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ABSTRACT

Precision measurements of four-lepton production in
√
s = 13 TeV proton-proton collisions

with the ATLAS detector

A dissertation presented to the Faculty of the
Graduate School of Arts and Sciences of Brandeis University

Waltham, Massachusetts

By Zachary Schillaci

Measurements of inclusive four-lepton (4`) production in
√
s = 13 TeV proton-proton colli-

sions at the Large Hadron Collider using the ATLAS Run-2 (2015-2018) dataset of 139 fb−1

are presented. The 4` final state, consisting of two same-flavor, opposite-charge lepton pairs,

exhibits a rich structure with contributions from several modes of production - including

Z-boson and Higgs resonant decays and a variety of multi-boson processes - and benefits

from a clean detector signature, making it the ideal candidate for both precision studies of

the Standard Model and interpretations of new physics beyond-the-Standard Model. Four-

lepton production cross-sections are measured inclusively in several invariant mass regions

and differentially versus a variety of other kinematic observables. The measurements are

corrected for detector effects and compared to state-of-the-art Standard Model predictions,

which are found to be consistent with the data. The most precise measurement to date

of the Z → 4` branching fraction is extracted and found to be in agreement with prior

measurements and theoretical predictions. Constraints are placed on two scenarios of new

physics, while further re-interpretations remain promising given the inclusive nature of the

analysis and minimal model dependence in the measurements.
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Chapter I: Introduction

“What we observe is not nature in itself, but nature exposed to our method of questioning.”

—— Werner Heisenberg, in Physics and Philosophy

As best we can tell, the Universe is governed by a set of four fundamental forces dictating

the interactions of a collection of elementary, irreducible particles. The relative sparseness of

this description should not be mistaken for simplicity, for the underlying theories are math-

ematically complex and, more importantly, experimentally well vetted. This fundamental

theory of almost everything1, known as the Standard Model of particle physics, was devel-

oped only fifty years ago, yet has origins stretching back to the dawn of scientific inquiry. The

operative word here being almost, for the theory is far from offering a complete description

of nature, leaving many questions in fundamental physics unanswered. Theoretical reason-

ing can help to motivate and guide the search for these open questions, but there can be

no answer without experimentation. Through rigorous experimentation, new paths forward

may be discovered if unexpected deviations from theoretical predictions are found. Follow-

ing such clues, new theories may be rejected or substantiated on the basis of experimental

evidence. In this way, our scientific understanding may be refined, gradually approaching

a more genuine description of nature. This thesis represents an increment, however slight,

towards this goal of scientific progress.

1Inspired by the title of Robert Oerter’s book [1].
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Chapter II: Theory

1 History

The foundation of modern particle physics is based upon the union of two revolutionary

theories formulated in the early 20th century: special relativity and quantum mechanics.

These seemingly unrelated theories were developed out of necessity, shattering long-held

scientific assumptions in order to resolve inconsistencies in classical physics. The theory of

special relativity, published by Albert Einstein in 1905 [2], overturned the notions of absolute

space and time in favor of a unified, malleable space-time, capable of properly describing

coordinate transformations of Maxwell’s theories of electromagnetism. Quantum mechanics

was formulated over the course of two decades, beginning with Max Planck’s hypothesis of

light quanta in 1900, and followed by the work of many others, to solve a myriad of problems

in atomic physics.

1.1 Special Relativity

The theory of special relativity is based upon the postulate of physical invariance, that is,

the requirement that the laws of physics are identical in all inertial frames of reference. This

was already understood to be the case for much of classical physics, in which inertial frames

of reference moving in constant relative motion with respect to one another are trivially

related according to the transformations of Galilean relativity. For a reference frame moving
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in constant motion v along the x-axis, these transformations are simply

x′ = (x− vt)

y′ = y

z′ = z

t′ = t.

(1)

The problem, however, lay in the treatment of electromagnetism, the unified theory of elec-

tricity and magnetism formulated by James Clerk Maxwell some fifty years prior. Maxwell’s

theories capture a host of electric and magnetic phenomena and, crucially, describe light

as a form of electromagnetic radiation which propagates at a fixed speed, c, in vacuum2.

Under Einstein’s invariance postulate, all observers in inertial frames of reference must agree

upon these same laws of electromagnetism and, therefore, predict and measure the same

speed of light. This is impossible in the framework of Galilean relativity, in which observers

in motion relative to one another would necessarily disagree on measurements of the speed

of light due to the additive nature of relative speeds3. In order to solve this fundamental

inconsistency, Einstein derived a set of space-time coordinate transformations capable of

maintaining the invariance of physical laws. As is often the case in science, these transfor-

mations had already been derived, unbeknownst to Einstein, by another physicist, Hendrik

Lorentz, whose surname they now bear. Once again, considering uniform motion along the

2 In SI units, this is defined to be exactly c = 299, 792, 458 m/s.
3 To see this, differentiate Equation 1 with respect to time along the coordinate of motion,

dx′

dt
= dx

dt
− v. This implies the unprimed velocity u := dx

dt
is shifted according to the motion

of the frame, u′ = u− v.
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x-axis, the corresponding Lorentz transformations are

x′ = γ(x− vt)

y′ = y

z′ = z

t′ = γ(t− vx
c2

),

(2)

where the Lorentz factor is defined γ := (1− β2)
−1
2 , with β := v/c.

The effect of Lorentz transformations along a specific axis of motion results in time

dilation and length contraction along the spatial axis, relative to another inertial frame of

reference. This violates the intuitive notions of absolute space and time, as well as simultane-

ity, since observers in motion with respect to one another no longer agree on measurements

of length or duration. However, such effects are practically imperceptible at classical speeds,

β << 1, where the Lorentz factor corresponding to the magnitude of the correction is ap-

proximately unity, γ ≈ 1.

Mathematically, relativistic observables are best expressed in terms of space-time four-

vectors, which themselves transform according to the rules of the Lorentz transformation.

For instance, assuming energy and momentum form a union, akin to time and space in the

coordinate transformations, their relativistic counterparts can be derived as E = γmc2 and

~p = γm~β, which form a contravariant four-vector pµ = (E/c, ~p). The equation for relativistic

energy has the surprising, and now famous, result that even in the rest frame of a massive

particle (γ = 1), there is an intrinsic energy E0 = mc2 associated with its rest mass. Energy

and three-momentum are separately conserved, meaning the four-vector is also conserved. In

special relativity, the scalar product of any contravariant four-vector with the corresponding

covariant four-vector is necessarily a Lorentz invariant quantity. Using the metric tensor gµν
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defined as

gµν =



1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1


(3)

the four-momentum scalar product is

pµpµ = E2/c2 − ~p 2. (4)

In a massive particle’s rest frame (~p = 0), this reduces to E2
0 = c2pµpµ,. Hence, it is natural to

define the product in terms of the rest mass m of the particle pµpµ = m2c2, using E0 = mc2.

This is the origin of the famous mass-energy equivalence of special relativity,

E2 = ~p 2c2 +m2c4. (5)

1.2 Quantum Mechanics

The theory of quantum mechanics provides a coherent, albeit counterintuitive description of

physics at the smallest scales. The strange postulates of quantum mechanics arose out of

necessity, to the chagrin of many contemporary physicists, to describe unresolved paradoxes

of classical physics in the early 1900s. The origin of the name quantum, referring a to discrete

physical quantity, comes from Max Planck’s 1900 solution to the ultraviolet catastrophe of

thermodynamics, in which he assumed that electromagnetic radiation could only come in

discrete packets of energy [3] - specifically, an integer multiple of some fundamental constant,

h, now known as Planck’s constant4, multiplied by the frequency of radiation,

E = hν. (6)

4 In SI units, this has the exact value of h = 6.62607015× 10−34 Js.
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It took until 1905, however, for Einstein to propose that these light quanta correspond not

only to the spectral properties of atoms, but to real physical particles, whose existence could

also explain the photoelectric effect [3].

A similar quantization was postulated by Niels Bohr in 1913 in his model of the atom

in order to solve the atomic lifetime paradox of classical physics [3]. The simple application

of Newtonian mechanics and Maxwell’s electromagnetism predicts that electrons orbiting

a nucleus should spiral inwards due to the continual emission of electromagnetic radiation,

leading to a near-instantaneous collapse of the atom. In order to solve this obvious discrep-

ancy, Bohr posited that mechanical energy, in addition to radiation energy, is quantized. As

a result, in the Bohr atomic model, only certain discretized orbitals are allowed. In 1924,

Louis de Brogile interpreted this model as a standing wave solution, in which the electron is

described by a wave with a whole number of wavelengths confined to the orbital [3]. This di-

rectly leads to the notion of wave-particle duality, which asserts that matter particles exhibit

wave-like properties, and vice versa, under certain conditions. Generalizing the formula for

Planck’s light quanta, the de Brogile wavelength of matter particles is related to the inverse

of their momentum,

λ =
h

p
. (7)

Following upon the work of Bohr and de Brogile, Erwin Schrödinger sought a three-

dimensional wave equation to describe the behavior of electron waves in atoms. In 1926,

he published a solution in terms of a complex-valued wavefunction Ψ(x, t), encoding the

information of a particular state, which evolves in time according to the equation

i~
∂

∂t
Ψ(x, t) = ĤΨ(x, t), (8)

where ~ := h/2π and Ĥ represents the Hamiltonian of the system [3]. The meaning of the

wavefunction, initially perplexing to Schrödinger himself, came to be interpreted as a prob-

ability amplitude, whose square-modulus represents a probability density for the outcome of
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a particular measurement,

ρ = |Ψ|2 = Ψ†Ψ. (9)

The probabilistic interpretation inherent to quantum theory represents a striking depar-

ture from the familiar determinism of classical mechanics, introducing truly unpredictable

randomness in nature.

Complementary to Schrödinger’s interpretation, the wavefunction can be described by

a state vector |ψ〉 belonging to a Hilbert space. The measurable properties of the system

are then captured by Hermitian operators acting on the state vector. More specifically, the

measurement of a given observable corresponds to the action of a time-independent operator

A, the result of which is the eigenvalue a of the equation

Â|ψ〉 = a|ψ〉, (10)

assuming |ψ〉 is an eigenvector of A. In general, systems can be in a quantum superposition

of eigenvectors, in which case the outcome of the corresponding measurement is not a priori

known, and instead, is fundamentally probabilistic - depending on the square-modulus of

the associated amplitudes. Moreover, given the operator description of observables, certain

measurements cannot be made simultaneously if the commutation relation of their operators,

given by

[Â, B̂] = ÂB̂ − B̂Â, (11)

is nonzero. This introduces a fundamental barrier in the precision to which one can measure

both observables simultaneously. For the particular case of the operators of position and

momentum along the same axis, having a commutation relation of [x̂, p̂x] = i, this results in

the famous Heisenberg uncertainty principle,

∆x∆px ≥ ~/2. (12)
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In a similar vein to special relativity, the effects of which only become noticeable at speeds

comparable to the speed of light, quantum mechanical effects are practically imperceptible

in the natural world owing primarily to the smallness of the constant ~ with respect to

macroscopic energy scales and the effects of decoherence, which generally cause the collapse

of quantum superpositions on larger scales.

1.3 Relativistic Quantum Mechanics

The theory of relativistic quantum mechanics describes the physical regime in which special

relativity and quantum mechanics both play central roles. Therefore, it is natural to define

the two fundamental constants of the underlying theories, the speed of light and the reduced

Planck constant, as being equal to one: c = ~ = 1. Using these natural units, energy, mass,

and momentum are equivalently described in units of energy [E] = [m] = [p], while space

and time are placed on an equal footing with units of inverse energy [d] = [t] = [E]−1. In this

regime, units of energy are frequently expressed in multiples of electron-volt (eV), defined as

the amount of energy gained by a single electron accelerating from rest through a potential

difference of 1 V - equivalent to 1.602176634× 10−19 J in SI units.

Given the advent of the two groundbreaking theories of special relativity and quantum

mechanics at the start of the 20th century, many attempts followed to unify the theories in

a consistent framework. Paul Dirac, in seeking a relativistic formulation of the Schrödinger

equation, arrived upon the first solution in 1928 [3]. Dirac’s solution describes the relativistic

quantum mechanics of massive spin-1/2 particles, and naturally describes the intrinsic spin

of fermions as an inevitable outcome of unifying the two theories. The theory also provided

the first prediction of antiparticles - interpreted as a set of complementary, negative energy

solutions to the positive energy states. Validating Dirac’s efforts, the antiparticle of the

electron, known as the positron, would be discovered a mere four year laters in experiments

by Carl Anderson [3].

Expressed in its covariant form in terms of the four-component wavefunction ψ, known
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as a Dirac spinor, and the γ-matrices, the Dirac equation is

(iγµ∂µ −m)ψ = 0, (13)

where γµ := (γ0, γ1, γ2, γ3). The four-vector probability current jµ = (ρ,~j) of a spinor as

expressed in a Lorentz covariant form is

jµ = ψ̄γµψ, (14)

where the adjoint spinor is defined, ψ̄ := ψ†γ0. This satisfies the continuity equation ex-

pressing the conservation of particle probability, ∂µj
µ = 0. Though relatively simple in its

original form, the Dirac equation describes the basis of much of modern particle physics, as

will be shown in the following sections.
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2 The Standard Model

2.1 Constituents

The Standard Model (SM) of particle physics describes the properties of and interactions

between the elementary constituents of the Universe. The theory consists of two classes of

particles: the integer-spin bosons and the half-integer spin fermions - respectively obeying

Bose-Einstein and Fermi-Dirac statistics. Generally speaking, bosons are force-carrying par-

ticles, while fermions are matter particles. The seventeen elementary particles are depicted

schematically in Figure 1 and summarized in detail in Table 1. The scalar Higgs boson is the

singular particle of the Higgs field, a crucial component of the theory necessary to ascribe

masses to particles. The four gauge bosons mediate the three fundamental forces of the

theory: the strong, electromagnetic, and weak interactions. There are three generations of

fermions sharing similar properties, each consisting of two quarks and two leptons. Each

lepton generation consists of an electrically charged particle and a neutral partner, known as

a neutrino. For each fermion there exists a corresponding antiparticle with identical prop-

erties, save for negated gauge charges. Together, these twelve fermionic particles make up

all of the observable matter in the Universe. Practically speaking, though, the entirety of

atomic matter consists of only the first generation of fermions: the up and down quarks -

together forming protons (uud) and neutrons (udd) - and the electron.

Each fundamental force acts upon only those particles which are charged under the cor-

responding gauge interaction, as outlined in Table 2, and the strength of the interaction is

governed by a gauge coupling parameter. The strong force, mediated by gluons, affects par-

ticles with color charge - that is, the six quarks and gluons themselves. The electromagnetic

force, mediated by the photon, couples to electrically charged particles. Lastly, the weak

force, mediated by the charged W± and neutral Z bosons, affects particles charged under

weak isospin - that is, all of the fermions, the W -boson itself, and the Higgs boson.
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Table 1: Summary of the elementary bosons and fermions of the Standard Model. Masses
are taken from the 2020 summary tables provided by the Particle Data Group [4]. Electric
charges are given in units of elementary charge for the particle and antiparticle pairs.

Category Particle Symbol Spin Charge Mass

Bosons

Scalar Higgs H 0 0 125.25 GeV

Gauge

Gluon g 1 0 0
Photon γ 1 0 0
Z-boson Z 1 0 91.19 GeV
W -boson W± 1 ±1 80.38 GeV

Fermions

Quarks

Up u 1/2 ±2/3 2.16 MeV
Down d 1/2 ∓1/3 4.67 MeV
Charm c 1/2 ±2/3 1.27 GeV
Strange s 1/2 ∓1/3 93 MeV

Top t 1/2 ±2/3 173 GeV
Bottom b 1/2 ∓1/3 4.18 GeV

Leptons

Electron e 1/2 ∓1 0.511 MeV
Muon µ 1/2 ∓1 105.66 MeV
Tau τ 1/2 ∓1 1776.86 MeV

e-neutrino νe 1/2 0 < 1.1 eV
µ-neutrino νµ 1/2 0 < 0.19 MeV
τ -neutrino ντ 1/2 0 < 18.2 MeV

Table 2: Summary of fermion interactions under the three fundamental forces of the Standard
Model. A checkmark indicates that the particles are charged under the corresponding gauge
interaction and therefore participate in the associated force, while a cross denotes otherwise.

Particles Strong Electromagnetic Weak

Quarks
u, c, t,

X X X
d, s, b

Leptons
e, µ, τ × X X
νe, νµ, ντ × × X
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Figure 1: The elementary particles of the Standard Model, including: the twelve fermions,
the four gauge bosons, and the scalar Higgs boson. The six quarks and leptons can be
arranged in three generations based on similar properties. Taken from Wikipedia.
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2.2 Theoretical Underpinnings

The underlying physics of the Standard Model is based upon the framework of relativistic

quantum field theory. In this picture, each particle is fundamentally an excitation in an

underlying quantum field. Following the Lagrangian formalism of classical field theory, the

entirety of the dynamics can be encapsulated in the form of a Lagrangian5. For the Standard

Model, this can be condensed to a single line containing the boson and fermion fields of the

theory,

LSM = −1

4
FµνF

µν︸ ︷︷ ︸
gauge boson
interactions

+ iψ̄γµDµψ︸ ︷︷ ︸
fermion

interactions

+ ψ̄iyijψjφ+ h.c.︸ ︷︷ ︸
Higgs-fermion

couplings

+ |Dµφ|2︸ ︷︷ ︸
Higgs-gauge

couplings

− V (φ)︸ ︷︷ ︸
Higgs

self-couplings

, (17)

where h.c.. denotes the Hermitian conjugate of the previous term. The first term, propor-

tional to the the scalar product of the field strength tensor, describes the dynamics of the

force-carrying gauge bosons. The interaction of fermionic matter particles, as mediated by

the gauge bosons, is encapsulated in the second term. The remaining terms describe the

Higgs field φ and its interaction with other particles of the Standard Model. The third and

fourth terms generate mass for the fermions and antifermions, respectively, based on their

Yukawa coupling yij to the Higgs field. The fifth term describes the interaction of the gauge

bosons with the Higgs field, which, as will be discussed, provides an explanation for the

5 For practical reasons, this is represented as a Lagrangian density, denoted with a curly
L, which, when integrated over all of space, returns the Lagrangian, denoted by L. Therefore,
the integral of the Lagrangian density over all of spacetime yields the familiar action S,

S =

∫
Ldt =

∫
Ld4x. (15)

As in classical mechanics, the equations of motion may be derived by solving for the ex-
tremum of the action, equivalent to applying the Euler-Lagrange equations,

∂L
∂φ
− ∂µ

∂L
∂(∂µφ)

= 0. (16)
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non-zero masses of the W and Z bosons. Lastly, the final term describes the Higgs potential

itself and its allowed self-interactions.

The three forces described by the Standard Model each correspond to an underlying gauge

field, in which the Lagrangian remains invariant under a set of local phase transformations

belonging to a Lie group. The quantization of a classical gauge field describes the resulting

quanta of the field as gauge bosons, and the Lagrangian is said to obey the symmetry group

corresponding to the transformation. According to Noether’s theorem, a symmetry of the

Lagrangian also implies the existence of a conserved quantity. For reasons to be discussed, the

Standard Model as a whole is said to obey a SU(3)C×SU(2)L×U(1)Y symmetry structure.

The following discussion of gauge theories in the Standard Model is largely inspired by the

treatment in Mark Thomson’s Modern Particle Physics [5].

Quantum Electrodynamics

Historically, Quantum Electrodynamics (QED) was the first successful relativistic quantum

field theory, and describes the simplest of the Standard Model interactions - the electro-

magnetic force. Fundamentally, QED describes the interaction of spin-1/2 electrons and

positrons as mediated by the massless, spin-1 photon. Delving into its gauge structure,

QED is said to obey the U(1) symmetry group - the real Lie group of unitary (U †U = 1)

matrices of dimension one. The U(1) group consists of all complex numbers with absolute

value one, and reflects the arbitrary choice in phase at every point in space. This symmetry

necessitates the existence of the massless, spin-1 photon and the conservation of electric

charge, Q. Because the generators of this symmetry group commute, the theory of QED is

said to be an Abelian gauge theory - which implies that photons carry no electric charge

and, hence, cannot directly self-interact.

The Lagrangian of QED can be derived by imposing local U(1) gauge invariance on the

Dirac Lagrangian. In its Lagrangian form, the Dirac equation (see Equation 13) can be
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written as

LDirac = ψ̄(iγµ∂µ −m)ψ. (18)

This is clearly invariant under a global U(1) phase transformation α, given the definition

of the adjoint spinor, ψ̄ := ψ†γ0. To meet the criteria of a U(1) gauge theory, though, the

Lagrangian of QED must remain invariant under local phase transformations of the form

ψ(x)→ ψ′(x) = eiqα(x)ψ(x), (19)

This is only possible by including an additional gauge-fixing term - found by ansatz to be

LDirac = ψ̄(iγµ∂µ −m)ψ − qψ̄γµAµψ, (20)

where the newly introduced field Aµ is required to transform by

Aµ → A′µ = Aµ − ∂µα. (21)

The new term in the Lagrangian describes the interaction of the Aµ field with the fermions

of the theory.

Given its transformation properties, the field of Aµ exactly corresponds to that of the

photon, and is related to the electromagnetic field tensor by

Fµν = ∂µAν − ∂νAµ. (22)

The photon kinetic term −1
4
FµνF

µν describing Maxwell’s free field equations - also invariant

under local phase transformations - may also be inserted in Equation 20. Substituting the

electric charge (q = −e) into the rightmost term, gives the three-point interaction vertex of

QED with coupling strength e. For practical purposes, the gauge-fixing interaction term can

be absorbed into the definition of the covariant derivative, Dµ - as done in Equation 17. In
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QED this is simply

Dµ = ∂µ + ieAµ, (23)

allowing for the expression of the Lagrangian in a manifestly gauge invariant form,

LQED = −1

4
FµνF

µν + ψ̄(iγµDµ −m)ψ. (24)

The continuity equation of Dirac’s theory is still valid, now interpreted as mandating the

conservation of electric charge - a direct result of the global U(1) gauge symmetry of QED.

From Equation 24, the entirety of electromagnetic phenomena may be derived by solving

for the equations of motion and imposing the Lorenz gauge condition, ∂µA
µ = 0. Given

the small dimensionless coupling strength, α, of QED6, the probability of particle decay

rates and interactions may be calculated as the square-modulus of a perturbative series in

powers of α of transition matrix elements. Higher order terms in the perturbative expansion

correspond to insertions of additional interaction vertices, and are therefore suppressed over

lower order processes according to the size of the dimensionless coupling. The unprecedented

accuracy of QED is due to the small size of α, since higher order terms in the expansion

quickly become negligible and the infinite series rapidly converges. This is not generally true

for other gauge field theories.

Quantum Chromodynamics

The quantum field theoretic description of the strong force, known as Quantum Chromody-

namics (QCD), is invariant under local SU(3) transformations - corresponding to the group

of special (det(U) = 1), unitary matrices of dimension three. The generators of the SU(3)

group are the set of eight traceless, Hermitian 3 × 3 matrices - known as the Gell-Mann

matrices, λa. Analogously to QED, the theory of QCD may be derived by imposing local

6 Small here refers to the size of the dimensionless gauge coupling constant in relation to
unity. For QED, this is the familiar fine structure constant - expressed in natural units as
α = e2/4π ≈ 1/137.
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SU(3) gauge invariance on the Dirac Lagrangian,

ψ(x)→ ψ(x)′ = eigα
a(x)Ta

ψ(x), (25)

where T a = 1
2
λa are the eight generators of the SU(3) group. Imposing this condition leads to

eight massless, spin-1 gluons and a trifold, conserved color charge, C. The non-commutation

of the group generators gives rise to gluon self-interactions in the form of triple and quartic

vertices. For this reason, the theory of QCD is said to be non-Abelian.

Following the procedure demonstrated in QED, the gluon field is completely specified by

the mandate of local SU(3) gauge invariance. The gluon field strength tensor Ga
µν , analogous

to the field strength tensor of electromagnetism, is defined in terms of the gluon field Aaµ by

Ga
µν = ∂µAaν − ∂νAaµ + gfabcAbµAcν , (26)

where fabc are the structure constants of SU(3) and the gluon indices (a, b, c) run from

one to eight. The dynamics of QCD are much complicated over QED due to the presence

of eight force-carrying bosons and the nature of gluon self-interactions - represented by the

rightmost term in the field tensor. The interaction terms of the theory, necessary to maintain

local invariance under SU(3) phase transformations, are absorbed into the definition of the

covariant derivative,

(Dµ)ij = ∂µδij − ig(T a)ijAaµ. (27)

Written in its gauge invariant form in terms of the quark field ψ, the QCD Lagrangian is

LQCD = −1

4
Ga
µνG

µν
a + ψ̄i(iγ

µ(Dµ)ij −mδij)ψj. (28)

The theory of QCD as outlined here leads to several important consequences. Gluon self-

interactions are hypothesized to account for the phenomenon of color confinement, in which

colored states of quarks and gluons are not observed to exist in nature, instead confined to
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colorless bound states. These bound states are known as hadrons - formed either by quark-

antiquark pairs (mesons) or combinations of three quarks (baryons) in a color-neutral state.

This has the important effect of hadronization, whereby isolated color states of quarks or

gluons must quickly coalesce into colorless hadrons. Further complicating the analogy to

QED, the dimensionless coupling strength of the strong interaction, αS, is of order unity

at low-energy scales. Consequently, the perturbative expansion employed in QED is no

longer valid and alternative calculation techniques must be pursued. This coupling constant

is, however, not constant - instead scaling and, crucially, decreasing with the energy scale.

Beyond energies of 100 GeV, the coupling is sufficiently small enough, of order O(0.1), to

allow for perturbative calculations - this result is known as asymptotic freedom [5].

Electroweak Unification

The quantum field theoretic formulation of the charged-current weak interaction rests upon

the SU(2) symmetry group - corresponding to the group of special, unitary matrices of

dimension two. The charged weak interaction is the only means by which fermions can

change flavor and, interestingly, violates parity symmetry - only coupling to left-handed (L)

particles and right-handed (R) antiparticles. Analogously to QCD, the generators of the

SU(2) group are the set of three traceless, Hermitian 2 × 2 matrices - known as the Pauli

matrices, σa. Here again, the generators do not commute so the theory is said to be non-

Abelian, and interactions between the gauge bosons necessarily arise. Imposing local SU(2)

gauge invariance on the Dirac Lagrangian, requires the definition of the covariant derivative

to be

Dµ = ∂µ + igT aW a
µ , (29)

where T a = 1
2
σa and W a

µ are the three gauge fields of the symmetry. This requirement leads

to three spin-1 gauge bosons and the conservation of weak isospin, T3. As before, the gauge

bosons are required to be massless by the mandate of local gauge invariance. While true for

QED and QCD, the weak gauge bosons have been experimentally observed to carry non-zero
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mass. Ascribing mass to these particles is possible by unifying the electromagnetic and weak

interactions, and subsequently breaking the symmetry - in a process known as spontaneous

symmetry breaking.

As discovered by Stephen Weinberg [6] Abdus Salam [7], and Sheldon Glashow [8], the

electromagnetic and weak interactions can be unified in a single electroweak (EW) interac-

tion based on a combined SU(2)L × U(1)Y symmetry. This requires replacing the U(1)Q

gauge symmetry of QED with one of weak hypercharge U(1)Y , where the relevant conserved

quantity is related to the electric charge and weak isospin by Y = 2(Q − T3). The three

SU(2)L weak isospin fields are denoted W 1
µ , W 2

µ , and W 3
µ and the single U(1)Y field of weak

hypercharge, Bµ. According to the electroweak theory, the differences in the electromagnetic

and weak interactions are only apparent at low energies below the unification threshold.

Following electroweak unification, the Higgs mechanism [9–11] is responsible for sponta-

neous symmetry breaking of the electroweak symmetry, which ascribes masses to the weak

gauge bosons while keeping the photon massless. By acquiring a non-zero vacuum expec-

tation value, the Higgs field must orient itself along some direction in field space. In doing

so, rotations about this axis of orientation preserve the vacuum expectation value and the

corresponding gauge group remains unbroken, while rotations about the other axes do not

preserve the vacuum, meaning the corresponding symmetries are broken. The photon re-

mains massless precisely because the particular linear combination of electric charge does

not couple to the Higgs boson, while the masses of the weak bosons arise from their coupling

to the Higgs field. The Higgs mechanism also separately generates masses for the charged

fermions of the Standard Model based on their Yukawa couplings to the Higgs field. The

charged W±
µ boson fields are formed from linear combinators of the W 1

µ and W 2
µ weak isospin

fields,

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ). (30)

Meanwhile, the neutral Zµ and Aµ bosons fields, respectively governing the weak neutral-

current and electromagnetic interactions, are similarly obtained from a linear combination
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of the W 3
µ and Bµ fields. Defining the Weinberg mixing angle, θW , by

sin θW =
gY√

g2
W + g2

Y

, (31)

in terms of the gauge couplings of the SU(2)L weak isospin (gW ) and U(1)Y weak hypercharge

(gY ) interactions, this can be succinctly written as a rotation in the W 3
µ −Bµ plane by θW ,

Aµ
Zµ

 =

 cos θW sin θW

− sin θW cos θW


Bµ

W 3
µ

 . (32)

The unification of the electromagnetic and weak interactions has many important conse-

quences for the structure of the theory. The Weinberg mixing angle specifies a mathematical

relation between the masses of the W and Z bosons,

mZ =
mW

cos θW
, (33)

both of which are in turn specified by the two gauge couplings of the theory and the Higgs

vacuum expectation value v,

mZ =
1

2
v
√
g2
W + g2

Y . (34)

The U(1)Q gauge coupling of electromagnetism can be recovered as

e = gW sin θW . (35)

Given their similar field description, the Z-boson and photon participate in many of the same

interactions, though, owing to the mass of the Z-boson, its contribution is suppressed at lower

energies and dominates for energies near mZ . The neutral gauge bosons do importantly differ

in that the Z-boson is predicted to couple to left- and right-handed fermions with unequal

coupling strengths - while the photon does so equally. At short distance scales, the weak
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interaction has a comparable strength to the electromagnetic force, though this decreases

rapidly on larger scales, allowing for the perturbative calculation of probability amplitudes

as in pure QED. The accuracy afforded by electroweak calculations, in contrast to those of

QCD, is central to many precision tests of the Standard Model.

2.3 Outstanding Problems

The Standard Model is the world’s best tested and experimentally verified theory ever de-

vised7. Over the course of several decades, experiments have repeatedly verified many of

its predictions to an extreme accuracy. However, despite its many successes, the theory is

almost certainly incomplete. Most notably, gravity is entirely left out of the theory and, fur-

thermore, attempts to reconcile quantum mechanics with Einstein’s theory of gravity, known

as general relativity, have continually failed. Additionally, many astronomical observations

point to the existence of an unknown, invisible form of matter outnumbering normal matter

by a factor of five. The Standard Model provides no such description of this so-called dark

matter. More recently in the realm of particle physics, experiments have found suggestive

hints of new physics in the form of deviations in the muon magnetic moment [13] and possible

violations of lepton flavor universality [14].

Outside of unexplained experimental discrepancies, there are also concerns regarding the

structure of the theory itself. Hidden in Equation 17, there are 19 free parameters which are

completely unspecified by the theory, including the 9 charged fermion masses, 3 gauge cou-

plings, and the Higgs mass and vacuum expectation value. Many of these parameters must

be fine-tuned to match experimental observations, which clashes with the theoretical ideal of

naturalness. Although the importance of naturalness in constructing theories is contested,

there are many features of the Standard Model which suggest a deeper explanation exists.

The mass of the charged fermions spans a large, yet unexplained scale of over 105 between

7 Famously, the measurement of the electron magnetic moment has been measured to an
accuracy of better than one part per trillion [12], and agrees with the QED prediction up to
10 significant figures, making it the most accurate verification of a physical theory to date.
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the lightest and heaviest particles - respectively, the electron and top quark. Concerning

the fundamental forces, there is an enormous and unexplained difference in their effective

coupling strengths - an outstanding question known as the hierarchy problem - and it is

unknown whether the strong and electroweak interactions can be unified.
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3 Testing the Standard Model

Considering the outstanding problems, the search for new physics beyond-the-Standard

Model (BSM) is essential. Doing so requires not only measuring the interactions of ele-

mentary particles to a high precision, but, more importantly, the expertise in knowing which

processes of the Standard Model offer the best window into the search for new physics.

3.1 Collider Principles

A particle collider is an experimental apparatus designed to probe fundamental physics

interactions through the collision of high-energy elementary or composite particles. In sim-

ple terms, colliders operate on two fundamental principles borrowed from special relativity

and quantum mechanics - respectively, mass-energy equivalence and wave-particle duality.

Firstly, according to the mass-energy equivalence of special relativity, the energy of colliding

particle beams can be converted into mass-energy and momentum in the form of outgo-

ing particles. Collision energies of several hundred GeV and above allow for the creation

of all known Standard Model particles, the most massive of which are very unstable, vir-

tually nonexistent in nature, and decay nearly instantaneously. Measuring the kinematics

and properties of the outgoing decay particles, by means of sophisticated detector technolo-

gies, provides insight into the underlying physics interaction itself. Secondly, according to

the quantum mechanical principle of wave-particle duality encapsulated by the de Brogile

wavelength, increasing the energy of colliding beams effectively decreases the distance scale

being probed. For instance, an energy of 1 TeV corresponds to a distance scale of 10−19 m

- roughly ten thousand times smaller than the radius of a proton [4]. At such an energy,

the collision of composite hadrons, effectively probes parton interactions of the constituent

quarks and gluons, which are otherwise inaccessible at lower energies. High energy particle

colliders therefore provide the optimal setting for experimental tests of the Standard Model.

Although a particle collider is a complex apparatus characterized by many properties, two
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measures stand out in their importance: the center-of-mass energy,
√
s, and instantaneous

luminosity, L. The center-of-mass energy is equivalent to the square root of the Lorentz-

invariant Mandelstam variable s, which itself is given by the scalar product of the combined

four-momentum of particles p1 and p2, s = (p1 + p2)2. This is directly related to the energy

reach of the collider, providing an upper limit on the mass of accessible heavy resonances.

The instantaneous luminosity is a measure of the density of the colliding beams, having

units of events per area per time [d]−2[t]−1, and instead determines the statistical reach of

the collider - which is to say, the amount of collision data possible to obtain in a fixed time.

For a given process, the luminosity is related to the expected event count, N , by

N = σ

∫
Ldt, (36)

where σ represents the cross-section of the particular process. Following dimensional analy-

sis, the cross-section must have units of area [d]2 and relates to the probability of the specific

process to occur. In high energy particle physics, cross-sections are typically expressed in

units of inverse barns, b−1, where one 1 b = 10−28 m2.

3.2 Diboson Physics

Diboson measurements are a crucial pillar of collider physics, complementary to the Higgs

and top quark sectors. Measurements of the W and Z bosons are particularly suited for pre-

cisions tests of the Standard Model for a variety of reasons, discussed in detail in Ref. [15].

The massive bosons are the most strongly coupled particles to electroweak symmetry break-

ing, and therefore provide insight into one of the more interesting, though less studied aspects

of the theory. Moreover, measurements of the electroweak bosons allow for the direct test-

ing of non-Abelian gauge theories, in a way not possible in QCD given the nature of color

confinement. The non-Abelian nature of the electroweak theory gives rise to vector boson

self-interactions in the form of triple and quartic gauge boson couplings, which offer an
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unmatched sensitivity to higher energy physics. Well-known examples of these interactions

include the vector boson fusion and vector boson scattering processes. From an experimental

standpoint, decays of the electroweak bosons can be reconstructed in a variety of clean final

states, particularly those involving leptons.

Diboson interactions, that is, those mediated by two massive gauge bosons, are suppressed

over single boson interactions, but provide some additional advantages in the search for new

physics. The higher energy scale of diboson processes is generally more sensitive to various

models of new physics, particularly heavy resonances and effective field theory interpreta-

tions. Additionally, the clear signature of, in particular, leptonic decay channels provides

excellent discrimination from background sources, allowing for high precision measurements.

However, the production of two or more heavy gauge bosons in a collision requires a high

energy collider, in the range of several hundred GeV and above. Modern hadron colliders,

which are currently capable of reaching energies beyond 10 TeV, therefore offer the ideal

ground for studying processes mediated by the exchange of these heavy particles.

3.3 Four-lepton Processes

Considering multi-boson processes, the four-lepton decay channel is the cleanest signature

available, in which all decay products can be fully reconstructed. The specific signature is

that of four prompt leptons consisting of two same-flavor, opposite-charge (SF-OC) lepton

pairs. Here, prompt leptons refer to those emanating directly from the hard scatter inter-

action, in contrast to non-prompt leptons which originate from secondary decays further

from the interaction point. The process is typically mediated through the exchange of two

intermediary Z-bosons (or photons8), each of which decaying to a pair of SF-OC leptons. In

this specific decay, the Z-boson, being a neutral gauge boson, must decay into same-flavor,

opposite-charge leptons to conserve lepton-number and electric charge, respectively. Within

the Standard Model, the charged leptonic Z-boson decay, Z → `+`−, has a branching frac-

8In many processes, photons may participate in the same interactions as Z-bosons, though
this is often left unstated for the sake of simplicity.
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tion of approximately 10%, with equal contributions from each lepton flavor [4]. Therefore,

roughly 1 in 100 SM ZZ events will decay to the four-lepton final state.

Standard Model Contributions

In proton-proton colliders, the contribution from various SM production modes varies de-

pending on the invariant mass of the four-lepton system9. The representative Feynman di-

agrams depicting the primary processes are shown in Figure 2. The dominant, QCD-driven

production mode, qq̄ → 4`, shown in Figure 2 (a), occurs via a quark-induced t-channel

interaction, yielding a pair of intermediary Z-bosons, which themselves decay leptonically.

Near the mass of the Z-boson, the production is dominated by single Z resonance, with final

state radiation from one of the outgoing leptons producing the secondary lepton pair, as

shown in Figure 2 (b). Gluon-induced production via an intermediary quark loop, gg → 4`,

as in Figure 2 (c), contributes at next-to-next-to-leading order in the strong coupling αS rel-

ative to the quark-induced process. Near the Higgs mass, contributions from resonant Higgs

mediated s-channel production, H → 4`, become significant, as shown for the dominant

gluon-gluon fusion production mode in Figure 2 (d). Additional SM processes contributing

to the four-lepton final state include gauge boson production in association with a pair of top

quarks (tt̄V ), with both tops decaying semileptonically, and various modes of triboson pro-

duction (V V V ). These processes contribute mainly at higher energy given the large masses

of the intermediary particles.

9 Kinematics of the four-lepton final state are defined in terms of the four-momenta of
the individual leptons pµ` = (E`, ~p`) forming the quadruplet. The total four-momentum of
the four-lepton system is simply the vector sum of the quadruplet lepton four-momenta,

pµ4` =
`=4∑
`=1

pµ` =

(
`=4∑
`=1

E`,
`=4∑
`=1

~p`

)
= (E4`, ~p4`) . (37)

The four-lepton invariant mass is then related to the scalar product of the total four-
momentum by

m2
4` = (pµpµ)4` = E2

4` − ~p 2
4`. (38)
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Figure 2: Representative leading order Feynman diagrams for the dominant modes of Stan-
dard Model four-lepton production at high energy hadron colliders. The superscript of ∗
denotes a particle that is off-shell, while (∗) indicates the particle can be either on-shell or
off-shell. In (a), the quark-initiated t-channel process produces a pair of intermediary Z-
bosons, which themselves decay leptonically yielding two same-flavor, opposite-charge lepton
pairs. In (b), resonant Z production along with internal conversion of a secondary Z in the
final state gives the four-lepton signature. In (c), gluon-initiated production via an inter-
mediary quark loop contributes at higher order in QCD. In (d), resonant Higgs production
leads to the four-lepton final state, once again through two intermediary Z-bosons.
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Beyond-the-Standard Model Contributions

Several scenarios of new physics could either directly, through leptonic decays of BSM par-

ticles, or indirectly, by means of BSM-SM interference, affect four-lepton production. Ex-

amples of direct contributions are shown in Figure 3. Considering the direct contributions,

many BSM models introduce a heavy Z ′ gauge boson, corresponding to a broken U(1)′ sym-

metry, which decays in a manner similar to the SM Z-boson [16]. This includes perhaps

the best-motivated scenario of WIMP-based (weakly-interacting massive particle) thermal

dark matter, in which dark matter particles couple to the SM through a Z ′-boson [17].

Additionally, various modes of supersymmetry (SUSY) - an extension to the SM predict-

ing the existence of fermion (boson) pairs to the bosons (fermions) of the SM - can result

in signatures with high charged lepton multiplicities. This fact has already been used in

ATLAS [18] to place constraints on SUSY models using four-lepton events. Furthermore,

several extensions of the SM predict the existence of exotic Higgs particles, often in the

form of doubly-charged scalar bosons [19]. Pair production of these charged Higgs bosons,

which may decay leptonically into a pair of same-charge leptons, would also contribute to

the four-lepton final state.

(a) (b)

Figure 3: A sample of leading order Feynman diagrams for potential modes of beyond-the-
Standard Model four-lepton production at high energy hadron colliders. In (a), SUSY gluino
pair production followed by decays to the lightest SUSY particle, χ̃0

1 - assumed to always
decay by χ̃0

1 → ``ν - gives a final state with four charged leptons [18]. In (b), the pair
production of doubly-charged Higgs bosons, each decaying into same-charge lepton pairs,
can also give rise to the four-lepton signature [19].
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Considering indirect effects, new physics could enter, more subtly, by means of higher

energy processes interfering with SM processes in the production of four-leptons. This inter-

ference would manifest itself in the form of slight modifications to SM couplings or deviations

in the high energy tails of differential cross-sections. Effective field theory (EFT) interpre-

tations - to be discussed in more detail in Section 22 - provide a robust, model-independent

framework for parameterizing such effects, thereby mapping the space of possible new physics

contributions. In this regard, the four-lepton signature is an interesting candidate to study

because of the large energy scale involved in diboson processes and the precision offered by

charged lepton reconstruction. These measurements serve an important role in the pursuit of

a global EFT interpretation - where the combination of complementary diboson, Higgs, and

top quark measurements across many analyses would improve the search sensitivity over any

single analysis. Many hurdles remain towards this goal, though smaller scale combinations,

as demonstrated in Ref. [20], have already proved effective.
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Chapter III: Apparatus

4 CERN

The nature of experimental high energy particle physics requires probing shorter and shorter

distance scales, corresponding to higher and higher collision energies. This requires the

construction of ever-larger particle colliders capable of pushing forward in the energy fron-

tier. The feasibility of cutting-edge research is therefore only possible through international

collaboration at a massive scale. The European Organization for Nuclear Research, better

known by the acronym CERN10, in Geneva, Switzerland perfectly encapsulates this spirit

of collaboration. Proposed by leading European scientists in the aftermath of the Second

World War and signed into existence in June of 1953 [21], the CERN Convention called

for an international alliance in the burgeoning field of nuclear physics research. A central

European laboratory would not only serve the practical purposes of pooling resources and

talent in one location, but also provide a means of mending the fraught political landscape.

Construction of the laboratory began two years later in the countryside surrounding Geneva.

Over the course of several decades, the focus of the research shifted towards higher energies

in order to probe interactions between subatomic particles. As the experiments grew in

complexity, so too did the collaborative network, now extending far beyond the European

continent. Today, the collider and detector facilities at CERN are home to the world-leading

technologies in elementary particle physics research.

10The acronym derives from the name of the provisional body established with founding
the laboratory - Conseil Européen pour la Recherche Nucléaire.
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5 The Large Hadron Collider

Halfway through the operation of the Large Electron Positron Collider (LEP) at CERN

(1989-2000 [22]), the CERN Council approved the more powerful successor in December

of 1994 [23]. This new collider, known as the Large Hadron Collider (LHC), would collide

hadrons, namely protons or heavy-ions, at instantaneous luminosities up to L = 1034 cm−2s−1

and center-of-mass energies up to
√
s = 14 TeV, far exceeding Fermilab’s Tevatron record

of 0.98 TeV and making it the world’s most powerful particle accelerator. Construction

of the LHC finished in 2008, made significantly faster by reusing the LEP tunnel system

- a 27 km ring located outside of Geneva, Switzerland and buried at an average depth of

100 m underneath the French-Swiss border (see Figure 4). The first official run of data-

taking (Run-1) started two years later in 2010 at a center-of-mass energy of
√
s = 7 TeV,

and continued through 2012 reaching energies up to 8 TeV. Following a series of planned

upgrades beginning in 2013, the collider began its second run of data-taking (Run-2) in

2015, which concluded in late 2018. Data collected during this second period consisting of

proton-proton collisions at a center-of-mass energy of
√
s = 13 TeV serve as the foundation

of this thesis.

Shown schematically in Figure 5, the LHC is the largest of the accelerators in the CERN

accelerator complex. A series of smaller accelerators responsible for incrementally increasing

the beam energies ultimately feed the primary ring. Protons in the collider begin their

journey as hydrogen gas, which is housed in tanks and stripped of orbital electrons by means

of ionization. Beams of protons are formed in the linear accelerator LINAC 2, operational

since 1978, and injected into the circular PS Booster at an energy of 50 MeV [23]. First

accelerated to an energy of 1.4 GeV, beams are then injected into the Proton Synchrotron and

further accelerated to energies of 25 GeV [23]. The beams are then fed into the Super Proton

Synchrotron and accelerated up to 450 GeV [23] before being bidirectionally transferred to

the main LHC ring. Over the course of many passes in the radio frequency (RF) acceleration
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cavities, the opposing beams ultimately reach the desired center-of-mass energy and are

maintained for several hours of data-taking. During Run-2 of data-taking, the individual

beams were accelerated to a final energy 6.5 TeV, yielding the previously quoted center-of-

mass energy of
√
s = 13 TeV.

As a result of the radio frequency acceleration scheme, beams are discretized in several

thousand evenly-spaced bunches, each consisting of some 1011 protons [23]. Each RF cavity

is tuned to oscillate at a frequency of 400 MHz, accelerating or decelerating only those

protons arriving later or earlier, respectively. Under peak luminosity conditions, beams

circulate with a typical inter-bunch spacing of 25 ns, corresponding to a collision frequency

of approximately 40 MHz [23] at the four interaction points. Circular bending of the charged

hadron beams requires enormous magnetic fields throughout the chain of colliders. In the

primary LHC ring, some 1, 232 superconducting dipole magnets supply nominal magnetic

fields of 8 T to provide this continuous bending [23]. Focusing of the beams in the transverse

plane requires an additional 392 higher order main quadruple magnets [23]. Operation of the

magnets is dependent upon liquid helium cooling down to 1.9 K [23] in order to maintain

the superconducting state. This requires the operation of two vacuum systems to house

the cryomagnets and the helium distribution lines, in addition to the ultrahigh beam-line

vacuum of 10−13 atm [23] necessary to avoid undesired interactions with air molecules.
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Figure 4: An aerial image of CERN and the surrounding Geneva area, featuring Lac Léman
and Mont Blanc in the background. The primary LHC ring is superimposed in yellow, while
the feeder accelerators are shown in the upper right of the image. The ATLAS detector,
situated at Interaction Point 1, is highlighted in the top right (Credit: CERN).

Figure 5: Schematic representation of the CERN accelerator complex. The LHC is the
largest of the accelerators, shown at the top of the image. The chain of accelerators which
feed proton beams in the LHC begin with LINAC 2, visible at the bottom of the image [23].
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6 The ATLAS Detector

Depicted in Figure 6, the ATLAS (A Toroidal LHC ApparatuS) detector is a large, general-

purpose detector built around LHC Interaction Point 1 in Meyrin, Switzerland - visible in

the top right of Figure 4 and the center of Figure 5. A forward-backward symmetric cylindri-

cal geometry provides a nearly hermetic 4π solid angle coverage around the collision point.

The 44 m long detector is comprised of concentric cylindrical subdetectors extending to a

radial distance of 12.5 m [24] from the beam-line. Specifically, it consists of an inner track-

ing detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic

sampling calorimeters, and an outer muon spectrometer situated on three large supercon-

ducting air-core toroidal magnets. The innermost detector, known as the Inner Detector

(ID), precisely measures the trajectories of charged particles in an encompassing 2 T axial

magnetic field [24]. The electromagnetic (ECAL) and hadronic (HCAL) calorimeters serve

as dense barriers, stopping particles while measuring their energy in the form of material-

induced showers. The outermost detector, known as the Muon Spectrometer (MS), provides

a secondary measurement of muon trajectories within a 2−6 Tm toroidal magnetic field [24].

The ATLAS Coordinate System

The beam pipe of the LHC runs along the cylindrical axis of symmetry of the detector. A

right-handed coordinate system is defined with the origin at the nominal interaction point.

The longitudinal z-axis points along the beam direction, while the transverse xy-plane is

perpendicular to the beam direction. The direction of the x-axis is defined as pointing from

the interaction point to the center of the LHC ring, while the direction of the y-axis is defined

as pointing upwards towards the surface. The azimuthal angle φ ∈ [0, 2π) is measured along

the beam axis in the xy-plane and the polar angle θ ∈ [0, π] is measured from the beam axis.

The transverse momentum is defined as the momentum in the xy-plane, given by

pT =
√
p2
x + p2

y = p sin θ. (39)
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Figure 6: A computer-generated image of the ATLAS detector showing the primary subsys-
tems. Length and width dimensions are shown, with humans added for scale [25].

A commonly used metric in collider physics, known as the rapidity, is defined in terms of a

particle’s energy and momentum along the beam axis,

y =
1

2
ln

(
E + pz
E − pz

)
. (40)

The absolute value of rapidity is maximized for particles with significant momentum along

the z-axis, and minimized for particles with momentum dominated in the transverse plane.

For particles with negligible mass-energy (i.e. m << |~p|, hence E ≈ |~p|), the rapidity reduces

to a purely angular quantity depending only on θ,

η =
1

2
ln

( |~p|+ pz
|~p| − pz

)
= − ln

[
tan

(
θ

2

)]
, (41)
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known as the pseudorapidity11. High absolute values of rapidity and pseudorapidity cor-

respond to forward regions near the beam-axis, while values near zero correspond to the

central region in the transverse plane. The ATLAS detector provides coverage of various

subsystems within the bounds of |η| < 4.5. Angular separation is defined as the absolute

difference in the φ-η plane,

∆R =
√

∆φ2 + ∆η2. (42)

6.1 Inner Detector

The Inner Detector is the innermost subdetector of ATLAS, responsible for tracking charged

particles in an encompassing magnetic field. It consists of an inner silicon-based system

composed of pixel and strip sensors, known as the Semiconductor Tracker (SCT), and an

outer drift-tube system, known as the Transition Radiation Tracker (TRT). During the first

long shutdown period, the Pixel Insertable B-Layer (IBL) was installed in the innermost

region, located 3.3 cm from the beam-line [26, 27]. A cross-sectional wedge of the detector

is shown schematically in Figure 7. The detector provides tracking capabilities for charged

particles above a sub-GeV pT threshold within the pseudorapidity range |η| < 2.5 [24]. The

1, 744 identical sensors making up the original pixel system are each composed of 47, 232

individual pixels with a nominal pitch of 50 × 400 µm2 [24], while the roughly 12 million

pixel sensors of the IBL have a smaller size of 50×250 µm2 [26]. The 15, 912 silicon-microstrip

sensors of the SCT have a nominal pitch of 80 µm in the square barrel sensors, and a varying

pitch between approximately 57 − 94 mm in the trapezoidal end-cap sensors [24]. The

370, 000 straw tubes of the TRT are composed of 31 µm diameter tungsten wires, with a

length of 144 cm in the barrel and 37 cm in the end-caps [24]. Aligned along the beam-axis

and surrounding the tracking volume, a thin superconducting solenoid provides a 2 T axial

magnetic field throughout the detector volume [24].

11In the realm of collider physics, the combination of (pT , η, φ,m) generally provides a
more natural encapsulation of a particle’s four-momentum than the equivalent (E, px, py, pz)
formulation (see Appendix B).
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Figure 7: Cross-sectional wedge of the ATLAS Inner Detector, showing the three primary
subdetectors: Pixels (incl. IBL), SCT, and TRT. Radial dimensions are measured with
respect to the beam-line [28].
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Figure 8: Cut-away image of the ATLAS calorimeter systems, highlighting the electromag-
netic and hadronic subsystems [24].

6.2 Electromagnetic and Hadronic Calorimeters

The ATLAS calorimeter system, situated directly outside of the ID region, provides energy

measurements of charged and neutral particles. Shown in Figure 8, it is composed of separate

electromagnetic and hadronic subsystems covering the pseudorapidity range |η| < 4.9 [24].

The inner electromagnetic subsystem, consisting of a barrel section (|η| < 1.475) and two

end-cap sections (1.375 < |η| < 3.2), is built from alternating accordion-shaped layers of

lead absorber plates and liquid-argon (LAr) cells [24]. Within the pseudorapidity region

corresponding to the ID volume (|η| < 2.5), finer granularity in the ∆η × ∆φ segmenta-

tions provides precision measurements of electrons and photons [24]. The outer hadronic

subsystem consists of a central steel/scintillator-tile calorimeter (|η| < 1.7), two parallel-

plate copper/LAr end-caps (1.5 < |η| < 3.2), and a tungsten/LAr forward calorimeter

(3.2 < |η| < 4.9) [24].
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6.3 Muon Spectrometer

The Muon Spectrometer, depicted in Figure 9, forms the outermost layer of the ATLAS

detector and extends to a pseudorapidity of |η| = 2.7 [24]. It provides a complementary

measurement of track trajectories for deeply-penetrating charged particles which leave only

minimum ionizing deposits in the calorimeters (i.e. muons). The detector consists of the

central barrel region up to |η| = 1.05 and two end-cap sections covering the forward regions,

with a 16-fold azimuthal segmentation of chambers arranged in alternating large and small

sectors [24]. Four different detector technologies are used throughout the system, each offer-

ing a particular specialization in precision tracking or triggering. Three stations of Monitored

Drift Tubes (MDT) provide precise momenta measurements for muons within |η| < 2.7, with

Cathode Strip Chambers (CSC) replacing the inner layer of MDTs for |η| > 2 [24]. Trigger-

ing capabilities in the MS are provided by Resistive Plate Chambers (RPC) within the barrel

region and Thin Gap Chambers (TGC) in the forward region for 1.05 < |η| < 2.4 [24]. The

toroidal magnet system is composed of a barrel toroid, supplying a magnetic field of 0.5 T

in the central region, and two end-cap toroids, each producing a 1 T field in the respective

end-cap regions [24].
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Figure 9: Computer-generated image of the ATLAS Muon Spectrometer, highlighting the
four detector subsystems and the toroid magnets [24].
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7 Data Processing

7.1 Triggering and Data Acquisition

The high bunch crossing rate of beams in the LHC presents an enormous hurdle of data

acquisition and storage. The combination of the 40 MHz frequency, corresponding to a 25 ns

latency between successive crossings, and the immense detail captured by ATLAS, make

it impossible to store complete event records of all collisions. Additionally, aside from any

physical limitations, the majority of collisions involve only minimal scattering of protons and

are therefore less important to the physics goals of the experiment. For these reasons, only

a fraction of the total events are selected and saved to permanent storage for later analysis.

This is the role of the ATLAS trigger and data acquisition system.

As depicted in Figure 10, the ATLAS trigger system consists of two levels: a Level 1 (L1)

hardware trigger and a secondary, high-level software trigger (HLT) [29]. The L1 trigger runs

on custom-built hardware using information from the calorimeters and Muon Spectrometer

in order to quickly determine whether or not to accept an event. The incoming data rate of

40 MHz, driven by the bunch crossing frequency, is reduced by a factor of 400 to 100 kHz

before reaching the secondary trigger system [29]. The HLT runs on high-performance CPU

farms using data from all detectors in order to run simplified reconstruction algorithms

emulating the more complex offline versions. Based on these algorithms, which provide

crude information on particle candidates, a decision is made whether or not to save the

event. This software-based trigger reduces the L1 rate of 100 kHz to an average output

rate of 1.5 kHz, corresponding to a data readout of 1.5 GB/s [29]. In total, the data rate

is reduced by a factor of about 40, 000, making it possible to write the full record of all

remaining events to permanent storage.
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Figure 10: A schematic overview of the ATLAS trigger and data acquisition system, respon-
sible for reducing the incoming data rate by over ten-thousandfold in order to store full event
records of potentially interesting collisions. The trigger system is comprised of a Level-1 (L1)
hardware trigger and a secondary, high-level software trigger (HLT) [29].

7.2 From Signals to Sigmas

The ATLAS data processing chain describes the multistage transformation of raw detector

signals collected by ATLAS to analysis-ready physics objects. The triggering and data

acquisition system, discussed previously, represents the first stage in this process - in which

events passing the two-level trigger system are saved to permanent storage in a high-detail

file format (RAW). This initial stage is necessarily run online during data-taking, while

subsequent stages are run offline, often relying on the distributed LHC Computing Grid

infrastructure. The following stage, known as reconstruction, involves the transformation

of raw detector signals into physics objects, written in the so-called Analysis Object Data

(AOD) format. Given the large O(PB) size of AODs, analysis groups often perform an

additional derivation stage, involving substantial data reduction and minimal augmentation

based on the physics needs. The outputs of this stage are known as Derived AODs (DAODs),

and are typically on the order of several terabytes in size. The final stage, often particular to
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the analysis, typically consists in the transformation of DAODs into flat n-tuples, containing

only essential information pertinent to the analysis and typically small enough in size to

process locally.

A parallel chain is also run for Monte Carlo (MC) samples to simulate the expected

ATLAS response to physics processes of interest. This chain starts with the event generation

itself, involving the simulation of the underlying hard-scatter process and the subsequent

parton showing and hadronization into stable particles. The following stage simulates the

interactions and showering of these particles within the ATLAS material, typically by means

of the Geant4 [30] simulation toolkit, particularly in terms of their charge and energy

deposition in detector-sensitive elements. Next, the digitization stage evaluates the expected

detector response to these signals, emulating the output of real data generated from the

detector. From this point, the reconstruction and derivation stages can be run identically as

for the genuine data. A schematic overview of these parallel data and MC processing chains

are shown in Figure 11.
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Figure 11: Overviews of the ATLAS data processing chains for data and Monte Carlo. File
formats from each stage are shown adjacent to the arrows. Adapted from James Catmore’s
talk The ATLAS data processing chain: from collisions to papers.
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8 Particle Reconstruction

The interaction of particles with the ATLAS detector is the key to their detection and iden-

tification. Particles traversing the detector leave a series of idiosyncratic signals through the

many detector layers, specific to the particular type and kinematics of the object. Recon-

struction in ATLAS describes the multistage process of transforming raw detector signals

(e.g. hits, clusters) from all relevant subdetectors into well-defined physics objects (e.g.

muons, photons, jets), representing experimental measurements of a candidate particle’s

identification and kinematics.

8.1 Techniques

Generally speaking, reconstruction in ATLAS depends on two complementary techniques:

tracking and calorimetry. Tracking corresponds to the measurement of charged particle

trajectories within a magnetic field, while calorimetry involves the energy measurement of

neutral and charged particles by the complete absorption of material-induced showers. The

fundamental basis of tracking therefore consists in measuring curved tracks, characterized

by five helix parameters, by fitting a series of compatible precision hits. The foundation of

calorimetry consists in measuring the position and energy of clusters spread across neighbor-

ing calorimeter cells. The combination of these detection techniques is crucial to the overall

performance goals and each serves to complement one another in terms of resolution - while

the relative momentum resolution from tracking worsens with increasing momentum, the

relative energy resolution from calorimetry improves with increasing energy.

Tracking

Charged particle tracking is an essential component of collider detectors, particularly for

high-luminosity experiments having a significant overlap in simultaneous inelastic collisions

(pile-up). Tracking provides both a precise measurement of position and momentum, as well
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Figure 12: The trajectory of a charged particle in a solenoidal magnetic field can be
fully described by five helix parameters. In global detector coordinates, the choice of
(d0, z0, φ0, θ, q/pT ) as depicted here is frequently used.

as a means to extrapolate particle trajectories inwards to the interaction point (IP). More

specifically, it consists in the measurement of five helix parameters completely describing a

charged particle’s trajectory in a solenoidal magnetic field. In global detector coordinates, the

choice of (d0, z0, φ0, θ, q/pT ) as depicted in Figure 12 is typically used. The transverse impact

parameter d0 corresponds to the distance of closest approach to the IP in the transverse

plane. The location of this perigee point also defines the longitudinal impact parameter z0,

corresponding to the distance from the IP projected along the z-axis, and the azimuthal

angle φ0. The last parameter q/pT represents what is actually measured via the Lorentz

force - that is, the ratio of a particle’s charge to its component of momentum perpendicular

to the magnetic field.

Tracking detectors are generally placed as closed to the beam-line as possible. The rea-

soning is twofold: firstly, this decreases the material traversed by particles in the tracking

region, thereby minimizing the deleterious effects of multiple scattering and energy losses,

and, secondly, this provides a series of high precision position measurements close to the

beam-line, crucial for the extrapolation of tracks to the interaction point. To further mini-
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mize energy losses, tracking detectors are typically made using low radiation length materials

such as silicon. Given the proximity to the beam-line, tracking is critical for the process of

vertexing in which tracks are extrapolated inwards and matched to unique interaction points,

termed primary vertices. This process allows for the definition of vertex-specific information,

as well as the separation from potentially interesting secondary decay-chain interactions and

unwanted pile-up vertices. The relative momentum resolution of a tracking detector can

roughly be decomposed as

σ(pT )

pT
= a · pT ⊕ b, (43)

consisting of one component scaling with pT , owing to the reduced curvature of high mo-

mentum tracks, and one fixed component, representing the low-pT limit driven by multiple

scattering. The coefficient of each term is inversely related to the magnetic field and path

length of the detector, thereby motivating a strong solenoid field covering a far radial extent

of tracking-sensitive layers.

A summary of the primary and secondary back-tracking reconstruction chains in AT-

LAS are shown in Figure 13. The primary reconstruction chain in the ATLAS ID follows an

inside-out approach building track seeds in the innermost region and progressively extending

track candidates into the outer layers. Charged particles traversing the inner silicon layers

leave charge deposits by means of ionization in the pixel and microstrip sensors, which are

interpreted as hits if the collected charge is above the sensor noise. In the outer TRT, elec-

trons produced by ionization in the straw tubes are collected and measured by electrodes,

and similarly interpreted as hits, commonly known as drift circles. A pre-processing stage

combines these signals in neighboring Pixel and SCT channels into clusters. Clusters are con-

verted into three-dimensional space-points with a corresponding position uncertainty based

on the sensor geometry and pitch. Track seeds are formed from a collection of three space-

points, passing curvature and purity requirements, in the Pixel or SCT subdetectors. Silicon

track candidates are built by successively extrapolating seeds into the outer layers using a

combinatorial Kalman filter [31], in which compatible clusters are iteratively included in the
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Figure 13: Simplified overview of the primary and secondary back-tracking chains in ATLAS
reconstruction. The primary reconstruction runs from inside-out, starting from silicon space-
points. The secondary back-tracking chain runs from outside-in, seeded from leftover TRT
drift circles within electromagnetic calorimeter regions of interest.

estimated track trajectory. A dedicated ambiguity resolution stage resolves overlaps in track

candidates, reassigning shared clusters to tracks based on a competitive scoring procedure.

The purified track candidates are then fit using a global χ2 method. Lastly, if there are

compatible drift circles present in the TRT, tracks are extended into the outermost layer

and subsequently refitted.

A secondary back-tracking chain is run outside-in to recover photon conversions within

the detector material. In this case, reconstruction is only run in regions of interest defined

by clusters in the electromagnetic calorimeter. Drift circles in the TRT compatible with

calorimeter regions of interest are used to seed an inside-out reconstruction similar to the

primary tracking chain. Only leftover drift circles not used in track fits during the initial

tracking pass are considered.

Following the track extrapolation and fitting, the vertexing procedure uses the resulting

track candidates to identify unique collision points along the beam-line. In standard ATLAS

reconstruction, the hard-scatter primary vertex is defined as the vertex with the largest
∑
p2
T

of the associated tracks, while all remaining vertices are considered pile-up.
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Calorimetry

Calorimetry comprises the second essential component of collider detectors, necessary for the

measurement of neutral particles and high-density particle showers. The role of a calorimeter

is to both cause the development and measure the properties of electromagnetic or hadronic

showers within a large detector volume. Showers are collimated avalanches of secondary

particles initiated by the interaction of the incident particle with the high-density material

of the detector. By measuring the many individual energy deposits in a particle shower,

either by means of scintillation light or ionization energy, the original particle’s position and

energy can be deduced. Given the larger segmentation of calorimeters, the spatial resolution

is generally worse than tracking detectors.

Calorimeter systems are typically segmented into cells, with alternating layers of high-

density passive material and active material. For example, the cells of the ATLAS electro-

magnetic calorimeter, shown in Figure 14, form repeating accordion-shaped layers of lead

absorber plates and liquid-argon in the η − φ plane. Passive regions provide the high radia-

tion lengths necessary to stop energetic particle, in the process inducing showers of particles

which are measured within the active cells. The relative energy resolution of a calorimeter

can roughly be decomposed into three terms as

σ(E)

E
=

a√
E
⊕ b

E
⊕ c. (44)

Concerning the first term, the energy resolution of an ideal calorimeter is fundamentally

stochastic, depending on the statistical fluctuations in the number of measured shower par-

ticles. On average, the number of shower particles is directly proportional to the energy

of the primary particle and, therefore, the relative energy resolution improves with energy

by
√
E ∝

√
N . The additional terms in Equation 44 account for, among other sources,

electronic noise and shower leakage and are driven primarily by the detector design and

geometry, respectively.
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Figure 14: Schematic view of an electromagnetic calorimeter cell in ATLAS [32].

Calorimeter reconstruction in ATLAS starts by forming topological clusters (topo-clusters)

from calorimeter seed cells with an energy significance well above noise levels [33]. Neighbor-

ing cells with high energy significance are iteratively added to expand the seed clusters [33].

A splitting algorithm then separates clusters based on the local energy maximum, and the

resulting purified clusters are calibrated based on the local detector properties and presence

of nearby clusters [33]. The calibration stage allows for a classification of the cluster as

electromagnetic- or hadronic-initiated. The final energy measurement is obtained by sum-

ming the calibrated signals of connected cells within a cluster, with a corresponding position

measurement calculated from the individual cell locations [33].

8.2 Objects

The basis of object reconstruction in ATLAS is shown in a simplified means in Figure 15.

The figure depicts a cross-sectional wedge of the detector in the transverse plane, superim-

posed with the characteristic signatures of various particles traversing the several layers of
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Figure 15: Cross-sectional wedge of ATLAS in the transverse plane. Simplified representa-
tions of various particles traversing the detector are shown to highlight the general differences
in particle reconstruction [34].

subdetectors. Charged particles (e.g. protons, electrons, muons) leave curved tracks within

the Inner Detector, allowing for precise measurements of position and momentum. Photons

and (anti-)electrons, by interacting with detector material, induce electromagnetic showers

within the first calorimeter system, thereby allowing for a measurement of energy. Similarly,

hadronic jets, produced through the showering and hadronization of final state partons,

are measured and absorbed within the outer calorimeter as showers of hadronic activity.

Muons generally leave a secondary track in the Muon Spectrometer, providing an indepen-

dent measurement of position and momentum complementing that of the Inner Detector.

Weakly-interacting, neutral particles, namely neutrinos, leave no signatures in the detector,

except in the indirect form of momentum imbalance in the transverse plane.
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Electrons

The challenge of electron reconstruction is a direct result of their low mass, which largely

determines their interactions with matter and, therefore, the means of their detection.

Electrons in the multi-GeV range and above interact with matter primarily by means of

bremsstrahlung radiation [5] - the process by which a charged particle deflected by the elec-

tric field of an atomic nucleus emits radiation in the form of a photon - rather than ionization.

High-energy photons emitted by bremsstrahlung can in turn pair produce an e+e− pair in the

field of a nucleus. The original electron and positron-electron pair will each in turn interact

with detector material, repeating the chain and producing a cascade of particles known as

an electromagnetic shower. These electromagnetic showers, though stochastic in nature, are

on average similar for electrons of the same energy, having a characteristic penetration depth

in a given material. Calorimeters designed specifically for the detection of electromagnetic

activity are therefore capable of providing a precise measurement of energy for electrons,

which is complemented by the momentum and position measurements provided by tracking

detectors.

Electrons in ATLAS are reconstructed from a combination of track measurements in the

ID and energy clusters measured in the electromagnetic calorimeter. The trajectory of a typ-

ical electron passing through the many layers of the ATLAS detector is shown schematically

in Figure 16. The several tracking layers of the ID provide a series of position measurements

along the trajectory, before the electron initiates a shower which is absorbed and measured

within the electromagnetic calorimeter. The TRT provides additional information for elec-

tron identification by detecting transition radiation X-rays, which are preferentially emitted

by electrons. Identification of electrons is performed with a likelihood discriminator, using

the track and cluster properties as input.
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Figure 16: Schematic view of the principles underlying electron reconstruction and identifi-
cation in ATLAS [35].

Muons

Muons, being a much heavier counterpart of electrons, interact with matter primarily through

ionization, rather than bremsstrahlung radiation. This is because the rate of bremsstrahlung

radiation is inversely proportional to the square of the particle mass, and is thus (mµ/me)
2 ≈

40, 000 times more suppressed for muons than electrons [5]. As a result, muons typically do

not initiate electromagnetic showers in the calorimeters of ATLAS, instead leaving only

minimum ionizing deposits of energy and continuing through to the MS. Therefore, charged

particle tracking is the primary means of muon detection.

Muon reconstruction in ATLAS benefits significantly from the independent track mea-

surements of the ID and MS and, to a lesser extent, from the measurement of energy deposits

in the calorimeters. Although the combination of track measurements in the ID and MS gen-

erally provides the best measurement of muons in ATLAS, it is not a strict requirement of

the reconstruction. As depicted in Figure 17, the variety of detection means provided by

ATLAS allows for several complementary muon reconstruction algorithms:
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Figure 17: Schematic view of four different muon reconstruction algorithms used in ATLAS,
and the various subdetectors involved for each technique [36].

• Combined muons are obtained from a global refit of ID and MS tracks

• Segment-Tagged muons consist of a fitted ID track and MS segment

• Calo-Tagged muons consist of an ID track matched to a minimum ionizing energy

deposit in the calorimeters

• Standalone muons consist of a lone MS track

Jets

Jets are collimated showers of hadrons and other particles initiated by the hadronization of

final state quarks or gluons. Characterized by a large penetration depth, jets typically pass

through the electromagnetic calorimeter and require a significant distance to be fully ab-

sorbed in the hadronic calorimeter. The measurement of jets is in principle similar to that of

electromagnetic showers, based largely on the formation of topo-clusters in the calorimeters,

but in practice is much more complicated due to the variety of constituent particles involved.
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Many well-known reconstruction algorithms exist to determine the clustering and split-

ting of energy deposits into jets. One of the broad classes of jet reconstruction algorithms is

that of sequential recombination, in which nearby particles are iteratively combined to form

pseudojets, based on some distance metric defining the separation of pseudojets from other

particles. The process is iterated over the set of particles until the distance metric defining

the pseudojet itself falls below that of the particle and pseudojet, at which point the object

is deemed a jet and removed from further iterations [37]. The anti-kT algorithm [37] uses a

separation metric dependent upon the transverse momentum of particles and pseudojets, the

angular separation between the two, and a fixed radius parameter. The radius parameter,

common to most jet algorithms, roughly determines the angular size of the resulting jets in

the y − φ plane.

Jets relevant to this analysis are reconstructed using a particle flow implementation of the

anti-kT algorithm with radius parameter 0.4 (AntiKt4EMPFlow) [37, 38]. Particle flow

reconstruction techniques use measurements from both calorimeter and tracking systems, in

the form of clusters and tracks, respectively. The inclusion of track measurements is advan-

tageous over purely cluster-based algorithms for a variety of reasons. Most importantly, the

momentum resolution of tracking detectors is superior to the energy resolution of calorime-

ters for low-energy charged particles, and the reconstruction is extended to softer particles

whose energy deposits do not exceed the noise thresholds for topo-cluster seeding [38]. Ad-

ditionally, the finer granularity of tracking detectors provides a significantly better angular

resolution for single charged particles [38]. Moreover, unwanted contributions from pile-up

collisions can be removed from clusters by using track-to-vertex association. A schematic

view of the particle flow jet reconstruction algorithm used in ATLAS is shown in Figure 18.

The process starts with the standard measurements of calorimeter topo-clusters and ID

tracks. In cases where a topo-cluster and ID track are matched to one another, the track

measurement is used in place of the cluster, and its energy contribution is subtracted form

the cluster (modified cluster) [38]. Clusters without a matching track, potentially originating
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Figure 18: Flowchart detailing the complementary usage of tracks and clusters in the ATLAS
particle flow jet reconstruction algorithm [38].

from a neutral particle or outside of the tracking acceptance, are used directly without any

cell subtraction (unchanged cluster) [38]. In this way, the performance of particle flow jets

is superior to jets formed from topo-clusters alone, particularly in terms of resolution and

pile-up robustness [38].
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9 Outlook for Future Upgrades

9.1 High Luminosity LHC Program

Over the course of a decade, the LHC has provided an enormous quantity of data to the on-

board experiments, facilitating the joint discovery of the Higgs boson by ATLAS and CMS in

2012 [39,40] and the measurement of many rare Standard Model processes to unprecedented

precision. However, many extremely rare process, such as di-Higgs production, have so far

eluded detection and will likely remain undiscovered even given the additional Run-3 dataset.

Fortunately, the LHC has a long future planned beyond the next run of data-taking, with

ultimate high-luminosity runs extending well into the 2030s. The past and future timeline

of the LHC, as anticipated at the time of writing, is shown in Figure 19.

The upcoming High Luminosity Large Hadron Collider (HL-LHC), expected to start

operation in the second half of 2027, aims to further increase the instantaneous luminosity

and center-of-mass energy of proton-proton collisions to L = 7.5 × 1034 cm−2s−1 and
√
s =

14 TeV, respectively. These changes will yield an expected 〈µ〉 = 200 inelastic proton-proton

collisions per bunch crossing, several times larger than ever observed in any previous LHC

run12. The high-luminosity conditions will deliver unprecedented quantities of data over the

decade-long program, thereby allowing for the study of currently inaccessible rare process

and improving the precision of world-leading Standard Model measurements. Prior to the

start of the program, the ATLAS detector will undergo major subsystem overhauls during

the Phase-II upgrade period. These upgrades are essential to address the high detector

occupancies and harsh radiation conditions expected during the high-luminosity program.

9.2 ATLAS Detector Upgrades

Since its installation in 2008, the ATLAS detector has already undergone several upgrades

in order to cope with the increasing demands of the challenging LHC environment. Perhaps

12 The average observed pile-up during Run-2 of the LHC was 〈µ〉 = 33.7 (see Figure 29),
with some high pile-up runs reaching 〈µ〉 = 70
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Figure 19: Past and future timeline of the LHC operation. The three long shutdown periods
(LS1, LS2, and LS3) correspond to the completed and planned upgrade periods. The ultimate
high-luminosity runs of the LHC, expected to begin in the second half of 2027, aim to deliver
a total integrated luminosity beyond 3000 fb−1, exceeding the expected 300 fb−1 combination
of the first three LHC runs by a factor of ten (Credit: CERN).

most notably, the IBL [26, 27] was installed in 2014 during the first long shutdown period

(LS1) to improve tracking performance, particularly for the reconstruction of b-jets and

displaced vertices. At the time of writing, the so-called Phase-I upgrades, are currently

being developed and installed in the ATLAS cavern during the second long shutdown period

(LS2) in preparation for Run-3 of the LHC. The next major series of upgrades to ATLAS, as

well as the collider, will begin during the third long shutdown period (LS3) in preparation

for the final high-luminosity runs of the LHC.

While many essential upgrades to the subdetector and data acquisition systems of AT-

LAS are planned during LS3, perhaps most notably are the replacements and upgrades of

the tracking system. The all-silicon Inner Tracker (ITk) will replace the entirety of the cur-

rent ATLAS Inner Detector in order to maintain and improve upon tracking performance,

particularly for the reconstruction of very forward jets. Additionally, the High Granularity

Timing Detector (HGTD) will be installed outside of the ITk end-caps to supplement the
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Table 3: Overview of the Run-2 Inner Detector (ID) and the upcoming replacement Inner
Tracker (ITk), planned for the advent of the HL-LHC program. The ITk layout referenced
here and throughout this section refers to version 23-00-03, as documented in Ref. [41].

Category Run-2 ID HL-LHC ITk

Sensor Technologies Silicon pixel/strip, Silicon pixel/strip
gaseous straw tube

Pseudorapidity Coverage |η| < 2.5 |η| < 4.0
Innermost Layer Radius r = 33 mm r = 34 mm
Number of Pixel Layers 3 5
Number of Strip Layers 4 4
Nominal Pixel Pitch 50× 400 µm2 50× 50 µm2

Innermost Pixel Pitch 50× 250 µm2 25× 100 µm2

Nominal Strip Pitch 80 µm 75.5 µm

tracking system with picosecond timing information, crucial for the discrimination of out-of-

time pile-up vertices. The combination of timing measurements from the HGTD and spatial

measurements from the ITk will facilitate four-dimensional tracking in the reconstruction

chain.

In order to increase granularity and improve radiation hardness while minimizing the

material footprint, the ITk is based entirely on silicon detector technologies. Shown schemat-

ically in Figure 20, it consists of an inner silicon pixel subsystem extending to |η| = 4.0 and

an outer silicon strip subsystem covering |η| < 2.7. This drastically extends the |η| < 2.5

coverage of the ATLAS ID, thereby greatly increasing the acceptance for forward track re-

construction. Due to the low radiation length of silicon, the material budget of the ITk

is significantly lower than that of the ID in the forward region. A nominal pixel pitch of

50 × 50 µm2 will be used throughout much of the pixel detector, with an alternative pitch

of 25× 100 µm2 used in the innermost barrel layer. A comparitive overview of the Run-2 ID

and ITk is shown in Table 3 to highlight the key differences.

Maintaining track reconstruction performance in the high pile-up environment of the HL-

LHC is central to the design of the ITk. Owing to reconstruction and detector improvements,

the ITk reconstruction as optimized for 〈µ〉 = 200 is already faster than the Run-2 ID

reconstruction at 〈µ〉 = 60, and expected to improve more given further developments.
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Importantly, these drastic improvements in processing speed do not significantly impact the

physics performance. The track reconstruction efficiency13 of the ITk at 〈µ〉 = 200 is shown

alongside a comparison to the Run-2 detector at 〈µ〉 = 38 in Figure 21. With respect to

the the Run-2 detector, the ITk provides a comparable reconstruction efficiency within 5%

while operating under a factor five increase in pile-up. Crucially, the presence of fake tracks

- such as those corresponding to incorrect combinations of hits - is also kept low, with an

estimated rate of 10−4 at 〈µ〉 = 200 [41]. Figure 22 shows the number of reconstructed tracks

versus the number of interatctions for the ITk and Run-2 detectors under their respective

nominal conditions. The number of real tracks is expected to scale linearly with pile-up,

while fake tracks are expected to scale with a higher power, owing to the dramatic increase

in combinatorial possibilites. The near-linear behavior of the ITk detector in Figure 22

therefore illustrate a robust tracking efficiency and a negligble fake rate over a wide range

of pile-up conditions [41]. In terms of the resolution of track impact parameters, crucial for

vertexing and pile-up mitigation, the current ITk layout provides factor two improvements

in the transverse d0 and factor four improvements in the longitudinal z0 impact parameters

for pT = 100 GeV muons, as shown in Figure 23. The signficant improvements in the z0

resolution are driven by the reduction in pixel pitch in the innermost layer, as outlined in

Table 3. Though not shown here, the transverse momentum resolution of the ITk is also

expected to outperform the Run-2 detector due to improvments in the spatial resolution

along the bending direction [41].

13 The track reconstruction efficiency is measured using Monte Carlo truth information.
It corresponds to the fraction of truth particles with a matching reconstructed track, and is
profiled as a function of truth-level observables - frequently η and pT owing to the geometric
and kinematic dependencies.
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Figure 20: A schematic depiction of the ITk layout showing the active pixel (red) and strip
(blue) detector elements in one rz-quadrant [41].

(a) (b)

Figure 21: Track reconstruction efficiency versus η (a) and pT (b) for all tracks from tt̄
decays, shown separately for the ITk at 〈µ〉 = 200 and the Run-2 detector at 〈µ〉 = 38 [41].
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Figure 22: Number of reconstructed tracks with pT > 1 GeV per event versus the number of
interactions in tt̄ events, shown separately for the ITk at 〈µ〉 = 200 in two |η| windows and
the Run-2 detector at 〈µ〉 = 38 [41].

(a) (b)

Figure 23: Transverse d0 (a) and longitudinal z0 (b) impact parameter resolution as a function
of η for pT = 100 GeV single muons without pile-up, shown separately for the latest ITk
layout and the Run-2 detector [41].
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Chapter IV: Analysis Overview

As discussed in Section 3.3, the four-lepton final state presents an interesting albeit rare

process for precisions tests of the Standard Model. Benefiting from a clean detector signature

and relatively low backgrounds, four-lepton analyses are generally limited by statistics owing

to the low production cross-sections involved. The dominant production mode pp→ ZZ →

4`, mediated by the exchange of heavy gauge bosons, is naturally more suppressed in the

Standard Model over lower energy interactions. To better illustrate this, the total production

cross-section for a variety of Standard Model processes is shown as a function of center-of-

mass energy in Figure 24. The uppermost process pp → X represents the total inelastic

cross-section for proton-proton collisions at the LHC. This increases with the center-of-mass

energy and was measured to be (78.1±2.9)×109 pb at
√
s = 13 TeV [42]. Inclusive pp→ ZZ

production is visible as the lowermost entry, with a measured cross-section of 17.3± 0.9 pb

at 13 TeV [43]. Considering the Z → `` branching fraction of approximately 10% [4], this

means roughly two in one trillion proton-proton collisions will give the ZZ → 4` final state.

While several previous LHC analyses have measured ZZ production inclusively, and

exclusively in the four-lepton final state, the results have generally been limited by data

statistics. The data versus theory agreement of several diboson cross-section measurements,

including those aforementioned, is shown in Figure 25. Notably, there are some discrepancies

in the ZZ measurements which cannot as of yet be determined statistically significant, owing

to the large uncertainties. The analysis discussed here is the first ATLAS measurement of

inclusive four-lepton production using the full Run-2 dataset, the final result of which is

shown in the ZZ∗ → 4` row of Figure 25. Although this measurement significantly benefits

from the nearly fourfold increase in statistics over the previous analysis [44], combinations

using data from Run-3 and beyond remain particularly promising in further reducing the

statistical uncertainty below the bounds of the theoretical and experimental uncertainties.
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Figure 24: Predictions of Standard Model total production cross-sections for various pro-
cesses as a function of center-of-mass energy up to 13 TeV. Experimental measurements
of the cross-sections from Run-1 and Run-2 of the LHC are superimposed, with journal
references listed on the right [45].
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Figure 25: The data versus theory agreement for various diboson fiducial production cross-
section measurements. The

√
s = 13 TeV cross-section measurement of this analysis is

included in the ZZ∗ → 4` row [45].
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10 Analysis Goals

The goals of this analysis are to measure a variety of four-lepton differential cross-sections to

use for precision studies of Standard Model processes and constraints on many scenarios of

beyond-the-Standard Model physics. In order to exploit the versatility of the measurements,

this analysis relies on a technique known as unfolding - a process which corrects for detector

effects and facilitates a more straightforward usage of the measurements by those outside

of the ATLAS Collaboration. As will be discussed in Section 17, unfolding consists in

estimating the true, underlying distributions independent of detector effects by extrapolating

the detector-level event yields obtained from reconstruction to particle-level cross-sections in

a fiducial phase space. This has the advantage of disentangling the measurements from the

specifics of ATLAS reconstruction, allowing for direct comparisons to theoretical predictions

- based on the Standard Model or otherwise - in the fiducial phase space. The unfolded

cross-sections are in turn used for precision studies and re-interpretations against arbitrary

models of new physics affecting the four-lepton final state.
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11 Fiducial Selection

The fiducial selection defines the particle-level phase space to which the measured reconstructed-

level distributions are extrapolated via the unfolding procedure. This section outlines the

selections defining the fiducial region of the analysis, which are summarized in Table 4.

11.1 Signal Definition

The fiducial region is inclusive of all pp→ 4` (` = e, µ) processes leading to the simultaneous

production of at least four prompt leptons originating from the hard scatter interaction.

Unlike electrons and muons, tau leptons are not stable within the volume of ATLAS and,

therefore, are only measured via their decay products. This fiducial definition is inclusive of

leptonically-decaying tau leptons from the hard scatter, but not of semileptonically-decaying

tau leptons, generally referred to as hadronic taus. Of the prompt leptons in an event, there

must exist at least one lepton quadruplet composed of two same-flavor, opposite-charge

lepton pairs. This results in three possible final state flavor channels, outlined below:

• 4µ: µ+µ−µ+µ−

• 4e: e+e−e+e−

• 2µ2e: µ+µ−e+e−

The fiducial region is defined in terms of truth leptons, following one of three generator-

level conventions:

• Born leptons are those produced after parton showering, but before the subsequent

QED final state radiation (FSR) correction.

• Bare leptons correspond to stable, final state leptons after the QED FSR correction.

• Dressed leptons correspond to bare leptons after a dressing procedure, in which the

four-momentum contribution of nearby photons within a cone of size ∆R < 0.1 and

excluding those originating from hadrons is added to the lepton four-momentum.
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Figure 26: Resolution of the reconstructed four-lepton invariant mass for three definitions
of particle-level leptons, shown separately for electrons (a) and muons (b).

The fiducial region is based on a hybrid definition of dressed electrons and bare muons,

reflecting the inherent differences in electron and muon reconstruction in ATLAS.

As discussed in Section 8.2, electrons are primarily measured by adding clusters of energy

deposits in the electromagnetic calorimeter, whereas muons are typically reconstructed us-

ing charged particle track measurements in the ID and MS. The important difference being

that the former method necessarily includes the contribution of collinear radiative photons,

while the latter does not. To clearly demonstrate this effect, the resolution of the recon-

structed four-lepton invariant mass is shown based on the three definitions of particle-level

leptons separately for electrons (a) and muons (b) in Figure 26. Concerning electrons, the

dressing procedure best matches with the calorimeter-based reconstruction. In the case of

muons, though, the bare definition provides the most accurate description of the track-based

reconstruction. Therefore, defining the particle-level leptons in terms of dressed electrons

and bare muons best conforms with what is actually measured in data, thereby minimizing

extrapolations from detector- to particle-level in the unfolding procedure.
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11.2 Kinematic Selections

Lepton kinematic selections are applied at particle-level to match the detector acceptance

of ATLAS and the limits of high efficiency reconstruction. These selections are different

for electrons and muons, owing once again to the inherent differences in reconstruction.

Electrons are required to have pT > 7 GeV and |η| < 2.47, while muons must satisfy

pT > 5 GeV and |η| < 2.7.

Additional kinematic selections are applied to match the phase-space limitations of avail-

able MC event generators and to suppress the backgrounds originating from misidentified or

secondary leptons, including those from the well-known J/ψ resonance:

• The leading (subleading) lepton, as ranked in pT , must satisfy pT > 20 (10) GeV

• The angular separation between any two leptons in the event must satisfy ∆R > 0.05

• The invariant mass of any SF-OC lepton pair in the event must satisfy m`` > 5 GeV

Lastly, a simplified truth-level isolation criterion is enforced, approximating the more com-

plex detector-level isolation working point used in reconstruction (see Appendix C.2), in

order to minimize extrapolation uncertainties in the unfolding procedure. The measure of

activity surrounding a lepton is defined as the pT -sum of all charged particles, excluding any

selected leptons, within a cone of size ∆R = 0.3. In order to pass the selection, the resulting

sum, referred to as ptcone30, must be less than 0.16 times the lepton pT ,

ptcone30 :=

∆Ri,`<0.3∑
i

pT, i < 0.16× pT . (45)
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Table 4: Definition of the fiducial region.

Lepton Selection
Electrons Dressed, pT > 7 GeV, |η| < 2.47
Muons Bare, pT > 5 GeV, |η| < 2.7

Event Selection
Final State ≥ 4 leptons, with 2 SF-OC pairs
Lepton Kinematics pT > 20 (10) GeV for leading (subleading) lepton
Lepton Separation ∆Rij > 0.05 for any two leptons
J/ψ-Veto mij > 5 GeV for all SF-OC lepton pairs
Truth Isolation ptcone30 < 0.16× pT
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12 Reconstruction Selection

The reconstruction selection defines the detector-level phase space in which the data is

measured. As in the fiducial region, events are required to contain a lepton quadruplet,

formed from two same-flavor, opposite-charge lepton pairs. Baseline leptons are required to

pass a set of kinematic selections as well as vertex association, loose identification criteria,

and a lepton-favored overlap removal (OR) procedure. Signal leptons are defined as the

subset of baseline leptons also passing, among other selections, isolation and track-to-vertex

association requirements. Although jets are not used in the final unfolded measurements,

they enter in the overlap removal stage and are an important component of the fake factor

background estimation. As for leptons, baseline and signal jets are defined based on sets

of looser and stricter selections, respectively. The final unfolded measurements consist of

only signal leptons, while baseline leptons enter in control regions used for the data-driven

reducible background estimation. The baseline and signal object selections are summarized

in Tables 5, 6, and 7. The final event selection is summarized in Table 8.

12.1 Physics Objects

Electrons

Baseline electrons are required to have pT > 7 GeV and |η| < 2.47 and pass the loose

identification working point (LooseLH ID). An additional vertex association requirement

based on the longitudinal impact parameter of |z0 sin θ| < 0.5 mm is applied for all electrons.

Baseline electrons enter the overlap removal as described in Section 12.2.

In addition to the baseline selections, signal electrons are required to pass the Fixed-

CutPflowLoose isolation working point and a transverse impact parameter significance

requirement of |d0/σd0| < 5. In order to reduce backgrounds from photon conversions, a

stricter identification working point (LooseBLayerLH ID), requiring a silicon hit in the

innermost b-layer, is enforced for signal electrons.
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Table 5: Summary of the baseline lepton selection.

Category Requirement

Kinematics Electrons: pT > 7 GeV
|η| < 2.47

Muons: pT > 5 GeV
If Calo-Tagged: pT > 15 GeV

|η| < 2.7
Vertex Association Both: |z0 sin θ| < 0.5 mm
Identification Electrons: LooseLH ID

Muons: Loose ID
Overlap Removal Both: Lepton-favored OR

Muons

Baseline muons in this analysis are required to have pT > 5 GeV, or pT > 15 GeV if they are

Calo-Tagged, and |η| < 2.7 and pass the loose identification working point (Loose ID). As

for electrons, a vertex association requirement of |z0 sin θ| < 0.5 mm is applied for all muons.

Baseline muons enter the overlap removal as described in Section 12.2.

In addition to the baseline selections, signal muons are required to pass the Fixed-

CutPflowLoose isolation working point and a transverse impact parameter significance

requirement of |d0/σd0| < 3. Lastly, to reduce backgrounds from cosmic muons, a transverse

impact parameter cut of |d0| < 1 mm is applied.

Jets

Jets are reconstructed following the particle flow anti-kT jet clustering algorithm using a

radius parameter of 0.4 (AntiKt4EMPFlow) [38]. Baseline jets are required to have

pT > 30 GeV and |η| < 4.5. In addition to the baseline kinematic selections, signal jets

are required to pass the jet-vertex tagger (JVT) after the overlap removal stage to reduce

contamination from pile-up.
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Table 6: Summary of the signal lepton selection.

Category Requirement

Isolation Both: FixedCutPflowLoose working point
Cosmic Muon Veto Muons: |d0| < 1 mm
Impact Parameter Electrons: |d0/σd0| < 5

Muons: |d0/σd0| < 3
Stricter Identification Electrons: LooseBLayerLH ID

Table 7: Summary of the baseline and signal jet selections.

Category Requirement

Collection: AntiKt4EMPFlow
Kinematics: pT > 30 GeV

|η| < 4.5
Overlap Removal Lepton-favored OR
Vertex Association If signal: pass JVT

12.2 Overlap Removal

Overlap removal is a standard ATLAS procedure designed to remove analysis objects re-

constructed from the same detector signals. The configuration used in this analysis is a

lepton-favored working point which places a higher priority on leptons than jets in the de-

cision of which object to discard. The process proceeds iteratively through a set of overlap

criteria, in which only objects surviving all previous steps are used in the subsequent steps.

A summary of the overlap removal steps are as follows, where the ∆R angular separation is

calculated using rapidity:

1. if electrons share an ID track, the one with lower pT is rejected,

2. Calo-Tagged muons sharing an ID track with an electron are rejected,

3. electrons sharing an ID track with a muon are rejected,

4. jets within ∆R < 0.2 of an electron are rejected,

5. ghost-associated jets14 with Ntrack < 3 and within ∆R < 0.2 of a muon are rejected.

14A ghost-associated jet refers to a jet associated to the hard scatter vertex by means of
(ghost) tracks which are clustered within the bounds of the jet but not considered in the
energy measurement.
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Table 8: Summary of the event-level reconstruction selection.

Category Requirement

Event Preselection Fire ≥ 1 lepton trigger
≥ 1 vertex with ≥ 2 tracks

Final State ≥ 4 leptons (e, µ)
Lepton Kinematics pT > 20 (10) GeV for leading (subleading) lepton
Lepton Separation ∆Rij > 0.05 for any two leptons
J/ψ-Veto mij > 5 GeV for all SF-OC lepton pairs
Trigger Matching Baseline leptons matched to ≥ 1 lepton trigger
Quadruplet Formation ≥ 1 quadruplet, with 2 SF-OC pairs
Quadruplet Categorization Signal: 4 signal, 0 non-signal

Inclusive Control Region: ≤ 3 signal, ≥ 1 non-signal

12.3 Event Selection

Lepton quadruplets are formed from two lepton pairs consisting of baseline leptons. The

primary lepton pair is formed from the two same-flavor, opposite-charge leptons with a

combined invariant mass closest to the mass of the Z-boson (mZ), while the secondary pair

is chosen from the remaining leptons which form a same-flavor, opposite-charge pair with

an invariant mass closest to mZ . In this way, a single, unique quadruplet is formed in all

events containing at least four compatible leptons. Quadruplets entering the signal region

must consist entirely of signal leptons, while quadruplets with baseline, non-signal leptons

are used in the fake background estimation discussed in Section 16.

For an event to be selected, at least one of the leptons in the quadruplet must be matched

to one of the offline triggers which fired for the event. To ensure a high trigger efficiency,

a requirement of pT > 20 (10) GeV is required for the leading (subleading) lepton of the

quadruplet. Lastly, as for the fiducial region, loose ∆R and m`` selections are applied to

minimize known backgrounds without significantly impacting the acceptance.

To illustrate the typical quadruplet signature, a representative event display, recorded

during Run Number 271298 of 2015 data-taking, is shown for a candidate ZZ → µµee event

in Figure 27. The primary lepton pair is formed from two oppositely charged muons, while

the secondary pair is formed from two oppositely charged electrons.
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Figure 27: Display of a candidate ZZ → µµee event from proton-proton collisions recorded
by ATLAS, with LHC beams at a collision energy of

√
s = 13 TeV. The primary Z-boson

candidate has a dilepton invariant mass of 94 GeV and transverse momentum of 35 GeV, and
is reconstructed from two oppositely charged muons, shown as red tracks. The secondary
Z-boson candidate has a mass of 86 GeV and transverse momentum of 19 GeV, and is
reconstructed from two oppositely charged electrons, shown as green tracks leading to energy
deposits in the electromagnetic calorimeter. The four-lepton system has a combined invariant
mass of 191 GeV and transverse momentum of 24 GeV. Taken from ATLAS public results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Collisions.
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13 Dataset and Monte Carlo Samples

13.1 LHC Dataset

The LHC collision data used in this analysis, known as the ATLAS Run-2 dataset, correspond

to proton-proton collisions at a center-of-mass energy of
√
s = 13 TeV totaling an integrated

luminosity of 139 fb−1. This dataset consists of four individual run periods, divided according

to the year of operation: 2015, 2016, 2017, and 2018. These periods are further divided into

sub-periods, lasting on the order of one to three weeks, with varying beam and detector

conditions. For each run period, only those subset of events satisfying the relevant Good

Run List (GRL) are considered. Events on the GRL must pass detector condition and data

quality thresholds to ensure the data are suitable for physics analysis.

The total integrated luminosity over the course of Run-2 is shown as a function of time in

Figure 28. Three measures of the luminosity are shown: the total as delivered by the LHC

(“LHC Delivered”), the total as recorded by the ATLAS detector (“ATLAS Recorded”),

and the total passing the relevant GRL (“Good for Physics”). The previously quoted Run-

2 luminosity of 139 fb−1 corresponds to the lattermost. The general trend of increasing

instantaneous luminosity over time can be seen in the increasing slope of the three graphs.

This is also visible in the average number of inelastic proton-proton collisions observed per

bunch crossing, termed pile-up, which is shown for each of the four run periods in Figure 29.

Roughly speaking, a higher instantaneous luminosity corresponds to a denser packing of

proton bunches within the beams, which in turn leads to more collisions per bunch crossing.

The figures are summarized for each of the four run periods in Table 9.

The LHC beam luminosity, as delivered to ATLAS, is primarily measured by the Lu-

minosity Cherenkov Integrating Detector (LUCID-2) [46]. An overall relative uncertainty

of ±1.7%, equal to ±2.4 fb−1 in absolute terms, has been determined for the full Run-2

operation [47].
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Figure 28: Total integrated luminosity over the course of the Run-2 operation.

Figure 29: Average number of inelastic proton-proton collisions per bunch crossing (pile-up)
for each run period and the combination of Run-2.
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Table 9: Summary of luminosity conditions for the four periods of Run-2. The luminosities
as delivered by the LHC (“Delivered”), recorded by ATLAS (“Recorded”), and passing the
relevant GRL (“Good for Physics”) are shown in units of fb−1. The average number of
inelastic proton-proton interactions per bunch crossing (“Pile-up”) is also shown to further
highlight the general trend of increasing luminosity.

Run Period (Year) Delivered (fb−1) Recorded (fb−1) Good for Physics (fb−1) Pile-up

2015 4.0 3.7 3.2 13.4
2016 38.1 35.5 33.0 25.1
2017 49.7 46.6 44.3 37.8
2018 64.2 60.9 58.5 36.1

Run-2 156.0 146.7 139.0 33.7

13.2 Monte Carlo Samples

The signal and background physics processes in the analysis phase space are simulated using

Monte Carlo (MC) event generation, following the procedure outlined in Section 7.2. The

derivation stage following reconstruction relies on the HIGG2D1 scheme, provided by the

Higgs analysis group, which applies a dilepton (e, µ) filter, at least one electron or muon

trigger to be fired, and a minimum dilepton invariant mass of m`` > 5 GeV. Additionally, the

transverse momentum of the leading and subleading leptons are required to exceed 15 GeV

and 5 GeV, respectively. A summary of the MC samples considered as signal is shown in

Table 10, while samples considered as reducible background are listed in Table 11.

Signal Processes

Details on multi-boson simulation in ATLAS are discussed further in Ref. [48]. Additional

details on the specific samples used in this analysis can be found in Ref. [49]. All signal

and background samples generated with Sherpa [50] use the NNPDF3.0nnlo [51] parton

distribution function (PDF) set15. The dominant quark-initiated qq̄ → Z(∗)Z(∗) → 4` pro-

cess, including resonant Z → 4`, is modeled using Sherpa 2.2.2, with next-to-leading order

15 Given the complexity of composite hadrons, a choice of parton distribution functions
is required to accurately model their collisions. These are determined experimentally and
estimate the probability of finding a given parton (i.e. u, d, s, g) as a function of its fractional
momentum of the hadron, often denoted by x. For a more detailed overview see Ref. [52].

78



(NLO) accuracy in QCD for up to one additional parton emission, and leading order (LO)

accuracy for up to three additional emissions. An alternative sample used for comparison

to the nominal Sherpa qq̄ → 4` sample is generated at NLO accuracy in QCD, excluding

any parton emissions, with Powheg-Box v2 [53] using the CT10nlo [54] PDF set, and

interfaced to Pythia 8 [55] for the parton shower and hadronization. The higher order elec-

troweak production of four leptons in association with two jets is modeled using a separate

sample generated with Sherpa 2.2.2. The loop-induced, gluon-initiated gg → Z(∗)Z(∗) → 4`

process, emerging at next-to-next-to-leading order (NNLO) in αS, is modeled using Sherpa

2.2.2, with LO precision for up to one additional parton emission. Resonant Higgs produc-

tion pp → H(∗) → Z(∗)Z(∗) → 4` is simulated using Powheg+Pythia8 to at least NLO

accuracy in QCD, separately for the four primary Higgs production modes: gluon-gluon fu-

sion (ggF ), vector boson fusion (VBF), Higgsstrahlung (V H), and production in association

with top quarks (ttH) - where the ggF sample uses the Powheg NNLOPS program [56] to

achieve NNLO accuracy in QCD. Triboson processes which produce four or more prompt

leptons in the final state, including WWZ, WZZ, ZZZ, are modeled with Sherpa 2.2.2 at

NLO accuracy in QCD for zero or one additional parton emissions, and LO accuracy for up

to two additional parton emissions. Lastly, Z-boson production in association with a pair of

top quarks pp→ tt̄+ (Z →)2` is modeled with Sherpa 2.2.0.

Background Processes

The sources of reducible background in this analysis correspond to events with one or more

non-prompt or fake leptons. Although the fake background is estimated using a fully data-

driven method, MC samples are used to develop and validate the estimation procedure.

The dominant background process is that of Z-boson production in association with jets

pp→ Z(∗) → 2`+jets, which is simulated for both three or more leptons using Sherpa 2.2.0

and inclusively using Sherpa 2.2.1, in order to balance the tradeoffs between statistical

precision and inclusivity. The subdominant background process is that of tt̄ production in
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which both top quarks decay semileptonically pp→ tt̄→ 2`. This process is simulated with

Powheg+Pythia8 using the A14 NNPDF23LO [58] PDF set. An additional contribution

from WZ production in which both bosons decay leptonically pp→ WZ → 3`1ν is simulated

using Sherpa 2.2.2. Lastly, a very minor contribution from Z+Υ production in multi-parton

interactions pp → Z + Υ → 4` is simulated with Pythia 8 using the A14 NNPDF23LO

PDF set.

Calibrations

A variety of calibrations are applied to the simulations to account for known discrepancies

with measured collision data. The MC is split into three campaigns known as mc16a, mc16d,

and mc16e - corresponding, respectively, to the 2015-2016, 2017, and 2018 data-taking pe-

riods. For each campaign, the MC is reweighted to match the observed pile-up profile in

the corresponding data period. Additional detector-level correction weights, known as scale

factors, are applied to reconstructed events in MC to account for other differences with data.

These scale factors generally fall into one of three categories, each accounting for differences

in a specific selection efficiency between data and MC:

• Electron: reconstruction, identification, and isolation efficiency of electrons

• Muon: reconstruction, isolation, and track-to-vertex association efficiency of muons

• Trigger: combined event-level trigger efficiency (see Section 15)
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Table 10: A summary of the Standard Model Monte Carlo samples considered as signal. The
last column denotes the accuracy in QCD depending on the number of additional parton
emissions. The sample indicated with a dagger highlights the alternative qq̄ → Z(∗)Z(∗) → 4`
sample used to derive a generator uncertainty with respect to the nominal.

Process Filter Generator PDF Accuracy

qq̄ → Z(∗)Z(∗) → 4` inclusive Sherpa 2.2.2 [50] NNPDF3.0nnlo [51] 0, 1j@NLO+2, 3j@LO
inclusive† Powheg+Pythia8 [53,55] CT10nlo [54] 0j@NLO
≥ 2 jets (EW) Sherpa 2.2.2 NNPDF3.0nnlo 0j@LO

gg → Z(∗)Z(∗) → 4` m4` > 130 GeV Sherpa 2.2.2 NNPDF3.0nnlo 0, 1j@LO
no H, m4` < 130 GeV Sherpa 2.2.2 NNPDF3.0nnlo 0, 1j@LO

pp→ H(∗) → Z(∗)Z(∗) → 4` ggF Powheg+Pythia8 PDF4LHC15nnlo [57] NNLO
VBF Powheg+Pythia8 PDF4LHC15nlo NLO
V H Powheg+Pythia8 PDF4LHC15nlo NLO
ttH Powheg+Pythia8 PDF4LHC15nlo NLO

pp→ W (∗)W (∗)Z(∗) → 4`2ν inclusive Sherpa 2.2.2 NNPDF3.0nnlo 0j@NLO+1, 2j@LO
pp→ W (∗)Z(∗)Z(∗) → 5`2ν inclusive Sherpa 2.2.2 NNPDF3.0nnlo 0j@NLO+1, 2j@LO
pp→ Z(∗)Z(∗)Z(∗) → 6` inclusive Sherpa 2.2.2 NNPDF3.0nnlo 0j@NLO+1, 2j@LO
pp→ Z(∗)Z(∗)Z(∗) → 4`2ν inclusive Sherpa 2.2.2 NNPDF3.0nnlo 0j@NLO+1, 2j@LO

pp→ tt̄+ (Z →)2` m`` > 5 GeV Sherpa 2.2.0 [50] NNPDF3.0nnlo LO

Table 11: A summary of the Standard Model Monte Carlo samples considered as background.

Process Filter Generator PDF

pp→ Z(∗) → 2e+jets ≥ 4 truth leptons, p`T > 4 GeV Sherpa 2.2.0 [50] NNPDF3.0nnlo [51]
m1(``) > 40 GeV
m2(``) > 8 GeV

pp→ Z(∗) → 2µ+jets ≥ 4 truth leptons, p`T > 4 GeV Sherpa 2.2.0 NNPDF3.0nnlo
m1(``) > 40 GeV
m2(``) > 8 GeV

pp→ Z(∗) → 2e+jets ≥ 3 truth leptons, p`T > 4 GeV Sherpa 2.2.0 NNPDF3.0nnlo
vetoing 4` filter

pp→ Z(∗) → 2µ+jets ≥ 3 truth leptons, p`T > 4 GeV Sherpa 2.2.0 NNPDF3.0nnlo
vetoing 4` filter

pp→ Z(∗) → 2e+jets inclusive Sherpa 2.2.1 [50] NNPDF3.0nnlo
pp→ Z(∗) → 2µ+jets inclusive Sherpa 2.2.1 NNPDF3.0nnlo
pp→ Z(∗) → 2τ+jets inclusive Sherpa 2.2.1 NNPDF3.0nnlo

pp→ tt̄→ 2` inclusive Powheg+Pythia8 [53,55] A14 NNPDF23LO [58]

pp→ WZ → 3`1ν inclusive Sherpa 2.2.2 NNPDF3.0nnlo

pp→ Z + Υ→ 4` inclusive Pythia 8 A14 NNPDF23LO
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14 Observables

The presence of four leptons in the final state gives many interesting kinematic observables to

study, particularly those pertaining to angular separations - a sample of which are displayed

in Figure 30. While a wide-variety of lepton- and event-level observables are utilized for

internal validation studies, this section outlines only those observables considered for the

final unfolded measurements.

As in the previous inclusive four-lepton analysis [44], the four-lepton invariant mass (m4`)

is measured inclusively and differentially, i.e. in slices of the transverse momentum (pT,4`),

rapidity (y4`), and lepton flavor of the quadruplet system. The lepton flavor slices correspond

to the three final state channels: 4µ, 4e, and 2µ2e. New to this analysis, several observables

are measured differentially in four slices of the four-lepton invariant mass. These mass slices

are chosen to be enriched in four separate 4` production modes:

• Single resonant Z: 60 < m4` < 100 GeV

• Resonant Higgs: 120 < m4` < 130 GeV

• Off-shell ZZ: 20 < m4` < 60 GeV or 100 < m4` < 120 GeV or 130 < m4` < 180 GeV

• On-shell ZZ: 180 < m4` < 2000 GeV

Within these mass slices, the invariant mass and transverse momentum of the primary and

secondary lepton pairs are measured. Adding to the differential measurements are the ab-

solute rapidity and azimuthal separation of the primary and secondary lepton pairs. The

absolute azimuthal separation between the two leading-pT leptons of the quadruplet is also

measured. Completing the differential observables, polarization-sensitive variables are mea-

sured for both lepton pairs, defined as the cosine of the angle between the negative lepton in

its respective pair rest frame and the same lepton pair in the laboratory frame, as displayed

in Figure 30. In addition to these observables, a series of five inclusive measurements are

performed - one in the entire fiducial phase space and one in each of the four four-lepton
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invariant mass regions outlined above. The thirteen differential observables are listed below

according to the relevant variables profiled.

• Single-differential m4`:

– Four-lepton invariant mass: m4`

• Double-differential, versus m4`:

– Four-lepton invariant mass, sliced in transverse momentum: m4` − pT,4`

– Four-lepton invariant mass, sliced in rapidity: m4` − y4`

– Four-lepton invariant mass, sliced in quadruplet flavor: m4`−flavor

• Double-differential, sliced in m4`:

– Invariant mass of the primary (secondary) lepton pair: mZ1 (mZ2)

– Transverse momentum of the primary (secondary) lepton pair: pT,Z1 (pT,Z2)

– Absolute rapidity separation between the lepton pairs: |∆ypairs|

– Absolute azimuthal separation between the lepton pairs: |∆φpairs|

– Absolute azimuthal separation between the leading-pT quadruplet leptons: |∆φ``|

– Cosine of the angle between the negative lepton in the primary (secondary) pair

frame and the primary (secondary) pair in the laboratory frame: cos θ∗1 (cos θ∗2)
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Figure 30: Illustration of an example pp→ ZZ → µ+µ−e+e− decay, showing the six angles
(excluding the arbitrary azimuthal offset Φ∗) which fully characterize the decay chain [59].
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Chapter V: Analysis Strategy

The overarching aims of this analysis are that of inclusivity and re-interpretability. The

former goal motivates, among other decisions, the loosening of many kinematic selections

and the inclusion of leptonic τ -decays in the signal region, as outlined in Section 12. These

changes greatly extend the reach of this analysis over previous iterations but pose many

challenges in the triggering and background estimation, which will be discussed in Sec-

tions 15 and 16, respectively. The effects of loosening selections and updating the lepton

isolation working point with respect to the previous analysis are discussed in Appendix C. Re-

interpretability is the ability to place strict constraints on many models of new physics using

the measurements, which depends crucially on minimizing model dependence. The data-

driven background estimation and the unfolding procedure, to be discussed in Sections 16

and 17, respectively, are central to achieving this goal. Lastly, physical measurements mean

nothing without associated uncertainties. Uncertainties in this analysis arise from systematic

and statistical sources, and are discussed extensively in Section 18.
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15 Trigger

15.1 Menu

Given the analysis aim of inclusivity, the trigger menu was chosen to maximize the acceptance

in the four-lepton phase space, particularly at low invariant mass. The menu therefore

consists of an expansive combination of the lowest prescaled single, double, and triple lepton

triggers. The exact menu of triggers varies according to the run period, reflecting changes

in the high-level trigger system intended to cope with increasing data rates. Events in data

are selected using a logical-OR of the active triggers in the corresponding run period. An

additional requirement known as trigger matching selects the subset of events in which at

least one lepton of the quadruplet is matched to one of the fired triggers. A breakdown of

the trigger menu by electron-only, muon-only, and mixed electron-muon triggers is shown

per data period in Table 12.

15.2 Efficiency

Calculation

The trigger efficiency in MC is defined as the fraction of events passing a logical-OR selection

of the active triggers with respect to the number of events passing the reconstruction-level

pre-trigger selection. The ATLAS-supported tool TrigGlobalEfficiencyCorrectionTool16 is

used in order to calculate the trigger efficiency scale factors which are applied to MC in

order to account for differences in the trigger efficiency with respect to data. As is generally

the case, the trigger efficiency scale factor is defined as the ratio of the measured efficiencies

between MC and data,

SFtrigger =
εtrigger

MC

εtrigger
Data

. (46)

The ATLAS global trigger tool supports the computation of trigger efficiency scale factors

16https://gitlab.cern.ch/atlas/athena/tree/21.2/Trigger/TrigAnalysis/

TrigGlobalEfficiencyCorrection
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Table 12: Electron-only, muon-only, and mixed electron-muon triggers used for this analysis
list by active data period.

Year Leptons Included Triggers

2015 Electron: HLT e24 lhmedium L1EM20VH
HLT e60 lhmedium
HLT e120 lhloose
HLT 2e12 lhvloose L12EM10VH

Muon: HLT mu20 iloose L1MU15
HLT mu50
HLT 2mu10
HLT mu18 mu8noL1

Mixed: HLT e7 lhmedium mu24
HLT e17 lhloose mu14

2016 Electron: HLT e26 lhtight nod0 ivarloose
HLT e60 lhmedium nod0
HLT e140 lhloose nod0
HLT 2e17 lhvloose nod0

Muon: HLT mu26 ivarmedium
HLT mu50
HLT 2mu14
HLT mu22 mu8noL1

Mixed: HLT e7 lhmedium nod0 mu24
HLT e17 lhloose nod0 mu14
HLT 2e12 lhloose nod0 mu10

2017 Electron: HLT e26 lhtight nod0 ivarloose
HLT e60 lhmedium nod0
HLT e140 lhloose nod0
HLT 2e24 lhvloose nod0
HLT e24 lhvloose nod0 2e12 lhvloose nod0 L1EM20VH 3EM10VH

Muon: HLT mu26 ivarmedium
HLT mu50
HLT 2mu14
HLT mu22 mu8noL1

Mixed: HLT e17 lhloose nod0 mu14
HLT e26 lhmedium nod0 mu8noL1

2018 Electron: HLT e26 lhtight nod0 ivarloose
HLT e60 lhmedium nod0
HLT e140 lhloose nod0
HLT 2e17 lhvloose nod0 L12EM15VHI
HLT 2e24 lhvloose nod0
HLT e24 lhvloose nod0 2e12 lhvloose nod0 L1EM20VH 3EM10VH

Muon: HLT mu26 ivarmedium
HLT mu50
HLT 2mu14
HLT mu22 mu8noL1

Mixed: HLT e17 lhloose nod0 mu14
HLT e26 lhmedium nod0 mu8noL1
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either by explicit calculation, based on the combined probabilities of unions, or by generating

an ensemble of pseudo-experiments. In the former case, the tool supports only restricted

combinations of triggers, given the increasingly complicated analytic formulae required by

complex configurations. In the simplest case of a trigger menu consisting of only one single

lepton trigger (` = e, µ), the probability of the trigger firing in an event with n leptons, es-

sentially a measure of the trigger efficiency, is calculated by the logical-OR of the probability

of firing for each lepton,

P (tn) = P (`1 ∨ `2... ∨ `n). (47)

This can be factorized and, therefore, more easily calculated by considering the probability

of all individual leptons not firing the trigger,

P (tn) = 1− P (¯̀
1 ∧ ¯̀

2... ∧ ¯̀
n) = 1−

n∏
i=1

(1− P (`i)). (48)

In general, however, this computation cannot be factorized so cleanly and requires consider-

ing the respective contributions from both lepton flavors.

Initially, a reduced set of triggers was chosen in order to benefit from an explicit cal-

culation of scale factors. However, the inclusion of mixed triple-lepton triggers, which is

analytically supported only in very simple trigger menus, was found to yield a non-negligible

acceptance gain at low four-lepton invariant mass. This motivated a detail study of the

pseudo-experiment based approach. Using a reduced, analytically-supported trigger menu,

the trigger efficiencies in data and MC were calculated separately for both approaches, using

100, 000 toys for the pseudo-experiment option. As shown in Figure 31, the calculation by

pseudo-experiments gives per-mille agreement in the data (a) and MC (b) trigger efficiencies

with the explicit calculation.

Given the results of this validation, the pseudo-experiment option was chosen over the

explicit calculation, and the trigger menu was expanded to include all triggers with full scale

factor support, as shown in Table 12. The resulting MC and data trigger efficiencies, as
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Figure 31: Validation of the trigger efficiency computation by the pseudo-experiment based
approach (ntoys = 100, 000) against the explicit calculation using analytic formulae, shown
separately for the resulting data (a) and MC (b) trigger efficiencies.

well as the corresponding scale factors, are shown as a function of m4` for the dominant

qq̄ → Z(∗)Z(∗) process in Figure 32. The trigger efficiency is above 50% in all bins and

saturates to 100% above 200 GeV. The following plots are restricted to an upper limit of

253 GeV to highlight the low-mass region where the differences are noticeable. As expected,

the efficiency calculated in MC overestimates the efficiency measured in data, although the

scale factor remains within 4% of unity.

Breakdowns

The contributions to the overall trigger efficiency separated by lepton multiplicity are shown

in Figure 33 by successively including each category of triggers to the menu. The effect of

including triple lepton triggers on top of single and double lepton triggers amounts to a 0.5%

acceptance gain for m4` < 253 GeV. The overall trigger efficiency of the finalized menu is

shown in Figure 34, also highlighting the additional impact of requiring trigger matching to

quadruplet leptons.

The MC trigger efficiency as evaluated by the global trigger tool is further validated in

qq̄ → Z(∗)Z(∗) MC by comparing the post-trigger yield observed after applying a manual
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Figure 32: The MC and data trigger efficiencies, and the resulting efficiency scale factor as
calculated by the TrigGlobalEfficiencyCorrectionTool using 100,000 pseudo-experiments.
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Figure 33: Trigger efficiency breakdown including successive sets of triggers by lepton multi-
plicity, corresponding to the categories in Table 12. The inclusion of double lepton triggers
amounts to a 6.8% acceptance gain for m4` < 253 GeV, while triple lepton triggers provide
an additional 0.5% increase.
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Figure 34: The overall trigger efficiency of the finalized trigger menu, also showing the impact
of the additional requirement of trigger matching.

trigger selection against the pre-trigger reconstruction-yield weighted by the MC trigger effi-

ciency εMC, as shown in Figure 35. Closure of these two yields indicates that the MC trigger

efficiency as evaluated using pseudo-experiments accurately describes the actual trigger effi-

ciency as measured in MC. The results of this closure test show a generally good agreement

within 10% percent. The discrepancies at low four-lepton invariant mass arise due to dif-

fering isolation requirements between the analysis signal region and the individual trigger

efficiencies used as inputs to the tool. Specifically, the isolation working point as used in

the analysis is looser for low-pT leptons than the working point which the individual trigger

efficiencies are measured against. Therefore, the trigger efficiency as derived by the tool

assuming more-isolated leptons is overestimated with respect to the less-isolated leptons al-

lowed in the analysis signal region. However, given this bias affects the data and MC trigger

efficiencies equally, it is cancelled out in the resulting scale factor.
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Figure 35: Validation of the TrigGlobalEfficiencyCorrectionTool comparing the post-trigger
yield observed after applying a manual trigger selection to the reconstruction-yield weighted
by the MC trigger efficiency εMC. The generally good closure indicates the tool provides a
reliable measure of the MC and, by extension, data trigger efficiencies through the pseudo-
experiment based evaluation. The overestimation of the εMC weighting at low-mass is driven
by differing isolation working points between the signal region and the measured trigger
efficiencies. This bias affects data and MC efficiencies equally and is therefore cancelled in
the resulting scale factor.
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16 Backgrounds

In the previous iteration of this analysis [44], the signal region was restricted to diboson-

mediated four-lepton production, while all other processes were considered as irreducible or

reducible sources of background. The contributions of other genuine four-lepton processes,

namely vector boson production in association with a top quark pair (tt̄V ) and triboson

production (V V V ), were considered as irreducible sources of background and subtracted

from the observed data using the respective predictions. As part of the effort to reduce

model dependence in this analysis, it is preferable not to rely on the modeling of these

processes in simulations. Therefore, these sources are no longer considered as backgrounds

and, instead, included in the inclusive four-lepton signal definition. In other words, all

events with four prompt leptons are considered as signal, leaving only reducible sources to

consider as background. These backgrounds correspond to events in which at least one non-

prompt lepton enters the selected quadruplet. In the terminology used here, real leptons are

genuine leptons produced directly in the hard scatter, while fake leptons refer to all non-

prompt objects - including genuine leptons produced from secondary interactions and other

charged tracks incorrectly identified as leptons (misidentified leptons). This is depicted for

a simplified hadronic jet event in Figure 36, where the fake lepton in this example may be a

genuine or misidentified lepton produced in secondary decays within the jet activity.

Figure 36: Depiction of prompt (real) and non-prompt (fake) leptons in an event with
hadronic jet activity. In this example, the fake lepton may be a genuine or misidentified
lepton produced in the secondary interactions. Adapted from Eva Hansen’s talk Jet Recon-
struction and Calibration with ATLAS.
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16.1 Sources

Although the modeling of fake leptons is generally worse than that of real leptons in MC

predictions, the simulations provide a rough approximation of the expected background

composition. For purposes of the lepton composition studies, the truth origin of leptons

is determined by the Isolation and Fake Forum (IFF) truth classification tool17. The tool

classifies leptons into several categories according to the available truth-level information.

The classifications relevant to the phase space of this analysis are as follows:

• Unknown/KnownUnknown: insufficient truth information to classify particle

• IsoElectron: prompt electron from the hard scatter interaction

• PromptMuon: prompt muon from the hard scatter interaction

• TauDecay: leptons originating from the decay of a prompt tau lepton

• PromptPhotonConversion: electrons originating from a prompt photon conversion

• ChargeFlipIsoElectron: electrons whose reconstructed charge is mis-measured

• BHadronDecay: leptons originating from hadrons containing a b-quark

• CHadronDecay: leptons originating from hadrons containing a c-quark

• LightFlavorDecay: leptons originating from lighter quark mesons and hadrons

The IFF truth classifier origin of quadruplet leptons is shown for the signal and background

samples which compose the four-lepton signal region in Figure 37. The vast majority of

leptons are prompt electrons or muons, coming predominantly from the combined qq → 4`

and gg → 4` signal samples (llll). Leptons from prompt tau decays, also considered as

signal in this analysis, contribute a minor portion mostly from the tt̄V (ttll) process. The

Unknown/KnownUnknown classifications, resulting from insufficient truth information,

are composed mainly of the signal tt̄V and V V V processes. Based on ∆R-based truth-

association studies, it is observed that these unclassified leptons appear to be real in the

17https://gitlab.cern.ch/ATLAS-IFF/IFFTruthClassifier
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Figure 37: The truth origin of quadruplet leptons in the signal and background samples
which enter the four-lepton signal region, weighted by the relevant cross-section. “Spectator”
leptons which are not part of the selected quadruplet are excluded.

signal region and fake in other regions - and are therefore assumed as such for the estimation.

All other classifications are considered backgrounds for the purposes of this measurement,

and together contribute less than 10% of the total composition. The dominant background

source is that of leptons from b-hadron decays, while lighter flavor hadron and meson decays

comprise the second largest contribution. The former arises mainly from Z → `` (Z + jets)

production, while the latter is composed roughly equally of Z + jets and tt̄ production.

The contributions of electrons with mis-measured charge and those from prompt photon

conversions, both of which are considered as background, are shown to be negligible.

Though the overall composition of the fake background is largely understood from simu-

lations, a data-driven background estimation is preferred over MC predictions for two main

reasons. Firstly, the MC simulations are limited in statistics with respect to the data and
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therefore suffer from larger statistical uncertainties. Secondly, although simulations gener-

ally model genuine fakes (e.g. secondary leptons from b-hadron decays) well, the modeling

of reconstruction artifacts (e.g. jets reconstructed as a leptons) is much worse. Therefore, a

data-driven approach based on the fake factor method is used for the background estimation.

16.2 Analysis Regions

Four-lepton Signal and Validation Regions

As outlined in Section 12, the signal selections form a subset of the more inclusive base-

line selections. There are three classes of leptons relevant to the background estimation:

baseline leptons, signal leptons, and baseline-not-signal leptons. Baseline and signal leptons

correspond to leptons passing, respectively, the baseline and signal selections outlined in

Section 12. Baseline-not-signal leptons are those which pass the baseline selections, but fail

the additional signal requirements. The signal region (SR) of the analysis consists of baseline

quadruplets in which all leptons of the quadruplet pass the additional signal selections. The

larger region consisting of baseline-not-signal quadruplets, in which at least one quadruplet

lepton does not pass signal requirements, forms the inclusive four-lepton control region (CR).

Although the events outside of the SR do not enter the final measurement, the inclusive CR

is essential for the data-driven estimation of the fake lepton background.

In addition to the primary four-lepton signal region, consisting of two same-flavor, opposite-

charge lepton pairs, two additional validation regions are introduced to verify the accuracy

of the background prediction. These regions are orthogonal to the primary SF-OC regions,

based on the presence of one non SF-OC lepton pair in the quadruplet, but otherwise identi-

cal in terms of upstream selections. In the different-flavor validation region (VR-DF) exactly

one pair of the quadruplet is required to be different-flavor, conversely, in the same-charge

validation region (VR-SC) exactly one pair is required to be same-charge. In each of the

validation regions, the subset of events which do not contain a signal quadruplet are again

used in the respective background estimations. A summary of the signal and validation
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Figure 38: Graphical representation of the four-lepton regions used in the background esti-
mation and final measurement. The horizontal axis shows the number of signal (tight) and,
inversely, baseline-not-signal (loose) leptons in the quadruplet. The vertical axis denotes the
composition of the two lepton pairs in the quadruplet. The signal region is shown in the
bottom right, consisting of four signal leptons arranged in two same-flavor, opposite-charge
pairs. The DF (SC) validation region, fully orthogonal to the signal region, consists of
one same-flavor, opposite-charge lepton pair and one different-flavor, opposite-charge (same-
flavor, same-charge) lepton pair. Along each of the three horizontal slices, all regions having
less than four signal leptons, collectively referred to as the inclusive control regions, are used
in the respective background estimations.

regions, plotted along the axes of the number of signal leptons in the quadruplet and the

lepton pair composition, is shown in Figure 38.

Although the secondary validation regions are orthogonal to the SR, the composition

of fake leptons remains largely unchanged, allowing for an independent validation of the

background estimation. The compositions of non-prompt leptons in the VR-DF and VR-

SC are shown alongside the non-prompt composition in the SR in Figure 39. The relative

contribution of fake leptons from b-hadron decays to those from lighter quark decays is

comparable across all three regions.
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Table 13: Summary of the Z → `` CR reconstruction-level selection.

Category Requirement

Event Preselection Fire ≥ 1 lepton trigger
Final State ≥ 2 signal leptons, plus ≥ 1 baseline lepton
J/ψ-Veto mij > 5 GeV for all SF-OC lepton pairs
Lepton Separation ∆Rij > 0.05 for any two leptons
Dilepton Formation ≥ 1 SF-OC lepton pair
Z-mass Constraint 76 < m`` < 106 GeV
Pair Kinematics pT > 20 (15) GeV for leading (subleading) lepton
Trigger Matching Pair leptons matched to ≥ 1 lepton trigger

Z → `` Control Region

Given the known mis-modeling of fake leptons in simulations, as well as the limited MC

statistics, a fake-enriched Z → `` control region is defined in data to more accurately study

the behavior of fake leptons. The region is defined based on the selections outlined in Table 13

so as to be enriched in the dominant Z + jets background. The region uses a combination of

single and double lepton triggers, and requires a minimum of two signal leptons plus at least

one additional baseline lepton. Of the signal leptons in the event, a Z-compatible pair must

be present consisting of two same-flavor, opposite-charge leptons with an invariant mass

between 76 < m`` < 106 GeV. As in the four-lepton regions, a J/ψ veto of m`` > 5 GeV is

enforced for all same-flavor, opposite-charge lepton pairs, and all leptons must be separated

by a minimum ∆R > 0.05. The leading and subleading leptons of the pair must respectively

satisfy pT,1 > 20 GeV and pT,2 > 15 GeV. Based on this selection, the primary lepton

pair consists largely of genuine prompt leptons from Z-decays, while any additional baseline

leptons in the event are expected to be fake. As shown in Figure 40, the composition of fake

leptons in the Z → `` control region is comparable to the signal region and, by extension,

the validation regions. Therefore, measurements of fake leptons in this region can be directly

applied to the four-lepton signal and validation regions.
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Figure 39: The truth origin of non-prompt leptons in the four-lepton signal region (a), the
different-flavor validation region (b), and the same-charge validation region (c).
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Figure 40: The truth origin of non-prompt leptons in the four-lepton signal region (a) and
the Z → `` control region (b).
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16.3 Estimation Strategy

The fake factor method is a data-driven background estimation technique, closely related to

the matrix method, both of which are discussed in detail in Ref. [60]. Although both methods

were tested for for use in this analysis, the former proved more effective for reasons to be

discussed. Central to both methods are the so-called real (r) and fake (f) efficiencies, which

are typically measured in data control regions enriched in real and fake leptons, respectively.

The real efficiency is a measure of the fraction of prompt leptons passing baseline selections

(NB
R ) which further pass the tighter signal selections (NT

R ),

r =
NT
R

NB
R

. (49)

Similarly, the fake efficiency measures the fraction of non-prompt leptons passing baseline

selections (NB
F ) which further pass the tighter signal selections (NT

F ),

f =
NT
F

NB
F

. (50)

Both techniques operate on the assumption that the fake efficiency is much smaller than the

real efficiency (f << r) and, therefore, non-linear terms in f can be ignored.

For the simplest case of a signal region defined by a single tight lepton, the observed

signal (NT ) and baseline-not-signal (NL) lepton yields can be decomposed in terms of the

real (NB
R ) and fake (NB

F ) baseline predictions as

NT = rNB
R + fNB

F , (51)

and

NL = (1− r)NB
R + (1− f)NB

F . (52)
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This system of equations can be arranged in a 2× 2 matrix equation,

NT

NL

 =

 r f

1− r 1− f


NB

R

NB
F

 . (53)

The matrix method predicts the fake baseline contribution by inversion of the matrix,

NB
F =

1

r − f (r(NT +NL)−NT ), (54)

where higher order corrections dependent on f 2 are ignored. The predicted number of fake

leptons passing signal selections is therefore given by

NT
F = fNB

F =
f

r − f (r(NT +NL)−NT ). (55)

The fake factor method is a simplification of the matrix method technique, essentially

equivalent to the limit of r → 1 in Equation 55. However, since in reality the real efficiency

of any analysis is less than unity this will overestimate the fake background composition.

Therefore, the genuine baseline-not-signal prompt contribution as measured in MC (NL
R)

must be subtracted from the observed baseline-not-signal yield,

NT
F =

f

1− f (NL −NL
R). (56)

The calculation of NL
R assumes real leptons are well-modeled in MC, which is typically a safe

assumption. The leading coefficient in Equation 56 is called the fake factor, denoted by F ,

F =
f

1− f , (57)

which has a lower bound of zero when f → 0 and is unbounded above when f → 1, with

larger values corresponding to higher fake efficiencies. Unlike the matrix method estimate in
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Equation 55, the fake factor estimate in Equation 56 does not depend on the signal region

yield in which all leptons are tight. Therefore, the fake factor technique offers the important

advantage of deriving a background estimate which is blind to the contents of the signal

region [60].

Each method can be extended to an arbitrarily complex multi-lepton final state, defined

by the presence of NB baseline leptons. In a multi-lepton final state, there are 2N
B

obser-

vations to consider, one for every permutation of the individual leptons being either signal

or baseline-not-signal. Hence, a two lepton final state requires measuring NTT , NTL, NLT ,

and NLL, which are related to the predicted real and fake contributions by a 4 × 4 matrix

equation, 

NTT

NTL

NLT

NLL


=



r1r2 r1f2 f1r2 f1f2

r1r̄2 r1f̄2 f1r̄2 f1f̄2

r̄1r2 r̄1f2 f̄1r2 f̄1f2

r̄1r̄2 r̄1f̄2 f̄1r̄2 f̄1f̄2





NB
RR

NB
RF

NB
FR

NB
FF


, (58)

where ε̄ = (1− ε).

For the more relevant case of a four-lepton signal region, there are 24 = 16 equations

to consider, corresponding to the individual observations of the NTTTT , NTTTL, ..., NLLLL

yields. In this analysis, any event with at least one baseline-not-signal lepton in the quadru-

plet is considered as background, equivalent to NTTTT
F where F represents all quadruplet

permutations of real and fake leptons excluding the four-real combination (RRRR). The

estimation of the background therefore consists in the prediction of events containing four

signal leptons in which at least one lepton is fake. However, owing to a slight complication

arising from the loose ∆R selections of this analysis, a modification to the calculation must

be made to correct for cases in which the real and fake probabilities of nearby leptons are

correlated. This lepton skipping work-around is discussed further in Appendix D. In the

final matrix method or fake factor method calculation, an event-level weight is evaluated

based on the non-skipped quadruplet leptons in the inclusive CR to obtain an estimate of
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the background composition in the SR. The limited data statistics in the inclusive region

affects the precision of the background estimate and is therefore considered as a source of

systematic uncertainty in the final measurement (see Section 18).

16.4 Calculation of Efficiencies

Real Efficiency

The real efficiency is required as input only for the matrix method estimation, entering in

Equation 55. Owing to the excellent modeling of prompt lepton reconstruction, it can be

directly measured in simulation using the IFF truth classification. The real efficiency is

calculated using the dominant signal sample qq̄ → Z(∗)Z(∗) and parameterized as a function

of lepton pT and the number of jets, Njets. Only leptons which form a quadruplet in the

inclusive four-lepton region are considered in the calculation. The choice of jet multiplicity

over the more commonly used lepton η variable owes to an observed greater dependency on

the former variable over the latter. The measured real efficiencies are shown separately for

electrons and muons in Figure 41. In both cases, the efficiency significantly increases with

lepton pT and slightly decreases with the jet multiplicity. The real efficiency is on average

close to unity, ranging from 69→ 100%, and well above 90% in the high populated regions.

Fake Efficiency

The fake efficiency is a necessary input to both the matrix method and fake factor method,

entering in Equations 55 and 56. Unlike the real efficiency, it cannot be accurately measured

in simulation for reasons previously discussed and is instead measured in the fake-enriched

Z → `` control region. In this region, any baseline leptons present in the event in addition to

the selected lepton pair are assumed to be fake. Therefore, the fake efficiency can be directly

profiled as a function of the additional baseline lepton kinematics. Based on extensive studies,

an accurate estimation is obtained by measuring the efficiency double-differentially, in bins of

the additional lepton pT and the number of jets present in the event. As shown in Figure 42,
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Figure 41: The real efficiency, defined as the fraction of prompt baseline leptons passing the
signal requirements, measured in qq̄ → Z(∗)Z(∗) MC separately for electrons (a) and muons
(b) in the inclusive four-lepton region.

the fake efficiency as measured for electrons increases with lepton pT , and is mostly stable

versus the number of jets. Shown in Figure 43, the fake efficiency as measured for muons

decreases with both lepton pT and the jet multiplicity. The opposite dependence on lepton pT

for electrons and muons is understood to be due to differences in the isolation working point,

while the dependence on the number of jets, particularly for muons, is less understood. The

two-dimensional histograms shown here are used to evaluate and apply the fake factor weight

(Equation 57) in the inclusive control region when estimating the reducible background in

the signal region. Statistical and systematic uncertainties are evaluated on the measured fake

efficiencies, also shown in Figures 42 and 43, where the latter component accounts for QCD

renormalization and factorization scale, PDF, and αS variations in the WZ sample used for

the prompt subtraction. These uncertainties are propagated to the final measurement by

repeating the fake factor estimation using the symmetric up and down variations on the fake

efficiencies, the impacts of which are discussed in more detail in Section 18.
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Figure 42: The electron fake efficiency (a), defined as the fraction of non-prompt baseline
electrons passing the signal requirements, measured in data in the Z → `` control region,
and corrected for genuine prompt contributions from MC. Statistical (b) and systematic (c)
uncertainties on the fake efficiencies are also shown, where the latter accounts for renormal-
ization and factorization scale, PDF, and αS variations in the subtracted WZ sample.
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Figure 43: The muon fake efficiency (a), defined as the fraction of non-prompt baseline muons
passing the signal requirements, measured in data in the Z → `` control region, and corrected
for genuine prompt contributions from MC. Statistical (b) and systematic (c) uncertainties
on the fake efficiencies are also shown, where the latter accounts for renormalization and
factorization scale, PDF, and αS variations in the subtracted WZ sample.
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16.5 Choice of Estimation Strategy

The primary advantage of the fake factor method over the matrix method is the lack of

dependence on the signal region, allowing for a truly signal-blind background estimation. As

a result of this simplification, though, the fake factor method requires the genuine baseline-

not-signal prompt component to be taken from MC. In practice, however, this is hardly a

disadvantage since prompt leptons are well-modeled by MC and, moreover, the real efficiency

inputs for the matrix method are also derived from prompt MC. Studies of the two methods

found the matrix method generally performs worse than the fake factor method, particularly

in regions with a very high signal-to-background ratio. Given that the background contami-

nation in the signal region is relatively low, typically below 10%, the matrix method proved a

poor strategy for this analysis. Therefore, the fake factor method was chosen as the nominal

background estimation technique.

To ensure the fake factor estimate is not significantly different from that of the matrix

method, a validation of the two estimates is performed based on a method asymmetry metric

A. This metric is defined as the ratio of the difference to the sum of the two estimates,

A =
NFF −NMM

NFF +NMM
, (59)

so as to be zero when the methods are approximately equal and non-zero otherwise. This

metric is evaluated with a subset of the leading systematic uncertainties in the validation

regions, the results of which are shown versus m4` in Figure 44. The uncertainties are applied

in a correlated way on the two estimates and are shown separately for the fake efficiency

uncertainties in red and the combined uncertainties also including additional theoretical

sources in gray. Even excluding the larger inclusive CR statistical uncertainty, the two

methods are in good agreement within systematic uncertainties.
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Figure 44: Method asymmetry comparison between the fake factor and matrix methods, as
defined in Equation 59, versus m4` in both the different-flavor validation region (a) and the
same-charge validation region (b).

16.6 Smoothing of Prediction

The background prediction, as evaluated using the fake factor or matrix methods, exhibits

bin-to-bin fluctuations owing to statistical fluctuations in the measured efficiencies. This

noise is non-physical in nature, instead the result of limited data and MC statistics. To

prevent these statistical fluctuations from being propagated to the background-subtracted

data, a smoothing procedure is used to reduce noise without losing genuine shape information

in the background estimate.

Studies using various smoothing techniques were found to over-smooth the background

predictions when applied directly to the estimated differential yields binned according to the

unfolded measurements. Due to the relative coarseness of the unfolded binning (discussed

in Section 17.3), the smoothing techniques could not accurately resolve the underlying back-

ground shape. Therefore, an alternative approach was devised based on the smoothing

of observables in an intermediary fine binning. This multistage smoothing technique is

shown for the single-differential m4` observable in Figure 45 and is carried out per-slice for

double-differential observables. In the first step, the background estimate is evaluated in

an intermediary fine binning, consisting of 500 fixed-sized bins spaced either linearly or log-
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linearly depending on the relative difference of the smallest and largest bins in the observable

slice18. In the second step, Friedman’s Super Smoother technique [61] is used to smooth the

finely-binned estimate. In the third step, the finely-binned smoothed estimate is integrated

to the nominal binning of the observable. In the fourth step, intended as an internal val-

idation, this final smoothed result is compared to the unsmoothed estimate as derived in

the nominal binning. The results for single-differential m4` show the background smoothing

accurately captures the shape of the prediction, while reducing statistical fluctuations in the

raw estimate.

To account for uncertainties arising from the smoothing procedure itself, a source of

systematic uncertainty is considered in the final measurement. This uncertainty is derived

by following the above smoothing procedure using 250 or 1000 intermediary bins instead and

taking the envelope of the predictions from the nominal smoothed result as the error (see

Section 18).

16.7 Validation of Estimate

The background estimation is validated in two orthogonal validation regions: VR-DF and

VR-SC, as depicted in Figure 38. Although limited in statistics, the regions provide indepen-

dent validations of the fake factor background estimation strategy as used in this analysis.

To quantify the agreement with data, systematic uncertainties are evaluated on the com-

bined yield of the signal MC prediction and reducible background estimate. As done in the

SR, systematic variations are applied in a correlated way to the MC samples used for the

signal prediction and background estimation. Only a subset of the leading reconstruction-

level systematics are considered, while the full set of systematics evaluated in the SR is

discussed in Section 18. This includes all background-related systematics - namely the sta-

18 The choice of log-linear or linear spaced binning depends on the nominal binning of
observables. Positive-valued observables which exceed 1, 000 in the upper limit and whose
widest and smallest bins differ by at least a factor of ten are binned log-linearly. The
remaining observables are binned linearly.
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Figure 45: A step-by-step overview of the background smoothing technique for the single-
differential m4` observable. In (1), the background estimate is evaluated in an intermediary
fine binning. In (2), the smoothing routine is run to smooth the finely-binned estimate. In
(3), the smoothed result is integrated to the nominal binning. In (4), the integrated result
is compared to the unsmoothed estimate in the nominal binning.
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tistical and systematic uncertainties on the fake efficiencies, the envelope of the alternative

smoothing configurations, and the data statistical uncertainty in the inclusive CR. Flat

cross-section variations of ±15% and ±10% on, respectively, the tt̄V and V V V predictions

are also included. Lastly, a theoretical uncertainty accounting for QCD renormalization and

factorization scale variations in the qq̄ → Z(∗)Z(∗) sample is also included. Due to framework

constraints, this uncertainty is evaluated in the SR and propagated to the VRs by scaling to

the expected qq̄ → Z(∗)Z(∗) admixture in each region.

The observed data is compared against the combined signal plus background prediction

versus m4` for the two validation regions in Figure 46. The predictions are generally in

good agreement with data, falling well within the bounds of the total uncertainty. Plots for

additional quadruplet- and event-level observables are shown for the VR-DF in Figure 47

and the VR-SC in Figure 48. For all observables studied across both regions, the predictions

are found to be in good agreement with data within errors. As shown by the ∆Rll, min

comparisons in Figure 47 (f) and Figure 48 (f), the closure is observed even for minimally-

separated leptons, indicating the nearby lepton skipping strategy discussed in Appendix D

is valid.
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Figure 46: Validation of the reducible background estimation in the different-flavor validation
region (a) and same-charge validation region (b) for the single-differential m4` observable.
Black error bars denote the statistical uncertainty on the data, while the gray shading shows
the total systematic uncertainty on the combined prediction.
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Figure 47: Validation of the reducible background estimation in the different-flavor validation
region for a variety of observables. Black error bars denote the statistical uncertainty on
the data, while the gray shading shows the total systematic uncertainty on the combined
prediction.
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Figure 48: Validation of the reducible background estimation in the same-charge validation
region for a variety of observables. Black error bars denote the statistical uncertainty on
the data, while the gray shading shows the total systematic uncertainty on the combined
prediction.
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17 Unfolding

One of the foundational goals of experimental particle physics is the measuring of particle

cross-sections of specific processes. The number of observed events for a given process ab→

X as measured in a collider experiment is essentially given by

Nmeas
ab→X = A× ε× σtrue

ab→X ×
∫
L(t)dt, (60)

where σtrue
ab→X corresponds to the underlying true cross-section of the process and L(t) is

the instantaneous luminosity delivered by the collider. The factors of A and ε account,

respectively, for the limited acceptance and reconstruction efficiency of the detector. Dividing

out the integrated luminosity gives the measured inclusive cross-section, which is trivially

related to the true cross-section by

σmeas
ab→X = A× ε× σtrue

ab→X . (61)

Thus, by measuring σmeas
ab→X , in addition to the acceptance and reconstruction efficiency of the

detector, one can estimate the true value of the cross-section. However, this relatively simple

picture is much more complicated in the case of differential measurements, where resolution

effects can result in migrations between nearby bins. The process of unfolding offers a full

treatment of these experimental effects for the purposes of estimating true cross-sections.

17.1 Overview

Given the nature of experimentation, measured data as reconstructed by the ATLAS de-

tector necessarily suffers from inefficiencies and resolution effects. Inefficiencies particularly

affect low-momentum objects and vary depending on the pseudorapidity, corresponding to

changes in the active detector region. The effect of these inefficiencies generally decreases the

measured yield in certain regions of phase space. Resolution effects play a more complicated
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role because the smearing of measurements can result in migrations between neighboring

bins of a measured distribution. It is illuminating to think of these experimental effects

as transforming the underlying particle-level (true) distributions into a set of detector-level

(reconstructed) distributions.

Unfolding corrects for the inefficiencies and resolution effects in data by transforming

the measurements from a detector-level phase space back to a particle-level phase space -

essentially inverting the reconstruction process. The specific unfolding technique used here

relies on first deriving a series of unfolding inputs, which encode the expected response of

the detector to the signal processes of interest. The necessary unfolding inputs, listed below,

are derived using the signal MC samples outlined in Section 13.2.

• Reconstruction efficiency: The reconstruction efficiency, ε, is a measurement of the

fraction of events in MC which pass both reconstruction- and fiducial-level selections to

all those passing only the fiducial selection, as a function of the particle-level variable.

This accounts for the limited acceptance and efficiency of the detector, which result in

a fraction of particle-level events being captured and reconstructed at detector-level.

• Fiducial fraction: The fiducial fraction, f , is a measurement of the fraction of events

in MC which pass both reconstruction- and fiducial-level selections to all those passing

only the reconstruction selection, as a function of the reconstruction-level variable.

This accounts for events outside of the fiducial region at particle-level which enter the

measured distributions at detector-level, due to the smearing effects of limited detector

resolution.

• Migration matrix: The migration matrix is a two-dimensional matrix, Mdp, whose

entries correspond to the probability that an event in particle-level bin p will be re-

constructed in the detector-level bin d. It is measured in MC by comparing the

distributions at particle- and detector-level for events which pass both fiducial- and

reconstruction-level selections. This accounts for measurements at detector-level which
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have migrated with respect to the particle-level distribution - a result of resolution ef-

fects smearing the reconstructed distributions. The detector-level normalization of the

matrix diagonal, corresponding to the fraction of detector-level events which originate

from the same bin at particle-level, is referred to as the fiducial purity.

17.2 Algorithm

This analysis uses an iterative unfolding technique based on Bayes’ theorem19, known as

iterative Bayesian unfolding, in which the fiducial-level prediction serves as the initial prior

and the output of each iteration is fed back in as the subsequent prior [62]. The algorithm

can be summarized for a single iteration by

Un
i =

1

εi
×

reco∑
j

(Rj − Fj) ∗ fj ∗ wpre-unf
j ∗ MjiU

n−1
i

truth∑
k

MjkU
n−1
k

 , (63)

where Un
i represents the unfolded yield in the ith particle-level bin on the nth iteration. The

observed reconstruction-level yield in the jth detector-level bin is denoted as Rj, while the

data-driven reducible background estimate is labelled as Fj. The factor wpre-unf
j represents

the pre-unfolding correction, to be discussed in more detail in Section 17.4.

19 Bayes’ theorem provides a mathematical formulation for how the probability of a certain
event Ai should be updated based on observation of event B, based on the likelihood of B
given the assumption of Ai and the prior belief in Ai - written as

P (Ai|B) =
P (B|Ai)P (Ai)∑
j P (B|Aj)P (Aj)

. (62)

In the case of unfolding, events are considered to be reconstruction- or particle-level bin
counts of a distribution, and the migration matrix serves the role of the likelihood. When
iterating the process, the outcome of the previous iteration is used as the prior for the
subsequent iteration.
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17.3 Binning

The particular binning of measured observables is an important consideration in the un-

folding procedure. Given the large increase of statistics over the previous analysis round,

differential observables measured in this analysis are binned more finely to better preserve

the underlying shape information. However, the granularity of the binning is limited by the

available data statistics and the necessity of minimizing large bin migrations in the unfolding

procedure. Additionally, a sufficient coarseness in the binning is necessary to ensure that

the event yields in bins are approximately Gaussian distributed - an important assumption

for the treatment of statistical uncertainties and the subsequent interpretations.

Using the signal predictions as input, an algorithmic procedure is used to set the binning

for all measured observables. Bins are required to contain a minimum of 14 events passing

the reconstruction-level selection and furthermore satisfy a variable fiducial purity threshold

depending on the number of predicted events, summarized as follows:

• 25 ≤ Nreco and fiducial purity ≥ 60%, or

• 20 ≤ Nreco < 25 and fiducial purity ≥ 70%, or

• 14 ≤ Nreco < 20 and fiducial purity ≥ 80%.

Where applicable, bins are also required to be centered around expected resonant peaks

in the distributions. The results of this procedure are shown for the single-differential m4`

distribution in Figure 49. By design, the fiducial purity is above 60% in all bins, ensuring

the migrations in neighboring bins are kept low.

The migration matrix for single-differential m4`, shown in Figure 50, is observed to be

highly diagonal, a direct result of the high purity requirements of the binning procedure.

The four differential mass regions outlined in Section 14 are also considered as an observable

and treated following the same unfolding procedure. The migration matrix for this four-bin

observable is shown in Figure 51 and is also highly diagonal, with a purity of 99.1% in the

Z → 4` enriched bin. In the case of double-differential observables, the migration matrix
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is formed using the entire two-dimensional distribution concatenated along a single axis to

account for migrations between slices. These inter-slice migrations are by design low, as

shown for the mZ1-m4` migration matrix in Figure 52.
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Figure 49: The predicted reconstruction- and particle-level yields (left) and the one-
dimensional unfolding inputs (right) used to set the binning for the single-differential m4`

observable. All yields and inputs are shown after pre-unfolding weights have been applied.
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17.4 Pre-unfolding

Definition

In order to further improve the unfolding robustness, a novel technique referred to as pre-

unfolding is used in this analysis. The process consists of applying an event-level pre-

unfolding weight wpre-unf on both the signal MC and the background-subtracted data di-

rectly before the iterative Bayesian unfolding process. It is derived as the inverse of the

pre-unfolding efficiency εpre-unf, which itself is defined as the product of the individual lepton

efficiencies ε` of the quadruplet,

wpre-unf =
1

εpre-unf
=

1∏4
`=1 ε`

(
p`T , η

`
) . (64)

The lepton-level efficiencies take into account the combined efficiency of reconstructing,

identifying, isolating, and track-to-vertex associating (TTVA) each lepton in the quadru-

plet. These are obtained in MC by separately measuring the reconstruction efficiency εreco,

as the fraction of baseline to true leptons profiled in truth kinematics, and the isolation and

TTVA efficiency εiso & TTVA, as the fraction of signal to baseline leptons profiled in recon-

structed kinematics. The product of these two efficiencies gives a good approximation of the

overall efficiency, contingent on the intentional similarity of the fiducial and detector region

definitions,

ε` ≈ εreco × εiso & TTVA. (65)

The lepton efficiencies are profiled versus η and pT independently for electrons and muons

to account for the kinematic and flavor dependencies of lepton reconstruction. Additionally,

owing to the added difficulty of reconstructing leptons from tau decays, efficiencies are mea-

sured separately for leptons originating from tau decays and other sources. The overall

pre-unfolding correction is then obtained from the weighted sum of tau and non-tau sources
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according to the tau composition fτ predicted by MC,

wpre-unf = fτ × wpre-unf, τ + (1− fτ )× wpre-unf, non-τ . (66)

The measured reconstruction efficiencies for electrons and muons from non-tau and tau

sources, profiled versus true lepton η and pT , are shown in Figure 53. In general, the effi-

ciency for muons is significantly higher, particularly at high lepton pT , as is the efficiency

for leptons not from tau decays. The measured isolation and TTVA efficiencies for electrons

and muons from non-tau and tau sources, profiled versus reconstructed lepton η and pT , are

shown in Figure 54. The efficiency of electrons and muons not from tau decays is compara-

ble, owing largely to the robust FixedCutPflowLoose isolation working point. Following

Equation 65, the bin-wise product of these efficiencies gives the overall pre-unfolding effi-

ciencies, which are shown in Figure 55. Together with the predicted fraction of leptonic

tau decays, these total efficiencies are used to derive the final pre-unfolding weight as per

Equations 64 and 66.

Impact

The pre-unfolding correction is designed to minimize bias in the unfolding procedure, particu-

larly in cases where the predicted SM signal composition does not match the composition ob-

served in data. The impact and benefit of including the pre-unfolding correction is therefore

best observed by performing an injection test of a genuine BSM signal. The reconstruction-

level observation of the combined SM+BSM signal is taken as the pseudodata sample, which

is unfolded using the SM-only unfolding response. The unfolded distribution is then com-

pared to the true SM+BSM particle-level distribution, and the difference between the two

is taken as the unfolding bias.

The results of such an injection test are shown for a mres = 300 GeV heavy resonance in

Figure 56, with and without the pre-unfolding (“pre-UF”) correction applied. In the case of
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Figure 53: The reconstruction efficiency measured using the signal MC and profiled versus
the true lepton η and pT for electrons (a) and muons (b) not from τ -decays, and electrons
(c) and muons (d) only from τ -decays.
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Figure 54: The isolation and track-to-vertex association efficiency measured using the signal
MC and profiled versus the reconstructed lepton η and pT for electrons (a) and muons (b)
not from τ -decays, and electrons (c) and muons (d) only from τ -decays.
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Figure 55: The pre-unfolding efficiency inputs, defined as the total reconstruction, isolation,
and track-to-vertex association efficiency, as measured using the signal MC for electrons (a)
and muons (b) not from τ -decays, and electrons (c) and muons (d) only from τ -decays.
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Figure 56: Summary of an injection test demonstrating the unfolding robustness and the
importance of the pre-unfolding correction. A mres = 300 GeV heavy resonance with a
width of σres = 35 GeV and cross-section of 6.2 fb is injected into the nominal SM pre-
diction. The reconstruction-level SM+BSM signal is unfolded using the nominal SM-only
unfolding response, with and without the pre-unfolding correction applied, and compared to
the corresponding SM+BSM truth distribution. The pre-unfolding correction is shown to
significantly reduce the unfolding bias near the injected resonance.

not applying the pre-unfolding correction, a large bias of over 2% between the unfolded and

truth SM+BSM distributions is visible near the injected resonance. Applying pre-unfolding

reduces this bias to within half of a percent, demonstrating its effectiveness in recovering

genuine BSM signals using SM-based unfolding.

The advantage of including the pre-unfolding correction can also be demonstrated by

unfolding a varied-SM pseudodata sample, in which the signal strengths of one or more

processes are rescaled from the SM expectation. Similarly to the injection test, the pseudo-

data sample is unfolded using the nominal SM unfolding response and the relative difference

from the corresponding truth distribution is taken as the unfolding bias. The sensitivity
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Figure 57: Results of unfolding varied-SM pseudodata samples, in which the signal strength
of either the electroweak qqZZjj (a) or ggZZ (b) component is scaled upwards by a factor of
five from the SM expectation. The pseudodata samples are unfolded using the nominal SM
unfolding response and the relative difference from the corresponding truth distributions are
taken as measures of the unfolding bias. The effect of including the pre-unfolding correction
reduces the unfolding bias in both cases. The integrated bias is given in the upper left of
each plot to better quantify the differences.

of the unfolding procedure on the assumed signal composition should be reduced with pre-

unfolding weights applied. The results of such a test are shown with and without applying

the pre-unfolding correction in Figure 57, where either the electroweak qqZZjj (a) or ggZZ

(b) component is varied by a factor of five. In either case, the bias is reduced with the

pre-unfolding correction applied, reflecting a reduction in the model dependence.

17.5 Optimization

The unfolding procedure is designed to minimize the model dependence (bias), in terms of

both the simulation of the underlying SM processes as well as the potential presence of BSM

physics. An important parameter in optimizing the iterative Bayesian unfolding technique

is the number of iterations (see Equation 63). The tradeoff lies between reducing the model

dependence by increasing the number of iterations and lowering the statistical uncertainty

by decreasing the number of iterations. Model dependence in the procedure arises from using

the SM predictions to derive the initial prior and unfolding inputs, and generally decreases
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with more iterations. As the number of iterations increases, however, statistical fluctuations

in the data become amplified through repeated bin migrations, resulting in a larger statistical

uncertainty. The impact of each effect varies depending on the observable being measured;

therefore, it is important to determine the optimal number of iterations for each observable.

One approach to determine the optimal number of iterations for a given observable is via

the minimization of an uncertainty-based metric. In this first case, the metric is defined as

the sum in quadrature of the statistical and systematic (bias) uncertainties, with a relative

multiplicative weight of c on the latter component,

σtotal =
√
σ2

stat + (c× σsys)2. (67)

The bias component is evaluated from the data-driven closure test, discussed in the com-

ing Section 17.6. The results of evaluating this uncertainty metric for several unfolding

iterations, as well as an alternative bin-by-bin procedure, are shown as a function of single-

differential m4` in Figure 58, setting the multiplicative weight to c = 1 (a) and c = 10 (b).

The “Bayesian0” option corresponds to the maximally-biased procedure of simply returning

the initial prior without any unfolding, where the statistical uncertainty is assumed to be

zero. Without weighting the bias component, this method, which completely disregards the

measured data, is preferred over all other unfolding procedures. By instead weighting the

systematic component by a factor of ten, the single iterative Bayesian procedure is preferred.

This shows that without properly weighting the bias over the statistical component, fewer

iterations are generally preferred because of the much lower statistical uncertainty.

The former approach is limited because it relies on the measured data, which is subject

to statistical fluctuations. A more statistically-robust approach for determining the optimal

number of iterations is therefore preferred. The technique used here relies on drawing an

ensemble of 1, 000 Gaussian-distributed toys from the SM prediction. The bias is defined

on a per-toy basis based on the non-closure between a given unfolded toy and the SM truth
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Figure 58: Uncertainty-based approach for choosing the optimal number of unfolding iter-
ations, shown for single-differential m4`. The total uncertainty is calculated based on the
pre-defined metric in Equation 67. In (a), the statistical and systematic sources are weighted
equally. In (b), the systematic source is given a relative weight of 10 with respect to the
statistical component. The “Bayesian0” option is equivalent to returning the initial prior
without unfolding.

distribution. Instead of evaluating a total uncertainty as in the previous method, the relative

impact of the bias to the statistical uncertainty is measured for each toy. A statistically-

robust estimate of this is obtained by evaluating the root-mean-square over all toys. The

choice of iterations is then decided by requiring the bias to be suppressed by a least a factor of

two compared to the statistical uncertainty. Based on this metric, three iterations is optimal

for the majority of distributions, while mZ1 , |∆φ``|, |∆ypairs|, and the inclusive observables

require only two iterations.

17.6 Validation

Monte Carlo Closure Test

The unfolding procedure is first validated using MC, via a half-sample closure test. The full

set of signal MC is randomly split into two equally sized sets based on the parity of the event

number (i.e. odd and even). The reconstruction-level odd MC is taken as the pseudodata,

and unfolded using the even MC. The result of which is compared to the fiducial-level odd
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Figure 59: Results of the half-sample MC closure test for single-differential m4`. In this test,
the MC is split randomly into two equally sized sets (odd and even). The reconstruction-
level odd MC is then unfolded using the even MC, and compared against the fiducial-level
odd MC. Statistical uncertainties on the pseudodata and even MC are evaluated using the
bootstrapping method.

MC, where good closure within statistical uncertainties indicates the unfolding procedure is

working properly. The statistical uncertainties are evaluated on both sets of the MC using the

bootstrapping technique with sets of 100 randomly sampled toys. This technique is discussed

in more detail in Section 18, where it is also used for the evaluation of statistical uncertainties

on the unfolded data. The statistical uncertainty on the pseudodata is akin to the data

statistical uncertainty, while the uncertainty on the even MC used for unfolding accounts

for the limited MC statistics. The results of this half-sample closure test are shown for the

single-differential m4` observable in Figure 59. There is generally a good agreement between

the unfolded pseudodata and the corresponding truth distribution within uncertainties.

Data-driven Closure Test

A secondary validation of the unfolding procedure is performed using the measured data.

This data-driven closure test is also used to derive a systematic uncertainty estimating the

inherent bias in the unfolding procedure. As before, the general idea is to construct a pseu-
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dodata sample where the exact fiducial distribution is known in order to derive an estimate

of the unfolding bias. In order to best reflect what is measured in data, the pseudodata

is derived by reweighting the MC by the measured data/MC ratio. More specifically, the

SM fiducial-level prediction is reweighted at truth-level by the data/MC ratio measured at

reconstruction-level, thereby accounting for any overall shape differences in the MC. The

data/MC ratio is parametrized in each single-differential observable slice using Friedman’s

Super Smoother technique [61], fixing the end points to the value of the ratio in the first and

last bins. This provides a series of continuous reweighting functions for each one-dimensional

observable. By design, the reconstruction-level pseudodata observation provides a closer de-

scription of the measured data than the nominal prediction. The pseudodata is then unfolded

using the nominal response matrix and the relative difference of this result with respect to

the reweighted fiducial-level distribution is taken as a systematic uncertainty. The summary

of this procedure is shown step-by-step for the single-differential m4` observable in Figure 60.

The results of this test for various other observables are shown in Appendix E. This bias is

generally well below 1% for most observables, demonstrating the robustness of the unfolding

procedure.
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Figure 60: Step-by-step overview of the data-driven closure method for the single-differential
m4` observable. In (a), the observed data is compared to the nominal reconstruction-level
prediction, and a continuous reweighting function is derived by smoothing the observed
data/MC ratio while keeping the endpoints fixed, as shown by the dashed lines. In (b), the
reconstruction-level truth-reweighted MC (“pseudodata”) and the nominal MC are shown
alongside the observed data, showing, as expected, an improved agreement with the data
for the reweighted sample. In (c), the result of unfolding the pseudodata using the nominal
response matrix is compared to the true prediction of the pseudodata. The relative difference
between the two is taken as a source of systematic uncertainty, capturing the inherent bias
in the unfolding procedure.
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18 Uncertainties

This section details the treatment of uncertainties on the predictions and measurements.

Statistical uncertainties, namely those from limited data statistics, are the dominant source

of error in most regions, though the effect of systematic uncertainties is non-negligible. Sys-

tematic uncertainties, arising from theoretical and experimental sources, directly impact the

particle- and detector-level predictions, and are propagated to the unfolded measurements

by means of their impact on the unfolding response.

Formalism

Considering the ith bin of nominal distribution Ni, the uncertainty σi due to a given variation

Vi is generally defined as the relative deviation from the nominal value,

σi =
Vi −Ni

Ni

. (68)

In cases where up (+1σ) and down (−1σ) variations are available, the corresponding uncer-

tainty band is evaluated, conservatively, as the maximal, symmetric envelope,

σband
i = max

(
|σup
i |, |σdown

i |
)

. (69)

The total uncertainty of S uncorrelated uncertainties is equivalent to their sum in quadrature,

σtot.
i =

√√√√ S∑
s=1

(σsi )
2. (70)

Concerning the bin-to-bin correlations of a given variation, the ijth elements of the cor-

responding uncertainty covariance matrix are given by

Cij = (Vi −Ni)(Vj −Nj), (71)
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which have corresponding correlation matrix elements defined by

ρij =
Cij√
CiiCjj

. (72)

Summing S covariance matrices linearly is equivalent to combining the corresponding un-

certainties in quadrature,

Ctot.
ij =

S∑
s=1

Cs
ij. (73)

18.1 Systematics

Systematic uncertainties on the particle- and detector-level predictions are evaluated by

calculating the relative impact of a given variation on the corresponding nominal predic-

tion. Fiducial-level uncertainties account for only theoretical sources of uncertainty on the

predictions. Reconstruction-level uncertainties include the former theoretical sources of un-

certainty, as well as all sources of experimental uncertainty such as those pertaining to the

background estimation. Unlike the results at fiducial-level, these reconstruction-level uncer-

tainties are evaluated on the combination of the SM prediction and reducible background

estimate. Uncertainties on the unfolded measurements include all former theoretical and

experimental uncertainties, as well as additional uncertainties accounting for the particu-

lar unfolding process itself. The evaluation of unfolded uncertainties requires repeating the

unfolding process using variated MC to derive the unfolding inputs (see Section 17), where

each variation is also applied in a correlated manner on the samples used in the fake factor

background estimation technique (see Section 16). Once the background-subtracted data

is unfolded, the calculation of the uncertainty follows the same procedure as for the pre-

dictions. Unfolded-level uncertainties are also evaluated using the SM reconstruction-level

prediction in place of the collision data, in order to derive the expected uncertainties. For

reasons discussed in Section 22, these expected uncertainties are preferred over the measured

uncertainties for use in the interpretations.
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Theoretical Sources

To assess theoretical uncertainties on the simulated samples (see Table 10), on-the-fly event

weights accounting for QCD scale and parton distribution function (PDF) variations in the

matrix elements are evaluated for the dominant qq̄ → 4` and gg → 4` samples. Uncertainties

on the higher order corrections (k-factors) applied to the qq̄ → 4` and gg → 4` samples are

also propagated through the predictions. Lastly, normalization uncertainties based on recent

cross-section measurements are considered for the subdominant samples. Unless otherwise

noted, the evaluation of uncertainties on the dominant qq̄ → 4` process is identical for the

nominal Sherpa and alternative Powheg+Pythia8 samples. The theoretical uncertainties

considered in this analysis are outlined in more detail below.

• QCD scale: To account for QCD factorization (µF ) and renormalization (µR) scale

uncertainties, a six-point envelope is constructed by independently scaling µF and

µR by −50% and 100%, excluding the maximally opposing factors [63]. The total

uncertainty is evaluated as the absolute envelope of the six variations from the nominal

{µF , µR = 1.0, 1.0}, as shown for single-differential m4` in Figure 61. For the gg → 4`

sample, however, which relies on an external cross-section normalization, the scale

variations are first normalized to the same inclusive cross-section of the nominal such

that only changes in acceptance are considered.

• PDF tune: Following the NNPDF3.0nnlo prescription [51], the PDF variations in-

clude a set of 100 internal variations, reweightings to the alternative MMHT2014nnlo

[64] and CT14nnlo [65] PDF sets, and variations of the strong coupling constant of

±0.001 (αS = 0.117, 0.119). The total uncertainty band is taken as the absolute en-

velope of the standard deviation of the internal variations and the two alternate PDF

variations, combined in quadrature with the envelope of the αS variations,

σNNPDF3.0nnlo
PDF =

√
max(σinternal, |σMMHT2014nnlo|, |σCT14nnlo|)2 + σ2

αS
. (74)
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This procedure is shown for single-differential m4` in Figure 62.

- For the alternative Powheg+Pythia8 qq̄ → 4` sample, the CT10nlo uncer-

tainty evaluation prescription [54] is instead followed. This includes 26 pairs

of upward and downward internal variations and reweightings to the alternative

NNPDF3.0nnlo and MSTW2008 [66] PDF sets. The total internal uncertainty

is evaluated, asymmetrically, as the sum in quadrature of the internal variations.

The total uncertainty band is then taken as the absolute envelope of the total in-

ternal upward and downward uncertainties and the two alternate PDF variations,

σCT10nlo
PDF = max(σup

internal, |σdown
internal|, |σNNPDF3.0nnlo|, |σMSTW2008|). (75)

• Parton shower modeling: A symmetric flat uncertainty of ±2% is applied on the

qq̄ → 4` sample to account for possible differences in the parton shower modeling.

• qq̄ → 4` NLO EW corrections: The uncertainties on the differential-m4` virtual

NLO EW k-factors [67] are propagated through the qq̄ → 4` prediction.

• gg → 4` NLO QCD corrections: Likewise, the uncertainties on the differential-m4`

NLO QCD k-factors [68] are propagated through the gg → 4` prediction.

• ggH cross-section: The cross-section uncertainty of on-shell Higgs boson production

via the primary gluon-gluon fusion mode is evaluated based on two variations, sepa-

rately accounting for QCD scale
(

+4.6%
−6.7%

)
and PDF (±3.2%) uncertainties, taken from

the previous ATLAS publication [69].

• tt̄V and V V V cross-sections: Flat cross-section uncertainties are taken, conser-

vatively, from recent ATLAS measurements [70, 71] and applied on the tt̄V (±15%)

and V V V (±10%) predictions. An alternative tt̄V sample is used to evaluate a more

precise uncertainty on the fiducial-level prediction. This sample is generated with

MadGraph5 aMC@NLO 2.3.3 [72] using the NNPDF3.0nnlo PDF set, and contains
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on-the-fly event weights accounting for QCD scale and PDF variations. The corre-

sponding fiducial-level uncertainty is taken as the sum in quadrature of the scale and

PDF components, which are calculated following the same prescription as the Sherpa

qq̄ → 4` sample.
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Figure 61: Evaluation of the fiducial-level QCD renormalization and factorization scale un-
certainty bands for the qq̄ → 4` (a) and gg → 4` (b) samples versus single-differential m4`.
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Figure 62: Evaluation of the fiducial-level PDF uncertainty bands for the qq̄ → 4` (a) and
gg → 4` (b) samples versus single-differential m4`.
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Experimental Sources

Experimental uncertainties primarily account for the modeling of lepton efficiencies, resolu-

tion, and energy scale in simulations. Individual sources are generally provided by ATLAS

performance groups as Gaussian nuisance parameters with ±1σ upward and downward vari-

ations. The corresponding uncertainties are evaluated as the absolute envelope of the upward

and downward variations from the nominal. Lepton-level variations are applied in a corre-

lated way to all leptons in the event to obtain a conservative measure of the uncertainty.

The experimental uncertainties considered in this analysis are discussed below.

• Electron efficiencies: Uncertainties are considered on the trigger, identification, re-

construction, and isolation efficiencies of electrons, which are provided by the ATLAS-

supported tool ElectronEfficiencyCorrection20. In total, a set of 61 nuisance parameters

are included, each with upward and downward components, corresponding to 61 × 2

variations. A single nuisance parameter with 1×2 variations covers the uncertainties in

the trigger efficiency scale factors. A set of 34× 2 variations accounts for uncertainties

in the identification efficiency, 25× 2 variations for the reconstruction efficiency, and a

single 1× 2 nuisance parameter for the isolation efficiency.

• Muon efficiencies: Uncertainties are considered on the trigger, identification and

reconstruction, isolation, and track-to-vertex association efficiencies of muons, which

are provided by the ATLAS-supported tool MuonEfficiencyCorrections21. In total, a set

of ten nuisance parameters are included, each with upward and downward components,

corresponding to 10×2 variations. A set of two nuisance parameter with 2×2 variations

covers the uncertainties in the trigger efficiency scale factors. A set of 4× 2 variations

accounts for uncertainties in the combined identification and reconstruction efficiency,

20https://gitlab.cern.ch/atlas/athena/-/tree/21.2/PhysicsAnalysis/

ElectronPhotonID/ElectronEfficiencyCorrection
21https://gitlab.cern.ch/atlas/athena/-/tree/21.2/PhysicsAnalysis/MuonID/

MuonIDAnalysis/MuonEfficiencyCorrections
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2× 2 variations for the isolation efficiency, and 2× 2 variations for the track-to-vertex

association efficiency.

• Electron resolution and scale: Two nuisance parameters, corresponding to 2 × 2

variations, account for uncertainties in the electron momentum resolution and scale.

• Muon resolution and scale: Two nuisance parameters, corresponding to 2 × 2

variations, account for uncertainties in the muon momentum resolution, as measured

separately by the Inner Detector and Muon Spectrometer. Additionally, two nuisance

parameters, again having 2 × 2 variations, account for uncertainties in the Sagitta

correction. Lastly, a single 1 × 2 nuisance parameter covers the uncertainties in the

muon momentum scale.

• Pile-up reweighting: A single 1 × 2 nuisance parameter accounts for upward and

downward variations in the pile-up reweighting factor used to re-weight the predictions

to match the observed pile-up profiles in data.

• Luminosity: The uncertainty in the 139 fb−1 integrated luminosity as collected by

ATLAS over the full Run-2 data-taking period is ±1.7% [47]. This is applied as a flat

uncertainty variation on the fiducial- and reconstruction-level predictions.

Background Sources

Background systematics account for uncertainties in the fake factor estimation procedure,

discussed in Section 16. These uncertainties are evaluated on both the reconstruction-level

predictions, where the total yield is taken as the signal prediction plus the reducible back-

ground estimate, and the unfolded measurements, where the background is first subtracted

from the measured data. In total, four background-related uncertainties are included, which

are outlined below.

• Fake factors: Systematic and statistical uncertainties are derived on the fake factors,
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based on the central values and uncertainties of the fake efficiencies as measured in the

Z → `` CR (see Section 16.4), and propagated through the estimation.

• Smoothing: A single uncertainty accounts for the specifics of the background smooth-

ing procedure, as discussed in Section 16.6.

• Inclusive CR statistics: A single uncertainty accounts for the limited data statistics

in the inclusive control region where the fake factors are applied, which is evaluated

via the bootstrapping method.

Unfolding Sources

There are two systematics specific to the unfolding process itself and, hence, relevant for the

unfolded measurements only. These are summarized below.

• Unfolding bias: A single uncertainty accounts for the inherent bias of the unfolding

method, evaluated based on the data-driven closure test discussed in Section 17.6.

• Generator choice: A single uncertainty covers the differences in the response matrix

modeling of the dominant qq̄ → 4` process between the Sherpa and Powheg+Pythia8

event generators. This is motivated by known differences in the modeling of QED-

driven FSR between the generators. To prevent the double-counting of uncertain-

ties related to the unfolding method itself, a version of the SM prediction including

the Powheg+Pythia8 qq̄ → 4` sample in place of the nominal Sherpa sample

is reweighted at particle-level to reproduce the Sherpa lineshape. The background-

subtracted data is then unfolded using this reweighted Powheg+Pythia8 sample,

and the relative difference with respect to the nominal unfolded result is taken as the

systematic uncertainty.
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18.2 Statistics

In the case of predicted SM fiducial- or reconstruction-level yields, the statistical uncertainty

is taken directly as the Poisson error on the simulated event counts. The situation is more

complicated for unfolded measurements due to bin-to-bin correlations in the unfolding pro-

cess. In the latter case, the bootstrap method is used to estimate the statistical uncertainties

on the data, as well as the MC-derived unfolding inputs. The technique is also used to eval-

uate the impact of the limited statistics in the inclusive CR on the reducible background

estimate. Concerning the unfolded measurements, the data statistical uncertainty is the

dominant source of uncertainty in most bins, reflecting the statistical limit of the analysis.

Bootstrapping

The bootstrap method uses random sampling with replacement to estimate a statistic from

a population [73]. The usage of the technique in ATLAS is discussed further in Ref. [74].

For the purposes of this analysis, it is used to estimate the impact of various statistical

uncertainties on the unfolded measurements.

Given a set of data consisting of N events, a bootstrap replica (toy) is generated by

resampling with replacement N times. Each toy thus consists of a subset of events from

the nominal dataset with an integer weight corresponding to their number of occurrences.

The uncertainty is estimated as the relative standard deviation of a set of T bootstrap toys,

typically on the order of several thousand. The statistical uncertainty is evaluated on a

per-bin basis as the relative standard deviation of the distribution of bootstrap toys in each

bin. Representing the set of all bootstrap toys evaluated in the ith bin as the vector ~Bi, the

statistical uncertainty in the ith bin is given by

σi =

√
〈 ~B2

i 〉 − 〈 ~Bi〉2

〈 ~Bi〉
. (76)
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Likewise, obtaining the covariance of the statistical uncertainty follows

Cij =
1

T

T∑
t=1

(Bt
i − 〈 ~Bi〉)(Bt

j − 〈 ~Bj〉). (77)

For the case of the uncertainty on the unfolded data, 3, 500 bootstrap toys are generated

from the data and unfolded using the nominal response matrix. The results of this are

shown for single-differential m4` in Figure 63, where the shaded error band denotes the

relative statistical uncertainty as evaluated by Equation 76. By construction, the mean of the

unfolded toys is virtually identical to the nominal unfolded data. In the case of the expected

data uncertainty, 3, 500 Poisson toys are drawn from the SM reconstruction-level prediction

without pre-unfolding weights applied and unfolded using the corresponding response matrix.

The uncertainty is then calculated in a similar fashion according to Equation 76 in terms of

the unfolded Poisson toys.
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Figure 63: Summary of the bootstrapping technique using 3, 500 randomly sampled Poisson
toys to evaluate the statistical uncertainty on the unfolded data, as a function of single-
differential m4`.
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18.3 Impact

Fiducial Prediction

The uncertainties on the predicted fiducial-level m4` distribution are shown in Figure 64.

In Figure 64 (a), the uncertainties are grouped by physics process, scaled according to the

respective fraction of the total SM prediction in each bin. Due to the overall abundance

of the quark-initiated process qq̄ → 4` in the analysis phase space, uncertainties on this

process are dominant through much of the spectrum. A detailed breakdown of these un-

certainties is shown in Figure 64 (b), where by far the dominant source is that of the QCD

renormalization and factorization scale. Uncertainties specific to the gluon-initiated process

gg → 4` are similarly shown in Figure 64 (c), where the dominant contribution comes from

uncertainties on the NLO QCD correction. Given the suppression of the gluon process over

the dominant quark-initiated process, these uncertainties are proportionally smaller on the

inclusive prediction. Near the mass of the Higgs boson, uncertainties relating to on-shell

Higgs production H → 4` become significant. The total uncertainty is roughly 10% over the

bulk of the spectrum.
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Figure 64: In (a), a breakdown of the fiducial-level systematic uncertainties on the total SM
prediction, grouped by the six primary physics processes, is shown versus single-differential
m4`. In (b) and (c), the uncertainties on the inclusive prediction are shown separately for
those affecting the qq̄ → 4` and gg → 4` samples, respectively.
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Reconstruction Prediction

The uncertainties on the predicted reconstruction-level m4` distribution are shown in Fig-

ure 65. Theoretical uncertainties dominate in all bins, with a similar impact of approximately

10% as at fiducial-level. Of the experimental uncertainties, background and lepton-level sys-

tematics present the largest impacts in the low and high mass ranges, while the luminosity

uncertainty is dominant in the intermediate range.
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Figure 65: Breakdown of the reconstruction-level systematic uncertainties, grouped by theo-
retical or experimental categories, on the combined SM plus reducible background prediction
versus single-differential m4`.

Unfolded Measurements

The uncertainties on the unfolded m4` distribution are shown in Figure 66. The statistical

uncertainty is dominant in all bins except the one closet to the Z-boson mass, where lepton

efficiencies play a larger role. As expected, the theory uncertainties are much smaller on

the unfolded cross-section than the fiducial- or reconstruction-level predictions - excluding

the qq̄ → 4` generator component which is only evaluated on the unfolded measurements
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- reflecting the minimal model-dependence of the unfolding procedure. The breakdowns of

background- and theory-related uncertainties are shown in Figure 66 (b) and (c), respectively.

Concerning the background sources, the inclusive CR statistical uncertainty dominates over

the bulk of the spectrum, while the statistical and, in particular, systematic uncertainties

on the fake factors contribute significantly in the intermediate mass range. Of the theory

uncertainties, the Sherpa versus Powheg+Pythia8 generator comparison is dominant

in most regions, followed and, in some bins, exceeded by the combined uncertainty on the

qq̄ → 4` process.

The uncertainty breakdowns versus m4` are shown across the three quadruplet flavor

channels in Figure 67. Notably, the systematic and statistical uncertainties are significantly

lower on the fully muonic channel owing to the more efficient and robust reconstruction

of muons in ATLAS. The unfolded uncertainty breakdowns are also shown for the double-

differential mZ1 , mZ2 , and |∆φpairs| distributions across the four m4` slices in Figures 68, 69,

and 70, respectively. In all distributions, including those not shown here, the statistical

uncertainty surpasses the combined systematic uncertainty by a large margin in virtually

every bin, except for those corresponding to Z-boson resonances, where uncertainties on

lepton efficiencies and resolutions have a larger impact.

A more detailed breakdown of the systematic and statistical uncertainties is shown for

the inclusive measurements in Table 14. Systematic uncertainties are ranked by their impact

on the inclusive measurement, and all uncertainties greater than 1% are highlighted in bold.

The systematic uncertainty is under 5% in all regions, and below 2% in the on-shell ZZ

region. The statistical uncertainty in the inclusive regions is comparably low, excluding the

on-shell Higgs measurement where it is by far dominant.
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Figure 66: In (a), a breakdown of the unfolded uncertainties, grouped by theoretical or
experimental categories, is shown versus single-differential m4`. The statistical uncertainty
on the data is the dominant source of uncertainty in all but the third mass bin where
m4` ≈ mZ . In (b), a detailed breakdown of only those sources related to the background
estimation is shown. The total background uncertainty is mostly dominated by the statistical
uncertainty in the inclusive CR, followed by the systematic uncertainty on the fake factors.
In (c), the breakdown of theory sources is shown, where the generator comparison is observed
to be dominant in most bins.
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Figure 67: Breakdown of the unfolded uncertainties, grouped by theoretical or experimental
categories, as a function of m4` across the three flavor channels.
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Figure 68: Breakdown of the unfolded uncertainties, grouped by theoretical or experimental
categories, as a function of mZ1 across the four m4` slices.

149



5 10 15 20 25 30 35 40 45 50

 [GeV]34m

0.1

1

10

100

U
nc

er
ta

in
ty

 [%
]

 < 100 GeV4lm60 <  < 100 GeV4lm60 <  < 100 GeV4lm60 <  < 100 GeV4lm60 <  < 100 GeV4lm60 <  < 100 GeV4lm60 < 

Total Data Stat. Background

Lep. Eff. Lep. Res. & Scale Other

Theory

 InternalATLAS
-1=13 TeV, 139 fbs

(a)

10 20 30 40 50 60

 [GeV]34m

0.1

1

10

100

U
nc

er
ta

in
ty

 [%
]

 < 130 GeV4lm120 <  < 130 GeV4lm120 <  < 130 GeV4lm120 <  < 130 GeV4lm120 <  < 130 GeV4lm120 <  < 130 GeV4lm120 < 

Total Data Stat. Background

Lep. Eff. Lep. Res. & Scale Other

Theory

 InternalATLAS
-1=13 TeV, 139 fbs

(b)

10 20 30 40 50 60 70 80 90

 [GeV]34m

0.1

1

10

100

U
nc

er
ta

in
ty

 [%
]

ZZOff-shell ZZOff-shell ZZOff-shell ZZOff-shell ZZOff-shell ZZOff-shell 

Total Data Stat. Background

Lep. Eff. Lep. Res. & Scale Other

Theory

 InternalATLAS
-1=13 TeV, 139 fbs

(c)

200 400 600 800 1000

 [GeV]34m

0.1

1

10

100

U
nc

er
ta

in
ty

 [%
]

 < 2000 GeV4lm180 <  < 2000 GeV4lm180 <  < 2000 GeV4lm180 <  < 2000 GeV4lm180 <  < 2000 GeV4lm180 <  < 2000 GeV4lm180 < 

Total Data Stat. Background

Lep. Eff. Lep. Res. & Scale Other

Theory

 InternalATLAS
-1=13 TeV, 139 fbs

(d)

Figure 69: Breakdown of the unfolded uncertainties, grouped by theoretical or experimental
categories, as a function of mZ2 across the four m4` slices.
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Figure 70: Breakdown of the unfolded uncertainties, grouped by theoretical or experimental
categories, as a function of |∆φpairs| across the four m4` slices.
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Table 14: Systematic and statistical uncertainty breakdown for the unfolded inclusive cross-
sections. Systematic uncertainties are grouped by category and sorted by their impact on
the inclusive measurement. Uncertainties greater than one percent are highlighted in bold.

Region Inclusive Z → 4` On-shell H Off-shell ZZ On-shell ZZ
m4` [GeV] any 60-100 120-130 20-60/100-120/130-180 180-2000

Generator 1.3% 2.6% 1.3% 2.7% 0.13%
Muon Isolation 0.96% 1.6% 1.2% 1.2% 0.58%

Electron ID 0.94% 1.9% 1.5% 1.3% 0.49%
Electron Reco 0.84% 1.7% 1.3% 1.2% 0.31%

Muon ID & Reco 0.83% 1.1% 0.91% 0.89% 0.82%
Reducible 0.8% 0.55% 1.7% 2.5% 0.74%

Pile-up Reweighting 0.73% 1.2% 1% 0.81% 0.47%
Electron Isolation 0.52% 1.1% 0.79% 0.73% 0.18%

Electron Res. & Scale 0.46% 1.1% 0.83% 0.54% 0.12%
Trigger 0.33% 0.8% 0.44% 0.44% 0.084%

Muon Res. & Scale 0.3% 0.65% 0.55% 0.53% 0.13%
Theory 0.27% 0.31% 0.23% 0.45% 0.27%

Muon TTVA 0.21% 0.46% 0.28% 0.31% 0.071%
Unfolding Bias 0.088% 0.35% 0.13% 0.45% 0.035%

MC Stat. 0.087% 0.22% 0.38% 0.26% 0.088%
Total Systematic 2.6% 4.8% 3.7% 4.6% 1.5%

Luminosity 1.7% 1.6% 1.6% 1.6% 1.7%
Data Stat. 1.3% 2.9% 6.2% 4.1% 1.5%

Total 3.3% 5.8% 7.4% 6.4% 2.7%
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Uncertainty Correlations

The covariance matrices encoding the bin-to-bin correlations of the uncertainties on the

unfolded measurements are a necessary input for the statistical interpretations. Individual

covariance matrices are derived for each systematic variation, following Equation 71, and

summed together linearly, as per Equation 73, to obtain the total systematic matrix. The

statistical covariance matrix is derived in a similar way using the bootstrap toys, as outlined

in Equation 77. The total covariance matrix is simply the linear summation of the systematic

and statistical covariance matrices.

The combined statistical (a), systematic (b), and total (c) correlation matrices are shown

in Figure 71. The statistical correlation matrix is largely diagonal, with off-diagonal contri-

butions arising from bin migrations in the unfolding procedure. The systematic correlation

matrix exhibits more pronounced correlation structures, given the tendency of particular

systematic variations to impact entire regions of the four-lepton phase space. The total

correlation matrix in Figure 71 is mostly diagonal, owing to the dominance of the data

statistical uncertainty, but exhibits some off-diagonal structures from correlations in the

systematic uncertainties.
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Figure 71: Total statistical (a), systematic (b), and statistical + systematic (c) correlation
matrices for unfolded m4`.
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Chapter VI: Results and Interpretations

Reconstruction-level distributions are measured using the full ATLAS Run-2 dataset for

the thirteen observables and five inclusive regions outlined in Section 14. A sample of

these detector-level measurements, mainly serving as intermediaries for the final unfolded

results, are shown in Section 19. The unfolded differential cross-sections of these observables

are compared to state-of-the-art Standard Model predictions in the fiducial phase space in

Section 20. Inclusive cross-sections are also measured in the entirety of the fiducial region,

as well as the four m4` regions, each of which is enriched in a different physics process. In

Section 21, a precision measurement of the rare Z → 4` branching fraction is obtained using

the unfolded cross-section as measured in the single resonant Z region. As an example of

the re-interpretative power of these measurements, the unfolded cross-sections are used to

constrain two scenarios of new physics in Section 22. Lastly, the prospects of future re-

interpretations using the publicly available measurements are briefly discussed in Section 23.
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Table 15: Predicted and measured detector-level event yields in the inclusive region and each
of the four mass regions. Contributions to the total prediction are broken down by signal
and background processes with associated systematic uncertainties.

Region Inclusive Z → 4` On-shell H Off-shell ZZ On-shell ZZ
m4` [GeV] any 60-100 120-130 20-60/100-120/130-180 180-2000

qq̄ → 4` 6100± 500 1490± 120 128± 10 800± 60 3640± 280
gg → 4` 680± 90 10.8± 2.9 3.9± 0.7 49± 6 620± 80

On-shell H 245± 20 2.16± 0.18 207± 17 33.5± 3.1 1.98± 0.2
V V V 35± 4 0.018± 0.005 0.127± 0.018 2.05± 0.22 32.9± 3.4
tt̄V 123± 19 1.37± 0.22 1.24± 0.2 15.5± 2.4 105± 16
Z + Υ 13.2± 1.3 1.7± 0.4 1.2± 0.4 8.7± 1 1.7± 0.4

Reducible 320± 50 42± 8 25± 5 120± 19 137± 30
Total Pred. 7500± 500 1540± 110 367± 19 1030± 60 4530± 290

Data 7755 1452 379 1095 4828

19 Detector Measurements

Reconstruction-level measurements represent the raw detector observations before any un-

folding corrections are applied. First subtracting the reducible background estimate (see

Section 16) and then following the iterative Bayesian unfolding technique (see Section 17),

these are extrapolated to particle-level cross-sections in the fiducial phase space. The pre-

dicted and measured event yields in the five inclusive regions are shown in Table 15. The

reducible background, estimated by the fake factor method, is included in the total predic-

tion along with the predicted Z+Υ contribution, the latter of which contributes a minuscule

source of irreducible background. Considering the associated uncertainties, there is gener-

ally good agreement between the predictions and measurements. The single-differential m4`

detector observation is shown in Figure 72, with stacked histograms showing the predicted

contributions from each of the signal processes and the combined background estimate. Here

too, a good agreement with data is observed, where larger deviations in the high mass tail

appear to be driven by statistical fluctuations in the data.
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Figure 72: The detector-level m4` distribution as measured in data, along with the predicted
breakdown for different processes shown in the form of successively stacked histograms. The
shaded band covers the systematic uncertainty on the predictions, while the error bars on
the data points show the Poisson statistical uncertainty. The horizontal axis uses a linear
scale until m4` = 225 GeV, and a logarithmic scale beyond this point.
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Table 16: Fiducial cross-sections measured in femtobarns in the inclusive region and each of
the four mass regions, compared to the respective Standard Model predictions using either
Sherpa or Powheg+Pythia8 to simulate the qq̄ → 4` process. All uncertainties on the
measurements and predictions, as discussed in Section 18, are included.

Region Inclusive Z → 4` On-shell H Off-shell ZZ On-shell ZZ
m4` [GeV] any 60-100 120-130 20-60/100-120/130-180 180-2000

Measured 88.8 22.1 4.76 12.4 49.3
fiducial ±1.1(stat) ±0.6(stat) ±0.30(stat) ±0.5(stat) ±0.8(stat)

cross-section ±2.3(syst) ±1.1(syst) ±0.18(syst) ±0.6(syst) ±0.7(syst)
[fb] ±1.5(lumi) ±0.4(lumi) ±0.08(lumi) ±0.2(lumi) ±0.8(lumi)

±3.0(total) ±1.3(total) ±0.35(total) ±0.8(total) ±1.3(total)
Sherpa 85.7± 5.2 23.6± 1.5 4.56± 0.21 11.5± 0.7 46.0± 2.9
Powheg 82.6± 3.2 21.2± 1.3 4.36± 0.19 10.7± 0.5 46.4± 1.6

20 Unfolded Measurements

Based on the reconstruction-level observations, the thirteen observables discussed in Sec-

tion 14, as well as the inclusive measurements, are extrapolated to the fiducial phase space

following the iterative Bayesian unfolding procedure described in Section 17. The particle-

level cross-sections are then compared to two competing Standard Model predictions, in

which the dominant qq̄ → 4` process is simulated at NLO accuracy in QCD with either

Sherpa or Powheg+Pythia8, where the latter is normalized to a prediction at NNLO

accuracy in QCD. Additional differences between the generators are expected due to the

modeling of QED FSR. The measured and predicted cross-sections in the full fiducial phase

space and each of the four mass regions are outlined in Table 16. The predictions are sys-

tematically lower than the measured data in all regions except Z → 4`, where the Sherpa

prediction lies above the measurement. Considering the quoted uncertainties, though, the

predictions are generally within 1σ uncertainty of the data.

Statistical Compatibility

For the differential measurements, the compatibility of the theoretical predictions with the

unfolded data is evaluated in terms of a p-value for each observable. This represents a

measure of the statistical compatibility of the predictions in light of the measured data, and
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is defined as follows. For an observable with ν bins, the residual, ~r, is a ν-length vector

defined as the difference between the unfolded data, ~d, and the theoretical prediction, ~p,

~r = (~d− ~p). (78)

Based on the total ν × ν covariance matrix C, accounting for the combination of statistical

and systematic uncertainties, the observed χ2 is

χ2
obs = ~r T C−1 ~r. (79)

Assuming this follows a χ2-PDF (here probability density function) with ν degrees of freedom,

the p-value corresponds to the integral of the probability distribution beyond χ2
obs,

p =

∫ ∞
χ2
obs

χ2
PDF(χ; ν)dχ. (80)

Therefore, the p-value as defined here corresponds to the probability of observing a value

of χ2 larger than the observed value, given the prediction. For larger p-values closer to the

upper bound of one, the measured χ2 is low, meaning the agreement with data is excellent.

For the purposes of this analysis, the total covariance in Equation 79 includes both the

expected SM statistical and systematic covariances on the unfolded measurements, obtained

by unfolding the reconstruction-level prediction in place of the data, and the total theory

covariance on the fiducial-level prediction. The expected covariance is used in place of

the measured to account for possible downward fluctuations in the data below the per-bin

asymptotic Gaussian limit of approximately 14 events, where the assumption of Gaussian-

distributed statistical errors is no longer valid. The theory covariance includes all theoretical

sources of uncertainty, which are conservatively treated as uncorrelated across the four mass

regions owing to the different physics processes involved. Following Equation 73, the linear

summation of these covariances corresponds to the sum in quadrature of the uncertainties.
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Differential Cross-sections

The unfolded cross-section as measured for the single-differential m4` observable is shown in

Figure 73, alongside the competing Sherpa and Powheg+Pythia8 fiducial cross-section

predictions. The data is well modeled by both simulations over the entire mass range from

20 GeV to 2000 GeV, with differences under 50% in most bins and within 2σ uncertainty

bands in all bins. The Z-boson and Higgs resonances, clearly visible in the measured spec-

trum, are in excellent agreement with theory. The differential m4` cross-section is also

measured separately for the three flavor channels: 4µ, 4e, and 2µ2e - the results of which

are shown in Figure 74. No significant deviations are observed between the fully muonic or

electronic channels. A subset of the additional measurements are shown for those observables

which offer particular sensitivity in the interpretations. This includes the double-differential

lepton pair mass observables, mZ1-m4` and mZ2-m4`, in Figures 75 and 76, respectively, and

the absolute azimuthal separation of the lepton pairs, |∆φpairs|-m4`, in Figure 77. Given the

fine granularity of the binning, statistical fluctuations are expected and indeed observed in

some regions. Both the Sherpa and Powheg+Pythia8 predictions are generally in good

agreement with the measured data, although differences in normalization are present. These

normalization differences, combined with statistical fluctuations in the data, lead to some

low observed p-values, particularly for the Powheg+Pythia8 predictions.
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Figure 73: The unfolded single-differential m4` cross-section compared against full Standard
Model predictions using either Sherpa or Powheg+Pythia8 to model the dominant qq̄ →
4` contribution. The breakdown of the MC contribution is shown for different processes in the
form of successively stacked histograms. Shaded bands denote the systematic uncertainties
on the unfolded data and the predicted fiducial cross-sections, while the error bars on the
data points show the combined statistical and systematic uncertainties. The horizontal axis
uses a linear scale until m4` = 225 GeV, and a logarithmic scale beyond this point.
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Figure 74: The unfolded differential m4` cross-section, split by quadruplet flavor
channel, compared against full Standard Model predictions using either Sherpa or
Powheg+Pythia8 to model the dominant qq̄ → 4` contribution. Shaded bands denote the
systematic uncertainties on the unfolded data and the predicted fiducial cross-sections, while
the error bars on the data points show the combined statistical and systematic uncertainties.
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Figure 75: The unfolded double-differential mZ1-m4` cross-section, compared against full
Standard Model predictions using either Sherpa or Powheg+Pythia8 to model the dom-
inant qq̄ → 4` contribution. Shaded bands denote the systematic uncertainties on the un-
folded data and the predicted fiducial cross-sections, while the error bars on the data points
show the combined statistical and systematic uncertainties.
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Figure 76: The unfolded double-differential mZ2-m4` cross-section, compared against full
Standard Model predictions using either Sherpa or Powheg+Pythia8 to model the dom-
inant qq̄ → 4` contribution. Shaded bands denote the systematic uncertainties on the un-
folded data and the predicted fiducial cross-sections, while the error bars on the data points
show the combined statistical and systematic uncertainties.
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Figure 77: The unfolded double-differential |∆φpairs|-m4` cross-section, compared against
full Standard Model predictions using either Sherpa or Powheg+Pythia8 to model the
dominant qq̄ → 4` contribution. Shaded bands denote the systematic uncertainties on the
unfolded data and the predicted fiducial cross-sections, while the error bars on the data
points show the combined statistical and systematic uncertainties.
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21 Z → 4` Branching Fraction

Measuring the branching fraction of the Z → 4` process is an excellent precision test of the

Standard Model, in particular because of the relatively low theoretical uncertainties on the

prediction. Near the Z resonance, pp→ 4` production is dominated by the s-channel process

shown in Figure 78 (a), where internal conversion of a virtual Z or γ FSR emission produces a

lepton pair in addition to the primary Z → `` decay. Irreducible backgrounds, including the

t-channel process shown in Figure 78 (b), contribute only a minor source in this region [75],

allowing for a precise extraction of the resonant cross-section. Although benefitting from

low backgrounds and a clean final state, the Z → 4` decay is an extremely rare process - the

ALEPH experiment of LEP, which reported first observation in 1991, found only 24 four-

lepton candidates out of 200, 000 Z decays while running near the resonance [76]. The LHC

Run-2 dataset, containing over one hundred times the total integrated luminosity delivered

by LEP [22], is therefore crucial in obtaining a precision measurement of this process.

q̄

q
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l+

Z(∗)/γ∗

Z(∗)/γ∗
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l+

(a)

Z(∗)/γ∗

Z(∗)/γ∗

q̄
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l−
l−

l+

(b)

Figure 78: The s-channel Z → 4` decay (a), which dominates near the Z resonance, alongside
the t-channel mode (b), the latter contributing a minor source of irreducible background.

The measurement is performed using the inclusive fiducial cross-section as measured in

the single resonant Z region, defined by 60 GeV < m4` < 100 GeV, quoted in Table 16. In

order to be directly comparable to previous ATLAS and CMS results, the measurement is

extrapolated to an extended phase space defined by an mZ-centered four-lepton invariant

mass window of 80 GeV < m4` < 100 GeV and the requirement that the dilepton invariant
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mass of all six possible lepton pair combinations satisfies m`` > 4 GeV. Additionally, this

extended phase space excludes leptons originating from τ -decays.

In order to compute the Z → 4` (` = e, µ) branching fraction, the cross-section

measurement must be normalized to the total cross-section for single-Z production, σZ .

This is derived from the ATLAS measurement of the Z → `` cross-section within 66 GeV

< mZ < 116 GeV using 81 pb−1 of early 2015 data [77] and the theoretical value of the

branching fraction for the same process. A transfer factor is included to align the measure-

ment with the Z-mass window as defined in the extended phase space,

σZ =
σ66−116
Z→``
BZ→``

× T 80−100
66−116 . (81)

This transfer factor is itself derived from two previously published mZ window correction

factors: T 80−100
60−120 = 0.926± 0.001 as used in Ref. [78] and T 60−120

66−116 = 1.01 as used reciprocally

in Ref. [79]. The factor used here is therefore calculated by

T 80−100
66−116 = T 80−100

60−120 × T 60−120
66−116 , (82)

which gives a value of T 80−100
66−116 = 0.935± 0.001.

The predicted contribution of non-qq̄ → 4` processes, a source of irreducible background

for this measurement, is subtracted from the measured fiducial cross-section. This cross-

section is calculated using the signal MC samples and found to be σpred
non-qq̄→4` = 0.22±0.04 fb,

including the same sources of uncertainty as discussed in Section 18. The small contribution

from non-resonant t-channel qq̄ → 4` production, another source of irreducible background, is

removed by multiplying by the predicted fractional composition of resonant production. This

is calculated in the extended phase space using the Powheg-Box v2 generator, yielding a

value of fres.-qq̄→4` = 0.952±0.005. Next, the contribution of leptons from τ -decays, excluded

in the extended phase space, are accounted for via a multiplicative factor corresponding to the

predicted fraction of non-τ events in the region. This is calculated using the qq̄ → Z(∗)Z(∗)
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MC to be fnon-τ = 0.9919± 0.0001, including only MC statistical uncertainties.

Lastly, the extrapolation to the extended phase space is accomplished by normalizing to

the fiducial acceptance, defined as the ratio of the fiducial selection with respect to the loose

selections of the extended phase space. Leptons originating from τ -decays are excluded in the

numerator and denominator because the contribution thereof is already removed using the

fnon-τ correction factor. This acceptance is measured using an extended qq̄ → Z(∗)Z(∗) MC

sample and found to be Afid = 0.085±0.002, again including the same sources of uncertainty

discussed in Section 18.

Including all inputs, the formula used to compute the final measurement is given by

BZ→4` =
(σmeas − σpred

non-qq̄→4`)× fres.-qq̄→4` × fnon-τ × BZ→``
Afid × σ66−116

Z→`` × T 80−100
66−116

. (83)

The uncertainties on the individual inputs are accounted for by repeating the measurement

for each variation and taking the relative difference with respect to the nominal measurement

as the corresponding uncertainty. All of the individual uncertainties are treated conserva-

tively to be uncorrelated, including the detector and luminosity uncertainties on the Z → ``

cross-section. A detailed breakdown of the inputs, with their associated values and uncer-

tainties, is shown below in Table 17.

Inputting the values outlined in Table 17 to Equation 83 gives a branching fraction

measurement of BZ→4` = (4.41± 0.30)× 10−6, with an uncertainty breakdown of

BZ→4` = (4.41± 0.13(stat)± 0.23(syst)± 0.08(theo)± 0.12(lumi))× 10−6. (84)

This is in agreement with previous ATLAS and CMS measurements [80], [75], [78], and [44],

which are outlined in Table 18, and is consistent with the Standard Model prediction of

Bpred
Z→4` = (4.50± 0.01)× 10−6 derived with Powheg - as taken from Ref. [75]. Following the

procedure of Ref. [81], an alternative theoretical prediction is derived by simulating 100, 000

Z → 4` events with MadGraph5 [72] and normalizing by the program’s default Z decay
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width,

ΓZ→4`

ΓZ
=

11.48± 0.01 keV

2.441 GeV
= (4.70± 0.01)× 10−6. (85)

This, too, is in agreement with the latest measured value. The measurements and pre-

dictions discussed here are summarized together in Figure 79. This analysis provides the

most precise measurement to date, benefitting from the large dataset and increase in accep-

tance over previous analyses. The overall error on the measurement of ±6.8% is dominated

by sources of systematic uncertainty (±5.2%), followed by statistical (±2.9%), luminosity

(±2.7%), and theory (±1.8%) uncertainties. The leading systematic uncertainties affecting

this measurement are summarized in the Z → 4` column of Table 14.
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Table 17: Summary of the inputs to Equation 83 used in the calculation of the Z → 4`
branching fraction. The contributing sources of uncertainty are shown below each value in
order of their resepctive size. All measured and predicted values derived in this analysis are
obtained within the inclusive single resonant Z region, defined by 60 GeV < m4` < 100 GeV.

Symbol Definition Value

σmeas Measured fiducial cross-section 22.13± 1.29 fb
ATLAS Run-2 139 fb−1 [49] ±1.06 fb (syst)

±0.64 fb (stat)
±0.36 fb (lumi)

σpred
non-qq̄→4` Predicted cross-section of non-qq̄ → 4` sources 0.22± 0.04 fb

Sherpa ±0.040 fb (theo)
±0.004 fb (lumi)
±0.001 fb (stat)

fres.-qq̄→4` Predicted fraction of resonant qq̄ → 4` production 0.952± 0.005
Powheg-Box v2 ±0.005 (theo)

fnon-τ Predicted fraction of events excluding τ -decays 0.9919± 0.0001
Sherpa qq̄ → Z(∗)Z(∗) ±0.0001 (stat)

Afid Predicted fiducial acceptance, excluding τ−decays, 0.085± 0.002
with respect to the extended phase space ±0.0014 (scale)
Sherpa qq̄ → Z(∗)Z(∗) ±0.0006 (pdf)

±0.0001 (stat)
±0.0001 (nlo)

BZ→`` Predicted branching fraction of Z → `` decay 0.03366± 0.00002
±0.00002 (theo)

σ66−116
Z→`` Measurement of Z → `` cross-section 1.98± 0.06 nb

ATLAS 81 pb−1 [77] ±0.042 nb (lumi)
±0.039 nb (syst)

T 80−100
66−116 Transfer factor accounting for mZ window 0.935± 0.001

Powheg ±0.001 (theo)
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Table 18: Comparison of recent measurements of the Z → 4` (` = e, µ) branching fraction
in the extended phase defined by 80 GeV < m4` < 100 GeV and m`` > 4 GeV. Center-of-
mass energies and integrated luminosities are shown for each measurement. The last column
highlights the total relative error on the measurement. The result of this analysis is shown
in the final row.

Measurement BZ→4` [10−6] Precision
Stat. Syst. Theo. Lumi.

CMS,
√
s = 7 TeV [80] 4.2 +0.9

−0.8 ±0.2 - - +22.0%
−19.6%

L = 5.02 fb−1

ATLAS,
√
s = 7, 8 TeV [75] 4.31 ±0.34 ±0.17 - - ±8.8%

L = 4.5, 20.3 fb−1

CMS,
√
s = 13 TeV [78] 4.83 +0.23

−0.22
+0.32
−0.29 ±0.08 ±0.12 +8.7%

−8.1%

L = 35.9 fb−1

ATLAS,
√
s = 13 TeV [44] 4.70 ±0.32 ±0.21 - ±0.14 ±8.7%

L = 36.1 fb−1

ATLAS,
√
s = 13 TeV [49] 4.41 ±0.13 ±0.23 ±0.08 ±0.12 ±6.8%

L = 139 fb−1

3.0 3.5 4.0 4.5 5.0 5.5 6.0

B(Z → 4`) [10−6]

ATLAS 13 TeV
139 fb−1

ATLAS 13 TeV
36.1 fb−1

CMS 13 TeV
35.9 fb−1

ATLAS 7, 8 TeV
4.5, 20.3 fb−1

CMS 7 TeV
5.02 fb−1

Prediction
POWHEG

MADGRAPH5

Uncertainty
Total
Stat.
Syst.
Theo.
Lumi.

Figure 79: Comparison of recent measurements of the Z → 4` (` = e, µ) branching fraction
in the extended phase defined by 80 GeV < m4` < 100 GeV and m`` > 4 GeV. The result of
this analysis is shown by the lowermost entry. The predictions obtained from Powheg and
MadGraph5 are shown as vertical lines.
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22 Interpretations

Given the inclusivity of the analysis and the wide range of contributing processes, there is

serious potential for placing constraints on new physics which either directly or indirectly con-

tribute to the four-lepton final state. Two scenarios of beyond-the-Standard Model physics

are considered and constrained using a common profile likelihood statistical framework. The

possibility of further interpretations using the available measurements is discussed in the

next section.

Statistical Framework

The profile likelihood technique [82] is a commonly used approach for constraining the pa-

rameter space of models, relying on a test statistic which is defined in terms of the ratio

of likelihood functions22. For the purposes of this analysis, the likelihood function for a

particular distribution of k bins is defined by

L =
1√

(2π)k|C|
exp

{
− 1

2

[
~σmeas−~σpred

(
~θ
)]T

C−1

[
~σmeas−~σpred

(
~θ
)]}
×
∏
θi∈~θ

G(θi, 0, 1), (86)

where ~σmeas is the measured unfolded cross-section, ~σpred the model prediction, C the total

uncertainty covariance matrix, and ~θ the nuisance parameters of the model. As for the

evaluation of p-values in Section 20, the statistical and systematic covariances are taken

from the SM expectation instead of the observed data to account for bins where downward

fluctuations in the data below the Gaussian limit lead to an underestimation of the statistical

uncertainty. The theoretical uncertainties of the model are not included in the covariance

matrix, instead treated as Gaussian-constrained nuisance parameters with a mean of zero

and standard deviation of one, denoted by G(θi, 0, 1). The term in the exponent, ignoring

the multiplicative factor, is equivalent to the χ2 between the observed data and the prediction

22 A likelihood is a conditional probability P (x|θ), encoding the probability of observing
the data x under assumption of the model θ.
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evaluated at a specific point in the nuisance parameter space, allowing for the simplification,

L =
1√

(2π)k|C|
exp

{
−1

2
χ(~θ)2

}
×
∏
θi∈~θ

G(θi, 0, 1). (87)

Letting the single parameter c uniquely specify the model of interest, the test statistic is

defined as the natural logarithm of the ratio of likelihoods,

q(c) = −2 ln
argmax~θ′ L

(
c, ~θ′
)

argmaxc′,~θ′ L
(
c′, ~θ′

) := −2 ln
L
(
c,

ˆ̂
~θ(c)

)
L
(
ĉ, ~̂θ
) . (88)

The numerator in Equation 88 represents the likelihood maximized in the space of ~θ, condi-

tioned on the value of c. In contrast, the denominator represents the unconditional maximum

likelihood, in which the values of c and ~θ are allowed to simultaneously float in order to glob-

ally maximize the likelihood. Following the definition of the likelihood in Equation 87, this

reduces to a summation of two terms: the ∆χ2 between numerator and denominator and a

sum in quadrature over the nuisance parameter terms,

q(c) = ∆χ(c)2 + ∆
∑
i

Θ2. (89)

The test statistic is itself a statistical variable drawn from some underlying distribution.

Based on the definition of Equation 88, low values of the test statistic close to zero correspond

to a good agreement between the hypothesized model and observed data, while higher values

indicate an increasing incompatibility of the model in describing the data. Constraints in the

parameter space are derived based upon a desired p-value exclusion contour α, equivalent

to a confidence level (CL) of 1 − α. Following Wilk’s theorem [83], the distribution of the

test statistic is expected to asymptotically approach the χ2
ν distribution with ν = 1 degree

of freedom. In this case, limits may be easily derived using the χ2
ν=1-PDF (here probability

density function) and inputting the desired statistical significance (e.g. q = 3.84 for 95%
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CL). If, however, the asymptotic condition is not assumed to be satisfied, the distribution

of the test statistic may instead be estimated by throwing Monte Carlo toys and limits may

be then derived using the toy-based PDF.

Instead of simultaneously fitting the thirteen differential measurements outlined in Sec-

tion 14, which requires precise knowledge of the correlations, each observable is considered

separately in Equation 88. The observable providing the most stringent limits for a given

model is then used to derive the quoted results. This varies depending on the particular new

physics scenario, highlighting the advantage of measuring several complementary observ-

ables. Expected limits are evaluated in addition to the observed limits by using the Asimov

dataset23 in place of the measured data.

22.1 Standard Model Effective Field Theory

Formalism

The Standard Model Effective Field Theory (SMEFT) provides an approximate description

of new physics beyond a cutoff scale Λ in terms of the SM Lagrangian and a set of non-

renormalizable operators. The operators describing new physics interactions are built out of

the SM fields in higher dimensions of energy (d > 4) and obey the SU(3)C×SU(2)L×U(1)Y

symmetry structure of the low-energy, dimension-four theory [84]. The effective Lagrangian

is written as a polynomial expansion in the inverse of the energy cutoff scale Λ,

LSMEFT = LSM +
1

Λ

∑
i

C
(5)
i O(5)

i +
1

Λ2

∑
i

C
(6)
i O(6)

i + ..., (90)

where each successive term is suppressed by an additional inverse factor of Λ. The first term

in the expansion represents the SM Lagrangian, while the remaining terms are parameter-

23 The Asimov dataset is simply taken as the SM prediction with Poisson errors derived
from the weighted event counts. The name derives from Isaac Asimov’s novel Franchise, in
which the most representative person out of an entire population of people is chosen as the
sole voter in an election.

174



ized by dimension-d operators, O(d)
i with dimensionless coupling constants C

(d)
i , known as

Wilson coefficients, determining their relative strength. The multiplicative factors of Λ are

generally absorbed into the coupling constants C
(d)
i , defining effective coupling constants

c
(d)
i = C

(d)
i /Λd−4. The inclusion of higher-dimensional operators to the SM Lagrangian leads

to two important consequences: firstly, new vertices forbidden in the dimension-four theory

arise, and secondly, the usual vertices and parameters (e.g. masses, Weinberg mixing angle)

of the SM are modified depending on the strength of the EFT contributions [85]. As de-

scribed in Ref. [85], effective field theories are useful in two general cases: firstly, to study

the low-energy behavior of a given ultraviolet theory and, secondly, as a model-independent

means to parameterize experimental deviations from SM predictions. The latter use case,

of more relevance to this analysis, provides a means to systematically map the landscape of

potential new physics contributions where deviations from SM predictions are observed [85].

With each dimension term included in the SMEFT expansion, the number of operators

grows given the increase in possible field combinations. At dimension-five, there is only

one operator, which violates lepton and baryon number conservation [85], and is therefore

neglected in this analysis. Higher-dimension operators beyond d = 6 are neglected based

on their additional suppression in energy. The new physics component constrained in this

analysis is therefore described entirely in terms of dimension-six operators, and the energy

cutoff scale for new physics is taken to be 1 TeV. The operators are described in terms of

SM fields before electroweak symmetry breaking within the Warsaw basis [86]. A subset of

those 59 terms which do not violate baryon number conservation are considered and, based

on a screening study, 22 operators offering particular sensitivity in the four-lepton final state

are constrained in the interpretations.

The 22 Wilson coefficients of relevance to this analysis, along with their corresponding

operator expansion in terms of SM fields, are summarized in Table 19. The coefficients are

separated into three broad categories depending on the type of SM fields composing the

operators, as follows:
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Table 19: Summary of the 22 dimension-six Wilson coefficients considered in this analysis.
The first column denotes the general category of SM fields included in the corresponding
operators, where X represents an arbitrary gauge field and (L,R) denote fermion chirality
states. Following the convention of Ref. [86], the operators are written in terms of SM
fields before electroweak symmetry breaking. The gauge fields are written as GA

µν , W
I
µν , and

Bµν , while φ denotes the scalar Higgs field. The left-handed quark and lepton doublets are
represented by q and l, and the right-handed quarks and leptons by u, d, and e, respectively.
The subscripts p, r, s, and t denote flavor indices.

Category Coefficient Operator

Bosonic φ2X2 cHG φ†φGA
µνG

Aµν

c̃HG φ†φG̃A
µνG

Aµν

cHWB φ†τ IφW I
µνB

µν

φ4D2 cHD (φ†Dµφ)∗(φ†Dµφ)

Mixed φ3ψ2 cHe (φ†φ)(l̄perφ)

cHu (φ†φ)(q̄purφ̃)

cHd (φ†φ)(q̄pdrφ)

φ2ψ2D c
(1)
Hl (φ†i

↔
Dµ φ)(l̄pγ

µlr)

c
(3)
Hl (φ†i

↔
D
I

µ φ)(l̄pτ
Iγµlr)

c
(1)
Hq (φ†i

↔
Dµ φ)(q̄pγ

µqr)

c
(3)
Hq (φ†i

↔
D
I

µ φ)(q̄pτ
Iγµqr)

Fermionic (L̄L)(L̄L) cll (l̄pγµlr)(l̄sγ
µlt)

c
(1)
ll (l̄pγµlt)(l̄rγ

µls)

c
(1)
lq (l̄pγµlr)(q̄sγ

µqt)

c
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt)

(R̄R)(R̄R) cee (ēpγµer)(ēsγ
µet)

ceu (ēpγµer)(ūsγ
µut)

ced (ēpγµer)(d̄sγ
µdt)

(L̄L)(R̄R) cle (l̄pγµlr)(ēsγ
µet)

clu (l̄pγµlr)(ūsγ
µut)

cld (l̄pγµlr)(d̄sγ
µdt)

cqe (q̄pγµqr)(ēsγ
µet)
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• Bosonic operators consist purely of boson fields, namely the Higgs and gauge bosons.

• Mixed operators consist of combinations of boson and fermion fields.

• Fermionic operators consist purely of fermion fields and describe four-fermion contact

terms - including direct four-lepton and lepton-quark interactions.

The bosonic operators affect a host of Higgs interactions, as well as those mediated by the

exchange of gauge bosons. The mixed operators primarily enter by means of their effect on

the Z → `` vertex. The four-fermion operators clearly give rise to contact terms not present

in the SM, though the effect of other individual operators is generally more nuanced. For

instance, the pure-bosonic cHWB coefficient directly affects triple and quartic gauge vertices

of the SM, but also enters in the Z-boson field normalization, thereby indirectly affecting a

range of additional vertices [85]. Hence, the individual effect of each operator is often more

complicated than the modification or addition of single vertices [85]. A detailed discussion

of the remaining dimension-six operators in terms of their constituent Standard Model fields

is provided in Ref. [86].

For the purposes of this analysis, only one dimension-six operator is considered at a

time, thereby reducing the EFT parameterization to a single effective coupling constant24.

This eliminates cross-terms in the matrix element expansion which depend on the product

of two different EFT couplings. Within this framework, the matrix element for a given

physics process including the SM and BSM contributions at leading order in the perturbative

expansion is given by

MSMEFT =MSM + c · MBSM, (91)

the square of which equals

|MSMEFT|2 = |MSM|2 + 2c · R(M∗
SMMBSM) + c2 · |MBSM|2. (92)

24From hereon, the abbreviation c refers to an arbitrary dimension-six effective coupling
constant.
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The predicted cross-section, given by the square of the matrix element, can therefore be

decomposed into three components: SM-only, SM-BSM interference, and BSM-only. The

interference (or linear) term depends linearly on the effective coupling constant c and is

therefore the leading contribution of new physics at order Λ−2 in the expansion. The BSM-

only (or quadratic) term depends quadratically on c, therefore contributing at a higher order

of Λ−4. Notably, these quadratic terms are at the same order of energy suppression as

dimension-eight linear terms, the latter of which are neglected in this analysis. Given the

additional suppression of the quadratic term with respect to the linear term, limits are derived

for two separate models, either including (full model) or excluding (linear-only model) the

quadratic term. Studying both models allows for the importance of dimension-eight linear

terms to be inferred in cases where the inclusion of the quadratic term in the full model

significantly improves the observed limits as derived in the linear model. The predicted

SMEFT cross-section in the ith bin is evaluated under the full model by

σpred
i = σSM

i (1 + c · Ai + c2 ·Bi) (93)

and the linear-only model by

σpred
i = σSM

i (1 + c · Ai), (94)

where Ai and Bi correspond to the linear and quadratic EFT contributions in bin i relative

to the SM cross-section σSM
i in the same bin.

Strategy

Effective field theory samples are generated using the SMEFTsim [84,87] implementation of

FeynRules [88], running MadGraph5 aMC@NLO2.6.5 + Pythia8.243 at LO accuracy

in QCD with the NNPDF3.0nlo PDF set. Since the signal samples of this analysis are gen-

erated beyond LO accuracy, a k-factor is applied on the LO SMEFT cross-sections defined

as k = ~σNLO SM/~σLO SM, where the numerator is taken from the signal samples discussed
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in Section 13.2 and the denominator from the SMEFT setup discussed above. This correc-

tion implicitly assumes the higher order effects are the same for the SM and new physics

components. Uncertainties accounting for QCD scale variations, PDF reweightings, and αS

variations are evaluated following the same strategy as outlined in Section 18.

Using the cross-section decomposition in either Equation 93 or 94, it is sufficient to

generate only the SM prediction and the SMEFT prediction at two arbitrary scan points

to produce the prediction for any given value of c. This allows for a non-resource intensive

means to perform one-dimensional likelihood scans versus a single parameter of interest. At

each scan point, the compatibility of the model with the data is evaluated based upon the

test statistic outlined in Equation 88. The uncertainties on the SM prediction, encoded in

the covariance matrix of Equation 86, are taken to be fixed at the SM value c = 0. Lower and

upper limits on the coefficient of interest are derived at 95% CL based on the test statistic

distribution. The postulate of Wilk’s theorem - that this distribution will asymptotically

approach a χ2
ν=1-PDF - was observed not to hold in all cases, particularly in the presence

of dominant quadratic terms or large EFT enhancements. Therefore, the distribution of the

test statistic is instead evaluated using Monte Carlo toys thrown around the SM prediction.

An overview of the fitting procedure is shown in Figure 80, where the bosonic cHWB

coefficient is constrained under the full model using the observable offering the best sensitiv-

ity, mZ2-m4`. In Figure 80 (a), the distributions of 10, 000 Monte Carlo toys are compared

against the χ2
ν=1-PDF for nine scan points of cHWB. Over all scan values, the distributions of

test statistics are well-modeled by the χ2
ν=1-PDF, reflecting that in this specific case Wilk’s

theorem is satisfied. In Figure 80 (b), the expected and observed limits at 95% CL are then

derived under assumption of Wilk’s theorem, by evaluating the q = 3.84 crossing points. In

Figure 80 (c), limits are instead derived using the 1− p = 95% crossing of toy distributions.

Given the observed validity of Wilk’s theorem demonstrated in Figure 80 (a), these two sets

of limits are largely comparable. However, as this does not generally hold in other cases, the

latter, toy-based approach is used to derive limits for all coefficients.
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Figure 80: Overview of the full model likelihood scan for cHWB, as constrained by the mZ2-
m4` observable. In (a), the distributions of the test statistic drawn from Monte Carlo toys
are compared against the χ2

ν=1-PDF. In (b), the expected and observed limits are derived
under the asymptotic assumption of Wilk’s theorem. In (c), limits are instead derived - as
for the the final results - based on the distributions of Monte Carlo toys.
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Results

The expected and observed 95% confidence limits on the 22 dimension-six Wilson coefficients

are shown separately for the full and linear-only EFT models in Figures 81 and 82, respec-

tively. For detailed tables see Ref. [49]. The c̃HG coefficient has a vanishing interference term

and is therefore only constrained in the full model, leaving 21 coefficients constrained under

the linear-only model.

The m4`, |∆φpairs|-m4`, and, particularly, mZ2-m4` measurements provide the majority

of the constraining power. The observed limits are generally compatible with the expected

limits under both decomposition models. Seven coefficients (cHD, cHWB, cHe, c
(1)
Hl , c

(3)
Hq, c

(3)
Hl ,

c
(1)
ll ) are constrained to a similar degree regardless of whether or not the quadratic term is

included, suggesting its contribution is negligible. This partially explains the validity of the

asymptotic approximation observed for the cHWB test statistic distributions in Figure 80.

Two coefficients (c
(1)
Hq, c

(3)
lq ) have slightly negative-shifted limits when including the quadratic

term, indicating that its contribution is relatively small and, necessarily, positive. The

presence of double intervals in two coefficients (cHG, cHu) under the full model is indicative

of non-negligible quadratic terms, which contribute secondary maxima in the likelihood

scans due to cancellation with the interference terms. The remaining eleven coefficients

(c̃HG, cHd, ced, cee, ceu, cld, cle, cll, c
(1)
lq , clu, cqe) are also observed to have non-negligible

quadratic contributions, leading to more stringent limits when including the higher order

term. Following the previous discussion, this suggests the neglected dimension-eight linear

terms may also play an important role for these coefficients.

The coefficients affecting the Z → `` vertex have already been constrained to a much

greater degree than reported here from a global SMEFT fit to LEP and LHC data [89],

benefiting significantly from the precision electroweak data provided by LEP. Other coeffi-

cients, however, show improvements over recent results published by the ATLAS H → 4`

cross-section analysis [90]. In particular, the limits on cHWB are significantly improved with

respect to the Higgs measurement [90].
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Figure 81: Expected and observed 95% confidence limits on the 22 dimension-six Wilson
coefficients constrained in this analysis under the full decomposition model (see Equation 93).
The observable column denotes the observable offering the most sensitivity to the particular
coefficient, which is used to derive the limits. Multiplicative factors on the right denote the
relative scaling of the limits for the purposes of maintaining readability.
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Figure 82: Expected and observed 95% confidence limits on the 21 dimension-six Wilson co-
efficients constrained in this analysis under the linear-only decomposition model (see Equa-
tion 94). The observable column denotes the observable offering the most sensitivity to the
particular coefficient, which is used to derive the limits. Multiplicative factors on the right
denote the relative scaling of the limits for the purposes of maintaining readability.
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22.2 B − L Gauge Symmetry Model

Formalism

The B−Lmodel [91] is a well-motived new physics scenario which introduces a spontaneously

broken global baryon-number minus lepton-number U(1)B−L gauge symmetry to solve the

neutrino mass problem in the Standard Model. This model postulates a heavy Z ′ gauge

boson of the new local symmetry, as well as an exotic Higgs h2 from the symmetry breaking.

The hypothetical Higgs particle couples to the SM Higgs with a mixing angle α. Both Higgs

particles can decay into a pair of Z or Z ′ bosons, which themselves can decay leptonically

to produce the four-lepton signature. The four-lepton phase space can therefore provide

sensitivity in the region where the mass of the exotic Higgs exceeds twice the mass of the

Z ′-boson.

Strategy

New physics samples are generated using Herwig 7.2 [92], excluding interference effects with

the SM which are expected to be small. To compare with previous LHC measurements [93],

the model is constrained to a low-mass Z ′ (mZ′ = 35 GeV), which is weakly coupled to the

SM (g′ = 10−3), and exclusion contours are derived in the plane of sinα versus mh2 . The

constraint of mZ′ = 35 GeV necessarily removes any sensitivity in the four-lepton final state

in the region mh2 < 70 GeV.

Constraining the model relies on the same likelihood function defined in Equation 86,

but differs in the precise definition of the test statistic. As is common in searches [39, 94],

the model parameter µ determines the global signal strength of the new physics, such that

µ = 0 corresponds to the SM-only hypothesis and µ = 1 to the nominal signal hypothesis.

In order to account for downward fluctuations in the data below the SM-only hypothesis,

where µ̂ < 0, a piecewise function defines the modified test statistic q̃, shown in Ref. [49].

The CLS [95] method is used to derive the 95% CL exclusion contours in the plane of sinα
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versus mh2 . Unlike the EFT interpretation, the asymptotic approximation of Wilk’s theorem

is observed to be valid here, and is therefore used instead of a toy-based approach.

Results

The results are shown in Figure 83, where (a) shows the observable offering the best sensi-

tivity at each scan point, which is used to derive the expected and observed contours shown

in (b). The observed limits are compatible with the expected limits within uncertainties.

As expected, the dilepton invariant mass observables, in particular mZ1-m4`, provide good

sensitivity across much of the phase space given the presence of non-SM Z ′-bosons. The

limits presented here significantly improve upon the previous results of [93], extending the

exclusion in sinα from 0.4 to 0.28 across most of the plane and constraining higher masses

than before, beyond mh2 > 600 GeV.
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Figure 83: Constraints on the new physics scenario based on the B−L model, in the plane of
sinα versus mh2 . In (a), a color map of which unfolded observable gives the best fit sensitivity
at each point in the scan is shown. In (b), the expected and observed 95% confidence limits
are derived with uncertainty bands, based on the most sensitive observable.
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23 Re-interpretations

The complexity and effort behind physics analyses motivate maximal use of the measure-

ments in the search for new physics beyond-the-Standard Model. While searches provide

an important means to test particular models, precision measurements benefit from being

re-interpretable in light of many models. The widespread availability of generic analysis

frameworks (e.g. RIVET [96]) and online data repositories provide an excellent means of

rapidly testing measurements against a variety of new physics models.

To this end, the particle-level cross-sections and uncertainty correlations measured in

this analysis have been made publicly available on HEPData25 to allow for further re-

interpretations of the data. Already at the time of writing, the measurements have been

used to constrain composite dark matter models in Ref. [97], where they offer particular

sensitivity in the 200 GeV mass range of hypothetical dark pions. Further re-interpretations

remain promising given the variety of measured observables and the many potentially con-

tributing processes.

25https://www.hepdata.net/record/ins1849535
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Chapter VII: Conclusion

The four-lepton (4`) final state, characterized by the clean signature of two same-flavor,

opposite-charge lepton pairs, offers an excellent avenue for precisions tests of the Standard

Model at high energy particle colliders. Using the large Run-2 dataset of the Large Hadron

Collider as recorded by the ATLAS detector, inclusive 4` production cross-sections have been

measured to an unprecedented granularity. State-of-the-art Standard Model predictions are

found to be in excellent agreement with the detector-corrected measurements. A world-

leading precision measurement of the rare Z → 4` branching fraction has been measured

to be (4.41 ± 0.30) × 10−6, in agreement with previous measurements and leading theoret-

ical predictions. The complementary 4` cross-section measurements allow for competitive

constraints to be placed on two scenarios of new physics - using either a model-independent

effective field theory framework or a specific B−L gauge symmetry model - and provide an

excellent foundation for further re-interpretations and beyond-the-Standard Model searches.
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Appendices

The following appendices are intended as supplementary material to the main body of this

dissertation. In Appendix A, I outline first my specific contributions to the Inclusive Four-

lepton analysis central to this thesis, and second my larger involvements within the ATLAS

Collaboration. In the remaining appendices, I provide additional information on particle

kinematics in collider settings (Appendix B), the loosening and optimization of selections

(Appendix C), the background estimation strategy (Appendix D), and the unfolding data-

driven closure test (Appendix E).
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A Primary Contributions

Over the past five years of my doctoral program, I have conducted cutting-edge research

in experimental high energy particle physics within the ATLAS Collaboration, contributing

across the three major domains of the experiment – physics analysis, detector hardware,

and reconstruction software. Though this thesis focuses on a particular physics analysis,

my supplementary hardware and software experiences were essential in writing a coherent

dissertation. In the following sections, I outline first my primary contributions to the analysis

presented in this thesis, and second my larger involvements within the experiment.

A.1 Inclusive Four-lepton Analysis

My specific area of physics expertise in ATLAS is that of four-lepton processes. Over the

previous three years, I have made substantial contributions to three physics analyses in the

Standard Model Electroweak subgroup. The work of this thesis focuses entirely on the Inclu-

sive Four-lepton analysis [49], to which I contributed from its initial conception in 2018 until

its final publication in 2021. This dissertation would not be possible without the combined

efforts of the entire analysis team, in particular Max Goblirsch, Zara Grout, and Emily

Nurse for their essential leadership efforts as analysis contacts. My specific contributions in

this analysis centered on preliminary sensitivity projections, selection and isolation working

point optimization, lepton triggering, smoothing and validation of the background estimate,

unfolding bias and uncertainty quantification, the Z → 4` branching fraction measurement,

and statistical compatibility studies. In subsequent four-lepton analyses, I have led the ef-

forts in background estimation techniques and effective field theory interpretations of new

physics, while also taking a more prominent leadership role as the analysis framework main-

tainer, responsible for implementing and validating changes in the upstream selections and

producing skimmed samples for common usage. Although the results of these ongoing anal-

yses are as of yet unpublished and therefore left out of this thesis, my experiences in these
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more recent endeavors have significantly shaped my discussion of the inclusive analysis.

A.2 ATLAS Collaboration

My involvement with ATLAS began in the summer of 2016, when I first moved to CERN

and started my authorship qualification task in the Muon Combined Performance group.

The task would blend performance and hardware work by studying the impacts of future

detector upgrades on muon reconstruction in the expected environment of the upcoming

High Luminosity Large Hadron Collider (HL-LHC) program. Through this role, I learned

the fundamentals of muon reconstruction and performance in ATLAS and had my first

encounter with the ATLAS Inner Tracker (ITk) tracking detector upgrade. The culmination

of my work resulted in the development of a more pile-up robust muon track isolation working

point for use in the HL-LHC, which exploited the superior impact parameter resolution of

the ITk to veto likely pile-up tracks from isolation cones.

Following my author qualification and completion of my Brandeis advanced exam in the

spring of 2018, I started my involvements in physics analysis by joining the post-publication

efforts of the prior four-lepton analysis [44]. Fittingly, I investigated the potential of a follow-

up analysis given the increased statistics of the full Run-2 dataset, including the effects of

loosening kinematic selections and re-optimizing the binning - efforts which would pave the

way for the subsequent four-lepton analysis forming the bulk of this thesis.

In the summer of 2018, I moved to Brookhaven National Laboratory (BNL) for a one-year

residency supported by the US Department of Energy Office of Science Graduate Student

Research fellowship, to focus on the design and construction of silicon-based tracking and

timing detectors intended for use in the HL-LHC. During this period, I led the development

of a semi-automated loading procedure for the precision mounting of silicon strip sensors

on stave support structures and developed quality assurance standards for sensors on- and

off-stave. In parallel, I conducted early-stage electrical characterization studies of Low Gain

Avalanche Detectors to guide their design for use in a future timing detector - known as the
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High Granularity Timing Detector. These projects were not only crucial in preparing the

BNL site for the upcoming stages of production, but also in teaching me the fundamentals

of detector development and operation.

After finishing my residency at BNL in the summer of 2019, I moved back to CERN to

focus on analysis work for my dissertation. Around this time, I joined the Inclusive Four-

lepton analysis, where I would go on to spend the following two years working towards the

analysis publication and, subsequently, my dissertation writing and defense.

Beginning later in 2019, I resumed my prior efforts in ATLAS reconstruction software,

now focused on generic charged particle tracking, leveraging my hands-on experience with

silicon-based tracking detectors. I began contributing to the ongoing development of track

reconstruction software for the future ATLAS detector of the HL-LHC era. Towards this

goal, I carried out tracking performance studies of the ITk detector through its many layout

updates, the most recent results of which are highlighted in Section 9.2. Later on, I shifted

focus to the present tracking detector to join the efforts in reconstruction improvements in

advance of Run-3, participating in a large-scale software overhaul which achieved algorithmic

speed-ups beyond a factor of two and large reductions in disk usage. This work has given

me a deep insight into the principles underlying reconstruction, in particular tracking, and

its important connection to charged lepton measurements in ATLAS.

Midway through the inclusive analysis in the spring of 2020, I joined the Differential

ZZjj analysis, with a goal of measuring differential vector boson scattering in the 4`jj final

state. One year later in the spring of 2021, I also joined the Angular ZZ analysis, focused

on measuring 4` angular observables for their use in polarization and interpretation studies.

Much of this thesis, though based on the results of the Inclusive Four-lepton analysis, relies

heavily on my complementary experiences drawn from these subsequent analyses.
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B Collider Kinematics

Following Equation 39, the transverse momentum pT is defined as the momentum in the

xy-plane. Therefore, the linear momentum can be uniquely specified by the transverse

momentum, azimuthal angle φ, and polar angle θ. Equivalently, the polar angle can be

replaced by the pseudorapidity η by inverting Equation 41. The linear momentum written

in terms of (pT , η, φ) is then

px = p sin θ cosφ = pT cosφ

py = p sin θ sinφ = pT sinφ

pz = p cos θ = pT cot θ = pT sinh η.

(95)

For a particle of mass m, the combination of (pT , η, φ,m) provides a complete description of

the four-momentum, equivalent to the standard (E, px, py, pz) formulation,

(E, px, py, pz)→
(√

m2 + (1 + sinh2 η) p2
T , pT cosφ, pT sinφ, pT sinh η

)
. (96)

The latter is more convenient in collider settings since it is expressed in terms of quantities

whose absolute values (i.e. pT , m) or differences in (i.e. ∆η, ∆φ) are Lorentz invariant under

boosts along the longitudinal axis.

200



C Selection Optimization

With respect to the previous four-lepton analysis [44], many selections have been loosened to

benefit from increased inclusivity and statistics. This section outlines the impact of loosening

a subset of those selections, as well as other important changes in the reconstruction strategy.

C.1 Loosening of Selections

The reconstruction-level event selection as used in this analysis is outlined in Table 8, while

the selection as used in the previous analysis can be found in Ref. [44]. Four selections in

particular have been loosened in this analysis to increase statistics and improve sensitivity

to certain models of new physics. The effects of individually (a,b,c,d) and simultaneously

(e) reverting each of these selections to the baseline as used in previous analysis are shown

in Figure 84. Allowing leptons from τ -decays, which were previously excluded in the former

analysis, grants percent-level inclusive acceptance gains. Loosening the angular separa-

tion requirement to ∆R > 0.05, previously 0.1 (0.2) for different-flavor (same-flavor) pairs,

amounts to only a small percentage gain at low mass, but greatly improves sensitivity to

boosted production scenarios. Loosening the secondary and dropping the tertiary lepton

pT selections yields a large acceptance gain, particularly for softer topologies at low four-

lepton invariant mass. Lastly, dropping the dilepton invariant mass requirements, previously

applied as a fixed selection on the leading pair and a variable selection on the subleading

pair [44], massively increases the acceptance for off-shell ZZ topologies and greatly improves

the sensitivity to decays of non-SM Z-bosons. The combined effect of dropping or loosening

these four selections amounts to an overall increase in acceptance of approximately 37%,

corresponding to roughly a factor two gain for m4` < 100 GeV.
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Figure 84: The impact of reverting four selections to the baseline used in the previous four-
lepton analysis [44], compared to the nominal selection as used in this analysis. Shown
separately for reverting the selections on τ -decays (a), the quadruplet lepton pT (b), quadru-
plet lepton ∆R separation (c), and pair mass (d) one at a time. The combination of all
reverting all four selections is shown in (e).
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C.2 Lepton Isolation

Isolation is a measure of the particle activity surrounding a reconstructed object, and is

crucial for the discrimination of prompt particles from non-prompt ones. Prompt leptons

originating from the hard-scatter interaction are typically well-isolated, while non-prompt

leptons from secondary hadronic decays are usually embedded in additional jet activity. The

isolation working point (WP) used in the previous analysis round FixedCutLoose is no

longer supported, therefore the use of a new WP is required. The overarching analysis goal

of maximizing acceptance and the relatively low reducible background motivate the adoption

of a loose isolation WP, with a higher priority on signal efficiency over background rejection.

The FixedCutPflowLoose WP offers a similarly loose threshold to the previous

FixedCutLoose configuration, as well as improved robustness against pile-up. The WP

is based on an isolation measure, here referred to as pflow30, which uses pile-up robust ver-

sions of the track and calorimeter isolation measurements. It is defined in Equation 97 as

the maximum of two measures of the track isolation surrounding the lepton, the first within

a fixed cone of size ∆R < 0.2 and the second within a pT -dependent cone of minimum size

∆R < 0.3, plus an additional calorimeter isolation measurement newflowisol20 calculated

using particle flow reconstruction techniques within a cone of size ∆R < 0.2. To improve

pile-up robustness, all tracks entering the track isolation summations are required to pass

tight track-to-vertex association selections and satisfy pT > 500 MeV.

pflow30 := max

∆R<0.2∑
i

piT ;

∆R<min(0.3, 10 GeV

p`
T

)∑
i

piT

+ 0.4× newflowisol20 (97)

The FixedCutPflowLoose WP corresponds to the requirement that the measurement of

pflow30 is less than 0.16 times the lepton pT , motivating the similar truth isolation selection

outlined in Section 11.2.

The performance in terms of signal acceptance and background rejection obtained by
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adopting the FixedCutPflowLoose WP for both electrons and muons (“Reference”) are

shown alongside two alternative options of maintaining the previous FixedCutLoose WP

for either electrons and muons (“BothFCLoose”) or electrons only (“ElecFCLoose”) in Fig-

ure 85. The signal acceptance of the FixedCutPflowLoose-based selection significantly

improves the low-mass acceptance for both electrons and muons, while the background rejec-

tion remains largely unchanged within statistical uncertainties. The signal efficiency below

m4` < 100 GeV is shown versus the average pile-up density in Figure 86 for the same con-

figurations to better highlight the performance differences. The FixedCutPflowLoose

WP, based on more pile-up robust isolation measurements, is shown to significantly reduce

the pile-up degradation, particularly for muons (i.e. “BothFCLoose” → “ElecFCLoose”).

Based on these studies, as well as comparisons against a third WP not shown here, the

FixedCutPflowLoose WP was chosen for both electrons and muons in this analysis.

Centrally provided muon isolation efficiency scale factors derived specifically for this WP

are used to correct for differences between data and MC. For electrons, however, no such

scale factors were available at the time. Therefore, electron isolation efficiency scale factors

derived for the most similar alternative (FixedCutLoose) are used instead.
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Figure 85: The predicted signal (a) and reducible background (b) reconstruction yields ob-
tained for three isolation WP configurations: (1) adopting FixedCutPflowLoose for
both electrons and muons (“Reference”), (2) maintaining FixedCutLoose for both elec-
trons and muons (“BothFCLoose”), and (3) the combination of FixedCutPflowLoose
for muons and FixedCutLoose for electrons only (“ElecFCLoose”).
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Figure 86: The predicted signal efficiency below m4` < 100 GeV versus the average pile-up
density for three isolation WP configurations: (1) adopting FixedCutPflowLoose for
both electrons and muons (“Reference”), (2) maintaining FixedCutLoose for both elec-
trons and muons (“BothFCLoose”), and (3) the combination of FixedCutPflowLoose
for muons and FixedCutLoose for electrons only (“ElecFCLoose”).
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D Background Estimation Strategy

Although the background estimation used in this analysis in principle operates on a four-

lepton selection, a slight complication arises in the precise background estimation for this

analysis to account for a core assumption of the matrix method and fake factor method -

that the probability of any given lepton to be real or fake is uncorrelated to that of other

leptons in the event. While this assumption is normally safe for well-separated leptons,

this analysis uses a relatively loose separation requirement of ∆R > 0.05. Studies found

that for the particular case of cascade decays of b-hadrons, primarily occurring in tt̄ events,

hadronic activity can lead to two or more nearby leptons with highly correlated real and

fake probabilities. In these sorts of cases, the estimation techniques are invalid and cannot

be reliably used. Therefore, a workaround based on omitting nearby leptons in the matrix

method or fake factor calculation was devised. Specifically, if two signal leptons are found to

be within ∆R ≤ 0.4 of one another then either the electron is skipped if the pair is SF-OC or

the lowest pT lepton is skipped if the leptons are of the same flavor. The choice of skipping

electrons over muons is based on the greater influence of electrons on nearby muon isolation

cones - that is, calorimeter clusters corresponding to electrons can contribute significantly to

the calorimeter isolation of nearby muons, while the reciprocal effect of muons is negligible in

comparison. Hence, if a muon is observed to be isolated, despite a nearby electron, it is likely

the electron is also isolated and, therefore, its probability of passing the signal requirements

is correlated to that of the muon. The effect of skipping one or more leptons (Nskipped) in the

matrix method or fake factor calculation means the background estimation corresponds to a

modified (4 −Nskipped) selection. This technique is used in the signal region and validation

regions alike, where good agreement is observed in MC closure tests.
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E Data-driven Closure Test

The results of the data-driven closure test, discussed in Section 17.6, are summarized here

for several other observables not included in the main body.
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Figure 87: Step-by-step overview of the data-driven closure method for the double-differential
m4`-channel observable. In (a)-(c), a series of continuous reweighting functions are derived
by smoothing the observed data/MC ratios while keeping the endpoints fixed, as shown
by the dashed lines. In (d), the reconstruction-level truth-reweighted MC (“pseudodata”)
and the nominal MC are shown alongside the observed data, showing, as expected, an
improved agreement with the data for the reweighted sample. In (e), the result of unfolding
the pseudodata using the nominal response matrix is compared to the truth-reweighted
fiducial prediction. The relative difference between the two is taken as a source of systematic
uncertainty, capturing the inherent bias in the unfolding procedure.
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Figure 88: Step-by-step overview of the data-driven closure method for the double-differential
mZ1-m4` observable. In (a)-(d), a series of continuous reweighting functions are derived
by smoothing the observed data/MC ratios while keeping the endpoints fixed, as shown
by the dashed lines. In (e), the reconstruction-level truth-reweighted MC (“pseudodata”)
and the nominal MC are shown alongside the observed data, showing, as expected, an
improved agreement with the data for the reweighted sample. In (f), the result of unfolding
the pseudodata using the nominal response matrix is compared to the truth-reweighted
fiducial prediction. The relative difference between the two is taken as a source of systematic
uncertainty, capturing the inherent bias in the unfolding procedure.
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Figure 89: Step-by-step overview of the data-driven closure method for the double-differential
mZ2-m4` observable. In (a)-(d), a series of continuous reweighting functions are derived
by smoothing the observed data/MC ratios while keeping the endpoints fixed, as shown
by the dashed lines. In (e), the reconstruction-level truth-reweighted MC (“pseudodata”)
and the nominal MC are shown alongside the observed data, showing, as expected, an
improved agreement with the data for the reweighted sample. In (f), the result of unfolding
the pseudodata using the nominal response matrix is compared to the truth-reweighted
fiducial prediction. The relative difference between the two is taken as a source of systematic
uncertainty, capturing the inherent bias in the unfolding procedure.
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Figure 90: Step-by-step overview of the data-driven closure method for the double-differential
|∆φpairs|-m4` observable. In (a)-(d), a series of continuous reweighting functions are derived
by smoothing the observed data/MC ratios while keeping the endpoints fixed, as shown
by the dashed lines. In (e), the reconstruction-level truth-reweighted MC (“pseudodata”)
and the nominal MC are shown alongside the observed data, showing, as expected, an
improved agreement with the data for the reweighted sample. In (f), the result of unfolding
the pseudodata using the nominal response matrix is compared to the truth-reweighted
fiducial prediction. The relative difference between the two is taken as a source of systematic
uncertainty, capturing the inherent bias in the unfolding procedure.
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