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Abstract

The coupling of the Higgs boson to the third generation of fermions and heavy vector
bosons has been experimentally well-established at the Large Hadron Collider (LHC),
and the measured properties agree well with Standard Model (SM) expectation. Evi-
dence of the Higgs coupling to second-generation quarks is still elusive, and measure-
ments of Higgs boson decays to c-quarks are the next most promising decay mode to
probe the validity of the SM.

This thesis describes a search for H — ¢ ¢ decays in the V H production mode, using a
pp collision dataset with an integrated luminosity of 139 fb™! at a center-of-mass en-
ergy of 13 TeV, collected with the ATLAS detector. The analysis includes three different
channels based on the decay of the vector boson and uses dedicated machine learn-
ing algorithms to identify c-quarks in the experiment. The observed (expected) upper
limit for the VH (H — c¢) process is 26 (317,%) times the predicted Standard Model
cross-section times branching fraction, at the 95% confidence level, and a direct con-
straint on the Higgs-charm coupling modifier of |«x.| < 8.5 is set. In a combination
of this analysis with a measurement of the VH(H — bb) process an upper limit of

|K./Kkp| <4.5is determined.

Significant analysis improvements and a larger dataset are needed to observe H — ¢ ¢
decays in the future. At the High-Luminosity LHC (HL-LHC), the ATLAS detector will
collect at least 3000 fb~! of integrated luminosity over ten years, which requires sig-
nificant improvements to the detector to cope with increased radiation damage and
higher data rates. This thesis discusses the characterisation of the ATLAS pixel de-
tector readout chip for the inner detector upgrade (ITk) for HL-LHC. The radiation
tolerance of the chip is tested in irradiations using X-rays and protons. All readout
chip components, such as the digital logic and analogue front-end, are sufficiently

radiation-tolerant to withstand the 1 Grad total ionising dose expected at HL-LHC.

Finally, the thesis describes monolithic pixel detectors as a possible technology for
future pixel detectors and summarises the characterisation of a monolithic detector

prototype in an X-ray beam test.
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Preface

The work presented in this thesis has been completed within the ATLAS Collaboration and in close
collaboration with colleagues. This thesis aims to outline the main results of this work, focusing on
my own contributions. Figures and results obtained by others are clearly labelled as such. All other
figures are either result of collaboration with others (marked with an "ATLAS" label) or my own.

Outlined below are the main projects I worked on during my DPhil and my specific contributions.

Search for Higgs boson decays to charm quarks I was one of the main analysers in the recent
ATLAS search for Higgs boson decays to charm quarks in the V H production mode. The results

are described in Chapter 4 and have been published in [1]. In particular:

¢ Istudied the truth-tagging method, which was used to improve the available statistics of the

simulated samples.

¢ [ introduced a simultaneous measurement of well-known Standard Model processes, the

diboson signals VW (W — cq) and VZ(Z — c¢¢), to cross-check the analysis strategy.

¢ Istudied and defined several control regions in the fit to constrain the ¢ # background in the
0-lepton and 1-lepton channels, and the V +jets background in all channels. I also derived
signal and background modelling uncertainties for all processes considered in the analysis.
I defined the final analysis model in terms of analysis categories and treatment of systematic

uncertainties.

¢ I performed the final statistical analysis for extracting the parameters of interest and con-

ducted many studies to understand the results.

* 1 worked on the statistical combination of the H — ¢¢ and H — bb analyses, measuring
the Higgs coupling to b- and c-quarks simultaneously. In particular, I performed a diboson

cross-check combination and worked on fit diagnostics for the combined analyses.

Prospects for the VH (H — bb/c¢) analyses at HL-LHC 1 studied the expected sensitivity of
the ATLAS measurements of Higgs decays to c¢- and b-quarks with the increased dataset and im-
proved detector performance expected at HL-LHC. In particular, I evaluated the impact of c-quark
identification efficiencies on the expected sensitivity to H — ¢ ¢ decays at HL-LHC. I also esti-
mated the effect of the MET trigger threshold on the H — ¢¢ and H — bb analyses to provide

input into the decision on the trigger menu in ATLAS. Finally, [ produced results and was the pri-



mary author of a PUB note [2] on the extrapolation of the H — ¢ ¢ and H — b b analyses to HL-LHC

as input for the US Snowmass Particle Physics Community Planning Exercise.

Radiation tolerance of ITkPixV1 chips In collaboration with Berkeley Lab, I performed many
tests of the latest ATLAS pixel readout chip prototype for the upgrade to HL-LHC to verify it can
withstand the required levels of radiation. The results are described in Chapter 6 and also pub-

lished in [3]. In particular:
¢ I commissioned and calibrated the X-ray system and irradiation setup in Oxford.

¢ I performed 15 irradiation campaigns studying the radiation tolerance of the latest ATLAS
pixel readout chip (ITkPixV1), providing information about the expected behaviour of the

digital and analogue front-end at the high total ionising doses expected at HL-LHC.

¢ I conducted multiple irradiation campaigns to understand the impact of low dose rate ef-

fects on small transistors.

¢ | set up and performed an irradiation campaign of ITkPixV1 pixel modules using protons
at the Birmingham Cyclotron to study the impact of radiation on both pixel sensors and

readout chips.

X-ray testbeam of mini-MALTA chips With several collaborators, I conducted an X-ray testbeam
campaign at Diamond Light Source testing the pixel response of a monolithic detector prototype
(miniMALTA) - a candidate for a future upgrade of the ATLAS detector and future colliders. [ was
the primary analyser of the data and author of the two subsequent papers [4, 5], and developed a
new method for estimating pixel efficiency from photon response data. This work is described in
Chapter 7.

Testing of sensors and modules for ATLAS ITk 1was the primary person responsible for testing
ATLAS ITk sensors and modules at the Oxford Physics Microstructure Detector (OMPD) lab. Dur-
ing my ATLAS qualification task, I characterised pixel sensors from different vendors before and
after irradiation for the ATLAS Market Survey to identify potential suppliers of pixel sensors for the
ITk upgrade. I set up several readout systems for ATLAS pixel modules used for testing and quality
control during production. I was responsible for performing the quality control measurements for
the RD53A quad modules assembled at Oxford and worked on thermal stress studies on RD53A

dual-chip modules. This work is not described in this thesis.

ITk Simulation I contributed to the simulation of the ITk detector, used in many physics and
performance studies for the upgrade. In particular, I worked on the migration of the pixel de-
tector geometry to a different, more maintainable framework (GeoMode 1XML). This work is not

described in this thesis.
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Chapter 1

Introduction

The Standard Model of Particle Physics (SM) has been a hugely successful theory in describing
our current best understanding of the fundamental properties of the universe [6, 7]. It is a the-
oretical formalism driven by the concepts of symmetries and gauge invariance, and it provides
a description of the electromagnetic, strong and weak interactions. The theory is completed by
introducing spontaneous symmetry breaking and the Higgs mechanism, which allows for the ex-
istence of massive bosons. The SM has been extensively probed experimentally and has shown
good agreement of experimental observations with theoretical predictions.

In 2012, the Higgs boson discovery by the ATLAS and CMS collaborations at the Large Hadron
Collider (LHC) was a major success in confirming the validity of the Standard Model of Particle
Physics [8, 9]. Since then, the new particle has been studied in increasing detail, confirming its
coupling to many of the massive particles in the SM and showing properties consistent with the
SM expectation. Nevertheless, several Higgs decay modes have not been observed yet, and the
measurement of these is crucial to understanding the behaviour of the Higgs boson completely. In
addition, there is significant evidence that the SM does not fully describe all physical observations
in nature, and physics beyond the SM is necessary. For instance, the existence of dark matter is
well-known from astrophysical observations, but it is not included in the SM. Additionally, the
nature of neutrinos is not well-understood, and neutrino masses are currently not included in the
SM. The exact nature of the Higgs mechanism also needs to be understood further. For example,
the origin of the different particle masses and couplings to the Higgs is not clear. Additionally, we
do not know why the measured Higgs mass is so much smaller than its predicted value. Therefore,
the measurement of Higgs boson properties remains a focus of the LHC physics programme.

This thesis presents the results of a recent search for Higgs boson decays into charm quarks
with the ATLAS detector, using a pp collision dataset of 139 fb™! at a center-of-mass energy of 13
TeV. This search aims to measure as precisely as possible the coupling of the Higgs boson to the
second generation of quarks. This coupling has not been directly measured yet, and a deviation
of the measured coupling from the SM expectation would provide clear evidence for new physics,

as predicted in several scenarios [ 10-16]. In the search, an upper limit on the VH (H — ¢ ) signal
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strength is determined, as well as a direct measurement of the Higgs-charm coupling k.. A statis-
tical combination with the measurement of VH (H — bb) decays also provides the opportunity
to constrain the ratio k. /K.

Experimental measurements are only as good as the detectors used to collect the data. Con-
sequently, it is crucial to constantly improve our detector capabilities to collect more data more
rapidly and enhance the precision of the measurements. Around 2028, the ATLAS detector is ex-
pected to upgrade its inner tracking system in preparation for the High-Luminosity LHC (HL-
LHC), where a significantly larger dataset of at least 3000 fb~! will be collected. This all-silicon
inner tracker (ITk) is needed to cope with the higher data rates and expected radiation damage at
HL-LHC. It will also improve the reconstruction of particles in the experiment, which will enhance
analyses such as the VH (H — c¢¢) search. This thesis also describes efforts undertaken as part
of the ITk pixel detector upgrade. In particular, the radiation tolerance of the pixel readout chip is
studied in detail to ensure an operational detector throughout the lifetime of ITk. Finally, a brief
outlook is given on the potential of new pixel detector technologies, such as monolithic detectors,
which can further improve measurements at the LHC and future collider experiments.

The thesis is structured as follows. Chapter 2 provides a brief overview of the theoretical for-
mulation of the Standard Model of Particle Physics and the properties and methods related to
measurements of the Higgs boson at the LHC. Chapter 3 includes a description of the ATLAS de-
tector and the methods for reconstructing particles in the experiment. Chapter 4 describes the
VH(H — c¢) analysis using a pp collision dataset of 139 fb™!, and the extrapolation of this anal-
ysis to HL-LHC. Chapter 5 provides a theoretical overview of silicon pixel detectors. Chapter 6
discusses the investigations into the radiation tolerance of the pixel readout chip for the ATLAS
ITk upgrade in measurements with X-rays and protons. Chapter 7 outlines the possible benefits
of using monolithic pixel detectors and describes an X-ray beam test performed at Diamond Light

Source. Chapter 8 provides a brief summary and conclusions.



Chapter 2

Theoretical Background

Our current best understanding of the fundamental particles of the Universe is described in the
Standard Model of Particle Physics (SM) [6, 7]. This chapter outlines the structure of the Standard
Model, the formalism that leads to the prediction of the Higgs boson, the phenomenology related
to Higgs boson measurements at the LHC, and how theoretical predictions are made for collider

experiments.

2.1 The Standard Model of Particle Physics

The particles of the Standard Model are illustrated in Figure 2.1. They can be classified by their
intrinsic angular momentum, i.e. their spin. Particles with half-integer spin follow Fermi-Dirac
statistics and are known as fermions, whereas particles with integer spin obey Bose-Einstein statis-
tics and are known as bosons. Fermions exist in three generations, where the first generation parti-
cles are the constituents of all stable matter, and the second and third-generation fermions can
be seen as heavier replicas of the first-generation fermions. The second and third-generation
charged fermions are not stable and eventually decay into their first-generation counterparts. The
fermions can be categorised further by considering their quantum numbers. Fermions that carry
colour charge are known as quarks. Up-type quarks have an electrical charge of + % |e| and exist in
three flavours: up (u), charm (c¢) and top (¢). Similarly, down-type quarks carry a charge of —%|e|
and can be identified in three flavours: down (d), strange (s) and bottom (b). Next, leptons are
fermions that have no colour charge and can have an integer electric charge of —|e| or no elec-
trical charge. The charged leptons are the electron (e), muon (u) and tau-lepton (1), and each of
them has a neutral counterpart, referred to as a neutrino and denoted as v,, v, and v;.

The fundamental particles interact via the four fundamental forces, which describe all inter-
actions observed in nature: the strong, electromagnetic and weak forces, as well as gravity. The
effect of gravity is negligible for fundamental particles, so it is not included in the formulation of
the SM. The other three forces in the SM are mediated by spin-1 particles, known as gauge bosons.
The mediator of the electromagnetic force is the photon (y), which is massless and has no charge.

The strong force is mediated by the gluon (g), which is massless, but carries colour charge [18].
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Figure 2.1: The particles of the Standard Model of Particle Physics. Data from [17].

Finally, the mediators of the weak force are the massive charged W* and neutral Z boson (often
just denoted as W and Z) |

massive boson, emerging from the Higgs field that gives rise to particle masses in the SM.

]. The last constituent of the SM is the Higgs boson (H), a spin-0

The Standard Model is a quantum field theory (QFT) that describes particles as perturbations
of quantum fields that satisfy particular field equations. The theory is constructed upon the La-
grangian formalism and generalised from the theory of Quantum Electrodynamics (QED). The La-
grangian density £ = £ (y(x), 9,3 (x)) describes the dynamics of a field y/( x). Global and local
symmetries play an important role in this formalism. A global symmetry means that a Lagrangian
density is invariant under a transformation that is identical for all space-time points. In contrast,
the transformation can differ as a function of space-time for a local symmetry. Symmetries are
important, as each symmetry gives rise to a conserved quantity, as stated by Noether’s theorem
[20].

The formulation of the Standard Model starts by considering the dynamics of free fermions,

which are governed by the Dirac equation of quantum mechanics
(iy"8,—m)y =0. 2.1)

Here, 1 = y(x) is the field spinor, y* represents the Dirac y-matrices, and m is the mass of the

fermion. The Dirac equation has four solutions, two of which imply the existence of negative ener-
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gies. These negative energy solutions are interpreted as anti-particles, i.e. positive energy particles
propagating backwards in time, which have the same mass, but the opposite charge of particles.

The Dirac equation corresponds to a Lagrangian density of

LDirac = &(iyﬂa‘u_m)w- (2.2)

Now, the Lagrangian is required to be invariant under a U (1) local transformation, a requirement

also known as gauge invariance. The transformation can be written as

P - = el 1y, 2.3)

where e9%(%) is a complex space-time dependent phase. To ensure the gauge invariance of the

Lagrangian, the partial derivative J, can be replaced with the convariant derivative D,,:

8,— Dy =0, +iqA,, (2.4)

where A, is a vector field, which transforms under U (1) as

Ay — A =A,—g,a. (2.5)

The A, field can be interpreted as the gauge field for the electromagnetic interaction, i.e. the mass-
less photon, with the interaction strength g. Generally, the invariance of a Lagrangian under a
gauge transformation results in the introduction of spin-1 particles (gauge bosons) in this theory,
which serve as the mediator of a particular interaction. In this formalism, mass terms of the form
m?AHM A, are not gauge invariant and the mediators have to be massless. With the above require-
ments on gauge invariance under U (1) transformations, the QED Lagrangian can now be written

as

- _ 1
ZLoep =Y (ir"6,—m)y + qlPYﬂAyl/J—ZFvaW
(2.6)

- 1
= w(l'f‘uDu_m)w_ZF,quuv

where F,, = J,A,—0J,A, is the electromagnetic field tensor, iFWF £7 is the kinetic term of the
gauge field and the qgﬁy“Auw term describes the interaction between the fermion and the gauge

boson.

The mechanism described above can be extended to other symmetry groups. In particular, it
is also possible to consider non-abelian symmetry groups, i.e. groups whose generators do not
commute. An example of this is SU(3), which describes the strong interaction in the Quantum
Chromodynamics (QCD) theory. For the strong interaction, the conserved quantum number is the

colour charge. Only quarks have a colour charge in the SM and can have colour charges red, blue
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or green. The QCD Lagrangian is:

_ 1
.,%QCD:qu(zyﬂDu—mq)wq—ZijG;V, 2.7)
q

where g corresponds to the sum over the quarks. Similar to QED, a covariant derivative can be
defined to ensure invariance under SU (3) transformations:

a

A

Here g, is the coupling constant of the strong interaction, which is often expressed in terms of
a; = £:. The Gell-Mann matrices, A%, are a set of matrices that generate the SU (3) group, and Gﬁ
corresponds to the gluons, the eight fields that mediate the strong interaction. From these fields,

the strong interaction tensor can be defined as:

G, =0,Gy—0,Gi—g. f*"* GGy, 2.9)

where f%Y¢ are the structure constants of the SU(3) group. As can be seen from the structure of
the strong interaction tensor, the gluons themselves carry colour charges and can therefore inter-
act with each other. This leads to a phenomenon known as colour confinement [21-23]. Quarks
and gluons can only exist in neutral colour states. This means that gluons do not propagate macro-
scopic distances, and quarks can only exist in bound states known as hadrons. These hadrons can
either consist of a quark and an anti-quark, known as a meson, or as a colour-neutral combina-
tion of three quarks, known as a baryon. The bound states are produced in a process known as
hadronisation.

A further complication in QCD calculations is that the strong coupling strength ¢ strongly de-
pends on the energy at which it is measured. It is large at small energies (<1 GeV) and decreases as
the energy increases. This behaviour is known as asymptotic freedom. At energies above around
100 GeV, «; is sufficiently small to allow perturbative calculations in the derivation of QCD predic-
tions. However, higher-order corrections are needed for computations to converge. Some of these
terms, e.g. quark self-energy corrections via loops, can lead to infinities in the calculations. This
feature is known as ultraviolet divergences and is fixed by renormalising fields and parameters to
absorb these divergences. The corrections depend on arbitrary scale parameters, known as the

renomalisation scale ug and the factorisation scale ug [24, 25].

The second non-abelian symmetry group relevant to the Standard Model is SU (2) x U(1),
which unifies the electromagnetic and weak forces in the SM. A local SU(2) transformation is
defined as

o

Yo = e85y, 2.10)

where o are the Pauli matrices, which are the generators of the SU(2) group. Similarly to the
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previous two cases, a covariant derivative can be defined to ensure gauge invariance:

.o
Duzau—Hg?aWM“ 2.11)

Here, three gauge fields Wul, WM2 and le‘ are introduced, which have an interaction strength g.
In the SM, the weak interaction is described by the SU (2); group, where the subscript L indi-
cates that the charged-current interaction only couples to left-handed (LH) particles states (and
right-handed (RH) antiparticle states). Fermionic fields are split into their left- and right-handed

components using the projection operators P; and Py, as

1—-y°>  147°
Y =P+ Pry = 27 Y+ 27 Y= +1Pp. (2.12)

For the weak interaction, the weak isospin charge is defined, and isospin doublets represent the
LH and RH particles. LH particles have a weak isospin of I;y = 3, and a third component of the
weak isospin of ISV = i%. For RH particles, Iy = 0 and Ivsv = 0, which means that the WH“ gauge
bosons only couple to the LH particles. The physical weak charged-current interactions, which

correspond to the W= bosons, are described as linear combinations of these fields as

Wi—1
k2

Experimentally it has indeed been observed that the W boson only couples to LH particles. How-

1 . 2
(W, FiW?). (2.13)

ever, the Z boson has been observed to couple to both left- and right-handed particles. Therefore,
an additional symmetry group U (1)y is introduced to accommodate this observation in the SM
formalism. The corresponding charge is the weak hypercharge Y, and an additional gauge field

B, is introduced, with coupling g’. The weak hypercharge is defined as
Y =2(Q-1)), (2.14)
where Q is the electromagnetic charge. For the SU (2) x U (1) group, the covariant derivative can
then be defined as
. O .Y
DH:aH+zg7“%“+zg’EBu. (2.15)

In this Glashow-Salam-Weinberg (GSW) model [26-28], the physical electromagnetic photon A,
and the Z-boson Z;, result from the linear combinations of the B, and Wj fields, via the weak

mixing angle 0y,

Ay _ cos@y sinfy \( By (2.16)
Z, —sinfy  cosfy J\ W)’ .

and the coupling strengths of the weak interaction gy, and g, and electromagnetic interactions
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e are related as:

e = gwsinBy, = g sin Oy, cos Oy, . (2.17)

Combining the description of interactions, the SM unifies the electroweak and QCD theories un-
der the group SU (3)¢c xSU(2); x U(1)y. However, the local gauge invariance requirement can
only be satisfied if all the bosons are massless. In addition, the split of the fermionic fields into
left- and right-handed components breaks the gauge invariance of the mass term in the elec-
troweak Lagrangian. Experimentally the fermions and the W and Z bosons have been observed
to have mass. Therefore, an additional mechanism needs to be included in the electroweak sec-
tor of the SM, which spontaneously breaks the symmetry and gives rise to particle masses: the

Brout-Englert-Higgs mechanism [29-32].

2.2 The Higgs Mechanism

The Higgs mechanism describes how the gauge bosons acquire their mass through interactions
with the Higgs field. This new field is described as a weak isospin doublet, with one neutral field
¢° and one charged field ¢+, which can be expressed as complex scalar fields with four degrees

of freedom:

_ ¢+) _ 1 (‘Pl + i‘Pz)
?= (¢° ~ V2 \ps+ios 19
The corresponding Lagrangian is
% =(Dy9)" (D ¢)=V(9), 2.19)

where the first term describes the kinetic term of the field, and D, is the covariant derivative de-

fined in Equation 2.15. The second term V (¢ ) is the Higgs potential:

V(g)=u*¢To+A(pT9)?, 2.20)

where u and A are scalar constants. The first term of the potential is the mass term, while the
second term describes the self-interaction of the field. The minimum of the potential corresponds
to the vacuum state. If u? > 0, the Higgs potential has one unique minimum at ¢ = 0. However, if

u? <0, a set of degenerate minima can be found at a circumference of

v _ [P

N ’ 2.21
2 2A ( )

(919) = 5 (97 + 03+ 03+ 93) =

which is illustrated in Figure 2.2. The parameter v = 4/ % is known as the vacuum expectation

value of the field ¢. All of the available minima are equivalent and connected by an SU (2) trans-
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V(p)

Im(¢p)

Re(¢)

Figure 2.2: Illustration of the expected Higgs potential for u? < 0.

formation. The choice of the vacuum state breaks the symmetry of the Lagrangian in a mechanism
known as spontaneous symmetry breaking. One can choose the vacuum state where ¢; = ¢, =

¢4 =0and ¢3 = v, which leads to a vacuum expectation of

1 (0
(Olp|0) = 7 (V) (2.22)

It is now possible to expand around this vacuum expectation state to quantify the excitation of the

field around the vacuum:

_ 1 [ gi(x) +iga(x)
=75, Lt o) 229

In this parametrisation, the field ¢ is described by one real physical field n(x) and three unphys-
ical fields ¢, » 4, which are known as the Goldstone fields[31]. It is possible to choose a particular
gauge, known as the unitary gauge, where the vector fields absorb the Goldstone fields. In this

case, the expansion around to vacuum simplifies to

6 (x) = % (H‘;l(x)). (2.24)

Using this gauge, it is now possible to express the Lagrangian defined in Equation 2.19 as
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1 1
K% zi(aﬂh)(a“h) + L—Lgﬁv(mjwﬂ—)(z/ +h)?

2 + 2

+%(zﬂzﬂ)(u+h)2 (2.25)
2
W 2 * 1

+5 (v+h) 16(v+h) .

Here the WMi fields are those associated with the massive W bosons. The field for the massive
neutral Z boson can be identified as a linear combination of the fields Wlf’ and B, defined in
Equation 2.16, as:

8w VVHS _g/Bu
Zy L o —— (2.26)

Ve ter

and similarly the photon, with no associated mass term, can be identified as

g'W+gwB
= M—ﬂ. (2.27)
V8 +87
The masses of the heavy bosons arising from this mechanisms can be written as
v v m
L L 229)

Furthermore, the excitation of the field & can lead to the production of an additional massive bo-

son, the Higgs boson, with a mass of

my = /2|ul2. (2.29)

In addition to providing masses to the heavy bosons in the SM, the Higgs mechanism also gives
rise to fermion masses. It is possible to introduce terms into the Lagrangian, which describe the
interactions of the fermions with the Higgs field, which are invariant under transformations in the

SU(2); xU(1)y group. These terms are expressed as

YrU - Y -
,%Yukawa:;_ﬁwfwf—ﬁwfwfh, (2.30)

where the fundamental parameters y; are known as the Yukawa couplings of the fermions. These

can be parametrised in terms of the observed particle masses as

m
— 2L 231
yr v ( )

In the quark sector, an additional matrix needs to be introduced to account for the difference be-
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tween the eigenstate basis for weak interactions and the mass-eigenstate basis. The transforma-
tion from the mass eigenstate basis is achieved using the Cabbibo-Kobayashi-Maskawa (CKM)

matrix[17]:

Via Vea Via
VCKM = Vus Vcs Vts (2.32)
Vib Ver Vi

The CKM matrix allows for transitions between different quark flavours using weak charged-current
interactions. The parameters of the CKM matrix are measured experimentally. An almost diagonal
matrix is observed, with small off-diagonal entries. This means that transitions between quarks of
the same generation are preferred in charged-current interactions, e.g. ¢ — s, with ¢ — d transi-

tions also possible at a lower rate.

The Higgs mechanism completes the current formulation of the Standard Model of Particle
Physics. It describes all currently observed particles and their interactions and explains the strong
and electroweak interaction via particle properties such as colour charge, electric charge, isospin
and hypercharge. The SM also describes a mechanism through which massive bosons and fermions
acquire mass. This theory has several free parameters that are not predicted and require mea-
surement. The precise measurement of these SM parameters is one of the main goals of particle

physics today. The free parameters are:

¢ The 9 mass parameters of the up and down-type quarks and the charged leptons.

¢ The 3 coupling strengths of the strong interaction (g;) and the electroweak interaction gy,
and g’.

¢ The CKM matrix, which can be parametrised in terms of 3 mixing angles and 1 complex

phase.
¢ The mass of the Higgs boson and the vacuum expectation value of the Higgs field.

» Additional free parameters related to CP violation in strong interactions and neutrino oscil-

lations. These are not discussed in the context of the thesis.

2.3 Higgs Phenomenology at the LHC

The observation of the Higgs boson was one of the primary goals of the LHC since the start of
operations. At a proton-proton collider, the Higgs boson can be produced in different ways and
measured in various decay channels, which are discussed in the following. The coupling of the
Higgs boson to other particles increases with mass, as described above, so the Higgs couples more
strongly to massive particles, which is relevant for both the production and decay modes.

First, one must understand how particles are produced in hadronic collisions and define the

cross-section. Protons are composite particles, and therefore in p p collisions, the hard scattering
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interactions occur between the partons (quarks or gluons) within the proton. This also means that
the longitudinal momentum of the colliding partons is not known precisely. It is possible to define
the partonic cross-section ¢ ,;_,x for two partons a and b, which carry fractions x; and x, of the
proton momentum respectively. This cross-section describes the probability of the transition of
the partons from their initial state to a final state X, and it can be computed from the interaction
Lagrangian. It is possible to derive the inclusive cross-section for the specific process pp — X,

according to the factorisation theorem [33], as

1 1
app—»X:Zf dxlf dxzfa(xlrUF)fb(xz»HF)fdaab—»X(xlpl»xzpz»HR’HF)' (2.33)
a,b JO 0

Here, the parton distribution functions (PDFs) f;(x;,ur) describe the probability of a parton i
to participate in a hard scattering interaction with a momentum of p; = x; P;, with P; being the
proton momentum. The PDFs depend on the energy scale at which the collisions occur but are
independent of the results of the interaction. The energy scale is parametrised in terms of the
factorisation scale u g, which can be interpreted as the scale that separates long and short-distance
physics, i.e. the maximum value of transverse momentum where partons are still considered as
part of the proton. An example of the process ab — X can be a specific production mode of the

Higgs boson, which make up the inclusive cross-section pp — H.

There are four main Higgs production modes, which are of relevance in the pp collisions at
the LHC: gluon-gluon fusion (gg F), vector boson fusion (V BF), associated production with a vec-
tor boson (V H or Higgsstrahlung) and associated production with top quarks (tt H). These four
production modes are illustrated in Figure 2.3. Their cross-section depends on the center-of-mass
energy, and the cross-sections at the LHC center-of-mass energy of 4/s=13 TeV are illustrated in
Figure 2.4 (left). Other production modes are also possible, but have lower cross-sections.

The most common Higgs production mode at the LHC is gluon-gluon fusion (gg F), with a
cross-section of 04, r=48.6 £2.4 pb [34]. The large production cross-section arises from the fact
that gluons significantly contribute to the parton distribution function [35]. Gluons are massless,
so the Higgs boson is produced via a top quark loop. Other kinds of loops are possible but are
suppressed due to the lower masses of the other fermions. While this is the most abundant Higgs
production mode, it is difficult to exploit it for the H — bb and H — ¢ ¢ decays discussed in this
thesis due to the prevalence of non-resonant QCD processes in pp collisions.

The second most common production mode is vector boson fusion (V B F), with a cross-section
of oy pr=3.77%+0.09 pb [34]. Here, two quarks scatter in an interaction mediated by two off-shell
vector bosons (W or Z), which then can produce a Higgs boson. This production mode is easier
to identify experimentally, as it is characterised by two forward jets in the event, in addition to the
decay products of the Higgs boson [36].

In VH production, the Higgs boson is produced in association with a W or Z boson. This pro-
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Figure 2.3: Leading order (LO) Feynman diagrams for the main Higgs boson production modes
at the LHC: gluon-gluon fusion (gg F), vector-boson fusion (V BF), associated production with a
vector boson (V H) and associated production with top quarks (¢ t H).
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Figure 2.4: Predicted SM Higgs production cross-sections at 4/s = 13 TeV (left) and SM Higgs
boson decay branching ratios (right) as a function of Higgs boson mass. From [34].
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cess has a small cross-section of oy y=2.24+0.14 pb [34]. However, this production mode can
provide a very clean signature in the detector when selecting events with a leptonic decay of the
vector boson, significantly reducing the QCD background. Consequently, it is the most sensitive
for searching for Higgs decays into quarks and is commonly used in the searches for Higgs decays
into b- and c-quarks.

The final Higgs production mode discussed here is the associated production with a top quark
pair (t £ H). With a cross-section of 0 ;,;;=0.51+0.04 pb this process is rare [34]. However, it offers

a possibility to probe the Higgs coupling to top quarks directly.

The lifetime of the Higgs boson is very short, with a predicted total width of the SM Higgs of
around 4 MeV [37], which implies a lifetime of O(1072?s). Consequently, the Higgs can only be
measured via its decay products. The Higgs boson coupling increases with mass, so decays into
heavy particles are preferred. Additionally, decays of the Higgs boson via quark loops are possible,
similarly to the mechanism in the gg F production mode.

Relative decay rates of particles are described by a branching ratio (BR), which represents the
probability that a parent particle P decays into a final state X;. The branching ratio is calculated
as

BR(P — X;) = MPox)  IP=X) (2.34)
Ip 2, T(P—X;)

where I'(P — X;) is the partial decay width, and I'p is the total width of the particle, which can be

written as the sum of all possible decay modes. Figure 2.4 (right) shows the expected branching
ratios of the Higgs boson as a function of Higgs mass. The most abundant decay mode is H — b b
with a branching ratio of 58.1%. The next most common decay into quarks is H — ¢¢, with a
branching ratio of 2.9%, which will be discussed in more detail in Chapter 4. However, decays
into quarks are difficult to observe due to an overwhelming background from non-resonant QCD
events.

A particle with properties consistent with the SM Higgs boson was discovered in 2012 by the
ATLAS and CMS collaborations, usingthe H —» vy, H - ZZ — 4{ and H — WW* — 2{2y chan-
nels [8, 9]. These channels have excellent sensitivity and provide clean signatures to identify the
Higgs boson candidate. Since the discovery, many more of the Higgs boson production and decay
modes have been measured, with summaries of the results shown in Figure 2.5. The Higgs bo-
son production cross-sections and the measured couplings to the different particles show good

agreement with the SM expectations.

2.4 Theoretical Predictions for Hadron Colliders

In measurements of the Higgs boson, the collected collision data has to be compared to theoret-

ical predictions and in pp collisions computing these theoretical predictions is very complex. It
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Figure 2.5: Measured cross sections for ggF, VBF, WH, ZH and t f H production modes (left)
and measured coupling-strength modifiers k%= (for fermions) and &y 5% (for weak gauge
bosons) (right). From [38].
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Figure 2.6: Sketch of a proton-proton collision as simulated in a Monte-Carlo event generator.
Modified from [39].
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Table 2.1: Summary of Monte Carlo generators used in this thesis, which part of the p p interaction
they are used to simulate, and the order at which the processes are simulated.

MC generator Hard Parton  Hadronisation Underlying Accuracy
Scatter Shower Event

SHERPA [42-44] X X X X NLO

MADGRAPH5+AMC@NLO [45] X X NLO

POWHEG [46, 47] X NLO

PYTHIA8 [48] X LO

HERWIG7 [49] X LO

requires solving multi-dimensional integrals such as Equation 2.33 and the calculation of QCD in-
teractions in the hard scatter. An illustration of a pp collision is shown in Figure 2.6. Due to their
complex nature, the computations are performed using numerical methods known as Monte-
Carlo (MC) techniques [40]. The simulation of p p collision events is done in several steps.

First, the hard scattering interaction is computed through the calculation of the hadronic cross-
section o, _,x, as illustrated in Equation 2.33. This includes the calculation of the matrix element,
i.e. 04p_x, according to the interaction Lagrangian, using the PDFs and taking into account the
hadronisation and factorisation scales [24, 25]. In the hard scatter, highly energetic particles are
produced. In the case of gluons and quarks, these are initially too energetic to form bound states,
and they produce additional quarks and gluons through radiation or gluon splitting. This step is
simulated separately and known as parton shower generation. In this case, perturbative QCD can
be used to perform the calculations. Once the energy of the gluons has reduced to O(1) GeV, the
quarks and gluons form bound states through hadronisation. Perturbative QCD can no longer be
used at these energy scales, and phenomenological QCD models are used instead to convert par-
ton showers into outgoing hadrons. Itis also possible to have initial state radiation (ISR), and final
state radiation (FSR) in the form of gluons, or, less frequently, photons, radiated from the ingoing
and outgoing partons, which have to be considered. Next to the hard scattering, the remaining
partons present in the proton can also interact and these interactions are simulated as the un-
derlying event. Finally, in the LHC, multiple protons collide simultaneously, which means several
interactions can happen at the same time. This is known as pile-up[41] and is taken into account
by adding soft QCD events to the simulated event before processing it further.

Several MC generators are available for this chain of computations. The different generators
either simulate all steps described above or can be interfaced with one another to simulate the
various stages. A summary of the MC generators used in this thesis is provided in Table 2.1.

Once the events are generated, they need to pass through a simulation of the ATLAS detector
to account for and match any reconstruction performed on real collision data. The ATLAS simu-
lation chain contains four steps [50] and is implemented within the software framework ATHENA
[51]. First, events are generated using one of the available MC generators. In particular, the matrix

element for the hard scatter process is calculated, as well as the parton shower and hadronisation.
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The truth information for each stable simulated particle is stored and then processed through the
detector simulation. The detector simulation is the most computationally intensive step of the
simulation chain. The full detector geometry, material and response are simulated using GEANT4
[52]. Particles are propagated through the detector, and the interactions with the sensitive detec-
tor material are recorded as hits. The energy deposit is stored for each interaction, along with the
position and timing information. The hits are transformed into digital signals (digitisation), sim-
ulating the output provided by the different parts of the detector. The information is stored as a
Raw Data Object (RDO). Finally, particles are constructed from the detector information in the
reconstruction step. Particular reconstruction algorithms are used for different physics objects, as
described in Section 3.3. The output is stored in the Analysis Object Data (AOD) format, which

can be further processed in physics analyses to perform comparisons to data and measurements.



Chapter 3

Experimental Particle Physics with the
ATLAS Detector

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [53] at CERN is the world’s largest particle accelerator, with a cir-
cumference of 27 km. It accelerates protons, or heavy ions, to high energies and collides them to
allow the study of particles produced in this collision and their decay products in complex detec-
tor systems. In this thesis, only data from proton-proton collisions were studied; therefore, only
pp collisions are discussed in the following. Before protons can enter the LHC, they need to pass
through a chain of pre-accelerators, as shown in Figure 3.1. The protons are obtained from a bot-
tle of hydrogen gas, which is ionised using an electric field. A linear accelerator (Linac 2, replaced
by Linac 4 in 2020) then accelerates the protons to energies of 50 MeV. This beam is then injected
into the Proton Synchrotron Booster (PSB), which consists of four stacked synchrotron rings. The
PSB accelerates the protons to 1.4 GeV, shapes the beam into batches, also called bunches, and
then injects it into the Proton Synchrotron (PS). The PS increases the beam energy to 25 GeV, fol-
lowed by the Super Proton Synchrotron (SPS), which accelerates the protons to 450 GeV. Finally,
the beams are injected into the LHC, where the protons circulate in two beam pipes in opposite
directions. Here, they are accelerated using radio-frequency cavities, kept on a circular path us-
ing superconducting dipole magnets with a magnetic field of 8.33 T and shaped or focused using
higher-order magnets. This process continues until the bunches reach an energy of 6.5 TeV per
beam, spaced by 25 ns in time. The two beams are then brought to collision at four interaction
points, which are the locations of the main LHC experiments: ALICE [54], ATLAS [55], CMS [56]
and LHCb [57].

The ALICE experiment is dedicated to studying heavy-ion collisions, particularly the result-
ing quark-gluon-plasma, which gives rise to collective phenomena and can behave as a perfect
fluid. The heavy ion collisions result in events with many decay products, including heavy flavour
quarks, which are a sensitive probe of the quark-gluon plasma. The LHCb experiment predom-

inantly focuses on studying heavy flavour physics. It has an asymmetric detector, as B-mesons

18
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Figure 3.1: Sketch of the LHC accelerator complex. From [58].
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are primarily produced in the very forward direction. The ATLAS and CMS experiments are large

general-purpose detectors, and the ATLAS detector is further described in Section 3.2.

3.1.1 Luminosity, Center-of-Mass Energy and Pile-up

One quantity of particular importance in collider physics is the instantaneous luminosity %,

which relates the rate at which a particular physics process occurs to its cross-section:

dN
a7 Linst X0 3.1
The instantaneous luminosity can be calculated from the collider parameters as follows:
NN, fN,
=%inst - Lfb 3.2)
410 0y,

where N; and N, are the number of protons in each of the two colliding bunches of particles, f
is the revolution frequency of the collider, N, is the number of bunches, and o, and o, are the
widths of the beam density distributions in the x- and y-direction, respectively. For the first run of
the LHC the maximum instantaneous luminosity was ¢ = 0.8 x 103* cm2s~! [59]. For the second
run of the LHC, the luminosity was even higher with ¥ = 2.1 x 103 cm™2s™! [60].

The integrated luminosity %, = f.,%d t can be used to calculate the total number of events

produced for a process with a particular cross-section:

N=%y,x0o (3.3)

Figure 3.2 (left) shows the integrated luminosity delivered by the LHC, and collected by the
ATLAS experiment between 2015 and 2018 (Run 2). The total dataset corresponds to an integrated
luminosity of £ = (139.0+2.4) fb™" [61].
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Figure 3.2: Integrated delivered and recorded luminosity as a function of time in the ATLAS ex-
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crossing for the full Run 2 p p collision dataset (right). From [60].
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Figure 3.3: Cut-away view of the ATLAS detector. From [55].

A second important quantity to the LHC operation is the center-of-mass energy /s, denoted
by the Mandelstam variable s. It corresponds to the maximum available energy for the production
of particles. In the first run of the LHC, pp collision data was collected at /s =7 TeV and 8 TeV.
For Run 2, the superconducting magnets were repaired, and a center-of-mass energy of 13 TeV
was achieved.

In the ATLAS experiment, head-on collisions of two protons in a bunch-crossing, which pro-
duce hard scattering events, are of interest. However, each hard scatter event has additional soft
pp interactions happening at the same time, known as pile-up, which can deteriorate the recon-
struction quality of the main hard scattering event. In-time pile-up are additional soft interactions
that occur in the same bunch-crossing, and out-of-time pile-up stems from neighbouring bunch-
crossings. The effect of pile-up is characterised by the average number of interactions per event
u, defined as

_ -%buncho'inel
Ny f
where Zpunch 1S the instantaneous luminosity per bunch crossing, o;,.; is the inelastic scattering

) (3.4)

cross-section for p p collisions, NV, is the number of bunches and f is the collision frequency. The
mean number of interactions per bunch crossing corresponds to the mean of the Poisson distri-
bution of the number of interactions per crossing calculated for each bunch. This distribution is

shown in Figure 3.2 (right) for the various data-taking periods.



Chapter 3. Experimental Particle Physics with the ATLAS Detector 22

3.2 The ATLAS Detector

The ATLAS detector [55] consists of cylindrical detector layers and endcaps, as shown in Figure
3.3. This layout is chosen due to the general-purpose philosophy of the detector. The ATLAS
experiment was designed to observe a broad range of physical phenomena; hence, the detec-
tor covers almost the whole solid angle. Due to the 25 ns bunch structure of the LHC and the
large datasets collected, the different detector components require fast, radiation-hard sensors
and readout electronics. In addition, a good spatial resolution is required to distinguish multiple
events occurring simultaneously. The ATLAS detector has a total length of 44 m, a height of 25 m
and a weight of 7000 t [55].

In the coordinate system used for the ATLAS detector, the z-axis is defined to be the direction
of the beam. The x-axis points towards the centre of the LHC ring, and the y-axis points upwards
from the interaction point. Using polar coordinates, the azimuthal angle ¢ is defined in the x y-
plane and the angle 6 is measured upwards from the beam axis. One crucial quantity in particle

physics is the rapidity y, which is a measure of the direction of a particle and is defined as:

1 (E—f—PL)
y=-In ,

2 E_pL

where E is the energy and p; is longitudinal momentum. For ultra-relativistic particles with p >>
m the pseudo-rapidity n = —ln(tan(g)) is an appropriate approximation of the rapidity. The
pseudo-rapidity only depends on the polar angle 8 and is useful as the intervals of pseudo-rapidity,
Ar, are Lorentz invariant under boosts along the longitudinal axis. Another important kinematic
variable is AR, which defines the angular separation between two objects in the detector as a

function of n and ¢:

ARy, = /A%, +Ans, = V(P1—¢2)2+ (nm—n2)2.

Finally, when considering energy and momenta, the transverse components of these quan-
tities are commonly used, since the momentum of the colliding partons along the z-axis is not

known. Thus, the quantities pr and Et are defined as pr = psin@ and E; = E sin 0.

3.2.1 Magnet System

One of the critical components of the ATLAS detector is its magnet system. Magnetic fields are
crucial for measuring the momentum of charged particles, as charged particles follow curved tra-
jectories in a magnetic field due to the Lorentz force. The radius of the particle trajectory R is given

by R = 252 \where p is the momentum of the particle (in units of GeV/c), A is the angle of the

particle with respect to the z-axis, B is the magnetic field (in T), and R is the radius (in m). Thus,
high magnetic fields are needed to increase the curvature of high-p; particles and measure their

momentum precisely.
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Figure 3.4: Sketch of the ATLAS ID showing all its components, including the new insertable B-
layer (IBL). The distances to the interaction point are also shown. From [63].

The ATLAS experiment has a complex magnet system with four superconducting solenoids,
which shape the magnetic field within the inner detector and the muon spectrometer [62]. The
central solenoid provides a 2 T magnetic field along the z-axis, such that particles are deflected
along the ¢-direction. Additionally, the barrel and endcap toroids in the muon detector yield a
magnetic field between 0.5 and 1 T and are used to deflect muons in the 1)-direction to measure

their momentum precisely.

3.2.2 Inner Detector

The most central part of the ATLAS detector is the Inner Detector (ID) [64, 65]. Its purpose is to
track charged particles from the interaction region until they reach the calorimeter and measure
their momentum by determining the curvature of the tracks in the magnetic field. The ID covers
aregion of |n| < 2.5 and a radius between 3 cm and 1 m. The ID environment is characterised by
a high track density, requiring a fast and radiation tolerant detector, as well as a high granularity
for an excellent resolution of the reconstructed momenta and vertices. The ID consists of three

sub-systems: the Pixel Detector, the SemiConductor Tracker and the Transition Radiation Tracker.
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An illustration of the ID is shown in Figure 3.4.

Pixel Detector The silicon pixel detector is the innermost system [66]. It consists of three barrel
layers and three endcap layers, is made of 1744 pixel modules with a total of 80 million pixels. The
modules have a pixel pitch of 50 x 400 um? and a sensor thickness of 250 yum. During the first long
shutdown of the LHC (LS1), an additional pixel detector layer was installed: the Insertable B-Layer
(IBL) [67]. This layer is located 33 mm away from the beamline and includes 12 million pixels
with a pixel pitch of 50 x 250 um. The IBL was introduced to significantly improve the tracking
robustness and precision, as well as the flavour tagging performance. The current pixel detector

provides a spacepoint resolution of 10 um in the r — ¢ plane and 67 ym in the z-direction [68, 69].

SemiConductor Tracker (SCT) The next layer of the ID is the SCT, which consists of silicon mi-
crostrip modules that are arranged into four concentric barrel layers and two endcaps with nine
disks each [70]. The pitch of the strips is 80 um, the thickness of the detectors is 285 um. Two strip
detectors are combined in a module with a stereo angle of 40 mrad to provide hit reconstruction
in two dimensions. The SCT modules have a resolution of 17 ym in the r — ¢ plane and 580 um in

the z-direction [71].

Transition Radiation Tracker (TRT) The final component of the ID is the TRT [72]. The TRT is
a straw-tube tracker which consists of 300 thousand cylindrical drift tubes (straws) with a diam-
eter of 4 mm. Each straw has a gold-plated anode wire and is filled with a gas mixture based on
Xenon. When a charged particle traverses the tube, it ionises the gas. The resulting electrons drift
towards the anode wire and cascade in the electric field. This produces a detectable signal which
can be compared against two adjustable thresholds. The TRT contributes not only to the momen-
tum measurement for charged particles, but also to particle identification. The space between
the straws is filled with polyethylene, and when a relativistic particle traverses the boundary be-
tween the two materials, it can emit radiation (transistion radiation), dependent on the Lorentz
boost y ~ E /m. This means that the amount of radiation produced can be used to determine the
particle mass for particles of the same momentum. In the ATLAS detector, this helps distinguish
between electrons and pions with momenta of 1 to 100 GeV. The drift tubes measure the transition
radiation photons via the photoelectrons they generate, identified as characteristic large energy
deposits. The TRT provides a position resolution of 130 um in the r — ¢ (z —¢) plane in the barrel
(endcap).

Combining all three components of the ID, the track of a charged particle in the detector can
be reconstructed, and from the curvature of the track its momentum can be determined. The

momentum resolution o pr of the ATLAS ID is

UPT _
= 0.05% pr [GeV] @ 1%,
T

where py is the particle momentum, and @ denotes a sum in quadrature [55].
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Figure 3.5: Cut-away view of the ATLAS Calorimeter system. From [73].

3.2.3 Calorimeter

The ATLAS detector uses calorimeters to measure the energy of neutral and charged particles, as
well as missing transverse momentum [74]. The ATLAS calorimeters are hermetic in ¢ and cover
a range of || < 4.9. All of the calorimeters in ATLAS are sampling calorimeters, which means
that they consist of multiple layers of active and passive material. The passive material is usually
a dense material with a high atomic number, which induces cascades of particles (showers). The
active layers measure the energy deposited by the showers, such as ionisation or scintillation light.
In ATLAS, Liquid Argon (LAr) is mainly used as the active material [75].

The layout of the ATLAS calorimeters is shown in Figure 3.5. The electromagnetic calorimeter
(ECAL) is used to measure the energy deposited by electrons, photons and some of the energy
carried by jets. It uses lead as the passive material, and liquid argon as the active material [76].
Electromagnetic showers occur via the electromagnetic interaction and are parametrised by the
radiation length X,, which is the average distance over which the energy of a high-energy electron
will be reduced to 1/e of its original value. The electromagnetic calorimeters in ATLAS have a
depth of at least 22 X,.

The hadronic calorimeters are used to measure the energy of hadronic showers. The hadronic
endcap and forward calorimeters both use LAr as the active material, and copper plates are used
as the passive material in the endcap [77]. The forward calorimeter uses both copper and tung-
sten as the passive material [77, 78]. The tile calorimeter in the barrel uses steel as the absorbing

material, and scintillating plastic tiles as the active material [79]. Hadronic showers in the detec-
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Figure 3.6: Cut-away view of the ATLAS Muon system. From [81].

tor are characterised by the nuclear interaction length A, defined as the mean distance travelled
by a hadron before interacting with a nucleus. The depth of the ATLAS hadronic calorimeters is
~ 10A. Thus, both the electromagnetic and hadronic calorimeters provide good containment of
the particle showers.
The energy resolution of a calorimeter is described by

O a b

? = \/_F @ E ®dc.
The first term a / v'E is known as the stochastic term, which describes fluctuations related to Pois-
son statistics, for example shower or sampling fluctuations. The second term b/ E is the noise
term, which accounts for electronic noise in the detector readout. Finally, the constant term c
describes instrumental effects, for example inefficiencies in the signal collection. For an electro-

magnetic calorimeter a typical energy resolution is % ~ %’ +0.7% [30]. For a hadronic calorime-

ter the typical energy resolution is worse, due to the complexity of hadronic showers, with % ~
X% +3% [80].
3.2.4 Muon Spectrometer

The final and outermost detector of the ATLAS experiment is the muon spectrometer (MS) [82,

83]. Its purpose is to measure the momentum of muons, which are most of the charged particles
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traversing the detector after the hadronic calorimeter. The toroidal magnet system is critical for
the muon momentum measurement. The precision of the measured muon momentum varies
between 3% for low p;y muons (2 < pr < 250 GeV) and 10% for high pr muons. The muon system
consists of different kinds of detectors to perform precision tracking and provide fast triggering

information.

Precision Tracking Chambers Precision tracking is achieved by a Monitored Drift Tube (MDT)
detector system [84], which covers both the barrel and endcap region up to 1 < 2.7 in several layers.
The MDTs provide a spatial resolution of 35 um. In addition, the high occupancy region 2.0 < 1 <
2.7 is covered by Cathode Strip Chambers (CSC) [85], which are multi-wire proportional chambers,
with the cathodes segmented into strips. The CSCs can achieve a spatial resolution of 60 um in

the r direction and 5 mm in the ¢ direction.

Fast Trigger Chambers The muon trigger system is built using two different detectors. In the
barrel region, three layers of Resistive Plate Chambers (RPCs) [86], are used. The endcap consists
of 3-4 layers of Thin Gap Chambers [387]. The combination of the two systems provides a muon-
based hardware trigger based on the coincidence of hits in different layers, as well as an additional

measurement of the muon trajectory.

3.2.5 Trigger and DAQ

During Run 2 of the LHC, bunch-crossings occurred every 25 ns, i.e. at a rate of 40 MHz. Due
to the limited available computing resources, only a subset of these events can be stored. Thus,
it is crucial to quickly reject events without hard scattering interactions, while keeping relevant
physics processes. This is achieved with the ATLAS trigger system [38], which reduces the data
rate to 1 kHz. It consists of a hardware-based Level-1 (L1) trigger and a software-based high-level
trigger (HLT).

Level 1 Trigger The L1 trigger uses coarse information from the calorimeters and muon spec-
trometer to identify high momentum objects, either large deposits in the calorimeter or high-py
muons. The L1 trigger reduces the data rate to 100 kHz. It selects n— ¢ regions where interesting

features have been found, and these Regions of Interest (Rol) are then passed to the HLT.

High Level Trigger The HLT integrates the Rol data with the complete detector information from
all detector sub-systems and then performs a full offline-like event reconstruction. Then, trigger
algorithms are used to select or reject the event. In the HLT, it is possible to identify more complex

signatures, for example leptons, ETmiSS, events with b-jets or other physics objects.

A trigger menu defines the selection criteria for L1 and the HLT. Different triggers are used
depending on the purpose of data-taking, for example for physics measurements, performance

measurements and detector calibration.
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Figure 3.7: View of the particle paths and experimental signatures in the transverse plane of the
ATLAS detector. From [89].

3.3 Physics Object Reconstruction

Proton-proton collisions take place in the centre of the ATLAS detector, and the produced particles
travel through the detector. They leave different signatures in the sub-detectors, as illustrated in
Figure 3.7, e.g. hits in the different layers of the inner detector and muon spectrometer, or energy
deposits in the calorimeter. The signals from the detectors are processed and reconstructed as
so-called physics objects, which are matched to final-state particles or observables in ATLAS, e.g.
electrons, muons or jets. The reconstruction occurs in several steps. First, detector-level objects
are reconstructed, such as tracks, vertices or calorimeter clusters. Then, they are combined into
high-level objects, which correspond to the different particles. These physics objects are recon-
structed and additional identification and isolation criteria are applied. Finally, the physics objects
are calibrated to account for any detector effects which are different in data and simulation. This
section provides an overview of the detector-level and high-level objects and the methods used to

reconstruct them.

3.3.1 Tracks, Vertices and Calorimeter Clusters

This section describes the detector-level objects reconstructed within the ATLAS detector, which

are then used to construct the high-level physics objects.
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Figure 3.8: Transverse d, and longitudinal z, impact parameters of a track with respect to the
interaction point.

Tracks A charged particle on a curved trajectory in the magnetic field of the ATLAS detector will
interact with the sensitive material of the detector and leave energy deposits, which are registered
as a signal by the detector. The tracks of particles can be reconstructed, starting by identifying
clusters of energy deposits as hits[90]. Then, the track reconstruction algorithm begins, utilising
the inside-out method [90], and starting from groups of three hits in the Pixel detector or SCT. Ad-
ditional hits are then added to the track by using a Kalman filter [91] to identify the most likely
additional hit based on the preliminary trajectory. With this method, hits can get assigned to mul-
tiple tracks. To resolve this ambiguity, tracks are ranked based on the quality of the track, utilising
information about the number of hits, the origin of hits (Pixel or SCT) and the number of holes
(layers with no hits on the predicted track). Additionally, a y2-fit is performed to assess the quality
of the track, and high p; tracks are preferred. Highly ranked tracks are then extended to the TRT
using an outside-in approach. Finally, all tracks need to pass additional criteria, such as a mini-
mum of 7 hits in the pixel detector and SCT, a maximum of one hole and a maximum of two shared

hits. Kinematic criteria are also applied, requiring pr > 500 MeV and |n| < 2.5.

Vertices Identifyingvertices, i.e. locations where interactions have occurred, is crucial to physics
analyses. Of particular importance is the reconstruction of the primary vertex, which is where the
pp hard scattering event has occurred [92, 93]. Due to the large pile-up in the LHC collisions,
events commonly have multiple interaction vertices. The identification of vertices occurs in an

iterative process. First, a starting point for the location of the vertex (seed) is identified by using
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the information of all good-quality reconstructed tracks. Then, all tracks that are incompatible
with the computed vertex are removed, and the calculation of the vertex position is repeated. This
process continues until the reconstructed vertex passes specific quality requirements. The previ-
ously discarded tracks are then used to find additional vertices. The primary vertex is selected as
the one with the largest sum of squared track transverse momenta (3_p3). Two parameters rel-
evant to the vertex reconstruction are illustrated in Figure 3.8 - the transverse and longitudinal
impact parameters dj and z,. They are defined as the distance between the interaction point and
the perigee, the point of the track’s closest approach to the beam axis, projected in the transverse

and longitudinal planes.

Calorimeter Clusters Calorimeter clusters are the final detector-level objects described in this
section. Two different kinds of algorithms are used for defining clusters of calorimeter cells [94].
First, a sliding-window algorithm can be used, which clusters calorimeter cells within fixed-size
rectangles. The window’s position is adjusted such that the transverse energy contained in the
window is at a local maximum. The use of a fixed-size window allows for a precise energy calibra-
tion. Therefore, this algorithm is primarily used to reconstruct electrons, photons, and hadronic
T-lepton decays. Second, a topological clustering algorithm can be used, which clusters together
neighbouring cells into topo-clusters as long as the signal is significant compared to the noise.
This algorithm has the advantage of suppressing noise in clusters with a large number of cells.

Therefore, it is used mainly for the reconstruction of jets and E[™.

3.3.2 Electrons

The first high-level physics objects considered in this section are electrons. Electrons are identi-
fied in the central region of the detector (|n| < 2.5) by combining tracks from the ID and deposits
in the electromagnetic calorimeter [94, 95]. The forward region (2.5 < || < 4.9) is not covered by
the inner detector. Here only calorimeter information is used, but additional properties like the
shape of the electromagnetic shower can be used in the electron identification. Only information
about the reconstruction of central electrons is provided in the following. An additional distinc-
tion has to be made between prompt and non-prompt electrons. The former originates from the
primary vertex, while the latter is produced in decays or further interactions in the detector (i.e.
in the decay of the heavy flavour jets or photons producing an e ™ e~ pair). Here, the identification
of prompt electrons is described. The signature of electrons can be faked, for example, by mis-
reconstructed photons and pions, thus it is important to have identification and isolation criteria

to select electrons with high efficiency and purity.

Reconstruction Electrons are reconstructed from calorimeter clusters and track information.
Tracks are matched to clusters by selecting tracks compatible with the expected energy loss of
electrons in the detector. The matching is performed based on the extrapolated position of a track

in the calorimeter and the barycenter of a cluster. Tracks that match a cluster are refitted using
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the Gaussian Sum Filter [96], to take into account electron energy loss via bremsstrahlung. Then,
the matching of track and cluster is performed again using more stringent conditions. An elec-
tron candidate is identified when at least one track is matched to a calorimeter cluster, and in the
case of multiple tracks, the track closest to the cluster is chosen. Electron candidates with no pre-
cision hits are removed and considered to be photons. Finally, for a prompt electron candidate,
the tracks must be compatible with the primary vertex and satisfy additional impact parameter

requirements.

Identification After the reconstruction, an additional selection is performed to identify prompt
electrons and reduce background from photon conversion and non-prompt electrons. The elec-
tron identification algorithm uses a likelihood-based approach [97]. Several parameters are com-
bined into an MVA: the number of hits in each layer, the transverse and longitudinal impact param-
eters, the momentum lost in the ID and information about the calorimeter cluster. Based on this,
signal and background probabilities are defined, and a likelihood discriminant is built. Several
operating points are defined using fixed values of the likelihood discriminant: : VeryLoose, Loose,
Medium and Tight, where the operating points get progressively more selective. Each operating
point has a different reconstruction efficiency and background rejection, which is also dependent

on pr and |n)|.

Isolation To further reduce the background for prompt electrons, electron candidates are re-
quired to be isolated from additional tracks or energy deposits, as there is typically little activity
around prompt electrons. Isolation criteria can be defined based on the ID tracks and calorimeter
deposits. For the track-based isolation criterion, the sum of transverse momenta of tracks with
pr > 1 GeVin a given AR cone is calculated, excluding the electron candidate. The calorimeter-
based isolation criterion is defined based on the sum of energy deposits in a AR cone in the
calorimeter, excluding the electron candidate cluster. Cuts can be applied to the two isolation
criteria to provide different operating points, depending on the requirements of a physics analy-

sis.

Calibration: The total efficiency of correctly identifying an electron in the ATLAS detector is a
combination of the reconstruction, identification and isolation efficiencies. The overall electron
efficiency is a critical input into physics analyses. The electron efficiency on data and simulation
is determined in dedicated measurements of Z — e"e~ and J /vy — e* e~ events. The data and
simulation measurements are compared, and scale factors are derived, which can be applied to

MC samples to account for mis-modelling. The scale factors are usually close to unity [98].

3.3.3 Photons

The reconstruction and identification of photons in the ATLAS detector is intertwined with elec-

tron identification. Photons leave showers in the electromagnetic calorimeter, with no associated
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track. Prompt photons are reconstructed in ATLAS for 1| < 2.5 following a similar strategy as for

electrons [99].

Reconstruction The reconstruction of electrons and photons proceeds in parallel, starting from
electromagnetic calorimeter clusters. The candidates are then identified as either electrons, as
described above, converted photons, where the photon converts into an e*e™ pair, and uncon-
verted photons. The distinction is made based on the presence of hits in the ID and conversion
vertices. Photons with Er >25 GeV are correctly reconstructed as photons 96% of the time and

misidentified as electrons otherwise.

Identification It is essential to distinguish prompt photons against background photons (e.g.
from hadronic jets). Identification criteria are defined based on the characteristics of the showers,
e.g. their shape. Prompt photon showers are generally narrower than photons in hadronic jets
and usually have a smaller leakage in the hadronic calorimeter. The photon identification is fur-
ther complicated by pion decays to photons and low E activity in the detector. As for electrons,

operating points are defined for photon identification based on different selection criteria.

3.3.4 Muons

Muons in the ATLAS detector are reconstructed using information from all subdetectors. They
leave tracks in the ID, deposit a small amount of energy in the calorimeter (where they act as min-
imum ionising particles) and leave hits in the MS chambers[100]. Muons are reconstructed within

the acceptance of the MS, i.e. || < 2.7.

Reconstruction Muons are reconstructed by first reconstructing fragments in each sub-detector
and then combining the information from all components to make muon track candidates. The ID
tracks are reconstructed as described in Section 3.3.1. In the MS, the tracks are built from segments
of hits in each set of muon chambers. A fit to the hits in the MS is performed, and the muon track
is selected, taking into account properties like the multiplicity and relative position of hits. The ID
and MS information can then be combined, and calorimeter information can also be included to

define different reconstructed muons:

e Combined muons are reconstructed by combining tracks from the ID and the MS and per-
forming a combined fit to both sub-detectors to identify the combined track. Usually, the fit
is performed by starting from the MS and extrapolating to the ID. Combined muons are the

most commonly reconstructed muons and have the highest purity.

o Segement-tagged muons are reconstructed from an ID track that has at least one matching
segment in the MS. This type of muon usually has low momentum or leaves the acceptance
of the MS on its trajectory.

* Calorimeter-tagged muons combine an ID track with a calorimeter energy deposit. This type

of reconstructed muon is used when the MS information is missing due to a gap in coverage
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or in a region where the MS has poor performance (e.g. in the central region where the MS

performance is degraded by more material due to cables and support structures).

e Extrapolated muons use only the MS information and extrapolate to the rest of the detector.
Here, at least two or three hits in the MS are required. This kind of reconstructed muon is
primarily used outside of the detector acceptance of the ID (2.5 < |n| < 2.7).

Identification Identification requirements for muons are defined to distinguish prompt muons
from background ones, i.e. those produced in decays of pions, kaons or heavy flavour hadrons. A
typical characteristic of background muons is a kink in the reconstructed track where the decay
occurred. Different variables can be used to place a requirement on the quality of a muon track.
For example, it is possible to calculate the compatibility of the track momentum measured in the
ID and the MS. Based on such requirements, different operating points can be required: Loose,
Medium, Tight and High-pr. These working points get increasingly more selective, which means
that the purity increases, but the efficiency decreases (from 98.1% for the loose working point to
89.9% for the tight working point).

Isolation Further criteria are applied to distinguish prompt muons from background muons.
Isolation criteria can be constructed using track and calorimeter information. For the track-based
isolation variable, the sum of track transverse momenta in a AR cone around the muon candidate
is used, with the cone defined using AR = min(10 GeV/ p‘T‘ ,0.3), where p’; is the muon transverse
momentum. For the calorimeter-based isolation variable E;"”ezo, the sum of the energy clusters
in a AR cone with AR = 0.2 around the muon candidate is calculated. Different selection criteria
can be constructed based on the two isolation variables to provide operating points with different

efficiencies.

Calibration The reconstruction and isolation efficiencies of muons are measured in data and
simulation with J /4 — u*u~ and Z — u*u~ events. Scale factors are computed by comparing
the efficiencies derived on data and simulated samples, which can then be applied to the simu-

lated samples to correct for mis-modelling.

3.3.5 Jets

The most frequently produced particles in pp collisions in the LHC are quarks and gluons. Due
to colour confinement, they can not be seen individually, but instead, they immediately undergo
fragmentation and hadronisation, where energetic hadrons are generated [101]. A quark or gluon
generates streams of these particles, and these so-called jets then leave large energy deposits in
the hadronic calorimeter. Jets are one of the most complicated objects in ATLAS. Ideally, the jet
reconstruction should provide information about the jet momentum, direction and the type of

parton which originated the jet.
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Figure 3.9: Simulation of jet reconstruction with the anti-k; algorithm for a HERWIG generated
parton-level event. From [102].

Reconstruction Topo-clusters, which were discussed in Section 3.3.1, can be combined into jets
using different jet reconstruction algorithms. In the ATLAS experiment, the anti-k, algorithm is
used [102]. The first property of this algorithm is that it satisfies infrared and collinear (IRC) safety.
Therefore, if the event is modified with either collinear splitting or soft emission, the set of jets
found by the algorithm remains the same [101].

The anti- kr algorithm begins the reconstruction with hard (high momentum) objects and then
adds soft objects to the cluster. It provides reconstructed jets circular in the y — ¢ direction, as can
be seen in Figure 3.9. The algorithm uses two distance parameters when considering whether to

combine two cluster objects i and j:

11 \AR} 1

d;; =min| —, —- din = —
J 272 2’ iB 2
ki ktj R ki;

where AR?; = (yi—y;)* + (¢ —¢;)* is the angular distance of the two objects, k;; is the trans-
verse momentum, ¥; is the rapidity and ¢; is the azimuthal angle of object i. The parameter R,
known as the radius, defines the maximum size of the jet cone. The distance between a cluster
and the beam axis in momentum space is denoted as d;5. The algorithm compares d;; and d; .
If d;; < d;p the two objects i and j are combined and the algorithm continues to another object.
If d;; > d;p the object i is identified as a jet and removed from the list of objects considered by
the algorithm. The distances between objects are then recalculated, and the process is repeated

until there are no objects left. The radius parameter R can be varied depending on the purpose
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of the jet reconstruction. Values of R = 0.4 and R = 1.0 are typically used. R = 0.4 is used for
jets initiated by quarks and gluons (so-called small jets), and R = 1.0 is used for hadronic decays
of massive particles, like the W, Z, Higgs or top quark, or in the case of jets with high momenta
(so-called fat jets). In the following, the focus is on small jets, used in the VH (H — c¢¢) analysis
described in Chapter 4.

Calibration Once reconstructed, the energy of the jets has to be adjusted to account for several
effects: detector effects like calorimeter non-compensation, the difference between the electro-
magnetic and hadronic calorimeter, dead material and leakage of the jet outside of the calorimeter,
as well as reconstruction effects, such as energy deposited outside of the jet cone, and effects re-
lated to pile-up. Additionally, the Jet Energy Scale (JES) has to be adjusted to match the scale of
truth-jets, i.e. the jets in simulated samples. The JES calibration is done in several steps, using

data-driven techniques and simulated samples [103]:

1. Origin correction During the initial jet reconstruction, the jet axis points to the detector
centre. In this step, the direction of the jet is adjusted, such that the jet axis points towards
the primary vertex in the event. The four-momentum is recalculated, while the jet energy is

kept constant.

2. Pile-up corrections Due to the in-time and out-of-time pile-up present in the collisions,
additional energy deposits in the calorimeter can increase the energy attributed to a jet. The
goal is to remove these pile-up contributions to the jet energy in two steps [104]. First, an
overall correction is subtracted from the jet pr, based on the average pile-up contribution.
Then, a second correction is applied based on the number of interactions per bunch crossing

(1) and the number of reconstructed primary vertices in the event.

3. Absolute JES correction The energy of the reconstructed jets is adjusted from the recon-
struction scale to the particle-level energy scale used in simulated events. A correction is
applied based on comparing the reconstructed jets (with the previous corrections applied)
in data and truth jets, derived with a geometrical matching of AR = 0.3. The corrections are

derived and applied as a function of E and .

4. Etainter-calibration Jetsin the forward region (0.8 < || < 2.5) are usually less well-measured,
so an additional correction is applied to these jets based on the well-measured jets in the

central region (|n| < 1.4).

5. Global Sequential Calibration (GSC) The energy leakage in the calorimeters can cause fluc-
tuations in the jet response. An additional correction is applied to account for this. Five ob-
servables are defined, which depend on the shape and energy of the jet. For each observable
a four-momentum correction is derived, depending also on the jet p}r“th and |n|. The GSC

improves the distinction between gluon and quark initiated jets.

6. In-situ calibration Finally, a correction is applied to account for possible differences be-

tween data and simulation because of an incorrect detector description in simulation. The
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Figure 3.10: Data-to-simulation ratio of the average jet pr response as a function of jet py for JES
(left). From [106]. The relative jet energy resolution o,/ pr as a function of pr for anti-kr jets with
aradius parameter of R = 0.4 and inputs of EM-scale topoclusters. From [107].

JES is calibrated in a dedicated measurement in data, using a well-calibrated object as a ref-
erence, by calculating the pr balance with respect to that object and performing a Gaussian
fit to extract the correction. At low momenta (20 < py < 500 GeV), Z + jet events are used,
where the Z decays leptonically. At intermediate momenta (36 < py < 900 GeV), y + jet
events are used. QCD multi-jet events are used at very high momenta (up to 2 TeV), where
a multi-jet hadronic recoil is used as the reference object. Here, the momentum balance of
a high pr jet is computed against several jets with lower pr, which are generally calibrated

better.

After performing the calibration, the JES and its related uncertaintes are evaluated as a func-
tion of jet pr. Following the JES calibration, the jet energy resolution (JER) can be defined as
0,/ pr, and is derived and calibrated in-situin di-jet events [ 105]. The results are shown in Figure
3.10.

Both the JES and JER are evaluated with a large number of systematic uncertainties. These
are mainly related to the data-driven calibration stages, e.g. the available statistics, assumptions
made on the simulated samples, mis-modelling of pile-up or the jet flavour composition in MC
and uncertainties on the energy scales of other objects. The systematic uncertainties are assessed
by varying parameters of the object selection and using alternative simulated samples. The total
uncertainty on the JES calibration is 4.5% at 20 GeV and reduces to a few percent above 200 GeV
in di-jet events. The uncertainties in the JER calibration vary between 3% at 20 GeV and less than

1% above 40 GeV in a di-jet sample.

Suppression of pile-up jets Removing or suppressing pile-up jets is crucial for physics analyses.
Even with the pile-up corrections applied to the jet energy scale, it is still possible to see the ef-
fects of pile-up jets due to fluctuations in pile-up activity. To specifically remove these jets, the
Jet Vertex Tagger (JVT) is constructed [108]. A two-dimensional likelihood is built from variables

based on tracking information (e.g. the weighted fraction of the transverse momentum of tracks
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Figure 3.11: Distribution of JVT for pile-up (PU) and hard-scatter (HS) jets with 20 < pr < 30 GeV.
From [108].

within the jet originating from the hard scatter). The resulting JVT discriminant is shown in Figure
3.11. Based on this discriminant, selection criteria can be constructed to define different working

points, with particular efficiencies and pile-up fake rates.

3.3.6 Flavour Tagging of Jets

Identifying the flavour of a quark from which a jet originated is very important in physics analyses
to fully reconstruct the hard scatter process. In ATLAS flavour tagging (the flavour identification
of jets) is specially developed for the identification of b-quark jets and has been crucial to many
analyses, for example, the observation of V H (H — b b) decays. More recently, flavour tagging has
also been used for the identification of c-quark jets, for example, in searches for VH(H — c¢)
decays, as described in Chapter 4. This section outlines the basic principles of flavour tagging
methodologies used in the ATLAS experiment and focuses on the methods developed for b-jet
identification. The application of these methods to c-jets in the context of the VH(H — c¢)
analysis is discussed in Section 4.5.

In flavour tagging, a distinction is made between b-jets, c-jets and light-jets, where the lat-
ter include jets originating from u, d, s-quarks and gluons [109]. Jets originating from hadronic
decays of 7-leptons are also considered. To understand the flavour tagging algorithms used, it is
important to understand the characteristics of the different kinds of jets, which are illustrated in
Figure 3.12.
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¢ b-jets originate from the hadronisation of a b-quark into a b-hadron. The relatively long
lifetime (1.5 ps) of b-hadrons means that the hadron travels an average distance of around
5 mm inside the detector (depending on its momentum) before it decays. This means that
a second displaced vertex can be found inside the jet, as illustrated in Figure 3.12. The b-
hadron carries approximately 75% of the jet energy and has a mass of 5 GeV, which results
in harder objects inside the jet and a larger decay multiplicity compared to other flavours
of jets. Most b-hadrons (~90%) decay into c-hadrons, due to the CKM matrix transition
values |V,,|? > |V,,|? [110]. The c-hadrons then decay further after travelling a few mm in

the detector, which means a tertiary vertex could also be present inside of the b-jet.

¢ c-jets originate from the hadronisation of a c-quark. Usually, a D-meson is produced, which
most commonly decays to a kaon via the ¢ — s transition. D-mesons have a shorter lifetime
than b-hadrons (between 0.2 and 1 ps). Therefore, the D-meson’s decay length is shorter
and it only travels a few mm inside of the detector. However, the secondary vertex is still
measurable. The D-meson usually carries around 55% of the jet energy, which leads to a
softer jet, and has a mass of around 2 GeV, which results in a lower multiplicity of decay
products. The difference in jet energy carried by b-, c¢- and light-hadrons is caused by the

dead-cone effect, which suppresses gluon radiation for heavier quarks [111].

¢ light-jets originate from the hadronisation of u, d, s-quarks or gluons. The quarks hadro-
nise into light-hadrons almost instantly, and several hadrons share the jet energy. Long-lived
hadrons can be produced, but these decay very far from the primary vertex. Hence, the sec-
ondary vertex can not be reconstructed in the ID. Gluon jets will also not have a distinct
secondary vertex. They can be distinguished from quark jets due to a larger number of jet
constituents and broader radiation patterns [112], but are considered within the light-jet

category in the context of this thesis.
¢ T-jets originate from the hadronic decays of the 7-leptons. The 7-lepton has a mass of 1.8

GeV and a lifetime of 0.3 ps[17], which means that 7-jets usually also have a displaced vertex

and share many characteristics with c-jets, though 7-jets are generally narrower. The spe-



Chapter 3. Experimental Particle Physics with the ATLAS Detector 39

cificreconstruction of hadronic 7-leptons is presented in Section 3.3.7, and the implications

of 7-jets in c-tagging are discussed in Chapter 4.

Within the ATLAS experiment, different kinds of flavour tagging algorithms are used. So-called
low-level taggers try to extract features relevant to discriminating different types of jets using the
tracks in the ID and the associated jets, e.g. the location of vertices and the impact parameters of
tracks. For these algorithms, the matching of ID tracks to their associated jets is performed based
on the angular separation of the jet and track AR (jet, track). The AR requirement is defined as a
function of jet pr to account for the collimation of decay products at high momenta[113, 114]. The
output of these low-level taggers then serves as input to the high-level taggers, which use machine

learning algorithms to extract a probability of a jet being of a particular flavour.

Impact-Parameter Based Algorithms

The first low-level flavour tagging algorithms utilise information about the impact parameters of
the tracks in the ID. The transverse and longitudinal impact parameters have been defined in Sec-
tion 3.3.1, and due to their lifetime, tracks from b- and c-hadrons are expected to have larger im-
pact parameters compared to tracks originating from the primary vertex. ATLAS has two impact
parameter based algorithms, ITP2D and IP 3D, which utilise the signed impact parameter signif-
icance [115, 116]. The sign of the impact parameter is defined by whether the point of closest ap-
proach of the track to the PVis in front (positive) or behind (negative) the PV, with respect to the di-
rection of the jet. By definition, this means that tracks associated with b- and c-hadrons are more
likely to have a positive impact parameter. The impact parameter significance is defined as the
ratio of the impact parameter and its uncertainty and can be calculated in the transverse (dy/ o 4,)
and longitudinal (z,sin 0 / 0 ;) planes. The signed impact parameters for different flavours of jets
in simulated ¢ f events are shown in Figure 3.13. Using the probability density function of these
quantities, the IP2D and IP 3D algorithms construct a ratio of the b-jet and light-jet probabili-
ties for each of the tracks, which are then combined into a log-likelihood discriminant. The IP2D
algorithm only uses the transverse impact parameter, whereas the IP 3D algorithm uses both the

transverse and longitudinal impact parameter and takes into account their correlation.

Secondary Vertex Based Algorithms

The secondary vertex-finding algorithm SV1 aims to reconstruct a single displaced vertex inside of
the jet[117]. The secondary vertex reconstruction is performed in multiple steps. First, two-track
vertices are constructed from the candidate tracks while trying to reject tracks from background
processes, such as decays of long-lived particles, photon conversion or hadronic interactions with
the detector material. As a second step, all tracks are combined into one set, and the fitting pro-
cedure tries to fit the secondary vertex (SV) by accepting or rejecting tracks from the vertex iter-

atively, based on a )(2 test[118, ]. Once the secondary vertex is identified, a set of variables is



Chapter 3. Experimental Particle Physics with the ATLAS Detector 40

L I B L L L L L O L L ) L B

[2] - [22] [ i
R ATLAS Simulation Preliminary | € 41| ATLAS Simulation Preliminary _|
> F |s=13Tev, it 1 2> ¢ A \'s=13 TeV, it -
£ r —Dbjets 12 LT —Dbjets ]
§10 E —-cCjets E 310 E —-cCjets =
oA Light-flavour jets ] E AN Light-flavour jets ]
107 ERER E
4| -, ) 4 i
10 B2 e, 3 10F E
f "“_.4-' -, o, ‘h....-'nz :"‘ |
5 eadl “"'”"m " sf S i
10 F "y, = 10 F T
g P g K
F ’\1-_:.“_‘; 3 " 1\:‘“ :
10-6 1111 ‘ | - ‘ | - J L1111 J 1111 | 11 11 10-6 1111 ‘ L1 11 J 111 J L1 11 | ) - \ 11 ,.\r‘.'
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
Track signed dO significance (Good) Track signed z0 significance (Good)
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constructed, which can be used in the high-level taggers. The variables are related to the prop-
erties of the secondary vertex, for example, the reconstructed mass at the SV, the ratio of energy
associated with the SV compared to all tracks in the jet, or the number of tracks used to reconstruct

the SV. Examples of the SV variables are shown in Figure 3.14.

Decay Chain Multi-Vertex Algorithm: JetFitter

The decay chain multi-vertex algorithm JetF it ter exploits the topological structure of b- and
c-hadron decays by reconstructing the complete hadron decay chain [120, ] This means the
algorithm tries to reconstruct the complete decay process from b-hadron to c-hadron to light-
hadron and the associated secondary and tertiary vertices. This is achieved by employing a modi-
fied Kalman filter that attempts to find a common line on which the secondary and tertiary vertices
lie and their locations on the line. Based on this result, a set of variables related to the multiple

vertices is constructed, which can then be used by the higher-level algorithms.

Higher-Level Flavour Tagging Algorithms

Finally, the outputs of the low-level algorithms are combined into high-level algorithms. In the
context of this thesis, two of these algorithms are discussed: MV2c10 and DL1 [122, ], which
are relevant to the VH (H — c¢¢) analysis. Table 3.1 shows the input variables used in the high-
level taggers. They include variables from IP2D, IP3D, SV1 and JetFitter. In the case of
the DL1 algorithm, additional JetFitter c-tagging variables are used, which include some

additional properties related to the secondary and tertiary vertices. Both algorithms are trained
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algorithms for b-jets, c-jets and light-flavour jets in ¢ f simulated events. From [122].

on a hybrid sample of t f and Z’ events, where the t 7 events are selected to provide a large number
of b-jets, whereas the Z’ sample is generated to provide a uniform sample of all jet flavours up to

high py.

MV2cl0 The MV2c10 algorithm is a flavour tagging algorithm developed explicitly for the tag-
ging of b-jets. Using b-jets as the signal and c- and light-jets as the background, a Boosted De-
cision Tree (BDT) is trained. A plot of the resulting discriminant is shown in Figure 3.15 (left).
Different operating points can be defined using cuts on the discriminating variable, which have
different efficiencies of identifying b-jets. In ATLAS, four working points are derived, with effi-

ciencies of 60%, 70%, 77% and 85%, measured on simulated ¢ events.
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Table 3.1: Input variables used by the MV2 and the DL1 algorithms. The JetFitter c-tagging

variables are only used by the DL 1 algorithm. From [

]

Input Variable Description
Kinematics pr Jet pr
n Jet[n|
log(Py / Right) Likelihood ratio between the b-jet and light-
1P2D/IP3D flavour jet hypotheses
log(Py / P) Likelihood ratio between the b- and c-jet hy-
potheses
log(P; / Right) Likelihood ratio between the c-jet and light-
flavour jet hypotheses
m(SV) Invariant mass of tracks at the secondary vertex
assuming pion mass
fe(SV) Energy fraction of the tracks associated with the
secondary vertex
SVl Nrrarvix(SV) Number of tracks used in the secondary vertex
Norrivix (SV) Number of two-track vertex candidates
Lyy(SV) Transverse distance between the primary and
secondary vertex
Lyy-(SV) Distance between the primary and the sec-
ondary vertex
Sxyz(SV) Distance between the primary and the sec-
ondary vertex divided by its uncertainty
AR (Biet, Putx) (SV) AR between the jet axis and the direction of the
secondary vertex relative to the primary vertex.
m(JF) Invariant mass of tracks from displaced vertices
fe(JB) Energy fraction of the tracks associated with the
displaced vertices
AR (PBiet, Box) TB) AR between the jet axis and the vectorial sum
JETFITTER

SeyzUP)
NTrkAtVtx (JF)
Notrvix(JF)

N1 -trk vertices (JF)
NZZ-trk vertices (JF)

of momenta of all tracks attached to displaced
vertices

Significance of the average distance between PV
and displaced vertices

Number of tracks from multi-prong displaced
vertices

Number of two-track vertex candidates (prior to
decay chain fit)

Number of single-prong displaced vertices
Number of multi-prong displaced vertices

JETFITTER c-tagging

Lyyz(27/3%vix) (JF)
Lyy (27/3"vix) (JF)
my (274 /3"vix) (JF)
Eryc(27/3"vix) (JF)
fr (274 /3Mvix) JF)

Nroaw (2" /3%vtx) JF)

Ymin Ymax, Yan (an/?)rthX) (JF)

trk ? Ttk trk

Distance of 2"d or 3 vertex from PV
Transverse displacement of the 2" or 3" vertex
Invariant mass of tracks associated with 274 or
3 vertex

Energy fraction of the tracks associated with 2"
or 3" vertex

Fraction of charged jet energy in 2" or 3™ ver-
tex

Number of tracks associated with 2™ or 39 ver-
tex

Min., max. and avg. track rapidity of tracks at
2nd or 3 yertex
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DL1 The DL1 algorithm is trained as a deep feed-forward neural network. It provides a multi-
dimensional output, which corresponds to the probabilities of a particular jet being a b-, c- or
light-jet. As a consequence, the DL.1 output can be used for both b- and c-tagging, where the
application to c-tagging is discussed in Chapter 4. For b-tagging, the following discriminant can

be constructed:

Py
fcpc + (l_fc>pl

where py,, p. and p; are the b-, c- and light-jet probabilities provided by D11, and f, is a weight

DL, =In 3.5)

applied to the c- and light-jets. The f, parameter can be optimised, but for b-tagging in ATLAS it
issetto f, =0.08. Theresulting DL 1 b-tagging discriminant is shown in Figure 3.15 (right). Again,
cuts can be applied to the DL.1 discriminant to define different working points for flavour tagging.

For the high-level taggers, the efficiency of correctly identifying a b-jet as such can be deter-

mined in simulation samples, defined as:

singselection (P7)
passing selection
eb(pT) - b—jets (3.6)
N (Pr)
total T
where pr;s?;;selecﬁon( pr) is the number of b-jets that are b-tagged and Ntzgle “(pr) is the total

number of b-jets in the sample. The efficiency is often given as a function of jet momentum. Sim-

ilar efficiencies can be defined for the misidentification of c- and light-jets, and the c- and light-



Chapter 3. Experimental Particle Physics with the ATLAS Detector 44

flavour rejectionis defined as 1/€, and 1/€,;¢p,,. Figure 3.16 shows the ¢ - and light-rejection of the
low-level and high-level taggers as a function of b-tagging efficiency. There is a significant ben-
efit from combining all of the information from the low-level taggers into the high-level taggers.
Of note is that the D11 algorithm provides better c- and light-rejection for the same b-tagging
efficiencies, compared to the MV2c10 algorithm.

After its definition, the flavour tagging working point has to be calibrated. Data-to-simulation
scale factors are derived as a function of jet momentum by comparing the performance of the
flavour tagger in simulated samples and data. These scale factors are then applied to simulated
samples when the flavour tagging algorithm is used in a physics analysis. The calibration is per-
formed separately for each jet flavour and is discussed further for the c-tagger used inthe VH (H —

¢ ¢) analysis in Section 4.5.

3.3.7 Tau-Leptons

Tau-leptons (t*) are the heaviest leptons, with a mass of 1.78 GeV [17]. They have a very short
lifetime, which results in a small average distance travelled within the ATLAS detector ((ctf87) ~
5 mm) before the 7-lepton decays inside of the LHC beampipe. The 7-lepton decays leptonically
35% of the time - into two neutrinos and either an electron or a muon. The electrons and muons
produced in these decays are very difficult to distinguish from prompt leptons, so the reconstruc-
tion of leptonically decaying 7-leptons is very challenging. The 7 reconstruction in ATLAS focuses
on the hadronic decay modes. These decays typically contain either one charged pion (75% of the
time, 1-prong signature) or three charged pions (22% of the time, 3-prong signature), as well as
occasionally one or two neutral pions which decay as 7° — yy. The hadronic decays can be iden-
tified as narrow jets in the calorimeter, reconstructed as small jets (R = 0.4), with some associated
tracks in the ID [124]. To further distinguish between 7-jets and QCD jets, the characteristics of
T-jets are exploited, e.g. the low track multiplicity, collimated energy deposits and the identifica-
tion of a T decay vertex. A set of variables relevant to 7-jets is used to train a BDT on a sample of
Z /v — 77T events, separately for 1-prong and 3-prong decays [125]. Based on the BDT output, a

set of T-lepton identification working points can be defined with different efficiencies.

3.3.8 Missing Transverse Momentum and Energy

So far, all the discussed physics objects originated from particles that interact with the ATLAS de-
tector and have distinct signatures. However, some particles do not leave significant energy de-
posits in the ATLAS detector and cannot be measured directly, such as neutrinos and potential
particles beyond the Standard Model (e.g. dark matter candidates). The effect of these particles
is quantified by considering the momentum imbalance in the transverse plane of the detector. In
pp collisions, the initial momentum of the partons along the beam-axis is unknown, but in the

transverse plane, it has to be zero. Any momentum imbalance in the transverse plane is defined
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by the quantity E{niss, which is the vectorial sum:

E_)Tmiss :—( Z Pr + Z ﬁT)

hard soft 3.7)
Z_(ZﬁT +ZﬁT +ZﬁT +ZﬁT + Z pr+ Z ﬁT)
e u T Y jets soft
and is comprised of a soft and a hard term [126]. The hard term includes the momenta of all of the

fully reconstructed objects. In contrast, the soft term takes into account the charged particle tracks
in the ID, which are associated with the primary vertex but not with any other object. The hard
term is calculated using the existing physics objects, e.g. electrons or muons, reconstructed using
the methodologies described above. Additionally, the physics objects have to pass the event selec-
tion of the particular analysis in which they are used, and further optimisation can be performed
within a physics analysis to improve the E{Iliss reconstruction. The soft term is reconstructed from
all of the remaining ID tracks associated with the primary vertex. This provides an important con-
tribution to the E{niss calculation, in particular in analyses with few hard objects. The performance
of the E}ni“ reconstruction is measured in data and simulation using events with zero expected
ETrniSS (i.e. Z —{{), and in events where E{“iss is expected from at least one neutrino (i.e. W or top
quark decays). The scale and resolution of the reconstructed E}nigs is determined, along with its

related uncertainties, which must be taken into account by physics analyses.



Chapter 4

Search for the V H(H — c¢) Decay

4.1 Introduction

Since the discovery of the Higgs boson in 2012 by the ATLAS and CMS Collaborations [8, 9], many
of the Higgs production and decay modes have been observed, and the measured Higgs boson
properties show consistency with Standard Model (SM) expectations. Interactions with third-
generation fermions have been observed by the ATLAS [127-129] and CMS [130-132] Collabora-
tions. Following this, evidence for interactions with second-generation fermions is beginning to
emerge, starting with Higgs decays to muons, where CMS has recently reported evidence [133],
and ATLAS has observed a 20 excess over the background-only hypothesis [134]. Evidence for the
Higgs coupling to other first and second-generation particles is still elusive. Direct searches for
H — c¢ decays [135, , H— eTe™ decays [137, ] and measurements of exclusive decays to
mesons [139-142] are able to provide upper limits on the Higgs couplings to c-quarks, s-quarks
and electrons, but show no direct evidence.

In the study of the Higgs coupling to first and second-generation fermions, the Higgs decay
to charm-quarks is the most promising decay mode to investigate. With a branching ratio of
2.89% [143], H — c ¢ is one of the most common Higgs decay modes which has not been observed
yet. Additionally, due to the smallness of the Higgs-charm Yukawa coupling, it is susceptible to
significant modifications in various new physics scenarios [ 10-16].

Direct searches for H — c ¢ decays have set upper limits on the cross-section times branching
fraction of this process. The ATLAS Collaboration has performed a searchinthe ZH — ¢{c ¢ decay
channel, which set an upper limit of 110 times the signal strength predicted by the Standard Model
(110 x SM, for an expected limit of 150 x SM ) [135]. A recent search by the CMS Collaboration
observed an upper limit of 37 x SM (for 70 x SM expected) [136].

This chapter provides an overview of a new search for Higgs boson decays to charm quarks with
the ATLAS detector. The search is performed in the V H production mode, where the vector boson
(W or Z) decays leptonically. The analysis utilises the full dataset of p p collisions collected by the
ATLAS detector during Run 2 of the LHC, corresponding to an integrated luminosity of 139 fb™!,

collected at a centre-of-mass energy of 13 TeV. The analysis is conducted in three channels, tar-
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geting different decay modes of the vector boson: ZH — vvc ¢ (0-lepton channel), WH — {vc¢C
(I-lepton channel) and ZH — {{c¢ (2-lepton channel). This analysis expands on the previous
search conducted by the ATLAS Collaboration by utilising a larger pp collision dataset, introduc-
ing the 0-lepton and I-lepton channels, as well as several analysis improvements relating to the
identification of c-quark jets and the background estimation.

An overview of this analysis is provided in Section 4.2. Section 4.3 introduces the data and sim-
ulated samples used in the analysis. Section 4.4 outlines the object and event selection and Section
4.5 provides details about the flavour tagging selection used. Following this, the experimental un-
certainties are discussed in Section 4.6 and a detailed description of uncertainties related to the
modelling of the signal and background processes can be found in Section 4.7. The methodology
of the statistical analysis is covered in Section 4.8, and the results of the VH (H — c¢) search are
presented in Section 4.9. The result of a simple statistical combination with the VH(H — bb)
measurement is described in Section 4.10. Finally, the expected sensitivity of this analysis is ex-
trapolated to the High-Luminosity LHC in Section 4.11.

4.2 Analysis Overview

This search for Higgs decays into charm-quarks targets Higgs bosons produced in association
with a vector boson, i.e. in the V H production mode. In pp collisions, the background from
QCD events is overwhelming, especially for analyses searching for final states with quarks, such
as H — cc¢. The QCD multi-jet background can be significantly reduced by selecting leptonic de-
cays of the vector boson in the V H production mode, which are characterised by large EM'S, or
high momentum leptons. Based on the decay of the vector boson, events are categorised into
ZH — vvc¢ (0-lepton channel), WH — {vcc¢ (I-lepton channel) and ZH — {{cc (2-lepton
channel). A candidate VH,H — c¢ event is shown in Figure 4.1. This is a 2-lepton event with
a ZH — pucc decay, and hits of the muons in the muon spectrometer and the reconstructed
tracks can be seen. The c¢ pair is inferred from the two reconstructed jets. In this analysis, c-
jet tagging is used to identify H — c¢ candidate events and suppress backgrounds. The analy-
sis regions are defined using c-tagging and selections on the kinematic variables. Signal regions
(SRs) have been optimised to maximise the sensitivity to the VH (H — c¢¢) process, and control
regions (CRs) have been defined to estimate the background processes using data events. The in-
variant mass of the two highest momentum jets in the event (m..) is used as the discriminating
variable. A binned likelihood fit to the m, . distributions is performed in order to extract a mea-
surement of the signal strength of the VH(H — c¢¢) process. The signal strength is defined as
the cross-section times branching ratio of the process, divided by its SM prediction. In addition
to the VH(H — c¢) decay, the diboson processes VZ(Z — c¢¢)and VW (W — cq) (g = s,d)
are measured as a cross-check of the analysis strategy and a validation of the ¢ -tagging procedure.

The measurement of the VH (H — c¢) process can also be used to extract a direct constraint on
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EXPERIMENT
Run: 303892
Event: 4866214607
2016-07-16 06:20:19 CEST

Figure 4.1: Candidate event for the process ZH — uuc¢ (Run 309892, Event 4866214607). Two
muons, which have a di-lepton invariant mass of 92 GeV, are shown as red tracks producing hits
(green) in the endcap muon chambers. The reconstructed Z boson has a transverse momentum
of 150 GeV. The Higgs boson candidate is reconstructed from two charm-tagged R = 0.4 jets (blue
cones), which have associated energy deposits in both the electromagnetic (green) and hadronic
(yellow) calorimeters. The leading and sub-leading jets have transverse momenta of 123 GeV and
71 GeV respectively. The Higgs boson candidate has a reconstructed invariant mass of 123 GeV.
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the Higgs-charm Yukawa coupling. Finally, due to the similarity of the two processes, a simul-
taneous measurement of VH(H — ¢¢) and VH(H — bb) can be conducted, by considering
the analysis regions of this analysis and combining them with the dedicated VH (H — bb) mea-
surement. Using this combination, it is possible to measure the Higgs-charm and Higgs-bottom

Yukawa coupling simultaneously.

4.3 Data and Simulated Samples
4.3.1 Data

The analysis utilises a dataset collected by the ATLAS experiment during Run 2 of the LHC, cor-
responding to a total luminosity of 139 fb~! at a centre-of-mass energy of 13 TeV. The data was
collected using E{ni“ triggers in the 0-lepton and 1-lepton channels and single-lepton triggers in
the I-lepton and 2-lepton channels. Data is required to be of good quality while the relevant de-

tector components are in operation.

4.3.2 Simulated Samples

The signal and background processes in the analysis are modelled using Monte Carlo (MC) simu-
lation, apart from a data-driven estimate of the QCD multi-jet background. The different relevant
signal and background processes and MC samples are summarised in Table 4.1 and described in

more detail below.

Signal

The VH(H — c¢) signals considered in this analysis are the three main ¢g production modes,
as illustrated in Figure 4.2. In the case of the ZH process, the production can also be initiated
by gluons at next-to-leading order (NLO), via a top-quark loop. Both the g4 — ZH and gg —
Z H processes are taken into account. For the VH — ¢¢ signal, the matrix element calculation
is performed using the POWHEG-BOX v2 generator [46, 47], using the NNPDF3.0 PDF set [144].
The parton shower and hadronisation are simulated using PYTHIA 8.230 [48]. The samples are
generated assuming a Higgs mass of my = 125 GeV and a SM branching ratio of 0.02891 [172].
For the assessment of systematic modelling uncertainties, additional samples are generated using
POWHEG + HERWIG 7.

V+jets Background

The production of a W or Z boson associated with additional jets (i.e. V+jets) represents the
largest background in the analysis. Figure 4.3 shows two examples of V+jets production modes
that may pass the event selection. On the left, the additional jets are produced through gluon
splitting, resulting in two jets of the same flavour, whereas on the right, different flavours of jets

are possible.
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Table 4.1: Signal and background processes and their corresponding MC generators used in this
analysis. The acronyms ME and PS stand for matrix element and parton shower, respectively. The
cross-section order refers to the order of the cross-section calculation used for process normali-
sation in QCD, unless otherwise stated, with ((N)N)LO and ((N)N)LL standing for ((next-to-)next-
to-)leading order and ((next-to-)next-to-)leading log, respectively.

Process ME generator ME PDF PS and . Tune Cross-section
hadronisation order
qq—VH POWHEG-BOX V2 [46] NNLO(QCD)
3 + GOoSAM [151] NNPDF3.0NLO [144] PYTHIA 8.212[48] AZNLO[145]  +NLO(EW)
(H—cc/bb)
+MINLO [152, 153] [146-150]
§8—ZH  pOwHEG-Box v2 NNPDF3.0NLO PYTHIA 8.212 AZNLO NLO+NLL
(H—cc/bb) [154, 155]
tf POWHEG-BOX Vv2[156] NNPDF3.0NLO PyTHIA 8.230 Al14[157] NNLO
+NNLL[158-164]
t / s-channel
X POWHEG-BOX V2 [165] NNPDF3.0NLO PYTHIA 8.230 Al4 NLO [166, ]
single top
Wi-channel POWHEG-Box v2[168]  NNPDF3.0NLO PyTHIA 8.230 Al4 Approx.
single top NNLO [169, 170]
V+jets SHERPA 2.2.1 [42-44] NNPDF3.0NNLO [144]  SHERPA 2.2.1 Default NNLO[171]
qq—VV SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
gg—- VvV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 Default NLO

Figure 4.2: Leading order Feynman Diagrams of the V H (H — ¢ ¢) signal processes.
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W/Z

Figure 4.3: Examples of Feynman diagrams of V' +jets processes included in the analysis.

The V+jets processes are simulated with SHERPA 2.2.1 [42-44] interfaced with NNPDFs [144]
for both the ME calculation and the parton shower simulation. Since this analysis targets pro-
cesses containing heavy flavour quarks, the V +jets samples are generated using different filters to
select the flavour composition of the jets associated with the vector boson.

Alternative MC samples are also considered to validate the modelling of the generated SHERPA
2.2.1 samples and for the derivation of systematic uncertainties. The alternative samples for the
V+jets processes are generated using MADGRAPH 5 [45], interfaced to PYTHIA 8 for the modelling

of the parton shower.

Top-quark Background

The second-largest background in the analysis originates from top quark pair production (¢ £). The
production and decay of a ¢ f event is shown in Figure 4.4. The ¢ f background enters the event
selection in different ways in the various analysis channels. In the 0-lepton and 1-lepton channel,
the reconstructed vector boson system originates from a single W boson from the ¢f decay. In
contrast, in the 2-lepton channel, the di-lepton system is reconstructed using leptons from the
two different top quarks. The ¢ f background is significant in the 0-lepton and 1-lepton channels
and small in the 2-lepton channel.

The nominal MC sample for the ¢ process is generated using POWHEG + PYTHIA 8, which
utilises the POWHEG NLO matrix element (ME) generator [156] interfaced to PYTHIA 8.210 [48] for
the parton shower and hadronisation. To assess the modelling uncertainties, different alternative

samples for the t f processes are considered, targeting different sources of uncertainties:

¢ POWHEG +HERWIG 7 - Parton Shower: HERWIG 7.0 [49] is used for simulating the parton
shower, providing a handle on uncertainties related to systematically varying the parton

shower model (HERWIG 7 vs PYTHIA 8) with respect to the nominal prediction.

e MADGRAPH 5_aMC@NLO+PYTHIA 8.2 - Matrix Element: In this alternative sample, MAD-
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Figure 4.4: Feynman diagram of the ¢ f production and decay.

GRAPH 5_aMC®@NLO [45] is used for the hard scattering generation at NLO precision, while
PyTHIA 8.2 is kept for the simulation of the parton shower. This sample allows to systemati-

cally vary the matrix element predition with respect to the nominal setup.

¢ POWHEG +PYTHIA 8 - Initial/Final State Radiation Three different samples are produced to

study the impact of initial and final state radiation:

- Initial state radiation (ISR) RadLo: The renormalisation scale uz and factorisation scale
ur are doubled, while the other POWHEG +PYTHIA 8 parameters are kept at their nom-

inal values.

- Initial state radiation (ISR) RadHi: The renormalisation scale uz and factorisation scale
ur are halved while the other POWHEG +PYTHIA 8 parameters are kept at their nominal

values, except hdamp, which is doubled from its nominal value to 3.0 x m;,,.

- Final state radiation (FSR) variations: The renormalisation scale ug rsg used in the
PyTHIA 8 parton shower code is varied. It is either halved (down variation) or doubled

(up variation).

A minor background in this analysis comes from single top-quark production. These events
can be produced in the s-, - and W t-channel, as illustrated in Figure 4.5. The dominant con-
tributions comes from the Wt production mode. POWHEG + PYTHIA 8 is also used to simulate
these processes. As for the ¢ f background, the same set of alternative samples is available for the
Wt process. An additional alternative sample is used to quantify the impact of using Diagram

Removal (DR, nominal) or Diagram Subtraction (DS) to treat the overlap of £ and W ¢ events.
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Figure 4.5: Feynman diagrams of single top production in the #-channel (left), s-channel (center)
and W ¢-channel (right).
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Figure 4.6: Feynman diagram of the diboson production in the #-channel (left) and s-channel
(right).
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Diboson Signal and Background

Different diboson processes can enter the analysis (W W, W Z and Z Z) and examples of the dibo-
son processes are shown in Figure 4.6. In addition to the quark-induced diagrams, gluons can initi-
ate diboson events via quark loops. Diboson events can leave a similar signature as VH (H — c¢C)
in the detector when one of the vector bosons decays leptonically and the other hadronically and
these events are used as a cross-check signal in the analysis. MC events are generated for these
signatures using SHERPA 2.2.1 for the qq V'V processes and SHERPA 2.2.2 for the gg V' V processes.
Additional samples are generated using POWHEG + PYTHIA 8 to assess the systematic modelling

uncertainties on the diboson processes.

VH(H — bb) Background

The VH(H — bb) process has the same signature and similar kinematics as the VH(H — ¢¢)
process, except for the Higgs decay into two b-quarks. The process is simulated using POWHEG +

PyTHIA 8, and alternative samples are generated using POWHEG + HERWIG 7.

QCD Multi-jet Background

The QCD multi-jet background is negligible in the 0-lepton and 2-lepton channel, thus no ded-
icated QCD multi-jet background contribution is considered. In the I-lepton channel, the QCD
background is a minor background and is derived in a data-driven approach using a multi-jet en-

riched region.

4.4 Selection and Categorisation
4.4.1 Object Selection

This section outlines the definitions of the reconstructed physics objects used in the analysis.

Primary Vertices

Events that enter the analysis are required to have atleast one reconstructed primary vertex, based

on the primary vertex reconstruction using tracks in the ID [173].

Electrons

Electrons are reconstructed from ID tracks and matching energy clusters in the electromagnetic
calorimeter [174]. All electrons are required to have p; > 7 GeV and the electron cluster should
be in the range || < 2.47. All electrons entering the analysis must pass the loose identification
criterion. They must also be isolated both in the ID and in the calorimeter based on p;-dependent

criteria. In the 1-lepton and 2-lepton channels, the electrons are required to have py > 27 GeV. In
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the 1-lepton channel, more stringent isolation and identification criteria are in place (using the

tight selection criteria), to suppress QCD multi-jet background.

Muons

Muons are reconstructed from tracks in the ID and corresponding tracks in the muon spectrom-
eter [175]. All muons are required to have py >7 GeV and |n| < 2.5, satisfy the loose identification
criteria, and pr-dependent isolation criteria in the ID. Additionally, in the 2-lepton channel muons
are required to have pr > 27 GeV. In the I-lepton channel more stringent criteria are applied, re-

quiring py > 25 GeV and a tighter isolation requirement.

T-leptons

Reconstructed 7-leptons are not directly used in the analysis, but they are used in the calculation
of E}nisg and to avoid double-counting reconstructed 7-leptons as other objects, e.g. jets. Hadron-
ically decaying t-leptons [176, 177] are identified with a medium quality criterion [177]. They are
required to have pr > 20 GeV and |n| < 2.5, excluding the transition region between the barrel and
endcap of the electromagnetic calorimeters of 1.37 < |n| < 1.52, and are required to have 1 or 3

tracks.

Missing Transverse Energy

The missing transverse energy, E{ni“, plays an important role in the 0-lepton and I-lepton chan-
nels. Itis reconstructed using the negative vectorial sum of the transverse momenta of the physics
objects and the soft term [178]. Missing momentum can also be reconstructed based on the ID
tracks, in a quantity called Eﬁ‘fﬁ [179]. This quantity can be used in cuts to suppress the non-
collisional background in the analysis.

Jets

Jets are an integral part of the analysis. They are reconstructed by using topological calorimeter-
cell clusters, which are calibrated using the EM scale [130-182]. The clusters are used as input to
the anti- ky algorithm [183, 184], where the jets are reconstructed using a radius parameter of R =
0.4. Jets are classified as either central or forward. Forward jets are required to have 2.5 < |n| < 4.5
and pr > 30 GeV. Central jets must have p;r > 20 GeV and |n| < 2.5. In addition, central jets with
pr < 120 GeV must originate from the primary vertex, as identified by the Jet Vertex Tagger (JVT)
[185]. Central jets can be used in flavour-tagging and are subsequently used in the reconstruction
of the Higgs boson candidate.

The jets are reconstructed at the Global Sequential Calibration (GSC) scale. From this, the jet
momentum scale and resolution can be improved using jet energy corrections, which can improve

the m, . invariant mass resolution. Loss of reconstructed energy can be caused by semi-leptonic



Chapter 4. Search for the VH (H — c¢) Decay 56

decays inside the jets, where muons or neutrinos are not properly accounted for, as they deposit
little or no energy in the calorimeters. To improve the jet resolution, a muon-in-jet correction
is applied. If any muons are found within a pr-dependent cone around the jet axis, the four-

momentum of the muon closest to the jet is added to the four-momentum of the jet [186].

To avoid double-counting of physics objects, an overlap removal procedure is applied for elec-

trons, muons, hadronically decaying 7-leptons and jets.

Each jet in the simulated events is assigned a truth-flavour label, either b-, c-, 7-jets or light
jets. b-, c- and 7-jets are identified in this order, depending on whether the jet contains a b-
hadron, c-hadron or 7-lepton with p; > 5 GeV within a cone of R = 0.3 of their axis. Jets not

identified in this procedure are labelled as light jets.

4.4.2 Event Selection

This section describes the event selection, which is summarised in Table 4.2. First, the common
event selection is discussed, followed by the specific selections in the 0-lepton, 1-lepton and 2-
lepton channels.

The transverse momentum of the vector boson (p}’ ) is reconstructed in different ways in the
different channels. In the 0-lepton channel the p/ is defined as the E{mss. In the I-lepton channel,
the p}/ is determined as the vectorial sum of E}niss and the lepton transverse momentum. In the 2-
lepton channel, the vector boson can be fully reconstructed, and the p;’ is defined as the transverse
momentum of the 2-lepton system.

Because the signal to background ratio increases with increasing p;’, only events with p) >
75 GeV are included in the analysis. Events are categorised into bins of p; and jet multiplicity to
improve sensitivity. In the 0-lepton and 1-lepton channel, a single bin of p}’ > 150 GeV is consid-
ered. In the 2-lepton channel alow p;/ category (75 < p;/ <150 GeV) and a high p; category (p;’
> 150 GeV) are used. Events are selected with at least two central jets and are categorised as 2-
and 3-jet events. Events with more than 3 jets are rejected in the 0-lepton and 1-lepton channel
to suppress the ¢ f background. In the 2-lepton channel, events with 3 or more jets are included
in the 3-jet category. The central jets are tagged as containing either b- or c-hadrons using two
discriminants resulting from multivariate tagging algorithms, MV2 and DL1 [187]. More details
about the flavour tagging selection are provided in Section 4.5. Events with 1 or 2 c¢-tags on the
two leading pr jets are selected in the signal region, and the 1 and 2 c-tag events are considered
in separate categories. All c-tagged jets are also required not to be b-tagged, and any additional
jets in the event are also required not to be b-tagged. The Higgs boson candidate is reconstructed
from the two jets with the highest py, and the invariant mass of the two jets (m,..) is calculated and
used as the discriminating variable in this analysis. To further suppress the background contam-
ination in all channels, cuts on the AR between the two signal jets are applied. An optimisation

was performed in different regions of p}’ to maximise sensitivity while retaining approximately
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Table 4.2: Summary of the signal region event selection in the 0-lepton, 1-lepton and 2-lepton
channels. Jetl and jet2 refer to the two signal jets and H refers to the jetl-jet2 system.

Common Selections

Central jets =2

Signal jet pt > 1 signal jet with pr > 45 GeV

c-jets One or two c-tagged signal jets

b-jets No b-tagged non-signal jets

Jets 2,3 (0- and 1-lepton); 2, > 3 (2-lepton)

pY regions

AR (jetl, jet2)

75-150 GeV (2-lepton)
> 150 GeV

75<pr” <150 GeV: AR <2.3
150 <pr" <250 GeV: AR <1.6
pr"” >250GeV: AR<1.2

0-lepton
Trigger Eiss
Leptons No loose leptons
Emiss > 150 GeV
p%niss > 30 GeV
Hy > 120 GeV (2 jets), > 150 GeV (3 jets)
min(|A¢ (EMSS jet)) > 20° (2jets), >30° (3 jets)
|A¢ (Eiss, H)| >120°
|Ag (jetl, jet2)| <140°
|A¢) (EIIIISS’ p%nlss” < 900

1-lepton
Trigger e sub-channel: single electron

u sub-channel: E{™

Leptons One tight lepton and no additional loose leptons
E{“iss > 30 GeV (e sub-channel)
myV <120 GeV

2-lepton
Trigger Single lepton
Leptons Exactly two loose leptons

Same flavour, opposite charge for uu

Myy 81 < myy <101 GeV
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Figure 4.7: m, . distributions for selected signal regions in the 0-lepfon channel, with two jets and
p}’ > 150 GeV, for 1 c-tag (left) and 2 c-tags (right). The signal and backgrounds are scaled to their
best-fit values. The total signal-plus-background prediction is shown by the solid black line. The
H — c¢ signal is also shown as an unfilled histogram scaled to 300 times the SM prediction. The
post-fit uncertainty is shown as the hatched background.

80% of the signal. As a result, the AR between the two signal jets is required to be:
* AR <2.3in events with 75 < p}/ <150 GeV
* AR < 1.6 in events with 150 < p}/ <250 GeV
e AR <1.2in events with p}/ > 250 GeV

Selection specific to the 0-lepton channel

Events are selected in the 0-lepton channel using the lowest unprescaled ETrniss trigger during each
data collection period and requiring no looseleptons in the event. The E{ni“ thresholds varied be-
tween 70 GeVin 2015 to 110 GeV in 2018. The efficiency of the E{niss trigger is measured in W+jets,
Z+jets and t f events using single-muon triggered data. Correction factors, which depend on the
measured efficiency, are applied to the simulated events, with values ranging from 0.95 at a E}ni“
of 150 GeV, to a negligible deviation from unity above values of 200 GeV. The non-collisional back-
ground is removed by requiring ETmt‘rSﬁ >30 GeV, where ETmt‘rSlf is the sum of the transverse momenta
of the tracks associated with the primary vertex of the event. The QCD multi-jet background is

removed by applying several different selections, also referred to as the anti-QCD cuts:
|A® (BT, EXX'ss )| < 90 °
|AD(jetl,jet2)| < 140 °

|A®(EMSS, H)| > 120 °
min

[|A®(EXSS, pre-selected jets)|] > 20 ° for 2 jets, > 30 ° for 3 jets.
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Figure 4.8: m, . distributions for selected signal regions in the I-lepton channel, with two jets and
p}’ > 150 GeV, for 1 c-tag (left) and 2 c-tags (right). The signal and backgrounds are scaled to their
best-fit values. The total signal-plus-background prediction is shown by the solid black line and
includes the H — c¢ signal. The H — c ¢ signal is also shown as an unfilled histogram scaled to
300 times the SM prediction. The post-fit uncertainty is shown as the hatched background.

where @ is the azimuthal angle and jetl and jet2 are the two selected jets forming the Higgs can-
didate H, and ETmt‘rSlf is the track-based missing transverse momentum. After these cuts, the re-
maining multi-jet contribution in the 0-lepton channel is less than 1%, which is negligible. The

resulting m, . distributions after the 0-lepton event selection are shown in Figure 4.7.

Selection specific to the 1-lepton channel

The I-lepton channel has a different event selection, depending on whether the selected lepton
is an electron or a muon. If the lepton is an electron (muon), it must have py > 27 (25) GeV and
In| < 2.47 (2.5). In the muon channel, the data is collected with the same E{“iss triggers as used in
the 0-lepton channel. For the online Ef™'* calculation, muons are not considered, so effectively,
these triggers select high p}/ muon events and are more efficient than single-muon triggers. The
lowest unprescaled single electron triggers in each collection period are used in the electron chan-
nel. The trigger threshold ranges between 20-140 GeV, depending on the electron ID requirement.
There can be a significant background from events where jets are misidentified as electrons at low
E{ni“. These events can be suppressed by requiring E{ni“ > 30 GeV, in the electron-channel only.
Finally, in both the electron and muon channel, the transverse mass of the reconstructed W bo-
son', my", is required to be less than 120 GeV. The resulting m, . distributions after the I-lepton
event selection are shown in Figure 4.8.

As the QCD multi-jet background in the 1-lepton channel is non-negligible, it is accounted for

ImlV = \/pr pr(1—cos(¢f—¢ 7)), where EfS is used as an approximation for p;.
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Figure 4.9: m,. . distributions for selected signal regions in the 2-lepfon channel, with two jets and
p}’ > 150 GeV, for 1 c-tag (left) and 2 c-tags (right). The signal and backgrounds are scaled to their
best-fit values. The total signal-plus-background prediction is shown by the solid black line and
includes the H — c¢ signal. The H — c ¢ signal is also shown as an unfilled histogram scaled to
300 times the SM prediction. The post-fit uncertainty is shown as the hatched background.

in the analysis with a dedicated template. The multi-jet background is estimated in a data-driven
approach by deriving the estimated number of multi-jet events and the m_. shape in a dedicated
control region. This control region is defined by inverting the tight isolation requirements on the
leptons and subtracting all simulated backgrounds. Different templates are used in the electron

and muon channel and in the different jet multiplicity bins.

Selection specific to the 2-lepton channel

In the 2-lepton channel, events with two loose leptons are selected, considering the same-flavour
combinations of ee and pu. The lowest single-electron and single-muon triggers are used, and
one of the selected leptons is required to have fired the trigger. In the di-muon case, the leptons
must also have opposite charge. In the di-electron case, no such requirement is made as the elec-
tron charge misidentification rate is higher. At least one of the leptons must have a transverse
momentum of py > 27 GeV to be consistent with the trigger selection. Finally, the invariant mass
of the two leptons is required to be compatible with the Z-boson mass, i.e. 81 < my; < 101 GeV.
The resulting m. . distributions after the 2-lepton event selection are shown in Figure 4.9.

4.4.3 Background Control Regions

The V H (H — c¢) analysis is characterised by a complex background composition and a tiny sig-
nal. To ensure excellent estimation of all backgrounds, 28 control regions (CRs) are introduced, in

addition to the 16 signal regions (SRs). The CRs are defined by modifying the event selection, such
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Figure 4.10: Illustration of the signal and control regions which enter the V H (H — ¢ ¢) analysis.

that a region is pure in a particular background. All signal and control regions are summarised in

Figure 4.10, and the control regions are described in detail below.

0 c-tag control region

The 0 c-tag control regions follow the signal region event selection, except for a requirement that
neither of the two leading jets are c-tagged. This results in a region enriched in light-flavour jets.
In particular, this control region is introduced in the I-lepton channel to constrain the W+jets
background containing light-flavour jets (W +light). In the 2-lepton channel, the 0 c-tag control
region constrains the Z+light background. One control region is added per jet multiplicity and
p{ bin. The 0 c-tag control region is only used to determine the total number of V+light events,

but not the m_.. shape.

Top control region

The top quark (¢ f and single top) background in the 0-lepton and I-lepton channel is significant.
In the 2-lepton channel, the ¢ 7 background is small, but non-negligible, particularly in the low p;
region. As a consequence, dedicated top control regions are introduced in all three channels.

In the 0-lepton and 1-lepton channel, a top control region is added in the 3-jet category by
requiring the third jet in the event to be b-tagged using the 70% MV2c10 working point (i.e. in-
verting the requirement for the signal region). This selection produces a region pure in ¢ and
single top backgrounds. Due to limited statistics in the 2 c-tag case, only the 1 c-tag category is
used, and one control region is introduced for both the 0-lepton and 1-lepton channels each. This
control region is used to constrain the top quark background normalisation and m_. shape. The

resulting m, . distributions in the 0-lepton and 1-lepton top control regions are shown in Figure
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Figure 4.11: m, . distributions for the top control regions in the 0-lepton (left) and I-lepton (right)
channel. The signal and backgrounds are scaled to their best-fit values.
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Figure 4.12: m. distributions for the high AR control regions in the 0-lepton (left), 1-lepton (cen-
ter) and 2-lepton (right) channel. The signal and backgrounds are scaled to their best-fit values.

4.11.

In the 2-lepton channel, the top background originates mainly from dileptonic ¢ f events, where
both of the W-bosons in the ¢ f events decay leptonically. A control region for this background is
designed by requiring the two leptons in the event to have opposite flavour, i.e. ey or ue. This
removes signal events and other backgrounds, which are expected to have same flavour leptons
from the Z-boson decay. Only the control region with 1 c¢-tag is used for simplicity, and one con-
trol region is added for each p; and jet multiplicity category in the 2-lepton channel. This control

region is only used to determine the overall yield of ¢ # events.

High AR control region

The high AR control region is designed to constrain the V+jets background normalisation and

m¢. shape. It is selected by inverting the signal region AR cuts and introducing an upper cut-off
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at AR = 2.5. This value was chosen, as the AR distributions are flat but then start falling above
AR = 2.5 in the 0-lepton channel, due to the anti-QCD cuts, and statistics become limited. In

summary, the control regions are selected to have:
* 2.3 <AR <25 for events with 75 < p} <150 GeV
¢ 1.6 < AR < 2.5 for events with 150 < p}/ <250 GeV
* 1.2 < AR < 2.5 for events with p;/ > 250 GeV

One control region is introduced for each signal region in all of the channels, resulting in 16
high AR control regions. Examples of the m_ . distributions in the AR CR for all three channels

are shown in Figure 4.12.

4.5 Flavour Tagging Selection

One of the most critical aspects of the analysis is the identification of c-jet using a c-tagger. Con-
ceptually, the c-tagger is a multivariate algorithm that calculates the probability of a jet being a
c-jet, or another flavour jet, based its properties. In addition to identifying c-jets, the secondary
purpose of the c-tagger is to reject events in the VH (H — c¢) analysis, which are already con-
sidered in the VH(H — bb) analysis, to allow for a combination of the two analyses at a later
stage. Consequently, this analysis does not utilise flavour tagging in a binary scenario (fagged or
not tagged), but considers three different cases, as illustrated in Figure 4.13 (left): c-tagged and not
b-tagged, b-tagged or not c-tagged or b-tagged. To ensure no overlap with the VH (H — bb) anal-
ysis, it is then possible to reject events with exactly two b-tags. A c-tagger for these purposes did
not readily exist within the ATLAS Collaboration and was developed specifically for this analysis.
The flavour tagging proceeds sequentially: first, it is checked whether a jet satisfies the b-tagging
requirement, and if not, the c-tagging requirement is applied.

The c-tagging requirement is only applied to two leading jets in the analysis, and events with 1
or 2 c-tags are selected in the signal regions. Events with three or more jets can also enter the anal-
ysis, providing further possibilities where b-tagged jets can appear and require additional consid-
eration. The V H (H — c¢) flavour tagging approach is illustrated in Figure 4.13 (right). The three
axes indicate the three possible jets in the events, and the events are categorised by the flavour
tagger as follows:

e Ifatleast one of the two leading jets is c-tagged and not b-tagged, and in addition, the third
jetin the event is not b-tagged, the event enters the V H (H — c¢) signal regions, indicated
as the green squares.

¢ If neither of the leading jets is c-tagged, and the third jet is not b-tagged, the event enters
the 0 ¢-tag control region in the V H (H — c ¢ ) analysis, indicated by the blue squares.

* If the two leading jets are b-tagged, the event is discarded from the VH(H — c¢) analysis
and is likely to enter the V H (H — b b) analysis, indicated by the red squares.
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Figure 4.13: Illustration of the two-dimensional c-tagging + b-veto working point (left). Illus-
tration of flavour tagging categorisation in VH (H — c¢¢) analysis events with three jets (right).
The label b stands for a b-tagged jet, c!b means c-tagged but not b-tagged, and !c!b means not
c-tagged and not b-tagged.

e Ifthe third jet in the event is b-tagged, and one of the leading jets is c-tagged, the event can

enter the top control region of the V H (H — ¢ ¢) analysis, indicated by the yellow squares.

The algorithm used for the c-tagging in this analysis combines the DL.1 and MV2c 10 discrim-
inants [187] described in more detail in Section 3.3.6. As input variables, both algorithms use the
log-likelihood ratios calculated by IP2D and IP 3D, secondary vertex information from SV1, in-
formation about the relationship between the primary and secondary vertices from JetFitter,
and the py and n) of the jet. In DL 1, this information is used in a Deep Neural Network, which then
returns the probability of a jet being a b-jet (p,), c-jet (p.) or light-jet (p;), while the sum of prob-
abilities has to satisfy p;, + p. + p; = 1. In the case of MV2c10, a BDT is trained and returns the
likelihood of a jet being a b-jet.

Most commonly, the output of the D11 algorithm is used for b-tagging, as described in Section

3.3.6, but it can also be used to define a one-dimensional c-tagging discriminant:

Pc
=In
o+ (1=f)pu
Here, f corresponds to a weight attributed to the probabilities p; and p,,. Both the value of D L,

DL,

4.1)

and f can be varied to change the working point of the c-tagger. A large value of f means better
discrimination of c-jets against b-jets, while a low value of f means better discrimination against
light-jets. In addition to the DL.1 c-tagger, a b-tagger based on the MV2c1 0 discriminant is used
to define the b-tag veto. Here the same working point as in the VH(H — bb) analysis is used,
corresponding to an efficiency of 70% for correctly tagging b-jets [186].

The c-tagger and b-veto are applied together on the two leading jets. Thus, dedicated flavour

tagging calibrations are needed for this combined working point to account for correlations be-
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Table 4.3: Efficiencies of the c¢-tagging plus b-tag veto working point chosen by the optimisation
study.

. Efficiency
Requirement . . . . .
c-jets b-jets light-jets 7T-jets
DL;>13and f=0.08and MV2c10<0.83 27% 8% 1.6% 25%

tween the c-tagger and the b-veto. On the additional jets, where the b-tagging is used standalone,

the standard flavour tagging calibrations for the 70% MV2c1 0 working point are applied.

4.5.1 Working Point Optimisation and Calibration

In the definition of the DL 1 discriminant, it is possible to vary the D L; cut and the fraction f to
find an optimal configuration for the V H (H — ¢ ¢ ) analysis. Such an optimisation was performed
using events that pass the signal region selection in the three lepton channels. The DL; and f
parameters are scanned in a grid while assuming the default b-tag veto at a 70% working point. In
the 0-lepton and 1-lepton channels, the expected upper limit on the VH (H — ¢ ¢) signal strength

at 95% confidence level is used as a figure of merit. In the 2-lepton channel, the significance z =
N

v/ s+b

events respectively.

is maximised instead, where s and b corresponds to the number of signal and background

The ideal selection is found to be D L; > 1.3 with a weight value of f = 0.08 and is consistent
for all three channels. The low value of f = 0.08 indicates that the signal sensitivity improves
with better rejection against light-jets. This can be explained by the fact that many b-jet events
are already vetoed, and the analysis uses a 1 c-tag region, where light-jets can play a significant
role. The performance of this c¢-tagging working point on a sample of ¢ f events is summarised
in Table 4.3. The c-tagging efficiency for c-jets is 27%, illustrating the difficulty of distinguishing
c-jets from b- and light-flavour jets. Notably, the c-tagging efficiency for 7-jets is 25%, due to the
similar signature of c- and 7-jets in the detector.

To use the c-tagger in the analysis, scale factors (SFs) for the b-, c- and light-flavour jets have
to be derived to ensure that the c-tagging efficiency is the same in data and the simulated samples.
These flavour tagging calibration scale factors are derived as:

SF = EData (4.2)

€mc

where €p,, and €)¢ correspond to the c-tagging efficiency of the flavour tagging algorithm in data
and simulation respectively. Scale factors are derived in a data-driven study for each jet flavour
individually. Before the scale factors can be used, they are smoothed using a local polynomial

kernel estimator with a smoothing parameter of 0.4 to ensure smoothly varying SFs in the analysis
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and avoid introducing distortions in the kinematic variables [188].

Simulated samples with different parton shower models are used in the analysis, so differences
in flavour tagging performance must be accounted for. The nominal calibration scale factors are
derived using PYTHIA 8 samples. However, SHERPA 2.2.1 is also used to generate some simulation
samples. To account for the differences, additional MC to MC scale factors are derived and can be

multiplied to the nominal scale factors according to:

€Data % EMC,PyB

SF = (4.3)

€McC,Py8  €MCAlternative .
Furthermore, scale factors for jets failing the c-tagging requirements are also needed (inefficiency
scale factors). These are derived from the efficiency scale factors as follows:
l_eData 1—6MCXSF

S Epefici = = . 4.4
inefficiency 1—emc 1—emc (4.4)

In summary, the following quantities are derived in dedicated calibration studies for this analysis:

¢ Calibration scale factors for b-, c-, 7- and light-jets.

¢ Finely binned flavour tagging efficiency maps, used for the computation of inefficiency scale

factors and in truth-tagging (see Section 4.5.2).

¢ Coarsely binned flavour tagging efficiency maps used to compute the MC/MC scale factors.

The individual procedures to determine the flavour tagging scale factors are described in the fol-

lowing, and the resulting smoothed scale factors as a function of jet p; are shown in Figure 4.14.

b-jet SF calibrations The scale factors for the c-tagging efficiency of b-jets are derived in ¢
events in which both of the W bosons in the ¢ f process decay leptonically [189]. Such a selection
results in a sample pure in b-jets from the initial decay of the top quarks. Events are selected based
on a BDT, which utilises different kinematic variables. PDFs of the tagging discriminant are built
in several regions in the 2D space of py of the leading and subleading jet, where the bin edges are
defined as shown in Figure 4.14. These PDFs are then used to perform a likelihood fit to extract the
c-tagging efficiency in the data sample. For p < 250 GeV, the uncertainties on the scale factors

are of the order of a few percent and are dominated by the precision of the ¢ # modelling.

c-jet SF calibrations The c-tagging calibrations for c-jets are derived in semileptonic ¢ f events,
i.e. in ¢ events where one of the W bosons decays hadronically [190]. Events are selected by
requiring 4 jets, 1 lepton and E}niss. A kinematic fit is then used to assign the jets to the W boson
and top-quark decay [191]. The light- and b-jet scale factors are applied. The c-jet efficiency in
data is then extracted by performing a binned y? fit to all categories. The uncertainties on the

scale factors are roughly 10% and dominated by the ¢ f modelling uncertainties.

7-jet SF calibrations For 7-jets, the same flavour tagging calibrations are used as for c-jets, with

an additional uncertainty of 22% added in each py bin.
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Figure 4.14: Calibrated flavour tagging scale factors for c-jets, b-jets and light-jets for the c-
tagging plus b-veto working point used in the V H (H — ¢ ¢) analysis, using the DL 1 algorithm as
a c-tagger and the MV2c10 algorithm as a b-tagger.
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Figure 4.15: The c-tagging efficiency measured in data for b-, c¢- and light-jets as a function of
jet transverse momentum. The curves correspond to the simulated efficiency multiplied by the
smoothed data-to-simulation corrections.

Light-jet SF calibrations The c-tagging efficiency on light-jets is derived using the negative tag
method in a sample of Z+jets events [192]. In the negative tag method, a dedicated tagger is de-
fined, which uses the same quantities as the nominal DL.1 tagger, but where the sign of any signed
quantities (e.g. the impact parameter) is inverted. This DL 1F 1 ip tagger results in a c-tagging ef-
ficiency for light jets, which is of the same size as the c-tagging efficiency for c-jets in the nominal
tagger, but with significantly improved rejection for heavy-flavour jets. This DL.1F11ip tagger is
used for the derivation of the light-jet flavour tagging efficiencies, while the MV2c10 b-tagger is
applied in its nominal configuration. The uncertainties on the light-jet scale factors are roughly
15% for pr < 250 GeV and are dominated mainly by extrapolation uncertainties related to the neg-

ative tag approach.

c-tagging efficiencies Finally, the c-tagging efficiencies for b-, c- and light-jets as a function of
jet pr are shown in Figure 4.15. The efficiencies correspond to the simulated efficiency derived on

a t £ sample multiplied by the smoothed data-to-simulation scale factors.

MC/MC scale factors The MC/MC scale factors are determined by comparing the flavour tag-
ging efficiencies obtained in ¢ f samples generated with different generators, with the results shown
in Figure 4.16 as a function of jet momentum for all jet flavours. Along with the MC/MC scale fac-
tors, the uncertainty band on the nominal SFs is shown, which are derived in the respective cali-
bration measurements. For c-jets, the MC/MC scale factor for SHERPA 2.2.1 is consistently above
one and outside of the error band of the nominal scale factors, which means that the efficiencies
derived using PYTHIA 8 are always higher. This is a known feature and can be explained by a sub-
optimal baryon fraction parameter in SHERPA 2.2.1, particularly affecting c-jets. For b-jets, the

scale factors for SHERPA 2.2.1 are above one at low p; and below one at high pr, but the uncertain-
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Figure 4.16: The c-tagging efficiency in different MC samples with respect to the nominal sample
used to calibrate the c-tagging performance for c-, b- and light-flavoured jets.
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ties largely cover the differences. The scale factors for light-jets in SHERPA 2.2.1 are consistently

below one, but within the determined uncertainties.

4.5.2 Truth Tagging

The c-tagger used in this analysis has a modest c-tagging efficiency of 27% and good light and b-
jet rejection. Consequently, when applying this tagger to the simulated samples, many events fail
the c-tagging requirement and are discarded, which leads to a sizeable statistical uncertainty on
the simulated background samples. A parameterised efficiency approach known as truth tagging
is used to mitigate this. Instead of placing a direct requirement on the c-tagging discriminant,
which is referred to as direct tagging, events are weighted based on their probability of passing the
c-tagging and b-veto requirement.

The event weights are calculated using the finely binned flavour tagging efficiency maps, which
are derived as a function of py and ). The c-tagging working point includes the b-veto, therefore
the efficiency maps are calculated accounting for c-tagger and b-veto. The b-veto on the third jet
is applied as a direct cut, and only the two leading jets are considered in the truth-tagging weight
computation. Based on the efficiency maps, the truth-tagging weights for the 1 c-tag and 2 c-tag

categories are calculated as:

TTweight,lc—tagzel>< (1_62)'+_62>< (1_61) (4.5)

TTweight,Zc—tag = €1 X €y, (4.6)

where €, and €, are the c-tagging efficiencies for the first and second jet. Truth-tagging is used for
all samples in the analysis, apart from the VH (H — ¢¢) signal and VH (H — bb) background,

which already have sufficient simulation statistics.

AR correction for V+jets

Comparisons of the m.. and AR, distributions for direct and truth tagging show good agreement
for ¢ samples, as would be expected as the efficiency maps are derived on ¢ f events. For V +jets,
discrepancies are observed at low AR. For events with a small separation between jets two effects

could lead to differences between the truth tagging and direct tagging:

1. Atlow AR, fragmentation in a nearby jet can impact the c-tagged jet. For example, a c-jet
could be misidentified as a b-jet if a b-hadron leaked into the c-jet. Generally, additional

nearby tracks or vertices can also impact the flavour tagging efficiency.

2. Similarly, atlow AR between the two jets, the calorimeter clusters of ajet can also be affected
by nearby energy depositions from other jets, which then shift the jet axis. This would impact
the performance of the JetFitter algorithm, which assumes that the jet axis is on the
flight path of the heavy hadron.
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Figure 4.17: Truth and direct tagging comparison for the invariant mass distribution of a Z + cc
sample for the 0-lepton channel, before (left) and after (right) the AR correction.

These effects would be visible in the direct tagging procedure but are not accounted for in the
truth tagging calculation. To mitigate this discrepancy at low AR, a AR dependent correction
factor is used. This correction factor is applied per jet and depends on the true flavours of the
leading and closest neighbouring jet. The correction factors are derived in a sample of Z+jets
events in the 2-lepton channel by comparing the direct and truth tagged AR distributions and
fitting a fourth-order polynomial to the ratio of the two. With the additional AR correction, the
closure between truth tagging and direct tagging was tested once more. A significantimprovement
of the agreement between direct tagging and truth tagging was found in all cases, with one example

shown in Figure 4.17.

Residual non-closure correction

While the AR correction significantly improves the agreement between direct tagging and truth-
tagging, small residual differences are possible. These differences manifest as an overall normal-
isation effect. To correct the truth-tagged templates, the normalisations of the truth-tagged tem-
plates are scaled to those of the direct tagging templates (DT correction). However, in the 2 c-tag
categories, the direct tagging templates are often statistically limited, and fluctuations could cause
a bias in the corrections. Consequently, the normalisation correction factors are derived in a ded-

icated likelihood fit as a function of the sample, and the direct and truth-tagging yields.

In summary, truth-tagging is applied in the analysis to mitigate the limited statistics of the
simulated background samples. The truth tagging weights are calculated based on finely binned
flavour tagging efficiency maps, and several corrections are applied to ensure good agreement

between direct tagging and truth tagging.
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4.6 Experimental Uncertainties

Several areas of experimental uncertainties need to be considered in the VH (H — c¢¢) analysis,
relating to detector performance, trigger efficiencies, object reconstruction, and flavour tagging.
The uncertainties are assessed following the recommendations of the corresponding ATLAS com-

bined performance group. All of the experimental uncertainties are summarised in Table 4.4.

Luminosity and Pile-up

The uncertainty on the measured luminosity in the data taking period between 2015 and 2018 was
measured to be 1.7%, following the methodology outlined in [193], from a preliminary calibration
of the luminosity scale using x-y beam-separation scans performed during dedicated running pe-
riods in each year.

The uncertainty on the pile-up distribution in simulated events is obtained by varying the
nominal < u > data rescaling factor (1.0/1.09). This factor is used to rescale the u values (de-
fined in Section 3.1.1) in data before calculating the pile-up weights. It is known that the current
simulated MC events at a given u better describe data events at a higher u, therefore this reweight-
ingis necessary. The associated systematic uncertainty is estimated by varying the rescaling value

between 1.0/1.0 and 1.0/1.18 to determine a 10 uncertainty range.

Triggers: Lepton and ES

In this analysis, lepton and E[™ triggers are used to identify events in the different channels.
Uncertainties related to the efficiencies of the lepton triggers are included. For electrons, one un-
certainty is considered, covering both statistical and systematic uncertainties. For muons, the
statistical and systematic uncertainties are considered separately.

For the E}niss trigger, scale factors to account for the trigger efficiency turn-on are derived from
W +jets events and have been studied in detail in the V H (H — b b) analysis[194]. Several sources
of uncertainties are considered for the scale factors. First, the statistical uncertainty on the dataset
used to derive the scale factors is considered. Second, a systematic uncertainty is derived using a
different sample (¢ f or Z+jets) to compute the scale factors. A third uncertainty accounts for the

dependence of the E{niss trigger efficiency on the scalar sum of all final state jets within the event.

Lepton and E[™'* Reconstruction

Uncertainties related to the reconstruction of leptons and Ef® are included in the VH (H — ¢¢)
analysis and propagated from the calibration analyses of these objects.

The electron reconstruction and identification efficiency and the associated systematic un-
certainties are derived by comparing data and simulated samples in Z — eTe™, W — ev and
J /1y — eTe~ events and are provided in bins of p; and |n|. Uncertainties related to the recon-

struction efficiency itself, the identification efficiency scale factors and the isolation efficiency
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Table 4.4: Experimental uncertainties considered in the VH(H — c¢) analysis, categorised by

their sources.
Group Name Description
e trigger EL_EFF_Trigger_Total_1NPCOR_PLUS_UNCOR Total (statistical and systematic) electron trigger efficiency uncer-
tainty
u trigger MUON_EFF_TrigSystUncertainty Muon trigger efficiency systematic uncertainty

MUON_EFF_TrigStatUncertainty

Muon trigger efficiency statistical uncertainty

E{.“iss Trigger

MET_Trig_Stat
MET_Trig_Top
MET_Trig_2Z

MET_Trig_SumPt

Statistical error of the W (i, v)+jets used to derive the SFs

Account for differences in SF measurements for different ¢ f process
Account for differences in SF measurements for different Z+jets
process

Account for kinematic dependences on SumPt

e reconstruction

EL_EFF_Reco_TotalCorrUncertainty
EL_EFF_ID_TotalCorrUncertainty
EL_EFF_Iso_TotalCorrUncertainty
EG_RESOLUTION_ALL

EG_SCALE_ALL

Electron reconstruction efficiency total uncertainty
Electron ID efficiency total uncertainty

Electron isolation efficiency total uncertainty
energy resolution total uncertainty

energy scale total uncertainty

U reconstruction

MUON_EFF_RECO_STAT
MUON_EFF_RECO_STAT_LOWPT
MUON_EFF_RECO_SYS
MUON_EFF_RECO_SYS_LOWPT
MUON_EFF_ISO_STAT
MUON_EFF_ISO_SYS
MUON_TTVA_STAT
MUON_TTVA_SYS
MUON_SAGITTA_RHO
MUON_SAGITTA_RESBIAS
MUONS_SCALE

MUONS_ID
MUONS_MS

Muon reconstruction efficiency statistical uncertainty (for pr >
15GeV)

Muon reconstruction efficiency statistical uncertainty (for pr <
15GeV)

Muon reconstruction efficiency systematic uncertainty (for pr >
15GeV)

Muon reconstruction efficiency systematic uncertainty (for pr <
15GeV)

Muon isolation efficiency statistical uncertainty

Muon isolation efficiency systematic uncertainty

Muon track-to-vertex association efficiency statistical uncertainty
Muon track-to-vertex association efficiency systematic uncertainty
momentum scale uncertainty to cover charge-dependent local mis-
alignment effects

momentum scale uncertainty to cover charge-dependent local mis-
alignment effects

Muon momentum scale uncertainty

Muon momentum resolution uncertainty (ID component)

Muon momentum resolution uncertainty (MS component)

miss
Ey
tion

reconstruc-

MET_SoftTrk_ResoPara (Perp)

MET_SoftTrk_Scale
MET_JetTrk_Scale

’soft term’-related longitudinal(transverse) resolution uncertainty

'soft term’-related scale uncertainty
miss 5
ET,Trk scale uncertainty

T reconstruction

TAUS_TRUEHADTAU_SME_TES_DETECTOR
TAUS_TRUEHADTAU_SME_TES_INSITU
TAUS_TRUEHADTAU_SME_TES_MODEL

Tau energy scale uncertainty: single-particle response + threshold
Tau energy scale uncertainty: total from in-situ measurement
Tau energy scale uncertainty: modelling + closure

JET JET_CR_JET_EffectiveNP_Detector{1-2} in-situ JES analysis uncertainty
JET_CR_JET_EffectiveNP_Mixed{1-3} in-situ JES analysis uncertainty
JET_CR_JET_EffectiveNP_Modelling{1l-4} in-situ JES analysis uncertainty
JET_CR_JET_EffectiveNP_Statistical{l-6} in-situ JES analysis uncertainty
JET_CR_JET_BJES_Response b and c-jet energy response uncertainty
JET_CR_JET_Etalntercalibration_Modelling energy scale uncertainties to cover n-intercalibration non-closure
JET_CR_JET_Etalntercalibration_NonClosure_highE energy scale uncertainties to cover n-intercalibration non-closure
JET_CR_JET_Etalntercalibration_NonClosure_negEta energy scale uncertainties to cover n-intercalibration non-closure
JET_CR_JET_Etalntercalibration_NonClosure_posEta energy scale uncertainties to cover n-intercalibration non-closure
JET_CR_JET_Etalntercalibration_TotalStat energy scale uncertainties to cover n-intercalibration non-closure
JET_CR_JET_Pileup_OffsetMu pileup uncertainty
JET_CR_JET_Pileup_OffsetNPV pileup uncertainty
JET_CR_JET_Pileup_PtTerm pileup uncertainty
JET_CR_JET_Pileup_RhoTopology pileup uncertainty
JET_CR_JET_Flavor_Composition g/ g uncertainty
JET_CR_JET_Flavor_Response q/g uncertainty
JET_CR_JET_PunchThrough_MC16 punch-through uncertainty
JET_CR_JET_SingleParticle_HighPt high pr single hadron uncertainties
JET_CR_JET_JER_DataVsMC Jet energy resolution total uncertainty
JET_CR_JET_JER_EffectiveNP_{1-6, 7restTerm} Jet energy resolution total uncertainty

Flavour tagging FT_EFF_Eigen_Light_{0-3} Light flavour jet c-tagging efficiency uncertainty

FT_EFF_Eigen_C_{0-3}
FT_EFF_Eigen_B_{0-7}
FT_EFF_extrapolation
FT_EFF_Eigen_T_{0-3}
FT_EFF_extrapolation_from_charm
TT_dR

DT_norm

c-jet c-tagging efficiency uncertainty

b-jet c-tagging efficiency uncertainty

c-tagging efficiency uncertainty for high-pr b- and c-jets
T-jet c-tagging efficiency uncertainty

7-jets additional uncertainty extrapolated from c-jets
truth-tagging AR correction uncertainty

truth-tagging residual non-closure uncertainty
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scale factors are provided [98]. In the VH (H — c¢) analysis regime, these uncertainties are of
the order of a few percent. In the electron energy calibration, over 60 different systematic un-
certainties are considered. Due to the small impact on this analysis, only two uncertainties are
included, which group this large number of uncertainties together based on their impact on the
electron energy scale and resolution.

The muon reconstruction scale factors are calibrated in samples of Z — y*tu~ and J/y —
utu~ events in the 2015-2018 dataset. Uncertainties related to the reconstruction and isolation
efficiency, and track-to-vertex association are considered. For low p; muons the J /1 measure-
ment is more critical, and for high pr muons the Z measurement is more important, and separate
uncertainties are provided for both regimes. Similarly, the muon energy scale and resolution have
been calibrated and the related uncertainties are also included in the analysis.

Uncertainties related to the E{mss reconstruction scale and resolution are included.

Jet Energy Scale and Resolution

In the jet calibration analysis, a full set of around 50 systematic uncertainties is derived. A globally
reduced set of uncertainties is also provided. It covers uncertainties related to in-situ analyses, n
intercalibration, high-pr jets, pile-up, flavour composition, flavour response, b-jets, and punch-
through jets. This reduced set of uncertainties is used in the V H (H — c¢) analysis. It is derived
by performing a principal component analysis and combining the resulting variations in such a
way as to preserve correlations in certain regions of jet kinematics. Uncertainties related to the jet

energy scale (JES) and jet energy resolution (JER) are included.

Flavour Tagging

The calibration of the flavour tagging scale factors is described in Section 4.5.1 and there are ap-
proximately 20 different systematic uncertainties related to the c-tagging for each jet flavour. A
principal component analysis is performed to reduce the number of systematic uncertainties. For
each jet flavour, an uncertainty is included for every jet momentum bin in the flavour tagging scale
factor calibration. By default, the systematic uncertainties for the 7 -jets are grouped with the ones
of c-jets, and one separate extrapolation uncertainty is added. The 0-lepton channel has a size-
able 7-jet contribution; thus, the uncertainties related to the flavour tagging were chosen to be

fully decorrelated between the c- and 7-jets in this analysis.

Truth Tagging

The systematic uncertainties related to the truth tagging efficiencies are expected to be covered
in the systematics of the calibration scale factors, as the nominal flavour tagging efficiency maps
are used. In addition, two systematic uncertainties are added to account for residual non-closure
between truth and direct tagging. This first systematic uncertainty accounts for the AR correc-

tion applied to truth tagging. It is taken to be the total size of the correction, considering both
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its effect on the shape and normalisation of the m_ . distribution. The systematic uncertainty is
derived separately for each jet and close-by jet flavour. The second systematic uncertainty relates
to the residual non-closure correction and is implemented as the full size of the normalisation

correction.

4.7 Signal and Background Modelling Uncertainties

This section describes the uncertainties derived for the various signal and background processes

present in the VH (H — c¢) analysis.

4.7.1 Background Composition in the Different Channels

Before studying the background modelling uncertainties, it is necessary to understand the back-
ground composition in the different channels. The background compositions in all three chan-

nels, in all signal and control regions are shown in Figures 4.18 - 4.20.

0-lepton channel The 0-lepton channel is affected by a very diverse background composition
in its signal regions. The most considerable background comes from the V+jets processes, with
equal Z+jets and W+jets contributions. Z+jets events enter the 0-lepton channel when the Z
boson decays into two neutrinos. The W+jets process passes the selection criteria in events with
high E["'%, where the lepton is not correctly identified, or when the W boson decays into a hadron-
ically decaying 7-lepton. The second-largest background in the 0-lepton channel is the top quark
background, which is more sizeable in the 3-jet signal region. The top quark background is con-
strained in its dedicated control region, which is very pure in ¢ # and single top events, with only a
negligible contribution of V+jets. Finally, the diboson processes provide a small contribution to
the total background to the VH (H — ¢ ) signal.

1-lepton channel The I-lepton channel mainly contains W+jets and top quark backgrounds.
The relative composition of the W +jets events is similar to the 0-lepton channel. In the I-lepton
channel, 0 c¢-tag control regions are included, which primarily contain W +light jet events. Com-
pared to the 0-lepton channel, the top background contribution in the signal regions is signifi-
cantlylarger in the 1-lepton channel, constituting almost half of the event in the 2 c-tag 3-jet signal
region. Once again, the top control region is very pure in top quark background events. Finally,

QCD multi-jet and diboson events constitute a minor background to the VH (H — ¢ ¢) signal.

2-lepton channel The background composition in the 2-lepton channel is significantly more
straightforward. Here, the signal regions contain mainly Z+jets events, and a 0 c-tag control re-
gion is included for constraining the Z+light jet background. In the low p}/ categories, there is
a sizeable contribution of ¢ f events, which is constrained in dedicated, very pure, eu control re-
gions. Once again, the diboson events are a minor background in the signal regions of the 2-lepton

channel.
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Figure 4.18: The background composition in all signal and control regions of the 0-lepton channel.
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Figure 4.19: The background composition in all signal and control regions of the I-lepton channel.
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Figure 4.20: The background composition in all signal and control regions of the 2-lepfon channel
for events with 75 < p;/ <150 GeV (top) or p;’ > 150 GeV (bottom).
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There is a small contribution of VH (H — b b) events in all channels, which is not large enough
to be visible in Figures 4.18 - 4.20.

4.7.2 Derivation of Signal and Background Modelling Uncertainties

The signal and background processes in the VH (H — c¢¢) analysis are mostly modelled using
simulated samples. To assess the uncertainties on the generated samples, the nominal samples are
compared to alternative samples differing in matrix element generation, perturbation theory cor-
rections, or parton shower generation. Additionally, variations of the renormalisation and factori-
sation scales are considered. A summary of the sources of uncertainties for the different samples
is summarised in Table 4.5. When comparing these nominal and alternative generators, different
kinds of uncertainties can be derived. An overview of the derived uncertainties can be found in
Table 4.6, and details about the treatment of individual processes can be found in Sections 4.7.3-
4.7.8.

Normalisations The overall normalisations of background processes (across several or all analy-
sis categories) can either be measured in data, when the normalisations are entirely free to float in
the fit, or determined from the simulated samples, with an associated normalisation uncertainty

determined from generator comparisons.

Acceptance ratios The predicted yields in different analysis regions (for example, p;, jet mul-
tiplicity bins, or signal and control regions) can vary depending on which MC generator is used.
Acceptance uncertainties are introduced to account for these different predictions. These uncer-
tainties are derived as double ratios between the yields predicted by the nominal and alternative

generators in regions 1 and 2:

2
: (7)
Acceptance ratio = Z ((ML -1/, 4.7)

i Ty )nominal

Table 4.5: Summary of samples in the analysis, their nominal generators and the alternative gen-
erators and scale variations used to assess signal and background modelling uncertainties.

Sample Nominal Generator  Alternative Generators Scale Variations
VH(H —cC) POWHEG+PYTHIA8 POWHEG + HERWIG 7 UR, UF

VH(H —bb) POWHEG+PYTHIA8 POWHEG + HERWIG 7 UR, UF

Diboson SHERPA 2.2.1 POWHEG +PYTHIA 8 UR, UF

tf and POWHEG +PYTHIA8 POWHEG +HERWIG 7, Additional initial/
single top MADGRAPH 5_aMC@NLO+PYTHIA 8.2  final state radiation

V+jets SHERPA 2.2.1 MADGRAPH 5 UR, UF
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Table 4.6: Summary of the background modelling systematic uncertainties considered. The values
given refer to the size of the uncertainty affecting the yield of each background. Uncertainties
in the shapes of the m,. distributions are not shown below, but are taken into account for all

backgrounds.

VH(—bb)
W H (— bb) normalisation
ZH(— bb) normalisation

27%
25%

Diboson

WW /ZZ /W Z acceptance
p}/ acceptance

Njet acceptance

10%/5%,/12%
4%
7%-11%

Z+jets

Z + hf normalisation
Z + mf normalisation
Z + If normalisation
Z+bb to Z+ cc ratio
Z+bltoZ+clratio
Z+bctoZ+clratio
p}/ acceptance

Njet acceptance
High-AR CR to SR

0- to 2-lepton ratio

Floating
Floating
Floating
20%
18%
6%
1%-8%
10%-37%
12%-37%
4%-5%

W+jets

W+ hf normalisation

W+ mf normalisation

W+ If normalisation

W+ bb to W+ cc ratio

W+ bl to W+ cl ratio

W+ bc to W+ cl ratio

W — 1v(4c) to W+ cl ratio
W — tv(+Db) to W+ cl ratio
W — tv(+1) to W+ [ ratio
Njer acceptance

High-AR CR to SR

W — 7y SR to high-AR CR ratio

0- to 1-lepton ratio

Floating
Floating
Floating
4%-10%
31%-32%
31%-33%
11%
27%
8%
8%-14%
15%—-29%
5%-18%
1%—6%

Top quark (0- and 1-lepton)
Top(b) normalisation
Top(other) normalisation
Njet acceptance

0- to 1-lepton ratio

SR/top CR acceptance (¢ f)
SR/top CR acceptance (Wt)
Wt / tt ratio

Floating
Floating
7%-9%
4%
9%
16%
10%

Top quark (2-lepton)
Normalisation

Floating

Multi-jet (1-lepton)
Normalisation

20%-100%
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where (Z—;)nominal represents the yield ratio using the nominal MC prediction, and (Z—;), the yield
ratio using the alternative sample. The acceptance ratios are always derived for the region with the
highest purity of a particular process, designated as region 2. The uncertainty is then applied to
the less pure region, denoted as region 1. For example, an acceptance uncertainty can be derived
for extrapolating from a control region to a signal region: The double ratio of SR/ CR yields is
calculated for nominal and alternative generators. The uncertainty is then applied to the signal
region. Usually, several different sources of uncertainty are considered, and the uncertainties from

each source are added in quadrature, as illustrated in Equation 4.7.

m.. shape uncertainties Uncertainties on the predictions of the m,. shape are also calculated
by comparing nominal and alternative generators. Here, the m,, distributions are usually nor-
malised, and the ratio of nominal and alternative generators is parametrised in a functional form
to smooth out statistical fluctuations. This parametrisation is then used as an uncertainty in the

analysis.

Detailed studies have been carried out to derive the signal and background modelling uncer-
tainties. Generally, the uncertainties are first calculated with categories split as finely as possible,
in the number of c-tags, jet multiplicity, and p;. Then, regions are combined to provide better
statistics if the initially derived uncertainties are compatible. In general, the same uncertainties
are used in different channels and regions, as long as they are within the statistical uncertainties

of the simulated samples.

4.7.3 V+jets Background

V +jets processes constitute the most significant background in the V H (H — ¢ ¢) analysis. Z+jets
and W+jets events are dominant in the 2-lepton and 1-lepton channels respectively, while the 0-
lepton channel includes a combination of both. The W+jets and Z+jets processes are treated
similarly in deriving the systematic uncertainties. The Z+jets and W +jets backgrounds are ini-
tially divided into components by di-jet flavour, e.g. Z+bb,Z +bc, Z+bl,Z+cc,Z+cl and
Z + 1. For Z+jets, the flavour composition of the 1 and 2 c-tag regions in the 2-lepton channel is
shown in Figure 4.21 and a similar flavour composition can also be found in the 0-lepton chan-
nel. The 1 c-tag categories are dominated by Z 4 ¢! and Z +- [, and the 2 c-tag categories mainly
consist of Z + c ¢ events.

The flavour composition of the W+jets background is very similar to the that of Z+jets. In
addition to the di-jet flavours listed above, events with hadronically decaying taus are also con-
sidered in the 0-lepton channel: W (7 v) + b, W (tv) + ¢ and W (7 ») + [. The composition is con-
sistent between the channels and shows similar relative contributions in the 1 c-tag and 2 c-tag

categories. However, in the 0-lepton channel, there are up to 10% of W +jets events with 7-jets.

Normalisations Based on the di-jet flavour, the Z+jets and W +jets backgrounds are grouped

into different categories to combine similar physics processes:
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Figure 4.21: Flavour composition of the Z+jets background in the 2-lepton channel in the 1 c-tag
(left) and 2 c-tag (right) categories.

o W+hf and Z+hf - Heavy flavour (b b, cc) jets in association with a vector boson are pro-
duced through gluon splitting, and the fusion of b/ c-quarks. The modelling of these pro-
cesses is problematic due to significant differences in the simulation of b- and c-based
samples. Consequently, these backgrounds are merged into one as W + hf{bb,cc} and
Z+hf{bb,cc}.

¢ Z+mf and W+mf - Mixed flavour events with a combination of heavy- and light-flavour
quarks are usually produced similarly, so these components are grouped into a single Z +
mf{bc,bl,cl}and W+ mf{bc,bl,cl} component. In the 0-lepton channel, this compo-
nent also includes the W (7v) + b and W (7 v) + ¢ contributions.

e Z 41 and W + [ - Events with light jets produced in association with a vector boson are
treated separately in a Z 4+ and W + [ component. In the 0-lepton channel this also in-
cludes W (7 v) + [ events.

All Z+jets and W +jets background normalisations are left free to float in the fit. The Z + [ and
W + I backgrounds are constrained using a dedicated 0 c-tag control region in the 2-lepton and
1-lepton channel, respectively. There are six single-bin control regions introduced in the fit, split
by the p; and jet multiplicity categories. Due to the high available statistics of the 0 c-tag region,
each control region has one associated floating normalisation, i.e. decorrelated for each p; and
jet multiplicity bin. The V+hf and V+mf components are constrained from the high AR control
region and the signal region itself. The Z+hf and W+hf contributions are mainly composed of
Z + cc events; therefore, they will be best constrained by the 2 c-tag categories. In contrast, the
Z+mf and W+mf backgrounds are primarily composed of Z + c!; thus, they will be constrained
by the 1 c-tag categories. The Z+hf and Z+mf floating normalisations are decorrelated between
different p, categories to allow some additional freedom for the low p;/ category in 2-lepton with

respect to the p;/ > 150 GeV categories in 0-lepton and 2-lepton.
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Figure 4.22: Examples of the m_ . shape systematics derived by comparing the m_. shapesin sam-
ples generated using SHERPA and MADGRAPH for Z+mf events. Systematic 1 (left) is derived in the
AR CR and Systematic 2 (right) is derived in the SR.

Acceptance Uncertainties Acceptance ratios are estimated for both the SRs and AR CRs and
computed between the different categories: jet multiplicity, flavour composition and channels.
As the floating normalisations are decorrelated in p}/ , o acceptance ratios are applied between
p}/ categories. Additionally, in the 0-lepton channel, uncertainties between the SR and AR CR are

calculated for the W (7 v)+jets components.

Shape Uncertainties The m,. shape uncertainties are used to parametrise the uncertainty on
the m_ . distributions in the signal and control regions and take into account the acceptance un-
certainty between SR and AR CR. They are derived as two different sets of shape systematics. The
first one, labelled as Systematic 1, is computed by parametrising the ratio of the m,, shapes in
samples generated using SHERPA and MADGRAPH in the high AR CR only. It is applied as a shape
and normalisation uncertainty to the SR and AR CR. This allows to extrapolate the m,.. shape
from the AR CR to the SR and takes care of the acceptance effect between the two regions. The
second systematic uncertainty (Systematic 2) is added to introduce additional freedom on the m_
shape in the SR. This uncertainty is derived by reweighting the nominal m, . distributions by Sys-
tematic 1. Then the ratio between the reweighted m, . distribution and the alternative MADGRAPH
m¢. distribution in the signal region is calculated, parametrised and used as the second system-
atic uncertainty. The uncertainties are derived separately for W+jets and Z+jets and split into the
V+hf, V+mfand V + [ components. Additionally, for W 4 [ and Z + [, distinct shapes are used
for the 2-jet and 3-jet categories, as the calculated m, . ratios show different trends. An example
of the m, . shape uncertainties derived for Z+jets is shown in Figure 4.22.

Additional m,. shape uncertainties are included to account for variations in the ur and ur

scale in the nominal samples. These variations are used as a direct input in the analysis, without
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Figure 4.23: Flavour composition (left) and normalised distributions (right) of the ¢ ¢ m, . distri-
butions in the I-lepton channel, split by di-jet flavour.

additional parametrisation using a polynomial.

4.7.4 Top Quark Background

The backgrounds originating from decays of top quarks, i.e. ¢ f and single top, are considered to-
gether in the derivation of the modelling systematics. Single top processes are a minor background
in the 0-lepton and I-lepton channels, with the main component coming from the production in
the Wt-channel. In contrast, the t-channel and s-channel are subdominant, contributing less
than 1% to the total background. Consequently, for all three production channels, a cross-section
uncertainty is included in the fit, but only for the Wt component additional modelling systemat-
ics are considered.

Acceptance ratios and shape uncertainties are derived for the top quark backgrounds in the 0-
lepton and 1-lepton channels. In the 2-lepton channel, the contribution of top quark backgrounds
is small and directly constrained from a dedicated eu control, so no additional acceptance or

shape uncertainties are included.

Normalisations The different di-jet flavour components in the top quark background are grouped
into two categories, based on their m,.. shapes and physics processes, for both ¢ f and single top
W t. Figure 4.23 shows the total and normalised mi, . distributions for the different di-jet flavour

components. Based on this, the following categories are defined:

* Top(other): (c! + 1+ cc) - Bothjets are produced in the decay of the W-boson, accordingly,

m. is peaked around 80 GeV.

e Top(b): (bc+ bl+ bb + bt) - Here, one of the b-jets of the ¢ f decay is reconstructed to-
gether with a ¢ /[-jet from the W -decay. This component is peaked around 120 GeV.

Based on this categorisation, two floating normalisations are defined in the 0-lepton and I-
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lepton channels: the Top(b) and Top(other) normalisations are floated separately, where the ¢ f
and W ¢ contributions are merged into one component. The motivation for this treatment is that
the Top(b) component is peaked at 120 GeV, very close to the Higgs mass, and the Top(other) is
peaked at 80 GeV, i.e. directly under the diboson signals. Floating the different top quark back-
ground components separately allows decoupling the two regions in m,,.

In the 2-lepton channel, the ¢ f background is constrained using the top eu control region,
introduced into the fit as a single-bin region for each p; and jet multiplicity category. Each control
region has its separate floating normalisation due to the high available statistics in the control

region, leading to a total of four normalisations, decorrelated by p; and jet multiplicity category.

Acceptance Uncertainties Acceptance uncertainties are calculated between the top CR and SR,
between jet multiplicity regions and between channels. Finally, as Wt and ¢ f are grouped into
one component, an uncertainty is considered on the relative composition, however only for the
Top(b) component, as the Top(other) components are not distinguishable between Wt and ¢ £,

as the latter originates from the W boson decay, which is the same for W and ¢7.

Shape Uncertainties m_. shape uncertainties are derived for all alternative generators, sepa-
rately for the Top(b) and Top(other) components and individually for Wt and ¢ . The uncertain-
ties are later correlated between Wt and ¢f in the fit. The high AR control region is also con-
sidered for the Top(b) component when deriving the shape uncertainties. For Top(b), the m,,
shapes are derived inclusively in SR and high AR CR and applied as a shape and normalisation
uncertainty to account for the acceptance effect between the SR and AR CR. The remaining ¢
and Wt components are negligible in the AR CR, and therefore the m,. shape uncertainties are
derived in the SR and top CR only.

4.7.5 Diboson

Diboson processes constitute a small background in the analysis. However, some of the diboson
events are later used as a signal to cross-check the analysis strategy. Four different diboson com-
ponents can enter the analysis:

e ZZ,where one of the Z-bosons decays leptonically and one hadronically

* WiepZpaa, where the W-boson decays leptonically, and the Z-boson decays hadronically

* Zjep Whaa, where the Z-boson decays leptonically, and the W -boson decays hadronically

e W W, where one of the W-bosons decays leptonically and one hadronically

Examples of the flavour composition of the different diboson processes are shown in Figure
4.24. The ZZ component mostly has di-jet flavour ¢ ¢, and a similar conclusion can also be drawn
for the W, Zj 44 component. The WW component mainly has di-jet flavour ¢/ from the decay
of the W boson, and the same is the case for Z;,, Wy, 4.

The different diboson components are then further categorised into signal and background

components based on their di-jet flavour:
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Figure 4.24: Flavour composition of the m, . distributions of the different diboson components in
the 1 c-tag, 2 jet, p}/ >150 GeV category of the 0-lepton channel.

» VZ(Z—cc): ZZ(cc), WiepZ(cc),88ZZ(cc)
* VW(W —cq): WW(cl), Zj.,W(cl), ggWW(cl)

e V'V background: all remaining diboson components

The VZ(Z — c¢¢) and VW (W — cq) processes are treated as signals in the analysis. Due to
their decays into c¢-quarks, their measurements provide an excellent cross-check of the VH (H —
c¢) analysis, particularly the c-tagging. The VZ(Z — c¢¢) and the VW (W — cq) processes are
relevant for the 2 c-tag and 1 c-tag categories, respectively.

Normalisations A flavour inclusive normalisation uncertainty is derived for the three diboson
components WW, WZ and ZZ.

Acceptance Uncertainties In addition to the normalisation uncertainties, acceptance uncer-
tainties are introduced between the different analysis categories, namely, between the low p} and
pj‘f > 150 GeVregion (in the 2-lepton channel only) and the 3(+)-jet and 2-jet categories. The three
diboson components WW, W Z and Z Z are considered separately, but the acceptance ratios are

derived inclusively in flavour.

Shape Uncertainties .. shape uncertainties are derived for the different diboson signal and
background components in the signal regions. Polynomials are used to parametrise the ratio of

the m, . distributions between the nominal and alternative samples.

4.7.6 VH(H — c¢) Signal

A full set of normalisation, acceptance and shape uncertainties is derived for the VH (H — ¢¢)

signal.

Normalisations Two uncertainties on the signal normalisation are implemented. Firstly, theory

uncertainties on the H — ¢ ¢ branchingratio, and the Z H and W H production cross-sections are
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considered. Secondly, an uncertainty on the phase space acceptance is derived from comparing

the nominal to the alternative samples. This uncertainty is derived split by the production process.

Acceptance Uncertainties In addition to the normalisation uncertainties, acceptance uncer-
tainties are introduced between the different analysis categories. The three production processes

qqZH(H —cc¢),qqWH(H — c¢) and ggZH (H — c¢) are considered separately.

Shape Uncertainties .. shape uncertainties are again derived for the different production pro-
cesses qqZH(H —c¢),qqWH(H — cc¢) and ggZH (H — c¢), which are correlated to a single
V H(H — c¢) shape uncertainty in the fit.

4.7.7 VH(H — bb) Background

For the VH (H — bb) background, a normalisation uncertainty is applied based on the uncer-
tainty of the signal strength measured in the VH (H — b b) analysis [186]. A separate uncertainty
is applied for the WH (H — bb) and ZH (H — bb) components. In addition to this, p;/ and jet
multiplicity acceptance uncertainties are applied, with the same values as for the VH(H — ¢¢)
signal. Finally, m,. shape uncertainties are derived in the same way as for the VH (H — c¢¢) sig-

nal.

4.7.8 QCD Multi-jet

The QCD multi-jet background is estimated in a dedicated control region, which is used to derive
adata-driven template for the multi-jet m .. shape and normalisation. Uncertainties on the multi-
jet background are derived separately in the electron and muon channels. Uncertainties on the
m,. shape are derived by considering different sources of uncertainty: varying the triggers in the
electron channel, the selection of the multi-jet control regions and the W +jets and ¢ £ normalisa-
tions in the control region. Uncertainties on the normalisations are also derived using these same
sources of uncertainty. Additional uncertainties on the multi-jet normalisation are determined
by using a different distribution (A¢ (I, M E T)) to perform the template fit, including the E™'ss <
30 GeV region, and applying additional cuts on the multi-jet control region (m%" <120 GeV).
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4.8 Statistical Analysis

To measure the V H (H — c¢¢) and diboson signals, a binned likelihood fit is performed to the in-
variant mass m, in all signal and control regions, together in all three channels. The parameters
of interest in the fit are the signals strengths of the VH(— ¢¢), VZ(— ¢¢) and VW (— cq) pro-
cesses. The technical implementation of the fit is done using the Work SpaceMaker framework

building upon Hi st Factory [195] together with RooFit [196] and RooStats [197].

4.8.1 Definition of the Likelihood Function

The fit is performed by maximising the likelihood function as a function of both the signal strength
and the systematic uncertainties, which are implemented as nuisance parameters. The definition
of the likelihood function is best explained in several steps. The first part of the likelihood function
consists of Poissonian probability terms, based on the expected and observed event yields in all
of the bins:

i+ b)N e
£ ()= | | Pois(Nilus;+b;) = | | %e (usitb) (4.8)

i€bins i€ebins
where N; is the number of measured data events in bin i, and s;, and b; are expected signal and
background counts predicted by simulation. The parameter u is the signal strength, which is de-
fined as the measured o x BR for the signal process divided by the Standard Model expectation. In
the case of multiple parameters of interest, the signal strengths can be written as a vector J. In this
analysis, three signal strengths for the processes VH(H — ¢¢), VZ(Z —cc)and VW (W — ¢q)
are measured simultaneously.

Next, the systematic uncertainties are introduced into the fit in the form of nuisance parame-

ters (NPs) 6, which can modify the expected signal and background yields: {s;, b;} — {s;(8), b; (8)}.
They are implemented as a set of Gaussian penalty terms, which have a mean value of zero and

variance of 1:

_ L 922
P

The effect of the nuisance parameters is determined in dedicated auxiliary measurements, as de-
scribed in Sections 4.6 and 4.7. For example, a prior of 5% can be implemented for a particular
background normalisation uncertainty. If the NP is moved upwards by 1 standard deviation, the
yields for this particular background will be increased by 5%. The deviation of the best fit value of
a nuisance parameter from zero is the pull and a decrease in the variance after performing the fit
is the constraint. The constraint indicates the certainty with which the value of the NP is known. It

is also possible to have NPs without a predetermined prior - these are called free-floating param-
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eters and are usually the normalisations of the major backgrounds, which are determined purely
from data. The pre-fit values of these floating parameters are set to 1.

Finally, uncertainties related to the limited available statistics of the simulation samples are
introduced as y-parameters. One parameter is introduced per bin, and can modify the expected
background vyield in that particular bin as b;(6) — 7;b;(6). In the likelihood description, these

terms are introduced as

gBkgStat l_[ Gauss ﬁzh’ ﬁl’ V7i ﬂ ) (4.10)
iebins
with
1
Bi= P 4.11)

rel

where 0, is the relative statistical uncertainty on the expected total background yield. The full

likelihood can be (schematically) written as

_)) _)»_) I_I POIS Nl.usl >+rl l_l ‘/— _02/2 l_l Gauss ﬁzl?’ ﬂl’ V Y ﬁ )

iebins iebins

(4.12)

Once constructed, the likelihood is maximised to determine the parameters of interest and their
uncertainties. To test a certain hypothesis for the value of i, for example the agreement with the

SM, one can define the profile likelihood ratio

(4.13)

where {{, ] ,7} are the values that maximise the likelihood overall and {5 , )2”} the ones that max-
imise .¢ for a fixed value of i. The likelihood ratio is defined in the range [0,1], where a value close
to 1 implies a good agreement between the data and the specific hypothesis. For larger disagree-
ments, the likelihood ratio value moves towards values of 0.

From the likelihood ratio, a test statistic ¢, can be defined:

—2mnA(gd) a>
qa:{o nA(fl) g=u w1

a<u

In the case of u = 0, the hypothesis of no signal is tested, i.e. the null hypothesis. In this case, it is
helpful to define the p-valueto quantify the compatibility of the observed data with a background-
only hypothesis (u = 0). The p-value is defined as:

oo

pp = f(qul0)dqy (4.15)

qii,obs
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where f(g;10) is the probability density function of g; under the assumption of u = 0 and g obs is
the value of gj; observed in data. The p-value can be interpreted as the probability of finding data
incompatible with the given hypothesis u = 0.

From the p-value, the number of Gaussian standard deviations Z above the background can

be calculated as:
Z=0"(1-p), (4.16)

where 7! is the inverse Gaussian cumulative distribution function. Z is also known as the signif-
icance. A higher value of Z corresponds to a smaller p-value. In particular, a p-value of ~3 x 10~/
corresponds to a significance of Z = 5. In the accelerator-based particle physics community, this
value is accepted as the threshold for the discovery of a process. The significance is usually quoted
for processes where a reasonably large excess above the background-only hypothesis is expected
-inthe VH(H — c¢) analysis this is the case for the two diboson signals.

For VH(H — c¢), an upper limit at 95% confidence level (CL) on the VH(H — c¢) signal
strength is calculated since the significance is very small. The upper limit is determined using a
modified frequentist CL; method [198, 199]. For the calculation of the CLg upper limit, the follow-

ing test statistic is used:

A

2(u=1,00).70))
6(0),7(0))

0,6(
where %, is the likelihood of the nominal signal model and .Z,, is that of the background-only

<
q =—2In=2tr — _pn
b £ (u

(4.17)

hypothesis. In particular, .Z; . ;, corresponds to the likelihood with a signal strength of y = 1 and
%, corresponds to that with u = 0. A 95% CL limit can be calculated from this test statistic, which
corresponds to the signal strength y with a p-value of 0.05. The limit can be interpreted as the
point where the probability of observing a dataset with a u value above the determined limit is
5%.

In addition to performing a fit on the real dataset, expected results can be obtained by fitting
an Asimov dataset, which corresponds to the sum of all simulated signal and background samples.
In a pre-fit Asimov dataset, all nuisance parameters are set to their initial values (i.e. 0, or 1 for the
floating normalisations), when constructing the dataset. In contrast, in a post-fit Asimov dataset,
the nuisance parameters are set to their best-fit values from the fit to the real dataset. All expected

results are obtained with a post-fit Asimov dataset unless stated otherwise.

4.8.2 Binning and Fit Model

The fit is performed simultaneously to the m, . distributions in all signal and control regions in all

three lepton channels. Different bin sizes are used in the various categories. The choice of binning
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is driven by the m_ . resolution of 10-20 GeV and the available data statistics. The bin sizes and fit

ranges in the different regions are:
e Signal regions:
- 16 bins from 50 to 210 GeV in the signal regions and 0-lepton and 1-lepton top control
regions, with the exception of the 2-lepton, 2 c-tag, p; > 150 GeV signal regions.
— 9 (10) bins from 50 to 185 (200) GeV in the 2-lepton, 2 c-tag, p; > 150 GeV, 2-jet (3-jet)
signal regions

¢ Control regions:

- 13 bins from 80 to 340 GeV in each of the high-AR control regions, with the exception of
the 2-lepton, 2 c-tag, p;/ > 150 GeV high-AR regions, where 9 bins from 80 to 350 GeV
are used (i.e. twice the bin size of the signal regions)

- A single bin from 50 to 210 GeV in each of the 0 c-tag control regions and 2-lepton top

control regions.

In summary, the following components enter the construction of the likelihood for the VH (H —
¢ ¢) analysis:
* The signal strengths of the VH(— c¢), VZ(— c¢) and VW (— cq) processes: fyp(cc),
Uvz(ce)and Uy (cq)-
¢ The m, . distributions of all of the signal and backgrounds, as predicted by simulation

» Systematic uncertainties as nuisance parameters

- The experimental uncertainties related to the detector performance described in Sec-
tion 4.6. These includes uncertainties related to the identification and reconstruction

of jets, leptons, EfS, flavour tagging and truth tagging.

- Floating normalisation parameters for all of the major backgrounds (V +jets and top

quark backgrounds).

- Modelling uncertainties derived using alternative generators and scale variations: Nor-
malisation uncertainties, acceptance ratios, flavour compositions and m,,. shape un-

certainties. A detailed description is provided in Section 4.7.

— Uncertainties on the statistics of the simulated samples.



Chapter 4. Search for the VH (H — c¢) Decay 91

4.9 Results
4.9.1 Signal Strength Results

The best fit signal strengths for the VH(H — c¢¢), VZ(Z — c¢¢) and VW (W — cq) processes

are:

Uvr(cc)= —9% 10(stat) £ 12 (syst)
Uvw(cq) =0.83 £0.11 (stat.) £0.21 (syst.)
Mvz(cc) =1.16 £0.32 (stat.) £ 0.36 (syst.).

The anti-correlation between the V H(— c¢¢) signal strength and VW (— cq) signal strength
is 17%, and the anti-correlation with the VZ(— c¢¢) signal strength is 16%. The probability of
compatibility with the SM, i.e. all three signal strengths being equal to unity, is 84%. The floating
normalisation parameters of the main backgrounds are shown in Table 4.7. Generally, the normal-
isations of the top quark backgrounds are slightly higher than the prediction of the nominal ¢ # and
Wt MC samples. For the V+jets background, the heavy flavour and mixed flavour normalisations
are slightly higher than the predictions of the nominal simulated samples, and the normalisations
of the light flavour components are close to the simulation predictions. Overall, all normalisations
are approximately within one standard deviation of their pre-fit value.

Figure 4.25 shows the m, . distributions after the fit, with all of the backgrounds subtracted.
The only remaining contributions are the VH(H — ¢¢), VW (W — c¢q) and VZ(Z — c¢) sig-
nals. In particular, the diboson signals are clearly visible. The VW (W — c¢q) signal dominates in
the 1 ¢-tag category, while the VZ(Z — ¢ ¢) signal is more important in the 2 c-tag category. The
uncertainty of the background is shown as the dashed area. The expected and observed signifi-
cances of the diboson processes can be determined from the fit. For the VW (W — cq) process, a
significance of 3.8 ¢ is observed, for 4.6 o expected. For the VZ(Z — c¢) process, a significance
of 2.6 o is observed, for 2.2 o expected. The best fit VH(H — c¢ ) signal is shown in red, and
a downwards fluctuation of the data can be seen for m,, around 125 GeV, leading to a negative
signal strength.

Figure 4.26 (left) shows the VH(H — c¢¢) signal strengths for the combined fit and in each
channel individually. The single-channel values are determined by fitting all analysis categories
but using different signal strength parameters for each channel. The signal strengths observed in
each channel agree well, and the compatibility with the combined fit is 95%. A 95% CL limit on
the VH (H — c¢) process can also be determined. Figure 4.26 (right) shows the resulting limits in
the individual channels and the combined fit. A limit of 26 times the SM prediction is observed for
the combined fit, for an expected limit of 31 times the SM prediction. Of note is that the 0-lepton
channel is the most sensitive, followed by the 2-lepton and then the I-lepton channel.

This result significantly improves on the previous iteration of the analysis, where a limit of
110 times the SM prediction was observed (for 150 x SM expected). The main improvements are

the addition of the 0-lepron and 1-lepton channels and the increase of the dataset from 36 fb!
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Table 4.7: Values of the free-floating background normalisation parameters obtained from the
likelihood fit to data. The uncertainties represent the combined statistical and systematic un-
certainties. Unless otherwise stated, normalisation parameters are correlated across all p;/ and

number-of-jets analysis regions.

Background py Jets Value
Top(b) 0.91+0.06
Top(other) 0.94+0.08
2 0.76+0.22
py >150 GeV
_ 3 0.96+0.13
tf (2-lepton)
2 1.08+0.08
75 < py <150 GeV
3 1.06+0.07
W+ hf 1.16+0.35
W+ mf 1.28+0.14
2 1.02+0.04
W+1
i 3 0.97+0.05
V' >150 GeV 1.19+0.22
Z 4 hf Pr ¢
75 < py <150 GeV 1.25+0.25
Y >150 GeV 1.10+0.15
Z+mf Pr ©
75 < py <150 GeV 1.11+0.15
2 1.07+0.03
py >150 GeV
3 1.08+0.05
Z+1f
2 1.12+0.04
75 < py <150 GeV
3  1.07+0.06
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Figure 4.25: The post-fit m.. distribution summed over all signal regions after subtracting back-
grounds, leaving only the VH(H — c¢¢), VW (W — cq) and VZ(Z — c¢) processes, for
events with one c-tag (left) and two c-tags (right). The red filled histogram corresponds to the
VH(H — c¢) signal for the fitted value of uy H(ce) = —9, while the open red histogram corre-
sponds to the signal expected at the 95% CL upper limit on py g (c¢) (uy H(ce) = 26). The hatched
band shows the uncertainty of the fitted background.
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on the cross-section times branching fraction (right) in each lepton channel and for the combined
fit. The single-channel values are obtained using a five-POI fit, in which each channel has a sepa-
rate VH (H — c¢) parameter of interest, in addition to the two diboson POIs.
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to 139 fb~!. Improvements on the expected limit are also due to the new flavour tagging working
point (+36%), the additional splits of the signal regions (+10%) and the addition of control regions
(+10%).

Breakdown of Uncertainties

Table 4.8 shows the impact of the different groups of NPs on the signal strengths u of VH(H —
c¢), VW(W —cq)and VZ(Z — c¢). The impact of a group of NPs is obtained from a fit where
all NPs belonging to that particular group are fixed to their post-fit values. This fit then results in
a new best-fit value i’ and uncertainty o - The computed uncertainty oy is then compared to

nominal one o and the impact is defined as:

impact = ,/0‘%—0‘22,. (4.18)

The impact of the statistical uncertainties is defined as the uncertainty of a fit with all NPs fixed,
except for the floating normalisations. The total systematical uncertainty is calculated as the
quadratic difference of the statistical and the total uncertainty. The sum in quadrature of the in-
dividual contributions differs from the total uncertainty due to correlations between the NPs.

For the VH (H — cC) signal strength, the statistical and systematic uncertainties are of similar
size, with the systematic uncertainties being slightly larger. In terms of the systematic uncertain-
ties, the largest contribution comes from the modelling of the background processes, in partic-
ular Z+jets and the top quark backgrounds. The Z+jets background plays a significant role in
the 0-lepton and 2-lepton channels. Since the distribution of the Top(b) background peaks close
to the Higgs mass at around 120 GeV, it can also have a sizeable effect. In terms of experimen-
tal uncertainties, the most considerable contributions come from uncertainties related to jet re-
construction and calibration, and flavour tagging. The simulation sample uncertainties and the
uncertainties related to truth-tagging also yield significant contributions.

For the VW (W — cq) signal strength, the systematic uncertainties are twice as large as the
statistical ones. The modelling of the top quark background gives is the largest contribution to the
systematic uncertainties. This is mainly due to the Top(other) component, which is peaked at the
W -boson mass, where the VW (W — ¢ q) peakis also located. The modelling uncertainties on the
diboson processes themselves also have a sizeable impact. Out of the experimental uncertainties,
the uncertainties related to jet reconstruction and flavour tagging have a significant contribution.

For the VZ(Z — c¢¢) process, the breakdown of uncertainties shows a similar pattern as the
one for VH (H — c¢). The statistical and systematic uncertainties are of similar size. The largest
contributions to the systematic uncertainties come from the modelling of the V +jets, diboson
and top quark processes. The experimental uncertainties have equally large effects, with the un-

certainties on the flavour tagging of c-jets, jet reconstruction and truth-tagging being the largest.
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Table 4.8: Breakdown of contributions to the uncertainty in the fitted values of uy g (c¢), Uvw(cq)
and Uy z(c¢)- The sum in quadrature of uncertainties from different sources may differ from the
total due to correlations. In cases where the upward and downward systematic variations have
different values, the mean of the absolute values is shown.

Source of uncertainty UvH(ce) Mvw(cq) HMvz(ce)
Total 15.3 0.24 0.48
Statistical 10.0 0.11 0.32
Systematic 11.5 0.21 0.36

Statistical uncertainties

Data sample size only 7.8 0.05 0.23
Floating normalisations 5.1 0.09 0.22

Theoretical and modelling uncertainties

VH(H — c¢) 2.1 <0.01 0.01
Z+jets 7.0 0.05 0.17
Top quark 3.9 0.13 0.09
W +jets 3.0 0.05 0.11
Diboson 1.0 0.09 0.12
VH(H— bD) 0.8 <0.01 0.01
Multi-jet 1.0 0.03 0.02
Simulation samples size 4.2 0.09 0.13

Experimental uncertainties

Jets 2.8 0.06 0.13
Leptons 0.5 0.01 0.01
Emiss 0.2 0.01 0.01
Pile-up and luminosity 0.3 0.01 0.01
c-jets 1.6 0.05 0.16
. b-jets 1.1 0.01 0.03

Flavour tagging ] .
light-jets 0.4 0.01 0.06
T-jets 0.3 0.01 0.04

AR correction 3.3 0.03 0.10

Truth-flavour taggin
s8ing Residual non-closure 1.7 0.03 0.10
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Ranking of Nuisance Parameters

The impact of individual NPs on the signal strength uncertainties can also be determined to rank
the most important single NPs in the analysis. This can be done by changing the values of the
NPs upwards and downwards by their post-fit uncertainties and repeating the fit. The resulting
difference of the best fit value with respect to the nominal one can then be calculated and used to
rank the NPs.

The ranking of nuisance parameters for the VH (H — ¢ ¢) signal strength is shown in Figure
4.9.1. The highest-ranked nuisance parameters are one of the Z+jets m. . shape uncertainties and
the extrapolation uncertainty of the top quark background from the control region into the signal
region. Both of these uncertainties are related to extrapolating from a control region, so they are
applied in the signal region only, which explains why they can have such a large impact. The signal
strengths of the diboson processes are also highly ranked due to their sizeable correlations with
the VH(H — c¢¢) signal strength. Other highly ranked uncertainties include the truth-tagging
A R correction uncertainties, further V+jets m,. shape uncertainties and one simulation statis-
tics nuisance parameter, corresponding to a particular bin at m., = 125 GeV. Overall, most of the
highly ranked nuisance parameters modify the shape of the m,. distribution in the signal region.
Their high rank can be explained by the small size of the signal and the fact that normalisation
uncertainties are generally well constrained from the control regions for all of the major back-

grounds.
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Figure 4.27: Impact of systematic uncertainties for the 15 largest contributions on the fitted
VH(H — c¢) signal-strength parameter (1 sorted in decreasing order. The boxes show the varia-
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their nominal uncertainties A8 (bottom x-axis). The error bars show the post-fit uncertainties on
6 with respect to their nominal uncertainties.
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4.9.2 Constraints on the k. Coupling Modifier

Beyond placing a simple limit on the VH (H — c¢) process, it is also possible to directly probe
the Higgs coupling to charm quarks. This can be done within the x framework [34, ], which
introduces the Higgs coupling modifiers «;, defined as the deviation of the Higgs Yukawa coupling
from the Standard Model expectation, for example, k., = yi;—CM Figure 4.28 shows the instances in
the VH(H — c¢) decay, where the coupling modifiers can have an impact. This is the case in
the production in association with the W or Z boson, or directly in the Higgs decay into the two
c-quarks. The effect of the modified couplings can then be seen in the measured cross-section

times branching fraction, where x modifiers enter as follows:

2
K
o xBR(VH(—c¢)) =05y x BR(VH(— cC))sy XK x — (4.19)
Ku
In the case of V H production, just the k', modifier is included in the equation. In the case of the
H — cc¢ decay, the modification to the total Higgs decay width also has to be considered. This
modification is parametrised by the parameter xy, a sum of all the Standard Model branching
fractions and their coupling modifiers, and any potential BSM Higgs decays and can be schemat-

ically written as:

K%, ~0.57k7 +0.22K%, +0.03k> + ... + BSM decays (4.20)

Several assumptions are made to simplify the above equations in the interpretation of the
VH(H — c¢) search in terms of the k coupling modifiers. Only the k. modifier is considered,
i.e. only the direct Higgs decays are taken into account, and all other coupling modifiers are set
to 1. Additionally, the assumption is made that there is no additional contribution from BSM de-
cays to the total Higgs width. With these assumptions, the VH(H — c¢¢) signal strength can be

parameterised as

2

K
I Ke) = £ ) (4.21)

‘uVH(CC)( c) 1+B1§11\£55(K%_1)
where Bf}‘i ¢ is the H — ¢ ¢ branching fraction predicted in the SM. The resulting signal strength

as a function of k. is shown in Figure 4.29. With large values of k., the parametrisation asymp-

SM
BH—»CC_'

totically approaches 1/ As a consequence, using this parametrisation, the analysis is only
sensitive to k. if the limit on the V H(H — ¢ ¢) signal strength is less than 35 times the SM predic-
tion.

Using this parametrisation, it is possible to perform a fit to the k. parameter directly, using the
same setup as for the previous results, but replacing the uy (. ) parameter with k.. The resulting

scans of the likelihood as a function of k. are shown in Figure 4.30 for the individual channels and
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Figure 4.28: Feynman diagram of the VH(H — c¢¢) process and points where k coupling modi-
fiers could modify the Higgs coupling.
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Figure 4.30: Expected and observed profile likelihood scans for k.. The single-channel likelihoods
are obtained using a five-POI fit, in which each channel has a separate V H (H — ¢ ¢ ) parameter of
interest, in addition to the two diboson POIs. The order of the lines in the plot matches the order
of the lines in the legend.

the combined fit. In the combined fit an observed limit of |k .| < 8.5 is found at the 95% CL, for
an expected limit of |«x.| < 12.4. This is the first time a direct limit on . is set from direct Higgs

decays into charm quarks.

4.10 Statistical combination of the VH(H — c¢¢)and VH(H — bb)
analyses

The flavour tagging strategy of the VH (H — c¢¢) analysis was designed to ensure no significant
overlap with the existing V H(H — b b) analysis. This allows for the two analyses to be combined
straightforwardly. There is always some VH(H — c¢¢) signal in the VH (H — bb) regions and
vice versa, so it is possible to fit the two signal strengths simultaneously in all categories of the
VH(H — bb) and VH(H — c¢) analyses. In addition to the small additional signal from the
additional fit regions, this combination makes it possible to constrain the ratio k. /k. Fitting
the ratio of coupling modifiers relaxes some of the assumptions previously made in the x, inter-
pretation of the VH (H — c¢) analysis and provides a simultaneous measurement of the Higgs

coupling to b- and c-quarks.
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4.10.1 The VH(H — bb) Measurement

The VH (H — bb) analysis is very similar to the VH (H — ¢ ¢) analysis in many aspects. It targets
the measurement of the Higgs decay into b-quarks, produced in association with a W or Z boson.
The most recent analysis utilises the entire Run 2 dataset at 13 TeV to measure the VH(H — bb)
process, with the details described in [186]. The measurement was performed separately in the
W H and Z H production modes, as well as in cross-section measurements in the reduced VH
stage-1.2 simplified template cross-section (STXS) scheme [200, 201], where STXS bins are defined
based on p; and jet multiplicity.

Asin the VH (H — c¢) analysis, events are categorised into a 0-lepton, 1-lepton and 2-lepton
channel based on the decay of the vector boson. Events are further categories by jet multiplicity,
i.e. 2 or 3+ jets, and p;’, with three possible p,’ categories (75 < p; < 150GeV (2-lepton channel
only), 150 < p}’ < 250GeV and p}’ > 250GeV). The signal regions are defined through flavour
tagging by requiring exactly two b-tags. The b-jets are identified using the MV2c10 algorithm
at a 70% efficiency working point [187]. The selection leads to 14 signal regions, each of which
has a corresponding low and high AR control region to constrain the backgrounds in the analysis.
Similar to the V H (H — ¢ ¢) analysis, the main backgrounds in the analysis come from the V +jets
and ¢ 7 processes. In the V H (H — b b) analysis regime, these backgrounds are enriched in b-jets.

Instead of the invariant mass, a multivariate discriminant is used as the discriminating vari-
able to improve the sensitivity of the analysis. A boosted decision tree (BDT) is trained in each
channel. The BDT discriminant is used to perform a fit to the signal regions and yield-only con-
trol regions simultaneously. A value of yy g () = 1.02f(§).'1178 was observed for the VH(H — bb)

signal strength, which corresponds to a significance of 6.70.

4.10.2 Combination Setup

Before performing the statistical combination, it is important to understand the contamination of
VH(H — bb) eventsinthe VH(H — c¢) analysis and vice versa. Figure 4.31 shows examples of
the fitted distributions in the I-lepton channels for the VH(H — bb) and VH(H — c¢) regions
respectively. For the VH(H — c¢¢) region, the m,. discriminant is shown, and the two signals
are shown as overlays, scaled by a factor of 200. Depending on the category, the VH(H — bb)
signal is approximately 2 to 7 times the size of the VH (H — c¢) signal due to the significantly
larger H — b b branching ratio. However, the VH (H — bb) contribution is still small compared
to the total background. For the VH(H — bb) analysis, the BDT discriminant is shown, and
the VH(H — c¢) signal is scaled by a factor 1000 compared to the VH(H — bb) one. In the
VH(H — bb) categories, the VH (H — c¢) signal is of the order of 0.15% of the VH(H — bb)
signal and negligible compared to the total background. The added additional sensitivity from the
combination is small for both signals.

In the combination, a likelihood fit is performed simultaneously to all of the VH (H — bb)
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Figure 4.31: Examples of the fitted distributions in the VH(H — c¢) (left) and VH(H — bb)
(right) categories in the I-lepton channel.

and VH (H — c¢) analysis regions. The parameters of interest are the signal strengths H(ce)
and Uy (pp), Which are free to float in all of the analysis categories. Additionally, the diboson
signal strengths, Uy z(c¢) and (yw (c4) are also left to float freely in the VH (H — c¢) analysis cat-
egories. The fit model is kept as close as possible to the standalone analyses. The only change in
the VH(H — bb) regions is the addition of the VH (H — c¢¢) signal template, which was pre-
viously neglected. In the VH (H — c¢) categories, the VH(H — bb) background was already
considered. In the combination, it is now treated as a signal, and the overall normalisation un-
certainty is removed. Experimental systematic uncertainties, common to both analyses, are cor-
related between the two analysis regimes. The only exception is the flavour tagging, where the
b- and c-tagging use different algorithms and calibrations and thus can not be correlated. Back-
ground normalisations and modelling uncertainties are considered uncorrelated between the two
analyses. The modelling uncertainties are derived in distinct ways due to the different flavour
compositions and the use of a BDT in the V H (H — b b) analysis. The floating normalisations are
also kept uncorrelated in both analyses. A test was performed where normalisations were corre-
lated, and the resulting impact was minor.

Initially, afitto yy g () and py g p) is performed, butitis again possible to perform the analy-
sis to measure the k coupling modifiers. With now both k. and k;, free to float, the parametrisation

of the signal strengths can be extended as:

2
K
- — b
UvH(bb) 1—B(H—>bE)—B(H—)CC_')‘i‘B(H_’CC_)K%+B(H_>bE)K%

(4.22)
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Table 4.9: Best fit values for Uy g (p5), UvE(ce) Bvz(ce) and Uyw (cq) in the individual VH(H —
c¢)and VH(H — bb) analyses and in the combination.

UvH(bDb) UvH(ce) Uvw(cq) Uvz(ce)
VH(H—bb) 1.02+0.18 - - -

VH(H —c¢) - —8.6+153 0.83+0.24 1.16+0.48
VH(H — bb/c¢) combination 1.06+£0.18 —9.1£15.3 0.81+£0.23 1.11+0.46

Ke
= _ = 4.23
MvH(ce) 1-B(H—bb)—B(H—c¢)+B(H—cc)k2+B(H—bb)x? (4.23)

In the case of the VH (H — bb) signal, contributions of k, in the gg H production loop are also
considered [202], while for the VH (H — c¢) signal no such parametrisation is available. In both
cases, the impact is negligible, and the contribution is not shown in the above parametrisation.
When taking the ratio of k. / k;,, the denominator in the two equations cancels, which means that
it is not necessary to make assumptions on the total Higgs width. A fit is therefore performed to

constrain k. /K, while k, is also allowed to float freely.

4.10.3 VH(H — bb/cc¢)Combination Results

Afitto the VH(H — c¢¢) and VH(H — bb) signal strengths is performed. The resulting signal
strengths and the results from the standalone analyses are shown in Table 4.9. The likelihood scan
of hyp(pp) and py g (. ¢) for the expected and observed results is shown in Figure 4.32. The best-fit
values agree very well with the individual analyses. As expected, there is no significant reduction
of uncertainties, as the uncertainties are left largely uncorrelated between the two analyses.

Further tests were performed on these results. While the signal regions of the two analyses
are fully orthogonal, there can be a small number (less than 5%) of overlapping events in the
VH(H — c¢) top control region in the 0-lepton and 1-lepton channel and the 0 c¢-tag control
region in the I-lepton and 2-lepton channel. A test was performed by removing the overlapping
events, and no impact on the resulting best fit values or uncertainties was found. Additionally,
decorrelating all experimental uncertainties was tested, as well as correlating some of the normal-
isation uncertainties. In either case, the impact was negligible.

Then, a fit to the k¥ coupling modifiers can be performed. The resulting likelihood scan of k,
and k. is shown in Figure 4.33. Due to the inclusion of x}, in the parametrisation of the gg H pro-
duction loop, the likelihood is slightly asymmetric in k;, (butnotx ), which results in two expected
minima. The observed best fit value is found to be (kj,x.) = (—1.02,0).

When fitting the ratio |k./k}|, without any assumptions on the Higgs width, the observed
limit at 95% CL is |k /x| <4.5 (for |k, /x}| < 5.1 expected). This is smaller than the ratio of the

b- and c-quark masses, m; /m,. = 4.578+0.008 [203]. Therefore, this measurement constrains
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Figure 4.33: The expected (left) and observed (right) constraints on k., and k; at 68% and 95%
confidence levels. The grey lines correspond to the values of k. and k;, for which the Higgs—charm
and Higgs-bottom couplings are equal, where each coupling strength |« ; ;| is the product of the
x; modifier and the Yukawa coupling, y;, fori = b, c.



Chapter 4. Search for the VH (H — c¢) Decay 105

4.5k T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
- ATLAS ---- Expected

t Vs =13 TeV, 139 fb’ Observed

350 VH, H - bb/ct o AR A

e _
K/ Ky, Kc/Kb)
N
111 1 | -

- In(L

[T
| I

2.5F HE

=

a1
T
|

©

a1

T
!

Figure 4.34: Expected and observed k. /K, profile likelihood scans of the combined VH (H —
c¢) and VH(H — bb) likelihood function. The vertical green lines correspond to the values of
|k /K| for which the Higgs—charm and Higgs-bottom couplings are equal, where each coupling
strength |k; ;| is the product of the k; modifier and the Yukawa coupling, y;, for i = b, ¢, and is
equal to my, / m, = 4.578+0.008 [203].

the coupling of the Higgs boson to the charm quark to be weaker than the coupling of the Higgs
boson to the bottom quark (at 95% CL). A likelihood scan of |k / k| is shown in Figure 4.34, with

the point where the Higgs coupling to b- and c-quarks would be equal shown as a green line.

4.11 Extrapolation of the V H(H — c ¢ ) Analysis to HL-LHC

Around 2028, the LHC is expected to upgrade the accelerator complex and its detectors to operate
at a higher instantaneous luminosity and a larger number of collisions per bunch-crossing. The
High Luminosity LHC (HL-LHC) is expected to collect a dataset of 3000fb~"! at a center-of-mass
energy of 14 TeV. An extrapolation study was performed to understand the expected sensitivity of
the VH (H — c¢) analysis with the dataset collected at HL-LHC, based on the Run 2 analysis. This
study includes the extrapolation of the V H (H — b b) analysis, the VH (H — ¢ ¢) analysis and the
VH(H — bb/c¢) combination. The details of the extrapolation analysis can be found in [2],
and the VH(H — ¢¢) and VH(H — bb/c¢) combination results are summarised below. The

extrapolation strategy follows the analysis strategy of the published analyses. It also quantifies the
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impact of reduced systematic uncertainties and improvements in the flavour tagging performance
inthe VH (H — c¢) analysis.

4.11.1 Extrapolation Setup

The extrapolation of the analyses to the expectation for the HL-LHC is performed by scaling the
signal and background expectations to an increased integrated luminosity and center-of-mass en-
ergy. First, a scale factor is applied to the normalisations of the signal and background predictions
for all processes in all categories, which accounts for the increase in integrated luminosity from
139 fb~! to 3000fb~!. Next, scale factors are applied to the different processes to account for the
increase in center-of-mass energy from 13 to 14 TeV, which are derived using the expected cross-
sections [34]. Depending on the process, these scale factors vary between 1.10 and 1.18.

Experimental and theoretical uncertainties are included in the extrapolation, based on those
used in the Run 2 analyses. However, the size of these uncertainties is scaled to account for possi-
ble reductions due to the larger available dataset, for example, in improved calibrations of physics
objects [204, 205]. A summary of the scale factors applied to the systematic uncertainties is shown
in Table 4.10. Experimental uncertainties related to ETmiSS are scaled by 1/2, and the luminosity un-
certainty is reduced to 1% (0.58 of the value in Run 2). Flavour tagging uncertainties are scaled by
a factor of 1/2, except for those related to light-jets in the VH(H — c¢) analysis, which are left
unscaled. All other experimental uncertainties are kept at their Run 2 levels, and their impact on
the results is small. Theory and background uncertainties on the signal and background processes
are also scaled by a factor of 1/2. Uncertainties related to the statistics of the simulated samples
are neglected, which also includes uncertainties associated with the truth-tagging of jets. It is ex-
pected that the ATLAS simulation and reconstruction software will improve in the future, such that
simulation statistics uncertainties will become negligible.

The extrapolation analyses are performed to determine the expected values of the quantities
measured in the Run 2 analyses at HL-LHC. In particular, for the extrapolation of the VH (H — ¢¢)

analysis and the VH (H — bb/ ¢ ¢) combination this means:

VH(H — c¢) fit setup For the extrapolation of the VH(H — c¢) search, a fit is performed
on the simulated dataset, determining the expected signal strength of the V H (H — ¢ ¢) process,
whilethe VZ(Z — c¢¢)and VW (W — cq) signal strengths are free to float. Additionally, an upper
limit on the VH (H — c¢¢) signal strength is determined at 95% CL, and the expected constraint

on k. is computed.

VH(H — bb/c¢) combination fitsetup Following the methodology described in Section 4.10
a simultaneous fit to all VH(H — bb) and VH(H — c¢) regions is performed. First, the ex-
pected signal strengths for VH(H — bb) and VH (H — c¢¢) are determined. Then, a fit to the
coupling modifiers is performed, first measuring x, and k. simultaneously. Finally, a fitto |k, /K|

is performed, with k;, being allowed to float in the fit.
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Table 4.10: Summary of scale factors applied to systematic uncertainties in the extrapolation. The
luminosity uncertainty is reduced from 1.7% to 1.0%, resulting in a scale factor of 0.58.

Uncertainties Scale Factor
Ejiss 0.5
Lepton 1
Jet 1
Flavour tagging c-, b- and 7-jets 0.5
Flavour tagging light-jets (MV2c10in VH(H — bb)) 0.5
Flavour tagging light-jets (DL1in VH (H — ¢¢)) 1.0
Luminosity 0.58
Signal modelling 0.5
Background modelling 0.5
MC statistics 0
Truth-tagging uncertainties (V H (H — ¢ ¢) only) 0

4.11.2 Extrapolation Results of the V H(H — ¢ ¢) Analysis

The results of a fit to the VH (H — c¢¢) signal strength, extrapolated to the HL-LHC, are shown
in Figure 4.35, along with the corresponding 95% CL limits. Results are shown for separate fits in
which parameters of interest for the individual lepton channels are either separated or combined.
In the combined fit, the best fit value is:

Uy (ce)=1.0£3.2=1.0£2.0(stat.) 77 (syst.)

The expected upper limit on uy g (c¢) is found to be 6.4 times the SM prediction at 95% CL.
Table 4.11 shows the contribution of different groups of uncertainties. The statistical and sys-
tematic uncertainties are of similar size. The largest single contribution to systematic uncertain-
ties comes from modelling the Z+jets background, which agrees with what was observed for the
VH(H — c¢) Run 2 analysis. Similarly, out of the experimental uncertainties, those related to the
flavour tagging still have the largest impact.

Several studies were performed to quantify the impact of different groups of uncertainties.
The scaling of the signal and background uncertainties has a relative effect of around 10% when
decreasing or increasing the systematic uncertainty scale factors by a factor 2. Due to the relatively
low c-tagging efficiency, statistical uncertainties related to the available simulated sample size
have a non-negligible impact in the Run 2 V H(H — ¢ ¢) analysis. While these uncertainties were
neglected for the baseline extrapolation presented here, including the truth-tagging uncertainties
would degrade the expected limit by 4%. Including the MC statistical uncertainties would degrade
the expected limit by 5%, estimated by performing a fit with scaled MC statistical uncertainties,

assuming that the data-to-MC luminosity ratio stays the same as for Run 2.
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Table 4.11: Breakdown of contributions to the uncertainty in the fitted values of uy () from a
fit to an Asimov dataset scaled to 3000fb~! and 4/s = 14TeV. The sum in quadrature of different
sources of uncertainty may differ from the total due to correlations. In the case that the up and
down systematic variations have different values, the mean of the absolute values is shown.

Source of uncertainty A,uf,c}{
Total 3.21
Statistical 1.97
Systematics 2.53

Statistical uncertainties

Data statistics only 1.59
Floating normalisations 0.95

Theoretical and modelling uncertainties

VH(H — c¢) 0.27
Z+jets 1.77
Top-quark 0.96
W +jets 0.84
Diboson 0.34
VH(H— bD) 0.29
Multi-Jet 0.09

Experimental uncertainties

Jets 0.59
Leptons 0.20
EpVss 0.18
Pile-up and luminosity 0.19
c-jets 0.61

Flavour taggin b-jets 0.16
BElng light-jets 0.51

T-jets 0.19
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Figure 4.35: Best fit signal strengths (left) and limits (right) on the V H (H — ¢ ¢) signal strength in
the different lepton channels from a fit to an Asimov dataset scaled to 3000fb~! and /s = 14 TeV.
The per-channel results are obtained using a five-POI fit, in which each channel has a separate
VH(H — c¢) parameter of interest.

Flavour tagging has a significant impact on the sensitivity of the VH (H — c¢) analysis. A
better flavour tagging performance can be expected [204-209] due to the improved resolution of
the replacement inner detector at the HL-LHC (ITk). Using the existing c -tagging algorithm based
on the DL1 algorithm and requiring a 27% c-jet efficiency operating point, initial studies suggest
that the b- and light-flavour jet rejection factors are expected to improve by factors of 1.5 and 3,
respectively. This performance improvement is expected to improve the V H (H — ¢ ¢ ) limit by 10-
15%, where the improvement in light-flavour rejection has a more significantimpact. Additionally,
the c-tagging algorithms are also expected to improve due to better machine learning approaches.

The re-interpretation of the VH (H — c¢) signal strength within the x framework allows an
estimate of the sensitivity to the Higgs-charm Yukawa coupling, in terms of the coupling modi-
fier k.. For the HL-LHC scenario, the resulting profile likelihood scans are shown in Figure 4.36.
The extrapolated interpretation, considering all three lepton channels, results in an expected con-
straint of |x .| < 3.0 at 95% CL.

4.11.3 Extrapolation Results of the VH (H — bb/c¢) Combination

Following the statistical combination described in Section 4.10, the combined fit to the VH (H —
c¢) and VH(H — bb) signal strength parameters can be extrapolated to the HL-LHC, resulting

in expected best fit values of:

ub? =1.00+0.06,
pss, =1.00+3.20,
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are obtained using a three POI fit, in which each channel has a separate V H (H — c ¢ ) parameter

of interest.

The correlation coefficient between the VH(H — bb) and VH(H — c¢) signal strength pa-

rameters is -11%. Once again, there is no significant gain compared to the individual results due to

the simple nature of the combination. Reinterpreting the signal strengths in terms of k;, and k. re-

sults in the likelihood scans shown in Figure 4.37 and provides an expected constraint of |k . /K| <
2.7 at 95% CL. As the value of k', was already constrained well from the Run2 VH (H — bb) anal-

ysis, the improvement on the |k /x| ratio at HL-LHC is smaller than the other quantities quoted

in this study.
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Figure 4.37: Expected profile likelihood scans for the VH(H — bb/c¢) combination extrapo-
lated to a dataset of 3000fb~! at 4/s = 14 TeV. A two-dimensional scan is shown for a simultaneous
fitto k. and k.

4,12 Conclusions

This chapter presented the recent search for H — ¢ ¢ decays in the V H production mode, using
the pp collision dataset collected by the ATLAS detector between 2015-2018. Events were consid-
ered in three channels, categorised by the decay of the vector boson ZH — vvce, WH — {vc¢C
and ZH — {{cc. Jets originating from the decays of c-quarks are identified using machine learn-
ing algorithms known as c-tagging. Events are considered in different categories of c-tags, jet
multiplicity, and p;/ to enhance the sensitivity. The main backgrounds in the analysis are V+jets
and ¢ f events, which are constrained from data using dedicated control regions.

To validate the analysis strategy, the Standard Model diboson processes VW (W — cq) and
VZ(Z — cc¢) were also measured. The signal strengths for these processes were found to agree
with the Standard Model predictions, with observed (expected) significances of 2.6 (2.2) and 3.8
(4.6) standard deviations for the VZ(Z — ¢¢) and the VW (W — cq) process, respectively.

The VH (H — c¢) signal strength was observed to be in agreement with the SM, and an ob-
served (expected) upper limit of 26 (31) times the predicted cross-section times branching fraction
forthe VH (H — c¢) process was set. This result significantly improves on the previous iterations
of the analysis, due to the addition of two new channels, a larger dataset, and a better c-tagger
and previous results are summarised in Figure 4.38. The result can be interpreted within the x

framework to constrain the Higgs coupling to charm quarks directly. This results in the first direct
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Figure 4.38: Evolution of expected and observed upper limits on the V H (H — ¢ ¢) signal strength.

constraint on k., with |« .| < 8.5 (12.4) observed (expected) at the 95% confidence level.

A statistical combination with the VH(H — bb) analysis was also achieved by performing
a simultaneous fit to all of the VH(H — bb) and VH(H — c¢) analysis categories. An upper
limit on the ratio |k, /x| was found to be |k, /x| < 4.5 at the 95% confidence level, without any
assumptions on the Higgs width. This limit is smaller than the ratio of the masses of the b- and
c-quarks my, / m., which means that this result confirms the coupling of the Higgs boson to c-
quarks to be weaker than to b-quarks. These constraints on k. and k; complement those from
measurements of the Higgs boson py spectrum [210, 211].

The VH (H — c¢) analysis was also extrapolated to the HL-LHC, following the analysis strat-
egy of the Run 2 analysis. The expected dataset was scaled to an integrated luminosity 3000 fb™!
and a center-of-mass energy of 14 TeV, and the systematic uncertainties were reduced. The ex-
pected constraints in the HL-LHC scenario were found to be an upper limit on the VH(H — ¢¢)
signal strength of 6.4 times the SM prediction and a constraint of |« .| < 3.0. For the combination
with the VH (H — bb) analysis, an upper limit (at 95% CL) of |k, /K| < 2.7 is expected at the
HL-LHC.
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Silicon Pixel Detectors

In this chapter, a brief introduction to silicon detectors is given. The aim is to introduce the nec-
essary background for the measurements presented in Chapters 6 and 7. Further information ion

silicon detectors can be found in [212-214].

5.1 Interactions of Particles with Matter
5.1.1 Massive Particles

Particles are detected through their interactions with matter. For example, in semiconducting
detectors, charged particles interact with the material through the Coulomb interaction. This in-

teraction ionises the atoms, moving the electrons to the conduction band and leaving holes in the

valence band [214]. For a charged particle, the energy loss per unit distance due to ionisation can
be described by the Bethe-Bloch formula [17]:
1/dE ) ,Z z? 2m, B2y Wyax ) C
_E<E>:2m\w€ mec Zﬁ{ln( 5 —2p*—6-2— 5.1)

where N, is Avogadro’s constant, r, is the classical electron radius, m, the mass of the electron,
Z the atomic number of the absorbing material, A the atomic mass number, z is the charge of
the incoming particle in units of e, I the mean excitation potential, W,,,, the maximum energy
transfer in a single collision, C the shell correction, ¢ the density correction and p is the density
of the material. The first two terms describe the full quantum mechanical derivation of energy
loss due to ionisation. The third term ¢ describes density corrections to the energy loss due to
polarisation, which are relevant at high energies. The final term C /Z describes shell corrections
due to atomic binding energies that have been neglected and which are particularly important at
low energies. The approximate energy loss of a muon travelling through copper is shown in Figure
5.1.

The Bethe-Bloch curve has a minimum at 8y = 3.5. Particles with such a 8y are called mini-

mum ionising particles (MIPs), as they only lose a minimum amount of kinetic energy while they

113
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Figure 5.1: Average energy loss approximated by the Bethe-Bloch formula for a muon across a
copper medium. From [17].
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Figure 5.3: Illustration of the different kinds of interactions of photons with matter: Photoelectric
effect (left), Compton scattering (center) and Pair production (right). From [215].

traverse the material. The stopping power for a MIP in silicon is [17]:

dE MeV
<—> —3.88 (5.2)
dx cm

The actual energy deposited by MIPs is probabilistic in nature and can be described by Landau

distributions, examples of which are shown in Figure 5.2 for different thicknesses of silicon. The
peak of the distribution is called the Most Probable Value (MPV). A characteristic feature of the
Landau distribution is the large tail of higher energy depositions caused by 6-electrons. Particles
with 1 < By < 10 are usually referred to as MIPs. Hadrons and muons in the LHC typically fall
within this range, so detector response is often characterised for MIPs. Electron energy deposi-
tion is more complicated, as their f7 is much larger, and their energy loss is dominated by other

processes such as Bremsstrahlung.

5.1.2 Photons

Photons do not have mass, and interact with materials through three main processes: the pho-
toelectric effect, Compton scattering or pair production [216]. These effects dominate depending
on the material and, more importantly, on the photon energy. The three processes are shown in

Figure 5.3.

Photoelectric effect The atom absorbs the incident photon, and the energy of the photon, E, is
transferred onto an electron in one of the inner shells of the atoms, which has a binding energy
Eping- The electron is then emitted from the atom with kinetic energy T = E, — Epjnq. This elec-
tron can then produce further ionisation along its track, e.g. electron-hole pairs in the case of a
semiconductor. In addition to this, an electron from an outer shell can fill the vacancy in the inner
shell of the atom while emitting another photon. The photoelectric effect is the dominant process

up to 50 keV, depending on the material.

Compton scattering In Compton scattering, the photon scatters inelastically from one of the

electrons in the outer shell of the atom. This electron has small binding energy and is ejected
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Figure 5.4: The mass attenuation coefficient (u/p) and the mass attenuation energy-absorption
coefficient (u,,/p) as a function of energy of the incident photon for silicon. From [217].

from the atom with the additional energy from the photon, while the photon is scattered, keeping

its remaining energy. This process is dominant between roughly 50 keV and 1.5 MeV.

Pair-production A highly energetic photon is converted into an electron-positron pair in the
Coulomb field of a nucleus. This is only possible once the photon energy exceeds twice the elec-
tron rest mass, i.e. E, >1.02 MeV, and the process becomes dominant above roughly 1.5 MeV.
When a photon beam enters a material, the photons interact with a material with a certain
probability. After the interaction, the intensity of the beam decreases according to the Beer-Lambert

law [218]:

I(x)=ILe™* (5.3)

where x is the distance travelled, I, is the initial intensity, and u is the material-specific and energy-
dependent mass attenuation coefficient. The attenuation coefficient takes into account all three
interaction processes described above, i.e. U = Uphoto + Mcompton T+ Upair [217]. The attenuation
probability due to the photoelectric effect decreases with photon energy and is strongly dependent
on the atomic number Z. In addition to this, the attenuation coefficient shows jumps at particular
material-dependent energies, known as absorption edges. The absorption edges are caused by the
photoelectric effect, where the energy of the photon exceeds the binding energy of an atomic shell.

An example of the absorption coefficient in Silicon is shown in Figure 5.4.
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Figure 5.5: Electronic structure of pure silicon (left), n-doped (center) and p-doped (right) silicon
lattices.

5.2 Semiconductors and pn-junctions

In a lattice, the orbits of closely bound atoms can overlap, and the energy levels of a single atom
can shift to be separated into two energy bands that the electrons can occupy. These are referred
to as the valence and conduction band. The valence electrons are bound to the atoms, whereas
electrons in the conduction band can move freely across the material. The energy gap between
the conduction and valence band is known as the band gap. The occupancy of each band can be

described by the Fermi-Dirac distribution as:

1
e(E_Ef)/kBT +1

f(E,T)= (5.4)

where T is the temperature, kp is the Boltzmann constant, and Ey is the Fermi level, which is
where the occupancy would be half, usually halfway between the valence and conduction band.
Materials can be characterised by the size of the band gap. For a conductor, the valence and
conduction band overlap, allowing electrons to freely move between atoms, which explains the
good conductivity of metals. For insulators, the valence and conduction bands are separated by
a large bandgap of more than 3 eV. For a semiconductor, the bandgap is usually less than 3 eV,
meaning that electrons from the valence band can be easily promoted to the conduction band
through excitation. When an electron moves to the conduction band, it leaves a vacancy for one
electron in the valence band, which is known as a hole. The hole can also move freely and transfer

a positive charge and can be filled by another electron in a process known as recombination.

Doping of Silicon The semiconductor properties of silicon can be modified by replacing silicon
atoms (doping) with different elements (dopant atoms), providing additional electrons or holes in
the lattice. The effect of doping is a shift in the Fermi level of the material towards the valence or
conduction band. Silicon has 4 valence electrons, so the doping is usually done using elements
with 3 or 5 valence electrons. The effect of doping is illustrated in Figure 5.5. Phosphorous is

commonly used as a dopant. It has five valence electrons and can act as a donor, i.e. provide an
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Figure 5.6: Illustration of p-type and n-type silicon forming a pn-junction. The distribution of
charge, electric field and voltage are shown in the bottom panels. From [219].

additional free electron. This results in so-called n-fype silicon, where electrons are the majority
charge carrier. Boron is also a commonly used dopant with 3 valence electrons, which means it
can act as an acceptor by providing an additional vacancy in the lattice. This results in p-type
silicon, where holes are the majority charge carrier. The majority charge carriers can diffuse freely

through the silicon lattice at room temperature.

pn-junctions The n-fype and p-typesilicon can be placed together to form a pn-junction. In this
configuration, the majority charge carriers become attracted to their oppositely charged counter-
parts. The electrons and holes start to diffuse and recombine in the p-type or n-type silicon. This
leads to charge building up, negative charge in the p-type silicon and positive charge in the n-type
silicon, as illustrated in Figure 5.6. This results in an electric field, which opposes the diffusion di-
rection. After some time, an equilibrium between the E field and the diffusion of charge carriers
is reached resulting in a region in the silicon with no free charge carriers and an intrinsic electric
field. This is known as the depletion region. The electric field E and potential ¢ in the depletion
region can be calculated from the charge density p by solving Poisson’s equation V2¢ = —%. The

results are illustrated in the bottom panels of Figure 5.6. It is possible to calculate the intrinsic
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electric field across the depletion region, which is known as the built-in voltage (A Viiernan) [212]:

AV _ kT [ NaN,
internal — —— 1 ’ (5.5)
e ngng,

where N; and N, are densities of the donors and acceptors, and n; and n, are the numbers of
free carriers of each type. It is also possible to calculate the width of the depletion region by solv-
ing Poisson’s equation for the potential while taking into account the charge carrier density. This

results in an expression for the depletion depth D of

2¢p€,( 1 1 2€p€,
D= AV — 4+ — |~ AV —, (5.6)
e Nd Na eNeff

where again N; and N, are densities of the donors and acceptors and €, is the permittivity of the

material. In many practical cases, one type of dopant will strongly outnumber the other, in which
case the effective dopant density N, s r can be used, which corresponds to N, — N,. Furthermore,
the resistivity of material can be defined as p = 1/eu|N, ¢ |, where u is the mobility of the charge

carriers. Using the resistivity, the equation for the depletion depth simplifies to

D = /AV2ey€,up. (5.7)

Typically, the intrinsic voltage is of the order of 1 V and the depletion depth roughly a few
micrometres, which is significantly smaller than the thickness of silicon used for detectors (~
100—300um). The size of the depletion depth can be modified by applying an external voltage.
Forward biasing corresponds to applying a voltage where the positive node is applied to the p-
type region, and the negative node is applied to the n-type region. This counteracts the intrinsic

electric field and reduces the size of the depletion region. Reverse biasing is the opposite, and in-

creases the depletion depth as D = \/ (Vexternal + AV )2€p€,up. Reverse biased silicon forms the
basis for particle detection using silicon. One of the common characteristics of a pn-junction is its
current as a function of voltage, also known as an IV curve. In the forward bias mode, the junction
will become conductive very quickly. In reverse biasing mode, there is a small current through the
junction, which is known as the leakage current and is mostly caused by thermal excitation. At
high voltages, the pn-junction can also become conductive in reverse bias mode, in a mechanism
known as breakdown. The breakdown is caused by different mechanisms such as thermal insta-
bility (a local rise in temperature), avalanche multiplication and Zener breakdown. For the latter,
the field within the junction is high enough to increase the probability that charges tunnel from

the valence to the conduction band.

Signal generation A charged particle traversing a semiconductor can excite electrons and pro-

duce electron-hole pairs. For a semiconductor, the amount of signal charge carriers produced by
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a MIP is Q with:

g—iepd
Iy

where [ is the energy loss required to lift an electron into the conduction band and create an

Q= (5.8)

electron-hole pair, d is the thickness of the detector and p is the density of the material. For silicon,
Iy =3.63 eV and p = 2.329 cm™3g, which leads to Q = 24000e for d =250 um [212, 220].

The created charge carriers are then free to move and are affected by the internal or external
electric field, moving along the field lines. The movement of charge carriers is known as drift.
In a constant electric field (<100 kV/cm), the charge carriers can be assumed to have constant
mobility u, which depends on the material properties and the type of charge carrier [221]. From
the mobility of electrons (u,) and holes (uy,), the drift velocity can be calculated as a function of
the applied electric field vpy = e/ E.

When a charge moves towards an electrode, it induces a current in the electrode, which can
be measured. The current starts instantaneously as the charges begin separating and stops when
the charges reach the electrodes or when they recombine. The instantaneous induced current i

on the electrode can be calculated according to the Shockley-Ramo theorem [222]:
ir = qUEy (5.9)

with 7 being the drift velocity of the charge carriers, g the total deposited charge and Ey, the
weighting field, which can be derived from the voltage at the electrodes and the geometrical con-
figuration of the detector. The weighting field is a virtual field calculated when the charge is re-
moved, a voltage of 1 V is applied to the collection electrode, and 0 V is applied to all the other

electrodes.
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Figure 5.7: Illustration of a hybrid pixel detector (not to scale). The signal generation in the deple-
tion region is shown, as well as the attached readout chip and flex PCB.

5.3 Pixel Detectors

As described above, pn-junctions can be used to detect charged particles. Segmenting the pn-
junction in either one or two dimensions allows measuring the position of a particle, for example,
in the ATLAS detector [223]. Devices with segments in one direction are known as strip detectors.
Those with two-dimensional segmentation are pixel detectors, which are the focus of this thesis.
Pixel detectors can be constructed in several ways. They are commonly built as hybrid pixel de-
tectors, with a schematic shown in Figure 5.8. This means that the active area and the readout
electronics are located in different pieces of silicon. The active area, where the depletion region is
used to collect charge, is the sensor. The processing of the electronic signals is done in the front-
end chip (or ASIC), and the two components are connected pixel-by-pixel using bump bonds. The
readout chip processes the current induced by the charge carriers further, turning it into a digital
signal, with the details for the ATLAS readout chip described in Section 6.3 [224]. The digital signal
is then usually transferred to a printed circuit from the readout chip, also known as the flex, which
is used to further transmit the information out of the detector. The flex and the readout chip are
connected using wirebonds.

It is also possible to build pixel detectors as monolithic detectors, where the active area and
readout electronics are located in the same piece of silicon. This technology is not as advanced
and radiation tolerant as hybrid pixel detectors but can have other advantages. Monolithic pixel

detectors are discussed further in Chapter 7.
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5.4 Radiation Damage

Silicon detector prototypes are often irradiated with protons or neutrons to simulate and study
the expected behaviour of the detector after operation in a high-radiation environment, such as
in the ATLAS Inner Tracker. The dose is usually delivered over a short period, and the detectors
are subsequently tested. Radiation damage affects all areas of detector performance, so a good
understanding of detector properties after irradiation is vital. There are two types of radiation

damage: TID damage and bulk damage.

Bulk damage Bulk damage is caused by non-ionising energy loss (NIEL), in which a particle tra-
verses the material and causes different kinds of defects [225]. For example, the particle can have
enough energy to displace a silicon atom from its place in the lattice, leaving an empty lattice lo-
cation (vacancy) and a displaced atom (interstitial). The interstitials or vacancies can also form
interactions with impurity atoms, leading to additional defects with different properties. NIEL
damage is commonly given in units of 1 MeV neutron equivalent per area (neq/ cm?). Bulk dam-
age can cause a change in the effective space charge density and, therefore, the doping concentra-
tion, as well as an increase in leakage current and a decrease in charge collection efficiency. The
defects introduced in the bulk can trap charge carriers as they travel toward the collection elec-
trode. While neutrons mainly cause NIEL damage, protons can cause a combination of TID and

bulk damage at rates depending on their energy.

TID damage Total ionising dose (TID) predominantly affects the front-end electronics in the
readout chips and sensor surface properties. The surface of a readout chip usually contains metal
layers for data transfer and a silicon dioxide (Si O,) dielectric layer between the metal layers and the
silicon [223]. TID damage mainly affects the dielectric and the boundary between the dielectric
layer and the silicon. The atoms in these regions are not ordered regularly in a lattice, so bulk
damage effects are insignificant. However, ionising radiation can create electron-hole pairs in the
silicon dioxide. A large fraction of the created charge carriers recombine, but some will remain and
travel in the material. Electrons are usually collected quickly due to their high mobility. However,
holes travel slower and have a higher probability of getting stuck on the boundary between the
silicon and the oxide, increasing the total charge in the dielectric. Additionally, clustered charges
near the surface can also impact the readout chip performance. Overall, TID damage can modify
the behaviour of the transistors used in the implementation of the readout logic and increase the
noise in the detector. TID damage is usually given in units of Rad.

In transistors using 65 nm CMOS technology, e.g. in the ATLAS ITk Pixel readout chip, TID
damage can occur in different areas, and due to the small size of the transistors, edge effects make
up the most significant contribution [226]. For instance, charge build-up in the Shallow Trench
Isolation (STI) and spacers can significantly change the leakage current and threshold voltage of
the transistor [227, ]. Irradiation studies of single transistors show that the radiation tolerance

is worse for narrow-channel transistors, and more damage is observed at high temperatures and
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at low dose rates [229, I

After irradiation, the silicon properties do not stay constant but change over time. This pro-
cess is known as annealing [212]. A vacancy can recombine with an interstitial or the defect can
transform into a different kind of defect with new properties. Over a short period of time, on the
timescale of weeks at room temperature, the radiation damage effects have been shown to de-
crease due to annealing (beneficial annealing). After more time, however, the opposite is observed:
the space charge starts to increase, which has a detrimental effect on detector performance (re-
verse annealing). Annealing is expected to happen more quickly at higher temperatures [225]. Irra-
diated samples are usually kept at low temperatures to avoid changing detector properties through

annealing.

5.5 The ITk Pixel Upgrade

The LHC started operating in 2008 and has had a hugely successful run, with a total dataset of al-
most 200 fb~! delivered to both the ATLAS and CMS experiments during Run 1 and Run 2. In the
coming years, during Run 3 of the LHC, an even larger dataset will be delivered. After the end of
Run 3 in 2026, the LHC will undergo a significant upgrade to exploit its physics potential fully. The
upgrade, which is scheduled to take place between 2025 and 2028, will consist of major improve-
ments to the accelerator complex, including crab cavities, and niobium and tin alloy quadrupole
magnets [231]. Additionally, luminosity levelling will reduce the impact of the decrease of instan-
taneous luminosity during a fill. The LHC upgrades will result in an increased instantaneous lu-

03*cm™2s7!, and an increased pile-up of 140 to 200 simultaneous interac-

minosity ofup to 7.5 x 1
tions per bunch crossing. The ATLAS experiment is expected to collect a dataset of at least 3000
fb~! (and up to 4000 fb~') during the 10 years of HL-LHC operation. The expected environment in
the ATLAS detector during HL-LHC places harsh requirements on the detector. In particular, the
inner detector will have to sustain high data rates and radiation [232].

For the HL-LHC, the ATLAS inner detector will be replaced with a new inner tracker (ITk), con-
structed entirely from silicon detectors [206]. The planned layout of the ITk detector is shown in
Figure 5.8. ITk will consist of a pixel system, closest to the beampipe, with five barrel layers and
two endcap systems. The pixel detector is followed by a silicon strip detector, consisting of four
barrel layers and six endcap disks. The upgraded inner detector will extend the coverage in r) from
In| < 2.5 to || < 4.0. This thesis focuses on the upgrade of the pixel detector, which will be roughly
six times larger than the current ID pixel detector. It will encompass 9400 hybrid pixel modules,
with a total of 5.1 Giga-pixels and a total active area of 13 m?. Excellent understanding of all de-
tector components is needed before the construction of ITk, and in the following, details of the

different components of ITk pixel modules are summarised.

Sensors: The pixel sensors provide the active area for detecting particles in the ITk upgrade. Sen-

sors with a thickness of 100 or 150 um are used, and the pixel pitch is reduced with respect to the
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Figure 5.8: A schematic depiction of the ITk Layout. The strip detector is shown in blue and the
pixel detector is shown in red. From [209].

Table 5.1: Parameters of the ITk pixel detector layout and types of hybrid pixel modules used.
Adapted from [209].

Barrel Layer Radius [mm] Module type Pixel pitch [um?]

0 34 triplet 25 x 100
1 99 quads 50 x 50
2 160 quads 50 x 50
3 228 quads 50 x 50
4 291 quads 50 x 50

Endcap Layer Radius [mm] Module type Pixel pitch [um?]

0 33.20 triplet 50 x 50
0.5 58.70 triplet 50 x 50
1 80.00 quads 50 x 50
2 154.50 quads 50 x 50
3 214.55 quads 50 x 50
4 274.60 quads 50 x 50
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Figure 5.9: 1 MeV neutron equivalent fluence (left) and total ionising dose (right) per 4000 fb~! of
integrated luminosity in the ATLAS Inner Tracker. From [235].

current ID. In the innermost barrel layer, a pixel pitch of 25 x 100 um? is used to improve the reso-
lution in the ¢ direction, and 50 x 50 um? pixels are used everywhere else. For the outer layers of
the pixel detector planar sensors are used, which consist of one layer of p-type and n-type silicon,
respectively. The innermost layer will use 3D sensors, where the p- and n-type silicon is implanted
as columns in the sensor, which has been shown to provide better radiation tolerance [233]. Due
to the large number of sensors needed, they are produced by industry. The sensor vendors have

been qualified to meet the ATLAS requirements in a dedicated Market Survey.

Readout chip: The ATLAS readout chip has been designed by the RD53 collaboration at CERN
to meet the requirements on radiation tolerance and fast readout [224, ]. The characteristics

of the chip are described in detail in Section 6.3.

Pixelmodules: The pixel sensor and front-end chips are assembled into modules through bump-
bonding. The bump-bonding is also done by vendors qualified in a dedicated Market Survey.
Then, the flex is glued to the assembly, and the flex and readout chip are connected using wire-
bonds. This step is performed by ITk institutes using varying methods. Different kinds of modules
are used for the various ITk pixel layers, as summarised in Table 5.1. In the innermost layer, so-
called triplet modules are used, which consist of three connected readout chips, each attached to
one 2 x 2 cm? sensor. In the outer layer quad modules are used, which are four connected readout
chips, attached to one 4 x 4 cm? sensor. The assembled modules will then be loaded onto local
support structures to form staves for the ITk barrel or rings for the endcaps.

The ITk detector will have to withstand high radiation levels throughout its lifetime. The TID
damage will be of most concern for the readout chip, affecting the logic implemented in CMOS
technology, and bulk damage will be relevant for the pixel sensors, in particular leading to an in-
crease in leakage current. The expected TID and neutron-equivalent dose for the ITk layout are
shown in Figure 5.9. The readout chip has been shown to withstand a TID dose of 1 Grad (includ-

ing a safety factor), and the sensors have been characterised up to a neutron-equivalent dose of
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10' ngq/cm?. Therefore, the innermost pixel layers will have to be replaced after 2000 b, i.e.
after roughly half of the lifetime of ITk.



Chapter 6

Radiation Tolerance of the ITkPixV1
Pixel Readout Chip

6.1 Introduction

This chapter discusses the development and testing of the pixel readout chip for the ATLAS inner
detector (ITk) upgrade. In particular, the HL-LHC will place harsh requirements on the radiation
tolerance and readout speed needed for the operation of the pixel detectors. The readout chips
are expected to receive total ionising doses of up to 1 Grad throughout the HL-LHC. A new pixel
readout chip has been designed by the RD53 collaboration to cope with these demands [224, 234].
Here, the characterisation of the radiation tolerance of the latest readout chip prototype, ITkPixV1,
is discussed. Several irradiation campaigns were performed using X-rays and protons.

First, the setup and calibration of the X-ray system in Oxford are discussed in Section 6.2. Then,
the ITkPixV1 chip is described in Section 6.3, highlighting the different areas where radiation dam-
age can be expected. The results of irradiation campaigns on bare readout chips (without sensors)
are presented. Total doses of up to 2.3 Grad are reached, at a dose rate of 4 Mrad/h. Different as-
pects of the chip are studied: the digital logic (Section 6.4), the analogue front-end (Section 6.5),
and the dose rate dependence of the damage for both parts of the chip, as well as the powering
circuit (Section 6.6). Finally, the results of an irradiation programme using protons are presented
in Section 6.7. Here, the focus is the performance of an ITkPixV1 module, especially the impact of

the radiation damage in both the readout chip and the sensor.

6.2 Calibration of the OPMD X-ray System

Several X-ray irradiation campaigns of ITkPixV1 readout chips were performed using an X-ray
system at the Oxford Physics Microstructure Detector (OPMD) facility. The following section de-

scribes the general concepts of X-ray production and the calibration of the X-ray system in OPMD.

127
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Figure 6.1: Schematic illustration of the X-ray irradiation setup. X-rays are produced inside the X-
ray tube, passed through Aluminium and Beryllium filters, and used to irradiate an ITkPixV1 chip
mounted on a cold chuck.

6.2.1 X-ray Production and Fluorescence

X-rays are typically produced by accelerating electrons (released from a hot cathode) and colliding
them with a metal target (anode). The electrons can undergo two different processes within the

anode, which contribute to the X-ray spectrum.

Bremsstrahlung Bremsstrahlung describes the process of scattering electrons in the strong elec-
tric field near a nucleus with a high atomic number Z. The deceleration of the electrons causes an
X-ray photon to be emitted, with its energy equal to the lost kinetic energy of the electron. In this
way, photons with a continuous spectrum of energies are produced, only limited by the energy of

the incoming electrons.

Characteristic radiation If an electron has enough energy, it can eject an orbital electron from
the inner shell of an atom. Then, an electron from an outer shell can fill the vacancy while emitting
an X-ray photon. Photons are produced at discrete energies, defined by the initial and final shell
of the electron. Each atomic shell is defined by its principal quantum number n (n=1,2,3...) and
labelled with a corresponding letter (K, L, M). The X-ray lines are named based on which shell
the electron moves to and where it comes from. For example, a K, photon is emitted when the
electron moves from the L to the K shell, and a K4 photon is emitted when it moves from the M to
the K shell. The K,, line usually has the highest intensity.

X-rays are usually produced in X-ray tubes, with a schematic of such a tube shown in Figure 6.1.
The cathode produces the electrons, which are then accelerated towards the anode by applying
a high voltage, called tube voltage. An electric current is created, referred to as the tube current.
Electrons hit the target, usually made out of copper, tungsten or molybdenum, and produce X-rays

that exit the tube through a small exit window, which commonly has a filter to remove low-energy
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Figure 6.2: Image of the Oxford X-ray setup (left) and the energy spectrum of the X-ray tube, mea-
sured using a silicon drift detector (right).

components. The X-ray spectrum depends on the acceleration voltage, i.e. the electron energy,
and the anode material. X-ray production generates a significant amount of heat, so the target

must be cooled, e.g. with a water-cooled chuck placed behind the anode.

6.2.2 Characterisation of the Oxford X-ray Irradiation Setup

This section describes the setup and calibration of the new X-ray system in the Oxford Physics
Microstructure Detector facility (OPMD) [236]. A picture of the X-ray system is shown in Figure
6.2 (left). The X-rays are produced using a tungsten target and filtered by a 0.8 mm Beryllium
window at the tube exit. The tube can be operated with an anode voltage of 5 kV to 60 kV and a
current between 1 and 60 mA, with the maximum achievable power being 3 kW.

As a first step, the spectrum of the X-ray tube was measured using a silicon drift detector. Sil-
icon drift detectors measure the energy of a photon depending on how much ionisation it pro-
duces and are known for having excellent energy resolution. The detector was calibrated using an
5Fe source, which has well-defined K, /, lines around 5.9 keV. The silicon drift detector was then
placed in the X-ray system. To not saturate the detector, it was then positioned as far away from
the aperture of the X-ray tube as possible. The energy spectrum was measured as a function of
anode voltage while keeping the X-ray tube current low. An example of the energy spectrum at an
anode voltage of 40 kV is shown in Figure 6.2 (right). The continuous Bremsstrahlung spectrum is
visible and peaked at approximately 9 keV. There are also various characteristic lines visible, with
their origins summarised in Table 6.1, based on [237]. As expected, many lines can be identified
to originate from the tungsten target. However, surprisingly, the most prominent characteristic

lines stem from copper, at 8.1 and 9.0 keV. Behind the tungsten target, there is a copper chuck,
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Table 6.1: The characteristic X-ray lines identified in the measured X-ray spectrum in Figure 6.2
(right), based on data from [237].

Energy X-rayline Energy  X-rayline
4.5 keV Ti Kal/Z 9.0 keV Cu Kﬁl
6.4 keV Fe Kal/Z 9.7 keV WLﬁl
8.1 keV Cu Ka1/2 10.0 keV WL/j2
8.4 keV WL, 11.3keV WL,
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Figure 6.3: Picture of the AXUVHS5 diode (left), which was used for the calibration of the X-ray
setup, from [238], and dose rate as a function of measured diode current (right). Several points
indicate examples of the dose rates used in irradiation campaigns.

which provides the cooling of the target, so these lines are likely caused by electrons producing
characteristic X-ray radiation there. For the irradiation of the ITkPixV1 readout chips, the X-rays
are additionally filtered using a 150 um Aluminium filter to remove low energy components, with
the resulting spectrum also shown in Figure 6.2 (right). In the subsequent dose characterisation
measurements, the Aluminium filter is always included.

The delivered dose of the X-ray set was measured as a function of various parameters of the
setup using a calibrated diode. The diode, shown in Figure 6.3 (left), has a sensitive depth of 50 um
and a sensitive area of 1x1 mm?. Several diodes were calibrated at CERN [238] to ensure that the
setups used in the ITkPixV1 irradiations share uniform calibrations. These diodes were calibrated
using an X-ray tube with a tungsten target, a 150 um Beryllium window, and a 150 ym Aluminium
filter. The X-ray tube was operated at 40 kV. Consequently, the conditions in the Oxford setup were
matched to this as closely as possible.

The dose rate was determined by measuring the diode current when biasing the diode to -50V,
and subtracting the dark current without irradiation. This current can then be converted to SiO,
equivalent dose rate using the calibration curve which is available for each diode, with an example
shown in Figure 6.3 (right). The typical dose rates used for ITkPixV1 irradiations are indicated on
the plot.
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Figure 6.4: Dose rate as a function of X-ray tube current (left) and as a function of distance from
the source (right).
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Figure 6.5: xy-profiles of the beam obtained in the calibration of the X-ray system at a distance of
10 cm (left) and 20 cm (right) from the source.

As the first calibration measurement, the dose rate was measured as a function of X-ray tube
current. This is shown in Figure 6.4 for an operational voltage of 40 kV, with the diode placed at
roughly 10 cm from the exit of the X-ray tube. A linear behaviour of the intensity, and thus dose
rate, with tube current is expected and observed. Next, the dose rate as a function of distance from
the source was measured. A roughly 1/r?> dependence can be observed, as shown in Figure 6.4.

Finally, the beam spot of the X-ray tube was measured at two different distances from the aper-
ture of the tube. This was done with a Medipix Merlin detector, a commercially available pixel
detector with excellent time resolution, with frame rates over 1 kHz, which can be used to count
photon hits per period of time [239]. In this case, the detector was used to count the number of
photons per 10 us window, at a tube voltage of 40 kV. The detector has a size of approximately 4
x 4 cm? and is made of four single chips. It was moved by hand in a grid to cover the area. The
stitched images of the beam spot at a distance of 10 and 20 cm from the beam spot are shown in
Figure 6.5, with the approximate diameters of the beam spot noted on the plots. Overall, the beam

spot is very circular and uniform, with some loss in intensity at the edges.
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6.3 The ITkPixV1 chip

The ITkPixV1 chip is the prototype readout chip for the ATLAS ITk upgrade, using a design frame-
work called RD53B with 65 nm feature size CMOS technology and developed in collaboration with
CMS [224]. Tts predecessor, the RD53A chip [234], has been tested and characterised extensively.
RD53B is a generic pixel readout chip framework that can be used for chips of different sizes. It
consists of a pixel matrix and a chip bottom. The pixel matrix is built up of identical 8x8 pixel
cores stepped and repeated in columns and rows. A core is physically 400 umx400 yum. The chip
bottom contains all of the system functionality. The ATLAS version of the RD53B chip, ITkPixV1,
has 48 core rows and 50 core columns, 50 um x 50 um pixel pitch, and a total of 400 x 384 pixels.
The total size of the chip is 20 x 21 mm?.

6.3.1 Powering of the ITkPixV1 chip

The ITk Pixel modules will be powered in serial power mode, to reduce the required number of
cables and the detector material significantly. The ITkPixV1 chip powering is implemented using
Shunt LDO regulators (SLDO) [240]. The SLDO combines a linear Low Drop-Out voltage regulator
(LDO) and a shunt element. Such a setup can provide constant current operation with multiple
devices connected in parallel, which is not possible using a simple LDO. The SLDO circuit was first
used in the FE-14 readout chips used in IBL, and the design has significantly evolved up to the final
circuit used in ITkPixV1.

The basic principle of the SLDO is illustrated in Figure 6.6. A standard LDO is used to power the
mainload, L, and aninternal load L; in parallel. The latter is the shunt element and it is controlled
to achieve the desired current at the input, regardless of the main load L. The system is designed
to operate chips at a constant current, i.e. I;, = I; + I; = constant. This current must exceed the
maximum current required by any chip at any moment, and account for chip-to-chip variations.
In practice, the several chips in a module are powered in parallel and the current sharing is set by
the resistive behaviour of the regulators, which can be described by:

iy =1 +1, = 20 [Vin > Vo 6.1)
Reyy
where Vj is a constant offset and R, sy provides the ohmic behaviour needed to share current be-
tween multiple devices. A diagram of this behaviour is shown in Figure 6.6 (right), with the volt-
age shown as a function of input current. Such V-I curves can also be measured experimentally to
characterise the SLDO behaviour in the chip.

A schematic of the actual circuit used in ITkPixV1 is shown in Figure 6.7. The LDO is high-
lighted in red, and the blue part provides the offset 1, which is controlled by a reference volt-
age labelled Ve, The main load L is the chip itself and is not shown in the diagram, and the
device M4 is the internal load, with the rest of the circuitry (indicated in black) being the active

control. The SLDO circuit is designed to be compatible with a 2 V input voltage and includes an
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Figure 6.6: Illustration of SLDO circuit in RD53B. Concept of SLDO operation as a linear regula-
tor (LDO) powering an main load L and a variable internal shunt load L; (left). Desired current
vs. voltage characteristics for SLDO (right). The unregulated input voltage and regulated output
voltage are shown. From [224].

over-voltage and under-shunt transient protection.

To operate the SLDO in a serial power chain, the SLDO has to become active immediately upon
current flow, work with high efficiency and uniformity and run for a wide range of temperatures.
In order to meet these conditions, the power-up scheme was significantly improved compared to
what was previously implemented in RD53A. ITkPixV1 does not use the SLDO output to power
any reference circuit, e.g. the one necessary for providing the reference current in the chip (Iy).
Instead, an additional low current linear regulator (the preregulator) is used to power the main
reference current generator. Then, all other reference currents are derived from this main refer-
ence current. The I is generated by the Core Bandgap and can be adjusted by wire bond settings
to compensate for process variations [224]. The nominal value of the reference current is 20 u A.
From this reference current, the two LDO reference voltages are generated for the analogue and
digital domains: VrefA and Vre £D, which then influence the voltages powering the analogue
and digital domain: VDDD and VDDA. In summary, the following voltages and currents are rele-

vant for the ITkPixV1 chip operation:

e VinA, VinD:Input voltages to the LDO regulators for the analogue/digital domains

e VrefA, VrefD: Reference voltages for the analogue/digital voltage, generated from the

main reference current
e VDDA, VDDD: Voltage supplied by the LDO to the analogue/digital part of chip
e V_offset: Offset voltage of the SLDO circuit
e VDD_ PRE: Reference voltage for the preregulator circuit
e Vref_ADC: Reference voltage for the ADC
e Tref: Main reference current

e I_in analogue/digital: Input current I;,, = I; + I, for the analogue and digital

domain
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Figure 6.7: Simplified schematic of the RD53B SLDO regulator. The colors differentiate the LDO
(red), shunt (black), and offset (blue) functionality. From [224].

e I_shunt analogue/digital: Shunt current for the analogue and digital domain

6.3.2 Analogue Front-End

The ITkPixV1 uses a differential analogue front-end, shown in Figure 6.8. In brief, the analogue
front-end functionality is as follows. The circuit receives a current pulse, either from the sensor
or the injection circuit. This pulse is then fed into a charge sensitive amplifier, which produces a
triangular pulse as a function of time. A comparator compares this pulse to a threshold voltage
value. The time the signal is above the threshold, Time-over-Threshold (7oT), is measured and
transferred into the digital power domain, where it is converted into a digital signal and further
processed.

The pre-amplifier (preamp) is the first stage of this circuit. It has a straight regulated cascode
architecture with NMOS input transistor in weak inversion. A high-VT (high threshold voltage)
type input device is used. It has a continuous reset, and its gain can be adjusted by adding a
feedback capacitor C£0. The preamp has two main biases: the main bias (input transistor cur-
rent), set by the Di f fPreamp, and the continuous reset feedback current, setby the Di ffVE£f.
For the operation on the chip in ITk, different settings of these parameters are considered, de-
pending on the layer in the detector and the expected data rates. The settings vary from the in-
ner layers (D1 ffPreamp=900 and Di f £Vf £=150) to the outer layers (D1 f fPreamp=400 and
DiffVff=60). Aleakage current compensation circuit provides (LCC) an option for additional
feedback in the preamp. It is an active low-pass filter, and the bias of the LCC can be globally
adjusted using the Di f fL.cc setting. The LCC should only be used in the case of a large sensor
leakage current (i.e. 2nA or higher), for example, after irradiation. With increasing leakage cur-

rent, an increase in LCC bias is recommended. Input and output of the preamp are taken as a
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Figure 6.8: Schematic of ATLAS chip analogue front end with differential second stage and com-
parator. The underlined italic signals are controlled per pixel, while the boldface signals are global.
A digital buffer is manually placed at the comparator output. From [224].
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Table 6.2: Parameters and typical settings available in the analogue front-end of ITkPixV1.

Setting Description Usual setting [DAC units]
DiffPreAmp Main preamp bias current 900 or 400
Diffvff Continuous preamp reset feedback current 150 or 60
DiffLccEn Leakage current compensation enable bit Oorl
DiffLccEn Leakage current compensation bias 0-800
DiffPreComp Main pre-comparator bias current 300
vthl Main threshold voltage tuned
Vth2 Secondary threshold voltage 50
TDAC Pixel threshold trim-bit tuned
DiffComp Main comparator bias current 500

differential input to the next stage.

The second stage of the analogue front-end is the pre-comparator and its bias current can be
globally adjusted using the Di f P reComp setting. The primary purpose of the pre-comparator
is to introduce the threshold. The global threshold of all pixels can be adjusted through two dis-
tributed voltages (Vth1l and Vth2) which introduce an offset between the two branches of the
pre-comparator. In each pixel, the threshold can be trimmed using one 4-bit resistor ladder in
each pre-comparator branch, which can be modified using the TDAC setting.

Finally, the pre-comparator is followed by a classic continuous time comparator stage (referred
to as comparator). The bias current of the comparator is adjustable through the Di f f Comp reg-
ister. The output of the comparator is connected to the digital pixel region through a buffer placed
near the comparator output.

The settings relevant to ITkPixV1 operation and their typical values are summarised in Table
6.2.

6.3.3 Chip Readout

The ITkPixV1 chips can be tested independently or assembled into modules to test together with
a sensor, either as single or quad modules. For bench testing, and in the studies shown in the
following, single chips or modules are used, which are mounted onto single chip cards (SCCs).
These are PCBs made for testing, with dedicated pins for monitoring various chip properties, such
as chip voltages. A picture of an SCC is shown in Figure 6.9 (left).

The YARR readout system is used for the chip readout [241]. YARR is a PCI-based readout sys-
tem developed for ATLAS readout chips, used for the FE-14, RD53A and now ITkPixV1 chips. The
chip is connected to the readout system using a DisplayPort cable, and an example of a setup is
shown in Figure 6.9 (right). Using YARR, it is possible to configure the various chip settings to
tune and operate the chip. In particular, the readout system is used to characterise the chips with

various measurements (scans):
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Figure 6.9: Pictures of the ITkPixV1 single chip card (left) and testing setup using the YARR readout
system (right).

Digital Scan

In a digital scan, a configurable amount of charge is injected into the digital domain of the pixel
several times. The chip then counts the number of hits it sees and reports the occupancy. Ideally,
each pixel should see the exact number of pulses injected. This scan is usually run first to check

chip communication and ensure good operation of the digital circuitry.

Analogue Scan

Like a digital scan, an analogue scan injects a certain number of pulses into the analogue front-end
and counts the number of hits received. Ideally, the number of injected and measured pulses is
the same, but the values are more likely to differ in an analogue scan due to noise in the analogue
front-end. Additionally to the occupancy of the device, the scan also provides information about
the mean time-over-threshold (7ToT) and time-of-arrival (ToA) for each pixel. The analogue scan

is usually used to validate the performance of the analogue front-end.

Threshold Tuning

Different scans are available for adjusting the global and pixel threshold values, but the general
principle is the same. A charge with the value of the desired threshold is injected in the analogue
front-end, and a global or pixel chip threshold parameter is varied (i.e. scanning Vth1l from high
to low values) until 50% of the pixels register a hit. This optimisation can be performed for the
global parameter or each pixel individually. Typical threshold values are of the order of 1000 to
2000 electrons.
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Threshold Scan

Finally, it is possible to measure the resulting distribution of pixel thresholds using a threshold
scan. Here, a charge is injected in each pixel several times, and the response of each pixel is mea-
sured. This is repeated for a range of increasing charges. The occupancy will turn on as a function
of injected charge for each pixel, resulting in a so-called S-curve. The 50% occupancy point for
each pixel is defined as the pixel threshold, and the noise is derived from the width of the S-curve.

From this, the overall distribution of the threshold and noise in the chip can be derived.

6.4 Damage to the Digital Logic

The first tests of the radiation tolerance of the ITkPixV1 were performed to characterise the damage

to the digital logic. Several dedicated X-ray irradiation campaigns were conducted.

6.4.1 Ring Oscillators

The ITkPixV1 chip includes several test circuits, called ring oscillators, which can be used to char-
acterise the radiation damage to different gates used in the digital chip logic. These ring oscillators
are made with varying types of logic cells and various sizes of gates. Each ring oscillator drives a
12-bit counter, which is enabled for a given time. During this time, the ring oscillator output os-
cillates between 0 and 1 with a particular frequency, given by the delay of the gate used. This is
illustrated in Figure 6.10.

In the ITkPixV1 chip, there are a total of 42 ring oscillators located in different groups at the
bottom of the chip. Table 6.3 summarises the different kinds of ring oscillators in ITkPixV1, their
transistor drive strength, the length of the oscillators (i.e. the number of gates in each circuit) and
the delay measured before irradiation. The transistor drive strength is related to the size of the
transistor and proportional to W/ L, where W and L are the width and length of the CMOS tran-
sistor, respectively. Therefore, the strength 0 gates are the narrowest transistors, and are expected
to suffer the most from radiation damage [227]. The strength 1 and strength 4 gates represent most

closely what is used to implement the digital logic of the chip. The ring oscillators are grouped in

Enable

# pulses Global pulse
. 4
Startsiop 4‘ 4 bit ctr }—/— — e
ROSC ‘
T Output !
TD
Figure 6.10: Schematic of a ring oscillator block (left), from [224], and illustration of the ring oscil-

lator output (right).
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Figure 6.11: Examples of ring oscillator calibrations performed on ITkPixV1 chip before irradia-
tion. Ring oscillator frequencies are shown as a function of VDDD voltage (left) and temperature
(right).

different banks, and the Bank A ring oscillators correspond exactly the ring oscillators used in the
previous RD53A chip [234], to allow for a direct comparison.

For each ring oscillator, it is possible to calculate the oscillation frequency f, or the individual
gatedelay T =1/(N x f), where N is the length of the ring oscillator. The gate delay will increase
with increasing radiation damage, and the ring oscillator frequency will decrease, which is the
main measure of radiation damage to the digital logic. From simulations of the ITkPixV1 chip, it
is expected that the digital logic will start to fail at a delay increase of more than 200% from its
original value. The gate delays for the various gates before irradiation vary between 0.03 and 0.4

ns.

Before performing irradiations, some preliminary measurements have to be taken. There is a
strong dependence of ring oscillator frequency on the supplied voltage and a small dependence
on temperature. These dependencies were characterised for each chip before irradiation.

First, the frequency of the ring oscillators was measured while varying the VDDD voltage. The
resultis shown in Figure 6.11 for a subset of the ring oscillators. A strong linear behaviour is visible,
and the ring oscillator frequency increases by up to 300 MHz when increasing VDDD from 1.0 to
1.3 V. The slopes and offsets are determined for each ring oscillator. These parameters are then
used to account for any changes in VDDD during the irradiation.

Next, the dependence of the ring oscillators on temperature was measured. This was done by
slowly cooling down the setup from room temperature to -12°C and monitoring the ring oscillator
frequency while accounting for any changes in VDDD using the parameterisations derived above.
The results are also shown in Figure 6.11. A clear but small linear frequency dependence on the
temperature can be seen. The frequency changes by up to 20 MHz when changing the temperature

from -12°C to room temperature.
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Table 6.3: Ring oscillators available in the ITkPixV1 chip, using different gates, drive strength,

length (in number of gates) and examples of measured gate delay on an ITkPixV1 chip.

Ring oscillator number  Type Strength Length Approx. Delay [ns]
Bank A
0 Inv. CLK driver 0 55 0.042
1 Inv. CLK driver 4 51 0.029
2 Inverter 0 55 0.044
3 Inverter 4 55 0.029
4 4-input NAND 0 19 0.129
5 4-input NAND 4 19 0.076
6 4-input NOR 0 19 0.113
7 4-input NOR 4 19 0.076
Bank B left/right
0&1 Inv. CLK driver 0 38.2 0.040
2&3 Inv. CLK driver 4 44.5 0.029
4&5 Inverter 0 38.1 0.041
6&7 Inverter 4 44.3 0.030
8&9 4-input NAND 0 12.6 0.120
10& 11 4-input NAND 4 16 0.079
12 & 13 4-input NOR 0 14.5 0.110
14 & 15 4-input NOR 4 14.5 0.086
Bank B FF
16 & 17 Scan D-flip-flop 0 6.1 0.372
18 & 19 D-flip-flop 1 6.2 0.308
20 &21 Neg. edge D-flip-flop 5 0.375
Bank B LVT
22 LVT inverter 0 40.6 0.031
23 LVT inverter 4 56 0.021
24 LVT 4-input NAND 0 16.5 0.087
25 LVT 4-input NAND 4 22.8 0.059
Bank B CAPA
26-33 Inj-cap loaded 4-input NAND 4 16.8 0.078
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6.4.2 Irradiation Setup

All irradiations focused on the ring oscillators were performed using a similar methodology. The
ITkPixV1 chips were irradiated in the X-ray setup described in Section 6.2. The X-ray tube was
operated at a voltage of 40 kV, with a 150 ym Aluminium filter placed at the tube exit. The desired
dose rate was achieved by adjusting the tube current and placing the chip at a certain distance
from the tube exit.

The irradiations were performed while the chip was cooled. This was achieved by placing the
chip on a chuck connected to a Huber CC-508 chiller [242], which was able to keep the chip at a
constant temperature of roughly -10°C (& 1°C). This corresponds to a chip operating temperature
of approximately -7.5°C, which is the expected maximum temperature during ITk operation, and
more radiation damage is expected at higher temperatures. The temperature was monitored by
reading the resistance of an NTC (negative temperature coefficient) thermistor, located on the
single-chip card [243]. The chip was powered by supplying 1.6 V to the chip. This voltage is then
distributed to the analogue and digital domains of the chip via the LDOs, leading to anominal 1.2V
supplied on each. The voltage provided to the digital domain (VDDD) was monitored. The primary
measurement during irradiations was the frequency of the ring oscillators. The ring oscillators
were read out at least after every 0.1 Mrad of delivered dose. While the ring oscillators are not
measured, the chip was kept busy by running basic digital scans to avoid the chip sitting in an
idle state and simulate more precisely what would happen to a chip operating in the HL-LHC
environment.

Irradiations were performed at different dose rates. First, irradiations at high dose rates (around
1-4 Mrad/h) were performed, and the results are described in Section 6.4.3. Then, the dependence
of the radiation damage on the dose rate was studied, with the results detailed in Section 6.4.4. The
quoted dose rate is reduced by 20%, compared to the dose rate measured by the calibrated diode

due to attenuation from a thin copper layer covering the ring oscillators in the chip.

6.4.3 High Dose Rate Irradiation up to 1 Grad

The expected delivered dose to the innermost layers of ITk after 2000 fb~! of luminosity is 1 Grad,
after which these layers will be replaced. Consequently, several irradiation campaigns up to a TID
of 1 Grad were performed, and the first of these irradiation campaigns is described here in more
detail.

The ring oscillator frequencies and the monitored environmental parameters are shown in
Figure 6.12 (left). The temperature stayed within -10°C +/- 1°C. The VDDD voltage increased con-
tinuously during irradiation and was reset to 1.2 V multiple times. The ring oscillator frequencies
have been adjusted for the change in VDDD, according to the calibration measurements. The evo-
lution in ring oscillator frequencies shows a smooth decrease. After 400 Mrad, there is an increase

in noise on the ring oscillator frequencies, which is caused by additional measurements taken
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Figure 6.12: Ring oscillator frequencies for the strength 0 gates for an irradiation up to 1 Grad, at a
dose rate of 4 Mrad/h (left). The bottom panels show the evolution of the VDDD voltage and tem-
perature during irradiation. Relative increase in gate delay with dose for the Bank A ring oscillators
in ITkPixV1 (right).

during this period, which increase the variations in VDDD voltage.

It is also possible to use the ring oscillator frequencies to calculate the relative increase in gate
delay, as AT = 1/(N x f)—1/(N X fyart), Where fiar is the ring oscillator frequency before ir-
radiation. The relative gate delay increases for the Bank A ring oscillators in ITkPixV1 are shown
in Figure 6.12 (right). Similar irradiation campaigns have been performed for three additional
ITkPixV1 chips, and the measured increase in gate delay at 1 Grad is summarised in Figure 6.13
for all gates and irradiation campaigns. The results of the individual campaigns are shown, as well
as the average and standard deviation of the measured values. For the Bank A and Bank B ring os-
cillators of similar types, the results are very consistent, and the gate delay increase at 1 Grad is of
the order of 70% for strength 0 gates and of the order of 30% for strength 4 gates. As expected from
single transistor measurements [230], the delays of the narrower strength 0 gates increase more
rapidly than those of the larger strength 4 gates. For the flip-flop ring oscillators, both the strength
0 and strength 1 gates show delay increases of the order of 40%. The behaviour of the injection
capacitor loaded NAND gates all show good agreement, with an increase of gate delay between 25
and 30% at 1 Grad. These gates allow understanding the spread of the irradiation results and the
variability of the injection capacitor values. Overall, for these irradiation campaigns at high dose
rates, the resulting relative increase in gate delay is well within the expected margin of <200% for

all the ring oscillators in ITkPixV1.
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Figure 6.13: Relative increase in gate delay at 1 Grad for all ring oscillators in the ITkPixV1 chip,
measured in several irradiation campaigns at a dose rate of 4 Mrad/h.

6.4.4 Measurement of Dose Rate Dependence

The primary quantity of interest when considering the ring oscillators and the digital logic is the
increase in relative gate delay at the end of life, which should be less than 200% after 1 Grad to
ensure full functionality. While the high dose rate (HDR) irradiations show promising results, there
is a further complication to consider in understanding the expected radiation damage to the chip
at the end of life in the HL-LHC. In ITk, the total dose of 1 Grad will be delivered over many years
rather than over a few weeks. In small transistors, like the ones used to implement the digital logic
in ITkPixV1, radiation damage has been observed to strongly depend on the dose rate, with a low
dose rate (LDR) causing more damage [230]. Thus, it is essential to understand the behaviour of
the chip in low dose rate irradiations and the dose rate dependence of the radiation damage for
the ITkPixV1 chip. Several irradiation campaigns were performed at lower dose rates: 20, 40, 60
and 80 krad/h. These irradiation campaigns were conducted over several weeks up to a TID of
10-20 Mrad. These doses are significantly lower than those reached in high dose rate irradiations.
An additional irradiation campaign at a very high dose rate of 27 Mrad/h was also performed by
placing the chip closer to the exit of the X-ray tube and centring the ring oscillators in the beam
spot, such that they receive the highest possible dose.

Examples of the relative gate delay increase at different dose rates are shown in Figure 6.14.
There is a clear difference between the damage at different dose rates, and the gate delay increases

significantly quicker for low dose rates. The effect seems to be more dramatic for the strength 0



Chapter 6. Radiation Tolerance of the ITkPixV1 Pixel Readout Chip 144

ITkPixV1 ITkPixV1
* Dose adjusted for copper layers * Dose adjusted for copper layers

20 krad/h
40 krad/h
60 krad/h
80 krad/h -2
4 Mrad/h

20 krad/h
40 krad/h
60 krad/h
80 krad/h
4 Mrad/h

Relative increase in gate delay [%]
Relative increase in gate delay [%]

|

N
e o o o
o o o o

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Dose [Mrad *] Dose [Mrad *]

Figure 6.14: Gate delay increases at different dose rates for the ring oscillator made of inverter
gates, for the strength 0 (left) and strength 4 (right) gates.

gates. For each ring oscillator, the slope of gate delay increase is determined by fitting the linear
part of the delay increase, starting at approximately 5 Mrad. The results of the linear fits are also
shown in Figure 6.14. Figure 6.15 shows the fitted slopes as a function of dose rate for each type of
ring oscillator gate. The top panel in each plot shows the fitted values, and the bottom panel shows
the ratio of the fitted slopes compared to the result obtained in the high dose rate irradiation at
the most frequently used dose rate of 4 Mrad/h. The results are averaged between the Bank A and
Bank B ring oscillators of the same type. A systematic uncertainty on the dose rate is considered,
depending on the precision with which it could be measured using the calibrated diode and the
accuracy of the chip position in the beam spot. This uncertainty is usually of the order of 5-10%. A
systematic uncertainty on the fitted ring oscillator delays was also considered by varying the range
fitted and the standard deviation of the results in the case of averaged values.

There is a clear trend of increased radiation damage at low dose rates. The increase in damage
at low dose rates depends on the transistor size, with the strength 0 gates receiving roughly three
times more damage at low dose rate and the strength 4 gates receiving approximately 2.5 times
more damage. However, the conversion factor also depends on the exact type of gate used.

Considering these conversion factors, the expected damage after a lifetime in HL-LHC at low
dose rate can be estimated. For the strength 4 gates, which are representative of the chip digital
logic, the expected delay increases up to 90% at low dose rates, which is well within the require-
ments. It is also worth noting that the behaviour of growing damage seems to flatten out at low
dose rates, which is consistent with what was observed in single transistor measurements [230].
This suggests that there will not be significantly more damage to the digital logic gates at even

lower dose rates, e.g. in the outer layers of ITk.
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Figure 6.15: Fitted increase in relative gate delay as a function of dose rate for all types of gates

used in the ITkPixV1 ring oscillators. The points correspond to the slopes derived in the linear
parts of the curves shown in Figure 6.14.
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Figure 6.16: Comparison of the measured relative increase in gate delay in X-ray and Kr-85 irradi-
ations at low TID, for strength 0 gates (left) and strength 4 gates (right).

6.4.5 Comparison of X-ray and Kr-85 Irradiations

The low dose rate irradiation studies described above have only been performed at low TID. To
fully understand the behaviour of the ITkPixV1 chip in the HL-LHC environment, studies at high
TID are also necessary atlow dose rates. Such studies take a long time, and a long-term irradiation
setup has been commissioned at LBNL, using a Kr-85 beta source. The setup is known as the SLow
Irradiation of Phase-II Pixel Readout (SLIPPER), and the details of this measurement are described
in [244]. In brief, a gaseous Kr-85 beta source with an activity of 2.22 GBq is placed on top of an
RD53A chip. The achieved dose rate is estimated to be 0.025 Mrad/h and has been verified in a
dedicated X-ray irradiation campaign at CERN. This dose rate corresponds to what is expected
in the innermost layer of ITk during the LHC operation. The chip and source are placed inside
a commercial freezer and kept cold at -15°C, as measured on the chip NTC. This setup has been
continuously operating at LBNL since 2018. In the following, the results obtained with SLIPPER
are compared to the X-ray irradiation results measured at Oxford.

First, the behaviour of the ring oscillators at low TID is compared between the low dose rate
irradiations using X-rays and Kr-85. The SLIPPER setup uses an RD53A chip, where only a subset
of the ring oscillators was available. Therefore, the SLIPPER ring oscillator results are compared
to the behaviour of the Bank A ring oscillators in ITkPixV1, which utilise precisely the same gates.
Figure 6.16 shows the increase in ring oscillator gate delay at low TID, as measured in SLIPPER and
using X-rays at a dose rate of 0.020 krad/h. A linear fit to the X-ray data is also shown to extrapolate
to slightly higher TID. Good agreement can be seen between the X-ray and Kr-85 data, also when
comparing numerical results of fits to both datasets. Therefore, the damage observed in low dose

rate X-ray irradiations is compatible with what is observed in irradiations using charged particles.
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Figure 6.17: Results from low dose rate irradiations with Kr-85 (left), from [244], and results from
an X-ray irradiation campaign to 2.3 Grad at a dose rate of 4 Mrad/h (right).

Table 6.4: Comparison of the ratio of relative gate delay increase, i.e. radiation damage, at low and
high dose rates, derived using comparisons with Kr-85 and low dose rate X-ray irradiations.

Delay increase ratio LDR/HDR
Ring oscillator ~Comparison with Kr-85 Comparison with LDR X-rays

at high TID at low TID
CLKO 4.8+0.4 3.2%+0.2
CLK 4 2.4+0.1 2.6+0.3
InvO 46+04 3.4£0.2
Inv 4 2.5+0.1 2.9+0.2
NAND 0 3.2+0.2 2.7+0.3
NAND 4 1.7£0.2 1.9+£0.3
NORO 2.7%£0.1 2.84+0.2
NOR 4 1.8+0.1 2.3+0.2

As the next step, all of the available data from the Kr-85 measurements is considered. Until
now, the SLIPPER setup has collected a total of 610 Mrad of TID, and the increase in the ring os-
cillators gate delays is shown in Figure 6.17 (left). It is evident that the gate delay increase is non-
linear for the strength 0 gates. Such effects should be considered when evaluating the expected
damage to the ITk readout chip digital logic. Similar non-linear effects can also be seen at very
high doses in high dose rate X-ray irradiations. Figure 6.17 (right) shows the results of a high dose
rate X-ray irradiation up to a total dose of 2.3 Grad. Here a non-linear behaviour at high doses can
also be seen.

Comparing the data from the SLIPPER setup and the X-ray irradiations, it is possible to derive
another conversion factor between the damage in low and high dose rate irradiations. This is done
by considering the gate delay increases at a TID of 450 Mrad, 550 Mrad and 610 Mrad in the Kr-85
irradiation data and determining the dose with corresponding damage in the high dose rate X-ray

irradiation. For example, in the case of the strength 0 NOR ring oscillators, the measured gate de-
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Figure 6.18: Comparison of Kr-85 irradiations and X-ray irradiations at 4 Mrad/h for the strength
0 (left) and strength 4 (right) gates. The dose for the X-ray irradiations is scaled by the conversion
factors derived in Table 6.4.

lay increase in SLIPPER is 108% at a TID of 550 Mrad, which corresponds to 1750 Mrad of TID in
the high dose rate X-ray irradiation. Consequently, a conversion factor of 2.8 is needed between
the low and high dose rate results. The average of the conversion factors for the three different
doses is taken, and the results are summarised in Table 6.4. The values are also compared to the
previously derived correction factors at low TID. The values agree very well for the strength 4 gates,
but for the strength 0 gates, the factors derived using the SLIPPER data are significantlylarger. This
is likely due to the stronger non-linear behaviour of the strength 0 gates. Additionally, at very low
ring oscillator frequencies, the values become more sensitive to the VDDD voltage correction and
how it is applied, which might cause some discrepancies. Figure 6.19 shows the comparison of
the gate delay increases obtained in the Kr-85 irradiations at low dose rate and the high dose rate
X-ray irradiations, with the dose scaled by the derived correction factors. There is some difference
between the shapes of the data for the strength 0 gates, but overall a reasonable agreement is seen
between the two irradiation campaigns. Therefore it can be concluded that high dose rate irra-
diations can provide a good proxy for low dose rate irradiations, with dedicated gate-dependent
correction factors applied to the high dose rate results.

As afinal consideration, the expected gate delays in the ITkPixV1 digital logic can be calculated
after high TID delivered at a low dose rate, corresponding to what is expected after a lifetime in
HL-LHC. For this calculation, a functional form has to be determined to describe the behaviour of
the gate delays at high TID, based on the values at low TID. Several functional forms were tested
on the available data from the strength 0 gates, fitting the region below 200 Mrad of TID. A third-
order polynomial was found to match the data at higher doses best, as illustrated in Figure 6.19
(left). The expected delay of the strength 4 gates at high doses can be extrapolated using a third-
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Figure 6.19: Test of possible functions to describe the non-linear behaviour of the strength 0 ring
oscillator gate delay, to extrapolate from the low dose region (<200 Mrad) to the high dose region
(left). Extrapolation of the gate delays of the strength 4 gates to high total doses (right).

order polynomial, as shown in 6.19 (right). For the nominal TID of 1 Grad after the ITk lifetime,
the delays are well below the required margins of 200%. Based on this extrapolation, operational
issues of the digital logic in the ITkPixV1 chip are only expected after 1.5 Grad of low dose rate

irradiation in the experiment.

6.5 Radiation Damage to the Analogue Front-End

The radiation damage to the analogue front-end of the ITkPixV1 chip also needs to be understood.
In particular, this relates to the behaviour of the thresholds. During detector operation, the thresh-
olds of the readout chip will be tuned to ensure that all pixels have a similar threshold and ToT
response. This is done by adjusting the global threshold (parameterised with the Vth1 register)
and the pixel threshold (adjusted with the TDAC parameter for each pixel). How often this will
have to be done during operation depends on the radiation damage to the analogue front-end.
Additionally, the behaviour of the analogue front-end after irradiation to large total doses needs
to be understood. In particular, it has to be understood whether the chip is sufficiently radiation

tolerant to be operational and tuneable at all expected parameter settings after irradiation.

6.5.1 Radiation Damage during Irradiation

In the first irradiation study of the analogue front-end, measurements of the chip thresholds were
performed during irradiation. First, the global and pixel thresholds of the ITkPixV1 chip were
tuned to 1000 e before irradiation, and the threshold distributions were continuously measured
while irradiating the ITkPixV1 chip at a dose rate of 4 Mrad/h. Every 8 Mrad, the thresholds were
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Figure 6.20: Threshold distributions during X-ray irradiations (at a dose rate of 4 Mrad/h) after
tuning the chip thresholds in the beginning of the irradiation (left) and after 8 Mrad of TID (right).

fully tuned, and the measurements were repeated. Such a study provides insight into how quickly
the threshold distribution disperses at different doses. Examples of threshold distributions dur-
ing irradiation are shown in Figure 6.20. Figure 6.20 (left) shows the threshold distributions in
the first few threshold scans during the irradiation. In the beginning, the threshold distribution is
strongly peaked at around the tuned value of 1000 e. With increasing dose, the threshold distri-
butions rapidly broaden. Figure 6.20 (right) shows the same threshold distributions after retuning
the chip once it reached a total dose of 8 Mrad. Of note is that here the delivered dose between the
threshold scans is larger. An increase in the width of the threshold distribution is still visible, but
the effect is significantly smaller than at the beginning of the irradiation.

The quantity of threshold dispersion can be defined to parametrise this effect. The disper-
sion is determined by considering the threshold value of each pixel and calculating how much it
changes with irradiation. For each pixel threshold measurement, the pixel-by-pixel difference in
threshold values is calculated with respect to the initial measurement after tuning. The distribu-
tion of these differences is then considered, and its width is defined as the threshold dispersion.
By definition, this quantity is 0 directly after tuning the chip and is expected to increase with ir-
radiation. Figure 6.21 (left) shows the change in threshold dispersion with irradiation. The dif-
ferent colours indicate the different doses at which the chip was tuned. There is a rapid increase
in threshold dispersion during the first cycle, up to 200 e. The dispersion decreases for the sub-
sequent cycles, and the behaviour stabilises after approximately 30 Mrad. This suggests that the
most damage to the analogue front-end occurs during the first few Mrad of TID. In turn, this means
that during the operation of HL-LHC, some issues with the analogue front-end are expected during
the first few runs, possibly requiring more frequent retuning. After the first 30 Mrad the analogue
front-end should be well-behaved, regardless of the total delivered dose.

For the digital logic, it has been observed that the radiation damage strongly depends on the
dose rate. Therefore, the dose rate dependence was also studied for the analogue front-end. The

expectation is that the damage to the analogue front-end should not depend strongly on dose rate,
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Figure 6.21: Measurements of the threshold dispersion at a dose rate of 4 Mrad/h, after tuning the
chip thresholds at different doses (left). Comparison of threshold dispersion measured at low (20
krad/h) and high (4 Mrad/h) dose rates (right).

as the transistors used here are much larger. As an experimental test, threshold dispersion mea-
surements were performed at a high dose rate of 4 Mrad/h and a low dose rate of 20 krad/h. The
resulting threshold dispersion curves are shown in Figure 6.21 (right). The threshold dispersion
behaves similarly for low and high dose rates, with a rapid increase in the first Mrad after tuning,
which then flattens. The overall threshold dispersion is slightly larger for the chip irradiated at a
high dose rate, but this could be due to chip-to-chip differences. The increases in threshold dis-
persion beyond the initial rise are compatible between both measurements. This means that the
behaviour of the analogue front-end after a particular delivered dose in an irradiation study at a

high dose rate is representative of what is expected in HL-LHC.

6.5.2 Radiation Damage at High TID

Finally, the behaviour of the analogue front-end was studied at high total doses, by testing the
tuned threshold distributions before and after irradiation to 1 Grad. The global and pixel thresh-
olds are adjusted to 1000 e using the dedicated tuning algorithms. The resulting threshold and
noise distributions after tuning are shown in Figure 6.22, before irradiation and after irradiation
to 1 Grad. Before irradiation, the threshold distribution has a mean of 962 ¢ and a width of 39 e.
After irradiation, the width of the distribution increases to 53 e. However, the mean of 955 e is still
very close to the nominal value of the tuning. The noise distributions show only a slight increase
in noise from 41 e to 44 e after irradiation. In conclusion, it is still possible to tune the thresholds
of the ITkPixV1 chip well after irradiation to 1 Grad. Of note is that all of the described measure-
ments are performed on bare chips only. The noise is expected to be larger in the detector due to
the added capacitance from a sensor, as discussed in Section 6.7. Additional studies on the ana-
logue front-end were performed by varying chip parameter settings and reducing the operating
voltage and temperature. No issues were found down to a VDDA of 1.05 V and -40°C, which are

significantly more severe conditions than the expectation in ITk.
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Figure 6.22: Threshold (left) and noise (right) distributions of the ITkPixV1 chip after tuning, before
and after irradiation to 1 Grad. The distribution corresponds to one quarter of the available pixels
in the chip.

6.6 Radiation Damage to the SLDO

The next performed irradiation campaign focused on the powering of the ITkPixV1 chip. The
SLDO behaviour and the evolution of the chip voltages with irradiation were studied. The irra-
diation was performed similarly to the previous irradiations, at a dose rate of 4 Mrad/h and a tem-
perature of -10 °C, and the ring oscillator frequencies were monitored to validate the dose rate. In
addition to this, various chip voltages and currents were measured to understand their drift with
irradiation, such as the digital and analogue voltage, the pre-regulator voltages, and the reference
current .. After each 200 Mrad of the delivered dose, the chip was turned off and cooled down
to around -20 °C. Then, a V-I curve was measured to characterise the start-up behaviour of the
SLDO circuit at different doses and low temperatures.

Table 6.5 summarises the changes of the chip currents and voltages after irradiation to 1 Grad.
The reference current I increases by 4% throughout the irradiation. The analogue and digital
currents are derived from it and therefore also increase, but there is a more considerable increase
in the analogue input current than the digital one. The digital and analogue input voltages VinA
and VinD only increase slightly, as expected since they should not be heavily dependent on the
readout chip electronics. The most considerable drift is observed for the VDDA voltage, with +14
%, and the VDDD voltage with 9 %, which is consistent with the drifts observed for the digital and
analogue currents. This behaviour is important to consider for the operation of the ITk detector,
and how often these voltages will have to be adjusted in the experiment. It is also worth noting
that the V_of fset voltage stays very stable during irradiation, which can be explained by the
fact that it is produced by a separate circuit and is independent of the main reference current.

Finally, the SLDO V-I start-up curves at low temperatures were measured at different total
doses during irradiation. The resulting curves are shown in Figure 6.23 for the analogue input

and regulated voltages, and similar behaviour was also observed for the digital voltages. Before ir-
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Table 6.5: Increase of the currents and voltages of the ITkPixV1 chip after irradiation to 1 Grad with
X-rays at a dose rate of 4 Mrad/h.

Voltage/Current Increase
Currents

Main reference current Iref +4%

Analogue inputcurrent I_in analog +14 %

Digital input current I_in digital +9%

Analogue shunt current I_shunt analog +5%
Digital shunt current I_shunt digital +5%

Voltages
Analogue input voltage VinA +3%
Digital input voltage VinD +3%
Analogue reference voltage Vre fA +12%
Digital reference voltage Vre £D +8%
Analogue LDO output voltage VDDA +14%
Digital LDO output voltage VDDD +9%
ADC reference voltage Vre £ADC +8%
SLDO offset voltage V_offset +1%
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Figure 6.23: SLDO power-up curves for the analogue voltages VinA (left) and VDDA (right). The
vertical lines indicate the start of the linear SLDO regime at different TID. The expected behaviour
of the SLDO circuit is shown in Figure 6.6.
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radiation, the input voltage reaches its linear regime at an input current of around 1.0 A and results
in a VDDA output voltage of approximately 1.2 V. With irradiation, this starting point of the linear
SLDO regime shifts to higher input currents. This behaviour is caused by the increasing VDDA
voltage on start-up, which is caused by the drift of the reference current with irradiation. The later
start-up can be mitigated by configuring or reducing the VDDA later and is thus not a cause for
concern for the chip operation in the experiment. Overall, even after a total dose of 1 Grad, it is

still possible to power up the chip at low temperatures without any significant issues.

6.7 Proton Irradiations of ITkPixV1 Modules

As a final test of the ITkPixV1 chip, a proton irradiation campaign of ITkPixV1 modules was per-
formed at the Birmingham cyclotron using 27 MeV protons[245] up to a fluence of 5x10'° ngq / cm?,
The primary goal of this irradiation campaign was to characterise the behaviour of the ITkPixV1
chips when they are assembled into modules. The chip behaviour is expected to be different when
it is attached to a sensor due to the additional capacitance of the sensor, which will increase the
noise. Additionally, the chip needs to be characterised for sensors with larger leakage currents

after irradiation, which will further deteriorate its performance.

6.7.1 Proton Irradiation Setup

The proton irradiation campaign was performed on two ITkPixV1 modules built using 3D pixel
sensors from Sintef [246] and bump-bonded at IZM [247]. The modules were then mounted on
single-chip cards and characterised in detail before irradiation. The irradiation campaign was per-
formed at the Birmingham M40 cyclotron [245]. The setup for this irradiation is shown in Figure
6.24. The single-chip card is mounted inside a cold box, and a 1 cm Aluminium shield is placed on
top of the single-chip card to avoid activation of the metal components on the card. The cold box
is cooled using a Norhof liquid nitrogen evaporative cooling system. The modules were cooled
down to around -30 °C before the irradiation. During the irradiation, the chip temperature in-
creased significantly but stayed below 0 °C for the entire duration of the campaign. The chip was
powered and read out while being irradiated, and the chip voltages were monitored. The chip cur-
rents were reset frequently. Although communication issues with the chip were expected during
the irradiation due to the high instantaneous proton flux, the ring oscillators were attempted to
be read out throughout the irradiation. The irradiation was performed by moving the cold box
through the beam to scan the 1 cm beam spot over the surface of the chip. Before irradiation,
the chip was aligned with the beam, and a test run was performed to ensure good coverage of the
module. During the irradiation, a Nickel foil was placed in front of the module, later used to de-
termine the total delivered fluence. From this, the delivered fluence was determined to be 4.9 and

4.7x10" neq /cm? for the first and second module, respectively.
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Figure 6.24: Pictures of the setup for proton irradiation at the Bimingham Cyclotron. The ITkPixV1
modules were mounted inside a cold box, and powered and read out during the irradiation.

6.7.2 Measurements during the Irradiation

It was possible to communicate with the chip and measure the ring oscillator frequencies through-
out almost the entire irradiation, which illustrates the robustness of the ITkPixV1 chip even in an
extreme environment. The resulting plot of ring oscillator frequency, VDDD and temperature is
shown in Figure 6.25 (left) for one of the modules. The temperature fluctuated significantly dur-
ing the irradiation because the chip current had to be reset very frequently, and the beam spot
was scanned over the surface of the module, delivering a large amount of dose in a short time.
The measurement of the ring oscillator frequencies is very noisy; however, the characteristic de-
crease of the ring oscillator frequency is still visible.

The main advantage of reading the ring oscillators during this irradiation is that it allows to use
them for dosimetry and compare them to the results obtained in X-ray irradiations. Figure 6.25
(right) shows the increase in gate delay for an X-ray irradiation campaign at a dose rate of 4 Mrad/h
in black. The ring oscillator delay data during the proton irradiation is also plotted, with the dose
rate parameter adjusted such that data matches the X-ray results as well as possible. Using these
results, it is now possible to determine the expected TID by comparing the endpoint of the proton
irradiation data to the X-ray irradiation data. Based on this estimate, the first and second modules
received a TID of around 250 and 220 Mrad, respectively.

It is also possible to estimate the TID delivered in the proton irradiation by converting the
measured fluence into TID using the Bethe model for protons [248]. Following this approach, the
expected TID is approximately 500 Mrad, twice as large as the value estimated from the ring os-
cillator measurements. There is no clear explanation for this, but there can be several possible
reasons. Most likely, this discrepancy is caused by the impact of having vastly different dose rates
in the X-ray and proton irradiations, since the dose rate in the proton irradiation would be about
400 Mrad/h. However, this is very difficult to verify, as X-ray setups with high dose rates are un-

available. A further explanation could also include the temperature dependence of the radiation
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Figure 6.25: Ring oscillator frequencies for the strength 0 gates during proton irradiation of
ITkPixV1 module 0x10348 (left). Ring oscillator delay increases during proton irradiation com-
pared to an X-ray irradiation at a dose rate of 4 Mrad/h for the CLK 0 ring oscillators (right).

damage, as the temperature in the proton irradiation varied significantly. However, the exact TID
value achieved in the proton irradiation campaign is not critical. The main focus of the measure-
ment is the analogue front-end, where most of the radiation damage occurs at the beginning of
the irradiation. Additionally, the bulk damage to the sensor is of interest, and the total fluence has

been precisely measured during the irradiation.

6.7.3 Measurements of the Analogue Front-End after Irradation

After the proton irradiation, the modules were used to characterise the behaviour of the analogue
front-end when attached to a sensor with a significant amount of leakage current. Two configura-
tions of leakage current were tested: 2 nA and 10 nA per pixel, representing two different points in
the lifetime of the 1Tk detector, where 2 nA is a realistic operational scenario, and 10 nA is a worst-
case scenario. As a first step, the behaviour of the sensors after irradiation was characterised. The
currents for different bias voltages (i.e. the IV curves) for the two modules are shown in Figure
6.26, for different temperatures. The leakage currents are of the expected order of several hundred
uA, and show the characteristic increase with temperature. The characterisation of the analogue
front-end was performed for both module 0x10348 and 0x10358, and the results were found to be
consistent, so for simplicity, only results for module 0x10348 are shown going forward.

With these particular modules, further considerations have to be made when characterising
them. Due to issues with the bump bonding, only a subset of the pixels are connected, as can be

seen in the source scan in Figure 6.27 (left). Furthermore, during the irradiation the beam and the



Chapter 6. Radiation Tolerance of the ITkPixV1 Pixel Readout Chip

157

0.6 0.6
ITkPix-v1 module ITkPix-V1 module
Chip SN 0x10348, 3D Sintef sensor ° Chip SN 0x10358, 3D Sintef sensor ..
0.5 1 L] 0.5 ..
° .
L] o* ™
0
U o
0.4 4 e 0.4 ® °
= o e z o** o o
E ® 0o £ o0 o o
2 034 < 0.3 o** o0 o e
@ © °® ° °
£ E o® () o _®
E S oo® L} ° ®
O o ° (] o ®
® ® o o
0.2 4 0.2 4 ® ® o
° L4 ® e
° *® 0%e®
- . o® 0%e® _
40 C s o® ® -40C
4 E i ee® o E
0.1 30C 0.1 ° ........ ® -30C
-20C ge ® -20C
10¢ 8 000 e -10C
ee0®
0.0 - T T T 0.0 ’4*"'!.;".. T T T T T T T
[} 125 150 200 o] 25 50 75 100 125 150 175 200

Voltage [V] Voltage [V]

Figure 6.26: IV curves after irradiation at different temperatures for module 0x10348 (left) and
0x10358 (right).
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Figure 6.27: Illustrations of the areas of the irradiated module. A source scan for module 0x10348
shows the connected and disconnected pixels (left). A picture of the irradiated single-chip card
where discolouration illustrates the irradiated area (center). An illustration of the different areas
considered areas in the module (right).
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devices were not perfectly aligned, so the irradiation missed the top region of the chip, as can be
seen in the discoloured area in Figure 6.27 (center). As a consequence, the module can be divided
into different areas: connected + irradiated, connected + unirradiated, disconnected + irradiated,
and disconnected + unirradiated pixels. For most of the results, only the connected + irradiated
pixels are considered, and the leakage current per pixel is calculated only taking these pixels into
account. For the measurements at the different leakage current settings of 2 nA and 10 nA per
pixel, the leakage current is adjusted by varying the bias voltage. The measurements are taken at
various temperatures and the bias voltages are adjusted accordingly to keep the leakage current
constant.

First, measurements were performed using analog scans and threshold scans without the tun-
ing of the pixel thresholds. These results are not discussed in detail in this thesis. In summary, no
significant issues of chip operation were found after irradiations, and the analogue front-end was
fully functioning down to -40°C and with a reduced analogue voltage of 1.07 V. As a final validation
of chip performance, the tuning of the pixel thresholds was tested at the different leakage currents,
without and with the leakage current compensation circuit (LCC), and the results are summarised

in the following.

Measurements after Tuning of Pixel Thresholds at Leakage Currents of 2 nA/pixel

Due to the different areas of the modules in terms of connected bumps and irradiation, and the

relatively high noise, the tuning was performed in several steps:

¢ The global threshold was set to 2000 e by hand based on the threshold distribution of the

connected + irradiated pixels only.
¢ The pixel threshold was tuned to 2000 e using the standard pixel threshold tuning algorithm.

* The global threshold was set to 1500 e by hand, based on the connected + irradiated pixels
only.

¢ The pixel threshold was tuned to 1500 e.
¢ A threshold scan and an analogue scan were performed.

Figure 6.28 shows two examples of ToT maps from analogue scans after this tuning procedure,
without (left) and with the LCC switched on (right). For both scans, most pixels are responsive, but
noticeable differences can be seen between the connected and disconnected and the irradiated
and unirradiated pixels. In particular, the mean ToT is higher for the irradiated pixels and highest
for the irradiated and disconnected pixels. The difference in the behaviour of the pixels is reduced
with the LCC switched on.

An example of the threshold scan results for the different areas of the module, for a leakage
current of 2 nA/pixel at a temperature of -5 °C, can be found in Figure 6.29. Here, both the two-
dimensional maps of the quantities, as well as the distributions are shown. First, the threshold

map and distribution show the expected threshold of 1500 e and good agreement between all
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Figure 6.28: Maps of the ToT measured in analogue scans of a proton-irradiated module, after
tuning the thresholds at a leakage current of 2 nA/pixel, with the LCC off (left) and LCC on (right).
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Figure 6.29: Threshold (top) and noise (bottom) maps and binned distributions as measured on
the proton-irradiated module 0x10348, after tuning the thresholds to a value of 1500 e. The leakage
current is set to be 2 nA/pixel. Binned distributions are shown separately for the different areas in
the module.
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Figure 6.30: Threshold (left) and noise (right) distributions for the connected and irradiated pixels
in module 0x10348, after tuning the thresholds to a value of 1500 e, with and without the LCC. The
leakage current is set to be 2 nA/pixel and the temperature is -40°C.

four areas of the module. In the noise map, a clear distinction between the four areas of the chip
can be found. The connected+unirradiated pixels have a larger noise of around 100 e compared
to the connected+irradiated with around 80 e. This feature can be explained by the fact that the
tuning is performed with only the connected + irradiated pixels. The disconnected pixels have a
significantly lower noise of around 50 e, as expected.

Finally, these studies can be used to identify the operating range of the modules by reduc-
ing the temperature. When lowering the temperature, no operational issues were observed down
to -30°C. Figure 6.30 shows the threshold tuning results for the connected+irradiated pixels for
2nA/pixel for a temperature of -40°C, for different LCC settings. At -40°C, issues start to occur in
the tuning without the LCC - the threshold distribution becomes wider, and the noise is higher.
This observation is consistent with the previously described analogue scan measurements, where
operational issues were observed at -40°C and low voltages. However, the chip behaviour can be
improved by switching on the LCC, as shown in the purple curve, where it is possible to recover

the expected threshold and noise distribution.

Measurements after Tuning of Pixel Thresholds at Leakage Currents of 10 nA/pixel

A similar set of measurements was taken for a leakage current of 10 nA/pixel after tuning the pixel
thresholds for each configuration. The ToT maps resulting from analogue scans with and without
the LCC are shown in Figure 6.31. Here a significant number of failing pixels can be seen for the
connected+irradiated pixels when the LCCis switched off. This feature significantly improves after
switching on the LCC. Once again, there is a significant difference between the different areas of
the chip in terms of observed ToT values - for the disconnected pixels, the measured ToT values
are higher. With the LCC switched on, this feature is reduced, and the ToT map again looks more
similar for the connected and disconnected pixels.

The threshold results, when tuning with a leakage current of 10 nA/pixel, are shown in Figure
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Figure 6.31: Maps of the ToT measured in analogue scans of a proton-irradiated module, after
tuning the thresholds at a leakage current of 10 nA/pixel, with the LCC off (left) and LCC on (right).
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Figure 6.32: Threshold (left) and noise (right) distributions for the connected and irradiated pixels
in module 0x10348, after tuning to the thresholds to a value of 1500 e, with and without the LCC.
The leakage current is set to be 10 nA/pixel and the temperature is -20°C.

6.32 for the connected+irradiated pixels only, at a temperature of -20°C. The threshold distribution
is wider than the target distribution and the noise is high while the LCC is off. Once the LCC is
switched on, the nominal chip performance can be recovered, and a high LCC setting gives the
best results, as expected from simulation. Similar behaviour is also observed at a temperature of
-5°C.

Impact of the Leakage Current Compensation in Comparison with Simulation

Finally, the LCC circuit was characterised in more detail by studying the ToT as a function of in-
jected charge, with and without the LCC switched on. This study has been performed in simula-
tion for a leakage current of 3 nA/pixel, with the resulting curves shown in Figure 6.33. Without the
LCC, the response to increasing charges flattens at high total charges. In contrast, there is a more

significant increase with increasing injected charge with the LCC switched on. Using the proton-
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Figure 6.33: Simulated (left) and measured (right) ToT as a function of injected charge for a leakage
current of 3 nA/pixel. The simulated graph is from [224]. A typical signal in a 150 um thick sensor
is of the order of 10000 e, and is usually split over several pixels.

irradiated modules, similar curves were measured, using the same leakage current (3nA/pixel) and
LCC setting (LCC bias 600) as in simulation. The resulting curves are shown on the right in Figure
6.33. The absolute values of ToT are slightly different, likely due to slightly different settings on the

chip feedback current. Nevertheless, a similar effect of switching on the LCC can be reproduced.

6.8 Summary and Outlook

This chapter outlined investigations into the radiation tolerance of the ITkPixV1 readout chips,
which are currently the latest prototype chips for the ATLAS ITk pixel upgrade.

Several irradiation campaigns were performed using the X-ray irradiation setup at Oxford. The
setup was commissioned and calibrated as part of this project. In particular, the dose rate and
beam spot were calibrated using a diode and Medipix detector. The setup was found to have the
ability to deliver dose rares of around 4 Mrad/h for an 8 cm beam spot with high uniformity.

The TID damage to the digital logic of the ITkPixV1 chips was studied by measuring the in-
crease in gate delay of the ring oscillator test circuits on the chip. A total of 15 irradiation cam-
paigns was performed using ITkPixV1 chips.

Athigh dose rates, an increase in ring oscillator gate delay of up to 40% was found at total doses
of 1 Grad (for the gates representative of the digital logic on the chip). The dose rate dependence
of the radiation damage was studied using X-ray irradiations at low dose rates and low TID, and a
comparison with a long-term low dose rate irradiation campaign using Kr-85. For the ring oscil-
lators representing the digital logic in the chip, a factor up to 2.5 higher damage was found at low
dose rates. Low dose rate effects should be studied further, especially at high TID. However, for
the ITk upgrade, the results are well understood and low dose rate effects are expected to increase
the radiation damage within the allowed margins.

The analog front-end was also characterised in X-rayirradiations. Duringirradiation, the thresh-
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old dispersion was measured, and most damage to the analog front-end occured in the first tens
of Mrad of TID. Furthermore, no significant dose rate effects were found in the analog front-end
since larger transistors are used in this component. After irradiation to 1 Grad, the analog front-
end was characterised and found to be fully operational, even down to reduced analog voltages of
1.05V.

The powering circuit of the ITkPixV1 chips (SLDO) was characterised in a dedicated study.
During irradiation to 1 Grad, the chip reference voltages increased by up to 15%. The SLDO cir-
cuit remained fully functional. However, the regular operational setting is reached only at a higher
supplied current due to the voltage drift, which will have to be considered during detector opera-
tion.

Finally, the ITkPixV1 chip was characterised in modules with attached sensors in a proton irra-
diation campaign at the Birmingham cyclotron. Two modules were irradiated to a total fluence of
5x 1015neq /cm?. Communication with the chip was possible throughout the irradiation, and the
ring oscillators and chip voltages were monitored. The comparison of ring oscillator data to X-ray
irradiations suggests that the modules received a TID of around 250 Mrad. The analog front-end
of the chip was characterised after irradiation for leakage currents of 2 nA and 10 nA/pixel. For 2
nA/pixel the chip is operational down to -30°C, even with a reduced voltage of 1.1V. For 10 nA/pixel
the chip is also fully functional when switching on the leakage current compensation circuit.

In summary, the ITkPixV1 chip is as radiation tolerant as expected and should survive the in-
tended lifetime in the ITk upgrade. As the next steps of the readout chip development for the ITk
upgrade, the final production version of the chip, ITkPixV2, will be submitted in 2022. The final
chip will then be characterised in detail, particularly in larger-scale system tests and beam test

measurements, to understand the device in more realistic operational scenarios.



Chapter 7

X-Ray Measurements of the Monolithic
Mini-MALTA Prototype

The final chapter of this thesis focuses on potential novel pixel detector technologies for the ATLAS
detector and future collider applications. There is a clear need to futher upgrade our detector per-
formance to improve our sensitivity for physics measurements, such as the VH(H — ¢ ¢) search
described in Chapter 4. In particular, the VH(H — c¢) search would benefit from better reso-
lution of the inner tracker, which would help with momentum and vertex reconstruction. Such
an improvement would, in turn, enhance the performance of our flavour tagging algorithms and
thus the identification of heavy-flavour jets in the detector. The performance of a pixel detector
in a collider experiment can be improved by reducing the pixel pitch and the detector material.
A reduced pixel pitch will result in a better position resolution and, therefore, better resolution in
the reconstruction of impact parameters. A material reduction will result in less multiple scatter-
ing, improving the position and momentum resolution, where the former is a main ingredient in
vertex reconstruction.

Monolithic detectors provide a potential option to achieve these goals. In monolithic pixel de-
tectors, the active area and readout electronics are located in the same piece of silicon. This makes
it possible to reduce the thickness of the device significantly, as no additional readout chip and
bump bonds are needed. Removing the bump bonding from the production process reduces the
cost significantly and allows for smaller pixels. These advantages make monolithic detectors an
excellent candidate for future pixel detectors. On the downside, the technology is not as well devel-
oped as hybrid pixel detectors and, in general, not as radiation tolerant. At the LHC, monolithic de-
tectors have been first developed within the ALICE collaboration [249]. Based on this technology,
monolithic detectors have also been considered for the outermost layers of the ITk pixel detector
upgrade, and this chapter summarises some work performed within this effort. In particular, this
chapter discusses the measurements of the pixel performance of the monolithic mini-MALTA pro-
totype in an X-ray beam test at Diamond Light Source. The pixel response is measured with high
precision, and the performance of the different pixel designs within the prototype is compared.

Additionally, measurements of the pixel response at varying levels of irradiation are described, up
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Figure 7.1: Standard MALTA design and process modifications in mini-MALTA. The figure is not to
scale, the thin n-type layer located on top of a p-type epitaxial layer with a depth of 30 um. This
layer is expected to be fully depleted, and is grown on a highly doped p-substrate which makes no
contribution to the charge collection.

to the total doses that would be expected in the outermost layer of ITk (1 x 105 Neq/ cm?).

7.1 The mini-MALTA Prototype

The mini-MALTA device is a depleted monolithic pixel sensor prototype made in TowerJazz 180 nm
CIS (CMOS Image Sensor) technology, with 64 x 16 pixels and 36.4x36.4 um? pixel pitch. More de-

tails about the device, laboratory and particle beam test measurements can be found in [250]. It
is based on the technology of the ALPIDE chip, developed for the ALICE ITS upgrade [251]. The
ALPIDE design was then adapted to allow for full depletion of the epitaxial layer [249]. This was

tested in the MALTA chip, a full-sized CMOS demonstrator for the ATLAS ITk upgrade [252, l.
Mini-MALTA was designed as a test chip based on the MALTA chip to test different front-end de-
signs, reset mechanisms and processes. Three possible approaches are tested in the mini-MALTA
prototype, which are illustrated in Figure 7.1. The standard design, similar to the one of the MALTA
chip, is referred to as the continuous n-layer. Additionally, two modified layouts have been intro-
duced in mini-MALTA. These process modifications are included in each pixel to improve charge
collection at the pixel edges. The first variant has an extra deep implant of p-type silicon, which
is expected to shape the electric field within the detector such that the produced charge carriers
are steered more directly towards the collection electrode in the centre of the pixel. The second
layout has a gap in the n-layer, which is expected to have a similar effect on the electric field. Both
devices have been shown to perform well in TCAD simulations [254]. Each configuration is im-
plemented with a standard front-end and a modified front-end featuring enlarged transistors to
reduce random telegraph signal (RTS) noise. For the continuous n-layer configuration, the sector
with the standard front-end was tested, as this corresponds to what was previously implemented
in the MALTA chip. For the n-gap and extra deep p-well designs, the sectors with the enlarged
transistors were measured, as these have been shown to perform better.

The main goal of the beam test at Diamond Light Source [255] was to study the performance

of the two new layouts compared to the standard layout for different levels of irradiation. One
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Table 7.1: Table of mini-MALTA chips with their respective delivered dose in neutron equivalent
fluence and TID.

Sample Epitaxial Irradiation Fluence TID annealing
Thickness (neq/cm?) (MRad)
(um)

W2R11 30 none 0 0 none

W2R9 30 23 MeV protons 5.0x 104 66 none

W2R1 30 1 MeV neutrons 1x10% none

W5R9 25 23 MeV protons 5.6x10" 74 120 min at 35 °C

W4R9 25 23 MeV protons 7x108 9 none

unirradiated chip was tested (W2R11). Several irradiated devices were tested, as summarised in

Table 7.1. One sample (W2R1) was irradiated to a total fluence of 1 x 10'° Neq/ cm?

using neutrons
from the TRIGA research reactor in Ljubliana [256]. The remaining three chips were irradiated with
23 MeV protons at the MC40 cyclotron at Birmingham to 5 x 10'* and 7 x 10'® ne, / cm? [245]. Here
the delivered fluence was estimated through nickel dosimetry, and the TID was calculated using
the Bethe model for 23 MeV protons [248]. After irradiation, the behaviour of these devices was
characterised by noise scans, threshold scans and data acquisition with a Sr-90 source. For one of
the samples (W5R9), the noise was too high after irradiation, and its performance was improved

through annealing at 35°C for two hours.

7.2 Experimental Setup

The X-ray beam test was performed at the B16 beamline at Diamond Light Source. The experi-
mental setup in the beamline is shown in Figure 7.2 (left). The mini-MALTA chip was mounted on
a PCB and attached to the cooling system. The cooling system was developed especially for this
beam test and is shown in Figure 7.2 (right). It consists of a water-cooled metal chuck reaching a
temperature of 10°C, coupled to the warm side of a Peltier element connected to a cold adapter
plate onto which the mini-MALTA PCB was attached. This cooling system consistently kept the
sensor at -13°C, and the temperature on the cooling chuck was monitored with a temperature
sensor. The setup was enclosed in a foam box, which was flushed with nitrogen to avoid conden-
sation.

The X-ray beam was focused using a Compound Reflective Lens (CRL) X-ray mirror arrange-
ment to a beam spot of 2 um (FWHM), as measured using a knife-edge technique. The mini-
MALTA chip was mounted on a motion stage, which was placed at the focal point of the X-ray
beam. The device was read out using a Kintex KC705 FPGA board.

The choice of beam energy was made based on an estimate of how much energy a minimum
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B Mini-MALTA [Bamaadecs

Figure 7.2: Experimental Setup in the beamline (left). The mini-MALTA chip is cooled and located
on a PCB, which is mounted onto a motion stage. CAD drawing of the cooling system with the
attached mini-MALTA PCB (right).

ionising particle (MIP) would deposit in the depletion region of mini-MALTA. Mini-MALTA is ex-
pected to have a depletion depth of between 20 and 25 ym, depending on several silicon prop-
erties, the bias voltage, and the irradiation levels. The given depletion depth means that a MIP
would deposit between 7.7 and 9.7 keV in the device, according to Equation 5.2. At these ener-
gies, X-rays interact primarily through the photoelectric effect and deposit all their energy in one
location. Therefore, a beam energy of 8 keV was chosen for this beam test.

The beam was attenuated by 0.5 mm of aluminium to decrease the data rates of the chip. Dur-
ing the measurements, the detector was moved in both orthogonal directions to the beam in 2
um steps. The precision of the movement of the motion stages is 400 nm. Data was taken for 1 s
at each point to reach sufficiently high statistics. The scans covered a total area of 100x100 um?,
which fully contained at least four pixels.

The chip threshold for each measurement was chosen depending on the level of noise in the
chip. The threshold values were set with the discriminator bias current (IDB). Then, the threshold
distributions were measured with a threshold scan for each of the sectors of each device. The
results for the different chips and sectors are summarised in Table 7.2. In general, larger thresholds
are needed for devices that received TID damage. The precise value of the chip threshold does not
impact the results of the X-ray beam test because the photon always deposits all of its energy when
itinteracts. For an 8 keV photon, one would expect 2000 e to be produced, significantly higher than

the thresholds noted in Table 7.2, even if the charge is split between multiple pixels.
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Table 7.2: Measured thresholds for the different samples and sectors.
Threshold [e]

Sample Fluence TID continuous extra deep n-gap
Neq/cm? (MRad)  n-layer p-well

W2R11 0 0 368 197 190

W2R9 5x10' (p) 66 533 303 274

W2R1 1x 10" (n) 330 181 187

W5R9 5x 10 (p) 70 681 379 374

WA4R9 7x108 (p) 9 437 234 232

7.3 Results
7.3.1 Analysis and Single Pixel Response

The number ofhits in a particular pixel was stored at each stage position during the beam test. This
information was then translated into a two-dimensional map, with an example of this shown in
Figure 7.3 (left). The shape of the response of an individual pixel is visible. Next, the centre of each
pixel was identified by applying a Gaussian filter [257] to the image and finding the location with
the maximum value. Then, the average number of hits was calculated in a small region around
the pixel centre, which is outlined with a green square. The number of hits in each pixel was then
normalised to that average. This means that the response of the individual pixel is normalised
individually, which removes pixel-to-pixel variations in response. Subsequently, the average nor-
malised number of hits was calculated within a 36.4x36.4 um? square, which is shown in red in
Figure 7.3 (left) and corresponds to the nominal size of the pixel. This average is defined as the
relative photon pixel response. The uncertainty on the pixel response is defined as the standard
deviation of the number of hits in the normalisation area, i.e. the green square. The photon pixel
response measures how well the device responds to particles. However, it is different from the
standard measure of efficiency quoted for beam tests with charged particles due to the different
energy deposition for photons and charged particles and because there is no measurement of the
total number of photons entering the device. A more detailed discussion of the difference between
photon and charged particle beam tests can be found in [5].

The pixel response calculation was repeated for each pixel, and the pixel responses were av-
eraged across the fully visible pixels in the scan. The single-pixel maps are then added together
while removing all entries from the pixel maps below 7% normalised response, as those hits are
likely to stem from the X-ray halo or noise in the detector. An example of the summed pixel re-
sponse map is shown in Figure 7.3 (right). At the pixel edges, the produced charge can be picked
up by two pixels simultaneously, which leads to a pixel response larger than 1.

Aninteresting feature of the mini-MALTA is that the pixel response is asymmetric and extended
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Figure 7.3: llustration of technique used for the analysis for a single pixel of the continuous n-
layer on W2R11 (left). The green square outlines the centre of the pixel, which the number of hits
is normalised to. The red square outlines the expected pixel area. Example of a summed pixel
response map and profile of the response along the blue line for the extra deep p-well sector of
W2R1 (right). The response for each pixel is shown in a different color and the total normalised
response is shown as a dashed line.
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Figure 7.4: Overlay of the scan of the continuous n-layer sector in W2R1 (irradiated to 1 x 10'°
Neq/ cm?) and the shape of the deep p-well cutout and collection electrodes. The cutout of the
deep p-well influences the charge collection shape.
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Table 7.3: Calculated average pixel responses for the different samples and designs.

Pixel response [%]

Sample Fluence TID (MRad) continuous extra deep n-gap
Ngq/cm? n-layer p-well

W2R11 0 0 88.3+£2.4 90.5+2.2 90.9+2.2

W2R9 5x10" (p) 66 81.2+2.8 87.6+4.2 88.4+3.8

W2R1 1x 10" (n) 75.4+3.8 90.5+2.8 89.0+3.1

W5R9 510 (p) 70 80.4+2.8 89.0+2.5 89.3+2.2

WA4R9 7x108 (p) 9 78.7+£2.6 89.8+2.3 89.9+2.3

in one direction. A double-column structure is also visible, i.e. two adjacent columns of pixels
appear mirrored. These features agree with observations in previous beam tests of the MALTA chip
[258]. The asymmetric pixel shape is caused by the shape of the deep p-well cut-out. This is the
region between the collection electrode and the p-well which contains n-type silicon. The shape
of the deep p-well cut-out is shown as an overlay in Figure 7.4, with the n-type collection electrode
as the pink dot in the centre. In regions with less p-well coverage, i.e. alarger gap, one can observe
a higher pixel response. A larger p-well gap causes a more significant potential difference with
respect to the collection electrode. The p-well layout is mirrored in double columns explaining

the double-column structure of the response.

7.3.2 Pixel Response as a Function of Radiation

The results of the normalised pixel response analysis for the different samples are shown in Table
7.3 and the examples of response maps are shown in Figures 7.5(a) - 7.5(i). All measurements were
performed at a bias voltage of -5 V. The most accurate comparison between different designs and
irradiation levels is achieved by comparing the samples W2R11, W2R9, and W2R1. These samples
are from the same wafer (W2), which means they must have the same resistivity. Therefore, chip-
to-chip differences are expected to be smaller.

The continuous n-layer sectors for the unirradiated (W2R11) and neutron-irradiated samples
(W2R1) are shown in Figures 7.5(a) and 7.5(g), respectively. Almost the entire pixel is fully re-
sponsive for the unirradiated sample W2R11, except for some areas in the pixel corners. For the
neutron-irradiated sample W2R1, the pixel response decreases significantly around the corners
and pixel edges. Overall the average pixel response in the continuous n-sector is reduced at higher
fluences (more than 10% after a fluence of 1 x 10" neq / cm?). As previously described, the photon
response is not directly comparable to the efficiency determined at proton beam tests. However,
the proton efficiency determined at previous a MALTA beam test at SPS [259] shows a similar trend

with irradiation. A similar trend was also observed in the mini-MALTA beam test performed at
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Figure 7.5: Pixel response maps for the different samples. For each sample the continuous n-layer,
extra deep p-well and n-gap sector are shown. W2R11 is unirradiated, W2R9 is proton-irradiated
to 5% 10 ngq /cm? and 66 Mrad and W2R1 is neutron-irradiated to 1 x 10 ngq /cm?.
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Table 7.4: Average normalised response for the different sectors of W2R1 (neutron irradiated to
1x 10" neq/cm?) for different biasing voltages.

Pixel response [%]

Sample Bias (V) continuous n-layer extra deep p-well  n-gap
W2R1 -6 76.7+3.8 91.1+3.0 90.0+3.1
-20 72.2+3.3 86.6+£3.9 86.4+2.9
ELSA [250].

Compared to the continuous n-layer, the extra-deep p-well and n-gap designs improve radia-
tion tolerance. There is only a small improvement in the total pixel response value for the unirradi-
ated sample. However, in the pixel response maps (Figures 7.5(b) and 7.5(c)), there is no more loss
in response at the pixel edges. Moreover, there is almost no decrease in relative response observed
with radiation dose for the irradiated samples, and most of the pixel remains fully responsive. Both
of the two new tested designs show similar performance. This is in agreement with TCAD simula-
tions [254], which show the same change in electric field lines for both design modifications, and
more studies are needed to compare the performance of the two new designs. The other samples
studied during the beam test, W5R9 and W4R9, show a similar trend of improved performance

with the pixel design modifications.

7.3.3 Pixel Response as a Function of Bias Voltage

An additional measurement was performed to compare the pixel response at different bias volt-
ages. The photon response measurements were performed on module W2R1 at a bias voltage of
-6 V and -20 V. The resultant response maps for the continuous n-layer sector at each voltage are
shown in Figures 7.6(a) and 7.6(b), and the response results are summarised in Table 7.4. The
average relative pixel response decreases from 76.7% to 72.2% with increasing bias voltage. This
means that the pixel edges become less responsive with respect to the pixel centre and appear
sharper. The same effect is seen in the new designs, as shown for the n-gap configuration in Fig-
ures 7.6(c) and 7.6(d). Simulations suggest that a higher applied voltage causes a longer drift path
and faster drift along the sensor depth [254]. In the pixel centre, the more rapid drift causes better
charge collection. However, at the pixel edges, the charge deposited below the deep p-well im-
plant is quickly pushed towards the deep p-well and has to travel almost parallel to the surface.
Thislonger drift path leads to a higher probability of the charge being trapped and not reaching the
collection electrode. And as the drift velocity perpendicular to the surface does not increase with
higher voltage, more charge carriers are lost, and the normalised response around the pixel edges
decreases. A second effect can also have an impact on the relative pixel response: the response
is calculated with respect to the charge collected in the pixel centre. With increasing voltage, the

depletion depth will get larger, so the total collected charge will increase, and the charge loss at the
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pixel edges may appear more severe. Therefore, to fully understand this effect, charged particle

beam tests are necessary, which can measure absolute efficiency in response to a particle.

7.4 Conclusions and Outlook

This chapter summarised the measurements of a monolithic detector prototype in an X-ray beam
test at Diamond Light Source. Monolithic pixel detectors provide an exciting option to reduce
material and pixel pitch in pixel detectors at new colliders. Within the ATLAS collaboration, the
MALTA and mini-MALTA prototypes were developed. The mini-MALTA prototype includes two
design modifications to the substrate for better charge collection at the pixel edges and increased
radiation tolerance, improving the design of the MALTA chip. The pixel response of the standard
and new structures of mini-MALTA were measured with high precision at a beam test at Diamond
Light Source. The two modified designs show significantly better pixel response and less degrada-
tion of the performance with irradiation.

Using the data from the X-ray beam test, it is also possible to quantify the charge sharing be-
tween pixels and cluster size in the device, with more details described in [4]. While the mea-
surements of pixel response are not directly comparable to efficiency measurements in charged
particle beam tests, a conversion between the two quantities is possible with some additional lab-
oratory measurements, as described [5].

As it can be seen from the results presented in this chapter, the design modifications intro-
duced in the mini-MALTA prototype improve the radiation tolerance of the monolithic detector
prototype such that it can withstand fluences up to 1 x 101° Neq/ cm?. Currently, monolithic detec-
tors are not foreseen in the ATLAS ITk upgrade. Still, with further increased radiation tolerance,
they might be a feasible option for the replacement of the innermost layers of the ITk, halfway
through HL-LHC, which would require radiation tolerance up to 1 x 10'® n.,/cm®. Efforts to im-
prove the radiation tolerance of MALTA are underway, including tests of different substrates and
the improvement of the readout. Beyond the application in ATLAS, monolithic detectors are also
an excellent candidate for the detector design for future colliders, such as ILC [260], FCC-ee [261]
and CEPC [262].
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Conclusions and Outlook

The physics program of the ATLAS experiment at the LHC has been hugely successful in discov-
ering and measuring the properties of the Higgs boson. Many production and decay modes of
the new particle have been observed, and the observed properties are in good agreement with the
Standard Model predictions. However, many open questions remain, and more measurements
of the Higgs boson are necessary. For instance, no evidence of its coupling to second-generation
quarks has been found yet.

This thesis presented a search for Higgs decays into c-quarks in the V H production mode,
using a pp collision dataset of 139 fb™! collected at 4/s = 13 TeV using the ATLAS detector. This
search improved on the previous measurement by adding a larger dataset, additional channels,
and significant analysis improvements in jet flavour tagging and the estimation of backgrounds.
In addition to measuring the V H (H — c ¢ ) process, validation measurements of the diboson pro-
cesses VW (W — cq) and VZ(Z — c¢) were performed. The diboson measurements showed
good agreement with the SM expectation, with observed (expected) significances of 2.6 (2.2) and
3.8(4.6)forthe VZ(Z — cc)and VW (W — cq) processes, respectively. The V H (H — ¢ ¢ ) signal
strength was also found to agree with SM expectation. A 95% CL upper limit of 26 (31) times the
predicted cross-section times branching fraction was observed (expected) for the VH(H — ¢¢)
process, which significantly improves previous constraints. Additionally, it was possible to mea-
sure the Higgs-charm coupling directly for the first time. For the Higgs-charm coupling modifier
k. an observed (expected) limit of |k .| < 8.5 (12.4) was determined. Finally, in a statistical combi-
nation with the existing ATLAS V H (H — b b) measurement, it was possible to derive a constraint
on the ratio |k /x| without assumptions on the total Higgs decay width. The upper limit on this
ratio was found to be |k /K| < 4.5 at 95% CL, which suggests that the Higgs boson indeed couples
less strongly to c-quarks than to b-quarks, as predicted by the Standard Model.

The measurement of H — ¢ ¢ decays remains a challenge. It will benefit immensely from a
larger dataset, and the upgrade to High-Luminosity LHC (HL-LHC) will provide a dataset of at
least 3000 fb~! at 4/s = 14 TeV. With this dataset, an upper limit on the VH (H — ¢ ¢) process of

6.4 times the SM prediction is expected, based on the extrapolation of the current analysis. Even
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better performance can be expected at the HL-LHC with additional analysis improvements, some
already being studied. For instance, using machine learning techniques in the form of boosted
decision trees can improve the separation of signal and background and enhance the sensitivity
of the analysis by at least 50%. Additional analysis regions, e.g. at high p}’ , can improve the limit
by around 20%, and an improvement in the background modelling uncertainties can also have
a significant impact. Finally, better capabilities for identifying c-jets are crucial for this analysis.
These are expected to improve due to improved flavour tagging machine learning algorithms and
the better resolution of the ATLAS inner detector at HL-LHC.

Significant modifications are needed to the LHC and its experiments to collect the larger dataset
at HL-LHC. For instance, the ATLAS inner detector will be replaced with an all-silicon inner tracker
(ITk). This detector must have a significantly improved radiation tolerance, better spatial resolu-
tion and faster readout to cope with the higher instantaneous luminosity and pile-up expected
at the HL-LHC. The pixel readout chips are particularly susceptible to total ionising dose (TID)
effects. In the innermost layers of ITk, the detectors are expected to receive TID doses of up to 1
Grad after 2000 fb™! of delivered luminosity, after which they will be replaced. The ATLAS pixel
readout chip was designed by the RD53 collaboration to cope with these HL-LHC requirements.

In this thesis, the latest chip prototype, ITkPixV1, was extensively tested in irradiations using X-
rays and protons. Different chip components were tested, such as the digital logic, the analogue
front-end and the chip powering circuit. The radiation damage to the digital logic was charac-
terised in measurements of gate delay increase using dedicated ring oscillators. The ring oscilla-
tors were found to be radiation tolerant up to total doses of at least 2.3 Grad at a dose rate of 4
Mrad/h. However, a significant dose rate dependence was observed, with more damage observed
at lower dose rates. Around 2-2.5 times higher damage was found at a low dose rate. For the gates
used in the chip digital logic, this corresponds to an expected gate delay increase of around 100%
after 1 Grad of low dose rate irradiation, which is well within the required margins.

The ITkPixV1 analogue front-end was found to be radiation tolerant up to total doses of atleast
1 Grad. Most of the damage to the analogue front-end occurred at the start of the irradiation. No
dose-rate dependence was observed for the radiation damage to the larger transistors used in the
analogue front-end. The chip powering circuit (SLDO) was also characterised during irradiation,
and no start-up issues were found after irradiation to 1 Grad. Finally, the behaviour of the ITkPixV1
chip was studied in pixel modules after irradiation with 27 MeV protons. The performance of
the analogue front-end deteriorated at high leakage currents (10 nA/pixel) and low temperatures
(< —20 °C) but could be recovered with the use of the leakage current compensation circuit in
the chip. Overall, the ATLAS readout chip shows excellent radiation tolerance and is expected to
survive the lifetime of ITk in terms of radiation damage.

Beyond the planned ITk upgrade, new detector technologies provide a possibility to improve
our detector performance and physics measurements even further. Monolithic pixel detectors of-

fer a promising opportunity to reduce pixel pitch, detector material and production costs. How-



Chapter 8. Conclusions and Outlook 177

ever, the technology is less radiation tolerant than hybrid pixel detectors. This thesis discussed
improvements to a monolithic detector prototype in 180 nm TowerJazz technology. The mini-
MALTA prototype included two modifications to the standard detector design, characterised by
an X-ray beam test at Diamond Light Source with high precision. The measurement provided
high-resolution maps of the pixel response and indicated that the two process modifications sig-
nificantly improve the radiation tolerance of the prototype, up to fluences of 1 x 101> Neq/ cm?,

In summary, with the expected increased dataset collected by the ATLAS detector in the com-
ing years and many ongoing efforts to improve our detectors, exciting times are ahead for mea-

surements of the Higgs boson and its properties.
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