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Abstract

ATLAS searches for a BSM light boson using events where a Higgs boson with mass 125 GeV decays to four leptons are
reported. This decay is presumed to occur via an intermediate state which contains one or two on-shell, promptly decaying
bosons: H — ZX/XX — 4/, where X is a new dark vector boson Zu (or a pseudo-scalar a), with an invariant mass between 1
and 60 GeV. These exotic Higgs decays searches use 139 fb! of p-p collision (Run-2) data at Vs=13 TeV collected with the
ATLAS detector at the LHC. The results are found to be consistent with SM background predictions and both fiducial model-
independent limits as well as limits with interpretations in specific benchmark theory models are set.
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1. Introduction

Despite the discovery of the Higgs boson at the Large
Hadron Collider (LHC) in 2012 [1, 2], there is reason to
suspect that the Standard Model's (SM) explanation of the
Higgs sector is still incomplete. Astrophysical observations
implying the existence of dark matter motivate extensions to
the Higgs sector of the SM, particularly those that propose
the existence of a 'dark' (i.e., hidden) sector with its own
hidden-sector particles, in addition to the well-known issues
of naturalness and baryon asymmetry.

Non-standard (‘exotic') Higgs boson decays are an
appealing technique to look for new physics in the Higgs
sector. Existing precision measurements of the properties of
the Higgs boson still allow non-standard decays to have a
branching ratio of up to around 10% (provided that the Higgs
boson's couplings to the W and Z bosons are not greater than
their SM values) [3-5]. Furthermore, because the Higgs
boson's decay width is predicted to be relatively narrow by
the SM, even a minor coupling to a new light state could
result in a large branching ratio to that state. New hidden-
sector particles may also preferentially couple to the Higgs

boson, making it a ‘portal’ into this new physics [6—9]. Many
proposed extensions to the SM predict exotic Higgs boson
decays, including models with a first-order electroweak
phase transition [10, 11], neutral naturalness [12—14], and a
hidden sector [15-25], as well as several dark matter models
[26-31], including some posited to explain observed
astrophysical positron excesses [32-34]. The Next-to-
Minimal Supersymmetric Standard Model (NMSSM) [35—
40] also predicts them.

1.1 ATLAS Searches for Dark-Z Bosons

The data used in this research come from 139 fb! of
\s=13 TeV proton-proton (pp) collision data obtained with
the ATLAS detector between 2015 and 2018 [41]. Nearly the
full solid angle surrounding the collision point is covered by
the ATLAS detector [42] at the LHC. It includes a muon
spectrometer with three large superconducting air-core
toroidal magnets, electromagnetic and hadron calorimeters
and an inner tracking detector encircled by a thin
superconducting solenoid. The expected contributions from
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both the signal processes and most background processes are
determined using Monte Carlo (MC) simulation [41].

This study describes three separate searches for the SM
Higgs boson H decaying via a new boson into a final state
containing four charged leptons (/ = e, ). The new boson
might be a dark-sector vector boson or a scalar boson,
indicated by X, according to the models that motivated these
investigations.

The following are the three searches that have been
considered:

* High-mass (HM): H>XX—4[ (15 GeV< my< 60 GeV).

* Low-mass (LM): H>XX—4u (1 GeV <m, <15 GeV).
* Single Z boson (ZX): H—>ZX—4l (15GeV<m,<55 GeV).

Finding two same-flavour opposite-sign lepton pairs with
an overall invariant mass consistent with the decay of a SM
Higgs boson is the goal of all three analyses covered in this
study. Because the selection efficiency for isolated muons is
substantially higher than that for isolated electrons in this
mass range, the LM analysis only employs the 4x final state.
These searches are sensitive to any intermediate bosons that
are narrow, on-shell, and decay promptly within the mass
ranges investigated. Model-independent fiducial cross-
section limits, as well as limits depending on the specific
models mentioned in Section 4, are presented in this study.

This research builds on ATLAS prior searches, which
included 20 fb! of data collected at Vs = 8 TeV [43] and 36
fb! of data collected at \'s = 13 TeV [44]. The signal region
selection of the HM analysis has been re-optimized, in
addition to a larger data sample and enhanced lepton
detection. ATLAS [45-49] and CMS [50-52] have
conducted comparable searches, including searches for pairs
of light bosons decaying into muons, t-leptons, photons,
and/or jets, using both Vs = 8 TeV and 13 TeV data. Refs.
[53, 54] report on additional searches for an SM Higgs boson
decaying into undiscovered particles.

1.1.1 Benchmark Models

Two well-motivated benchmark models for exotic decays
to light BSM bosons are summarized below, and they are
utilized to interpret the results in this paper. The SM is
extended with a dark-sector U(1) group, abbreviated U(1)a,
in the first BSM benchmark model, resulting in the
development of a BSM vector boson, Zs. Two Higgs
doublets and an extra singlet scalar field (2HDM+S) are
present in the second BSM benchmark model. A BSM
pseudoscalar boson, a, appears as a result of this. In the
decays H—ZX—4l and H—XX—4l, the Zs boson and the a
pseudoscalar might both represent the intermediate state,
with the first benchmark model chosen for a higher mass
range and the second for a lower mass range.

With an additional U(1)s dark gauge symmetry [19-24], a
dark sector is introduced, which is related to the SM via
kinetic mixing ¢ with the hypercharge gauge field [55-57].
The Zs vector boson is the symmetry's gauge boson. The
gauge coupling determines the branching ratios of the Zg,

which are independent of the kinetic mixing strength e.
Because of this coupling, a large percentage of decays (15%)
result in pairs of electrons or muons. For Zs masses of 1 to 60
GeV, the decay would be prompt (compared to the ATLAS
detector's vertex resolution) for & >10 [19]. The misplaced
decays produce a distinctive signal for smaller values of e.
The decay products would be extremely collimated for Zy
masses below a few GeV and tiny values of ¢ and would
require a specific study. ATLAS and CMS have searched for
these long-lifetime signatures in collisions at energies of both
8 TeV [58-61] and 13 TeV [62-66].

Another theory is that the Z boson and Zs mass combine,
allowing the Zs to decay to SM particles more easily. The
strength of the mixing in this process is governed by the
mass mixing parameter 0 [19, 43]. There could be mixing
between the SM Higgs boson and the dark Higgs boson, s, if
the U(1)s symmetry is broken by the introduction of a dark
Higgs boson [19-24]. The Higgs portal coupling, x, governs
the strength of the Higgs coupling to dark vector bosons in
this scenario. The observed Higgs boson is the lightest in an
extended Higgs sector, and it could decay into dark-sector
particles.

The decay H—ZZa probes the parameter space of ¢ and
mzs for the processes described in this study, and is
independent of the occurrence of mixing between the SM
Higgs boson and the dark-sector Higgs boson, x. On an
event-by-event basis, however, this BSM signal is
indistinguishable from SM H—ZZ, and hence must originate
as a resonance in the dilepton mass above this background
process. The SM background to the H—Z.Z4 process, on the
other hand, is easier to distinguish from the signal. This
property makes the latter channel susceptible to significantly
lower kinetic mixing values, with the sole need being that the
kinetic mixing be large enough for the Zs to decay quickly.
However, because mixing between the SM Higgs boson and
the dark-sector Higgs boson is required for this process, it
explores the parameter space of x and mz.

Figures 1(a) and 1(b) depict the processes investigated in
this study, which include a SM Higgs boson decaying into Zs
bosons and are included in the Hidden Abelian Higgs Model
(HAHM) [19]. The search for H — aa — 4u is pertinent to
models with two Higgs doublets and an extra scalar field
(2HDM+S) [20, 67]. Two-Higgs-doublet models (2HDMs)

have two neutral scalars Hip, two charged scalars Hi, and
one neutral pseudoscalar 4 in general. The measured Higgs
boson H is identified as the lighter of the neutral scalars Hi,
while the other states are limited to be heavy by current data
[68, 69]. A scalar, s, and a pseudoscalar, a, are created by
adding a complex scalar singlet that mixes weakly with Hi...
If these are less than my/2, H — aa and H — ss decays are
permitted (Figure 1(c)). This work investigates the process H
— aa — 4pu, although the same constraints that apply to H
— aa — 4y, also apply to H — ss — 4u.
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Figure 1: Exotic Higgs boson decays into four leptons via (a) the
hypercharge portal (to which the ZX analysis is sensitive) and (b)
the Higgs portal, where s is a dark Higgs boson [19] (to which the
HM and LM analyses are sensitive). Through kinetic mixing with
the hypercharge field, the Z; gauge boson decays into SM particles
(with branching ratios that are nearly independent of ¢). While the
HZZ,; vertex factor is proportional to e, the HZ.Z vertex factor is
proportional to k. In models with an extended Higgs sector, (c)
depicts the decay of a Higgs boson into dark Higgs scalars s or
pseudoscalars a that couple to SM particles by mixing with the SM
Higgs field [41].

The presence of the dark sector could be deduced from
Higgs boson decays through novel intermediate states or
deviations from the SM-predicted rates of Drell-Yan (DY)
events. Because the LHC experiments are the only ones
sensitive to the generation of Higgs bosons, the search for the
presence of a Higgs portal proposed here is possible. The
H— ZiZis —4l search is used to probe constraints on the
Higgs mixing parameter x, whereas the H— ZZs —4/ search
is used to get constraints on the kinetic mixing parameter &,
and the mass-mixing parameter d.

2. Analysis Overview

All three studies in this study look for mass resonances in
final states containing a quadruplet of two same-flavour

opposite-sign (SFOS) lepton pairs: (e e +ete ), (ete™ +

,u+,u_), or (W + ,u+u_). miz and mss are the invariant
masses of the two pairings, with mi2 being the one closest in
mass to the Z boson and | miz —mz | <|mzs—mz|.

A Higgs boson decays into a pair of new bosons X, or into
a new boson X and a Z boson, which decay into pairs of
leptons in all of the analyses. Assuming that the X bosons are
on-shell, the technique is to look for resonances in the
relevant dilepton mass distributions. Each analysis creates a
signal region (SR) by making a set of choices on measured
parameters that enhance the signal’s sensitivity.

The preselection is the same in all three studies, but the
subsequent stages of picking candidate final-state leptons,
forming them into quadruplets, selecting one of those
quadruplets, and applying additional conditions to the picked
quadruplet differ. The event selections for the various
analyses are shown in Table 1.

Table 1: For the ZX, HM, and LM analyses, a summary of event
selection requirements. The my, = 3.096 GeV, My = 3.686 GeV,

My5 = 9.461 GeV, and m,,,, = 10.355 GeV are the quarkonia

Y39
masses [70],[41].
Single Z (ZX) analysis High-mass (HM) analysis Low-mass (LM) analysis
H—ZX > 40((=e.p) H— XX 40 (0= e 1) H— XX — 4y
Mass range 15GeV < mx < 55GeV 15GeV < mx < 60GeV 1GeV < my < 15GeV

pr > 7GeV and [y] < 2.47
Loose identification with an IBL hit _
|z05in 6] < 0.5 mm

Baseline electrons

pr > 5GeV (15GeV if calo-tagged) and || < 2.7
Loose identification
J05in 0] < 0.5mm and do < | mm (except for standalone muons)

Baseline muons

Require at least one quadruplet consisting of two pairs of same-flavour opposite-sign leptons
Three leading-pr leptons satisfying pr > 20 GeV, 15GeV, 10 GeV
Number of calorimeter-tagged muons plus number of standalone muons not greater than 1
At least one lepton in the quadruplet responsible for firing at least one trigger
For di-lepton triggers, all leptons of the trigger must match leptons in the quadruplet
Define pairs my and may such that [mys — my| < |may — mz|

Quadruplet selection

50GeV < m; < 106GeV
12GeV < my; < 115GeV -
Mgz > SGeV (defdp)

AR(L,') > 0.10(0.20) for same-flavour (different-flavour)
leptons in the quadruplet

Quadruplet ranking

In order 441, 2e241, 24:2¢, 4e
Smallest [mz —mya|
Smallest [mz — mas

Select quadruplet with smallest Amee = |myz — m3

Isolation &
impact parameter

Excluding

Track and calorimeter isolation
tracks/clusters from other leptons in the quadruplet

do/ray < 5 for electrons and do /g, < 3 for muons

mac 115GeV < ma < 130GeV 120GeV < mar < 130GeV.

10GeV < 10,34 < 64GeV
For 4¢ and 4y channels: —
5GeV < mign < 75GeV

Event
selection

Z-veto —

Reject event if m3,34,14,23 in:
(myp = 0.25GeV) to (myas) +0.30 GeV), or
(my(s) —0.70GeV) to (my 3s) +0.75 GeV)

Heavy-flavour veto —

1.2GeV < myp34 < 20GeV
mag/miz > 0.85
Reject event if 2,34 in:
2GeV 10 4.4 GeV, or
8GeV to 12GeV

Signal region — mag/myz > 0.85-0.1125f (my2)

2.1 Analysis - High Mass (HM)

The high-mass analysis selects events that are consistent
with H — XX — 4/ decays based on a set of kinematic
constraints. The four-lepton system's invariant mass must be
consistent with the SM Higgs boson: 115 < GeV ma < 130
GeV. Furthermore, the lepton pairs must be incompatible
with the decays of Z bosons (Z-veto): 10 GeV < mi234 < 64
GeV. It is possible that the leptons from a single X or Z
decay are not linked together in the 4e and 4u channels, but
that a lepton from one Z/X decay may be paired with a lepton
from the other Z/X decay. In order to suppress ZZ"
background events in which the leptons are mispaired, there
are further requirements on the alternative lepton pairings, 5
GeV < miy,23 <75 GeV. With constraints on the lepton pair
masses, events with pairs consistent with J/y or Y decay are
likewise rejected (see Table 1).

The final criteria ensures that m,, and m,, are consistent:

my,/m,, > 0.85 — 0.1125 f(m,, ), where f(m,,) is ~1 at mx

=15 GeV and 0 for mx >50 GeV (defined in [41]). As
illustrated in Figure 2(b), this defines a wedge-shaped region
in the m,,— m,, plane when combined with the relation | m,

—my [<|my —my|.

Simulation [41] is used to estimate the backgrounds with
four prompt leptons, which are then validated using data
from background-dominated control samples. H — ZZ e

(about 72% of the total background) and 77" — 4l (about
24% of the total background) are the most common
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backgrounds. The ttZ — 4/ and processes with three-gauge
bosons are examples of similar processes. These are
discovered to be insignificant.

Processes containing leptons originating from the decay of
heavy-flavour jets, or jets misidentified as leptons, are among
the reducible backgrounds. Data is used to estimate the
background from the Z + jets procedure. This gives a
background estimate for the Z + jets process in the signal
region that is compatible with zero. Simulation is used to
estimate other reducible backgrounds. The most significant
contribution comes from tt , which accounts for around 3%
of the entire background. Other similar backgrounds are
shown to be insignificant, such as di-boson synthesis and
heavy flavour processes. Four dedicated background-
enriched validation zones, chosen so that they do not overlap
with the HM signal region, are used to verify the background
estimations.

2.2 Analysis - Low Mass (LM)

The LM analysis was created to be sensitive to the mass
range of 1 GeV < my < 15 GeV. The angular distance
between the two leptons in the X — I/ decay can become
very narrow for these low masses (AR (/, /) < 0.1 form, =1
GeV). Because the efficiency of selecting electrons is much
lower than that of muons, this analysis only considers the 4u
final state. Except for a few kinematic criteria, the event
selection is fairly like that of the HM analysis (Section 2.1).
The Z-veto condition is no longer applicable, and the AR
requirements between final-state leptons have been removed.
The two lepton pair masses m,, and m,, must not be in the
ranges 2-—4.4 GeV or 8-12 GeV, in addition to the HM
heavy-flavour veto. Because muons have lower radiative
losses than electrons, the m,; requirement is reduced to 120
GeV <m,, <130 GeV, and both lepton pairs must satisfy 1.2
GeV < my,3 < 20 GeV. In addition, the signal region's
ultimate requirement is reduced to m,, / m,, > 0.85.

The four prompt lepton backgrounds are estimated
directly from MC simulations [41]. The H — 77— 4u and

ZZ* — 4y processes account for almost two-thirds of the
total background estimate. Higher-order electroweak
processes, such as triboson production and vector-boson
scattering, are discovered to be insignificant. Non-prompt
leptons are present in the remaining backgrounds, mostly
from decays of heavy-flavour hadrons in events involving
multiple b-quarks, such as bb . Double semi-leptonic decays,
in which a b-hadron decays into a muon and a c-hadron,
which then decays into another muon and light hadrons,
account for a large portion of this contribution. The heavy-
flavour vetoes on dilepton masses necessary as part of the
LM event selection suppress the resonances created in the b-

hadron decay chain (i.e., w, p, ¢, /). There is also a minor
contribution from bb bb’, where each muon comes from its
own b-quark. B-jet tagging isn't beneficial for minimizing
these backgrounds because the muons chosen are all isolated.
A data-driven strategy is used to estimate the backgrounds of
these processes. On the heavy-flavour background yield, the
overall systematic uncertainty is calculated to be 50%.

2.3 Analysis - ZX

The ZX analysis varies from the HM and LM analyses in
that it includes the selection of a Z boson as well as a new X
boson. It is, nevertheless, very comparable to the ATLAS

SM H — ZZ* — 41 analysis selection [71]. In addition to the
common conditions specified in Section 2, each quadruplet
must meet the following requirements: 50 GeV < m,, < 106
GeV, 12 GeV <my, <115 GeV, and m, ,; > 5 GeV for the
4e and 4u channels. The latter criterion is sufficient to
exclude mismatched JA) events. After all selections, the
background from Y decays was found to be minimal. If more
than one such quadruplet exists, the quadruplets are ranked
using the following criteria, which are applied in order:

* Sort the two lepton pairs by their flavours in order of

expected efficiency. Muons have a higher reconstruction

efficiency than electrons, hence 4u > 2e2u > 2u2e > 4e.

* Pick the quadruplet with the smallest |m; — m,,|.

* Pick the quadruplet with the smallest |m; — m,,|.

This rule applies to all quadruplets, even those of the same
flavour. The alternate pairing is handled as a separate
quadruplet for this study and is included in the quadruplet
ranking and selection. The additional HM analysis conditions
(Z boson/heavy-flavour veto and signal region restrictions)
are not implemented here.

H—ZZ — 4l (about 65% of the total) and non-resonant

ZZ — 4l are the most common backgrounds in this study
(about 33% of the total). The triboson processes ZZZ, WZZ,
and WWZ provide additional prompt backgrounds. These are

calculated via simulation [41], but the ZZ T4 background
estimate is validated with background-enriched validation
samples. Other, reducible backgrounds, such as Z + jets, tt,
and WZ processes, comprise only a few percent of the
background and contain either extra non-isolated leptons
from heavy-flavour decay or objects misinterpreted as

leptons. The ATLAS SM H — ZZ T4l analysis employed
the same data-driven technique to estimate the total yield of
these backgrounds [71, 72]. Finally, simulation is used to
determine the shape of the ms4 distribution for the reducible
background. Due to variations in the lepton isolation
requirements between this study and the ATLAS SM H —

77— 4l analysis, the reducible background estimate has a
10% systematic uncertainty.
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determined by the leptons' reconstruction and identification
efficiencies, as well as their momentum scale determination
[75, 76]. Because the final state has four leptons, minor
single-lepton uncertainties can lead to greater final yield
uncertainties of up to 15%, which are dominated by the
uncertainty in electron reconstruction and identification
efficiency. 3) Uncertainties in theory: Variations in the
parton distribution functions, factorization, renormalization,
and QCD scales, as well as the modelling of hadronization
and the underlying event, are used to assess uncertainties in
the simulation of signal and background processes. The total
uncertainty in signal acceptance is roughly 3%, while the

background yield uncertainty is 3-9% for the H — ZZ "4
process [77] and about 5% for 77 —4l [78-83].

3.1 High Mass (HM): H—XX—4l (15 GeV< mx<60 GeV)

The high-mass analysis looks for SM Higgs boson decays
to a pair of new bosons X, where X can be Zg, a, or s, which
decay to pairs of electrons or muons. Finding two same-
flavour opposite-sign pairs of leptons of equal invariant mass
that are consistent with the decay of a SM Higgs boson but
inconsistent with the decay of Z bosons is required for event
selection.

Table 2 summarizes the final yields and uncertainties in
the signal region indicated in Table 1, while Fig. 2 (a) shows
the resulting (m,) distribution for this search. There are a
total of 20 events, with an expected background of 15.6 + 1.3
events. The test statistic is the profile-likelihood ratio.
Around mzs = 28 GeV, the highest deviation from SM
expectations occurs, corresponding to an event with (m,) =

28 GeV and a local significance of 2. 5. Figure 2(b) depicts
the distribution of m,, versus m,, for the selected events.

(a) (b)

Figure 2: For events selected in the HM H —XX— 4l (15 GeV <
myx < 60 GeV) study, distribution of (a) (my) and (b) msz4 vs. my».
The (pre-fit) background expectations are also represented in the
(my) distribution (a); the hatching band encompasses the statistical
and systematic uncertainty. For certain masses, the signal's
expectations are also shown. The predicted yields are normalized
using o (pp — H — ZZ;— 41) = "% ggy (pp — H— ZZ"— 41) =
0.60 fb (ggF process only), and the signal histograms are stacked
on top of the background histograms. The uncertainties of the
plotted data are asymmetric and are calculated using Egs. (40.76)
from the 2020 Review of Particle Properties [70]. Each marker
corresponds to an event that passes the Higgs boson window
requirement and Z boson veto in the mz4 vs. my; distribution (b). The
events of the signal region are represented by the markers
(differentiated by channel) that fall within the green shaded area,

[41].

Table 2: SM background processes expected event yields and data
for the HM H — XX — 41 (15 GeV < my < 60 GeV) selection.
Three of the 20 observed events are beyond the range 15 GeV <
(my) < 60 GeV and hence are not considered when setting limits.
The systematic uncertainty in background estimates is highly
correlated across different background sources, [41].

Process Yield (+stat. + syst.)
H—ZZ" — 4t 11.1+£0.1+1.0
77" — 4t 3.38 £0.05 +0.25
1t 0.47 £0.13 £0.09
Z + jets 0.43 +0.39*011
Z+1tt — 4¢ 0.09 +0.02 +0.02
wz 0.05 + 0.03*9-%
VVV/VBS Negligible
Heavy flavour Negligible
Total 156+04+1.2

Data 20
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3.2 LM analysis: H—XX—4u (1 GeV< mx< 15 GeV)

The LM analysis extends the HM analysis to the 1 GeV <
myx <15 GeV area, where X = Zy, a, or s. For this analysis,
only the 4y final state is considered. With certain fine-tunes
for the different kinematic regions, the event selection is
comparable to that of the HM analysis.

Figure 3 (a) depicts the ( m;) distribution in the LM signal

region (a). Figure 3 (b) describes the m,, vs. m,, distribution,

whereas Table 3 summarizes the final yields and
uncertainties. With a total background prediction of 0.89 +
0.15 events, no events are detected.

T
ATLAS Intormal

=13 TV, 130 6"
LM Signal Region

T
[ ATLAS Intemal
S F fs=13Tev, 139 "

[ * Outside 120 GeV <m,< 130 GeV window [50 evts] s

Events/0.5 GeV

7 4ulow mass channel [1 evt]
LM Signal Region

Quarkonia veto

s
I

! oo i da® o1y wd
12 14 16 18 20
my, [GeV]

Loilaid bath L

2 14 16 18 20 2 4 6 8 10
(Mee)[GeV]

(a) (b)

Figure 3: For events selected in the LM H— XX— 4u (1 GeV < my
< 15 GeV) study, distribution of (a) (17y;) and (b) 23, vs. m,,. There
are no data events that pass the criteria. For certain masses, the
expectation for H— aa—4u signal is also shown. The predicted
yields are normalized using o (pp — H — aa — 4u) = " gy,
(pp— H — ZZ" — 4) = 0.15 fb (ggF process only), and the signal
histograms are layered on top of the (pre-fit) background
histograms. The shaded band shows the prediction's total
uncertainty. The crossed-through points in (b) correspond to the 50
events that are beyond the my mass window of 120 GeV < my <
130 GeV. The events outside the green signal zone are those that do
not meet the m;, /my;, > 0.85 criterion and include one event that

falls within the my mass window, [41].

Table 3: Expected SM background process event yields and data for
the LM H — XX — 4u (1 GeV < my < 15 GeV) selection. The
systematic uncertainty in background estimates is highly correlated
across different background sources, [41].

Process Yield (+stat. + syst.)
H—Z7Z" — 4u 0.41 +£0.01 £0.03
77" — 4u 0.22 +£0.04 £0.04
VVV/VBS Negligible
Heavy flavour 0.26 £0.09 £ 0.10
Total 0.89 £0.10+0.11
Data 0

3.3 ZX analysis: H—>XX—4l (15 GeV < mx < 55 GeV)

The ZX analysis looks for decays of a SM Higgs boson
into a Z boson and a new boson X, where both bosons decay
in turn to pairs of electrons or muons. It entails finding two
same-flavour opposite-sign lepton pairs with an overall
invariant mass consistent with SM Higgs boson decay. The
analysis then looks for a peak in the invariant mass
distribution of the other pair, which must be roughly
consistent with the decay of a Z boson.

Figure 4 depicts the final m,, distribution for this study,
while Table 4 contains the final yields and uncertainties. The
modelling of the electron identification efficiency is the
source of most of the systematic uncertainty in final states
including electrons. The modelling of muon isolation is the
source of the most systematic uncertainty in the 4u channel.
With an expected background of 319.7 + 17.0, a total of 356
events are observed. The test statistic is the profile-likelihood

ratio. The H — ZZ background's normalization is allowed to
float (as unconstrained nuisance parameter), resulting in a
normalization of 1.2 + 0.16. At roughly my = 39 GeV, the
highest excess, with a local significance of around 2o, is
found.

90
r ATLAS internal @ vwv, ez

80F {5 =13 TeV, 139 fb! [ Reducible Z+Jets, Wz, tf)
C . ’ . I zz-a

70 ZX Signal Region e 220 a1

d, m = 20 GeV
Zzd, m__ =35 GeV
24
Zzd, m, = 55 GeV
58 Uncertainty

® Data

Events /4.0 GeV
W N ()] [e)]
o o o o

N
o

— [T I T[T [T T[T TTTTT

—_
o

0 20

30 40 50

60

m,, [GeV]

Figure 4: After the H — ZX— 4l selection, the distribution of 77,
for data and background events in the mass range 115 GeV < my <
130 GeV. The fit provides the background normalization. The
shaded band represents the background prediction's overall
uncertainty. For certain masses, the signal's expectations are also
shown. The signal histograms are layered on top of the background
histograms, and the predicted yields are normalized using o (pp —
H— 7ZZ;— 4) =" gg, (opp — H— ZZ" — 41) = 0.69 fb (ggF
process only). For the H— ZZ; — 41 model, three signal points are
shown. The uncertainties of the plotted data are asymmetric and are
calculated using Egs. (40.76) from 2020 Review of Particle
Properties [70], [41].
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Table 4: After the H — ZX — 4l event selection defined by the mass
range 115 GeV < my < 130 GeV, the expected and observed
numbers of events in each channel. Prior to the fit, the background
normalization is performed. The systematic uncertainty in

background estimates is highly correlated across different
background sources, [41].
Process Yield (+stat. + syst.)
202 202e Total
H—ZZ"—40 1279+0.1+3.6 76+0.1+10 204 +02+12
Z7F — 4¢ 702+02+19 33.0+£02+3.6 103.3+03+4.6
Reducible 49+0.1+0.3 58+£03+06 10.7£03+1.0
VVV,tt+Z 1.1+0.1+0.04 0.7+0.1+0.1 1.8+0.1+0.1
Total 204.1+03+55 116+05+14 320£0.5+17
Data 237 119 356

4. Limits and Interpretations

For any of the analyses considered, no significant excess
is seen above SM background predictions. As a result, the
results are interpreted in terms of exclusion limits. First,
model-independent limits on fiducial cross sections are set.
The benchmark models are then used to determine model-
dependent exclusion limits.

Evaluating the limits in the HM and LM H — XX — 4/
analyses necessitates parameterizing the signal distribution as
a function of both (m;) and mx, whereas the H — ZX — 4/
analysis necessitates parameterization as a function of ms,
and my. The signal templates are interpolated between m,
values since simulated events are only generated at discrete
values of my. This is done using moment morphing [84] for
the HM and ZX analyses. The normalization is determined
by interpolation of the simulated signal yields, and the
distributions at the generated values of m, are used as
templates. Gaussian distributions are fitted to the (my)
distributions at each generated m, for the LM analysis, and
the fit parameters are interpolated in m.

A likelihood function consisting of a Poisson factor for
each histogram bin, summed over each channel, as well as a
Gaussian constraint for each nuisance parameter [85] is used
to statistically represent the data:

L(N,a) = 1_[ Pois Z Nij; Z uSij(a) + Bij(a) l—[ Gaus(ayg; Sk, k),
i 7 7 k

where N;; is the number of observed events observed in
bin i for channel j, a is the set of nuisance parameters, S;; (@)
and By(a) are the predicted numbers of signal and
background events for each bin and channel, y is the signal
strength, and s ;, and o , are mean and width of the Gaussian
constraint for nuisance

parameter ;. Systematic

uncertainties are modelled using nuisance parameters that are
profiled in the test statistic calculation; systematic
uncertainties have a minor impact on the limits.

4.1 Fiducial and Total Cross Section Limits

For the HM, LM, and ZX studies, model-independent
cross section limits are calculated using fiducial areas
defined on generator-level parameters. These fiducial
selections are meant to resemble the signal region selection
criteria.

Figure 5 (a) shows the efficiency inside the fiducial
regions for the HM and LM analyses using the benchmark H
— Z ,Z ; model, while the efficiencies for H — aa — 4u over

the range 1 GeV <m, < 15GeV are identical to H — Z; Z,

— 4u to within a relative difference of 3%. Using the CLs
frequentist formalism [86] and the profile likelihood ratio
test statistic [87], these efficiencies are used to derive 95%
CL upper bounds on the cross section within the fiducial
region. Figure 6 depicts the resulting limits. These
constraints should hold for any model of the SM Higgs
boson decaying to four leptons via two narrow, on-shell
intermediate bosons that decay promptly. The model-
dependent acceptances for the HM and LM analyses for the
H— Z,Z,and H — aa — 4y models are displayed in Fig. 5
(b). In the HM analysis, the upper limit on the product of the
total cross section and decay branching ratio for the
benchmark model o(9gg — H — Z,Z; — 4l) is shown in
Fig. 7, whereas in the LM analysis, upper limits on
o(gg—H—Z,Z; —4u) and o(gg—H—aa—4u) are
presented in Fig. 8. These findings are unaffected by
assumptions about the Z; and a bosons’ decay branching

ratios. Figure 8 (b) is particularly applicable to the scalar
case 0(gg — H — ss — 4p).
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Figure 5: (a) Model-independent per-channel efficiencies ¢,
estimated in fiducial volumes in the 1 GeV < my < 15 GeV and 15
GeV < my < 60 GeV (phase spaces above and below 15 GeV are
defined separately). (b) For the H — Z,Z;— 41 and H— aa— 4u
processes, model-dependent per-channel fiducial area acceptances.
The quarkonia veto regions are shaded areas, [41].
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shifts are attributable to a transition from the LM to the HM
analysis, [41].

The normalization of the non-resonant ZZ*—4/
background is checked using control samples for limits
involving ZX processes, but the normalization of the

remaining significant background, H — ZZ* — 41, is left to
float as an unconstrained nuisance parameter in the limit
determination. Figure 9 (a) depicts the model-independent
efficiency within the fiducial region, while Figure 10 depicts
the 95% CL upper limit on the fiducial region cross section.
Figure 9 (b) shows the fiducial region acceptance for the H
— ZZ, — 4l process, while Figure 11 shows the upper limits

on the product of the total cross section and decay branching
ratio for the benchmark models 0 (99 — H — ZZ; — 4I)

and o (gg — H — Za — 212p).
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Figure 9: (a) Model-independent efficiencies €, for the H — ZX
process calculated in the fiducial volumes for various combinations
of the final state. (b) For different combinations of the final state,
model-dependent per-channel fiducial region acceptances for the H
— ZZy— 4l process, [41].
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4.2 Analysis Results — Branching Ratio Limits

The following relations can be used to convert a (model-
dependent) cross section limit to a branching ratio limit:

BR(H — XX — 4f) = JH2XX240

OH

)

BR(H — XX — 40)

= g Tme sl BROX = 200BR(X = 26|

)

where 0_,yy_,4; 1S the model-dependent total cross section,
oy 1s the SM Higgs boson production cross section for the
ggF process (48.58 pb for my, =125 GeV [88]), and BR(X —
2[) is the model-dependent branching ratio for each decay to
one lepton flavour. The branching ratios for Z;, — /[l and a —
uu are taken from the benchmark models [19, 20], where the
branching ratios for the two lepton flavors are assumed to be
equal for the Z; — I/ case. Over the range of m, studied here,
the branching ratio for the a — pu case varies significantly
in a model-dependent way. Figure 12 depicts the resulting
branching ratio limits.
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Figure 12: For (a) the H— Z,Z, process for the benchmark HAHM
with k=e=10* and (b) the H — aa process for the benchmark
2HDMS model, 95% CL upper bounds on the cross section times
the model-dependent branching ratio divided by the SM Higgs
boson production cross section. The quarkonia veto regions are the
shaded zones. At mz,= 15 GeV, the step shifts are attributable to a

change from the LM to the HM analysis, [41].

4.3 Analysis Results — Mixing Parameter Limits

The branching ratio limit can also be interpreted as a limit
on the effective Higgs mixing parameter «', which is defined
as (3),

where k is the Higgs portal coupling and m; is the mass of
the dark Higgs boson. The dependencies on x and m; are

combined into a single parameter using ' instead of .
Then, according to Eq. (2.33) of Ref. [19] and assuming
mg>my /2

e I'sm BR(H — Z4Zy4)
f(mzd) 1- BR(H — ZdZd)’

(4)
where Iy, is the SM width of the 125 GeV Higgs boson,

2
2 2 2 2 2
»2 4m22d (mH +2mZd) —S(mH —mzd) my,
flmz,) =5 ——\1-— yy
H my my,

©)

and v = 246 GeV is the vacuum expectation value of the
Higgs field.
Figure 13 depicts the resulting limit.
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Figure 13: The upper limit at 95% CL on the effective Higgs mixing

parameter /(I = KMy 2/ \mHz - mS2|, with ¢ set to 10, The change
in selection from the LM to the HM analysis causes the step change
at mz,= 15 GeV. The quarkonia veto regions are shaded areas,

[41].

As discussed in Refs. [19, 41], the H — ZZ ; analysis can
also be utilized to determine limits on the Z; mixing
parameter € and the Z - Z, mass mixing parameter &.

Assuming the SM Higgs boson production cross section,
they are given in Fig. 14.
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Figure 14: Using the SM Higgs boson production cross section, the
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[41].

5. Conclusions

An ATLAS search for exotic decays of the SM Higgs
boson into two new spin-1 particles H—Z4Z 4, two new spin-
0 particles H—aa, or to a Z boson along with a single Zs or a
was conducted [41]. During the complete Run-2 period of
2015-2018, the ATLAS experiment recorded 139 fb! of
proton-proton collision data at /s = 13 TeV. The first search

is for the process H — XX — 4/, where X is either Zs or a
and the energy range is 15 GeV < mx < 60 GeV. The second
search is for the H — XX — 4u process, where 1 GeV < mx
<15 GeV. The process H — ZX — 41, where 15 GeV <mx <
55 GeV, is the subject of the third search. Limits on fiducial
and total cross sections are determined after the data is
verified to be compatible with the predicted backgrounds in
the three searches described. Under the assumptions of
gluon-gluon fusion SM Higgs production and prompt decay
of the Zs/a bosons, upper limits on the branching ratio of the
Higgs boson to Z,Z,; and aa as a function of intermediate
boson mass are set. Furthermore, constraints are given on the
mixing parameters «’, ¢, and J, assuming the HAHM is
introduced at the Higgs portal level with very weak kinetic
mixing. Due to enhanced statistics, improved lepton
reconstruction and identification, and more optimized event
selection, the limits provided in this study outperform those
in the prior article [42] by a factor of 2—4. This work gives
constraints on total cross sections and dark Higgs boson
mixing parameters in addition to the results from the
previous paper.
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