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Abstract. We present a search for a spin-1 boson together with a spin-0 scalar where the addi-
tional scalar decays into a four-lepton final state (¢ = p or e) via two intermediate dark vector
bosons in the following decay channel S — Z;Z; — 4/¢. In this scenario, the targeted ad-
ditional scalar (S) is between 20 GeV and 1 TeV, where we exclude the Higgs boson mass
window of 115 GeV < mg < 130 GeV, while the dark vector boson (Z;) has a mass between
15 and 300 GeV. The Z; is assumed to be on-shell, giving rise to the condition mz, < %ms.
The search is conducted using p — p collision data collected using the ATLAS detector at the
LHC corresponding to a center of mass energy of v/s = 13 TeV and an integrated luminosity
of 139 fb—!. No significant excesses observed. Therefore, a 95% upper limit was set on the
cross-section times branching ratio as a function of the mass of both particles mg and mz,.

1 Introduction

Dark Matter candidates are provided in a group of models that extend the Standard Model (SM) by introducing a
U(1)4 symmetry leading to a dark sector as in the Hidden Abelian Higgs Model (HAHM). The dark sector gauge
field, postulated in HAHM, contains a U(1), gauge symmetry that mixes kinetically with the SM U(1)y with a
coupling strength of € [1, 2, 3]. This also gives rise to the formation of an additional scalar S, which is a lighter
or heavier partner of the SM Higgs boson. The additional scalar and the SM Higgs boson could mix via the Higgs
coupling parameter . Any production mode of the SM Higgs would also be a production mode of the new scaler.
The dominant production mode in (pp) collisions would therefore be via gluon-gluon fusion. Gauge couplings
determine the decay of the Z;. These decays are independent of the values of €, x > 1. The branching ratio of the
dark vector boson would vary between 10% and 15% over the dark vector boson mass range of 1 GeV < mz, <
300 GeV. However, the branching ratio falls to 4% in the mass range 60 GeV < myz, <135 GeV. Figure 1 shows
the Feynman diagram of this process.

This study is an extension of previous work where a search for a resonance produced SM Higgs exotically
decaying to Z;Z4 or Z4Z pairs [4, 5, 6] was performed, where each Z; decays into either an electron or muon pair
with opposite electric charge. These searches used data from the Large Hadron Collider and the ATLAS detector.
The beam energies correspondied to\/s = 8 TeV andy/s = 13 TeV. This work extends the H — Z;Z4 — 4/ search
to the case where there is now also a new scalar S and its mass is distinct from the SM Higgs Boson. The search
presented in this paper is restricted to the mass region mg <800 GeV and mz, <300 GeV.
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Figure 1: Feymann diagram of an SM Higgs decaying into a pair of dark gauge bosons, via the mixing parameter
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2 ATLAS detector
The ATLAS detector is one of the general-purpose detectors that was designed and built to find the Higgs boson and
other physics that lie beyond the SM. The detector captures snapshots of proton-proton (pp) collisions occurring
at one of the interaction points located along the LHC’s circular path, around which the detector is positioned.
The ATLAS detector consists of an Inner Detector, an Electro-magnetic Calorimeter, a Hadronic Calorimeter and
a Muon Spectrometer.

The Inner Detector covers the pseudo-rapidity range of |n| < 2.5. It consists of a silicon microstrip, a silicon
pixel and a transition radiation tracker. It measures the trajectory, momentum, and charge of electrically charged
particles produced by the collisions. The Electromagnetic and Hadronic Calorimeter are used to measure the
energy deposit of particles with high granularity. The Electromagnetic calorimeter takes measurements within the
region |n| < 3.2, while the Hadronic Calorimeters take measurements within the region |n| < 1.7. The Muon
Spectrometer is used to measure the momentum of muons and covers the region |n| < 2.7.

3 Main Backgrounds

Monte Carlo is used to determine the expected shapes and yields for both signal and background events. Simula-
tions include detector and pileup effects. To account for small differences in isolation and reconstruction impact
parameter efficiency, weights are applied to simulated events. Backgrounds comprising systems with four lepton
final states are estimated from simulated data 90-95 % of total comes from the dominant ZZ* — 4/ data. Back-
grounds related to SM Higgs production are removed by applying the requirement my, < 115 GeV and my, >
130 GeV. Table 1 shows the list of backgrounds.

Process ME generator ME PDF PS/UE/HF model UE tune

H— Z;Z; MADGRAPH5 aMC@NLO NNPDF2.3lo PYTHIA/EVTGEN Al4

ggF POWHEG BOX PDF4ALHCI15 NNLO PYTHIA/EVITGEN AZZNLO

VBF POWHEG BOX CT10 NLO PYTHIA/EVTGEN AZZNLO

VH Pythia NNPDF2.3lo PYTHIA/EVTGEN Al4

g9ZH POWHEG BoX NNPDF3.0nlo PYTHIA/EVTGEN AZZNLO

bbH MADGRAPHS aMC@NLO NNPDF2.3lo PYTHIA/EVTGEN Al4

ttH POWHEG BOX NNPDF2.3lo PYTHIA/EVTGEN Al4

YA SHERPA NNPDF3.0nnlo SHERPA SHERPA default
Vvv SHERPA NNPDF3.0nnlo SHERPA SHERPA default
ttZ SHERPA NNPDEF3.0nnlo SHERPA SHERPA default
Z + jets SHERPA NNPDF3.0nnlo SHERPA SHERPA default
tt POWHEG BOX NNPDF3.0nlo PYTHIA/EVTGEN Al4

wWZz POWHEG BOX CT10 NLO PYTHIA/EVTGEN Al4

Table 1: Backgrounds



3.1 Signal Simulation

Signal samples with different mass values for S and Z; were produced in ggH production mode using Mad-
Graph5_aM@NLO v2.2.3. € and  were adjusted to allow S — Z3Z; — 4¢ decays were observed. The mass of
the dark Higgs was set to be at least twice that of the dark gauge boson. Mass of Dark Higgs varied from below
the SM Higgs mass to above the SM Higgs mass. Expected signal distribution shown for SR1 (30 GeV < my, <
115 GeV) and SR2 (130 GeV < my, < 800 GeV) are shown in figure 2.
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Figure 2: Expected signal distributions for my4, and m, in the two signal regions SR1 and SR2.

3.2 Event Selection

The electrons and muons are the final-state objects considered in this analysis. The charged particle tracks in
the Inner Detector that match energy deposits in the Electromagnetic Calorimeter are used to identify electrons.
No more than one Calorimeter Tagged or Standalone muons are allowed to be in an event while the rest must be
combined muons. The selection looks for a quadruplet containing two Same Flavour Opposite Sign (SFOS) lepton
pairs. The quadruplet with the smallest lepton pair mass difference is chosen. Leptons in a quadruplet must be
isolated from other tracks in the ID and energy deposits in the electromagnetic calorimeter. Dilepton pairs formed
with either electron or muon pairs are inconsistent with the SM Z-boson mass. Event selection is listed in table 2.

3.3 Results

To obtain the shape of the my, distribution in the mg-my, plane, 2D interpolation was used. The number of
observed event data are statistically compatible with expected SM background, as listed in table 3. Figure 3 shows
the observed data in SR1 and SR2. The horizontal band in SR2 indicates the region excluded by the Z-Veto cut
listed in 3.



Group Cut Criteria

Electrons n Inl <2.47
ID LooseLLH working point requirements on silicon and pixel hits
0Q Not from a bad cluster
Zpsind < 0,5 mm

Muons pT > 6 GeV (15 GeV if calo-tagged)
n Inl <2.47
ID Loose
zpsinf < 0,5 mm
|do| < 1 mm if muon is not stand-alone

Quadruplets Quadruplet At least one quadruplet formed from two SFOS dilepton pairs
Overlap removal | No overlap removed e or p
pr p} > 20 GeV, p% > 15 GeV, p:} > 10 GeV
Trigger Matched | Leptons in quadruplet responsible for firing at least one trigger
AR > 0.1 between same-flavor leptons, > 0.2 between different flavor
Muon Quality Number of stand-alone or calo-tagged u < 2

Ranking Minimal Am Select quadruplet pass LooseLH working point

Event selection | Isolation All leptons in quadruplet pass Fixed-CutLoose working point

Impact Parameter
Quarkonia Veto

Low mass veto
Z veto
Lose SR

H veto

Medium SR
Tight SR

|dB¥| < 5(3) for e(y) in quadruplet

(m sy - 0.25 GeV) < map, Med, Mad, Meb < (My(25) + 0.3 GeV)
or (mT/(ls) -0.7 GeV) < Mygp, Med, Mad, Mep < (m'r/(gs) +0.75 GCV)
(mabsmcdsmad»mcb) >5GeV

Map ¢ [50,106] GeV for SR1

My, and meq ¢ [83.2,99.2] GeV,

Map and meq £ [83.2,99.2] GeV for SR2

(Mab,MedsMad>Mep) > 10 GeV

mye < 115 GeV for SR1

mye > 130 GeV for SR2

new SR

|E!,/mae — 0.5] < 0.008

Table 2: A list of the event selection cuts used in the analysis

Region |  Massrange | Expected yield | Background yield
SR1 (mye < 115 GeV) 36 32 £33
SR2 (myge > 130 GeV) 55 68 +8

Table 3: Expected and background yields
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Figure 3: Histogram showing the observed data in both SR1 and SR2 signal regions. The Z Veto exclusion
requirement is shown by the horizontal band.

3.4 Limit Setting

The Frequentist approach, CLs, is used to set 95% upper limit on the o(gg9 — S) x BR(S — ZyZ4 — 40) as
a function of m¢¢ and m4¥¢, as shown in figure 4. In addition, the significance reported as the smallest p-value in
SR1 is 2.70 local, 0.5¢ global, at mg = 110 GeV and mz4 = 30 GeV. The smallest p-value in SR2 is 2.8¢ local,
1.60 global, at mg =350 GeV and mz4 =75 GeV.
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Figure 4: Upper limits on o(gg — S) X BR(S — Z4Z4 — 4£) for my4e and myy in the two signal regions SR1
and SR2.

3.5 Conclusions

The analysis investigates the decay of a new spin-0 scalar particle, S, decaying into a four-lepton final state via
two promptly decaying spin-1 bosons S — Z;7,4, with each Z; boson decaying promptly into a pair of electrons
or muons. The study examines two distinct signal regions: one with 30 GeV < my¢ < 115 GeV and another with



130 GeV < my¢ < 800 GeV. The results show that the data are consistent with the Standard Model background
expectations, and 95% confidence level (CL) upper limits are placed on the total cross section times branching
ratio. o(gg — S) x BR(S — Z4Z4 — 4{) as a function of my, and m,e. These limits constrain the dark sector
predicted by the Hidden Abelian Higgs Model.
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