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ABSTRACT: A search for a heavy pseudoscalar Higgs boson, A, decaying to a 125 GeV Higgs
boson h and a Z boson is presented. The h boson is identified via its decay to a pair of tau
leptons, while the Z boson is identified via its decay to a pair of electrons or muons. The
search targets the production of the A boson via the gluon-gluon fusion process, gg — A,
and in association with bottom quarks, bbA. The analysis uses a data sample corresponding
to an integrated luminosity of 138 fb~! collected with the CMS detector at the CERN LHC
in proton-proton collisions at a centre-of-mass energy of /s = 13 TeV. Constraints are set on
the product of the cross sections of the A production mechanisms and the A — Zh decay
branching fraction. The observed (expected) upper limit at 95% confidence level ranges
from 0.049 (0.060) pb to 1.02 (0.79) pb for the gg — A process and from 0.053 (0.059) pb
to 0.79 (0.61) pb for the bbA process in the probed range of the A boson mass, m,, from
225 GeV to 1TeV. The results of the search are used to constrain parameters within the
ME@FT benchmark scenario of the minimal supersymmetric extension of the standard model.
Values of tan § below 2.2 are excluded in this scenario at 95% confidence level for all my
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1 Introduction

The 2012 observation of a Higgs-like boson with a mass of approximately 125 GeV at the
CERN LHC [1-3] completed the set of particles predicted by the standard model (SM). In
the years since, LHC collaborations have measured the properties of this Higgs boson across
various production modes and decay channels, including refined measurements of its mass,
coupling strengths to fermions and gauge bosons, and spin-parity quantum numbers [4, 5]. To
date, these refined measurements of the observed boson are compatible with SM expectations.
In the SM, the Higgs field is introduced as a complex doublet in the electroweak sector, and the
Higgs boson emerges as a massive scalar state with couplings to the massive fermions and gauge
bosons from the spontaneous breaking of the electroweak gauge symmetry. These couplings
are found to be in good agreement, within the currently attained experimental precision of
5-20% [6-9], with the expectation for a SM Higgs boson with mass 125.38 + 0.14 GeV [10].
The SM still leaves several fundamental questions open, including the presence of dark matter
and the observed baryon asymmetry in our universe. Beyond-the-SM (BSM) scenarios seek
to extend our understanding to explain such phenomena, for example, by adding structure
to its Higgs sector. Two Higgs Doublet Models (2HDMs) are BSM theories introducing
a second Higgs doublet, which, following electroweak symmetry breaking, yields five mass
cigenstates [11, 12]. Two are charged (H), two are neutral scalars (h, H), and one is
a massive pseudoscalar boson A, the subject of this search. Given current experimental
constraints, most of the 2HDMs associate the lighter scalar boson h with the observed
125 GeV Higgs boson and we follow this convention throughout the paper. The 2HDMs
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Figure 1. Feynman diagrams representing the production of the pseudoscalar A boson via gluon-gluon
mu-tan 3 fusion (left) and associated production with a bottom quark-antiquark pair (right). In each
case, the A boson decays to an SM-like h boson and a Z boson.

are motivated because they contain, or allow, for additional sources of C'P violation that
could explain the observed baryon asymmetry in our universe [13]. The presence of two
Higgs doublets is also a requirement in the minimal supersymmetric extension of the SM
(MSSM) [14, 15], which offers a dark matter candidate, protects the Higgs boson mass from
receiving large radiative corrections, and provides conditions for the unification of gauge
interactions at the 10'° GeV scale [16].

The MSSM Higgs sector is a Type-II 2HDM, which at tree-level is charaterized by two
parameters, usually taken to be tan 5 = vy /vy, the ratio of the vacuum expectation values of
the two Higgs doublets, and my, the mass of the A boson. The MSSM Higgs boson masses
receive large contributions from radiative loop corrections related to the supersymmetric
(SUSY) partners of the SM particles. In many MSSM scenarios, the mass scale of these
supersymmetric partners, Mgygy, is assumed to be O(1TeV). With this assumption, the
predicted value for my, falls below 125 GeV at tan 5 < 5 — 7. Thus, higher scales for Mgygy
are required to support the mass of the observed Higgs boson, my = 125 GeV, in the whole
parameter space, including values of tan 5 as low as ~1. This paper addresses a specific MSSM
benchmark scenario, called MEEFT [17]. This scenario uses an effective field theory (EFT)
approach, where the growing logarithmic corrections associated with the large values of Mgygy
are resummed, and Mgygy can reach 10" GeV and is adjusted to values that are compatible
with my, = 125 GeV at each point in the m-tan § parameter space individually. The adjusted
value of Mgygy varies in the range from 10* GeV for tan 8 ~ 10 to 10° GeV at tan g ~ 1.

This paper reports a search for a pseudoscalar A boson decaying to a 125 GeV Higgs
boson h and a Z boson in proton-proton (pp) collisions at /s = 13TeV. The search
uses data collected at the LHC in the period from the year 2016 to 2018, by the CMS
experiment, corresponding to an integrated luminosity of 138 fb~!. The analysis targets A
boson production via both gluon-gluon fusion, gg — A, and in association with b quarks,
bbA. The Feynman diagrams for both production processes are shown in figure 1. Signal
mass hypotheses are tested in the range from 225 GeV, near the kinematic threshold for



decays to Zh, up to 1 TeV. The analysis strategy is optimized for a resolved topology and
relies on conventional techniques to identify isolated leptons. This strategy sustains high
sensitivity to the signal for ms up to 1TeV. At higher A masses, the Z and h bosons
are produced with large Lorentz boost, causing the decay products of each boson to be
collimated and thus overlapping. As a consequence, the sensitivity of the analysis, targeting
resolved topology, rapidly degrades at m, > 1TeV. It should also be emphasized that most
BSM scenarios predict rapidly decreasing branching fractions of bosonic decays of the A
boson with increasing mp.

Previous searches by the ATLAS and CMS Collaborations for A — Zh targeted final
states with two light leptons from the Z boson decay plus two tau leptons from the h boson
decay in pp collision dataset at /s = 8 TeV [18, 19] and /s = 13 TeV [20]. The ATLAS and
CMS Collaborations have also used pp collisions at /s = 13 TeV to search for the C P-odd A
boson decaying to the same intermediate Zh state, but with the Higgs boson h decaying to a
pair of bottom quarks [21-23]. These analyses set model-independent and model-dependent
limits in the context of 2HDMs, including supersymmetric models.

In this analysis, the h boson is identified by its decay to a pair of tau leptons. Three
possible 1T decay channels are considered: et,;, ut;,, and 1y,T;,, where T;, denotes hadronic 1
lepton decays. Throughout the paper, neutrinos are omitted from the notation of the final
states. These three decay channels are combined with Z boson decays into two light leptons,
Z — (70" (0 = e, ), resulting in six distinct final states of the A boson decay. To account for
the missing transverse momentum that results from the neutrinos in the final states, we use a
modified version of the SVFit algorithm [24], FastMTT [25], to reconstruct the four-vector of
h, while constraining its mass to 125 GeV. The signal is extracted from the distributions of
the reconstructed four-lepton mass obtained in these individual search channels. Furthermore,
to increase the sensitivity to different production modes of the A boson, events are split into
two categories depending on the presence of a b quark in the event.

Relative to the CMS search performed using the 2016 data [20], this analysis benefits from
the increased integrated luminosity and novel machine learning based identification of hadronic
decays of 7 leptons [26] and of jets originating from bottom quarks [27]. It also includes the
production of an A boson in association with b quarks, a process not considered previously,
and extends the range of probed masses of the pseudoscalar boson up to 1 TeV. This analysis
provides complementary results to the recent ATLAS search in the (Z — vV /¢{)(h — bb)
channels performed on 139 b~ ' of data collected at the same centre-of-mass energy [23].

A complete set of tabulated results of the current analysis for all tested mass hypotheses
is available in the HEPData record [28].

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, each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity (1) coverage provided by the barrel
and endcap detectors. Muons are reconstructed using gas-ionization detectors embedded



in the steel flux-return yoke outside the solenoid. Events of interest are selected using a
two-tiered trigger system. The first level (L1), 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 about 4 us [29]. 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 [30]. A more detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in ref. [31].

3 Event reconstruction

The reconstruction of the pp collision products is based on the particle-flow (PF) algorithm [32],
which combines information from all CMS subdetectors to reconstruct a set of particle
candidates (PF candidates), identified as charged and neutral hadrons, electrons, photons,
and muons. The primary vertex (PV) is taken to be the vertex corresponding to the hardest
scattering in the event, evaluated using tracking information alone, as described in ref. [33].
Secondary vertices, which are displaced from the PV, might be associated with decays of
long-lived particles emerging from the PV. Any other collision vertices in the event are
associated with additional, mostly soft, inelastic pp collisions, referred to as pileup (PU). In
the 2016 (2017-2018) datasets, the average number of PU pp collisions was 23 (32).

Electrons are reconstructed using tracks from hits in the tracking system and calorimeter
deposits in the ECAL [34]. To increase their purity, reconstructed electrons are required to
pass a multivariate electron identification discriminant, which combines information on track
quality, shower shape, and kinematic quantities. For this analysis, a working point with an
identification efficiency of 90% is used, for a rate of jets misidentified as electrons of ~1%.
Muons in the event are reconstructed by combining the information from the tracker and
the muon detectors [35]. The mere presence of hits in the muon detectors leads to a strong
suppression of particles misidentified as muons. Additional identification requirements on the
track fit quality and the compatibility of individual track segments with the fitted track can
reduce the misidentification rate further. For this analysis, muon identification requirements
with an efficiency of ~99% are chosen, with a misidentification rate below 0.2% for hadrons.

The contributions from backgrounds to the electron and muon selections are further
reduced by requiring the corresponding lepton to be isolated from any hadronic activity in
the detector. This property is quantified by an isolation variable

Ife(lu) _ pejtu) ( psﬁlarged + max (0’ Z E’IIl‘eutral + Z E% . ng)) : (31>
T

where peT(M ) corresponds to the electron (muon) pp and Zp%mgm, s pRevtral and 1 El to

the pr (or transverse energy E1) sum of all charged particles, neutral hadrons, and photons,
in a predefined cone of radius AR = V/(An)? + (Ap)? around the lepton direction at the PV,
where An and Ag (measured in radians) correspond to the angular distances of the particle
to the lepton in the n and azimuthal angle ¢ directions. The chosen cone size is AR = 0.3
(0.4) for electrons (muons). The lepton itself is excluded from the calculation. To mitigate
any distortions from PU, only those charged particles whose tracks are associated with the



PV are included. Since an unambiguous association with the PV is not possible for neutral
hadrons and photons, an estimate of the contribution from PU (p?U) is subtracted from
the sum of 3> E4ral 4nd 3 E7.. This estimate is obtained from the mean energy flow in
the case of Ifel and from tracks not associated with the PV in the case of Ifel. For negative
values, the neutral part of I, is set to zero.

For each event, hadronic jets are clustered from the PF candidates using the infrared and
collinear safe anti-kr algorithm [36, 37] with a distance parameter of 0.4. Jet momentum is
determined as the vector sum of all particle momenta in the jet, and is found from simulation
to be, on average, within 5 to 10% of the true momentum over the whole pr spectrum
and detector acceptance. Pileup can contribute extraneous tracks and calorimetric energy
depositions to the jet momentum measurement. To mitigate this effect, charged particles
identified to be originating from pileup vertices are discarded and an offset correction is
applied to account for the remaining contributions. Jet energy corrections are derived from
simulation to bring the measured response of jets to that of particle level jets on average.
In situ measurements of the momentum balance in dijet, photon + jet, Z -+ jet, and multijet
events are used to account for any residual differences in the jet energy scale between data
and simulation [38]. The jet energy resolution amounts typically to 15-20% at 30 GeV, 10%
at 100 GeV, and 5% at 1TeV [38]. Additional selection criteria are applied to each jet to
remove jets potentially dominated by anomalous contributions from various subdetector
components or reconstruction failures.

To identify jets resulting from the hadronization of b quarks (b jets) the DeepJet algorithm
is used, as described in refs. [27, 39]. In this analysis, a working point of this algorithm is
chosen that corresponds to a b jet identification efficiency of ~80% for a misidentification rate
for jets originating from light-flavour quarks or gluons of O(1%) [40]. Jets with pp > 30 GeV
and |n| < 4.7, and b jets with pp > 20GeV and |n| < 2.4 are used in the analysis of the
2016 data. From 2017 onwards, after the upgrade of the silicon pixel detector, the b jet
n range is extended to |n| < 2.5.

Jets are also used as seeds for the reconstruction of T, candidates. This is done by
utilizing the features of the PF candidates within the distance parameter of jets using the
“hadrons-plus-strips” algorithm, as described in refs. [26, 41]. Decays to one or three charged
hadrons with up to two neutral pions with pp > 2.5 GeV are used (referred to as 1, decay
mode thereafter). Neutral pions are reconstructed as strips with dynamic size in 7-¢ from
reconstructed photons and electrons contained in the seeding jet, where the electrons originate
from photon conversions. The strip size varies as a function of the pt of the electron or
photon candidates. The T, decay mode is then obtained by combining the charged hadrons
with the strips. To distinguish T, candidates from jets originating from the hadronization
of quarks or gluons, and from electrons or muons, the DeepTau [26] (DT) algorithm is
used. This algorithm uses information from the event, such as tracking, impact parameter,
calorimeter cluster composition, and the kinematic and object identification properties of
the PF candidates in the vicinity of the T, candidate, as well as quantities that estimate
the PU density of the event. This process results in a multiclassification output yaD T (=T,
e, |, jet) that quantifies compatibility of T, candidate with the hypothesis of a genuine t
lepton, an electron, a muon, or the hadronization of a quark or gluon. From this output,



1T channel D, (%) Dy, (%) D¢, (%)

ety >80 (<0.5) >99 (<0.5) >65 (1-3)
wt, >95 (1-2)  >97 (<0.1) >65 (1-3)
T, >95 (1-2)  >99 (<0.5) >65 (1-3)

Table 1. Efficiencies for the identification of T}, decays and corresponding misidentification rates (given
in parentheses) for the working points of D, D,,, and Dje, chosen for the h — 17 selection, depending
on the 17 final state. The numbers are given as percentages. Efficiencies and misidentification rates
are determined from dedicated studies [26].

three discriminants are built according to

DT
Yz

D, = m, a=e, U, jet. (3.2)
For the analysis presented here, predefined thresholds on the D,, Dy and Dje discrimi-
nants corresponding to the medium working point of the DeepTau algorithm [26] are chosen
depending on the h — 17 final state, for which the 1, selection efficiencies and misidentifica-
tion rates are given in table 1. The Z — 1T decay is used to measure the t, identification
efficiency. Samples of Z — ee and Z — pp decays are employed to measure the e — T
and B — T, misidentification rates, respectively. Samples of W (— fv) + jets events and top
quark-antiquark pairs are used to measure the jet — T, misidentification rate.

While neutrinos cannot be detected directly, they contribute to the missing transverse
momentum. The missing transverse momentum vector g™ is computed as the negative
vector sum of the transverse momenta of all the PF candidates in an event [42]. The p1’ iss
is modified to account for corrections to the energy scale of the reconstructed jets in the
event. With p™** we refer to the magnitude of this quantity.

The mass of the A boson candidate is reconstructed using the FastMTT algorithm [25],
which uses a simplified mass likelihood function to reduce the computation time. This
algorithm makes use of pp 55 and its uncertainty, and the four-vectors of the reconstructed
visible T lepton decay products to calculate an estimate of the mass of the parent boson
and the full four-momenta of the h decay products. Compared to the SVFit algorithm, the
FastMTT algorithm removes the contributions of the leptonic and hadronic T lepton decay
matrix elements to the likelihood function, and assumes that visible T lepton decay products
move collinearly with the original T lepton momentum. This gives a mass resolution that is
similar to that of the SVFit algorithm, but the computation time is reduced by two orders
of magnitude. Further improvement in the four-lepton mass resolution for h — 1t decays
is achieved by imposing the mass constraint m.;; = m;, = 125 GeV.

In summary, three mass reconstruction techniques have been studied in the course of
this analysis: in the first, the four-lepton mass is computed using the leptons from the Z
boson decay and only visible decay products of the T leptons, denoted mﬁsﬂ. This method
yields a mass resolution of 20-30%. In the second, the four-lepton mass is computed using
the Z boson decay leptons and the FastMTT-corrected 1 lepton four-vectors with no mass
constraint, denoted myyrr. This method yields a resolution on my of 10-15%. In the third,
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Figure 2. The distribution of the reconstructed mass of the h — 1t candidate (left plot) and of the
A — Zh — (¢£)(t7) candidate (right plot) in a 2018 simulated sample of gg — A events with m, =
300 GeV. Several methods of mass reconstruction are compared: 1) using only the visible decay products

of T lepton (mys® in the left plot and m}}5; in the right plot, blue histograms), 2) using the FastMTT

algorithm to correct for missing momentum carried away by neutrinos in the T lepton decays (mge

in the left plot and myy,; in the right plot, orange histograms), and 3) using the FastMTT algorithm
with a mass constraint of 125 GeV for the h — t1 candidate (mggr; in the right plot, green histogram).
the four-lepton mass is computed with the Z decay leptons and the FastMTT-corrected ©
four vectors with a mass constraint of m.; = 125 GeV imposed, denoted myyrz. This method
yields the best experimental resolution on my, of 5-7% and eliminates the bias in the mean
value of the reconstructed mass observed with the other two methods.

These strategies are compared in figure 2, where all final states of the A boson decay
are combined and the distributions are obtained after applying a selection of Z — ¢7¢~ and
h — 17 candidates, as described in section 5. The analysis employs the second method to
obtain the best estimate for the mass of the h candidate from the FastMTT-corrected four

vectors of T candidates, myy . This variable is used in the event selection, as described in

section 5. The third method is used to reconstruct the mass of A candidate, myyp;. This

observable serves as a final discriminant in the statistical inference.

4 Data and simulated samples

The data sample analyzed in this search corresponds to an integrated luminosity of 138 fh!
from pp collisions at a centre-of-mass energy at 13 TeV, collected with the CMS detector
at the LHC.

Simulated signal events with a C'P-odd Higgs boson A produced in gluon-gluon fusion
and associated production with b quarks, decaying to a 125 GeV Higgs boson and a Z
boson are generated at leading order (LO) precision in the strong coupling constant ag
using MADGRAPH5_ aMC@NLO v2.6.5 [43], assuming a narrow signal width. The generated
A boson mass points lie in the range 225 GeV to 1TeV. The A — Zh decaying to 41T



is simulated with MADSPIN [44]. In the gluon-gluon fusion production mode, up to one
additional jet is included in the matrix element calculations, following the MLM matching
scheme with parton showers [45].

In the signal event simulation, the value of my, is set to 125 GeV and the additional C P-
even H boson, C'P-odd A boson, and charged Higgs boson masses are assumed to be at least
225 GeV. The discrete Zy symmetry is broken as in the minimal supersymmetric standard
model [46], and C'P is enforced to be conserved at tree level in the 2HDM Higgs Z, sector [12].

The background samples consist of all SM processes with non-negligible yield in the
signal region, including those with a 125 GeV Higgs boson present. The Zh, Wh, and tth
processes, in which an h decaying to two T leptons is generated in association with a Z boson,
W boson, or top quark pair, respectively, are generated at next-to-LO (NLO) precision in
ag with POWHEG v2.0 [47-52]. The contribution from processes with a h boson decaying
to two W bosons, produced via Wh or Zh, are generated at NLO precision in ag using
POWHEG and JHUGEN v7.7.2 [53] programs. Contributions from h produced via gluon-gluon
fusion or vector boson fusion, where the h decays to two T leptons or two W bosons, is
negligible. The h boson samples are normalized to their inclusive cross sections, and the
branching fractions used are those recommended by the LHC Higgs Working Group [54],
assuming an my mass of 125.38 GeV [10].

The gg — ZZ process is generated at LO precision in ag with MCFM v7.0.1 [55]. The
qq — V'V processes, where V is either a W or a Z boson, are generated with NLO precision
in ag using POWHEG [56] or with MADGRAPH5__aMC@NLO with the FxFx jet matching
and merging scheme [57].

Triboson, Z + jets, tt W, and ttZ production are generated via MADGRAPH5 aMC@QNLO,
with the scheme applied either at NLO precision in ag exploiting the FxFx jet matching
and merging scheme, or at LO precision in ag with the MLM jet matching and merging
scheme. For Z + jets, supplementary samples are generated with up to four outgoing partons
in the hard interaction to increase the number of simulated events in regions of high signal
purity. The tt background processes is generated at NLO precision in ag with POWHEG [58].
The gg — ZZ, qq — V'V, triboson, Z + jets, tt, tt W, and ttZ are normalized to their cross
sections at NLO precision in ag or higher [55, 59-64].

For all simulated samples, the NNPDF3.1 [65] parton distribution functions (PDFs) are
used for the simulation. Parton showering and hadronization, as well as the T lepton decays,
are modeled using version 8.230 of the PYTHIA event generator [66]. The description of
the underlying event is parameterized according to the CP5 [67] tunes for the simulation.
Additional inclusive inelastic pp collisions generated with PYTHIA are added according to the
expected pileup profile in data. All generated events are passed through a GEANT4-based [68]
simulation of the CMS detector and reconstructed using the same version of the CMS event
reconstruction software used for the data. The details of the various generator and simulation
programs used are summarized in table 2.

5 Event selection

Events are selected online using single-lepton triggers targeting leptons resulting from Z
boson decays. The nominal online pt thresholds for the single-electron (single-muon) trigger



Program Version / Scheme  Role / Process Simulated

MADGRAPH5_aMC@NLO  v2.6.5 (LO, MLM) Signal production (gg — A, bbA), narrow-width approximation

MADSPIN — Decay of T leptons with proper spin correlations

POWHEG v2.0 (NLO) Zh, Wh, tth and tt backgrounds at NLO in ag

JHUGEN v7.7.2 (NLO) Wh/Zh with h — WW®) at NLO, including spin effects
MCFM v7.0.1 (LO) gg — 77 continuum background at LO
MADGRAPH5_amMc@NLO FxFx (NLO) qq — VV diboson backgrounds at NLO with jet matching
MADGRAPH5__amMc@NLO MLM (LO) Triboson, Z + jets, tt W, ttZ (Z + jets also with < 4 partons)
PYTHIA v8.230 (CP5 tune) Parton shower, hadronization, T decays

NNPDF3.1 — Parton distribution functions for all samples

GEANT4 Full CMS detector simulation and event reconstruction

Table 2. Summary of Monte Carlo programs and their purposes.

are 25-35 GeV (24-27 GeV), depending on the data-taking period. Events are selected if
either of the two leptons assigned to a Z — ee (Z — pp) decay satisfies the single-electron
(single-muon) trigger. The offline pr selection of the triggering lepton is required to be 1 GeV
higher than the nominal pt threshold of the corresponding trigger. Leptons selected by
the trigger are required to geometrically match with a selected offline lepton. Corrections
are applied to account for small differences in the trigger selection efficiencies measured
in simulation and data.

The light leptons and the T}, candidates that do not pass the online triggers selections are
required to have pp > 10 GeV and p > 20 GeV, respectively. Constraints on || arising from
detector geometry are |n°| < 2.5 for electrons, |n"| < 2.4 for muons, and || < 2.3 for T, can-
didates. These constraints are applied to all selected electrons and muons of the event whether
or not they pass the online trigger criteria. The light leptons in an event are required to be
separated from each other by AR > 0.3, while the T, candidates must be separated from each
other and from any other lepton by AR > 0.5. The resulting selected events are made mutually
exclusive by discarding events that have additional identified and isolated electrons or muons.

The Z boson candidates are reconstructed from pairs of same-flavour and opposite-charge
light leptons satisfying 60 < m o < 120 GeV. In events with multiple Z boson candidates,
we choose the one with the mass closest to the Z boson mass. The leptons associated with
the h — 1t decay (eTy, UWTy,T,Ty) are required to have opposite charge and an isolation
requirement of Ifelu < 0.15, whereas other identification requirements are described in
section 3. The 1}, candidates associated with the h boson must satisfy the 7, identification
with efficiencies detailed in table 1. In the following, the light lepton (e or p) and T
identification criteria described above are referred to as ‘nominal’ lepton identification criteria.

Events with at least one identified b jet, according to the criteria given in section 3,
fall into the b-tag category, used to target b quark associated A boson production. All
other events are placed into the no b-tag category, which is used to target gluon-gluon fusion
production of the A boson.

To further improve search sensitivity, the FastMTT algorithm is employed to account for
unmeasured momentum carried away by T decay neutrinos. The FastMTT-corrected mass of
the h — 11 candidate, mqy , is required to be within the 90-160 GeV mass range.



6 Modeling of signal and background

Backgrounds with prompt lepton decays (ZZ, ttZ, triboson, and SM processes producing
a h boson), and the acceptance of signal processes (gg — A and bbA) are estimated from
simulation. Background processes are scaled by their theoretical cross sections calculated
at the highest order available, as described in section 4, whereas normalizations of signal
processes are extracted from fits to data as described in section 8.

Reducible background, arising from the misidentification of one or both T candidates, is
estimated from data. The dominant contributions come from the tt, Z + jets, and WZ + jets
processes, where at least one T candidate is mimicked by a hadronic jet. This background is
evaluated using a “misidentification factor” method, that involves measuring the probabilities
of misidentifying a hadronic jet as a prompt light lepton or t;, candidate. The misidentification
factors for electrons, muons, and 1, are measured in a control region dominated by nonprompt
or misidentified leptons, and are defined as the fraction of objects passing the nominal selections
in the sample of objects passing loose selections. When selecting signal candidate events, any
events with T candidates passing loose criteria but failing the nominal criteria are assigned to
an application region (AR). They are used along with the misidentification factors to estimate
the contribution from the reducible background in the signal region, i.e., the region that
contains events with leptons or T}, passing identification and isolation. The nominal selection
uses the standard criteria defined in table 1 for identifying events in the signal region, while
the loose selection applies only basic requirements and more relaxed criteria.

Loose identification criteria imposed on leptons are summarized in the following.

¢ Muon candidates: loosened quality criteria on the muon track and relaxed cut on the
relative isolation variable (see eq. (3.1)), Liei(u) < 0.5.

o Electron candidates: relaxed cut on the relative isolation variable, I.q) < 0.5, and
loosened cut on the electron multivariate discriminant.

* T;, candidates: loosened cut on D discriminant (see eq. (3.2)).

Loose identification criteria lead to an increase in the lepton misidentification rate by
one to three orders of magnitude, depending on the lepton flavor (e, pu, or 1), lepton pt
and 7, and for T, also on the decay mode.

An estimate of the background from misidentified leptons and t,, in the signal region
is obtained by applying suitably chosen weights to the events selected in the AR. Applied
weights are computed according to the following relations:

o _h
1 1 — f17
_f
Wog = 1_ f2’ (61)
_ fife
Wyig = —

1= f)A=fo)

where: weight w; (wy) is applied to events where the first (second) T candidate fails the
nominal identification criteria, whereas the second (first) T candidate passes the nominal
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identification criteria; weight w4 is applied to events where both T candidates fail the nominal
identification criteria; and f; and f, are the misidentification factors of the first and second 1
candidates. The T candidates are sorted by descending visible transverse momentum, with
the leading candidate defined as the ‘first’ and the subleading as the ‘second’. The negative
sign of the weight w;5 accounts for double counting of events from tt and Z + jets processes
with both T candidates failing the nominal identification criteria.

The misidentification factors f; are measured in event samples that have no overlap with
the signal region. A validation region, defined to be orthogonal to the signal and measurement
regions, is used to test the robustness of the reducible background estimate. Systematic
uncertainties corresponding to the possible differences between the true and estimated
reducible background rates in the signal region are estimated from these closure tests.

The reducible background estimate involves four regions: the control region enriched in
Drell-Yan (DY) events (used to measure misidentification factors), the application region
(events failing one or two T ID criteria and used for applying fake-rate weights), the validation
region (same-sign T candidates used to test the method), and the signal region (events with
two T candidates passing the nominal ID). A summary of the definitions and purposes of
all control regions discussed in this section, along with the definition of the signal region,
is provided in table 3. It should be noted that the selection criteria defining the regions
listed in table 3 ensure their mutual orthogonality.

The dedicated DY control region requires an additional hadronic jet that is misidentified
as a light lepton or a T;, candidate. This control region is used to measure the misidentification
(fake) rates for jets misidentified as T, candidates, electrons, or muons. The estimation of
misidentification factors relies on reconstructing an opposite-charge, same-flavour lepton pair
compatible with a Z boson, and requiring one additional loosely selected lepton or T;, candidate
(i.e., passing an identification working point looser than the one used in the signal region).

The requirements on the leptons originating from the Z boson are the same as those
defined in section 5, but they must fulfil a more stringent dilepton mass cut with 81 <
m,+,~ < 120 GeV. The lower threshold on the dilepton mass is tightened to suppress the
contribution of DY events affected by final-state radiation. These events typically have lower
dilepton mass compared to DY events without final-state radiation.

After reconstructing the Z — ¢7¢~ candidate, the misidentification factor is estimated
by applying the lepton identification algorithm to the additional loosely identified light
lepton or 7, candidate in the event. Orthogonality to the signal region is achieved by
rejecting events with extra T candidates (either light lepton or Ty,), passing loose identification
criteria. The misidentification factors are measured in different bins of lepton pr, and
are further split between reconstructed decay modes for the 1, candidate, and for muons
and electrons in bins of lepton 7, based on the barrel and endcap regions. The events
where the T candidates are genuine 71y, electrons, or muons, are estimated from simulation
and subtracted from data so that the misidentification factors are measured for genuine
hadronic jets only. The misidentification factors obtained for electrons (muons) are <2 (5)%
in the barrel and endcap regions for lepton pr > 10 GeV, whereas for 1, candidates with
pr > 20 GeV the misidentification factors vary between 2 and 20%, depending on the decay
mode and discriminator working point.
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Common for all regions

eTe” or pTU pair consistent with Z decay

Definition Purpose

Determination region (DR)

one and only one determination of lepton
T candidate misidentification factors
passing loose lepton id. (fi12 in eq. (6.1))

Application region (AR)

J’_

T'1T  pair where both construction of the reducible
T candidates pass loose lepton background model by applying
id. but at least one fails nominal id. misidentification factors
Validation region (VR)
same sign gt pair validation of the reducible
where both T canidates background model, assessment of
pass nominal lepton id. related systematic uncertainties
Signal region (SR)
171 pair where both t selection of events into final sample,
candidates pass nominal lepton id. where the signal is extracted

Table 3. Summary of regions used in the misidentification factor method.

The measured misidentification factors are validated in another region that consists
of events with a Z boson candidate and two additional 7 candidates. To ensure that the
validation region is not contaminated with signal events or contributions from backgrounds
with genuine prompt leptons, the two additional T candidates are required to have the same
charge. All other selection criteria are identical to those defining the signal region. The
reducible background in the validation region is constructed in the same way as in the nominal
analysis. The purity of the reducible background in the validation region amounts to more
than 95% in all analyzed channels.

Given the limited statistical power of the data sample in the validation region, the
observed data yields and shapes of the myjre distribution are compared with the predicted
yields and shapes of the reducible background by combining all three data-taking periods.
The comparison revealed only modest differences between the observed data and the model
of the reducible background. The saturated goodness of fit (GoF) test [69], quantifying
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consistency of the observed data with the background model, yields p-values of 0.31, 0.48, and
0.82 for the t,7},, Ty, and Uty channels, respectively. This test is performed using the CMS
statistical toolkit COMBINE [70]. The differences between the observed data and the model,
together with the statistical uncertainties due to the limited data sample in the validation
region, are accounted for by assigning a systematic uncertainty in the yield of the reducible
background, estimated to be 20-30% depending on the h decay channel. Given that the
comparison is performed for the combined dataset, these uncertainties are correlated among
data-taking periods, but uncorrelated among h decay channels.

The limited statistical power of the data sample in the AR, along with the contribution
of events with negative weights (eq. (6.1)), hampers the construction of smooth templates
to model the shape of the mypy; distribution of the reducible background. The shape of the
distribution is therefore taken from a data region with same-sign T candidates that pass loose
identification and isolation requirements. This region has higher statistical power than the
AR region, resulting in a smoother shape for the myyz; distribution, which is normalized to
the estimated yield of the reducible background in the signal region. Consistency of shapes
obtained from the statistically limited AR and the region with same-sign t candidates, passing
loose identification criteria, is verified with a Kolmogorov-Smirnov test, yielding p-values
between 0.56 and 0.97 depending on the di-t decay mode.

7 Systematic uncertainties

The dominant systematic uncertainties considered in the analysis are summarized in table 4.

The uncertainties in the T, identification efficiency are estimated in Z — tt and W — 1v
decays from control samples. These uncertainties are partially correlated across data-taking
years. The size of uncertainties varies in the range of 2-10% per t,, depending on pt and
the decay mode of the 1), candidate [26]. The uncertainties in the T}, energy scale amount
to 0.5-1.1%, depending on the T}, decay mode. They are predominantly of statistical origin
and uncorrelated between data-taking years. Uncertainties in the T, identification efficiency
and momentum scale affect both the normalization of simulated processes and the shape
of the myyps distribution.

Uncertainties in the identification and isolation efficiencies of electrons and muons are
1.5% and are correlated across all years. These uncertainties result in normalization variations
between 1.5% and 4.5%, depending on the analyzed final state. Uncertainties in the muon
momentum scale amount to less than 0.3% and have a negligible impact on the analysis.
The uncertainty in the electron energy scale, which is derived from the calibration of the
ECAL crystals and applied on an event-by-event basis, is less than 2%. The uncertainty in
the single-lepton trigger efficiency results in a normalization uncertainty of about 2% for
both single-electron and single-muon triggers.

Uncertainties in both the identification efficiency for b jets and in the misidentification
rates for light-flavour or ¢ quarks or gluon jets range from the subpercent level to O(10%),
depending on jet flavour and pp. The uncertainty in the identification efficiency of b jets causes
variation of 1-4% (0.3-1%) in the normalization of the bbA signal and background processes
with genuine b jets in the b-tag (no b-tag) category. The uncertainty in the misidentification
efficiency of the light-flavour, or ¢ quarks, or gluon jets modifies normalization of the gg — A
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signal and background processes with no genuine b jets by 5-10% in the b-tag category
and has an impact of O0(0.1%) on the normalization of processes without genuine b jets
in the no b-tag category.

An uncertainty related to the energy carried by unclustered particle candidates, which
are not contained in jets in the event [42], is propagated on an event-by-event basis to p%ﬂss,
resulting in a variation of up to 10% in the shape of the mjpr; distribution. A normalization-
altering effect of 1-3% is introduced by this uncertainty by requiring 90 < mgy = < 160 GeV.
The jet energy scale and resolution affect both the selection efficiencies and shapes of the mgyrs
distributions. The jet energy scale is responsible for a 1-3% variation in the number of selected
background and signal events; the jet energy resolution contributes an additional 0.5-1%.
The calibration accuracy of the unclustered and jet energy scales and jet energy resolution
is mainly affected by statistical limitations of the measurements, the time-dependence of
the data-taking conditions, and the aging of the detector. For this reason, the respective
uncertainties are uncorrelated between data-taking years.

Theoretical uncertainties related to the choice of PDFs, and the renormalization (ug) and
factorization (up) scales, affecting both the acceptance and cross section of the dominant back-
ground processes, are estimated from simulation separately for each process. Uncertainties due
to the choice of ur and pg in the calculation of the matrix elements are obtained from an inde-
pendent variation of these scales by factors of 0.5 and 2, omitting the variations where one scale
is multiplied by 2 and the corresponding other scale by 0.5. The uncertainties are then obtained
from an envelope of these variations. The uncertainties due to PDF variations and the uncer-
tainty in ag are obtained following the PDF4ALHC recommendations [71], taking the root mean
square of the variation of the results when using different replicas of the default NNPDF3.1 set.

Combining pup and pp scale uncertainties with the PDF set uncertainty for the qq — 727
process leads to a normalization uncertainty of 5%. For the gg — ZZ process, a normalization
uncertainty of 15% is obtained. It covers variations of ug and pp, PDF set and ag uncertainties,
and uncertainty that accounts for effects of interference with the process mediated by the
off-shell Higgs boson, gg — h* — ZZ [9, 59]. The uncertainties in cross sections of the
ttZ and triboson production amount to 25% [72] and dominate normalization uncertainty
for these processes.

The uncertainty in the theoretical calculations of the SM h — 1t branching fraction,
amounting to 2% [54] is applied to both the signal samples as well as all backgrounds that
include the h — 17 process. The inclusive uncertainty for Zh production related to the
PDFs amounts to 1.3%, whereas the uncertainty for the variation of pur and pp is 0.9% [54].
For the subleading h boson processes gg — h — ZZ, and tth the inclusive uncertainties
related to the PDFs amount to 3.2 and 3.6% and the uncertainties for the variation of ug
and pp are 3.9 and 8%, respectively [54].

For the MSSM parameter scan, theoretical uncertainties in the gg — A and bbA cross
sections are accounted for as described in ref. [73]. This includes uncertainties in ug, up, PDFs,
and ag. Uncertainties are evaluated separately for each mj-tan 8 point under consideration.
They are typically 5-20% (10-25%)) for gg — A (bbA) production.

Uncertainties in the estimated yield of background with misidentified leptons comprise
two components. Statistical uncertainties arise from the limited statistical power of the data
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sample in the AR. These are the dominant uncertainties in the analysis and they range between
10-20% (20-40%) in the no b-tag (b-tag) category and are uncorrelated between channels,
event categories, and data-taking periods. Uncertainties related to the misidentification
factor method are estimated in the sideband region with same-sign T pairs, as described
in section 6. Normalization uncertainties of 20-30% are assigned to the estimated yield
of this background. They are correlated between data-taking periods and event categories
but uncorrelated across di-t final states.

The integrated luminosities of the 2016, 2017, and 2018 data-taking periods are known
with uncertainties in the 1.2-2.5% range [74-76], while the total integrated luminosity for
the years 2016-2018 has an uncertainty of 1.6%. Uncertainties related to the finite number
of simulated events, referred to in table 4 as bin-by-bin statistical uncertainties, are taken
into account using the Barlow-Beeston “lite” method [70, 77, 78]. They are considered for all
bins of the distributions used to extract the results. They are uncorrelated across different
samples and across bins of a single distribution.

The uncertainty in the predicted yield of the reducible background and theoretical
uncertainties in cross sections of the qq — ZZ, gg — ZZ, and ttZ processes are the dominant
factors limiting the sensitivity of the search. Their combined effect reduces sensitivity of
the analysis by 15-20% (20-25%) in terms of expected upper limits on the rate of the
gg — A (bbA) process.

8 Results

The discriminating variable for this analysis is myyge, the mass of the four-lepton final state
where four-vector of the h — 1t candidate is reconstructed by the FastMTT algorithm [25]
with the mass constraint m., = 125 GeV. Six final states corresponding to each combination
of Z — ee,up and h — ety U1y, 7,7}, decays are considered. Each final state comprises two
event categories, no b-tag and b-tag, as described in section 5. Data are examined for the
presence of signal using the CMS statistical analysis toolkit COMBINE [70], which is based
on the ROOFIT [79] and ROOSTATS [80] frameworks.

The signal extraction is performed with a simultaneous binned likelihood fit, combining

cons

36 My, distributions, which correspond to 6 analyzed final states times 2 event categories
times 3 data-taking periods. The likelihood used to infer the signal has the following form:

£ (k) 101) = TTP (Wl S Sl6,)) + X Butio:h)) TIe@iley). ()
7 S b 7

where p, denotes the value of the signal strength modifier associated with the signal s
(either gg — A or bbA) that maximizes the likelihood function (i.e., the best-fit signal
strength), with the signal strength modifier defined as the ratio between the measured
signal rate and the rate assumed for the signal model. Furthermore, ¢ labels the bins of
the discriminating distributions, split by the final state, signal category (no b-tag or b-tag),
and data-taking year. The function P(k;|>_ ps Ssi({0;}) + 2= Byi({0,})) corresponds to the
Poisson probability to observe k; events in bin ¢ for a prediction of 3 u, Sy; signal and
> By, background events. The predictions for S,; and By; are obtained from the signal and
background models. The parameters . act as linear scaling factors of the corresponding signal
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Source of uncertainty

Magnitude

Process

Experimental uncertainties

T, id." 2-10% all simulations
W trigger 2% all simulations
K id. & isolation 1.5-4.5% all simulations
e trigger 2% all simulations
e id. & isolation 1.5-4.5% all simulations

limited MC event count

T, energy scale!

bin-by-bin uncertainties

0.5-1.5%

all simulations

all simulations

integrated luminosity <2% all simulations
e energy scale’ 1-2% all simulations
b jet identification efficiency 1-4% all simulations
b jet misidentification rate 5-10% all simulations
jet energy scalef 1-3% all simulations
PSS unclustered energy scale! 1-3% all simulations
jet energy resolution’ <1% all simulations

Uncertainties in reducible background estimate

misidentified 7 leptons

normalization uncertainty 30% eT;, channel
20% uty, channel
20% T, T, channel
event count in AR 20-40% (b-tag category)
10-20% (no b-tag category)
Theoretical uncertainties in background estimate
qq — Z7Z normalization 5% qq — ZZ
gg — Z7Z normalization 15% gg — 727
ttZ normalization 25% tt7Z
triboson normalization 25% triboson
up and pp scales 1-8% Higgs bkg.
theoretical uncertainty in B(h — t1) <2% gg — A, bbA, Higgs bkg.
PDFs 1.3-3.6% Higgs bkg.

Theoretical uncertainties in the signal estimate (applied in the MSSM interpretation)
signal cross section

(g, pg scale, PDFs, ag) 5-20% (10-25%) gg — A (bbA)

Table 4. Dominant sources of systematic uncertainty are considered in this analysis. The symbol f}
indicates uncertainties that affect both the shape and normalization of the final mgjy; distributions.
Uncertainties without 1 affect only normalization. The magnitude column indicates an approximation
of the associated change in normalization. The uncertainties in each group are listed in descending

order of their impact on the analysis sensitivity.
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s. Systematic uncertainties are incorporated in the form of constraint terms for additional
nuisance parameters {Gj} in the likelihood, appearing as a product with predefined probability
density functions C(6;]0;), where 6; corresponds to the nominal value for 6;. The predefined
uncertainties in the 6}, as discussed in section 7, may be constrained by the fit to the data.

The test statistic used for the inference of the signal is the profile likelihood ratio as
discussed in ref. [81]:

L({k;} 25: s Ssi({ Aj,us}) + ; Bbz’({éj,,us}))
L({k;}] ; fis Ssi({0;. 1) + % By({0;,4.1))

Qu, — —2In s 0< i < s (82)

where p  are tested values of the parameters of interest (POIs); éj,us are the values of the

nuisance parameters that maximize the likelihood function for specified values of p,, i.e. these
are conditional maximum likelihood estimators of 6; and thus are functions of u; fi, and

0. -
DrHs
The index of g, indicates that the test statistic is evaluated for specified values of .

are unconditional maximum likelihood estimators of POIs and nuisance parameters.

Compared to the unbinned approach, the binned likelihood fit does not require the
introduction of analytical probability density functions for description of the background and
signal models, thereby simplifying statistical inference. The likelihood function is rigorously
defined and properly accounts for the analysis bins with zero observed yields. The background
and signal models are represented as binned templates derived from simulated samples or
the sideband region in data as described in section 6. The binning has been optimised
to maintain high sensitivity in the entire probed range of m, while ensuring reasonable
statistical population across all bins of the final discriminant in the combined background
template, with the statistical uncertainty ranging between 0.5% and 30%.

The statistical model includes two POls: the rate of gg — A production and the rate
of bbA production. Constraints on the production rates of the signal processes are derived
using the modified frequentist CL; method [82, 83].

The myye; distributions, combined across all search channels, are presented in figure 3.
The distributions are shown separately for no b-tag and b-tag categories.

Expected and observed event yields in the final selected sample are reported in table 5.

It should be noted that b jets in the bbA process have a relatively soft pp spectrum, and
about two-thirds of bbA events have b jets outside the acceptance of b tagging algorithm.
As a consequence, about 75% of selected bbA events contribute to the no b-tag category,
with the remaining 25% assigned to the b-tag category.

The statistical inference did not reveal any evidence for the presence of a signal. The
compatibility of the observed distributions of the myyrs discriminant with a null hypothesis
is evaluated with a GoF test, confronting data against a background-only expectation. The
p-value returned by a GoF test based on the saturated model for the test statistics [69], is
0.89. The results of the analysis are used to constrain the rate of the signal processes. The
upper limits at 95% confidence level (CL) on the A production cross section times branching
fraction of A — Zh are shown in figure 4 for all channels combined. The statistical inference
is performed with one POI, corresponding to the rate of the probed process, whereas the rate
of the other process is fixed to zero. This interpretation targets BSM scenarios, where one
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Figure 3. The reconstructed four-lepton mass, myyer, in the no b-tag (left plot) and b-tag (right plot)
categories. Background distributions are shown after performing a maximum likelihood fit to the data
under a background-only hypothesis. Signal samples corresponding to the gg — A and bb A production
modes of a pseudoscalar Higgs boson with a mass of m, = 350 GeV, are overlaid to illustrate the
expected signal contribution. Signal yields are computed by setting cB(A — Zh) to a benchmark value
of 1pb for both gg — A and bbA processes. Hatched bands indicate uncertainties in the total back-
ground. Contents of each bin, along with the corresponding uncertainties, are divided by the bin width.

of the two processes, either gg — A or bbA, prevails, whereas the contribution of the other
process to the signal is negligible. The example of such scenarios is given by Type-11 2HDM,
where at low tan 8 values the A boson production is dominated by the gg — A process, while
the bbA process has vanishing cross section. The branching fraction of the h — 1t decay
is set to the value predicted in the SM, B(h — 11) = 0.062 [54]. The observed (expected)
limits range from 0.049 (0.060) pb at ms = 1TeV to 1.02 (0.79) pb at m = 250 (225) GeV
for the gg — A process. For the bbA process, the observed (expected) limits range from
0.053 (0.059) pb at my = 1TeV to 0.79 (0.61) pb at ms = 250 (225) GeV.

Results of the search are also provided in terms of two-dimensional constraints on the
cross section times branching fraction, cB(A — Zh), for the gg — A and bbA production
mechanisms. Constraints are derived assuming that the rates of gg — A and bbA processes
are nonnegative. Figures 5 and 6 present 68% and 95% CL contours for eight representative m
hypotheses. For each my, cB(A — Zh) values are scanned in two dimensions, corresponding
to the gg — A and bbA production mechanisms. At each scanned point, —2log L is calculated,
defined as the negative-log-likelihood (NLL) of the conditional fit to the background-only
Asimov and observed datasets. The minimal value of the NLL in the scanned domain of
nonnegative values of o(gg — A)B(A — Zh) and o(bbA)B(A — Zh) defines the best fit
point. For each scanned point, the difference between the NLL at a given point and the
minimal value of NLL, —2A(logL), is then computed. The 68% and 95% CL boundaries
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no b-tag b-tag

Process

€Ty Uty ThTh €Ty e ThTh
77 256 +34 364+41 419452 0.75+0.13 1.09+0.18 1.28+0.21
reducible 187452 148+34 335+84 3414+1.09 1.69+049 1.214+0.35
other 44411 66+15 70£15 099+0.26 1.43+0.37 0.68+0.17
total bkg. 48.7+£6.4 57.8+5.6 8244+99 515+1.14 4.21+£0.68 3.17+£0.47
observed 58 57 81 4 2 4
gg — A (250 GeV) 4.70 6.84 8.66 0.16 0.24 0.30
bbA (250 GeV) 3.70 5.44 7.04 1.24 1.72 2.26
gg — A (350 GeV) 6.66 9.54 12.36 0.24 0.34 0.44
bbA (350 GeV) 5.10 7.34 9.40 1.88 2.64 3.40
gg — A (500 GeV) 8.94 12.68 16.44 0.38 0.52 0.68
bbA (500 GeV) 6.74 9.38 12.38 2.72 3.78 4.98
gg — A (800GeV) 11.90 16.76 22.20 0.56 0.76 1.06
bbA (800 GeV) 8.72 12.28 16.38 3.82 5.26 7.14

Table 5. Expected and observed yields in the final selected sample. The Z — ee and Z — pu samples
and all three data-taking periods are combined for the final results. Numbers are reported individually
for no b-tag and b-tag categories and three analyzed di-t decay modes: et ut,, and 1,1, combining
7, — ee, up channels and three data-taking years. Background yields and related uncertainties are
obtained after performing a maximum likelihood fit to the data under a background-only hypothesis.
Signal yields are computed for representative chosen mass hypotheses of m, = 250, 350, 500, and
800 GeV, by setting o B(A — Zh) to a benchmark value of 1 pb for both the gg — A and bb A processes.
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Figure 4. The expected and observed upper limits at 95% CL on the production cross section times
branching fraction of the A — Zh decay for gg — A (left plot) and bbA (right plot) processes as
functions of m,. The limits for the gg — A (bbA) process are derived with the rate of other process
fixed to zero. The branching fraction of the h — 11 decay is set to the value predicted in the SM,
B(h — tt) = 0.062 [54].
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Figure 5. Two-dimensional constraints on the cross section times branching fraction for the two
production mechanisms. The confidence level intervals are derived for mass hypotheses of m, = 250
(upper left plot), 300 (upper right plot), 350 (lower left plot), and 400 GeV (lower right plot). The
branching fraction of the h — Tt decay is set to the value predicted in the SM, B(h — tt) = 0.062 [54].
Computation of the best fit point and determination of the observed and expected 68% and 95% CL
contours are described in the text.

are found at —2A(log L) values of 2.30 and 5.99, respectively. Maximum-likelihood fits to
the background-only Asimov dataset are performed to extract 68% and 95% CL expected
contours in the absence of signal. Fits to data are performed to determine the observed
68% and 95% CL contours.

The results of this analysis are also interpreted as constraints on the parameters tan S
and my, within the MngT MSSM benchmark scenario [17]. For this scenario the Higgs
boson masses, mixing angle «, and effective Yukawa couplings have been calculated with the
FEYNHIGGS [84-91] program. Branching fractions for the A — Zh and h — Tt decays have
been obtained from a combination of the FEYNHI1GGS and HDECAY [92] programs, as described
in ref. [73] following the prescriptions given in refs. [54, 93, 94]. For the gg — A process the
cross sections are obtained with SUsHI 1.7.0 [95, 96], which includes NLO corrections in ag for
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Figure 6. Same as figure 5 but for mass hypotheses of m, = 500 (upper left plot), 600 (upper right
plot), 800 (lower left plot) and 1000 GeV (lower right plot). The branching fraction of the h — 1t decay
is set to the value predicted in the SM, B(h — tt) = 0.062 [54]. Computation of the best-fit point
and determination of the observed and expected 68% and 95% CL contours are described in the text.

the t- and b-quark contributions to the cross section [97, 98], NNLO corrections in ag in the
heavy t quark limit, for the t quark contribution [99-103], and next-to-NNLO contributions
in ag for h production [104-106]. Electroweak corrections mediated by light-flavour quarks
are included at two-loop accuracy reweighting the SM results of refs. [107, 108]. Cross
sections for the bb A process rely on matched predictions [109-112], which are based on the
calculation at NNLO in ag in the five-flavour scheme [113] and the calculation at NLO in
ag in the four-flavor scheme [114, 115].

At low tan 8 values, the A — Zh decay dominates the natural decay width of A in the
mp range from 220 to 350 GeV. For higher values of m, decays A — tt become dominant.
For tan 8 < 4, the A boson is produced mainly via gluon-gluon fusion process, but at higher
tan 8 values, associated production with bottom quarks takes over.

To derive exclusion contours at 95% CL, a scan in the mp-tan 8 plane is performed.
Signal yields are determined based on the theoretical predictions for o(gg — A), o(bbA),
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Figure 7. Lower 95% CL limit on tan 8 as a function of my in the M%lzng MSSM scenario. Values
below the black solid line are excluded at 95% CL.

B(A — Zh) and B(h — 11) at a given tested m-tan 8 point, and the CLg value [83] is
computed. Those points where CLg falls below 5% define the 95% CL exclusion contour for
the benchmark scenario under consideration. Observed and expected lower limits at 95%
CL on tan 8 as functions of my are presented in figure 7. Observed (expected) limits on
tan § range from 1.4 (1.5) at my = 375GeV to 4.0 (3.9) at my = 325GeV. This analysis
excludes tan 8 values below 2.2 at 95% CL in the mass range from 225 to 350 GeV. At higher
probed values of m,, A — tt decay becomes kinematically allowed and suppresses A — Zh
decay, significantly reducing the sensitivity of this search.

9 Summary

A search is presented for the decay of a heavy pseudoscalar boson A to a Z boson and a
125 GeV Higgs boson, h, in final states with two T leptons and two light leptons (ee, pup).
The study is based on proton-proton collision data collected by the CMS experiment at
/s = 13 TeV, corresponding to an integrated luminosity of 138 fb~!. The analysis probes
the gluon-gluon fusion process, gg — A, and bottom quark associated production, bbA.
No evidence for a signal is found in the data. Upper limits at 95% confidence level are
derived on the product of the cross section and branching fraction of the A — Zh decay
under the assumption that the scalar state h has the properties of the 125 GeV SM Higgs
boson. Observed limits range from 0.049 (0.053) pb at my = 1TeV to 1.02 (0.79) pb at
ma = 250 GeV for the gg — A (bbA) process.
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The results of the search are also interpreted in terms of constraints on tan 5 as a function
of m, within the Mllf}i;’FT MSSM benchmark scenario. Values of tan 8 below 2.2 are excluded
at 95% CL in the mass range of 225 < my, < 350 GeV.

The present analysis supersedes the previous search for the A — Zh decay carried out by
the CMS Collaboration in the (Z — vV /¢¢)(h — bb) and (Z — ¢¢)(h — 1) channels (where
¢ =e, 1) [20, 22] on proton-proton collision data collected at /s = 13 TeV and corresponding
to an integrated luminosity of 36 fht.
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