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Were all going to die, all of us, what a circus! That alone should make
us love each other but it doesn’t. We are terrorized and flattened by
trivialities, we are eaten up by nothing [1].
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chapter one

Introduction

The current understanding of particle physics is described by the Standard Model.
It’s aim is to understand and describe the fundamental laws which are governing the
substance of which both us and the things around us are made of. Its paradigm is that
everything in existence is made up of a number of building blocks, the fundamental
particles. These are fundamental in the sense that they do not have a substructure
and that their properties are intrinsic and do not originate from some underlying
phenomena.

The image that naturally pops up is that these particles are little billiards balls.
The picture is a bit more complicated than that however. The Standard Model
is described by a Lagrangian, from which all the physical laws can ultimately be
extracted, in the same way as classical systems. Unlike in classical systems however,
the entities are not point-like particles or classical fields, but quantum fields. The
excitations of the quantum fields correspond to the elementary particles, which
makes it possible to describe matter and radiation in the same way.

In the current view everything around us is a big ocean of 17 different funda-
mental particles which are interconnected through four fundamental forces, namely
gravity, electromagnetism and the weak and strong nuclear forces, which is schem-
atically shown in figure 1.1. Because gravity is not incorporated we know that
the Standard Model is not a complete picture. But since its finalisation in the mid
1970s it has withstood considerable experimental testing and accurately predicted
the existence and properties of new particles that were not yet observed at the time.
Among others, it predicted the Z and W boson particles, which were first observed
at the UA1 and UA2 experiments at CERN in 1983 [2, 3]. Up until now the Standard
Model had successfully described all the observed low energy phenomena, apart
from the recent observation that neutrinos can oscillate [4].
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Leptons Quarks
e U T u,ct
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Photon Gluons

Higgs Boson

Fig. 1.1 - Quarks carry electric charge, weak isospin, and color charge. Because of this they
interact respectively through the electromagnetic, the weak nuclear force, and
the strong nuclear force. The leptons don’t carry any color charge. Furthermore
the three neutrinos do not carry electric charge either, so their motion is directly
influenced only by the weak nuclear force, which makes them difficult to detect.
The W and Z bosons are the force carriers for the weak interaction, photons for
the electromagnetic, and gluons for the strong interaction. The Higgs boson plays
a unique role in the Standard Model, by explaining why the other elementary
particles, except the photon and gluon, are massive.

In this thesis charged lepton flavour violation is researched. The question why
this in an interesting field of research is according to the author best answered in
the introductionary text of Bernstein and Cooper [5]:

Isidor Isaac Rabi’s famous question about the muon’s existence,
“Who ordered that?”, was prescient and deep. His question, in mod-
ern terms, asked why are there flavours and generations? Why are there
muons and taus in addition to the electron? The same question applies
to the quark and neutrino sectors. We believe there are three generations
in each sector, and that the number in each sector must be the same. We
see quarks changing generations, as codified in the Cabibbo-Kobayashi-
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Maskawa matrix, and neutrinos changing from muon to electron to tau
neutrinos according to the Pontecorvo-Maki-Nakagawa-Sakata matrix.
Lepton Flavour Violation (LFV) is an established fact, but only in the
neutral neutrinos. What about their charged partners? Is there Charged
Lepton Flavour Violation (CLFV)?

Chapter 1 starts with a theoretical introduction to lepton flavour violation in the
Standard Model, and predictions for it from new physics models. Then in chapter
2, the technical design of the Large Hadron Collider and the ATLAS detector is
summarised, which provides a basic understanding of how the proton beams are cre-
ated and how the produced particles from their collision are detected. Subsequently,
chapter 3 provides the details of the detector performance in reconstructing and
identifying the particles that are used in the search for Z — [7 decays, as well as
the several Standard Model processes that act as a background. In chapter 4 the
constructed measurement model is discussed: a binned likelihood model with the
invariant mass of the Z boson as the discriminating variable. Finally, the last chapter
gives the unblinded results of the search, using the proton collisions recorded by
the ATLAS experiment which totals a recorded luminosity of £ = 20.3fb~1.






The Standard Model and
Lepton Flavour violation

This chapter gives a theoretical introduction to lepton flavour violation in the Stand-
ard Model, and predictions for it from new physics models.

2.1 Electroweak Theory

At the end of the 1960s the electroweak theory was formulated in its current form
by Weinberg, Salam and Glashow [6—9]. This so-called GWS theory is a gauge
theory which combines the electromagnetic and weak nuclear force into a single
electroweak force. This electroweak force is mediated by the exchange of particles,
the photon and the intermediate vector bosons, W and Z. The other part of the
Standard Model is the QCD gauge theory which describes the strong interaction.
Since we do not need the strong interaction in the search for lepton flavour violating
Z — It decays, and both parts do not influence each other, only the electroweak
interactions will be discussed.
The electroweak Lagrangian [4] for the fermion fields v; is given by

Lp=> 1 (Za —m; — miH) Vi (2.1)
I

v

g 7, SY(THW+ + T~ W)U,
—m;\mm—y WTYWE+T- W)Y,
—e> Qibi"hiA,

7

9 N At (G — gtV Z
QCOSGW;W (9% — 947 )i Zp,
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with

d! l;

where d! = Z Vijdj and V' the CKM matrix
J
H the Yukawa coupling

W, the left-handed fermion fields (uz> and <V1>

g the gauge coupling constant
Oy the weak angle

e the positron electric charge
Q; the charge of v; in units of e

A the photon field

W™ the charged weak boson fields
Z  the neutral weak boson field

T*  the weak isospin raising and lowering operators

gi-, g% the vector and axial-vector couplings

In accelerator physics, there are two physical quantities of prime interest,
namely decay rates and cross sections. The above Lagrangian predicts these quant-
ities, which can be calculated perturbatively by the use of Feynman diagrams. Each
diagram is a topological representation of a physics process and they are built up by
glueing together the fundamental vertices' of table 2.1.

First one has to find all the diagrams that represent the interaction of interest.
Which amounts to selecting all the diagrams that have the corresponding incoming
and outgoing particles lines. Each diagram has an amplitude M, which can be
calculated using the so-called Feynman rules. To find the amplitude of the desired
interaction, we simply sum over the number of found diagrams n:

M=>"M, 2.2)
i=1

The calculation of the cross section, o, can be quite involved as it requires calcula-
tion of many complicated integrals. For the discussion here, it suffices to say that
the cross section is proportional to the matrix element squared like the transition
rate:

o o | M]? (2.3)

! There are also diagrams representing the coupling among the bosons, but they are not important for
our treatment here
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Diagram Vertex Factor
f
Y M/\’< _ile'V,u
f
f
; f f
z /"\I\’< _Z2sin9wecosaw 'Y,M(gv - gA’VS)
f
|
W+/"\I\’< —7:42\/§Sein9w’7#(1 —7s5)
Vi
q
; CKM
W+/"\N\< _22\@;1191”7#(1 _'75)‘/1‘]'

9

Table 2.1 - The fundamental vertices and their couplings. V5™ is the Cabibbo-Kobayashi-
Maskawa matrix which is discussed in more detail in section 2.2. The Dirac
matrices are indicated by + and have specific anticommutation relations.

In principle there are an infinite number of diagrams contributing to a certain
physical process. However, because each extra vertex introduces an extra vertex
factor which is smaller than 1, the higher order diagrams contribute less to the
calculation of M, making it possible to predict its value up to an arbitrary precision.
From the fundamental vertices of 2.1, a couple of properties of the electroweak
theory are already apparent:
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Charge conservation: all the interactions must conserve electric charge

Quark flavour violation: the gauge bosons don’t couple to the mass eigenstates
of the quarks, but to the electroweak flavour eigenstates, which is denoted by
the V;?KM matrix in vertex factor.

Lepton number and flavour conservation: in the electromagnetic vertex the
same particle comes out accompanied by a photon. In the weak interaction a
Iepton can only change into the other lepton of the same generation. However,
because neutrino oscillations have been observed, it is already known that this
cannot be the complete picture, as will be discussed in the following sections.

2.2 Quark flavour violation

The charged weak interaction is the only process in the Standard Model that does
not conserve flavour, as can be seen in figure 2.1. It can transform one type of quark
into another one. Furthermore, there is mixing between the quark families. This is
caused by the mass eigenstates being different from the interaction eigenstates. The
weak force couples to the pairs

t
( ;;) , () und (b> | 0

with d!, s’ and b linear combinations of mass eigenstates d, s and b:

d’ d Vaa Vus Vi) [d
st =Vexm | s | = Vg Vie V| | s |- (2.5)
b! b Vie Vis Vi) \b

The matrix above that holds the coupling for the nine quark transitions is called
the Cabibbo-Kobayashi-Maskawa matrix. It is a 3 X 3 unitary matrix, which can be
parameterised by three mixing angles and 612, 623, 613, and a single phase called §
responsible for all CP-violating effects in the Standard Model [10-12].

—id

c12€13 512€13 s13€
_ ) 19
Vekm = | —s12023 — c12523513€"  C1a¢23 — S12823513€" sazcig | 5 (2.6)
s s
512523 — €12€23513€"°  —C12523 — S12¢23513€"’  €23C13

with s;; = sinf;; and ¢;; = cos 0;;. The CKM matrix elements are determined
using a global fit to all available measurements and imposing constraints from the
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Standard Model by the UTfit collaboration [13]. The most recent results are given
by:

sin f12 = 0.22523 = 0.00065, (2.7)
sin fg3 = 0.0417 £ 0.00057,
sin 15 = 0.0363 % 0.00012,

§=69.4+34°.

2.3 Neutrino flavour violation

Apart from the discovery of the Higgs boson [14, 15], the observation that neutrinos
mix is one of the most significant discoveries in the field of particle physics in
recent times [16]. One could argue that it’s even more so, as the Higgs boson was
already incorporated in the 70s, whereas neutrino mixing requires an extension to
the Standard Model.

The observations of neutrino oscillations can be incorporated in the Standard
Model in a similar way as quark mixing is treated. However, this requires the
neutrino’s to be massive so that the familiar flavour eigenstates {ve, 1, v; } are a
quantum superposition of the massive {11, 12, 3} eigenstates. The actual values of
the neutrinos masses are still unknown. The most stringent constraint on the total
neutrino mass is Xm, < 0.39 eV at 95 % confidence level, and comes from the
combination of recent cosmic microwave background measurements and galaxy
clustering information [17].

In this model the so-called Pontecorvo-Maki-Nakagawa-Sakata matrix quanti-
fies these mixtures in complete analogy to the CKM matrix,

Ve 18\
vp | =Vemns | v | - (2.8)
Vr 122

The matrix can be parameterised in the same way as done in equation 2.6, again
using three mixing angles 612, fo3, 013, and a single phase § related to charge-parity
violations. There may also be two phases associated to a possible Majorana char-
acter of neutrinos, which is discussed in section 2.4.0.1. However these additional
phases are not needed to explain the observation of neutrino oscillations. The min-
imal model described above using Dirac neutrinos is called the ¥SM. The mixing
angles have been measured by a variety of experiments [18]. The CP-violating
phase d has not been measured directly, but its value can be obtained by fits using
the other measurements. All the neutrino measurements are combined by the Nufit
collaboration [19]. The results of their global analysis is presented in figure 2.1
which shows the different y? scans of the allowed six-dimensional parameter space.

Although the actual values are still unknown, experiments have given insight in

the mass difference between the different eigenstates Am?j =m?— m]2 Oscillation
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Fig. 2.1 - Results of the global 3v oscillation analysis. The red and blue curves are for NO
and IO ordering respectively. For solid curves the normalisation of reactor fluxes
is left free and data from short-baseline (less than 100 m) reactor experiments are
included. For dashed curves short-baseline data are not included but calculated

reactor fluxes [20] are assumed. The mass-squared splitting Am3, for NO and
Am§2 for IO is used. Taken from [19].
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measurements indicate that one splitting is quite small, giving rise to two possible
mass hierarchies

mip ~ mg K ms — Am§1 > () = normal ordering (NO), (2.9
mi1 >~ mg > mg — Am%l < 0 = inverted ordering (IO). (2.10)

The two hierarchies are depicted schematically in terms of their flavour and mass
eigenstates in figure 2.2. Assuming the ¥SM model as described above, makes

Vel Vyu 129 |
= sin®fy; = sin?f3 =
.2 .2
‘g ; sin“ 63 23 ) sin“0;, 0
=3 I — 13 — —_— 1/3
2 sin®6y3 AmfOl 0
2
& AmZ,, 8 B | 13
E 2
=] sin 9]2
[=]
£ | e— 2 A0
1/3
§ Ams"l 2;3 Sil’l2 613 23
N B | 3 ==
1/3 ) ! 1/3
sin”“ 63
NORMAL INVERTED

Fractional Flavor Content varying sin’6»;

Fig. 2.2 - The range of probability of finding the a—flavour in the i—th mass eigenstate
for the two different mass hierarchies. The mixing angle sin® fy5 varies over
its allowed range at the 90 % C.L. The bottom of the bars is for the minimum
allowed value of sin? fo3 ~ 1 /3 and the top of the bars is for the maximum value
of sin 0432 = 2 /3. The other mixing parameters are held fixed: sin? 615 = 0.30,
sin? @13 = 0.03 and § = 7. One can identify Am3, as the neutrino mass squared
responsible for the solar v, oscillations, and Am?; for the dominant atmospheric
v,, oscillations, therefore they are often denoted as Am2; and Am2, respectively
[4]. lustration taken from [21].

also charged lepton flavour violation possible, however at too small rates to be
observable in experiments.

11
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2.4 Fermion mass and mixing

As mentioned before in sections 2.2 and 2.3, flavour violation is strongly connected
to the masses of the fermions. The gauge group which describes the weak interaction
is SU(2)w x U(1)y, where w stands for weak isospin and Y is called hypercharge
[4]. An important concept of the theory are the left— and right—handed fields. They
are defined as

1 1

vr=5(1- )b, vr =51+ ). (2.11)

The quarks and leptons appear as left-handed doublets:

I I
QL= ("), Li,=("t|, (2.12)
dLi lLi

and right-handed singlets:
u{%iv df%iv l{%z" (2.13)

Here ¢ stands for the three generations of quarks and leptons and I indicates that
the interaction basis is used for the fermion fields. From experiments we know
that only left-handed neutrinos participate in the weak interactions, and therefore
right-handed neutrinos are absent in the Standard Model.

_ The masses of the quarks and charged leptons appear as bilinears of the form
1Y g in the Standard Model Lagrangian. However a decomposition in chiral states
—mp = —m[prr + YY1 ] would not be gauge invariant since the left-handed
doublets and right-handed singlets transform differently under SU(2),, x U(1)y
rotations.

_ This problem is solved by the Higgs mechanism by writing the mass terms as
Y19 Rj. By assuming a non-zero vacuum expectation value for the Higgs field ¢,
the gauge symmetry is spontaneously broken:

_ L1 (o
(¢) = 7 <U> (2.14)

and the mass part of the Lagrangian can be written as:

3
~Linass = Y (Jﬁiygdgj L Yk, + Ziiyiljzgj) +he. . (2.15)
ij—1

This part of the Lagrangian describes the interaction between the Higgs doublet
and the fermions: the absence of right-handed neutrinos causes the neutrino to be
massless. However the observation of neutrino oscillations means that this cannot
be the complete picture. The most minimal extension to the Standard Model that
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explains this observation is treating the neutrinos as Dirac particles, like the other
fermions. The lepton part of the Lagrangian would then read:

3
leptons __ —I v, I 71 171
—Lihse = E (VLiYijVRj + lLiYilej> + h.c..
i,j=1

(2.16)

The terms Y7 and Y;ZJ are complex 3 x 3 matrices that describe the strength between
the Higgs field and the neutrinos and the charged leptons, and incorporate the
so—called Yukawa couplings. To obtain mass eigenstates, these matrices are diagon-
alised by means of a bi-unitary transformation:

[, 0 0
MY =UNY"U=10 my, 0|, (2.17)
| O 0 my,
_me 0 0
M =U/Y'UL=10 m, 0 (2.18)
i 0 0 m,

The matrices U are unitary, e.g. U lL’UZT = 1, and give the mixings between the
different left-handed and right-handed fermions. We can incorporate them and
rewrite the Lagrangian:

3
leptons __ —I v, I 71 111
—Lhs = Z (VLiY;jVRj +lLiY;lej) + h.c.

(2.19)
ij=1
3 —
= (ﬂiiUEUZTY;lJ‘UﬁUETV{%j +liiUiUlLT1Q§Uf%Ugl§j) +he.
ij=1
= Z My, VLiVRi + Z my, il gi + hec. .
1=1,2,3 Z.:E”LL,T

Rewriting it this way gives us an expression in terms of the mass eigenstates v and
I instead of the interaction eigenstates ! and [’. The relationship between the two
are thus given by:

vri= Y (Up)ijvhy.

1=1,2,3
TN
lri= > (Uil
1=1,2,3

vii= Y (Ui, (2.20)
1=1,2,3
=y (Uil (221)

i=1,2,3

13
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We can now rewrite the charged current for the neutrinos and replace the interaction
eigenstates with the mass eigenstates:

3
Léc = 0L W, + A" W, vl (2.22)
=1

w

3
= ZZ Lz VTUL l]’YMW—i_le"‘le(U UL)1]7 W Vi

j=1i=1

Because the most general mass term cannot be made simultaneously diagonal for
both the neutrinos and charged leptons by a redefinition of the left and right-handed
fields without producing mixing in the charged current, it is customary to choose
the interaction and mass eigenstates to be equal for the charged leptons and rotated
for the neutrinos:

— (UMUY)v = Upwns v, (2.23)
=1, (2.24)

with the unitary 3 X 3 PMNS matrix named after Pontecorvo, Maki, Nakagawa and
Sakata which is discussed in section 2.3. This means the flavour eigenstate |v) is
now a superposition of the mass eigenstates, which explains the observed neutrino
oscillations:

Va) = DU UL ailvs), (2.25)

The observed mixing in Upjsns depends on both the charged and neutrino mixing
matrices, and there is not a way to separately measure U’ or U”. The same procedure
can be followed to determine the mixing in the quark sector. Here it is customary to
choose the interaction and mass eigenstates to be equal for the up—type quarks and
the rotated for the down—type quarks:

Wl =u (2.26)
d' = (VAV;Yd = Vexmd (2.27)
with the unitary 3 x 3 CKM matrix discussed in section 2.2.

Dirac versus Majorana

In the above discussion neutrino oscillations were incorporated in the Standard
Model by adding right-handed neutrinos. From experiments however, it has been
observed that neutrinos are always produced in predominantly left—-handed states,
or right-handed in the case of anti—neutrinos [4]. A possible solution to this predic-
ament is that they are singlet under all gauge interactions, which is referred to as
sterile neutrinos. In this scenario, vr and 77, will have no gauge interactions and
will thus not couple to the W and Z bosons. Because of their mass they would
have a gravitational interaction though and could possibly explain phenomena in
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astrophysics like dark matter, baryogenesis or dark radiation based on the seesaw
theory [22, 23].

Because the neutrino is electrically neutral, there is also the possibility that it
is not a Dirac particle like the quarks and charged leptons, but a Majorana particle.
In that case the neutrino and anti—neutrino would be the same particle:

v=1°=Ci’, (2.28)

with the charge conjugation operation C = i72+°. Their fields are defined as:

vM = v+ 0§ =vp +Co7, (2.29)
and do not need additional right-handed neutrinos in the mass part of the Lag-
rangian:

_ L:mMajorana _
mass -

(I?EVL + I7Ll/z) (2.30)

I3

= 3 (—V%CTVL + DLCﬁg)
m
=—iMy
2
Which apart from the factor 4 is similar to the Dirac mass term. However the Major-
ana mass term cannot be generated through the standard Higgs mechanism, which
would mean that an extension is needed, such as introducing a Higgs triplet [24].
Furthermore lepton number would no longer be conserved, making it possible to
have neutrinoless double beta decay. The search for these rare decays are ongoing as

M

1] p
— -
“L .
W Lo __»
Lr_.:-
¥
i
i
[t
W[ -

. =4
Lo

=Y

n
Fig. 2.3 - The neutrinoless double beta decays emit only two electrons, which is possible if
the neutrino and anti—neutrino are the same particle. This process would violate

the lepton number by two units. Taken from [25]

its experimental observation would prove that the neutrinos would have a Majorana
component [26]. In addition this decay could potentially give information on the
neutrino mass scale, hierarchy, and Majorana phases in the PMNS matrix.

15
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2.5 Charged lepton flavour violation

As discussed in the previous section, massive neutrino’s and the PMNS matrix can
incorporate the observation of neutrino mixing and generate charged lepton flavour
violating decays in the ¥SM, through oscillations in loop diagrams as depicted in
figure 2.4. However, such transitions are suppressed by sums over (Am;;/ my)*
and make the charged lepton flavour violation (cLFV) decay rates such as Z — [l
completely negligible, calculations estimate the branching fraction in the order of
104 [27]. This makes any observation of these decays an unambiguous sign of
physics beyond the vSM.

I
Fig. 2.4 - A Feynman diagram contributing to the SM decay of Z — u7 . Taken from [27]

Searches for charged lepton flavour violation have been performed and are
ongoing through a wide range of experiments investigating the decays of muons,
taus and mesons [5]. The LHC produces large amounts of Z bosons, making it
possible to explore lepton flavour violation in the production of leptons. The LFV
Z decays are complementary to these rare lepton decay searches as effective LFV
Z couplings can also be constrained from decays such as I; — [;{l, and I; — [;7,
as shown in figure 2.5 [28-30].

Fig. 2.5 - Feynman diagrams for the three-body I; — [;lxl), on the left and the radiative
decay l; — [;7 using the effective Lagrangian approach. The solid round dot
represents an effective Z coupling. Taken from [31]

The Z — [7 decays have been investigated in the past by other experiments,
both of the most sensitive searches have been performed at the LEP collider. The
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worldwide upper limit on Br(Z — u7) is set by the DELPHI experiment at 1.2 x
1075 [32] and the limit on Br(Z — e7) is set by the OPAL experiment at 9.8 x
1076 [33], with a confidence level of 95 %. Flores-Tlalpa et al. have made general
predictions on the Z — [;1; decay rates from the current experimental bounds on
low energy processes, by means of the effective Lagrangian approach [31]. The
constraints on Z — Te are weaker than the current direct measurements and similar
for Z — Ty, as can be seen in table 2.2.

l; — ljlkik l; — lj’y

Br(Z —er) <17x107° <~107°
Br(Z — pur) <1.0x107° <~107°

Table 2.2 - Constraints on the Z — [;1; decays obtained from the experimental bounds on
l; — ljlk[k and /;to;7y. Adapted from [31].

Z — It decays are a sensitive probe for new physics because they are ex-
tremely suppressed in the SM but can be greatly enhanced in new physics models
like supersymmetry and the seesaw mechanism.

2.5.1 Leptogenesis

The lack of antimatter in the observable universe is one of the big questions in the
field of physics. Assuming that the Big Bang produced equal amounts of matter and
antimatter, one would naively expect that they would cancel each other out. Protons
would annihilate with antiprotons, electrons with positrons, muons with antimuons,
et cetera, producing an ocean of radiation without matter or antimatter left in the
universe.

Andrej Sakharov suggested in 1967 [34] that this imbalance could be caused
by the fact that matter and antimatter can behave differently through the violation
of the CP symmetry. The CP transformation entails flipping the sign of the space
coordinates and charges of the elementary particles. Current efforts try to explain the
antimatter conundrum with a dynamical generation mechanism called baryogenesis,
which includes CP violation.

Unfortunately, or fortunately depending on your point of view, the current
Standard Model cannot accomodate a successful model of baryogenesis and has to
be extended. A popular mechanism of baryogenesis is called leptogenesis, where
an asymmetry in the very early universe results in the dominance of leptons over
antileptons. Consequently this lepton number excess transforms into baryon number
excess through a time-independent solution to the electroweak field equations called
a sphaleron. This motivates searches for cLFV, because theory models explaining
leptogenenesis predict these decays.

A popular modification to the Standard Model was suggested by M. Fukugita
and T. Yanagida in 1986 [35] which permits this process. Right-handed neutrinos

17



18

the standard model and lepton flavour violation

are added to the Standard Model, and consequently through the so-called seesaw
mechanism the neutrinos obtain their mass. In this model the decay of right-handed
neutrinos produces leptons, which are converted to baryons through the sphalerons.

2.5.2 Seesaw Mechanism

The addition of right-handed Dirac neutrinos to the Standard Model can solve the
problem of neutrino oscillation, however it raises the question why they are so much
lighter than the other fermions. A minimal extension of the Standard Model which is
able to explain why they are so light, is given by the seesaw mechanism [36-38]. It
involves the electroweak scale € ~ 10? — 10% GeV, and a larger mass scale typically
of the order A ~ 10'° — 10'* GeV or even as high as the Planck scale:

0<e<A. (2.31)

In this model the right-handed neutrinos interact through the Higgs mechanism as
discussed in section 2.4, but in addition a Majorana mass term is added:

3

‘Crynass = Z <Y VLiVRj + VR?,M VRJ> (2.32)
ij=1

In this way the neutrino masses would be the result of an interplay between the
Dirac mass matrix mp and the Majorana mass matrix Mz neutrino mass term after
the electroweak symmetry breaking. The effective neutrino mass matrix M" after
the electroweak symmetry breaking is given by:

0 mp
MY = . 2.33
[mg MR] 03

The diagonalisation of the neutrino mass matrix yields a superlight neutrino with
mass of order €2/A and a superheavy neutrino with mass of order A. The smallness
of the neutrino masses follow from the combination of two larger scales and not a
fine—tuning of the Standard Model parameters; physics waiting at very high energies
might manifest itself at low energies through the light neutrinos.

Furthermore the possible existence of heavy neutrinos at some higher energy
scale can enhance the lepton flavour violating Z decays. A calculation of the branch-
ing ratio Br(Z — u7) in presence of heavy Dirac or Majorana that mix with lighter
neutrinos taking into account the present experimental results is shown in figure
2.6. The observed branching fraction strongly depends on the mass of these heavy
neutrinos. As can be seen heavy neutrinos that are still outside the range of the cur-
rent energy of collider experiments, can produce a detectable rate of lepton flavour
violating Z decays, making these decays a convenient probe.

2.5.3 Supersymmetry

Supersymmetry (SUSY) is a generalisation of the space-time symmetries that trans-
forms fermions into bosons and vice versa [40]. Each particle from one group is
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Fig. 2.6 - The upper limit of Br(Z — p7) assuming a light neutrino sector mixing with an
additional heavy neutrino. The thick—solid, thin—solid and dashed lines depict a
heavy ordinary Dirac, singlet Dirac and two heavy right-handed singlet Majorana
neutrinos respectively with a mass of my, and my;,. The horizontal lines indic-
ate the observed limit from the LEP experiment and the expected sensitivity of
the TESLA experiment, a proposed linear collider that recently merged into the
International Linear Collider project. Taken from [39].

associated with a particle from the other, known as its superpartner, the spin of which
differs by a half-integer. If supersymmetry were an exact symmetry of nature, then
particles and their superpartners would have the same mass. Since superpartners
have not been observed yet, supersymmetry must be a broken symmetry [41, 42].

The popular mSUGRA combined with the seesaw mechanism predicts large
flavour mixings of sleptons at the weak scale [43]. Both the charged sleptons and
the left-handed sneutrinos could have mixings in flavour space. The flavour mixing
of the charged sleptons induces the neutral ¥ 1;1; and Zl;l; couplings, while the
flavour mixing of left-handed sneutrinos induces the charged X177 couplings.
These flavour-changing couplings will contribute to the LFV Z-decays shown in
figure 2.7.

Using the constraints from current neutrino oscillation experiments and intro-
ducing two right-handed neutrinos with masses of 10! and 10'® GeV the branching
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J J
(c) (d)
Fig. 2.7 - Feynman diagrams of SUSY contributions to the LFV processes Z — I;1;, taken
from [43].

ratio of Z — 7y can be enhanced up to 10~® and thus may serve as a probe of
supersymmetric seesaw models.

2.5.4 Higgs doublet

The recent discovery of a new boson with a mass of around 125 GeV at the both
the ATLAS [14] and CMS [15] experiment, seems to strongly indicate that it is
indeed the Higgs boson as predicted by the Standard Model. One of the objectives
of the LHC is to now measure precisely the properties of this boson, like its spin,
parity and the Yukawa couplings. In the search for possible new physics the lepton
flavour violating H — p7 has been both measured at ATLAS [44] and CMS [45].
An excess of events with a significance of 2.4 o was reported by CMS, which
corresponds to a branching fraction of (H — 7p) = 0.84f8:§?%. ATLAS observed
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a smaller excess of events of 1.3 o, corresponding with a best fit value on the
branching fraction of (H — 7p) = 0.777083%.

Under the assumption that the observed excess of CMS is caused by new
physics, the lepton flavour violation in a generic two-Higgs-doublet model has been
studied in [46]. The two-Higgs-doublet model consists of two CP—even neutral
Higgs bosons h and H, one CP-odd pseudo-scalar A, and two charged Higgs
bosons H*. This model introduces new couplings to the Z bosons as shown in
figure 2.8, which results in an upper limit on the branching fraction of Br(Z — u7)
< 1075, when using the constrained parameters that fit the CMS results.

Z h(H),HYy
AN
A H™ L« U
. 7 h(H),H* T
Z ) - N

7
A / \
. N JA, h(H)
h(H)\ N ——— M - - ILL
A H-

Fig. 2.8 - Feynman diagrams contributing to Z — u7decays in a generic two-Higgs-
doublet model. Taken from [46].

Conclusion

Flavour violation is observed both in the quark and neutrino sector. The recent
observation of lepton flavour violation for neutrinos can be incorporated by the
minimal extension of the Standard Model, the so-called vSM. The vSM makes
charged lepton flavour violation (cLFV) theoretically possible, but unobservably
small. However there is a strong motivation to search for cLFV processes as they can
possibly explain the matter and anti—-matter asymmetry and the physics behind the
neutrino masses. Furthermore many theoretical models predict a sizeable branching
fraction of Z — Tl decays, up to current upper limits, making them interesting
channels to probe in experiments.
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chapter three

The LHC and the ATLAS
detector

This chapter summarises and discusses the technical designs of the Large Hadron
Collider and the ATLAS detector which are relevant for the charged lepton flavour
search described in this thesis.

3.1 CERN

The Conseil Européen pour la Recherche Nucléaire (CERN) was founded in 1954
by 12 European states. Its goal was for the European countries to work together
on fundamental nuclear research. At the time of writing it’s celebrating its 62th
anniversary and has expanded to 21 member states with many non-European coun-
tries contributing to the financing, construction and operation of the experiments.
Over 600 institutes and universities participate in the project and half of the world’s
particle physicists has come to CERN at one point in their research. [47]

It has been a large contributor in our current fundamental understanding of mat-
ter, which is expressed in the many Nobel prizes it facilitated [48, 49]. Furthermore
it has driven technical development. Notable examples are the World Wide Web
technology that it made available on a royalty-free basis [50] and the development
of detectors that are key in modern PET scans [51].

CERN has an intimate history with the Z boson, which is used to probe for
lepton flavour violation in this thesis. This neutral boson was first discovered at the
laboratory in 1983 by the UA1 and UA2 experiments [2, 3] and its properties were
precisely determined between 1989 and 2000 by the experiments situated at the
electron positron LEP collider [52]. The excavated tunnel from the LEP accelerator
is currently being re—used for the Large Hadron Collider.

3.2 LHC

The Large Hadron Collider (LHC) is the most powerful particle collider ever built.
At full operating power it will collide proton beams at a record centre-of-mass
energy of 14 TeV with a peak luminosity of £ = 103*cm~2s~!. It can also col-
lide heavy ions such as lead, with an energy of 2.8 TeV per nucleon with a peak
luminosity of £ = 10?"cm™2s~! [53].
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To achieve these highly energetic proton beams a succession of machines and
pre—existing accelerators are used, as schematically depicted in figure 3.1. The
process can be summarised as follows:

* Hydrogen gas from a bottle is fed into a duoplasmatron, which strips off its
electrons, and the produced protons are sent to the linear accelerator Linac2
using a radio frequency quadrupole [54].

* Linac2 accelerates the protons to an energy of 50 MeV

* The protons are then further accelerated by three successive synchrotrons:
— the Proton Synchrotron Booster: from 50 MeV to 1.4 GeV
— the Proton Synchrotron: from 1.4 GeV to 25 GeV
— the Super Proton Synchrotron: from 25 GeV to 450 GeV

* Finally the protons are injected into the LHC both in a clockwise and an anti-
clockwise direction. The almost circular LHC is 26.6 km in circumference
and it takes around 20 minutes to accelerate the protons from 450 GeV to the
maximum energy of 7 TeV.

To save costs the LEP tunnel and its injection chain are re—used. The elec-
tron and positron beams of the LEP experiment were housed in a single ring. A
consequence of having counter-rotating particles of the same charge is that two
separate rings are needed to provide the opposed electrical and magnetic fields. Ac-
commodating two completely separate proton rings in the 3.7 meter diameter tunnel
would have been difficult. This lack of space is the main reason that the twin bore
super-conducting magnet system depicted in figure 3.2 is used. It consist of two
sets of coils and beam channels within the same mechanical structure and cryostat.
To keep the trajectory of the beams circular, the magnet system consists of 1232
dipole magnets of 15 meters long. The LHC relies on superconducting magnets us-
ing niobium-titanium alloy cables, which are cooled down to 1.9 K using superfluid
helium, which provide a magnetic field strength of 8.33 T.

To control the trajectory of the protons several pieces of hardware are em-
ployed: the dipole magnets maintain the almost circular orbits, quadrapoles are
used to focus the beam and radio frequency cavities accelerate the particles and
compensate for energy losses. Additional sextupoles and decapoles are also in place
for higher order corrections to the manipulate the beam path.

The protons fly around the LHC ring in bunches, which is a consequence of
the acceleration scheme. They can only be accelerated when the electromagnetic
field has the correct orientation as they pass through the radio frequency cavities.
In 2012, the proton beam consisted of roughly 1374 bunches which were separated
by a spacing of 50 ns, each of which in turn contains around 1.6 x 10'! protons. A
bunch has the dimensions of a few centimers long and a millimeter wide, however
it is squeezed to about 16 pm at the collision points to increase the probability of
an interaction [55].



3.3 atlas

[
CMS

| H( 7 ot Area

o LHCh @

TT40 TT41

neutrinos
o S PS

I\ ATLAS CNGS

TT60 ® Gran Sasso

@ ALICE

1 AD BOOSTER
7D ISOLDE
<>

B P East Area

LINAC 2 PS CTF3
neutrons — e
) e
LINAC 3
Tons

Fig. 3.1 - The accelerator complex at CERN creates a pair of clockwise and anti-clockwise
proton beams at centre-of-mass energy of 14 TeV from a bottle of hydrogen gas.
Taken from [55].

The proton beams smash into each other at four collision points, around which
four underground caverns are built. These caverns host the six experiments installed
at the LHC: A Large Ion Collider Experiment (ALICE) [56], A Toroidal LHC
ApparatuS (ATLAS) [57], the Compact Muon Solenoid (CMS) [58], the Large Had-
ron Collider beauty (LHCDb) experiment [59], the Large Hadron Collider forward
(LHCY) experiment [60] and the TOTal Elastic and diffractive cross section Meas-
urement (TOTEM) experiment [61]. The smaller TOTEM and LHCf experiments
are installed near CMS and ATLAS respectively.

3.3 ATLAS

The LHC has two general-purpose high luminosity experiments, ATLAS and CMS,
both designed to cover a wide range of physics using different designs and techno-
logies. The ATLAS collaboration consists of over 5000 scientists from around 180
institutes (March 2016) from 38 different countries, making it one of the largest
scientific cooporations in history [62].
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The ATLAS detector, shown in figure 3.3, is the largest collider-detector ever
constructed, being 46 meters long, 25 meters high and 25 meters wide and weighing
7000 tonnes. It provides an almost hermetic coverage around the beam—pipe, and
is characterised by a very large superconducting magnet system which has been
the driving force of the detector design. The various sub—detectors are installed in
layers around the interaction point.

The produced stable and relatively long-lived particles are the observables of
the high energy collisions. To detect and identify these particles and reconstruct the
underlying physical process is quite challenging giving the busy environment. The
detection and identification are based on how the different particles interact with
the material of the detector, each leaving an unique fingerprint as they pass through
the various sub—systems, as illustrated in figure 3.4. The design and performance of
the sub—detectors are discussed in the subsequent sections.

The dashed tracks
are invisible fo
the detector

.
MMautring

Fig. 3.4 - An illustration of the different particles signatures in the ATLAS detector. Taken
from [63].
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Magnet system and inner detector

A schematic of the ATLAS magnet system is shown in figure 3.5. It consists of a
solenoid encircling the inner detector for which it provides a 2 T strong magnetic
field along the beam-pipe. There is also a barrel toroid and two end-cap toroids,
which produce toroidal magnetic fields for the central and end—cap regions of 0.5 T
and 1 T respectively.

Fig. 3.5 - The geometry of the ATLAS magnet system which has been the driving force of
the detector design. The solenoid depicted as blue lies inside of the calorimeter
encircling the inner detector. The eight—fold barrel coils and smaller end—cap
toroid coils are depicted in red. Taken from [57].

When a charged particle moves through the magnetic field of the inner detector,
it traces out a helix. Its initial z-component of the momentum remains unaltered
and in the transverse plane it traces out a circle. This path is described in ATLAS
convention by the five track parameters {zo, do, ¢o, 0, ¢/p}. From these 5 track
parameters the algebraic expression of the trajectory is given by.

x =rsin(¢g+1/r) — (r+ do) sin ¢ 3.1
y = —rcos(do + /1) + (r + do) sin ¢ (3.2)
z=2zy+1/tan@ (3.3)
pz = prcos (¢o +1/7) (3.4)
py = prsin (¢g + /1) (3.5)

p. = pr/tan (3.6)
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Variable [ is the distance travelled in the transverse plane and the radius of
the circle in the transverse plane r = %. So when three points of the track are

measured, the curvature thus the transverse momentum is known. A high pr particle
will appear as a straight line; a lower pr particle will be more curved. When a low
pr particle dissipates all its energy to the detector, the descending radius gives rise
to a spiral.

Instead of the track parameter 6, the pseudorapidity n = —In tang is fre-
quently used as a spatial coordinate. It has the convenient property that differences
in this quantity are Lorentz invariant.

When a produced charged particle travels at relativistic speeds through the
material of the inner detector, it loses energy through electromagnetically interacting
with the electrons of its atoms. By measuring the trail of ionised atoms and liberated
electrons it is possible to reconstruct the trajectory of this particle. The inner detector
has three different system to do this: the pixel detector, the semiconductor tracker
(SCT) and the transition radiation tracker (TRT) which is shown in figure 3.6.

rn-maz-nm

R = 122.5 mm
Pixgls { R = 88.5 mm |~
R = 50.5 mm
R =0 mm L—

Fig. 3.6 - Drawing showing the inner detector. The design of the detector is such that a
particle originating from the interaction point crosses three pixel layers, eight
SCT strip layers and around 36 TRT straws, giving on average 43 position meas-
urements on a track. Taken from [57].

The most precise tracking is done by the pixel detector close to the interaction
point, which consists of silicon pixels with a surface of 50x400 pm. When a charged
particle traverses the doped wafer, electron hole pairs are created by the ionisation
and will be registered by the detector. Then signal is read out through amplification
electronics and by combining the lit up pixels the path can be determined. The semi
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conductor tracker works in the same way, but has large strips of 80 um X 12cm
instead of pixels.

The Transition Radiation Tracker is a drift-tube system comprising of 370,000
straws [64]. The straws are of 4 mm diameter in diameter and are kept at —1500
V, acting as cathodes. In the middle they each have a 30 um diameter gold-plated
tungsten wire and are filled with a gas mixture of Xe, COg and Os. This mixture
increases the electron drift velocity and is used for photon-quenching. When a
charged particle traverses a drift—tube it ionises the gas mixture, the resulting ions
and electrons are accelerated by the electric field across the chamber, causing a
localised cascade of ionisation, resulting in a proportional charge on the wire. The
particle trajectory can be determined by combining the measured pulses from all the
wires. Furthermore the layers of straws are interleaved with polypropylene foils and
fibres which acts as radiators. By making use of the fact that energy depositions due
to transition radiation are typically four to five times higher for electrons than for
minimum-ionising particles, such as pions, the TRT provides stand-alone electron
and pion separation.

Calorimeters

The next line of subdetectors are the calorimeters of figure 3.7, which measure the
energy of both charged and neutral particles. To determine the original energy of a
particle, its energy is absorbed through high-density metal and the resulting shower
shape is periodically sampled. Around the inner detector is first an electromagnetic
(EM) calorimeter, which is ideally suited for precision measurements of electrons
and photons. The more outer hadronic calorimeter has a coarser granularity and
is designed to detect particles that pass through the EM calorimeter, which are
predominantly hadrons that interact through the strong nuclear force.

The EM calorimeter has a barrel part in the pseudo-rapidity region |n| <
1.475 and two end—cap components (EMEC) extending the region to 1.375 <
In| < 3.2, which all have their own cryostats. The barrel has two identical parts,
separated by a small gap of 4 mm in the middle. Each end—cap has an inner and
outer coaxial wheel, covering the 1.375 < |n| < 2.5 and 2.5 < || < 3.2 region
respectively. It is a liquid argon based calorimeter with accordion—shaped kapton
electrodes and lead absorber plates. The accordion geometry provides complete ¢
symmetry and coverage around the beam axis, which is essential to perform a good
E7"™ measurement. To distinguish between electrons and photons upstream of the
calorimeter a presampler detector is installed in the || < 1.8 region.

The hadronic calorimeter has several components. Firstly, there is the so—called
tile calorimeter which is located directly behind the EM calorimeter. It uses steel as
the absorber and scintillating tiles as the active material. It consists of both a barrel
and extended barrel part, covering the || < 1.0 and 0.8 < |n| < 1.7 respectively,
and extends radially from 2.28 to 4.25 meters.

Secondly, there are two hadronic end—cap calorimeters (HEC), which both

consists of two independent wheels, made out of copper plates and liquid argon.
They are located next to EMECsS, with which they share the liquid argon cryostats.
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Fig. 3.7 - Image displaying the ATLAS calorimeter system. Taken from [57].

The HEC covers 1.5 < |n| < 3.2 pseudo-rapidity regions, and extends radially
from 0.475 to 2.03 meters, apart from the region shared with the forward calorimeter
where the inner radius becomes 0.372 meters.

Thirdly, there is a forward calorimeter (FCal) on each side, integrated into the
end—cap cryostats. Because they are located at high pseudo-rapidity regions, the
FCal design is optimised to measure high particle fluxes. Therefore a scheme with
very small liquid-argon gaps as the sensitive medium is employed, which are placed
in tubes oriented parallel to the beam pipe. The first module of the FCal is optimised
for electromagnetic interactions and uses copper as the absorber, while the other
two are designed for hadronic interactions and are made out tungsten.

Muon system

The ATLAS muon spectrometer and its chambers are shown in figure 3.8. The
traversing muons are deflected by large superconducting air-core toroid magnets
which provide a field which is predominantly orthogonal to the muon trajectories.
The bending is done with the use of a large barrel toroid in the |n| < 1.4 region, by
two smaller end-cap magnets for 1.6 < |n| < 2.7, and by a combination of both in
the 1.4 < |n| < 1.62 transition region. The bending power is 1.5 to 5.5 Tm and 1
to 7.5 Tm in the barrel and the end—cap region respectively, and somewhat lower in
the transition region.

The tracks are measured by muon chambers, which are positioned in three
cylindrical layers in the barrel region around the beam, and three perpendicular
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planes to the beam in the transition and end—cap region. Monitored Drift Tubes
(MDT’s) provide the track measurement over most of the || range, while at larger
pseudo-rapidities of 2 < |n| < 2.7 Cathode Strip Chambers (CSC’s) with higher
granularity are used to withstand the larger particle flux.

Thin-gap chambers (T&GC)

Cathode strip chambers (C5C)

BGI'TEI toroid

Reslsﬂv&plme
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)
Fig. 3.8 - Computer generated image displaying the ATLAS muon system. Taken from [57].

The muon trigger system covers the pseudo—rapidity range |n| < 2.4 with the
use of Resistive Plate Chambers (RPC’s) and Thin Gap Chambers (TGC’s) in the
barrel and end—cap region respectively. It provides bunch-crossing identification,
well-defined pr thresholds and measures muons flying at small angles to the beam—

pipe.

Trigger

The ATLAS trigger system consists three subsequent levels: level-1, level-2 and
event filter. The first level uses hardware to make a decision within 2.5 us based
on the detector information, which reduces the rate to roughly 75 kHz. As input
information it takes the calorimeters and the trigger chambers of the muon spectro-
meter. It saves the event if it is likely to contain a high p7 electron, muon or photon
or is characterised by a large total transverse energy. The two higher levels access
more detector information for a final rate of up to 400 Hz with an event size of
approximately 1.6 Mb.
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3.4 Data taking

The analyses described in this thesis make use of the proton-proton collisions recor-
ded by ATLAS in 2012. At the start—up of the LHC, during power tests of the dipole
circuit, a fault occurred in the electrical bus connection in the region between a di-
pole and a quadrupole, which caused mechanical damage and the release of helium
into the tunnel [65]. As a precaution it was then decided to increase the centre—of—
mass energy over the course of several years. The run conditions compared to its
design values are shown in table 3.1.

The collisions with a center-of-mass energy of /s = 8 TeV were recorded
between April 4" and December 6. Figure 3.9 shows how the integrated luminosity
accumulated during the year, totalling a recorded luminosity of £ = 20.3fb~!
suitable for physics. Due do the high instantaneous luminosity, on average there
were 20.7 interactions per crossing. The luminosity-weighted distribution of this
pile—up can be seen in figure 3.9.

The various sub-detectors have been performing well, as can be seen in table
3.2, totalling a recordering effiency of 95.5 % .

2012 design
center-of-mass energy [TeV] 8 14
delivered integrated luminosity [fb™"] 23.25 80-120
number of bunches 1380 2808
bunch spacing [ns] 50 25

peak instantaneous luminosity [cm~2s~1]  7.73 x 1033 1034

average pile—up 20.7 19.2

Table 3.1 - The LHC running conditions in 2012 compared to its design values. Taken from
[66].
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The top plot shows the cumulative luminosity versus time delivered by the LHC,
recorded by ATLAS, and certified to be good quality data during stable beams in
2012. The bottom plot shows the luminosity-weighted distribution of the mean

number of interactions per crossing for 2012. Taken from [67]
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Inner Tracker Calorimeters

pixel SCT TRT LAR Tile

99.9 99.1 99.8 99.1 99.6

Muon Spectrometer Magnets

MDT RPC CSC TGC Solenoid Toroid All Systems

99.6 99.8 100.0 99.6 99.8 99.5 95.5

Table 3.2 - Luminosity weighted relative detector uptime and good quality data delivery in
percentage, corresponding to £ = 21.3fb~! of recorded data. Taken from [66].

Conclusion

Proton collisions with a center-of-mass energy of v/s = 8 TeV have been recorded
by the ATLAS experiment at the Large Hadron Collider. The 2012 dataset is used
for the Z — It analysis of this thesis, which totals a recorded luminosity of L =
20.3/b! after passing quality criteria.



chapter four

Particle and event
reconstruction

The reconstructed particles that are used for the analysis described in the next
chapter are identified by the signatures that they leave in the detector. Muons are
reconstructed using tracks from both the muon spectrometer and inner detector,
while electrons are identified by maching a track from the inner detector to an energy
deposit in the calorimeter. Three-dimensional clusters of calorimeter cells form the
input for the jet reconstruction, which is done using the anti—k; algorithm. These
reconstructed jets are the input for identification of hadronically decaying taus, for
which the main challenge is to distinguish them from hadrons produced from the
fragmentation of quark and gluon jets. Finally the missing transverse momentum
is computed from the combination of all the reconstructed physics objects and the
remaining energy deposits.

The above mentioned physics objects are all utilised to reconstruct the invari-
ant mass of the Z boson of the LFV Z — It decays. A modified version of the
Missing Mass Calculator is used to calculate this invariant mass, which will be
used as a hypothesis test in the subsequent chapters. There are several Standard
Model processes after the event reconstruction that will act as a background in
the search for Z — It decays, namely Z — 77, t/tt, W + jets, Z/VV — I,
H — 77 and QCD multi-jets and are modelled by a combination of Monte Carlo
simulation and data—driven methods.

4.1 Muon reconstruction

The ATLAS detector can detect and measure muons both in the inner dectector
and the dedicated muon spectrometer. According to information recorded by the
detector systems, muons are classified in the following reconstruction types:

Combined muons (CB) are the main type of reconstructed muons and are formed
when a track from the muon spectometer and the inner detector are succesfully
matched and their information combined.

Stand-alone muons (SA) are reconstructed using only the information from the
muon spectrometer. Stand-alone muons make it possible to extend the cover-
age to an additional 2.4 < |n| < 2.7 range which is outside of the scope of
the inner detector.
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Segment-tagged muons (ST) are reconstructed when a track in the inner detector
is extrapolated to the muon spectrometer, and in doing so matches with at
least one segment in the monitored drift tube or cathode strip chambers. This
category can be used to incorporated to muons with a low pr or that traverse
regions in the muon spectrometer with reduced acceptance.

Calorimeter-tagged muons (CaloTag) are reconstructed when a track in the inner
detector can be matched with an calorimeter energy deposit. It has the lowest
purity of all categories, but it allows to recover the efficiency in the |n| < 0.1
region.

The muons are reconstructed with two different independent algorithms, called
Chain 1 and 2. Chain 1 uses the track parameters and their corresponding covari-
ance matrices to combine the information from the inner detector and the muon
spectrometer. Chain 2 achieves this by using all the registered hits and doing a
refit of the track. Figure 4.1 shows the reconstruction efficiency measured using
Z — pu events for the different categories and reconstruction algorithms. The com-
bination of all the muon reconstruction types gives a uniform muon reconstruction
efficiency of about 99 % over full phase space and exhibits a percent level agreement
between observed and simulated data.

For the search in this thesis the chain 2 algorithm is used in combination with
muons identified as loose. This definition includes both combined and segment
tagged muons. Additional muon quality criteria from the muon working group are
applied, such as inner detector hit requirements, to achieve a precise measurement
of the muon momentum and to reduce the misidentification rate.
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Fig. 4.1 - The reconstruction efficiency as a function of 7 for muons with pr > 10 GeV for
the Chain 1 (left) and Chain 2 (right) algorithms. Calorimeter-tagged muons are
only shown for the || < 0.1 region where there is a gap in the muon spectrometer
for support structures. The error bars on the efficiency represents statistical error,
for the ratio the systematic uncertainty is included as well. The dip on the 7
distribution around 0 is caused by a gap in detector that is used for cabling. The
dip around +1 is caused chambers that were not installed yet. Taken from [68].
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4.2 Electron reconstruction

Tracks of charged particles in the inner detector that are matched to an energy de-
posit in the electromagnetic calorimeter are the seed for the electron identification
algorithm [69]. Because of the acceptance of the inner detector, electrons are only
measured in the angle |n| < 2.49. The electromagnetic clusters are reconstructed
using a sliding-window instead of the topological algorithm that is used for jets. The
sliding-window algorithm is based on summing cells within a fixed-size rectangular
window; the position of the window is adjusted so that its contained transverse
energy is a local maximum. It is an efficient tool for precisely reconstructing elec-
tromagnetic showers and allows for a very precise cluster energy calibration, but
has less noise suppresion that the topological algorithm.

To distinguish real electrons from backgrounds such as hadronic jets a number
sequential cuts on discriminating variables that are used. Among the 21 used vari-
ables are the number of hits in the pixel detector, the ratio of the energy deposited in
the electromagnetic and hadronic calorimeter, and the shower width. Four working
points are created, namely loose, medium, tight and multilepton, depending on the
desired signal efficiency and background rejection of a given analysis.

Using a tag-and-probe method with Z — ee events, the reconstruction and
identification efficiency is determined and shown in figure 4.2. Depending on the
Er, the reconstruction effiency is expected to be around 85 % for the medium
working point used for the analysis of this thesis. Candidates found in the transition
region between the end—cap and barrel calorimeters (1.37 < |n| < 1.52) are not
considered. The total uncertainties on the identification efficiency measurements
are around 1-2% for electrons with a transvere energy above 25 GeV.

4.3 Jet Reconstruction

Jets are collimated bunches of stable hadrons, produced by quark and gluons that
have undergone fragmentation and hadronisation. Jets are reconstructed by first
clustering energy deposits into so-called “TopoClusters” [70]. This topological al-
gorithm starts with a seed cell and iteratively adds to the cluster the neighbor of a cell
already in the cluster, provided that the energy in the new cell is above a threshold
defined as a function of the expected noise. The produced three-dimensional clusters
of the calorimeter cells form the input for the jet reconstruction algorithm. Through
the years several methods have been developed to identify the jets produced by
hadronic collisions. At ATLAS a sequential recombination algorithm called anti—k;
is employed, using a distance parameter of R = 0.4 [71]. It introduces a distance
d;; between clusters i and j, based on their tranverse momentum p7 and angular

separation AR;; as
[ 1 1 \AR;?
d;j = min (2, ) R;] 4.1)

2
Ti PTj
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Fig. 4.2 - Measured combined reconstruction and identification efficiency for electrons as a
function of Er (left) and 7 (right) for the loose, multilepton, medium and tight se-
lections. The lower panel shows the data to Monte Carlo agreement. The measured
efficiency ratios are applied as correction or scale factors in analyses at ATLAS.
The inner error bars quantify the statistical uncertainties and the outer errors bars
with the systematic uncertainties included. Taken from [69].

and the distance between any cluster ¢ and the proton beam direction B as
1
P7;

The algorithm proceeds by calculating all possible distances. If the smallest value
is given by d;;, the four-momenta of the clusters 7 and j are combined, and all
the distances are recalculated. If the smallest value is d;p, cluster 7 is identified
as a jet, and removed from the list of clusters that are iterated over. This process
is repeated until all clusters are combined into jets. This algorithm exhibits the
desirable characteristic that the jet shapes are resilient with respect to soft radiation,
yet flexible with respect to hard radiation.

In the case of an event with a few well-separated hard particles and many soft
ones, the distance between soft particles will be much larger. Consequently soft
particles will cluster with hard ones before they cluster among themselves. If a hard
particle has no hard neighbours within AR = 0.8, then it will simply accumulate
all the soft particles within a circle of radius 0.4, resulting in a perfectly conical
jet. If another hard particle is present such that 0.4 < AR < 0.8 then there will
be two hard jets. In case one jet has a much higher pr, this jet will be conical,
while the other will miss the overlapping part. When the two jets have a similar
transverse momentum, both cones will clipped. When the other hard particle is
within AR < 0.4, the two particles are merged within a single jet. This single jet

diB 4.2)



4.3 jet reconstruction

will also be conical, unless the two particles have a similar p7 in which case the
shape can be more complex. An example of this behaviour can be seen in figure in
4.3.

] - I.-Z :

Fig. 4.3 - The result of a simulation using the anti—k; with a distance parameter of 1. The
variable y stands for pseudorapidity. Taken from [71].

Jets are calibrated to account for several effects, which are among others: en-
ergy lost in inactive areas of the detector, energy deposits below noise thresholds
and multiple proton collisions in the same bunch. The topo-clusters are initially
reconstructed at the electromagnetic scale. Then a second topo-cluster collection
is built using the local cluster weighting (LCW) method, that improves the res-
olution by corrections that include a classification wether or not the clusters are
electromagnetic or hadronic.

Only jets with |n| < 4.5 are selected for the analysis in this thesis. Furthermore
a jet-vertex fraction (JVF) is used to reduce the number of jets in the event due to
pile-up activity. The JVF is defined as the ratio between the sum of the transverse
momentum of the tracks in the jet associated to the primary vertex and the sum
of the transverse momentum of the tracks in the jet associated to any vertex in the
event. Conventionally, |JFV| = —1 is assigned to jets without tracks. To suppress
contributions from pileup, jets with || > 2.4 and pr < 50 GeV are required to
have [JFV| > 0.50.

The uncertainty on the central value of the reconstructed jet energy scale (JES)
and the jet energy resolution (JER) at ATLAS are shown in figure 4.4. The jet
energy scale is measured with an uncertainty below 4.5% and drops off with higher
reconstructed transverse momentum, untill it reaches the pr > 800 GeV region.
The jet energy resolution is measured with an uncertainty below 3% at 20 GeV and
less than 1% above 100 GeV for the jets reconstructed with the anti—k; algorithm.
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Fig. 4.4 - Total uncertainty on the jet energy scale (JES) of anti—k;, R = 0.4 as a function of
pr using fast simulation is shown on the left. “Absolute in situ JES” refers to the
uncertainty arising from V +jets and multi-jet measurements, whilst “Relative in
situ JES” refers to the uncertainty arising from the dijet n-intercalibration. “MC
non- closure, fast simulation” refers to the additional non-closure observed in
fast simulation when comparing to full simulation. The uncertainty on the jet
resolution (JER) as a function of pr is shown on the right. Both figures are taken
from [72].

The ability to identify jets containing b hadrons is important for treatment of
the ¢ /tt background. Several b—jet identifications algorithms have been developed.
The IP3D algorithm is based on the impact parameter, SV1 exploits the secondary
vertex and JetFitter uses a Kalman filter to exploit the topology of the b and ¢
decays [73]. The MV 1 tagger which is used for the search in the next chapter is a
neural network that uses the most discriminating variables from both IP3D, SV1
and JetFitter [74]. Its efficiency to select the different jet flavours is evaluated on
a sample of tf events is shown in figure 4.5. For the search described in the next
chapter the MV1 output discriminant is chosen to be 70% efficient.

4.4 Tau lepton reconstruction

With a mass of 1776.86 4= 0.12 MeV, the tau is the heaviest particle of the lepton
family [4]. Having a proper decay length of 87 um, it decays too rapidly to be
detected by the ATLAS detector. For this reason the identification happens through
its decay products, which are summarized schematically in figure 4.6.

Because of its heavy mass, there are several decay modes which are kinemat-
ically allowed: 77 — v Ve T~ — vpp Uy, 7 — vpduiand T — v, which
are depicted in figure 4.7. Neglecting the fermion masses, the universality of the
W couplings implies that these decay modes have equal amplitudes, apart from a
factor n¢|Vy; |2. Here n, stands for the number of quark colours which is three, and
for the elements of the CKM mixing matrix the approximation |V,g4|? + |Vis|? ~ 1
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Fig. 4.5 - Efficiency of the MV1 tagger to select b, ¢, and light-flavour jets, as a function
the pr of the measured jet. The weight selection on the MV 1 output discriminant
is chosen to be 70% efficient for b—jets with pr > 20 GeV and |n| <2.5, as
evaluated on a sample of simulated ¢ events. Taken from [74].

can be used. This gives the following lowest order approximation of the branching
fraction:

Br(t~ — v, + hadron) B %nc|Vud|2 + %7”L0|Vus|2 ~
Br(1™ = vre le,) 1 ~

3 4.3)

So the measurement of the 7 decay fractions provides strong evidence for the quark
colours. The numerical differences with experimental results are mainly due to
missing QCD corrections which amplify the hadronic decays by roughly 20 % [75]

The leptonic modes are difficult to be distinguished from muons or electrons
that were produced directly at the proton collision and are therefore not used in
the reconstruction. The search in this thesis utilises only hadronic tau decays that
make up 65% of all the possible decay modes. In these cases the neutrino remains
undetected apart from the total energy imbalance they produce, leaving only the
hadrons to be used for reconstruction and identification. The produced hadrons

consists of one or three charged pions 7% in 72 and 22 % of all cases respectively.

In the majority of the remaining decays charged kaons K * are present. Furthermore
in 78% of the cases one or more neutral pions 70 are produced. The hadrons that
make up the visible decay products are referred to as Tj,q in this thesis.
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Fig. 4.6 - The various branching fractions of the 7-lepton. The leptonic modes account for
35% of the decays, the hadronic modes account for the remaining 65%. Taken
from [4].

Jets that are reconstructed using the anti—k; algorithm form the input for the
Thad T€construction algorithm, under the requirement that they have a pr > 10 GeV
and |n| < 2.5. The main challenge of the identification of the Thaq is to distinguish
them from hadrons produced from the fragmentation of quark and gluon jets. The
ATLAS tau identification uses eleven discriminating variables, summarized in table
4.1, combined in Boosted Decision Trees (BDT) to reject these backgrounds [76].
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Fig. 4.7 - Feynman diagram for the decay of the 7-lepton. Taken from [75].

variable definition

Jfeent central energy fraction

Sirack leading track momentum fraction

Rirack track radius

Sleadtrack leading track IP significance

Njso number of tracks in the isolation region

A Rpmax maximum AR between a track from the 7,4 and its direction

STﬂighl decay length of the secondary vertex in the transverse plane, di-
vided by its estimated uncertainty

Mirack invariant mass of the tracks, assuming a pion mass for each track.

M0 4 track invariant mass of the tracks and 7% mesons

Nyo number of reconstructed 7° mesons

p?oﬂr“k /pr  ratio of the transverse momentum using the track and 7° informa-

tion and the calorimeter-only measurement.

Table 4.1 - Discriminating variables used as input to the tau identification algorithm. More
detailed information can be found in [76].

The distributions of two important variables, the central energy fraction ( feent)
and the leading track momentum fraction (Rckx) are shown in figure 4.8. The nar-
row shower shape combined with a few collimated tracks characteristic of hadronic
tau decays are useful in discriminating such decays from other signatures in the
detector. The hadronic decay is classified into one and three tracks, for which sep-
arate BDT algorithms are trained. The background rejection and signal efficiency
curve for these two algorithms are shown in figure 4.9. Three working points are
defined namely tight, medium and loose. For the analysis described in chapter 5,
the medium tau BDT was found to give the highest search sensitivity.
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for low and high pr Thaq candidates, are shown on the left and right respectively.
The signal events are a mixture of Z — 77, W 4 jetsand Z’ processes, while
the background consists of QCD multi-jet events. The red markers correspond to
the tight, medium and loose working points. The reason the curves do not reach a
signal effiency of 1, is that not all 73,4 are identified as candidates. Which in turn
is caused by the reconstruction efficiency and misassociation of the tracks used to
reconstruct the 7,4 . Taken from [76].

Electrons can also mimic 1-track m,q decay and an additional dedicated BDT
algorithm is used to discriminate against them. Among other distinct properties, the
algorithm makes use of higher ratio of high- to low-threshold track hits in the TRT
for electrons compared to pions, the distance between the track and the calorimeter
direction and the ratio of energy deposited in the electromagnetic and hadronic
calorimeter.

Muons are unlikely to deposit enough energy in the calorimeters to be recon-
structed as T, candidates, because their relatively higher mass cause less Brems—
strahlung to be produced compared to electrons. However, when a sufficiently ener-
getic cluster in the calorimeter is associated with a muon, the muon track and the
calorimeter cluster together may be misidentified as a 7,9 . Muons which deposit
a large amount of energy in the calorimeter and therefore fail muon spectrometer
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reconstruction are characterized by a low electromagnetic energy fraction and a
large ratio of track pr to E7 deposited in the calorimeter. Low-momentum muons
which stop in the calorimeter and overlap with calorimeter deposits of different
origin are characterized by a large electromagnetic energy fraction and a low pp to
E7 ratio. The applied muon veto is a simple cut-based selection based on these two
variables, which reduces the muon contamination to a negligible level.

4.5 Missing transverse energy

As the protons fly along the beam pipe in the z—direction, momentum conversation
dictates that the total transverse momenta of the decay products in the the z — y
plane should be zero. Any deviation from this is quantified by the missing transverse
energy ', which is a measure of the particles that escape the detector unnoticed
such as neutrinos. It is calculated by taking the negative vector sum of the transverse
momenta of all the calibrated physics objects, e.g. the  and y component are given
by

-+ Esat; term (4.4)

T

iss Tha jets

~Eojy = Eapy + Eopy + By + By + By,
Energy deposits in the calorimeters and tracks are associated with the physics ob-
jects in the following order: electrons e, photons v, the visible decay products of
the tau 7h,q , jets and muons . The remaining unassociated deposits and tracks are
labeled as “sof term”, and contain contributions from hard-scattering, the underly-
ing event and pileup interactions. Calculating the soft term contribution is the most
challenging part of the missing energy reconstruction, and several algorithms have
been developed to reconstructed it at ATLAS [77]:

Calorimeter Soft Term (CST): is based on energy deposits in the calorimeter
which are not associated to reconstructed particles and jets. Noise suppression
is achieved by only using topocluster cells with the same LCW calibration as
the jets. Low momentum particles that do not reach the calorimeter are added
by using the inner detector tracks. Tracks reaching the calorimeter that are
not associated to high momentum objects are also used.

Track Soft Term (TST): only uses unassociated tracks for the reconstruction
of the soft term. Although this method is very pile-up independent it misses
contributions from the soft neutral particles.

Track: reconstructs the complete E?iss based on tracks instead of deposits in the
calorimeter. However for electrons it uses the measurement of the calorimeter
instead of the track momentum, as it is more precise. The soft term for is
defined to be identical to the TST by only using unassociated tracks as well.

Extrapolated Jet Area with Filter (EJAF): has a pile-up correction applied
on the CST, based on the jet area [78].
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Soft Term Vertex Fraction (STVF): is a different pile-up correction to the CST,
utilising the information of the inner detector tracks. The correction factor
asTvr is calculated by taking the fraction of the total transverse momentum
of the tracks originating from the primary vertex:

asrvr= > pr/ Y. pr (4.5)

tracks from PV all tracks

Each event is then multiplied by this factor. Its mean value versus the number
of reconstructed vertices Npy  is shown in figure 4.10.

The stability of the above algorithms against pileup is also shown in figure 4.10. As
expected the Track and TST method shows the least dependency on Npy, while the
CST method without an pileup suppression technique applied the most. As can be
seen the STFV outperforms the EJAF pileup suppression.
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Fig. 4.10 - On the left the mean agryr event weight to suppress pileup effects is shown
versus the number of reconstructed vertices for O-jet (red) and inclusive (black)
events for Z — pjuevents. On the right the resolution of the EM* versus the
number of constructed vertices Npyis shown. The closed markers represent data
while the open markers depict the result of Monte Carlo. Taken from [77].

The resolution and accuracy of the E?iss reconstruction for the different meth-
ods of reconstruction can be seen in figure 4.11. All algorithms except for the Track
show similar performance, whereas the latter starts to degrade in resolution and
accuracy because it does not include high—pr neutral particles coming from jets.
The resolution agreement between Monte Carlo and data is in excellent agreement
for the Track method, however for the other algorithms there is a 20 % discrepancy
for events with a total missing energy higher than 300 GeV. A positive bias is ob-
served for events with E2 "™ < 40 GeV. This is due to the finite resolution on
the E?i“ reconstruction and the fact that it is non-zero by definition.
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Fig. 4.11 - On the left the resolution of the different methods is shown versus the total recon-
structed missing energy Y EM* using Z — pp events. The total reconstructed
missing energy is calculated with the TST method to suppress pileup effects. On
the right the linearity versus the E**"™® is shown using W — uv events. The
linearity is defined as the ratio Fpis — ERs-mth ) prissiuth o jg expected to be
zero if the E?iss is reconstructed at the correct scale. Taken from [77].

4.6 Event selection

The signatures of Z — [T decays are characterised by the presence of an energetic
lepton originating directly from the boson decay and carrying roughly half of its
energy, and the hadronic products of a 7-lepton. The analysis described in this thesis
makes use of the proton collisions recorded at the ATLAS experiment in 2012. The
measured data in both Z — [7 channels is collected with single—lepton triggers: a
single-muon trigger with a threshold of pr > 24 GeV and a single—electron trigger
with a threshold Ep > 24 GeV.

Muon candidates are reconstructed using the Chain 2 algorithm that combines
information from the inner detector and the muon spectrometer. Muon quality cri-
teria such as inner-detector hit requirements are applied to achieve a precise meas-
urement of the muon momentum and to reduce the misidentification rate. Muons
are required to have p7 > 30 GeV and to be within |n| < 2.5. The distance between
the z-position of the point of closest approach of the muon inner-detector track
to the beam-line and the z-coordinate of the primary vertex is required to be less
than 1 cm. Here the primary vertex is chosen as the proton—proton collision vertex
candidate with the highest sum of the squared transverse momenta of all associated
tracks.

Electron candidates are required to have a transverse energy of Ep > 30 GeV,
to be within the pseudorapidity range |n| < 2.47, and to satisfy the medium shower
shape and track selection criteria discussed in section 4.2. Candidates found in the
transition region between the end-cap and barrel calorimeters (1.37 < || < 1.52)
are not considered.

Exactly one lepton (electron or muon) satisfying the above identification re-
quirements is allowed. All lepton (electron or muon) candidates must satisfy ad-
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ditional isolation criteria, based on tracking and calorimeter information, in order
to suppress the background from misidentified jets or from semileptonic decays
of charm and bottom hadrons. The calorimeter isolation variable I(E7, AR) is
defined as the sum of the total transverse energy in the calorimeter in a cone of size
AR around the electron cluster or the muon track, divided by the Ep of the electron
cluster or the pr of the muon, respectively. The track-based isolation I (pr, AR) is
defined as the scalar sum of the transverse momenta of tracks within a cone of size
AR around the electron or muon track, divided by the Ep of the electron cluster or
the muon pp, respectively. The isolation requirements used are optimised to reduce
the contamination from non-prompt leptons.

Hadronically decaying 7-leptons are identified by means of the multivariate
analysis technique discussed in section 4.4 based on boosted decision trees, which
exploits information about ID tracks and clusters in the electromagnetic and had-
ronic calorimeters. The 7,4 candidates are required to have +1 or —1 net charge
in units of electron charge, and must be 1- or 3-track (1- or 3-prong) candidates.
Events with exactly one .4 candidate satisfying the medium identification criteria
with pp > 30 GeV and |n| < 2.47 are considered in the 73,4 channels. Dedicated
vetos to separate T4 candidates from misidentified electrons and muons are applied.
In addition to reduce the contamination due to backgrounds where a muon mimics
a Thad Signature, events in which an identified muon with p > 4 GeV overlaps with
an identified 7,4 are also rejected.

Jets are required to be reconstructed in the range |n| < 4.5 and to have pp >
30 GeV. To suppress jets from multiple proton—proton collisions in the same or
nearby beam bunch crossings, tracking information is used for central soft jets with
In|] < 2.4 and pr < 50 GeV. Tracks originating from the primary vertex must
contribute more than half of the jet pr when summing the scalar pt of all tracks
in the jet; jets with no associated tracks are retained. In the pseudorapidity range
In| < 2.5, jets containing b-hadrons (b—jets) are selected using a the MV 1 tagging
algorithm with at a 70% working point.

When different objects selected according to the above criteria overlap with
each other within AR < 0.2, only one of them is considered for further analysis.
The overlap is resolved by selecting muon, electron, 1,4 and jet candidates in order
of priority.

The missing transverse momentum is reconstructed using the STFV scaling
procedure, as discussed in section 4.5, to achieve a more accurate reconstruction
under high pile—up conditions. The reconstruction algorithm utilises the medium
instead of the standard tight 7,,¢ BDT, to be in line with the used 7,4 selection.

The complete event selection is summarized in table 4.2.
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object

selection

muon

Chain 2, combined + segment tagged
pr > 30 GeV

In] <2.5

ID quality criteria

I1(ET,0.2) < 0.06

I(pr,0.4) < 0.06

electron

medium

pr > 30 GeV

|| < 2.47 and not in 1.37 < |n| < 2.47
ID quality criteria

I(Er,0.2) < 0.06

I(pr,0.4) < 0.06

Thad

BDT medium

pr > 30 GeV

In| < 2.47

electrical charge = £ 1
electron/muon veto

1 or 3 tracks

jet

LCW, anti-k;, R = 0.4

pr > 30 GeV

[n| < 4.5

|JEV| > 0.50 for |n| < 2.4 and pr < 50 GeV
MV1 at 70% working point for b—jets veto

miss
ET

STVF

BDT medium for the identifaction for 7,9

Table 4.2 - The selection criteria that is used for the objects used for the for the LFV Z —

I analysis described in the chapter 5. The overlap is resolved by selecting muon

electron, 7p,q and jet candidates in this order of priority.

i
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4.7 Backgrounds

There are several Standard Model processes after the event selection of 4.6 that
will act as a background in the search for Z — 7 decays, namely Z — 77, t/tt,
W +jets, Z/VV — ll, H — 77and QCD multi-jets. These backgrounds are
identified after reconstruction as having the same /7,4 final state as the signal. As
the misidentification rate of 7,4 is much higher than for electron and muons, the
reconstructed events can be broadly classified into three categories:

* events with a real lepton and Tjaq
* events with a jet misidentified as a Tjaq

* events with a lepton misidentified as a 7jaq

Now the characterics, topologies and modeling of these backgrounds will be dis-
cussed, which are used for the event selection of the various signal and control
regions.

Z =TT

The largest source of Z boson production is shown in figure 4.12. It occurs when
a quark of one proton and an antiquark of another proton annihilate, creating an
on/off shell photon or Z boson which then decays into a pair of oppositely-charged
leptons. Both Z — 77, Z — ppand Z — ee are backgrounds to this analysis.

Fig. 4.12 - Example of lowest order Feynman diagram diagram for Z boson production and
decay, taken from [79]

The Z — 77 decay is the largest background due to its similarity with signal.
As Z — It decays it produces both a real lepton and a hadronically decaying tau,
but two additional neutrino’s are also produced by the other leptonically decaying
tau. Although the produced lepton will be softer and the resulting reconstructed
mass Z peak shifted towards lower values, the limitations in E"° resolution do not
make it possible to completely separate this background from the signal.

Because it is the largest contribution to the background, a good modelling is
essential to this analysis. As discussed in section 4.4 the identification of hadronic
tau decays is rather involved, so selecting a completely data—driven high statistics
Z — 77 sample is not feasible. However a hybrid method of real data and Monte
Carlo simulation was devised. By selecting two isolated, energetic leptons with
an invariant mass close to the Z resonance, a high statistics and pure sample of
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Z — lldecays are selected. Apart from effects due to differences in lepton masses
these two decays are are identical, including additional jets from the underlying
event. Then these leptons are replaced by taus, of which the decay is modelled by
Monte Carlo simulation. By using this embedded sample of which the details are
further explained here [80], the variables related to the number of jets in the event,
E7*%, pile-up and the underlying event are data driven and are not subjected to
systematic uncertainties which improves the sensitivity of the analysis.

As this embedded sample is data driven it contains a raw number of events
which are not directly related to its cross section. Therefore the normalisation is
floated freely in the fit model which is described in more detail in section 5.4.

Z/VV = U

In addition to the Z — pp and Z — ee backgrounds of figure 4.12, the diboson
decays VV — [l (where V = W, Z) decays produce a large amount of di-lepton
events. Although no actual tau is produced in these decays apart from V'V — 77 the
misidentification of the m,q still produces a sizeable amount of background. There
are two components to this misidentification, namely events where the reconstructed
tau is a misidentified lepton (I — Tgae ) Or @ jet (j — Trake )-

To obtain normalisation and shape corrections for the Z — [l background in
case of j — Tgye a control region (ZIICR) is used, by selecting two oppositely
charged leptons with an invariant mass in the range of 80 < my+,- < 100 GeV, see
section 5.2. Since this background is symmetric under charge a single correction
factor is derived for both opposite sign (OS) and same sign (SS) events.

The predictions for the diboson and Z — i (14 — Trake) are obtained from
Monte Carlo simulation and normalised based on the production cross-section. For
the Z — ee (e — Trake) this contribution is much larger and floated freely in the fit
to account for possible mis-modelling.

Fig. 4.13 - Example of a lowest order Feynman diagram for diboson production and decay,
taken from [81]

W 4 jets

The W + jets is the second largest background and predominantly consists of a real
high pr lepton and a jet misidentified as a hadronically decaying tau. This lepton can
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either be directly created in the case of W — [v or can originate from a tau decay
from W — tv, see also figure 4.14. Because the misidentified jet and the lepton
do not originate from the decay of a single particle, the resulting reconstructed
M %Mcdistribution is very wide compared to Z — [T or Z — 7T events, as can be

seen in figure 5.8 for example.
--\-H""--\. ot
i VAV LY,

[}

i . -*?.';‘g""‘w._u_

_\s:_g_!:l; : 'u;g-a.::h... i e
Fig. 4.14 - Example of lowest order Feynman diagram diagram for W 4 2jets production
and decay, taken from [82]

Because the 7,4 identification algorithm overestimates the number of simu-
lated W + jets events with respect to collision data, a control region dominated with
this background (WCR) is used to account for this effect, see section 5.2. The sim-
ulated W + jets events are scaled by a factor such that the simulated and observed
event yields are equal in the WCR. The misidentification differs for jets from quark
and gluon hadronisation. Events with an oppositely charged lepton and hadronic
tau have a bigger component of quark jets compared to those with same charge.
Because of this two separate normalisation factors are obtained for opposite and
same sign events.

t/tt

The top quark is the heaviest known fundamental particle, first observed in 1995 at
the Tevatron [83, 84]. Its dominant production channel is pair creation through the
strong interaction depicted in figure 4.15. Top quarks are produced alone through
the weak interaction shown in figure 4.16 of which the t-channel exchange of a
virtual W boson is the dominant contribution. Both processes are distinct from other
backgrounds by the presence of multiple high pr jets including those from b quarks,
which provides a convenient characteristic for designing a control region.

H— 11

The H — 77 decays appears as a small background. The measured signal strength
was measured by ATLAS to be u = 1.4+0.4 [80]. As this falls within one standard
deviation of the Standard Model prediction, the SM cross-section is used for the
background prediction.

QCD multi-jets

Parton scattering is the most frequent occurring process at the LHC. Through the
strong interaction two-parton scattering and hard gluon emission several energetic
jets are produced, which is commonly called QCD multi-jets. It occurs as a back-
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b b
Fig. 4.15 - Example of lowest order Feynman diagrams for ¢ production, taken from [85].
On the left is the dilepton and on the right the single-lepton decay mode.

Fig. 4.16 - Example of lowest order Feynman diagrams for single top-quark production and
decay, taken from [86]

ground when one jet fakes a lepton and another jet fakes a hadronically decaying
tau. As this process is practically impossible to model by Monte Carlo simulation
due to limited computing resources, it is obtained through a data-driven method as
well, which is discussed in the section 5.2.

4.8 Monte Carlo simulation

To model these various backgrounds, several different Monte Carlo generators and
samples are used. The detector simulation for all the Monte Carlo samples is per-
formed with GEANT4 [87] and the reconstruction is made with the same software
as is used for data. For the next to leading order generators POWHEG [88] and
MC@NLO [89], the CT10 parton distribution function [90] is used, while for the
leading order generators PYTHIA [91] and ALPGEN [92] the CTEQ6L1 parton
distribution function [93] is used.
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The Monte Carlo samples for W + jets are generated with ALPGEN [92].
ALPGEN calculates the hard scattering matrix elements by only including tree-level
diagrams. To model the subsequent parton showering, hadronisation as well as the
underlying event it is interfaced to either PYTHIA [91] or HERWIG combined with
JIMMY [94, 95]. When comparing the event yields of the HERWIG and PYTHIA
sample, it was found that even after normalisation to the data events in the WCR
there are significant differences in the shape and normalisation of their predictions
in the signal regions. Because the choice of event generators have this effect on the
modelling of jet — 7,4 in the different regions of phase space a corresponding
systematic uncertainty was introduced.

The tt samples are produced with the fully next to leading order calculator
for the hard scattering MC@QNLO [89]. The single top samples are simulated with
the tree level matrix element generator ACERMC [96]. The subsequent parton
showering and hadronisation is done with HERWIG with the underlying event
simulated by JIMMY [95].

The Monte Carlo samples for Z — [l are also generated with ALPGEN and
interfaced with PYTHIA 8. The diboson (WW, WZ, ZZ) samples are generated
using HERWIG for WZ and ZZ processes and ALPGEN interfaced to HERWIG
for the WW process. The loop-induced gg — W W processes are generated using
gg2WW [97].

Lastly the H — 77 decays are simulated by PYTHIA 8 as well [91].

4.9 Missing mass calculator

The invariant mass of the lepton flavour violation Z — [7 decay is reconstructed
using a modified version of the missing mass calculator [98].

It was originally developed for reconstructing the invariant mass of the H —
77 system, which depending on whether each 7 decays hadronically or leptonically,
produces two, three or four neutrinos. Therefore the z, y, and z-components of the
momentum carried away by the neutrino(s), and the invariant mass of the neutrinos
in case of a leptonic decay are unkown. This results in 2 to 4 degrees of freedom,
and it is therefore not possible to find one exact solution. However, not all solutions
of this underconstrained system are equally likely. To find a better estimator of the
invariant mass m,., an event likelihood L is constructed by,

L =P (AR1,pr1) x P(ARy, pr2) x P (AEFS) x P (AE™) . (4.6)

The first two probability density functions describe the expected angular distance
between the neutrinos and the visible decays products AR, for a given momentum
of the lepton p,,, which are obtained from simulated Z — 77 events. An example
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for the three different decay modes of the 7 are shown in figure 4.17. The latter two
describe the resolution effects of the missing energy:

P (A miss) = exp <—(A§1/‘;;)2> , 4.7)

z/y 202

where o is the the resolution and AE;“}ZS are the variations of the x and y component
of the missing energy.

10 Z-t E
Leptonic t decays 1

T £
Z—tt E;
3-prong t decays w

Z-Tt

1-prong t decays

I I I I I I L
1 0.1 0.2 03 04 05 0.6 0.7 0.8 1 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
AR AR AR

Fig. 4.17 - Example of the probability distribution functions P(AR, p,) for a particular
value of the original 7 lepton momentum. The probability density function are
obtained by fitting a linear combination of Gaussian and Landau functions to
the datapoints obtained from a simulated Z — 77 sample. These functions are
then used in the calculation of the likelihood L for three cases: 1-prong (left
plot), 3-prong (middle plot), and leptonic (right plot) decays. These distributions
depend only on the decay type and initial momentum of the 7 lepton. Taken from
[98].

In case of the LFV Z — [7decays, the kinematic equation can actually be
solved exactly for the decay of the tau lepton. Assuming that the neutrinos from the
7 decay are the only source of missing energy in the event, we can constrain the x
and y component of the neutrino’s momentum by the measured missing energy. A
three sigma window around the measured Eg‘/lzs values is scanned to find the most

likely invariant mass. The four momentum equation is given by

Pr = DPra T Pv (4.8)
Squaring both sides and rearanging the terms gives:
2 2
ms —m
Drg * Py = EnylBy| + ——5— =0 (4.9)

Writing it out in terms of momentum components

4 2p7..Pv + 2D %PV + m72' — m72'had

14

EThad
= P e 4 (08 + (02)? (4.10)

Z VA
2p Thad D Thad
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Rewriting the terms above reveals the reduced quadratic equation which describes
the z— component of the neutrinos momentum:

pi+ a1 = g/ as + (p,i)Q, 4.11)

P 200 ., o —addag
)+ T+ 5 =0 4.12)
— a3 1—-aj

Solving the above equation, gives rise to two possible solutions for the four mo-
mentum equation. Each solution is then weighted by the appropriate E7'** resolution
probability and by the probability of a reconstructed tau decay topology P (AR, p;):

L=7P(AR,p;) x P (AEFS) x P (AE™) . (4.13)

The estimator for the invariant mass M. %MC, is then defined as the solution
with the highest probability. The result after the event selection described in the
next section can be seen in figure 4.18.
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Fig. 4.18 - A comparision of the invariant mass M%Mcreconstructed with the Missing Mass
Calculator (on the left) and the invariant mass M7 (on the right) using only
the visible 7,q and i decay products after the event selection described section
4.6. As can be seen the MMC method provides a substantially more accurate
reconstruction of the mass and in addition reduces the background yield under
the Z — p7 peak. For the normalisations of the background distributions, their
listed cross-sections are used with a rate and shape correction applied obtained
from the control regions, see section 5.2. The systematic uncertainties are added

in quadrature.
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Conclusion

The algorithms that are used to identify and reconstruct the particles, jets and miss-
ing energy which are used in the search for LFV Z — It decays at the ATLAS
experiment are discussed. The event selection which forms the basis for the analysis
of the next chapter is described. After this event selection there are several Standard
Model processes that will mimic the LFV signatures, which are modelled by a com-
bination of Monte Carlo methods and data driven techniques. Lastly, to reconstruct
the invariant mass of the Z boson, a modified version of the Missing Mass Calcu-
lator is used. The Missing Mass Calculator method provides a substantially more
accurate reconstruction of the Z mass compared to only its visible decay products,
and in addition reduces the background contribution substantially.
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chapter five

Measurement model

This chapter describes the model that will be used in the search for the charged
lepton flavour violation (cLFV) in the Z — It (with | = e, u) channel, by looking
at tau leptons decaying hadronically. The characteristics and modelling of these
decays are discussed in section 5. 1.

Several Standard Model (SM) processes will contribute to the observed events
after the event selection and reconstruction. To model the expected SM backgrounds,
both Monte Carlo and data-driven techniques are utilised, which are discussed
in section 5.2. Because processes where a jet fakes a hadronically decaying tau
lepton are not well modelled by means of Monte Carlo simulation, dedicated control
regions are used to correct these prediction.

Subsequently the event selection is optimised to create signal regions that are
both sensitive to the cLFV Z decays while at the same time reduce the contamination
from the SM processes. In these signal regions the background (SM) and signal (SM
with Z — Tl) hypotheses are tested. The employed scheme is discussed in section
5.3 and was chosen to possess a large shape difference in the M %M Cdistribution for
the signal and background processes in addition to having a high statistical signi-
ficance. This is done to have robustness when dealing with the different systematic
uncertainties which alter these distributions.

The mass of the Z boson M %Mcis reconstructed using the Missing Mass Cal-
culator package. The hypothesis test is chosen to be a binned likelihood fit of the
distribution of M %MC, which is discussed in detail in section 5.4. The branching
fractions of the Z — It decays are extracted from the fit, by comparing the observed
data to the sum of the expected backgrounds, while taking into account the various
systematic uncertainties of section 5.5.

To avoid possible biasing, the search is performed as a blinded analysis. The in-
variant mass distributions are blinded in the mass window of 80 < M %M C<115
GeV of the signal regions. For reference, throughout this analysis a branching frac-
tion of Br(Z — It) = 1077 is assumed. To make the kinematic distributions visible
in the plots, their histograms are multiplied by a factor of hundred.

5.1 Signal modelling

In the researched Z — [7 channels a neutral Z boson decays to a lepton [, either
a muon, u, or an electron, e, and a tau lepton, 7. The latter decays hadronic-
ally, to one or more hadrons, T4, and a tau neutrino, v-. To model these decays,
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lepton flavour violating signal samples are generated with Pythia 8.165 using the
AU2MSTW2008LO generator tune. Due to a large number of theoretical models
that could cause lepton flavour violation, a flat phase space decay of the Z boson
is assumed. These signal samples contain 100000 events after an applied filter that
requires at least one lepton with p > 5 GeV and || < 2.8 in the event, which
results in a generator efficiency of 82.4 %. The decays of the 7 are modelled with
Pythia 8 as well. The signal events are characterised by the following key features,
which are shown in figure 5.1:

* the presence of a high-pr lepton, with the corresponding distribution peaking
at pr (1) ~MMMC /2

* a Tpag roughly back-to-back this lepton [, the angular distance AR(l, Thaa)
peaking around 7 rad

* the presence of only one tau neutrino v from hadronic 7-decays, which is
almost collinear with 7,4

* a large transverse mass of the lepton [ and the E?iss system, due to a large
average pr(l) and a large AR(l, v,) angle

e a small transverse mass of the 7,4 and E%iss system, caused by the relat-
ively soft pr spectrum of the 7,4, together with a small angular separation
AR(vr, Thad) With respect to the escaping neutrino
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Fig. 5.1 - The kinematic properties of the lepton flavour violating Z — u7 decays. From
top to bottom: pr (i) , AR(pt, Thaa) and AR(v, Th,q) distributions are displayed at
MC truth level before full reconstruction.
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5.2 Standard Model estimation

It is known that processes where a jet fakes a 7,4 are not well modelled by Monte
Carlo simulation at ATLAS, and this effect has been accounted for in past pub-
lications [99, 100]. Therefore these contributions either need to be estimated by
data driven techniques or Monte Carlo predictions need to be corrected from dedic-
ated control regions. The background estimation method that is used relies on the
following assumptions:

* The shape of the reconstructed invariant mass distribution M %MC is the same
for events with a opposite sign (OS) and same sign (SS) reconstructed muon
and Tpyq for the QCD multi-jet background in the signal regions.

* The scale factor k& = N(data) /N (MC) is the same for the processes in the
signal and corresponding control regions for the electroweak backgrounds.
They can be different for OS and SS events for certain background however,
and need to be obtained separately in that case. The Monte Carlo predictions
based on the luminosity and cross section are then multiplied by these k-
factors in order to account for mis-modelling of j — 7ge rates and to reduce
systematic uncertainties on their normalisation.

The prediction for the number of OS background events, Nglgg , for each bin of the
M %Mcdistribution is consequently given by the following formula:

bkg data Z—rr W tjets t/tt vVl
NOS = TQCD - NSS + Nadd-on + Nadd»on + Nadd—on + Nadd-on CRY
H—rr Z— (1= Trake) Z—U(j—Ttake)
+ N, add-on + N, add-on + N, add-on ’

where the ratio rqcp = N8§ b / NSQSCD accounts for the rate difference in QCD multi-

jets when requiring OS or SS events, which is caused by their different flavour
composition. The value of rqcp is derived from a QCD multi-jet control region in
data, as discussed in detail in [80]. Figure 5.2 shows the comparison of the visible
and transverse mass in the control region for the p7,q finalstate.

The rate difference is determined to be 7qcp = 1.10 &£ 0.14 for the p7had , and
rqep = 1.00 & 0.13 for the ehyq final final state, both including systematic error.
The term add-on in the above equation refers to a certain electroweak background
contribution predicted by MC events in addition to those already included in [V, g'g“a.
The individual add-on components are are given by:

. kaf(;f =ky_rr (Ngs_> T —7TQCD - NSZS_”T). The Z — 77 background
consists of a real lepton and 7,4 . The factor kz_,; is not a rate correction
as in the case of the other backgrounds, but rather the normalisation for the
embedded sample. For the extraction of the signal it is floated freely without
constraints in the fit model, which is described in more detail in section 5.4.
This background exhibits a strong charge correlation between the lepton and
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the Th,4 , €.g. the number of events with opposite sign charges is much larger
then the number with same sign charges, Nos > Nss.

. N&E:u kwﬂets : Nggﬂe“ —rQeD - kls/[§+jets . NSMS/J”e“. Because the W +
jets background consists of a jet misidentified as a 7,4, a rate correction is
applied. The quark and gluon composition differ for OS and SS events causing
some charge asymmetry Nos > Ngs. Therefore two separate corrections are

obtained from a control region, namely kW Hjets and kW Fjets*
t/tt t/tt t/tt T
. Naé don = kfﬁt Ny / —TQCD" kt i Nsé . For the ¢ /tt background a separate
OS and SS rate correctlon is obtained from its corresponding control region
as well.
. N;gé/(;:” =kyyv_u- (va_ﬂl TQCD * va—m) with kyyv/_y; assumed to

be unity.

. N{iﬁ;f = ky_rr - (Ngsﬁ” — rQCD - NH%”) with kg _,,, assumed to
be unity.

. Nfizolrll(l—)ﬂake) — k(s - ( Ngs—ﬂl(l—make) — rocp - sts—m(l—mdke))
For the pmhag ﬁnall-state this component is rather SI_ngll anfi kZ s pup(u—srge) 18
assumed to be unity. Because an electron gets misidentified as a 7,q more
often due to its energy deposition in the calorimeter, this component is much
larger for the eThaq final state. Therefore a rate correction kz_,ce(e—srye) 18
obtained in this case, see 5.4 for more details.

Z—U(j—Trake .
Nadd-on( ) k7 u(j—mae) NO 1 —rqep), With bz ome)

obtained from the ZIICR. As the number of OS and SS events are expected
Z—)ll(]—)Tfake)

Z—>ll(]—>7‘mke) (

to be the same, only N is used.

A consequence of the used background estimation technique is that some of
the add-on components can be negative. This can happen in the case of statistical
fluctuations, when a background has a very small difference between the number
of OS and SS events. In such cases, the content of corresponding bins is set to the
average statistical error of the distributions.

The corrections to the Monte Carlo prediction are obtained from dedicated
control regions where that particular process dominates. The selection scheme con-
veniently makes use of the fact that the signal and the various background processes
are differently distributed in mz(l, EX"%) -mp(Thad, ") space, which is shown
for the phyq final-state in figure 5.3. The definition of the control regions and the
obtained values of all normalisation and MC-to-data scale factors are summarised
in table 5.1.

These MC-to-data scale factors are applied to produce all the kinematic dis-
tributions in this chapter. As they are all obtained from their respective control
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- Comparison of the visible mass and mr (u, EX ) distributions for opposite sign

(red) and same sign (blue) QCD multi-jet . The distributions are determined by

substracting the electroweak backgrounds from observed data in QCD control
regions for the (17h,g channel. From the event yield in the QCD control regions,
the rate difference rocp = NgSCD /NgsCD is determined. Taken from the support

material of the ATLAS H — 77 analysis [80]

region separately they are still subject to change when performing the likelihood
minimisation on all the unblinded signal and control regions simultaneously, which
is described in section 5.4. Therefore the applied scale factors should be interpreted

as providing an initial normalisation value to the fit, the composition of the distri-

butions are altered somewhat when extracting the final result in chapter 6 and are

therefore labeled ’pre-fit’. The resulting pre-fit M %Mcand other variables can be

seen in figures 5.4, 5.5 and 5.6.
Two orthogonal signal regions, SR1 and SR2, are used to test the background

(SM) and signal (SM with Z — 71) hypotheses, as will be discussed in section 5.3.

The normalisation of the embedding events for Z — 77 are taken from the sideband
of SR2, and can be seen in figure 5.9.
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region

process

cuts

scale factor p4Thaq

scale factor eTjaq

ZitCR

Z =TT

mep(l, EB%) < 30 GeV
M (Thag, %) < 45 GeV
60 <MMMC< 85 GeV

no 2"/

MV1 b-jet veto

An(l, Thaa) < 2

pr(l) > 30 GeV

k=0.487+0.009 k£ =0.66=+0.02

WCR

W + jets

my(l, ERss) > 60 GeV

M (Thad, BR) > 40 GeV
MMMC> 60 GeV

no 2" |

MV1 b-jet veto

An(l, Thaa) < 2

pr(l) > 30 GeV

kos = 0.79+0.02
kss = 0.87 £ 0.06

kos = 0.80 £ 0.03
kss = 1.14 £0.07

TCR

t/tt

> 2 jets with pr > 30 GeV
> 1b-jet selected with MV 1
M %MC> 60 GeV

no 2"}

An(l, Thaa) < 2

pr(l) > 30 GeV

kos = 0.93 £0.03
kss =1.23+0.1

kos = 0.96 £ 0.03
kss =1.44+0.12

ZIICR

Z =1

(J —Thad)

2 opposite charged isolated [
MMMC> 60 GeV
60 < my+;- < 100 GeV

k = 0.782 £ 0.008

k=0.71£0.02

Table 5.1 -

The definitions of the various regions and the extracted scale factors for opposite
charge (OS) and same charge (SS) requirement. For Z — 77 an embedding
sample is used, so the listed scale factor is actually a normalisation and should
not be interpreted as a rate correction. The term [ stands for either a muon or an

electron.
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5.2.1 Shape Corrections

To compensate for the observed discrepancy between the Monte Carlo prediction
and the observed data, which can be seen in figure 5.7, shape corrections are ap-
plied to the distributions of W + jetsand Z — [l backgrounds. For both these
backgrounds the shape correction is extracted from their corresponding control
region and subsequently applied to their complete phase space. The shape correc-
tions are essentially (multidimensional) per bin scale-factors, which are obtained
from taking the ratio of the particular background prediction and the residual one
gets from subtracting the other backgrounds from the observed data. The shape
corrections are based on the nje; , p7(Thad) and An(l, Thaq) variables and follow the
following binning scheme:

Njer = [0— > 1], (5.2)
pr(Thaa) = [30 — 35 — 40 — 200],
AN(l, Thaa) = [0 — 1.0 — 2].

The shape corrections are as follows:

* W +jets: Because the WCR has little contamination from the QCD multi-jet
background, a separate shape correction for both OS and SS events can be
extracted, allowing for possible differences in modelling between the two
types. The W + jets contribution is scaled in each of the above listed bins in
other to match the observed event count in data.

Additionally for the 17,54 final-state a combined OS and SS shape correction
is obtained from the high mass sideband in SR1, using events with M %MC>
110 GeV. Because the eTy,q final-state has a a large component of QCD multi-
jet here as can been seen in figure 5.9, this additional shape correction is not
possible.

As the W +jets contribution in SR2 is relatively small and no sideband similar
to SR1 is present here, no shape correction is applied.

* Z — Ul (j — Trake) : Secondly, a combined OS and SS shape correction is
obtained and applied for jets combing from Z — [l events that fake a 7p,q .

For each shape correction a systematic uncertainty is assigned, chosen to be
the difference between the original and shape corrected distributions. Although no
separate shape correction to the W +jets is applied for SR2, a systematic uncertainty
is assigned however. This is done by applying the W + jets shape correction in SR1
to the W + jets distribution in SR2, and defining the difference to be the systematic
uncertainty. These and other systematic uncertainties are discussed in section 5.5.
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5.3 Signal regions

After the event and physics object selection described in section 4.6 and the re-
quirement for an oppositely charged 1 and 7h,q , the background model described
in 5.2 predicts 135071 background events, both from electroweak and QCD SM
processes. For the em,q final-state 124493 background events are expected. The
M %MC, pr(l) and pr(mhaq) distributions after this selection can be seen in figure
5.8. Assuming a branching fraction of Br(Z — I7) = 1077, the expected signal
yield consists of 246 Z — p7and 205 Z — et events.

The kinematic properties of the Z — [7 decays are used to separate signal
from backgrounds and define the signal regions. The event selection is chosen to
give a high statistical significance as discussed in [101]. For the background yields
the control region corrections are applied, as discussed in section 5.2. For the signal
yield the before mentioned branching fraction of Br(Z — I7) = 1077 is assumed.
The difference in shape between signal and background is taken into account by
binning the M %Mcdistribution according to table 5.4, and calculating the combined

significance 4/ l;:i S; of the two signal regions.

Finally two orthogonal signal regions were chosen, SR1 and SR2, of which
the complete event selection after preselection is listed in tables 5.2 and 5.3. For
this selection, it was also taken into account that they should exhibit a relative high
difference in their shape compared to background. This seperation will make the
binned likelihood minimisation discussed in section 5.4 more robust under the in-
fluence of systematics variations, which alter the M %Mcdistributions. Furthermore
it makes the control region definitions easier by basing it on rectangular cuts in
mp(l, ERSS) -my(Thad, E™°) space, of which the distributions at preselection can
be seen in figure 5.8. The M %Mcdistributions of the two signal regions can be seen

in figure 5.9. To avoid possible biasing, the data within 80 <MMMC< 115 GeV is
blinded in the signal regions. All other distributions with low sensitivity to signal
are unblinded in order to check the quality of the background modelling.
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Fig. 5.9 - Both the Z — p7and Z — e analysis have each two signal regions, of which
the complete event selection is listed in tables 5.2 and 5.3. The top row shows the
pre-fit MYMC for SR1 and SR2 for the /17,4 final state, the bottom row the pre-fit
MMMC for SR1 and SR2.
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5.4 Fit framework

In this analysis, the M%[Mcis the final discriminating variable used to evaluate
the presence of a lepton flavour violating Z — [7 signal. The expected limits are
estimated using the histogram-based fitting machinery HistFactory in the RooStat
package [102]. The signal and background template shapes are given with bin-by-
bin fluctuations to account for statistical and systematic uncertainties. Four regions
are used in the global fit: two signal regions (SR1 and SR2) and two control regions
(TCR and WCR).

The signal regions are included as M %[Mchistograms. The control regions are
included as single-bin histograms, i.e. no shape information is used. The normal-
isations of Z — 77, W + jets, t/tt, and Z — [l backgrounds are free parameters
in the fit. The VV — I, Z — pp (where p fakes a9 ) and H — 77 are small
backgrounds and are normalized to their theory cross section. An additional W +
jets normalisation is introduced in SR1 as it was found that the W + jets background
does not extrapolate perfectly from the WCR to SR1. The backgrounds are mostly
constrained from corresponding control regions, with additional constraining power
coming from the shapes of the M%‘Mcdistributions in the signal regions.

In case of the Z — et analysis, the Z — eebackground is split up in two
contributions. One template describes the Z — ee (e — Trye) and the other de-
scribes the Z — ee (j — Take) component. The former, where an electron fakes a
hadronically decaying tau has a much larger contribution and is floated freely in
the fit-model. Because it coincides with the Z — e signal, as can be seen in figure
5.9, a dedicated control region to adjust its pre—fit normalisation was not possible
as was done for other backgrounds. This make it possible for its normalisation to
be significantly altered in the global fit.

To avoid dealing with unpopulated bins in the M %Mcdistributions and over-
optimising the statistical sensitivity that will be cancelled by systematic variations,
the varying bin-size scheme from table 5.4 is used. In the handfull of cases when
a bin of a background template is negative, its content is set to zero in regions
where no signal is expected. When signal is expected its content is set to the average
statistical error of the distributions.

To implement the systematic uncertainties discussed in section 5.5, the ATLAS
working groups provide tools and descriptions to calculate their one standard up and
down variation on the reconstructed physics objects in this analysis. The complete
event selection of the signal and control regions is then redone with these variations
on all the samples, resulting in the systematic variations of the background and
signal templates. All systematic uncertainties enter the fit as nuisance parameters,
which are not under investigation in this analysis but still have an impact on the
predictions and final result. For the normalisation uncertainties of the templates,
it is required that their effect is larger than 0.5 % of the nominal prediction. For
shape uncertainties a requirement on the maximum bin-by-bin variation significance
S; = |u; — d;|/o; is applied, with u; and d; being the upward and downward
fluctuation in each bin and ¢; the statistical uncertainty on the nominal background
estimation. If S; < 0.2 for all bins with a count of at least 100 events, then the shape
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region bin boundaries

SR1 60 — 75 —80 —85 — 90 — 95 — 100 — 105 — 115 —130 — 150 — 200 — 1000

SR2 60 — 70 — 75 —80 -85 —90 — 95 — 100 — 105 — 115 —150 — 1000
WCR 0 — 1000
TCR 0 — 1000

Table 5.4 - Choice of bins used in the fit model. In the hybrid dataset the event count
in the mass range 80 <MMMC< 115 GeV is replaced by the ones predicted
by the background model. This makes it possible to better evaluate the mod-
elling without unblinding the region of phase space that is sensitive to the
Z — l7 processes and possibly biasing the result.

variation is considered non-significant. As an example the nuisance parameters that
survive these criteria for SR1 in the Z — 7 channel are summarised in table A.1.

5.4.1 Expected sensitivity

To assess the statistical power and the stability of the constructed model a series
of minimisations has been performed on two simulated datasets. The first repres-
entative dataset, called the Asimov dataset, provides a simple method to obtain the
median experimental sensitivity of the search for Z — [7 decays as well as fluc-
tuations about this expectation. The Asimov dataset is such that when one uses it
to evaluate the estimators for all parameters, one obtains the true parameter values
[103]. It is constructed with the event yield in all the bins set to the nominal predic-
tion of the fitmodel. The second dataset, where the event count outside of the mass
window 80 <M, %MC< 115 GeV of the signal regions is replaced by the observed
count, is called the hybrid dataset. This hybrid dataset makes it possible to partly
evaluate the used background model on actual data without unblinding, by looking
at the sidebands where no signal is expected.

With the HistFactory machinery a probability density function is created that
has all systematic uncertainties implemented as nuisance parameters. The minim-
ised probability density functions are projected on top of the event count in the re-
gions of the hybrid dataset in figure 5.10, for both the Z — p7and Z — et analyses.
As can be seen the background prediction is in good agreement with the observed
yields of the sidebands.

To predict the sensitivity of the analysis, the expected limits are calculated
using the Asimov and hybrid dataset. As the LFV Z — [7 decays are not established
signals, the CLg method [104] is used to determine the exclusion intervals. In case
of no discovery of the LFV signal, it is expected that the upper limits can be set at
Br(Z — put) < 2.6 x 107° and Br(Z — er) < 4.3 x 10~° with a 95% confidence
level. The p-value versus the signal strength g is shown in figure 5.11. It reveals
that the observed limits on the hybrid datasets are in perfect agreement with the
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expectation from the background model. The lower sensitivity to Z — eT events
can be attributed to the lower signal accepance for electrons, as well as the higher
QCD multi-jet and Z — ee background contributions.
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Fig. 5.10 - The projection of the fitted probability density function on the observed
MMMCdistributions of the hybrid dataset. The MMMCdistributions are binned
according to the binning scheme of table 5.4. The top two rows show the SR1
(top left), SR2 (top right), WCR (left bottom) and TCR (right bottom) signal and
control regions for the Z — p7 channel. The bottom two rows show them for

the Z — er channel.
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Br(Z—put) < 2.64x10° at 95 % C.L.
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Fig. 5.11 - The observed p-value as a function of the branching fraction of Z — [ for
the CLs, CLb and CLs + b hypotheses for the hybrid dataset together with the
expectation by the used background model. The intersection of the p = 0.05 line
and the CLs curve denotes the found 95% upper limit. The top plot shows the
result for Z — 7, the bottom for Z — er.
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5.5 Systematics uncertainties

There are certain known inaccuracies in the measurement and reconstruction of
the physical objects discused in chapter 4. To account for them the corresponding
ATLAS working groups provide tools and descriptions to model them. The analysis
presented in this chapter is sensitive to the following systematic uncertainties.

Luminosity

The uncertainty on the integrated luminosity is +2.8 % for data taken in 2012. The
method for determining the luminosity as well as the results for the data taken in
2010 and 2011 are discussed in [105].

Tau energy scale

As the 7 lepton decays to a well known combination of charged and neutral hadrons,
the energy scale of 1,4 candidates is derived independently of the jet energy scale
[106]. The upwards and downwards variations are applied to the objects according
to the recommendations of the tau working group and are also propagated to the
Emiss calculation [107]. As this is a shape-changing systematic, the final M. %IMC
discriminant is fully recalculated on samples with different TES values.

The effect of the tau energy resolution (TER) was studied in the context of the
H — 77 analysis [80] and was found to have a negligible effect on the reconstructed
Higgs mass MMMC  see section 4.9 on its calculation. The TER effect should be
even smaller for the M %Mcdistribution due to a smaller role of the 7, momentum
in its reconstruction and is therefore neglected.

Hadronic tau identification

The 7 working group provides a correction factor for the tau identification effi-
ciency, measured in tag-and-probe studies of Z — 77 events [107]. This correction
factor is varied up and down within its uncertainty, to account for its effect on
this analysis. This systematic uncertainty is only applied to truth-matched hadronic
Thad candidates which are not misidentified.

A correction factor for misidentified electrons is also provided by the 7 work-
ing group. It is treated in the same way as other correction factors to obtain a
systematic uncertainty, but is only applied to hadronic 7,9 candidates which are
truth-matched to an electron.

Lepton momentum and energy resolution

By smearing the appropriate objects according to the recommendation of the per-
formance groups, the uncertainty of the electron energy and muon momentum
resolution is accounted for [108, 109].

Lepton reconstruction and identification efficiency

The combined performance groups provide correction factors for the efficiency of
reconstructing and identifying leptons and muons for the Monte Carlo samples [110,
109]. These correction factors are varied up and down within their uncertainties, to
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obtain the effect of the lepton reconstruction and identification efficiency on the
analysis.

Lepton isolation efficiency

The efficiencies of the isolation cuts applied on the electron and muon candidates are
measured through tag-and-probe studies, deriving correction factors for the Monte
Carlo. These correction factors are then varied upwards and downwards within their
uncertainties, to obtain the effect on the analysis.

Trigger efficiency

The trigger efficiencies of the used single lepton triggers are measured through tag-
and-probe studies, to account for differences in efficiency compared to that meas-
ured in data and Monte Carlo simulation. The obtained correction factors factors
for the Monte Carlo samples are varied up and down within their uncertainties, to
obtain the effect on the analysis.

Jet energy scale

To obtain the systematic uncertainties and correlations due to jet energy scale (JES),
the prescription of the Jet Performance Group is followed [111, 112]. As the LFV
analysis does not explicitely use jets for the event selection, apart from the selection
of the TCR, the impact of most of the JES uncertainties are quite small. The JES
uncertainties that are relevant for the LFV search are:

in-situ jet energy corrections This group account for bin-to-bin correlations in jet
calibration and corrections derived from in-situ techniques, and correspond
to physical sources.

7 intercalibration The uncertainty in the intercalibration in different detector pseu-
dorapidity regions.

Sflavour composition and response This uncertainty concerns light, non b—jets. It is
due to quark-initiated and gluon-initiated jets having a different calorimeter
response. Depending on if the signal and background processes are more
quark or gluon dominated, one of two uncorrelated uncertainties are used.

b—jets This uncertainty affects only the calorimeter response of b—jets.
pile-up The uncertainties due to in-time and out-of-time pileup.

Jet energy resolution

The systematic uncertainty caused by the finite jet energy resolution (JER) is ob-
tained by smearing every jet with a smearing factor according to the prescription of
the Jet Performance Group [113]. The changes in jet energy due to this smearing
are also propagated into the Ei5'*° calculation. The final effect of the variation is
symmetrised in order to have a two-sided uncertainty in the fit.

85



86

measurement model

E7"S® uncertainties

The systematic uncertainty due to the energy scales of the leptons, T, and jets
which are described above are propagated to the E?iss calculation. In addition to
that, the E;E‘iss soft term scale and resolution uncertainties (see section 4.5) are also
taken into account according to the prescription of the Etmiss performance group
[114].

b-jet identification

The so-called MV1 algorithm is used to to distinguish b-quark jets from jets con-
taining only lighter quarks [115]. It systematic uncertainty comprises of three com-
ponents: BTag_BEFF, BTag_CEFF and BTag_LEFF. These indicate the tagging effi-
ciencies of b, ¢ and light jets respectively.

Background estimation techniques

The used background estimation techniques bring with them systematic uncertain-
ties. To obtain the normalisation and shape correction for the W + jetsand t/tt
backgrounds, dedicated control regions are used. Because these control regions
are kinematically different from the signal regions, extrapolation uncertainties are
introduced.

For the W + jets this uncertainty is estimated by replacing the ALPGEN PY-
THIA samples with ALPGEN HERWIG samples. The deviation from the nominal is
symmetrized and and used as an uncertainty. The amount of W + jets in SR2 affects
the Z — 77 background normalisation. Therefore, this WJ_EXTRAPOLATION uncer-
tainty is also introduced for the Z — 77 background and is anti-correlated with its
impact on W +-jets . The effect of of this nuisance parameter on the VW -jets template
can be seen in figure 5.12.

To estimate the extrapolation uncertainty for the top background predictions,
POWHEG and MC@NLO ¢t samples were used. The difference between predic-
tions based on these two samples is taken as a corresponding extrapolation uncer-
tainty TOP_EXTRAPOLATION.

For the shape corrections for the Z — [l and W + jets background discussed
in section 5.2.1, systematic uncertainties for the reweighting are included by com-
paring the corrected with the un—corrected templates, namely WJ_SR1_SHAPE,
WJ_SR1_SR2_SHAPE and Z_SHAPE.

QCD scale and PDF set

The normalizations for the major backgrounds are obtained by data—driven way.
However, the VV — I, Z — pp(where p fakes m,,9) and H — 77 are small
backgrounds and are normalized to their theory cross section. The uncertainties due
to missing higher order QCD corrections on these cross sections and the different
parametrisation used in PDF sets have to be taken into account. The values for
H — 77 are taken from the CERN Yellow report [116]. For the other backgrounds
as well as the LFV Z — pu7 signal the values are obtained from [117].
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Nuisance parameter ~ABr(Z — p7) Nuisance parameter  ABr(Z — er)

WJ_EXTRAPOLATION 59 % EL_SCALE 5.4 %
rqCb 3.5 % norm_LH12_ZttEmb 4.1 %
norm_LH12_ZttEmb 3.2 % TES_TOTAL_2012_EL 4.1 %
MET_RESOSOFT 1.8 % ANA_EMB_ISOL 39 %
ANA_EMB_ISOL 1.7 % Wj_shape_corr 1.7 %
pdf_qq 1.6 % norm_LH12_ZeeET 1.6 %
all 45.2 % all 49.4 %

Table 5.5 - The nuisance parameters that give rise to the largest uncertainty on the expected
upper limit on the Br(Z — I7) channels. The values are obtained by removing
a particular nuisance parameter from the fit model, and calculating the change
in expected limit ABr(Z — I7) on the Asimov dataset.

Embedding Method

Two systematic uncertainties are associated with the embedding method that is used
to generate the Z — 77 data driven sample. The first one is the isolation requirement
on the leptons to select the Z — [levents. To quantify this uncertainty named
ANA_EMB_ISOL, events are selected with a tighter and looser isolation requirement.
The effect of this systematic uncertainty can be seen in figure 5.12.

The second originates from the replacement of these selected leptons with taus,
which also brings significant uncertainties on the modelling calorimeter response.
To estimate this uncertainty named ANA_EMB_MFS, the energy of each calorimeter
cell is varied by 20 % before the replacement.

5.5.1 Impact of systematic uncertainties on measurement

The systematic uncertanties are introduced as nuisance parameters in the fit-model
and dilute the sensitivity with which Z — [T events can be distinguished from the
different background processes. A summary of all the systematic uncertainties used
in the fit model is shown in table A.2. The nuisance parameters that give rise to the
largest uncertainty on the expected upper limit on the Br(Z — [7) channels are
listed in figure 5.5.

In figures 5.13 and 5.14 the systematics uncertainties are ranked according to
their impact on the extracted signal strength. This impact is determined by setting
a nuisance parameter fixed to their respective up and down variation oyp/down in
the likelihood minimisation, and measuring the change in extracted signal strength
Aftupidown- In the same plot the one sigma pull of the nuisance parameters are over-
laid. As can be seen all the parameters are well behaved, there are no overconstraints
or biases when performing the likelihood minimisation on the hybrid dataset. There
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are no significantly constrained or pulled nuisance parameters. The correlation mat-
rix of the nine nuisance parameters which have the highest correlation with the
signal strength are shown in figure A.1.

The largest systematic uncertainty arises from the modelling of the W +
jets background, in particular the difference in both event yield and normalisation
when using samples made with Pythia or Herwig as an Monte Carlo generators.
Furthermore the normalisation uncertainty of this background in SR1 plays an im-
portant role.

Furthermore the uncertainty on rqocp which is used to model QCD background,
and the experimental resolution of the E:,“E‘i“ vector, which is both used for selection
of the signal and control regions and the calculation of final the discriminating
variable M %MC have an important impact on the sensitivity.

Other important sources of uncertainty are coming from the large Z — 77
background, from which the normalisation and the isolation requirement on the
leptons for the generation of the sample have the largest effect on the measured
signal strength.

For the electron channel a similar trend is seen. However as an electron fakes
a Thad candidate at much higher rates than a muon, the electron energy scale un-
certainty is a dominating uncertainty. Furthermore the W + jets extrapolation un-
certainty has less impact because no significant effect on the shape of the MMM
distribution was observed when comparing the PYTHIA and HERWIG samples.
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Fig. 5.13 - The pull and impact of the nuisance parameters before and after minimising the
fit model to the blinded hybrid dataset for the Z — p7 channel.
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Conclusion

A binned likelihood model with the invariant mass of the Z as the discriminating
observable has been constructed, with the use of a combination of Monte Carlo
and data—driven techniques. Four orthogonal regions are used in the global fit
for both the muon and electron channels: two signal regions and two control re-
gions. The signal regions were optimised to possess a large shape difference in the
M %Mcdistribution for the signal and background processes in addition to having a
high statistical significance.

To avoid possible biasing, the optimisation and model checks have been per-
formed with the signal regions blinded in the mass window 80 < M %Mc < 115
GeV. Using the CLg method it is expected that the upper limits can be set at
Br(Z — pt) < 2.6 x 107° and Br(Z — er) < 4.3 x 107" in the absence of
charged lepton flavour violation.

The systematic uncertainties are introduced as nuisance parameters and dilute
the sensitivity with which signal can be distinguished from the different background
processes. The largest systematic uncertainties arises from the modelling of the
large W +jets, Z — 71 and QCD multi-jet backgrounds, with the total systematics
expected to contribute 45.2 % and 49.4 % to the total uncertainty on the Z —
ut and Z — eT measurements respectively. All the nuisance parameters are well
behaved: there are not overconstraints, biases or large one—sided impacts when
performing the likelihood minimisation on the blinded dataset.



chapter six

Unblinded results

This chapter presents the unblinded results for the search for the charged lepton
Sflavour violation Z — I (with | = e, u), using the model described in the previous
chapter to extract their branching fractions. For this analysis the total data recor-
ded by the ATLAS experiment in 2012 is used, totalling a recorded luminosity of
L = 20.3fb~! after passing quality criteria. The high cross section of oppsz =33
nb translates into roughly 700 million Z bosons [117]. The high amount avail-
able statistics produced by the LHC gives rise to a new opportunity to search for
these decays, despite the fact that pile-up and the underlying event make it a more
challenging environment than previous dedicated experiments.

6.1 Observed invariant mass distribution

After unblinding the sensitive mass windows, the complete observed M %MC distribution
is used for the search of Z — [7 decays, which is binned according to the scheme
described in table 6.1. The minimised probability density functions are projected

on top of the event count in the signal and control region of both the Z — p7 and

Z — et channels in figure 6.1.

region bin boundaries

SR1 60 —75—80—-85—-90 — 95— 100 — 105 — 115 — 130 — 150 — 200 — 1000

SR2 60 —70 —75—80—85—90 — 95 — 100 — 105 — 115 — 150 — 1000
WCR 0 — 1000
TCR 0 — 1000

Table 6.1 - The employed binning scheme of the fit model.

As can be seen the background prediction is in good agreement with seven
out of eight used regions. There seems to be a discrepancy however in the between
shape of the pdf and the observed event count in bin 3,4 and 5 of SR1 of the
Z — pr channel.

Figure 6.2 shows the M%Mcdistribution for the data as well as the back-
ground composition for the four signal regions after the likelihood minimisation
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of the complete background model. Here we can observe this behaviour in the
80 < M%MC < 95 GeV range for the Z — p7 channel in SR1. No obvious mis-
modelling can explain this deviation as the two main backgrounds seem to agree
well in the other signal regions. The data of SR2 of Z — 7 is totally dominated by
Z — 77 events and agrees well with the background prediction. The sideband of
SR1 of Z — p7, as well as the complete mass window for Z — e7 seem to have
no issues with the W 4 jets background.

Several additional checks have been performed. The Z — 77 events have been
reweighted according to the pr of the 7,54 candidate, to explore if the issue could be
related to a tau energy scale mismodelling. Furthermore the W + jets templates have
been smoothed, to see how much the result is dependent on the shape of their pre-
dicted distributions. Lastly a decorrelation of the nuisance parameters between the
signal regions has been tried, to explore if kinematic differences could be an issue.
None of the tests altered the result significantly, and the other SR1 distributions, in-
cluding lepton momenta, transverse masses, and missing transverse momentum, are
in excellent agreement with the prediction. Therefore this discrepancy is attributed
to a statistical fluctuation.

As can be seen in figure 6.2 the background prediction for the shape and
normalisation for the MMMCof the signal regions are in good agreement with the
observed data. As mentioned in the previous chapter, no control region was used for
the Z — ee (e — Trake) contribution as it coincides with the Z — et peak. There-
fore its pre-fit normalisation was not adjusted but its normalisation was allowed to
float freely in the likelihood minimisation. Figure 6.3 shows the profile likelihood
scan of its value; the final fit value corresponding to a data—driven correction of
6.5% to the Monte Carlo prediction.

6.2 Extracted signal strength and background com-
position

The numbers of observed events and background composition for each of the signal

regions in the 80 <M %MC< 115 GeV mass window are given in table 6.2.

No signal is observed in the Z — 7 channel and using the CLg limit-setting
techniques described in the previous chapter, an upper limit on its branching frac-
tion has been calculated. With an 95% confidence level the branching fraction is
observed to be Br(Z — u7) < 1.7 x 1075, which is significantly lower than the ex-
pected Br(Z — pu7) < 2.6721 x 1072, but still well within two standard deviations
of the expected upper limit as can also been seen in figure 6.4.

A slight, non-significant signal is observed in the Z — er channel, giving a
best fit value of Br(Z — er) = 0.6:’%% x 1075, Given its value in comparison to
its standard deviation, this can be well explained by a statistical fluctuation and it
does not give a hint for new physics. Figure 6.4 shows that the observed upper limit
Br(Z — er) < 4.7 x 107° is very close to the expectation value of Br(Z — eT)
<2672 x 1075,



6.3 systematic uncertainties

The results are summarised in table 6.3, which shows the expected and ob-
served 95% CL exclusion limits as well as the best fit values for the branching
fraction of Z — [7 for SR1, SR2 and the combined signal extraction.

6.3 Systematic uncertainties

In figures 6.5 and 6.6 the pull and ranking of the systematic uncertainties and nor-
malisation are shown. Although there are no large biases or tensions, two nuisance
parameters stand out. For the Z — p7 channel the nuisance parameter associated
with the systematic uncertainty that accounts for the modelling difference between
the PYTHIA and HERWIG of the W +jets sample is roughly one standard deviation
biased and more constrained then expected. This however is most likely caused by
the statistical fluctuation in SR1, which the model tries to account for.

In the Z — e channel the nuisance parameter associated with the rocp is
biased, although still well within one sigma deviation. This might indicate that the
rocp = 1.00£0.13 that was determined for the H — 77 analysis [80] and describes
the symmetry between OS and SS QCD multi-jet events, might be slightly different
for the event selection of this analysis. However the difference is well within the
systematic uncertainty, and furthermore, as the parameter is not highly ranked, the
impact on the final result is negligible.
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Fig. 6.1 - The projection of the fitted probability density function on the ob-
served MMMCdistributions of the unblinded 2012 ATLAS dataset. The
MMMC distributions are binned according to the binning scheme of table 6.1. The
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Fig. 6.2 - The distributions of the mass reconstructed by the Missing Mass Calculator
MMME The plots show the full 2012 ATLAS dataset as well as the predicted
background distribution. The signal distribution is shown assuming a branching
fraction of Br(Z — I7) = 1073 to make it visible. The predicted background is
given by the background model with all the systematic uncertainties incorporated
as nuisance parameters, after a likelihood minimisation has been performed to the
full unblinded dataset. The bottom panel of each sub-figure shows the ratio of the
observed data and the estimated background. The hatched grey band for the ratio
illustrates post—fit systematic uncertainties on the background prediction. The stat-
istical uncertainties for data and background predictions are added in quadrature
for the ratios.
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section.
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The observed p-value as a function of the branching fraction of Z — pur for
the CLs, CLb and CLs + b hypotheses for the complete unblinded 2012 dataset
together with the expectation by the used background model. The intersection of
the p = 0.05 line and the CLs curve denotes the found 95% upper limit. The top

plot shows the result for Z — 7, the bottom for Z — et .
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Table 6.3 - The expected and observed 95% C.L. exclusion limits as well as the best fit
values for the branching ratio of Z — p7and Z — 7 are shown for SR1, SR2
and the combined fit. To calculate these quantities for SR1 and SR2, the signal
strengths are decorrelated in the signal regions and set to zero in the control

regions.

Br(Z — p1)[1079) SR1 SR2  Combined
Expected limit 26751 64755 26451
Observed limit 1.5 7.9 1.7

Best fit —21%12 26727 16713
Br(Z — er)[107°] SR1 SR2  Combined
Expected limit 48115 133787 43t}
Observed limit 4.3 21.3 4.7

Best fit —-12739 91730 06733
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Fig. 6.5 - The pull and impact of the nuisance parameters before and after minimising the
fit model to the unblinded dataset for the Z — p7 channel.
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Fig. 6.6 - The pull and impact of the nuisance parameters before and after minimising the
fit model to the unblinded dataset for the Z — e7 channel.
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Conclusion

Searches for lepton—flavour—violating decays of the Z bosons are performed using
a data sample of proton—proton collisions recorded by the ATLAS detector at the
LHC corresponding to an integrated luminosity of £ = 20.3fb~! at \/s = 8 TeV.
Two LFV decays are considered: Z — utand Z — et . The search for the LFV
decays of the Z boson is performed with in the final state the T-lepton decaying into
hadrons. No significant excess is observed, and upper limits on the LFV branching
ratios are set.

A small deficit of data compared to the predicted background is observed in the
search for the LFV Z — ut decays. The observed and the median expected 95%
CL upper limits on Br(Z — ut) are 1.7 x 1075 and 2.6:%:% x 1072, respectively.
The observed and the median expected upper limits on Br(Z — et) are 4.7 x 107°
and 4.32:; x 1075, respectively.
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Summary

We see quarks and neutrinos change flavour as is codified in the CKM and PMNS
mixing matrices. However, flavour violation of the charged leptons has never been
observed. There is a strong motivation to search for these processes though, as they
can possibly explain the matter and anti—matter asymmetry and the physics behind
the neutrino masses. Many theoretical models predict a sizeable branching fraction
of lepton—flavour—violating (LFV) decays of the Z bosons, up to current upper
limits, making them interesting channels to probe for new physics.

Collider experiments are well suited to look at the production of leptons, and
the high amount of integrated luminosity of the Large Hadron Collider gives rise
to a new opportunity to search for these LFV decays, despite the fact that pile-up
and the underlying event make it a more challenging environment than previous
searches done at the LEP electron—positron collider.

The analyses in this thesis use recorded proton—proton collisions by the ATLAS
experiment, the largest collider-detector ever constructed. Two LFV decays are
considered: Z — purand Z — er, by looking at the presence of an energetic
lepton originating directly from the Z boson decay and carrying roughly half of its
energy, and the hadronic products of a T—lepton.

The analyses are performed on £ = 20.3fb~! of \/s = 8 TeV data collected
by ATLAS in 2012, after a stringent selection is applied to reduce the number of
events originating from background events. A binned likelihood model with the
invariant mass of the Z as the discriminating observable has been constructed with
a combination of Monte Carlo and data—driven techniques. The branching fractions
of the Z — Irdecays are then extracted from the likelihood minimisation, by
comparing the observed data to the sum of the expected backgrounds while taking
into account the various systematic uncertainties.

No significant excess is observed, and upper limits on the LFV branching ratios
are set. A small deficit of data compared to the predicted background is observed
in the muon channel. The observed (expected) 95% CL upper limit on Br(Z — ut)
is 1.7 x 1075 (2.6:2):% X 10_5). In the electron channel the observed data is very
close to the background prediction, with the observed (expected) upper limit on
Br(Z — er) being 4.7 x 107° (4.3717 x 107?).

In conclusion, no significant deviation from the Standard Model has been
found. The measured upper limits are not yet competitive with the searches per-
formed at the LEP collider. However the increase in statistics in the coming years
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should make it easily possible to probe these channels at higher sensitivities, creat-
ing an exciting opportunity to find new physics.

Samenvatting

We zien quarks en neutrinos veranderen van type zoals beschreven staat in de CKM
en PMNS matrices. Voor geladen leptonen is dit echter nog nooit waargenomen.
Het is wel interessant om naar deze processen te zoeken, omdat ze mogelijk de
materie en anti-materie onbalans en de massa van de neutrinos kunnen verklaren.
Meerdere theoretische modellen voorspellen een versterking van de zogenaamde
lepton-type-veranderende (LTV) vervallen van het Z boson, tot op de huidige waar-
genomen experimentele limieten, wat ze tot een uitstekende test maken voor nieuwe
natuurkunde.

Deeltjesversnellers zijn uitermate geschikt om naar de productie van leptonen
te kijken. Daarnaast geeft de grote hoeveelheid geintegreerde luminositeit van de
Large Hadron Collider een nieuwe kans om naar deze LTV vervallen te zoeken,
ondanks het feit dat het een uitdagenderende omgeving is dan de LEP electron-
positron versneller uit het verleden.

De analyses beschreven in dit proefschrift maken gebruik van de proton-proton
botsingen geregistreerd door het ATLAS experiment, de grootste detector aan een
deeltjesversneller ooit gebouwd. Twee LTV vervallen worden behandeld: Z —
uten Z — et, door te zoeken naar een energetische lepton die geproduceerd
wordt bij het verval van een Z boson, en de hadronische vervalproducten van een
T—lepton.

De analyses maken gebruik van £ = 20.3fb~! aan data met Vs = 8 TeV
die door ATLAS is verzameld in 2012, nadat een strenge selectie de oninteressante
botsingen van andere achtergrond processen sterk reduceert. Een statistisch model
met de invariante massa van de Z boson als discriminerende observabele is gebouwd
met een combinatie van Monte Carlo en data-gedreven technieken. De fractie van de
Z — l7 vervallen wordt dan vervolgens gemeten door een sjabloon-fittingmethode,
door de waargenomen data te vergelijken met de voorspelde achtergronden, waarbij
rekening wordt gehouden met de verschillende systematische onzekerheden.

Er is geen significant signaal waargenomen en de bovengrenzen op de LTV
vervallen zijn berekend. In het muonkanaal is iets minder data waargenomen dan ver-
wacht op basis van de achtergrondprocessen. De waargenomen (verwachte) boven-
grens voor Br(Z — pu7)is 1.7 X 1075 (2. 6+2% % 107°) met een 95 % betrouw-
baarheidsniveau. In het electronkanaal ligt de geobserveerde data heel dicht bij de
voorspelling, met een waargenomen (verwachte) bovengrens op Br(Z — er) van
4.7 x 1075 (4.3717 x 1079).

Concluderend zijn er geen significante afwijkingen van het Standaard Model
waargenomen. De gemeten bovengrenzen zijn nog niet concurrerend met de eerdere
zoektochten die verricht zijn bij de LEP versneller. Maar de grote hoeveelheden
protonbotsingen die de komende jaren nog gemeten gaan worden, komt daar zeker
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verandering in. Dat biedt een spannende mogelijkheid om nieuwe fysica te ont-
dekken.






appendix one

Additional plots

This appendix shows additional plots and tables mentioned in the thesis: the cor-
relation matrix of the nine nuisance parameters which have the highest correlation
with the signal strength in figure A. 1, additional pull and ranking plots in figure A.2,
a summary of the systematic uncertainties that were considered and applied to SR1
for the Z — put channel in table A.1 and the names and their description of the
systematic uncertainties used in the fit model in tables A.2 and A.3.
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Fig. A.1 - The correlation matrix of the nine nuisance parameters which have the highest
correlation with the signal strength £. On the left the result on the Asimov dataset
is shown and gives the prediction from the fit-model. On the right the result on
the hybrid dataset is shown.
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Systematic Z — pt H — 71 Z —TT W + jets t/tt SS data Z/VV =1

MU_SCALE S - - N
TES_TRUTH_2012 NS N N -
TES_SINGLEPART_2012 - N - -
TES_TOTAL_2012 - - - NS
JER_2012 NS - - N
JES_Flavb - - - -
JES_2012_Detectorl - - - -
JES_2012_Eta_StatMethod
JES_Eta_Modelling
JES_FlavComp_TAU_Q
JES_FlavComp_TAU_G
JES_FlavResp
JES_2012_Modellingl
JES_Mu - - - -
JES_NPV - - - -
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JVF_2012
MET_RESOSOFT
MET_SCALESOFT
MU_EFF
MU_EFF_Emb - - N - - - -
TAU_FAKE_2012 - - - - - - -
PU_RESCALE_2012 NS - - - -
TAU_ID_2012 N N N - N
BTag_BEFF - - - - N - -
BTag_CEFF - - - - - - -
BTag_LEFF - R R - R R _
Z_SHAPE - - - . . R N
TOP_EXTRAPOLATION - - - - N - -
WI_EXTRAPOLATION - - N NS - - -
Wj_SR1_shape_corr - - - S - - -
Wj_SR2_SR1_shape_corr - - - - - - -
ANA_EMB_ISOL - - N - - - -
ANA_EMB_MFS - - NS - - -
BR_tautau - N
pdf_Higgs_gg - N - - - - -
QCDscale_ggH - N
pdf_Higgs_qq - - - - - - -
QCDscale_qqH - - - - - - -
pdf_Higgs_VH - - - - - - -
QCDscale_VH - -
QCDscale_V N - - - - - N
pdf_qq N N
QCDscale VWV - - - - - - N
NS
N

zz ., z.

[Z 37 I N7
z

ZZ . . Z., 22,2222 2Z22ZZZ2ZZ

Wz, z ., zz2z2z2z2z2, z,

Zwnw,
z zZ .
zz Z .

rQCD - = - NS NS N
LUMI_2012 N N - - - -
Zmm_k - - - - - -
Wj_0S_k - - - NS - R .
Wj_SS_k - - - NS - - -
Top_0S_k - - - - NS - -
Top_SS_k - - - - NS - -

Table A.1 - A summary of the systematic uncertainties that were considered and applied
to SR1 for the Z — p7channel. The uncertainties that pass the criteria of
having a large enough impact on the prediction of a template are denoted with
a’N’ and or an ’S’. "N’ means that the particular systematic is included as a
normalisation uncertainty, 'S’ that the shape difference is taken into account,
and NS’ both.
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Table A.2 - The names and their description of the systematic uncertainties used in the fit

model.
Nuiscance parameter description
EMB_ISOL embedding isolation systematic
EMB_MFS embedding muon cell energy subtraction systematic
rQCb Rgc p uncertainty
Top_0S_k normalization uncertainty for OS top events
Top_SS_k normalization uncertainty for SS top events
Wj_0S_k normalization uncertainty for OS W+jets events
Wj_SS_k normalization uncertainty for SS W+jets events
WJ_SR1_SHAPE shape uncertainty due to W +jets re-weighting in SR1
WJ_SR2_SR1_SHAPE shape uncertainty due to W +jets re-weighting in SR2
TOP_EXTRAPOLATION extrapolation uncertainty for top background
WJ_EXTRAPOLATION extrapolation uncertainty for W+jets background
Z_SHAPE reweighting systematic for Z — Il (j — Tgake ) events
BTag_BEFF uncertainty on b-tagging efficiency (b-jets)
BTag_CEFF uncertainty on b-tagging efficiency (c-jets)
BTag_LEFF uncertainty on b-tagging efficiency (light-jets)
JVF_2012 systematics on jet-vertex-fraction cut
LUMI_2012 systematics on measured integrated luminosity in 2012
TAU_ID_2012 uncertainty for tau identification efficiency
TES_TOTAL_2012 uncertainty on tau energy scale for fake candidates
TES_INSITU_2012 uncertainty on in situ tau energy scale
TES_TRUTH_2012 TES uncertainty component for true candidates
JER_2012 uncertainty on jet energy resolution
JES_2012_Detectorl JES uncertainty component
JES_2012_Eta_StatMethod JES uncertainty component
JES_2012_Modellingl JES uncertainty component
JES_2012_PileRho_TAU_GG JES uncertainty component, applies to Top and gg — H
JES_2012_PileRho_TAU_QG JES uncertainty component, applies to W+jets and Z+jets
JES_2012_PileRho_TAU_QQ JES uncertainty component, applies to VBF Higgs, VV, WH, ZH
JES_2012_Statisticall JES uncertainty component

JES_Eta_Modelling JES uncertainty component
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model.

Table A.3 - The names and their description of the systematic uncertainties used in the fit

Nuiscance parameter

description

JES_2012_PileRho_TAU_GG
JES_2012_PileRho_TAU_QG
JES_2012_PileRho_TAU_QQ
JES_2012_Statisticall
JES_Eta_Modelling
JES_FlavComp_TAU_G
JES_FlavComp_TAU_Q
JES_FlavResp

JES_Flavb

JES_Mu

JES_NPV

MET_RESOSOFT
MET_SCALESOFT

MU_EFF

MU_EFF_Emb

MU_SCALE

PU_rescaling

BR_tautau

QCDscale_V

QCDscale_VH
QCDscale_ggH
QCDscale_qqH
pdf_Higgs_gg
pdf_Higgs_qq
pdf_Higgs_VH

pdf_qq

JES uncertainty component, applies to Top and gg — H
JES uncertainty component, applies to W+jets and Z+jets
JES uncertainty component, applies to VBF Higgs, VV, WH, ZH
JES uncertainty component
JES uncertainty component
JES uncertainty component, applies to gg — H, W+jets and Z+jets
JES uncertainty component, applies to Top, VBF Higgs, VV, WH, ZH
JES uncertainty component
JES uncertainty component
JES uncertainty component
JES uncertainty component
MET resolution uncertainty on the soft term
MET scale uncertainty on the soft term
muon trigger and identification efficiency uncertainty
muon trigger and identification efficiency uncertainty for embedding
muon momentum scale uncertainty
pileup reweighting uncertainty
uncertainty on H — 77 BR
uncertainty for W/Z+jets acceptance from QCD scale
uncertainty for VH acceptance from QCD scale
uncertainty for gg — H (inclusive) acceptance from QCD scale
uncertainty for VBF acceptance from QCD scale
PDF uncertainty on ggF production
PDF uncertainty on VBF production
PDF uncertainty on VH production
PDF uncertainty on MC-based background samples
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