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ABSTRACT

This thesis presents the search for the dark sector process h → ZdZd → 4` in

events collected by the ATLAS detector at the Large Hadron Collider in 2015–2018.

In this theorized process, the Standard Model Higgs boson (h) decays to four leptons

(4`) via two intermediate Beyond-the-Standard-Model particles each called Zd. This

process arises from interactions of the Standard Model with a dark sector. A dark

sector consists of one or more new particles that have limited or zero interaction with

the Standard Model, such as the new vector boson Zd (dark photon). It could have a

rich and interesting phenomenology like the visible sector (the Standard Model) and

could naturally address many outstanding problems in particle physics. For example,

it could contain a particle candidate for dark matter. In particular, Higgs decays to

Beyond-the-Standard-Model particles are well-motivated theoretically and are not

tightly constrained; current measurements of Standard Model Higgs properties permit

the fraction of such decays to be as high as approximately 30%. The results of this

search do not show evidence for the existence of the h→ ZdZd → 4` process and are

therefore interpreted in terms of upper limits on the branching ratio B(h → ZdZd)

and the effective Higgs mixing parameter κ′.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is the best theoretical description we have

to date of fundamental particles and their interactions. It has succesfully predicted

the existence of the W , Z, and h (Higgs) bosons1 and has been tested to remarkable

precision.2 It is, however, an incomplete theory. For example, it does not explain the

presence of dark matter in our universe. Nor does it explain the asymmetry in the

amounts of matter and anti-matter. It also does not incorporate gravity. These are

some of the deficiencies and experimental observations that motivate theories that

extend the Standard Model. The following chapter gives an overview of some of these

challenges.

An interesting extension to the SM proposes the decay of the SM Higgs boson to

two dark sector particles each called Zd. This decay occurs in models where the Higgs

interacts with a dark sector which could have rich and interesting phenomenology like

the SM. The focus of this thesis is the search for the dark sector process h→ ZdZd → 4`

with data collected by the ATLAS detector at the Large Hadron Collider (LHC) in

2015–2018. This search builds on an existing search conducted with data collected in

1The W and Z bosons were predicted in the 1960s by Glashow, Weinberg, and Salam in their
theory unifying the electromagnetic and weak interactions. The bosons were discovered in 1983 by
the UA1 and UA2 experiments at CERN. The Higgs boson and the Higgs mechanism (responsible
for the masses of the W , Z, and the Higgs boson itself) were theorized around the same time by
Brout and Englert, Higgs, and Guralnik, Hagen, and Kibble. The Higgs boson was discovered in
2012 by the ATLAS and Compact Muon Solenoid (CMS) experiments.

2For example, the mass of the Z boson determined from fitting the SM with other observables
is 91.1882 ± 0.0020 GeV, and from experimental measurements is 91.1876 ± 0.0021 GeV [1]. This
difference is only −0.3σ. Electroweak precision tests not only test the SM but are also interpreted as
experimental constraints on new theories.
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2015–2016 by quadrupling the dataset size and improving the background estimation

and validation and signal regions.3

This thesis is organized as follows:

Following a summary of experimental and theoretical motivations for new physics

and dark sector models in Chapter 2, the theory of the model proposing the h →
ZdZd → 4` process is introduced in Chapter 3. The interactions, parameters, and

resulting phenomenology of the model and existing constraints are discussed. The

Large Hadron Collider and the ATLAS detector are described in Chapter 4, with

particular focus on the reconstruction and identification of the leptons that are searched

for: electron and muons. Chapter 5 details the selection applied to collision events

used to search for the process in the data collected by ATLAS. This selection is applied

to the data and simulation-based signal and background predictions described in

Chapter 6. The data-driven Z+jets background estimate—a significant improvement

for this iteration of the search with the 2015–2018 dataset—is detailed in Chapter 7.

Finally, the results of the search—the unblinded validation and signal regions—are

presented in Chapter 8. The interpretation methodology and the interpretation of the

results are presented in Chapter 9 and are followed by conclusions.

3Two additional channels (h → aa → 4τ and S → XX → 4`) were also added. An overview
of the four related channels is given in Section 5.1. The focus of this thesis is on the “high-mass”
channel, h → ZdZd → 4`, where each Zd is hypothesized to decay to two electrons or two muons,
and are hypothesized to have similar masses between 15 GeV and 60 GeV.
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Chapter 2

Motivation

There are strong experimental reasons to believe that the Standard Model (SM)

is part of a larger theoretical structure. While the SM has been successful in its

predictions—culminating with the discovery of the Higgs in 2012—it does not explain

some well-established experimental observations and measurements. These include:

• Dark matter: a form of matter making up approximately 84% of the mass

in the universe [1] that has been observed to interact gravitationally, but not

through any other interaction. Its existence has been inferred but its exact

makeup is unknown. Some of the strongest evidence for its existence comes

from galactic rotation dynamics. Most of the visible matter of a galaxy lies

near its centre. This suggests that objects rotating inside the galaxy should

have velocities inversely proportional to the square of their radial distance 1/
√
r

due to weakening gravitional force. This is inconsistent with the observation

that velocities are approximately constant as radial distance increases. This

observation suggests that there must be additional non-visible (dark) matter.

The feebleness of its interaction through other means has made it exceptionally

difficult to detect directly and to produce. To date, the nature of dark matter

has not been discovered.1 The SM does not incorporate dark matter.

1There are three main approaches to detecting dark matter other than through its gravitational
effects: direct detection, indirect detection, and collider production. Direct detection seeks to observe
dark matter scattering off SM particles (e.g. recoiling against nuclei inside a liquid medium such
as xenon). Indirect detection seeks to observe dark matter annihilating into SM particles (e.g.
annihilation inside the sun into highly energetic neutrinos that pass through the earth). Finally, dark
matter could be produced in particle collisions (for example, in pp collisions at the LHC, with the
dark matter particles decaying into SM particles or escaping detection and leaving a missing energy
or momentum signature).
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• Baryon asymmetry: there is an unexplained excess of baryons over anti-baryons.

In the early universe, quarks and anti-quarks were pair-produced and annihilated

(γ + γ ↔ q + q̄) at equal rates (thermal equilibrium). As the universe cooled,

quarks and anti-quarks annihilated into photons at a rate greater than pair

production, but an unexplained excess of quarks over anti-quarks remained.

These quarks formed in groups of three into baryons.2 This process of generating

the asymmetry is known as baryogenesis. The relative excess of baryons over

anti-baryons is O(10−10), as determined from the observed abundances of light

elements (big bang nucleosynthesis) and from the observed fluctuations in the

cosmic microwave background. In order for baryogenesis to occur, Sakharov

proposed three conditions: i) baryon number violation, ii) Charge (C) and

Charge-Parity (CP) violation, and iii) departure from thermal equilibrium. The

SM exhibits all three conditions, but not to the levels necessary to explain the

observed asymmetry. C and CP symmetries are violated by the weak interaction

and the universe departed from thermal equilibrium (cooled) as it expanded.

However, the level of CP violation and the value of the Higgs mass make it

impossible for baryogenesis to occur within the SM.

• Neutrino mass: the SM assumes all neutrinos are left-handed3 and therefore all

neutrinos are massless.4 However, observations of neutrinos oscillating from one

flavour to another imply that neutrinos have mass [1].

From an aesthetic perspective, there are concerns about the extraordinary fine-

tuning required to make the predictions of the SM consistent with observations. For

example, the SM predicts that the leading correction to the Higgs mass-squared is

δm2
h =

3GF

4
√

2π2

(
4m2

t − 2m2
W −m2

Z −m2
h

)
Λ2 (2.1)

2Mesons can be formed from one quark and one anti-quark, but are short-lived (unlike the proton
and the neutron).

3The handedness refers to the helicity or chirality of the particle. If a particle has right-handed
(left-handed) helicity, then the direction of its spin is the same as (opposite to) its momentum. The
helicity can be changed under a boost of reference frame only if the particle is moving at v < c;
this is only possible if the particle is massive. Chirality, however, is a related but intrinsic property
of fermions that is invariant under boost (same in all frames). It is defined for fermions as the
eigenstates of the γ5 matrix. In the massless limit, helicity and chirality are the same.

4Similarly, the SM assumes all anti-neutrinos are right-handed. The absence of chiral partners for
neutrinos and anti-neutrinos suggested that they need not be included in the SM; by construction,
the SM does not include right-handed neutrinos and therefore, no mass terms are generated for
neutrinos. However, nothing in principle forbids the addition of right-handed neutrinos to the SM.
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where mT ,mW ,mZ ,mh are the masses of the top quark and the W , Z, and Higgs

bosons, GF is Fermi coupling constant, and Λ is the maximum energy scale of the

theory [2]. The observed values of the masses imply that Λ . 1 TeV. This contradicts

the expectation that a complete theory should reach the scale at which quantum

gravity is expected to appear: the Planck scale Λ ∼ 1016 TeV. If this expectation is

to be maintained—along with the observation that mh ≈ 125 GeV—then there must

be counter-terms to mh that combine to O(10−16) TeV. This is an extraordinary level

of fine-tuning.5

The problems described above are a few of the reasons to expect physics beyond

the SM. A well-motivated possibility is the existence of a dark sector that may interact

in a limited manner with the visible sector (i.e. what forms the SM as we know it).

As with the SM, the dark sector could consist of one or more particles with its own

set of interactions. What we observe and identify as dark matter could be one or

more particles of a dark sector. The absence of evidence for a dark sector to date

suggests that, if it exists, it must interact with the SM at a level that is substantially

weaker than the interactions within the SM. The theory of the dark sector model that

is searched for in this thesis is described in Chapter 3.

Besides possibly addressing the nature of dark matter, a dark sector could also

address other open questions. For example, CP violation could be transferred to the

visible sector with an interaction between a dark sector particle and SM particles [3].

This could allow baryogenesis to occur. A dark sector could also easily increase the

muon’s predicted anomalous magnetic moment and therefore resolve the disagreement

between its observed and predicted values [4].

The work of this thesis builds on searches by ATLAS for the dark sector process

h → ZdZd → 4` conducted with data collected in 2010–2012 [5] and 2015–2016 [6].

The main results of those searches are shown in Figure 2.1. These distributions

compare, in a signal region, the number of lepton pairs (dileptons) observed with the

number of lepton pairs predicted to come from background processes. This region is

a kinematic region that is designed to select leptons from Zd decay with high purity

while rejecting background. A statistically significant excess in the observed yield

over the predicted background yield could indicate the presence of the signal process

h→ ZdZd → 4`.

One event with mZd ≈ 20 GeV corresponding to 1.9σ global significance (3.2σ

local significance) was found in the ATLAS 2015–2016 dataset search [6]. Two events

5Also known as the hierarchy problem. Why is the Higgs so much lighter than the Planck scale?
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(a) Dilepton mass m`` ≡ m12,34 ∼ mZd in 2010–2012 data and simulation [5]. Two
entries are plotted per event.

(b) Average dilepton mass 〈m``〉 ≡ (m12 +m34)/2 ∼ mZd in 2015–2016 data and
simulation [6]. One entry is plotted per event.

Figure 2.1: Distributions of dilepton mass in searches by ATLAS with 2010–2012 and
2015–2016 data and simulation.
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in a similar mass range were also found in the ATLAS 2010–2012 dataset search [5]

and in the CMS 2010–2012 dataset search [7]. The excesses could be due to statistical

fluctuation and/or background under-estimation. The search described in this thesis

quadruples the amount of data used and improves the background estimation. By

increasing the size of the dataset, the uncertainty on the observed yields due to finite

statistics (the statistical uncertainty) is reduced. Notably, the aforementioned excess of

the 2015–2016 search is due to the observation of one event in a region with negligible

background. This excess could also be due to an under-estimate of background from

jets being misidentified or mis-reconstructed as leptons. While this background is

expected to be negligible, it is difficult to estimate accurately because of its fake

nature. The estimate of this background can be improved by replacing the Monte

Carlo-based simulation used in the 2015–2016 search with a more accurate data-driven

method.
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Chapter 3

Theory

A natural way for a dark sector to interact with the Standard Model (SM) is through

coupling with the SM Higgs boson. The small width of the Higgs means that even

a small coupling to a Beyond-the-Standard-Model (BSM) particle could result in

sizeable new decay modes. If the BSM contribution to the width of the Higgs is ΓBSM,

then the branching ratio of the Higgs to a pair of BSM particles is proportional to

ΓBSM/(ΓBSM + ΓSM), where ΓSM is the width of the SM Higgs. Since ΓSM is relatively

small (Γh/mh ∼ O(10−5) while ΓZ/mZ ∼ O(10−2), for instance), the branching ratio

to BSM particles would be non-negligible. This branching ratio is not well-constrained

from experimental measurements: ATLAS and CMS currently constrain the branching

ratio of SM Higgs to BSM particles to be less than approximately 30% [8], and future

projections for the LHC physics program suggest that this constraint could tighten to

at most 10% [9]. Furthermore, the addition of a BSM particle that couples to the SM

Higgs can be done with minimal modification to the SM. The dark sector model that

is searched for in this thesis is an example of such a minimal extension.

One possibility is for the SM Higgs to decay to one or two new gauge (vector)

bosons Zd. In the minimal scenario, the dark photon Zd interacts with the SM through

kinetic mixing between U(1)d and hypercharge U(1)γ. U(1)d is an additional “dark”

gauge symmetry analogous to the U(1)γ hypercharge gauge symmetry of the SM. The

new term in the Lagrangian responsible for kinetic mixing is [9, 10]:

L ⊃ 1

2

ε

cos θw
BµνZ

µν
d (3.1)

where ε is the new kinetic mixing parameter, θw is the weak mixing angle (Weinberg

angle), and Bµν and Zµν
d are the U(1)γ and U(1)d field strengths, respectively. This
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(a) Hypercharge portal
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κ
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ℓ
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(b) Higgs portal

Figure 3.1: Feynman diagrams of h → ZZd → 4` and h → ZdZd → 4` via the
hypercharge and Higgs portals. ε is the kinetic mixing parameter of the hypercharge
portal interaction and κ is the Higgs mixing parameter of the Higgs portal interaction.
S is the dark Higgs.

interaction between the SM and dark sector is referred to as the hypercharge portal

and allows for h→ ZZd, h→ ZdZd, and Zd → ff̄ decays. The decay h→ ZZd → 4`

through the hypercharge portal is visualized in Figure 3.1(a).

To leading order in m2
Zd
/m2

Z , the partial width for this decay mode is [9]:

Γ (h→ ZZd) =
ε2 tan2 θW

16π

m2
Zd

(m2
h −m2

Z)
3

m3
hm

2
Zv

2
(3.2)

where v is the vacuum expectation value of the SM Higgs (v = (
√

2GF )−1/2 ≈ 246 GeV,

where the Fermi coupling GF is well-determined from experiment [1]). Notably, the

width is proportional to ε2. The addition of kinetic mixing alone leads to h→ ZZd

as the dominant Higgs decay mode to Zd. If only kinetic mixing is present, then the

decay to two Zd particles is still possible (via the hypercharge portal) but it is highly

suppressed by a factor of ε4 since both Z bosons in the decay would need to mix with

Zd.

If a dark Higgs mechanism that spontaneously breaks the U(1)d symmetry is

added—much like an Abelian Higgs mechanism—then mixing between the SM Higgs

and dark Higgs is introduced and appears in the potential as:

V (H,S) ⊃ κ|S|2|H|2 (3.3)

where H is the SM Higgs doublet, S is the dark Higgs singlet that breaks the U(1)d

symmetry, and κ is the new Higgs mixing parameter. This interaction is referred to as



10

the Higgs portal. The decay to two Zd particles can occur via the Higgs portal; with

the addition of Higgs portal, the branching ratio of this decay can be much larger.

The decay via the Higgs portal is visualized in Figure 3.1(b). To leading order in κ,

the partial width for the decay mode h→ ZdZd with the addition of the Higgs portal

is:

Γ (h→ ZdZd) = κ′2
1

32π

v2

mh

√
1−

4m2
Zd

m2
h

(
m2
h + 2m2

Zd

)2 − 8
(
m2
h −m2

Zd

)
m2
Zd

m4
h

(3.4)

where the effective Higgs mixing parameter κ′ is:

κ′ = κ
m2
h

|m2
h −m2

s|
(3.5)

The term in the Lagrangian responsible for coupling of Zd to SM fermions (electrons,

muons, taus, neutrinos, and quarks) is:

L ⊃ gZdff̄Z
µ
d f̄γµf (3.6)

where the couplings gZdff̄ are proportional to ε and 1/m2
Zd

. These couplings lead to

decays of Zd to SM fermions. If Z (Zd) and Zd are produced, then the signature will

be four fermions, with two fermions from each decay. If the fermions are leptons,

then each pair of leptons will create a dilepton mass resonance, and the four leptons

together will create a resonance at the Higgs mass. This phenomenology motivates the

identification of lepton pairs and quadruplets, and the selections used in this search.

To leading order, the partial widths for decays of Zd to pairs of fermions are:

Γ
(
Zd → f̄f

)
=

Ncolours

12πmZd

√
1−

4m2
f

m2
Zd

(
m2
Zd
g2
Zdff̄

+ 2m2
fg

2
Zdff̄

)
(3.7)

where Ncolours is 1 for leptons and 3 for quarks.

The branching ratio to leptons, shown in Figure 3.3, is quite sizable.1 To one flavour

of leptons, it is approximately 15% for mZd ∼ 1 GeV and decreases to approximately

9% for mZd & 60 GeV. While Γ(h → ZdZd) does not depend on ε, Γ(h → ZZd)

and Γ(Zd → ff̄) do. The dependence of the latter on ε means that observation of

h→ ZdZd → 4` decay implies a non-zero value for ε due to the leptonic portion of the

1The branching ratio for decay mode i is Γi/Γtotal, where the numerator is the partial decay width
and the denominator is the total decay width Γtotal =

∑
i Γi.
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decay. The dependence of the former on ε means that observation of h→ ZZd → 4`

decay also has the same implication, but phenomenological studies [10] show that the

experimental sensitivity to ε via this decay is limited to ε & 10−3, even with the next

generation of collider experiments.2 The only requirement on ε for the h→ ZdZd → 4`

decay to occur is that it is large enough to enable the Zd → `` decay. Following from

Γ(Zd → ``) and the fact that a particle’s lifetime is inversely proprotional to its decay

width, prompt Zd → `` decay occurs for ε & 10−5. Therefore, observation of prompt

h→ ZdZd → 4` decay would provide sensitivity to this level of ε. If Γ(Zd → ff̄) is

extremely small (e.g. ε . 10−5), then Zd would have a long lifetime and decay at a

displaced location in the detector. Further sensitivity could be gained by searching

for these displaced decays, with the level of sensitivity dependent on the displacement

cτ (speed of light multiplied by mean lifetime) and the detector’s acceptance and

efficiency at such displacements.

Multiplying the branching ratio to leptons with the branching ratio of the Higgs to

one or two Zd particles yields the total branching ratios B(h→ Z(d)Zd → 4`) shown

in Figure 3.4.

Searches for Zd for mZd ∼ O(1 GeV) have been conducted at electron-positron

experiments and for mZd ∼ O(10 GeV) at proton-proton experiments. BaBar and

BESIII have searched for e+e− → γA′, where the dark photon A′ can decay leptonically

(A′ → e+e− or µ+µ−, 0.02 < mA′ < 10.2 GeV for BaBar and 1.5 < mA′ < 3.4 GeV

for BESIII) [11, 12] or invisibly to a pair of lighter dark sector particles (A′ → χχ̄,

mA′ < 8 GeV for BaBar) [13].

In the searches with leptonic final states, the detector signature is two charged

tracks and a single photon. The signal could appear as a resonance in the dilepton

distribution. In the search for invisible decays, the detector signature is a mono-

energetic initial-state radiation photon. This photon has energy E?
γ = (s−m2

A′)/(2
√
s),

where s is the centre-of-mass energy; therefore, the signal could appear as a resonance

in the m2
A′ = s − 2E?

γ

√
s distribution. This search requires a single-photon trigger,

which was only implemented for the final running period of BaBar (effective analysis

threshold of E?
γ ≥ 1.8 GeV). The dominant SM backgrounds are e+e− → γγ(γ)

with only one of the photons detected; the others are not detected and/or are out of

detector acceptance. This search will be performed by Belle-II, which has a dedicated

single-photon trigger, improved detector hermiticity, and greater luminosity. In these

mass ranges, BaBar and BESIII have set upper limits of ε . 10−3.

2Largely due to the SM h→ ZZ∗ → 4` background.
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LHCb has searched for A′ → µ+µ− in proton-proton collisions [14, 15]. For prompt

A′ decay, the searches considered mA′ from the dimuon threshold up to 70 GeV, and

for non-prompt A′ decay, the searches considered 214 < mA′ < 350 MeV. The A′

couplings are inherited from the SM couplings, therefore γ? → µµ has the same

production and decay kinematics as A′ → µµ. The two signatures are experimentally

indistinguishable and therefore have the same detector efficiencies. This is exploited

with a data-driven approach: the observed A′(γ?)→ µµ are fitted and then normalized

to expectation derived from simulation in order to obtain limits on ε. This results

in a cancellation of experimental systematics. The latter LHCb search has set upper

limits of ε . 10−3. Limits on ε are compared in Figure 3.2.

2−10 1−10 1 10
6−10

5−10
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3−10

2−10
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ε (g − 2)e
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PS191
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LHCb
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Figure 3.2: Comparison of upper limits set on the kinetic mixing parameter ε versus
dark photon mass mA′ by various experiments (90% confidence level). From [15] and
generated with the recasting approach described in [16]. Details of the searches can
be found in [16].

Below the mass of the Z boson (10 < mZd < 80 GeV), re-interpretation of

Drell-Yan (pp → γ∗/Z → ``) cross-section measurements sets limits of ε . 10−2

[17, 18]. In the immediate vicinity of mZ ≈ 91.2 GeV, fits to electroweak precision

observables strengthen the limit to ε . 3× 10−3 [10]. The search for h→ ZZd → 4`

by ATLAS with data collected in 2015–2016 set a limit of ε . 5× 10−2 in the range

15 < mZd < 55 GeV [6].
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The strongest upper limits on κ′ have been set by searches for h→ ZdZd → 4` by

ATLAS and CMS.3 The search by ATLAS with the 2015–2016 dataset set a limit of

κ′ . 10−3 [6], as shown in Figure 3.5. This thesis describes a search for this process

with approximately four times the amount of data (36 fb−1 to 139 fb−1). In the

absence of discovery, the upper limit should strengthen to ε . 2× 10−4, as predicted

in Figure 3.6. The upper limit on B(h → ZdZd) set by the same ATLAS search is

. 10−4, as shown in Figure 3.7. Similarly, this limit should strengthen to . 3× 10−5,

as predicted in Figure 3.8. The methodology used to set limits on the branching ratio

and κ′ is described in Chapter 9.

3In May 2020, CMS published preliminary results of a search similar to the one described in this
thesis, conducted on the CMS 2016–2018 (137fb−1) dataset. This search is described and compared
against the ATLAS search in Appendix A. Previous CMS searches for exotic Higgs decays with leptonic
final states include a search for h → aa+X → 4µ+X and h → n1n1 → γDγDnDnD → µµnDnD
[19] and a search for h→ aa→ 4τ (2µ2b, 2µ2τ) [7].
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Br(ZD→ll) [LO]

Br(ZD → μμ) [R(s) data & QCD 3-loop]

Br(ZD → ee) [R(s) data & QCD 3-loop]
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Figure 3.3: Branching ratio of Zd → `` (` = e or µ) predicted from theory [10].
The branching ratio calculated at leading order (red line) is a good approximation
of the branching ratios calculated with higher-order QCD corrections (black lines).
Higher-order calculations of the branching ratio require knowledge of RZd ≡ Γ(Zd →
hadrons)/Γ(Zd → µ+µ−). For mZd < 12 GeV, measurements of the hadronic to
muonic cross-section in e+e− collisions R(s) ≡ σ(e+e− → hadrons)/σ(e+e− → µ+µ−)
can be used to fully determine RZd . For mZd > 12 GeV, RZd can be calculated with
existing higher-order predictions for R(s) by replacing SM couplings with the couplings
gZdff̄ .
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Figure 3.4: Branching ratios of h→ Z(d)Zd → 4` predicted from theory for different
values of kinetic mixing parameter ε and effective Higgs mixing parameter κ′ [10].
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Figure 3.5: Upper limit on the effective Higgs mixing parameter κ′ set by ATLAS
with 2015–2016 data [6].
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Figure 3.6: Expected upper limits on the effective Higgs mixing parameter κ′ from
experiments at the LHC at centre-of-mass energy

√
s = 14 TeV [10]. The upper limit

set by ATLAS with 2015–2016 data (36 fb−1) is shown in Figure 3.5.
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Figure 3.7: Upper limit on the branching ratio B(h → ZdZd) set by ATLAS with
2015–2016 data [6].
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Figure 3.8: Expected upper limits on the branching ratio B(h→ ZdZd) from experi-
ments at the LHC at centre-of-mass energy

√
s = 14 TeV [10]. The upper limit set by

ATLAS with 2015–2016 data (36 fb−1) is shown in Figure 3.7.
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Chapter 4

LHC and ATLAS

This chapter describes the ATLAS detector and the Large Hadron Collider (LHC).

The protons produced and accelerated by the LHC are collided inside ATLAS and

three other interaction points. The ATLAS detector consists of multiple sub-detectors

designed to accurately reconstruct and identify particles produced in the collisions.

Particle reconstruction and identification entails measuring their momentum, energy,

and other properties. The h→ ZdZd → 4` search requires four well-reconstructed and

identified electrons and/or muons and thus capitalizes on the exceptional performance

of the ATLAS detector—in particular, the calorimeter and Muon Spectrometer for

electron and muon reconstruction and identification, respectively.

4.1 Large Hadron Collider

The Large Hadron Collider (LHC) is currently the world’s most powerful particle

accelerator. It is situated, on average, 100 m underground and has a circumference

of approximately 27 km. Protons are accelerated by a series of smaller accelerators

before they are injected into the LHC, where they are boosted to a final energy of

6.5 TeV per proton beam. Sixteen radiofrequency cavities accelerate the particles and

1232 dipole and 392 quadrupole magnets guide and focus the beams [20].

The two counter-rotating beams are focused and collided at four interaction points

along the circumference of the LHC. At each interaction point, a detector observes the

resulting pp or heavy ion collisions.1 Two of the detectors—ATLAS and CMS—are

1The LHC can also accelerate xenon and lead nuclei. Besides pp collisions, Xe-Xe, Pb-Pb, and
p-Pb collisions have also be studied by the ATLAS detector.
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general purpose detectors that were designed to be sensitive to a wide range of physics

phenomena at the TeV scale.

Each 6.5 TeV proton beam contains approximately 2232 proton bunches, with

each bunch containing approximately 1.1× 1011 protons.2 Every 25 ns, bunches are

crossed at the four interaction points along the circumference of the LHC in order to

produce collisions inside each detector. This time interval is commonly referred to as

the bunch spacing.

The instantaneous luminosity quantifies the ability of a collider to produce interac-

tions and is defined as the ratio of the number of events per second to the cross-section

for that type of event, as given in Equation 4.1. In practice, luminosity is expressed

in terms of beam parameters since neither the cross-section nor the number of events

per second can be directly manipulated. Equation 4.2 expresses luminosity in terms

of the revolution frequency f , the number of bunches Nb, the number of protons per

bunch Np, and the x and y root-mean-square beam widths σx and σy.

L =
1

σ

dNevents

dt
(4.1)

L =
1

4π

fNbN
2
p

σxσy
(4.2)

The mean number of interactions per bunch crossing µ varies proportionally to

the square of the number of protons per bunch. This variation produces a spread in

µ, as shown in Figure 4.1.

2Initial parameters for Run-2 (2015 and onwards) operation.
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Figure 4.1: Distribution of µ during each year of 2015–2018 pp collision data-taking
[21]. The shape of the distribution changed in 2017 due to a change in the LHC filling
scheme for improved beam stability.
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4.2 ATLAS detector

4.2.1 Overview

The ATLAS (A Toroidal LHC ApparatuS) detector was designed to exploit the high

energy and luminosity of the LHC in order to explore a wide range of physics ranging

from precision measurements of known processes, to discovery of theorized and even

unexpected physics.

The main components of the ATLAS detector (shown in Figure 4.2) beginning

from the innermost to outermost are:

• The Inner Detector (ID), which determines the originating vertices of inter-

actions, identifies charged particles, and measures the trajectories of charged

particles via energy deposition in semiconductors and ionization of xenon and

argon gas.

• The electromagnetic (EM) and hadronic calorimeters, which determine

the energy of particles that interact electromagnetically (i.e. electrons or pho-

tons) and hadronically (i.e. jets) by absorbing them and measuring the energy

deposited.

• The Muon Spectrometer (MS), which identifies muons and measures their

trajectories as they pass through and ionize gases in the MS drift chambers.

• The magnets, consisting of a solenoid surrounding the Inner Detector and three

toroid magnets (one barrel toroid and two end-cap toroids). The bending of the

trajectories of charged particles by the magnets enables the Inner Detector and

Muon Spectrometer to measure their momenta.

• The trigger and data acquisition (TDAQ) system, which receives and

buffers the output of the detector, selects events by performing a fast preliminary

reconstruction, and writes selected events to permanent storage.

Signals from the detector are used to reconstruct physics objects such as electrons,

muons, and jets. Candidates from reconstruction are then calibrated to account for

detector effects such as energy response and identified for quality and origin.
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Figure 4.2: Cut-away view of the ATLAS detector [22]. The detector possesses
cylindrical symmetry and was designed to be as hermetic as possible. It has close to
4π coverage in solid angle.3

4.2.2 Inner Detector

The ATLAS Inner Detector (ID) consists of three sub-detectors: the pixel detector,

the Semiconductor Tracker (SCT), and the Transition Radiation Tracker (TRT).

The entire ID is immersed in a 2 T magnetic field that deflects the trajectories of

charged particles. The ID was designed to reconstruct these trajectories (tracks) in the

region of the interaction point within a range of |η| < 2.5. Interactions happen at an

extended distance along the beam pipe due to the spatial spread of the bunches. The

ID establishes the origins of the hard scatter and other pp interactions (vertices). The

tracking performance requirements and the proximity of the ID to the interaction point

and beam pipe impose requirements on the electronics and material thickness: the

electronics of the ID must maintain low occupancy amidst high hit rates, have efficient

readout and be radiation hard, and the amount of material must be minimized to

3ATLAS 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 upward. Cylindrical coordinates (r, φ) are
used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle θ as η = − ln tan(θ/2).
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reduce the number of unwanted photon conversions and other interactions producing

secondary particles. As a charged particle passes through the ID, it will register hits

in the semiconductors of the pixel detector and SCT, and ionize the gas of the TRT

through primary ionization and transition radiation.

The h → ZdZd → 4` search considers electrons and muons in the final state.

Electrons are reconstructed by matching tracks in the ID with energy depositions

in the calorimeters and muons are reconstructed by matching tracks in the ID with

tracks in the Muon Spectrometer. The reconstruction and identification of electrons

and muons are discussed in depth in Sections 5.4.1 and 5.4.2, respectively.

The pixel detector—the innermost layer of the ID—has four barrel layers and two

end-caps with three disks each for a total of 92 million readout channels [23, 24]. The

pixel detector has a silicon-covered surface area of approximately 2 m2. Layer-0 of

the pixel detector—the Insertable B-Layer—is new for Run-2 and improves tracking

by providing measurements closer to the interaction point. The reduced distance

improves the tracking resolution, which in turn improves the vertexing and b-tagging

performance. Furthermore, it provides the pixel detector a margin of robustness

against high hit rates by continuing to provide hits even when the readout electronics

of the other layers are saturated. The intrinsic measurement accuracy of each sensor

is approximately 10 µm in R–φ and 115 µm in z (for the barrel layers) or R (for the

end-caps) [22].

The Semiconductor Tracker (SCT)—the middle layer of the ID—has four barrel

layers and two end-caps with nine disks [25]. It has a silicon-covered surface area

of approximately 60 m2. It has less granularity than the pixel detector (6.3 million

readout channels) and consequently has less accuracy. The intrinsic measurement

accuracy of each sensor is approximately 17 µm in R–φ, and 580 µm in z (for the

barrel layers) or R (for the end-caps) [22].

The Transition Radiation Tracker (TRT)—the outermost layer of the ID—is a

drift tube system consisting of approximately 350, 000 drift tubes (also referred to as

straw tubes) filled with xenon-based and argon-based gases.4 The structure of each

4The TRT initially operated entirely with a xenon-based gas, but due to large and irreparable
leaks in Run-1 and the high cost of xenon, parts of the TRT operated with an argon-based gas
instead of a xenon-based gas in Run-2. Gases with a higher-Z (xenon) are preferred over gases with
lower-Z (argon) for transition radiation production because the photoelectric absorption cross-section
is proportional to Zn (4 < n < 5) [1]. For this reason, discrimination between electrons and pions
was negatively impacted by the change in gas. This impact has been partially compensated by
the implementation of a likelihood-based discriminant [26]. Conversely, tracking performance has
improved slightly because the pulse shapes with argon gas allow for a lower effective threshold and
consequently increased sensitivity to low amounts of ionization [27].
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drift tube acts as a cathode while the tungsten wire strung along the centre of each

tube acts as an anode. When a charged particle passes through, it ionizes the gas and

produces ionization charges (electrons and ions). The charges are accelerated by the

electric field towards the anode wire and produce further ionization. This additional

ionization is commonly referred to as an ionization cascade. The charges are then

collected on the anode wire, which registers a signal that is proportional to the amount

of ionization. In addition to the charges of the primary ionization and subsequent

ionization cascade, additional charges are produced by the absorption of transition

radiation by the gas.5

4.2.3 Calorimeter

The ATLAS calorimeter is comprised of electromagnetic (EM) and hadronic calorime-

ters that cover an overall range of |η| < 4.9. It is of a sampling design; each calorimeter

consists of passive absorbing material and an active measurement medium. When

a particle is absorbed, it generates a cascade of secondary particles (shower) that

ionizes the active medium. In the electromagnetic calorimeters, the hadronic end-cap

calorimeters, and the forward calorimeters, particles are absorbed mainly in dense

material and the ionization of the liquid argon (LAr) is measured by charge collection

on electrodes. LAr was chosen as the active medium because of its linear response and

radiation hardness. In the tile calorimeter, particles are absorbed by steel plates and

ultraviolet light from the ionization of scintillating polystyrene tiles is collected by

photomultiplier tubes. The ATLAS calorimeter is also non-compensating ; it possesses

a greater response to electromagnetic showers than to hadronic showers due to invisible

and escaped energy in hadronic interactions that is not immediately compensated for.

For measurements of missing transverse momentum and jets, it is crucial that this

difference in response is properly accounted for through calibration. The calorimeter

5Transition radiation consists of X-ray photons that are produced when highly-relativistic charged
particles pass through boundaries. In the TRT, straw tubes are interleaved with fibres and foils
in order to induce transition radiation. This effect creates a much larger signal than ionization [1,

28] and is dependent on how relativistic the particle is moving

(
γ =

√
1 +

(
p
m0

)2)
. The energy

deposition from transition radiation produced by electrons ranges from 8 keV to 10 keV, while
pions produce negligible transition radiation and deposit approximately 2 keV [29]. This is because
electrons are significantly lighter than pions (approximately 278 times lighter than a π±). This
difference is exploited by the TRT in order to distinguish electrons from other minimally-ionizing
particles such as pions.
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has a total of 187, 652 cells,6 with increased granularity in the EM calorimeter and

near the interaction point.

The electromagnetic calorimeter consists of a barrel calorimeter covering up to

|η| < 1.475 and two electromagnetic end-cap calorimeters covering up to |η| < 3.2. Its

high granularity enables it to precisely measure electrons and photons in conjunction

with the ID. The absorbing media (lead plates) and active media (LAr) are organized

in an accordion-like geometry as shown in Figure 4.3. This geometry provides full

coverage in φ without any cracks and provides enough depth to contain most showers—

at least 22 radiation lengths in the barrel and at least 24 radiation lengths in the EM

end-caps. Additional depth to contain hadronic showers is provided by the surrounding

hadronic calorimetry.

The solenoid surrounding the ID bends charged particles into helicoidal paths

(circles in the transverse plane (xy) traveling along the beam axis). This results in a

spread in the transverse plane but not in the longitudinal (rz) plane.7 For this reason,

the first layer of the barrel is more finely segmented in η than in φ. The second layer

usually collects the most energy from an EM shower out of all layers, and the third

layer usually collects only the tail. The segmentation of the EM barrel calorimeter is

shown in Figure 4.4.

A presampler covering up to |η| < 1.8 consisting of one layer of LAr accounts for

the energy lost in front of the EM calorimeter (i.e. in the innermost region of the

detector).

The hadronic calorimeter consists of two hadronic end-caps calorimeters, a tile

calorimeter, and two forward calorimeters. The hadronic end-caps, covering 1.5 <

|η| < 3.24, use LAr as the active medium due to the increased radiation close to the

beam pipe and are interleaved with copper plates. The tile calorimeter, covering up

to |η| < 1.7, uses scintillating tiles and photomultiplier tubes and is interleaved with

steel plates as shown in Figure 4.5. The geometry of the tile calorimeter enables full

coverage in φ. The forward calorimeters, covering 3.1 < |η| < 4.9, each consist of

three modules: an electromagnetic module that is closest to the interaction point, and

6182, 468 cells (excluding presamplers) in the liquid argon calorimeters (9344 presampler cells in
addition) and 5184 cells in the tile calorimeters [30].

7In other words, the separation between an electron and the photons it radiates through brem-
sstrahlung is mostly in φ. For a given material, the scale in the transverse direction of an EM shower
is the Molière radius and is defined as the radius of a cylinder that on average encompasses 90% of
the energy deposition of a shower. For liquid argon, the Molière radius is approximately 9 cm [1].
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behind it, two hadronic modules. For the absorbing media, copper is used in the EM

module and tungsten is used in the hadronic modules.

The h → ZdZd → 4` search considers electrons (and muons) in the final state.

Electrons are reconstructed by identifying clusters of energy deposition in the electro-

magnetic calorimeter and matching them with tracks in the ID. The reconstruction,

calibration, and categorization of these candidates are described in Section 5.4.1.



27

47 cm

readout electrode
absorber

P

lead
glue

kapton

outer copper layer

outer copper layer

inner copper layer

stainless steel

HVHV
liq

ui
d 

ar
go

n 
ga

p
liq

ui
d 

ar
go

n 
ga

p

(~
2 

m
m

)

Figure 4.3: Accordion-like structure of the LAr electromagnetic barrel calorimeter
[31]. The absorbing medium and active medium are interleaved.
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Figure 4.5: Schematic of a portion of the tile hadronic calorimeter [22]. The scintillating
tiles and steel plates are oriented radially. Each of the three barrels (one central and
two extended) consists of 64 modules.
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4.2.4 Muon Spectrometer

The Muon Spectrometer (MS) is the outermost sub-detector of the ATLAS detector

[32]. It was designed to measure muons with transverse momenta (pT ) ranging from

3 GeV to 3 TeV within a range of |η| < 2.7. The MS operates within a magnetic field

produced by one barrel toroid covering |η| < 1.4 and two end-cap toroids covering

1.6 < |η| < 2.7. The magnetically-deflected muon trajectories are measured by a

combination of drift chambers: monitored drift tubes (MDTs), cathode strip chambers

(CSCs), resistive plate chambers (RPCs), and thin gap chambers (TGCs). The first

two types are primarily used for precision tracking and the last two types are primarily

used for triggering.

The chambers operate on the principle of gaseous ionization (the production of

electron-ion pairs). Each chamber is filled with a gas: Ar/CO2 for MDTs and CSCs,

tetrafluoroethane for RPCs, and CO2/n-pentane for TGCs. A muon traveling through

the gas contained in each chamber will cause primary ionization. The electrons from

primary ionization will cause additional ionization, with the amount dependent on the

type of gas chosen. In the presence of an electric field, electrons and ions will drift in

opposite directions; the structure of each chamber (tube) acts as a cathode (attracts

positive charge) while the wire strung along the centre of each chamber (tube) acts as

an anode (attracts negative charge). As shown in Figure 4.7, the electrons will drift

towards the anode, at a drift velocity that is dependent primarily on the gas used.

Additionally, the acceleration of the electrons by the electric field causes collisions

with the gas molecules and will result in further ionization (Townsend avalanche). By

measuring the signal pulse on the anode precisely, the drift time and distance can be

determined. For MDTs, the drift time is about 700 ns.

Monitored drift tubes are used for precision tracking in the region |η| < 2.7 (except

in the innermost layer where they are replaced with cathode strip chambers in the

forward region 2 < |η| < 2.7). As shown in Figure 4.8, each MDT chamber consists of

layers of drift tubes with the tubes oriented along the magnetic field lines (i.e. along

φ). In the middle and outer layers, each chamber has two multi-layers of three tube

layers each. In the innermost layer, each multi-layer has four tube layers each instead.

A muon that passes through all six layers of a chamber yields six coordinates rmin in

the plane perpendicular to the tubes (the plane corresponding to the cross-section

view of each tube). The z resolution of a chamber is approximately 35 µm and of a

tube is 80 µm.
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As a muon travels through the MS, the toroids bend its trajectory in the rz plane.

The layout of the MS in this plane is shown in Figure 4.6. The bending causes the

muon’s trajectory to vary in η.8

Figure 4.6: Layout of the Muon Spectrometer in the rz plane [22]. The MDTs are
in green and teal, the CSCs in yellow, the TGCs in purple, and the RPCs in white
rectangles enclosed by black lines.

A trajectory constructed from these measurements yields the sagitta. This is the

distance from the midpoint of the trajectory’s arc to a straight line connecting the first

and last hits (chord). The sagitta is measured with a resolution of . 50 µm. From the

sagitta, the component of the momentum in the rz plane (radial component) can be

determined. This component is the dominant component of the muon’s momentum.9

In the forward region of the innermost layer where the hit rate exceeds the capacity

of MDTs (> 150 Hz/cm2), cathode strip chambers (CSCs) are used. They operate

on the same principle of gaseous ionization as the MDTs. Instead of one wire per

tube (acting as the anode and cathode respectively), multiple wires are strung in the

radial direction inside a gap sandwiched between two cathodes and filled with gas.

The strips of one cathode are oriented perpendicular to the wires and the strips of the

8The solenoidal field enveloping the ID causes the trajectory to become helicoidal along the beam
axis. Consequently, as a particle moves through the ID, its trajectory will vary in φ. This can be
visualized as a curve in the transverse plane. Once it exits the ID, it adopts a straight trajectory in
the transverse plane. Since this straight trajectory does not trace back to the origin, it will vary
slightly in φ.

9Ignoring the effect of the ID mentioned above and energy losses in the calorimeter.



31

other cathode are oriented parallel to the wires (with the former segmented more finely

than the latter). This layout, shown in Figure 4.9, enables the determination of both

η and φ. The strips perpendicular to the wires have a R resolution of approximately

40 µm and the strips parallel to the wires have a φ resolution of approximately 5 mm.

Four CSCs are layered in order to provide four measurements of η and φ.

For triggering, the MDTs are sandwiched by resistive plate chambers (RPCs) in

the barrel and by thin gap chambers (TGCs) in the end-caps, as shown in Figure 4.6.

Each package of RPCs and MDTs form a trigger station (RPC/MDT/RPC in the

middle layer and RPC/MDT in the outer layer). A resistive plate chamber (RPC)

consists of two parallel resistive plates made of bakelite with an electric field across a

gap filled with gas. Readout strips measure the ionization occuring within the gap

via capacitive coupling of the resistive plates [33] and are laid out orthogonal to each

other (η-strips and φ-strips). This layout enables the determination of both η and φ

in the same manner as CSCs (but unlike drift tubes). Two layers of RPCs are layered

in order to provide two measurements of η and φ; a muon that travels through all

three stations will produce six measurements of η and φ, with precision in η provided

by the MDTs. RPCs have a resolution of approximately 10 mm in z and φ within

|η| < 1.05. Thin gap chambers (TGCs) are multi-wire proportional chambers like

CSCs, with one triplet and two doublet layers in the end-caps (1.05 < |η| < 1.92) and

one doublet layer only in the inner (forward) region (1.92 < |η| < 2.4). TGCs have a

resolution of 2 to 6 mm in R and 3 to 7 mm in φ within |η| < 2.4.

A challenge in muon triggering is maintaining resolution in pT over |η|. Muon

momentum increases rapidly with |η|, while the integrated bending power increases

only modestly. In the forward region, hit rates from background are greater and

the chambers covering this region (TGCs) are outside of the magnetic field. These

challenges necessitate increased granularity in the end-cap region, provided by the

TGCs.

Reconstruction of muons can be done with the MS alone or in combination with the

ID and/or calorimeter by extrapolation and association of tracks between sub-detectors

[34]. The h→ ZdZd → 4` search primarily uses muons first identified independently

in the ID and MS and then fitted with a track incoporating both ID and MS hits

(combined muons). The types of muons and their calibration and identification are

discussed in Section 5.4.2.
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Figure 4.7: Cross-section of a monitored drift tube [22]. Rmin is the track coordinate
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Figure 4.9: Cathode strip chamber [22]. On the left, the anode wires are going into
the page. The CSCs are multi-wire proportional chambers.
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4.2.5 Trigger and data acquisition system

The ATLAS detector features a multi-level trigger and data acquisition (TDAQ)

system that reduces the raw event rate provided by the LHC (40 MHz) to a more

manageable 1.2 kHz [22, 35]. The system receives the output of the detectors and

within 2.5 µs, identifies object candidates and makes a decision to accept the event

for further processing or not. This decision—made by the Level-1 (L1) trigger using

coarse detector output—reduces the rate from 40 MHz to maximally 100 kHz. If the

event is accepted by the L1 trigger, the full detector output and regions-of-interest(s)

identified by the L1 trigger are passed onto the High-Level Trigger (HLT). The HLT,

within 0.2 s, makes a final decision using more complex algorithms and access to the

full granularity of the detector. If the event is accepted by the HLT, the full detector

output (along with any objects reconstructed by the trigger) is written to permanent

storage for offline reconstruction and analysis.

The L1 trigger and HLT are configured in trigger menus. These menus are generally

static for a run period (duration of days to months) and change only when operat-

ing conditions change (e.g. significant changes in instantaneous luminosity/pileup).

Each trigger menu consists of combinations of L1 trigger configurations and HLT

configurations chained together into trigger chains.

For example, the chain HLT 2mu14 L12MU10 translates to a requirement of at least

two muons with pT ≥ 10 GeV identified by the L1 trigger, followed by a require-

ment of at least two muons with pT ≥ 14 GeV identified by the HLT.10 Additional

requirements can be imposed such as cut-based identification (e.g. HLT e60 medium),

likelihood-based identification (e.g. HLT e60 lhmedium), and isolation requirements

(e.g. HLT mu20 iloose L1MU15). Due to limitations in available bandwidth, a trigger

may have its rate reduced by allowing only a pre-defined fraction to pass (trigger

prescale). The h→ ZdZd → 4` search uses the un-prescaled triggers with the lowest

pT thresholds. These triggers are listed in Table 4.1.

10The HLT algorithms examine the region-of-interest(s) identified by the L1 trigger algorithms.
Consequently, the objects that fire the L1 trigger are usually the same as the ones that fire the HLT.
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Leptons Trigger name 2015 2016 2017 2018

e

HLT e24 lhmedium L1EM20VH X
HLT e24 lhmedium iloose L1EM18VH X

HLT e24 lhtight nod0 ivarloose X
HLT e26 lhtight nod0 X

HLT e26 lhtight nod0 ivarloose X X X
HLT e60 lhmedium X X

HLT e60 lhmedium nod0 X X X
HLT e60 medium X

ee

HLT 2e12 lhloose L12EM10VH X
HLT 2e15 lhvloose nod0 L12EM13VH X

HLT 2e17 lhvloose nod0 X
HLT 2e17 lhvloose nod0 L12EM15VHI X X

HLT 2e24 lhvloose nod0 X X

µ

HLT mu20 iloose L1MU15 X
HLT mu26 ivarmedium X X X

HLT mu24 iloose ( L1MU15 in MC) X
HLT mu24 imedium X

HLT mu24 ivarloose ( L1MU15 in MC) X
HLT mu24 ivarmedium X

HLT mu40 X X
HLT mu50 X X X X

HLT mu60 0eta105 msonly X X X X

µµ

HLT mu18 mu8noL1 X
HLT mu20 mu8noL1 X
HLT mu22 mu8noL1 X X X

HLT 2mu10 X X
HLT 2mu14 X X X

eµ

HLT e17 lhloose mu14 X
HLT e17 lhloose nod0 mu14 X X X

HLT e24 lhmedium nod0 L1EM20VHI mu8noL1 X
HLT e26 lhmedium nod0 mu8noL1 X X

HLT e26 lhmedium nod0 L1EM22VHI mu8noL1 X
HLT e7 lhmedium mu24 X

HLT e7 lhmedium nod0 mu24 X X X

Table 4.1: Triggers used in the h→ ZdZd → 4` search with 2015–2018 data and Monte
Carlo (MC)-based simulation. Triggers are only used when they are un-prescaled. A
separate Good Runs List (Section 5.3) is maintained for each trigger that records which
luminosity blocks the trigger was un-prescaled. Prescaled triggers are not included
because of their low pT thresholds. The events that pass only prescaled triggers would
not pass the minimum lepton pT requirements used in this search. Those requirements
are summarized in Table 5.1 and described in Sections 5.4 and 5.6.
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Chapter 5

h→ ZdZd→ 4` search strategy

This chapter describes the h→ ZdZd → 4` search strategy. The goal of this search is to

look for the h→ ZdZd → 4` process in proton-proton collision events collected by the

ATLAS detector. The strategy consists of a series of selection criteria that form a signal

region. The selection criteria are optimized to accept events with the h→ ZdZd → 4`

process (signal events) and reject events with other processes (background events). A

statistically significant excess in observed events over estimated background events in

the signal region would be evidence of the existence of the process.1

The probability of a process occuring is quantified by its production cross-section

σ. It is expressed in units of area, and in its most basic form, it is the number of

events with this process N divided by the instantaneous luminosity (events per time

per area) integrated over time:

σ ≡ N∫
L dt

(5.1)

After applying the selection criteria, the number of expected background events

can be compared to the number of events observed. A discovery would be quantified

primarily by its significance and would be followed by measurements of properties

such as the production cross-section of h → ZdZd → 4`. If there is no statistically

significant excess, then an upper limit on the cross-section is set instead.

The development of the search is conducted blind in order to avoid bias. Data is

not included in the signal region until the strategy is fully developed and validated:

1Typically, a global significance (Chapter 9) of at least 3σ is required to suggest evidence and a
global significance of at least 5σ is required to declare discovery, where σ is the standard deviation of
a standard Gaussian (Section 9.1.1).
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1. A selection is designed, guided by the phenomenology of h→ ZdZd → 4` and

intuition of the detector signature it would leave. The design of the selection

is also guided by prior knowledge of processes that produce similar detector

signatures (backgrounds). The selection requirements2 are optimized for signal

efficiency and suppression of background through simulation-based studies of

the signal region. This step is the focus of this chapter.

2. The background estimates in the signal region are validated by comparing against

data in validation regions. These regions share similarities in kinematic variables

with the signal region but do not overlap with it.

3. Uncertainties on the signal and background estimates are assessed. Three

kinds of uncertainties are considered: statistical, experimental, and theoretical.

Statistical uncertainties arise from the finite amount of signal and background

simulation available due to computational constraints. Experimental systematic

uncertainties account for uncertainties in the simulation of detector effects such

as detector resolution. Theoretical systematic uncertainties account for modelling

effects such as uncertainties in the knowledge of how momenta is distributed

amongst incoming partons.

4. A statistical analysis for the unblinded signal region is designed. If there is

no discovery (no significant excess), then upper limits on the h→ ZdZd → 4`

production cross-section will be set. This procedure is exercised while the analysis

is blind by computing upper limits with the expectation of no excess (expected

upper limits). In addition to validating the statistical analysis, these limits can

be used to optimize the selection such that maximum exclusion is achieved if

there is no discovery. They can also serve as a benchmark for comparing the

search against previous and competing searches.

5. The signal region is unblinded. If there is an excess of data over background

estimates, the discovery significance is calculated in order to determine if the

excess is statistically significant. If it is not or if there is no excess at all, then

the upper limits are computed with the observed data.

2Also referred to as selection cuts, which form a selection cutflow.
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5.1 Channels

The h → ZdZd → 4` search that is the focus of this thesis shares similarities with

four other searches conducted by ATLAS. These five searches all look for Higgs (or

scalar) decays to Beyond-the-Standard-Model (BSM) particles in four lepton final

states. They differ in their progenitor particle (Standard Model (SM) Higgs or BSM

scalar S), intermediate particle X (ZdZd, ZZd, or BSM pseudoscalars aa), and final

state (combinations of electrons and muons, all muons, or all taus). In conceptual

terms, they are similarly motivated and look for similar intermediate particles and

final states in comparable mass ranges. For these reasons, they share similarities in

search strategy, signal and background modeling, and statistical interpretation. They

are also referred to as search channels and are as follows:

1. High-mass (the focus of this thesis): h→ ZdZd → 4`, where ` = e, µ and mZd is

between 15 GeV and 60 GeV,

2. ZZd: h→ ZZd → 4`, where ` = e, µ and mZd is between 15 GeV and 55 GeV,3

3. Low-mass (4µ): h→ aa→ 4µ, where ma is between 1 GeV and 15 GeV,4

4. 4τ : h→ aa→ 4τ , where ma is between 15 GeV and 60 GeV,

5. Additional scalar: S → XX → 4` where ` = e, µ, mS is up to 750 GeV, and

mX is up to 250 GeV.5

The focus of this thesis is on the high-mass channel. h→ ZdZd → 4` and high-mass

can be used interchangeably. Aspects that pertain only to a particular search channel

will mention the search channel explicitly.

5.2 Search strategy

If the h→ ZdZd → 4` process is produced in the ATLAS detector, it would leave a

detector signature consisting of four leptons.6 Each Zd would decay to two leptons

3The mass ranges for the ZX and high-mass channels are different because the mass distributions
of the X and Z bosons start to overlap significantly at approximately 55 GeV (mZ = 91.2 GeV).

4The low-mass channel only considers the 4µ final state because muon triggers and reconstruction
are able to reach lower pT. Also, heavy flavour backgrounds become significant at low pT.

5The additional scalar channel has two signal regions. The first searches for S with mass below
the SM Higgs (30 GeV < mS < 115 GeV and 15 GeV < mX < 50 GeV) and the second searches for
S with mass above the SM Higgs (130 GeV < mS < 750 GeV and 20 GeV < mX < 250 GeV).

6Only prompt decays of Zd are considered.
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with the same flavour (two electrons or two muons) and opposite electric charge. The

goal of the search strategy is to reconstruct these final state leptons with acceptable

efficiency and suppression of background.

The search starts with an event pre-selection consisting of basic requirements such

as passing data quality checks and the firing of a trigger. Events that pass pre-selection

are then required to have at least four leptons (electrons and/or muons) that pass the

baseline selection criteria. Leptons are then paired together into same-flavour opposite-

sign (SFOS) dileptons and dileptons are paired into quadruplets. The quadruplets are

then ranked and filtered through a quadruplet selection. The highest-ranked surviving

quadruplet is the selected quadruplet of the event. Finally, the selected quadruplet

is subject to the event selection. The events that survive the event selection are the

events of the signal region.7 The selections are summarized in Table 5.1.

7Equivalently, the quadruplets that survive the event selection are the quadruplets of the signal
region.
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Category Name Requirement

Event pre-selection

Good Runs Lists Event is from a luminosity block w/o detector problems
Primary vertex Event has a primary vertex (vertex w/ highest Σp2

T of its tracks, must have at least two tracks)
Trigger Event fired at least one lowest un-prescaled (multi-)lepton trigger

Detector flags

No LAr calorimeter noise burst and/or data corruption
No tile calorimeter data corruption

No single-event upsets in SCT
No events with missing detector information

Baseline electrons

pT pT > 7 GeV
η |η| < 2.47 (including crack regions)

Identification VeryVeryLoose with B-layer cut
Object quality Not built with a bad calorimeter cluster

Baseline muons

pT pT > 5 GeV (15 GeV if calorimeter-tagged)
η |η| < 2.7

Identification Loose
Impact parameter Transverse: d0 < 1 mm (stand-alone muons exempt)

Quadruplet formation Quadruplet At least one quadruplet of leptons consisting of two same-flavour opposite-sign leptons

Quadrulet selection

pT Three leading-pT leptons satisfying pT > 20 GeV, 15 GeV, 10 GeV
Muon type Number of calorimeter-tagged muons plus number of stand-alone muons not greater than one

Overlap removal No overlap-removed e or µ

Trigger matching
At least one lepton in quadruplet responsible for firing at least one trigger

In the case of multi-lepton triggers, all leptons of the trigger must match to leptons in the quadruplet
Lepton separation ∆R(`, `′) > 0.10 (0.20) for same-flavour (different-flavour) leptons in the quadruplet

Quadruplet ranking Minimal ∆m`` Select quadruplet with smallest ∆m`` ≡ |m12 −m34|

Event selection

Isolation FCLoose for electrons, FCLoose FixedRad for muons
Electron identification Loose with B-layer cut

Electron impact parameters
Longitudinal: |z0 sin θ| < 0.5 mm

Transverse significance: d0/σd0 < 5

Muon impact parameters
Longitudinal: |z0 sin θ| < 0.5 mm (stand-alone muons exempt)

Transverse significance: d0/σd0 < 3

Quarkonia (heavy flavour) veto
Reject event if:

(mJ/Ψ − 0.25 GeV) < m12,34,14,32 < (mΨ(2S) + 0.30 GeV) and/or
(mΥ(1S) − 0.70 GeV) < m12,34,14,32 < (mΥ(3S) + 0.75 GeV)

Higgs window 115 GeV < m4` < 130 GeV

Z veto
10 GeV < m12,34 < 64 GeV

4e and 4µ channels: 5 GeV < m14,32 < 75 GeV
Low mass veto m12,34,14,32 > 5 GeV

Loose signal region m12,34 > 10 GeV
Medium signal region m34 > 0.85m12 − 0.1125f(m12)m12

Table 5.1: Selection criteria of the h→ ZdZd → 4` search. The event pre-selection selects events that are suitable for analysis and
is described in Section 5.3. The baseline electron and muon selections select events with electrons and/or muons passing basic
quality and kinematic requirements and are described in Section 5.4. These leptons are combined into dileptons and quadruplets,
and one quadruplet is selected per event, as described in Section 5.6. Finally, the event selection applies kinematic requirements
that reject quadruplets from background processes and select quadruplets compatible with final state of the h → ZdZd → 4`
process. This selection is described in Section 5.7.
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If the leptons from h→ ZdZd → 4` are observed, then the invariant mass8 of each

dilepton would correspond to the mass of each Zd in the intermediate state. If the

intermediate Zd are hypothesized to have similar mass, then the dilepton masses would

also be similar. The average of the two dilepton masses, 〈m``〉 ≡ (m12 +m34)/2, would

also correspond to the mass of the Zd. Therefore, in the signal region, the chosen

kinematic variable of interest is 〈m``〉. Any excess observed in data over expected

background in the average dilepton mass distribution may indicate the existence of Zd

with mZd corresponding to the excess in 〈m``〉. Shown in Figure 2.1(b) of Chapter 2

is the distribution of 〈m``〉 in the signal region with 2015–2016 data and expected

background from simulation. This distribution is from a previous iteration of this

search and was published in 2018 [6].

5.3 Event pre-selection

The event pre-selection removes events that fail basic requirements. In rare cases, the

detector may not be fully operational or operating correctly. Event cleaning vetoes

these events by checking Good Runs Lists (GRLs) and detector error flags. These

vetoes are also known as data quality checks and are only applied to events in data.

After event cleaning, two other basic requirements are enforced: the existence of a

primary vertex and the firing of at least one of the selected triggers. In detail, event

pre-selection consists of the following:

Good Runs Lists The event must be from luminosity blocks white-listed in the

Good Runs Lists. Luminosity blocks are time periods of data-taking with approxi-

mately constant beam and detector conditions (e.g. stable instantaneous luminosity

and trigger pre-scales and menu). They are approximately one to two minutes long.

If problems with the detector within a luminosity block make the data collected

unusable for physics analysis, the block is excluded from the GRLs. Effectively, the

events within that block are vetoed and the integrated luminosity in that block is not

counted.

Primary vertex The event must have a primary vertex. The primary vertex is

the vertex of the event with the highest Σp2
T of its associated tracks [36, 37]. The

tracks considered for primary vertex construction are a subset of all reconstructed

8m2
12 = (E1 + E2)2 − |p1 + p2|2 = m2

1 +m2
2 + 2 (E1E2 − p1 · p2)
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tracks. They must pass impact parameter requirements and meet minimum numbers

of hits in various layers of the Inner Detector. Candidate vertices are reconstructed

by repeatedly fitting these tracks with a seed vertex position, weighing the tracks by

compatibility with the position, and re-computing the vertex. In addition to being

the vertex with the highest Σp2
T , the primary vertex must have at least two associated

tracks.

Trigger At least one of the triggers listed in Table 4.1 must have fired in the event.

Detector errors The following flags must be checked on an event-by-event basis:

• Liquid argon calorimeters must have no noise bursts and no data corruption,

• Tile calorimeters must have no data corruption,

• No single-event upsets in the Semiconductor Tracker,9

• No events with missing detector information (if the timing-trigger-control systems

are restarted to recover from a busy detector condition, the subsequent events

in the luminosity block may be incomplete).

5.4 Selection of electrons and muons

The events that pass pre-selection are checked for the existence of electrons and/or

muons. The final states of h→ ZdZd → 4` considered in this search are four muons,

four electrons, and two electrons and two muons. Any electrons and muons that

are found are then subject to a selection criteria. At least four leptons passing the

following criteria are required to pass this selection stage.

5.4.1 Electrons

Electrons are reconstructed by identifying and matching together clusters of energy

deposits in the electromagnetic calorimeters and tracks in the Inner Detector (ID).

9Data corruption that is caused by a single ionizing particle interacting with a semiconductor (e.g.
detector readout electronics).
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Candidates are then calibrated to correct for detector effects and then categorized

with a likelihood-based method.10

5.4.1.1 Electron reconstruction

Topocluster reconstruction Calorimeter cells with physically significant energy

deposits are clustered together into topoclusters. The topological clustering algorithm

builds topoclusters by selecting seed cells with energy significantly above their expected

noise threshold and then iteratively collecting neighbouring cells if they also exceed

their noise thresholds. Topoclusters offer a few notable advantages over the fixed-size

clusters formed by sliding-window algorithm used in the past:11

• Topoclusters are able to reconstruct showers down to O(100 MeV) in energy.

This enables the recovery of low energy photons from bremsstrahlung in the

ID. Topoclusters built from these low energy deposits (satellite topoclusters) are

later matched with the primary topocluster associated with the candidate (seed

topocluster) in order to form a supercluster. Candidates built from topoclusters

collect more energy than those built from fixed-sized clusters and therefore

require less correction through calibration post-reconstruction.

• Topoclusters are also able to adapt better to the varying and irregular shapes

of showers than fixed-window clusters. Shower sizes vary significantly with the

particle’s energy and momentum, and showers can deposit energy across several

layers of the calorimeter. The dynamic nature of topoclustering makes it possible

to closely follow the development of a shower across multiple layers and only

collect cells with significant energy. This results in superior resolution and a

linear energy response across a wide range of energies.

Track reconstruction Independently of topocluster reconstruction, tracks in the

ID are reconstructed [41]. First, pixels and strips with energy deposits are clustered

together if they are adjacent [42]. In the pixel detector, one cluster forms one

10Photons are reconstructed in a similar way. Photons primarily lose energy through i) the
photoelectric effect at energies less than approximately 1 MeV, ii) Compton scattering at intermediate
energies up to approximately 1 GeV, and iii) pair production at higher energies [1]. Given that
photons in ATLAS are in the higher range of energy, energy losses through pair production are the
primary concern. For photons, clusters are matched to the vertex at which the photon converts to a
e+e− pair.

11More details on topoclustering can be found in [30, 38, 39]. Details on the fixed-sized clusters
and sliding-window algorithm used in 2015–2016 operation can be found in [40].
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space-point, and in the Semiconductor Tracker, two clusters form two space-points.

Track seeds are formed from combining three space-points and are filtered to remove

duplicates and low-quality seeds according to momentum and impact parameter.

Each filtered track seed, along with other space-points compatible with a preliminary

trajectory, are fed into a Kalman filter to build a track candidate. This track building

expects the energy loss at successive space-points to follow that of a pion. If it is not

possible to build a track with this hypothesis, a second attempt that allows for up to

30% energy loss due to bremsstrahlung at each material intersection is made. Track

candidates are then fitted and given a track score that is a function of the χ2 of the fit

and weights of the clusters associated with the track. The scores are used to resolve

ambiguities from candidates sharing clusters.

Electrons are much lighter than muons (0.5 MeV vs. 106 MeV). For this reason,

energy loss due to bremsstrahlung is more significant for electrons. As an electron

loses energy, its pT decreases, which in turn increases the curvature of its trajectory

in the presence of a magnetic field. This effect is accounted for by re-fitting tracks

that loosely match fixed-window calorimeter clusters in η and φ and have at least

four silicon hits [38] with a Gaussian-sum filter [43, 44]. This filter approximates the

Bethe-Heitler model for bremsstrahlung as a sum of Gaussians. The re-fit improves

the track parameters and consequently the electron identification efficiencies.

Track-to-topocluster matching Tracks are then extrapolated to the calorimeter

and matched to topoclusters by requiring |∆η| < 0.05 and −0.10 < q · (φtrack−φclus) <

0.05, where q is the charge of the track.12,13 If multiple tracks are matched to a cluster,

the tracks are ranked by the number of hits, the hit locations, and ∆R, and the

highest-ranked track is chosen.

Supercluster reconstruction In order to recover low energy photons from brem-

sstrahlung, satellite topoclusters are combined with the track-matched topoclusters

from the previous step. Topoclusters that match to a track with at least four silicon

12Matching is attempted with the track’s momentum and also with the track’s momentum rescaled to
match the topocluster’s energy. This is to allow for electrons that have lost significant energy through

bremsstrahlung in the ID. Note that the pseudorapidity can be expressed as η = 1
2 ln

(
|p|+pz
|p|−pz

)
=

arctanh
(
pz
|p|

)
, where the polar angle θ is the angle between particle’s three-momentum p and the

positive direction of the beam axis.
13The second requirement is asymmetric because extrapolated tracks can miss some of the energy

lost through bremsstrahlung.
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hits and have ET > 1 GeV14 are considered as seed topoclusters. For each seed

topocluster, topoclusters which are i) within a ∆η ×∆φ = 0.075× 0.125 cone15 or ii)

within an extended window of 0.125× 0.300 and have the same track match as the

seed are considered satellites.

Track-to-supercluster matching Finally, superclusters are matched to tracks in

the same way that topoclusters are matched to tracks previously. Those with a

successful match are deemed electron candidates.

5.4.1.2 Electron calibration

Electron candidates are then calibrated to correct differences in energy response across

the layers of the calorimeter, differences between data and simulation, and residual

effects [38, 45, 46]:

1. The difference in energy response between the first and second layers of the

EM calorimeter is corrected in data. This correction is derived by comparing,

between data and simulation, the energy deposits of muons in Z → µµ events in

the two layers. Muons are used because they lose minimal energy in the material

in front of the calorimeter.

2. The energies of the constituent topoclusters in both data and simulation are

calibrated with corrections derived only from simulation. These corrections,

binned in pT and η, are derived with a multivariate analysis of simulated

electrons16 that takes into account ratios of topocluster energy deposition between

different layers of the calorimeter.

3. Residual effects are corrected in data, such as i) energy shifts due to pileup

(these shifts vary due to bunch-to-bunch luminosity variations), ii) geometric

14Electron and photon candidates are built from calorimeter cells and clusters with energy mea-
surements, while muon candidates are built from tracks with momentum measurements. Therefore,
it is customary to state transverse energy (ET ) for electrons and photons and transverse momentum
(pT ) for muons. This distinction is not significant because photons are massless and both types of
leptons have small masses relative to the energy scale of ATLAS (O(GeV) and greater).

15As shown in Figure 4.4, each cell in the second layer of the electromagnetic (EM) calorimeter
has dimensions ∆η = 0.025 and ∆φ = 0.0245. Therefore, this region corresponds to three (five) units
of cells in η (φ). As described in Section 4.2.3, the window is asymmetric because the magnetic field
of the ID causes energy depositions from interactions with the ID to be spread in the φ-direction.

16Also applies to photons.
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effects (variations in gaps between absorbers), and iii) differences in high-voltage

settings.

4. The energies of electrons in data are calibrated with corrections derived from

Z → ee events in data and simulation. The events in both are split into

regions corresponding to the pseudorapidities of the two electrons (ηi, ηj) and

distributions of the dielectron mass are created for each region. The average

dielectron mass in data is parametrized as mdata
ij = msim

ij (1 + αij), where αij is

the shift in the average mass needed to correct the distribution of simulated

events to the distribution of observed events (or vice versa). The corrections

αij are determined by χ2 fitting of the distributions of simulation to data. The

energy resolution in simulation is calibrated with corrections derived similarly,

with the parametrization (σm/m)data
ij = (σm/m)sim

ij ⊕ cij.

5.4.1.3 Electron identification

Following calibration, the candidates are identified with a likelihood approach that

incorporates shower shape, ratios of energy deposition between different layers of

the calorimeter, track hits, and differences in kinematic quantities between the track

and clusters [38, 40]. Multi-dimensional probability distribution functions (PDFs)

derived from simulation are computed for signal electrons and background consisting

of jets faking electrons, electrons from photon conversion due to interactions with

the beam pipe, and non-prompt electrons from heavy flavour decays. A discriminant

that is the ratio of the signal PDF to the sum of the signal PDF and background

PDF is transformed into a sigmoid distribution and is evaluated for each electron

candidate. Values of this transformed discriminant are chosen as electron identification

working points. These working points are choices in electron identification efficiency

and background rejection. This likelihood-based approach differs from the cut-based

approach used for muon identification and has two notable advantages: no single

discriminant alone can cause an electron to fail identification, and discriminants that

share similar distributions and would cause significant losses in efficiency if used

together can be combined in a likelihood without such a penalty.

Electrons considered in the h→ ZdZd → 4` search are required to pass the Loose

working point.17 This working point requires at least two hits in the pixel detector,

17This requirement is imposed at the end of the h→ ZdZd → 4` selection in the event selection in
order to avoid double-counting an event in both the signal region and the regions of the data-driven
fake background estimate. A detailed explanation is given in Section 5.7.
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seven hits total in the pixel and silicon-strip detectors, and one hit in the inner-most

pixel layer (B-Layer). The last requirement reduces the background from photon

conversions. As shown in Figure 5.1, the efficiency of this working point varies from

approximately 85% at ET = 20 GeV to 96% at ET = 100 GeV compared to 55%

to 90% for the Tight working point. The increased efficiency comes at the cost of

decreased background rejection—the rejection factor for jets mis-identified as electrons

is approximately five times less for Loose compared to Tight. As shown in Figure 5.2,

the dielectron mass resolution is approximately 2 GeV in Z → ee events.

5.4.1.4 Electron isolation

Electrons are also required to be well-isolated in the detector. Particles that come

from signal processes are characterized by signatures in the detector that have little

activity around them. These isolated signatures are distinct from the less well-isolated

signatures left by background processes such as non-prompt decays (e.g. heavy flavour

decays),18 jets misidentified as leptons, and photons converting to e+e− pairs. In order

to help differentiate between signal particles and background, requirements on the

maximum amount of activity around the particle in the calorimeter and around its

tracks in the ID are applied. Electrons in the h→ ZdZd → 4` search are required to

pass the FCLoose isolation working point.19 For this working point, the calorimeter

and track isolation requirements for electrons are:

• Calorimeter isolation (topoetcone20/pT < 0.2):

1. The ET of clusters within a cone of ∆R ≡
√

(∆η)2 + (∆φ)2 < 0.2 around

the electron are summed.

2. In order to remove the energy deposits of the electron itself, the ET of

clusters in a ∆η × ∆φ = 0.125 × 0.175 cone around the particle are

subtracted from the sum (core subtraction). A leakage correction derived

from simulation to compensate for deposition of energy outside of this cone

is also subtracted from the sum.

18For example, a b-quark decaying to a muon and a c-quark. The c-quark could also decay to a
muon and other light hadrons. This is a double semi-leptonic decay.

19As for electron identification, electron isolation is imposed in the event selection in order to
avoid double-counting an event in both the signal region and the regions of the data-driven fake
background estimate. A detailed explanation is given in Section 5.7.
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Figure 5.1: Electron identification efficiencies in Z → ee events in 2015–2017 data
and simulation for the Loose, Medium, and Tight likelihood-based working points as a
function of ET [38].

Figure 5.2: mee distribution in Z → ee events in 2015–2017 data and simulation [38].
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3. A correction for energy deposited by pileup and the underlying event is

subtracted from the sum. This correction is derived from the energy density

measured across the entire calorimeter [47].

4. The resulting sum topoetcone20 is divided by the pT of the electron and

the final value is required to be less than 0.2. The abbreviation FC in the

name of the working point refers to the fixed cut of 0.2.

• Track isolation (ptvarcone20 TightTTVA pt1000/pT < 0.15):

1. The pT of tracks that satisfy pT > 1 GeV, |η| < 2.5, |z0 sin θ| < 0.5 mm,

and track quality requirements (minimum number of hits and maximum

number of holes in various layers) within a cone around the electron are

summed. The cone size is a function of the electron’s pT and becomes

smaller as pT increases.20 The abbreviation TightTTVA in the variable name

refers to the track-to-vertex association requirement |z0 sin θ| < 0.5 mm.

2. The pT of the electron’s track is subtracted from the sum.

3. A correction for bremsstrahlung radiation is subtracted from the sum. This

correction is calculated by extrapolating all tracks into the second layer of

the EM calorimeter and summing the pT of extrapolated tracks within a

∆η ×∆φ = 0.05× 0.1 cone around the electron.

4. The resulting sum ptvarcone20 TightTTVA pt1000 is divided by the pT

of the electron and the final value is required to be less than 0.15.

5.4.1.5 Kinematic requirements on electrons

In addition to passing identification and isolation, electrons are also required to pass

the following:

pT > 7 GeV The transverse momentum must be greater than 7 GeV. In Run-1

operation (2010–2012), this was the minimum pT supported by electron identification.

In Run-2 operation (2015 and onwards), this was lowered to 4.5 GeV, but the

h→ ZdZd → 4` search did not change accordingly; as shown in Figure 5.1, efficiency

decreases steeply as pT decreases due to increases in pileup, multi-jet background, and

jets being misidentified as electrons.

20Cone sizes smaller than the ∆R = 0.2 size used for calorimeter isolation can be used for track
isolation due to the higher granularity of the ID. For track isolation, ∆R = min ( 10 GeV

pT
, Rmax).
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|η| < 2.47 The absolute pseudorapidity of the calorimeter cluster forming the elec-

tron candidate must be less than 2.47. For this cut, the pseudorapidity is calculated

from the barycentre of the cluster in the second calorimeter sampling layer and the

centre of the ATLAS detector, instead of from the corresponding track and the primary

vertex. Electrons that are in the calorimeter crack region 1.37 < |η| < 1.52 (the

transition region between the barrel and endcap electromagnetic calorimeters) are

included.

Impact parameter |z0 sinθ| < 0.5 mm The longitudinal impact parameter z0

multiplied by sin θ (polar angle) of the track must be less than 0.5 mm. Impact

parameter requirements select leptons that originate from the hard scatter of the

event. The longitudinal impact parameter is calculated in the xy plane and relative

to the beam spot.21

No bad calorimeter cluster A calorimeter cluster is considered bad if it is in a

region with a non-operational calorimeter front-end board or without high-voltage

supply, or if it contains a calorimeter cell that has been masked off (usually due to

noise bursts).

5.4.2 Muons

Muons are reconstructed by forming tracks from hits in the Inner Detector (ID) and

Muon Spectrometer (MS) independently, and then combined. After reconstruction,

muon candidates are calibrated to account for detector effects and categorized using a

cut-based method.

5.4.2.1 Muon reconstruction

Muon reconstruction in the ID The tracks used in the first stage of track

reconstruction for electrons are also used for muon reconstruction. At the energies

relevant to ATLAS, muons behave like minimally-ionizing particles with minimal

energy losses due to bremsstrahlung.

21In Run-2, it was recommended to calculate the impact parameter relative to the beam spot
instead of relative to the primary vertex (as was done in Run-1 ). This is because the expected size
of the beam spot is much smaller than the primary vertex resolution in the transverse direction
obtained from track information only.
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Muon reconstruction in the MS In each station (RPC/MDT or

RPC/MDT/RPC), a Hough transform [48] is used to search for hits that are aligned in

a straight line in the non-bending plane (xy). In this plane, trajectories are relatively

straight. In the bending plane (rz) however, muons follow a curved trajectory. This

trajectory is reconstructed from multiple straight-line track segments starting with

the hits found by the Hough transform. MDT track segments are found by fitting

straight lines across the hits found in each multi-layer (three layers of tubes). CSC

track segments are found by performing a combinatorial search in η and φ. Track

candidates are then built using a segment-seeded combinatorial search. This search is

seeded by segments found in the middle layer where more hits are registered. Each

segment in this layer is extrapolated into the outer and inner layers—while account-

ing for the magnetic field—in order to search for matching segments. At least two

matching segments are required to build a candidate22 and candidates are allowed

to share segments initially (duplicates are removed after ID-MS matching and muon

identification). The candidates are then fitted with a χ2 fit. Hits that provide a large

contribution to the χ2 are removed and the fit is repeated. A hit recovery procedure

is also performed in order to recover hits that are consistent with the trajectory. This

procedure looks for hits in the vicinity of chambers that are traversed by the track

but do not have any hits. Hits that are found are added to a re-fit. Finally, track

candidates are accepted according to lowest χ2.

Muon reconstruction in the ID and MS combined As described in Sec-

tion 4.2.4, muon reconstruction also combines track candidates from the ID and

MS as well as energy deposits in the calorimeter. Four types of muons are defined [34]:

• Combined: a track is formed from a re-fit across hits found in both the ID and

MS. Most muons of this type are found by first starting with tracks reconstructed

in the MS and then extrapolating inward and matching to a track reconstructed

in the ID.

• Segment-tagged: a track reconstructed in the ID is extrapolated into the MS

and is matched to at least one segment in the MDTs or CSCs. This type of

muon recovers acceptance for low pT muons (pT . 8 GeV) that do not cross

22Except for in the barrel-endcap transition region 1.3 < |η| < 1.65, where only a single high-quality
segment is required to form a track candidate. In this region, the tracks are nearly straight because
of inhomogeneities in the magnetic field. The overlapping of the barrel and end-cap toroid fields
leads to a reduction in the integrated bending power [22].
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more than one layer of the MS and in regions that are not fully instrumented

(calorimeter and ID cabling and other services). Segment-tagged muons are

considered only in |η| < 0.1.

• Calorimeter-tagged: a track reconstructed in the ID is matched with an energy

deposit in the calorimeter that is compatible with a minimally-ionizing particle.

This type of muon recovers acceptance in regions of the MS that are not fully

instrumented. Calorimeter-tagged muons have the lowest purity of all types and

are considered only in |η| < 0.1.

• Extrapolated (stand-alone): a track reconstructed in the MS is compatible with

originating from the interaction point. This extrapolation takes into account

energy loss in the calorimeters (mainly via ionization [1]). This type of muon

recovers acceptance in the region 2.5 < |η| < 2.7 that is not instrumented in the

ID.

If muons of different types share the same ID track, preference is given in the

above order. Extrapolated muons that share MS tracks are resolved by selecting the

muon candidate that has the best track fit and highest number of hits.

5.4.2.2 Muon calibration

Muon candidates in simulation are then calibrated to correct differences in momentum

scale and resolution between data and simulation [34]. These differences arise from in-

accuracies in the simulation of the magnetic field description, the geometric description

of the MS, and material effects (mainly energy loss in the calorimeter). In an approach

similar to the approach used to derive electron calibration corrections with Z → ee

events, muon momentum calibrations are derived with Z → µµ and J/ψ → µµ events

containing only combined muons in data and simulation. Both populations are split

into regions of η and φ, and the transverse momentum is parametrized in terms of

corrections for each of the differences described previously. The corrections are derived

using maximum-likelihood fits23 of the dimuon mass distributions of simulation to

data.

23These fits are similar to the fits performed in the interpretation of the search results (Chapter 9).
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5.4.2.3 Muon identification

Following calibration, muons are identified with a cut-based approach [34]. The

main backgrounds to prompt muons are decays of hadrons: charged pion decays

(π± → µ± + νµ(ν̄µ)) and kaon decays (e.g. K+ → µ+ + νµ and kaons decaying

to charged pions). The displacement of these decays from the interaction point

(non-prompt decays) causes the reconstructed track to have a kink. These tracks

can be distinguished from the tracks of prompt muons by their lower fit quality

and incompatibility in momentum between the constituent ID and MS tracks. For

combined muons, three variables are considered:

• q/p significance: the absolute value of the difference between the ratios of charge

to momentum measured in the ID and MS, normalized by the sum in quadrature

of their uncertainties

• ρ′: the absolute value of the difference between the pT measured in the ID and

MS, normalized by the pT of the combined track

• χ2 of the combined track fit

Requirements on the minimum number of hits and maximum number of holes24 in

the ID and MS are also imposed.

Muon identification is separated into four working points: Loose, Medium, Tight,

and High-pT. The working points impose requirements on the muon type in addition to

those mentioned above. Muons considered in the h→ ZdZd → 4` search are required

to pass the Loose working point. This working point considers all muon types:

• Combined muons must have at least three hits in at least two MDT multi-layers,

except for tracks in the |η| < 0.1 region, where tracks with at least one MDT

multi-layer but no more than one MDT multi-layer with holes and no hits are

alowed. In addition, the q/p significance must be at least seven.

• Extrapolated muons (those with a MS track compatible with the interaction

point) must have at least three hits in at least three MDT and/or CSC layers

and are considered only in the region without ID acceptance (2.5 < |η| < 2.7).

• Calorimeter-tagged muons only in the region in which they are defined (|η| < 0.1)

24An active sensor that is traversed but not hit.



53

• Segment-tagged muons, similarly (|η| < 0.1)

The Loose working point was specifically optimized for reconstructing 4` final

states originating from Higgs decays. In the region |η| < 2.5, approximately 97.5% of

Loose muons are combined, 1.5% are calorimeter-tagged, and 1% are segment-tagged.

As shown in Figure 5.3, the efficiency of this working point is over 98% for most muons

(4 GeV < pT < 100 GeV). As shown in Figure 5.4, the dimuon mass resolution is less

than 2 GeV in Z → µµ events.

5.4.2.4 Muon isolation

As with electrons, muons are also required to be well-isolated in the detector. Muons

in the h → ZdZd → 4` search are required to pass the FCLoose FixedRad isolation

working point.25 The calorimeter and track isolation requirements applied to muons

are similar to those applied to electrons:

• Calorimeter isolation (topoetcone20/pT < 0.3):

1. The muon’s track is extrapolated into the EM calorimeter and the ET of

topoclusters within a cone of ∆R < 0.2 around the track are summed.

2. In order to remove the energy deposits of the muon itself, the ET of

topoclusters within ∆R < 0.05 are subtracted from the sum.

3. A correction for energy deposited by pileup and the underlying event

is subtracted from the sum (estimated in a similar way as for electron

calorimeter isolation).

• Track isolation (ptvarcone30 TightTTVA pt1000/pT < 0.15 for pT < 50 GeV,

ptcone20 TightTTVA pt1000/pT < 0.15 otherwise): in the same manner as

electron track isolation. For improved background rejection at high transverse

momentum (pT > 50 GeV), a fixed-size cone is used instead of a cone whose

size decreases as pT increases.

5.4.2.5 Kinematic requirements on muons

In addition to passing identification and isolation, muons are also required to pass the

following:

25As for electron identification and isolation, muon isolation is applied in the event selection in
order to avoid double-counting an event in both the signal region and regions of the data-driven fake
background estimate. A detailed explanation is given in Section 5.7.
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Figure 5.3: Muon identification efficiencies in J/ψ → µµ and Z → µµ events in early
2015 data and simulation for the Loose cut-based working point as a function of pT
[34].

Figure 5.4: mµµ distribution in Z → µµ events with combined muons in early 2015
data and simulation [34].
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pT > 5 GeV (15 GeV if calorimeter-tagged) Below approximately 5 GeV,

muon reconstruction efficiency decreases and fake backgrounds increase. Calorimeter-

tagged muons are optimized for 15 GeV < pT < 100 GeV.

|η| < 2.7 The region 2.5 < |η| < 2.7 is not covered by the ID. Muons extrapolated

from the MS recover acceptance in this region.

Impact parameters |z0 sinθ| < 0.5 mm, |d0| < 1 mm These requirements are

similar to those applied to electrons. Muons extrapolated from the MS are exempt

from both requirements because they do not have ID tracks. The second requirement

rejects muons from cosmic rays.

5.5 Overlap removal

Overlap removal is applied in order to avoid reconstructing the same detector signature

as multiple electrons or muons. The leptons passing the requirements above are

examined for overlaps in the following order:26

1. Electron-electron: if two electrons share a track and/or if the cluster associated

to each electron are within ∆η = 3× 0.025 and ∆φ = 5× 0.025 of each other,

then the two electrons are considered as overlapping. To resolve the overlap:

if one of the electrons is considered ambiguous,27 then the other electron is

accepted, followed by accepting the electron with the higher pT .

2. Muon-electron: if an electron and a muon share a track, they are considered as

overlapping. To resolve the overlap: if the muon is a calorimeter-tagged muon,

then electron is accepted, otherwise the muon is accepted.

5.6 Ranking and selection of quadruplets

All possible same-flavour opposite-sign dileptons are formed from the selected leptons.

These dileptons can be (e+e−) and (µ+µ−). These dileptons are paired to form

26As described in Section 5.4.2.1, muon-muon overlaps are resolved during muon reconstruction.
27Superclusters for electrons and photons are built independently, so it is possible for an electron

and a photon to share the same seed topocluster. If it is not possible to identify whether the object
is an electron (a cluster with a track and no photon conversion vertex) or a photon (cluster alone),
then the electron is labelled as ambiguous.
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quadruplets (e+e−)(e+e−), (e+e−)(µ+µ−), and (µ+µ−)(µ+µ−). The dilepton with

mass closest to the mass of the SM Z boson mZ ≡ 91.1876 GeV [1] is labelled `12 with

mass m12 and the other pair is labelled `34 with mass m34 with the labels `1 and `3

corresponding to the positively charged lepton of each pair. The first pair is referred

to as the primary or leading pair and the second pair is referred to as the secondary

or sub-leading pair. In case of observation of Zd decaying to two leptons, the dilepton

that is reconstructed is intended to correspond to the two leptons from the Zd decay.

Therefore, the masses of the dileptons (m12 and m34) are intended to correspond to

the masses of the observed ZdZd.

Alternatively, the positively charged lepton from the primary (secondary) pair can

be paired with the negatively charged lepton of the secondary (primary) pair to create

the alternative pairing `14 (`32).

The quadruplets are ranked by the absolute difference in mass between the primary

and secondary pairs ∆m`` ≡ |m12 −m34|. The smaller the difference, the higher the

ranking of the quadruplet. This follows from the hypothesis that the intermediate

particles in the decay, ZdZd, have similar mass. Quadruplets with smaller mass

difference are preferred over those with larger mass difference.

After formation and ranking, the quadruplet selection applies kinematic, recon-

struction, and trigger requirements on each quadruplet:

• The three leading-pT (ET ) leptons must have pT (ET ) > 20 GeV, 15 GeV,

10 GeV.28

• In case of four muons, at least three must be combined muons (reconstructed by

combining ID and MS).29

• The leptons of the quadruplet must have been responsible for firing at least one

trigger (for multi-lepton triggers, all leptons of the trigger must match to leptons

of the quadruplet).30

28The pT requirement is applied to muons and the ET requirement is applied to electrons.
29In other words, the number of extrapolated (stand-alone) muons plus calorimeter-tagged muons

cannot be greater than one.
30Put another way: at least one of the triggers must have been fired by the lepton(s) of the

quadruplet (and not in combination with leptons not belonging to the quadruplet). For example, if
one lepton from the quadruplet fired a single lepton trigger, the quadruplet is qualified as trigger
matched. If two leptons from the quadruplet together fired a dilepton trigger, the quadruplet is also
qualified as trigger matched. If one lepton from the quadruplet in combination with another lepton
not belonging to the quadruplet together fired a dilepton trigger, the quadruplet is not qualified as
trigger matched by this trigger. If only one lepton of a dilepton trigger is matched, the quadruplet is
also not qualified as trigger matched by this trigger.
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• ∆R(`, `′) > 0.10 (0.20) for same-flavour (different-flavour) leptons. This is to

ensure that the leptons are well-separated.

The highest ranking quadruplet (smallest ∆m``) that survives the selection is

chosen as the quadruplet of the event. If no quadruplet is selected, then the event is

discarded. At this stage, events can be classified into three flavour channels: 4µ, 4e,

and 2e2µ.

5.7 Event selection

The event selection imposes further requirements on the selected quadruplet of an

event that are more specific to the h → ZdZd → 4` search channel.31 The events

that pass the event selection are the events of the signal region. The first set of

requirements are on the leptons of the selected quadruplet, and the second set of

requirements are on the kinematics of the quadruplet:

• All electrons of the quadruplet must pass the Loose identification working point.

This requirement is imposed in the event selection instead of earlier in order to

avoid double-counting of events between the signal region and regions of the data-

driven fake background estimate (Chapter 7). Electron identification is reversed

as part of the data-driven fake background estimation. If this requirement was

imposed earlier instead of at event-level, it would be possible for an event to

have one quadruplet that passes the requirement and enters the signal region,

and a different quadruplet in the same event that fails the requirement and

enters one of the regions used in the estimate. This event would therefore be

double-counted. For muons, the analogous identification requirement is imposed

earlier in the lepton selection because it is not reversed.

• All leptons of the quadruplet must pass isolation requirements: FCLoose for

electrons and FCLoose FixedRad for muons.

• All leptons of the quadruplet must pass impact parameter significance require-

ments: |d0|/σ(d0) < 5 for electrons and |d0|/σ(d0) < 3 for muons. These impact

parameter requirements are calculated in the rz plane and relative to the beam

spot.32

31As distinct from the other channels listed in Section 5.1.
32Impact parameter significance is required in the event selection instead of earlier for the same

reason as electron identification.
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• Higgs boson mass window: 115 GeV < m4` < 130 GeV (applied to the invariant

four-lepton mass m4`)

• Z boson veto: 10 GeV < m12,34 < 64 GeV and 5 GeV < m14,32 < 75 GeV

• Quarkonia veto: (mJ/Ψ − 0.25 GeV) < m12,34,14,32 < (mΨ(2S) + 0.30 GeV) and

(mΥ(1S) − 0.70 GeV) < m12,34,14,32 < (mΥ(3S) + 0.75 GeV)

• Low-mass veto: m12,34,14,32 > 5 GeV

• Medium signal region: m34 > 0.85m12 − 0.1125f(m12)m12

Higgs boson mass window This requirement on the quadruplet invariant mass

follows from the hypothesis that the progenitor of ZdZd is a SM Higgs with mass mh ≈
125 GeV. This window is asymmetric around mh in order to cover bremsstrahlung

losses in final states with electrons and is also applied in SM h → ZZ∗ → 4`

measurements [49, 50].

Z boson veto This requirement on the dilepton masses vetoes processes that

produce Z bosons. The two dominant backgrounds in the h → ZdZd → 4` signal

region are h → ZZ∗ → 4` and ZZ∗ → 4`.33 This veto is carried over from the

2015–2016 h→ ZdZd → 4` search [6]. It was optimized by choosing the values of the

veto that maximize the expected34 discovery significance [1, 51]:

med[Z0|µ = 1] =

√
2
(

(s+ b) ln
(

1 +
s

b

)
− s
)

(5.2)

Any of the dilepton pairings `12, `34, `14, and `32 can reconstruct a Z boson. In the

4e and 4µ channels, it is possible to mis-pair the leptons coming from the intermediate

particles (Z or Zd). In other words, a lepton from one Zd decay may be incorrectly

paired with a lepton coming from the other Zd decay, instead of with the other

lepton coming from the same Zd decay. The rate of mis-pairing is estimated to be

33The latter is also known as non-resonant/continuum ZZ∗ production.
34More precisely, the median discovery significance. This approach characterizes the experimental

sensitivity. The significance Zµ is a function of the observed data and is therefore a random variable
with a distribution. This distribution corresponds to a value of signal strength µ (typically µ = 0
for the background-only hypothesis and µ = 1 for the nominal signal hypothesis). Therefore, one
can consider the distribution of Zµ as a function of µ, f(Zµ|µ′), and identify its median value as the
expected significance. The median is preferred over the mean because the former is always invariant
under monotonic transformations such as between the p-value and significance. This is not always
true for the latter.
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Figure 5.5: Expected discovery significance for mZd = 60 GeV signal as a function of
m12,m34 requirement, with m14,m32 < 75 GeV imposed [52]. The signal (background)
efficiency is the signal (background) yield after imposing the requirement on m12,m34

divided by the yield before.

approximately 8% (5%) in the 4e (4µ) channels for mZd = 60 GeV signal, falling to 2%

(1%) for mZd = 15 GeV. Therefore, requirements on m14,m32 are applied in addition

to requirements on m12,m34 in order to veto background events in which the leptons

from ZZ∗ decay are mis-paired.

For the highest mZd signal hypothesis considered, mZd = 60 GeV, the dilepton

masses m12 and m34 do not exceed 65 GeV. Therefore, no requirement is needed to

recover events with m12,m34 above mZ ≈ 91.2 GeV. From the same signal, there is

no contribution to m14 and m32 above mZ , so no requirement on m14,m32 is needed to

recover events with m14,m32 above mZ , either. If the requirement m14,m32 < 75 GeV

is imposed, choosing m12,m34 < 64 GeV maximizes the significance for mZd =

60 GeV signal, as shown in Figure 5.5. If the latter requirement is imposed, choosing

m14,m32 < 80 (70) GeV maximizes the significance for mZd = 15 (60) GeV signal. In

order to keep the requirement consistent for all mZd considered, m14,m32 < 75 GeV

was chosen, along with m12,m34 < 64 GeV.
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Quarkonia veto This requirement on the dilepton masses vetoes quarkonia decay

processes (e.g. J/Ψ→ e+e− (µ+µ−)). The masses of J/Ψ, Υ(2S), Υ(1S), and Υ(3S)

are taken from [1].

Low-mass veto This requirement on the dilepton masses ensures that the signal

region does not extend into a kinematic region that is not fully covered by the

simulation-based ZZ∗ → 4` background estimate. This background was simulated

with a generator-level m`` > 4 GeV requirement. In other words, the kinematic

region with dilepton mass below 4 GeV was not simulated. The low-mass veto limits

the kinematic region to m`` > 5 GeV. Without it, discrepancies between data and

expected background are observed. This veto renders the J/ψ component of the

quarkonia veto redundant, but for clarity and harmonization with the h→ ZdZd → 4µ

search (low-mass search), the quarkonia veto continues to include a J/ψ component.35

Medium signal region This is a requirement on the compatibility of m12 and m34.

It follows from the hypothesis that the two Zd particles are of similar mass. In the

2015–2016 iteration of this search, this requirement was simply m34/m12 > 0.85, but

it is re-optimized for the 2015–2018 iteration to allow for Zd with larger width. In

the (m12,m34) plane depicted in Figure 5.6, the former signal region is in red and the

addition to it from re-optimization is in green.

m34/m12 > 0.85 This requirement follows from the hypothesis that the Zd width is

narrow and that the dilepton mass resolution is approximately 15%. Initial theoretical

models hypothesized that the Zd width is relatively narrow (ΓZd ∼ O(10−9) GeV [10,

53] compared to Γh ∼ 4 × 10−3 GeV [1, 54]). Therefore, the observed width would

be dominated by detector resolution. With the assumption that the lepton energy

resolutions are ∆EE ≈ 3.5% and ∆Eµ ≈ 3.8%,36 it follows that a ±2σ window around

the dilepton mass is approximately 15%.

35The low-mass channel searches for Zd with mass between 1 GeV and 15 GeV and therefore does
not apply a low-mass veto. In this mass range, heavy flavour background becomes significant. This
background is not well-modelled by simulation. For this reason, a data-driven technique is used to
estimate the ZZ∗ → 4` background instead of simulation.

36More recent references on electron [38] and muon [34] reconstruction performance place the
energy and momentum resolutions between 2% to 3%, depending on ET (pT ), η, and the process
producing electrons and muons.
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m34 > 0.85m12−0.1125f(m12)m12 The aformentioned requirement is re-optimized

to allow for Zd with larger width. A ±3.5σ window increases the signal efficiency

for mZd = 15 GeV signal with minimal increase in background, but increases the

background significantly for mZd = 60 GeV. Instead of a fixed cut on m34 and m12, a

function that decreases the window width as mZd and background increases is used.

The function applies a ±3.5σ window starting at mZd = 10 GeV, gradually decreases

the window width to ±2σ at mZd = 50 GeV, and applies the original ±2σ window

(m34/m12 > 0.85) onwards. The change in window width is controlled by a modulating

function (Figure 5.7) that varies from 100% to 0% as the background—modelled by a

exponential tail matched to a Gaussian—varies from minimum to maximum.
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Figure 5.6: Original medium signal region defined by m34/m12 > 0.85 (in red) and
the addition to it from re-optimization (in green) [55]. The re-optimized region
encompasses the original region and is defined by m34 > 0.85m12 − 0.1125f(m12)m12.

Figure 5.7: Modulating function f(m12) of re-optimized signal region and exponential-
Gaussian background model F (〈m``〉) [55].
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Chapter 6

Data and Monte Carlo-based signal

and background estimation

In essence, the h→ ZdZd → 4` search compares distributions of events observed in

data with distributions of background and signal events. With the exception of Z+jets

background (Chapter 7), the signal and background events used in this search were

generated with Monte Carlo (MC)-based simulation. This chapter describes the data

and MC-based simulation used.

6.1 Data

The ATLAS detector records collisions of protons (or heavy ions) produced and

accelerated by the Large Hadron Collider (LHC). Beginning in May 2015, the LHC

began delivering proton beams of 6.5 TeV energy each, for a centre-of-mass energy of

13 TeV. In previous operation, the LHC delivered beams at lower centre-of-mass energy

(7 TeV in 2010 and 2011, and 8 TeV in 2012 and 2013). In addition to delivering higher

energy beams than before, the LHC also delivered higher instantaneous luminosity.

The peak luminosity delivered to ATLAS in 2018 was 21.0× 1033 cm−2 s−1, compared

to no more than 8× 1033 cm−2 s−1 in 2012. The increases in energy and luminosity

have a direct impact on many analyses, including precision measurements of the

Standard Model, measurements of the recently discovered SM Higgs boson, and

searches for new physics.

After a commissioning period, ATLAS began taking data for physics analysis in

August 2015. The search described in this thesis is conducted with data collected from
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Figure 6.1: Total integrated luminosity delivered to ATLAS (green), recorded by
ATLAS (yellow), and certified to be Good for Physics (blue) in 2015–2018 [21]. The
delivered luminosity is the luminosity delivered from the start of stable beams until
the LHC requests ATLAS to put the detector in a safe standby mode to allow a
beam dump or beam studies. The recorded luminosity reflects the data acquisition
inefficiency, as well as the inefficiency of the “warm start”: when the stable beam
flag is raised, the high-voltage supply for the tracking detectors ramp-up and the
preamplifiers of the pixel system turn on.

August 2015 to October 2018. The LHC delivered 156 fb−1 of integrated luminosity

to ATLAS in this period, of which 147 fb−1 were recorded and 139 fb−1 were usable

for physics analysis [56].1 The uncertainty in the combined 2015–2018 integrated

luminosity is ±2.4 fb−1 (±1.7%) [56], obtained using the LUCID-2 detector [57] for

the primary luminosity measurements.

1Corresponds to the integrated luminosity of the luminosity blocks passing the Good Runs Lists.
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6.2 Monte Carlo-based signal and background es-

timation

Distributions of events observed in data are compared to distributions of simulated

events containing signal and background processes (signal and background samples).

Each process is simulated individually with a multi-step approach:

1. The four-momenta of the collision products and subsequent decay products are

generated.

2. The passage of the decay products through the detector is simulated.

3. The response of the detector to the simulated energy deposits of the decay

products and particles created from material interactions is digitized.

4. Finally, the electronic signals are reconstructed into analyzable physics objects.

First, the events containing the process are randomly generated with a Monte Carlo

(MC)-based approach. This approach can be understood as numerical integration of

the probability for the process to occur. Each point in the integrated momentum

space is an event and the integral corresponds to the production cross-section.2 The

probability is given by the quantum mechanical matrix element-squared. The matrix

elements are calculated with perturbation theory; due to computational constraints,

usually only the first few orders in pertubation theory can be calculated. In most cases,

calculations are leading order (LO) and provide sufficient accuracy.3 In rarer cases,

calculations can be done at next-to-leading order (NLO) or higher orders.4 In addition

to the probability of a process occuring, the probability distributions of the incoming

quarks and gluons (partons) in the pp collision (hard scatter) also need to be taken

into account. These are given by parton distribution functions (PDFs). PDFs define

the probability to find a parton with a given momentum fraction x as a function of

2This space is multi-dimensional. Three momentum components per particle and energy-
momentum conservation contribute 3n− 4 dimensions, and additional dimensions and constraints
come from the flavours and spins of the particles.

3Usually, leading order corresponds to the tree-level Feynman diagrams of the process and ignore
higher-order diagrams (these may have loops and additional legs).

4For example, next-to-next-to-leading order (NNLO) in QCD is possible for gg → h with the
POWHEG NNLOPS generator [58]. At leading order, the shapes of distributions are usually reliable,
but not the normalization of distributions. If the cross-section can be computed at NLO, the ratio of
the NLO to LO cross-sections (K-factor) can be applied to a LO distribution in order correct its
normalization.
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the squared energy scale Q2.5 The Monte Carlo-based evaluation of these probabilities

produces events containing the four-momenta of the decay products. This step is

known as event generation. Many different event generators exist, with some providing

increased accuracy for particular processes. For example, the h→ ZdZd → 4` signal

samples used in this search were generated at leading order in perturbation theory

with the MadGraph5 aMC@NLO event generator [59] and the NNPDF23LO

parton distribution function set [60].

Following generation of the decay products, the passage of the decay products

through the detector is simulated. Interaction with the detector’s materials will

result in direct energy deposition (e.g. bremsstrahlung of an electron) and/or indirect

energy deposition through the creation of new particles (e.g. pair production of e+e−

or ionization of an atom, followed by bremsstrahlung of the electrons). Simulation

requires detailed modeling of electromagnetic and hadronic interactions with materials

and of the detector’s materials and geometry. Most of the samples used in this

search are simulated with GEANT4 [61]. Like many simulators, GEANT4 is Monte

Carlo-based; it divides the passage of each particle into steps, with the behaviour

at each step determined by randomly sampling probability distributions that model

the material interactions. For computational efficiency, a few background samples

used in this search were simulated with parametrizations instead of with MC-based

simulation.6 These parametrizations are energy deposit distributions for a variety of

particle types and kinematics and are pre-computed with single-particle GEANT4

simulation [62].

In both data and simulation, events are always assumed to be statistically in-

dependent from one another. For this reason, events are never counted more than

once within an analysis. Samples are generated and simulated for each data-taking

campaign independently in order to maintain statistical independence and also to take

into account differences in beam and detector conditions. These differences include

changes in the pileup distribution between campaigns (as shown in Figure 4.1) and

improvements in detector modelling (for instance, the modeling of additional material

due to the Insertable B-Layer of the Inner Detector).

The simulated energy deposits are then converted into electronic signals in the

5PDFs at various Q2 and x are determined from measurement and are evolved by theory to other
Q2 and x (Section 6.2.3.2).

6Gluon-initiated ZZ∗ production and higher-order electroweak production were simulated with
parametrizations. All other processes were simulated with GEANT4. All background and signal
processes considered in this search are not sensitive to the method of simulation.
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digitization step. This requires modeling of the detector readout electronics. These

models include details of how charge is collected and converted, as well as details

about electronic noise, pulse shaping, and high occupancy behaviour (the behaviour

in high pileup conditions).

Finally, the electronic signals are reconstructed into physics objects such as electrons

and muons, as described in Sections 5.4.1 and 5.4.2 respectively.

6.2.1 Signal simulation

h→ ZdZd → 4` signal samples were generated according to the Hidden Abelian Higgs

Model (HAHM) [9, 10] with the MadGraph5 aMC@NLO event generator and the

NNPDF23 lo as 0130 qed leading order parton distribution function set. This

model follows the theory described in Chapter 3 and is accurate to leading order.7

The configurable parameters of this model are:

• Kinetic mixing parameter, ε: fixed to 10−4 for all mZd

• Higgs mixing parameter, κ: fixed to 10−4 for all mZd
8

• Mass of dark Higgs, mS: fixed to 200 GeV for all mZd

• Mass of Zd, mZd : from 15 GeV to 60 GeV inclusive, in steps of 5 GeV

This model produces SM Higgs bosons only through the gluon-gluon fusion pro-

duction mode (ggF). ggF is the dominant production mode at the LHC and has

a cross-section that is roughly ten times larger than the cross-section of the other

production modes combined [1, 54].9

After the hard scatter events gg → h → ZdZd → 4` were generated, the parton

shower, hadronization, and underlying event were modelled by PYTHIA8 with the

A14 parameter set. Finally, all decay products were fully simulated in the ATLAS

detector with GEANT4.

7The partial widths for h→ ZdZd and Zd → `` evaluated with this model agree with the leading
order analytical expressions given in Chapter 3. The Hidden Abelian Higgs Model does not include
O(1) QCD corrections for quark final states.

8In the limit ε � κ, kinetic mixing dominates and only h → ZZd decays are produced. In the
limit κ� ε, Higgs mixing dominates and only h→ ZdZd decays are produced. When generating the
samples for this search, MadGraph was configured to produce only h→ ZdZd decays.

9In order of decreasing cross-section, the other main production modes are: vector-boson fusion
(VBF), quark-initiated Higgs-strahlung (associated production with a gauge boson, or qq̄ → V H),
and tt̄H (associated production with a pair of top quarks).
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Shown in Figure 6.2 are distributions of the decay products at generator-level. The

objects in the events forming these distributions were later simulated and reconstructed

for analysis.10 The reduction in the number of simulated signal events from imposing

the signal region selections described in Chapter 5 is shown in Table 6.1.

10Generator-level distributions are also referred to as truth-level distributions.



69

(a) Fraction of generated events
in each flavour channel

(b) ∆R between leptons
of each Zd candidate

(c) Electron pT normalized
to unit integral

(d) Muon pT normalized
to unit integral

(e) Dilepton mass
(mass of Zd candidate)

(f) Four-lepton mass
(mass of Higgs candidate)

Figure 6.2: Generator-level distributions of h → ZdZd → 4` signal [63]. In these
events, QED final state radiation is recovered by adding the four-momenta of photons
within a ∆R = 0.1 cone around each lepton to the lepton’s four-momentum [64].
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Requirement Number of events

Event cleaning and at least one primary vertex 837.1
At least one lowest-unprescaled trigger fired 708.9

4e 2e2µ 4µ All
NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS

Same-flavour opposite sign quadruplet 99.79 100 % 208.8 100 % 106.4 100 % 415.0 100 %
Non-overlapping quadruplet leptons 99.75 100 % 208.7 100 % 106.5 100 % 414.9 100 %

pT (`1) > 20, pT (`2) > 15, pT (`3) > 10 GeV 95.91 96.1 % 201.0 96.2 % 102.7 96.5 % 399.6 96.3 %
Leptons in quadruplet fired at least one trigger 95.43 95.6 % 201.0 96.3 % 102.7 96.5 % 399.1 96.2 %

∆R > 0.1 (0.2) for same (opposite) flavour leptons 94.01 94.2 % 198.7 95.2 % 102.8 96.6 % 395.5 95.3 %
Not more than one calo-tagged or stand-alone muon 94.03 94.2 % 198.6 95.1 % 102.6 96.4 % 395.3 95.2 %

Isolation
(Electrons: FCLoose)

(Muons: FCLoose FixedRad)

58.41 58.5 % 143.4 68.7 % 84.91 79.8 % 286.7 69.1 %

Electron ID (all quadruplet leptons Loose or better) 40.54 40.6 % 119.0 57.0 % 84.91 79.8 % 244.4 58.9 %
Impact parameter

(Electrons: z0 sin θ < 0.5 mm)
(Muons: z0 sin θ < 0.5 mm, d0 < 1 mm, d0 significance ≤ 3)

40.08 40.2 % 115.9 55.5 % 81.72 76.8 % 237.7 57.3 %

Quarkonia veto 40.05 40.1 % 115.9 55.5 % 81.56 76.6 % 237.5 57.2 %
Low mass veto (require m`` > 5 GeV) 40.03 40.1 % 115.9 55.5 % 81.54 76.6 % 237.5 57.2 %
Higgs window (115 < m4` < 130 GeV) 37.70 37.8 % 110.6 53.0 % 78.81 74.0 % 227.1 54.7 %

Z veto (require m12,34 < 64 and m32,14 < 75 GeV) 25.29 25.3 % 110.6 53.0 % 51.90 48.8 % 187.8 45.3 %
Loose signal region (m12,34 > 10 GeV) 25.29 25.3 % 110.6 53.0 % 51.90 48.8 % 187.8 45.3 %

Medium signal region (re-optimized for wider width)
(m34 > 0.85m12 − 0.1125f(m12)m12)

25.24 25.3 % 110.3 52.8 % 51.83 48.7 % 187.4 45.1 %

Table 6.1: Signal region cutflow for mZd = 25 GeV signal in 2015–2018 simulation. The yields from simulation of each
data-taking campaign are normalized to the integrated luminosity of the campaign (36.2 fb−1 for 2015–2016, 44.3 fb−1 for
2017, and 59.9 fb−1 for 2018) and then combined (139 fb−1 total), with signal estimates corresponding to a signal strength
of 1 (equivalent to the SM gg → h→ ZZ∗ → 4` cross-section). Per-channel, the quadruplet cutflow can increase because
events can move from one channel to another during the quadruplet selection if a higher-ranked quadruplet fails a cut that a
lower-ranked one can pass (however, the cutflow summed across all channels can only decrease).
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6.2.2 Background simulation

All backgrounds in the h → ZdZd → 4` search are estimated from simulation.11

The two main backgrounds in this search are h → ZZ∗ → 4` and qq̄ → ZZ∗ → 4`

and account for approximately 72% and 24% of the background in the signal region,

respectively. In order to make distributions of simulated backgrounds comparable to

distributions of observed data, the former must be properly normalized by taking into

account the integrated luminosity of the data, the number of events generated, and

the cross-section of the simulated process:

(∫
L dt

)
data(∫

L dt
)

MC

=

(∫
L dt

)
data

σgen,MC

Ngen,MC

=

(∫
L dt

)
data

σMCεfilter

Ngen,MC

(6.1)

After event generation, a filter may be applied so that only events in the relevant

kinematic region are simulated. The fraction of events passing the filter is the generator

filter efficiency, εfilter. If the cross-section of the process is known at a higher order,

the normalization of the lower order distribution can be corrected to higher order

with the ratio of the two cross-sections (K-factor). This improves the precision of the

distribution without having to generate events at higher order.

6.2.2.1 h→ ZZ∗ → 4`

Decays of the SM Higgs to two Z bosons (one on-shell, the other off-shell) which

finally decay to four leptons (electrons and/or muons) form the dominant background

in the signal region. Table 6.2 lists the h → ZZ∗ → 4` samples used, in order of

largest Higgs production cross-section to smallest.

Events with τ leptons can contribute to the signal region because τ leptons can

decay to eνν or µνν. The additional yield to the validation and signal regions was

assessed with a sample containing τ decays and was found to be approximately 1%

of the total background prediction. This is less than the uncertainty (stat. ⊕ syst.)

on the total background prediction (±3%). Since the sample without τ decays has a

greater number of generated events than the sample with τ decays, the sample without

τ decays is used instead.

11As discussed in Chapter 7, fake backgrounds from Z+jets processes were cross-checked with a
data-driven method.
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The reduction in the number of simulated h→ ZZ∗ → 4` events from imposing

the signal region selections is shown in Table 6.6.

6.2.2.2 ZZ∗ → 4`

Non-resonant (continuum) production of ZZ∗ followed by decay to four leptons forms

the second-largest background in the signal region. Table 6.3 lists the samples used to

simulate quark-initiated and gluon-initiated ZZ∗ production.

The reduction in the number of simulated ZZ∗ → 4` events from imposing the

signal region selections is shown in Table 6.7.

6.2.2.3 Tri-boson, higher-order electroweak, and tt̄+ Z

Vector boson fusion and vector boson scattering processes involving three bosons

(ZZZ, WZZ, WWZ) that decay to four or more leptons with neutrinos, and higher-

order electroweak processes (couplings of α6) contribute negligibly (< 0.1% of total

background) to the signal region. Production of a top quark pair in association with a

Z boson with the Z decaying to two leptons (tt̄+ (Z → ``)) also contributes negligibly

(< 1%). The samples used to simulate these processes are listed in Table 6.4.

6.2.2.4 Reducible backgrounds

Z+jets, tt̄, and WZ processes produce less than four leptons but can contribute to

the signal region if jets are misidentified or misreconstructed as additional leptons.

In the case of Z+jets, the Z boson decays to two electrons (or muons) and at most

four jets are simulated. If two leptons are mistakenly identified or reconstructed from

the jets, then the event can enter the signal region. The negligible estimate from

Monte Carlo-based simulation is cross-checked with a data-driven estimate (described

in Chapter 7). Dileptonic decays of top quark pairs (tt̄→ WbWb→ ``ννbb) produce

two leptons and two bottom quarks and can enter the signal region in a similar

manner. If the bottom quark(s) hadronize (i.e. into two b-tagged jets), they can also

be misidentified or misreconstructed as leptons. WZ decaying to three leptons, a

neutrino, and jets can also contribute to the signal region. Dileptonic tt̄ decay and

WZ decay to three leptons contribute ∼ 3% and < 1% to the total background in the

signal region, respectively. The samples used to simulate reducible processes are listed

in Table 6.5.
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Higgs production process Generator Accuracy PDF set Parton showering, hadronization, MPI (Tune & PDF) K-factor, event re-weighting

Gluon-gluon fusion (ggF) POWHEG [65–67] NNLOPS [58] NNLO PDF4LHC15 NLO [68] PYTHIA8 w/ AZNLO [69] & CTEQ6L1 [70] 1.1 (N3LO [71])
Vector boson fusion (VBF) POWHEG NLO CT10 NLO [72] PYTHIA8 w/ AZNLO & CTEQ6L1 0.9786 (NLO EW corrections [73, 74]), 1 (NNLO [75])

Quark-initiated Higgs-strahlung (qq̄ → W (Z), V H) PYTHIA8 [76] LO NNPDF23 LO [77] PYTHIA8 w/ A14 [78] & NNPDF23 LO None
Higgs production with two top quarks (tt̄H) POWHEG NLO NNPDF30 NLO [79] PYTHIA8 w/ A14 & NNPDF23 LO None

Higgs production with two bottom quarks (bbH) MadGraph5 aMC@NLO [59, 80] NLO CT10 NLO PYTHIA8 w/ A14 & NNPDF23 LO None
Loop-induced Higgs and Z production (gg → ZH) POWHEG NLO PDF4LHC15 NLO PYTHIA8 w/ AZNLO & CTEQ6L1 None

Table 6.2: h → ZZ∗ → 4` simulation samples. All-hadronic (t(t̄) → W (→ qq̄)b), dileptonic (t(t̄) → W (→ `ν)b), and
semi-leptonic (one top decaying hadronically and the other top decaying leptonically) decays of the top quark pair were
simulated. MPI stands for multiple parton interaction.

ZZ∗ production process Generator Accuracy PDF set Parton showering, hadronization, MPI (Tune & PDF) K-factor, event re-weighting

Quark-initiated (qq̄ → ZZ∗) Sherpa [81–83] v2.2.2 NLO NNPDF30 NNLO [79] Sherpa v2.2.2 w/ NNPDF30 NNLO PDF & tune NLO EW re-weighting [84, 85]
Gluon-initiated (gg → ZZ∗) Sherpa v2.2.2 LO NNPDF30 NNLO Sherpa v2.2.2 w/ NNPDF30 NNLO PDF & tune 1.7 (NLO [86])

Table 6.3: Non-resonant (continuum) ZZ∗ → 4` simulation samples. MPI stands for multiple parton interaction.

Process Generator Accuracy PDF set Parton showering, hadronization, MPI (Tune & PDF) K-factor, event re-weighting

ZZZ → 4`2ν/6`0ν Sherpa v2.2.2 NLO NNPDF30 NNLO Sherpa v2.2.2 w/ NNPDF30 NNLO PDF & tune None
WZZ → 5`1ν Sherpa v2.2.2 NLO NNPDF30 NNLO Sherpa v2.2.2 w/ NNPDF30 NNLO PDF & tune None
WWZ → 4`2ν Sherpa v2.2.2 NLO NNPDF30 NNLO Sherpa v2.2.2 w/ NNPDF30 NNLO PDF & tune None

Higher-order electroweak → 4`2j Sherpa v2.2.2 LO NNPDF30 NNLO Sherpa v2.2.2 w/ NNPDF30 NNLO PDF & tune None
tt̄+ (Z → ``) Sherpa v2.2.0 LO NNPDF30 NNLO Sherpa v2.2.0 w/ NNPDF30 NNLO PDF & tune 1.09 (NNLO [87])

Table 6.4: Tri-boson (vector boson fusion/scattering), higher-order electroweak, and tt̄+ Z simulation samples. MPI stands
for multiple parton interaction.

Process Generator Accuracy PDF set Parton showering, hadronization, MPI (Tune & PDF) K-factor, event re-weighting

Z(→ ``)+jets Sherpa v2.2.1 0, 1, 2j@NLO, 3, 4j@LO NNPDF30 NNLO Sherpa v2.2.1 w/ NNPDF30 NNLO PDF & tune 0.9751 (NNLO [88])
tt̄ dileptonic POWHEG NLO NNPDF30 NLO PYTHIA8 w/ A14 & NNPDF23 LO 1.1398 (NNLO [89])
WZ → `ν`` POWHEG NLO CT10 NLO PYTHIA8 w/ AZNLO & CTEQ6L1 1.14 (NNLO [90])

Table 6.5: Reducible background simulation samples. MPI stands for multiple parton interaction.
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Requirement Number of events

Event cleaning and at least one primary vertex 624.6
At least one lowest-unprescaled trigger fired 589.1

4e 2e2µ 4µ All
NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS

Same-flavour opposite sign quadruplet 134.3 100 % 261.5 100 % 116.7 100 % 512.5 100 %
Non-overlapping quadruplet leptons 134.2 99.92 % 261.4 99.95 % 116.7 100.04 % 512.3 99.96 %

pT (`1) > 20, pT (`2) > 15, pT (`3) > 10 GeV 126.0 93.79 % 246.1 94.11 % 113.6 97.39 % 485.7 94.77 %
Leptons in quadruplet fired at least one trigger 124.2 92.49 % 247.0 94.44 % 113.8 97.51 % 485.0 94.63 %

∆R > 0.1 (0.2) for same (opposite) flavour leptons 120.4 89.61 % 237.6 90.84 % 113.9 97.60 % 471.8 92.05 %
Not more than one calo-tagged or stand-alone muon 120.4 89.61 % 237.6 90.83 % 113.7 97.50 % 471.7 92.03 %

Isolation
(Electrons: FCLoose)

(Muons: FCLoose FixedRad)

49.89 37.14 % 117.6 44.96 % 89.03 76.32 % 256.5 50.05 %

Electron ID (all quadruplet leptons Loose or better) 31.61 23.53 % 92.32 35.30 % 89.03 76.32 % 213.0 41.55 %
Impact parameter

(Electrons: z0 sin θ < 0.5 mm)
(Muons: z0 sin θ < 0.5 mm, d0 < 1 mm, d0 significance ≤ 3)

31.19 23.22 % 89.41 34.19 % 85.18 73.02 % 205.8 40.15 %

Quarkonia veto 29.26 21.78 % 86.58 33.10 % 79.51 68.15 % 195.4 38.12 %
Low mass veto (require m`` > 5 GeV) 28.86 21.49 % 85.92 32.85 % 78.28 67.09 % 193.1 37.67 %
Higgs window (115 < m4` < 130 GeV) 26.63 19.83 % 80.48 30.77 % 74.40 63.78 % 181.5 35.42 %

Z veto (require m12,34 < 64 and m32,14 < 75 GeV) 4.380 3.26 % 10.73 4.10 % 10.65 9.13 % 25.77 5.03 %
Loose signal region (m12,34 > 10 GeV) 4.348 3.24 % 10.54 4.03 % 10.57 9.06 % 25.47 4.97 %

Medium signal region (re-optimized for wider width)
(m34 > 0.85m12 − 0.1125f(m12)m12)

2.230 1.66 % 3.944 1.51 % 4.943 4.24 % 11.12 2.17 %

Table 6.6: Signal region cutflow for h→ ZZ∗ → 4` background in 2015–2018 simulation with all production modes combined.
The yields from simulation of each data-taking campaign are normalized to the integrated luminosity of the campaign
(36.2 fb−1 for 2015–2016, 44.3 fb−1 for 2017, and 59.9 fb−1 for 2018) and then combined (139 fb−1 total). Per-channel, the
quadruplet cutflow can increase because events can move from one channel to another during the quadruplet selection if a
higher-ranked quadruplet fails a cut that a lower-ranked one can pass (however, the cutflow summed across all channels can
only decrease).
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Requirement Number of events

Event cleaning and at least one primary vertex 9.617 · 104

At least one lowest-unprescaled trigger fired 6.960 · 104

4e 2e2µ 4µ All
NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS

Same-flavour opposite sign quadruplet 4730 100 % 8799 100 % 3139 100 % 1.667 · 104 100 %
Non-overlapping quadruplet leptons 4726 99.91 % 8787 99.87 % 3141 100.05 % 1.665 · 104 99.92 %

pT (`1) > 20, pT (`2) > 15, pT (`3) > 10 GeV 4257 90.00 % 7646 86.89 % 2682 85.42 % 1.458 · 104 87.50 %
Leptons in quadruplet fired at least one trigger 4227 89.38 % 7646 86.90 % 2684 85.50 % 1.456 · 104 87.34 %

∆R > 0.1 (0.2) for same (opposite) flavour leptons 4016 84.91 % 7150 81.27 % 2687 85.60 % 1.385 · 104 83.12 %
Not more than one calo-tagged or stand-alone muon 4016 84.91 % 7149 81.25 % 2683 85.46 % 1.385 · 104 83.08 %

Isolation
(Electrons: FCLoose)

(Muons: FCLoose FixedRad)

1500 31.71 % 3558 40.44 % 2237 71.26 % 7295 43.77 %

Electron ID (all quadruplet leptons Loose or better) 926.7 19.59 % 2779 31.58 % 2237 71.26 % 5943 35.65 %
Impact parameter

(Electrons: z0 sin θ < 0.5 mm)
(Muons: z0 sin θ < 0.5 mm, d0 < 1 mm, d0 significance ≤ 3)

909.9 19.24 % 2685 30.52 % 2126 67.74 % 5721 34.32 %

Quarkonia veto 860.4 18.19 % 2569 29.19 % 1948 62.05 % 5377 32.26 %
Low mass veto (require m`` > 5 GeV) 832.0 17.59 % 2455 27.90 % 1822 58.02 % 5108 30.65 %
Higgs window (115 < m4` < 130 GeV) 15.72 0.33 % 56.35 0.64 % 50.79 1.62 % 122.9 0.74 %

Z veto (require m12,34 < 64 and m32,14 < 75 GeV) 1.704 0.04 % 6.288 0.07 % 4.551 0.14 % 12.54 0.08 %
Loose signal region (m12,34 > 10 GeV) 1.559 0.03 % 4.293 0.05 % 4.113 0.13 % 9.966 0.06 %

Medium signal region (re-optimized for wider width)
(m34 > 0.85m12 − 0.1125f(m12)m12)

0.6389 0.01 % 1.229 0.01 % 1.512 0.05 % 3.380 0.02 %

Table 6.7: Signal region cutflow for ZZ∗ → 4` background in 2015–2018 simulation with all production modes combined.
The yields from simulation of each data-taking campaign are normalized to the integrated luminosity of the campaign
(36.2 fb−1 for 2015–2016, 44.3 fb−1 for 2017, and 59.9 fb−1 for 2018) and then combined (139 fb−1 total). Per-channel, the
quadruplet cutflow can increase because events can move from one channel to another during the quadruplet selection if a
higher-ranked quadruplet fails a cut that a lower-ranked one can pass (however, the cutflow summed across all channels can
only decrease).
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6.2.2.5 Pileup treatment

The generation of the simulated samples includes the effect of multiple proton-proton

interactions in the same and nearby bunch crossings (pileup). This was simulated

at leading order with Pythia8 using the MSTW 2008 parton distribution function

set [91] and the A2 parameter set [92].

6.2.3 Estimate of statistical and systematic uncertainties

Three kinds of uncertainties need to be assessed:

• Statistical: from random fluctuations in the measurement. In this search, statis-

tical uncertainties are fluctuations in the yields of the background predictions

and observed data in the signal region. This is a Poisson-distributed process in

the asymptotic limit, therefore the statistical uncertainty is simply
√
n.12

• Experimental systematics: from the nature of the detector, such as uncertainties

associated with electron and muon identification and uncertainties in momentum

resolution and energy scale. These uncertainties apply to simulation-based

background and signal estimates. The estimation of these uncertainities depends

on the kinematic variable and type of object.

• Theoretical systematics: from uncertainties on parameters and modelling used

for signal simulation, e.g. quantum chromodynamics (QCD) scale, parton distri-

bution functions, and parton showering.

The effect of these uncertainties on simulated signal and background yields in the

signal region are tabulated in Tables 6.8 and 6.9, respectively. For signal (background),

systematic uncertainties combine in quadrature to . 12% (. 14%), with the largest

effect in the 4e channel (primarily due to electron identification efficiency uncertainty).

12Since the number of bunch crossings and number of particles per bunch is finite, the number
of events passing some criteria is technically a binomial process. In the limit n→∞, the process
is Poisson-distributed. The estimate of the standard deviation is therefore

√
n. However, this is

misleading in the case of small n (e.g. 0± 0 and 1± 1). This is the case for the signal region. For
small n, an alternative is to define confidence intervals (a prescription is given in [1]). For large n,
the uncertainty derived from defining a 68.3% central confidence interval is equivalent to

√
n.
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6.2.3.1 Experimental systematic uncertainties

Luminosity As described in Section 6.1, the uncertainty on the integrated luminosity

is ±1.7%.

Pileup re-weighting As described in Section 6.2.2.5, simulated pileup is overlaid

on the simulated process. The amount of pileup in each simulated event is determined

by drawing from a reference distribution of the mean number of interactions per

bunch crossing (Figure 4.1). This distribution may not match the distribution that is

measured. This is corrected by re-weighting simulated events with scale factors such

that the agreement is improved. In order to estimate the uncertainty associated with

pileup re-weighting, events are also re-weighted with ±1σ variations of the nominal

scale factor instead. The difference in the event yield between re-weighting with the

nominal and the +(−)1σ variation is taken as the +(−) uncertainty on the yield.

Electrons The resolution, energy scale, and identification/isolation/reconstruction

efficiencies of electrons in simulation are corrected in order to improve agreement with

data. Electron resolution and energy scale corrections are applied to each electron

(Section 5.4.1), and identification/isolation/reconstruction efficiency corrections are

applied through event re-weighting. As with the uncertainty associated with pileup re-

weighting, uncertainties associated with electron corrections are evaluated by applying

a +(−)1σ variation of each correction independently and then re-determining the

event yield.

EG RESOLUTION ALL: uncertainty associated with smearing of electron

energies in simulation in order to improve resolution agreement between data and

simulation.

EG SCALE ALL(AF2): uncertainty associated with calibration of electron

energy scale in simulation. A special set of calibrations and uncertainties are applied

for samples simulated with the Atlfast-II (AF2) parametrization instead of with

GEANT4.

EL EFF ID(Iso,Reco) TOTAL 1NPCOR PLUS UNCOR: uncertainties as-

sociated with re-weighting of simulated events such that identification, isolation, and

reconstruction efficiencies in simulation agree with those in data. Identification ef-

ficiency uncertainty is approximately ±10% on the signal region yield and is the

dominant systematic uncertainty.
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Muons The resolution, momentum scale, and isolation/reconstruction/track-to-

vertex association efficiencies of muons in simulation are also corrected. Muon res-

olution and momentum scale corrections are applied to each muon, and isolation/

reconstruction/track-to-vertex association efficiency corrections are applied through

event re-weighting. Uncertainties associated with these corrections are evaluated in

the same way as they are evaluated for electrons.

MUON ID: uncertainty associated with charge-agnostic smearing of simulated

muon pT in the Inner Detector (ID) in order to improve muon ID pT resolution

agreement between data and simulation.

MUON MS: uncertainty associated with charge-agnostic smearing of simulated

muon pT in the Muon Spectrometer (MS) in order to improve muon MS pT resolution

agreement between data and simulation.

MUON SCALE: uncertainty associated with calibration of the muon momentum

scale in simulation.

MUON SAGITTA RHO: uncertainty associated with correction of muon mo-

menta for charge-dependent sagitta biases in simulation. Geometric deformations of

the detectors affect the sagitta measurement and consquently the momentum.

MUON SAGITTA RESBIAS: uncertainty associated with correction of muon

momenta for residual sagitta bias in simulation.

MUON EFF ISO(RECO)(TTVA) STAT(SYS) LOWPT: similar to the effi-

ciency uncertainties for electrons but broken up into statistical and systematic errors

on the weights.

6.2.3.2 Theoretical systematic uncertainties

Generation of events requires knowledge of the momentum fraction x carried by each

parton and a choice for the QCD renormalization and factorization scales. Parton

distribution functions (PDFs) are determined experimentally and QCD normaliza-

tion and factorization scales are chosen as appropriate. The associated systematic

uncertainties are assessed by varying the PDFs and the QCD scales.

Parton distribution functions are extracted from experimental data with modelling

assumptions and differential equations that govern how the PDFs evolve with the

squared energy scale Q2. These are the DGLAP equations (named after authors

Dokshizer, Gribov, Lipatov, Altarelli, and Parisi). Modelling assumptions include the

choice of parametrization of the input distributions to be fitted and the choice of the
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strong coupling constant αS(Q2). The coupling constant may be fixed to a certain

value or left floating. The DGLAP equations are expressed in terms of kernels that

are powers of the strong coupling constant and are only known analytically to the first

few orders. Choices of input parametrization and truncation of the DGLAP equations

are only two examples of uncertainties in PDF construction.

Different PDFs use different modelling and theoretical assumptions. Therefore,

the uncertainties related to these assumptions can be assessed by varying the choice

of PDF. Each PDF set has multiple PDFs, with the nominal PDF corresponding to

the “best fit” parameters and each of the other PDFs corresponding to a systematic

variation on a fitted parameter. Additionally, the nominal PDFs from multiple PDF

sets can be considered, in order to take into account intrinsic differences in PDF set

construction between sets.

Signal uncertainties For signal, the effects of theoretical systematic uncertainties

are assessed on the signal acceptance and do not enter the statistical interpretation of

the results. The signal acceptance is the number of events in the signal region divided

by the number of events before selection (i.e. the number of generated events).13

Consequently, variations on PDFs and QCD scales affect both the numerator and the

denominator. The following uncertainties are assessed:

• Intra-PDF set uncertainties: The alternative PDFs of the nominal PDF

set NNPDF23 lo as 0130 qed (LHAPDF ID 247000) were used to generate

alternative event weights for each event. Each alternative PDF (one hundred in

total) is used to generate an alternative event weight (one hundred alternative

weights per event). The alternative weights are used in place of the nominal

weight in a generator-level implementation of the signal region selection. The

signal region yield is calculated with each replacement of the weight, resulting

in one hundred alternative yields yj each corresponding to a PDF within the

set. The asymmetric systematic uncertainty on the acceptance is assessed as the

15.87% and 84.14% quantiles of the distribution of normalized yields yNj = s0
sj
yj,

where s0 and sj are the sums of event weights before selection for the nominal

and alternative PDF, respectively.

13More precisely: the sum of event weights. Events in Monte Carlo-based simulation are weighted,
unlike events observed in data.
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• Inter-PDF set uncertainties: The nominal PDFs of the alternative PDF sets

CT14lo (LHAPDF ID 13200) and MMHT2014lo68cl (LHAPDF ID 25000)

are used to generate alternative event weights for each event. The alternative

weights (two per event) are processed in the same way as for intra-PDF set

uncertainties. The asymmetric systematic uncertainty on the acceptance is

assessed as the largest deviations of the normalized yields yNj = max(|yNj − y0|)
above and below the nominal yield (envelope).

• QCD scale uncertainties: Six pairwise variations of the renormalization

µr and factorization µf scales are considered: (µr, µf) = (0.5, 0.5), (0.5, 1.0),

(1.0, 0.5), (1.0, 2.0), (2.0, 1.0), (2.0, 2.0). Alternative signal region yields are

calculated with the approach described for PDF uncertainties. The asymmetric

systematic uncertainty on the acceptance is assessed as the envelope, as described

for inter-PDF set uncertainties.

The PDF uncertainties on the signal region acceptance combine in quadrature to

. 3% and the QCD uncertainties are . 1%. The PDF uncertainties are relatively

small because the generation is at leading order only, and the QCD uncertainties are

negligible because of the absence of hadronization in the final state.

Background uncertainties For background, the effects of theoretical systematic

uncertainties are assessed in the same way as experimental (detector) systematic

uncertainties. Unlike the signal uncertainties, they are assessed on the signal region

yields and enter the statistical interpretation of the results. For the two dominant

backgrounds gg → h → ZZ∗ → 4` and ZZ∗ → 4`, the PDF and QCD scale

uncertainties are taken from prior calculations following the same procedure described

above ([93–96] and [97] for each background, respectively).
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Systematic

mZd = 20 GeV mZd = 35 GeV mZd = 50 GeV
4e 2e2µ 4µ 4e 2e2µ 4µ 4e 2e2µ 4µ

EG RESOLUTION ALL −0.44
+0.29

−0.10
+0.05

+0.00
−0.06

−1.10
+0.64

−0.20
+0.09

+0.08
−0.00

−0.78
+0.38

−0.27
+0.11

+0.00
−0.01

EG SCALE AF2 – – – – – – – – –
EG SCALE ALL −0.59

+0.74
+0.05
−0.15

+0.00
−0.04

−0.99
+0.39

+0.01
−0.06

+0.07
−0.00

−0.44
+0.31

+0.00
−0.08

+0.00
−0.05

EIGENTUNESIGNAL ±0.50 ±0.50 ±0.50 ±0.50 ±0.50 ±0.50 ±0.50 ±0.50 ±0.50
EL EFF ID TOTAL 1NPCOR PLUS UNCOR +10.96

−10.04
+5.40
−5.26 – +12.09

−10.96
+5.69
−5.54 – +11.93

−10.86
+5.78
−5.64 –

EL EFF Iso TOTAL 1NPCOR PLUS UNCOR ±0.84 ±0.48 – ±0.91 ±0.50 – ±0.80 +0.43
−0.42 –

EL EFF Reco TOTAL 1NPCOR PLUS UNCOR +2.63
−2.59 ±1.40 – +2.95

−2.90
+1.50
−1.49 – +2.85

−2.80 ±1.45 –
INTERPDFSIGNAL +1.70

−0.40
+1.70
−0.40

+1.70
−0.40

+1.70
−0.40

+1.70
−0.40

+1.70
−0.40

+1.70
−0.40

+1.70
−0.40

+1.70
−0.40

INTRAPDFSIGNAL +1.50
−1.80

+1.50
−1.80

+1.50
−1.80

+1.50
−1.80

+1.50
−1.80

+1.50
−1.80

+1.50
−1.80

+1.50
−1.80

+1.50
−1.80

LUMI ±1.70 ±1.70 ±1.70 ±1.70 ±1.70 ±1.70 ±1.70 ±1.70 ±1.70
MUONS ID – −0.04

+0.07
−0.44
+0.05 – −0.08

+0.10
−0.30
+0.19 – −0.11

+0.03
+0.00
−0.19

MUONS MS – −0.26
+0.03

−0.54
+0.05 – −0.21

+0.11
−0.42
+0.07 – ∓0.18 −0.25

+0.18

MUONS SAGITTA RESBIAS – +0.16
−0.00

+0.15
−0.00 – +0.14

−0.00
+0.12
−0.00 – +0.20

−0.00
+0.06
−0.00

MUONS SAGITTA RHO – +0.16
−0.00

+0.08
−0.00 – +0.11

−0.00
+0.11
−0.00 – +0.17

−0.00
+0.00
−0.02

MUONS SCALE – −0.06
+0.02

+0.27
−0.56 – +0.00

−0.02
+0.15
−0.35 – +0.00

−0.04
+0.00
−0.15

MUON EFF ISO STAT – ±0.15 ±0.25 – ±0.16 ±0.27 – ±0.12 ±0.22
MUON EFF ISO SYS – ±0.80 +1.52

−1.50 – +0.82
−0.81

+1.57
−1.55 – ±0.79 +1.54

−1.52

MUON EFF RECO STAT – ±0.14 ±0.29 – ±0.14 ±0.28 – ±0.15 ±0.30
MUON EFF RECO STAT LOWPT – ±0.09 ±0.15 – ±0.10 ±0.16 – ±0.08 ±0.15

MUON EFF RECO SYS – +0.65
−0.63

+1.35
−1.32 – +0.66

−0.65
+1.35
−1.31 – +0.69

−0.68
+1.41
−1.38

MUON EFF RECO SYS LOWPT – ±0.30 ±0.50 – ±0.31 ±0.53 – ±0.25 ±0.45
MUON EFF TTVA STAT – +0.13

−0.14
+0.22
−0.24 – +0.13

−0.14
+0.23
−0.25 – +0.11

−0.12
+0.20
−0.21

MUON EFF TTVA SYS – ±0.02 ±0.03 – ±0.02 +0.04
−0.03 – +0.02

−0.01 ±0.03
PileupWeight −1.39

+1.23
−0.77
+0.74

−0.38
+0.28

−1.43
+1.37

−0.82
+0.68

−0.79
+0.61

−1.42
+1.31

−0.95
+0.80 ∓0.35

QCDSCALESIGNAL +0.80
+0.00

+0.80
+0.00

+0.80
+0.00

+0.80
+0.00

+0.80
+0.00

+0.80
+0.00

+0.80
+0.00

+0.80
+0.00

+0.80
+0.00

Total +11.78
−10.83

+6.49
−6.19

+3.70
−3.46

+12.93
−11.84

+6.75
−6.46

+3.77
−3.49

+12.73
−11.65

+6.83
−6.55

+3.72
−3.38

Table 6.8: Relative experimental (theoretical) systematic uncertainties in percent on signal region yield (acceptance) for
h→ ZdZd → 4` signal in 2015–2018 simulation. In cases where the UP and DOWN variations result in uncertainties with different
signs, the sign has been preserved, with the uncertainty in the upper (lower) position corresponding to the UP (DOWN) variation.
If they are equal in magnitude, one number is shown, with the upper (lower) sign corresponding to the UP (DOWN) variation. In
cases where both variations result in uncertainties that are both positive (negative), the larger (smaller) of the two is shown with
the sign preserved in the upper (lower) position. The other position is set to zero. In cases where both variations result in zero
uncertainties, – is shown. Systematics that affect the event weight usually increase/decrease the yield with UP/DOWN variations,
thus resulting in a positive/negative relative uncertainty. Systematics that affect the kinematics may not be consistent in this
manner. The totals are computed by summing in quadrature the most positive (negative) uncertainties.
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h→ ZZ∗ → 4` ZZ∗ → 4`
4e 2e2µ 4µ 4e 2e2µ 4µ

EG RESOLUTION ALL −0.33
+0.02

−0.22
+0.17

−0.00
−0.02

+0.00
−1.33

+0.57
−0.00

+0.07
−0.00

EG SCALE AF2 – – – – +0.00
+0.23 –

EG SCALE ALL −0.97
+0.84

−0.31
+0.17

−0.08
+0.07

+0.00
−0.93

+0.49
−0.00

−0.22
+0.03

EL EFF ID TOTAL 1NPCOR PLUS UNCOR +11.87
−10.80

+5.68
−5.54 – +13.18

−11.83
+6.26
−6.09 –

EL EFF Iso TOTAL 1NPCOR PLUS UNCOR +0.79
−0.78 ±0.39 – ±1.26 ±0.62 –

EL EFF Reco TOTAL 1NPCOR PLUS UNCOR +2.78
−2.73

+1.38
−1.37 – +3.63

−3.54
+1.75
−1.74 –

LUMI ±1.70 ±1.70 ±1.70 ±1.70 ±1.70 ±1.70
MUONS ID – +0.06

−0.00
+0.00
−0.09 – +0.79

−0.41
+0.52
−0.05

MUONS MS – −0.24
+0.19

−0.34
+0.17 – +0.17

−0.54
+0.27
−0.00

MUONS SAGITTA RESBIAS – +0.06
−0.00

+0.00
−0.01 – +0.65

−0.00
+0.34
−0.00

MUONS SAGITTA RHO – +0.04
−0.00

+0.00
−0.09 – +0.00

−0.17
+0.06
−0.00

MUONS SCALE – +0.07
−0.18

+0.48
−0.66 – +0.25

−0.52
−0.77
+0.09

MUON EFF ISO STAT – ±0.12 ±0.22 – ±0.19 ±0.39
MUON EFF ISO SYS – ±0.76 +1.50

−1.48 – ±0.92 +1.79
−1.76

MUON EFF RECO STAT – ±0.15 ±0.31 – ±0.15 ±0.30
MUON EFF RECO STAT LOWPT – ±0.07 ±0.14 – ±0.11 ±0.23

MUON EFF RECO SYS – +0.70
−0.68

+1.42
−1.39 – +0.67

−0.66
+1.32
−1.29

MUON EFF RECO SYS LOWPT – ±0.23 ±0.42 – ±0.36 ±0.76
MUON EFF TTVA STAT – +0.11

−0.12
+0.20
−0.21 – +0.15

−0.16
+0.32
−0.34

MUON EFF TTVA SYS – +0.02
−0.01 ±0.03 – ±0.02 +0.05

−0.04

PDFALPHASggHZZ ±2.82 ±2.80 ±2.79 – – –
PDFZZ – – – +2.50

−1.58
+2.41
−1.52

+2.53
−1.59

PileupWeight −1.65
+1.57

−0.93
+0.90

−0.54
+0.48

−0.26
+0.25

−0.83
+0.56

−0.67
+0.28

QCDSCALEZZ – – – +4.82
−4.36

+4.64
−4.20

+4.86
−4.40

QCDSCALEggHZZ +6.91
−7.36

+6.88
−7.33

+6.85
−7.30 – – –

Total +14.53
−13.91

+9.72
−9.97

+7.92
−8.33

+14.86
−13.46

+8.74
−8.14

+6.28
−5.62

Table 6.9: Relative systematic uncertainties in percent on signal region yield for h→ ZZ∗ → 4` and ZZ∗ → 4` backgrounds in
2015–2018 simulation. In cases where the UP and DOWN variations result in uncertainties with different signs, the sign has been
preserved, with the uncertainty in the upper (lower) position corresponding to the UP (DOWN) variation. If they are equal in
magnitude, one number is shown, with the upper (lower) sign corresponding to the UP (DOWN) variation. In cases where both
variations result in uncertainties that are both positive (negative), the larger (smaller) of the two is shown with the sign preserved
in the upper (lower) position. The other position is set to zero. In cases where both variations result in zero uncertainties, – is
shown. Systematics that affect the event weight usually increase/decrease the yield with UP/DOWN variations, thus resulting in
a positive/negative relative uncertainty. Systematics that affect the kinematics may not be consistent in this manner. The totals
are computed by summing in quadrature the most positive (negative) uncertainties.
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Chapter 7

Data-driven fake background

estimation

7.1 Introduction

Signal regions are optimized to accept signal and reject background. For a Beyond-

the-Standard-Model (BSM) search such as h → ZdZd → 4`, Standard Model (SM)

processes form the background. These backgrounds can be divided into two categories:

reducible backgrounds and irreducible backgrounds:

• Irreducible backgrounds: SM processes that produce the same final state as the

BSM process (e.g. h→ ZZ∗ → 4` and ZZ∗ → 4`).

• Reducible (fake) backgrounds: SM processes that do not have the same final

state as the BSM process, but can “fake” the same final state (e.g. jets from the

Z+jets process being misidentified or misreconstructed as electrons). These are

also known as fake backgrounds.

Simulation usually provides both accurate and precise estimates of irreducible

backgrounds. Event generation of these processes and simulation of true leptons

through the ATLAS detector and their reconstruction are generally well-established

and considered reliable. These backgrounds are simulated in quantities that are large

enough to enable precise predictions (i.e. with statistical uncertainties that are small

relative to the estimated yields themselves). Reducible (fake) backgrounds, however,

are difficult to quantify. For example, pions contained inside a jet will decay to photons,

electrons, and muons. These leptons can be identified or reconstructed independently
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from the jet and are considered fake leptons not from the hard scatter interaction.1

Punch-through jets that are not fully contained within the calorimetry and enter the

Muon Spectrometer can result in tracks that are reconstructed into fake muons. The

modelling of misidentification and misreconstruction that leads to fake leptons is

not accurate, unlike the modelling of true leptons. Additionally, misidentification

and misreconstruction are thought to be rare phenomena that occur at rates that

are negligible compared to the rates of irreducible processes. Therefore, simulations

of events containing leptons from misidentification and misreconstruction are also

imprecise due to lack of sufficient statistics.

The detector signature of this search—four prompt leptons—is rare in itself.

The application of kinematic and quality requirements on the leptons results in a

further winnowing of events, to the extent that only a handful of events with four

leptons from irreducible processes survive to enter the signal region. If a lepton from

misidentification or misreconstruction is an uncommon occurence compared to the

occurence of a true lepton, then the occurence of an event with four leptons—where one

or more are fake—is extraordinarily rare. Indeed, estimates of Z+jets from simulation

predict many bins with negative (unphysical) yields,2 with statistical uncertainties on

the overall yield (yield summed over bins) of the order of the yield itself.

An alternative to estimating fake backgrounds from simulation is to estimate them

from data. In general, data-driven (in-situ) techniques measure the rate of fake leptons

occurring in kinematic regions that are rich in fake leptons and extrapolate the rate to

the signal region in order to obtain an estimated yield. The benefit of these techniques

is that they rely minimally on the modelling of misidentification and misreconstruction

and also minimally on the amount of simulated events.

In the 2015–2016 iteration of this search, an attempt was made to cross-check

simulation-based fake background estimates with a data-driven estimate but due to

insufficient statistics in data, the data-driven estimate was not usable. Similar to how

1Some of these backgrounds not exactly fake, in the sense that they are true electrons and muons
that were created in non-prompt decays. The mechanism of jet formation (the hadronization of
quarks and gluons) produces neutral and charged pions. Neutral pions decay to photons and electrons
and charged pions decay to electrons and muons. Charged pions in particular have a relatively long
lifetime (10−8 s compared to 10−17 s for neutral pions). This phenomenon is distinct from prompt
electrons being identified from energy deposits in the electromagnetic calorimeter, for example.

2Events from Monte Carlo-based event generation are sometimes negatively weighted. This is
due to how the phase space is integrated. Events generated this way are meant to be considered
in aggregate (unlike events in data, which are always considered independently). If the number of
generated events is limited, then it is possible for the sum of negatively-weighted events to exceed
the sum of positively-weighted events. This results in yields that are negative.
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insufficient Monte Carlo statistics and negatively-weighted Monte Carlo events can

conspire to give negative yields, insufficient statistics in data in particular kinematic

regions and negative transfer factors can also result in negative yields. Furthermore,

systematic uncertainties on the data-driven estimate were not assessed. In the 2015–

2018 iteration, the data-driven estimate was improved by quadrupling the dataset size

(139 fb−1 vs. 36 fb−1) and by assessing systematic uncertainties.

7.2 Methodology

The data-driven Z+jets background estimate uses (i) inverted signal regions that are

rich in the fake background to be estimated (i.e. with one or two fake leptons) in order

to map the fake factors to the signal region, and (ii) regions that are non-overlapping

with the signal region and also enriched in the fake background in order to derive the

fake factors.

First, inverted lepton selection cuts need to be defined. These cuts are not the

exact opposite of the nominal selection. In the nominal lepton selection (used for the

signal region, as described in Chapter 5 and in Table 5.1):

• Electrons are required to pass the Loose likelihood identification working point

and pass the FCLoose isolation working point, and

• Muons are required to pass the FCLoose FixedRad isolation working point and

have transverse impact parameter significance |d0/σd0| < 3.3

The inverted lepton selection cuts are defined as:

• Electrons fail either the identification working point or the isolation working

point (but not both), and

• Muons fail either (or both) the isolation working point and the transverse impact

parameter significance |d0/σd0|.

The regions used to map the fake factors to the signal region are defined as:

• Signal region A: the region in which the fake background is to be estimated.

3This is in addition to Loose identification for muons and other kinematic requirements.
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• Inverted signal regions B1, B1′, and B2: same as region A except one or two

leptons in the secondary pair `34 pass the inverted lepton selection (from here,

`1 and `2 are used as labels for the two leptons of the `34 pair):4

– Region B1: `1 passes the nominal selection (“good”) and `2 passes the

inverted selection (“bad”).

– Region B1′: `1 passes the inverted selection (“bad”) and `2 passes the

nominal selection (“good”).

– Region B2: both `1 and `2 pass both the inverted selection (both “bad”).

The regions used for deriving the fake factors are defined as:

• Regions C and D: Enriched in Z+jets events. Events must have two good

leptons that reconstruct a Z boson and at least one other lepton. The Z boson

candidate with the smallest |m`` −mZ | is chosen, with the requirement that

|m`` −mZ | < 10 GeV.

– Region C: extra lepton passes the nominal selection (“good”).

– Region D: extra lepton passes the inverted selection (“bad”).

If regions C and D are highly enriched in Z+jets events, then every extra lepton—

aside from the leptons forming the Z boson candidate—is likely to be fake. The

number of leptons entering regions C and D are first measured in data as a function

of lepton flavour, pT , and η. Every extra lepton is counted as an entry into a region.

In order to correct for real (true) leptons contamininating regions C and D, the same

measurements are also made in simulation of processes with multiple real leptons and

are subtracted from the measurements in data.

After correction through subtraction, fake factors are calculated by dividing the

number of leptons entering region C by the number of leptons entering region D. They

are calculated separately for muons and electrons, and binned in pT and η.5 The fake

factor is the ratio of good fake leptons to bad fake leptons and counts the number of

4The dilepton closest to mZ is labelled `12 and the other dilepton is labelled `34. Since `34 is
farther away from mZ and has less stringent kinematic requirements than `12, it is more likely for
`34 to have one or two fake leptons than `12.

5The binning in η of the electron fake factors takes into account the geometry of the calorimeter.
The crack region 1.37 < |η| < 1.52 is the transition region between the barrel and end-cap calorimeters,
and contains services for the Inner Detector. The additional material in this region affects resolution,
therefore separate bins are assigned to this region.
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leptons, not the number of events (i.e. if an event has multiple extra leptons, each

extra lepton contributes to the numerator or denominator).

f = NC/ND (7.1)

The fake factors are used to calculate the fake background contributions in region

A (signal region) by transferring events measured in regions B1, B1′, and B2, as shown

in Figure 7.1:

Ngood,fake = f ·Nbad,fake (7.2)

Figure 7.1: Categorization of leptons into regions of the fake factor method [98].
Region B2—where both leptons are “bad”—is used to extrapolate the yields in regions
B1 and B1′ where one lepton is “bad” and the other is “good”. The white-coloured
squares represent the four possible combinations of `1 and `2 being real or fake. In
the signal region (A), `1 and `2 are identified as “good” (even if they may be fake).
To estimate the number of events with fakes in the signal region, the fake factor is
evaluated for `1 (f1) or `2 (f2). Equation 7.2 is then used to calculate the estimate.

The number of events in each region is the sum of events with two real leptons,

two fake leptons, and one real and one fake lepton:
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NA = N rr
A +N rf

A +N fr
A +N ff

A ≡ N rr
A +N fake

A

NB1 = N rr
B1 +N rf

B1 +N fr
B1 +N ff

B1

NB1′ = N rr
B1′ +N rf

B1′ +N fr
B1′ +N ff

B1′

NB2 = N rr
B2 +N rf

B2 +N fr
B2 +N ff

B2

(7.3)

The terms corresponding to events with fake lepton(s) is estimated with the fake

factors using Equation 7.2:

N ff
A = f1f2N

ff
B2 N ff

B1 = f1N
ff
B2 N ff

B1′ = f2N
ff
B2

N rf
A = f2N

rf
B1 N fr

B1 = f1N
fr
B2 N rf

B1′ = f2N
rf
B2

N fr
A = f1N

fr
B1′

(7.4)

The final fake background estimate is given by:

N fake
A ≡ N rf

A +N fr
A +N ff

A

= f2N
rf
B1 + f1N

fr
B1′ + f1f2N

ff
B2

= f2

(
NB1 −N rr

B1 −N fr
B1 −N ff

B1

)
+ f1

(
NB1′ −N rr

B1′ −N rf
B1′ −N ff

B1′

)
+ f1f2N

ff
B2

= f2

(
NB1 −N rr

B1 − f1N
fr
B2 − f1N

ff
B2

)
+ f1

(
NB1′ −N rr

B1′ − f2N
rf
B2 − f2N

ff
B2

)
+ f1f2N

ff
B2

= f2 (NB1 −N rr
B1) + f1 (NB1′ −N rr

B1′)− f1f2

(
N rf
B2 +N fr

B2 +N ff
B2

)
= f2 (NB1 −N rr

B1) + f1 (NB1′ −N rr
B1′)− f1f2 (NB2 −N rr

B2)

= f2NB1 + f1NB1′ − f1f2NB2︸ ︷︷ ︸
estimated from data

− f2N
rr
B1 + f1N

rr
B1′ − f1f2N

rr
B2︸ ︷︷ ︸

estimated from 4` irreducible sim.

(7.5)

The first term is estimated purely from data. The second term is the fake contri-

bution from events with four real leptons. This term is estimated from the irreducible

background simulation (e.g. h→ ZZ∗ → 4` and ZZ∗ → 4`), with a truth matching

requirement. This requirement ensures that each reconstructed lepton in simulation

originates from a generated (real) W or Z boson.6

6In simulation, the origin of each lepton is known and can be traced.
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7.3 Fake factors

The electron and muon fake factors are parametrized in pT and η and are applied in

the fake estimates as a function of pT and η. Shown in Figures 7.2 and 7.3 are the

fake factors and fake rates per data-taking campaign projected onto one variable only

and corrected for true lepton contamination with simulation. Also shown is the fake

rate defined as f/(1 + f) = Ngood/(Ngood +Nbad). It is a measure of the number of

fakes passing the “good” criteria divided by all fakes.7 The fake factors and fake rates

can vary for each data-taking campaign due to differences in operating conditions

(for example, increased pileup and multi-jet background resulting in increased rates

of misidentification and misreconstruction). The differences are small enough that

the fake factors are combined across data-taking campaigns in order to reduce the

statistical uncertainty.

Shown in Figure 7.4 are the electron and muon fake factors combined across

data-taking campaigns with and without the correction for true lepton contamination.

The contamination effect is significant, especially from the WZ → `ν`` process.

In region C of the muon fake factors, the contamination from this process is 12%

(WZ → `ν`` events/data). Specifically in the highest pT bin of this region, it is 40%.

The contamination from h → ZZ∗ → 4` and ZZ∗ → 4` processes is 2% across all

bins. With this correction, the fake factors become smaller, and consequently, the

fake estimates also become smaller.

7It is not possible to measure the true fake rate: number of fakes divided by all leptons.
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Figure 7.2: Electron fake factors and fake rates derived from 2015–2016, 2017, and
2018 data projected onto one variable only and corrected for true lepton contamination
with simulation-based estimates.
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Figure 7.3: Muon fake factors and fake rates derived from 2015–2016, 2017, and 2018
data projected onto one variable only and corrected for true lepton contamination
with simulation-based estimates.
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Figure 7.4: Electron and muon fake factors combined across data-taking campaigns
(2015–2018) projected onto one variable only, with and without correction for true
lepton contamination.
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7.4 Fake estimates

7.4.1 Results

The fake estimates are shown in Table 7.1. The estimate of Z+jets with the fake

factor method, combined across all channels and data-taking campaigns, is 0.43 with

a systematic uncertainty of +0.17
−0.01 and statistical uncertainty of ±0.39. The estimate is

compatible with zero within approximately 1σ of the statistical uncertainty.

Fake estimates are derived from data (four leftmost columns) and 4` Monte Carlo

(MC)-based simulation (four middle columns). The second is subtracted from the

first in order to produce the final fake estimate (four rightmost columns).8 The fake

estimates per channel are summed together to produce the fake estimate across all

channels.

Some of the estimates are negative due to the simulation subtraction step and

statistical fluctuations. Requiring truth matching reduces the estimates from 4`

simulation by approximately 20%.

The statistical uncertainty on the estimate arises from the finiteness of the numbers

of events entering regions B1, B1′, and B2. The statistical uncertainty on the final

estimate is ±0.39.

To estimate the systematic uncertainty due to the statistical uncertainty on the fake

factors, statistical variations of the factors are made by varying each (pT, η) bin within

its statistical uncertainty. These variations are drawn from a Gaussian centered at the

nominal fake factor with standard deviation equal to the statistical uncertainty on

the nominal fake factor. Only positive-valued variations are accepted. Ten variations

are generated for the data-derived fake factors and the simulation-derived fake factors.

The fake estimate is then computed with each set of fake factors and the envelope

of the fake estimates derived from statistical variation is taken as the systematic

uncertainty associated with the fake factors. This systematic uncertainty on the final

estimate is ±0.01.

The estimation of the systematic uncertainties on the method is described in detail

in the following section. This systematic uncertainty is +0.17
−0.00 and is combined with

8The second estimate is the fake estimate from events with four real leptons and is assessed from
4` simulation. Since the first term is the fake estimate from data and thus includes fakes from four
real leptons, the second term must be subtracted from the first in order to produce a estimate that
includes only fake leptons.
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the aforementioned systematic uncertainty ±0.01 in quadrature to yield the final

systematic uncertainty +0.17
−0.01.
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Yield ± Stat (statistical uncertainty on fake estimate yield)

Systematic definition
Fake estimate from data Fake estimate from 4` simulation Final fake estimate (data - simulation)

4e 4µ 2e2µ All 4e 4µ 2e2µ All 4e 4µ 2e2µ All

Nominal 0.15± 0.13 −0.29± 0.16 0.73± 0.33 0.59± 0.39 0.03± 0.00 0.07± 0.00 0.06± 0.00 0.16± 0.00 0.13± 0.13 −0.36± 0.16 0.67± 0.33 0.43± 0.39
Systematic uncertainty from FF statistical uncertainty: max(|yield w/ nominal FF - yield w/ Gaussian-varied nominal FF|) ±0.01

Looser 0.24± 0.03 0.03± 0.12 0.40± 0.15 0.67± 0.20 0.00± 0.00 0.05± 0.00 0.03± 0.00 0.08± 0.00 0.23± 0.03 −0.02± 0.12 0.38± 0.15 0.60± 0.20
LooserElKH 0.28± 0.04 −0.29± 0.16 0.61± 0.28 0.60± 0.33 0.00± 0.00 0.07± 0.00 0.04± 0.00 0.11± 0.00 0.28± 0.04 −0.36± 0.16 0.57± 0.28 0.49± 0.33
d0sigElKH 0.28± 0.04 −0.29± 0.16 0.63± 0.28 0.62± 0.33 0.00± 0.00 0.07± 0.00 0.04± 0.00 0.11± 0.00 0.27± 0.04 −0.36± 0.16 0.59± 0.28 0.50± 0.33

Systematic uncertainty from definition: max(|yield w/ nominal def. - yield w/ varied def.|) +0.17
−0

Yield from Z+jets simulation-based closure test (FF and estimation from Z+jets simulation) 0.09± 0.11

Final fake estimate ± stat. ± syst. 0.43± 0.39 +0.17
−0.01

Table 7.1: Z+jets estimates with the fake factor method. The estimates from 4` simulation are subtracted from the estimates
from data in order to produce the final fake estimates. The estimates are determined per channel and then summed together. The
systematic uncertainty arising from the statistical uncertainty on the fake factors is assessed by varying the fake factors within
their statistical uncertainties and re-calculating the estimates. The systematic uncertainties arising from the fake factor method
itself is assessed by re-calculating the fake factors and fake estimates with variations of the definitions. For both uncertainties, the
envelope of the fake estimates is taken as the final uncertainty.
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7.4.2 Systematic uncertainty

To estimate the systematic uncertainty on the fake factor method, three variations on

the lepton “good” and “bad” definitions are considered:

Nominal definition, as described in Section 7.2:

• Good electron: required to pass the Loose likelihood identification working point

and pass the FCLoose isolation working point.

• Bad electron: fails either Loose identification or FCLoose isolation, but not both

(electrons failing both are considered to be too removed from the good definition

and therefore are not considered).

• Good muon: required to pass the FCLoose FixedRad isolation working point

and have transverse impact parameter significance |d0/σd0 | < 3.

• Bad muon: fails either FCLoose FixedRad isolation and/or |d0/σd0 | < 3 (an

inclusive OR is used here for increased statistics).

Looser definition: remove z0 sin θ < 0.5 requirement from the nominal cut flow

and use it for inversion in the good/bad lepton definitions, and use inclusive OR for

bad electrons:

• Good electron: passes Loose identification and FCLoose isolation and z0 sin θ <

0.5.

• Bad electron: fails any of the above.

• Good muon: passes |d0/σd0| < 3 and FCLoose FixedRad isolation and z0 sin θ <

0.5.

• Bad muon: fails any of the above.

LooserElKH definition: variation only in electron good/bad definition by using

an inclusive OR for bad electrons:

• Good electron: passes Loose identification and FCLoose isolation.

• Bad electron: fails any of the above.

• Good muon and bad muon: same as nominal definition.
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d0sigElKH definition: variation only in electron good/bad definition by addi-

tionally inverting |d0/σd0 | < 5 cut (< 5 for electrons and < 3 for muons):

• Good electron: passes Loose identification and FCLoose isolation and |d0/σd0 | <
5.

• Bad electron: fails any of the above.

• Good muon and bad muon: same as nominal definition.

The systematic uncertainty associated with the fake factor method is +0.17
−0.00. This

is assessed by taking the envelope of the fake estimates derived with the varied fake

factor lepton definitions.

7.4.3 Closure test

To test the method for closure, fake factors are derived from Z+jets MC-based

simulation and used to produce a fake estimate also from Z+jets simulation. This

test estimates a yield of 0.09± 0.11. This yield is compatible with the yield of Z+jets

simulation in the signal region (0.02± 0.02) and therefore no systematic uncertainty

is assigned to incomplete closure.
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Chapter 8

Results

This chapter presents the results of the h → ZdZd → 4` search with data. Prior

to unblinding the signal region, the background estimates are studied in validation

regions. An overview of the validation regions is given in the following section, and

the kinematic distributions of data and background predictions are compared in each

validation region in the subsequent sections. Distributions of the signal region with

data are shown in the final section and followed with a discussion of the results. The

results of the signal region are interpreted with a statistical analysis in Chapter 9.

8.1 Validation of background estimates

8.1.1 Overview and yields

Validation regions are used to study the agreement of background predictions with

data prior to unblinding the signal region. By construction, they should be:

• non-overlapping with the signal region, so that signal cannot appear in it,

• share similarities in the relevant kinematic variables with the signal region,

• should contain sufficient background statistics so that a meaningful comparison

between the prediction and observation can be made.

One or more event selection requirements are inverted in order to define validation

regions that are non-overlapping with the signal regions. To increase the number of

events entering the region, certain requirements are also removed. The predictions of
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the two dominant background processes h→ ZZ∗ → 4` and ZZ∗ → 4` are validated

in five regions, described below and compared in Table 8.1:

Validation region 1 (VR 1): Reversal of the m14,32 < 75 GeV requirement

(part of the Z veto) to m14,32 ≥ 75 GeV. Additionally, removal of the final

signal region requirement m34 > 0.85m12 − 0.1125f(m12)m12. This produces an

enriched selection of Higgs and non-resonant ZZ∗ backgrounds. Only 4e and 4µ

quadruplets can be formed in this validation region because of the requirement

that lepton pairs consist of same-flavour opposite-sign leptons.1

Validation region 2 (VR 2): All four dilepton mass requirements are replaced

with one dilepton mass requirement m12 ≥ 64 GeV. Additionally, the final signal

region requirement is removed. This also produces an enriched selection of Higgs

and non-resonant ZZ∗ backgrounds. Since there are no cuts on the alternative

pairings, this validation region can contain 2e2µ quadruplets.

Validation region 3 (VR 3): Inversion of the final signal region requirement

and inversion of the Higgs window requirement 115 GeV < m4` < 130 GeV.

This validation region is dominated by the Z → 4` process.

Validation region 4 (VR 4): Inversion of the final signal region requirement

and replacement of all four dilepton mass requirements with m`` < 55 GeV. The

dilepton mass requirements are lowered from m12,34 < 64 GeV and m14,32 <

75 GeV to m12,34,14,32 < 55 GeV. This validation region is dominated by the

h→ ZZ∗ → 4` process.

Validation region 5 (VR 5): Inversion of the Higgs window requirement

and require 100 GeV < m4` < 115 GeV or 130 GeV < m4` < 170 GeV.

Additionally, remove the Z veto and final signal region requirements. This

validation region examines the side-bands of the ZZ∗ prediction around the

Higgs mass (mh ≈ 125 GeV).

The overall yields of the 〈m``〉 distributions in each validation region are given in

Table 8.2.

1Consider dileptons `1`2 ⇔ (e, e) and `3`4 ⇔ (µ, µ). This forms a 2e2µ quadruplet. The
alternative pairings are `1`4 ⇔ (e, µ) and `3`2 ⇔ (µ, e). These are not same-flavour opposite-sign
pairings and are thus not permitted. Therefore, only 4e and 4µ quadruplets can be formed in VR 1.
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Category Name Signal region requirement VR 1 VR 2 VR 3 VR 4 VR 5

Event selection

Quarkonia veto

Reject event if:
(mJ/Ψ − 0.25 GeV) < m12,34,14,23 < (mΨ(2S) + 0.30 GeV)

and/or
(mΥ(1S)−0.70 GeV) < m12,34,14,23 < (mΥ(3S) +0.75 GeV)

Same as SR Same as SR Same as SR Same as SR Same as SR

Higgs window 115 GeV < m4` < 130 GeV Same as SR Same as SR Inverted Same as SR
100 GeV < m4` < 115 GeV

or
130 GeV < m4` < 170 GeV

Z veto
10 GeV < m12,34 < 64 GeV

4e and 4µ channels: 5 GeV < m14,32 < 75 GeV
m14,32 > 75 GeV m12 > 64 GeV Same as SR m12,34,14,32 < 55 GeV Removed

Signal region m34 > 0.85m12 − 0.1125f(m12)m12 Removed Removed Inverted Inverted Removed

Table 8.1: Comparison of validation region selection criteria.

Channel
VR 1 VR 2 VR 3

Expected Observed Expected Observed Expected Observed

4e 31.24± 0.20 +1.66
−1.69 32 4.25± 0.06 +0.23

−0.23 5 65.23± 3.23 +3.62
−3.14 70

4µ 95.97± 1.98 +4.79
−4.84 85 14.84± 0.27 +0.76

−0.77 18 235.43± 1.66 +14.08
−12.20 237

2e2µ – – 125.28± 4.26 +6.40
−6.48 135 159.18± 1.22 +9.17

−7.95 165

Combined 127.21± 1.77 +6.44
−6.53 117 142.23± 2.36 +7.37

−7.47 158 459.84± 3.83 +26.87
−23.28 472

Channel
VR 4 VR 5

Expected Observed Expected Observed

4e 0.22± 0.04 +0.01
−0.01 0 68.68± 2.72 +3.29

−2.87 90
4µ 0.50± 0.01 +0.02

−0.02 1 169.83± 3.69 +9.20
−7.99 201

2e2µ 5.96± 0.37 +0.26
−0.26 5 172.18± 5.94 +8.34

−7.28 195

Combined 6.68± 0.38 +0.29
−0.30 6 410.69± 7.56 +20.82

−18.14 486

Table 8.2: Expected background yields and observed yields in the validation regions per channel. The uncertainties listed are
statistical and systematic, respectively. The yields exclude any underflow and overflow in the 〈m``〉 distributions.
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8.1.2 Validation region 1

In validation region 1, the alternative lepton pairings `14 and `32 fail the Z veto. This

is imposed by reversing the veto: m14 or m32 > 75 GeV. This allows the admission of

on- and off-shell Z bosons reconstructed by `14 and `32. To increase the number of

events, the final signal requirement is removed. Distributions of 〈m``〉 in this region

are shown in Figure 8.1. In this distribution and following distributions:

• The significance is calculated using a formula derived from the asymptotic

approximations of profile likelihood statistics [99].

• The asymmetric error bars on data and the tabulated observed yields are

calculated with 68.3% frequentist central confidence intervals (following the

prescription given in [1]).

• The contribution of Z+jets is estimated from Monte Carlo-based simulation.2

In terms of overall yield, 127 ± 7 (stat. ⊕ syst.) events are predicted and 117

events are observed. The prediction is within 1σ of the statistical uncertainty of the

observation. Therefore, the yields are considered to be compatible. In terms of the

〈m``〉 distribution however, two bins around 〈m``〉 ≈ 35 GeV have disagreement at the

level of . 2σ. The events entering these bins were scrutinized and no abnormalities

were found. The disagreement is likely due to statistical fluctuation.

Unlike `14 and `32, `12 and `34 do not correspond to any particles. Therefore, it is not

meaningful to study 〈m``〉 = (m12 +m34) /2 in this validation region. No significant

excesses or deficits are observed in other kinematic variables such as (m14 +m32)/2

(Figure 8.2) and the mass of the alternative dilepton pair (`14 or `32) closest to mZ

(Figure 8.3). The latter reconstructs mZ acceptably.

8.1.3 Validation region 2

In validation region 2, all components of the Z veto are removed and replaced with

the requirement m12 > 64 GeV. On- and off-shell Z bosons can be reconstructed by

any lepton pairing. To increase the number of events, the final signal requirement is

removed. Distributions of 〈m``〉 in this region are shown in Figure 8.4.

2As described in Section 7.1, events from Monte Carlo-based simulation are sometimes negatively
weighted and are meant to be taken in aggregate with positively-weighted events. If the number
of events entering a region is severely limited, the negatively-weighted events can outweigh the
positively-weighted events and result in a negative (unphysical) event yield.
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(a) 4e (b) 4µ

(c) All channels

Figure 8.1: Distributions of 〈m``〉 in validation region 1 in 2015–2018 data and
simulation for the 4e and 4µ channels, and all channels combined.
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(a) 4e (b) 4µ

(c) All channels

Figure 8.2: Distributions of (m14 +m32)/2 in validation region 1 in 2015–2018 data
and simulation for the 4e and 4µ channels, and all channels combined.



104

(a) 4e (b) 4µ

(c) All channels

Figure 8.3: Distributions of the mass of the dilepton pair (`14 or `32) with mass closest
to mZ in validation region 1 in 2015–2018 data and simulation for the 4e and 4µ
channels, and all channels combined.
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In terms of overall yield, 142 ± 8 (stat. ⊕ syst.) events are predicted and 158

events are observed. In terms of 〈m``〉 distribution, all bins have prediction within 1σ.

Both the overall yield and shape show acceptable agreement.

8.1.4 Validation region 3

In validation region 3, the Higgs window and final signal region requirements are

inverted. The inversion of the Higgs window excludes the contribution of h→ ZZ∗ →
4` processes. The Z boson of the dominant process Z → 4` is reconstructed by the

invariant four-lepton mass m4` as shown in Figure 8.5. Distributions of 〈m``〉 are

shown in Figure 8.6.

In terms of overall yield, 460 ± 25 (stat. ⊕ syst.) events are predicted and 472

events are observed. In terms of 〈m``〉 distribution, all bins have prediction within 1σ.

Both the overall yield and shape show acceptable agreement.

8.1.5 Validation region 4

Validation regions 4 and 5 reduce the overlap between the validation and signal

regions.3 Validation region 4 inverts the final signal region requirement and replaces

all four dilepton mass requirements with m12,34,14,32 < 55 GeV. By lowering the

dilepton mass requirements, the overlap with the ZZd signal region is reduced from

14 GeV to 5 GeV in terms of m12,34.4

Validation region 4 is closer to h→ ZdZd → 4` kinematic region than validation

regions 1 and 2. Validation regions 1 and 2 examine the background prediction around

mZ , while validation region 4 examines the background prediction below mZ and in

the mass range of the Zd hypothesis. In this respect, it is a more relevant validation

region for the signal region of interest than validation regions 1 and 2.

Figure 8.7 shows distributions of 〈m``〉 in this region. Due to insufficient statistics,

no statement can be made on compatibility in terms of distribution shape. The

3The signal region of h → ZZd → 4` overlaps with validation regions 1 and 2, and the signal
region of S → XX → 4` overlaps with validation region 3. In order to admit a Z boson, the ZZd
signal region admits m12 between 50 GeV and 106 GeV and m34 between 12 GeV and 115 GeV.
Validation region 1 can admit an on-shell Z boson reconstructed as `14,32, and validation region 2 can
also admit an on-shell Z boson reconstructed as `12. The other pairings can admit Zd. Consequently,
it is possible for ZZd signal to leak into validation regions 1 and 2. In order to admit S > mh, the
Higgs window is removed. Validation region 3 reverses the Higgs window and can therefore admit S
signal.

4The leakage of ZZd signal into validation region 4 was assessed with signal simulation and found
to be negligible.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.4: Distributions of 〈m``〉 in validation region 2 in 2015–2018 data and
simulation for the 4e, 4µ, and 2e2µ channels, and all channels combined.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.5: Distributions of m4` in validation region 3 in 2015–2018 data and simulation
for the 4e, 4µ, and 2e2µ channels, and all channels combined.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.6: Distributions of 〈m``〉 in validation region 3 in 2015–2018 data and
simulation for the 4e, 4µ, and 2e2µ channels, and all channels combined.
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compatibility in terms of overall yield is acceptable: 6.7± 0.5 (stat. ⊕ syst.) events

are predicted and 6 events are observed.

8.1.6 Validation region 5

In this validation region, the side-bands of the ZZ∗ prediction around the Higgs mass

are examined by inverting the Higgs window requirement. The kinematic region is

also restricted to 100 GeV < m4` < 170 GeV and the dilepton mass requirements

(Z veto) and final signal region requirements are removed. The removal of the Z

veto increases the amount of Z+jets background considerably. Monte Carlo-based

simulation predicted Z+jets contributing approximately 8% of the total background

in this region. The agreement in terms of overall yield is marginal: 411 ± 21 (stat.

⊕ syst.) events are predicted and 486 are observed. Since validation region 3

demonstrates acceptable agreement of the ZZ∗ prediction with data, the marginal

agreement in validation region 5 is attributed to the simulation-based Z+jets estimate.5

Distributions of 〈m``〉 and m4` in this region are shown in Figures 8.8 and 8.9,

respectively.

5The data-driven estimate is available only for the signal region and is unbinned.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.7: Distributions of 〈m``〉 in validation region 4 in 2015–2018 data and
simulation for the 4e, 4µ, and 2e2µ channels, and all channels combined.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.8: Distributions of 〈m``〉 in validation region 5 in 2015–2018 data and
simulation for the 4e, 4µ, and 2e2µ channels, and all channels combined.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.9: Distributions of m4` in validation region 5 in 2015–2018 data and simulation
for the 4e, 4µ, and 2e2µ channels, and all channels combined.
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8.2 Unblinding of signal region

In the signal region, 20 events are observed and 15.6 ± 0.4 ± 1.2 are predicted in

background. In terms of overall yield, the observed excess is not statistically significant.

The yields per channel and data-taking campaign, and per background are summarized

in Table 8.3 and Table 8.4 respectively, and distributions of 〈m``〉 in the signal region

are shown in Figures 8.10 and 8.11.6 Of the twenty events observed, three events are

outside the range considered for setting limits (15 GeV < 〈m``〉 < 60 GeV): one event

in the 2e2µ channel with 〈m``〉 ≈ 13.5 GeV and two events in the 4µ channel with

〈m``〉 ≈ 60.2 GeV and 〈m``〉 ≈ 60.04 GeV. They are included in the distributions

shown in Figures 8.10 and 8.11.

The reduction in the number of observed events from imposing the signal region

selections described in Chapter 5 is shown in Table 8.5.

The results do not show evidence for the h→ ZdZd → 4` process.

The m34 vs. m12 distribution of observed events passing all selection requirements

is shown in Figure 8.12. Each marker corresponds to an event observed in the signal

region and the shaded area represents the kinematic region accepted by the final

signal region requirement on m34 and m12. Figure 8.13 shows the same events as

well as events failing the Z veto (crossed-through markers) and the final signal region

requirement (markers outside the shaded area).7 In the latter figure, the shaded

area is split into two: the green area corresponds to the kinematic region accepted

by the original final signal region requirement m34/m12 > 0.85 and the red area

corresponds to the additional kinematic region accepted by the re-optimized final

signal requirement. As evident in the signal (Table 6.1) and background (Tables 6.6

and 6.7) cutflow tables, the Z veto has a significant impact on signal efficiency, but

it is applied in order to suppress contributions from background processes with Z

bosons.

6The events observed in the search with 2015–2016 data only are recovered.
7All events in both distributions passed requirements up to and including the Higgs window

requirement, as tabulated in Table 8.5. 336 events are observed up to this point, of which 170 are in
the m12 and m34 ranges plotted in Figure 8.13.
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Channel
Signal region in 2015–2016 (36.2 fb−1) Signal region in 2017 (44.3 fb−1) Signal region in 2018 (58.4 fb−1) Signal region in 2015–2018 (139 fb−1)

Expected background
(predicted from simulation)

Observed Expected background
(predicted from simulation)

Observed Expected background
(predicted from simulation)

Observed Expected background
(predicted from simulation)

Observed

4e 0.88± 0.06 +0.20
−0.18 1 0.88± 0.02 +0.09

−0.09 0 1.25± 0.05 +0.15
−0.14 3 3.01± 0.08 +0.43

−0.40 4
4µ 1.76± 0.02 +0.12

−0.12 2 2.05± 0.02 +0.14
−0.14 3 2.68± 0.03 +0.17

−0.18 2 6.49± 0.05 +0.42
−0.43 8

2e2µ 1.60± 0.08 +0.19
−0.19 3 1.75± 0.07 +0.12

−0.13 2 2.29± 0.07 +0.17
−0.17 3 5.64± 0.13 +0.47

−0.48 8

Combined 4.24± 0.10 +0.44
−0.43 6 4.68± 0.08 +0.32

−0.33 5 6.22± 0.09 +0.44
−0.45 8 15.13± 0.16 +1.17

−1.18 20

Table 8.3: Expected background yield predicted from simulation and observed yield in the signal region per data-taking
campaign. For the Z+jets process, estimates from simulation are used for the total expected background tabulated above.

Background process Prediction in signal region

h→ ZZ∗ → 4` 11.12± 0.05 +1.00
−1.03

ZZ∗ → 4` 3.38± 0.05 +0.26
−0.24

tt̄ 0.47± 0.13 +0.10
−0.08

Z+jets 0.43± 0.39 +0.17
−0.01 (from data-driven method)

Z + tt̄→ 4` 0.09± 0.02 +0.01
−0.02

WZ 0.05± 0.03 +0.05
−0.00

V V V/V BS 0.01± 0.00 +0.00
−0.00

Combined 15.6± 0.4± 1.2

Observed 20

Table 8.4: Expected background yield per process and observed yield in the signal region in 2015–2018 (139 fb−1). The
uncertainties listed are statistical and systematic, respectively. For the Z+jets background process, the estimate from
simulation is 0.02± 0.02± 0.00 and the estimate from the data-driven method (Chapter 7) is 0.43± 0.39+0.17

−0.01. The estimates
for all other processes are from simulation.
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(a) 4e (b) 4µ

(c) 2e2µ (d) All channels

Figure 8.10: Distributions of 〈m``〉 in the signal region in 2015–2018 data and simula-
tion for the 4e, 4µ, and 2e2µ channels, and all channels combined. The bins of the distri-
butions are 5 GeV wide. The example signal distributions correspond to the expected
yield normalized with σ(gg → h → ZdZd → 4`) = 1

10
σSM(gg → h → ZZ∗ → 4`).

The estimate from Z+jets shown in the distribution and written in the inset is from
simulation. The data-driven Z+jets estimate is 0.43±0.39+0.17

−0.01 (detailed in Chapter 7).
With the data-driven estimate, the total background prediction is 15.6± 0.4± 0.5.
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Figure 8.11: Distribution of 〈m``〉 in the signal region in 2015–2018 data and simulation with all channels combined. The
bins of the distribution are 2.5 GeV wide. The example signal distributions correspond to the expected yield normalized
with σ(gg → h→ ZdZd → 4`) = 1

10
σSM(gg → h→ ZZ∗ → 4`). The estimate from Z+jets shown in the distribution is from

simulation.
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Requirement Number of events

Number of events in reprocessed AOD (Analysis Object Data) ∼ 1.8 · 1010

Number of events in HIGG2D1 DAOD (Derived AOD, dilepton filter) ∼ 3.4 · 109

Event cleaning (GRL, primary vertex, detector flags) &
At least one lowest-unprescaled trigger fired

∼ 1.5 · 108

4e 2e2µ 4µ All
NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS NSFOS N/NSFOS

Same-flavour opposite sign quadruplet 8.505 · 106 100 % 7.685 · 107 100 % 2.485 · 105 100 % 8.560 · 107 100 %
Non-overlapping quadruplet leptons 8.491 · 106 99.8 % 7.679 · 107 99.9 % 2.486 · 105 100 % 8.553 · 107 99.9 %

pT (`1) > 20, pT (`2) > 15, pT (`3) > 10 GeV 6.404 · 106 75.3 % 5.366 · 107 69.8 % 8.970 · 104 36.1 % 6.015 · 107 70.3 %
Leptons in quadruplet fired at least one trigger 6.334 · 106 74.5 % 5.323 · 107 69.3 % 9.143 · 104 36.8 % 5.965 · 107 69.7 %

∆R > 0.1 (0.2) for same (opposite) flavour leptons 4.918 · 106 57.8 % 2.060 · 107 26.8 % 5.415 · 104 21.8 % 2.557 · 107 29.9 %
Not more than one calo-tagged or stand-alone muon 4.918 · 106 57.8 % 2.060 · 107 26.8 % 5.406 · 104 21.8 % 2.557 · 107 29.9 %

Isolation
(Electrons: FCLoose)

(Muons: FCLoose FixedRad)

1.329 · 105 1.6 % 1.818 · 105 2.4 · 10−1 % 4682 1.9 % 3.193 · 105 3.7 · 10−1 %

Electron ID (all quadruplet leptons Loose or better) 1516 1.8 · 10−2 % 4954 6.4 · 10−3 % 4682 1.9 % 1.115 · 104 1.3 · 10−2 %
Impact parameter

(Electrons: z0 sin θ < 0.5 mm)
(Muons: z0 sin θ < 0.5 mm, d0 < 1 mm, d0 significance ≤ 3)

1308 1.5 · 10−2 % 3810 5.0 · 10−3 % 3239 1.3 % 8357 9.8 · 10−3 %

Quarkonia veto 1163 1.4 · 10−2 % 3453 4.5 · 10−3 % 2648 1.1 % 7264 8.5 · 10−3 %
Low mass veto (require m`` > 5 GeV) 1046 1.2 · 10−2 % 2974 3.9 · 10−3 % 2135 8.6 · 10−1 % 6155 7.2 · 10−3 %
Higgs window (115 < m4` < 130 GeV) 48 5.6 · 10−4 % 153 2.0 · 10−4 % 135 5.4 · 10−2 % 336 3.9 · 10−4 %

Z veto (require m12,34 < 64 and m32,14 < 75 GeV) 10 1.2 · 10−4 % 18 2.3 · 10−5 % 25 1.0 · 10−2 % 53 6.2 · 10−5 %
Loose signal region (m12,34 > 10 GeV) 10 1.2 · 10−4 % 16 2.1 · 10−5 % 23 9.3 · 10−3 % 49 5.7 · 10−5 %

Medium signal region (re-optimized for wider width)
(m34 > 0.85m12 − 0.1125f(m12)m12)

4 4.7 · 10−5 % 8 1.0 · 10−5 % 8 3.2 · 10−3 % 20 2.3 · 10−5 %

Table 8.5: Signal region cutflow for 2015–2018 data combined (36.2 fb−1 for 2015–2016, 44.3 fb−1 for 2017, and 59.9 fb−1

for 2018). Per-channel, the quadruplet cutflow can increase because events can move from one channel to another during
the quadruplet selection if a higher-ranked quadruplet fails a cut that a lower-ranked one can pass (however, the cutflow
summed across all channels can only decrease).
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Figure 8.12: m34 vs. m12 distribution of events observed in the signal region. Each marker corresponds to an event that
passed all selection requirements. The markers and events are differentiated by channel and by data-taking campaign
(2015–2016, 2017, and 2018), with the number of events in the signal region per channel and data-taking campaign written
within the square brackets.
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Figure 8.13: m34 vs. m12 distribution of events observed passing requirements up to and including the Higgs window
requirement. The crossed-through markers correspond to events that fail the Z veto. The events inside (outside) the shaded
area are the events that pass (fail) the final signal region requirement. The markers and events are differentiated by channel
and by data-taking campaign (2015–2016, 2017, and 2018), with the number of events in the signal region per channel and
data-taking campaign written within the square brackets.
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Chapter 9

Interpretation

The results shown in the previous section (Section 8.2) do not suggest that the

h → ZdZd → 4` process exists. In terms of overall yield, the excess in observed

data over background prediction has significance of less than 1σ. In terms of the

〈m``〉 distribution, the bin with the largest excess has approximately 2σ significance.1

Neither excesses are significant enough to declare evidence or discovery. A more

accurate calculation of the p-values and corresponding significances per bin in 〈m``〉
is presented in this chapter. In the absence of significant excesses, the results are

interpreted in terms of upper limits on the branching ratio and mixing parameter

of the model described in Chapter 3 and simulated with the approach described in

Section 6.2.1.

The first portion of this chapter describes the statistical model and methods used

in this search. The second portion describes the implementation and presents the

interpretation of the results.

9.1 Methodology

9.1.1 Hypothesis testing and p-value

In the frequentist approach, probabilities are defined as the frequency of a certain

outcome out of an infinite number of identical trials. Parameters are thought to

have true (fixed) values that are unknown and cannot be treated as random variables

1Local significance estimated with a formula that is only a function of observed yield, expected
yield, and uncertainty on expected yield. This chapter will present an approach to calculating the
p-values and corresponding significances that incorporates the complete statistical model.
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that can be modelled; therefore, probabilities are not assigned to parameters having

certain values. This differs from the Bayesian approach, where prior probabilities

for parameters are defined before an experiment (e.g. as a probability distribution

function) and updated with experimental data to give posterior probabilities. The

posterior probability distribution function (PDF) can then be used to determine the

range of parameter values that have a certain probability to contain the true value of

the parameter. Notably, the Bayesian approach does not concern itself with multiple

trials. In the frequentist approach, a measurement is thought to be repeated an

infinite number of trials, with each trial yielding a different frequentist interval. The

boundaries of each interval are determined from each observation of the parameter

with the Neyman procedure. The fraction of intervals that encompass the true value

of the parameter is the frequentist probability. One advantage of this approach is that

no prior probability is required. The interpretation of the search results presented in

this chapter takes the frequentist approach.

In statistical terms, the primary objective of this search is to test for the absence

of signal. Two hypotheses are considered: the background-only hypothesis and the

signal-plus-background hypothesis. The former is taken as the null hypothesis H0 we

wish to test and hopefully reject. If the null hypothesis is rejected, then the alternative

(signal-plus-background) hypothesis H1 is accepted. The hypothesis PDFs f(x | H)

depend intrinsically on the measurement values x and are usually obtained using

Monte Carlo methods. The null hypothesis is tested by checking whether or not the

observed data belongs to a critical region in x that corresponds to a small probability

under f(x | H0) and a non-negligible probability under f(x | H1). If the observed data

enters the critical region, then the null hypothesis is rejected; otherwise, it belongs to

the bulk of the null hypothesis PDF and therefore the null hypothesis is accepted. The

critical region should be chosen such that the probability of correctly accepting the

true hypothesis is maximized and the probabilities for accepting the null hypothesis

when the alternative hypothesis is true (type-II error) and vice versa (type-I error)

are minimized. The probability under the null hypothesis that corresponds to the

critical region, α, is known as the significance level of the test:

α =

∫ ∞
tcrit

f(t | H0) (9.1)

where the measured values x have been transformed into a scalar function t(x) known

as the test statistic. Once the significance level α has been chosen, then the test is to
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compare α against the probability corresponding to t(xobs) under the null hypothesis:

p =

∫ ∞
tobs

f(t | H0) (9.2)

Typically, the significance level required for discovery is p ≤ 2.87× 10−7. In terms

of a standard Gaussian, this p-value corresponds to the probability that is found in

one tail that is five standard deviations from the mean (“5σ”). The significance in

units of standard Gaussian standard deviation is Z(p) = Φ−1(1− p), where Φ−1 is the

inverse cumulative distribution function of a standard Gaussian.

9.1.2 Likelihood construction

Typically, the hypotheses are modelled as likelihoods with Poisson distributions repre-

senting the signal and background processes (commonly referred to as an extended

likelihood). The likelihoods are functions of the parameter of interest (e.g. signal

strength µ) and nuisance parameters θ. The nuisance parameters are additional

parameters that have an effect on the parameter of interest. They are needed to

fully define the experimental model and are measured in auxiliary measurements. For

example, knowledge of electron identification efficiency is a required part of the model

and is represented in the likelihood by a nuisance parameter. The efficiencies are

measured in dedicated tag-and-probe studies of Z → ee events (the auxiliary measure-

ments) and are propagated to the electrons measured in the signal region through a

nominal efficiency correction and ±1σ systematic variations of the correction.2 The

nuisance parameters themselves are assumed to follow a Gaussian distribution, and are

therefore incorporated into the likelihood by Gaussian constraint terms. The integrated

luminosity is another example of a systematic uncertainty that is parametrized by a

nuisance parameter.

A binned extended likelihood has the general form:

L(µ,θ) =

nbins∏
i

e−(µsi+bi)
(µsi + bi)

ni

ni!

nsysts∏
j

C(θi,j) (9.3)

• Signal strength µ (parameter of interest): µ = 0 corresponds to the background-

2Resolution and energy scale are corrected to their nominal values and adjusted to their systematic
variations by changing the lepton kinematics. Efficiencies are corrected and adjusted by re-weighting
the events with scale factors.
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only hypothesis and µ > 0 corresponds to the signal-plus-background hypothesis,3

• Nuisance parameters θ: additional parameters of the model, principally used to

parametrize systematic uncertainties,

• Per-bin expected signal and background yields si and bi,
45

• Nuisance parameter constraints C(θi,j): typically Gaussians with width pro-

portional to the effect of the systematic variation on the yield.6 Systematics

that are correlated between samples are assigned one nuisance parameter for

all samples and systematics that are uncorrelated between samples are assigned

one nuisance parameter per sample.

9.1.3 Test statistic for discovery

The Neyman-Pearson lemma states that the test with minimal type-II error7 is the

likelihood ratio λ(x) = f(x | H1)/f(x | H0).8 The tests used in this search are formed

from the profile likelihood ratio:9

λ(µ) =
L
(
µ,

ˆ̂
θ (µ)

)
L(µ̂, θ̂)

(9.4)

Specific values of the nuisance parameters are chosen through profiling of the

likelihood.10 The values of µ and θ that simultaneously maximize the likelihood are

the unconditional maximum likelihood estimates and are denoted µ̂ and θ̂, respectively.

The values of θ that maximize the likelihood for a given value of µ are the conditional

maximum likelihood estimates and are denoted
ˆ̂
θ(µ). µ̂ can be interpreted as the

3〈N〉 = µs+ b, where µ = 1 corresponds to the hypothesized nominal signal strength
4Signal distributions are obtained from simulation. Background distributions can be obtained

from simulation or measured (i.e. in-situ).
5Per-bin yields provided per background complete the statistical model by providing information

about the shape of each background.
6These widths are assumed to be known (provided in auxiliary measurements and propagated to

the analysis objects). In practice, the nuisance parameter and thus the observable are scaled such
that the Gaussian has unit variance, e.g. for nuisance parameter θj ∈ θ and yield n of an observable,
G(n | θj , 1). This is the HistFactory convention [100].

7The complement of the probability for type-II error, 1− β, is the power of the test.
8This test aims to reject the hypothesis of the numerator H1 in favour of hypothesis of the

denominator H0.
9The likelihood ratio is a function of x and is therefore also referred to as a test statistic.

10Equivalently, the nuisance parameters are marginalized through profiling.
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observed value of µ. It is the value of µ that is determined from maximizing the

likelihood with the observed data.

If µ̂ is assumed to follow a Gaussian distribution, then the ratio can be re-written

as [101]:

tµ = −2 lnλ(µ) =
(µ− µ̂)2

σ2
+O(1/

√
N) (9.5)

where σ is the Gaussian standard deviation and N is the sample size.11 In the limit

N →∞, tµ approaches a noncentral χ2 distribution.12 The asymptotic distribution of

tµ and monotonic nature of the log-likelihood as a function of µ suggest a test statistic

of this form.

The p-value of this test statistic quantifies the level of incompatibility between a

hypothesized value of µ and the value that is found from profiling the data, µ̂:

pµ =

∫ ∞
tµ,µ=µ̂

f(tµ | µ)dtµ (9.6)

where tµ,µ=µ̂ is the test statistic evaluated at µ = µ̂ and f(tµ | µ) is the PDF of the

test statistic assuming the hypothesized value of µ.

For the signal-plus-background model where µ is hypothesized to be greater than

or equal to 0, the test statistic should respond only to excesses in observed yield over

predicted background yield (upward fluctuations found in the data, µ̂ > 0). This

requirement defines the alternative test statistics t̃µ and λ̃:

t̃µ = −2 ln λ̃(µ) =

 −2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
µ̂ ≥ 0

−2 ln L(µ,
ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

µ̂ < 0
(9.7)

In the context of the Neyman-Pearson lemma, this test aims to reject the hypothe-

sized value of µ in favour of the value of µ that best corresponds to the data, µ̂. The

p-value can be approximated by exploiting the asymptotic limit of the distribution of

t̃µ, F (t̃µ | µ) [51]:

11The standard deviation is obtained from the covariance matrix of the parameters µ and θ.
12If additionally µ = µ̂, then the distribution approaches a standard χ2 distribution [102].
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pµ = 1− F (t̃µ | µ)

F
(
t̃µ | µ

)
=


2Φ

(√
t̃µ

)
− 1 t̃µ ≤ µ2/σ2

Φ

(√
t̃µ

)
+ Φ

(
t̃µ+µ2/σ2

2µ/σ

)
− 1 t̃µ > µ2/σ2

(9.8)

where F (t̃µ | µ) is the cumulative distribution of the test statistic PDF f(t̃µ | µ) and

Φ is the cumulative distribution of a standard Gaussian.

In order to test for discovery, the test statistic should test the background-only

hypothesis, µ = 0 against µ̂. This requirement defines the test statistic q0:

q0 =

 −2 lnλ(0) = −2 ln

(
L
(

0,
ˆ̂
θ(0)

)
L(µ̂,θ̂)

)
µ̂ ≥ 0

0 µ̂ < 0

(9.9)

with approximate p-value for µ = 0 given by:

p0 = 1− F (q0 | µ = 0)

F (q0 | µ = 0) = Φ(
√
q0)

q0 =

{
µ̂2/σ2 µ̂ ≥ 0

0 µ̂ < 0

(9.10)

Similarly, this test aims to reject the background-only hypothesis µ = 0 in favour

of µ̂. The smaller the value of p0, the greater the significance Z of the excess in

observed yield over predicted background yield.

For a Gaussian-distributed measurement, the probability that a measurement

is outside of ±1σ from the mean (i.e. into the positive/negative tail in the case of

upwards/downwards fluctuation) is approximately 32%. If each bin of the observable

distribution is assumed to be independent, then the probability to observe a ±1σ

excess (deficit) is approximately 32% (one excess or deficit every three bins). Similarly,

the probability to observe a ±2σ excess (deficit) is approximately 4.6% (one excess or

deficit every twenty-two bins). Therefore, a single bin in the 〈m``〉 distribution (with

over twenty populated bins) having an excess of approximately 2σ is not statistically

significant.

In many cases, there is no prior knowledge of where an excess may occur in
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a distribution. The probability to find a single bin with an excess anywhere in a

distribution is higher than the probability to find a similar excess when only a particular

bin is considered. This is known as the look elsewhere effect. The p0 and significance

values reported in this section do not take into account this effect and are hence

referred to as local values.13

9.1.4 Test statistic for upper limit on µ

In order to set an upper limit on µ, the test statistic should test the value of µ obtained

from the data, µ̂, against hypothesized values of µ. Specifically for an upper limit,

when µ̂ > µ, the data should not be regarded as incompatible and hence the test

statistic qµ is set to 0 (in other words, qµ is 0 if the data fluctuates upwards, unlike q0,

which is 0 if the data fluctuates downwards):

qµ =

{
−2 lnλ(µ) µ̂ ≤ µ

0 µ̂ > µ
(9.11)

The upper limit on µ is found by determining the value of µ such that pµ corresponds

to the desired confidence level 1− α:

α =

∫ ∞
qµ,obs

f(qµ | µ)dqµ (9.12)

The test statistic can be expressed in terms of the alternate test statistic λ̃:

q̃µ =


−2 ln λ̃(µ) µ̂ ≤ µ

0 µ̂ > µ
=


−2 ln L(µ,

ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

µ̂ < 0

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
0 ≤ µ̂ ≤ µ

0 µ̂ > µ

(9.13)

In numerical tests, the alternate form q̃µ is similar to qµ. With the approximations

described previously, both yield the same upper limit. For both qµ and q̃µ, the

approximate p-value is analytic and therefore the upper limit on µ can be calculated

analytically:

13Global values can be calculated with the prescription given in [1]. Global significance is of interest
when the local significance is especially large (& 3–4σ).
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F (q̃µ | µ) =

{
Φ(
√
q̃µ) 0 < q̃µ ≤ µ2/σ2

Φ
(
q̃µ+µ2/σ2

2µ/σ

)
q̃µ > µ2/σ2

pµ = 1− F (q̃µ | µ)

µup = µ̂+ σΦ−1(1− α)

(9.14)

For a limit at 1− α = 95% confidence level, Φ−1(0.95) = 1.64. With σ determined

from the covariance matrix of the parameters µ and θ, the above asymptotic approxi-

mations can be used to obtain an estimate of the upper limit without computationally

expensive toy-based construction of the test statistic PDFs for large N . Tests of

the asymptotic approximations suggest that they produce accurate results when the

number of background events per bin is at least ten. All of the bins of the observable

(〈m``〉) in the signal region of h→ ZdZd → 4` have less than ten background events,

and therefore asymptotic approximations have questionable validity. While the re-

sults with approximations are not fully accurate, approximations are still helpful in

developing the interpretation software and studying the effects of systematics and

other changes. In Section 9.1.6, toy-based construction of the test statistic PDFs

is described, and in Section 9.6, upper limits produced using both approaches are

compared.

9.1.5 CLs method for upper limits

The upper limit of a parameter is usually interpreted as the largest value that is not

excluded. In order to avoid exclusion in the case of marginal sensitivity, this search

uses the CLs method. This method is recommended by the ATLAS Collaboration and

is also used by other experiments.

In the frequentist interpretation, the interval between 0 and the upper limit at

95% confidence level covers the true value in at least 95% of cases. However, the

remainder of the cases correspond to excluded hypotheses to which the experiment has

no sensitivity or at best, marginal sensitivity. For example, a hypothesis that expects

nsignal � nbackground would be excluded if nobs . nbackground (downward fluctuation),

with a probability less than or equal to α. In other words, it is possible for exclusions

to be set in cases of limited sensitivity. In terms of the hypothesis PDFs, this scenario
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occurs when the alternative (signal-plus-background) and null (background-only)

hypothesis PDFs overlap significantly.

According to the test described in Section 9.1.1, a signal model is excluded if

pb < α. In order to protect against exclusion in case of little or no sensitivity, the CLs

method [103] defines a signal as excluded if:14

ps+b
1− pb

< α (9.15)

where ps+b =
∫∞
qµ,obs

f(qµ | µ)dqµ is the p-value of the signal-plus-background hypothesis

and pb =
∫ qµ,obs
−∞ f(qµ | 0)dqµ is the p-value of the background-only hypothesis.15

If the PDFs do not overlap significantly, then the denominator 1− pb is close to

1 and the numerator ps+b is marginally penalized. In cases of poor sensitivity, the

probability under the background-only hypothesis PDF is large and ps+b is penalized.

9.1.6 Toy-based construction of test statistic PDFs

The calculation of p-values and upper limits requires knowledge of the test statistic

PDF f(q0 | 0) for testing discovery, and f(q̃µ | µ) for determining upper limits. The

approximations given in Section 9.1.3 and Section 9.1.4 were derived by neglecting the

O(1/
√
N) terms of tµ = −2 lnλ(µ) (the large N limit). To achieve accuracy for small

N—the case for the h→ ZdZd → 4` signal region—the PDFs must be generated with

toy Monte Carlo. The observed upper limit on µ is determined with the following

procedure:

1. Calculate the observed test statistic q̃µ,obs by evaluating q̃µ for a range of values of

µ with the unconditional and conditional maximum likelihood estimates (MLEs)

determined from profiling the observed data.

2. For each value of µ:

(a) Determine f(q̃µ | µ) for the fixed value of µ = µ′ by generating toy data:

i. With values for the signal and background yields drawn from a Poisson

distribution, generate a toy signal-and-background dataset x accord-

ing to the signal-plus-background PDF f(x | µ,θ), with the MLEs

determined from profiling the observed data and µ′.

14Declaring exclusion if pb < α or ps+b < α are referred to as the CLb and CLs+b methods,
respectively.

15The alternate form q̃µ can be used interchangeably with qµ.
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ii. Calculate q̃µ for µ = µ′. This requires profiling the toy dataset and

will therefore result in a set of MLEs for the toy dataset.

iii. The above two steps are repeated until the probability distribution of

the test statistic, f(q̃µ | µ′), is well-populated.

(b) Evaluate pµ =
∫∞
q̃µ,obs

f(q̃µ | µ) for µ = µ′ with the generated distribution

and q̃µ,obs(µ = µ′) (the latter having been determined in the first step).

3. Determine the value of µ such that pµ = 0.05 from a plot of pµ vs. µ. This is

the observed upper limit on µ.

The expected upper limit on µ is determined by repeating the above with multiple

toy datasets generated with f(x | µ = 0,
ˆ̂
θ(0, obs)):

1. Determine the conditional MLEs
ˆ̂
θ(0, obs) from profiling the observed data.

2. With a value for the background yield drawn from a Poisson distribution, generate

a toy background-only dataset x′ according to the signal-plus-background PDF

f(x | µ, ˆ̂θ(0, obs)).

3. Determine the upper limit using the procedure for the observed upper limit

described above using the toy background-only dataset as input (i.e. x→ x′).

4. Repeat, by generating another toy background-only dataset x′ and re-determining

the observed upper limit µup.

5. From the distribution of the upper limits f(µup | µ = 0,
ˆ̂
θ(0, obs)):16

• Median: expected limit

• 68% and 95% bands: ±1σ and ±2σ of the expected limit, respectively

9.2 Implementation

The binned extended likelihood is built from 1 GeV-binned distributions of the

observable (〈m``〉) in the signal region with the three channels combined. The data is

represented by a single distribution, while the background and signal predictions are

represented by distributions per process and per systematic variation. Distributions of

16Usually follows a Gaussian distribution.
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each prediction are produced with the nominal experimental parameters (i.e. nominal

lepton corrections, integrated luminosity, and background modeling), and with ±1σ

variations of each parameter for a total of 2Nsyst + 1 distributions per prediction. As

described in Section 6.2.3.1, the variations represent the ±1σ systematic uncertainties

on each parameter. Each parameter and its uncertainties are estimated in external

studies (auxiliary measurements) and are propagated to the analysis objects by

prescribed changes to object kinematics (e.g. nominal and ±1σ values of a lepton’s

pT ), event weights (weight for nominal correction and weights for ±1σ of the nominal

correction), or prediction normalization in the case of integrated luminosity and its

uncertainties. In the likelihood, each parameter with systematic uncertainties is

assigned a nuisance parameter α. The observable is vertically morphed [100] between

its nominal value and ±1σ variations, with the morphing controlled by varying α

between −1 and 1. Nuisance parameters are also assigned for the statistical uncertainty

in each bin of each prediction. All nuisance parameters are modelled in the likelihood

with Gaussian constraints.

As described in Section 6.2.1, events with the h → ZdZd → 4` signal process

were simulated with the Hidden Abelian Higgs Model at steps of ∆mZd = 5 GeV

across the range 15 GeV ≤ mZd ≤ 60 GeV. Distributions of 〈m``〉 in the signal region

of these events are produced at every step in mZd . Figure 8.10 shows distributions

for mZd = 20, 35, 55 GeV. At intermediate steps of ∆mZd = 0.5 GeV, the signal

shape is generated by moment morphing [104] with the simulated shapes at every

∆mZd = 5 GeV as templates. The signal normalization for the morphed distributions

is determined from linear interpolation of the signal yields. As with the background

predictions, the distributions of each mZd signal prediction are produced with nominal

and ±1σ values of the experimental parameters.

In order to incorporate the data-driven Z+jets estimate in the likelihood, the

nominal estimate (unbinned) is divided equally among bins of 〈m``〉, with the relative

(percent) statistical and systematic uncertainties in each bin equal to the relative

uncertainties on the unbinned estimate.

The interpretation is implemented with the HistFitter software framework [105].

This framework interfaces with HistFactory [100], RooStats [106], and RooFit

[107]. The distributions, nuisance parameters, constraint types, and parameter of

interest are specified in a HistFitter configuration file. HistFitter utilizes HistFactory

to create a RooFit workspace containing the likelihood, variables representing the

parameters, the distributions, and a statistical model relating the contents. Profil-
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ing (“fitting”) of the likelihood is implemented in RooFit and statistical tests are

implemented in RooStats. HistFitter provides interfaces to both operations.

9.3 Transformation of signal strength limit

The upper limit on the signal strength µ is transformed into a limit on the branching

ratio B(h→ ZdZd) with the following transformation:

σh→ZdZd→4` =
µNsignal,SR

L (9.16)

B(h→ ZdZd → 4`) =
σh→ZdZd→4`

σh
(9.17)

B(h→ ZdZd) =
B(h→ ZdZd → 4`)

4[B(Zd → ``)]2
(9.18)

where:

• Nsignal,SR is the predicted signal yield in the signal region,

• σh is the Standard Model (SM) Higgs production cross-section limit (48.58 pb

at N3LO from [54, 93–95]),17

• B(h → ZdZd → 4`) is the branching ratio summed over all three possible 4`

channels (4e, 2e2µ, and 4µ),

• B(Zd → ``) is the branching ratio to one flavour of ``. Partial fractions of

0.25:0.25:0.25:0.25 for the 4e:2e2µ:4µ:2µ2e channels are assumed, with B(Zd →
µµ) + B(Zd → ee) taken from theory [10] for different mZd .

This limit is divided by acceptance and efficiency in order to produce limits that

are independent of the detector. This factor is defined as the ratio of Nsignal,SR to the

generated number of signal events.

In addition to setting a limit on the h → ZdZd branching ratio, a limit on

the effective Higgs mixing parameter κ′ = κ · m2
h/|m2

h − m2
S| is also set with the

transformation described in [9, 10]. This limit is shown in Figure 9.7. The limit on

17This assumes that the presence of Beyond-the-Standard-Model decays of the Higgs boson does
not signicantly alter the Higgs boson production cross-section from the SM prediction.
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κ′ is calculated with the branching ratio limit unfolded for detector effects with the

following transformation:

κ′2 =
ΓSM

f(mZd)

B(h→ ZdZd)

1− B(h→ ZdZd)
(9.19)

where

f(mZd) =
v2

32πmh

√
1−

4m2
Zd

m2
h

(
m2
h + 2m2

Zd

)2 − 8
(
m2
h −m2

Zd

)
m2
Zd

m4
h

(9.20)

The branching ratio B(Zd → ``) is the ratio of partial width Γ(Zd → ``) to the

sum of widths across all possible decays. To leading order, the ratio of widths results

in a cancellation of dependence on the kinetic mixing parameter ε, and therefore this

branching ratio is independent of ε and no limits are set on ε. The branching ratio

B(h→ ZdZd) depends only on the Higgs mixing parameter κ. The limit is set on the

effective Higgs mixing parameter κ′ because the dark Higgs mass mS is not known.

9.4 Fitting results

The “best fit” values for the parameters µ and θ (unconditional MLEs) are determined

by fitting the model (likelihood with predicted signal and background yields) with

the observed data. The maximum likelihood fit adjusts the parameters in order to

achieve the best possible agreement with the observed data. For example, Figure 9.1

shows the 〈m``〉 distribution before and after fitting with the mZd = 20 GeV signal

hypothesis.

In the vicinity of the signal hypothesis, one event is observed with 〈m``〉 ≈ 21 GeV.

The fit adjusts the signal strength such that the signal hypothesis more closely matches

the observed yield; however, it is not adjusted to match the observed yield exactly

because of the absence of events in adjacent bins and the width of the hypothesis

(greater than 1 GeV).

The behaviour of the nuisance parameters in the fit can be visualized in a ranking

and pull plot. Figure 9.2 shows the ranking and pull plot for the mZd = 35 GeV

signal hypothesis and corresponding fit. The pull of a nuisance parameter is defined

as the difference between the post-fit and pre-fit value of the nuisance parameter

divided by the uncertainty on the parameter, (θ̂ − θ0)/∆θ. The plot shows that none
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of the central values of the nuisance parameters are pulled by the fit (i.e. the central

values were accurately estimated pre-fit). The black band corresponds to the ±1σ

values of the nuisance parameter (uncertainty). If the black band is smaller (larger)

than ±1σ (red band), then the uncertainty on the nuisance parameter is reduced

(increased) by the fit—i.e. it was over-estimated (under-estimated) pre-fit.18 None

of the nuisance parameter uncertainties are significantly adjusted by the fit. The

nuisance parameters are ranked from highest to least impact on the signal strength.

The impact, ∆µ, is the difference between the nominal best fit value of µ (determined

with all parameters floating in the fit) and the value of µ determined with the nuisance

parameter fixed to its best fit value shifted by its pre- or post-fit uncertainty ±∆θ or

±∆θ̂. As expected, the nuisance parameters corresponding to larger experimental

uncertainties (e.g. electron identification efficiency) have greater impact than those

corresponding to smaller uncertainties. The pre- and post-fit impact bands are aligned;

none of the nuisance parameters exhibit a change in impact on the signal strength

after fitting. This indicates that the nuisance parameters and their uncertainties were

accurately modelled pre-fit.

18To reduce the uncertainty is to constrain the nuisance parameter.
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(a) Pre-fit

(b) Post-fit

Figure 9.1: Pre- and post-fit 〈m``〉 distributions for themZd = 20 GeV signal hypothesis.
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Figure 9.2: Pull and ranking plot for the mZd = 35 GeV signal hypothesis.
The nuisance parameters are ordered from highest (top) to lowest (bottom) im-
pact. The interpretation of the pull and impact is described in the main text.
gamma stat SRHMAll AvgMll bin num are nuisance parameters corresponding to the
statistical uncertainties of the predictions in each bin.
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9.5 p0 and significance scan

Shown in Figure 9.3 are the local p0-values across the range of mZd hypotheses (p0

scan). The largest excess in the 〈m``〉 distribution is from the observation of two

events with 〈m``〉 ≈ 27.6 GeV and 〈m``〉 ≈ 27.9 GeV. The local significance of this

excess determined by the toy-based p0 scan is approximately 2.5σ. This result is larger

than the result calculated with asymptotic formulae (≈ 2σ) shown in the sub-plot

of Figure 8.10. This is because the toy-based p0 scan correctly takes into account

detector resolution and the Zd width—as long as the binning is narrow enough—while

the formulae give the significance for a given bin and hence depend on the bin width.

15 20 25 30 35 40 45 50 55 60

 [GeV]
dZm

3−10

2−10

1−10

1

0
Lo

ca
l p

σ1

σ2

σ3

Local significance-1 = 13 TeV, 139 fbs

Figure 9.3: Local p0 value vs. mZd calculated with toy-based generation of the test
statistic PDF f(q0 | 0). The local significance of the excess at mZd ≈ 27 GeV is
approximately 2.5σ. Ten thousand toys are used per signal mass point. In the vicinity
of observed data, the local p0 is calculated at steps of ∆mZd = 0.25 GeV with signal
distributions generated by moment morphing.
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9.6 Upper limits

The upper limit at 95% confidence level on the signal strength µ is determined by

plotting pµ versus µ and identifying the value of µ = µobs such that pµ = 0.05. Shown

in Figure 9.4 are the p-values calculated with the CLs, CLs+b, and CLb methods and

asymptotic formulae plotted against µ for signal hypotheses mZd = 18, 21, 23 GeV.

These signal hypotheses are in the vicinity of one observed event with 〈m``〉 ≈ 21 GeV

(shown in Figures 9.1 and 8.10). The excursion in the upper limit for the mZd = 21 GeV

hypothesis relative to the other two hypotheses is due to the observed event.

The upper limit on the signal strength is transformed into a detector-independent

upper limit on the branching ratio with the formulae given in Section 9.3. Shown in

Figure 9.5 is the upper limit on the branching ratio B(h→ ZdZd) calculated with the

asymptotic formulae described in Section 9.1.4 (top) and with toy-based generation of

the test statistic PDF f(q̃µ | µ) described in Section 9.1.6 (bottom). The excursions in

the upper limit on µ in the presence of non-zero observed yield evident in Figure 9.4

are also visible in the upper limit on the branching ratio. The asymptotic formulae

give a good approximation for the observed and expected limits, but not for the

expected ±1σ and ±2σ bands. Over the range of mZd hypotheses, the average upper

limit on the branching ratio is approximately 4× 10−5.

Shown in Figure 9.6 is the acceptance times efficiency factor used to derive the

detector-independent limit. For lighter mZd , the final state leptons are softer (lower

momentum) and consequently have lower reconstruction efficiencies.

Finally, the upper limit on the branching ratio is transformed into the upper limit

on the effective Higgs mixing parameter κ′ = κ×m2
h/|m2

h−m2
S| (shown in Figure 9.7)

using the transformation given by Equations 9.19 and 9.20. Over the range of mZd

hypotheses, the average upper limit on κ′ is approximately 3× 10−4.

Both limits improve on the limits of the previous published search (using data

collected in 2015–2016 only) by a factor of four, and are the strongest limits to date

for mZd in this mass range. The limits are also in line with the expectations from the

phenomenological studies discussed in Chapter 3.
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(a) mZd = 18 GeV

(b) mZd = 21 GeV

(c) mZd = 23 GeV

Figure 9.4: p-value vs. µ for signal hypotheses mZd = 18, 21, 23 GeV calculated with
asymptotic formulae and with the CLs, CLs+b, and CLb methods. The value of µ at
which the horizontal red line p = 0.05 intersects with the calculated p-values is the
observed upper limit on µ at 95% confidence level. The excursion in the upper limit
for the mZd = 21 GeV hypothesis relative to the other two hypotheses is due to the
observation of one event with 〈m``〉 ≈ 21 GeV.
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(a) Calculated with asymptotic formulae

(b) Calculated with toys

Figure 9.5: Upper limit on the branching ratio B(h→ ZdZd) at 95% confidence level.
For the limit set with toys: in the vicinity of observed data, the limit is set every
∆mZd = 0.5 GeV with 150000 toys. The limit is set every 1 GeV with 50000 toys
elsewhere.
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Figure 9.6: Acceptance times efficiency factor vs. mZd .

Figure 9.7: Upper limit on the effective Higgs mixing parameter κ′ at 95% confidence
level. Calculated using the toy-based branching ratio limit shown in Figure 9.5.
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Chapter 10

Conclusions

This thesis presents the search for the dark sector process h→ ZdZd → 4` with data

collected by the ATLAS detector at the Large Hadron Collider in 2015–2018. In this

theorized process, the Standard Model (SM) Higgs decays to two bosons belonging

to a dark sector, each of which decays to two electrons or muons. As described in

Chapter 3, the addition of a U(1) dark sector via kinetic mixing to the SM gives rise

to this process. The production of ZdZd from SM Higgs (h → ZdZd) is enhanced

significantly by the addition of mixing between the SM Higgs and dark Higgs. This

process is searched for in data corresponding to an integrated luminosity of 139 fb−1

by reconstructing and identifying leptons compatible with ZdZd production from a

SM Higgs and compatible with decay from Zd. The strategy and analysis objects used

for this search are detailed in Chapter 5.

The backgrounds from SM processes that share the same decay signature are

estimated with Monte Carlo (MC)-based simulation and a data-driven technique. One

of the chief improvements of this iteration of the search is the introduction of a more

accurate Z+jets background estimate. The result of the previous iteration observed

a large excess1 which could be attributed to an under-estimate from simulation of

jets from the Z+jets process faking leptons. In order to more accurately assess this

background, a fake factor method is implemented (Chapter 7). This method estimates

the Z+jets background in the signal region by measuring transfer factors in kinematic

regions enriched in Z+jets background and applying the transfer factors in kinematic

regions related to the signal region. The estimate from this method is compatible

with zero. The contribution of other processes to the signal region are estimated with

13.2σ local significance and 1.9σ global significance.
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simulation. These simulation-based estimates (Chapter 6.2) are validated against

data in specialized kinematic regions and are shown to have acceptable agreement

(Section 8.1).

The results presented in Chapter 8 show no evidence for the existence of the h→
ZdZd → 4` process. The data in the signal region are statistically compatible with SM

background estimates. A local significance scan incorporating the complete statistical

model is performed in order to accurately assess the excesses of observed events over

estimated background events in the 〈m``〉 distribution (Section 9.5). The largest excess

is from two events observed with 〈m``〉 ≈ 27.6 GeV and 〈m``〉 ≈ 27.9 GeV, with a

local significance of approximately 2.5σ. In the absence of significant excesses, the

results are interpreted by setting upper limits on the branching ratio B(h→ ZdZd)

and effective Higgs mixing parameter κ′ (Section 9.6). The observed upper limits are

B(h → ZdZd) . 4 × 10−5 and κ′ . 3 × 10−4 over the mass range of Zd hypotheses

considered (15 GeV < mZd < 60 GeV) and are a factor of four smaller than the limits

of the previous search. These limits help to constrain specifically the existence of the

U(1) Higgs portal, and are the strongest limits to date for mZd in this mass range.
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Appendix A

2016–2018 CMS result

In May 2020, the CMS experiment published preliminary results of its search for

low-mass dilepton resonances in Higgs boson decays to four-lepton final states with

the CMS 2016–2018 dataset (137 fb−1) [108]. This analysis searched for the decay of

the SM Higgs to one or two BSM particles with four leptons (electrons and/or muons)

in the final state (h → ZX → 4` or h → XX → 4`). Two models were considered:

one where the BSM particle X is the dark photon Zd arising from the addition of

a U(1)d gauge symmetry (as in the ATLAS search described in this thesis) and the

other where X is an axion-like particle (pseudoscalar a). The mass range considered

was 4 GeV < mX < 62.5 GeV.

The CMS analysis is similar to the ATLAS analysis. Both analyses impose pT

and ∆R(`, `′) requirements on leptons and a Higgs mass window on the quadruplet

invariant mass. Unlike the ATLAS analysis, the CMS analysis does not apply a Z veto,

selects the quadruplet with smallest (m12−m34)/(m12 +m34), and does not apply any

requirement on the compatibility of m12 and m34. Irreducible backgrounds in both

analyses are estimated with Monte Carlo-simulated events and Z+jets background

(reducible) in both analyses are estimated with similar data-driven techniques. The

technique described in the CMS preliminary result derives fake factors in Z+jets-

enriched regions and applies the factors in regions with one or two leptons passing

inverted identification criteria. The inverted criteria are not defined in the publication.

Contributions from ZZ∗ → 4` events are estimated with simulation.

No evidence for the h→ ZdZd → 4` process was found in the CMS search. Shown

in Figure A.1 are the distributions of (mZ1 +mZ2)/2⇔ 〈m``〉 in the signal region of

the CMS search. These distributions can be compared against the 〈m``〉 distributions

of the ATLAS search shown in Figure 8.10. Across the three channels, 16 (20) events
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are observed and 21.5 (15.6± 0.4± 1.2) events are predicted by CMS (ATLAS). The

results of the two experiments are compatible. For Z+jets background, CMS predicts

2.5 events with a systematic uncertainty varying from 48% to 100% and ATLAS

predicts 0.43± 0.39 +0.17
−0.01. While the mass range considered by CMS extends to lower

mass (4 GeV instead of 15 GeV), no events with 〈m``〉 < 16 GeV are observed by

CMS.

The results of both searches are also interpreted similarly. Shown in Figure A.2 are

limits on the branching ratio and Higgs mixing parameter set by the CMS search. The

branching ratio limit set by CMS is stronger by approximately one order of magnitude

than the limit set by ATLAS (Figure 9.5). The Higgs mixing parameter limits are

similar (Figure 9.7).
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Figure A.1: Distributions of (mZ1 +mZ2)/2⇔ 〈m``〉 in the signal region of the CMS
137 fb−1 search for the 4e, 4µ, and 2e2µ channels [108].
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