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Abstract. Search for the presence of a new heavy resonance produced via gluon-gluon fusion
and decaying to the four-lepton (4¢) final state, in association with missing transverse energy
(Emis) with £ = e, . The search uses 2015-2018 proton-proton collision data at /s = 13 TeV,
corresponding to an integrated luminosity of 139 fb™!, collected by the ATLAS detector at the
Large Hadron Collider at CERN. The data is interpreted in terms of two models, firstly the
R — SH — 40 + E™5 where R is a scalar boson, which decays to two lighter scalar bosons
(S and H). The S decays to a pair of neutrinos (E¥*%) and the H decays into 4¢, through ZZ
bosons. The second model is the A — Z(vv)H(ZZ) — 4€ + B where A is considered to be
a CP-odd scalar which decays to a CP-even scalar H and the Z boson. The Z boson decays
to a pair of neutrinos, and the H decays to the 4/ final state. The discovery of the Standard
Model (SM) Higgs boson imposes questions as to whether there is physics beyond the SM or
not. The 4¢ and the rich E2% on the final states, give rise to activities of physics beyond the
SM in which we investigate in this search.

1. Introduction

In 2012, two of the Large Hadron Collider (LHC) experiments, A Toroidal LHC ApparatuS
(ATLAS) and the Compact Muon Solenoid (CMS), independently led to the discovery of the
Higgs boson [1, 2]. Its properties are compatible with the Standard Model (SM) Higgs boson.
Many studies have been conducted, towards understanding the Higgs boson’s properties and
couplings to SM particles. Studies are being conducted beyond the SM (BSM), in search
for new scalars which may participate in electroweak symmetry breaking. ATLAS and CMS
collaborations are actively conducting these searches in various channels. This study is an effort
to search for a heavy scalar in the four-lepton (4¢, where ¢ = e, u) final state in association
with missing transverse energy (E¥SS). The study is highly motivated by the multi-lepton
anomalies observed at the LHC and one possible interpretation is the existence of a new
scalar [3, 4]. The search focuses on the high mass region of the heavy bosons where the 4/
invariant mass (mgy) is greater than 200 GeV. The data is interpreted in terms of two models,
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Figure 1: The Feynman diagrams for the B — SH — 4( + Emiss model (left) and the
A — Z(vw)H(ZZ) — 40 + EF™® model (right).

Table 1: Summary of MC generators used to model signal and background processes, accuracy
in Quantum ChromoDynamics (QCD) and the Parton Distribution Function (PDF) set.

Process Generator QCD accuracy Tune and PDF set
R — SH — 40 + EF'™ Pythia8 (7] NLO A14 NNPDF23LO
A~ Z(w)H(ZZ) — 40+ R MadGraph5-+Pythia8 [7, 8] NLO A14 NNPDF23LO
qq— Z7* Sherpa+MePs [9, 10] NLO (0- and 1-jet), LO (2- and 3-jet) NNPDF30NNLO [11]
99 — ZZ* Sherpa+OpenLoops [9, 12] LO (0- and 1-jet) NNPDF30NNLO [11]
qq — ZZ* (EW) Sherpa [9, 10] LO NNPDF30NNLO [11]
ZZZ(402v, 6L0v) Sherpa [9, 10] NNLO NNPDF30NNLO [11]
WZZ(501v) Sherpa [9, 10] NNLO NNPDF30NNLO [11]
WW Z(462v) Sherpa [9, 10] NNLO NNPDF30NNLO [11]
v (V=w/Z) MadGraph5+Pythia8 [7, 8] LO Al14 NNPDF23LO
tt Powheg-Box+Pythia8 (7, 13] NNLO+NNLO A14 NNPDF23LO
WZ — 301y Powheg-Box+Pythia8 (7, 13] NNLO CT10NLO, AZNLOCTEQ6L1 [11]
Z+Jets Sherpa+Comix+OpenLoops+MePs [9, 10] NLO (0- and 2-jet), LO (3- and 4-jet) NNPDF30NNLO [11]

the R — SH — 40 + E%s [3] and the A — Z(vw)H(ZZ) — 4 + ERsS [3, 5, 6] models,
where heavy resonances are produced via gluon-gluon fusion. Figure 1 (left) represents the
R — SH — 40 + ETsS where R is a scalar boson that decays to two lighter scalar bosons,
S and H. The mass of S is fixed to 160 GeV and S decays to the SM neutrinos (ER). The
scalar H, decays to a pair of Z bosons, which further decays into 4¢. To further explore regions
with jet activities in the Two-Higgs-doublet scenario, the A — Z(vw)H(ZZ) — 40 + EMiss
model is introduced. Figure 1 (right) depicts the A — Z(vw)H(ZZ) — 4€ + E¥S model,
where A is a CP-odd scalar which decays to a CP-even scalar H and a Z boson. The Z
boson decays to neutrinos and the H decays to a pair of Z bosons, which further decay to
4¢. The search uses 2015-2018 proton-proton collision data at /s = 13TeV corresponding
to an integrated luminosity of 139fb~!. Signal and background samples are simulated using
Monte Carlo (MC) generators according to ATLAS detector configurations. Table 1 summarises
the MC generators for signal and background processes and PDF sets used in both signal and
background simulation. MC samples are used in the signal optimisation, signal and background
parametrisation, to estimate the systematic uncertainties and statistics.

2. Object and event selection

This study requires four charged leptons in the final state and the missing transverse momentum.
Table 2 summarises the object requirements and event selection. Electrons are reconstructed by
matching the Inner Detector (ID) track to a cluster of energy in the electromagnetic calorimeter.
The final track-cluster matching is performed after the tracks have been fitted with a Gaussian-
sum filter to account for bremsstrahlung energy losses. The reconstruction of muons requires the
matching of the track in the muon spectrometer (MS) to the track in the ID. If a complete track
is present in both the MS and ID, the matching is performed through a global fit. The fit uses
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Table 2: Summary of physics objects and event selection requirements. The lepton pairs are
given by m19 and mg4.

Physics Objects
ELECTRONS
Loose likelihood criteria applied for electrons with track hit in innermost layer, Er > 7GeV and |n| < 2.47
Constraint of the interaction point is: |z - sin ] < 0.5mm (if track of ID is present)
MUONS
Candidate reconstruction with "loose” identification for pr > 5GeV and |n| < 2.7
Calo-tagged muons with pr > 15 GeV and |n| < 0.1, segment-tagged muons with |n| < 0.1
Stand-alone and forward ID tracklets restricted to the 2.5 < |n| < 2.7 region
Muon candidates with pp > 5 GeV for combined, stand-alone (with ID hits) and segment-tagged muons.
Constraint of the interaction point is: |dg| < 1mm and |zp - sin 6] < 0.5mm (if track of ID is present)
JETS
anti-kr jets reconstruction with bad-loose identification, pr > 30 GeV and |n| < 4.5
Require jets with pp < 60 GeV and || < 2.4, to pass the pile-up jet
rejection at 92% working point (jet-vertex-tagger score > 0.59)
Require jets with pr < 50 GeV and |n| < 2.5, to pass the forward pile-up
jet rejection at 90% working point
b-TAGGING
A b-tagging weight is applied with the MV2_c10 algorithm [14] to the previously selected jets with |n| < 2.5
OVERLAP REMOVAL
Remove jets within a cone of radius (AR) < 0.2 of an electron or AR < 0.1 of a muon
Event Selection
QUADRUPLET SELECTION
Require at least a single quadruplet of leptons composed of two pairs of the same-flavour
and opposite-charge, fulfilling these requirements:
— pr thresholds for the three leading leptons in the quadruplet should be: 20, 15 and 10 GeV
— Each quadruplet to consist of at most 1 calo-tagged, stand-alone or forward ID muon tracklets
— Require the mass for the leading di-lepton to be: 50 < mis < 106 GeV
— Require the mass for the sub-leading di-lepton to be: Mmhreshold < mM34 < 115 GeV
— All pairs of leptons in the quadruplet to have AR(¢,¢') < 0.10 and remove the quadruplet if alternative
same-flavour and opposite-charge di-lepton gives my, < 5GeV. Keep all quadruplets passing this selection
ISOLATION
— Remove the contribution from other leptons of the quadruplet
IMPACT PARAMETER, SIGNIFICANCE
— Apply impact parameter significance cut to all leptons of the quadruplet
to suppress the background from heavy-flavour hadrons

the hit information from the MS (combined muon) and ID, else the momentum is determined
from the ID, and the MS track segment is used as the identification (segment-tagged muon).
The reconstruction of jets is performed using the anti-k7 algorithm with a radius parameter R
= 0.4 [15]. The particle flow (PFlow) objects are used as inputs to the FastJet package [16].
In PFlow, the removal of clusters is based on the expected energy being deposited by tracks
during jet reconstruction. Prior to jet-finding, the topo-cluster pseudorapidity (n) and ¢ are
recomputed with respect to the primary vertex position rather than the detector origin. E%liss
is the imbalance of visible momenta in the plane transverse to the beam axis. It is calculated as
the negative sum of the momenta of all identified physics objects (electrons, muons, jets) and the
”soft term”, that accounts for unclassified soft tracks and calorimeter clusters. This study uses
the track-based soft term E%liss. The combined information from the ID and the calorimeter
is used in reducing the effect of pile-up, which degrades the E%ﬁss performance. The soft term
is calculated using the momentum of the tracks associated with the primary vertex, whereas
the hard objects have their momentum being computed at the calorimeter level, to include the
momentum measurements for neutral particles. After object reconstruction, an overlap-removal
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Figure 2: Distribution of the my, for fitting the CB + G PDF (see text) to (390,220) GeV signal
mass point for the R — SH — 40+ E¥ model (left). Distribution of the my, for an analytical
function fit (solid line) to the q¢ZZ background MC simulation (dots) (right).

procedure is applied to all selected objects to remove ambiguities resulting from objects being
reconstructed by several algorithms.

3. Signal optimisation
After the pre-selection described in Section 2, an additional selection depending on the signal
model is applied, where the optimisation is quantified by the significance (Zs;i,) formula:

S
\/E,
where S and B represent the signal and background events respectively. Both the signal
and the background are considered for mys > 200GeV. The optimisation of the signal is
considered for both models with events categorisation. Table 3 summarises the optimal cuts,
their representation and Zs;, of each applied cut for the A — Z(vv)H(ZZ) — 40+ EF model.
The combined Zs;s is obtained by the quadrature sum of all the categories per model after pre-
selection. The combined Zgi, is 4.20 for the A — Z(vv)H(ZZ) — 40+ E¥ model and 6.90 for
the R — SH — 40+ E® model, where a different signal mass point (m4, mg) = (390, 220) GeV
is used for calculating the yields.

(1)

ZSig =

Table 3: The expected yields for a signal mass point (ma,mpg) = (330,220) GeV and Zgig
calculated from the MC simulation at an integrated luminosity of 139 fb~!.

Signal qqZZ 9927 qqZZ(EW) tV VVV  Z+jets WZ tt Zsig
Pre-selection 60.3+£0.1 2492.844.4 347.4+0.7 32.7£0.3 38.7£0.5 19.0+£0.1 12.2+6.5 5.0+£0.3 2.7+£0.2 2.5
High—EfFisS & ijcécs =0 6.1+£0.0 113.1+1.2 27.440.2 0.5+0.0 1.2+0.1 7.44+0.1 0.9+0.3 1.9+£0.2 0.6+£0.1 1.1
Low-E™* & Nf =0 1.8+0.0 174.6+1.1 34.4£0.2 0.5+0.0 0.1+£0.0  0.84+0.0 1.8+1.5 0.5+0.1 0.1£0.0 0.3
Hi,g;‘h—E—IF’?iss & ]Vjcets >1 3.14£0.0 12.440.3 2.64+0.1 0.44+0.0 4.0+£0.2  4.7+0.1 0.1+0.0 0.7£0.1 0.6+£0.1 1.4
Low-Ef** & ]\/vjcet5 >1 4.6+0.0 42.5+0.5 8.31+0.1 1.2+0.0 1.2+0.1 1.5+0.0 0.1£0.0 0.3+0.1 0.2£0.1 1.4
Np_jets > 1 9.14+0.1 67.2+£0.5 7.940.1 2.440.1 30.0£0.4 0.6£0.0 0.1+£0.0 0.2+0.1 0.94+0.1 1.9
|m§) —my| < 20 GeV 6.74+0.0 43.2+0.3 7.240.1 2.14+0.1 0.2+£0.0  0.2+0.0  0.2+0.2 0.0£0.0 0.0+£0.0 2.0
|mi] —myz| > 20 GeV 12.840.1 191.0+0.6 27.240.2 14.64+0.2 1.1+0.1 1.1+£0.0 1.0£0.8 0.3+0.1 0.1£0.0 1.9
ijccts =1 12.6+0.1  529.2+2.0 82.240.3 9.14+0.2 0.7+0.1 1.6£0.0 0.3£0.4 0.6+0.1 0.2£0.1 1.1
Total significance 4.2
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4. Signal and background parametrisation

MC simulation is used to parametrise the reconstructed myy distribution of both backgrounds
and signals shapes. In signal parametrisation, the narrow-width signal models of R — SH —
40+ EXSS and A — Z(vw)H(ZZ) — 40 + ER models are modelled using a Crystal ball (CB)
plus Gaussian (G) functions. The sum of these functions is described as:

Piignal(mae) = fes x CB(mag; 1, 0cB, acs, nes) + (1 — foB) x G(mag; i, 0g). (2)

Both CB and G functions peak at a mean value of myy(u) = mpy which is the reconstructed
mae of (mp, myg) and (ma, my) signal mass points. The resolution of the my, distribution
is affected by ocp and og parameters. The tail position of the non-Gaussian distribution is
adjusted using the acp parameter, while its slope is handled by the ncp parameter. The
relative normalisation between the Gaussian and Crystal ball functions is taken care of by fcp
parameter. The Pignal(mae) function is fitted to simulated signal samples to determine the
values of the function’s parameters. For simplicity and to avoid lower statistics, the CB + G
PDF fit is performed to the inclusive lepton channel only, to extract the parameter shown in
Eq. 2. Figure 2 (left) shows the CB+G PDF fit to R — SH — 4(+ EMs5, This is one of the sixty
five signal mass points for R - SH — 44 +EI{31$S and the PDF fit is performed for all categories.
The my, shape of the backgrounds is obtained from MC simulation and parametrised using an
empirical function. Four background templates are used as qqZ 72, ggZ 7, VV'V and other, which
is a combination of WZ, qq — ZZ(EW) and tt backgrounds. Each of the background template
is fitted with an analytical function for my, in the range of 200-1200 GeV, as follows:

f1922:9922,VVV, other (1 = H (mg — muag) f1(mae) C1 + H(mag — mo) fa(mag) Co, (3)
where:
iy = (b (P
2 1+ exp ( - )
In(m. 1 1
folmag) = (1—mgg)? -m{pHoeemed g C (5)

~ filmo)’ ~ fa(mo)’

where f; models the ZZ threshold around 2my and fs describes the high mass tail. The a;
and b; are shape parameters obtained by fitting the myy distribution for each category. The
transition between functions f1 and fs is given by mg and it is performed by the Heaviside step
function H(z) around mg = 260 GeV for qqZ7Z, g9Z7Z and VV'V | and my = 240 GeV for other
backgrounds. The transition point is determined by optimising the function’s smoothness. C4
and Cy are used to ensure the continuity of the function around my. Figure 2 (right), shows
the High- EXiss and NEentral — () category with MC simulation fitted with Eq. 3, for the ¢q¢ZZ

jets
background. All background processes are also fitted for each category and for both models.

5. Statistical procedure and upper limits

The upper limits on the cross section times the branching ratio for a heavy resonance are
obtained as a function of mpy with the Confidence Limits (CLg) procedure. The limits are
obtained using the unbinned profile likelihood fits, using my4y as the discriminant. The profile
likelihood is the product of a Poisson term, representing the probability for observing n events
and a weighted sum of both signal and background probability distribution functions (PDF's),
which are evaluated at all observed events. The PDF's are given by fg,,(ma4¢) and fp(mae) and
normalisations by Sjs and factor B:

n
=1

SMfSM (mfw) + BfB(miﬂ) (6)
Sy + B ’
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Figure 3: Expected upper limits at 95% confidence level on the oy x BR(H — ZZ — 4¢) for a
heavy resonance have been set for both models.

The parameters of interest (POI) in the fit enter the likelihood inside the expected signal yield
Sy, where the POI is the product of the first two parameters:

SM:JMXBR(H—>ZZ—>4£)><(A><E)x/Ldt, (7)

where A x E is the signal acceptance, and the integral is the integrated luminosity of the
dataset. The CL; are used for calculating the upper limits for both the R — SH — 4¢+ Ex"™
and A — Z(vv)H(ZZ) — 40 + EF™° models as seen in Figure 3.

6. Conclusions

The search for new heavy resonances based on the multi-lepton anomalies observed at the LHC
is performed. The R — SH — 4 + E® and A — Z(vv)H(ZZ) — 4 + EXSS models
are used to interpret the data. The search uses 20152018 proton-proton collision data at /s
= 13 TeV, corresponding to an integrated luminosity of 139fb~!. The signal optimisation is
computed and the combined Zg;, is 6.90 for the R — SH — 4( + E%iss model and 4.20 for the
A— Z(w)H(ZZ) — 40 + EF™ model. Expected upper limits have been set for both models.
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