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Preface

This thesis summarises the work undertaken by the author, as part of the Standard Model

electroweak subgroup within the ATLAS collaboration. The work was performed over a

four-and-one-half year period from October 2010 to March 2015. Studies were performed

using ATLAS data taken during the full 2012 run at a centre-of-mass energy of
√

s = 8 TeV,

corresponding to an integrated luminosity of 20.3 fb−1.

The thesis first presents a brief evolution of the Standard Model in Chapter 1 up through

the discovery of the Higgs boson. An introduction to diboson physics, including previous

experimental results is given in Chapter 2.

A brief description of the LHC accelerator complex is given at the beginning of Chap-

ter 3, followed by an overview of the ATLAS detector and the most relevant sub-systems

for the ZZ analysis Section 3.2. The reconstruction of objects such as electrons, muons,

jets, missing energy, and photons within ATLAS is described in Chapter 4. The specific

definitions of the objects used to define the ZZ signal are given in Chapter 5. The author

summarises the methods used to estimate the major backgrounds to the ZZ → ℓℓνν̄ sub-

channel in Chapter 6. The major results of the thesis are the first measurements of the ZZ

production cross section at 8 TeV as measured by ATLAS. Limits at 95% confidence-level

on anomalous neutral triple-gauge couplings obtained with data in the ZZ → ℓ−ℓ+νν̄ sub-

channels are presented in Chapter 8.

The author’s contributions to the ZZ analysis at 8 TeV are listed as follows:

• Chapter 5: The author was involved in the choice of selection requirements and ob-

ject selection at the beginning of the 8 TeV analysis. Using the ATLAS event data

model, the author implemented all the criteria to select ZZ events at reconstruction-

level and particle-level. Full calibration using official ATLAS tools was performed on

all objects.

• Chapter 6: The Z+jet background is expected to make a relatively small contribution

to the total number of observed events. However, this background contribution is often

difficult to estimate directly from simulation without a large number of events, and it

can be subject to large uncertainties. A data-driven technique reweighting kinematics
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of photon to Z bosons is discussed. The author implemented full photon selecton and

reweighting procedure to estimate the Z+jet background to the ZZ → e−e+νν̄ and

ZZ → µ−µ+νν̄ sub-channels.

• Chapter 7: The ZZ production cross section is measured in a fiducial phase space and

is then extrapolated to a larger, more inclusive phase space. The components used for

the measurement of the cross section include quantities calculated from simulation of

the signal process, such as the fiducial efficiency correction, CZZ (Section 7.3), and the

acceptance, AZZ (Section 7.4). The author performed studies of the theoretical uncer-

tainties on these quantities, in particular the QCD scale uncertainties, and the effects

of parton showering on the acceptance. The author produced and analysed all sam-

ples for these studies independently. The author also developed the statistical model

which is used to extract the measured cross sections. The statistical model accounts

for correlations between uncertainties across different sub-channels and implements

a fit to the data by a minimisation of a likelihood function profiled over all nuisance

parameters. For the 7 and 8 TeV ATLAS ZZ analyses, the ZZ → ℓ−ℓ+νν̄ analysis

has been combined with the ZZ → ℓ−ℓ+ℓ−ℓ+ analysis to increase the precision of the

cross section measurement. In addition to the measurement of the cross sections in

the two ZZ → ℓ−ℓ+νν̄ sub-channels, the author measured cross sections in the three

ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channels and a combined ZZ measurement in the sub-channels.

A study was also performed by the author regarding a correction to the efficiency of

the jet veto in the event selection, including theoretical and experimental uncertain-

ties. The effect of the correction factor to the jet veto and its impact on CZZ and the

cross sections in the ZZ → ℓ−ℓ+νν̄ sub-channels is given at the end of the chapter for

comparison to the nominal values of the cross section.

• Chapter 8: Typically, ATLAS diboson measurements also include limits on anoma-

lous neutral triple-gauge couplings. The author constructed a statistical model similar

to that used for the cross section calculation to implement a procedure for frequentist

limit setting based on a profile-likelihood statistic with data from the ZZ → ℓ−ℓ+νν̄

sub-channels. The author also contributed to the parametrisation of the signal yield

via matrix element reweighting procedure and validation of the signal parametrisation.



Acknowledgements

When working on a project as large-scale as ATLAS is, there will naturally be many people

to thank, especially given that the author list is longer than most academic papers.

This work would not have been possible without the help of Professor Andy Parker of

the High Energy Physics Group at the Cavendish Laboratory. Andy was my point of contact

before I decided to make the trip across the pond. It is hard to tell how a graduate student

will evolve over the course of their degree, especially one who you’ve never seen face to

face. I would like to thank Andy for always showing support for me and believing that I

could contribute both to the group in Cambridge and the ATLAS collaboration.

I am tremendously indebted to my supervisor, Pat Ward, for all of her help over the

last four and one-half years. Pat has been an incredible supervisor and has been rock-solid

in terms of her support to help me put out the best work possible. She has always made

herself available to discuss my work and seems to have a knack for knowing where bugs and

problems turn up and finds ways to test ideas to fix those problems. I have learned a lot about

what it means to make a precision measurement and the level of work and detail necessary

in order to obtain a precise result. Pat has always provided solid advice and has always had

my interests at the forefront. Thank you Pat. Richard Batley has effectively been a second

supervisor, and his years of experience have helped me tremendously in understanding both

Standard Model electroweak physics and beyond-Standard-Model searches.

I would also like to thank the high energy physics group in Cambridge, in particular

Val Gibson for making my time with the HEP group such that I could focus on work and

my thesis instead of more menial, but necessary tasks. I would like to thank Nick Barlow

for answering my often-times obvious questions while sitting next to me for 18 months at

CERN. Every graduate student I have come across has access to more senior students and

post-docs that show them how to do their research in an effective way. For me, those ex-

cellent students/post-docs were Will Buttinger, Teng-Jian Khoo, John Chapman, and Dave

Robinson. I would also like to thank Jonatan Rostén for working with me closely for sev-

eral months to obtain the most interesting and important (and naturally, the most difficult

to get right!) results. Thanks to Thibaut Mueller and Tom Gillam for taking time to talk

about different background estimation techniques, and Dave Sutherland for many enlight-



x

ening discussions about elementary particle theory. Thank you all for your help on topics

ranging from analysis and statistics to the ATLAS software framework, SCT operation, and

of course, missing energy. Many thanks to John Hill and Steve Wotton for providing a very

reliable computing environment, no matter how many times we tried to outsmart the system

and take it down with memory leaks, forked processes, poorly-written shell scripts, etc. The

group has always been a pleasure to be a part of, and the cohesion of the group and the

quality of the students and staff are the reasons it maintains its tremendous reputation.

I would also like to acknowledge people who have shown me how to become part of an

ATLAS analysis and how to make an impact within such a large collaboration, especially

during my time at CERN. I’d like to thank Nick Edwards (Edinburgh) and Andrew Nelson

(UC Irvine) for showing me how one even begins to start undertaking an analysis within

ATLAS from the very first steps like implementing a basic (or not so basic) selection. Many

thanks are owed to Josh Kunkle (Maryland) for showing me the details of a very interesting

method of photon reweighting and for many discussions on background estimation and other

analysis techniques. I would like to thank Josh Moss (Cal State, Sacramento) and Sofia

Chouridou (Athens) for taking on the role of analysis contact at 8 TeV. I’d also like to thank

Jochen Meyer (Nikhef) and Vasiliki Kouskoura (BNL) for their help. Special thanks go to

Lailin Xu (Michigan) for being available just about any time of day to discuss the analysis,

and for putting in a tremendous amount of work for the both 7 and 8 TeV analyses. I would

also like to thank Jake Searcy (Michigan) analysis for helping steer the 8 TeV analysis as

the sub-convener.

I could not appreciate how important the college would be to my experience during

my time at Cambridge. Indeed, some of my best friendships were formed with people I

would only have met at a place as unique as King’s College. I would like to thank my very

good friend Krishna Kumar not only for providing me with a wonderful template used to

write this thesis, but for being a tremendous friend willing to drop everything to help no

questions asked. We speak the same language (computer code) and understand each other

despite his refusal to put error bars on his plots. I would like to extend many thanks to my

colleague and office mate for three years (in CERN and in Cambridge) Sarah Williams for

teaching me how to adjust to life in Cambridge and how to make my time there (or pretty

much anywhere) much more enjoyable. I would also like to thank Anna Bachmann, Renate

Fellinger, Nicole Grunstra, Josh Keeler, Adam Reid, Alex Ridge, Max Hewkin-Smith, and

all of my friends from King’s College for keeping me inspired. The staff at King’s have

always been extremely kind and generous. I would like to thank Caroline White and Peter

Pride for always finding time to answer my questions.



xi

Lastly, I would like to thank my family. They have always been supportive and extremely

proud of what I have done, even if at times I feel it doesn’t merit any special attention. Many

thanks to my cousin Alain Gabai-Maillet and his wonderful family in France for taking me

in and making me feel welcome during my nearly 18 months away from Cambridge. Special

thanks go to my aunts, uncles and cousins (big and little) in Turkey, Israel, and (of course)

the USA for their support. This thesis represents the completion of a journey I started in

2005 when I returned to New York from Michigan to continue my studies, switching fields

to physics from chemistry. My father, sister and step-mother never doubted the path I had

set for myself and always pushed me forward to the next phase, with nothing but support

and love. Their only serious question was, “when are you coming home?” The answer now

is the same as it has always been: “Soon.”





Abstract

This thesis presents a measurement of the ZZ diboson production cross section using the

dataset from proton-proton collisions at
√

s = 8 TeV collected in 2012 by the ATLAS exper-

iment at the Large Hadron Collider at CERN, corresponding to a total integrated luminosity

of 20.3 fb−1. The ATLAS detector and its component subsystems are described, with par-

ticular focus on the subsystems which have the largest impact on the analysis.

Events are selected by requiring one pair of opposite-sign, same-flavour leptons and

large missing transverse momentum, consistent with on-shell ZZ production. Two separate

measurements of the pp → ZZ cross section are made first in a restricted (“fiducial”) phase

space in each of the decay modes ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ to give:

σ fid
pp→ZZ = 4.99+0.76

−0.71 (stat)+0.45
−0.38 (syst)+0.20

−0.15 (lumi) fb (ZZ → e−e+νν̄) ,

σ fid
pp→ZZ = 4.67+0.70

−0.65 (stat)+0.45
−0.35 (syst)+0.19

−0.15 (lumi) fb (ZZ → µ−µ+νν̄).

A theoretical cross section is calculated using the POWHEGBOX and gg2VV generators.

Using the detector acceptance and reconstruction efficiency extracted in each decay mode,

the measurements are then extrapolated to a more inclusive phase space requiring both Z

bosons to be in the mass range 66 < mℓℓ̄ < 116 GeV to give two independent measurements

of the pp → ZZ cross section:

σ
extrapolated
pp→ZZ = 8.99+1.37

−1.28 (stat)+0.95
−0.78 (syst)+0.36

−0.28 (lumi) pb (ZZ → e−e+νν̄) ,

σ
extrapolated
pp→ZZ = 8.68+1.29

−1.21 (stat)+0.94
−0.73 (syst)+0.35

−0.27 (lumi) pb (ZZ → µ−µ+νν̄).

Another measurement of the extrapolated cross section is made that incorporates events in

two ZZ → ℓ−ℓ+νν̄ (e−e+νν̄ , µ−µ+νν̄) and three ZZ → ℓ−ℓ+ℓ−ℓ+ (e−e+e−e+, e−e+µ−µ+,

µ−µ+µ−µ+) decay modes to give

σ
extrapolated
pp→ZZ = 7.30+0.38

−0.37 (stat)+0.28
−0.25 (syst)+0.23

−0.20 (lumi) pb .

Finally, limits are set on anomalous neutral ZZV couplings (V = Z,γ), within an effective

Lagrangian framework. The expected signal yield as a function of coupling strength is
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obtained via a procedure which reweights events produced with aTGCs to events produced

by Standard Model processes. Expected and observed limits on these parameters are set at

95% confidence-level, with observed limits in the range

−0.0047 < f
γ
4 < 0.0046,−0.0040 < f Z

4 < 0.0040 ,

−0.0048 < f
γ
5 < 0.0047,−0.0040 < f Z

5 < 0.0041 .
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Chapter 1

Theoretical background

1.1 The Standard Model and its particle content

One of the crowning achievements in all of physics is the knowledge of elementary particle

physics contained in the Standard Model. This model evolved over the course of several

decades, and was refined in the light of new discoveries and confirmations of theoretical

predictions. There is no real consensus amongst scientists on when the “modern” era of

particle physics began, or exactly when the Standard Model actually became the one we

know today, but the sum of the knowledge gained over nearly a century reflects an impres-

sive understanding of nature and an ability to quantitatively predict a wide range of physical

phenomena. One could argue that the modern era of particle physics was ushered in at the

start of the 1970’s [1]. This is for several reasons most notably (but certainly not restricted

to) the discovery of the J/ψ in 1974 [2, 3], the discovery of weak neutral currents [4, 5],

the discovery of the b quark in 1977 [6], and the discovery of the τ lepton [7]. Prior to the

1970’s the only gauge theory to successfully stand up to experimental validation was quan-

tum electrodynamics (QED). However, deep inelastic scattering experiments shed light on

proton structure, and served to further validate quantum chromodynamics (QCD) as a gauge

theory of the strong interactions. The twenty years that followed would see the milestone

observations of the W and Z, the top quark [8], and the tau neutrino [9], which served to

solidify the Standard Model as a model for fundamental particle interactions.

1.1.1 Particle content

The particle content of the Standard Model consists of spin-1
2 particles (fermions) called

quarks and leptons, spin-1 gauge bosons, and a fundamental scalar (spin-0) boson, the Higgs

particle. Each of the fermions and the charged gauge bosons has an associated anti-particle,
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that is, a particle with the same mass and spin, but with opposite electric charge. The

symmetry group for the electroweak sector of the Standard Model is SU(2)⊗U(1). Chiral

states are obtained as projections of the corresponding Dirac spinor ψ as follows

ψL =
1− γ5

2
ψ, ψR =

1+ γ5

2
ψ. (1.1)

The symmetry transformations act differently on left handed and right handed fermion fields.

Furthermore, the fermions are grouped by their transformations under SU(2) (referred to as

“weak isospin”), and posess quantum numbers Y and T3, with the groupings referred to as

“generations”: (
e

νe

)

L

(
µ

νµ

)

L

(
τ

ντ

)

L(
u

d

)

L

(
c

s

)

L

(
t

b

)

L

(1.2)

The matter field content of the Standard Model fermions and their representations under the

gauge groups SU(3)C, SU(2)L, and U(1)Y is summarised in Table 1.1.

Field SU(3)C SU(2)L U(1)Y

L =

(
e

νe

)

L

1 2 -1

eR 1 1 -2

Q =

(
u

d

)

L

3 2 1
3

uR 3 1 4
3

dR 3 1 −2
3

Table 1.1 The matter field content of the Standard Model and their representations under

the groups SU(3)C, SU(2)L, and U(1)Y . The other generations of quarks and leptons follow

the same patterns in terms of gauge quantum numbers. Bold numbers indicate multiplicity

(singlet, doublet, triplet), in the fundamental representation. The last number represents the

weak hypercharge quantum number Y .

The Standard Model lagrangian is invariant under the transformations of the form

U = e
iαaσa

2 , {a = 1,2,3} (1.3)
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where the σ a are the generators of the SU(2) group. The right-handed states

eR,uR,dR µR,cR,sR τR, tR,bR (1.4)

are singlets with weak isospin I = 0 and are invariants under such a transformation. It should

be noted that there are no right-handed neutrinos in the Standard Model; they are taken to be

exactly massless in the Standard Model, although experiment has shown that they do have

some small, but finite mass. For collider experiments, where centre-of-mass energies far

exceed the small neutrino mass by several orders of magnitude, the massless approximation

is valid.

1.2 Fundamental forces and the gauge bosons

Within quantum field theory, forces arise from exchange of particles resulting in momentum

transfer. Currently, four fundamental forces are known; the gravitational force, the weak

force, the electromagnetic force, and the strong force. Each force mediates a particular type

of interaction. The gravitational force is by far the weakest, and is not accounted for by

the Standard Model. The weak force is responsible for nuclear beta decays and flavour-

changing processes involving quarks. Electromagnetic interactions are mediated by the

photon. There are two gauge fields responsible for the electroweak interaction, W a
µ and Bµ .

The actual physical states are realised via transformations of the W 3
µ and B fields to give the

fields Zµ and Aµ . The field Aµ remains massless after symmetry breaking, and is identified

as the photon, that is, the gauge boson with U(1)em symmetry. The strong force is mediated

by gluons, of which there are eight. Because gluons carry the charge (colour) corresponding

to the force that is mediated, gluons may interact with each other. This is a consequence of

the non-abelian nature of the SU(3)C gauge group which lies at the heart of QCD.

A guiding principle behind the Standard Model is that of local gauge invariance; a

general Lagrangian can be obtained by identifying a global symmetry of the free-field

Lagrangian, making the symmetry local by changing the covariant derivative ∂µ with the

gauge-covariant derivative Dµ (which contains a vector, or spin-1 field) and adding a ki-

netic term for the vector field [10].
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1.3 Quantum chromodynamics

1.3.1 The gauge structure of QCD

As mentioned above, the theory which describes strong interactions is called quantum chro-

modynamics (QCD). Quantum Chromodynamics [11] is a gauge theory based on the special

unitary group SU(3). There are eight generators of the group (32 − 1). The “charge” that

is carried by the quarks and gluons is the colour charge. Stable hadrons exist as colour

singlets and carry no net colour. This force serves to bind quarks into hadrons and acts to

produce different dynamic reactions as quarks approach one another with given momentum

and energy [12]. For a single flavour of quark, the QCD Lagrangian is given by [12, 13]

LQCD =
3

∑
a,b=1

[ψ̄a(x)(iγ
µ [Dµ ]ab −mδab)ψb(x)]−

1

4
Fµν(x) ·Fµν(x)−

1

2λ
(∂µAAAµ(x) ·∂νAAAν(x))+

8

∑
A,B=1

(∂ µ ηA(x))
[
Dµ

]
AB

ηB (x) .

(1.5)

The eight components of the field strength tensor Fµν and covariant derivatives are defined

by

FA
µν = [∂µAA

ν(x)−∂ν AA
µ(x)−gs f ABCAB

µ(x)A
C
ν (x)] (1.6a)

[
Dµ

]
ab

= δab∂µ + ig[ttt]ab ·AAAµ(x) (1.6b)

[
Dµ

]
AB

= δAB∂µ + ig [TTT ]AB ·AAAµ(x). (1.6c)

Here ttt and TTT are the colour matrices of the quarks and gluons, respectively. The masses of

the quarks appear as free parameters, and are different for each flavour.

The QCD Lagrangian posesses a number of symmetries. The well-established conserva-

tion laws of parity, charge conguation, quark number for each flavour follow from Equation

1.5. If the masses of the first-generation quarks (u,d) are equal, the Lagrangian is also in-

variant under the isospin SU(2) flavour transformations q →Uq where q = u,d only. This

is referred to as chiral symmetry.
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1.3.2 The running of the coupling constant and the renormalisation

scale

In QCD, ultraviolet divergences must be removed by the renormalisation of the fields and

couplings. Different schemes exist for this, including dimensional regularisation. Two com-

mon schemes, which are linked to dimensional regularisation are the (MS) scheme, and the

modified (often referred to as MS) scheme [13].

The renormalisation formalism leads to the running of the coupling constants described

by the renormalisation group equation

dαs (µR)

dlnµ2
R

= β
(
αs (µR)

)
, (1.7)

where the renormalisation group beta function β (αs) has the perturbative expansion

β (αs) =−
(

b0α2
s +b1α3

s +b2α4
s +b3α5

s + ...
)
, (1.8)

where the coefficients depend on the number of active quark flavours, nFlavour. It is here

that the renormalisation scale µR appears, which can be interpreted as an energy scale. The

coupling αs (µ) is the coupling constant describing strong interactions at an energy scale

µR or a distance scale 1/µR. The leading order coefficients of the beta function are positive,

which leads to a decrease of the coupling with increasing energy µR. At energies sufficiently

above 1 GeV, the coupling is relatively small and perturbative calculations can be performed

to predict cross sections. For energies around 1 GeV and lower, the coupling becomes large

and perturbative methods break down and can no longer be applied to calculate observable

quantities. There are many ways the strong coupling can be measured, including hadronic

decays of the tau lepton, observed spectra of bound states of heavy quarks, and deep inelastic

scattering. A convenient and often-used scale is the mass of the Z boson [14]. At this scale,

the strong coupling constant takes a value αs

(
m2

Z

)
= 0.1184±0.0007 [15].

1.3.3 The factorisation scale

The role of the factorisation scale, µF , in calculation of an observable is similar to the

renormalisation scale. It is an arbitrary parameter and can be thought of as the scale which

separates long and short-distance physics. For instance, a parton (quark or gluon), emitted

within a hadron with a small transverse momentum less than this scale is absorbed into

the parton distribution [13]. A parton emitted at a large transverse momentum relative to

this scale is considered part of the short-distance hard process. An observable, such as a
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cross section, cannot be dependent on a choice of “artificial scale.” The more terms that are

included in the perturbative expansion, the weaker the dependence of the observable on the

factorization scale will be.

1.3.4 Observables at hadron colliders

As mentioned above, one of the features of QCD is that the ability to calculate processes

involving high momentum transfer (Q2) can be “factorised”; that is, it can be broken into a

perturbatively calculable short-distance subprocess involving partons and non-perturbative

quantities like parton distribution functions [10]. This has particular relevance at a high en-

ergy collider, where the centre-of-mass energy scales allow for perturbative treatment of par-

tonic processes. Thus a cross section, for instance, of a final state X in proton-(anti)proton

collisions, may be expressed as

σpp→X = ∑
i, j,k

∫
fi (x1; µ) f j (x2; µ)× σ̂i j→k

(
x1,x2,z,Q

2,αs(µ),µ
)

Dk→X (z,µ)dx1dx2dz,

(1.9)

where fi(xa,µ) are the parton distribution functions for hadrons 1 and 2, respectively taken

at some scale µ , σ̂i j→k

(
x1,x2,z,Q

2,αs(µ),µ
)

is the partonic cross section for a given pro-

cess to go to intermediate state k, and Dk→X (z,µ) represents the fragmentation function for

an intermediate state k to go to a hadronic final state X . Here the factorization (µ f ) and

renormalization (µr) scales are taken to be the same. Physical observables such as a cross

section cannot depend on these scales, which means that any residual dependence on µ in

σpp→X has to be of a higher order than that of the cross section calculation.

1.4 Spontaneous symmetry breaking and the Higgs mech-

anism

The idea of spontaneous symmetry breaking made a significant impact in the context of

superconductivity as described in the theory of Bardeen, Cooper, and Schreiffer [16]. The

idea of spontaneous symmetry breaking was introduced into particle physics in the 1960

by Y. Nambu [17], who argued that the low mass and low-energy interactions of pions

could be understood as a reflection of a spontaneously broken chiral symmstery. In 1964,

Englert and Brout introduced the concept of spontaneous breaking of gauge symmetries [18].

P.W. Higgs would publish two papers [19, 20] independently within months of the paper by

Englert and Brout. Papers by Guralnik, Hagen and Kibble would appear as well in the
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months that followed. The paper by Higgs is the first to mention explicitly the existence of

a massive scalar particle associated with the effective potential that determines the vacuum

expectation value of the charged field [21]. The other major step towards formation of the

Standard Model as it is known today was the incorporation by Weinberg [22] and Salam [23]

of non-Abelian spontaneous breaking into Glashow’s unified SU(2)⊗U(1) model of the

weak and electromagnetic interactions. The Higgs mechanism, and electroweak unification,

along with QCD form the foundation of the Standard Model as it is known today. A brief

summary and discussion is given in the following sections.

1.4.1 A basic example of spontaneous symmetry breaking

Consider a real scalar field φ that interacts with itself. The Lagrangian density for this field

is given by

L =
1

2

(
∂β φ)(∂ β φ

)
− 1

2
µ2|φ |2 − 1

4
λ |φ |4. (1.10)

Since φ occurs only in even powers, L is invariant under all transformations of the form

φ →−φ . Higher powers of the field φ would lead to infinities in physical quantities. The

description of the system starts with the determination of the ground state followed by per-

turbations near the ground state (the vacuum is called the ground state while excited states

are identified as particles).

The Euler-Lagrange equations for this system can then be solved. Since L is the differ-

ence in kinetic and potential energy, the two right terms may be identified with a potential V .

The cases µ2 > 0 and µ2 < 0 must be considered. In the first case there is only a minimum,

which is located at the origin. In the second case there are two minima at

φ =±
√

−µ2/λ , (1.11)

that is, there exists a degeneracy in the ground state.

Suppose that a particle is in its ground state. Then there is a degeneracy at the two

minima. The symmetry of the system is “spontaneously” broken. The ground state value is

denoted by v. To investigate the excited states near the vacuum, so the field φ is then set to

φ (x) = v+η (x) . (1.12)
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The state may be expanded about the point η = 0. Insertion into the Lagrangian density

gives

L =
1

2
(∂αη∂ α η)

−
[

v2

2

(
µ2 +

1

2
λv2

)
−+ηv

(
mu2 +λv2

)
+

η2

2

(
µ2 +3λv2

)
+λvη3 +

1

4
λη4

]
.

(1.13)

Using the relationship for the ground state in Eq. (1.11) the terms proportional to η are

eliminated, which gives

L =
1

2
∂αη∂ α η −λ

(
v2η2 + vη3 +

1

4
η4

)
. (1.14)

Since the system is only considered for small values of η , higher powers of η can be ne-

glected. There remains a mass term of the form

m2
η = 2λv2 =−2µ2. (1.15)

The choice of the minimum of the potentials enables one to ignore the constant terms. The

two small terms proportional to η3 and η4 can be interpreted as as interactions. The case

µ2 < 0 leads leads to spontaneous symmetry breaking and a mass for the boson.

Now consider the case of a complex scalar potential φ = 1√
2
(φ1 + iφ2) with the same

Lagrangian density as before, and with φ1 and φ2 as scalar potentials. For µ2 < 0, one

obtains a circle in the φ1 −φ2 plane. This describes the vacuum

1√
2

(
φ 2

1 +φ 2
2

)
=

−µ2

λ
= v2. (1.16)

If a vacuum state is at any point of the circle, the symmetry is broken. For example, one

may arbitrarily choose the point φ1 = φ2 = 0 and expand v about this point. The next step is

to make the transformations φ1 = v+η (x) and φ2 = ρ (x) with η and ρ purely real. These

are used in the Lagrangian density:

L =
1

2

(
∂β ρ

)2
+

1

2

(
∂β η

)2

+µ2η2 −λv
(
ηρ2 +η3

)
− λ

4

(
2η2ρ2 +η4 +ρ4

)
+ const.

(1.17)

There is now a mass term

m2
η = 2|µ|2 > 0. (1.18)
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It is worth noting that the corresponding term in ρ2 disappears; there is a mass term for the

η field but no corresponding mass term for ρ . This is an example the Goldstone theorem

[24], which states that during a spontaneous symmetry breaking of a continuous, global

symmetry, massless bosons with zero spin appear.

1.4.2 Spontaneous breaking of a local symmetry

A spontaneous symmetry breaking of a global symmetry for the case of a complex scalar

field was discussed in the previous section. It was shown that the symmetry breaking yields

massive gauge bosons at the expense of introducing massless scalars (Goldstone bosons). A

very interesting case is that of spontaneous symmetry breaking of a local gauge transforma-

tion. The Lagrangian density for a complex scalar field is

L =
(
Dβ φ

)∗(
D

β φ
)
− 1

4
FβγFβγ −µ2φ∗φ −λ (φ∗φ)2 , (1.19)

where D is the covariant derivative:

D = ∂µ + igAβ . (1.20)

The field-strength tensor Fβγ can be ignored, as it does not contribute to the mass-generation

mechanism. As before, the case µ2 < 0 is considered. There are four independent fields:

the two scalar fields φ1 and φ2 and the two transverse polarization states of the vector field

Aα . The scalar fields φ1 and φ2 are chosen as follows:

φ1 = v+h(x) , (1.21)

φ2 = 0. (1.22)

One has the freedom to choose the rotation angle α (x) so that the second condition is

satisfied. Substitution back into the Lagrangian gives

L =
1

2

(
∂β h
)(

∂ β h
)
+

1

2
g2

1v2Aβ Aβ −λv2h2 −λvh3

− 1

4

(
λh4 −4g2

1vhAβ Aβ −2g2
1h2Aβ Aβ +FβγFβγ

)
.

(1.23)

The mass of the gauge bosons is then the root of the coefficient in front of the terms quadratic

in the field 1
2Aβ Aβ , that is:

mA = g1v. (1.24)
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The Lagrangian density is gauge invariant but the vacuum is not, because a special point

was chosen as the ground state.

1.5 The Standard Electroweak Model

Following the previous section, the Standard Electroweak Model of Glashow, Weinberg

[22], and Salam is developed. Consider a complex doublet of fields:

φ =
(
φ+,φ 0

)
, (1.25)

with

φ+ =
1√
2
(φ1 + iφ2) (1.26)

and

φ 0 =
1√
2
(φ3 + iφ4) . (1.27)

As before, the potential V (φ) is invariant under the local gauge transformation of the field

variable

φ (x)→ φ ′ (x) = φ (x)ei
ααα(x)·τττ

2 . (1.28)

where ααα (x) are three rotation angles which now depends on the coordinate x (thus it is a

local gauge transformation), and the τττ = (τ1,τ2,τ3) are the Pauli spin matrices. Again, the

case µ2 < 0 and λ > 0 is considered, then the minimum for V (φ) is given by:

φ †φ =
−µ2

2λ
=

v2

2
=

φ 2
1 +φ 2

2 +φ 2
3 +φ 2

4

2
. (1.29)

This implies that there are many ways to form the vacuum state. A point in SU(2) space is

chosen as follows:

φ1 = φ2 = φ4 = 0, φ 2
3 =−µ2

λ
= v2, (1.30)

with T = 1/2, T3 = −1, and Y = 1, with T the weak isospin (and T3 the third component)

and Y is the weak hypercharge. This has the effect of breaking the SU(2) symmetry. The

field φ(x) can now expanded about this particular choice of vacuum:

φ0 =
1√
2

(
0

v

)
. (1.31)
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To examine the spectrum of particle states, gauge invariance allows the field to expanded

about the ground state again using the ansatz

φ3 = v+h(x) . (1.32)

The result is that of the four scalar fields, the only one that remains is the Higgs field h(x).

The choice of an isospin doublet of complex scalar fields was made to break the SU(2)

symmetry. However, any choice of φ0 which breaks the symmetry would have generated a

mass for the corresponding gauge bosons. However, if the vacuum φ0 is still left invariant

by some subgroup of gauge transformations, then the gauge bosons of the subgroup will

remain massless. The particular choice of weak isospin and weak hypercharge made above

breaks both SU(2) and U(1)Y symmetries. There is a relationship between the electric

charge Q, the third component of the isospin under the U(1) and weak hypercharge given

by (in analogy to the Gell-Mann-Nishijima relation)

Q = T3 +
YH

2
. (1.33)

If the vacuum state φ0 is to remain neutral,

Qφ0 =

(
T3 +

YH

2

)
1√
2

(
0

v

)
= 0. (1.34)

This means that the vacuum invariant under transformations of the form

φ0 → φ ′
0 = φ0eiα(x)Q, (1.35)

which correspond to those of the gauge group U(1)em.

The masses of the gauge bosons are generated through the coupling of the Higgs field

via the covariant derivative:

(
Dµφ

)†
(Dµ φ) = φ †

(
ig

τττ

2
·Wµ + i

g′

2
Y Bµ

)†(
ig

τττ

2
·Wµ + i

g′

2
Y Bµ

)
φ , (1.36)

where the D are the covariant derivatives expressed in Eq. (1.20), τττ are the generators of

the weak isospin SU(2) symmetry, WWW (x) are three new gauge fields, and B is a gauge field

contained in the field-strength tensor.
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The masses of the gauge bosons can be found by inserting Eq. (1.31) into Eq. (1.36).

The relevant term for the boson masses is

1

8

∣∣∣∣∣∣


 gW 3

µ +g′Bµ g
(

W 1
µ − iW 2

µ

)

g
(

W 1
µ + iW 2

µ

)
−gW 3

µ +g′Bµ



(

0

v

)∣∣∣∣∣∣

2

=
1

8
v2g2

[(
W 1

µ

)2
+
(

W 2
µ

)2
]
+

1

8
v2
(

g′Bµ −gW 3
µ

)2

=
1

2
v2
(

gW 3
µ −g′Bµ

)2
+0
(

g′W 3
µ +gBµ

)2
+

(
1

2
vg

)2

W+
µ W−µ , (1.37)

where

W± =
1√
2

(
−W 1 ∓ iW 2

)
, (1.38)

W 0 =W 3. (1.39)

The mass matrix of the neutral fields is off-diagonal in the (W 3
µ ,B) basis. The last term of

the last equation can be intrepreted as the mass term expected for a charged boson

(
1

2
vg

)2

W+
µ W−µ , (1.40)

therefore, the mass of the W± is given by

mW± =
1

2
vg. (1.41)

One of the eigenvalues of the 2×2 matrix is zero. The physical fields Zµ and Aµ diago-

nalise the mass matrix. The normalised neutral mass eigenstates are therefore

Aµ =
g′W 3

µ +gBµ√
g′2 +g2

, (1.42)

Zµ =
g′Bµ +gW 3

µ√
g′2 +g2

, (1.43)

with

mZ =
1

2
v

√
g2 +g′2, (1.44)
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and

mA = mγ = 0. (1.45)

The relations

cosθW =
g√

g′2 +g2

, (1.46a)

sinθW =
g′√

g′2 +g2

, (1.46b)

define the weak mixing angle (also referred to as the Weinberg-angle, or the electroweak

mixing angle). This must be measured experimentally using measured values of the W and

Z masses. The fundamental electric charge e can be written in terms of the couplings as

follows:

e =
g′g√

g′2 +g2

. (1.47)

1.5.1 Gauge boson self-couplings

The electroweak theory specifies the self-couplings of the gauge bosons. The “kinetic” terms

for the W fields (Section 1.5) are obtained by a generalisation of the electromagnetic field

strength tensor Fµν :

Fµν = ∂µWν −∂ν Wµ − ig[Wµ ,Wν ], (1.48)

with the N components

Fa
µν = ∂µW a

ν −∂νW a
µ +g f abcW b

µW c
ν . (1.49)

The fields transform as

Fµν → F
′
µν =UFµνU−1, (1.50)

where U is a unitary transformation. The “weak” portion is given by the Yang-Mills La-

grangian

LW =−1

2
Tr
(
FµνFµν

)
. (1.51)
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When expanded, the weak Lagrangian becomes

LW =− 1

4

(
∂µW a

ν −∂νW a
µ

)
(∂ µW a,ν −∂ νW a,µ)

− g

2
f abc

(
∂µW a

ν −∂νW a
µ

)
W b,µW c,ν

− g2

4
f abc f adeW b

µW c
ν W d,µW e,ν .

(1.52)

In the SU(2) theory of electroweak interactions the structure functions f abc, f ade are given

by the fully antisymmetric Levi-Civita (alternating) tensor, εabc. It is the cubic and quartic

terms which describe the self-interactions between the vector bosons. It is important to

note that the Lagrangian above describes massless gauge bosons, as mass terms of the form
1
2m2W a

µW a,µ spoil gauge invariance.

The electroweak theory discussed above has been a resounding success since its intro-

duction in describing a wide range of experimental results; the electroweak sector with QCD

forms the foundation of the SU(3)C ⊗SU(2)L ⊗U(1)Y gauge group which forms the foun-

dation of the Standard Model. Despite its successes, one of the unsatisfying aspects of the

Standard Model is the lack of prediction of the mass of the Higgs boson itself. However,

upper bounds can be placed indirectly via experimental observations.

1.5.2 WW scattering and unitarity: arguments for TeV -scale physics

Amplitudes for scattering in theories with massive spin-1 particles can exhibit bad high-

energy behaviour. The propagator for a longitudinally-polarised massive spin-1 field has a

term which does not decrease with increasing momentum [25]:

ε
µ
L =

(
q

m
,0,0,

E

m

)
≈ qµ

m
+O (m/E) . (1.53)

Consider the case of longitudinal scattering of two W bosons. The relevant diagrams at

leading order are given below.

γ∗/Z

W+
L

W−
L

W+
L

W−
L

γ∗/Z

W+
L

W−
L

W+
L

W−
L

W+
L

W−
L

W+
L

W−
L

Fig. 1.1 Tree-level Feynman diagrams for longitudinally polarised WW scattering.
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Direct calculation of the matrix elements reveals that the individual diagrams diverge as

s2/m4
W , although the divergence of the sum of the individual matrix elements is smaller:

M
(
W+

L W−
L →W+

L W−
L

)
∼ s

m2
W

as s → ∞

Thus the cross section tends to infinity at high centre-of-mass energies. Massive leptons do

not resolve the divergence. The only way to keep the theory renormalisable is to introduce

a massive scalar which cancels the residual divergences of the form [26]:

h

W+

W−

W+

W−

h

W+
L

W−
L

W+
L

W−
L

Fig. 1.2 WW scattering proceeding through an s-channel annihilation to a Higgs boson.

It is this scalar particle which is taken as the Higgs. Even if it were not introduced within

the context of mass generation and electroweak symmetry breaking one would have to intro-

duce a scalar particle. Furthermore, cancellations of the divergences mentioned above can

only be obtained if the Higgs exchange graphs are included with the couplings predicted

by the eletroweak model, which are proportional to the masses of the respetive particles

coupling to the Higgs; in this case: gHW+W− = gmW and gHe+e− = gme/2mW .

The scattering of vector bosons can be used to place an upper limit on the mass of the

SM Higgs boson. As the Higgs mass increases, the amplitude for s-wave WW scattering via

Higgs exchange continues to increase and the contribution from the lowest order diagrams

( Fig. 1.2) exceeds the perturbative unitarity limit at an energy of about 1 TeV [27, 28],

giving an idea as to the energy of a collider experiment required to observe a SM Higgs.

1.6 Confirmation of the Standard Model; Discovery of the

Higgs particle

In an unbroken gauge theory, all particles should be massless, which clearly goes against

observation. The masses of the W and Z particles were predicted with the GWS theory

and measured in 1983 at the CERN SPS Collider [29–31]. It is the symmetry breaking

in the Higgs sector of the Standard Model which allows the electroweak gauge bosons (as

well as the fermions) to acquire mass while keeping the photon massless. Furthermore, the
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couplings to electroweak bosons and fermions are proportional to the mass of the Higgs

particle. The production and decay modes are determined by the mass of the Higgs; once

known these can all be calculated and compared with experiment. Unlike the Z and the W

bosons, the mass of the Higgs is not predicted by the Standard Model, and as a result, it

was unclear from the outset whether previous generations of colliders had sufficient centre-

of-mass energy to produce Higgs bosons. Although the mass was unknown, approximate

upper and lower bounds on the mass were placed using unitarity arguments. For instance,

longitudinal WLWL scattering places the limit at around 1 TeV.

1.6.1 Searches at LEP and the Tevatron

A comprehensive search program was carried out by the experiments at the LEP and LEP

II colliders. Searches were performed looking for the “Higgs-strahlung” process e+e− →
Z∗ → ZH in various Z and H decay modes in collisions at centre-of-mass energies between

189 and 209 GeV. The efforts of the searches by the LEP collaborations placed a lower

bound at 114.4 GeVat 95% confidence level [32].

Searches were also conducted by the Tevatron in pp̄ collisions at 1.96 TeV. Datasets

of ever increasing size (up to 10 fb−1 as of 2011) were acquired in hopes of discovering

the elusive Higgs particle. The nature of the collisions at the Tevatron made it much more

difficult to search for the Higgs than LEP; the background cross section is much higher

than at LEP, and furthermore the bunch spacing (approximately 400 ns) severely limits the

triggering capabilities. Searches in roughly 90 different selections were put in place by

both CDF and DØ. As of March 2012, combined datasets from both experiments using 10

fb−1 were used to exclude the mass ranges 100 < mH < 106 GeV, and 147 < mH < 179

GeV, and a slight excess was seen in the range 115 < mH < 135 GeV [33]. The Tevatron

was eventually shut down as the Large Hadron Collider (LHC) reached energies of 7 TeV;

running stopped in August 2011 and the focus shifted towards the Large Hadron Collider at

CERN.

1.6.2 Discovery at the LHC

After an incident on the 19th of September 2008 in which a faulty electrical connection

caused a quench which severely damaged several magnets and led to a helium leak in the

LHC tunnel [34], the LHC resumed operation one year later. Data were acquired at a centre-

of-mass energy of 7 TeV (the highest energy of any accelerator up to that time) starting from

around march 2010. Naturally, Higgs searches were of the utmost priority and results from

both ATLAS and CMS had appeared by the summer putting out exclusion limits reasonably
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Fig. 1.3 Mass distribution for the di-photon channel in the 2012 ATLAS Higgs analysis at 7

and 8 TeV (4.9 + 5.9 fb−1, respectively) [39]. The smooth dotted line traces the background

from known processes. The solid line traces a statistical fit to the signal plus background.

close to and eventually more stringent than those of the Tevatron [35, 36]. Further data saw

the range narrow down to 115 < mH < 135 GeV. At the end of 2011, as over 4.5 fb−1 had

been collected by each experiment, evidence began accumulating showing an excess around

125 GeV, although the excess was not sufficiently statistically significant to be able to claim

discovery.

In 2012, the centre-of-mass energy of the LHC was increased to 8 TeV. Higgs analyses

for both ATLAS and CMS had resumed with the turn on of the collider in February of that

year. On July 4th, a special seminar was announced to coincide with the start of the Inter-

national Conference on High Energy Physics (ICHEP). Representatives from the ATLAS

and CMS collaborations gave talks outlining search methodologies and results from their

respective Higgs analyses [37]. Both representatives gave evidence from the diphoton (γγ)

and the ZZ diboson decay modes, claiming observation of a new fundamental scalar particle

at 125 GeV[38]. The diphoton invariant mass spectrum is shown below in Fig. 1.3.

This represented the culmination of nearly fifty years of searching for the Higgs boson

and a true milestone in physics. Although physicists were careful to not explicitly call the

newly discovered scalar the Higgs, this discovery lended even more validity to the Standard

Model, confirming that there was a fundamental scalar with a mass at the electroweak scale.
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1.6.3 Updated Higgs measurements

Since the initial Higgs findings in 2012, experimental efforts have served to focus attention

on measuring Higgs production in virtually all accessible decay channnels including H →
γγ , H → bb̄, H → ττ , H →W+W−, H → Zγ [40–42].

As of April 2014, the width of the Higgs boson has been constrained by results of the

CMS collaboration. Using an analysis involving off-shell production to four charged lep-

tons, or two charged leptons and two neutrinos, an upper limit on the Higgs boson width of

ΓH < 4.2×ΓSM
H at 95% confidence level was obtained assuming ΓSM

H = 4.15MeV signifi-

cantly improving results over previous experimental measurements [43].

1.7 Shortcomings of the Standard Model

Despite all of its success, the Standard Model is not believed by most particle physicists to

be a fundamental description of matter. There are 25 free parameters in the Standard Model

that cannot be derived from first principles; the twelve quark, lepton, anti-quark and anti-

lepton masses, three coupling constants describing the strengths of the gauge interactions

(α , GF , and αs), the two parameters describing the Higgs potential (µ and λ ), the eight mix-

ing angles of the PNMS (θ12, θ13, θ23, δ ) and CKM matrices (λ , A, ρ , η). Furthermore, the

QCD Lagrangian can contain a phase which could lead to CP violation in the strong interac-

tion; this is usally referred to as θCP, and while small is not necessarily zero. Including θCP

as a fundamental parameter would bring the count to 26. In addition, the Standard Model

makes no mention of the gravitational force, or why the scale of gravity is so much (1043

times) weaker than that of the other fundamental forces at a given energy scale, or separa-

tion. Any attempts at a unified theory must incorporate all known fundamental forces. Other

open questions in particle physics are, to name a few, the nature of dark matter, physics at

the grand unified (GUT) scale, and whether neutrinos are Majorana or Dirac particles.

1.7.1 The dark matter puzzle

Since the mid-1930s, analysis of galactic rotation curves led to hypotheses (first by Oort,

later made by Zwicky) that most of the mass of the galaxies under observation was not

visible. Since then, indirect evidence for dark matter has been accumulating in various

cosmological and astrophysical measurements such as velocity dispersions of galaxies, X-

ray analysis and gravitational lensing effects in galaxy clusters, and angular fluctuations

in the cosmic microwave background (CMB). Currently, the favoured candidate for dark

matter is a Weakly Interacting Massive Particle, or WIMP. There is a strong relationship (or



1.7 Shortcomings of the Standard Model 19

preference, some would say) between WIMP candidates and new physics at the TeV scale.

Direct searches for WIMP dark matter come in a wide range of experiments, from nuclear

recoil experiments, to direct productions at colliders such as the LHC. Currently, there is

no clear statistically significant evidence for dark matter in direct-detection experiments,

although newer experiments with increased sensitivity are continuously being planned and

put into operation.

1.7.2 Supersymmetry

The Higgs particle is the only fundamental scalar in the Standard Model. Scalar particles

have the property their masses receive large radiative first-order corrections; the first-order

correction to the squared Higgs boson mass gives quadratically divergent terms which arise

from fermion loops. The divergences are handled by typical methods of renormalisation,

and the renormalised masses become inputs to the model. However, when the Standard

Model is embedded in a theory that is valid up to higher energy scales (1016 GeV or higher),

the corrections become very large, and it is no longer natural to have a light Higgs boson.

This is referred to as the “hierarchy problem”. Supersymmetry attempts to address this

problem by proposing additional particles to those of the Standard Model. For every particle

loop there would be a super particle (“sparticle”) loop which would cancel the divergences

by providing a correction with the opposite sign to those of a particle loop. At the core of

Supersymmetry lies a relation between fermions and bosons which extends the Lie algebras

in gauge theories to graded Lie algebras with commutation and anticommutation relations

that connect SUSY generators to the Poincare generators. The SUSY algebra has a spin-1
2

Majorana generator that changes total angular momentum J by one half-unit and turns boson

fields into fermion fields and fermions to boson fields. Thus each boson has a fermionic

superpartner and each fermion has a bosonic superpartner.

If SUSY were an unbroken symmetry, the sparticle masses would be the same as the

Standard Model particle masses. Experiments have shown that this is not the case, implying

that SUSY is a badly broken symmetry. While the scale of SUSY breaking is unknown,

theoretical arguments tend to favour the scale at around 1 TeV[44–46]. SUSY searches

have been carried out since the LEP experiments in various channels [47]. Likewise for

the Tevatron, SUSY searches have served to extend limits out to sparticle masses of several

hundred GeV[48, 49], exploring a wide range of scenarios such as the MSSM [50–52],

mSUGRA, and gauge-mediated supesymmetry breaking (GMSB) . The LHC experiments

have a comprehensive program of direct SUSY searches. Current limits place mass limits at

the order of 1 TeV within various SUSY scenarios. Although model-independent limits are

easier for reinterpretation, limits are also set for several minimalistic SUSY scenarios, such
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as the MSSM and PMSSM [53]. A summary of the results after Run 1 of the LHC is shown

in Fig. 1.4.

Although the picture for discovery of supersymmetry is quite a sombre one at the mo-

ment, what can be said is that the LHC has completed a tremendous first run. The reach for

potential discovery will be increased in the second run as the Large Hadron Collider will be

run at 13 and eventually 14 TeV. The theoretical underpinnings of the Standard Model will

face a stringent test yet again, whether it survives unscathed remains to be seen.
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Chapter 2

Diboson physics and ZZ production

This chapter gives an overview of the main mechanisms for producing ZZ dibosons. Anoma-

lous neutral triple gauge couplings are introduced in the context of an effective Lagrangian

which respects Lorentz invariance. Previous diboson measurements at the Large Electron

Positron Collider (LEP) as well as the Tevatron and the Large Hadron Collider (LHC) are

discussed, and previous results from ATLAS and CMS are also given.

2.1 Diboson physics

Diboson physics, as used in modern collider physics terminology, refers to the production

of pairs of spin-1 electroweak gauge bosons. Possible diboson states include Wγ , Zγ , WW ,

W Z, and ZZ. The nature of a particular collider determines the accessible diboson states;

all diboson states are accessible at a hadron collider, but only neutral states are accessible at

an e−e+ collider. After the centre-of-mass energy of the LEP accelerator was raised above

161 GeV in 1996, this paved the way for production of W pairs. As a result, the reaction

e+e− →WW was studied extensively by the detector experiments at LEP-II between 1996

and 2000 by all four collaborations (OPAL, DELPHI, ALEPH, and L3) [54].

The first observations of diboson production at a hadron collider were at Fermilab in

the mid 1990s. The CDF collaboration published the first observation of WW production

in pp̄ collisions in 1996 [55]. Since then, the Tevatron has made a series of cross section

measurements in various diboson channels, including all the diboson channels mentioned

above. Comprehensive overviews can be found in [56–60].
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2.2 Introduction to diboson production

At an electron-positron collider (at lowest order in the weak coupling) dibosons are pro-

duced through s, t, and u-channel processes. For example, leading order diagrams for W

pair production are shown in Fig. 2.1.

e+

e−

W+

W−

(a) t-channel

e+

e−

W−

W+

(b) u-channel

γ∗/Z

e+

e−

W+

W−

(c) s-channel

Fig. 2.1 Tree-level Feynman diagrams for WW diboson processes in e+e− collisions.

At hadron colliders, quarks, anti-quarks, and gluons, replace electrons and positrons in

the initial state. The main mechanism of diboson production at a hadron collider is quark

anti-quark annihilation via a t-channel or u-channel process. For the case of ZZ production,

there is no s-channel process at tree-level, as this would involve a neutral triple gauge vertex.

Neutral triple gauge vertices such as γZZ, ZZZ, and Zγγ are forbidden in the Standard

Model at lowest order. The lowest-order (LO) gluon-induced processes involve quark loops.

The relevant Feynman diagrams are shown in Fig. 2.2.



2.3 ZZ decay modes 25

q̄

q

Z

Z

(a) t-channel
q

q̄

Z

Z

(b) u-channel

γ∗/Z

q

q̄

Z

Z

(c) s-channel

g Z

g Z

(d)

g Z

g Z

(e)

g Z

g Z

(f)

Fig. 2.2 Feynman diagrams for ZZ production. The first two figures in the top row show the

t and u-channels which contribute to ZZ production at lowest order. The s-channel diagram

is forbidden at tree-level, as it contains a neutral ZZV vertex (V = Z or γ). The bottom

figures show one-loop contributions to ZZ production via gluon pairs.

For WW and ZZ production, in addition to the production diagrams listed above, there

are contributions from (possibly off-shell) Higgs bosons which may subsequently decay to

one or more off-shell vector bosons W (∗)W ∗ or Z(∗)Z∗. At hadron colliders such as the

LHC and the Tevatron, the predominant mechanism of Higgs production, namely gluon-

gluon fusion [61] via a Higgs intermediate state, should be included as “Standard Model

production” of dibosons. However, Higgs analyses generally consider only processes with

Higgs intermediate states as signal, while continuum production of diboson without a Higgs

is considered background; the opposite is true in case of Standard Model production which

considers qq̄ → ZZ and gg → ZZ as signal. A lowest-order diagram showing gg → H → ZZ

via a quark-loop is given in Fig. 2.3. Theoretical total Higgs production cross sections

at the LHC have been studied extensively in various production channels including gluon-

gluon fusion and vector boson fusion [62]. Moreover, further studies on benchmark cuts for

signal-to-background optimisation and comparison of differential distributions were also

performed [63]. Precision calculations of diboson production are currently under active

development, although higher-order calculations become increasingly more difficult.

2.3 ZZ decay modes

The decay modes of the ZZ system give rise to both hadronic and leptonic final states. The

leptonic channels have reduced background due to lepton energy and momentum resolution
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H

g

g

Z

Z

Fig. 2.3 Lowest-order gg → H → ZZ diagram which proceeds via a fermion loop.

being better than jet energy resolution, however they have lower branching ratios. Analyses

which use purely leptonic final states will see fewer events as a result and hence be subjected

to a larger statistical uncertainty in their measurements compared to a semi-leptonic (ZZ →
ℓ−ℓ++ jets) analysis. The four charged lepton final state, ℓ−ℓ+ℓ′−ℓ′+, where ℓ = e,µ , is

the channel with the least background, but also suffers from the smallest branching fraction.

Furthermore, not considering τ decays further reduces the final event counts after selection.

Fig. 2.4 shows the branching ratios for ZZ diboson pairs to decay to various hadronic, semi-

leptonic, and fully-leptonic final states.

ℓ
−
ℓ
+
ℓ
−
ℓ
+
- 1%

ℓ
−
ℓ
+

- 4%νν

- 4%νννν

ℓ
−
ℓ
+

- 14%jj
- 28%ννjj

all hadronic - 49%

Fig. 2.4 Branching ratios of ZZ to hadronic, semi-leptonic, and fully-leptonic final states,

as calculated from data from the Particle Data Group [15]. The hadronic final states have

the largest branching ratios, while the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+ channels have

the smallest branching ratios at approximately 4% and 1% respectively. Here, the leptonic

decay modes include e, µ , and τ .
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p

q1

q2

Vµ

V1α

V2β

= igV1V2V Γ
αβ µ
ZZV

Fig. 2.5 The Feynman rule for an anomalous ZZV vertex where V = Z or γ . Here p is the

incoming momentum of the (generally off-shell) resonant vector boson V µ = Z/γ , q1 and

q2 are the outgoing momenta of the on-shell Z bosons.

2.4 Anomalous neutral ZZV triple gauge couplings

The gauge boson self-couplings are given by the cubic and quartic terms of the kinetic

portion of the weak Lagrangian (Eq. (1.52)). This forbids couplings of the form ZZV , where

V = Z or γ , at tree-level. However, triple gauge vertices can be generated via contributions

from beyond Standard Model processes, the simplest models of which would involve heavy

fermion loops from a new generation of fermions [64].

2.4.1 A framework for neutral triple gauge couplings

Including anomalous couplings would require the addition of the s-channel contribution. In

the massless fermion limit, a reasonable approximation for hadron collider processes, the

most general form of the Zα(q1)Z
β (q2)V

µ(p) vertex function, where the outgoing Z bosons

are on-shell and V = Z or γ is in general off-shell, which respects Lorentz invariance and

electromagnetic gauge invariance may be written as [65]

gZZV Γ
αβ µ
ZZV = e

p2 −m2
V

m2
Z

[
i fV

4

(
pαgµβ + pβ gµα

)
+ i fV

5 εµαβρ (q1 −q2)ρ

]
, (2.1)

where mZ is the mass of the Z boson, e is the proton charge, p is the centre-of-mass energy

of the resonant boson, and q1 q2 represent the momenta of the outgoing bosons, as shown

in Fig. 2.5. Here, two new couplings ( fV
4 , fV

5 ) have been introduced; they are dimensionless

complex functions of q2
1, q2

2, and p2. All couplings violate charge conjugation C. CP invari-

ance forbids fV
4 so contributions to the helicity amplitudes will not interfere with Standard

Model ZZ production. Parity conservation requires that fV
5 vanishes. At tree-level, fV

4 and

fV
5 are zero in the Standard Model, while contributions of these couplings are of the order



28 Diboson physics and ZZ production

of O
(
10−4

)
at one-loop level. The effective Lagrangian generating the vertex function is

Leffective =
e

m2
Z

[
fV
4

(
∂µ V µβ

)
Zα

(
∂ αZβ

)
+ fV

5

(
∂ σVσ µ Z̃µβ Zβ

)]
, (2.2)

where the couplings and charges are as before, Vσ µ = ∂σVµ − ∂µVσ and the dual tensor

Z̃µν = 1
2εµνρσ Zρσ [66].

There are four ZγZ couplings (i.e, one outgoing photon and one outgoing Z). These are

referred to as hZ
i (i = 1,2,3,4) and give rise to anomalous Zγ production, where the Z is

assumed to be on-shell. These are independent of the ZZV couplings. If all three bosons are

allowed to be off-shell, then a total of seven couplings may contribute [67].

An example of BSM contributions to anomalous couplings is the MMSSM. This model

is “simple” in that the only new fermions are charginos and neutralinos. If the MSSM

provides a solution to the gauge hierarchy problem, it is possible for at least some of the

charginos and neutralinos to be present not very far from the electroweak scale. The two

charginos χ±
1,2 contribute to the f

γ
5 and f Z

5 couplings, while the four neutralinos χ0
1...4 con-

tribute only to f Z
5 . Charginos couple to the gauge bosons through both their gaugino and

higgsino components, whereas neutralinos only contribute through their higgsino compo-

nents [64].

One issue that arises is how to maintain unitarity at high energies. The parton-level di-

boson production cross sections continue to grow with increasing (partonic) centre-of-mass

energy,
√

ŝ. However, the unitarity of the S matrix places restrictions on the ZZV couplings

to their SM values at very high energies; to ensure this, a momentum dependence is often

introduced to the couplings which makes them decrease to their SM values at energies much

larger than mZ. To parametrise the ŝ dependence of the couplings, the bare coupling fV
i0 is

multiplied by a form factor [68]:

fV
i (ŝ) =

fV
i0(

1+ ŝ
Λ2

FF

)n (i = 4,5) . (2.3)

Here ΛFF is the scale of new physics generating the anomalous couplings, and n is a constant.

The choice of n is related to the preservation of unitarity in relation to ΛFF, a common choice

for n is 3 [69]. In the case of the Tevatron and the LHC analyses, ΛFF , is in the energy scale

of several TeV.
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2.5 Precision electroweak measurements with dibosons

2.5.1 Precision measurements at LEP

Dibosons played a very prominent role in the physics programme at LEP. The raising of the

threshold energy of LEP-II allowed for the first observations of WW events by July 1996.

The first evidence for doubly-resonant production of Z bosons was observed during 1997

[70], when the LEP-2 accelerator reached a centre-of-mass energy near 183 GeV. Mea-

surements of ZZ dibosons by the four LEP collaborations were made with data collected

between 1997 and 2000 using all visible decays: qq̄qq̄, νν̄qq, ℓ−ℓ+qq, ℓ−ℓ+ℓ′−ℓ′+and

ℓ−ℓ+νν̄ . Cross section measurements of ZZ are summarized below in Fig. 2.6. Limits
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0.5

1

180 190 200

√s (GeV)

σ
Z

Z
(p

b
)

ZZTO and YFSZZ
LEP PRELIMINARY

11/07/2003

Fig. 2.6 ZZ production cross section measured as a function of
√

s using all decay channels

combined for all four LEP experiments [71].

at 95% confidence level (CL) on the neutral aTGC’s fV
4 and fV

5 were also set using the com-

bination of results from all four LEP experiments. Each experiment provided the negative

log-likelihood as a function of the parameter being combined, which was then minimised

to find the best combined limit. Limits on neutral ZZV aTGC’s in the range as set by the

combined LEP experiments are shown in Table 2.1.
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Parameter 95% C.L.

f
γ
4 [-0.17, 0.19]

f Z
4 [-0.30, 0.30]

f
γ
5 [-0.32, 0.36]

f Z
5 [-0.34, 0.38]

Table 2.1 The 95% CL intervals (−∆ lnL = 1.92) obtained combining the results from all

four LEP experiments in a one-parameter analysis [71].

2.5.2 Precision measurements at the Tevatron

The Tevatron at Fermilab also had an impressive programme of electroweak physics and

diboson measurements. Measurements of the W γ , Zγ , WW and WZ cross sections were

made by the CDF and DØ collaborations. The ZZ state was the last of the diboson states

to be observed at the Tevatron. More recently, the ZZ analysis has been updated using a

much larger dataset of 9.6 fb−1 as of 2013 [72]. CDF also updated measurements in both

the ZZ → ℓ−ℓ+ℓ−ℓ+ and ZZ → ℓ−ℓ+νν̄ channels using the full dataset of 9.7 fb−1. The

diboson cross sections as reported by both the CDF and DØ collaborations are summarised

in Fig. 2.7.

2.6 Diboson measurements at the LHC

Diboson measurements have played a key role in the physics programmes of both the AT-

LAS and CMS experiments at the LHC from the beginning of operation. The first diboson

results from ATLAS were released in 2010/2011. The first analyses used small datasets of

approximately 34 pb−1 [74, 75]. These analyses were superseded by the full 2011 dataset,

which used approximately 4.6 fb−1 of data.

2.6.1 ZZ measurements at ATLAS and CMS

The first measurement of ZZ production was made in 2011 using the four-charged lepton

channel at
√

s = 7 TeV [76]. Limits on neutral anomalous ZZV couplings were set using a

dataset of 1.02 fb−1. Using an expanded dataset of 4.6 fb−1, the measurement was extended

to include the ZZ → ℓ−ℓ+νν̄ channel. The total cross section for ZZ events produced with

both Z bosons in the mass range 66 < mZ < 116 GeV was measured to be σ ZZ
tot = 6.7±

0.7(stat.)± 0.4
0.3(syst.)±0.3(lumi.)pb compared to a NLO calculation of 5.89+0.22

−0.18 pb. [77].
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Fig. 2.7 Single boson, diboson and top production cross sections as measured with up to

8 fb−1 of Tevatron Run II data by the CDF and DØ collaborations [73].

Anomalous TGC limits for neutral ZZV couplings extracted from both ZZ channels with

the full 2011 dataset at
√

s = 7 TeV are shown in Fig. 2.8. The ATLAS limits served to

tighten the range of aTGC parameters for anomalous neutral trilinear ZZV couplings by

nearly a factor of 10. In 2013, the ATLAS collaboration measured the ZZ production cross

section in the four charged lepton channel at a centre-of-mass energy of 8 TeV with a dataset

consisting of over 20 fb−1 [78]. The cross section in a fiducial phase space corresponding

to detector acceptance in the invariant mass window 66 < mZ < 116 GeVwas measured to

be 20.7+1.3
−1.2(stat.)± 0.8(syst.)± 0.6(lumi.) fb, and the total cross section was measured to

be 7.10.5
−0.4(stat.)± 0.3(syst)± 0.2(lumi)pb, compared to a Standard Model expectation of

7.2−0.3
+0.2 pb calculated from simulation. The ZZ cross sections as measured at the LHC are

shown along with the corresponding Tevatron measurements in Fig. 2.9.

The first measurement of the ZZ cross section by CMS was made in 2011 using 1.1 fb−1

of data at
√

s = 7 TeV, with σ(pp → ZZ +X) = 3.8+1.5
−1.2 (stat)± 0.2(syst.)± 0.2(lumi)pb

[80]. An updated measurement at 8 TeV was performed in 2013 [81]. In 2013, a mea-

surement in the ZZ → ℓ−ℓ+νν̄ channel was made with 5.1 fb−1 at 7 TeV and 19.6 fb−1

at 8 TeV giving σ(pp → ZZ + X) = 5.0+1.5
−1.4 (stat)+1.3

−1.0(syst.)± 0.2(lumi)pb at 7 TeV and
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Fig. 2.8 95% confidence limits on neutral anomalous triple gauge coupling parameters

fV
4 and fV

5 (V = Z,γ) using both the ZZ → ℓ−ℓ+ℓ−ℓ+ and ZZ → ℓ−ℓ+νν̄ channels. ATLAS

limits are set using a form factor Λ = 3 TeV and with no form factor. Limits from ATLAS

and CMS are compared to previous limits set by both the combination of LEP experiments

and the limits from the DØ experitment [77].

σ(pp → ZZ +X) = 6.8+0.8
−0.8 (stat)1.8

−1.4(syst.)±0.3(lumi)pb at 8 TeV. Measurements in the

ZZ → ℓ−ℓ+ℓ−ℓ+ channel were made at 7 and 8 TeV[82, 83]. The tightest limits on netural

ZZV aTGCs are found in [83], and are summarized in Table 2.2.

A summary of Standard Model cross sections, including WW , WZ, and ZZ dibosons

measured in ATLAS is given in Fig. 2.10. The corresponding measurements as made by

CMS are given in the summary plot Fig. 2.11. No significant (larger than 3σ ) deviations

from theoretical predictions have been observed yet, indicating that there is no obvious

tension with the Standard Model predictions in the electroweak sector.
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Fig. 2.9 ZZ diboson cross sections as a function of the centre-of-mass energy
√

s at both

the LHC (proton-proton) and the Tevatron (proton-antiproton) [77]. The theory curves are

derived using NLO QCD calculations from cross section calculator MCFM [79].

Parameter 95% C.L.

f
γ
4 [-0.005, 0.005]

f Z
4 [-0.004, 0.004]

f
γ
5 [-0.005, 0.005]

f Z
5 [-0.004, 0.004]

Table 2.2 One-dimensional 95% C.L. intervals on neutral ZZV aTGCs obtained by the CMS

collaboration in the ZZ → ℓ−ℓ+ℓ−ℓ+ channel (ℓ= e,µ, ℓ′ = e,µ,τ) with 19.6 fb−1 at
√

s =
8 TeV [83].
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Fig. 2.10 A summary of several Standard Model single boson, diboson, and top total produc-

tion cross section measurements, corrected for leptonic branching ratios. The comparison

is made to theoretical predictions at next-to-leading order in the diboson states [84].
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Fig. 2.11 A summary of several Standard Model single boson, diboson, and top total pro-

duction cross section measurements, corrected for leptonic branching ratios, as measured by

the CMS collaboration. The comparison is made to theoretical predictions at next-to-leading

order in the diboson states.

2.7 Conclusion

This chapter presented an overview of diboson physics, and in particular, ZZ production. An

effective Lagrangian framework was introduced whereby new couplings allow for both on-

shell and off-shell ZZ production via anomalous triple ZZV couplings. Limits from the LEP

experiments, the Tevatron experiments, and the general purpose experiments at the LHC

were shown, showing that the size of the couplings within this framework are constrained

to better than the percent-level. The method of limit extraction using the full 8 TeV ATLAS

dataset is explained in Chapter 8.





Chapter 3

The LHC and the ATLAS experiment

This chapter presents an overview of the LHC accelerator. The ATLAS experiment is briefly

described including the detector subsystems, trigger, and coordinate conventions. Perfor-

mance of the various subsystems including the Inner Detector is discussed.

3.1 The Large Hadron Collider

The LHC is currently the highest energy collider constructed. After the Superconducting

Supercollider (SSC) was cancelled in 1993 due to severe funding problems, the LHC was

approved by the CERN council in 1994 [85]. The conceptual design of the LHC was first

proposed in 1995 [86]. The technical proposals for the ATLAS [87] and CMS [88] ex-

periments were approved in 1996 and formal approval of the experiments to move to the

construction phase took place in late 1997. Assembly of the experiments began in 2000.

The LEP accelerator was shut down in the fall of that year to make way for the LHC. The

magnet system would be assembled and installed over the next seven years, with the last of

the LHC dipole magnets being installed in 2007. The first beam was circulated in the LHC

ring on the 10th of September, 2008, marking a new era in accelerator physics [89]. Unfor-

tunately, on the 19th of September, 2008, a faulty electrical connection between two of the

accelerator’s magnets in Sector 3-4 of the LHC ring caused a rapid temperature increase and

a release of about 7 MJ of energy, enough to rip the 35 t magnet from the floor. This incident

caused a huge setback to the operation of the LHC. Most of 2009 was spent on repairing

the damage caused by the incident and fixing vacuum leaks. Beams were not resumed until

November 2009. On November 30th, the LHC achieved 1.18 TeV per beam to become the

world’s highest energy accelerator. Successful operation of the LHC has led to many new

and interesting physics results over the past five years from all LHC experiments.
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3.1.1 The accelerator complex

The LHC uses the same tunnel as LEP, which completed operation at the end of 2000 after

11 years of operation [90]. The tunnel is roughly 100 m underground and 26.6 km in circum-

ference, passing through the French-Swiss border. A schematic overview of the Geneva area

showing the scale of the LHC is shown in Fig. 3.1. Nearly 22 km of the LHC tunnel consists

Fig. 3.1 An aerial schematic of the LHC in relation to Geneva and the French-Swiss border.

The LHC straddles the border between Switzerland and France. Most of the accelerator ring

passes through France. Point 1 of the LHC is located on the CERN main site in Meyrin. The

ring is approximately 27 km in circumference [91].

of curved sections that allow bending dipole magnets to be installed. The remaining 5 km

consists of eight straight sections that provide space for the installation of the experiments,

injection and extraction elements for the proton beams, and acceleration and “cleaning” de-

vices to protect the superconducting magnets [92]. Protons are produced in a duoplasmatron

device and accelerated in a linear accelerator to 50 MeV; from there the beam is injected

into four Proton Synchrotron Booster rings, ramped to 1.4 GeV and transferred to the Pro-

ton Synchrotron (PS) where the beam energy grows to 25 GeV [93]. The LHC base bunch
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structure of bunches with 50 ns spacing is applied1. The protons then enter the Super Proton

Synchrotron, with a circumference of 6911 m, which accelerates the proton bunches to 450

GeV. The protons are injected into the main ring at this energy via beam transfer lines, and

are further accelerated to the operational energy, 3.5 TeV per beam for the 2011 run and 4

TeV per beam for the 2012 run. A schematic of the LHC injection complex is shown in

Fig. 3.2. The design energy of the LHC is 14 TeV seven times larger than that of its nearest

competitor, the Tevatron at Fermilab, which has been out of operation since September 2011.

The design luminosity of the LHC is approximately 1034 cm−2 s−1 which, when taken over

the course of the year would give an integrated luminosity of 1041cm−2/yr = 100fb−1/yr

[94].
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Fig. 3.2 A schematic layout of the LHC accelerator complex. Figure courtesy of CERN’s

public web [95].

3.1.2 The magnet system of the LHC

Several different types of magnet are employed by the LHC to achieve The first prototype

bending magnet for the LHC reached a field of 8.73 T in 1994 [96], which is higher than

the 8.3 T used for operations during run 1 of the LHC. Several different types of magnet

1During the first run of the LHC during 2011 and 2012, the bunch spacing was set at 50 ns with approxi-

mately 1380 bunches per fill.
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are employed by the LHC, the largest of which are the main dipole magnets. There are

1232 main dipoles in the LHC tunnel. Each superconducting dipole is about 14.3 m long

and has two apertures (one for each counter-rotating beam). The dipoles operate in a static

bath of superfluid helium II at a temperature of 1.9 K [97]. The total energy of each beam

is a function of the number of the number of bunches injected into the ring, the number

of protons in each bunch, and the energy to which the protons are accelerated. At the

maximum design intensity, with 2808 bunches per beam, 1.15×1011 protons per bunch

accelerated to an energy of 7 TeV, each beam would have roughly 360 MJ of energy. A

schematic cross section of a LHC dipole magnet is shown in Fig. 3.3. In an accelerator such

Fig. 3.3 A schematic cross section of an LHC dipole magnet [98].

as the LHC, particles are accelerated by a high-frequency standing wave which is excited

in an accelerating cavity. The frequency of these waves is typically in the radio frequency

range, and the cavities are called RF cavities. The cavities serve to keep the proton bunches

tightly spaced to ensure high instantaneous luminosity. Each cavity in the LHC is tuned to

oscillate at 400 MHz. There are 16 RF cavities (8 per beam) in the LHC that are housed in

four cylindrical refrigerators called cryomodules [99]. High-power klystrons drive each RF

cavity, and a high power electron beam inside the klystron modulates at 400 MHz delivering

an accelerating field of 5 MVm−1.
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3.1.3 Performance of the LHC: 2010-2012

Proton-proton collisions in Run I of the LHC ended December 2012, and the final heavy ion

collisions took place between January and February 2013. The LHC entered its first planned

long shutdown (LS I) shortly after, where maintenance and upgrades were performed on the

magnets for a period of about two years. From the first collisions to the end of Run I, the

LHC was able to deliver an increased luminosity each year. The first year was primarily

devoted to machine performance. Initially, LHC started running at low luminosity, with

only one pair of colliding bunches, with a bunch size of of about 1×1011 protons per bunch

[100]. The proton run for the year finished with beams of 368 bunches of around 1.2×1011

protons per bunch and a peak instantaneous luminosity of 2.1×1032 cm−2 s−1. The total

integrated luminosity for both ATLAS and CMS in 2010 was around 0.04 fb−1.

The beam energy remained at 3.5 TeV in 2011. The number of bunches in the machine

was tested with a 50 ns bunch spacing, which would eventually be the bunch spacing for

the remainder of the physics run. A peak instantaneous luminosity of 2.4×1033 cm−2 s−1

was achieved in 2011. ATLAS and CMS had each received around 5.6 fb−1 by the end

of proton–proton running for 2011, with approximately 4.7 fb−1 good for physics in the

ATLAS dataset after data quality criteria were applied. LHCb collected a total of 1.1 fb−1.2

In early 2012 the decision was made by the LHC division to stay at a 50 ns bunch spacing

with around 1380 bunches. The accelerator delivered an integrated luminosity at the rate

of roughly 1 fb−1 per week. This allowed a total of about 23 fb−1 to be delivered to both

ATLAS and CMS during a long operational year with the proton-proton run extended until

December (in previous years, heavy ion runs took place in December). The high number

of collisions was very important for analyses such as Higgs searches. Plots of integrated

luminosity in 2012 for both the ATLAS and CMS collaborations are shown in Fig. 3.4.

2Substantially less luminosity is delivered to LHCb compared to the general purpose detectors.
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Fig. 3.4 (a) Cumulative integrated luminosity versus time delivered by the LHC (green),

as recorded by ATLAS (yellow), and certified to be good quality data (blue) during stable

beams for proton-proton collisions at 7 TeV centre-of-mass energy for the year 2012 [101].

Total delivered luminosity for ATLAS is approximately 22.8 fb−1 in 2012. The correspond-

ing plot for CMS is shown in (b) [102].
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3.2 The ATLAS experiment at the LHC

There are four primary experiments at the LHC: ATLAS [103], CMS [104], LHCb [105]

and ALICE [106]. ATLAS and CMS are general purpose detectors suitable for both proton-

proton and heavy ion collisions. LHCb is a detector dedicated to measuring physics in-

volving bottom quarks. The ALICE detector is specifically designed for heavy ion (Pb-Pb)

reactions. The principles used to build each detector are the same, although the technology

used to achieve a desired measurement resolution varies between experiments. Modern par-

ticle detectors follow a layered structure, and the LHC experiments are no different. The

general detector structure consists of tracking (usually silicon strips and/or pixels and or

wire chambers) very close to the collision point, followed by calorimetry (electromagnetic

and hadronic calorimeters). The outer-most part of most modern detectors is a detector sub-

system used for measuring the momentum of muons, which have sufficient energy to go

completely through the detector.

ATLAS, (A Toroidal LHC ApparatuS), shown in Fig. 3.5, is a general purpose detector

that sits at Point 1 of the LHC ring (Fig. 3.6). As it is a general-purpose detector, ATLAS

follows the pattern of having tracking systems closest to the interaction point, followed by

calorimetry, and tracking of muons as the outermost detector subsystem.

The detector is approximately 44 m long and 25 m in diameter and weighs over 7000 t.

ATLAS consists of several detector subsystems, discussed briefly in the following sections.

3.2.1 Coordinate conventions and kinematic variables in ATLAS

ATLAS uses a right-handed orthogonal coordinate system in which the z-axis is directed

along the beam pipe (with positive z from point 1 to point 8), the x-axis points from the

collision point to the centre of the LHC ring, and the y-axis points upward from the colli-

sion point. The y-axis is slightly tilted with respect to the vertical due to the general tilt of

the tunnel. The origin of this ATLAS “global frame” is the nominal interaction point. In

addition to the conventional Cartesian axes used, a polar coordinate system (r, θ , φ) is also

used quite frequently for physics analyses. The coordinate r is the radial distance from the

collision point, φ is the azimuthal angle with x-axis taken to be zero, and θ is the polar

angle [103]. The polar angle θ is defined with respect to the global z-axis. Kinematic vari-

ables frequently used to describe the location and the energy state of particles are transverse

momentum, rapidity3 and pseudorapidity. Transverse momentum pT is defined as the com-

3The rapidity of a particle is defined in terms of its four-momentum components E and pz through the

relation

y =
1

2
ln

(
p0 + pz

p0 − pz

)
. (3.1)
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Fig. 3.5 A cut-away schematic diagram of the ATLAS detector, with some of the main de-

tector subsystems highlighted. The components of the Inner Detector, the pixel detector,

the semiconductor tracker, and the transition radiation tracker are shown at the centre of

the detector. The liquid argon calorimeter (LAr) surrounds the Inner Detector and provides

precise energy measurements of electrons and photons. The central air core toroid system

surrounds the calorimeters; the two end cap toroids are visible at either end of the calorime-

ter. The distance scale between muon end caps corresponds to a length of 44 m, while the

detector stands about 25 m tall. Figure from [107].

ponent of the three-momentum p that is directed radially outward, transverse to the global

z-axis

pT = |p|sinθ . (3.3)

When expressed in Cartesian coordinates, it takes the familiar form

pT =
√

(p2
x + p2

y . (3.4)

This variable has the advantage that the rapidity of a particle in a new frame (say S′) moving with velocity β
along the same axis to the laboratory frame is given by

y′ =
1

2
ln

(
1+β

1−β

)
. (3.2)

Hence, rapidities are additive. Pseudorapidity converges to rapidity when the momentum of the particle is very

large compared to the mass of the particle so that the mass may be ignored [15].
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Fig. 3.6 The LHC ring with the various interaction points is shown above. ATLAS sits at

Point 1, while CMS sits diametrically across at Point 5. LHCb sits at Point 8, and ALICE

sits at Point 2.

The products of most collisions in ATLAS have most of their momentum along the beam

axis (referred to as “forward” particles). High pT electrons, muons, and hadrons are used

as triggers for data acquisition, as they are often signatures of a high momentum-transfer

process occurring in the proton collisions, such as the production of a massive boson. When

the energy and longitudinal momentum are unable to be measured, but the polar angle can

be, it is convenient to define the pseudorapidity variable η to characterize the particle. Pseu-

dorapidity is defined as

η =− ln

(
tan

(
θ

2

))
, (3.5)

where θ is the polar angle [108]. Distances are often measured in the pseudorapidity-

azimuthal angle space defined as

∆R =

√
(∆η)2 +(∆φ)2. (3.6)

3.2.2 The Inner Detector

The ATLAS Inner Detector (ID) is the subsystem closest to the beam pipe. The ID is a three-

component tracking system consisting of silicon pixels, silicon microstrips, and a transition
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radiation tracker system which uses straw tube technology. Both barrel and end-cap systems

exist for each component of the Inner Detector. A 5.3 m long, 15 m radius superconducting

solenoid provides the 2 T field for the ID. A schematic of the detector is shown in Fig. 3.7.

Fig. 3.7 A schematic of the ATLAS Inner Detector. The Inner Detector is composed of three

different detector subsystems, namely the pixel detector, the semiconductor tracker (SCT),

and the transition radiation tracker.

The pixel detector provides three precision points for tracks within the pseudo-rapidity

range |η| < 2.5, and determines impact parameter resolution and the ability of the inner

detector to find short-lived particles such as B-hadrons. It is made of three barrel layers4

at radii of 50.5 mm, 88.5 mm, 122.5mm, with a total of 1456 modules, and three end-cap

disks which are located at 7495 mm, 7580 mm and 7650 mm from the interaction point

in the z direction, with a total of 288 modules. Each pixel module has an active region

of 16.4 × 60.8 mm2 and 250 µm thickness. The bulk n-type silicon sensors have an area

of 50×400 µm2. The modules are overlapped on the support structure to give hermetic

coverage. The design resolution is approximately 10 µm in the r-φ direction and 115 µm in

the z-r direction.

The semicondtructor tracker (SCT) is a detector which employs 4 layers of silicon mi-

crostrip detectors in the barrel section and 9 layers in the form of disks in the end-caps. Each

layer is composed of two 285 mm thick p-in-n microstrip sensors glued back-to-back at a

40 mrad stereo angle. Each sensor has 768 strips AC-coupled to 6 ABCD3TA ASICs. For

4During the first long shutdown, as part of an upgrade to the ATLAS detector, a new fourth layer, named

the insertable B-layer (IBL), was inserted into the pixel detector between the beam pipe and the layer 0 (also

known as the B-layer), at an average radius of 33 mm. A new 25 mm radius beryllium beam pipe (4 mm

smaller than used during Run 1) around the interaction region allows to accommodate the IBL.
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the barrel modules, the pitch of the strips of 80 µm, while the strip width varies in the end-

cap disks from 57 µm to 94 µm. The strip direction in the barrel modules is along the z-axis

for axial modules, while for “stereo” modules, the strips are rotated 40 mrad with respect

to the z-axis. The signal from each strip is shaped, amplified and compared to a threshold,

nominally 1 fC. Binary output is then stored in a pipeline, sampled into three 25 ns bins

(the middle synchronised with collisions) and read out if a trigger signal has arrived. Each

module has two RX links for transmission of data to the Readout Driver Board (ROD) and

one TX for receiving commands and trigger, both using VCSEL (Vertical-Cavity Surface-

Emitting Laser) and PIN diode arrays. All 4088 modules combine for a total of 6.3 million

readout channels.

Beyond the SCT sits the transition radiation tracker (TRT). The TRT covers the pseu-

dorapidity region |η| < 2.0 and has continuous tracking to enhance the pattern recognition,

to improve the momentum resolution. The TRT uses thin-walled straw tube technology to

achieve momentum measurements. The tubes are filled with a Xe/CO2/O2 gas mixture as

the active medium. The straws are interleaved with polypropylene to provide transition ra-

diation to help identify electrons. Tracking information and transition radiation signals are

obtained for each individual straw using separate low and high threshold discriminators in

the front-end electronics. The barrel TRT is divided into 3 layers of modules in the radial di-

rection and 32 sectors in φ . The straw tubes of the barrel TRT are 4 cm in diameter and have

a length of 144 cm; they are oriented along the beam line. The TRT end-caps each consist of

2 types of independent wheels (referred to as “type-A” and “type-B”) with straws oriented

radially. The type-A wheels are closer to the interaction point and consist of 12 wheels,

each with 8 successive layers spaced 8 mm apart. The type-B wheels are further from the

interaction point starting after the last type-A wheel and consist of 8 wheels, also with 8

straw layers but spaced 15 mm apart. Each end-cap therefore has a total of 160 straw layers

along the z-axis. For high pT tracks originating from the interaction point, the design of the

TRT ensures a large number of crossed straws (typically above 30) in the pseudorapidity

range of |η|< 2.0.

3.2.3 ATLAS calorimetry

The calorimetry in ATLAS plays a key role of measuring showers initiated by photons, elec-

trons, and hadrons. A superconducting solenoid magnet separates the ID from the calorime-

try. The liquid-argon (LAr) calorimeter consists of the electromagnetic (EM) calorime-

ter, which sits inside the barrel crysostat, the hadronic end-cap (HEC) and the forward

calorimeter (FCal). The active medium used for the collection of signal is liquid argon.

The absorber consists of lead in the EM, copper in the HEC and the first layer of the
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barrel EM σE
E = 10%√

E
⊕0.7%

end-cap EM σE
E

= 10%√
E
⊕0.7%

HEC σE
E

= 50%√
E
⊕3%

FCAL σE
E = 100%√

E
⊕10%

Table 3.1 Design energy resolutions of the different regions of the ATLAS LAr sub-system.

FCAL, and tungsten in the outer two layers of the FCAL. The lead absorbing material

in the barrel EM covers a pseudorapidity range of |η| < 1.475, while the end-cap EM cov-

ers a range of 1.37 < |η| < 3.2. The copper absorbing material of the HEC covers the

range 1.5 < |η| < 3.2, while the copper/tungsten absorber of the FCal covers the range

3.1 < |η|< 4.9. The barrel EM and end-cap EM include a high-granularity accordion layer

up to |η| < 2.5 and a presampler up to |η| < 2.5, which provides information to trigger

on electron and photon objects. The LAr calorimeter system has 182468 readout channels

in total. Ionisation electrons are produced by passage of charged particles in the material.

They drift to electrodes and produce a triangular pulse shape, which is amplified, shaped

and then sampled (at least 5 times) every 25 ns. The collected signal depends on the HV

and the temperature and purity of the liquid argon. The design resolution of the Barrel, EM

End-Cap, HEC, and FCAL are given in Table 3.1. The Tile Calorimeter (TileCal) is the

barrel hadronic calorimeter covering the most central region of ATLAS. It is a key compo-

nent for measurement of hadrons, jets, taus, and missing transverse energy. The TileCal is a

sampling calorimeter which uses carbon steel (iron) plates as the absorber and plastic scin-

tillating tiles as the active material. The particles produced in the interaction point travel

through the calorimeter and light produced in the scintillating tiles is proportional to the

energy deposited.

The TileCal consists of three cylinders, one long barrel (LB) split into two readout par-

titions, and two extended barrels that flank the long barrel on both sides, covering the most

central region |η| < 1.7. Both the barrel and extended barrel cylinders are segmented into

64 modules in φ , corresponding to a ∆φ granularity of 0.1 rad. The ∆η segmentation for

each module is 0.1 in the first two radial layers and 0.2 in the third layer. The η , φ , and

radial segmentation define the three dimensional TileCal cells. Each cell volume is made

of dozens of iron plates and scintillating tiles. Wavelength shifting fibres coupled to the

tiles on either edge of the cells collect the produced light and are read out via square light

guides by two different photomultiplier tubes (PMTs), each linked to one readout channel.

Analog pulses are received by digitizers where they are sampled every 25 ns. The pulses are
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shaped by passive circuits; the shaped pulse is amplified in separate high (HG) and low (LG)

gain branches The HG and LG signals are sampled with the LHC bunch-crossing frequency

of 40 MHz using a 10-bit ADC in the Tile Data Management Unit (DMU) chip which is

located on the digitiser board.

The calibration system of the TileCal allows for adjustment of the energy on a channel-

by-channel basis. A charge-injection system simulates physics signals in the TileCal chan-

nels by generating pulses from discharge capacitors in the read- out circuit and measuring

the electronic response. A caesium system uses a movable radioactive source to equalise

the response of all the cells and maintain a global response of the calorimeter. A laser

calibration system tests the gain of each PMT. Finally, an integrator system integrates the

response of the PMTs over time to measure the low-energy products of the majority of the

proton-proton collisions in a given bunch crossing. This allows for a determination of the

luminosity.

3.2.4 The muon system

Two different types of muon detectors are used in ATLAS, gaseous drift chambers for

providing position measurement and “trigger” chambers such as resistive plate chambers

(RPCs) and thin gap chambers (TGCs). Specifically, the ATLAS muon spectrometer con-

sists of Monitored Drift Tubes (MDTs) for precision tracking in the spectrometer bending

plane. The muon system also serves as a trigger to select events with high energy muons.

This is accomplished via RPCs and TGCs for triggering in the barrel and end-cap, respec-

tively. The chambers form three concentric cylindrical layers at radii of 5, 7.5, and 9.5 in

the barrel region, and cover a pseudorapidity range of |η| < 1.0. In the forward region, the

chambers are arranged in four vertical disks perpendicular to the beam axis at distances of

7, 11, 13.5, and 22m. The magnet system consists of 3 sets of air-core toroids, each with 8

coils, one for the barrel and one for each end-cap. The magnetic field provides a 1 T field at

the centre of each coil. However, the magnetic field is non-uniform, especially in the barrel

end-cap transition region. The design momentum resolution of the muon spectrometer is
σp

p = 3% at 100 GeV and 10% at 1 TeV.

3.2.4.1 Muon tracking chambers

The basic component of the MDT chambers are aluminum tubes of 30 mm diameter and

400 µm thickness, with a central wire of 50 µm in diameter. The tubes are operated with a

mixture of Ar/CO2, and are arranged in multilayers consisting of three or four monolayers,
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respectively, on either side of a rigid support structure called a spacer frame. The nominal

single wire resolution (per tube) is 80 µm.

The CSCs are the forward (2.0 < |η| < 2.7) precision muon system of ATLAS, located

in the innermost layer of the muon end-caps. The chambers determine muon position by

interpolating the charge on adjacent strips in four-layer chambers of multiwire proportional

detectors with segmented cathode readout. There are 16 four-layer sets of CSCs on either

side of the muon spectrometer system. The proportional chambers operate at a gas gain of

60000 in an Ar/CO2 gas mixture with two planes of cathode strips to measure the bending

coordinate. The sensor wire pitch is 2.54 mm, and the pitch of the readout strip is 5.08 mm.

The cambers are designed to handle higher background rates closer to the beam pipe. The

nominal track resolution in the bending plane is 60 µm.

3.2.5 ATLAS trigger system

ATLAS employs a three-level trigger system; its first level (LVL1) is implemented in elec-

tronics and firmware (mostly ASICs and FPGAs), whereas the high-level triggers5 are based

on software algorithms which run at large computing farms [110]. The LVL1 decision is

based on data from the calorimeters and muon trigger stations. It is capable of triggering on

different types of objects such as inclusive high transverse momentum muons, taus, or jet

clusters, forward jets, missing transverse energy, and total transverse energy sum [111]. The

LVL1 system must reduce the rate of 1 GHz proton-proton interactions and 40 MHz beam-

beam bunch crossings to 75 kHz within a maximum latency of 2.5 µs. The LVL2 trigger

receives the results of the LVL1 trigger items and information on Regions of Interest (ROI)

where LVL1 observed interesting objects. Execution of algorithms for LVL2 is controlled

by the HLT steering software which runs the algorithm for each ROI [112]. The Event Fil-

ter is also controlled by the HLT steering. The trigger is designed to reduce the rate from

an initial bunch-crossing rate of 40 MHz (interaction rate of 1×109 MHz at a luminosity

of 1034 cm−2 ·s−1) by a factor of approximately 1×107 to around 200 Hz for permanent

storage [113].

Events are written out into one or several “streams” depending on the Event Filter chains

that were passed [112]. This allows one to reprocess events separately for each stream.

There are several different physics streams. In addition to physics streams there are two

special types of streams, the express stream and calibration stream. The express stream is

processed within one to two hours after data taking and is designed for prompt reconstruc-

tion for use in monitoring and debugging before the bulk reconstruction. The calibration

5The LVL2 trigger and Event Filter are collectively referred to as the High Level Trigger, (HLT). A full

description of the High-Level Trigger is given in [109].
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Fig. 3.8 A schematic of the component model of the Athena software framework.

stream is used to collect a large data sample for detector calibrations, whereas the express

stream consists of only a portion of events from physics streams. For physics there are sev-

eral inclusive data streams from the Trigger Physics Menu at an instantaneous luminosity of

1031cm−2·s−1: egamma, jetTauEtMiss, muon, and minBias[111].

3.3 The Athena software framework

ATLAS uses an object-oriented software framework [114] written in C++ for reconstruction

of events, simulation, and serialisation of physics objects into persistified data formats which

follow the event data model (EDM). Athena builds on the Gaudi framework [115] developed

for the LCHb collaboration. Athena follows the blackboard design where instances of ab-

stractions called algorithms work as factories that read and write from a central transient

event store. Algorithms exist as well-defined sequences of commands used to process data,

each with an initialisation phase, a phase which loops over all events to be processed, and a

final phase which performs and functions after all events are processed. Abstractions called

tools and services carry most of the algorithmic workload. The properties of the algorithms,

tools, and services are configurable [116] via python, which allows an individual algorithm

to essentially plug in to the main framework and be configured properly and execute in the

right sequence relative to other algorithms. A schematic of the Athena component model,

showing the flow of data to various services and tools is in Fig. 3.8.

3.4 Event simulation in ATLAS

Simulation of the detector is critical to understanding detector behaviour and performance

of the various subsystems as well as to understand detector acceptance for a wide range

of physics processes. Simulation of collisions in ATLAS follows three general stages, han-
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dled almost entirely within the Athena framework: event generation of particles produced

in the collision and their decays using a Monte Carlo (MC) generator, simulation of parti-

cles through the detector material, and digitisation of the readout from the detector subsys-

tems/particle reconstruction. The output of the simulation chain can be presented in either

an object-based format or in a format identical to the output of the ATLAS data acquisition

system (DAQ). Thus, both the simulated and real data from the detector can then be run

through the same ATLAS trigger and reconstruction packages.

3.4.1 Event generation

Event generation consists of the production of a set of particles that is passed through a

model of the detector for simulation between the detector medium and the particles emerg-

ing from the collision. There are various generators employed by ATLAS for different

physics processes, i.e., Higgs production, tt̄ production, vector boson production in associ-

ation with jets, as well as particle production in various BSM scenarios such as supersym-

metric squarks, sleptons, and charginos, or black holes. Only the generators used for the ZZ

analysis are presented here; a more comprehensive list is included in [117], while generators

used in ATLAS are described in [118].

• POWHEGBOX [119] is a general framework for generation of events at NLO using

the POWHEG [120] method to match matrix elements to parton showers (using only

positive weights). Available processes include single vector boson production with

decay, single top production in the s and t-channels, jet pair production, as well as

vector boson pair production. The events produced by POWHEGBOX can be inter-

faced to PYTHIA or HERWIG for showering. POWHEGBOX is used to model the

main process of qq̄ → ZZ at NLO. However, it does not include the contribution from

gluons (Section 2.2), which is modelled using a separate generator gg2VV.

• MCFM is a parton-level Monte Carlo program which gives NLO predictions for vari-

ous processes at hadron colliders. Matrix elements are calculated at NLO, incorporat-

ing full spin correlations. Processes include W + jets, Z + jets, H →WW and H → ZZ,

as well as diboson WW ,ZZ and direct photon production. MCFM is not a full genera-

tor in the sense that it cannot produce unweighted events suitable for use in a physics

analysis. It is a cross section calculator and serves as a very useful comparison to

POWHEGBOX.

• gg2VV [121] represents the merging of the gg2ZZ and gg2WW [122] generators. It

is a parton-level integrator and event generator for the gg → (H →)WW and
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gg → (H →) ZZ processes. gg2VV accounts for the interference between the con-

tinuum gg → ZZ production and production which proceeds via a Higgs resonance

[121]. However, the calculation is only available at the lowest-order treatment of the

gluon-induced process, which is the same level as is done in MCFM.

• SHERPA [123] is a leading-order generator, which allows for additional jets in the ma-

trix element. The list of physics processes that come with Sherpa covers particle pro-

duction at tree level in the Standard Model and in models beyond the Standard Model,

such as models with large extra dimensions, or an extended Higgs sector. SHERPA

uses its own inbuilt matrix-element generators as well as its own phase-space gener-

ator, which automatically calculate and integrate tree-level amplitudes for the imple-

mented models. This feature enables Sherpa to be used as a cross-section integrator

and parton-level event generator as well.6 SHERPA also implements its own parton

showering algorithms, and it is not necessary to interface to a parton showering pro-

gram such as JIMMY. Models with anomalous gauge couplings within the framework

described in Section 2.4.1 have been implemented with SHERPA. The baseline sam-

ples used to model signal acceptance in a scenario with non-zero ZZV aTGCs are

taken from SHERPA.

• MC@NLO [124] is an event generator which interfaces NLO calculations to parton

showers using the MC@NLO technique [125]. The program is based on the HER-

WIG parton shower algorithm. MC@NLO may produce vector boson pairs, but in

general is not used within ATLAS for modelling acceptance, as it uses the zero-width

approximation in the case of ZZ production and does not include the Z lineshape. In

addition to vector boson plus jet production it is typically used for modelling both

single top and tt̄ production as well as vector boson production in association with

top.

• PYTHIA8 [126] is an event generator which implements a wide range of processes at

leading order, including hard gluon scattering, direct photon production, charmonium

and bottomium production, low-mass Drell-Yan pairs, as well as Higgs production.

PYTHIA uses a pT-ordered shower, as opposed to angular-ordering used by HER-

WIG [127], and this feature has remained unchanged since the older Fortran version

of PYTHIA. Both the qq̄ and gg signal samples for the ZZ → ℓ−ℓ+νν̄ analysis are

showered using PYTHIA8.

6More recently, the processes pp → ℓ−ℓ+νν̄ and pp → ℓ−ℓ+νν̄ + 1 jet have been implemented in

SHERPA +OPENLOOPS including both the fully-gluonic states and also the quark-induced qg → ℓ−ℓ+νν̄ + q,

q̄g → ℓ−ℓ+νν̄ + q̄ channels are taken into account, however this is not fully implemented within the ATLAS

framework yet.
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• HERWIG is a general-purpose LO MC generator which includes the simulation

of hard lepton-lepton, lepton-hadron and hadron-hadron scattering and soft hadron-

hadron collisions. It uses the parton shower approach for initial and final-state QCD

radiation including colour-coherence effects and azimuthal correlations both within

and between jets. Available processes include vector boson production in association

with jets, WW and ZZ production as well as various qq̄ → H. Herwig also uses a

different hadronisation model compared to PYTHIA. The Fortran version of HER-

WIG is no longer developed and has been replaced by HERWIG++[128], which uses a

general purpose C++ library (THEPEG) for implementing parton shower algorithms.

Most generators are written completely independently of the ATLAS software, so there

must be an interface between them and the Athena software used for the generation. Many

of the generators above output events in the Les Houches event file format [129], although

some output events in different formats. The ATLAS simulation framework interfaces to all

the generators to output HepMC GenEvents [130] format. Each generated event contains

the particles from a single interaction with a vertex located at the geometric origin. Particles

with a proper lifetime cτ >10 mm are considered stable by the event generator, and can

propagate far enough to interact with the detector material.

3.4.1.1 Simulation

The standard simulation relies on the Geant4 [131, 132] particle simulation kit. This is the

most computationally intensive portion of the full simulation chain, and often determines

how many events of a given process are generated to model a certain physics process. The

geometric model (GeoModel) used by ATLAS is built up of basic solids and shapes into

groupings called logical volumes, physical volumes and total volumes. The GeoModel is

actually decoupled from the Athena software framework. A model of the detector typically

has at least several hundred thousand physical volumes. The entire geometry is translated

into a Geant4 equivalent. Many layouts are available corresponding to the previous revisions

of the material. The material budget is constantly updated to accurately reflect the current

detector geometry. It is also possible to apply detector “conditions” modifications to each

chosen geometry layout; a misalignment can be configured by selecting misaligned layouts

either for each subdetector or for the full detector. Also, while the generated events have

their interaction at the detector origin, modifications to account for the beam properties are

applied to the event before it is passed to the detector model. The simulation step outputs

sequences of energy deposits and times in sensitive detector volumes (“HITS” files).



3.4 Event simulation in ATLAS 55

Fig. 3.9 A flow diagram showing the various stages of the ATLAS simulation process. Fig-

ure taken from [133].

3.4.1.2 Digitisation

The ATLAS digitisation software converts the hits produced by the simulation software into

detector responses, referred to as “digits”. The input to the digitization is a specific “hits”

file format. A digit is produced when the voltage or current on a particular readout chan-

nel rises above a pre-configured threshold within a particular time window. Each detector’s

unique charge collection pattern are modelled in subdetector-specific digitization software.

The various subdetector digitisation packages are steered by a top-level Python digitization

package. Dead channels and noise rates are read from database tables to reproduce condi-

tions previously seen over a sufficiently large enough period of data acquisition. The digits

of each subdetector are written out as Raw Data Objects (RDO’s). The bunch profile of the

beams and the luminosity of a given detector run to give an accurate reflection of the aver-

age number of collisions. Pileup is added at the digitisation stage by combining multiple

minimum bias events spaced out over a sufficient period of time, and overlaying that with

the main physics process being simulated. A flow diagram showing the various stages of

the simulation is shown in Fig. 3.9.





Chapter 4

Physics object definitions and

reconstruction in ATLAS

In pp collisions at the LHC, electrons, muons, photons and jets can be produced with a

large range of energies, from a few GeV to several TeV. The following sections describe the

methods by which objects are identified and reconstructed in ATLAS, and the challenges

faced in trying to reconstruct such quantities.

4.1 Vertex and track reconstruction

4.1.1 Primary vertex reconstruction

The primary vertex reconstruction framework is implemented within the Athena software

environment (Section 3.3), and allows the reconstruction of the primary vertices in both low

and high luminosity regimes of the LHC. The reconstruction of primary vertices in ATLAS

is generally subdivided into two stages [134]:

• Primary vertex finding: association of reconstructed tracks to a particular vertex

candidate.

• Vertex fitting: reconstruction of the actual vertex position and its covariance matrix,

estimate of the quality of the fit, refit of the incident tracks.

There are multiple ways of obtaining an unbiased estimator for the vertex. One may itera-

tively remove tracks incompatible with the actual vertex and fit again, or one may weight

the track contribution to the χ2 with the estimated “a priori” probability of that track to

belong to the vertex to fit. In ATLAS, primary vertices are reconstructed using an iterative
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Fig. 4.1 The vertex reconstruction efficiency as a function of the average number of interac-

tions in minimum bias Monte Carlo simulation. Figure taken from [137].

vertex finding algorithm [135]. Vertex seeds are obtained from the z-position at the beam-

line of the reconstructed tracks. An iterative χ2 fit is then made using the seed and nearby

tracks. Tracks displaced by more than 7σ are used to seed a new vertex and the procedure

is repeated until no additional vertices can be found [136]. The beam spot position is used

as a constraint [137]. Vertices are required to contain at least two tracks. The efficiency to

reconstruct a vertex from a minimum bias interaction as a function of the average number

of interactions per bunch crossing is shown in Fig. 4.1.

4.1.2 Track reconstruction

A track is a sequence of hits in subsystems which represent the trajectory of a charged par-

ticle. Each proton-proton collision gives rise to a large number of particles, which produces

a large number of hits in the ATLAS inner detector subsystem. The track reconstruction

software must distinguish hits from different charged particles to determine a trajectory that

best matches a given set of measurements. Several different algorithms of track finding are

used in ATLAS, but the primary track reconstruction strategy is the “inside-out” tracking

method. The basic steps of the “inside-out” method involve pattern recognition [138], am-

biguity solving, and TRT track extension. The measurements in the pixel detector and SCT

form “silicon space-points”, which represent a three-dimensional point formed either from

a cluster of silicon pixels, or from the intersection of the front and back sensors of a silicon

module in the SCT. The pattern recognition starts by finding track seeds that are formed



4.2 Electron and photon reconstruction 59

from all sets of three silicon space-points that are compatible within minimum cut of 500

MeV. The track seeds provide the necessary information to associate additional silicon hits

to a track segment by using a fast Kalman filter [139] to follow the trajectory. Because many

of the initial track candidates will share hits, or be incomplete, these ambiguities must be

solved to form tracks. The ambiguity-solving process assigns a score to each track candidate

to indicate the likelihood that the track candidate originated from a real particle trajectory.

This score is evaluated via a global χ2 fit, using a refined reconstruction geometry. In gen-

eral, each hit associated with the track leads to a higher score, while holes, defined as the

passage of the track through a detector element that was known to be active without produc-

ing a hit, will lower the track score. Ambiguities are resolved by choosing the track with

the greater score. The fitted silicon track parameters at the outermost silicon measurement,

closest to the TRT are used to define a “road” through the TRT, and any drift radius mea-

surements that are within 10 mm of this road are assigned to the track. The track is then

re-fitted with the additional TRT measurements and compared with the original silicon-only

track using the scoring mechanism. If the quality of the fit to the track improves as a result

of the association of information from the TRT, the track extension is kept.

4.1.3 Outside-in tracking

The inside-out sequence relies on a track seed to be found in the silicon detector. How-

ever, not all tracks can be found through an inside-out procedure. The track reconstruction

sequence is complemented by an “outside-in” strategy, which starts from unassigned TRT

segments and looks for matching hits in the pixel and SCT detectors. Track segments are

identified using a standard Hough transform mechanism, while a dedicated association tool

prevents hits that have already been assigned to tracks in the inside-out procedure to be used

again, which saves a significant amount of CPU time.

The tracking efficiency as a function of pT and η for samples with no pile-up (〈µ〉 = 1)

and significant pile-up are shown in Figs. 4.2(a) and 4.2(b).

4.2 Electron and photon reconstruction

4.2.1 Electron/photon trigger

The input to the electron/photon and tau/hadron trigger algorithms is a set of approximately

7200 trigger towers of granularity 0.1 × 0.1 formed by analogue summation of calorimeter

cells. These triggers cover the region |η| < 2.5. The ATLAS electron/photon trigger algo-

rithms are based on a window of 2 × 2 towers which overlap EM clusters (each summed)
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Fig. 4.2 The primary and secondary track reconstruction efficiency in minimum bias Monte

Carlo samples as a function of (a) and (b) containing exactly one and on average 21 or 41

interactions per bunch crosssing at an energy of
√

s = 7 TeV. Figure taken from [136].
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Fig. 4.3 A schematic of the L1 electron/photon calorimeter trigger algorithm. The algorithm

is implemented in FPGAs, and identifies regions of interest from 2 ×2 EM tower that have

ETabove threshold. EM isolation is achieved using surrounding 12 EM towers, and hadronic

veto is done using the towers in the tile calorimeter. Figure taken from [140].

over two EM towers, shown schematically in Fig. 4.3. At L1, electromagnetic objects are

selected if the total transverse energy deposited in the EM calorimeter in two adjacent tow-

ers is above a certain threshold. Electron triggers require that no energy is deposited in

the hadronic calorimeter behind the energy cluster in the electromagnetic calorimeter asso-

ciated with a trigger electron object. The algorithm itself is implemented in FPGAs. The

L2 calorimeter reconstruction is very similar to the offline algorithm, except that clusters

are seeded by the highest ET cell in the middle calorimeter layer instead of applying the

full online sliding-window algorithm. The Event Filter uses the offline reconstruction and

identification described in the following sections, although it applies typically looser cuts in

order to remain fully efficient.

4.2.2 Electron/photon reconstruction and identification

Electrons emerging from the collision point will pass through the inner detector and sub-

sequently deposit their energy in the electromagnetic calorimeter (ECal). Electrons in the

pseudorapidity range |η| < 2.47 are therefore reconstructed by matching an inner-detector

track with an energy cluster in the ECal. This is referred to as the “standard” electron

reconstruction. For electrons in the pseudorapidity range 2.47 < |η| < 4.9, there is no

corresponding track from the inner detector due to coverage of the ID, and electrons are

reconstructed solely from calorimeter clusters, these are referred to as “forward” electrons.

Only standard central electrons are used in the ZZ → ℓℓνν̄ analysis, however, several AT-
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LAS analyses, including the ZZ → ℓ−ℓ+ℓ−ℓ+ analysis use forward electrons. Electrons are

distinguished from other particles using several sets of identification criteria with varying

levels of background rejection and signal efficiency.

To reconstruct EM clusters, seed clusters of longitudinal towers with total cluster trans-

verse energy above 2.5 GeV are searched for by a “sliding-window” algorithm [141]. The

window size is 3×5 in the η −φ space. A duplicate removal algorithm is applied on close-

by seed clusters. For each seed EM cluster passing loose shower shape requirements of

Rη > 0.65 and Rhad < 0.1, a region-of-interest (RoI) with a cone-size of ∆R = 0.3 around

the seed cluster is formed. Track candidates are then fitted either with the pion hypothesis

or the electron hypothesis using the ATLAS Global χ2 Track Fitter. If a track candidate

fails the pion hypothesis track fit, it is refitted with the electron hypothesis. Tracks are then

considered loosely matched to an EM cluster by passing one of two criteria based on extrap-

olation of the track to the middle layer of the (accordion) ECal. The track parameters of

the electron candidates are re-estimated using an optimised electron track fitter referred to

as the Gaussian Sum Filter [142], which is a non-linear generalisation of the Kalman filter

algorithm. An electron is reconstructed if at least one track is matched to the seed cluster.

While all tracks assigned to a cluster are kept for further analysis, the best matched track

is chosen as the primary track which is used to determine the kinematics and charge of the

electron and to calculate the electron identification decision. The choice of the primary track

is therefore a critical step in the electron reconstruction chain.

4.2.3 Electron identification

Not all objects built by electron reconstruction algorithms are signal electrons. Background

objects include hadronic jets as well as background electrons from photon conversions,

Dalitz decays and semi-leptonic heavy flavour hadronic decays. In order to reject as much

of these backgrounds as possible while keeping the efficiency for signal electrons high, elec-

tron identification in ATLAS is based on discriminating variables, which are combined into

a “menu” of selection criteria of increasing background rejection power. Both cut-based and

multivariate (MVA) techniques are used.

The cut-based selections define the isEM menu, consisting of three different operating

points: loose, medium, tight. A fourth operating point, multilepton, was introduced for

2012 data taking. These selections are optimised in 10 bins in |η| and 11 bins in ET. All

tighter selections are strict subsets of looser selections, i.e. tight is a subset of medium, and

medium is a subset of loose. The cut-based electron identification has been used in ATLAS

since the first full run of the LHC in 2010. In 2011, as instantaneous luminosities increased

to O(1033cm−2s−1) the background rejection provided by the re-optimised medium operat-



4.2 Electron and photon reconstruction 63

ing point was not enough to provide sustainable rates in the trigger, and that tightening the

requirements for the isEM menu would lead to large efficiency losses to achieve more back-

ground rejection. Instead of increasing the number of variables to achieve a higher working

point, i.e. from loose to medium, etc., it was decided to use the same set of variables at all

levels and tighten the operating points by tightening the cut values used at subsequent levels.

For the 2011 and 2012 menus, the working points are referred to as loose++, medium++

and tight++, collectively referred to as the isEM++ menu.

There are three general categories of discriminating variables for electron and photon

identification. The first category considers the amount of energy deposited in different

layers of the EM and the hadronic calorimeters relative to the total cluster energy. Real

prompt photons should be isolated from hadronic activity, so the energy seen in the hardonic

calorimeter should be small relative to the energy of the photon cluster. The two variables

which quantify this are:

• Rhad: the ratio of total transverse energy in the hadromic calorimeter to the transverse

energy of the cluster,

• Rhad1
the ratio of the transverse energy in the first sampling layer of the hadronic

calorimeter to the transverse energy of the cluster.

The shower evolution in the second sampling layer is described by three variables:

• wη : the lateral width of the shower in η over a region of 3×5 cells in η ×φ around

the centre of the cluster,

• Rφ : The ratio in φ of cell energies in 3×3 and 3×7 cells,

• Rφ : The ratio in η of cell energies in 3×7 versus 7×7 cells.

There are five variables that characterise the shower profile in the strip layer:

• ws3: The shower width for three strips around the strip with the maximum energy

deposit,

• Fside: The energy outside the core of three central strips but within seven strips divided

by the energy within three central strips,

• ∆E: The difference between the energy associated with the second maximum strip

layer, and the energy reconstructed in the strip with the minimal value found between

the first and second maxima,
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• Eratio: The ratio of the energy difference associated with the largest and second largest

energy deposits over the sum of these energies.

The medium++ working point for electrons in the ZZ → ℓ−ℓ+νν̄ analysis makes use of all

of these variables. The full requirements are specified in [143].

4.2.4 Photon reconstruction

Reconstructed photons are seeded by clusters of energy in the electromagnetic calorimeter.

Clusters are formed with the same sliding window algorithm used for electrons. The clusters

have an ET threshold of 2.5 GeV, and a size in layer 2 of the ECal of 3× 5 cells in η × φ .

They are distinguished from electrons by the absence of a track in the ID matching the

candidate cluster. To distinguish between photons and electrons, a track-matching procedure

follows cluster finding. Tracks are required to be within a rectangular window in ∆η ×∆φ

of 0.05× 0.10 of the cluster barycentre, with a minimum track momentum of 10% of the

cluster energy. If such a track is found, the candidate is assumed to be an electron candidate,

and its position and energy are calibrated under that hypothesis. Clusters not matched to a

track are classified as photons, and are stored in a photon container.

4.2.5 Photon identification

Prompt photons need to be separated from jets with significant electromagnetic components

primarily coming from electromagnetic decays of light neutral mesons in hadronic jets. The

ATLAS photon identification algorithm relies on a series of cuts using measurements of

variables derived from energy deposits in the ECal cells. These variables represent differ-

ent quantities as measured from shapes of electromagnetic shower profiles in the primary

(second) layer and the “strip” layer of the ECal. A menu of two different photon qualities

(loose or tight) was provided for photons in 2012 similar to the menu of operating points

for electrons, where additional selections are placed to provide a tighter definition.

A photon coming from the hard scattering can “convert” to an electron-positron pair

as it travels through the ID and material before the ECal.1 The ID is used to reconstruct

converted vertices up to a radius of less than 80 cm associated to a photon cluster. In this

case, the photon candidate is referred to as a “converted” photon.

1Photon conversions are not covered in depth. For a more thorough description on photon conversions and

cluster calibration, the reader is referred to [144].



4.3 Muon triggering 65

4.2.6 Photon Isolation

An isolation requirement based on the transverse energy deposited in the calorimeters in

a cone around the photon candidate can be used to differentiate between prompt photons

from hard-scatter processes and photons from neutral hadrons (e.g π0) which decay into

two photons. The transverse isolation energy, E iso
T , is computed using calorimeter cells from

both the electromagnetic and hadronic calorimeters, in a cone of radius R in the η −φ space

around the photon candidate. Correction for energy leakage outside of the cone and pileup

effects is described in [144, 145]. ATLAS uses the variables EtCone for a measurement of

the calorimeter isolation energy. The EtCone variables are the scalar sums of the transverse

energy in all calorimeter cells within a cone of a given radius around the photon axis. The

rectangular core of cells (5×7 in η ×φ ) closest to the photon is excluded from the sum.

4.3 Muon triggering

The muon trigger [146] selects events with muons in three steps. The first step uses fast-

response trigger chambers and custom-built hardware to generate a L1 trigger based on hit

coincidences. The second and third step make up the High Level Trigger (HLT), and are

software-based. The L1 muon trigger identifies candidates by a coincidence of hits in two

layers (“low pT”) or three layers (“high pT”) in the Resistive Plate Chambers (RPC) or the

Thin Gap Chambers (TGCs) in the end-cap. The L1 trigger carries information as to which

part of the detector the muon passed, the RoI. The momentum is estimated by looking at the

degree of deviation of the hit pattern from a straight line. The pT is classified according to

a set of pre-defined thresholds indicated by labels like mu15 (for pT > 15 GeV). mu10 and

lower are defined as “low pT” triggers, while mu11 and higher are defined to be “high pT”

triggers. The L2 and EF triggers start by reconstructing a muon track using only the data

from the MS (trigger chambers and precision chambers), referred to as a “standalone track”.

This track is combined with a track in the Inner Detector to form a “combined” muon. The

muon EF uses the full off-line algorithms, running in RoIs determined by the L2 trigger.

There are two reconstruction strategies used at EF level: outside-in and inside-out. In 2011,

both strategies were run in parallel to maximise efficiency. In 2012, to reduce processing

time, the outside-in algorithm was run first, and only if an event were to fail finding a muon

candidate was the inside-out algorithm run.

To allow for a lower pT threshold while keeping the trigger rate manageable, isolation

criteria are added as an extra requirement to the muon candidate. The isolation algorithm

sums the pT of all ID tracks (pT > 1 GeV) in a cone with ∆R = 0.2 centred around the

muon candidate. The relative track isolation is obtained by subtracting the pT of the muon
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from this sum, and dividing by the pT of the muon itself. The isolation requirement was

introduced in the main single-muon trigger in 2012. Primary muon triggers refer to general-

purpose triggers that were not pre-scaled during the whole of 2012 running, and are listed

below in Table 4.1.

4.4 Muon reconstruction

Muons are reconstructed from information obtained from hits in the muon spectrometer and

tracks from the inner detector. ATLAS has four different types of muons used for analyses

based on the detector subsystems used to identify the muon candidates: combined, segment-

tagged, standalone, and calorimeter-tagged.

• Combined muons: Combined muons are the highest purity muon candidates. They

are formed from the combination of an MS track with a track from the ID. The effi-

ciency of their reconstruction is strongly affected by acceptance losses in the Muon

Spectrometer subsystem. For instance, at η ≈ 0, the MS is only partially equipped

with muon chambers to provide spaces for services of the ID and the calorimeters.

• Segment-Tagged muons: Segment-tagged muons are formed from the combination

of an MS track segment and an ID track.

• Standalone: Standalone muons are formed solely from hits in the MS and the tracks

are extrapolated to the beamline

• Calorimeter-tagged muons: calorimeter-tagged muons are formed by matching ID

tracks to calorimeter deposits consistent with a minimum ionising muon. No informa-

tion from the MS is used.

There are two parallel muon reconstruction chains in use in ATLAS, STACO (chain 1) and

MUID (chain 2). The STACO algorithm performs a statistical combination of independent

track measurements from the ID and the MS using the parameters of the reconstructed

tracks and their covariance matrices. The STACO chain begins the reconstruction of MS

tracks with the MuonBoy algorithm. Next, straight track segments are formed by trying

to combine each MDT hit of a multilayer with every MDT hit in the other multilayer of

the same or adjacent station [147]. The hits are close enough in space at this stage for the

straight line approximation to be valid locally. Magnetic field deflections are taken into

account at the track fitting stage. At first pass, track segments are required to be associated

with at least one second-coordinate hit. A second “loose” track segment search follows the
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strict search, based on less stringent cuts. Tracks are first seeded from “strict” segments,

with a first rough estimate of the momentum taken frmo the position and direction of the

segment. Inner segments are extrapolated to outer stations and vice-versa using tracking in

the magnetic field. Several trials are performed for different values of the momentum around

the first estimate. This is referred to as a “momentum scan”. If a match is found, the best

match is included in the candidate track and a fit is performed leading to a second and more

accurate estimate of the momentum. A second finer momentum scan around the improved

momentum estimate is then performed. To obtain a global estimate of the likelihood of

the candidate track, a global fit is performed using raw information, starting from the best

result of previous fits. A final fit is then performed taking into account material traversed

by the muon; this is done by adding additional fit parameters. This accounts for multiple

scattering effects and energy loss of the muon as it traverses the detector. The corresponding

scattering angles are free parameters in the fit using the small-angle approximation added

as a constraint to the χ2.

The muon reconstruction efficiency, the momentum scale and momentum resolution

were studied in 2012 pp data covering a large phase space of |η| < 2.7 and 5 . pT . 100

GeV using tag-and-probe methods in Z → µµ events for various muon reconstruction types

[148]. Plots of the reconstruction efficiency as a function of η for muons with pT > 10 GeV

is given in Fig. 4.4.

Fig. 4.4 Muon reconstruction efficiency as a function of |η| measured in Z → µµ events

for muons with pT > 10 GeV and different muon reconstruction types. The error bars on

the efficiencies indicate the statistical uncertainty. The panel at the bottom shows the ratio

between the measured and predicted efficiencies. Figure taken from [148].
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4.5 Jet reconstruction

Jets play a critical role in the physics measurements of any modern high energy hadron col-

liders, as both Standard Model processes and BSM processes can give rise to final states with

high jet multiplicity. Jets are observed as groups of topologically-grouped energy deposits

in the calorimeters associated with the tracks of charged particles measured in the inner

detector. A jet algorithm is needed for jet reconstruction; the most commonly used jet algo-

rithm is the anti-kt algorithm implemented in the FastJet [149] package. The inputs to the jet

collection are stable particles (particles with a lifetime longer than 10 ps) from generators,

reconstructed tracks in the inner detector (track jets), or energy deposits in the calorimeter

(calorimeter jets). Calorimeter jets are reconstructed from topologically connected clusters

built from calorimeter cells that contain positive energy. Cell noise thresholds are set to ac-

count for increased contribution from overlaid minimum bias events (pile-up) fluctuations.

Topo-clusters are reconstructed at the EM scale which measures energy deposited by parti-

cles produced in electromagnetic showers in the calorimeter. Clusters can then be calibrated

using various different schemes such as the EM+JES scheme or the local cluster weighting

(LCW) scheme. The EM+JES calibration applies corrections as a function of jet pT and

|η| reconstructed at the electromagnetic scale. In the LCW scheme, each topo-cluster is

first classified as electromagnetic or hadronic, using information primarily based on energy

density and longitudinal shower depth. Various corrections are performed for dead material

and different calorimeter response for electrons compared to pions. Jets are then clustered

using the anti-kt algorithm after calibration of topo-clusters giving EM or LCW jets. Fur-

ther pileup corrections are applied at this stage. A jet-area-based correction is available for

2012 data. Calibrations for jet pseudorapidity and jet energy are applied by addition or mul-

tiplication of correction factors derived from MC simulation. A residual in-situ calibration

is applied to data only. This corrects for jet pT by multiplying by the ratio of responses

between data and MC simulation with respect to a reference object:

ResponseMC

ResponseData

=
〈p

jet
T /pref

T 〉MC

〈p
jet
T /pref

T 〉Data

. (4.1)

Several reference objects exist to cover a wide range of kinematic phase space, such as

Z bosons (direct balance of the pZ
T in the range 10− 250 GeV; photons (the photon ET is

balanced against the jet pT or the hadronic recoil, or the highest pT jet in an event. The jet en-
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ergy scale uncertainty is estimated by systematic MC variations using in-situ measurements

of single particle response.2

The jet energy scale uncertainty is composed of several different components, including

the in-situ calibration uncertainty, uncertainty due to pileup, uncertainty due to flavour com-

position of the jet, and the response of the calorimeter to jets of a given flavour. The total

jet energy scale uncertainty is the quadrature sum of the independent components.

4.6 Missing transverse momentum, Emiss
T

In collisions at a proton-proton collider such as the LHC, most strongly and weakly inter-

acting particles will interact with the detector material, depositing their energies via elec-

tromagnetic or hadronic showers. However, neutrinos and other very weakly interacting

particles will escape detection, and their energy/momenta cannot be reconstructed. It must

be inferred indirectly using conservation of energy and momentum. The basic assumption

is that prior to a collision, there is no net momentum in the transverse plane defined by the

beams formed by the colliding particles. After the collision, any form of non-conservation

of momentum would be attributed to particles which escaped detection. The vector quantity,

“missing transverse momentum”, (also referred to as “MET”, or “ET-Miss”) is defined as

follows:

Emiss
T =−

Nobject

∑
i=1

pi
T, (4.2)

that is, the missing transverse energy is the vector that balances the summed transverse

momenta of all objects in a given event. In practice, the Emiss
T in an event is quite a diffi-

cult quantity to measure experimentally. For instance, one issue that arises is potential for

double-counting due to overlapping measurements in the calorimeter and multiple measure-

ments of individual muon momenta. Other detector-related effects such as calorimeter noise,

detector defects and energy mismeasurement also provide contributions to the momentum

sum [150].

Calorimeter cells and muons reconstructed in the muon spectrometer are the basic unit

from which the Emiss
T is constructed. The primary algorithm used by ATLAS, the “refined

final algorithm”, or MET_RefFinal [151] treats calorimeter cells as constituents of physics

2A more complete breakdown of the JES uncertainty consists of a set of nuisance parameters (NPs) result-

ing from in-situ absolute balance Z + jets γ + jets, and multi-jet balance, single-particle extrapolation above

the multi-jet balance cutoff, η-intercalibration in-situ relative balance, pile-up and flavour uncertainties and

punch-through corrections.
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objects rather than fundamental elements. It is defined as the sum of a set of terms [152]:

Emiss
x(y) = E

miss,e
x(y)

+ E
miss,γ
x(y)

+E
miss,τ
x(y)

+E
miss,jets

x(y)
+

E
miss,SoftTerm
x(y) +E

miss,µ
x(y) ,

(4.3)

where each term is the negative sum of the momenta of all the calibrated reconstructed

objects associated to that term projected onto the x and y directions. The “soft term” cor-

responds to clustered energy deposits in the calorimeter that are not associated with a jet

or other reconstructed physics object. Calorimeter cells are associated to terms in the order

in which they appear in Eq. (4.3), and shared cells are removed from terms lower in the

hierarchy.

Electrons are calibrated with the standard ATLAS electron calibration, while photons are

calibrated at the electromagnetic scale. The τ-jets are calibrated with local cluster weighting.

Jets are reconstructed with the anti-kt algorithm. The soft term is calculated from topoclus-

ters and tracks not associated to high momentum objects; contributions both from jets with

pT < 20 GeV and from unassociated topological clusters/tracks are included.

Sources of fake Emiss
T generally fall into three categories: missed particles, Gaussian

resolution from pile-up and the underlying event, and non-Gaussian tails. Missed particles

are those which lie outside the detector acceptance, |η| < 4.9 for particles that stop in the

calorimeter and |η| < 2.7 for muons. The effect of lost particles on the Emiss
T resolution is

small, with other sources dominating the Emiss
T resolution. The resolution on these objects

is not Gaussian and tends to have long tails where the object’s momentum is measured to be

lower than the true value.

Pile-up plays a large role in the resolution of the Emiss
T ; when the average number of pile-

up interactions per event increases, it can lead to a deterioration in the Emiss
T performance.

The dependence of the Emiss
T on the number of primary vertices measured can be seen in

Fig. 4.5. Methods to suppress pile-up are therefore needed which can restore the Emiss
T reso-

lution to values more like the ones observed at lower values of pileup. The major challenge

in development of pile-up suppression methods for Emiss
T reconstruction lies in the soft term

correction of the soft event contributions. Several methods of correction have been studied

for the soft term. One of them includes a multiplicative correction factor constructed from

all the tracks in the event (the “soft-term vertex-fraction”, or STVF). The STVF correction

method uses the fraction of tracks from the primary vertex pointing to soft terms of the Emiss
T

to reweight the terms and recalculate the overall MET. The STVF is defined analogously to
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Fig. 4.5 The effect of pile-up on the average 〈σET〉 reconstructed in Z → µµ events. In the

range of |η| < 1.5, the 〈ΣET〉 is linear in the number of vertices over a range of primary

vertices out to 30. Figure taken from [153].

the jet vertex fraction (Section 5.6.3), and is formally expressed as

STVF(soft termi,vertex j) =
∑k pT

(
tracksoft termi

k ,vertex j

)

∑n ∑l pT

(
tracksoft termi

l ,vertexn

) , (4.4)

where the sum runs over all soft tracks, i.e., tracks not associated to hard object. Other

methods based on jet area have been included as well. The level of agreement between data

and simulation before and after correction for pileup with STVF is shown in Fig. 4.6.

The systematic uncertainties on the STVF variant of the Emiss
T are comparable to the

MET_RefFinal Emiss
T . One of the disadvantages of the STVF method is that it tends to

overestimate the necessary pile-up suppression, which leads to a large underestimation of

the soft Emiss
T term. For analyses which place vetoes on high-pT jets (Section 5.7), this will

introduce spurious correlations between the lepton pT and Emiss
T .

4.7 Conclusions

This chapter presented an overview of physics object reconstruction in ATLAS for electrons,

photons, muons, jets, and missing energy. Extensive studies have been performed within AT-

LAS for all objects used in physics analyses in both 2011 and 2012 pp data. Reconstruction
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(a)

(b)

Fig. 4.6 The fully reconstructed Emiss
T spectrum for above p

jet
T > 20 GeV (a) before and (b)

after pile-up suppression with STVF [153].
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efficiencies for central electrons and muons are shown to be over 95%, with performance

dropping at higher pseudorapidities [143, 154]. Physics objects used throughout the ZZ

analysis and the sources of uncertainties associated with reconstruction, identification, and

energy/momentum resolution are discussed in Chapter 5.



Chapter 5

ZZ event selection

This chapter presents an overview of the physics objects described in Chapter 4 used in

the ZZ → ℓ−ℓ+νν̄ analysis at 8 TeV. Object definitions for electrons, muons, photons, and

jets as used in the analysis are given. The fiducial and total phase spaces in which cross

sections are measured are defined, along with the objects used to obtain them. The perfor-

mance of the simulation compared to data is given for a range of kinematic variables for the

ZZ → ℓ−ℓ+νν̄ selection. Finally, experimental and theoretical systematics which affect the

analysis are described in Section 5.8.

5.1 Analysis overview

The signal selection in the ZZ → ℓ−ℓ+νν̄ channel selects events with two opposite-sign,

same-flavour isolated leptons (where a charged lepton ℓ± = e±,µ±) with a large transverse

momentum, a significant amount of Emiss
T coming from the neutrinos, and no jets above a

certain pT threshold. With this selection, the signal has a manageable level of background

over Standard Model processes. A cut-and-count-based approach is chosen for the 8 TeV

analysis. Both the event selection and the choice of fiducial phase space closely follows

the 7 TeV analysis [77], although some cut thresholds were changed relative to the 7 TeV

analysis. The placement of cuts, in turn, loosely follows the selection of the ZH → ℓ−ℓ+ +

Emiss
T analysis [155] for both the 7 and 8 TeV analyses. Measurement of the cross section

requires several components:

• The number of observed events after all selections in each sub-channel ZZ → e−e+νν̄

or ZZ → µ−µ+νν̄ .
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• An estimate of the background events with uncertainties in each sub-channel. These

are subtracted from the number of observed events in order to obtain the observed

signal yield.

• A measurement of the signal acceptance, with uncertainties.

• The branching fraction of the ZZ system to the given final state. This is taken as a

constant with the value provided by the Particle Data Group [15].

• The total integrated luminosity of the dataset used in order to convert the produced

signal yield into a production cross section.

The signal acceptance and efficiency are calculated from simulated MC samples of ZZ →
e−e+νν̄ and ZZ → µ−µ+νν̄ processes. The acceptance is factored into two components,

denoted CZZ and AZZ that, when multiplied, give the ratio of the number of reconstructed

events passing all selection in a given sample to the total number of events generated in

a phase space where both Z bosons (invisibly and visibly decaying) in within the mass

range 66 < mℓ−ℓ+ < 116 GeV, referred to as the “total phase space” or the “extrapolated

phase space”. Only CZZ is required to calculate a fiducial cross section, while the product

of CZZ and AZZ and the branching ratio to a particular final state is required to calculate

an extrapolated cross section, also referred to as a “total cross section”. It is important

to know the level of agreement between simulation and data for signal expectations and

background estimates. Measurements performed by combined performance groups allow

corrections to enhance the level of agreement between data and simulation. The main back-

ground contributions to selected events are discussed in Section 6.1. These backgrounds are

estimated using a combination of simulation and data-driven techniques. The components

listed above are used to measure a cross section in a fiducial volume which closely follows

the ATLAS detector geometry and acceptance, and a more inclusive phase space defined by

66 < mℓℓ̄ < 116 GeV. It is advantageous to measure the cross section in a fiducial volume,

as it does not have the same level of theoretical uncertainties associated with extrapolating

to a larger phase space that is not measured, while the total cross section is useful for event

rate predictions in a more inclusive volume.

5.2 Data samples at 8 TeV

The analysis uses a data sample of proton-proton collisions recorded between February and

December of 2012 during standard operation of the LHC at
√

s = 8 TeV. Bunch crossings
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were spaced by 50 ns with an average of approximately 1380 bunches per fill, with an aver-

age bunch intensity between 1.6 and 1.7× 1011 protons per bunch [156, 157]. Events are

selected based on data-quality flags per luminosity block which require all sub-detectors

to be operational and above a predetermined efficiency. The calibration of the absolute

luminosity scale is performed by the van der Meer method [158] for several independent

luminosity detectors. Details of the luminosity calibration methodology in ATLAS can be

found in [159]. The total integrated luminosity used for the analysis corresponds to approxi-

mately 20300 pb−1. The uncertainty in the luminosity as reported by the ATLAS luminosity

working group (using methods described in [160, 161]) with a relative uncertainty, ∆L /L ,

of approximately ±2.8 % [162].

5.3 Simulated signal and background samples

The qq̄ component of the ZZ → ℓ−ℓ+νν̄ signal is modelled with POWHEGBOX [163] at

next-to-leading-order using the CT10 parton distribution function (PDF) set [164]. These

events are subsequently showered with PYTHIA8 [126] within the Athena framework (Sec-

tion 3.4.1) using the ATLAS AU2 tune [165]. This component is estimated to be approx-

imately 94% of the total ZZ → ℓ−ℓ+νν̄ production cross section. POWHEGBOX does

not use the zero-width approximation for the Z bosons, unlike other generators such as

MC@NLO, which allows for modelling of off-shell boson production. Final-state QED

radiation losses from Z resonances are modelled with PHOTOS [166]. The gg → ZZ com-

ponent is modelled with gg2VV [121, 122], which is also showered with PYTHIA8. In

contrast to gg2ZZ [122], which was used previously in the 7 TeV analysis, gg2VV in-

cludes interference terms from the H → ZZ terms, although the main interference effects

occur beyond the Z pair threshold rather than the Higgs resonance [167]. The ZZ signal

samples used for the ZZ → ℓ−ℓ+ℓ−ℓ+ analysis are also generated with POWHEGBOX and

showered with PYTHIA8, and the gg component is also generated with gg2VV and show-

ered with PYTHIA8. The ZZ → ℓ−ℓ+ℓ−ℓ+ processes are treated as backgrounds to the

ZZ → ℓ−ℓ+νν̄ processes. All ZZ signal samples used in this analysis are shown Table 5.1,

with the corresponding cross sections, and event generator filter efficiencies. All samples

are produced with the default factorisation and renormalisation scales set to µF = µR = mZZ.

For the ZZ → ℓ−ℓ+ℓ−ℓ+ POWHEGBOX and gg2VV samples, a cut is applied at generator-

level requiring the invariant mass of the charge lepton pairs to be larger than 4 GeV for both

Z bosons, while for the ZZ → ℓ−ℓ+νν̄ samples, the cut applies to the charged lepton pair. In

the case of the ZZ → ℓ−ℓ+ℓ−ℓ+ POWHEGBOX samples, an additional filter is applied to the

events requiring at least three charged leptons (e or µ) with pT > 5 GeV and |η|< 10. The
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filter mainly serves to reject τ events. Only 0.05% of ZZ → ℓ−ℓ+ℓ−ℓ+ events are rejected

for approximately on-shell ZZ production, where “on-shell” is defined to be both Z bosons

produced in the mass range 66 < mℓ−ℓ+ < 116 GeV. The gg2VV samples have fiducial

cuts of |η| < 4.5, pℓT > 7 GeV. Corresponding tables of background samples are listed in

Chapter A.

5.4 Pile-up reweighting

Simulated Monte Carlo samples are often produced before or during a given data-taking

period. It is to be expected, then, that the distribution of the average number of interac-

tions per bunch crossing, denoted by 〈µ〉, obtained in MC will not necessarily match that

from data. Therefore, to obtain a more accurate representation of 〈µ〉, an event weight is

applied to fully reconstructed simulated events referred to as “pile-up reweighting”. An

official tool, PileupReweighting, is provided to obtain a corrected value of the average

interactions per crossing, which applies a weight derived from the distribution in data and

the 〈µ〉 distribution for a given sample. Samples simulated during a given data taking period

are are produced by choosing a run that is indicative of the average level of pileup experi-

enced during that data-taking period (this is also to ensure correct detector conditions that

are indicative of the data-taking period). A distribution of 〈µ〉 values is simulated for each

data-taking period. This is intended to cover the whole range of 〈µ〉 values (roughly 0-40

interactions per bunch crossing) seen in the data for that period and allow the MC to be

reweighted to the data.

5.5 Triggers and trigger matching

In agreement with other ATLAS Standard Model electroweak measurements, the analysis

uses a logical OR of the lowest threshold unprescaled single-lepton triggers with isolation

and a high pT lepton trigger during all data taking periods. The triggers are given in Ta-

ble 5.2. Both triggers have a lepton pT threshold of 24 GeV. A track-based isolation cut is

applied: the sum of the transverse momentum of tracks in a cone of size ∆R < 0.2 around

the lepton must be less than 10 % of the pT for electrons, and 12 % of the pT for muons. An

i in the trigger name means the isolation requirement is placed on the triggering object. For

electron triggers, vh means the trigger has both η-dependent pT thresholds and a hadronic

leakage cut at L1 [169].1

1The hadronic leakage requirement consists of a veto on hadronic energy of more than or equal to 1 GeV

deposited in the hadronic layers of the calorimeter, within a region of 0.2×0.2 in η ×φ behind the EM cluster.
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Period e trigger µ trigger

All

EF_e24vhi_medium1 EF_mu24i_tight

OR OR

EF_e60_medium1 EF_mu36_tight

Table 5.2 Electron and muon triggers used for the ZZ → ℓ−ℓ+νν̄ analysis. These triggers

correspond to the lowest unprescaled single lepton triggers available for 2012 data taking.

A logical OR is used between the triggers in a given sub-channel for a given data stream

(Egamma stream, Muons stream). The notation eXX/muXX indicates the minimum pT of the

electron/muon in GeV at Event Filter (EF) level.

There is a chance that the same event could fire multiple triggers, for example, a muon

could fire the electron trigger. To prevent duplicate events, a “trigger-overlap removal” is

applied which requires that if an event fired both the electron and muon trigger, keep only

the event in the electron stream and discard the event in the muon stream.

Events passing the preselection (Section 5.7) are required to have at least one “trigger-

matched” lepton, that is, a muon within ∆R < 0.1 of a muon which fires the trigger, or an

electron within ∆R < 0.15 of an electron which fires the trigger. To be matched, an online

reconstructed lepton must have transverse momentum at least 1 GeV higher than the on-line

threshold applied by the trigger hypothesis to ensure that the lepton is on the plateau of

the efficiency curve. For example, an electron must have pT > 25 GeV to be matched to

the EF_e24vhi_medium1 trigger. Trigger matching for both electrons and muons is imple-

mented by the package TrigMuonEfficiency [170].

5.5.1 Photon triggers

A photon reweighting method is used for the estimate of the Z +X background, requiring

events with one high ET photon to be selected. In 2012 data taking, photon triggers were

pre-scaled such that the trigger rate is approximately 1 Hz, with the prescale decreasing

progressively in E
γ
T from 20 GeV to approximately 120 GeV. The first unprescaled trigger

is EF_g120_loose.

In order to obtain a smooth photon spectrum, as shown in Fig. 5.2(b), photons within a

given ET bin is are scaled by the average prescale consistent with that ET of that particular

photon. Photons within a given trigger range bin are required to be 5 GeV over the lower

threshold for their respective triggers with a maximum of 5 GeV over the lowest threshold

for the next highest trigger, except in the case of photons above 125 GeV, as there is no
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higher trigger. For example, an event with a photon with E
γ
T of 50 GeV would be scaled by

the value corresponding to EF_g40_loose as it is between 45 GeV < E
γ
T < 65 GeV. A sum-

mary of the high ET single photon triggers, with their average prescales and E
γ
T thresholds

is given in Table 5.3. Furthermore, in order to obtain a smooth photon spectrum, the depen-

Trigger Average prescale Photon ET range [GeV]

EF_g20_loose 4415.781 25 < E
γ
T < 45

EF_g40_loose 348.553 45 < E
γ
T < 65

EF_g60_loose 80.942 65 < E
γ
T < 85

EF_g80_loose 28.535 85 < E
γ
T < 105

EF_g100_loose 13.037 105 < E
γ
T < 125

EF_g120_loose 1.000 E
γ
T > 125

Table 5.3 Single photon triggers used to select photons used to estimate the Z +X back-

ground in the ZZ → ℓ−ℓ+νν̄ analysis. The lower value of the pT range for a given trigger

indicates that the minimum E
γ
T for selection is 5 GeV over the nominal E

γ
T threshold for a

given trigger to ensure that the photon is on the efficiency plateau of the trigger.

dence of the photon triggers on pile-up must be accounted for. Different triggers sample

different pile-up conditions; selecting events with prescaled triggers introduces a bias that

preferentially selects events with lower pile-up. This occurs because the trigger prescale is

increased when the instantaneous luminosity is increased. This is correlated with the pile-up

conditions. The resulting effect is that prescaled triggers sample the low pile-up data more

than the high pile-up data. This has an effect on the Emiss
T modelling and must be taken into

account. To correct for this, a weight is also applied by taking the ratio of a given bin entry

in the 〈µ〉 distribution of the unprescaled trigger to the corresponding bin entry in the same

distribution of a given prescaled trigger, to make the pile-up distributions appear like the

unprescaled distribution. The 〈µ〉 distributions are shown in Fig. 5.1.
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〉µ〈Average number of interactions per bunch crossing 
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Fig. 5.1 Average number of interactions per bunch crossing for the single-photon triggers

for 2012. The 〈µ〉 distributions for each trigger are scaled to unit area.
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(a) The ET spectrum of tight photons before events are multiplied by their

corresponding trigger prescales and pile-up weights.
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Fig. 5.2 The spectra of tight photons (a) before and (b) after events are multiplied by their

corresponding trigger prescales, given in Table 5.3, and pile-up weights, obtained from

Fig. 5.1. The dashed lines indicate the various ET thresholds for single photon triggers used

in 2012 data taking. The first unprescaled trigger is EF_g120_loose.

5.5.2 Lepton trigger scale factors

Trigger efficiencies for electrons and muons have been measured in Z → ee and Z → µµ

events in data using tag-and-probe studies [171]. To account for discrepancies in the mod-

elling of the trigger efficiency in MC compared to data, a set of scale factors is derived to

enhance the agreement. The statistical uncertainty on the trigger efficiency is derived from

MC. The trigger scale factor is applied as an overall event-level weight after the requirement

that at least one lepton is trigger matched. The trigger scale factors are calculated as the ratio

SFtrigger =
1−∏

Nℓ
n=1

(
1− εData,ℓn

)

1−∏
Nℓ
n=1

(
1− εMC,ℓn

) , (5.1)

where where Nℓ is the number of leptons in a given event, εData is the trigger efficiency

determined from tag-and-probe studies from data for a single lepton flavour of lepton ℓn,

and εMC is the trigger efficiency determined with tag-and-probe from MC.
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5.5.3 Trigger efficiencies

The efficiencies of the single-lepton triggers are determined with the signal sample after all

selection cuts. They are listed in below in Table 5.4.

Channel MC efficiency [%]

MC efficiency

with trigger scale

factor applied [%]

Overall event scale

factor

e−e+νν̄ 99.60 99.60 0.9989

µ−µ+νν̄ 94.51 94.51 1.0003

ℓ−ℓ+νν̄ 96.92 96.89 0.9997

Table 5.4 Efficiencies of the single lepton triggers in ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄
events after all selection cuts. Leptons are required to be matched to a trigger, which reduces

the efficiency by approximately 0.2% in the ee sub-channel and 0.1% in the µµ sub-channel

compared to leptons that are not trigger-matched. The first column shows the trigger effi-

ciency estimated from MC events without applying any correction factors. The second

column shows the trigger efficiency after applying the trigger scale factor. The uncertain-

ties on the efficiencies are between 0.5% and 1% in each sub-channel. The scale factors

are applied on a per-event basis to reproduce the trigger efficiency measured in data in MC.

The overall event level scale-factor represents the average value of the product of all scale

factors for all events passing the full selection.

5.6 Analysis-level object definitions

This section briefly describes the criteria for analysis-level objects including electrons, muons,

jets, Emiss
T , and photons.

5.6.1 Electrons

The analysis uses only “central” electrons in the pseudo-rapidity |η| < 2.47 that are recon-

structed with the “standard” electron algorithm. In 2012 data taking, the standard electron

algorithm included refitting electron tracks with the Gaussian-sum-filter. They are required

to pass at least the loose++ requirement. Electrons are required to have an author of 1

or 3, meaning that they can be reconstructed from the calorimeter-based algorithm (author

1) or both the calorimeter-based and track-based algorithms (author 3). An Object Quality

(OQ) flag is placed which defines a “bad” electron or photon if its cluster is affected by the

presence of a dead front-end-board in the first or second sampling layer or by the presence
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of a dead high-voltage region affecting the three samplings or by the presence of a masked

cell. All electron candidates are required to pass the object quality cut (OQ AND 1446 ==

0). The bitmask 1446 defines a bad electron and indicates that its cluster is affected by at

least one of the following three conditions: the presence of a dead front-end-board in the

first or second sampling layer of the ECal, the presence of a dead region affecting the three

samplings, or the presence of a masked cell in the core. To ensure that the candidates come

from the primary vertex, the distance of closest approach of the electron’s track in the R− z

plane with respect to the primary vertex |z0 sin(θ)|, must be less than 0.5 mm and the d0

significance is required to be less than 6.2 The energy of electron candidates with 4 or more

silicon (SCT and Pixel) hits taken from the calorimeter cluster measurement, and the η and

φ are taken from the track. For electron candidates with fewer than 4 silicon hits, all elec-

tron parameters are taken directly from the cluster. In both cases, the cluster η and φ are

used for the requirement and for overlap removal. Electron candidates are required to have

pT > 25 GeV. Plots of the leading electron pT and leading electron η are in events with two

selected electrons is shown in Fig. 5.3(a), while plots of the sub-leading electron pT and η

are given in Fig. 5.3(c). Both track-based and calorimeter-based isolation requirements are

placed on electrons; the track isolation requirement is set at ptCone20/ET < 0.15, while

for the calorimeter isolation3 the transverse energy in a cone of ∆R = 0.2 around the elec-

tron candidate must be less than 15% of the electron ET, etcone20/pT < 0.15.4 Electrons

used to build Z candidates will pass all requirements. The ZZ selection involves a veto on

events with “third-leptons” to help reject WZ events. A “third-electron”, also referred to as a

“veto-type electron” is one which fails isolation, or, if it passes isolation requirements, fails

a final requirement that the electron is medium++. These electrons are not used to construct

Z candidates, but are carried through the selection specifically for the third-lepton veto.

5.6.2 Photons

Photons are required to have a minimum (calibrated) ET of 30 GeV, and are required to

pass the tight identification requirement using the PhotonIDtool [172] from the package

egammaAnalysisUtils provided by the ATLAS Egamma group. The acceptance of pho-

tons is restricted to |η| < 2.37, and those falling in the crack region 1.37 < |η| < 1.52 are

2Electrons which fall in the “crack” region defined by 1.37 < |ηcluster| < 1.52 are not removed as they as

they have been in other ATLAS analyses.
3
etcone20 means the transverse energy ET = E sinθ (ref) in the ECal deposited in a cone of half-opening

angle 0.2 around electron minus transverse energy representing the electron (5× 7 cells). This redundant

transverse energy comes from either detector noise or jets if the electron is not isolated.
4In both cases, the energy in the isolation cone does not include the energy of the electron itself, and is

corrected for the effects of pile-up.
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Fig. 5.3 (a) The pT and (b) η of the leading and sub-leading (c),(d) electrons in events

with two electrons which pass the selection criteria. Both leptons are required to be trigger-

matched, no other cuts are applied at this stage. All major background contributions are

given. Corrections/calibrations to simulation such as trigger scale factors are applied as

well as lepton energy/momentum and identification scale factors and any event-level scale

factors such as MC event weights, pile-up weights, and beamspot corrections.
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excluded. In both electron and photon analyses, a selection must be applied to reject bad

quality clusters or “fake” clusters which appear as a result of problems with the calorime-

ters during data taking. A 32-bit word is used to represent the object quality. The bitmask

&34214 is applied. Photon cleaning is performed as recommended by the ATLAS Egamma

group [173]. A requirement is placed on the EtCone isolation variable (Section 4.2.6) with

a cone size of 0.3 corrected for pT leakage and ambient energy density calculated from topo-

logical clusters [174–176] that it be greater than 2 GeV. Finally, a requirement is placed that

photons used for analysis are not converted [177]. Jets within a cone of ∆R < 0.3 of photons

are removed after jet overlap removal with electrons and muons.

5.6.3 Muons

As for electrons, muons are required to be central in that they are restricted to the pseudo-

rapidity range |η| < 2.5. Only STACO muons are used for the analysis and are required to

pass the “loose” identification requirement. Muons are required to be combined or segment-

tagged. The recommendations from the Muon Combined Performance (MCP) group are

applied. These recommendations place requirements on the track quality via the number

of pixel hits and dead pixel sensors, the number of SCT hits, the number of pixel holes

and SCT holes, and hits in the TRT. Muons must be isolated from energy deposits in the

calorimeter with etcone20/pT < 0.15. The energy in the cone is corrected for contribu-

tions from pile-up events using the number of vertices reconstructed in the event. The inner

detector track associated with a muon must be isolated from other tracks to reject secondary

muons from hadronic jets. In order to reject muons from the decay of heavy quarks, the

isolation requirement is ptCone20/pT < 0.15. Muons are required to have a pT greater than

25 GeV. Finally, a requirement that the muon is a combined muon is placed. Veto-type

muons are identified as muons which fail the calorimeter or track isolation, or, if they pass

the calorimeter and track isolation, fail the combined requirement. Plots of the leading and

sub-leading muon momenta and pseudorapidity are given in Fig. 5.4.

5.6.4 Jets

For this analysis, jets are reconstructed from topological clusters of energy in the calorimeter

with the anti-kt jet finder algorithm [178] with a radius parameter R = 0.4. The clusters

are locally calibrated (LC) to include hadronic calibration, dead material correction and

out-of-cluster corrections. Jets are required to have pT > 25 GeV and |η| < 4.5. Another

requirement on the jets is added to reduce the pile-up using a discriminant called the “jet

vertex fraction” (JVF) [177], which represents the probability that a jet came from a primary
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Fig. 5.4 (a) The pT and (b) η of the leading and sub-leading (c), (d) electrons in events

with two electrons which pass the selection criteria. Both leptons are required to be trigger-

matched, no other cuts are applied at this stage. All major background contributions are

given. Corrections/calibrations to simulation such as trigger scale factors are applied as

well as lepton energy/momentum and identification scale factors and any event-level scale

factors such as MC event weights, pile-up weights, and beamspot corrections.
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vertex. The JVF is defined as the fraction of charged particle transverse momentum in each

jet (in the form of tracks) originating in each identified primary vertex in a given event.

More specifically, it is the sum of the transverse momenta of all matched tracks from a

given vertex divided by the total jet-matched track momenta from all vertices. For a single

jet, denoted by jeti, the JVF with respect to the jth vertex in a given event is:

JVF(jeti,vertex j) =
∑k pT

(
track

jeti
k ,vertex j

)

∑n ∑l pT

(
track

jeti
l ,vertexn

) . (5.2)

Jets are required to have |JVF|> 0.5 if they have the kinematics of pT < 50 GeV and |η|<
2.4. Jets are removed if they overlap with selected electrons within a cone size of 0.3. Jets

which survive overlap removal with electrons are also removed if they overlap with selected

muons within a cone size of 0.3. The recommendations to “clean”, or remove events with

bad jets, i.e., jets not associated to real energy deposits in the calorimeters are followed

according to the recommendations from the ATLAS JET-ETMiss group [179, 180].

5.6.5 Emiss
T

The measurement of the Emiss
T is performed by using the standard MET_RefFinal algorithm

(Section 4.6) for both electron and muon channels. This algorithm classifies the calorimeter

deposits corresponding to their identification with physics objects, e.g. electrons (RefEle),

hard jets (RefJet), remaining softer jets (SoftJets) and further unclustered objects (CellOut

Eflow). The performance of the CellOut Eflow term is optimised using the tracker informa-

tion for low pT tracks and avoiding double counting of tracker and calorimeter energies. Fur-

thermore, measurements for different classes of isolated and non-isolated muons are added.

The Emiss
T distribution in events with a Z reconstructed from an opposite sign same-flavour

pair after trigger matching requirements and the Zmass window requirement is shown in

Fig. 5.5.

5.7 Event selection

The following describes the set of selection criteria in order to define a ZZ → ℓ−ℓ+νν̄

candidate event at reconstruction level, both for data and simulation.

1. Emiss
T Cleaning Any event with a jet that has pT > 20 GeV and passes the looser bad

or ugly criteria is vetoed. A “bad” jet is one that is not associated to a real energy

deposit in the calorimeter [180]. They are attributable to a wide range of sources



90 ZZ event selection

E
v
e

n
ts

 /
5

 G
e

V

-210

-110

1

10

210

310

410

510

610

710

810

910

-1 = 8 TeV, 20.3 fbs

Data
Z+X
W+X/Single top

/WttWW/t
WZ

 4l→ZZ
νν ll→ZZ

  [GeV]miss

T
E

0 50 100 150 200 250 300 350

D
a

ta
/M

C

0.5

1

1.5

2

(a)

E
v
e

n
ts

/5
 G

e
V

-210

-110

1

10

210

310

410

510

610

710

810

910

-1 = 8 TeV, 20.3 fbs

Data
Z+X
W+X/Single top

/WttWW/t
WZ

 4l→ZZ
νν ll→ZZ

 [GeV]miss

T
E

0 50 100 150 200 250 300 350

D
a

ta
/M

C

0.5

1

1.5

2

(b)

Fig. 5.5 The Emiss
T spectrum after the Z mass window and lepton trigger matching require-

ments in (a) the ee and (b) µµ sub-channels. Before applying the ZZ selection, the dominant

component of the Emiss
T comes from the Z +X background in which jets that are mismea-

sured give rise to significant missing energy. There are also significant contributions from

events with real Emiss
T such as WW , Wt, and tt̄.
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such as spikes in the hadronic end-cap, changes in LHC beam conditions, and cosmic-

ray showers. “Ugly” jets correspond to real energy deposits in a region where the

energy measurement is not accurate; this may happen in the transition region between

barrel and end-cap and problematic calorimeter regions. Several variables are used to

determine jet quality, such as the energy fraction in the electromagnetic calorimeter,

the maximum energy fraction in one calorimeter layer, and the energy fraction in the

hadronic end-cap [181].

2. LAr Hole Veto For events coming from the period where 6 FEBs of the LAr calorime-

ter were dead, events are vetoed when jets with pT greater than 25 GeV threshold are

found entering the dead region.

3. Two analysis-quality leptons Events are required to have two and only two same-

flavour, opposite-sign leptons passing the selection criteria listed in Section 5.6, which

come from the primary vertex. Veto-type leptons, or “third leptons” are not considered

analysis-quality in that Z candidates are not constructed from them because they have

failed either the identification or isolation cut (or both), rather they are only used to

veto events if at least one remains after the remaining selection cuts.

4. Trigger matching At least one lepton with pT > 20(25) GeV for muons (electrons),

must match to a trigger object.

5. Z mass window The two leptons must satisfy 76 < mℓ−ℓ+ < 106 GeV. This helps to

suppress the WW and tt̄ backgrounds, which produce leptons which do not form a

peak inside the mass window. A plot of the invariant mass of the two reconstructed

leptons is shown in Fig. 5.8.

6. Lepton Separation ∆R(ℓ−, ℓ+) > 0.3. The leptons which come from the Z decay

are required to have track isolation, or in the case of electrons, calorimeter and track

isolation. The isolation requirement places an implicit cut on the leptons such that

they cannot be closer than ∆R(ℓ−, ℓ+) = 0.3.

7. Missing transverse momentum The E
miss,axial
T , referred to as “axial MET” must ex-

ceed 90 GeV. Jets produced in association with a Z boson will give rise to a signifi-

cant amount of Emiss
T if the jets are mismeasured (fake Emiss

T ). ZZ → ℓ−ℓ+νν̄ events

should have a significant amount of real Emiss
T coming from the neutrinos. For on-shell

diboson production, if the diboson system does not recoil off additional jets, the two

bosons will tend to be well separated in the transverse plane. The E
miss,axial
T is the neg-

ative of the projection of the Emiss
T onto the Z bosons momentum vector. It is defined
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as

E
miss,axial
T =−Emiss

T · cos
(

∆φ(Emiss
T ,pZ

T)
)
, (5.3)

where ∆φ is the azimuthal angle as explained in Section 3.2.1. A schematic diagram

of E
miss,axial
T in relation to Emiss

T and pZ
T is given in Fig. 5.6. Backgrounds to diboson

processes have an E
miss,axial
T spectrum peaked around zero, while the signal has a

broad peak in the E
miss,axial
T spectrum and is not centred about E

miss,axial
T of zero. A

large E
miss,axial
T ensures that the two Z bosons have a large opening angle between

them in the transverse plane. This cut serves to reduce the Z +X background. The

E
miss,axial
T spectrum is plotted in Figs. 5.9 and 5.10.

8. Fractional difference |Emiss
T − pZ

T|/pZ
T < 0.4. This cut is also referred to as the “pT-

balance” cut. Events with two on-shell Z bosons and no high pT jets should have

the bosons produced with similar values of pT. The requirement that the magnitude

of the Emiss
T be comparable to the pZ

T further reduces the Z/γ∗+X background. The

pT-balance spectrum in the ee and µµ selections are shown in Figs. 5.11 and 5.12.

9. Jet veto Events must contain no reconstructed jets which have ET > 25 GeV. Vector

bosons produced in association with jets, such as Wt will produce real Emiss
T and high

pT leptons. However, the top decays will also produce additional jets. Requiring no

high pT jets in the event suppresses Wt and tt̄ backgrounds. The jet multiplicity is

shown in Figs. 5.13 and 5.14. The lack of a jet veto allows for more Wt and tt̄ as well

as additional Z +X background in the signal region, and the size of the background

becomes comparable to the W Z background, as shown in Fig. 5.15.

10. Third lepton veto Veto events with a third lepton passing all cuts and has a pT >10

GeV. ZZ → ℓ−ℓ+νν̄ production will give rise to two opposite-sign, same-flavour lep-

tons. However, W Z decays can mimic this signature if the pT from the lepton is soft

enough. This third lepton will not, in general, pass the isolation requirement. A veto

on extra leptons in the event serves to reduce the contribution from WZ events.

A representation of the cutflow for the signal selection in the e−e+νν̄ and µ−µ+νν̄

sub-channels is shown in Figs. 5.19 and 5.20. The cutflow for τ−τ+νν̄ is given in Fig. 5.21

to virtually no signal from τ’s pass the full selection.
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MetAx

MetTr Met

Fig. 5.6 A shematic diagram of E
miss,axial
T . The axial Emiss

T is defined as the negative projec-

tion of the Emiss
T onto the pT of the Z boson Eq. (5.3).
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Fig. 5.7 The invariant mass of the lepton pair used to reconstruct the Z candidate after the

dilepton requirement in the electron channel. No additional cuts are placed on the Z bosons.

The leptons are required to be trigger-matched. The ZZ → e−e+νν̄ signal is the bottom-

most contribution in the histogram stack. The excess at low mass is largely due to missing

low-mass Drell-Yan samples with mℓ−ℓ+ < 60 GeV, which model the Z+X contribution.
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Fig. 5.8 The invariant mass of the lepton pair used to reconstruct the Z candidate after the

dilepton requirement in the muon channel. No additional cuts are placed on the Z bosons.

The leptons are required to be trigger-matched. The ZZ → µ−µ+νν̄ signal is the bottom-

most contribution in the histogram stack. The excess at low mass is largely due to missing

low-mass Drell-Yan samples with mℓ−ℓ+ < 60 GeV, which model the Z+X contribution.
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Fig. 5.9 The E
miss,axial
T (Eq. (5.3)) spectrum after the lepton separation and Z mass window

requirement in the ee sub-channel, before the signal region cuts are applied. Both electrons

coming from the Z are required to be trigger-matched. Backgrounds to ZZ → ℓℓνν̄ have

their E
miss,axial
T spectra centred about zero, while the signal is peaked away from zero and

extends over the full range. The cut on E
miss,axial
T at 90 GeV is useful for suppressing Z +X

background.
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Fig. 5.10 The E
miss,axial
T (Eq. (5.3)) spectrum after the lepton separation and Z mass window

requirement in the µµ sub-channel, before the signal region cuts are applied.
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Fig. 5.11 The pT-balance spectrum after the E
miss,axial
T cut in the ZZ → e−e+νν̄ selection.
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Fig. 5.12 The pT-balance spectrum after the E
miss,axial
T cut in the ZZ → µ−µ+νν̄ selection.
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Fig. 5.13 The jet multiplicity after the E
miss,axial
T and pT-balance cuts in the in the ZZ →

e−e+νν̄ selection.
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Fig. 5.14 The jet multiplicity after the E
miss,axial
T and pT-balance cuts in the in the ZZ →

µ−µ+νν̄ selection.
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Fig. 5.15 The pZ
T spectrum after the E

miss,axial
T cut in the ZZ → e−e+νν̄ selection without

the jet veto applied. The dominant backgrounds at this stage are the W Z and the WW, tt̄,Wt.

The jet veto helps to suppress WW, tt̄,Wt as well as Z +X not removed from the E
miss,axial
T

and pT-balance.
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Fig. 5.16 The pZ
T spectrum after the E

miss,axial
T cut in the ZZ → µ−µ+νν̄ selection without

the jet veto applied.
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Fig. 5.17 The pZ
T spectrum after all ZZ selection cuts in the e−e+νν̄ sub-channel.
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Fig. 5.18 The pZ
T spectrum after all ZZ selection cuts in the µ−µ+νν̄ sub-channel.
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Table 5.5 summarises the observed and expected event counts in both sub-channels after

all selection cuts. The first uncertainty is statistical and the second is systematic.

ZZ → ℓ−ℓ+νν̄ e−e++Emiss
T µ−µ++Emiss

T

Observed 102 106

Expected Signal 51.1±0.9+2.6
−2.5 55.1±1.0+2.7

−2.9

Expected Total Background 32.4+5.5
−4.6

+3.3
−3.2 33.2+6.0

−5.0
+3.4
−3.3

Table 5.5 A summary of observed events and expected signal and background contributions

in the individual ZZ → ℓ−ℓ+νν̄ sub-channels. The background estimations cover Z +X ,

single top, tt̄ other diboson processes, and W +X . The first error is statistical while the

second is systematic.

5.8 Reconstruction systematic uncertainties

This section lists the various experimental systematics associated with electron/muon/jet

identification and reconstruction which affect the objects used for signal selection. As essen-

tially all of the corrections come from the recommendations of one of the ATLAS working

groups, references for the sources of any corrections used are provided where possible.

5.8.1 Electron systematics

The ratio, or efficiency, of a true single electron spectrum to one determined experimentally

is subject to various individual efficiencies coming from the detector, such as the efficiency

to reconstruct an electromagnetic cluster from deposits in the calorimeter, the efficiency to

reconstruct an electron given a cluster, and the efficiency of an electron being identified

based on the selection criteria used to classify electrons. The differences observed in the

reconstruction and identification efficiencies between the data and simulation are taken into

account by weighting the simulation with scale factors provided by the ATLAS Egamma

group. The systematic uncertainties are then determined by varying the scale factors within

their uncertainties. The electron identification efficiency scale factors and their uncertainties

are determined from W and Z tag-and-probe measurements [182] and are given as a function

of |η|, ET, and electron algorithm (loose, medium, tight). The uncertainties of the η

and ET-dependent scale factors are added in quadrature to obtain the combined electron

identification uncertainty.
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Another source of uncertainty lies in the difference between the data and MC distribu-

tions for the modelling of isolation and impact parameter significance cut efficiencies in

tag-and-probe studies. A set of scale factors to correct the modelling of isolation is obtained

in bins of η and electron pT. The uncertainty due to isolation and impact-parameter signifi-

cance is obtained by varying the scale factors within their ±1σ uncertainties and taking the

difference with respect to the nominal selection.

Simulation generally does not reproduce the energy resolution observed in data for vari-

ous reasons, such as the mapping of the detector material in the geometry database. There-

fore, a smearing is applied to the energy resolution in MC. The systematic uncertainties

associated with the smearing procedure are obtained from an official tool provided by the

ATLAS Egamma group. Systematic uncertainties on the energy scale derived from the 2012

dataset are also implemented in an official tool.

5.8.2 Muon systematics

The nature of the systematic uncertainties associated with the muons is similar to that for

electrons, i.e. the dominant contributions to the overall systematic are from reconstruction

uncertainties and detector resolution uncertainties.

One of the primary uncertainties for combined muons is the resolution uncertainty asso-

ciated with measurements in the inner detector and muon spectrometer (MS). The momen-

tum resolution is expressed as quadrature sum of two terms, one of which is scaled by the

momentum:
σpT

pT
= a⊕bpT , (5.4)

where the momentum is parametrised by resolution parameters, and a scale parameter in the

following form:

pcorr
T = pMC

T · s · (1+∆p1G(0,1)+ pT ·∆p2G(0,1)) , (5.5)

where pcorr
T is the scaled and corrected pT, s is the scale parameter, p1 and p2 are the resolu-

tion parameters, and G(0,1) is a Gaussian distribution centered on 0 with standard deviation

1. The scale and momentum resolution parameters are determined in different η regions of

the detector using a maximum likelihood template fit to Z → µµ events. Scale factors are

derived to enhance the agreement. The uncertainty due to muon momentum smearing for ID

and MS muons is obtained by varying the momentum resolution factors within their ±1σ

uncertainties and taking the difference with respect to the nominal selection.
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Muon momentum resolution and scale are calibrated in a both a low pT region using

J/ψ→ µµ events and a higher pT region using Z → µµ events. A scale correction is added

into the pT term to adjust the difference between simulated events and those observed in data.

These correction scale factors are applied to the muons during the selection. As with the

momentum resolution uncertainty, the momentum scale uncertainty is obtained in a similar

fashion using the momentum scale factors.

As with electrons, scale factors are obtained in bins of η and pT for muons to provide

corrections for the modelling of isolation and impact parameter significance. The uncer-

tainty due to isolation and impact-parameter significance is obtained by varying the scale

factors within their ±1σ uncertainties and taking the difference with respect to the nominal

selection.

Muon reconstruction efficiency is determined by using a tag-and-probe method at the

J/ψ and Z resonances, which allows one to select an unbiased sample of muons by requiring

an ID track (the probe) that, along with a well reconstructed muon (the tag), forms a system

with invariant mass consistent with a dimuon resonance. This enables a sample of low-

pT probes and high-pT probes to be selected independently of the MS and can be used to

measure the efficiency for reconstructing a muon with MS measurement. The agreement

between data and Monte Carlo simulation is evaluated by means of scale factors binned

in pT and η , which are the ratios of the efficiencies measured in experimental data and

simulation data, i.e.

SF =
εreco,Data

εreco,MC
. (5.6)

Scale factors are provided by the MCP group via the package MuonEfficiencyCorrections.

The uncertainties provided by the classes are the statistical errors of the tag-and-probe ef-

ficiency measurement. The systematic error of the scale factors as a function of the muon

momentum is provided by a separate method of the scale factor class, and is of the order of

0.2%. The efficiency scale factors are varied within their uncertainties and the selection is

applied to muons, with the uncertainty taken as the difference with respect to the nominal

selection.

5.8.3 Jet systematics

The fractional jet pT resolution, σpT
/pT, is estimated with two independent in-situ meth-

ods; the dijet balance method [183] and the bisector method [184]. At fixed rapidity, the

fractional jet pT resolution is equivalent to the fractional jet energy resolution σ(E)/E. An

interface is provided to allow smearing of jets within the jet energy resolution in MC, via the

tools ApplyJetResolutionSmearing-00-01-02 and JetResolution-02-00-02. For
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2012 data at 8 TeV, no smearing was applied to the nominal MC jets. The systematic uncer-

tainty is obtained by applying smearing to jets within ±1σ of the measured MC resolution

and taking the difference with respect to the nominal selecton.

The jet vertex fraction allows for the identification of jets originating from the hard

scatter (as opposed to those from pile-up) by defining a discriminant which measures the

probability that a jet originated from a particular vertex. The jet vertex fraction algorithm

requires for its input reconstructed tracks, jets, and primary vertices. Three different work-

ing points are provided (nominal, up variation and down variation) and the analysis is run

accordingly using the nominal JVF cut, another with the JVF up cut variation and with

the JVF down cut variation. The difference with respect to the nominal correspond to the

systematic uncertainty associated to the use of JVF.

5.8.4 Missing transverse momentum systematics

An uncertainty is assigned to the soft terms scale and resolution, similarly to what is done

for the jets with the JES and JER uncertainties. As with jets, the smearing is done using

the official tool MissingETUtility-01-02-08, which propagates the object systematics

as defined Section 5.6 to the hard object terms, and then separately provides scale and reso-

lution systematics on the soft terms. The uncertainty due to the soft terms resolution/scale is

taken with respect to the selection using the Emiss
T calibrated using objects without smearing

applied.

5.8.5 Trigger systematics

The uncertainty due to trigger matching of selected leptons and applying an event-by-event

trigger weight. The selection requires reconstructed leptons to be matched to a specific trig-

ger or a combination of triggers (Section 5.5). After the application of the trigger require-

ment, the event is weighted by a per-event trigger scale factor for the analysis, according

to equation Eq. (5.1). The systematic uncertainty due to trigger efficiency is obtained by

varying the scale factors within their ±1σ systematic uncertainties and applying the full

selection and taking the difference with respect to the nominal selection.

5.8.6 Theoretical uncertainties

There are several sources of theoretical uncertainty on the samples used for background es-

timates, as well as the signal samples. The dominant uncertainties are given below. The
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MC samples used for the signal are generated using the CT10 PDF set, which provides 26

independent degrees of freedom (eigenvectors). For each of the 26 eigenvectors, an up and

a down variation is calculated. An asymmetric total PDF uncertainty may be obtained as the

quadrature sum of the up variations and correspondingly for the down variations. Typically,

PDF systematics are also evaluated by generating signal samples with Some generators are

parton-level only in that they produce a set of four-vectors which must be showered with

QCD initial and final state radiation to turn them into a sample of fully-weighted events.

This places a dependency on the particular model used to shower the events and the model

of the underlying event and soft, non-diffractive physics in and event. The ZZ signal, com-

posed of separate POWHEGBOX and gg2VV samples, are showered with PYTHIA8. To

estimate the uncertainty due to parton shower, POWHEGBOX events were showered with

HERWIG+JIMMY (v6.5) and the selection is applied, with the uncertainty taken as the

difference with respect to the values obtained with the nominal selection. In addition to

the parton shower uncertainty, there is also a dependence on the choice of factorisation and

renormalisation scales used to produce the samples. The nominal signal samples are gener-

ated with the default factorisation and renormalisation scales set to µF = µR = mZZ. How-

ever, this is only one particular choice of scale. The uncertainty is evaluated by generating

independent samples (at particle-level) of ZZ events with the factorisation and normalisa-

tion scales varied independently by a factor of 2. The value of the QCD scale uncertainty

is taken as the combination of factorisation and normalisation scale (for a given variation)

which gives the largest deviation with respect to the nominal in the event yield after the full

selection is applied.

5.8.7 Luminosity uncertainty

The measurement of the cross section is inversely proportional to the integrated luminosity

used for the data sample. Background estimates which use MC samples are also dependent

upon the normalisation to the integrated luminosity. The uncertainty on the luminosity

measurement as determined by the luminosity group to be 2.8% using the methods found in

[161]. The impact of luminosity scaling on background estimates is discussed in Chapter 6.
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Background estimation

In order to measure the ZZ production cross section, the level of background contamination

of events which mimic the signal but come from other processes must be known. The

estimate of the total background contribution is subtracted from the observed events in data

to give the number of signal events. Both data-driven techniques as well as simulation are

used to estimate the various background contributions. This chapter presents the estimation

techniques used to measure the backgrounds in the ZZ → ℓ−ℓ+νν̄ analysis, as well as the

sources of uncertainty on the estimates.

6.1 Overview of background processes

For the ZZ → ℓ−ℓ+νν̄ analysis, the signal is defined as pp → ZZ → ℓ+ℓ−+Emiss
T , where

ℓ± = e±,µ±. However, there are many other known Standard Model processes which

can give rise to two high pT opposite-sign, same-flavour charged leptons and a significant

amount of Emiss
T , producing events which pass the full selection. Backgrounds are generally

categorised by the way in which they mimic the signal, allowing estimations of multiple

sources of background at once. There are five different processes which provide major

contributions to the background:

• W Z: This will mimic the signal if a lepton from the W is undetected. This is the

largest background after all cuts, as shown in Figs. 5.17 and 5.18. This background is

reduced by the veto on third leptons.

• ZZ → ℓ−ℓ+ℓ−ℓ+: This is an irreducible background if two of the charged leptons

go undetected. The contribution is estimated to be on the order of 1% of the total

expectation, and is estimated using fully-simulated MC samples.
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• tt̄ and associated Wt production: This will give rise to high pT leptons coming from

decay of the W±, jets, and Emiss
T . If the jets are mismeasured, this will cause additional

(fake) Emiss
T . This background is suppressed by the jet veto.

• WW production: This gives rise to two leptons and large Emiss
T coming from leptonic

decays of the W bosons. However, the two charged leptons will generally not form a

resonance peaked about the Z pole, and the background is suppressed by the Z mass

window requirement.

• Z → ττ , ZZ → τ−τ+νν̄: These final states can also give rise to two opposite-sign

same flavour electrons or muons and real Emiss
T , but they constitute very small con-

tributions to the overall background. The expected number of ZZ → τ−τ+νν̄ events

which make it into the signal region is shown in Fig. 5.21 and is shown to be essen-

tially negligible. The tt̄, Wt, WW , ZZ → τ−τ+νν̄ , Z → ττ backgrounds are estimated

together by using events in an opposite-flavour lepton pair control region.

• W +X (X is jets or photons), multijet, single t production: If a jet is reconstructed as

a lepton, the signature is the same as the signal. However, this will not have a peak in

the mℓ−ℓ+ spectrum within the Z mass window. This background is estimated using

the “matrix method” technique.

• Z +X , where X is a hadronic state or photon. An imbalance in the Emiss
T will appear

as the signal. This background is suppressed by the axial-Emiss
T and the pT-balance

cuts. The contribution is estimated using single photon events that are reweighted to

match Z boson kinematics.

Data-driven techniques are used where possible to estimate the backgrounds. This is done

for the combined tt̄,WW,Wt,ττ estimate and the estimates of Z+X the W +X backgrounds.

The WZ is estimated using POWHEGBOX (interfaced to PYTHIA8), with the largest the-

oretical systematic uncertainties estimated with MCFM, while the ZZ → ℓ−ℓ+ℓ−ℓ+ back-

ground is estimated using POWHEGBOX and gg2VV (both interfaced to PYTHIA8 for

parton showering).

6.2 WZ background

The W Z background is the largest after all selection cuts are applied. The background

is estimated by applying all ZZ signal selection cuts to the POWHEGBOX (interfaced to

PYTHIA8) W Z samples. The MC prediction is validated in separate three-lepton control
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regions: eee, eeµ , µµe, and µµµ . For the eeµ and µµe signatures, the same-flavour leptons

are paired together to form a candidate Z boson, and for the eee and µµµ channels, the

lepton pair which gives an invariant mass closest to the Z mass given by the PDG is used

as the Z candidate, and the unpaired lepton is considered the third lepton. Comparisons

to data are shown in Figs. 6.1(a) to 6.1(d) for the four control regions. The agreement
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Fig. 6.1 Emiss
T in the three-lepton validation regions used in the WZ background estimate.

The leptons are required to be trigger matched. For the eee and µµµ control regions, the

opposite-sign pairing which minimises the difference between the mℓ−ℓ+and the PDG Z

mass is used to reconstruct the Z boson.
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in the eee and µµµ control regions at low Emiss
T is better compared to the eeµ and eµµ

control regions. Previously, in the 7 TeV analysis, an additional systematic was assigned to

cover any significant excess from the Z+jets component. As there is no significant excess in

the Z+jets component, and the WW, tt̄,Wt contributions to the control regions is small, no

additional systematic is assigned.

The nominal values of the W Z backgrounds in the ee and µµ sub-channels are given

at the top of Table 6.1. Because the estimate is taken from simulation, it is subject to both

experimental and theoretical uncertainties. Experimental uncertainties on lepton reconstruc-

tion and identification and triggering are accounted for, as well as uncertainties on jet energy

scale and resolution and Emiss
T resolution. All samples are normalized to the luminosity of

the data sample (Section 5.8.7), making the estimate subject to a luminosity normalisation

uncertainty. The dominant theoretical uncertainties come from the choice of QCD scale

used to generate the WZ samples and the PDF uncertainty. Assessing the QCD scale uncer-

tainty is typically done by varying the renormalisation and factorisation scales up and down

independently1 in the generator to produce a range of samples used to assess the magnitude

of the resulting change on the background estimate. The WZ samples consist of all three

flavours of leptonic decay for the W and Z (Chapter A), both for W+ and W−. Production

of fully-simulated samples is computationally intensive, and production of fully-simulated

variations for all WZ samples is not practical. To overcome this, particle-level WZ samples

were produced with MCFM with the scales set to 1
2mWZ for the nominal, mW Z for the up-

ward and 1
4mWZ for the downward variation. The MCFM samples were then reweighted to

provide a “scale weight” which was applied to the POWHEGBOX samples. The QCD scale

weights as a function of pZ
T are shown in Fig. 6.2. The PDF uncertainties are estimated us-

ing the eigenvectors provided by LHAPDF (Section 5.8.6) and applying the corresponding

weights to the nominal POWHEGBOX samples. The nominal values of the the WZ back-

ground and the contributions to the background from systematic uncertainties are given in

Table 6.1.

6.3 ZZ → ℓ−ℓ+ℓ−ℓ+ background

The ZZ → ℓ−ℓ+ℓ−ℓ+ background is also estimated using simulated samples. The samples

used are listed in Table 5.1. This is the smallest background after all selection cuts are

applied. Here the uncertainty due to PDF variation has not been included, as it is negligible.

The nominal values of the background are given in Table 6.2.

1 Generators such as POWHEGBOX allow for independent variation of the factorisation and normalisation

scales, although many generators do not allow for this.
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ee channel µµ channel

Expected events 16.9 18.7

statistical uncertainty +6.5%
−6.5%

+5.7%
−5.7%

luminosity +2.8%
−2.8%

+2.8%
−2.8%

electron energy scale +4.0%
−2.2%

−0.2%
+0.2%

electron energy resolution +0.4%
+1.5%

0.0%
−0.2%

electron reconstruction efficiency +0.7%
−0.7%

0.0%
0.0%

electron identification efficiency +1.5%
−1.5%

0.0%
0.0%

electron isolation +0.3%
−0.3%

0.0%
0.0%

muon reconstruction uncertainty - +0.6%
−0.6%

muon identification efficiency - +0.1%
−0.1%

muon momentum resolution - +1.7%
−0.4%

muon momentum scale - +0.3%
−0.8%

muon isolation - +2.8%
−2.8%

jet energy scale −6.0%
+4.0%

−3.8%
+3.9%

jet energy resolution −6.1%
+6.1%

−3.2%
+3.2%

jet vertex fraction +0.4%
−0.3%

+0.4%
−0.2%

Emiss
T resolution (soft terms) +2.2%

−2.2%
−1.2%
+1.2%

Emiss
T scale (soft terms) +0.9%

+2.0%
−3.1%
−0.1%

trigger +0.1%
−0.1%

+0.5%
−0.5%

QCD scale −6.0%
+7.4%

−5.6%
+6.9%

PDF −3.2%
+2.6%

−3.0%
+2.6%

Table 6.1 The relative systematic uncertainties for the WZ background. The dominant un-

certainties come from the contributions from limited statistics of the W Z samples and the

QCD scale uncertainties. Uncertainties such as lepton reconstruction and identification and

theoretical uncertainties are also included. A dash indicates an uncertainty of less than 0.1%

.
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ee channel µµ channel

Expected events 0.57 0.59

luminosity +2.8%
−2.8%

+2.8%
−2.8%

statistical uncertainty +7.1%
−7.1%

+7.7%
−7.7%

electron identification +1.6%
−1.6% -

electron isolation +0.3%
−0.3% -

electron reconstruction efficiency +0.7%
−0.7% -

electron energy resolution −0.9%
−0.8% -

electron energy scale +3.7%
−5.4% -

muon momentum resolution - −0.2%
+0.7%

muon momentum scale - −0.2%
0.0%

muon reconstruction efficiency - +0.3%
−0.3%

muon identificaton efficiency - +0.5%
+0.4%

muon isolation - +3.0%
−3.0%

jet energy scale −10.2%
+3.2

−5.3%
+8.3%

jet energy resolution −0.6%
+0.6%

−8.4%
+8.4%

jet vertex fraction 0.0%
−1.6% -

Emiss
T resolution (soft terms) −0.9%

+0.9%
−0.3%
+0.3%

Emiss
T scale (soft terms) −2.1%

−0.4%
+0.4%
+0.4%

trigger +0.1%
−0.1%

+0.5%
−0.5%

Table 6.2 The relative systematic uncertainties for the ZZ → ℓ−ℓ+ℓ−ℓ+ background esti-

mated from the POWHEGBOX and gg2VV samples in the ee and µµ sub-channels. The

dominant contribution is from the statistical uncertainty on the samples used to estimate the

background. In the ee sub-channel, electron reconstruction and identification systematics

dominate, while in the µµ sub- channel, the muon reconstruction systematics and momen-

tum scale systematics contribute.
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Fig. 6.2 Weights obtained by varying samples produced with MCFM at different factori-

sation and normalisation scales, which are then applied to POWHEGBOX WZ samples to

assess the systematic uncertainty due to QCD scale.

6.4 tt̄, Wt, WW , ZZ → τ−τ+νν̄ , and Z → ττ background

These events will give rise to two real high pT leptons and real Emiss
T coming from boson

decays to neutrinos. This background is estimated using a data-driven technique which

exploits the fact that the leptonic decay branching ratios for the ee, µµ and eµ channels

from tt̄, Wt, WW and Z → ττ are (1:1:2). The opposite-flavour region eµ contains no

ZZ → e−e+νν̄ or ZZ → µ−µ+νν̄ signal. Events selected inside the Z-mass window can

be used to estimate the background via an extrapolation to an opposite-sign same-flavour

region.

Events are selected by applying the same cuts as for the ZZ → e−e+νν̄ and ZZ →
µ−µ+νν̄ signal regions, however, instead of requiring the same flavour of lepton, opposite-

flavour lepton pairs are selected. This region is referred to as the “eµ control region”. Differ-

ences in lepton selection efficiencies between the two flavours must be accounted for. The

number of dilepton events selected in the ℓ1ℓ2 channel (where ℓi = e,µ) proportional to the

product of individual lepton efficiencies; this may be expressed as

Nℓ1ℓ2
= εℓ1

εℓ2
Mℓ1ℓ2

, (6.1)

where Mℓ1ℓ2
is the number of events produced in the ℓ1ℓ2 channel, and εℓ1

and εℓ2
are the

corresponding selection efficiencies. These selection efficiencies are assumed to be indepen-
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dent of lepton kinematics. The number of same-flavour to opposite-flavour events is given

in terms of the number of opposite-flavour events by

Mee = Mµµ =
1

2
Meµ =

1

2

Neµ

εeεµ
, (6.2)

using Eq. (6.1). Here, Neµ is the number number of opposite-flavour dilepton events in the

eµ control region. Combining Eq. (6.1) (with ℓ1 = ℓ2 = e or ℓ1 = ℓ2 = µ) and Eq. (6.2)

gives

Nee =
Neµ

2

εe

εµ
,

Nµµ =
Neµ

2

εµ

εe
.

(6.3)

The ratio of selection efficiencies becomes

kee ≡
1

2

εe

εµ
=

1

2

√
N′

ee/M′
ee√

N′
µµ/M′

µµ

=
1

2

√
N′

ee

N′
µµ

(6.4a)

kµµ ≡ 1

2

εµ

εe
=

1

2

√
N′

µµ/M′
µµ

√
N′

ee/M′
ee

=
1

2

√
N′

µµ

N′
ee

(6.4b)

The quantities N′
ee and N′

µµ are estimated in a control region where Z → ee and Z → µµ

processes dominate. This control region consists of dilepton events passing the Z candidate

cuts Section 5.7. As the contamination from non-Z → ee and non-Z → µµ events is small,

no background subtraction to the Z → ee and Z → µµ processes is done in these regions.

Ideally, N′
ee and N′

µµ would be measured in a separate ee and µµ control regions dominated

by the processes being estimated in this data-driven method (WW , for example), but obtain-

ing such a control region with sufficient statistics is challenging. Using these relations gives

the expressions for the background estimates

Ntt̄,Wt,WW,ZZ→τ−τ+νν̄,Z→ττ
ee = (Ndata

eµ −N
bkgd
eµ )× kee (6.5a)

N
tt̄,Wt,WW,ZZ→τ−τ+νν̄,Z→ττ
µµ = (Ndata

eµ −N
bkgd
eµ )× kµµ , (6.5b)

where N
bkgd
eµ is the contamination from other processes in the opposite-flavour control region

coming from processes such as WZ, that are not part of this background estimate. The

contamination N
bkgd
eµ is estimated from simulation. Fig. 6.3(a) shows the Emiss

T spectrum

in the opposite-flavour control region, and the pT of the eµ pair is shown in Fig. 6.3(b).
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The WW , Wt, and tt̄ processes dominate and contribute more than 98% of the selected eµ

events.
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WW/tt̄/Wt background.
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(b) The pT of the dilepton pair in selected eµ events used for

the WW/tt̄/Wt background.

Fig. 6.3 (a) The Emiss
T spectrum and (b) the pT of the dilepton pair in selected eµ events

used for the WW/tt̄/Wt background. Within the mass window 76 GeV < mZ < 106 GeV,

the dominant contributions are from WW, tt̄,Wt. At this stage of the selection, contributions

to the eµ control region from processes other than WW , tt̄, Wt and Z → ττ , are between 2

and 3%. There are also non-negligible contributions from WZ, which are subtracted off to

obtain the corrected number of eµ events in data using Eq. (6.5).

The dominant uncertainties for this background method fall into four general categories.

They are:

• Statistical uncertainty in both the opposite-flavour eµ region, Neµ , and the control

regions used to measure N′
ee and N′

µµ . Correlation between sub-channels occurs since

the same set of event counts is used for both sub-channels in each corresponding bin.

Asymmetric Poisson uncertainties were used for the Neµ event counts because this

event count is close to zero for some of the bins.

• An additional uncertainty is placed on the quantities kee and kµµ , which is the dif-

ference between values obtained by calculating these quantities from Z → ee and

Z → µµ simulated samples and that obtained from the combined tt̄, Wt, WW ,Z → ττ

samples.
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• Statistical uncertainty from the non-eµ background that is subtracted off in the actual

background estimate. This uncertainty is correlated between channels, as it appears

in the estimates for both sub-channels as shown in Eq. (6.5).

• Processes that are modelled with MC simulation to obtain N
bkgd
eµ are subject to lumi-

nosity, lepton reconstruction/identification and jet resolution and Emiss
T uncertainties.

Systematic variations which give changes less than 0.1% of the central value are ne-

glected.

The nominal values of the background and systematic uncertainties are given in Table 6.3.

ee µµ

Expected events 13.30 15.4

statistical uncertainty from estimation of Neµ ,N
′
ee,N

′
µµ

22.5%
−19%

24%
−19%

statistical uncertainty from estimation of N
bkgd
eµ ±0.5% ±0.5%

uncertainty on calculation of kee,kµµ ±2.8% ±2.8%

luminosity ±0.04% ±0.04%

jet energy resolution ±0.25% ±0.25%

Emiss
T resolution and soft-terms scale ±0.3% ±0.3%

remaining reconstruction uncertainties (combined) ±0.4% ±0.4%

total uncertainty 23%
−19%

23.5%
−19%

Table 6.3 Data-driven estimates and for the collective tt̄, Wt, WW , ZZ → τ+τ−νν and

Z → τ+τ− background processes. Any reconstruction and luminosity uncertainty that is

less than 0.1% of the nominal value in both directions has been neglected. The combined

lepton reconstruction and identification uncertainties for summary purposes only.

6.5 Z +X background

After selecting events with two leptons which pass the selection criteria within the Z-mass

window, the most dominant background contribution is from Z +X , where X is a hadronic

state or a photon and the Z boson decays leptonically, as shown in Section 5.7. The E
miss,axial
T

cut, the pT-balance cut, and the jet veto all serve to suppress the Z +X background. Simu-

lation shows that the expected background from Z+X is small relative to the overall signal.
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However, as the cut on E
miss,axial
T is at 90 GeV most of the Z+jets simulated samples tend

to run out of statistics in the signal region, making background estimation subject to large

systematic uncertainties due to the limited statistics of the samples. Furthermore, any es-

timate taken from simulation is heavily dependent upon the fake Emiss
T modelling in MC

simulation. This, in turn is dependent upon the contributions of jets, electrons, muons, and

photons, in addition to the effects of pileup on the modelling of the Emiss
T . To reduce this de-

pendency, a data-driven technique based on photon-reweighting is chosen. Using photons

to model background contributions from invisibly decaying Z bosons was first developed

in the context of calibrating the Standard Model background from Z → νν̄ decays to new

physics processes [185]. This technique has been used in ATLAS SUSY searches to esti-

mate the contribution from invisible Z decays in events with with jets, Emiss
T , and multiple

leptons which could occur in a cascade decay of a squark or gluino [186]. Methods using

γ + jets events to model Z → ℓ+ℓ− + jets were developed in the context of the ZZ → ℓ−ℓ+νν̄

analyses at 7 TeV [77], although it can be extended to W−W+ and H → W−W+ analyses

[187]. Photon events are similar to Z boson events because they also have no true missing

energy and they have a similar hadronic recoil. Furthermore, this method relies strongly on

the data, which avoids mismodelling of the Emiss
T distribution in simulation. In general, it

is difficult to find control regions based on lepton isolation and identification that are not

contaminated with Z + jets processes, however photons allow a sufficiently high-statistics

control region to model Z kinematics.

The details of photon selection and photon triggers used are described Section 5.6.2. The

photon ET spectrum and the Emiss
T in single photon events are shown in Figs. 6.4 and 6.5.

At low Emiss
T the dominant backgrounds to single photon plus jet production are quark

and gluon-induced multijet processes which are not modelled. The excess in data at low E
γ
T

in Fig. 6.4 is assumed to be primarily due to missing dijet and multijet samples. The tail of

the Emiss
T spectrum consists mainly of electroweak processes that have real missing energy,

such as W γ , and Z → νν̄ +γ . In addition to the photon ET selection, a lepton veto is applied

to reject leptonically decaying W± bosons produced with a photon. The veto requirement

uses the same lepton definition as in the analysis.

In order for the Emiss
T in photon events to model the Emiss

T in Z events, a reweighting in

a kinematic variable must be performed. In general, the reweighting is applied in a variable

such as E
γ
T and p

jet
T . However, because of the jet veto used in the analaysis, only the photon

ET serves as a candidate for reweighting. A simple set of event weights is derived by taking

the ratio of the pZ
T sprectrum to the E

γ
T as shown in Fig. 6.8. The weight for a photon in a

given range ET,1 < E
γ
T < ET,2 is taken as the ratio of the total number of Z events within

that pT (ET) range divided by the number of single photon events within that same pT range,
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Fig. 6.4 The E
γ
T spectrum in single photon events produced in association with jets. Photons

events in data within a particular E
γ
T range are multiplied by their respective prescales to

obtain a smooth spectrum. This spectrum is used to derive weights which are used to model

Z + jets events. The small excess at low E
γ
T is due primarily to missing QCD dijet and

multijet samples.
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Fig. 6.5 The Emiss
T spectrum in single photon events produced in association with jets.

E
v
e
n
ts

/n
 j
e
ts

-110

1

10

210

3
10

410

5
10

6
10

710

8
10

9
10

10
10

-1
 = 8 TeV, 20.3 fbs Data

+jetsγ γ + νν→Z
γW+ W+jets

Wt/t tt
WZ WW

 4l→ZZ νν ll→ZZ

 [GeV]
γ
T

E

0 2 4 6 8 10 12

D
a

ta
/M

C

0.5

1

1.5

2

Fig. 6.6 The jet multiplicity spectrum in single photon events.
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Fig. 6.7 The (a) E
γ
T and (b) Emiss

T spectra in single photon events with a veto on additional

jets. The E
γ
Tspectrum is much more steeply falling compared to Fig. 6.4, and is used to

derive a separate set of weights for the ZZ signal region once the jet veto is applied.
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i.e.

wγ

(
ET,1 < E

γ
T < ET,2

)
=

NZ
events

(
pT,1 < pZ

T < pT,2

)

N
single-photon
events

(
ET,1 < E

γ
T < ET,2

) . (6.6)

The spectra are derived from Z bosons using a low-Emiss
T control region of Emiss

T < 70 GeV

to ensure orthogonality to the signal region, but also to ensure sufficient statistics. Photon

selection proceeds similarly to Z selection, although the lepton separation cut (Section 5.7)

is not applied as the photon is not formed from a lepton pairing. The jet veto changes the

pT spectra and significantly reduces the statistics available for weighting. Because of the

change in pT shape, weights are derived using the same requirements with an additional

requirement of the jet veto. Weights derived without the jet veto (Fig. 6.8(d)) are applied for

modeling and shape comparison of the Emiss
T with data, while the full background estimate

is obtained with the set of weights derived with the jet veto.

The modelling can be enhanced if the azimuthal angle between the photon and the Emiss
T

is accounted for. The ZZ selection places a cut on E
miss,axial
T , which uses the difference in

azimuthal angle between the pZ
T and the Emiss

T as per Eq. (5.3). To enhance the modelling

of the E
miss,axial
T , weights are derived in both E

γ
T and ∆φ(E

γ
T,E

miss
T ) analogously to the one-

dimensional weights shown in Fig. 6.8. The two-dimensional weights are shown in Fig. 6.9.

The binning in E
γ
T is coarser than that of ∆φ(E

γ
T,E

miss
T ) due to the fact that the above distri-

bution in ET very strongly dependent upon ET, with roughly a 106 variation from the lowest

to highest bins. Ideally, the distribution would be folded around ∆φ(E
γ
T,E

miss
T ) = 0, and the

bins would be adjusted and optimised in both variables so there are not large deviations from

bin-to-bin in ∆φ(E
γ
T,E

miss
T ) resulting in a more uniform weighting procedure. However, this

set of weights is acceptable, because the E
miss,axial
T cut is relatively high, so the weighting

has a small effect in the signal region after all selection cuts are applied. To obtain the back-

ground, the weights are applied to events which require single photon events. The relevant

ZZ selection cuts are applied except for the Z mass window and the fractional difference

cut, as these are not defined for photons. The E
miss,axial
T spectrum with reweighted photons

in place of Z + jets MC is shown in Fig. 6.10. Once the jet veto is applied, weights derived

in the control regions using the jet veto are applied. Non-γ + jets background modelled with

MC is also reweighted and subtracted off. The remaining events are taken as the nominal

estimate of the background. The nominal values of the background estimate are given in

Table 6.4. The dominant uncertainties in this background estimation technique come from

several sources:

• The statistical uncertainty associated with the finite number of single photon events

in data.
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Fig. 6.8 An example of the photon E
γ
T spectrum and the pZ

T spectrum for the Z → ee and

Z → µµ channels used to derive a set of kinematic weights applied to single photon events.

Both photons and Z bosons are required to have a minimum of 30 GeV. The selection for

the Z is the same as in the ZZ selection up to the Z mass window cut. A requirement of

Emiss
T < 70 GeV is placed to ensure orthogonality to the ZZ signal region. The boson pT

spectra with the jet veto are shown in (c), and the corresponding weights derived with the

jet veto are shown in (d).
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Fig. 6.9 Two-dimensional photon weights as a function of E
γ
T and ∆φ(E

γ
T,E

miss
T ) in the (a)

ee channel and (b) the µµ channel. The weights shown are derived with the jet veto.
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Fig. 6.10 The E
miss,axial
T spectrum in the ee and µµ channel with all cuts applied except

for the jet veto and the E
miss,axial
T cut. The light blue contribution is single-photon events

reweighted in both E
γ
T and ∆φ(E

γ
T,E

miss
T ) in place of Z + jets contribution taken from MC

simulation. Non-γ + jets MC is weighted as well and subtracted off from the photon events

in data. The nominal background consists of the remaining reweighted events after weighted

non-γ + jets MC background subtraction.
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uncertainty ee channel µµ channel

Expected events -0.72 -0.46

photon events statistical uncertainty 20.28%
−20.28%

12.01%
12.01%

MC statistical/reconstruction uncertainty 80.89%
−80.89%

54.76%
54.76%

MC background subtraction 105.88%
−105.88%

74.19%
74.19%

weight variation 64.28%
64.28%

60.52%
60.52%

Table 6.4 Nominal values for the Z +X background estimates in the ee and µµ channels

obtained from the photon reweighting method.

• Luminosity uncertainty for MC background subtraction. The non-γ + jets MC is var-

ied within the luminosity uncertainty and the background is recalculated. This lu-

minosity uncertainty is correlated with other luminosity uncertainties used for accep-

tance and efficiency calculation and signal normalisation, as well as normalisation for

backgrounds estimated by simulation.

• The statistical and reconstruction uncertainties associated with the non-γ + jets MC

that is subtracted in the signal region. These samples are fluctuated within ±1σ of

these uncertainties and the background is recalculated, with the systematic uncertainty

taken as the quadrature sum of the differences of each variation with respect to the

nominal.

• The uncertainty associated with the photon weight values, as shown in Fig. 6.9. The

photon weights are varied in both direction and the background is estimated for each

variation.

The central value of the background estimates are negative for both the ee and µµ chan-

nel. This shows the limitations of the photon reweighting method. At high E
miss,axial
T , the

contributions to photon events in the zero jet bin are predominantly Z → νν̄ + γ events as

shown in Table 6.4. The MC subtraction therefore has a large effect on the value of the

background estimate. The central value of the background estimate is consistent with zero,

although it is covered with a conservative systematic uncertainty. As negative values of the

background are unphysical, values representing event counts or values that can be strictly

positive are restricted at zero in the model used for the cross section and the aTGC limit

setting.
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Good (G) Bad (B)

Electrons Fail Good electron selection

Track iso < 0.15 Track iso < 2

Calo iso < 0.15 Calo iso < 2

|z0 ∗ sinθ |< 0.5 |z0 ∗ sinθ |< 5

|d0/σ(d0)|< 6 |d0/σ(d0)|< 10

Medium++ Loose++

Muons Fail Good muon selection

Track iso < 0.15 Track iso < 2

Calo iso < 0.15 Calo iso < 2

|z0 ∗ sinθ |< 0.5 |z0 ∗ sinθ |< 5

|d0/σ(d0)|< 3 |d0/σ(d0)|< 10

Table 6.5 Summary of requirements for good and bad leptons as used in the matrix method.

6.6 W + X , single-top, multijet background

This background is estimated using a technique which extrapolates the observed lepton type

(tight or loose) based on isolation selection to the true nature of the lepton (real or fake),

which allows a set of linear equations to solve for the lepton classification. This technique

referred to as the “matrix-method” [188]. The matrix method has been used extensively in

both ATLAS top measurements [189] and BSM searches [190] as well as corresponding

measurements made by CMS and the Tevatron experiments. The basic premise behind the

matrix method is to use a 4 × 4 matrix to map the observed lepton type (good-“G” or

bad-“B”) to the true nature of the lepton type (real-“R” or fake-“F”). The lepton selections

are relaxed from the full definitions given in Section 5.6.1 to define good and bad leptons

according to the requirements listed in Table 6.5. The relaxed leptons are included in the

overlap removal, where jets are removed within ∆R < 0.3 of relaxed leptons. An opposite-

sign same-flavour lepton pair passing basic Z candidate cuts (but not the full ZZ selection)

is used to tag the event. An additional single relaxed lepton is also required, designated the

probe lepton. The probe leptons are expected to be dominated by fakes due to jets from

Z + jets events. The trigger-matching requirement of the Z candidate cuts must be satisfied

by one of the leptons forming the Z candidate. No such trigger requirement is made for

the probe leptons to avoid biasing the sample based on trigger. Events in the fake lepton

selection are required to have Emiss
T < 90 GeV to ensure that no events appear in the ZZ

signal region.

The real lepton selection selects events according to basic Z candidate cuts with an

additional requirement that |mℓ−ℓ+ −mZ| < 5 GeV and Emiss
T < 90 GeV. One of the two
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leptons, taken to be the tag lepton, is required to be a good lepton. The tag lepton is also

require to be trigger matched. The other lepton is treated as the probe lepton. The pT

distributions of the probe electrons in both the real and fake-dominated regions are given in

Fig. 6.11. A fake rate is defined as a function of lepton pT to be
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f =
Ngood −N

non-Z+ jets MC
good

N −Nnon-Z+ jets MC
, (6.7)

where N is the number of probe leptons in the fake lepton selection region, Ngood is the num-

ber of good probe leptons in the fake control region, Nnon-Z+XMC
good is the predicted number

of non-Z + X probe leptons in the region, and Nnon−Z+XMC
good is the predicted number of good

non Z + X leptons in the region. The efficiency is calculated as a function of pT to be

r =
Mgood −Mnon-Z+XMC

good

M−MnonZ+XMC
, (6.8)

where M is the number of probe leptons in the real lepton selection region, Mgood is the

number of good probe leptons in this region, Mnon-Z+XMC is the predicted number of Z +X

probe leptons in the region, and Mnon-Z+XMC
good is the predicted number of good non-Z +X

leptons in this region. The efficiencies and fake rates are shown in Fig. 6.12. The relaxed

lepton signal region is defined with the same set of cuts as the ZZ signal regions except using

relaxed leptons in place of analysis quality leptons. Relaxed leptons are removed from the

set of leptons used in the third lepton veto. Each event in the relaxed lepton signal regions is
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Fig. 6.11 Real and fake lepton-dominated control regions where leptons are selected to

measure the fake rate and efficiency respectively. Figures (a) and (b) show the pT spectrum

of the third lepton (designated the probe electron) in the fake-dominated region. Figures (c)

and (d) show the pT distribution of the probe leptons in the real-dominated region. Only

probes that are leading leptons are plotted in the real-dominated region.
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Fig. 6.12 Efficiencies (a) and fake rates (b) corresponding to the real and fake lepton se-

lections used in the matrix method. The efficiencies are calculated according to Eqs. (6.7)

and (6.8).

classified based on the number of good and bad leptons in the event, i.e. GG, GB, BG, BB.

Here GG indicates two good leptons in the event, while GB and BG indicate one good and

one bad lepton in the event (the leptons are ordered by pT such that GB means the higher pT

lepton is good and the lower pT lepton is bad), and BB means two bad leptons in the event.

The event classification can be arranged into column-vector form, with a weight of 1 given

to an event of a certain type and a weight of 0 for all other types of events, i.e.




NGG

NGB

NBG

NBB


 , (6.9)

This vector is related to the true, but unknown, nature of the leptons (real or fake) through

their matrix efficiencies r, and fake rates f according to




NGG

NGB

NBG

NBB


=




r1r2 r1 f2 f1r2 f1 f2

r1(1− r2) r1(1− f2) f1(1− r2) f1(1− f2)

(1− r1)r2 (1− r1) f2 (1− f1)r2 (1− f1) f2

(1− r1)(1− r2) (1− r1)(1− f2) (1− f1)(1− r2) (1− f1)(1− f2)


×




NRR

NRF

NFR

NFF


 , (6.10)
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Variation ee channel µµ channel

Expected events 2.62 -0.90

statistical uncertainty 41%
−41%

82%
−82%

systematic uncertainty 20%
−20%

82%
−82%

Table 6.6 Data-driven estimates of the W +X , single-top, and multijet background. The

systematic uncertainty comes from the uncertainties in the fake rates and efficiencies, which

are subject to MC background uncertainty and limited statistics in the fake and real-lepton-

dominated control regions.

where r1 and f1 are the measured efficiency and fake rate for the first lepton, and r2 and f2

the efficiency and fake rate for the second lepton. Here NRR, NRF , NFR, and NFF are event

classifications with two real, one real and one fake, one fake one real, and two fake leptons.

The matrix method allows for the W + X/Wt and multijet components to be expressed

separately in terms of the fake rates and numbers of events with at least one fake lepton

according to the following expressions:

N
W+X/Wt
GG =

nevents

∑
i=1

ri
1 f i

2Ni
RF + f i

1ri
2Ni

FR,

N
multijet
GG =

nevents

∑
i=1

f1 f2NFF .

(6.11)

As this is a data-driven background, the dominant uncertainties do not come from experi-

mental uncertainties such as lepton reconstruction and identification efficiencies compared

to a simulation-based background like the W Z background estimate, but rather the limited

number of events in the relaxed lepton signal regions. Furthermore, there can be large sta-

tistical uncertainties due to the available statistics in the regions where the fake rates and

efficiencies are derived. The systematic uncertainty due to the fake rate and efficiency is

determined by varying the fake rate and efficiency independently and taking the biggest de-

viation in each bin as the systematic. This systematic is treated as correlated between the

ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-channels. The nominal data-driven estimates of

the W +X/Wt/multijet background contribution to ZZ and the systematic uncertainties are

given in Table 6.6.
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6.7 Conclusions

This chapter presented the methods of background estimation in the ZZ → ℓℓνν̄ analysis.

Backgrounds were measured with a combination of simulation and data-driven techniques.

The data driven techniques often involve extrapolations from dedicated control regions back

to the signal region, and the factors that are used for those extrapolations are not always com-

pletely dependent on data. Background subtraction in control regions can also result in poor

statistics used for the background estimate in the signal region, which may give negative

central values. This is the case for the W +X background technique via the matrix-method

and the single photon reweighting technique. These uncertainties are subject to rather large

uncertainties to cover deficiencies in the method. These background estimates are used di-

rectly as input to the statistical model used to calculate the fiducial and extrapolated cross

sections (Chapter 7), and correlation between parameters which share the same underlying

systematic uncertainties is accounted for in the cross section model.





Chapter 7

Measurement of the ZZ cross section

Precision measurements of diboson processes, including ZZ production, have been impor-

tant not only as tests of the Standard Model, but also because they constitute irreducible

backgrounds for pp → H → ZZ production and BSM processes in phenomenological mod-

els like the pMSSM [191, 192]. Several extensions to the SM, such as warped extra dimen-

sions [193–195], grand unified theories [196], and technicolour models [197–199], predict

the existence of heavy resonances that are able to decay to pairs of vector bosons. For exam-

ple, recent versions of models with large extra dimensions where all Standard Model fields

propagate in these new dimensions predict enhanced coupling of resonances such as gravi-

tons to the ZZ final state and suppressed decay rates to light fermion and diphoton states

[200]. Accurate measurements of both the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+ production

also provide stringent tests of SM predictions and another another way to look for potential

sources of new physics via aTGCs.

This chapter presents measurement of the ZZ production cross section at 8 TeV using

the full ATLAS dataset corresponding to an integrated luminosity of 20.3 fb−1 collected

during 2012 operation. Here, the ZZ → ℓ−ℓ+ℓ−ℓ+ decay channel is also analysed with the

ZZ → ℓ−ℓ+νν̄ decay channel to calculate a combined total cross section for pp → ZZ in the

mass range 66 < mℓ−ℓ+ < 116 GeV. Fiducial and total cross sections are presented for both

the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+ channels.1 A baseline comparison is made to a

prediction calculated with POWHEGBOX and gg2VV. The fiducial phase space is described

in detail, and the theoretical cross sections are presented. The reconstruction efficiency

correction CZZ, and acceptance AZZ are presented along with the major contributions to

systematic uncertainties for each. The measured fiducial and extrapolated cross sections

1The details of the ZZ → ℓ−ℓ+ℓ−ℓ+ analysis are not given in this thesis. However, the channel has been

extensively studied, and details of the method of selection, background estimation and acceptance calculation

can be found in [78].
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sections for the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channels are given. A combined

extrapolated cross section combining all sub-channels in both decay modes is also given.

Finally a brief study into the application of a correction factor to the jet veto acceptance and

its effect on the cross section is presented.

7.1 Fiducial phase space definition

The cross sections presented are measured in both a fiducial phase space (also referred to

as a “fiducial volume”) and a larger, more inclusive phase space restricting the Z bosons to

be on mass-shell in the mass range 66 < mℓ−ℓ+ < 116 GeV (also referred to as the “total

volume”). The full selection of candidate ZZ → ℓ−ℓ+νν̄ events is given in Section 5.7. The

fiducial phase space is constructed to closely follow detector acceptance and constitutes a

restricted phase space defined at particle-level that is not subject to same level of theoretical

uncertainties associated with extrapolating to a larger phase space that is not directly mea-

sured. The definition of the fiducial phase space in the ZZ → ℓ−ℓ+νν̄ decay channel is as

follows:

1. Lepton pT requirement: pℓ
±

T > 20 GeV.

2. One pair of opposite-sign, same flavour leptons: ℓ± = e±,µ±. Leptons are required

to have a Z parent which can be found via iteration through the HEPMC event record

[130].

3. Mass-window: Both Z bosons (invisibly and visibly decaying) are required to satisfy

76 < mℓ−ℓ+ < 106 GeV or 76 < mνν̄ < 106 GeV for invisibly decaying Z bosons.

4. Axial-Emiss
T requirement:E

miss,axial
T =−pν+ν̄

T cos
(
∆(φ pν+ν̄

T , pZ
T)
)
> 90 GeV, where pZ

T

is the pT of the charged-lepton pair.

5. pT-Balance requirement:
pν+ν̄

T −pZ
T

pZ
T

< 0.4.

6. Jet veto: No particle-level jets with pT > 25 GeV and |η|< 4.5. The jets must not be

closer than ∆R < 0.3 to an electron.

7. Lepton separation: ∆R(ℓ−, ℓ+)> 0.3.

To account for radiative losses when reconstructing momenta of particle-level leptons, final-

state2 particle-level leptons are “dressed” with momenta of final-state photons within a cone

2This corresponds to status 1 photons for PYTHIA and PYTHIA8, although different generators/parton-

showers will generally treat particles at various stages using different status schemes.
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of ∆R = 0.1. Photons that are used to dress leptons are required to not originate from a

hadronic decay (i.e. the photons are not allowed to have a parent with a PDG ID code [15]

corresponding to a hadron).

The ZZ → ℓ−ℓ+ℓ−ℓ+ analysis defines three different fiducial volumes depending on

the decay sub-channel ZZ → e−e+e−e+, ZZ → e−e+µ−µ+, or ZZ → µ−µ+µ−µ+. The

definitions are:

• Two pairs of opposite-sign, same flavour leptons: (Z/γ∗)(Z/γ∗)→ ℓ+ℓ−ℓ+ℓ−, ℓ =

e,µ , where each Z decays to a particle-antiparticle pair of a given lepton flavour, i.e.

Z → e−e+ or Z → µ−µ+.

• Mass window requirement: 66 < m12(Z/γ∗) < 116 GeV, where m12(Z/γ∗) is the

mass of the Z reconstructed from the first and second leptons. The opposite-sign,

same-flavour lepton pairings are done such that the mass of the reconstructed Z bosons

is closest to the PDG value of the Z mass.

• Mass window requirement: 66 < m34(Z/γ∗) < 116 GeV, where m34(Z/γ∗) is the

mass of the Z reconstructed from the third and fourth leptons, and the lepton pairing

is done as mentioned above.

• Lepton pT requirement: pℓ
±

T > 7 GeV.

• Lepton η requirement:

– 4µ : |ηµ |< 2.7 ;

– 4e : |ηe|< 2.5 for all electrons OR |ηe|< 2.5 for three electrons and |ηe4 |< 4.9

for the fourth electron;

– 2e2µ : |ηµ |< 2.7 AND (|ηe|< 2.5 (both electrons) OR (|ηe1|< 2.5 and |ηe2 |<
4.9)) .

• Lepton separation: min(∆R(ℓ, ℓ))> 0.2

Reconstruction-level and particle-level quantities are obtained from the same POWHEGBOX

and gg2VV samples used to model the signal. Particle-level quantities are obtained from the

HEPMC event record in each of the samples. These quantities are used for calculation of the

reconstruction efficiency factor CZZ (Section 7.3) and acceptance factor AZZ (Section 7.4).
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7.2 Prediction of the theoretical cross section

Diboson processes have been implemented in several generators, such as MC@NLO [124],

HERWIG [201], HERWIG++ [128], and SHERPA [123] and POWHEGBOX. It is some-

times possible in these generators to turn off the contribution of γ∗ which decays to charged

leptons, however, this contribution does not appear in the case of decays to neutrinos. ZZ

production is implemented in POWHEGBOX at lowest order in the electroweak coupling and

next-to-leading order in QCD. POWHEGBOX was chosen to model the ZZ → ℓ−ℓ+νν̄ chan-

nel at 7 TeV [77] and has been used in other ATLAS electroweak analyses either to model

the signal process and calculate cross sections [202], or to calculate acceptance [203, 204].

ZZ production induced by the gluon-gluon initial state is implemented in generators such as

gg2VV or MCFM 6.2 onward, but is only available at lowest order in QCD for the gluon-

induced process.

7.2.1 Higher-order corrections to the cross section

7.2.1.1 NNLO QCD corrections

The first calculation of next-to-next-to-leading order (NNLO) QCD corrections to the in-

clusive production of pp → ZZ for on-shell Z bosons can be found in [205]. The NNLO

computation requires the evaluation of the tree-level scattering amplitudes with two addi-

tional partons, evaluation of the one-loop amplitudes with one additional parton, and eval-

uation of the one-loop-squared and two-loop corrections to the Born subprocess qq̄ → ZZ.

The impact of NNLO corrections with respect to the NLO result was found to range from

approximately 11% at
√

s = 7 TeV to 17% at
√

s = 14 TeV. Using NNLO PDFs [206],

the gluon fusion contribution provides between 58% and 62% of the full NNLO correction.

Corrections were provided for the ATLAS off-shell Higgs signal strength measurement in

the pp → H → ZZ → ℓ−ℓ+ℓ−ℓ+ channel [207], and were translated as a set of NNLO k-

factors that could be applied specifically to specific kinematic distributions such as mZZ.

However, these weights are not applied to the event yield here because aTGC limits in the

ZZ → ℓ−ℓ+ℓ−ℓ+ analysis are set using pZ
T, not mZZ. Furthermore, the fact that an NNLO

PDF was used would involve additional weighting to be applicable for use with a PDF such

as CT10.

7.2.1.2 NLO electroweak corrections

A set of higher-order electroweak effects was calculated for on-shell outgoing vector bosons

[208, 209]. These corrections are becoming increasingly relevant at current LHC energies (8
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TeV and higher), contributing approximately 4% to the total production cross section. These

effects have been included in HERWIG++ using a reweighting procedure [210]. However,

HERWIG++ does not include contributions from off-shell Z bosons, which does not make it a

suitable choice to model the ZZ kinematics given that the size of the γ∗ interference is of the

order of the contributions when both bosons are on-shell. Thus, a comparable reweighting

procedure was implemented and validated for the ATLAS event data model which allows

one to apply the effects directly to POWHEGBOX [211]. The k-factors are provided as a func-

tion of the Mandelstam variables ŝ and t. With this procedure, all differential distributions

of interest can be reweighted. The corrections are only valid for the leading-order process

above the corresponding diboson production threshold and with both Z bosons on-shell. To

account for this, a condition is placed on the bosons which require
√

ŝ > 2mPDG
Z to be sat-

isfied in the centre-of-mass frame of the diboson system, where mPDG
Z is the value of the Z

mass taken from the PDG. The systematic uncertainty due to the reweighting procedure is

estimated by varying the k-factors within their statistical uncertainty and applying the cor-

responding weights to the qq̄ component of the calculations of AZZ and CZZ. Reweighted

kinematic distributions compared to the leading-order prediction in the ZZ → µ−µ+νν̄ and

ZZ → e−e+µ−µ+ sub-channels are given in Fig. 7.1.

7.2.2 Theoretical fiducial cross section

The theoretical fiducial cross sections are obtained from POWHEGBOX and gg2VV by scal-

ing the cross section of a particular signal sample (Section 5.3) by the fraction of events that

fall into the fiducial phase space. This is given by the expression

σ derived = ∑
i=Powheg, gg2VV

(
σ signal sample · εfilter

Nphase space

Nsignal sample

)

i

, (7.1)

where σ signal sample is the cross section prediction provided by POWHEGBOX or gg2VV,

Nphase space is the number of events in the corresponding fiducial phase space (Section 7.1)

depending on whether calculation is performed for a given ZZ → ℓ−ℓ+νν̄ or ZZ → ℓ−ℓ+ℓ−ℓ+

sub-channel, and Nsignal sample is the total number of events contained in the sample. The

filter efficiency εfilter is that for multilepton filter running within the Athena framework

and is applied after event generation. This is only applied for ZZ → ℓ−ℓ+ℓ−ℓ+ samples

and is not applied for ZZ → ℓℓνν̄ samples. Here, Nsignal sample is the resulting number of

events of the signal sample available in the dataset after applying the filter. The theoretical

prediction is obtained including the higher-order electroweak effects by using the corre-

spondingly weighted events for Nphase space. The theoretical fiducial cross sections in the
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Fig. 7.1 Spectra of the reweighted Z bosons by applying the higher-order electroweak cor-

rections compared to the leading-order in electroweak (LO) prediction from POWHEGBOX.

(a) the pT of the visible Z boson and (b) the transverse mass of the ZZ system, mZZ
T in the

ZZ → µ−µ+νν̄ sub-channel. (c) the invariant mass of the four-lepton system, mZZ, and

(d) the pT of the leading Z boson in the ZZ → e−e+µ−µ+ sub-channel. The higher-order

corrections are calculated as a function of the Mandelstam variables
√

ŝ and t. The relation

between the invariant mass of the outgoing particles and the Mandelstam variables allows

for full specification of the event kinematics, allowing essentially any kinematic variable to

be reweighted. The ratios in the histograms are not the k-factors themselves, but rather show

the effect of the reweighting on the kinematic variables. No access to the original plotting

routines, so scales and axes could not be altered or enlarged. Figures taken from [211].
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ZZ → ℓ−ℓ+νν̄ sub-channels are given in Table 7.2, and the corresponding cross sections

for the ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channels are given in Table 7.3, using the numbers directly

from Table 7.1. The corresponding calculations for total cross sections with and without

electroweak corrections is given in Table 7.4, and the corresponding predicted total cross

sections corrected for branching ratios are given in Table 7.5.

7.3 The fiducial efficiency correction, CZZ

In order to make a measurement of the total ZZ production cross section, an extrapolation

must be made from the measurement which is performed within the detector acceptance to

a more inclusive phase space. The fiducial volume is chosen to closely reflect the detec-

tor acceptance. A cross section measured within the fiducial phase space is free from the

theoretical uncertainties which arise as a result of this extrapolation. It is therefore useful

to calculate a cross section in the fiducial phase space without the full extrapolation. To

do so requires a knowledge of object reconstruction efficiency, and efficiency of selection

cuts. This quantity is referred to by several names, such as the fiducial correction factor, or

fiducial efficiency correction, and is denoted by CZZ. It is used to model the reconstruction

efficiency given a fiducial volume and particular signal selection, and is defined as

CZZ = εtrig× εevent × εlep × εreco, (7.2)

where εtrig is the trigger efficiency, εevent is the efficiency of the event-level cuts (like the

primary vertex cut, etc.), εlep = εℓεℓ is the product of the individual efficiencies for the two

leptons to pass the lepton object selection cuts, and εreco is the reconstruction to generator-

level fiducial volume correction which also includes smearing corrections and resolutions.

As simulated samples from two different generators are used, CZZ is calculated from both the

POWHEGBOX and gg2VV signal samples, with each sample weighted by its contribution

to the total cross section. The calculation is done for each channel separately by taking the

ratio of the number of reconstructed events which pass all cuts to the number of events at

generator level which fall in the fiducial volume Eq. (7.3). Full weights are applied to the

reconstructed events, such as lepton reconstruction scale factors, lepton identification scale

factors, trigger scale factors, pileup weights, etc. Furthermore, theoretical corrections such

as NLO electroweak corrections are applied. The fiducial efficiency is calculated according

to the expression

CZZ =
N

MC pass all cuts
Reconstructed ZZ

NMC Fiducial Volume
Generated ZZ

, (7.3)
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where N
MC pass all cuts
Reconstructed ZZ is the number of signal ZZ MC events which pass all selection at

reconstruction level, with all scale factors, event weights, and corrections applied, and

NMC Fiducial Volume
Generated ZZ is the number of generated signal ZZ events which fall in the fiducial

volume, with appropriate truth-level weights applied. The numerator includes contributions

from ZZ → τ−τ+νν̄ where the taus decay leptonically. However, it was found that the con-

tribution from the τ−τ+ samples passing the full event selection is essentially zero, making

the contamination from those events negligible (Fig. 5.21). The numerator also includes a

contribution from events which are generated outside the fiducial volume, but pass all of the

cuts at reconstruction-level. This could be the case for an event with a generated lepton with

pT just lower than the lepton pT threshold for event selection which is reconstructed with pT

slightly above the threshold. Since the numerator is not a strict subset of the denominator

due to these two contaminations, CZZ is not a true efficiency. As the denominator is a quan-

tity measured at particle-level, the only weight that is applied are theoretical corrections,

discussed further below.

Because two different generators are chosen to model the signal process, the reconstruc-

tion acceptance is broken into its respective qq̄ and gg components such that the resulting

CZZ may be taken as the sum of two terms Cqq̄→ZZ and Cgg→ZZ, which may be calculated as

Cqq̄→ZZ =
NMC Pass All Cuts

Reconstructed qq̄ → ZZ

NMC Fiducial Volume
Generated ZZ

, (7.4)

and

Cgg→ZZ =
NMC Pass All Cuts

Reconstructed gg → ZZ

NMC Fiducial Volume
Generated ZZ

, (7.5)

which allows for the total CZZ to be expressed as

CZZ =Cqq̄→ZZ +Cgg→ZZ . (7.6)

This form makes it convenient to apply any corrections or scale factors to any particular

component of CZZ as is the case of a scale factor to correct the efficiency of the jet veto

in simulation (the jet veto scale factor, ). As the various ZZ signal MC samples are used

to estimate CZZ, the uncertainties in the measured quantity include both theoretical (Sec-

tion 5.8.6) and experimental uncertainties (Section 5.8). To estimate the various sources

of uncertainty on CZZ, weights and scale factors are independently varied within their 1σ

limits and the resulting CZZ is calculated. A summary of CZZ in the ZZ → e−e+νν̄ and

ZZ → µ−µ+νν̄ sub-channels is given in Table 7.6, and the corresponding values in the
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ZZ → e−e+e−e+,ZZ → e−e+µ−µ+, and ZZ → µ−µ+µ−µ+ sub-channels are given in Ta-

ble 7.7.

7.4 Acceptance, AZZ

In going from the calculation of a fiducial cross section to a “total” cross section mea-

sured in a larger, more inclusive phase space, an extrapolation must be made to correct

the reconstruction-level cross section to a more inclusive phase space. This is done by ap-

plying a correction from the particle-level fiducial volume to the phase space defined by

66 < mℓ−ℓ+ < 116 GeV. This correction is denoted as the acceptance, or AZZ and is calcu-

lated as

AZZ =
N

MC fiducial phase space
GeneratedZZ

N
MC total phase space
Generated ZZ

. (7.7)

The denominator of AZZ is the number of events which fall in the extrapolated phase space

66 < mℓ−ℓ+ < 116 GeV, and the numerator is the number of events in the fiducial phase

space; this is the same as the denominator in the calculation of CZZ in Eq. (7.3), and the same

weighting is applied in both cases. It is convenient to separate out the acceptance from the

reconstruction efficiency terms, as the factorisation separates out the term that is sensitive

to theoretical uncertainties (AZZ) from the term representing primarily detector efficiency

(CZZ). AZZ is calculated independently for each ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+sub-

channel. The acceptance in the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-channels is given

in Table 7.8, and the corresponding acceptances in the ZZ → e−e+e−e+, ZZ → e−e+µ−µ+,

and ZZ → µ−µ+µ−µ+ sub-channels are given in Table 7.9.

CZZ may be used to perform a check on the theoretical fiducial cross section calculated

by using a simple formula relating the expected number of events passing all selection to

the product of the luminosity, the cross section and CZZ, according to:

Nxsec
expected = σ EW

fid ·CZZ ·L . (7.8)
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Cee
qq̄→ZZ Cee

gg→ZZ C
µµ
qq̄→ZZ C

µµ
gg→ZZ Cee

ZZ C
µµ
ZZ

CZZ Nominal Value 0.6579 0.0196 0.7340 0.0183 0.6775 0.7523

statistical uncertainty +2.2%
−2.2%

+7.1%
−7.1%

+2.1%
−2.1%

+7.4%
−7.4% ±2.1% ±2.1%

electron identification +1.6%
−1.6%

+1.5%
−1.5% - - ±1.6% -

electron isolation +0.3%
−0.3%

+0.3%
−0.3% - - ±0.3% -

electron reconstruction +0.7%
−0.7%

+0.6%
−0.6% - - ±0.7% -

electron energy resolution +0.2%
−0.0%

−0.7%
−0.1% - - +0.2%

−0.0% -

electron energy scale +1.65%
−1.82%

+1.0%
−2.2%

+0.1%
−0.1% - +1.6%

−1.8% -

muon momentum resolution - - −0.3%
−0.1%

+0.4%
−0.0% - −0.3%

+0.1%

muon momentum scale - - +0.1%
−0.2% - - +0.1%

−0.2%

muon reconstruction efficiency - - +0.7%
−0.7%

+0.7%
−0.7% - +0.7%

−0.7%

muon identification efficiency - - −0.1%
−0.2%

+1.0%
+0.0% - +0.1%

−0.2%

muon isolation - - +3.0%
−3.0%

+3.0%
−3.0% - +3.0%

−3.0%

jet energy scale +4.1%
−3.1%

+8.4%
−6.7%

+3.4%
−3.8%

+4.1%
−6.8%

+4.2%
−3.2%

+3.4%
−3.9%

jet energy resolution −1.4%
+1.4%

−2.9%
+2.9%

−2.7%
+2.7%

−1.7%
+1.7%

−1.4%
+1.4%

−2.7%
+2.7%

jet vertex fraction +0.3%
−0.2%

0.0%
−1.7%

+0.3%
−0.1%

+0.6%
−0.5%

+0.3%
−0.2%

+0.3%
−0.1%

Emiss
T resolution (soft terms) +0.1%

−0.1%
−0.1%
+0.1%

−0.5%
+0.5%

+4.7%
−4.7%

+0.1%
−0.1%

−0.4%
+0.4%

Emiss
T scale (soft terms) −0.8%

+1.6%
+0.2%
+0.6%

−1.1%
+0.4%

−1.1%
+2.3%

−0.8%
+1.6%

−1.1%
+0.5%

trigger ±0.1% ±0.1% ±0.5% ±0.5% ±0.1% ±0.5%

electroweak corrections ±0.3% ∓0.1% ±0.4% - ±0.3% ±0.4%

MC generator difference ∓0.4% ∓18.4% ∓1.7% ∓21.0% ∓0.9% ∓2.2%

PDF +0.3%
−0.3%

+7.7%
−6.7%

+0.3%
−0.3%

+7.7%
−6.6% ±0.1% +0.2%

−0.3%

∆CZZ/CZZ
+5.63%
−4.87%

+23.1%
−22.3%

+6.08%
−6.39%

+24.8%
−25.0%

+5.75%
−4.99%

+6.20%
−6.54%

Table 7.6 Calculated CZZ in the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ channels, with relative

uncertainties given. A dash indicates a relative uncertainty smaller than 0.05%. The relative

uncertainty given at the bottom of the table and is the quadrature sum of all the uncertainties.
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e−e+e−e+ e−e+µ−µ+ µ−µ+µ−µ+

CZZ nominal value 0.495 0.643 0.846

statistical uncertainty ±0.61% ±0.47% ±0.31%

electron energy resolution ±0.07% ±0.01% −%

electron energy scale ±0.41% ±0.15% ±0.01%

electron identification efficiency ±3.60% ±1.79% −%

electron isolation ±1.37% ±0.66% −%

electron reconstruction efficiency ±1.70% ±0.82% −%

muon momentum resolution − ±0.03% ±0.02%

muon momentum scale − ±0.02% ±0.02%

muon reconstruction − ±0.88% ±1.75%

muon isolation − ±1.69% ±3.39%

trigger ±0.04% ±0.10% ±0.20%

electroweak corrections − − −
MC generator difference ±1.82% ±1.71% ±1.18%

QCD Scale (qq̄ only) ±0.16% ±0.19% ±0.22%

PDF ±0.16% ±0.13% ±0.02%

∆CZZ/CZZ ±4.65% ±3.34% ±4.01%

Table 7.7 Efficiency correction CZZ in the ZZ → e−e+e−e+ and ZZ → e−e+µ−µ+ and

ZZ → µ−µ+µ−µ+ sub-channels and the systematic uncertainties. The total relative uncer-

tainty in each ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channel is given at the bottom of the table.
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ee µµ

AZZ nominal value 0.04126 0.03999

statistical uncertainty ±1.1% ±1.2

electroweak corrections ∓0.9% ∓1.0%

QCD scale (qqbar only) +2.2%
−0.6%

+1.1%
−1.6%

parton shower ∓4.2% ∓3.5%

PDF +1.0%
−1.5%

+1.1%
−1.4%

∆AZZ/AZZ
+5.09%
−4.73%

+4.16%
−4.40%

Table 7.8 Calculated AZZ in the ZZ → µ−µ+νν̄ and ZZ → µ−µ+νν̄ channels, with relative

uncertainties given. The sum at the bottom of the table is also a quadrature sum of all the

terms.

e−e+e−e+ µ−µ+µ−µ+ e−e+µ−µ+

AZZ nominal value 0.817 0.645 0.725

statistical uncertainty ±0.36% ±0.46% ±0.41%

electroweak corrections - - -

QCD scale (qqbar only) ±0.17% ±0.27% ±0.23%

PDF ±0.64% ±0.89% ±0.71%

generator difference ±1.97% ±2.97% ±2.24%

∆AZZ/AZZ ±2.11% ±3.14% ±2.39%

Table 7.9 Acceptance AZZ in the ZZ → e−e+e−e+, ZZ → e−e+µ−µ+, and ZZ →
µ−µ+µ−µ+ sub-channels and the theoretical systematic uncertainties including QCD scale

and PDF uncertainties. To account for the lack of the parton shower/underlying event uncer-

tainty, the comparison to SHERPA is given. The total relative uncertainty in each ZZ → ℓℓℓ′ℓ′

sub-channel is given at the bottom of the table.
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7.5 Cross section extraction

For a given sub-channel in the ZZ → ℓ−ℓ+νν̄ analysis, the fiducial cross section can be

calculated as

σ fid
ZZ→ℓ−ℓ+νν̄ =

Nobs
ZZ→ℓ−ℓ+νν̄ −N

bkg
ZZ→ℓ−ℓ+νν̄

L ×CZZ→ℓℓνν̄
,(ℓ= e,µ), (7.9)

while for the four charged lepton channels it becomes

σ fid
ZZ→ℓ−ℓ+ℓ−ℓ+ =

Nobs
ZZ→ℓ−ℓ+ℓ−ℓ+ −N

bkg
ZZ→ℓ−ℓ+ℓ−ℓ+

L ×CZZ→ℓ−ℓ+ℓ−ℓ+
. (7.10)

Here, Nobserved and Nbkg denote the number of observed and total background events in a

given sub-channel respectively, L is the integrated luminosity of the data sample used, and

CZZ→ℓℓνν̄ is the fiducial correction factor. In addition to the fiducial cross section, an extrap-

olation is made from the fiducial phase space to a larger, more inclusive phase space, defined

by 66<mZ < 116 GeV, and is referred to as the “total” cross section, or “extrapolated” cross

section. The total cross section for the ℓ−ℓ+νν̄ channels is calculated as:

σ tot
ZZ→ℓ−ℓ+νν̄ =

Nobs
ℓ−ℓ+νν̄ −N

bkg
ℓ−ℓ+νν̄

L ×BR{ZZ → ℓ−ℓ+νν̄}×AZZ→ℓ−ℓ+νν̄ ×CZZ→ℓ−ℓ+νν̄
,

=
σ fid

ZZ→ℓ−ℓ+νν̄

BR{ZZ → ℓ−ℓ+νν̄}×AZZ→ℓ−ℓ+νν̄
,

(7.11)

where AZZ→ℓ−ℓ+νν̄ is the detector acceptance, BR{ZZ → ℓ−ℓ+νν̄} is the branching ratio for

one Z to decay to an ℓ+ℓ− final state and the other Z to decay to a νν̄ final state. Analogously,

the total cross section for the ZZ → ℓ−ℓ+ℓ−ℓ+ channels is

σ tot
ZZ→ℓ−ℓ+ℓ−ℓ+ =

σ fid
ZZ→ℓ−ℓ+ℓ−ℓ+

BR{ZZ → ℓ−ℓ+ℓ−ℓ+}×AZZ→ℓ−ℓ+ℓ−ℓ+
. (7.12)

The cross section could be calculated using Eqs. (7.9) to (7.12), but this would not take into

account the Poisson nature of the observed and expected events. Furthermore, it would be

difficult to propagate the systematic uncertainties and handle correlations between different

systematic uncertainties. In practice, the extraction method is based on maximising a profile-

likelihood function with respect to the cross section σ as the parameter of interest (POI),

using a model with a single bin for each sub-channel. However, Eqs. (7.9) to (7.12) provide

a useful means to check the central values of cross sections in the individual channels, as

well as estimating bounds on uncertainties for the various parameters of interest.
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7.5.1 Statistical model for cross section extraction

The cross section σ is obtained by maximising the profile-likelihood with respect to the

parameter σ . As it is easier to work with numerical minimisation routines, the maximi-

sation is carried out by minimising the negative log-likelihood function, − ln(L). This is

performed using a model based on ROOFIT [212] classes which interface to the MINUIT

function minimiser [213]. A likelihood function is constructed for each channel correspond-

ing to the decay modes ZZ → e−e+νν̄ , ZZ → µ−µ+νν̄ , in the case of the ZZ → ℓ−ℓ+νν̄

channels and for the case of the four charged lepton final states, a separate likelihoods are

constructed for the ZZ → e−e+e−e+, ZZ → µ−µ+µ−µ+, and ZZ → e−e+µ−µ+ channels

before minimisation. A single-bin model is used in each sub-channel; no information on the

differential behaviour of the various kinematic distributions is incorporated into the model.

The likelihoods for similar final states (e.g. e−e+νν̄ and µ−µ+νν̄) are multiplied before

performing the minimisation, and a simultaneous fit to the parameters of interest is made.

The likelihood is constructed as a product of Poisson terms, with the mean taken as the

expected number of events and the exponent being the observed number of events. Each

Poisson term is interpreted as the probability of observing Nobserved events given an expecta-

tion of Nbkgd plus Nsignal (parameterised in terms of the cross section σ and reconstruction

correction factor CZZ), and may be expressed as

P(σ ,CZZ,L ,Nsignal,Nbkgd;Nobserved) =

e−(Nsig(σ ,CZZ ,L )+Nbkgd) · (Nsig(σ ,CZZ,L )+Nbkgd)
Nobserved

Nobserved!
. (7.13)

For the fiducial cross sections the expected number of signal events, (Nsignal in Eq. (7.13)),

in channel i is taken as a product of the input parameters

Nsig, i

(
σfid,i,L ,CZZ,i

)
= σfid ·L ·CZZ,i , (7.14)

where the index i runs over the range of sub-channels ZZ → e+e−νν̄ , ZZ → µ+µ−νν̄

for the ZZ → ℓ−ℓ+νν̄ cross sections, and ZZ → e−e+e−e+, ZZ → e−e+µ−µ+, ZZ →
µ−µ+µ−µ+, for the ZZ → ℓ−ℓ+ℓ−ℓ+cross sections. When measuring a total cross sec-

tion, the signal expectation is modified to account for the acceptance factor AZZ, and the

branching ratio to go to a given final state:

Nsig, i (σtot,i,L ,CZZ,i) = σtot ·L ·CZZ,i ·AZZ,i ·BRi. (7.15)
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The background term in each sub-channel is a sum of the individual backgrounds. For

the ZZ → e+e−νν̄ and and ZZ → µ+µ−νν̄ sub-channels, the backgrounds in the ith sub-

channel are expressed as the sums

Nbkg,i = NW+X ,i +NWW/tt̄/Z→ττ,i +NZ+X ,i +NW Z,i+NZZ→4ℓ,i, (7.16)

where the index i runs over the same indices before. In the case of the ZZ → e−e+e−e+,

ZZ → e−e+µ−µ+, ZZ → µ−µ+µ−µ+ sub-channels, the background is taken as the sum

of data-driven and irreducible contributions:

Nbkg,i = NData−driven,i +Nirreducible,i. (7.17)

The basic inputs to the cross section model include the numbers of observed events,

backgrounds (W +X , WW/tt̄/Z → ττ , Z+X ,WZ, ZZ → 4ℓ), integrated luminosity, correc-

tion factors CZZ, and in the case of total cross section, the acceptance, and the branching

ratio for a given final state. Each input variable is an implicit function of the underlying

nuisance parameters, which model the systematic uncertainties. The nuisance parameters

are modelled by either a Gaussian probability distribution function, or a Poisson probability

distribution function. The Gaussian terms each have a mean µ of 0 and a standard deviation

of 1 (Gaussian nuisance parameters are referred to by α). A shift away from the centre of

the Gaussian would indicate a constraint on the nuisance parameter. Thus after the fit, each

nuisance parameter should be consistent with zero within uncertainties. The Poisson con-

straint terms are applied for purely statistical uncertainties obtained from counting a sum

of event weights, as in the WZ and ZZ → ℓ−ℓ+ℓ−ℓ+ backgrounds to the ZZ → ℓ−ℓ+νν̄

channels. These constraint terms are constructed as to have a mean of 1 and a standard

deviation equal to the statistical uncertainty of the input parameter (i.e. the MC statistical

uncertainty). The non-Gaussian constraint terms are represented by (γ). After multiplica-

tion with the constraint terms, for j Gaussian uncertainties, and for n Poisson uncertainties

the likelihood becomes

L(σ ,CZZ,L ,Nsignal,Nbkgd;Nobserved) =

e−(Nsignal(σ ,CZZ ,L )+Nbkgd) · (Nsig(σ ,CZZ,L )+Nbkgd)
Nobserved

Nobserved!
×

j

∏
k=1

αi (0|1)×
n

∏
q=1

γq . (7.18)

The minimised likelihood functions for the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ fiducial

cross sections are given are in Figs. 7.2 and 7.3, and the minimised likelihood functions for

the fiducial cross sections in the ZZ → e−e+e−e+, ZZ → e−e+µ−µ+, and ZZ → µ−µ+µ−µ+
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sub-channels are given in Figs. 7.4 to 7.6. The corresponding likelihood functions for the

total cross sections are given in Figs. 7.7 to 7.9.
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Fig. 7.2 The minimised likelihood function L for the fiducial cross section in the ZZ →
e−e+νν̄ channel. The dashed lines indicate the values by which the likelihood changes

by 1/2 and 2 from its minimum value indicating the 1σ and 2σ confidence levels on the

parameter of interest.
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Fig. 7.3 The minimised likelihood function L for the fiducial cross section in the ZZ →
µ−µ+νν̄ channel. The dashed lines indicate the values by which the likelihood changes

by 1/2 and 2 from its minimum value indicating the 1σ and 2σ confidence levels on the

parameter of interest.
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Fig. 7.4 The minimised likelihood function L for the fiducial cross section in the ZZ →
e−e+e−e+ channel. The dashed lines indicate the values by which the likelihood changes

by 1/2 and 2 from its minimum value indicating the 1σ and 2σ confidence levels on the

parameter of interest.
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Fig. 7.5 The minimised likelihood function L for the fiducial cross section in the ZZ →
µ−µ+µ−µ+ channel.
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Fig. 7.6 The minimised likelihood function L for the fiducial cross section in the ZZ →
e−e+µ−µ+ channel.
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Fig. 7.7 The minimised likelihood function L for the total cross section in the ZZ → e−e+νν̄
channel. The dashed lines indicate the values by which the likelihood changes by 1/2 and

2 from its minimum value indicating the 1σ and 2σ confidence levels on the parameter of

interest.
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Fig. 7.8 The minimised likelihood function L for the total cross section in the ZZ →
µ−µ+νν̄ channel.
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Fig. 7.9 The minimised likelihood function L for the total cross section in the ZZ →
e−e+e−e+ channel.
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Fig. 7.10 The minimised likelihood function L for the total cross section in the ZZ →
µ−µ+µ−µ+ channel.
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Fig. 7.11 The minimised likelihood function L for the total cross section in the ZZ →
e−e+µ−µ+ channel.
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7.5.2 Measured cross sections

The measured fiducial cross sections in the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-channels

are given in Table 7.11 and for the ZZ → e−e+e−e+, ZZ → e−e+µ−µ+, and ZZ →
µ−µ+µ−µ+ sub-channels in Table 7.12. Total cross sections are given in Tables 7.13

and 7.14. The systematic uncertainties include all sources except luminosity, which is listed

separately.

Channel Fiducial cross section [fb]

eeνν 4.99 +0.76
−0.71 (stat) +0.45

−0.38 (syst) +0.20
−0.15 (lumi)

µµνν 4.67 +0.70
−0.65 (stat) +0.45

−0.35 (syst) +0.19
−0.15 (lumi)

Table 7.11 Measured fiducial cross sections for the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄
sub-channels. The corresponding theory prediction is given in Table 7.2.

Channel Fiducial cross section [fb]

eeee 5.90 +0.83
−0.76 (stat) +0.29

−0.23 (syst) +0.19
−0.15 (lumi)

eeµµ 12.35 +1.03
−0.98 (stat) +0.38

−0.33 (syst) +0.37
−0.32 (lumi)

µµµµ 4.87 +0.56
−0.52 (stat) +0.21

−0.17 (syst) +0.15
−0.12 (lumi)

Table 7.12 Measured fiducial cross sections for each ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channels. The

corresponding theory prediction is given in Table 7.3.

Channel Total cross section [pb]

eeνν 8.99 +1.37
−1.28 (stat) +0.95

−0.78 (syst) +0.36
−0.28 (lumi)

µµνν 8.68 +1.29
−1.21 (stat) +0.94

−0.73 (syst) +0.35
−0.27 (lumi)

Table 7.13 Measured total cross sections for the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-

channels. Cross sections are corrected for branching ratio to a given final state using the

values in given in Table 7.5. The corresponding theory prediction may be found in Table 7.5.
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Channel Total cross section [pb]

eeee 6.38 +0.90
−0.83 (stat) +0.32

−0.25 (syst) +0.20
−0.16 (lumi)

eeµµ 7.52 +0.63
−0.60 (stat) +0.25

−0.21 (syst) +0.23
−0.20 (lumi)

µµµµ 6.66 +0.77
−0.71 (stat) +0.30

−0.24 (syst) +0.21
−0.17 (lumi)

Table 7.14 Measured total cross sections for each ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channel. The corre-

sponding theory prediction is given in table 7.5.

Finally, a combined cross section is presented in which the two ZZ → ℓ−ℓ+νν̄ sub-

channels and the three ZZ → ℓ−ℓ+ℓ−ℓ+ channels are combined. Likelihood functions are

constructed for each channel, and the product of the likelihoods is taken and the product is

minimised with respect to the total combined cross section, σtot . A weighted average for

the combined cross section would favour the total cross section towards the values with the

smaller uncertainties, thus one would expect the result to be weighted towards the values ob-

tained for the ZZ → ℓ−ℓ+ℓ−ℓ+ channels. Taking only statistical uncertainties on the values

from Table 7.13 and Table 7.14 would give a measurement on the order of approximately

7.25 pb. The value of the combined cross section is given in Table 7.15.

channel Total cross section [pb]

All channels 7.30 +0.38
−0.37 (stat) +0.28

−0.25 (syst) +0.23
−0.20 (lumi)

Table 7.15 The total cross section for all ZZ channels combined. The corresponding theory

prediction is given in table 7.5.

The ℓ−ℓ+νν̄ fiducial cross sections are consistently higher than the theoretical predic-

tion. The agreement is better in the ℓ−ℓ+ℓ′−ℓ′+ sub-channels. The excess remains in the

ℓ−ℓ+νν̄ sub-channels for the total cross sections. The agreement between prediction and

measurement is again for the ℓ−ℓ+ℓ′−ℓ′+ final states for total cross sections. As the com-

bined cross section represents the statistical combination of both the ℓ−ℓ+νν̄ and ℓ−ℓ+ℓ′−ℓ′+

channels, the pull of the ℓ−ℓ+νν̄ channels causes the combined cross section to be high with

respect to the prediction. An excess with respect to the theoretical prediction was also ob-
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served in the 7 TeV analysis, and is seen in other diboson analysis by both the ATLAS and

CMS collaborations.

Contour plots showing the 1 and 2-σ confidence levels on the various measured cross

sections are shown in Figs. 7.12 to 7.19 The measured cross sections in the ℓ−ℓ+νν̄ sub-

channels is high with respect to the theoretical prediction, but the discrepancy is within 1.3

to 1.5 standard deviations when considering the difference in the central values divided by

the quadrature sum of the uncertainties for prediction and measurement.
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Fig. 7.12 The 1 and 2σ contours as a result of the simultaneous fit to both the ZZ → e−e+νν̄
and ZZ → µ−µ+νν̄ sub-channels, and theoretical prediction for the fiducial cross section.

The Standard Model prediction is taken from POWHEGBOX and gg2VV with electroweak

corrections applied. The errors are taken from Table 7.2.
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Fig. 7.13 The 1 and 2σ contours and theoretical prediction for the fiducial cross seciton in

the ZZ → e−e+e−e+and ZZ → µ−µ+µ−µ+sub-channels. The Standard Model prediction

is taken from POWHEGBOX and gg2VV with electroweak corrections applied (Table 7.3).
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Fig. 7.14 The 1 and 2σ contours and theoretical prediction for the fiducial cross seciton in

the ZZ → e−e+e−e+ and ZZ → e−e+µ−µ+ sub-channels. The Standard Model prediction

is taken from POWHEGBOX and gg2VV with electroweak corrections applied.
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Fig. 7.15 The 1 and 2σ contours and theoretical prediction for the fiducial cross section in

the ZZ → µ−µ+µ−µ+and ZZ → e−e+µ−µ+sub-channel. The Standard Model prediction

is taken from POWHEGBOX and gg2VV with electroweak corrections applied.
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Fig. 7.16 The 1 and 2σ contours and theoretical prediction for the total cross section in the

ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-channels. The Standard Model prediction is taken

from POWHEGBOX and gg2VV with electroweak corrections applied (Table 7.5).
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Fig. 7.17 The 1 and 2σ contours and theoretical prediction for the total cross section in the

ZZ → e−e+e−e+ and ZZ → µ−µ+µ−µ+ sub-channels. The Standard Model prediction is

taken from POWHEGBOX and gg2VV with electroweak corrections applied (Table 7.5).
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Fig. 7.18 The 1 and 2σ contours and theoretical prediction for the total cross section in

the ZZ → e−e+e−e+and ZZ → e−e+µ−µ+sub-channels. The Standard Model prediction

is taken from POWHEGBOX and gg2VV with electroweak corrections applied (Table 7.5).
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Fig. 7.19 The 1 and 2σ contours and theoretical prediction for the total cross section in the

ZZ → µ−µ+µ−µ+and ZZ → e−e+µ−µ+sub-channels. The Standard Model prediction is

taken from POWHEGBOX and gg2VV with electroweak corrections applied (Table 7.5).
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7.6 A scale factor correction to the jet veto efficiency

In the ATLAS Standard Model WW [204] and ZZ [77] analyses at 7 TeV an overall factor

was applied to the efficiency of the jet veto requirement to enhance the agreement between

data and simulation, and to reduce experimental uncertainties associated with jets such as

jet energy scale and jet energy resolution. However, the impact on the cross section and the

resulting reduction in systematic uncertainties were not thoroughly studied. This section

presents a study on the impact of applying such a scale factor on the jet veto to the fiducial

efficiency correction CZZ in the ZZ → ℓ−ℓ+νν̄ sub-channels.

This scale factor, referred to as the “jet veto scale factor”, is applied to CZZ after all

selection cuts, and is derived by using single Z-boson data and single Z simulated MC

samples. The correction is measured as the ratio of the jet veto efficiency in data with

respect to the jet veto efficiency in simulation, εData/εMC. Each efficiency is calculated as

the ratio of the number of events with zero jets to the number of events with zero or more

jets,

ε =
N0 jet

N≥ 0 jet
. (7.19)

Event selection begins similarly to the ZZ selection, by pairing opposite-sign, same-flavour,

trigger-matched leptons to form Z bosons separately in the electron muon channels. The

Z bosons are required to have a mass within 15 GeV of the PDG value of the Z -boson

mass. The cuts are applied in the same manner as the ZZ selection, except the axial-Emiss
T ,

pT-balance cut, and third-lepton veto, are not applied so as to not select ZZ events. No

background subtraction is performed to the selected Z events, as contamination was found

to be less than 1%.

Table 7.16 shows the relative fractions of events before and after the jet veto is applied

in data and in the nominal (inclusive) single Z sample. The nominal jet veto scale factors in

the ee and µµ channels are shown with their statistical uncertainty in Table 7.16.

Channel Sample ε = N0 jet/N≥0 jet Scale Factor = εData/εMC

ee
Data 0.7701±0.0001

0.9874±0.0010
MC 0.7799±0.0008

µµ
Data 0.7686±0.0002

0.9916±0.0003
MC 0.7751±0.0002

Table 7.16 The jet veto acceptances for Z data and MC samples, and the corresponding scale

factors for the ee and µµ channels. The uncertainties shown are statistical only.
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The Z boson data provides an effective calibration of the jet energy scale, and its veto

acceptance receives only small uncertainties from statistics and potential background. As

single Z data and MC are used to calculate a correction, both theoretical and experimental

uncertainties appear in the jet veto scale factor, several of which are correlated with the

theoretical uncertainties that appear in the acceptance and correction factors AZZ and CZZ

for ZZ events. The purpose of the correction factor for the jet veto is to correct a particular

generator (in this case POWHEGBOX) to data, therefore the theoretical uncertainties in the

jet veto scale factor were evaluated using the Z events produced by the same generator.

To determine the uncertainty due to lepton reconstruction and identification, jet resolu-

tion and scale, as well as other sources of reconstruction-level uncertainty, the jet veto effi-

ciencies are calculated by increasing or decreasing by ±1σ the various components of the

reconstruction systematics individually. The effects on the jet veto efficiencies and scale fac-

tors, as well as the differences with respect to the nominal jet veto scale factor (Table 7.16)

are shown in Table 7.17. The reconstruction and identification systematics for the jet veto

scale factor are on the percent-level in both the ee and µµ channels. Electron-reconstruction

and identification systematics do not have a large effect on the jet veto scale factor in the

µµ channel and conversely, muon reconstruction and identification related systematics do

not affect the scale factor in the ee channel.

Theoretical uncertainties arise from the fact that a fixed-order perturbation series is used

for the cross section calculation. While measuring cross sections in exclusive jet bins is done

with the goal of enhancing signal significance, the application of jet vetoes introduces theo-

retical uncertainties; the uncertainty in the exclusive cross section is larger than that in the

corresponding inclusive one due to the more complicated structure of the perturbative series

which describes the exclusive cross section. Varying the factorisation and renormalisation

scales allows one to get a handle on the size of the missing higher-order terms caused by

the imposition of a cut on a kinematic variable which is used to separate jet bin boundaries

provided the contribution of the higher order terms is not large (50% or greater) relative to

the lower order terms. If the uncertainties in inclusive jet-binned cross sections are assumed

to be uncorrelated, the theoretical scale uncertainty due to QCD scale choice in jet veto

acceptance may be obtained using the Stewart-Tackmann (ST) method [214]. The jet veto

acceptance can be written in terms of its inclusive 0 and 1-jet components as

ε = 1− σ≥1jet

σ≥0jet
. (7.20)
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Uncertainty on jet veto scale factor ee µµ

electron energy resolution ±0.01% -

electron energy scale −0.03%
+0.03% -

electron identification efficiency - -

electron isolation +0.05%
−0.05% -

electron reconstruction efficiency +0.02%
−0.02% -

muon momentum resolution - -

muon momentum scale - -

muon reconstruction - -

muon identification - -

muon isolation - +0.14%
−0.14%

jet energy scale −2.7%
+2.4%

−3.19%
−2.66%

jet energy resolution ±1.9 % +2.34%
−2.35%

jet vertex fraction +0.2%
−0.15%

+0.19%
−0.19%

Emiss
T scale soft terms - -

Emiss
T resolution soft terms - -

trigger - -

Table 7.17 Reconstruction, identification, and jet uncertainties on the jet veto scale factor in

the ee and µµ channels as calculated from single Z simulated samples. The differences are

with respect to the nominal jet veto scale factor. Dashes indicate less than 0.01% change for

a particular uncertainty.
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By simple error propagation, the uncertainty in the jet veto acceptance due to QCD scale

should be calculated according to

(
δε

ε

)2

=

(
1− ε

ε

)2
(

δ 2σ≥0 jet

σ 2
≥0 jet

+
δ 2σ≥1 jet

σ 2
≥1 jet

)
. (7.21)

The effect of the varied renormalisation and factorisation scales was studied using truth

samples. Both inclusive Z and ZZ samples were generated with POWHEGBOX and showered

with PYTHIA for nine different configurations (including the nominal3) within the limits4

1

4
≤ µF

µR
≤ 4.

The relevant selection was applied to the Z and ZZ samples at particle-level and the inclusive

0 and 1-jet cross sections as well as the jet veto efficiencies were calculated.

In order to measure the uncertainty in the jet veto scale factor due to choice of PDF, the

nominal MC samples samples (the default PDF set for the POWHEGBOX single Z samples

is CT10) were varied within their uncertainties. The results are given in Table 7.22.

ee µµ

PDF uncertainty on jet veto SF +0.14%
−0.11%

+0.14%
−0.10%

Table 7.22 The changes in the jet veto acceptances and corresponding scale factors obtained

by varying the CT10 PDF set within its uncertainties. The differences are with respect to

the nominal jet veto scale factor in the respective channels.

The scale factor associated with the jet veto is motivated by using single Z events to

reduce the reconstruction and theoretical uncertainties on derived quantities such as the

correction CZZ. This can be seen as a cancellation effect in the product of the efficiency cor-

rection factor CZZ and the jet-veto scale factor. The uncertainty on the efficiency correction

is generally reduced when multiplied by the jet veto scale factor. Table 7.23 shows the value

of CZZ in the ee and µµ sub-channels. For the statistical model used to extract the cross

3For POWHEGBOX, the default renormalisation and factorisation scale are set to a dynamic scale, mZZ for

ZZ production, while a fixed scale of mZ is used for single Z production.
4 If the higher-order corrections to the qq̄ contribution to the cross section are small, the variations in the

factorisation and renormalisation scale should be sufficient to cover the theoretical uncertainty due to QCD

scale when using a fixed-order calculation as the baseline. The choice to vary the scales individually and si-

multaneously by a factor two is conventional, and is generally accepted between theorists and experimentalists

as a way to obtain a sensible estimate of the QCD scale uncertainty.



180 Measurement of the ZZ cross section

V
ariatio

n

µ
R

µ
F

σ
Z≥

0
jet

[p
b

]
δ

σ
Z≥

0
jet

[%
]

σ
Z≥

1
jet

[p
b

]
δ

σ
Z≥

1
jet

[%
]

ε
Z

δ
ε

Z
[%

]

µ
0
=

m
Z

µ
0
=

m
Z

4
5

1
.9

0
-

7
4

.9
5

-
0

.8
3

4
1

-

µ
0

µ
02

4
3

5
.8

7
-3

.5
4

7
1

.9
1

-4
.0

6
0

.8
3

5
0

1
.0

6

µ
0

2
µ

0
4

4
6

.4
4

-1
.2

0
7

3
.9

5
-1

.3
3

0
.8

3
4

3
0

.3
5

µ
02

µ
0

4
2

6
.8

9
-5

.5
3

7
0

.3
4

-6
.1

5
0

.8
3

5
2

1
.6

3

µ
0

2
µ

0
4

6
2

.3
8

2
.3

1
7

6
.6

2
2

.2
3

0
.8

3
4

3
0

.6
3

2
µ

0
2

µ
0

4
6

8
.5

2
3

.6
7

7
7

.6
1

3
.5

5
0

.8
3

4
3

1
.0

1
µ

02
µ

02
4

5
9

.1
4

1
.6

0
7

6
.2

3
1

.7
1

0
.8

3
4

0
0

.4
6

2
µ

0
µ

02
4

5
9

.8
2

1
.7

5
7

5
.8

5
1

.1
9

0
.8

3
5

0
0

.4
1

µ
02

2
µ

0
4

4
5

.0
8

-1
.5

1
7

3
.5

4
-1

.8
7

0
.8

3
4

8
0

.4
7

T
ab

le
7

.1
8

T
h

e
effect

o
f

v
ariatio

n
s

in
th

e
ren

o
rm

alisatio
n

an
d

facto
risatio

n
scale

in
th

e
in

clu
siv

e
jet

cro
ss

sectio
n

s
in

Z
→

ee
ev

en
ts

g
en

erated
w

ith
P

O
W

H
E

G
B

O
X

at
p

article-lev
el.

T
h

e
v
ariatio

n
in

jet
v
eto

effi
cien

cy
is

calcu
lated

acco
rd

in
g

to
eq

u
atio

n
E

q
.

(7
.2

1
).



7.6 A scale factor correction to the jet veto efficiency 181

V
ar

ia
ti

o
n

µ
R

µ
F

σ
Z ≥

0
je

t
[p

b
]

δ
σ

Z ≥
0
je

t
[%

]
σ

Z ≥
1
je

t
[p

b
]

δ
σ

Z ≥
1
je

t
[%

]
ε

Z
δ

ε
Z

[%
]

µ
0
=

m
Z

µ
0
=

m
Z

4
5

2
.3

0
-

7
8

.5
5

9
0

.8
2

6
3

µ
0

µ
0 2

4
3

5
.8

4
-3

.6
3

7
5

.2
5

9
-4

.2
0

1
0

.8
2

7
3

1
.1

6

µ
0

2
µ

0
4

4
6

.4
0

-1
.3

0
7

7
.5

0
4

-1
.3

4
3

0
.8

2
6

4
0

.3
9

µ
0 2

µ
0

4
2

7
.2

4
-5

.5
3

7
4

.0
2

6
-5

.7
7

0
0

.8
2

6
7

1
.6

7

µ
0

2
µ

0
4

6
2

.8
7

2
.3

3
8

0
.1

7
6

2
.0

5
8

0
.8

2
6

8
0

.6
5

2
µ

0
2

µ
0

4
6

8
.6

0
3

.6
0

8
1

.2
6

7
3

.4
4

7
0

.8
2

6
6

1
.0

4
µ

0 2
µ

0 2
4

5
8

.9
5

1
.4

7
7

9
.8

0
0

1
.5

7
9

0
.8

2
6

1
0

.4
5

2
µ

0
µ

0 2
4

6
0

.2
0

1
.7

4
7

9
.5

5
4

1
.2

6
7

0
.8

2
7

1
0

.4
5

µ
0 2

2
µ

0
4

4
5

.8
6

-1
.4

2
7

7
.1

3
9

-1
.8

0
7

0
.8

2
7

0
0

.4
8

T
ab

le
7

.1
9

T
h

e
ef

fe
ct

o
f

v
ar

ia
ti

o
n

s
in

th
e

re
n

o
rm

al
is

at
io

n
an

d
fa

ct
o

ri
sa

ti
o

n
sc

al
e

in
th

e
in

cl
u

si
v
e

je
t

cr
o

ss
se

ct
io

n
s

in
Z
→

µ
µ

ev
en

ts

g
en

er
at

ed
w

it
h

P
O

W
H

E
G

B
O

X
at

p
ar

ti
cl

e-
le

v
el

.
T

h
e

v
ar

ia
ti

o
n

in
je

t
v
et

o
ef

fi
ci

en
cy

is
ca

lc
u

la
te

d
ac

co
rd

in
g

to
eq

u
at

io
n

7
.2

1
.



182 Measurement of the ZZ cross section

section, uncertainties which appear in both the correction factor and the jet veto scale factor

are taken as fully correlated or anti-correlated depending upon the direction of change under

a given variation.

Table 7.23 shows approximately a 1% reduction in the central value for both the ee and

µµ channels. While the jet veto scale factor is only applied to the qq̄ component, the gluon-

gluon contribution is small enough such that a scale factor of 98 to 99 % translates directly

to a 1% shift in the overall value. A reduction in the jet related uncertainties (jet energy

scale, jet energy resolution and jet vertex fraction) is observed on applying the scale factor

when comparing the values from Table 7.6. As the jet veto scale factor introduces a shift on

the central value of CZZ by about 1%, this translates directly to a shift in the central value of

the cross sections measured in the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-channels. The

resulting reduction in uncertainties also translates to a reduction in the uncertainties in the

cross section. When using the jet veto scale factor, the method is essentially the same as

given in Section 7.5.1, only CZZ for a given sub-channel in section model is modified to

CZZ = SFjet veto ·Cqq̄→ZZ +Cgg→ZZ . (7.22)

Cross section measurements with the jet veto scale factor applied to CZZ in the e−e+νν̄ and

µ−µ+νν̄ sub-channels are given in Tables 7.24 to 7.26. The systematic uncertainties for

the fiducial cross sections are reduced by up to 30% in both channels, although because the

value of CZZ is reduced, the central values of the cross sections are increased as expected

(Eq. (7.9)). The corresponding shift in central value from the nominal value is comparable

to the reduction in systematic uncertainties obtained by applying the jet veto scale factor to

CZZ. Full breakdowns of systematic uncertainties are given in Chapter B.

Channel Fiducial cross section [fb]

e−e+νν̄ 5.07 +0.77
−0.72 (stat) +0.32

−0.28 (syst) +0.20
−0.16 (lumi)

µ−µ+νν̄ 4.72 +0.70
−0.66 (stat) +0.32

−0.26 (syst) +0.19
−0.15 (lumi)

Table 7.24 Measured fiducial cross sections for the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄
sub-channels with the qq̄ component of CZZ multiplied by the jet veto scale factor.
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Cee
ZZ with jet veto SF C

µµ
ZZ with jet veto SF

CZZ 0.6693 0.7461

statistical uncertainty ±2.1% ±2.1%

electron identification ±1.6% -

electron isolation ±0.3% -

electron reconstruction ±0.7% -

electron energy resolution +0.1%
−0.0% -

electron energy scale +1.62%
−1.93% -

muon momentum resolution - −0.2%
−0.1%

muon momentum scale - +0.1%
−0.2%

muon reconstruction efficiency - +0.7%
−0.7%

muon identification effieicney - −0.1%
−0.2%

muon isolation - +3.2%
−3.2%

jet energy scale +2.0%
−1.0%

+1.1%
−1.3%

jet energy resolution +0.4%
−0.4%

−0.4%
+0.4%

jet vertex fraction +0.1%
−0.1%

+0.2%
+0.1%

Emiss
T resolution (soft terms) +0.1%

−0.1%
−0.4%
+0.4%

Emiss
T scale (soft terms) −0.8%

+1.6%
−1.1%
+0.5%

trigger ±0.1% ±0.5%

electroweak corrections ±0.3% ±0.4

MC generator difference ∓0.9% ∓2.2%

PDF ±0.2% ±0.3%

∆CZZ/CZZ
+4.15%
−3.67%

+4.35%
−4.54%

Table 7.23 Calculated values for CZZ and the resulting uncertainties with the qq̄ component

multiplied by the jet veto scale factor.
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Channel Total cross section [pb]

e−e+νν̄ 9.14 +1.39
−1.30 (stat) +0.77

−0.64 (syst) +0.36
−0.28 (lumi)

µ−µ+νν̄ 8.77 +1.31
−1.22 (stat) +0.74

−0.58 (syst) +0.35
−0.28 (lumi)

Table 7.25 Measured total cross sections for the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-

channels with the qq̄ component of CZZ multiplied by the jet veto scale factor.

channel Total cross section [pb]

All channels 7.36 +0.39
−0.38 (stat) +0.27

−0.25 (syst) +0.23
−0.21 (lumi)

Table 7.26 The total cross section for all ZZ channels combined with the jet veto scale factor

applied to the respective qq̄ components of CZZ for the e−e+νν̄ and µ−µ+νν̄ sub-channels.

7.7 Conclusions and discussion

This chapter presented theoretical predictions of the ZZ cross section in the fiducial volume

defined in Section 7.1 and the extrapolated cross section in the mass range 66<mℓ−ℓ+ < 116

GeV. The efficiency correction CZZ necessary for measurement of a fiducial cross section

and the acceptance AZZ were defined and calculated with full systematic uncertainties for

both the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+ decay channels. The statistical model used

for the cross section based on the maximum likelihood method was also discussed and

the combination method for the combined cross section was explained. The cross sections

stand in reasonable agreement compared with the Standard Model prediction, although the

cross sections in the ZZ → ℓ−ℓ+νν̄ sub-channels are consistently high with respect to the

theoretical prediction. The ZZ → ℓ−ℓ+ℓ−ℓ+ cross sections show better agreement with the

NLO qq̄+ LO gg prediction. The application of a correction to model the jet veto efficiency

in simulation and reduce theoretical systematic uncertainties was explored. It was shown

that the correction factor introduces roughly 1% reduction the value of CZZ which translates

directly into a higher measured cross section. The reduction of jet-related uncertainties is

on the order of the shift introduced to the central value compared to the nominal value of

the cross section with no such correction applied.
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The measured cross sections given in Section 7.5.2 are high compared to the Standard

Model prediction taken from POWHEGBOX and gg2VV. Both ATLAS and CMS have mea-

sured ZZ cross sections that are higher than the Standard Model prediction. It is worth noting

that the agreement in the ZZ → ℓ−ℓ+ℓ−ℓ+ channels is better than that in the ZZ → ℓ−ℓ+νν̄

sub-channels. This could be due to the selection placed in the ZZ → ℓ−ℓ+νν̄ analysis, in

particular the requirement of the jet veto. Another explanation is that the contributions from

higher order corrections to both the qq̄ and gg processes would serve to increase the theo-

retical prediction. In the case of the Higgs production, the NLO gg contributions are very

large. The higher-order electroweak corrections serve to systematically drive down the ex-

pected yield, but it is has been shown that higher-order QCD corrections would serve to

enhance the cross section [207, 215]. The observation of excess has not gone unnoticed;

several explanations for the source of the excess [216, 217] in the WW channel have already

been proposed. The imposition of jet vetoes to enhance signal-to-background also poses a

difficulty, as many of the calculations for higher order QCD corrections are for inclusive

cross sections, not exclusive jet-binned cross sections. While the excess has caused some in

the particle physics community to view diboson physics as one possible source for potential

of observation of beyond Standard Model physics, theoretical calculations at NNLO and

higher orders must be completed for more accurate predictions. As the LHC continues to

collect large amounts of integrated luminosity during its second run, the ZZ measurement

will at some point no longer be dominated by statistical uncertainties, allowing more precise

measurements to be made. The Standard Model has done a phenomenal job of holding up

to very stringent tests, it remains to be seen if it will continue to hold up through the next

few decades, or if some new physics will be discovered.





Chapter 8

Limits on anomalous triple gauge

couplings

The lack of large excesses in the measured cross sections of recent measurements by ATLAS

and CMS, combined with previous limits on anomalous triple gauge couplings indicate that

new physics effects, if indeed present, would have to be small, with couplings at most at the

per-mille level. Limit setting is important to be able to rule out models which allow neutral

ZZV couplings. This chapter discusses the limit setting procedure on neutral ZZV anoma-

lous triple gauge couplings, including parametrisation of the signal yield, matrix element

reweighting, and the statistical procedure used to set 95% confidence limits on the values of

the couplings, and presents the results derived from the ZZ → ℓ−ℓ+νν̄ data.

8.1 Parametrisation of the signal yield

One of the signatures of anomalous triple gauge couplings is an enhanced event yield at

higher energies and at large scattering angles. Variables that are related to the invariant

mass of the ZZ system provide sensitivity to the couplings. Kinematic variables that are

particularly sensitive to neutral ZZV aTGCs are pZ
T and ∆φ (ℓ−, ℓ+). Limits from the first

measurement of the ZZ production cross section by ATLAS [76] relied only on the cross

section to set limits on anomalous couplings due to lack of statistics. However, a direct

parametrisation of the signal yield in one or more variables allows a binned probability

model in a particular kinematic variable to be used where the contributions in high pT bins

have higher statistical power for discovering or constraining new physics contributions. For

the ATLAS analyses at 7 and 8 TeV kinematic spectra are parameterised in pZ
T for the

ZZ → ℓ−ℓ+νν̄ channel. Standard Model and anomalous ZZ couplings are modelled using
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SHERPA which has an implementation of the generic ZZV couplings [123] as described in

Section 2.4.1. While additional anomalous couplings can contribute when the Z bosons are

off-shell [67], these couplings are highly suppressed near the Z pole, and are not currently

implemented in SHERPA. Simulated pZ
T and ∆φ (ℓ−, ℓ+) spectra for ZZ production with

various combinations of anomalous aTGCs are shown in Fig. 8.1.
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Fig. 8.1 The simulated pZ
T and ∆φ (ℓ−, ℓ+) spectra for ZZ production with various combina-

tions of anomalous ZZV triple gauge couplings. The couplings are set to the values used

to produce the SHERPA samples used to model ZZ production with anomalous couplings,

which are larger than both the ATLAS and CMS limits at 7 TeV by roughly a factor of

10, but are shown here for effect. Spectra are compared to the baseline ZZ signal from

POWHEGBOX and gg2VV used for the cross section prediction and signal modelling. The

anomalous couplings enhance the event yield at high pZ
T and enhance the spectrum at low

values of ∆φ (ℓ−, ℓ+).
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8.1.1 Choice of unitarisation scheme

The issue of maintaining unitarity at high values of
√

s within effective field theory was

discussed in Section 2.4.1. One way to remedy this is to multiply the bare couplings by a

form factor (Eq. (2.3)), which introduces scale dependence on the values of the couplings

such that the scale of the new physics occurs at ΛFF and at high partonic centre-of mass en-

ergies
√

ŝ, the values of the anomalous couplings approached zero such that the S-matrix is

unitary. Previous limits on anomalous couplings set by the DØ collaboration (Section 2.4.1)

were set in an effective field theory where the scale of new physics is set to ΛFF = 3 TeV.

The limits presented in the ATLAS ZZ analysis at 7 TeV [77] were calculated in the case

of a form factor scale of ΛFF = 3 TeV and with an infinite form factor scale ΛFF = ∞. The

values obtained with the scale set to ΛFF = 3 TeV were about 1.5 times higher than those

set with an infinite scale. The effects of the form factor scale serve to decrease sensitivity

with respect to limit setting. A study done in the ZZ → ℓ−ℓ+ℓ′−ℓ′+ decay channel showing

ZZ aTGC limits as a function of the scale ΛFF with 8 TeV data from ATLAS is described in

[218].

The role of the unitarisation scheme has been a topic of active discussion among collabo-

rations exploring new physics via aTGCs as to how to set the best limit that has a consistent

physical interpretation. The effective lagrangian approach should be considered as a way

to parametrize deviations from the Standard Model in a model independent expansion that

complements direct searches. The issue of unitarisation concerns the validity of this expan-

sion and it is relevant only in the case of non-observation (i.e. limit-setting) how far can this

be extrapolated. The introduction of a regularization scheme such as form-factor or a cut,

corresponds in effect to a limitation in the allowed range where one can parametrize devia-

tions. This implies that experimental searches could potentially not use the full sensitivity

of the data, including “non-observation” in high-pT bins, rather a restriction is placed such

that sensitivity exists in a specific range. Furthermore, the choice of form-factor reflects

prior information put into the model and to a certain extent defies the “model-independent”

effective lagrangian approach.

The results presented in the following sections use a form-factor scale of ΛFF = ∞ for

aTGC sample generation, matrix element reweighting scheme and limit setting procedure.

By using bare couplings, the analysis is free of (arbitrary) form factor assumptions, and

therefore can provide the most stringent limits.
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8.1.2 Matrix element reweighting

In order to set limits on anomalous triple-gauge couplings, the expected number of events

after all selection must be parameterised as a function of the strength of the aTGC couplings.

There are a few methods for obtaining these yields. One method would be to generate a grid

of fully-simulated samples over a range of coupling values. However, generating enough

fully-simulated events at each value of the coupling to apply a full event selection and still

have sufficient statistics in the tails of the distributions proves to be very computationally

intensive, and is highly impractical, given that there are four couplings to be tested. Another

method involves a matrix element reweighting procedure to reweight (or rescale) a sample

generated with one set of couplings to another based on a recalculation of the matrix element

from the kinematics of the hard interaction on an event-by-event basis. In this way the full

phase space dependence of the yield is accounted for. In order to perform reweighting

in this way, one must have access to the matrix elements which produced the hard-scatter

process which will give rise to the relevant events. The obvious advantage of this procedure

is the ability to describe each point in phase space without the need for further interpolation

between points. Using a fully-simulated sample as input to obtain the parametrisation allows

the effects of detector reconstruction and identification efficiencies and detector acceptance

to be modelled as well.

In the effective Lagrangian approach, new triple gauge-boson vertex operators are added

linearly to the Standard Model and the strength of each new term is parameterised with a

new TGC, fV
i . As the terms are added linearly, the squared amplitude is a bilinear form

that is a quadratic function of the fV
i parameters. Once the coefficients of the second or-

der polynomial are known, the dependence of the observable on the couplings is specified.

In the case of two anomalous couplings, for instance, f1 and f2, an observable O that is

proportional to the amplitude may be written as:

O = |M0 + f1M1+ f2M2|2

= M2
0 +2 f1M0M1 +2 f2M0M2 + f 2

1 M2
1 +2 f1 f2M1M2 + f 2

2 M2
2

= [1 f1 f2]




M2
0 M0M1 M0M2

M0M1 M2
1 M1M2

M0M2 M1M2 M2
2







1

f1

f2


 .

(8.1)

Due to the quadratic dependence of the yield on the coupling and symmetric nature of the

matrix element ( fi j = f ji), one can write the square of the amplitude in an upper triangular
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form, as

O = [1 f1 f2]




F00 F01 F02

0 F11 F12

0 0 F22







1

f1

f2


 , (8.2)

where the factors of 2 have been absorbed into the Fi j. The F00 term is the SM contribution

while the anomalous terms are represented by the higher-order Fi j.

To derive event weights, consider a simplified case with one non-zero anomalous cou-

pling. In this case, there are three coefficients to be determined as can be seen from the

expression for the differential cross section,

dσSM+aTGC = F00 + f F01 + f 2F11 . (8.3)

Using three different values of f , for instance fk = {0,1−1}, and three different values of

the differential cross section, dσk, three independent equations can be established to solve

for the values of Fi in matrix form:




dσ1

dσ2

dσ3


=




1 0 0

1 1 1

1 −1 1







F00

F01

F11


 . (8.4)

This expression can be simplified if the expression is expressed as

dσσσ = AF, (8.5)

where A is a matrix. The system of equations may be solved to give the Fi j coefficients

provided that A is invertible. This is true if the coupling parameters are chosen such that

the three equations are independent. Thus, for n aTGC’s, there will be (n+ 2)(n+ 1)/2

independent coefficients to fully describe the bilinear form. The solution of Eq. (8.5) starts

by using the event kinematics (the four-vectors of the final-state leptons) provided from

the original generator that is used to produce the events (SHERPA in this instance). The

four-vectors are put into the extracted matrix element and the cross section is evaluated

(n+2)(n+1)/2 times for each event using different combinations of anomalous couplings

to obtain the vector of differential cross sections dσσσ each event. Once the matrix A is

inverted and the cross sections are evaluated via the matrix elements, the coefficients Fi j are

obtained by taking the matrix product of A−1 and dσσσ . When considering all four couplings

fV
i , the matrix A is 15×15, and both dσσσ and F are column-vectors with 15 entries. In the

case of four anomalous couplings, the differential cross section for a particular event given
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a particular choice of couplings can be expressed as

dσSM+aTGC( f
γ
4 , f Z

4 , f
γ
5 , f Z

5 ) = F00+ f
γ
4 F01 + f Z

4 F02 + f
γ
5 F03 + f Z

5 F04

+
(

f
γ
4

)2
F11 + f

γ
4 f Z

4 F12 + f
γ
4 f

γ
5 F13 + f

γ
4 f Z

5 F14

+
(

f Z
4

)2
F22 + f Z

4 f
γ
5 F23 + f Z

4 f Z
5 F24

+
(

f
γ
5

)2
F33 + f

γ
5 f Z

5 F34

+
(

f Z
5

)2
F44, (8.6)

or in the matrix notation as

dσSM+aTGC = [1 f
γ
4 f Z

4 f
γ
5 f Z

5 ]




F00 F01 F02 F03 F04

0 F11 F12 F13 F14

0 0 F22 F23 F24

0 0 0 F33 F34

0 0 0 0 F44







1

f
γ
4

f Z
4

f
γ
5

f Z
5



, (8.7)

where again factors of two have been absorbed into the off-diagonal elements of Fi j. Using

this expression, an event originating from one sample can be reweighted to an arbitrary

aTGC point by assigning the weight

wsm+aTGC =
dσSM+aTGC( f

γ
4 , f Z

4 , f
γ
5 , f Z

5 )

dσref
,

=
∑

nTGC
i=0 ∑

nTGC
j=0 fi f jFi j

dσref
.

(8.8)

where dσref is a “reference cross section” and denotes the differential cross section for the

event at the point in aTGC space where it was originally generated under a set choice of

couplings. This is essentially a normalisation constant ensuring that the leading-order term

F00 is the Standard Model coefficient.

The framework used for the reweighting procedure is named “the AfterBurner” [219,

220]. As the name suggests, it allows derivation of aTGC weights since the weights are not

evaluated during the event generation. The implementation of the reweighting is discussed

in [221]. The Afterburner uses an extraction of matrix elements from the BHO (Baur, Han

and Ohnemus) generator [222–224]. While the BHO generator produces events at NLO in

QCD, the extraction only includes the leading-order and the QCD real emission diagrams,

i.e. Born-level 2 → 2, and 2 → 5 processes (up to 1 jet), and does not include the QCD

loop contributions. The original BHO code does not include aTGCs for ZZ production. ZZ
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aTGCs were added to the AfterBurner through an extraction of the leading-order matrix

elements from the Baur-Rainwater generator [69] which was interfaced with the existing

BHO extraction.

The reweighting procedure can be easily extended to reweight a sample generated with

a given set of aTGCs to any other set of aTGCs. The aTGC coefficients Fi j are completely

specified by the kinematics of the ingoing and outgoing particles and therefore are unaf-

fected by a change of anomalous coupling of the sample used to derive the weights. A recal-

culation of the coefficients Fi j for different anomalous couplings is therefore redundant; in

principle, only one simulated sample is needed to fully describe all the aTGC dependence

at every point in phase space, however, for purposes of validation of the matrix element

reweighting technique, a small number of samples at different aTGC points is used for the

signal yield parametrisation. A plot of samples generated with non-zero values of the aTGC

couplings reweighted to the Standard Model is given in Fig. 8.2. As an event yield parametri-

sation in terms of the number of events is needed for the statistical model, the weights must

be translated into an event yield of the expected number of events. The ZZ production cross

section within a defined region of phase space is given in terms of the aTGC couplings by

σ selected
SM+aTGC = σref

∑
Nselected
k=1 wSM+aTGC, k

Nref
, (8.9)

where the sum of event weights is for events in the reference sample which pass all standard

selection cuts. The expected number of events is obtained by scaling by the particular

integrated luminosity, L, according to

NZZ,SM+aTGC = Lσref
∑

Nselected
k=1 wSM+aTGC,k

Nref
. (8.10)

The selected events are weighted by all reconstruction/identification, trigger and event weights

as with all other simulated samples used for signal and background modelling. One may de-

fine scaled yield coefficients Ni j, which express the contribution from a particular coupling

in terms of events scaled to a particular reference cross section and luminosity as

Ni j =
Lσref

Nref

(
∑

Nselected
k=1 Fi j,k

dσref

)
. (8.11)
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Fig. 8.2 The simulated pZ
T spectrum in the µ−µ+νν̄ sub-channel reweighted between aTGC

points. The Afterburner framework allows event weights to be determined after sample

generation. In principle, only two different samples need to be generated to obtain weights

necessary for a full signal yield parametrisation as a function of coupling strength, one

Standard Model sample and one sample with one or more couplings with non-zero values.

To validate the procedure, sample generated with a given configuration of aTGC parameters

are reweighted (a) the Standard Model, and (b) another aTGC points.
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One can then define an expected event yield as a function of the couplings analogously to

the differential cross section given in Eq. (8.6) as

NZZ,expected( f
γ
4 , f Z

4 , f
γ
5 , f Z

5 ) = N00+ f
γ
4 N01 + f Z

4 N02 + f
γ
5 N03 + f Z

5 N04

+
(

f
γ
4

)2
N11 + f

γ
4 f Z

4 N12 + f
γ
4 f

γ
5 N13 + f

γ
4 f Z

5 N14

+
(

f Z
4

)2
N22 + f Z

4 f
γ
5 N23 + f Z

4 f Z
5 N24

+
(

f
γ
5

)2
N33 + f

γ
5 f Z

5 N34

(
f Z
5

)2
N44 . (8.12)

The normalised yield coefficients are given as a function of the pZ
T binning used for limit

setting in Table 8.1.

Figures 8.3 and 8.4 shows total event yields as a function of coupling over a wide range

of coupling values. Each curve assumes one coupling is non-zero while all other couplings

are set to zero. The yield curves are symmetric with respect to the Standard Model values

of zero due to the quadratic dependence of the yield on the couplings.
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Fig. 8.3 Total event yields (inclusive over all bins) parameterised as a function of a single

anomalous triple gauge coupling. The yield curves are obtained by expressing the yield ac-

cording to Eq. (8.12) and using the normalised yield coefficients from Table 8.1 for only one

coupling, making the cross terms and terms proportional to the remaining three couplings

0. The top two curves show the yields for (a) f
γ
4 only and (b) f Z

4 only, while the bottom two

curves show the yields for (c) f
γ
5 only, and (d) f Z

5 only.
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Fig. 8.4 Total event yields (inclusive over all bins) parameterised as a function of a single

anomalous triple gauge coupling parameter in the ZZ → µ−µ+νν̄ sub-channel.
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8.2 Limit setting procedure

8.2.1 Statistical model for limit setting

The statistical model used for determining the limits on aTGC parameters is very similar to

that used to derive the ZZ cross section. The probability of observing N
j

observed events in data

given N
j

signal signal and N
j

bkgd background events given a distribution in n bins is expressed

as a Poisson distribution in the number of signal and background events, i.e.

P =
n

∏
j=1

Pois
(

N
j

observed|N
j

expected

)
. (8.13)

Here, the number of expected events in bin j at a given test point is a function of the aTGC

couplings defined as the sum of the Standard Model and anomalous contributions, and the

backgrounds in the jth bin:

N
j

expected = N
j

signal (µµµ test)+N
j

bkgd , (8.14)

= N
j

SM +N
j

aTGC (µµµ test)+N
j

bkgd . (8.15)

The backgrounds in a particular bin are the same as those used as input to the cross section

model:

N
j

bkgd = N
j

W+X +N
j

Z+X +N
j

WW,tt̄,Wt,Z→ττ +N
j

W Z +N
j

ZZ→4ℓ. (8.16)

Here the set µµµ is given by the set of four anomalous couplings { f
γ
4 , f Z

4 , f
γ
5 , f Z

5 }. The model

is essentially the same as the cross section model, however, the parameters of interest in the

fit become the aTGC couplings instead of the cross section. Limits may be set in several

different scenarios in which one or more couplings are allowed to take on values other than

zero. This section presents the procedure for one-dimensional limit setting, although it can

be extended and generalised to multiple dimensions (i.e. more than one coupling at a time).

In a one-dimensional limit-setting scenario, only one coupling is fitted at a time and all

other anomalous couplings are set to zero. Analogously, for a two-dimensional limit-setting

scenario, two parameters of interest are fitted at a time, while the other two are set to zero.

Searches in ATLAS typically have a prescription for conduction the statistical tests used

for both discovery and exclusion of new physics [225]. Most of these methods involve

a frequentist approach using likelihood-based test statistics [226], with the choice of test

statistic depending on whether the goal is to optimise with respect to exclusion or sensitivity

for discovery. For this analysis, the test statistic that is used is based on the profile-likelihood
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ratio, Λ, which is calculated as [15]

Λ(Nobserved,θθθ 0; µµµ test) =
max ˆ̂θθθ

L(Nobserved|Nexpected(µµµ test,θθθ 0); µµµ test,
ˆ̂θθθ )

maxµ̂µµ,θ̂θθ L(Nobserved|Nexpected(µµµ test,θθθ 0); µ̂µµ , θ̂θθ)
, (8.17)

where L is the likelihood function, ˆ̂θθθ (µµµ test) represents the conditional maximum likelihood

estimators for the nuisance parameters, θθθ 0 are the nuisance parameters under a particular

configuration of expected events and µµµ test is the value of the couplings fixed at a given test

point. The choice of test statistic is motivated by the Neyman-Pearson lemma [227]. 1 The

profile-likelihood ratio is a function of the couplings being tested, and is restricted to the

range

0 < Λ(Nobserved,θθθ 0; µµµ test)≤ 1. (8.19)

The maximum value of 1 that the profile likelihood ratio can take is obtained when µµµ test = µ̂µµ ,

i.e. at the best-fit value of µµµ . The numerator of Eq. (8.17) indicates that the likelihood is

maximised with respect to the nuisance parameters and the parameters of interest µµµ are

held constant. The set of nuisance parameters ˆ̂θθθ (µµµ test) represents the conditional maximum

likelihood estimators for the nuisance parameters, that is, the the values of the nuisance pa-

rameters at the maximum value of the likelihood achieved while holding the parameters of

interest constant. The denominator is maximised with respect to both the nuisance param-

eters and the parameters of interest (i.e., all parameters, the couplings and the systematics,

are allowed to float), giving the best fit to the data (or pseudodata, where appropriate). The

sets µ̂µµ and θ̂θθ represent the values of the parameters of interest and the nuisance parameters

when the likelihood is maximised achieving a best fit.

As with the cross section, the profile-likelihood calculation is implemented as a minimi-

sation of the profile-log-likelihood (Eq. (8.21)) using MINUIT via a set of ROOFIT classes

rather than maximising the likelihood function. The profile-log-likelihood, pll, is defined

as the input negative-log-likelihood (nll) minimised with respect to all nuisance parameters

1The Neyman-Pearson lemma states that for a test between two hypotheses H0 : θ = θ0 (the null hypothesis)

and H1 : θ = θ1 (the alternative hypothesis), given some probability of wrongly rejecting the null hypothesis,

α = P(x /∈ ω |H0), the region ω which minimises the probability of wrongly accepting the null hypothesis

β = P(x ∈ ω |H1) is a contour given by the likelihood ratio

P(x|H1)

P(x|H0)
> kα , (8.18)

for some threshold α , called the significance of the test. Any other region can be shown to have less statistical

power.
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minus the nll of the best fit [228]:

pll =− ln(Λ) , (8.20)

= min ˆ̂θθθ

(
− lnL(Nobserved,θθθ 0; µµµ test,

ˆ̂θθθ)
)
−minµ̂µµ,θ̂θθ

(
− lnL(Nobserved,θθθ 0; µ̂µµ , θ̂θθ)

)
. (8.21)

Thus the test statistic used, q, is given by twice the profile 2pll, or

q =−2ln(Λ) . (8.22)

8.2.2 Pseudo-experiments and the probability distribution of the test

statistic

Observed limits using data are calculated at 95% confidence-level by measuring the region

of the one-dimensional coupling space where the p-value is greater than 5%. The p-value

under the signal-plus-background hypothesis is defined as the probability, under the assump-

tion of this hypothesis, to find a value of the test statistic q with equal or lesser compatibility

with the signal-plus-background model compared to that found with the test statistic eval-

uated with observed data qobserved. Put another way, the p-value can be expressed as the

probability to find a value of the test statistic q more extreme (greater than or equal to) than

that observed in data, qobserved. The p-value is calculated as:

ps+b = P(q ≥ qobserved|s+b) =
∫ ∞

qobserved

f
(
qµ |s+b,µ

)
dqµ , (8.23)

where the function that is integrated, f
(
qµ |s+b,µ

)
is the sampling distribution of the

test statistic. The value of the parameter being tested is excluded at a confidence level

of 1−α = 0.95 if, at that test point, ps+b < 0.05. For sufficiently large datasets, one may

use asymptotic properties of the test statistic [229]. The justification lies in Wilks’ theorem

[230], which states that for a sufficiently large data sample (where 1/
√

N is neglibible),

the probability distribution function of the quantity q = −2ln(Λ) approaches a χ2(n) dis-

tribution with n degrees of freedom, that is, f
(
qµ |Hµ

)
≈ χ2

n , for n parameters of interest.

Thus the sampling distribution of the test statistic should be distributed as χ2
1 when test-

ing one anomalous coupling. For this to be applicable, the likelihood must be sufficiently

parabolic about the minimum such that the higher order terms can be neglected. In general,

in the case of low statistics, the likelihood does not meet these criteria and the sampling

distribution of the test statistic must be built up from toy Monte-Carlo, also referred to as

pseudo-experiments. A pseudo-experiment is a set of random numbers which take the place

of Nobserved for use in a statistical test. Here, the pseudo-data in a given bin are drawn from
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a Poisson distribution with the mean given by the sum of the signal expectation and the

background contribution for that bin. The pseudo-data are treated in the same manner as

data when calculating the profile-likelihood ratio and the test statistic.

Once the distribution of the test statistic under the signal-plus-background null hypothe-

sis and the value of the test statistic in data at a given point µ = µµµ test are known, the p-value

is evaluated. Instead of integrating the distribution of the test statistic, the p-value may

alternatively be calculated as:

p-value =
number of pseudo-experiments with test statistic qpseudo > qobserved

total number of pseudo-experiments
. (8.24)

The distribution of p-values is built up by performing a raster scan at several points along

the one-dimensional parameter space for each anomalous coupling. Here, the p-value is

determined by performing ten thousand pseudo-experiments at each scanned point. Due to

the quadratic nature of the normalised event yield with respect to the couplings, different

pseudo-experiments can give quite different results in terms of the profile-log-likelihood

and whether a unique minimum or a double-minimum is found. Therefore, no restric-

tion on the value of the coupling is imposed during the fitting procedure. The profile-

log-likelihood evaluated as a function of one coupling at the Standard Model point in two

pseudo-experiments and at the test point 0.004 in one pseudo-experiment f
γ
4 are shown in

Fig. 8.5. The sampling distributions of the test statistic in 10,000 pseudo-experiments and

the corresponding test statistic observed in data at selected scanned points for f
γ
4 and f Z

5 is

given in Figs. 8.6 and 8.7.

From the distributions (Table 8.3), it is possible to see that the test statistic is distributed

approximately as a χ2 with one degree of freedom at points sufficiently far away from

the limit. At points inside the observed limit, the test statistic distribution has local peaks.

Using asymptotic formulae to evaluate the test statistic distribution would not fully take

this structure into account, hence the motivation to build up the distributions from pseudo-

experiments.
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Fig. 8.5 The profile-log-likelihood (− ln Λ) as a function of f
γ
4 in a small sample of pseudo-

experiments at the test point (a) 0.0 and (b) 0.004, showing the quadratic nature of the

likelihood function. Pseudo-experiments can give rise to a likelihood with either a single

minimum or a double-minimum (or two very close minima which cannot be resolved).
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Fig. 8.6 The sampling distributions of the test statistic in 10,000 pseudo-experiments and

the test statistic in data at selected scanned points for the coupling f
γ
4 . The sampling distri-

butions are each normalised to unit area and can be interpreted as a probability distribution.

Superimposed on these distributions is a χ2 distribution with one degree of freedom. The

dashed vertical line indicates the value of the test statistic q = −2ln(Λ) observed in the

data at that point in the raster scan. The p-value at a given point in the scan is calculated

as the integral from the value of the test statistic observed in data outward to infinity of the

sampling distribution according to Eq. (8.23).
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Fig. 8.7 The sampling distributions of the test statistic in 10,000 pseudo-experiments and

the test statistic in data at selected scanned points for the coupling f Z
5 .
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8.2.3 Expected limits using the delta log-likelihood method

Observed limits of a parameter (or parameters) in a model are often compared against ex-

pected limits under the assumption of a certain signal strength. One method of calculating

expected limits is via the delta log-likelihood method. This method of limit calculations

is much less computationally intensive compared to the full frequentist approach by cal-

culating p-values. This method involves performing pseudo-experiments and building up

a distribution of limits under the background-only (µµµ = 0) hypothesis. For each pseudo-

experiment, the data are replace by pseudo-data drawn from a Poisson distribution generated

about the Standard Model point (µµµ = 0) for a given coupling. The upper and lower limits for

a given pseudo-experiment are found by where the test statistic q increases by 1.92 (3.84/2)

from its minimum value. The resulting distributions are plotted for upper and lower limits.

The means of the distributions are taken as the expected limits, while the uncertainty on the

mean is taken as the statistical uncertainty on the expected limit.

8.2.4 Frequentist observed limits in one dimension

Frequentist observed limits are obtained through a similar method as presented in Sec-

tion 8.2.2, by performing a one-dimensional scan over a range of suitable values for the

aTGC couplings. At each point, an initial fit is performed to the data to set the conditional

maximum likelihood estimators of the nuisance parameters. For a given pseudo-experiment,

pseudo-data are generated using the value of the coupling equal to the current point being

tested. The nuisance parameters are varied randomly within their uncertainties, and the

test statistic is subsequently calculated. This procedure is repeated once for each pseudo-

experiment. The distribution of the test statistic is built from the pseudo-experiments and

compared to the value of the test statistic obtained for Nobserved in data at that test point to cal-

culate the p-value. A point is accepted at 95% confidence if the p-value is greater than 5%,

while a point is rejected if the p-value at that point is less than 5%. The limit is calculated

as a numerical interpolation between the first-rejected and last-accepted points. Sample

distributions of p-values as a function of scanned point are shown in Figs. 8.8 and 8.9.

The expected and observed limits are summarised in Table 8.3. These constitute limits

on the bare couplings themselves, as no form-factor is used (ΛFF = ∞). The limits presented

are a factor of two tighter constraint on anomalous couplings than the ATLAS measurement

at 7 TeV, which used a combination of both the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+ chan-

nels [77]. The CMS collaboration have reported limits using the full 8 TeV dataset and

limits combining the 7 and 8 TeV datasets [231]. The expected limits presented are compa-

rable to those presented in this thesis, while the observed limits using the 8 TeV dataset are,
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Fig. 8.8 A sampled distribution of p-values as a function of test point in the raster scan used

to obtain observed limits for each aTGC parameter. The 95% confidence-level limit on each

parameter is taken as the value of the coupling where the p-value falls below 5% as indicated

by the dashed lines. The p-value sharply increases at values close to zero, indicating a low

probability of observing a test statistic in the pseudo-experiments that is greater than that

observed in data at that given point.



212 Limits on anomalous triple gauge couplings

γ
5f

0.01− 0.005− 0 0.005 0.01

p
-v

a
lu

e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-1
 = 8 TeV, 20.3 fbs νν+

l
-
l→ZZ

(a)

Z
5f

0.01− 0.005− 0 0.005 0.01

p
-v

a
lu

e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-1
 = 8 TeV, 20.3 fbs νν+

l
-
l→ZZ

(b)

Fig. 8.9 A sampled distribution of p-values as a function of test point in the raster scan used

to obtain observed limits for f
γ
5 and f Z

5 . The 95% confidence-level limit on each parameter

is taken as the value of the coupling where the p-value falls below 5% as indicated by

the dashed lines. The p-value sharply increases at values close to zero, indicating a low

probability of observing a test statistic in the pseudo-experiments that is greater than that

observed in data at that given point.
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in general about 25% tighter, and the combined limits are approximately 35% tighter. The

ATLAS limits could be further tightened with a corresponding combination of channels and

datasets from different runs.

Coupling Expected Observed

f
γ
4 [ -0.0055 , 0.0055 ] [-0.0047 , 0.0046]

f Z
4 [ -0.0046 , 0.0046 ] [-0.0040 , 0.0040]

f
γ
5 [ -0.0054 , 0.0055 ] [-0.0048 , 0.0047]

f Z
5 [ -0.0046 , 0.0047 ] [-0.0040 , 0.0041]

Table 8.3 One-dimensional expected and observed limits at 95% confidence-level on the

anomalous ZZV gauge boson couplings in the ZZ → ℓℓνν̄ channel, where the limit for each

coupling assumes the other couplings fixed at their SM value. The scale of the form factor

ΛFF = ∞.

8.3 Conclusions and outlook

This chapter presented limits on neutral anomalous gauge couplings obtained with the full

ATLAS dataset at 8 TeV as measured in the two ℓ−ℓ+νν̄ sub-channels. A method of

parametrising the signal yield by reweighting diboson events generated at an aTGC point

back to the Standard Model by the ratio of differential cross sections was also presented. A

statistical model was constructed to calculate the profile likelihood ratio, which was used

as the test statistic for a frequentist limit-setting procedure. One-dimensional frequentist

observed and expected limits were presented. The limits are compatible with the one-

dimensional limits measured by the CMS collaboration using the ZZ → ℓ−ℓ+ℓ−ℓ+ channel

(with τ leptons included in the signal definition) [83]. However, these limits are larger than

the most recent limits obtained by a combination of the ZZ → ℓ−ℓ+νν̄ and ZZ → ℓ−ℓ+ℓ−ℓ+

decay channels. Similar combination of decay channels by ATLAS to enhance the observed

limits could lead to limits that are about 10% to 20% tighter than those presented here,

although this has yet to be explored fully.





Chapter 9

Conclusions

This analysis presented a measurement of the ZZ production cross section in proton-proton

collisions at a centre-of-mass energy of
√

s = 8 TeV collected in 2012 by the ATLAS exper-

iment at the LHC. The data used for the analysis corresponds to an integrated luminosity

of 20.3 fb−1. The event selection is consistent with selecting one pair of opposite-sign,

same-flavour leptons from the decay of an on-shell Z boson and a significant amount of

missing energy consistent with a Z boson decaying invisibly. Dominant backgrounds, such

as WZ, tt̄, WW , Wt, W + jets and Z + jets were estimated using a mixture of data-driven tech-

niques and simulation. The fiducial efficiency correction CZZ and the acceptance factor AZZ

were estimated from simulation using a next-to-leading order prediction from POWHEG-

BOX to model the qq̄ → ZZ component and gg2VV to model the gg → ZZ at lowest or-

der in the gluon-induced process. An unbinned likelihood-based fit to the cross section

was performed using a statistical model constructed from the total number of background

events, CZZ, AZZ, and the observed events passing all selection criteria. Separate measure-

ments of the cross section were measured in a fiducial phase space using the e−e+νν̄

and µ−µ+νν̄ sub-channels in the ZZ → ℓ+ℓ− + Emiss
T decay mode, and the e−e+e−e+,

e−e+µ−µ+, and µ−µ+µ−µ+ sub-channels in the ZZ → ℓ−ℓ+ℓ−ℓ+ decay mode. Mea-

sured cross sections were extrapolated to a phase space defined by both Z bosons in the

mass range 66 < mℓ−ℓ+ < 116 GeV and corrected for branching fraction to obtain an extrap-

olated measurement of the pp → ZZ cross section using each sub-channel. The fiducial and
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extrapolated cross sections in the e−e+νν̄ and µ−µ+νν̄ sub-channels were measured to be

σ fid
pp→ZZ = 4.99+0.76

−0.71 (stat)+0.45
−0.38 (syst)+0.20

−0.15 (lumi) fb (ZZ → e−e+νν̄),

σ fid
pp→ZZ = 4.67+0.70

−0.65 (stat)+0.45
−0.35 (syst)+0.19

−0.15 (lumi) fb (ZZ → µ−µ+νν̄),

σ
extrapolated
pp→ZZ = 8.99+1.37

−1.28 (stat)+0.95
−0.78 (syst)+0.36

−0.28 (lumi) pb (ZZ → e−e+νν̄),

σ
extrapolated
pp→ZZ = 8.68+1.29

−1.21 (stat)+0.94
−0.73 (syst)+0.35

−0.27 (lumi) pb (ZZ → µ−µ+νν̄),

(9.1)

while in the e−e+e−e+, e−e+µ−µ+, and µ−µ+µ−µ+ sub-channels, the cross sections were

measured to be

σ fid
pp→ZZ = 5.90+0.83

−0.76 (stat)+0.29
−0.23 (syst)+0.19

−0.15 (lumi) fb (ZZ → e−e+e−e+),

σ fid
pp→ZZ = 12.35+1.03

−0.98 (stat)+0.38
−0.33 (syst)+0.37

−0.32 (lumi) fb (ZZ → e−e+µ−µ+),

σ fid
pp→ZZ = 4.87+0.56

−0.52 (stat)+0.21
−0.17 (syst)+0.15

−0.12 (lumi) fb (ZZ → µ−µ+µ−µ+),

σ
extrapolated
pp→ZZ = 6.38+0.90

−0.83 (stat)+0.32
−0.25 (syst)+0.20

−0.16 (lumi) pb (ZZ → e−e+e−e+),

σ
extrapolated
pp→ZZ = 7.52+0.63

−0.60 (stat)+0.25
−0.21 (syst)+0.23

−0.20 (lumi) pb (ZZ → e−e+µ−µ+),

σ
extrapolated
pp→ZZ = 6.66+0.77

−0.71 (stat)+0.30
−0.24 (syst)+0.21

−0.17 (lumi) pb (ZZ → µ−µ+µ−µ+).

(9.2)

A measurement of the extrapolated cross section was measured combining information from

both ℓ−ℓ+νν̄ sub-channels, and three ZZ → ℓ−ℓ+ℓ−ℓ+ sub-channels to give

σ
extrapolated
pp→ZZ = 7.30+0.38

−0.37 (stat)+0.28
−0.25 (syst)+0.23

−0.20 (lumi) pb (all sub-channels). (9.3)

The measured cross section is compared to the calculated theoretical prediction of the cross

section in the specified mass range from the summed contributions from the POWHEGBOX

and gg2VV generators was found to be

σ
predicted
pp→ZZ = 6.69 ±0.01 (stat)+0.67

−0.56 (theory) pb, (9.4)

where the theoretical uncertainties include the QCD scale and the uncertainty associated

with the parton distribution function used to produce the samples of ZZ events. The mea-

surement is in agreement with the Standard Model prediction within experimental and theo-

retical uncertainties.

The model used to extract the cross sections was extended to place limits on anomalous

neutral ZZZ and ZZγ couplings within the framework of an effective Lagrangian. Limits
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were set using a profile-likelihood-based test statistic to build probability distributions in

10,000 pseudo-experiments at various scanned points in the parameter space. The observed

limits at 95% confidence level were calculated to be

−0.0047 < f
γ
4 < 0.0046,−0.0040 < f Z

4 < 0.0040 ,

−0.0048 < f
γ
5 < 0.0047,−0.0040 < f Z

5 < 0.0041 ,
(9.5)

where a form-factor with cutoff scale Λ = ∞.
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Appendix A

Simulated signal and background

samples for the ZZ analysis

This appendix lists the simulated samples used for the ZZ signal and background estimates,

as well as samples used to make performance plots.



246 Simulated signal and background samples for the ZZ analysis

M
C

ID
P

ro
cess

G
en

erato
r

N
ev

en
ts

k-facto
r

ε
fi

lter
cro

ss
sectio

n

[p
b

]

1
0

8
3

4
3

S
in

g
le

to
p

s-ch
an

n
el

W
→

eν
M

C
@

N
L

O
1

9
9

9
9

7
1

1
0
.6

0
6

1
0

8
3

4
4

S
in

g
le

to
p

s-ch
an

n
el

W
→

e ν
M

C
@

N
L

O
2

0
0

0
0

0
1

1
0
.6

0
6

1
0

8
3

4
5

S
in

g
le

to
p

s-ch
an

n
el

W
→

τ
ν

M
C

@
N

L
O

1
9

9
9

9
9

1
1

0
.6

0
6

1
1

7
3

6
0

S
in

g
le

to
p

t-ch
an

n
el

A
cerM

C
/P

Y
T

H
IA

2
9

9
8

9
9

1
1

9
.4

8

1
1

7
3

6
1

S
in

g
le

to
p

t-ch
an

n
el

A
cerM

C
/P

Y
T

H
IA

3
0

0
0

0
0

1
1

9
.4

8

1
1

7
3

6
2

S
in

g
le

to
p

t-ch
an

n
el

A
cerM

C
/P

Y
T

H
IA

2
9

3
4

9
9

1
1

9
.4

8

1
0

8
3

4
6

S
in

g
le

to
p

W
t

in
clu

siv
e

M
C

@
N

L
O

/Jim
m

y
1

9
9

9
1

9
4

1
1

2
2
.3

7

1
1

0
0

0
1

tt̄
w

ith
lep

to
n

fi
lter

M
C

@
N

L
O

/Jim
m

y
9

9
8

8
4

4
9

1
0

.1
0

5
2

5
2
.8

9

1
0

5
2

0
0

tt̄
w

ith
lep

to
n

fi
lter

M
C

@
N

L
O

/Jim
m

y
1

4
9

9
0

6
0

3
1

0
.5

4
3

2
5

2
.8

9

1
0

5
2

0
4

tt̄
all

h
ad

ro
n

ic
M

C
@

N
L

O
/Jim

m
y

1
1

9
9

9
9

0
1

0
.4

5
7

2
5

2
.8

9

T
ab

le
A

.1
M

C
sam

p
les

u
sed

to
m

o
d

el
sin

g
le

to
p

,
an

d
tt̄

p
ro

d
u

ctio
n

.
S

ep
arate

tt̄
sam

p
les

are
p

ro
d

u
ced

fo
r

fu
lly

lep
to

n
ic

d
ecay

s
an

d

all
h

ad
ro

n
ic

d
ecay

s
to

red
u

ce
o
v
erlap

b
etw

een
sam

p
les.

T
h

e
M

C
ID

refer
to

th
e

id
en

tifi
catio

n
n

u
m

b
er

o
f

th
e

sam
p

le
as

g
iv

en
b

y
th

e

A
T

L
A

S
M

o
n

te
C

arlo
p

ro
d

u
ctio

n
fram

ew
o

rk
.



247

M
C

ID
P

ro
ce

ss
G

en
er

at
o

r
N

ev
en

ts
k-

fa
ct

o
r

ε fi
lt

er
cr

o
ss

se
ct

io
n

[p
b

]

1
1

0
8

0
5

Z
→

ee
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
6

0
4

3
9

8
1

.1
8

1
1

5
.1

0
7

1
1

0
8

0
6

Z
→

ee
+

1
p

ar
to

n
A

lp
g

en
/P

Y
T

H
IA

2
6

0
0

0
0

1
.1

8
1

7
.2

1
3

1

1
1

0
8

0
7

Z
→

ee
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

1
0

0
0

0
1

.1
8

1
3
.0

3
2

1
1

0
8

0
8

Z
→

ee
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

0
0

0
0

1
.1

8
1

1
.1

7
6

7

1
1

0
8

0
9

Z
→

µ
µ
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
6

0
0

0
0

0
1

.1
8

1
1

5
.1

1
5

1
1

0
8

1
0

Z
→

µ
µ
+

1
p

ar
to

n
A

lp
g

en
/P

Y
T

H
IA

2
6

5
0

0
0

1
.1

8
1

7
.1

9
8

1
1

0
8

1
1

Z
→

µ
µ
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

1
5

0
0

0
1

.1
8

1
3
.0

3
0

3

1
1

0
8

1
2

Z
→

µ
µ
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

0
0

0
0

1
.1

8
1

1
.1

7
3

8

1
1

0
8

1
3

Z
→

τ
τ
+

cc̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
5

9
9

9
9

9
1

.1
8

1
1

5
.1

1
9

1
1

0
8

1
4

Z
→

τ
τ
+

cc̄
+

1
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
2

6
5

0
0

0
1

.1
8

1
7
.2

0
1

6

1
1

0
8

1
5

Z
→

τ
τ
+

cc̄
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

1
5

0
0

0
1

.1
8

1
3
.0

3
8

5

1
1

0
8

1
6

Z
→

τ
τ
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

0
0

0
0

1
.1

8
1

1
.1

6
7

7

1
1

0
8

1
7

Z
→

ee
+

b̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

5
0

0
0

0
1

.1
8

1
8
.0

3
9

7

1
1

0
8

1
8

Z
→

ee
+

b̄
+

1
p

ar
to

n
A

lp
g

en
/P

Y
T

H
IA

8
0

0
0

0
1

.1
8

1
3
.2

3
5

3

1
1

0
8

1
9

Z
→

ee
+

b̄
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

5
0

0
0

1
.1

8
1

1
.1

3
8

8

1
1

0
8

2
0

Z
→

ee
+

b̄
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

5
0

0
1

.1
8

1
0
.4

9
0

6
6

C
o

n
ti

n
u

ed
o

n
n

ex
t

p
ag

e



248 Simulated signal and background samples for the ZZ analysis

1
1

0
8

2
1

Z
→

µ
µ
+

b
b̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

5
0

0
0

0
1

.1
8

1
8
.0

4
2

2

1
1

0
8

2
2

Z
→

µ
µ
+

b
b̄
+

1
p

ar
to

n
A

lp
g

en
/P

Y
T

H
IA

8
0

0
0

0
1

.1
8

1
3
.2

1
5

5

1
1

0
8

2
3

Z
→

µ
µ
+

b
b̄
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

5
0

0
0

1
.1

8
1

1
.1

4

1
1

0
8

2
4

Z
→

µ
µ
+

b
b̄
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
5

0
0

0
1

.1
8

1
0
.5

0
9

4
3

1
1

0
8

2
5

Z
→

τ
τ
+

b̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

5
0

0
0

0
1

.1
8

1
8
.0

3
5

8

1
1

0
8

2
6

Z
→

τ
τ
+

b̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
8

0
0

0
0

1
.1

8
1

3
.2

2
9

9

1
1

0
8

2
7

Z
→

τ
τ
+

b̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

4
9

9
9

1
.1

8
1

1
.1

4
4

5

1
1

0
8

2
8

Z
→

τ
τ
+

b̄
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
5

0
0

0
1

.1
8

1
0
.4

9
2

6
6

1
1

7
6

5
0

Z
→

ee
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
6

6
1

9
9

8
4

1
.1

8
1

7
1

8
.8

9

1
1

7
6

5
1

Z
→

ee
+

1
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

3
2

9
4

9
8

1
.1

8
1

1
7

5
.6

1
1

7
6

5
2

Z
→

ee
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

0
4

9
9

8
1

.1
8

1
5

8
.8

4
9

1
1

7
6

5
3

Z
→

ee
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

0
9

9
9

9
1

.1
8

1
1

5
.5

6

1
1

7
6

5
4

Z
→

ee
+

4
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
3

0
0

0
0

1
.1

8
1

3
.9

3
2

2

1
1

7
6

5
5

Z
→

ee
+

5
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

0
0

0
0

1
.1

8
1

1
.1

9
9

4

1
1

7
6

6
0

Z
→

µ
µ
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
6

6
0

8
4

9
0

1
.1

8
1

7
1

8
.9

1

1
1

7
6

6
1

Z
→

µ
µ
+

1
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

3
3

4
6

9
7

1
.1

8
1

1
7

5
.8

1

1
1

7
6

6
2

Z
→

µ
µ
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

0
4

9
9

5
1

.1
8

1
5

8
.8

0
5

1
1

7
6

6
3

Z
→

µ
µ
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

1
0

0
0

0
1

.1
8

1
1

5
.5

8
9

C
o

n
ti

n
u

ed
o

n
n

ex
t

p
ag

e



249

1
1

7
6

6
4

Z
→

µ
µ
+

4
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
3

0
0

0
0

1
.1

8
1

3
.9

0
7

2

1
1

7
6

6
5

Z
→

µ
µ
+

5
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

0
0

0
0

1
.1

8
1

1
.1

9
3

3

1
1

7
6

7
0

Z
→

τ
τ
+

0
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
6

6
1

5
4

9
0

1
.1

8
1

7
1

8
.8

5

1
1

7
6

7
1

Z
→

τ
τ
+

1
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

3
3

4
9

9
8

1
.1

8
1

1
7

5
.8

3

1
1

7
6

7
2

Z
→

τ
τ
+

2
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
4

0
5

0
0

0
1

.1
8

1
5

8
.6

3

1
1

7
6

7
3

Z
→

τ
τ
+

3
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

0
8

9
9

9
1

.1
8

1
1

5
.5

0
8

1
1

7
6

7
4

Z
→

τ
τ
+

4
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
3

0
0

0
0

1
.1

8
1

3
.9

5
2

6

1
1

7
6

7
5

Z
→

τ
τ
+

5
p

ar
to

n
s

A
lp

g
en

/P
Y

T
H

IA
1

0
0

0
0

1
.1

8
1

1
.1

8
0

5

1
4

5
1

6
1

Z
→

ee
+

γ
S

H
E

R
P

A
8

8
4

4
6

7
3

1
.0

1
3

2
.2

6
1

1
4

5
1

6
2

Z
→

µ
µ
+

γ
S

H
E

R
P

A
9

1
9

8
5

7
9

1
.0

1
3

2
.3

1
7

1
2

6
8

5
4

Z
→

τ
τ
+

γ
S

H
E

R
P

A
3

9
9

9
4

0
9

1
.0

1
3

2
.3

3
1

T
ab

le
A

.2
M

C
sa

m
p

le
s

p
ro

ce
ss

es
u

se
d

to
m

o
d

el
Z
+

X
.



250 Simulated signal and background samples for the ZZ analysis

M
C

ID
P

ro
cess

G
en

erato
r

N
ev

en
ts

k-facto
r

ε
fi

lter
cro

ss
sectio

n

[p
b

]

1
0

7
6

8
0

W
→

eν
+

0
p

arto
n

A
lp

g
en

/Jim
m

y
3

4
5

9
7

1
8

1
.1

9
1

8
0

3
7.1

1
0

7
6

8
1

W
→

eν
+

1
p

arto
n

A
lp

g
en

/Jim
m

y
2

4
9

9
7

9
7

1
.1

9
1

1
5

7
9.2

1
0

7
6

8
2

W
→

eν
+

1
p

arto
n

A
lp

g
en

/Jim
m

y
3

7
6

9
8

8
9

1
.1

9
1

4
7

7
.2

1
0

7
6

8
3

W
→

eν
+

1
p

arto
n

A
lp

g
en

/Jim
m

y
1

0
0

9
9

6
5

1
.1

9
1

1
3

3
.9

3

1
0

7
6

8
4

W
→

eν
+

1
p

arto
n

A
lp

g
en

/Jim
m

y
2

4
9

9
9

9
1

.1
9

1
3

5
.6

2
2

1
0

7
6

8
5

W
→

eν
+

1
p

arto
n

A
lp

g
en

/Jim
m

y
7

0
0

0
0

1
.1

9
1

1
0
.5

5
3

1
0

7
6

9
0

W
→

µ
ν

+
0

A
lp

g
en

/Jim
m

y
3

4
6

9
5

9
1

1
.1

9
1

8
0

4
0

1
0

7
6

9
1

W
→

µ
ν

+
1

p
arto

n
A

lp
g

en
/Jim

m
y

2
4

9
9

8
9

3
1

.1
9

1
1

5
8

0.3
1

0
7

6
9

2
W

→
µ

ν
+

2
p

arto
n

A
lp

g
en

/Jim
m

y
3

7
6

9
8

9
0

1
.1

9
1

4
7

7
.5

1
0

7
6

9
3

W
→

µ
ν

+
3

p
arto

n
A

lp
g

en
/Jim

m
y

1
0

0
9

8
9

6
1

.1
9

1
1

3
3
.9

4

1
0

7
6

9
4

W
→

µ
ν

+
4

p
arto

n
A

lp
g

en
/Jim

m
y

2
5

5
0

0
0

1
.1

9
1

3
5
.6

3
6

1
0

7
6

9
5

W
→

µ
ν

+
5

p
arto

n
A

lp
g

en
/Jim

m
y

2
0

0
0

0
1

.1
9

1
1

0
.5

7
1

1
0

7
7

0
0

W
→

τ
ν

+
0

p
arto

n
A

lp
g

en
/Jim

m
y

3
3

6
4

7
8

9
1

.1
9

1
8

0
3

5.8
1

0
7

7
0

1
W

→
τ

ν
+

1
p

arto
n

A
lp

g
en

/Jim
m

y
2

4
4

9
9

9
1

1
.1

9
1

1
5

7
9.8

1
0

7
7

0
2

W
→

τ
ν

+
2

p
arto

n
A

lp
g

en
/Jim

m
y

3
7

1
9

8
8

8
1

.1
9

1
4

7
7
.5

5

1
0

7
7

0
3

W
→

τ
ν

+
3

p
arto

n
A

lp
g

en
/Jim

m
y

1
0

0
9

9
9

3
1

.1
9

1
1

3
3
.7

9

1
0

7
7

0
4

W
→

τ
ν

+
4

p
arto

n
A

lp
g

en
/Jim

m
y

2
4

9
8

9
8

1
.1

9
1

3
5
.5

8
3

1
0

7
7

0
5

W
→

τ
ν

+
5

p
arto

n
A

lp
g

en
/Jim

m
y

6
5

0
0

0
1

.1
9

1
1

0
.5

4

T
ab

le
A

.3
M

C
S

am
p

les
u

sed
to

m
easu

re
Z
→

ee+
jets

Z
→

µ
µ

+
jets

as
an

altern
ativ

e
to

th
e

A
lp

g
en

P
y

th
ia

sam
p

les.
T

h
ese

sam
p

les

are
also

u
sed

to
m

easu
re

th
e

jet
v
eto

effi
cien

cy
an

d
calcu

latin
g

th
e

jet
v
eto

scale
facto

r.



251

M
C

ID
P

ro
ce

ss
G

en
er

at
o

r
P

D
F

N
ev

en
ts

k
-f

ac
to

r
ε fi

lt
er

cr
o

ss
se

ct
io

n

[p
b

]

1
2

6
9

2
8

W
+

W
−
→

e+
ν̄

e−
ν

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
2

9
9

7
0

0
1

1
0
.6

3
1

1
2

6
9

2
9

W
+

W
−
→

µ
+

ν̄
e−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

3
0

0
0

0
0

1
1

0
.6

3
1

1
2

6
9

3
0

W
+

W
−
→

τ
+

ν̄
e−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

2
9

9
9

9
9

1
1

0
.6

3
1

1
2

6
9

3
1

W
+

W
−
→

e+
ν̄

m
u
−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

2
9

9
9

9
9

1
1

0
.6

3
1

1
2

6
9

3
2

W
+

W
−
→

µ
+

ν̄
µ
−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

3
0

0
0

0
0

1
1

0
.6

3
1

1
2

6
9

3
3

W
+

W
−
→

τ
+

ν̄
e−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

3
0

0
0

0
0

1
1

0
.6

3
1

1
2

6
9

3
4

W
+

W
−
→

e+
ν̄

τ
−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

2
9

9
9

9
6

1
1

0
.6

3
1

1
2

6
9

3
5

W
+

W
−
→

µ
+

ν̄
τ
−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

2
9

9
9

9
9

1
1

0
.6

3
1

1
2

6
9

3
6

W
+

W
−
→

τ
+

ν̄
τ
−

ν
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

2
9

9
9

9
9

1
1

0
.6

3
1

T
ab

le
A

.4
M

C
S

am
p

le
s

u
se

d
to

fo
r

th
e

W
W

co
n

tr
ib

u
ti

o
n

.
N

o
ad

d
it

io
n

al
le

p
to

n
fi

lt
er

s
ar

e
u

se
d

fo
r

th
es

e
sa

m
p

le
s.



252 Simulated signal and background samples for the ZZ analysis

M
C

ID
P

ro
cess

G
en

erato
r

P
D

F
N

ev
en

ts
k

-facto
r

ε
fi

lter
cro

ss
sectio

n

[p
b

]

1
2

9
4

7
7

W
Z
→

e
+

ν
e
+

e −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

1
9

0
0

0
0

1
0

.2
9

4
5

6
1.4

0
7

1
2

9
4

7
8

W
Z
→

e
+

ν
µ
+

µ
−

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
1

9
0

0
0

0
1

0
.3

5
2

1
1

0.9
3

8
2

1
2

9
4

7
9

W
Z
→

e
+

ν
τ
+

τ −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

7
6

0
0

0
1

0
.1

6
6

8
2

0.1
7

4
6

1
2

9
4

8
0

W
Z
→

µ
+

ν
e
+

e −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

1
8

9
9

9
9

1
0

.2
9

3
5

1
1.3

9
9

1
2

9
4

8
1

W
Z
→

µ
+

ν
µ
+

µ
−

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
1

9
0

0
0

0
1

0
.3

5
1

3
2

0.9
5

3
7

1
2

9
4

8
2

W
Z
→

µ
+

ν
τ
+

τ −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

7
6

0
0

0
1

0
.1

6
8

6
3

0.1
7

4
6

1
2

9
4

8
3

W
Z
→

τ
+

ν
e
+

e −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

7
5

4
0

0
1

0
.1

4
2

8
9

1.3
9

9

1
2

9
4

8
4

W
Z
→

τ
+

ν
µ
+

µ
−

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
7

6
0

0
0

1
0

.1
8

2
5

6
0.9

3
8

2

1
2

9
4

8
5

W
Z
→

τ
+

ν
τ
+

τ −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

1
9

0
0

0
1

0
.0

5
8

5
1

7
0.1

7
1

9

1
2

9
4

8
6

W
Z
→

e −
ν

e
+

e −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

1
8

9
8

9
9

1
0

.2
9

6
9

4
0.9

7
9

5

1
2

9
4

8
7

W
Z
→

e −
ν

µ
+

µ
−

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
1

9
0

0
0

0
1

0
.3

5
3

0
2

0.6
3

9

1
2

9
4

8
8

W
Z
→

e −
ν

τ
+

τ −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

7
6

0
0

0
1

0
.1

5
9

6
9

0.1
1

2
5

1
2

9
4

8
9

W
Z
→

µ
−

ν
e
+

e −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

1
9

0
0

0
0

1
0

.2
9

7
6

6
0.9

3
5

9

1
2

9
4

9
0

W
Z
→

µ
−

ν
µ
+

µ
−

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
1

9
0

0
0

0
1

0
.3

5
4

1
4

0.6
4

8
8

1
2

9
4

9
1

W
Z
→

µ
−

ν
τ
+

τ −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

7
6

0
0

0
1

0
.1

6
0

2
3

0.1
1

2
5

1
2

9
4

9
2

W
Z
→

τ −
ν

e
+

e −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

7
6

0
0

0
1

0
.1

4
8

0
3

0.9
3

5
9

1
2

9
4

9
3

W
Z
→

τ −
ν

µ
+

µ
−

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
7

6
0

0
0

1
0

.1
8

6
5

7
0.6

3
9

1
2

9
4

9
4

W
Z
→

τ −
ν

τ
+

τ −
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

1
9

0
0

0
1

0
.0

5
6

6
5

1
0.1

1
0

7

T
ab

le
A

.5
M

C
S

am
p

les
u

sed
to

m
easu

re
W

Z
b

ack
g

ro
u

n
d

.
A

ll
sam

p
les

are
g

en
erated

w
ith

P
O

W
H

E
G

B
O

X
an

d
sh

o
w

ered
w

ith

P
Y

T
H

IA
8

u
sin

g
th

e
A

U
2

tu
n

e
o

f
th

e
C

T
1

0
P

D
F

set.
A

cu
t

is
p

laced
o

n
all

sam
e-fl

av
o

u
r-o

p
p

o
site

sig
n

p
airs

p
ro

d
u

ced
fro

m
th

e

Z
o

f
m
ℓ −

ℓ
+
>

2
m

Z→
ℓ
+
ℓ −

+
2

5
0

M
eV

.
A

m
u

ltilep
to

n
fi

lter
is

p
laced

d
u

rin
g

p
ro

d
u

ctio
n

in
ath

en
a

(n
o

t
at

g
en

erato
r-lev

el)
req

u
irin

g
a

m
in

im
u

m
tw

o
lep

to
n

s
w

ith
a

p
T

o
f

5
G

eV
w

ith
in

a
ran

g
e

o
f|η|<

2
.7

.



253

M
C

ID
P

ro
ce

ss
G

en
er

at
o

r
P

D
F

N
ev

en
ts

k
-f

ac
to

r
ε fi

lt
er

cr
o

ss
se

ct
io

n

[p
b

]

1
4

7
8

0
6

Z
→

ee
w

it
h

o
u

t
le

p
to

n
fi

lt
er

P
O

W
H

E
G

B
O

X
/P

Y
T

H
IA

8
C

T
1

0
9

9
9

4
5

8
0

1
1

1
1

0
9
.9

1
4

7
8

0
7

Z
→

µ
µ

w
it

h
o

u
t

le
p

to
n

fi
lt

er
P

O
W

H
E

G
B

O
X

/P
Y

T
H

IA
8

C
T

1
0

9
9

8
8

2
8

2
1

1
1

1
0

9
.8

T
ab

le
A

.6
M

C
S

am
p

le
s

u
se

d
to

m
ea

su
re

Z
→

ee
+

je
ts

Z
→

µ
µ

+
je

ts
as

an
al

te
rn

at
iv

e
to

th
e

A
lp

g
en

P
y

th
ia

sa
m

p
le

s.
T

h
es

e
sa

m
p

le
s

ar
e

al
so

u
se

d
to

m
ea

su
re

th
e

je
t

v
et

o
ef

fi
ci

en
cy

an
d

ca
lc

u
la

ti
n

g
th

e
je

t
v
et

o
sc

al
e

fa
ct

o
r.



254 Simulated signal and background samples for the ZZ analysis

M
C

ID
P

ro
cess

G
en

erato
r

P
D

F
f

γ4
f

Z4
f

γ5
f

Z5
N

ev
en

ts
k-facto

r
ε

fi
lter

cro
ss

sectio
n

[p
b

]

1
4

7
2

1
1

Z
Z
→

ℓℓν
ν̄

,
S

M
sam

p
le,

u
p

to
1

jet
w

ith
M

E
+

P
S

S
H

E
R

P
A

C
T

1
0

0
0

0
0

1
9

9
9

9
9

1
1

0.2
3

1
5

7
4

1
4

7
2

1
2

Z
Z
→

ℓℓν
ν̄

,
T

G
C

sam
p

le,
u

p

to
1

jet
w

ith
M

E
+

P
S

S
H

E
R

P
A

C
T

1
0

0
.1

0
0

0
1

9
9

7
9

9
1

1
1.0

5
5

7

1
4

7
2

1
3

Z
Z
→

ℓℓν
ν̄

,
T

G
C

sam
p

le,
u

p

to
1

jet
w

ith
M

E
+

P
S

S
H

E
R

P
A

C
T

1
0

0
.1

0
0

0
.1

3
9

4
9

9
2

1
1

2.1
1

1
1

1
4

7
2

1
4

Z
Z
→

ℓℓν
ν̄

,
T

G
C

sam
p

le,
u

p

to
1

jet
w

ith
M

E
+

P
S

S
H

E
R

P
A

C
T

1
0

0
.1

0
.1

0
.1

0
.1

7
9

9
3

9
6

1
1

5.4
2

6
3

T
ab

le
A

.7
M

C
sam

p
les/p

ro
cesses

u
sed

to
m

o
d

el
Z

Z
sig

n
al

w
ith

an
o

m
alo

u
s

trip
le

g
au

g
e

co
u

p
lin

g
s.

A
ll

sam
p

les
are

p
ro

d
u

ced
w

ith

S
H

E
R

P
A

u
sin

g
th

e
C

T
1

0
P

D
F

set.
T

h
e

v
alu

es
o

f
th

e
co

u
p

lin
g

s.
In

o
rd

er
to

u
se

th
e

afterb
u

rn
er

rew
eig

h
tin

g
m

eth
o

d
,

at
least

th
ree

sam
p

les
m

u
st

b
e

u
sed

,
o

n
e

sam
p

le
g

en
erated

at
th

e
S

tan
d

ard
M

o
d

el
p

o
in

t
o

f
,

o
n

e
sam

p
le

w
ith

o
n

e
co

u
p

lin
g

n
o

n
-zero

,
an

d
an

o
th

er

sam
p

le
w

ith
at

least
o

n
e

co
u

p
lin

g
n

o
n

-zero
.



Appendix B

Uncertainty breakdowns of measured

fiducial and total cross sections

This appendix gives the breakdowns of the uncertainties of the measured fiducial and total

cross sections in the ZZ → e−e+νν̄ and ZZ → µ−µ+νν̄ sub-channels.

Uncertainty e−e+νν̄ µ−µ+νν̄

statistical uncertainty +15.21%
−14.23%

+14.91%
−13.97%

luminosity +3.94%
−3.10%

+3.97%
−3.16%

electron identification +2.27%
−1.72%

+0.00%
−0.04%

electron isolation +0.41%
−0.31%

+0.00%
−0.04%

electron reconstruction +0.98%
−0.74%

+0.00%
−0.04%

electron energy resolution +0.00%
−0.07%

+0.00%
−0.05%

electron energy scale +0.07%
−0.08%

+0.05%
−0.06%

muon momentum resolution +0.00%
−0.04%

+0.19%
−0.22%

muon momentum scale +0.00%
−0.04%

+0.34%
−0.28%

muon reconstruction efficiency +0.00%
−0.06%

+0.97%
−0.74%

muon identification effieicney +0.00%
−0.04%

+0.09%
−0.08%
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muon isolation +0.00%
−0.04%

+4.33%
−3.29%

- BJES +0.00%
−0.04%

+0.00%
−0.04%

- CloseBy +0.00%
−0.04%

+0.00%
−0.04%

- FlavorComp +3.20%
−2.71%

+2.87%
−2.18%

- FlavorResponse +1.85%
−1.51%

+1.75%
−1.27%

- NPVOffset +0.94%
−0.72%

+0.94%
−0.68%

- MuOffset +0.34%
−0.24%

+0.62%
−0.48%

- PileupPt +0.00%
−0.04%

+0.00%
−0.04%

- PileupRho +1.90%
−1.48%

+1.86%
−1.38%

- EtaIntercalibration_Modelling +2.47%
−1.91%

+2.47%
−1.84%

- EtaIntercalibration_StatAndMethod +0.71%
−0.55%

+0.69%
−0.53%

- EffectiveNP_1 +1.45%
−1.13%

+1.20%
−0.88%

- EffectiveNP_2 +2.34%
−1.88%

+2.30%
−1.70%

- EffectiveNP_3 +1.03%
−0.79%

+0.93%
−0.66%

- EffectiveNP_4 +0.32%
−0.26%

+0.28%
−0.24%

- EffectiveNP_5 +0.46%
−0.37%

+0.38%
−0.31%

- EffectiveNP_6restTerm +0.23%
−0.20%

+0.19%
−0.18%

- SingleParticle_HighPt +0.00%
−0.04%

+0.00%
−0.04%

jet energy scale (total) +5.82%
−4.69%

+5.52%
−4.11%

jet energy resolution +3.22%
−2.73%

+4.12%
−3.19%

jet vertex fraction +0.39%
−0.31%

+0.35%
−0.28%

Emiss
T resolution (soft terms) +0.71%

−0.68%
+0.75%
−0.61%
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Emiss
T scale (soft terms) +1.43%

−1.24%
+1.47%
−1.00%

trigger +0.10%
−0.09%

+0.75%
−0.57%

electroweak corrections +0.39%
−0.28%

+0.42%
−0.30%

MC generator difference +1.08%
−0.76%

+2.57%
−1.81%

PDF

CZZ statistical uncertainty +2.50%
−1.77%

+2.49%
−1.76%

AZZ statistical uncertainty +0.00%
−0.04%

+0.00%
−0.04%

WZ background - QCD scale +1.62%
−1.69%

+1.63%
−1.67%

WZ background statistical uncertainty +1.54%
−1.69%

+1.43%
−1.53%

ZZ → ℓℓℓ′ℓ′ background statistical +0.03%
−0.07%

+0.05%
−0.08%

WW background statistical uncertainty +0.08%
−0.10%

+0.09%
−0.10%

WW background total systematic +0.55%
−0.55%

+0.60%
−0.59%

W +X background statistical uncertainty +1.58%
−1.56%

+0.00%
−0.04%

W +X background total systematic +0.80%
−0.80%

+0.00%
−0.04%

Z+X background statistical uncertainty +0.00%
−0.04%

+0.00%
−0.04%

Z+X background total systematic +0.00%
−0.06%

+0.00%
−0.06%

total systematic uncertainty +8.95%
−7.58%

+9.59%
−7.57%

Table B.1 Uncertainty breakdown of the fiducial cross section in the ZZ → e−e+νν̄ and

ZZ → µ−µ+νν̄ sub-channels.
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e−e+νν̄ µ−µ+νν̄

statistical uncertainty +15.16%
−14.19%

+14.88%
−13.94%

luminosity +3.90%
−3.11%

+3.94%
−3.17%

electron identification +2.30%
−1.79%

+0.00%
−0.06%

electron isolation +0.40%
−0.32%

+0.00%
−0.06%

electron reconstruction +0.96%
−0.75%

+0.00%
−0.06%

electron energy resolution +0.00%
−0.09%

+0.00%
−0.07%

electron energy scale +2.63%
−2.19%

+0.00%
−0.14%

muon momentum resolution +0.00%
−0.06%

+0.18%
−0.22%

muon momentum scale +0.00%
−0.06%

+0.34%
−0.29%

muon reconstruction efficiency +0.00%
−0.08%

+0.95%
−0.75%

muon identification effieicney +0.00%
−0.06%

+0.08%
−0.10%

muon isolation +0.00%
−0.06%

+4.44%
−3.48%

- BJES +0.00%
−0.06%

+0.00%
−0.06%

- CloseBy +0.00%
−0.06%

+0.00%
−0.06%

- FlavorComp +1.55%
−1.36%

+1.04%
−0.77%

- FlavorResponse +0.92%
−0.77%

+0.68%
−0.47%

- NPVOffset +0.61%
−0.48%

+0.19%
−0.14%

- MuOffset +0.00%
−0.06%

+0.23%
−0.20%

- PileupPt +0.00%
−0.06%

+0.00%
−0.06%

- PileupRho +0.92%
−0.73%

+0.74%
−0.54%
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- EtaIntercalibration_Modelling +0.96%
−0.73%

+0.61%
−0.41%

- EtaIntercalibration_StatAndMethod +0.34%
−0.28%

+0.26%
−0.21%

- EffectiveNP_1 +0.73%
−0.58%

+0.40%
−0.28%

- EffectiveNP_2 +1.07%
−0.87%

+0.86%
−0.61%

- EffectiveNP_3 +0.49%
−0.38%

+0.31%
−0.21%

- EffectiveNP_4 +0.12%
−0.12%

+0.02%
−0.09%

- EffectiveNP_5 +0.21%
−0.19%

+0.09%
−0.11%

- EffectiveNP_6restTerm +0.10%
−0.11%

+0.03%
−0.10%

- SingleParticle_HighPt +0.00%
−0.06%

+0.00%
−0.06%

jet energy scale (total) +2.74%
−2.26%

+1.90%
−1.38%

jet energy resolution +0.54%
−0.60%

+0.86%
−0.61%

jet vertex fraction +0.14%
−0.13%

+0.06%
−0.09%

Emiss
T resolution (soft terms) +0.69%

−0.67%
+0.74%
−0.61%

Emiss
T scale (soft terms) +1.40%

−1.26%
+1.45%
−1.00%

trigger +0.09%
−0.10%

+0.73%
−0.58%

electroweak corrections +0.38%
−0.28%

+0.41%
−0.31%

MC generator difference +1.06%
−0.78%

+2.52%
−1.85%

PDF +0.71%
−0.78%

+0.62%
−0.72%

CZZ statistical uncertainty +2.67%
−1.95%

+2.62%
−1.92%

AZZ statistical uncertainty +0.00%
−0.06%

+0.00%
−0.06%

WZ background - QCD scale +1.59%
−1.67%

+1.59%
−1.67%

WZ background statistical uncertainty +1.53%
−1.64%

+1.43%
−1.51%
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ZZ → ℓℓℓ′ℓ′ background statistical +0.00%
−0.08%

+0.00%
−0.09%

jet veto scale factor statistical uncertainty +0.12%
−0.13%

+0.00%
−0.07%

WW background statistical uncertainty +0.06%
−0.11%

+0.07%
−0.12%

WW background total systematic +0.54%
−0.55%

+0.59%
−0.60%

W +X background statistical uncertainty +1.56%
−1.57%

+0.00%
−0.06%

W +X background total systematic +0.79%
−0.80%

+0.00%
−0.06%

Z+X background statistical uncertainty +0.00%
−0.06%

+0.00%
−0.06%

Z+X background total systematic +0.00%
−0.08%

+0.00%
−0.08%

total systematic uncertainty +6.33%
−5.54%

+6.82%
−5.53%

Table B.2 Uncertainty breakdown of the fiducial cross section in the ZZ → e−e+νν̄ and

ZZ → µ−µ+νν̄ sub-channels with the jet veto scale factor applied to the qq̄ component of

CZZ for each sub-channel.

e−e+νν̄ µ−µ+νν̄

statistical uncertainty +15.21%
−14.23%

+14.91%
−13.97%

luminosity +3.96%
−3.08%

+3.99%
−3.14%

electron identification +2.28%
−1.71%

+0.14%
−0.00%

electron isolation +0.43%
−0.28%

+0.14%
−0.00%

electron reconstruction +0.99%
−0.73%

+0.14%
−0.00%

electron energy resolution +0.14%
−0.00%

+0.14%
−0.00%

electron energy scale +2.67%
−2.12%

+0.29%
−0.00%
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muon momentum resolution +0.14%
−0.00%

+0.24%
−0.17%

muon momentum scale +0.14%
−0.00%

+0.37%
−0.24%

muon reconstruction efficiency +0.20%
−0.00%

+1.00%
−0.72%

muon identification effieicney +0.14%
−0.00%

+0.17%
−0.00%

muon isolation +0.14%
−0.00%

+4.34%
−3.28%

- BJES +0.17%
−0.00%

+0.17%
−0.00%

- CloseBy +0.15%
−0.00%

+0.15%
−0.00%

- FlavorComp +3.22%
−2.69%

+2.88%
−2.16%

- FlavorResponse +1.86%
−1.50%

+1.76%
−1.26%

- NPVOffset +0.95%
−0.71%

+0.95%
−0.67%

- MuOffset +0.37%
−0.20%

+0.64%
−0.46%

- PileupPt +0.14%
−0.00%

+0.14%
−0.00%

- PileupRho +1.91%
−1.47%

+1.87%
−1.37%

- EtaIntercalibration_Modelling +2.49%
−1.90%

+2.48%
−1.83%

- EtaIntercalibration_StatAndMethod +0.73%
−0.53%

+0.70%
−0.52%

- EffectiveNP_1 +1.46%
−1.11%

+1.21%
−0.87%

- EffectiveNP_2 +2.36%
−1.87%

+2.31%
−1.69%

- EffectiveNP_3 +1.05%
−0.77%

+0.95%
−0.65%

- EffectiveNP_4 +0.35%
−0.22%

+0.31%
−0.20%

- EffectiveNP_5 +0.49%
−0.34%

+0.40%
−0.28%
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- EffectiveNP_6restTerm +0.28%
−0.14%

+0.24%
−0.12%

- SingleParticle_HighPt +0.14%
−0.00%

+0.14%
−0.00%

jet energy scale (total) +5.88%
−4.64%

+.%
−.%

jet energy resolution +3.24%
−2.72%

+4.13%
−3.18%

jet vertex fraction +0.42%
−0.28%

+0.38%
−0.24%

Emiss
T resolution (soft terms) +0.73%

−0.66%
+0.77%
−0.59%

Emiss
T scale (soft terms) +1.44%

−1.22%
+1.48%
−0.99%

trigger +0.18%
−0.00%

+0.76%
−0.55%

electroweak corrections +0.69%
−0.48%

+0.74%
−0.53%

MC generator difference +1.09%
−0.75%

+2.58%
−1.81%

QCD scale (qq̄ only) +1.52%
−1.28%

+1.67%
−1.15%

PDF +2.12%
−1.44%

+2.00%
−1.40%

parton shower +4.92%
−3.57%

+4.08%
−3.00%

CZZ statistical uncertainty +2.51%
−1.76%

+2.50%
−1.75%

AZZ statistical uncertainty +1.33%
−0.94%

+1.35%
−0.97%

WZ background - QCD scale +1.65%
−1.67%

+1.64%
−1.66%

WZ background statistical uncertainty +1.56%
−1.67%

+1.45%
−1.52%

ZZ → ℓℓℓ′ℓ′ background statistical +0.15%
−0.00%

+0.15%
−0.00%

WW background statistical uncertainty +0.16%
−0.00%

+0.17%
−0.00%

WW background total systematic +0.58%
−0.53%

+0.62%
−0.58%
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W +X background statistical uncertainty +1.60%
−1.54%

+0.14%
−0.00%

W +X background total systematic +0.82%
−0.78%

+0.14%
−0.00%

Z+X background statistical uncertainty +0.14%
−0.00%

+0.14%
−0.00%

Z+X background total systematic +0.20%
−0.00%

+0.20%
−0.00%

total systematic uncertainty +10.58%
−8.65%

+10.78%
−8.40%

Table B.3 Uncertainty breakdown of the total cross section in the ZZ → e−e+νν̄ and ZZ →
µ−µ+νν̄ sub-channels.

e−e+νν̄ µ−µ+νν̄

statistical uncertainty +15.16%
−14.19%

+14.88%
−13.94%

luminosity +3.92%
−3.10%

+3.96%
−3.16%

electron identification +2.31%
−1.79%

+0.02%
−0.00%

electron isolation +0.41%
−0.31%

+0.02%
−0.00%

electron reconstruction +0.96%
−0.75%

+0.02%
−0.00%

electron energy resolution +0.04%
−0.06%

+0.04%
−0.02%

electron energy scale +2.64%
−2.18%

+0.10%
−.%

muon momentum resolution +0.02%
−0.00%

+0.20%
−0.21%

muon momentum scale +0.02%
−0.00%

+0.34%
−0.28%

muon reconstruction efficiency +0.03%
−0.00%

+0.96%
−0.75%

muon identification effieicney +0.02%
−0.00%

+0.10%
−0.07%

muon isolation +0.02%
−0.00%

+4.46%
−3.48%
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- BJES +0.03%
−0.01%

+0.03%
−0.02%

- CloseBy +0.01%
−0.00%

+0.01%
−0.00%

- FlavorComp +1.56%
−1.35%

+1.04%
−0.76%

- FlavorResponse +0.93%
−0.76%

+0.68%
−0.47%

- NPVOffset +0.61%
−0.47%

+0.20%
−0.12%

- MuOffset +0.05%
−0.00%

+0.24%
−0.19%

- PileupPt +0.03%
−0.00%

+0.03%
−0.00%

- PileupRho +0.92%
−0.73%

+0.75%
−0.54%

- EtaIntercalibration_Modelling +0.97%
−0.73%

+0.62%
−0.41%

- EtaIntercalibration_StatAndMethod +0.34%
−0.27%

+0.27%
−0.20%

- EffectiveNP_1 +0.74%
−0.57%

+0.40%
−0.27%

- EffectiveNP_2 +1.07%
−0.86%

+0.86%
−0.61%

- EffectiveNP_3 +0.49%
−0.37%

+0.32%
−0.20%

- EffectiveNP_4 +0.13%
−0.10%

+0.07%
−0.07%

- EffectiveNP_5 +0.22%
−0.18%

+0.11%
−0.09%

- EffectiveNP_6restTerm +0.12%
−0.09%

+0.08%
−0.07%

- SingleParticle_HighPt +0.02%
−0.00%

+0.02%
−0.00%

jet energy scale (total) +2.75%
−2.24%

+1.92%
−1.36%

jet energy resolution +0.55%
−0.59%

+0.86%
−0.60%

jet vertex fraction +0.15%
−0.11%

+0.09%
−0.06%

Emiss
T resolution (soft terms) +0.70%

−0.67%
+0.74%
−0.61%

Emiss
T scale (soft terms) +1.41%

−1.25%
+1.46%
−1.00%
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trigger +0.11%
−0.08%

+0.74%
−0.57%

electroweak corrections +0.68%
−0.50%

+0.73%
−0.55%

MC generator difference +1.07%
−0.78%

+2.53%
−1.85%

QCD scale (qq̄ only) +1.50%
−1.30%

+1.66%
−1.16%

PDF +2.00%
−1.53%

+1.84%
−1.47%

parton shower +4.89%
−3.60%

+4.06%
−3.02%

CZZ statistical uncertainty +2.68%
−1.95%

+2.63%
−1.92%

AZZ statistical uncertainty +1.32%
−0.96%

+1.33%
−0.98%

WZ background - QCD scale +1.61%
−1.65%

+1.61%
−1.65%

WZ background statistical uncertainty +1.55%
−1.63%

+1.44%
−1.50%

ZZ → ℓℓℓ′ℓ′ background statistical +0.06%
−0.05%

+0.07%
−0.06%

jet veto SF statistical uncertainty +0.14%
−0.11%

+0.05%
−0.03%

WW background statistical uncertainty +0.09%
−0.08%

+0.10%
−0.09%

WW background total systematic +0.55%
−0.55%

+0.60%
−0.59%

W +X background statistical uncertainty +1.58%
−1.56%

+0.02%
−0.00%

W +X background total systematic +0.80%
−0.79%

+0.02%
−0.00%

Z+X background statistical uncertainty +0.02%
−0.00%

+0.02%
−0.00%

Z+X background total systematic +0.03%
−0.00%

+0.03%
−0.00%

total systematic uncertainty +8.45%
−6.95%

+8.39%
−6.62%

Table B.4 Uncertainty breakdown of the total cross section in the ZZ → e−e+νν̄ and ZZ →
µ−µ+νν̄ sub-channels with the jet veto scale to the qq̄ component of CZZ for each sub-

channel.
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