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1 Introduction

The discovery of a Higgs boson [1, 2] at the Large Hadron Collider (LHC) [3] has provided
important insight into the mechanism of electroweak symmetry breaking. Experimental studies
of the Higgs boson [4, 5] demonstrate consistency with Standard Model (SM) predictions.
However, the discovered particle could still be part of an extended scalar sector motivated by
several theoretical arguments [6, 7]. One such extension of the SM is the flavour-aligned two-
Higgs-doublet model (2HDM), which introduces a second SU(2) doublet [8]. The couplings of
the two doublets to fermions are aligned in flavour space such that one doublet obtains Yukawa
couplings like those in the SM, while the second has Yukawa couplings proportional to the
former ones, which prevents flavour-changing neutral currents. The proportionality constants
between the two diagonalised Yukawa matrices are the fermionic coupling parameters (.
Within this model, five physical Higgs bosons arise, of which two are neutral and CP-even
(h, H), one is neutral and CP-odd (A), and the remaining two are charged (H¥). The
model thus incorporates a Higgs boson h with SM properties, while allowing the presence



of an additional CP-odd A boson with a mass m4 smaller than the mass of the h boson.
A search for a light CP-odd A boson hence provides further insights into the scalar sector
and may shed light on its particle multiplicity.

Further interest in the search for a light A boson originates from the anomalous magnetic
moment of the muon, a,, which has been a topic of discussion because of an observed
discrepancy of up to 5o between the experimental measurement and SM predictions [9-11].
While the theoretical situation is unclear due to contradictory calculations of the hadronic
contributions [12-15], the apparent discrepancy motivates searches for physics beyond the
SM. The flavour-aligned 2HDM predicts additional contributions to a, and can therefore
significantly impact the level of agreement with experimental measurements [9, 16]. In
particular, fermionic two-loop contributions of the Barr-Zee type [17] involving 7-lepton and
top-quark loops coupling to Higgs bosons and to the external photon are important [18-22].
However, it was shown that near-maximal contributions may be required to explain the
observed value of a, [16, 23]. For neutral and charged Higgs bosons with masses mpy = mp+
in the range of 150 GeV to 250 GeV, the a, contributions are maximised if the CP-odd Higgs
boson A is light, with a mass between 5 GeV and 105 GeV. While loop contributions to a,
involving the A boson are dominated by its large couplings to 7-leptons and top quarks, the
A boson coupling to down-type quarks is suppressed [16, 23]. This motivates the search for
CP-odd Higgs bosons A produced in proton-proton (pp) collisions at the LHC via gluon-
gluon fusion involving a top-quark loop, with subsequent decay into a pair of 7-leptons:
g9 — A — 777, Within the flavour-aligned 2HDM, subject to the constraints described
above, the cross-section for this production process scales with the square of the up-type quark
coupling parameter ¢,. The current upper limit at 95% confidence level (CL) on ¢, is 0.5 [16].

In the analysis presented here, A boson masses from 20 GeV to 90 GeV are considered.
Previous searches for neutral Higgs bosons produced by gluon-gluon fusion in pp collisions
and with decays into 7-lepton pairs were performed by the ATLAS and CMS collaborations
and focused on m 4 ranges above a starting value of 60 GeV to 100 GeV [24-28]. The mass
range from 20 GeV to 60 GeV is thus explored here for the first time for this production
and decay mode.

Since the 7-leptons have transverse momentum values of pr ~ m,4/2, the final-state
hadrons, electrons, and muons from the 7-lepton decays are in a transverse momentum range
below p1 ~ 45 GeV. Because of the large background from QCD-induced processes in pp
collisions, the trigger pr thresholds for hadronically decaying 7-leptons are typically well above
these values. Electron-muon dilepton triggers, however, apply lower pp thresholds and are
better suited for the light A boson search. Therefore, and also to suppress background from
Z —eTe” and Z — putu~ decays, the analysis focuses on the fully leptonic signal process
with exactly one electron and one muon in the final state, gg — A — 7r7~ — u*VuDTe*DeZ/T
or g9 + A — 7777 — et by, as shown in figure 1. These final states correspond
to 6.2% of all possible 777~ final states [29]. The CP-odd nature of the A boson and its
decay kinematics are exploited to further reduce the background.
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Figure 1. Leading-order Feynman diagrams of the processes gg — A — 7777 —

M+VHDT€_56VT , €+V657M_I;MVT within the flavour-aligned 2HDM with large A boson couplings to
T-leptons and top quarks, and suppressed couplings to down-type quarks. The vertex in red describes
the coupling of the A boson to up-type quarks and scales with (.

2 ATLAS detector

The ATLAS detector [30] at the LHC covers nearly the entire solid angle around the collision
point.! It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [31, 32]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to || = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|n] < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements, respectively.

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+p.
E-p-

n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T m across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [33] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [34].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record complete events to disk at
about 1kHz.

A software suite [35] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

3.1 Selection of data events

The search presented in this paper uses the full pp collision dataset recorded by the ATLAS
detector between 2015 and 2018 (Run 2), with the LHC operating at a centre-of-mass energy
of v/s = 13TeV and a bunch spacing of 25ns. In this period, the LHC delivered colliding
beams with a peak instantaneous luminosity of L = 2.1 x 103 cm™2s™!, achieved in 2018,
and an average number of pp interactions per bunch crossing (u) of 13, 25, 38, and 36 for
2015, 2016, 2017, and 2018 data, respectively [36]. After applying beam, detector, and
data-quality criteria the total integrated luminosity of the data is 140 fb~!. The data were
recorded using three partially overlapping electron-muon dilepton triggers [37, 38| that applied
identification criteria based on shower shapes in the electromagnetic calorimeter. The first
trigger required lepton transverse momenta of p§ > 17 GeV and p4 > 14 GeV, while the
other two triggers covered the lower pr ranges, with either pS > 7GeV and pf. > 24 GeV or
pS > 24GeV and pf. > 8 GeV, respectively. These trigger requirements have an efficiency
of 72% to 92%, depending on the final state and the dataset, for signal events passing the
final signal-region selections.

3.2 Monte Carlo event simulation

All signal and background processes were modelled using Monte Carlo (MC) simulations,
with the exception of backgrounds with fake or non-prompt leptons, which were estimated
from data (see section 6.2).

Each sample was passed through the full GEANT4 [39, 40] simulation of the ATLAS
detector and reconstructed with the same software as used for data. The only exceptions



ma [GeV] 20 25 30 40 50 60 70 75
olpp— A+ X) [pb] | 1854 1394 1090 722 514 385 299 266
Agignal X €signat [%] | 0.017 0.038 0.060 0.094 0.10 0.091 0.077 0.20

ma [GeV] 80 8 90
olpp— A+ X) [pb] | 239 215 195
Agignal X Esignal [%] | 020 0.19  0.18

Table 1. N3?LO prediction of the cross-section for A boson production, o(pp — A + X), via
gluon-gluon fusion in the relevant mass range. Values were calculated with ggHiggs [44-55]
version 4.0, setting the fermionic coupling strength parameters of the A boson to cot § =, = (= 1.
The product of the signal acceptance Agigna and efficiency egignar is the fraction of events generated
for gluon-gluon fusion production of the CP-odd Higgs boson A (which is forced to decay into a
leptonically decaying 777~ pair) that are reconstructed in the detector and accepted by the analysis
event selection described in section 5.

are the signal samples, for which the fast simulation ATLFAST-II [41] was used, where
the GEANT4 simulation of calorimeter showers is replaced by a parameterised simulation.
The gluon-gluon fusion signal-production process for this analysis, gg — A — 7777, was
simulated with PyTHIA 8.2 [42], using leading-order (LO) matrix elements (ME) for A bosons
with masses of 20 GeV to 90 GeV in steps of 10 GeV, as well as for 25GeV, 75GeV and
85 GeV. Both 7-leptons were forced to decay leptonically. The parton shower, hadronisation,
and underlying event were modelled with parameter values set according to the A14 tune
and with the NNPDF2.3L0 set of parton distribution functions (PDF) [43]. The signal’s
production cross-section was calculated at N3LO with ggHiggs [44-55] version 4.0, setting
the coupling parameter of the A boson to up-type quarks to cot 8 = (, = 1, where cot 3 is
the ratio of the vacuum expectation values of the two Higgs doublets and is used by ggHiggs
to parameterise the fermionic coupling parameter. The cross-section values are shown in
table 1 for the relevant mass range.

The MC-simulated background processes considered in this analyses include those with
vector bosons (diboson and V+jets, where V = W, Z), top quarks (tt, s- and t-channel
single-top, and associated production of a top quark and a W boson (tW)), and SM Higgs
bosons, which are all modelled differently.

The V+jets processes were simulated with the SHERPA 2.2.1 [56] generator, with next-to-
leading-order (NLO) MEs for up to two partons and LO MEs for up to four partons. The
diboson background processes were simulated with NLO MEs for up to one parton and LO
MEs for up to three partons, using the SHERPA 2.2.1 [56] or SHERPA 2.2.2 [56] generator,
depending on the process. The top-quark-related backgrounds were modelled using the
PowHEG Box v2 [57-60] generator at NLO accuracy in QCD with the NNPDF3.0nLO PDF
set [61]. Both the tWW and s-channel single-top events were generated using the five-flavour



scheme. However, a four-flavour scheme was used for ¢-channel single-top events. For the
tt sample, a value of 1.5m; was assigned to the resummation damping factor hqamp, which
controls the matching of the POWHEG ME to the parton shower and thus effectively regulates
the high-pt radiation against which the # system recoils.

In order to model the parton shower, hadronisation, and underlying event, the top-quark
background events were interfaced to PYTHIA 8.230 with parameter values set according to the
A14 tune [62], while the SHERPA parton shower [63], using the MEPS@QNLO prescription [64-
67] and the set of tuned parameters developed by the SHERPA authors, was applied to
W/Z+jets and diboson background events. The NNPDF2.3L0 PDF set was used for both
types of background.

SM Higgs boson production was simulated using POWHEG Boxv2 [58-60, 68, 69],
interfaced with PYTHIA 8 for parton showering and non-perturbative effects. The
PDF4LHC15NLO PDF set [70] and the AZNLO tune [71] of PyTHIA 8 were used. SM
Higgs boson production via gluon-gluon fusion and via vector-boson fusion was simulated
at next-to-next-to-leading-order (NNLO) and NLO accuracy in QCD, respectively. The
POWHEG prediction is accurate to NLO for VA boson plus one-jet production. The loop-
induced gg — Zh process was generated separately at LO. The normalisation of all SM Higgs
boson samples accounts for the decay branching ratio calculated with HDECAY [72-74] and
PROPHECYA4F [75-77]. The MC prediction for SM Higgs boson production via gluon-gluon
fusion was normalised to the cross-section calculated to N3LO in QCD with NLO electroweak
(EW) corrections [51, 52, 54, 78-85], while that for production via vector-boson fusion was
normalised to the cross-section calculated to approximate-NNLO in QCD with NLO EW
corrections [86-88]. The MC predictions for ¢G/qg — Vh and gg — Zh were normalised to
the cross-section calculated to NNLO in QCD with NLO EW corrections or to NLO and
next-to-leading-logarithm accuracy in QCD, respectively [89-95].

To model additional pp interactions in the same or neighbouring bunch crossings (pile-
up), the hard-scattering events were overlaid with a set of minimum-bias interactions
generated using PyTHIA 8.186 [96] and the NNPDF2.3L0 PDF set with the A3 set of tuned
parameters [97]. Finally, all simulated events are reweighted to match the instantaneous
luminosity spectrum in data.

4 Event reconstruction

Charged-particle tracks measured in the ID are used to reconstruct interaction vertices [98],
and the one with the highest sum of squared transverse momenta Zp?r of the associated
tracks is selected as the primary vertex of the hard interaction.

Electrons are reconstructed from topological clusters of energy deposits in the
electromagnetic calorimeter which are matched to a track reconstructed in the ID and
are required to satisfy Loose identification and Loose isolation criteria [99], based on track
and shower-shape discriminants.

Muons are reconstructed from signals in the muon spectrometer matched to tracks inside
the ID. They are also required to satisfy Loose identification and Loose isolation criteria
based on track information [100].



Jets are reconstructed from particle-flow objects [101] using the anti-k; algorithm [102]
with radius parameter R = 0.4. This algorithm uses noise-suppressed positive-energy
topological clusters in the calorimeter after subtracting energy deposits associated with
primary-vertex-matched tracks and including the momenta of those tracks in the clustering
instead, thereby improving the jet energy measurement. The jet energy scale is calibrated to
the particle level using simulation and further corrected with in-situ methods [103]. Cleaning
criteria are used to identify jets arising from non-collision backgrounds or noise in the
calorimeters [104]. A dedicated jet-vertex-tagger algorithm [105] is used to remove jets within
|n| < 2.5 that are identified as not being associated with the primary vertex of the hard
interaction. Similarly, a dedicated algorithm is used to suppress such “pile-up” jets, arising
from additional softer pp interactions, in the forward region [106].

Jets containing b-hadrons are identified using the DL1r [107] b-tagging algorithm. A jet
is classified as a b-tagged jet if the DL1r score is above a certain threshold, referred to as
an “operating point”. In this analysis, the operating point is chosen to obtain an average
expected efficiency of 85% for b-jet identification, as determined in simulated ¢t events.

Since the different physical objects are reconstructed independently, multiple objects may
be reconstructed from the same detector signal, whereas a signal rarely has contributions
from multiple objects. To achieve orthogonality, an overlap removal procedure is performed
on objects with small angular separation AR to remove the object with lower signal purity.
Muons are favoured over electrons if one lies within a AR = 0.2 cone around the other, and
leptons are favoured over jets if their angular separation is AR < 0.4.

The missing transverse momentum piMss (with magnitude EXS%) is reconstructed as
the negative vector sum of the transverse momenta of leptons, visible hadronic 7-lepton
decay products (Thad.vis) [108], jets, and a “soft term”. The “soft term” is calculated as
the vector sum of the pr of tracks matched to the primary vertex but not to reconstructed
leptons, Thadvis candidates, or jets [109].

An advanced likelihood-based algorithm named the Missing Mass Calculator (MMC) [110,
111] is used to estimate the invariant mass, mynic, of the 7-lepton pair under the assumption
that only neutrinos originating from the 7-lepton decays contribute to EX. In order
to resolve the remaining ambiguities in the reconstruction of the neutrino momenta, the
method incorporates additional knowledge of the decay kinematics in terms of probability
density functions, such as distributions of the expected angular distances between the decay
products of the 7-leptons.

5 Signal selection

This analysis focuses on final states with exactly one electron and one muon with opposite
charges and pr greater than 10 GeV. Events are required to have been accepted by at least one
of the electron-muon triggers that were active during the data-taking periods (see section 3).
The leptons firing the trigger must match the two reconstructed leptons with the highest pr
in the event. The matching is performed according to the angular distance AR between the
trigger signature and the reconstructed lepton, requiring AR < 0.07 for electrons and AR < 0.1
for muons. Furthermore, the selected electron or muon candidates are required to satisfy
Medium identification and Tight or Tight_VarRad isolation criteria [99, 100], respectively, in



SR TCR ZCR FVR
Low-mass High-mass
17| [0,1.37) U [1.52, 2.47] [0,1.37) U[1.52,2.47] | [0,1.37] U[1.52,2.47]
7] [0,2.7] 0,2.7] [0,2.7]
;] [0,4.5] [0,4.5] [0,4.5]
Py > 10 GeV > 10 GeV > 10 GeV
P > 20 GeV > 20 GeV > 20 GeV
Emiss | > 50GeV >30GeV | > 30GeV - -
mit <45GeV. <65GeV | <65GeV < 65GeV < 65GeV
ARy, < 0.7 < 1.0 < 1.0 > 1.4 > 1.4
MMMC >0GeV > 35GeV& > 0GeV > 0GeV > 0GeV
< 130 GeV
de X qu -1 -1 -1 —1 1
T-jets 0 0 > 2 0 0

Table 2. Overview of the selection criteria for the most important regions: the low-mass and
high-mass signal regions (SR), the top control region (TCR), the Z — 777~ control region (ZCR) and
the fake-lepton validation region (FVR). For the final results of the analysis, Medium identification
and Tight isolation criteria are used [99, 100]. For the fake-lepton background estimation, Loose
criteria are used additionally.

order to increase the signal region’s purity in true reconstructed leptons. Additionally, events
with leptons satisfying the Loose criteria are used in the fake-lepton estimation.

The signal region (SR) definition depends on the probed A mass value: masses from 20
to 75 GeV are examined in the low-mass SR, and masses from 75 to 90 GeV are examined
in the high-mass SR. A common requirement for both SRs is that the number of b-tagged
jets, Ny jets, must be zero. This significantly reduces the background from top quarks.
In order to optimise the signal sensitivity, the low-mass SR and the high-mass SR have

individualised selection criteria for E%ﬁss, the total transverse mass defined as mf{* =

\/ (p% + P + ErTmSS)2 — (P& +pk+ ﬁ%ﬂss)z, the angular distance between the charged leptons

ARyp, and mymc. The selection criteria are summarised in table 2. The mrtrot criterion

primarily removes diboson events and events with top quarks. The requirement on ARy,
reduces the Z — 777~ background, motivated by the mass, spin and CP properties of the
A boson signal, and requires the emitted leptons to have a small angular separation. This
kinematic configuration also enhances the fraction of A bosons produced with sizeable
transverse momentum p%. Thus, the p% distribution starts at approximately 100 to 200 GeV,
depending on the mass hypothesis. Therefore, hadronic jets are emitted in the opposite
direction to conserve transverse momentum, meaning the process pp — A + jets is preferred
for this topology (considering only the gluon-gluon fusion production mode as suggested
by the flavour-aligned 2HDM).



6 Background estimation

There are two primary sources of background events associated with the event selection
described in section 5: events with electrons and muons produced in W, Z/v*, SM Higgs
boson or top-quark decays (prompt leptons) and events that have at least one lepton arising
from another source (fake and non-prompt leptons). In the latter case, electrons and muons
originate from improper reconstruction of other physics objects such as hadronic jets, heavy-
flavour hadron decays or photon conversions. All processes associated with the prompt-lepton
background are predominantly well modelled by simulation and therefore estimated from MC
event samples, described in section 3.2. Two control regions, enriched in top-quark (TCR)
and Z — 777~ (ZCR) events, are designed to control and validate the major backgrounds
modelled by MC simulation. The fake-lepton validation region (FVR) is designed and used
to estimate and validate the fake/non-prompt-lepton background using a data-driven method.
A summary of the requirements for all regions is given in table 2.

6.1 Background with prompt leptons

The ZCR is used to control the main background in this analysis, which originates from
Z — 777~ decays. The requirements for this region are to have an abundance of Z — 717~
decays, to be orthogonal to the SR, and to have low contamination from signal events while
being kinematically close to the SR. This is achieved by having selection criteria similar to
those for the SR, but requiring ARy > 1.4 because the two leptons originating from the Z
boson are well separated. Additionally, the EX criterion is dropped in order to obtain a
large sample of Z — 777~ decays with low signal contamination.

The distributions of some variables in the ZCR showed mismodelling of Z — 777~ events.
In particular, the event count with the number of jets, njets, equal to 0 is underestimated in
simulation and increasingly overestimated for njets > 1. Also, for high values of the transverse
momentum of the ditau system,? P > 50GeV, and for EJsS between 50 and 100 GeV a
surplus of background events is observed. This region is especially important for this analysis
because the high-mass SR (low-mass SR) requires EXs > 30 (50) GeV, and Z — 777~ events
are the main background in the SR. Therefore, a data-driven reweighting method, similar to
the one used in ref. [112], is chosen to obtain better agreement between the prediction and
data in the ZCR. The weights are calculated as the ratio of the expected number of Z — 77~
events to the simulated number in the ZCR and binned in the number of jets. The expected
number of events is obtained from data by subtracting the predicted number of other simulated
background events, which do not originate from Z — 777~. The fake-lepton background
(see section 6.2) must also be taken into account, so the efficiencies for the “matrix method”
described in the next section must be determined prior to the calculation of the Z — 77~
weights. The weights range from 0.8 to 1.12 with a tendency to be closer to unity for a
smaller number of jets. The reweighting not only resolves the mismodeling of njes but also
improves the data-to-background agreement of the pZ™ and EX'sS distributions in the ZCR.

The TCR is constructed to control the background resulting from processes involving
top quarks, which produce one of the largest backgrounds in this analysis. It has almost

2The transverse momentum of the ditau system is defined as the magnitude of the vector sum of the transverse
momenta of the electron and the muon and of the missing transverse momentum: pf” = |p% + g + HEes|.
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Figure 2. Pre-fit variable distributions in the ZCR after applying all selection criteria: (a) leading-
lepton pr and (b) mymc mass estimator. The background is estimated by using MC samples and
data-driven methods (see text for details). The expected signal contributions for the mass hypotheses
ma = 30,60 and 90 GeV are shown assuming |(,| = 0.5. Events with values exceeding the z-axis
range are shown in the last bin of each distribution. The dark blue band in the ratio plot shows the
total uncertainty from statistical and systematic sources. The statistical uncertainty band is overlaid
in light blue.

the same requirements as the high-mass SR, but at least two b-tagged jets are required.
Requiring nj jets=>1 was also tested, but the contamination from signal events was too large.
Furthermore, a small improvement to the modelling is incorporated by reweighting each
tt sample so that its top-quark pr distribution matches that calculated to NNLO in QCD
with NLO EW corrections [113]. Figure 2 and figure 3 show the validation of Z+jets and
top-quark backgrounds, respectively. In both cases, the observed data agree well with the
estimated background within their respective uncertainties.

6.2 Background with non-prompt leptons

The FVR is constructed to perform and validate the fake-lepton estimation in a region
enriched in non-prompt leptons. It has the same requirements as the ZCR, except that the
two leptons are required to have the same charge. This region can be used for a closure test
of the fake-lepton estimation, and systematic uncertainties can be extracted.

To estimate the total contribution of events with fake or non-prompt leptons, as well
as leptons with misidentified charge (hereinafter collectively referred to as fake-lepton
background), a data-driven matrix method [114] is used, which is especially useful in cases
where events with either zero, one, or two fake leptons are expected. Two categories of events
are selected, satisfying baseline (Loose isolation and Loose identification) and tight ( Tight
isolation and Medium identification) lepton selection requirements as described in section 5.

,10,
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Figure 3. Pre-fit variable distributions in the TCR after applying all selection criteria: (a) leading-
lepton pr and (b) mymc mass estimator. The background is estimated by using MC samples and
data-driven methods (see text for details). The expected signal contributions for the mass hypotheses
ma = 30,60 and 90 GeV are shown assuming |(,| = 0.5. Events with values exceeding the z-axis
range are shown in the last bin of each distribution. The dark blue band in the ratio plot shows the
total uncertainty from statistical and systematic sources. The statistical uncertainty band is overlaid
in light blue.

The efficiencies for fake leptons, &tfake, and for real leptons, Efeal, that meet the tight criteria

are used to estimate the rate of events with fake leptons from the numbers of tight and
non-tight events passing the baseline selection. This is done by inverting the equation

TT e M e % e H e % LL

N. XX €real€real CrealSfake CfakeCreal Efakefake N, RR
TT e =M e =M e =M e =M LL

N XX . €real€real Frealfake Cfakefreal CfakeCfake N RF
—_— - ’ ’
TT =e 1% =e 1% =e M =e 1% LL

N XX €real€real ErealSfake CfakeCreal CfakeCfake N FR
TT e =M e =M e =M e =M LL

N. XX €real€real CrealSfake CfakeCreal CfakeCfake N, FF

where a_feal Jfake = 1-— afeal Jfake" The indices of the event yields IV are to be read as follows.
The upper indices describe the tightness of the leptons, where T means that the lepton is
required to be tight, T that it has to be non-tight, and L that the lepton is part of the
baseline selection without further requirements on the tightness. The lower indices indicate
whether an event comes from data or from MC simulation, and in the latter case whether
the lepton is real (R), fake (F), or without a requirement on a certain “truth” state (X)
in the MC event record. The first index always describes the electron, the second one the
muon. For example, NPI{)E is the number of MC events with a real electron that passes the
baseline selection and a tight muon, and Ngza is the number of data events with a tight
electron and a non-tight muon. The total fake-lepton background is then the sum of the
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fake-electron, fake-muon, and double-fake-lepton backgrounds
TT _ e _i LL , e _# aLL e _p LL
Nfake - Erealgfake‘ZVRF + ‘EfakegrealNFR + 8fakegfa,ke]\]FF :

The real-lepton (fake-lepton) efficiency is defined as the ratio of the number of real
(fake) leptons satisfying the tight selection to the number of real (fake) leptons satisfying
the baseline selection. The real-lepton efficiencies are estimated using the “truth particle”
classification from the MC event record, while the fake-lepton efliciencies are estimated from
data after subtracting the MC-estimated prompt-lepton background. Assuming that the
electron efficiencies are independent of the muon produced in the same event and vice versa,
the conventional matrix method is valid. In this analysis, however, it was observed that the
fake-lepton efficiencies are not entirely independent of the other (fake) lepton in the event.
To account for this, a parameterisation of the real- and fake-lepton efficiencies, based on
the tightness of the other lepton, is introduced such that the electron efficiencies depend
on the muon’s tightness and vice versa:

NTT NTT
RX . XR .
—~Ir> M tight T € tight
e o NRX w . NXR
Ereal(:u’) - NTT ’ Ereal(e) NTT ’
RX (ol XR ioh
2 (0 non-tight —NTL, e non-tight
N,
RX XR
TT TT TT TT
NData - NRX ticht NData - NXR tight
NEL. - N TR N3G - N
ata ata
ggake(:u) = TT TT ) Egke(e) = TT TT
NData — 4YRX . NData - NXR .
ﬁ, 1% non—tlght ﬁ, e non—tlght
NData - NRX NData - NXR

Additionally, the efficiencies are binned in lepton pr as shown in figure 4, revealing that
the fake-lepton efficiencies depend on the tightness of the accompanying lepton for low pr,
while the real-lepton efficiencies are statistically compatible.

When considering real-lepton efficiencies in events with a tight accompanying lepton, it
is possible to extract them directly from the SR, as it contains a sufficient number of well-
modelled real leptons from prompt-lepton MC background events. Also, different real-lepton
efficiencies are calculated for the high-mass SR and low-mass SR, with the EX criterion
removed in the latter to increase the event yield. The real efficiencies for events with a
non-tight accompanying lepton are calculated in the ZCR because it has more events than the
SR. To calculate the fake-lepton efficiencies, one needs a region close to the SR but enriched
in fake leptons, conditions best satisfied with enough events by the FVR. Figure 5 shows
the validation of the fake-lepton estimate in the FVR, where the fake-lepton efficiencies are
measured. In both the plTead lepton ,nd the mamve distributions, the observed data agrees well
with the estimated background within their respective uncertainties.

6.3 Event yields

Table 3 and table 4 summarise the event yields for the signal and background predictions,
respectively, in the different regions in comparison with those observed in data. Due to the
7 — 1771~ reweighting the data-to-background ratio in the ZCR equals 1 by definition. In
the other control regions, the expected yield is in agreement with the observed number of
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Figure 4. Fake- and real-lepton efficiencies (egxe and ereq1) for (a) electrons and (b) muons with
a tight or non-tight accompanying (a) muon and (b) electron, binned in p$ and pf, respectively.
Real-lepton efficiencies with a tight accompanying lepton are calculated in the high-mass and low-mass
SRs (HMSR and LMSR), real-lepton efficiencies with a non-tight accompanying lepton are calculated
in the ZCR, and fake-lepton efficiencies are calculated in the FVR.

> T > T T T T T NI
© {07 - ATLAS -+ Data Hrakes o o F ATLAS < Data HFakes
(05 o[ (5=13TeV.1401" @ziy > zc  WDiboson g 10° e f5=13TeV, 14016" @2y - cz [Diboson
— 10 ?FV; Tolu Oz/y* - eeluu [JTop — 10° ;FV_F; Telu Oz/y* - eeluu [JTop
; 10° = Pre-fit lSM Higgs Puncertainty ; E Pre-fit BIsM Higgs Uncertainty
T, F 10
210" Q. F
i F w 10° g
10°E g
E 2
10k 10 3
U3 e
g 1.5 E Stat. unc. [ Total unc. 9 15: Stat. unc. [ Total unc.
o E 3 m E
~ E N , E ~ E
_'(g 1: o A + 3 Q 1E
8 3 ﬁ-__ E 8 E
0.5£AAA1AAAlxxxlxxxlxxxlxxxl AAE 0.55‘ n NN I A N SN N SN HN SN SO HY S ST WA S Y
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

P [GeV] Mync [GeV]

(a) (b)

Figure 5. Pre-fit variable distributions in the FVR after applying all selection criteria: (a) leading-
lepton pr and (b) mymce mass estimator. The background is estimated by using MC samples and
data-driven methods (see text for details). Events with values exceeding the z-axis range are shown
in the last bin of each distribution. The dark blue band in the ratio plot shows the total uncertainty
from statistical and systematic sources. The statistical uncertainty band is overlaid in light blue.
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ma [GeV] ZCR TCR Low-mass SR High-mass SR
20 0.0£0.0 15.4£3.0 | 1355 £27 -
25 0.3+0.3 30.8+£3.3 | 232628 -
30 47+1.8 39.6£5.3 | 2865+ 44 -
40 314+17 594476 | 2940 £ 52 -
50 1706 £43 51.24+7.5 | 2293 +51 -
60 4396 £71 39.6+7.1 | 1516 43 -
70 7242491  53.6£8.1 | 1002£35 -
75 808375 53.9+£6.5 774+ 23 2312 4+41
80 85204+96 499+£7.5 - 2011 +47
85 8706 =76 39.1+£5.4 - 1771+ 35
90 8710£93 39.6£6.3 - 1512+ 39

Table 3. Pre-fit signal yields in the different analysis regions. The numbers correspond to an
integrated luminosity of 140 fb~!. The quoted uncertainties are the statistical uncertainties which arise
from the finite number of generated events in the simulated samples. No signal is expected in the FVR.
The signal cross-sections are calculated to N3LO, as summarised in table 1. These cross-section values
are multiplied by 0.25 = |(,|? = cot? 3, which is the highest not-already-excluded value of |¢,|? [16].

events within the total uncertainty. The systematic uncertainties are described and estimated
in the following section. The purity of the Z — 77—, top-quark and fake-lepton backgrounds
reaches 79%, 94% and 97% in the ZCR, TCR and FVR, respectively. No signal is expected
in the FVR and it is negligible in both the ZCR and TCR. The purity of the signal in the
SR depends on the mass hypothesis, and reaches 60% for masses lower than 60 GeV when
scaled according to the cross-sections in table 1 multiplied by 0.25, the highest currently
allowed value of |(u|? [16].

7 Systematic uncertainties

Systematic uncertainties are categorised into those arising from the measurements
(experimental uncertainties) and those due to the modelling of various processes (theoretical
uncertainties), where the latter are specific to a single process or a group of processes.
In contrast, the experimental uncertainties depend on simulations of the detector and
reconstruction of objects, and are therefore independent of the process. A nuisance parameter
(NP) with a Gaussian prior is assigned to each systematic uncertainty. Additionally, smoothing
and pruning procedures are used to reduce the impact of statistical fluctuations and remove
the smallest systematic uncertainties evaluated by performing various “systematic variations”.
The shape and normalisation components of the systematic uncertainties are dropped if
they do not exceed 0.5% for a given process (in the case of the shape uncertainties, if no
bin shows an effect greater than 0.5%).

— 14 —



ZCR FVR TCR Low-mass SR High-mass SR
Fakes 59680+ 690  44850+430 213+50 316 +45 495+ 55
(18%) (97%) (3.5%) (17%) (9.0%)
Z/y* — 1rr™ 262 700 £ 1800 82127 116.1+4.0 1210 £ 36 3701 + 46
(79%) (0.18%) (1.9%) (63%) (67%)
Diboson 4552 + 26 747.3+74 10.82+0.50 | 139.1+2.4 449.2+4.4
(1.4%) (1.6%) (0.18%) (7.3%) (8.2%)
Z/y* — 0T~ 468 £ 71 354 £ 68 0.28£0.12 40+1.7 9.8+3.3
(0.14%) (0.77%) (< 0.1%) (0.21%) (0.18%)
Top 3327+ 22 2.02£0.51 5653 +28 162.9£4.7 611.4+£9.3
(1.0%) (< 0.1%) (94%) (8.5%) (11%)
SM Higgs 1108.7+ 2.6 3.63+0.18 5.79+0.23 | 76.86+0.79 227.4+1.3
(0.33%) (< 0.1%) (0.097%) (4.0%) (4.1%)
Total background | 331800+2000 46040+440 5999 457 1908 £ 58 5494 + 73
Data 331797 44 587 6227 1987 6119

Table 4. Pre-fit background event yields in the different analysis regions. The numbers correspond to
an integrated luminosity of 140 fb~!. The quoted uncertainties are the statistical uncertainties which
arise from the finite number of generated events in the simulated samples and from the statistical
uncertainties of the measured data as input for the fake-lepton background. The values in parentheses
represent the fraction of the corresponding background relative to the total background in each region.
For the Z/v* — €74~ background, ¢T¢~ includes ete™ and pu*pu~.

7.1 Experimental uncertainties

The uncertainty in the combined 2015-2018 integrated luminosity® is 0.83% [36], obtained
using the LUCID-2 detector [33] for the primary luminosity measurements. A systematic
uncertainty is assigned to the reweighting procedure, based on the mean number of pp
interactions per bunch crossing, used to correct the pile-up profile in MC simulation to
match the data. For leptons, systematic uncertainties are assigned to the scale factors
applied to correct for all differences between data and simulation that come from the electron
and muon identification, reconstruction, isolation and trigger performance [37, 38, 99, 100]
or from the lepton momentum scale and resolution. For jets, systematic uncertainties
from the mismodelling of jet energy scale and resolution effects [103], jet vertex-tagging
efficiencies [105], and jet flavour-tagging efficiencies [115-117] are considered. For the missing
transverse momentum, uncertainties from the scale and resolution of the track-based “soft
term” are considered [109]. The latter are one-sided variations. For the EX “hard terms”,
uncertainties are already covered by electron, muon and jet uncertainties.

3The luminosity uncertainty is only included in the limit calculation and not in the variables’ distribution
plots.
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Other kinds of uncertainties are considered for the fake- and non-prompt-lepton
backgrounds. First, the statistical uncertainties of the real- and fake-lepton efficiencies
for electrons and muons are propagated as a single systematic uncertainty for each p bin.
Also, the dependence of the efficiencies on variables other than the lepton pt need to be
accounted for. However, due to the limited number of data events, it is not possible to
split the efficiencies into more components, so systematic uncertainties for the unaccounted
dependencies of the efficiencies are included by parameterising them in 7, njes and Ell?iss.
For the n dependence, three different bins of absolute n values are introduced: [0,0.8),
[0.8,1.7) and [1.7,2.7]. The dependence of the efficiencies on the number of jets, njets,
is also modelled, using four njes values {0,1,2,>3} for the fake-lepton efficiencies and
{1,2,3,>4} for the real-lepton efficiencies, as there are no events without jets in the signal
regions. For the EfsS dependence, four different bins of EXSS values are used: [0,10) GeV,
[10,20) GeV, [20,30) GeV and [30,00) GeV. For all those parameterisation uncertainties,
the weighted standard deviations of the efficiencies are calculated and used as systematic
uncertainties. Furthermore, the region where the efficiencies are measured and the SR could
have different compositions. To account for this difference, a composition uncertainty is
included by calculating the efficiencies in regions with the same requirements as the signal
regions, but with the leptons having the same charge. Also, the mynic and ERS criteria are
omitted to increase the number of events, as the EX parameterisation is already accounted
for by a dedicated uncertainty. Both the parameterisation and composition uncertainties
are decorrelated across the regions for the fit because the regions use independent data,
and allowing correlations would overly constrain the corresponding NPs. In some cases, a
systematic uncertainty may arise from the uncertainty in the MC-event subtraction when
calculating the fake-lepton efficiencies. For this analysis, the MC-event contamination in the
FVR, where the fake-lepton efficiencies are measured, is only 3%. Thus, the uncertainties
coming from the MC-event contamination are not considered in this analysis.

The most significant experimental uncertainties stem from the fake-lepton background
estimation, flavour tagging, and muon efficiencies and calibration.

7.2 Theoretical uncertainties

Systematic uncertainties of the signal and background production cross-sections arise from
various sources: missing higher-order (MHO) corrections, the PDFs, and the chosen input
parameter values. The relative uncertainties in the inclusive cross-sections for backgrounds
are 1.9% (5%) [118] for Z — 77~ with my above (below) 66 GeV, 4.4% [43, 119-122] for top-
quark processes (dominated by ¢t), and an envelope of 7.1% [123-125] for diboson processes.
The relative uncertainties in the signal cross-sections are only taken into account for the
model-dependent interpretation, with the estimated values ranging from 6.5% to 11.2%.
Generator systematic uncertainties for Z — 777~ and diboson processes arise mainly
from the renormalisation and factorisation scales (ugr and pp), as well as ag uncertainties,
PDF parameter value choices, and uncertainties in the resummation (QSF) and CKKW
matching scales. The related event samples were produced using SHERPA 2.2.1 and 2.2.2,
respectively. Systematic uncertainties associated with renormalisation and factorisation scale,
PDF and oy variations are assessed using corresponding event weights. All uncertainties
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are calculated in the high-mass SR and ZCR. The latter are applied in the ZCR and FVR.
In all other regions, the ones calculated in the high-mass SR are used. For the QCD scale
uncertainties, a 7-point variation is performed by varying ugr and ug by factors of 2 and 0.5
in different combinations. For each bin, the uncertainty is given by the maximum positive
and negative changes due to the variations. The scale uncertainty for the Z — 777~ process
is decorrelated between the regions because of its largely different structure in the high-mass
SR and the ZCR and to account for potential problems in the extrapolation of njets weights
from the ZCR described in section 6.1. Using the baseline PDF, NNPDF3.0NLO with a
strong coupling value of ags(myz) = 0.118, as the nominal one, the standard deviation of 100
PDF variations is determined and taken as a symmetric uncertainty. Also, ay is varied from
0.118 by £0.001. The CT14NNLO [126] and MMHT2014NNLO PDF sets with associated 68%
confidence-level uncertainty bands [127] are compared with the baseline PDF to cross-check
the results. Uncertainties corresponding to CKKW and QSF scale variations are evaluated
only for Z — 7777, via a parameterisation method. For the CKKW matching, the nominal
scale used in calculations of the overlap between jets from the ME and parton shower is
20 GeV and is varied between 15 GeV and 30 GeV. The soft-gluon emission resummation scale
is varied by factors of 0.5 and 2 from its nominal value. All of the Z — 77~ and diboson
generator uncertainties are calculated in bins of mymvic.

Additional systematic uncertainties are included for the Z — 777~ reweighting, described
in section 6.1, by propagating the statistical uncertainties of MC events and data events, as
well as experimental and generator systematic uncertainties of MC events, to the weights.
The resulting uncertainties cover a reweighting value of unity in most njets bins. The NPs
are decorrelated across the regions to avoid double-counting the propagation of effects from
the ZCR (where the weights were determined) to the SR.

The uncertainty in the modelling of top-quark processes has contributions from different
sources. The uncertainties from each source are estimated by comparing the nominal
sample (POWHEG Box v2 at NLO with NNPDF3.0NLO and hgamp = 1.5 Mtop; PYTHIA 8.230
with the A14 tune and NNPDF2.31L0; and EVTGEN 1.6.0) with multiple variations. The
uncertainties are evaluated in a modified TCR. Compared to the nominal TCR, the
requirement on the number of b-tagged jets is loosened to >1 b-tagged jet in order to
accept more events.* The impact of using a different parton shower and hadronisation model
is evaluated by replacing PyTHIA with HERwWIG 7.13 [128, 129] and the MMHT2014L0 PDF
set; for the impact of using different ME generation and matching to the parton shower,
MADGRAPHS5 AMC@NLO 2.6.0 [130] is used in place of POWHEG BOX; and to estimate
the impact of changing the hgamp parameter value, a sample with hqamp = 3 Miop is used.
Separate alternative datasets were simulated for each of the above variations. Initial-state
radiation (ISR) uncertainties are estimated by halving and doubling ur and pp, and using
the A14 tune’s Var3cUp and Var3dcDown variations corresponding to the variation of ag
for ISR. For final-state radiation (FSR), halving and doubling the renormalisation scale for
parton shower emissions gives an estimate of the relevant uncertainty. These as and scale
variations use alternative event weights recorded in the nominal simulation datasets. All of
the top-quark generator uncertainties are calculated in bins of mymvc-

1Systematic variations are performed using simulated top-quark processes only and are thus not affected
by a possible signal contamination in an extended TCR.
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Uncertainties in signal modelling arise from the following sources: MHO corrections,
the PDFs, the colour reconnection parameters and as. Furthermore, uncertainties from the
modelling of ISR and FSR, multi-parton interactions (MPI), parton showers and hadronisation
are considered. They are estimated from ratios of nominal-sample event acceptance to
variation-sample event acceptance, binned in p’%. Uncertainties arising from the modelling of
ISR, FSR, MPI and colour reconnection are estimated by adding in quadrature the effects
of the Varl, Var2, Var3a, Var3b and Var3c up and down eigenvariations of PYTHIA 8's Al4
tune. The scale uncertainties due to MHO corrections are determined from event weights
given for 7-point combinations of different ur and pp values [78]. Analogously, the PDF and
as uncertainties are estimated from variations given in the form of event weights, with the
NNPDF2.3L0 PDF as the baseline, for two ag values 0.119 and 0.130, and for 100 variations
of the PDF set. For every m 4 value and each systematic variation, about 5 million events
were generated to reduce statistical effects. Finally, a smoothing algorithm is applied, taking
into account neighbouring mass hypotheses, to reduce remaining statistical fluctuations.

8 Statistical model and results

The signal strength p, defined as a multiplicative factor to the cross-section of the hypothetical
signal, is obtained from the statistical analysis of the data using a binned likelihood function
based on a product of Poisson probability terms. Signal and background predictions depend
on systematic uncertainties, which are parameterised as NPs and constrained using Gaussian
functions. Normalisation factors for the Z — 777~ and top-quark backgrounds are also
included but are not constrained. The binned likelihood function is constructed in bins
of mymc. The binning was chosen in a way that ensures the statistical uncertainty per
bin does not exceed 10% and that there are at least ten background events per bin, while
requiring a minimum bin width of 2 GeV. Additionally, at least one fake-lepton event per bin
is required. This is technically necessary in order to avoid having bins with negative expected
background contributions or background expectations close to zero with large uncertainties
in the statistical analysis. The fit model consists of three regions: the low-mass or high-mass
SR, depending on the mass hypothesis, and the two control regions, TCR and ZCR. The
two control regions allow the extraction of a normalisation factor for the top-quark and
Z — 777~ backgrounds and constrain some of the systematic uncertainties. To account
for shape effects in the TCR and ZCR, the regions are split into five and six mymc bins,
respectively. The FVR is not used in the fit. The statistical uncertainties of the simulated
background and signal, and those of the fake-lepton background histograms, are modelled
by dedicated NPs, which use Poisson constraint terms. They are introduced separately for
the signals and the combined backgrounds.

The fit is performed separately for each signal mass hypothesis.  The final
mamvic distributions after the fit are shown in figure 6 for the 20 GeV mass hypothesis
from the low-mass SR and for the 90 GeV mass hypothesis from the high-mass SR, including
both the statistical and systematic uncertainties. Although the signal contributions to the
control regions are negligible, they are taken into account properly in the fit.

The largest uncertainties in the SR, measured by their grouped impact on the fit result
are listed in table 5. The dominant systematic uncertainties originate from the fake-lepton
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Figure 6. Post-fit myc distributions in (a) the low-mass SR for the m4 = 20 GeV signal mass
hypothesis and (b) the high-mass SR for the m4 = 90 GeV signal mass hypothesis. The fits are
performed under the signal-plus-background hypothesis using the signal with the respective my.
Processes contributing to the “Others” background are Z/* — ¢+£~ and SM Higgs production. In (a),
events with values below or above the z-axis range are shown in the first or last bin of the distribution,
respectively. The band in the ratio plot shows the total uncertainty of the background estimate.

estimation, the Z — 777~ modelling, the Z — 777~ reweighting and the Z — 77~ MC
sample size. Data statistical uncertainties play only a minor direct role; however, they play
an important indirect role through the statistical uncertainties of the fake-lepton estimate.

The compatibility of the observed mymvic spectrum with the background-only hypothesis,
for a given A boson mass hypothesis, is assessed with a local pg-value based on the profile-
likelihood-ratio test statistic [131]. No significant deviation from the background-only
hypothesis is observed. The largest local excess of events is 1.8 ¢, observed for an A boson
mass of 20 GeV, followed by a 1.3 ¢ excess for the 85 GeV mass hypothesis.

The observed and expected 95% CL exclusion limits are calculated using a modified
frequentist approach, the CLg method [132], with the asymptotic approximation to the
test-statistic distribution [131]. Limits are set on the signal strength p and translated into
limits on the gluon-gluon fusion production cross-section o(gg — A) times the branching
ratio for A boson decay into two 7-leptons, B(A — 77). The observed and expected upper
limits are shown in figure 7 and include all systematic uncertainties detailed in section 7
except for the signal cross-section uncertainties. The observed limits range from 68 pb for
ma = 20GeV to 3.0pb for my = 60 GeV, increasing to 43 pb at m4 = 90 GeV due to the
reduced sensitivity near the Z-boson resonance.

In addition, this analysis provides an upper limit on the absolute value of the up-
type quark coupling parameter |(,| within the flavour-aligned 2HDM model. For this, the
uncertainties in the cross-sections are added to the fit. Only gluon-gluon fusion production of
the A boson via a top-quark loop is considered and an exclusive decay of the A boson into a
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ma = 20 GeV ma = 90 GeV

Category Relative Category Relative

contribution contribution
to Ap to Ap

Data statistical 42% | Data statistical 10%
Systematic 91% | Systematic 99%
Background statistical 81% Background statistical 67%
Z — 1777 statistical 75% Z — 1T 77 statistical 48%
Fake-lepton statistical 30% Fake-lepton statistical 47%
Other background statistical 7% Other background statistical 8%
Fake-lepton systematic 37% Z — 1777 reweighting 55%
Signal modelling 11% Signal statistical 51%
Z — 7777 modelling 10% Fake-lepton systematic 47%
Muon efficiencies 8% Z — 7777 modelling 45%
Diboson modelling 8% Z — 71777 and tt normalisation 34%
Flavour tagging 5% tt modelling 14%
Signal statistical 5% Flavour tagging 14%
Muon calibration 13%
s 9%
Diboson modelling 7%
Electron calibration 6%

Table 5. Breakdown of the relative contributions to the uncertainty of the extracted signal strength
w1 in the likelihood fit to data. The contributions are obtained by fixing the relevant NPs to their
post-fit values in the likelihood fit. The relative impact is determined as the square-root of the
difference of the squares of the nominal uncertainty and the obtained uncertainty, divided by the
nominal uncertainty. The sum in quadrature of the individual components differs from the total
uncertainty because of correlations between uncertainties in the different groups. The uncertainty from
data statistical uncertainties is determined from fits with all NPs fixed to their post-fit values. The
background statistical uncertainty includes the statistical uncertainty of the fake-lepton background
determination and uncertainties due to background MC statistics. Only NP groups with a relative
impact larger than 5% are listed.

777 pair with B(A — 77) = 1 is assumed, according to the model constraints discussed in
section 1. Thus, the obtained limits og can be transformed into limits on |(,| via

Ofit
’CH’ = D]

Oref

where o,ef is the cross-section calculated with ggHiggs [44-55] for each of the A boson mass
hypotheses. The calculated observed and expected upper limits are displayed in figure 8. As
a consequence of the higher production cross-sections for lower A boson masses, the upper
limits are more stringent for the lower signal-mass hypotheses around 40 GeV and rise with
increasing mass. The quadratic |(,| dependence attenuates this effect slightly.
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Figure 7. Expected and observed upper limits on the gg — A production cross-section times the
branching ratio for A boson decay into two 7-leptons, for A boson masses from 20 to 90 GeV. The
dash-dotted line shows the expected limit with its 1 ¢ and 2 ¢ uncertainty bands in green and yellow.
The solid line shows the observed limit. The vertical dashed line indicates the splitting of the SR: the
mass hypotheses on the left side are analysed within the low-mass SR and the ones on the right side
in the high-mass SR.

9 Conclusion

A search for a light CP-odd Higgs boson, A, produced in proton-proton collisions at a
centre-of-mass energy of 13 TeV during Run 2 of the LHC has been carried out, using the
140 fb~! dataset collected with the ATLAS detector. Results are reported for the decay
channels A — 777~ — pTyvre v, and A — 7777 — etver;u v, The search is
performed separately in low-mass and high-mass signal regions in order to optimize the
signal sensitivity. A data-driven matrix method is applied to estimate the background
of fake and non-prompt leptons. Other background expectations are determined by MC
simulations. The mymvc variable is used as an estimator of the invariant mass of the 7-lepton
pair. Its distributions in the low-mass and high-mass signal regions are utilised in the
statistical interpretation of the data. No significant excess of events above the SM background
prediction is observed. The 95% CL upper limits placed on the gluon-gluon fusion production
cross-section for a CP-odd Higgs boson decaying into the 777~ final state vary between
3.0pb and 68 pb in the A boson mass range between 20 GeV and 90 GeV. The mass range
below 60 GeV had not been probed before. An interpretation of the results in the context
of the flavour-aligned two-Higgs-doublet model is also given. Upper limits between 0.074
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Figure 8. Expected and observed upper limits on the absolute value of the up-type quark coupling
parameter |(,| for masses of the A boson ranging from 20 to 90 GeV, assuming an exclusive decay of
the A boson into a 777~ pair. The dash-dotted line shows the expected limit with its 10 and 20
uncertainty bands in green and yellow. The solid line shows the observed limit. The vertical dashed
line indicates the splitting of the SR: the mass hypotheses on the left side are analysed within the
low-mass SR and the ones on the right side in the high-mass SR.

and 0.47 at 95% CL are set on the absolute value of the up-type quark coupling parameter
|Cu|, improving on previous limits on this parameter [16].
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