inspirehep.net/literature/1913723
https://doi.org/10.1007/JHEP10(2021)013
https://arxiv.org/abs/2104.13240
https://inspirehep.net/literature/1860984

[16] CMS collaboration, Search for dark matter particles produced in association with a Higgs
boson in proton-proton collisions at \/s = 13 TeV, JHEP 03 (2020) 025 [arXiv:1908.01713]
[INSPIRE].

[17] CMS collaboration, Search for dark matter produced in association with a Higgs boson
decaying to a pair of bottom quarks in proton-proton collisions at /s = 13 TeV, Eur. Phys. J.
C 79 (2019) 280 [arXiv:1811.06562] [INSPIRE].

[18] CMS collaboration, Search for dark matter produced in association with a Higgs boson
decaying to vy or 7777 at \/s = 13 TeV, JHEP 09 (2018) 046 [arXiv:1806.04771]
[INSPIRE].

[19] ATLAS collaboration, Search for dark matter produced in association with a dark Higgs
boson decaying into WTW = in the one-lepton final state at \/s = 13 TeV using 139 fb= of pp
collisions recorded with the ATLAS detector, JHEP 07 (2023) 116 [arXiv:2211.07175]
[INSPIRE].

[20] ATLAS collaboration, Search for dark matter produced in association with a dark Higgs
boson decaying into WEWT or ZZ in fully hadronic final states from /s = 13 TeV pp
collisions recorded with the ATLAS detector, Phys. Rev. Lett. 126 (2021) 121802
[arXiv:2010.06548] [iNSPIRE].

[21] ATLAS collaboration, Search for dark matter produced in association with a single top quark
and an energetic W boson in /s = 13 TeV pp collisions with the ATLAS detector, Eur. Phys.
J. C 83 (2023) 603 [arXiv:2211.13138] [INSPIRE].

[22] ATLAS collaboration, Search for dark matter produced in association with a single top quark
in /s =13 TeV pp collisions with the ATLAS detector, Eur. Phys. J. C' 81 (2021) 860
[arXiv:2011.09308] [INSPIRE].

[23] CMS collaboration, Search for dark matter particles produced in association with a top quark
pair at /s = 13 TeV, Phys. Rev. Lett. 122 (2019) 011803 [arXiv:1807.06522] [INSPIRE].

[24] CMS collaboration, Search for dark matter produced in association with a single top quark or
a top quark pair in proton-proton collisions at \/s = 13 TeV, JHEP 03 (2019) 141
[arXiv:1901.01553] [INSPIRE].

[25] J. Abdallah et al., Simplified models for dark matter searches at the LHC, Phys. Dark Univ.
9-10 (2015) 8 [arXiv:1506.03116] INSPIRE].

[26] D. Abercrombie et al., Dark matter benchmark models for early LHC run-2 searches: report
of the ATLAS/CMS dark matter forum, Phys. Dark Univ. 27 (2020) 100371
[arXiv:1507.00966] InSPIRE].

[27] LHC DARK MATTER WORKING GROUP collaboration, LHC dark matter working group:
next-generation spin-0 dark matter models, Phys. Dark Univ. 27 (2020) 100351
[arXiv:1810.09420] [iNSPIRE].

[28] S. Banerjee et al., Phenomenological analysis of multi-pseudoscalar mediated dark matter
models, JHEP 07 (2022) 111 [arXiv:2110.15391] [INSPIRE].

[29] H. Bahl, V.M. Lozano and G. Weiglein, Simplified models for resonant neutral scalar
production with missing transverse energy final states, JHEP 11 (2022) 042
[arXiv:2112.12656] [INSPIRE].

[30] CMS collaboration, The CMS experiment at the CERN LHC, 2008 JINST 3 S08004
[INSPIRE].

— 24 —


https://doi.org/10.1007/JHEP03(2020)025
https://arxiv.org/abs/1908.01713
https://inspirehep.net/literature/1747894
https://doi.org/10.1140/epjc/s10052-019-6730-7
https://doi.org/10.1140/epjc/s10052-019-6730-7
https://arxiv.org/abs/1811.06562
https://inspirehep.net/literature/1703980
https://doi.org/10.1007/JHEP09(2018)046
https://arxiv.org/abs/1806.04771
https://inspirehep.net/literature/1677677
https://doi.org/10.1007/JHEP07(2023)116
https://arxiv.org/abs/2211.07175
https://inspirehep.net/literature/2181868
https://doi.org/10.1103/PhysRevLett.126.121802
https://arxiv.org/abs/2010.06548
https://inspirehep.net/literature/1822529
https://doi.org/10.1140/epjc/s10052-023-11582-z
https://doi.org/10.1140/epjc/s10052-023-11582-z
https://arxiv.org/abs/2211.13138
https://inspirehep.net/literature/2514114
https://doi.org/10.1140/epjc/s10052-021-09566-y
https://arxiv.org/abs/2011.09308
https://inspirehep.net/literature/1831036
https://doi.org/10.1103/PhysRevLett.122.011803
https://arxiv.org/abs/1807.06522
https://inspirehep.net/literature/1682779
https://doi.org/10.1007/JHEP03(2019)141
https://arxiv.org/abs/1901.01553
https://inspirehep.net/literature/1712378
https://doi.org/10.1016/j.dark.2015.08.001
https://doi.org/10.1016/j.dark.2015.08.001
https://arxiv.org/abs/1506.03116
https://inspirehep.net/literature/1375500
https://doi.org/10.1016/j.dark.2019.100371
https://arxiv.org/abs/1507.00966
https://inspirehep.net/literature/1381178
https://doi.org/10.1016/j.dark.2019.100351
https://arxiv.org/abs/1810.09420
https://inspirehep.net/literature/1699542
https://doi.org/10.1007/JHEP07(2022)111
https://arxiv.org/abs/2110.15391
https://inspirehep.net/literature/1955741
https://doi.org/10.1007/JHEP11(2022)042
https://arxiv.org/abs/2112.12656
https://inspirehep.net/literature/1996561
https://doi.org/10.1088/1748-0221/3/08/S08004
https://inspirehep.net/literature/796887

[31]

J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014)
079 [arXiv:1405.0301] [INSPIRE].

R. Frederix and S. Frixione, Merging meets matching in MCQNLO, JHEP 12 (2012) 061
[arXiv:1209.6215] [NSPIRE].

T. Sjostrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015)
159 [arXiv:1410.3012] [INSPIRE].

S. Alioli, P. Nason, C. Oleari and E. Re, A general framework for implementing NLO
calculations in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043
[arXiv:1002.2581] [INSPIRE].

S. Frixione, P. Nason and G. Ridolfi, A positive-weight nezt-to-leading-order Monte Carlo for
heavy flavour hadroproduction, JHEP 09 (2007) 126 [arXiv:0707.3088] [INSPIRE].

NNPDF collaboration, Parton distributions from high-precision collider data, Eur. Phys. J.
C 77 (2017) 663 [arXiv:1706.00428] [INSPIRE].

A. Buckley et al., LHAPDFG6: parton density access in the LHC precision era, Eur. Phys. J.
C 75 (2015) 132 [arXiv:1412.7420] [INSPIRE].

J.R. Andersen et al., Les Houches 2013. Physics at TeV colliders: Standard Model working
group report, arXiv:1405.1067 [INSPIRE].

DELPHES 3 collaboration, DELPHES 3, a modular framework for fast simulation of a
generic collider experiment, JHEP 02 (2014) 057 [arXiv:1307.6346] [INSPIRE].

E. Conte, B. Fuks and G. Serret, MadAnalysis 5, a user-friendly framework for collider
phenomenology, Comput. Phys. Commun. 184 (2013) 222 [arXiv:1206.1599] [INSPIRE].

CMS collaboration, Luminosity public results,
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults (2022).

CMS collaboration, CMS luminosity measurement for the 2018 data-taking period at
Vs =13 TeV, CMS-PAS-LUM-18-002, CERN, Geneva, Switzerland (2019).

M. Czakon, P. Fiedler and A. Mitov, Total top-quark pair-production cross section at hadron
colliders through O(a%), Phys. Rev. Lett. 110 (2013) 252004 [arXiv:1303.6254] [NSPIRE].

N. Kidonakis, Top quark production, in the proceedings of the Helmholtz international
summer school on physics of heavy quarks and hadrons, (2014), p. 139
[DOI:10.3204/DESY-PROC-2013-03/Kidonakis| [arXiv:1311.0283] [INSPIRE].

Y. Li and F. Petriello, Combining QCD and electroweak corrections to dilepton production in
FEWZ, Phys. Rev. D 86 (2012) 094034 [arXiv:1208.5967] [INSPIRE].

ROOT TEAM AND LHC EXPERIMENTS collaboration, The roostats framework,
https://twiki.cern.ch/twiki/bin/view /RooStats/WebHome (2022).

ROOQOT collaboration, HistFactory: a tool for creating statistical models for use with RooFit
and RooStats, CERN-OPEN-2012-016, New York U., New York, NY, U.S.A. (2012).

I. Antcheva et al., ROOT: a C++ framework for petabyte data storage, statistical analysis
and visualization, Comput. Phys. Commun. 180 (2009) 2499 [arXiv:1508.07749] [INSPIRE].

G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based
tests of new physics, Eur. Phys. J. C' 71 (2011) 1554 [Erratum ibid. 73 (2013) 2501]
[arXiv:1007.1727] [NSPIRE].

— 95—


https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.1007/JHEP12(2012)061
https://arxiv.org/abs/1209.6215
https://inspirehep.net/literature/1188307
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://inspirehep.net/literature/1321709
https://doi.org/10.1007/JHEP06(2010)043
https://arxiv.org/abs/1002.2581
https://inspirehep.net/literature/845712
https://doi.org/10.1088/1126-6708/2007/09/126
https://arxiv.org/abs/0707.3088
https://inspirehep.net/literature/756360
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://arxiv.org/abs/1706.00428
https://inspirehep.net/literature/1602475
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://arxiv.org/abs/1412.7420
https://inspirehep.net/literature/1335438
https://arxiv.org/abs/1405.1067
https://inspirehep.net/literature/1294674
https://doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
https://inspirehep.net/literature/1244313
https://doi.org/10.1016/j.cpc.2012.09.009
https://arxiv.org/abs/1206.1599
https://inspirehep.net/literature/1117708
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
http://cds.cern.ch/record/2676164
https://doi.org/10.1103/PhysRevLett.110.252004
https://arxiv.org/abs/1303.6254
https://inspirehep.net/literature/1225282
https://doi.org/10.3204/DESY-PROC-2013-03/Kidonakis
https://arxiv.org/abs/1311.0283
https://inspirehep.net/literature/1263209
https://doi.org/10.1103/PhysRevD.86.094034
https://arxiv.org/abs/1208.5967
https://inspirehep.net/literature/1182519
https://twiki.cern.ch/twiki/bin/view/RooStats/WebHome
http://cds.cern.ch/record/1456844
https://doi.org/10.1016/j.cpc.2009.08.005
https://arxiv.org/abs/1508.07749
https://inspirehep.net/literature/839881
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://arxiv.org/abs/1007.1727
https://inspirehep.net/literature/860907

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

A.L. Read, Modified frequentist analysis of search results (the C'Ls method),
CERN-OPEN-2000-205, CERN, Geneva, Switzerland (2000) [DOI:10.5170/CERN-2000-005.81].

G.C. Branco et al., Theory and phenomenology of two-Higgs-doublet models, Phys. Rept. 516
(2012) 1 [arXiv:1106.0034] [INSPIRE].

M. Bauer, U. Haisch and F. Kahlhoefer, Simplified dark matter models with two Higgs
doublets. Part I. Pseudoscalar mediators, JHEP 05 (2017) 138 [arXiv:1701.07427]
[INSPIRE].

P. Tunney, J.M. No and M. Fairbairn, Probing the pseudoscalar portal to dark matter via
bbZ(— l) + Er: from the LHC to the galactic center excess, Phys. Rev. D 96 (2017) 095020
[arXiv:1705.09670] [iNSPIRE].

FERMI-LAT collaboration, Fermi-LAT observations of high-energy y-ray emission toward
the galactic center, Astrophys. J. 819 (2016) 44 [arXiv:1511.02938] [InSPIRE].

E. Izaguirre, G. Krnjaic and B. Shuve, The galactic center excess from the bottom up, Phys.
Rev. D 90 (2014) 055002 [arXiv:1404.2018] [INSPIRE].

S. Ipek, D. McKeen and A.E. Nelson, A renormalizable model for the galactic center gamma
ray excess from dark matter annihilation, Phys. Rev. D 90 (2014) 055021 [arXiv:1404.3716]
[INSPIRE].

S.J. Huber, K. Mimasu and J.M. No, Baryogenesis from transitional CP violation in the
early universe, Phys. Rev. D 107 (2023) 075042 [arXiv:2208.10512] [InSPIRE].

— 96 —


http://cds.cern.ch/record/451614
https://doi.org/10.5170/CERN-2000-005.81
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://arxiv.org/abs/1106.0034
https://inspirehep.net/literature/902365
https://doi.org/10.1007/JHEP05(2017)138
https://arxiv.org/abs/1701.07427
https://inspirehep.net/literature/1510568
https://doi.org/10.1103/PhysRevD.96.095020
https://arxiv.org/abs/1705.09670
https://inspirehep.net/literature/1601516
https://doi.org/10.3847/0004-637X/819/1/44
https://arxiv.org/abs/1511.02938
https://inspirehep.net/literature/1403760
https://doi.org/10.1103/PhysRevD.90.055002
https://doi.org/10.1103/PhysRevD.90.055002
https://arxiv.org/abs/1404.2018
https://inspirehep.net/literature/1289023
https://doi.org/10.1103/PhysRevD.90.055021
https://arxiv.org/abs/1404.3716
https://inspirehep.net/literature/1290334
https://doi.org/10.1103/PhysRevD.107.075042
https://arxiv.org/abs/2208.10512
https://inspirehep.net/literature/2140451

	Introduction
	Simplified models for mono-Z plus missing momentum final states
	MC samples and event reconstruction
	Analysis of the pp -> b barb Phi (-> Z + p(T)**miss) process
	Event selection
	Signal selection efficiency
	Background expectation
	Limit extraction method

	Expected sensitivity
	Limit scan in 1D
	Limit scan in 2D
	2HDMa interpretation

	Conclusions

