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6 A search for a new heavy boson produced via gluon-fusion in the four-lepton channel with
7 missing transverse energy or jets is performed. The search uses proton-proton collision data
8 equivalent to an integrated luminosity of 139 fb~! at a centre-of-mass energy of 13 TeV
0 collected by the ATLAS detector between 2015 and 2018 at the Large Hadron Collider. The
10 heavy boson, R (A), decays to an S (Z) boson, and another lighter Higgs-like boson, H, decays
11 to two Z bosons. The § boson is assumed to decay to dark matter, and the associated Z
12 boson decays either to two leptons or inclusively. The mass spectrum studied is 390-1300
13 (320-1300) GeV for the R (A) boson and 220-1000 GeV for the H boson. The § boson mass
14 is fixed at 160 GeV to reduce the number of free parameters. No significant deviation from
15 the Standard Model backgrounds is observed. The results are interpreted as upper limits at
16 a 95% confidence level on the o-(gg — R) X B(R — SH) X B(H — ZZ) X B(ZZ — 4¢)
17 and o(gg —» A) XB(A —» ZH) X B(H — ZZ) x B(ZZZ — 4¢). The observed (expected)
18 upper limits are in the range of 0.027-0.532 (0.030-0.322) fb for the R — SH — 4 + EIT]rliss
19 model, and 0.023-0.378 (0.028-0.289) for A — ZH — 4{ + X model.
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1 Introduction

In 2012, the ATLAS and CMS experiments independently discovered a new particle [1, 2]. The new
particle’s properties are consistent with the Higgs boson proposed by the Standard Model (SM) [3-6].
Nonetheless, there are yet questions that the SM still needs to answer. For instance, the dark matter,
neutrino masses and mixing, the hierarchy problem, and the strong CP problem are so far open queries
[7-9]. Whether the found particle is a particle in its own right or simply a part of the Higgs sector suggested
by the two-Higgs-doublet (2HDM) is until now debated [10, 11]. The 2HDM predicts the existence of
five Higgs bosons: a CP-even particle like the SM Higgs boson (%), a heavier Higgs boson (H), a CP-odd
particle (A), and a charged Higgs scalar (H*). Another extension to the SM is a model where a real scalar
boson (S) is introduced to the 2HDM (2HDM+S) [12, 13]. The S boson is assumed to be a dark matter
portal and a possible source of missing transverse energy.

In this paper, our aim is to search for heavy resonances decaying to 4¢ and missing transverse energy or
jets. The search focuses on the high-mass region of the heavy bosons where the four-lepton invariant mass
is above 200 GeV. Only the gluon-gluon fusion production mode is considered in this analysis. This study
uses proton-proton collision data at a centre-of-mass energy of 13 TeV and integrated luminosity of 139
fb~! collected by the ATLAS detector in 20152018 period at the Large Hadron Collider (LHC). Two
different scenarios are considered for the signal model. First, the 2HDM+S model only includes a heavy
resonance H and Higgs-like scalar boson S. The model is extended to cover more general situations for
various missing energy magnitudes by adding one heavy scalar R, where R decays to H and S bosons with
mpr > mpg +ms. The H is assumed to decay to four leptons (4¢ where £ could be an electron or a muon),
and the S decays to SM neutrinos. The masses of the R and H bosons are varied to control the missing
transverse energy, and the S mass is fixed to 160 GeV. The assumption of the S mass is motivated by the
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Figure 1: Feynman diagrams represent the production of heavy bosons via gluon-fusion at leading-order for (a)
R — SH — 4¢+ Ef™ and (b)(c) A —» ZH — 40+ X (X = v/q/{") signal models.

phenomenology study presented in Ref. [14]. However, we studied the effect of this choice and found that
the S mass only affects the missing transverse energy kinematic if its mass is above 200 GeV. Therefore,
fixing the S mass reduces the free parameters on the fit and simplifies the analysis. The phenomenology
of the new R — SH topology can easily embed into the 2HDM+S model using a similar approach as
in Ref. [12]. Second, a 2HDM-based baryogenesis scenario is considered, which generates matter and
antimatter asymmetry. This model is motivated by the equal amount of matter and antimatter supposedly
generated in the early universe [15]. Searches for baryogenesis were conducted at the LHC with several
channels, such as H — hh [16,17], H > WW/ZZ [18-23] and A — Zh [24, 25]. In addition, searches
inthe A— > ZH— > 202b /2627 [26-29] channels were also carried out in the LHC. In the latter case, for
a strong first-order phase transition to occur in the early universe, the m > mpg is preferred. Therefore,
the A —» ZH — 4¢ + X model is added to this study to explore regions with jet activities. In this signal, A
is a CP-odd scalar which decays to a CP-even scalar H and Z boson. Two decay methods are assumed for
associated Z and H bosons: Z — Xand H - ZZ — 4¢,and Z — 20 and H — ZZ — 2{ + X, where X
could be missing transverse energy or jets.

This paper is organised as follows. The ATLAS experiment is shortly described in Section 2. Section 3
describes the data and Monte Carlo samples, followed by the object reconstruction in Section 4. Section
5 describes the analysis strategy and the signal and background modelling are discussed in Section 6.
The experimental and theoretical systematic uncertainties are demonstrated in Section 7. The results are
discussed in Section 8, and a conclusion is given in Section 9.

2 ATLAS detector

The ATLAS detector is a multipurpose particle physics detector at the LHC with cylindrical geometry' and
forward-backwards symmetry [30]. It contains an inner tracker detector (ID) covered by a superconducting
solenoid feeding a 2 T magnetic field, electromagnetic (EM) and hadronic calorimeters, and a muon
spectrometer with superconducting magnets. The ID has a silicon pixel, a silicon microstrip tracker, a
transition radiation tracker, and an insertable B-layer [31] covering the region || < 2.5. The calorimeter

I 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.
Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The rapidity is
defined as y = (1/2) In[(E + p;)/(E — pz)], where E is the energy and p is the longitudinal component of the momentum
along the beam pipe. The pseudorapidity is defined in terms of the polar angle 6 as 7 = —Intan(6/2). Angular distance is
measured in units of AR = /(An)? + (A¢)2.

24th April 2023 - 06:03 3
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design includes lead/liquid-argon, steel/scintillator-tile, copper/liquid-argon, or tungsten/liquid-argon as
the absorber fabric. It provides a pseudorapidity coverage of || < 4.9. The muon spectrometer (MS)
incorporates superconducting toroidal air-core magnets around the calorimeters, which supply muon
identification and momentum measurement for || < 2.7. A trigger system is employed at two stages to
select events with an average rate of about 1 kHz for offline analysis [32].

3 Data and simulated event samples

The data used in this analysis consists of proton-proton collisions at a centre-of-mass energy of 13 GeV
recorded by the ATLAS detector at the LHC from 2015 to 2018. Events are required to satisfy the data
quality requirements to ensure the quality of the collected data [33-35]. After applying the event cleaning
criteria, the total integrated luminosity of the entire data reached 139 fb~!.

Background and signal events were simulated using Monte Carlo (MC) generators according to ATLAS
detector configurations. These events were used for signal optimisation, background parametrisation, and
estimation of systematic uncertainties. The gG§ — ZZ background was generated using SHERPA v2.2.2 [36]
with NNPDF 30 NNLO PDF set [37]. The generation was achieved with next-to-leading order (NLO)
in the matrix element calculation for 0- and 1-jet final states and leading order (LO) for 2- and 3-jet
final states. The accuracy was calculated with the Comix [38] and OpExLoops [39-41]. The SHERPA
parton shower [42] for the merging was performed by MEPs @NLO prescription [43]. Electroweak (EW)
correction at NLO as a function of the ZZ invariant mass was applied [44, 45]. Similarly, the gg — ZZ
process was simulated by SHERPA v2.2.2 and OPeENLoops generators. Matrix elements for O- and 1-jet at
LO were calculated and merged with the SHERPA parton shower. The PDF set NNPDF 30 NNLO was used
in the generation. The VVV background events, including processes such as ZZZ, ZZW, and WWWZ
with at least four prompt charged leptons, were simulated using SHERPA v2.2.2 with NNPDF 30 NNLO
PDF set. The qg — ZZ (EW) events, consisting of leptons and two jets, were simulated using SHERPA
v2.2.2 with NNPDF 30 NNLO PDF set. Events containing four prompt charged leptons coming from 7V
backgrounds (V = Z or W*) were modelled by MADGraPHS _AMC@NLO [46] interfaced with PyTHIAS
[47] for the hadronisation. The 7 events were generated using PowHeG-Box v2 [48] with NNPDF 30
NNLO PDF set. PyTtHia8 was used as an interface for the showering and hadronisation with the A14
NNPDF23LO tune, and EvrGeN was used to simulate B-hadron decays. PowHEG-Box v2 and PyTHIA8
were used for the generation and hadronisation of the WZ process, respectively. The Z+jets events were
modelled using SHERPA v2.2.0 generator. Matrix elements for 0- and 2-jet at NLO and 3- and 4-jet at LO
were calculated with Comix and OpenLoops. For the merging, the SHERPA parton shower MEPs @ NLO
prescription was used.

The R —» SH — 4¢ +E%niss signal was simulated using PyTH1A8 with A14 tune and NNPDF 23 LO PDF set.
MabGraruS_AMC@NLO was used to simulate A — Z(— X)H(— 4f) and A — Z(— 20)H(— 2{+X)
signals with A14 tune and NNPDF 23 LO PDF set. The R mass considered is in the range of 390-1300
GeV, with the S mass fixed to 160 GeV, and the A mass is 320-1300 GeV. The H mass for both signal
models is in the range of 220-1000 GeV.

24th April 2023 - 06:03 4
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4 Object reconstruction

The event selection relies on the reconstruction and identification of electrons, muons, and jets. The
reconstruction and identification follow the analysis reported in Ref. [49] and are briefly summarized in
the following. Electrons are reconstructed from the energy deposited in the EM calorimeter associated
with the tracks found in the ID [50-52]. Muons are reconstructed from the combination of tracks found in
the ID with tracks or segments of tracks found in the MS [53]. Electrons (muons) are required to have
pr > 4.5GeV (pr > 5 GeV) and || < 2.47 (|n| < 2.7). Jets are reconstructed from topological clusters
using the anti-k, algorithm with a radius parameter R = 0.4 [54]. The particle-flow algorithm [55] is
used as input to the FAsTJET package [56]. Selected jets are required to have at least one vertex with two
associated tracks with pt > 500 MeV, and the primary vertex is chosen to be the vertex reconstructed with
the largest ), p%. In addition, jet events must be in the central region (|n| < 2.5) with pt > 20 GeV. The
effect of close-by bunch crossing (pile-up) during the p—p collision is decreased by requiring jets with
7] < 2.5 and 20 < pt < 60 GeV to pass a jet-vertex-tagger multivariate discriminant requirement [57,
58]. A geometrical overlap removal between a reconstructed electron, muon, and jet is applied. A jet is
removed if an electron or a muon is reconstructed within a cone size (AR) of 0.2 and 0.1, respectively.

5 Event categorisation

Events are classified into three distinct channels based on the flavours of the selected leptons. These
channels are 4y, 4e and 2u2e and are assigned on the basis of which triggers are activated in the event.
They are selected with single-lepton, dilepton and trilepton triggers, with dilepton and trilepton triggers,
including electron(s)-muon(s) triggers. Single-electron triggers apply “medium” or “tight” likelihood
identification, whereas multi-electron triggers apply “loose” or “medium” identification.

6 Signal and background modelling

Monte Carlo simulation (MC) is used to parametrise the constructed four leptons invariant mass (m4¢)
distribution for the SM backgrounds. Meanwhile, the signal shape is taken directly from the MC, as
demonstrated below.

6.1 Signal model

The signal line shapes are taken directly from the MC simulation. However, since a few mass points are
generated for R — SH — 40 + EIT’rliss and A — ZH — 4{ + X signals, interpolation is needed to cover the
entire (mg/4, my) phase space. A linear interpolation method is described in Ref. [59] is used to get
signal shapes between the generated masses in the (mg; 4, mg) plane. Because the signal depends on the
A and H masses, interpolating the signal must be done in two steps. The first step is to fix the H mass
and interpolate the energy gap or the A mass. The interpolated signals along the A mass are input for a
second interpolation step where the A mass is fixed, and 10 GeV varies the H mass. The same interpolating
procedures are used for the R — SH — 4( + E?iss signal to get the mass points between the generated
samples.

24th April 2023 - 06:03 5
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6.2 Background model

The m4, shape of the backgrounds is obtained from MC simulation and parametrised using an empirical
function. Four background templates are used as gg — ZZ, gg — ZZ, VVV and others. The VVV has a
different shape from the rest of the backgrounds, so it is kept on a different template. Backgrounds such as
qq — ZZ (EW), ttV, tf, Z+jets and WZ are combined in a template called others. Each of the background
templates is fitted with an analytical function for m4, between 200-1200 GeV, as follows:

f(mae) = H(mo — mye) fi(mae) C1 + H(mae — mo) fo(mar) Ca, )]
where:
2
ay-mye+ar-m
filmae) = ——¢ @
1 +exp (a—3)
by (Bo+bain(22L))
m m C
fr(mae) =@—Jﬂ-(ﬂ) 3)
nc nc
1 1
C

=R T Hmo

/1 models the ZZ threshold around 2 - m, and f, describes the high mass tail. The transition between fj
and f, functions is performed by the Heaviside step function H(x) around mg, where my is fixed to 260,
240, 250 and 230 for the gq — ZZ, gg — ZZ, VVV, and others backgrounds, respectively. The transition
point is determined by optimising the function’s smoothness. A constant nc = 13 TeV scales the m4, in
the high mass region. C; and C, ensure the continuity of the function around the mg corresponding to f;
and f>.

7 Systematic uncertainties

8 Results

8.1 Statistical procedures

The invariant mass of the four leptons (m4,) is utilised as a discriminant to examine the null and alternative
hypotheses using the profile likelihood ratio technique [60]. The null hypothesis results in smoothed
backgrounds that fall from the low mass range to the higher mass range of the my; distribution. In contrast,
the alternative hypothesis constructs a signal structure around the H mass. The signal and background
contributions in the my4, distribution are extracted via binned maximum-likelihood fits by the signal-plus
background hypotheses to extract any indications for new physics. The profile likelihood function is defined
by the probability of observing n events times the product sum of the weighted signal and background
events, as shown below:

ny

np
L(myloss= AR gy = [T [ | Poisson|n,p| S5+ Y Bker (@) |x[ [Gi(0l6,1), @)

r=SR b=bin Bkg i

24th April 2023 - 06:03 6
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where 0884/R represents the production cross-section of the A/R boson, and S and Bkg are the expected
signal and background yields in each bin of the m4, distribution. The expected signal yields S is calculated
by:

S =88 ARYB(A/R — ZH/SH)XB(H — ZZ)XB(ZZZ|ZZ — 4€) x (Accep x Effi) X / Ldt, (5)

where Accep X Effi is the acceptance times efficiency and f L dt = 139 fb~! is the integrated luminosity
of the data. A collection of nuisance parameters is introduced to describe how systematic uncertainties
influence the predicted number of signal and background events and the shape of the PDFs. These
parameters are constrained to their nominal values within the calculated uncertainties using Gaussian
constraints by G(é). The dependency on the analysis category for each event is implied in the product by
the index r. The gg — ZZ and gg — ZZ backgrounds normalisation are set free and controlled by the
u?? parameter per signal region. The benefit of releasing the ZZ background normalisation is to reduce
the background dependency on the theory and other systematic uncertainties.

9 Conclusion

A search for new heavy resonances in the 4¢ (£ could be an electron or a muon) channel with missing
transverse energy or jets is performed. The search uses proton-proton collision data at a centre-of-mass
energy of 13 TeV collected with the ATLAS detector from 2015 to 2018 at the Large Hadron Collider,
corresponding to a total integrated luminosity of 139 fb~!. The mass range for the hypothetical resonance
spans between 390 (320) GeV and 2160 (2090) GeV for the R (A) boson. And the heavy boson H mass
considered is between 220 GeV to 1000 GeV. Upper limits on the o Xx BR(R(A) — SH(ZH)) x BR(H —
Z7)xXB(ZZ(ZZZ) — 4¢) at 95% confidence level are set. The expected (observed) upper limits of the
R — SH — 46+ E‘TniSS model are in the range of 0.030-0.05 (xx—xx) tb for (mg, mg) = (390, 220) GeV to
(mg, myg) = (1300, 1000) GeV. For the A — ZH — 4 + X model, the expected (observed) upper limits
are in the range of 0.028 - 0.293 (xx—xx) fb for (m 4, mg) = (320, 220) GeV to (ma, mg) = (1300, 1000)
GeV. The upper limits for the A — ZH — 4¢ + X model are translated to exclusion contours in the
(mpg, m4) plane in terms of Type I and lepton-specific two-Higgs-doublet models (Type II and flipped
2HDM will be added too).
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