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Abstract

A search for a pair of low-mass pseudoscalars a that promptly decay into 7-leptons is presented
using 140 fb~! of proton—proton collision data at 13 TeV centre-of-mass energy recorded with

the ATLAS detector at the Large Hadron Collider. The result is used to place constraints on exotic
decays of the Higgs boson into four 7-leptons, H — aa — 777~ 7177, This search focuses on
events with either one or two 7-leptons decaying into hadrons and neutrinos, and the remaining
three or two 7-leptons decaying into either electron or muon and neutrinos. No significant excess
is observed above the expected Standard Model background and upper limits at the 95% confi-
dence level on B(H — aa — 777777 77) are set ranging from 0.06 to 0.23, depending on the mass
m, ranging from 15 to 60 GeV.

Beyond-the-Standard-Model (BSM) pseudoscalar particles a with masses below the electroweak scale
were proposed to explain several open problems in particle physics, for example as dark matter interac-
tion mediators [1-6], or in the context of models of neutral naturalness [7-9]. One interesting scenario
posits new light pseudoscalars coupled to the Higgs field, which can drive electroweak phase transition
at leading-order (LO) in perturbation theory [10, 11]. If lighter than half the Higgs boson mass (m, <
my/2), these pseudoscalars can be produced in pairs in exotic decays of the Higgs boson [12]. The nar-
row natural width of the Higgs boson predicted by the Standard Model (I'$M = 3.7 MeV) [13] implies
that even a small BSM partial width for an exotic decay can result in a sizeable branching ratio. Together
with the large number of Higgs bosons produced in the proton—proton (pp) collisions at /s = 13 TeV
at the Large Hadron Collider (LHC) [14], such light pseudoscalars a could become detectable through
H — aa decays, even for very feeble coupling constants [15-18].

A search for the production of a pair of new pseudoscalar particles promptly decaying into four 7-
leptons is presented. The result presented uses the full Run-2 collision data at a centre-of-mass energy
/s =13TeV recorded with the ATLAS detector. The data collected from 2015 to 2018 corresponds to an
integrated luminosity of 140fb~". The search targets the process H — aa — 777777~ and probes the
mass range 15GeV < m, < 60GeV. The sensitivity is limited below the lower mass value by the angu-
lar separation required for the final-state objects, while it is limited beyond the upper mass value by the
kinematic threshold for on-shell Higgs boson decays, my/2 = 62.5GeV. This search complements a pre-
vious search by the ATLAS Collaboration that focused on the lower mass range 4 GeV < m, < 15GeV
where the 7-leptons are Lorentz-boosted and overlap, requiring a different analysis strategy [19]. Limits
have also been set on this model by the CMS Collaboration [20, 21]. The ATLAS Collaboration has
also performed searches for new pseudoscalar particles produced in exotic Higgs boson decays in the
bbbb [22-25], bbrT 7 [26], bbuT = [27], and £T¢= 410’ = (0 = e or p) [28, 29] final states. The
H — aa searches can also be interpreted within the Two-Higgs-Doublet Model [30] extended by a new
light pseudoscalar singlet (2HDM+-S) framework [12, 31]. The 2HDM+S model effectively captures
the phenomenology of the Higgs sector in the Next-to-Minimal Supersymmetric Standard Model, which
extends the Minimal Supersymmetric Standard Model by adding a singlet field [31]. In this context, the
7Hr= 7% 7~ final state is expected to complement the existing searches, particularly for Type III mod-
els with large tan 5 [12], where the new pseudoscalar decays almost exclusively to 7-leptons. This makes
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the four-7 final state particularly sensitive in the mass range probed in this analysis, which fills the gap
between the existing low-mass ATLAS result [19] and the kinematic threshold of the H — aa decay. The
resulting limits on B(H — aa — 47) therefore constrain the mixing between the Higgs boson and the
new pseudoscalar state and, more broadly, the viable parameter space of scenarios in which such a light
pseudoscalar acts as a portal to a dark sector or drives a strong first-order electroweak phase transition.

The ATLAS experiment [32] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 47 coverage in solid angle'. It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electro-
magnetic (EM) and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers
the pseudorapidity range |n| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radia-
tion tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide EM energy measurements
with high granularity within the region |n| < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|n| < 1.7). The endcap and forward regions are instrumented with LAr
calorimeters for EM and hadronic energy measurements up to || = 4.9. The muon spectrometer sur-
rounds the calorimeters and is based on three large superconducting air-core toroidal magnets with eight
coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detec-
tor. The muon spectrometer includes a system of precision tracking chambers up to |n| = 2.7 and fast
detectors for triggering up to |n| = 2.4. The luminosity is measured mainly by the LUCID-2 [33] detec-
tor that is located close to the beampipe. A two-level trigger system was used to select events [34]. The
first-level trigger is implemented in hardware and used a subset of the detector information to accept
events at a rate close to 100 kHz. This is followed by a software-based trigger that reduced the accepted
rate of complete events to 1.25 kHz on average depending on the data-taking conditions. 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.

Objects are reconstructed by combining the information from different sub-detectors and using ded-
icated identification algorithms. Electrons are reconstructed by matching narrow clusters in the elec-
tromagnetic calorimeter with tracks in the inner detector. Electron candidates are required to satisfy
pr >7GeV and || < 2.47, where pr is the transverse momentum. Candidates in the transition region
between the barrel and endcap calorimeters (1.37 < |n| < 1.52) are excluded. All electrons are required
to satisty the Tight charge-identification algorithm [36] to reduce charge misidentification. The baseline
electron selection is defined by the Loose working point of the ATLAS likelihood-based electron identi-
fication algorithm [36] where no isolation requirement is applied. A more exclusive electron selection
requires the electron candidates to satisfy the Medium identification working point and the Tight track-
based isolation [36].

Muons are reconstructed by matching tracks in the muon spectrometer with tracks in the inner
detector. Muon candidates are required to satisfy pr > 5GeV and || < 2.5. Additional conditions, cor-
responding to the Medium working point of the ATLAS muon identification algorithm [37], are imposed
on the quality of the tracks to define the baseline muon selection criteria. The exclusive muon identifica-
tion further requires the Tight track-based isolation [37].

Both electrons and muons are required to satisfy |z sinf| < 0.5mm, where z, is the longitudinal
impact parameter relative to the primary vertex (PV), which is the reconstructed vertex with the high-
est sum of squared transverse momenta of associated tracks. Electrons (muons) are require to further
satisfy |do|/c4, < 5(7) where dy is the transverse impact parameter relative to the beam line and oy, is
its uncertainty. The 7-lepton is long-lived, but it has a shorter lifetime compared to b-hadrons, so the
value of the impact parameter |dp| is optimised to maintain good acceptance to 7-lepton decays while
still reducing contributions from heavy-flavour hadron decays.

Jets are reconstructed using the anti-k; algorithm [38] as implemented in FastJet [39] with a jet
radius parameter R = 0.4. The inputs to this algorithm are particle flow objects [40], which combine
measurements from the ATLAS inner detector and calorimeters [41] to improve the jet energy resolution
and increase the jet reconstruction efficiency, especially at low jet pr . The jet energy scale is calibrated
to particle-level using simulation and corrections obtained from in situ techniques [42]. A multivariate
jet vertex tagger is used to identify jets with pr < 60 GeV and |n| < 2.4 as originating from the PV, sup-
pressing jets from secondary collisions in the same bunch crossing of the event of interest (pileup) [43].

L ATLAS 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 x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards. Polar coor-
dinates (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 7 = —Intan(6/2) and is equal to the rapidity y = % In (ﬂ) in the relativistic limit. Angular distance is mea-

E—p.
sured in units of AR = /(Ay)? + (A¢p)>.
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All jets are required to have pr > 20GeV and || < 2.5. Jets containing b-hadrons, referred to as b-jets,
are identified using the DLIr algorithm [44]. The chosen working point has an efficiency of 85% for
selecting b-jets [45] as estimated from ff simulation.

The reconstruction of 7,4 candidates is seeded by jets formed using the anti-k; algorithm with a
radius parameter R = 0.4, using topological clusters of calorimeter cells [41] as inputs. The 7,q candi-
dates are required to satisfy pr > 20GeV and || < 2.5, excluding the transition region 1.37 < || < 1.52.
The Thag identification uses a recurrent neural network (RNN) algorithm [46]. All 73,9 candidates are
required to have exactly one or three charged-particle tracks associated with its seed jet. A baseline Thaq
selection requires the candidate to satisfy the VeryLoose RNN working point, while a more exclusive 7,4
selection requires the candidates to further satisfy the Loose RNN working point [46]. In addition, a ded-
icated multivariate electron veto is applied to Th,q candidates [47].

The missing transverse momentum, with magnitude ET', is calculated as the negative vector sum of
the transverse momenta of all reconstructed physics objects in events and a track-based soft term [48].
The soft term is constructed from charged-particle tracks that are consistent with originating from the
PV but are not associated with any of the primary reconstructed objects.

This search uses events selected with a combination of triggers that require the presence of either a
single lepton (e or p) or a lepton pair with same/different flavours (ee, pp or ep) [49, 50]. These triggers
varied throughout the data-taking period to manage the increasing luminosity and pileup conditions.
The single-lepton triggers had thresholds ranging from 20 GeV to 26 GeV and the dilepton triggers had
various combinations of pr thresholds ranging from 10 GeV to 24 GeV for the two leptons, depending
on the data-taking period and lepton flavour. To ensure that the reconstructed leptons are associated
with the trigger decision, offline leptons are geometrically matched to corresponding trigger-level objects
from the specific trigger chain that accepted the event.

Two non-overlapping signal regions (SRs) are used to capture different decay modes of the 7-leptons.
The first SR, called 2027,4, targets decays of the kind H — aa — (7¢Thaq) (7¢/Thad)> where £ or £’ denotes
an electron or a muon. Events in the 2£27,,4 region are selected by requiring two same-charge elec-
trons or muons, and two same-charge 7j,,4. In addition, the total charge of the four selected leptons is
required to be zero. The same-charge selection reduces the number of background events from Drell-
Yan processes while being consistent with exotic Higgs boson decays into four 7-leptons. The second SR,
called 3/17y,,4, targets decays of the kind H — aa — (747¢+)(7¢/' Thad)- Events in the 3¢17,,4 region are
selected by requiring three electrons or muons and one 7,4. A charge-based selection is also used. The
three electrons or muons are required to have a total charge +1 or —1. The four bodies are required to
have a total charge of zero. To significantly reduce the large background from Drell-Yan production, a Z
boson veto is applied. Any opposite-charge electron or muon pair is required to have an invariant mass
mye outside the Z boson mass window, satistying #my, < 71 GeV or my, > 111 GeV.

In both SRs, events are required to have zero b-jets to reduce the number of background events with
top quarks. The leading and subleading leptons are required to have pr > 20 and 15 GeV. These thresh-
olds are chosen to be least 1 GeV above the threshold of the loosest HLT selection in order to ensure
a constant trigger efficiency above 98% for all a-boson mass points. Finally, the visible mass () of
the four-body system in both SRs is required to satisfy m,;s < 110GeV. The value of 110GeV, below the
Higgs boson mass of 125GeV, accounts for the energy carried away by the neutrinos in 7-lepton decays.
After the event selection, there are only two relevant sources of background events. The dominant back-
ground source are events with fake/non-prompt (FNP) leptons, estimated by a dedicated data-driven
method [51] that is further explained below. The second source are diboson (WZ and ZZ) events with
prompt leptons that escape the Z boson mass veto selection and is estimated with Monte Carlo (MC)
simulations. The contribution from other processes, including WW, is found to be negligible.

The MC simulation of ZZ and WZ events is performed with the SHERPA 2.2.2 [52] generator,
including off-shell effects and Higgs boson contributions where appropriate. Fully leptonic final states
are simulated using matrix elements at next-to-LO (NLO) accuracy in quantum chromodynamics (QCD)
for up to one additional parton and at LO accuracy for up to three additional parton emissions. Samples
for the loop-induced processes gg — VV (where V=W, Z) are simulated using LO-accurate matrix
elements for up to one additional parton emission. The matrix element calculations are matched and
merged with the SHERPA parton shower based on Catani-Seymour dipole factorisation [53, 54] using
the MEPS@NLO prescription [55-58]. The virtual QCD corrections are provided by the OPENLOOPS
library [59—61]. The NNPDF 3.0nnlo set of parton distribution functions (PDFs) is used [62], along
with the dedicated set of tuned parton-shower parameters developed by the SHERPA authors.

The signal pp — H — aa — 77777~ is simulated using the gluon—gluon fusion production mode
at NLO accuracy in QCD using POWHEGBOX v2 [63-65], with the CT10 PDF set [66]. The cross
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section is normalised to the Higgs boson inclusive production cross section 55.6 pb [67] since the dif-
ference in the acceptance compared to other Higgs boson production modes is negligible. The decay of
the Higgs boson and the further hadronisation is performed with PYTHIA[8.245] [68] which is con-
figured to use the EvtGen [69] programme for the decay of b-hadrons, using the AZNLO set of tuned
parameters (AZNLO tune) [70].

All generated events are simulated with the ATLAS detector simulation [71] based on GEANT [72],
and reconstructed with the same software as the data. The signal samples are processed through a faster
simulation where the full GEANT simulation of the calorimeter response is replaced by a parameteri-
sation of the shower shapes [71]. The effect of pileup was modelled by overlaying the simulated hard-
scattering event with inelastic pp events generated with PYTHIA 8.186 [73] using the NNPDF 2.3lo set
of PDF [74] and the A3 set of tuned parameters [75].

The main source of background is composed of FNP leptons (from decays of heavy-flavour hadrons
or jets faking leptons) from processes such as WZ, Z/~* + jets and #. These processes can contribute
both to prompt leptons from W or Z boson decays and FNP leptons from b-quark decays and jets,
which compose the mis-identified background of the analysis. Despite the lifetime of the 7-lepton, elec-
trons and muons produced in 7 — fvyv, decays are considered prompt. The relaxed impact param-
eter selection used in the exclusive electron and muon selection criteria ensure good acceptance for
most of these decays. Sources of FNP electrons include mis-reconstructed jets and photon conversions.
Non-prompt muons arise almost exclusively from the semileptonic decay of hadrons. Finally, FNP 74,4
are mis-identified quark- or gluon-initiated jets. Electrons mis-reconstructed as 7,9 decays with one
charged-particle track are estimated from MC. Leptons reconstructed with the wrong charge assignment
are always considered FNP. This FNP background is derived using a data-driven fake-factor method [51],
using events in which at least one lepton fails to meet the exclusive selection criteria. A weight fake fac-
tor f/(1 —f), where f is the fake rate—the fraction of events for which the baseline lepton also satis-
fies the exclusive selection criterion—is applied to each lepton failing to satisfy the exclusive selection
criterion. For events containing multiple objects failing to meet the exclusive selection criteria, a com-
binatoric weight is calculated to account for all possible combinations of fake objects while avoiding
over-correction [51]. The contribution of background processes with prompt leptons that fail to satisfy
the exclusive selection criteria is removed using MC simulation but has a negligible impact on the final
expected yield.

The fake factors are determined in two steps: they are first measured in a data control region
enriched in Z+jets events, and this measure is then refined in FNP-enriched validation regions (VRs)
containing same-sign leptons. In the first step, a Z+jets sample is selected by requiring ete™ or u™p~
pairs, where both leptons satisfy the exclusive selection criterion and 71 < my, < 111 GeV, and an addi-
tional baseline lepton. Events are required to satisfy E'* < 30GeV to reduce the contamination from
WZ events in this control region to a negligible level. The measured fake factor for electrons and muons
is extracted in bins of lepton pr and 7. For taus, the fake factor is measured in bins of visible pr and
as a function of the number of charged-particle tracks associated with the seed jet. The measured fake
factors range from approximately 0.3-0.6 for muons, 0.01-0.09 for electrons and 0.25-0.5 for 7,4 candi-
dates with one or three tracks.

The background processes that contribute to FNP leptons vary in proportions in the Z+jets regions
and in the two SRs. To assess the possible impact of such variation in composition, three VR are
defined. The VRs are similar to the SRs but require exactly three objects in the final state. Two VRs,
called fethag and fpm,q, require the presence of two same-charge leptons (electrons or muons) and one
Thad- The lem,g and fumha.g VRs are distinguished by the flavour of the subleading electron or muon.

A third VR, called 1£27,,4, is formed by selecting events with two same-charge 7,4 and one electron
or muon. In the VRs, similar to the SRs, the three-body visible mass is required to satisfy milf ody
110GeV to be kinematically compatible with the SR topology, and the number of b-jets is required to
be zero.

The len.g ({1imhaa) VR is designed such that the subleading electron (muon) is dominantly from
ENP sources, and similarly, the subleading 7,4 in the 27,,q1¢ VR is dominated by FNP as well. The VRs
serve two purposes: constraining systematic uncertainties and providing a refined fake factor estimate. A
profile-likelihood fit to the observed yields in the VRs is performed to propagate the impact of experi-
mental and modelling uncertainties into an uncertainty model for the fake factors. This fit includes ded-
icated modelling uncertainties evaluated by varying key selection criteria for the three types of objects
in the final states, the 7,4 seed jet width, the electron ambiguity (which discriminates against electrons
from photon conversions), and the muon |dy|/04, selection.
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Figure 1. Post-fit visible mass, mf,i':mdy, distribution in the 1627y, (left) and feThag/€pmhaa (right) validation regions. The data

(points) are compared with the background prediction, with the post-fit total uncertainty shown as a hashed band. The vertical

3-body _

dashed line at m = 110GeV indicates the upper bound of the regions. The agreement between data and prediction in the
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high-mass sideband (mf,i'sb °% > 110GeV) validates the modelling of the fake/non-prompt background.

Table 1. Total number of observed and expected events in the two signal regions after
the background-only fit, where the signal strength is fixed at zero in the fit. The
expected number of signal events is listed only for the m, = 45GeV hypothesis
assuming B(H — aa — 47) = 10% and the inclusive Higgs boson cross-section. The
uncertainties include both statistical and systematic uncertainties.

Process 202Thaq SR 3017haa SR

Data 0 31

Total background 0. Ingii; 28.0+4.6
Fake/non-prompt O.lng:g 21.14+4.7
wzZ < 0.01 0.11£0.02
7z 0.01+0.01 6.7+0.7

H — aa — 41 (B = 10% m, = 45GeV) 2.64+0.3 20.54+2.4

In the profile-likelihood fit, the femh.g / ¢14Thag VRs are binned in the pr and |n| of the subleading
electron (muon). The 1¢2m,4 VR is binned in the visible pr and number of tracks of the subleading
Thad- The binning is exactly the same as the one used for the fake-factor parameterisation. The pre-fit
difference between data and expectation, which is found to be approximately 10% across the VRs, is
incorporated as an additional non-closure uncertainty. The post-fit values are used as a refined estimate
of the fake factor values to be used when estimating the FNP background in the SRs. Figure 1 shows the
post-fit comparison between data and expectation in VRs.

A statistical combination of the two SRs is performed. Signal hypotheses for m, ranging from 15GeV
to 60GeV are tested against the background-only hypothesis by comparing the observed data to the
expected background using a profile likelihood ratio test statistic [76] built from the product of Poisson
densities in the two regions. Nuisance parameters and Gaussian constraint terms [76] are added to
model systematic uncertainties. Systematic uncertainties related to the electron, muon, 7-lepton, and jet
energy scale and resolution, and the electron, muon and 7-lepton efficiencies are included [37, 42, 47,
77]. Systematic uncertainties in the modelling of the prompt ZZ and WZ background are estimated by
varying PDFs and renormalisation and factorisation scales [66]. The dominant systematic uncertainties
in this search are associated with the modelling of the FNP background, in particular uncertainties from
variations in the fake composition, with a magnitude of these uncertainties less than 10%.

Table 1 and figure 2 show the expected yields and uncertainties for the two SRs. In the 20274 SR,
zero data events are observed, while 31 data events are observed in the 3/17,,4 SR. The total number
of expected background events after the fit are 0.121)-17 and 28.0 + 4.6. The numbers of expected sig-
nal events for a 10% of branching ratio range from 0.6 (10.8) to 4.3 (27.3) in the 2027,4(3¢17h.4) SR
for m, from 15 to 60 GeV. The number of observed events in both SRs is consistent with the expected

5
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Figure 2. Post-fit yield in the 2627y, and 3¢17},q signal regions from the background-only fit. The data (points) are compared
with the background prediction, with the background total uncertainty shown as a hashed band. No data events were observed in
the 2£27h,q SR. The expected number of signal events is shown for the m, = 45GeV hypothesis assuming B(H — aa — 47) =
10% and the inclusive Higgs boson cross-section.
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Figure 3. The expected and observed 95% CL upper limits on the branching ratio of H — aa — 777~ 717~ in the mass range
15 < m, < 60GeV.

Standard Model background estimate. Since no significant excess above the Standard Model prediction

is observed, upper limits are set on the branching fraction of the Higgs boson to aa — 777~ 7777, The
limits are derived using the CLs method [78] with a modified test statistic 4, [76] that is set to zero if
the expected number of events is below the best fit value. The upper limits are determined by generating
and evaluating multiple pseudo-experiments for each signal hypothesis. The observed (expected) 95%
CL upper limit on the branching ratio B(H — aa — 77~ 77 77) varies from 0.23 (0.15) to 0.06 (0.04)
in the mass range from m, = 15GeV to m, = 60GeV, as depicted in figure 3. The range of the observed
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(expected) 95% CL upper limit on B(H — aa — 777~ 7777) in the 2£271,4 SR is 0.53-0.07 (0.54-0.07).
In the 3/17,q SR, the corresponding observed (expected) limit is 0.26—0.10 (0.17-0.06).

This result constitutes the first search by the ATLAS Collaboration for the exotic Higgs boson decays
H— aa— 7777777 in the mass range 15 < m, < 60GeV, complementing the low mass search in
the mass range of 4 < m, < 15GeV with the upper limit on B(H — aa — 47) from 0.03 to 0.10 [19].
The sensitivity is largely limited by the statistical uncertainty of the data. The limits on B(H — aa —
7777 77) are complementary to previous searches in different final states within type-II1 2HDM+-s
models with large values of tan 3 in the mass range 15 < m, < 60GeV.
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