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1 Introduction

The nature of dark matter (DM) is unknown. A prevalent hypothesis suggests that the
DM could exist in the form of a weakly interacting massive particle (WIMP) [1, 2]. Many
WIMP candidates, hereafter referred to simply as “DM particles”, are expected to have been
thermally produced in the early universe, similar to the particles of the standard model (SM).
If the mass of the DM particle is in the GeV-TeV range, the respective relic abundance can
be obtained via thermal freeze-out in the early universe [3, 4].

An extensive experimental program is currently ongoing to search for DM particles
through interactions with SM particles. Three main approaches broadly cover the efforts of
DM detection: direct searches, indirect searches, and searches at colliders. Direct searches
aim at detecting the scattering of ambient DM particles from nuclei, while in indirect
searches the energetic particles possibly produced by DM annihilations in space are analyzed.
Complementary to these two approaches, searches for the production of DM particles at
particle colliders created under well-controlled conditions are also of high relevance. Since DM
particles would escape detection, their presence would lead to events involving an imbalance
in the vector sum of the measured transverse momenta through the presence of missing
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transverse momentum (pmiss
T ) recoiling against a visible final state X. Searches for events

with large pmiss
T are currently a major focus at CERN’s LHC [5–8].

Recently, the Fermi-LAT space telescope observed a gamma-ray excess in studies of the
Milky Way galactic center [9]. While the consistency with other observations in astroparticle
physics and cosmology is still under discussion [10], this might be interpreted as the existence
of weak-scale DM annihilating into bottom quark-antiquark (bb) pairs [11–14]. A compelling
interpretation of the gamma-ray excess from the galactic center, in agreement with the fact
that no DM particle has been observed in direct detection experiments so far, is given by
the existence of a pseudoscalar mediator between the SM and DM sectors [15–17]. This
would lead to spin-dependent DM-nucleon interactions, for which experimental limits are
much less stringent than for spin-independent interactions [18–21]. In general, the strength
of DM-nucleon interactions mediated by pseudoscalars is below the reach of present direct
DM detection experiments [22, 23].

In this paper, we present a novel DM search for events involving final states with a bb
pair, a leptonically decaying Z boson, and pmiss

T . The search is performed using data recorded
with the CMS detector at the LHC in proton-proton (pp) collisions at a center-of-mass energy
of 13 TeV. Such a signature could be produced in scenarios beyond the SM (BSM) with
a pseudoscalar providing the link between visible SM particles and the dark sector. This
signature is particularly interesting as it might be sensitive to unexplored regions of the
parameter space where searches for DM [24–40] and flavor bounds [41–47] can not reach.
Additionally, it can serve as a test of the DM interpretation of the gamma-ray galactic
center excess [3].

One alternative to generate a gauge-invariant and renormalizable model featuring a
pseudoscalar DM mediator is to introduce an additional Higgs doublet, as typically done in
the so-called two Higgs doublet models (2HDMs) [48–51]. In this scenario, the coupling of
a DM mediator to SM fermions is naturally generated by introducing a new pseudoscalar
field that mixes with the 2HDM pseudoscalar field. This new field couples directly to the
DM candidate, thus naturally providing a connection between the SM and DM sectors. The
resulting model is referred to as 2HDM+a [52], and has been thoroughly studied in the
context of the LHC Dark Matter Working Group [53]. The scalar sector of the 2HDM+a
contains a charged scalar H±, two neutral 2HDM CP-even scalars H and h, and two neutral
2HDM CP-odd scalars A and a. The mixing between the pseudoscalar components allows
both A and a to couple simultaneously to DM and SM fermions, providing the portal between
the visible and DM sectors. The angle that controls this mixing is called θ. The ratio of
the vacuum expectation values of the two doublets is given by tan β, while the mixing angle
α in the neutral CP-even sector satisfies β − α = π/2.

An additional incentive to further examine the 2HDM+a is that this theoretical con-
struction is able to correctly predict the DM relic density when DM is annihilated via
an s-channel process into SM fermions. When the mass of the DM particles is chosen to
match the mass range preferred by the gamma-ray excess, the observed DM relic density
tends to favor relatively large values of tan β [3]. Larger values of this parameter lead to
larger couplings of the heavy scalar states to down-type fermions, such as bottom quarks.
This configuration motivates the search channel investigated in this paper, namely heavy
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Figure 1. Example diagram at leading order for the production of a heavy pseudoscalar mediator
decaying into dark matter particles, in association with Z(→ ll̄)bb .

H production in association with a bb pair (bbH), where the heavy scalar and the new
pseudoscalar particles decay as H → Za → (ll̄)(χχ) in which l denotes an electron (e), a
muon (µ), or a tau (τ) lepton and χ and χ a DM particle and antiparticle, respectively.
Although l can also be a τ lepton, the analysis only focuses on final states with a pair of
electrons or muons. An example diagram for the process described above is shown in figure 1.
Searching for this process at the LHC allows probing the region of parameter space consistent
with a DM interpretation of the gamma-ray galactic center excess, not accessible through
other processes. For example, ref. [3] demonstrates that this channel provides feasible access
to the intermediate tan β region (tan β ≈ 10), while simultaneously probing mixing values
down to sin θ ≈ 0.1. In this article, we present the first dedicated experimental analysis of
this channel in the context of searches for DM at colliders.

This article is organized as follows. After a brief description of the CMS detector in
section 2, the data and simulated samples are described in section 3. In section 4, the
event reconstruction is outlined, while section 5 describes the event selection, including
the multivariate analysis. The background estimation is discussed in section 6, while the
systematic uncertainties are given in section 7. The final results are presented in section 8
and a summary is given in section 9. Tabulated results are provided in the HEPData record
for this analysis [54].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by
the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. More detailed descriptions of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in ref. [55].
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Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of around 100 kHz within a fixed latency of 4 µs [56]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing, and reduces the event
rate to around 1 kHz before data storage [57].

3 Data and simulated samples

This search uses data recorded in 2016–2018 with the CMS detector, corresponding to an
integrated luminosity of 138 fb−1. The data sets used in the analysis have been selected by
a lepton trigger, which is composed of a combined logical OR of single-lepton and dilepton
triggers. The dilepton triggers have isolation requirements and transverse momentum (pT)
thresholds of 17–23 and 8–12 GeV for the leading and subleading leptons, respectively. The
inclusion of single-lepton triggers with lepton pT threshold higher than 23 GeV and no isolation
requirement is important to select signal events with two energetic leptons spatially close to
each other that occur more frequently as mH − ma increases. This results in high trigger
efficiency compared to isolated lepton triggers when the leptons are reconstructed in each
other’s isolation cones. The lepton trigger efficiencies are measured in data and simulation
using independent triggers based on pmiss

T . The average trigger efficiency, evaluated across
lepton pT and η bins, is 98.6%. Correction factors are derived and applied to the simulated
samples to match the trigger efficiencies measured in the data.

The signal process is simulated at leading order (LO) using MadGraph5_amc@nlo
(MG5) v2.6.5 [58] with a dedicated 2HDM+a model [52]. The benchmark scenario investigated
is summarized as

mH = mA = mH± , mh = 125 GeV, mχ = 45 GeV,

cos(β − α) = 0, tan β = 11, sin θ = 0.35,

λ3 = λP1
= λP2

= 0.25, and yχ = 1,

(3.1)

where mH , mA , and mH± are the masses of heavy Higgs bosons, while the light neutral
CP-even scalar h is identified with the Higgs boson. The mass of the pseudoscalar mediator
and the DM particle are denoted with ma and mχ , respectively. The λP1

and λP2
parameters

control the quartic interactions between the doublets and the singlet, λ3 mediates the same
quartic interaction but only between the two doublets, and yχ is the parameter that controls
the strength of the interaction between the singlet scalar and the DM fermion χ. The couplings
of A and a to DM particles are given by yχ cos θ and yχ sin θ, respectively. A thorough study
of various constraints implied by the parameter choices of eq. (3.1) is presented in ref. [53].
The value of mχ is chosen according to refs. [3, 14], where it is shown that such a value lies
close to the preferred range (mχ ∈ [50, 170] GeV) of the gamma-ray galactic-center excess if
DM annihilates into bb . Its exact value is irrelevant for this search when it is below half
the mass of the mediator. Different signal samples are generated for the scalar masses mH
and ma , taken as free parameters, with mH(> ma + mZ) between 400 and 2000 GeV and
ma(> 2mχ) between 100 and 1800 GeV. The λ3 parameter is set to λ3 = m2

h/v2 ≈ 0.25, with
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v the electroweak vacuum expectation value. In this configuration, the contribution from the
H → aa channel becomes insignificant, as shown in ref. [52], thus guaranteeing a sufficiently
narrow width of the heavy scalar resonance. The H boson width has been calculated for
relevant variations of the other 2HDM+a parameters for this analysis, verifying the validity
of the narrow-width approximation for both new resonances.

The SM processes with the largest contributions to the background in this analysis are
Drell-Yan (DY) Z/γ

∗ → ll̄, top quark-antiquark pair (tt), single top quark, and diboson
(in particular WZ and ZZ) production. For the ZZ case, if one of the Z bosons decays
to a charged lepton pair while the other decays to a pair of neutrinos, this results in an
irreducible signature if an initial-state radiation jet is identified as b jet. Similarly for the
WZ process, if the charged lepton from the W boson decay is lost or not identified, this
can result in a signal-like signature.

Samples of Z/γ
∗ → ll̄ events are generated at next-to-leading order (NLO) in quantum

chromodynamics (QCD) using MG5 with the FxFx prescription [59] for matching and
merging of two additional jets from the matrix element (ME) calculation to the parton shower.
Simulated events of tt , single top quark production in the t channel and in association with
a W boson (tW), WZ, and ZZ are generated at NLO in QCD using powheg v2 [60, 61].
Single top quark production in the s channel is simulated at NLO in QCD using MG5.
Additional minor SM contributions from VV, VVV, ttV, ttVV, and tZq processes, in which
V stands for W or Z, will be referred to as “Other” and are simulated with MG5 at NLO
or LO in QCD, depending on the process.

All background samples are normalized using the most accurate cross section calculations
available, which generally incorporate NLO or next-to-NLO (NNLO) precision [62–65]. It
was also observed that the pT spectra of top quarks in tt data were significantly softer
than those predicted by simulations based on either LO or NLO matrix elements interfaced
with parton showers. The simulation can be improved considering a correction based on
the latest theoretical NNLO QCD + NLO electroweak (EW) calculation for the SM tt
production [66]. The correction was implemented by a reweighting procedure with correction
factors depending on the pT of the top quark and antiquark. It is applied to the events of the
NLO sample simulating the tt process. Similarly, for the WZ process, a correction based on
NNLO QCD + NLO EW fixed-order predictions obtained using matrix v2.0.0.beta1 [67, 68]
has been incorporated via reweighting the simulated WZ sample with correction factors
depending on the pT of the W boson. For all the above-described simulations, the initial-
state partons are modeled with the NNPDF 3.1 NNLO [69] parton distribution functions
(PDFs). Parton showering, hadronization, and the underlying event dynamics are handled
by pythia v8.240 [70] using the CP5 tune [71]. All signal and background samples are
processed using Geant4 [72] to provide a full simulation of the CMS detector, including
a simulation of the triggers.

The effects of additional pp interactions in the same or adjacent bunch crossings, referred
to as pileup, are included in all simulation samples. A reweighting procedure is used to match
the simulated distribution of pileup interactions with the one observed in data.
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4 Event reconstruction

The particle-flow (PF) algorithm [73] aims to reconstruct and identify each individual particle
in an event, with an optimized combination of information from the various elements of the
CMS detector including charged particle tracks from the tracking detector, energy deposits
in the HCAL and ECAL, and reconstructed tracks from the muon chambers. Particles in
each event are reconstructed and identified as either electrons, muons, photons, charged
hadrons, or neutral hadrons. The primary vertex is taken to be the vertex corresponding to
the hardest scattering in the event, selected as the vertex with the highest quadratic sum
of the pT from all tracks associated with it [74].

Electrons are identified as a primary track and potentially multiple ECAL energy clusters
corresponding to the extrapolation of this track to the ECAL and to possible bremsstrahlung
photons emitted along the way. The energy of electrons is deduced from the electron
momentum at the PV, as determined by the tracker, the energy of the corresponding ECAL
cluster, and the cumulative energy from all bremsstrahlung photons which have their origin
spatially compatible with the electron track. An identification algorithm [75] is applied
using multivariate techniques and including isolation information during the training. A
working point with an identification efficiency of 90% and a misidentification rate of 1%
for jets misidentified as electrons is used. Only electrons with pT > 20 GeV, |η| < 2.5, and
|ηSC| /∈ [1.444, 1.566] are selected, where ηSC is the η of the ECAL cluster corresponding to
the electron candidate. The ηSC requirement aims to avoid a gap between the ECAL barrel
and endcap components. Corrections for electron reconstruction and identification efficiencies
are applied to simulated events to improve the agreement between data and simulation [75].

Muons are identified as tracks in the tracker consistent with either a track or several hits
in the muon system, and associated with calorimeter deposits compatible with the muon
hypothesis. The momentum of muons is obtained from the curvature of the corresponding
track. In this analysis, muons must be isolated from charged hadrons and neutral particles,
and pass the “medium” identification criteria [76] optimized for prompt muons and muons
from heavy flavor decay, having an identification efficiency of 98% and misidentification rates
of pions and kaons as muons below 0.2% and 0.5%, respectively. Muons are required to have
pT > 20 GeV and |η| < 2.4. Corrections for muon reconstruction, identification, and isolation
efficiencies are applied to simulated events to improve the agreement with data [76].

The PF candidates are clustered into jets using the anti-kT clustering algorithm [77], with
a distance parameter of 0.4, implemented in the FastJet package [78, 79]. Charged particles
reconstructed from tracks associated with pileup vertices are omitted from the clustering to
reduce the impact of pileup collisions, while charged particles associated with the primary
vertex and all neutral particles are kept. The jet energy is determined from the vectorial sum
of all particle four-momenta in the jet and is found from simulation to be, on average, within
5–10% of the true momentum over the entire pT spectrum and detector acceptance. Jet
energy corrections are derived from simulation studies so that the average measured energy
of reconstructed jets becomes identical to that of particle-level jets. Measurements using
dijet, photon+jet, Z+jet, and multijet events are used to determine any residual differences
between the jet energy scale in data and simulation [80], and appropriate corrections are
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made. The energy resolution of simulated jets is also corrected to match the resolution in the
data, and typically amounts to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [80].

Jets in the angular vicinity of a selected electron or muon with ∆R < 0.4 are removed
from the analysis, where ∆R =

√
(∆η)2 + (∆ϕ)2 with ∆η and ∆ϕ as the distances in

pseudorapidity and azimuth, respectively, between the lepton and the jet. Jets must have
pT > 20 GeV and |η| < 2.4 to be considered in this analysis. Jets with pT < 50 GeV are
required to pass the loose working point criteria of the pileup jet identification [81] to suppress
jets from pileup interactions. The DeepCSV algorithm [82] is used to identify jets originating
from the fragmentation of a b quark (b jets), at a loose working point defined by an inclusive
light-quark or gluon jet misidentification rate of 10%, resulting in a b-jet identification
efficiency of 84%. Additional corrections are applied to cover remaining residual differences
between data and simulation that arise from pileup and b-tagged jet identification efficiencies.

The missing transverse momentum vector p⃗ miss
T is computed for each event as the negative

vector sum of the transverse momenta of the reconstructed physics objects, namely muons,
electrons, photons, hadronically decaying τ leptons, jets, and unclustered energy [83]. The
unclustered energy is the contribution from the PF candidates not associated with any of
the previous physics objects. The p⃗ miss

T is modified to account for corrections to the energy
scale and resolution of reconstructed jets in the event. Its magnitude, denoted as pmiss

T ,
is an important observable in this analysis because it provides information related to the
DM candidates in signal events. Collision events can exhibit unusually large values of pmiss

T
which may be attributed to reconstruction failures, detector malfunctions, or noncollision
backgrounds. To address these issues, filters are designed to detect and reject events with
spurious pmiss

T values, having an efficiency of 85%–90% and a misidentification rate of less
than 0.1% [83]. These filters are applied to data and simulated events.

5 Event selection

The signal topology in this analysis consists of a pair of leptons from a Z boson decay with
opposite electrical charge and same flavor, the presence of b jets, and a substantial amount of
pmiss

T from the a → χχ̄ decay. The event selection starts with a sequence of requirements in
kinematic variables referred to as baseline selection, which are applied in all regions defined
in the analysis. Additional requirements are imposed to separate the remaining events into
the signal region (SR) and control regions (CRs).

5.1 Baseline selection

The selection requires at least one jet and two opposite-sign (OS) leptons (ℓ1 and ℓ2) where
only e−e+, µ

−
µ

+, e−
µ

+, and µ
−e+ pairs are considered. If there are more than two leptons

in an event, the chosen OS dilepton system is the one with the reconstructed invariant
mass closer to mZ , assumed to be 91.19 GeV [84]. The lepton with the highest pT must
have p

ℓ1
T > 40 GeV. The dilepton system must have transverse momentum p

ℓℓ
T > 40 GeV,

an angular distance between the two leptons ∆Rℓℓ < 3.2, and a small mass difference
∆mℓℓ = |mℓℓ − mZ | < 25 GeV, intended to reduce the number of events from nonresonant
sources. The requirement pmiss

T > 65 GeV removes SM backgrounds without high-pT neutrinos
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in the final state. In signal events, the Z boson and the pseudoscalar particle are more likely
to be emitted back-to-back in ϕ. The difference in azimuthal angle between the dilepton
system and p⃗ miss

T must satisfy ∆ϕℓℓ,p
miss
T > 0.8. A quantity that is related to the mass of the

heavy scalar is the transverse mass m
ℓℓ,p

miss
T

T of the system formed by the dilepton system
and p⃗ miss

T [85]. Events are required to have m
ℓℓ,p

miss
T

T > 90 GeV.
The baseline selection removes more than 97% of the events from each of the main

background processes. The impact on the signals is a reduction in selection efficiency by
about 10% from the Njets ≥ 1 requirement, and 3–8% from the other requirements depending
on the signal sample.

5.2 Signal region selection

Because the two b quarks produced in signal events typically have low pT, many of the
corresponding jets do not pass the pT > 20 GeV criterion applied at event reconstruction.
To maximize the acceptance, only a loose b-jet requirement is adopted for the SR that
consists of the presence of at least one b jet with the loose b tagging working point (Nb ≥ 1)
defined in section 4. Additionally, the events must have exactly two opposite-sign same-flavor
(OSSF) leptons (e+e− or µ

+
µ

−).
To suppress the contamination of tt production in events with two reconstructed leptons

and b jets, an analytical method is used to reconstruct and identify such events [86]. This
method makes use of an algebraic approach to solve a system of equations with six kinematic
constraints to determine the unknown momentum vectors of the two undetected neutrinos.
The constraint equations are constructed using the four momenta of the two leptons, two jets,
and p⃗ miss

T , assuming the top quark and W masses to be 172.5 and 80.37 GeV, respectively [84].
Events with an analytic solution to this set of equations are assumed to be from tt production.

The tt event reconstruction is performed on events with at least two jets and one b-tagged
jet. If there are more than two jets in an event, the algorithm tries to find a solution as follows.

• In events with two or more b-tagged jets, all pairs of b-tagged jets are used in the
reconstruction. If solutions exist, these are considered by the algorithm.

• If no solution is found in the previous hypothesis or if the event has only one b-tagged
jet, all pairs of a b-tagged jet with another jet are used in the reconstruction. Again, if
solutions exist, these are considered by the algorithm.

For any of the above cases, the generator level distributions of the neutrino energy (Eν) and
antineutrino energy (Eν̄), as obtained from simulated tt production, are used as probability
distributions. The best solution is the one with the reconstructed values of Eν and Eν̄

associated with the highest probability. In case there is no solution, the event is considered
to have not originated from tt production.

The non-existence of an analytical solution for the tt event reconstruction described
above is added as the last requirement for the SR selection. By doing that, about 60%
of the tt dilepton events are removed from the SR, while reducing the signal efficiency by
0.2–5%, depending on the signal sample. A list of all requirements used to define the SR
is given in table 1.
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Baseline selection SR selection
Has two OS leptons Pass baseline selection
p

ℓ1
T > 40 GeV Nb ≥ 1

pmiss
T > 65 GeV Nleptons = 2

p
ℓℓ
T > 40 GeV ℓ1 and ℓ2 are OSSF

∆mℓℓ < 25 GeV No tt analytic solution
∆Rℓℓ < 3.2
∆ϕℓℓ,p

miss
T > 0.8

m
ℓℓ,p

miss
T

T > 90 GeV
Njets ≥ 1

Table 1. List of requirements used to define the SR, split into a baseline and an SR region selection.

The majority of ZZ events in the SR come from ZZ → 2ℓ2ν, while for WZ events, the
main channel is WZ → 3ℓν with one lepton not reconstructed. Except for ZZ → 2ℓ2q, the
WZ, ZZ, and DY events present in the SR are typically there because of misidentification of
light-flavor, c quark, and gluon jets as b jets, since their matrix element does not have b quarks
in its final state. In general, for each one of these processes, more than 80% of the events in
the SR are there due to the misidentification of other jets as b jets. Naturally, this fraction is
larger for the loose b tagging working point compared to stricter b tagging requirements.

5.3 Multivariate optimization

Fully connected multi-layer artificial neural networks, also known as multi-layer perceptrons
(MLPs), are used to combine variables based on p⃗ miss

T and information from the leptons into
a single discriminant to sort the events in the SR into intervals of low to high sensitivity.
The MLPs are implemented using the PyTorch package [87] and are trained on simulated
events in the SR for each data-taking period.

The following variables are passed to the MLPs as input: p
ℓ1
T , p

ℓ2
T , p

ℓℓ
T , ∆Rℓℓ , ∆mℓℓ , pmiss

T ,
m

ℓℓ,p
miss
T

T , ∆ϕℓℓ,p
miss
T , and m

ℓℓ
T2. The latter variable is useful to discriminate events from the

decay of a primary particle into an invisible and a visible particle [85, 88]. It is related to
the mass difference between the primary and the invisible particles,

m
ℓℓ
T2 = min

p⃗T,ν +p⃗T,ν =p⃗
miss
T

[
max{mT(mℓ , mν , p⃗T,ℓ , p⃗T,ν ), mT(mℓ , mν , p⃗T,ℓ , p⃗T,ν)}

]
, (5.1)

with
mT(m1, m2, p⃗T,1, p⃗T,2) =

√
m2

1 + m2
2 + 2(ET,1ET,2 − p⃗T,1 · p⃗T,2), (5.2)

where mi, p⃗T,i, and ET,i are the mass, transverse momentum vector, and transverse energy
of particle i, respectively.

Variables directly related to jet kinematics were not used as input to the MLP discriminator
to avoid propagating to the MLP score their shape mismodeling. The incorrect modeling
was observed in the CRs when comparing the MC distributions of these variables with those
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from data. Jet mismodeling may occur due to the intrinsic complexity in reconstructing a
jet and due to neutrinos coming from hadronic decays inside the jet. The inclusion of pmiss

T
information in the input variables was important since it has a large discrimination power
between signal and background events. However, since the pmiss

T scale and resolution in DY
simulation are more affected by jet mismodeling than in other processes, they needed to be
corrected to match those in the data, as described in section 6.

During the training, the contributions from all processes are normalized to the integrated
luminosity of the data and expected cross sections. The signal class groups events from
all signal samples, while the background class groups events from all background processes.
For each class, the sum of weights is then normalized to the same value to achieve equal
statistical importance for both classes during the MLP training.

The MLP architectures with the best discrimination performance for each data-taking
period are composed of two or three hidden layers and 20 nodes in each hidden layer. The
input variables that contribute most to the discrimination performance are found to be pmiss

T

and m
ℓℓ,p

miss
T

T , followed by m
ℓℓ
T2 and ∆Rℓℓ , estimated using information from the permutation

importance method [89]. Figure 2 shows a comparison between signal and background
distributions in these variables in the SR, normalized to unit area. Since the WZ contribution
comes from events with one lepton not reconstructed, its kinematic distributions are similar
to the ones from ZZ. For this reason, these two backgrounds are combined in figure 2.

To construct the search intervals used to extract the signal, the MLP score is transformed
into the MLP4 score, defined as

MLP4 score = 104×MLP score

104 . (5.3)

The MLP4 score, primarily based on statistical considerations, expands the region with a
high sensitivity making the intervals in MLP4 more practical and effective.

In addition, we observe that the MLP4 score returns values close to 1 for more boosted
signal samples (higher p

ℓℓ
T ), while less boosted signal samples (lower p

ℓℓ
T ) show a peak at

slightly smaller values in the MLP4 score distribution. To maximize the sensitivity for both
types of signal events, while preserving the smoothness of the distributions, we define the
search intervals in the MLP4 score as

[0.00,0.01,0.08,0.15,0.22,0.29,0.36,0.43,0.50,0.57,0.64,0.71,0.78,0.85,0.90,0.95,0.98,1.00],

in which smaller intervals are defined in the region closest to 1 in order to be sensitive to the
shape variation of the different signal samples. Below 0.85, equal-size intervals are defined,
except for the first interval, which is equal to 0.01 to avoid a large concentration of events there,
most of them being background. The MLP4 bins will be labeled with integer numbers ranging
from 1 to 17, indicating the position of the corresponding interval in the above definition.

6 Background estimation

The analysis relies partially on simulation to estimate the background contribution from SM
processes. The tt and WZ simulations are improved by applying NNLO(+NLO) corrections,
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Figure 2. Normalized distributions in pmiss
T (upper left), m

ℓℓ,p
miss
T

T (upper right), m
ℓℓ
T2 (lower left),

and ∆Rℓℓ (lower right) in the SR for the main background processes (solid lines) and two signal
samples representing extreme kinematic behaviors, which are obtained by considering high (dark gray
dashed line) and low (light gray dashed line) values of mH and mH − ma . The vertical bars at the
center of the bins represent the statistical uncertainty in the predictions.

as described in section 3. In turn, the pmiss
T scale and resolution in the DY simulation are

corrected using an auxiliary measurement derived in a sideband region with pmiss
T < 65 GeV

and extrapolated to the main analysis region with larger values of pmiss
T . The measurement

consists of propagating to pmiss
T the correction of the parallel and orthogonal hadronic recoil

projections on the direction of the reconstructed dilepton transverse momentum vector
(p⃗T

ℓℓ). The correction is derived for different jet multiplicities and p
ℓℓ
T intervals using a

parameterized double Gaussian function to match the simulation distributions to the ones
in data. The extrapolation is verified in a region with no b jets and pmiss

T < 300 GeV, also
dominated by DY events.

The normalization of the largest backgrounds in this search, namely DY, tt , WZ, and
ZZ production, is corrected using a data-driven method. It makes use of unconstrained
parameters associated with the normalization of each background process that are linked
across various regions in a maximum likelihood fit to data (discussed in section 8). The
definitions of the CRs are described below. Their corresponding purities are 95% (DY CR),
92% (tt CR), 62% (WZ CR), and 95% (ZZ CR). We show a summary of the SR and CRs
in figure 3, which illustrates the variables used to define the different regions.
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All CRs, except for the DY CR, must have Nb ≥ 1, identical to the SR, where Nb
denotes the number of b jets. These regions contain a significant fraction of tt events. To
reduce the contributions from tt production in the WZ and ZZ CRs, we discard events that
have an analytic solution for the dileptonic tt event reconstruction described in section 5.2.
Additional requirements defining the CRs are listed below.

• As in the SR, events in the DY CR must have exactly two OSSF leptons. Events with
pmiss

T > 140 GeV are discarded to suppress a potential contamination from signal and
other background processes. Events in the DY CR must have Nb = 0. We checked
the consistency between the normalization of DY events with Nb = 0 and Nb ≥ 1 by
comparing the ratio of the number of data and simulation events in additional regions
with lower values of pmiss

T (< 40 GeV and between 40–65 GeV). We observe ratios that
are compatible between the Nb = 0 and Nb ≥ 1 categories, validating the use of the
DY CR for correcting the DY normalization in the SR.

• In the tt CR, events must have exactly two opposite-sign different-flavor (OSDF)
leptons, i.e. e+

µ
− or e−

µ
+, resulting in a region enriched with tt events in the dilepton

channel.

• In the WZ CR, events must have exactly two OSSF leptons and one additional lepton
ℓ3. To improve the purity of this CR in WZ events, we add the following requirements
in well-reconstructed variables, ∆mℓℓ < 10 GeV and m

ℓ3,p
miss
T

T > 50 GeV, where m
ℓ3,p

miss
T

T
is the transverse mass of the ℓ3 and p⃗ miss

T system.

• In the ZZ CR, besides the two OSSF leptons with invariant mass closer to mZ , two
additional OSSF leptons, ℓ3 and ℓ4, are required. In addition, a condition on the
reconstructed invariant mass of this extra dilepton system is imposed to remove con-
tamination from other processes with negligible impact on the amount of ZZ events,
namely mℓ3ℓ4 > 10 GeV.

Intrinsically, the DY process does not have undetectable particles with large pT in the
final state, such that events with large pmiss

T are rare. Nonnegligible values of pmiss
T can

originate from detector acceptance effects, as well as mismeasurements. For this reason, DY
events contribute mostly to the region of small pmiss

T and constitute an important background
for signal samples with small p

ℓℓ
T . On the other hand, ZZ and WZ production with large

pmiss
T are important backgrounds for signal samples with large p

ℓℓ
T . In the SR, 91% of the ZZ

events are those in which the second Z boson does not decay to charged leptons, while 66%
of the WZ events have a W boson decaying to one neutrino and one charged lepton, which
falls outside of the detector acceptance. To ensure consistency between quantities defined in
SR and CRs, making the distribution in pmiss

T from WZ and ZZ events in the CRs analogous
to those in the SR, the additional leptons present in the WZ CR (ℓ3) and ZZ CR (ℓ3 and
ℓ4) are removed from the calculation of pmiss

T . This also increases the statistical precision of
these CRs, because pmiss

T increases and more events pass the pmiss
T > 65 GeV requirement.

A comparison is made in each CR between data and simulation in the distributions of all
MLP input variables to verify that the modeling is adequate for the different background
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Figure 3. Illustration of the requirements on the SR and CRs. The regions are represented as blocks,
and the requirements are denoted by curly brackets placed around the blocks and bullets within each
block. All requirements are applied on top of the baseline selection.

processes. Because of its importance, the distributions in pmiss
T after a background-only fit to

the data in the four CRs is shown in figure 4. A maximum likelihood fit is performed on the
pmiss

T distribution, combining only the four CRs. The same group of systematic uncertainties
described in section 7 is included in this fit. We observe agreement in shape and normalization
between data and simulation within the uncertainties.

The distributions in the MLP4 score are compared between data and simulated events
in the CRs to verify the modeling of the search variable. For this check, the granularity
of the MLP4 score as defined for the SR is too high, because of the smaller statistical
precision in the CRs, especially for the WZ and ZZ CRs. We merge several of the defined
MLP4 bins in order to obtain a reasonable number of observed events in each bin of the
MLP4 distributions in the CRs. The resulting distributions are shown in figure 5 after a
background-only fit to the data in the CRs, which was executed in a similar way as done
for pmiss

T . We observe a good modeling of the MLP4 score by the simulated SM processes
that constitute the largest backgrounds in this search.

7 Systematic uncertainties

Several uncertainty sources of both experimental and theoretical nature are taken into
consideration when performing the combined maximum likelihood fit described in section 8.
These uncertainties can affect some or all simulated processes depending on their source.
Most uncertainties in this analysis affect both the shape and normalization of the signal and
background processes, except the uncertainty on the integrated luminosity, which only affects
the overall rate. Various degrees of correlation for nuisance parameters arising from analogous
subsidiary measurements performed in different data-taking conditions are considered.

Among the theoretical uncertainties affecting the shape and the normalization of all
relevant processes are the renormalization and factorization scales in the ME calculation.

– 13 –



J
H
E
P
0
6
(
2
0
2
6
)
0
1
4

1

10

210

310

410

510

610

710

810

910

1010

1110

E
v
e

n
ts

 /
 B

in

Data Bkg. unc.

l l →* γZ/ tt Other

WZ ZZ Single t

DY CR

 (13 TeV)-1138 fbCMS

70 80 90 100 110 120 130 140

 [GeV]
T

missp

0.9

1

1.1

D
a
ta

 /
 S

M
  
 

1

10

210

310

410

510

610

710

810

910

1010

1110

E
v
e

n
ts

 /
 B

in

Data Bkg. unc.

tt Single t Other

WZ l l →* γZ/ ZZ

 CRtt

 (13 TeV)-1138 fbCMS

100 150 200 250 300 350 400 450 500

 [GeV]
T

missp

0.8

1

1.2

D
a
ta

 /
 S

M
  
 

1

10

210

310

410

510

610

E
v
e

n
ts

 /
 B

in

Data Bkg. unc.

WZ tt ZZ

Other l l →* γZ/ Single t

WZ CR

 (13 TeV)-1138 fbCMS

100 150 200 250 300 350 400 450 500

 [GeV]
T

missp

0.5

1

1.5

D
a
ta

 /
 S

M
  
 

1

10

210

310

410

510

610

E
v
e

n
ts

 /
 B

in

Data Bkg. unc.

ZZ Other tt

WZ l l →* γZ/ Single t

ZZ CR

 (13 TeV)-1138 fbCMS

100 150 200 250 300 350 400 450 500

 [GeV]
T

missp

0

1

2

D
a
ta

 /
 S

M
  
 

Figure 4. Distributions in pmiss
T for the DY (upper left), tt (upper right), WZ (lower left), and ZZ

(lower right) CRs. In the WZ and ZZ CRs, pmiss
T is obtained by removing the additional leptons

from the calculation. The distributions are shown after performing a background-only fit in the
pmiss

T distributions of all CRs. The last bin includes the overflow, except for the DY CR where
pmiss

T < 140 GeV. The lower panels show the post-fit values and uncertainties of the ratio between the
observed data and the predicted SM backgrounds. The various background processes are represented
by filled histograms. The data are shown as black circles, where the vertical bars represent the
statistical uncertainty and the horizontal bars indicate the bin width.
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Figure 5. Distributions in the MLP4 score for the DY (upper left), tt (upper right), WZ (lower left),
and ZZ (lower right) CRs. The distributions are shown after performing a background-only fit in the
MLP4 score distributions of all CRs. The labels on the horizontal axes indicate the MLP4 intervals
that define a given bin. The lower panels show the post-fit values and uncertainties of the ratio
between the observed data and the predicted SM backgrounds. The various background processes are
represented by filled histograms. The data are shown as black dots, where the vertical bars represent
the statistical uncertainty and the horizontal bars indicate the bin width.
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Variations in these scales by a typical factor of two, in either one of them or both of them
simultaneously, estimate the uncertainty from missing higher-order corrections, that can lead
to changes of the differential cross sections as a function of various kinematic variables. This
kinematic shape effect is then transferred to the MLP4 score and is thus considered in the
analysis as a general shape effect for different signal and background processes. A similar
procedure is used to estimate the uncertainty in the parton shower for the simulation of
initial- and final-state radiation, where the scale of the strong coupling is changed by factors
of 2 and 0.5. We use per-event weights [90, 91] to estimate the uncertainty in the PDFs
used to generate the signal and background processes.

An uncertainty that is specific to the tt background is related to the NNLO QCD (+
NLO EW) correction of the top quark pT distribution applied to the NLO QCD generated
sample, as described in section 3. The uncertainty in this correction is estimated by taking
the difference between the case where this correction is applied and the one where it is
not applied. This uncertainty is one of the largest uncertainties in the simulation of the
tt background. Analogously, for the correction applied to the WZ process that employs a
similar level of accuracy as for the tt process (see section 3), a comparable procedure is used.
Because the WZ process contributes more significantly in the bins with the highest signal
concentration, the associated uncertainty has a larger impact on the overall sensitivity than
the analogous uncertainty in the tt background, and it also dominates over the uncertainties
from the DY-related pmiss

T scale and resolution corrections.

Theoretical uncertainties can substantially reduce the analysis sensitivity in the model-
specific interpretation, where the limited accuracy of the LO signal simulation introduces a
normalization uncertainty of up to 20%. However, the experimental systematic uncertainties
and the statistical uncertainties are the largest ones in this analysis. The statistical size of the
CRs directly affects the normalization uncertainties in the corresponding SM processes. These
uncertainties can have a large impact, especially on processes classified by the MLP4 score as
more signal-like, such as ZZ and WZ. The proportion of these normalization uncertainties in
the main backgrounds, primarily arising from the CR sample sizes, represents the leading
factor determining the sensitivity of this search. Also, the limited size of some of the simulated
event samples plays an important role in bins with very high values of the MLP4 score, where
the background count is low. The statistical uncertainties from the limited size of simulated
samples are modeled with the Barlow-Beeston method [92].

An important group of experimental uncertainty sources is related to the identification,
reconstruction, and triggering efficiencies of the lepton candidates [75, 76, 93]. These un-
certainties also include uncertainties in data-to-simulation correction factors that affect the
shape of the various processes. The uncertainties in the reconstruction and identification of
individual electron candidates range between 1.0 and 2.5%, and for muons these amount to
about 1.0% in the identification and 0.5% in the isolation requirements. The total uncer-
tainty associated with the trigger efficiency is approximately 3%. Due to an early timing
offset in the muon and ECAL trigger signals (so-called L1 trigger prefiring) during certain
data-taking periods, a correction in simulation and its corresponding systematic uncertainty
were included. Depending on the selection region and the kinematic properties of the specific
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process, this translates into an uncertainty of a few percent in the normalization of the
signal and background processes.

Uncertainties in the reconstruction of jets as well as in pmiss
T are also relevant, most

notably the jet energy scale and resolution, and the unclustered energy component of pmiss
T .

The change in normalization from the latter uncertainty can be as large as 10% for some
processes such as DY. This process is particularly sensitive to systematic effects in the
misreconstruction of pmiss

T , where nonnegligible values arise from the limited precision in the
reconstruction of jets and unclustered particles.

The b-tagging efficiency is corrected in simulation to match the one observed in data
through an event-by-event reweighting [82]. The effect of the corresponding uncertainty
on the signal normalization is around 2–3% on average, while for processes with a larger
number of b-tagged jets, such as tt production, it can be as large as 6%. As expected, the
uncertainty related to the b-tagging efficiency in the analysis has primarily an impact on
the normalization of the simulated processes.

The uncertainty associated with the scale and resolution correction applied to pmiss
T of the

DY process has a direct impact on the most important input variables to the MLP classifier,
such as pmiss

T itself and m
ℓℓ,p

miss
T

T . This is an important experimental uncertainty for signal
hypotheses with small p

ℓℓ
T that tend to have a slightly lower MLP4 score.

The simulated samples are reweighted to reproduce the distribution in the number of
pileup interactions observed in data. A corresponding uncertainty is estimated by recalculating
these weights for variations in the total inelastic cross section by ±5% [94].

The last experimental systematic source is the integrated luminosity for each data-taking
period (2016, 2017, and 2018), accounting for an associated uncertainty of 1.2–2.5% [95–97],
with an overall uncertainty for 2016–2018 data amounting to 1.6%. This uncertainty affects
the rate of the simulated signal and minor background processes estimated entirely from
the simulation.

The maximum magnitude of the various systematic uncertainties affecting the signal
and background processes, averaged across the individual analysis categories and processes,
is shown in table 2.

8 Results

A combined maximum likelihood fit [98] across all regions is performed using a binned
discriminator obtained from the MLP4 score in the SR and single bins in the CRs. The
probability density functions of both hypotheses under consideration (background-only and
signal-plus-background) are obtained primarily by means of MC simulation, with appropriate
corrections determined from subsidiary measurements in the data. These functions are
constructed by employing histogram templates. For the SR, the templates are divided into
17 bins according to the MLP4 score output, as indicated in section 5.3.

In each of the CRs, a single-bin subsidiary measurement is performed, which creates a
link between processes across all the regions. This way, the normalizations of the dominant
background processes as obtained from the corresponding CRs are corrected in all regions
simultaneously, especially in the SR. The single-bin subsidiary measurements constrain the
parameters connected to the systematic uncertainties and correct any bias in the normalization
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Systematics Type Size
Integrated luminosity lnN <2.5%
Pileup reweighting shape+ lnN 3.5%
b tagging efficiency shape+ lnN <5.9%
Electron reconstruction and identification shape+ lnN 3.2%
Muon identification and isolation shape+ lnN 3.0%
Trigger shape+ lnN 2.9%
L1 prefiring shape+ lnN 1.3%
Jet energy scale shape+ lnN 3.1%
Jet energy resolution shape+ lnN 2.5%
Jet pileup identification shape+ lnN 2.1%
Unclustered energy pmiss

T shape+ lnN 3.3%
Scale and resolution pmiss

T DY shape+ lnN 4.5%
W boson pT correction WZ shape+ lnN 4.4%
Top quark pT correction tt shape+ lnN 1.9%
Renormalization and factorization scales shape+ lnN <20%
PDF shape+ lnN <2.9%
Parton shower shape+ lnN <5.7%

Table 2. Displayed are the maximum variations arising from systematic uncertainties that influence
the shape and normalization (lnN) of the signal and background processes. Only sources with an
impact larger than 1% are reported.

of the process arising due to limited knowledge and modeling. In this way, effects related
to either the limited accuracy in the cross sections of the background processes, or small
calibration differences between MC samples and the data can be addressed.

The above description is depicted in figure 6, where the different contributions are shown
after performing a background-only fit to the data. The left panel (first four bins) shows
the CRs of the analysis, while the remaining bins show the search intervals for the MLP4
discriminator in the SR, with the y axis indicating the total number of events selected. During
the fit the normalization of each relevant background process is adjusted to match the data
in these CRs. With this procedure, the normalizations of the largest background processes
are changed, increasing by 10 and 8% for DY and tt , respectively. The relative uncertainties
on the estimated normalizations for DY and tt are 0.5% and 0.8%, respectively. The changes
in normalization obtained for WZ and ZZ are much larger, resulting in an increase of 101
and 113%, respectively, of the total yields. The relative uncertainties on the estimated
normalizations for WZ and ZZ are 6% and 10%, respectively. The larger normalization
factors for WZ and ZZ are understood and associated with the specific phase space probed, in
particular, the simultaneous requirements of a large pmiss

T and the presence of b jets. Previous
CMS analyses, such as ref. [29], have already observed discrepancies in the modeling of WZ
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Figure 6. Main statistical discriminant of the analysis used to extract the signal after having
performed a background-only fit to the observed data. The left side of the upper panel, separated by
a vertical dotted line from the right side, shows the four CRs used to estimate the normalization of
the main background processes entering the SR. The right side shows the full MLP4 score distribution
in the SR used to discriminate between signal and background. The various background processes
are represented by filled histograms. The data points are shown as black dots, with vertical bars
representing the statistical uncertainty and horizontal bars indicating the bin width, while the signal
scenarios under consideration are represented with a dashed-dotted line. The benchmark signal cross
section is set to 0.05 pb for proper visualization purposes. The figure comprises the full combination
of all final states and categories for the full data set. The lower panel shows the post-fit values and
uncertainties of the ratio between the observed data and the predicted SM background.

and ZZ processes in phase-space regions with similar pmiss
T requirements. Given that this

search further requires a minimum number of b jets, and in view of the well-known limitations
in the description of diboson production with additional b quarks, it is well motivated to
expect an additional, non-negligible contribution to the overall mismodeling from this source.
Note additionally that, in this work, the diboson cross sections are taken primarily at NLO
accuracy, since the fit can naturally absorb residual corrections to the overall normalization
of background processes independently of the initial pre-fit values. Several higher-order QCD
calculations [99–101] have nevertheless demonstrated that corrections beyond this order can
be sizable for the WZ and ZZ processes.

The results of the background-only fit reveal a good level of agreement between the SM
prediction and the observed data. The maximum local significance for an excess of events
over the SM prediction is below 0.7 standard deviation and occurs for the signal hypothesis
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with mH = 2000 GeV and ma = 400 GeV. Although the dominant backgrounds are DY and
tt production in the dilepton final state, the WZ and ZZ processes tend to be classified as
being more signal-like. For these two background processes, events featuring a reconstructed
Z boson accompanied by substantial pmiss

T are more prevalent, for the reasons discussed in
section 3. This leads to the uncertainties in the normalization of these EW processes playing
an essential role, becoming the most important systematic uncertainties in this analysis.
As seen in the signal distributions, the MLP4 score tends to have higher values for signal
events. This is illustrated for two signal mass configurations with mH = 400 and 1000 GeV
for ma = 100 GeV. Depending on the mass difference mH − ma , the concentration of signal
events at high values of the MLP4 discriminator will be higher or lower for large and small
values of the mass difference, respectively.

8.1 Upper limits on the signal cross sections

The results from the maximum likelihood fits are used to set upper limits at 95% confidence
level (CL) on the product of the cross section and branching fraction σB = σ(pp → bbH)
B(H → Za)B(Z → ll̄)B(a → χχ). The exclusion limits are calculated using the asymptotic
approximation of the CLs method [102, 103].

Under the assumption that the narrow-width approximation is valid for all resonances
involved in the decay chain, the computed upper limits only depend on the masses of the new
resonances involved, i.e., mH and ma . Those limits can be translated into constraints on the
parameters of a concrete model via the dependence of the cross section and branching fractions.

Figure 7 shows the observed and expected upper limits on the product of the cross section
and branching fraction as function of the masses of the two resonances. The two-dimensional
(2D) dependence has been unrolled into a one-dimensional graphic for better illustration,
i.e. each limit band depicted along the y axis corresponds to a fixed value of mH , while
the dependency on ma is given along the x axis. The expected and observed limits at 95%
CL range from 10−3 to 10−2 pb. The discrepancies with a statistical deviation greater than
one standard deviation, observed in the limits for the signal hypothesis with lower mH and
mH − ma , are associated with the small deficit seen around bin 16 in the MLP4 distribution
in SR, since these signal hypotheses have their peak in bins just below bin 17.

The analysis is sensitive to semi-boosted scenarios, namely when the mass difference
mH −ma is around 1 TeV. For very small mass differences, the selection requirements imposed
on leptons and pmiss

T tend to have an important impact on the signal acceptance, as it usually
happens in compressed scenarios [104, 105], where the energy of the decay products is not
sufficient to pass the minimal pT requirements on the physics objects. On the other hand,
when the mass difference is too large, the leptonic products arising from the decay of the Z
bosons start to overlap in the (η, ϕ) space, thus making the successful reconstruction and
identification of the leptonic pair increasingly less likely.

8.2 Interpretation in the 2HDM+a context

The results on σB are translated into constraints on the parameters of the 2HDM+a model
using the benchmark scenario specified in eq. (3.1). We verified that the effect of the parameter
variations is negligible in the kinematic distributions of the signal samples in the probed
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Figure 7. Observed and expected upper limits at 95% CL on the product of the signal cross
section and branching fractions σB. The dependence of the limits on the pair (mH , ma) has been
accommodated into various 1D projections for a fixed value of mH , where the corresponding limits
have been scaled by an arbitrary factor (×10−n) for visualization purposes. The y axis contains
the obtained cross section upper limit for the various combinations, whereas the x axis exhibits the
dependence on the mass of the pseudoscalar. The solid and dashed lines correspond to the observed
and median expected limits, respectively, while the green and yellow bands indicate the regions that
contain 68% and 95% of the expected upper limits.

parameter space. A summary of the latest experimental constraints on the 2HDM+a model,
obtained from searches targeting a variety of final states, can be found in refs. [5, 8].

Four relevant parameters are simultaneously varied to estimate the dependence of σB: mH ,
ma , tan β, and sin θ. The calculations are performed using MG5 and the MadWidth [106]
functionality within it. Several 2D projections of the constraints are constructed by varying
two of the above parameters while keeping the rest fixed to their values in eq. (3.1). A 2D
interpolation procedure is used to obtain the values for mass configurations that are not
generated and parameter values for which the cross sections have not been calculated. In cases
where one of the masses mH or ma is fixed, the values mH = 800 GeV and ma = 300 GeV
are chosen. For each of these configurations in the 2HDM+a, we delimit regions favored by
DM relic density calculations, obtained by assuming a velocity-averaged annihilation cross
section to be in the range ⟨σv⟩ = (2–4)×10−26 cm3/s. Those calculations were done using
the MadDM tool [107]. The above interval is constructed by varying the canonical value
obtained for the thermally averaged cross section at the time of freeze-out, resulting from the
observed DM relic abundance [108]. This value corresponds to ⟨σv⟩ ≈ 3 × 10−26 cm3/s [109].

– 21 –



J
H
E
P
0
6
(
2
0
2
6
)
0
1
4

400 600 800 1000 1200 1400

 [GeV]Hm

100

200

300

400

500

600

700

800

900

1000

 [
G

e
V

]
a

m

Observed

Median expected

95% expected

/s3cm
-26

10×v>=(2-4)σ<

±H
=mA=m

H
2HDM+a, m

=0.35θ=11, sin βtan 

=1
χ

=45 GeV, yχm

 (13 TeV)-1138 fbCMS

400 600 800 1000 1200 1400 1600 1800 2000

 [GeV]Hm

0

5

10

15

20

25β
ta

n
 

Observed

Median expected

95% expected

±H
=mA=m

H
2HDM+a, m

=0.35θ=300 GeV, sin am

=1
χ

=45 GeV, yχm

 (13 TeV)-1138 fbCMS

100 200 300 400 500 600 700 800 900

 [GeV]am

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1θ
s
in

 

Observed

Median expected

95% expected

/s3cm
-26

10×v>=(2-4)σ<

±H
=mA=m

H
2HDM+a, m

=11β=800 GeV, tan Hm

=1
χ

=45 GeV, yχm

 (13 TeV)-1138 fbCMS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

θsin 

0

5

10

15

20

25β
ta

n
 Observed

Median expected

95% expected

±H
=mA=m

H
2HDM+a, m

=300 GeV
a

=800 GeV, mHm

=1
χ

=45 GeV, yχm

 (13 TeV)-1138 fbCMS

Figure 8. Excluded regions in the parameter space of the 2HDM+a. The solid lines encompass the
observed excluded regions, the dashed blue lines the expected, and the red-dotted lines indicate the
regions that contain 95% of the expected exclusion limits. Projections are presented for the (mH , ma)
plane (upper left), (mH , tan β) plane (upper right), (ma , sin θ) plane (lower left), and (tan β, sin θ)
plane (lower right), for fixed values of the parameters in eq. (3.1). The olive green band represents the
allowed region as estimated from ⟨σv⟩ = (2–4)×10−26 cm3/s, which covers a range around the central
value required by the observed DM relic. The cases where this curve is not visible in the figures
correspond to the scenario where the preferable values of tan β for this range of ⟨σv⟩ fall beyond the
threshold (tan β > 25) depicted in the projections.

We then choose to vary it by one third up and down to construct a conservative coverage
interval around the central value, similarly as suggested in ref. [3].

In figure 8, four projections of the exclusion regions in the various 2D planes are shown.
In the (mH , ma) projection (upper left plot), one can observe that the analysis is able to
exclude masses of the heavy scalar of up to 900 GeV for small masses of the pseudoscalar
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mediator. This is consistent with what was observed in a previous CMS search [29]. The
previous study was not optimized for the associated production of H boson with b quarks,
and thus could not access scenarios with high values of tan β. In the (mH , tan β) projection
(upper right plot), it is visible that the analysis is mainly sensitive to regions of the parameter
space of large values of tan β. For the chosen parameter values in this article, the analysis is
able to exclude masses of the heavy scalar close to 1.1 TeV for values of tan β ∼ 25. In this
particular projection, one can observe that, given that ma is fixed to 300 GeV, values of mH
below 500 GeV are almost inaccessible for this analysis. This is caused by both the dramatic
reduction of phase space, thus impacting B(H → Za), and lower sensitivity to less boosted
mass configurations. The same behavior regarding very compressed mass configurations can
be seen in the (ma , sin θ) projection (lower left plot), where one observes that the analysis
is not capable of excluding masses of the pseudoscalar larger than 400 GeV, given that the
heavy scalar mass has been fixed to 800 GeV. However, the analysis is able to cover a large
part of the parameter space for ma < 400 GeV, because of a multiplicative factor proportional
to sin2 θ cos2 θ in the partial decay width of H → Za. This projection shows the capability of
this analysis to exclude regions of the parameter space that are favored by the cosmological
estimations of the DM relic density, assuming the 2HDM+a and considering the preference
towards high values of tan β [3]. This analysis excludes the low-ma regions for a very broad
range of values of sin θ, leaving only corners with very small or very large values of sin θ

uncovered. The last projection (lower right plot) onto the (tan β, sin θ) plane shows the
sensitivity of this analysis to intermediate values of sin θ, where a large part of the parameter
space is excluded for tan β > 9 for fixed values of ma and mH . As sin θ approaches 0 or 1,
the resulting limits deteriorate significantly, reflecting the corresponding suppression of the
H → Za and a → χχ decay modes. A change in the values of ma and mH , most importantly
in the mass difference, causes an increase or decrease of the excluded region for larger or
smaller mass differences, respectively.

9 Summary

The first dedicated search for dark matter (DM) with the CMS experiment has been presented,
where the DM particles are produced through the production of a heavy neutral Higgs boson
(H) in association with a bottom quark-antiquark (bb) pair, followed by the decay H → Za
with a → χχ , where a is a pseudoscalar mediator and χχ denote the DM particle and
antiparticle. A data set of proton-proton collisions at a center-of-mass energy of 13 TeV,
corresponding to an integrated luminosity of 138 fb−1, is analyzed.

This analysis exploits for the first time a signature involving a Z boson decaying into a pair
of electrons or muons combined with requirements on the number of b jets and the amount
of missing transverse momentum. A discriminator obtained with machine-learning techniques
is used to separate the signal from background events. The multivariate classifier is trained
to reach a high level of discrimination across a broad range of kinematic variations that arise
from the different configurations in which the Z boson and the DM mediator are produced.

No signs of DM production via the channel investigated here have been observed. The
results are presented in terms of limits on the product of signal cross section and branching
fractions for the decays H → Za, a → χχ , and Z → ll̄, where l denotes a charged lepton.
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The 95% confidence level upper limits for the production cross section branching fraction of
the new particles vary between 10−2 and 10−3 pb for heavy Higgs masses between 400 and
2000 GeV, respectively. Constraints on the parameter space of a two Higgs doublet model
plus a pseudoscalar (2HDM+a) benchmark are derived. Exclusion regions in two-dimensional
planes formed from four relevant 2HDM+a parameters are shown. The results are compared
with expectations for this model in the context of cosmological predictions, in particular with
the constraints arising from the thermally averaged cross section at the time of freeze-out,
which are dictated by the observed DM relic abundance. The experimental results exclude
a significant region of the parameter space preferred by those predictions for some relevant
scenarios of the 2HDM+a model.
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