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Abstract

Violation of lepton flavour number conservation is forbidden at tree-level in the Standard Model
and highly suppressed at higher orders. While violation of lepton flavour has been observed via
neutrino oscillations, it has not yet been measured among charged leptons. The discovery of
such processes is therefore a direct sign of new physics beyond the Standard Model.

In this thesis, a strategy for analysing the presence of a lepton flavour violating Z — mypaqp
signature in LHC proton-proton collision data is presented. The analysis is based on /s =
13 TeV data collected by the ATLAS Detector corresponding to an integrated luminosity of
£ =11.8fb~1. A selection of kinematic cuts are tested in order to locate a phase space region
that is enhanced in signal. Two such signal regions are defined, yielding a combined statistical
significance of 1.6.

Monte Carlo simulated events are normalised to data by scale factors derived in normalisation
regions. Backgrounds that contribute due to misidentification of tau leptons are estimated from
data in control regions using a fake factor method.

This results in a background model that is agreement with data at preselection level. Once the
proper validation tests have been carried out, the presence of a signal will be evaluated with a
likelihood fit in order to detect a signal or set a new upper limit.
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1 Introduction

Our current knowledge of elementary particles, the most fundamental building blocks of nature,
and their mutual interactions are described in the theory known as the Standard Model.

The Standard Model aims to describe physical phenomena at the highest accessible energies
(smallest scales) providing theoretical predictions that can be tested experimentally. The most
notable achievement in recent years was the discovery of the Higgs boson in 2012 |1, [2] but the
predictions of the theory continue to excel at passing precision tests.

Despite its success, the Standard Model is considered incomplete. The current theory still leaves
questions unanswered and some physical observations are not yet well-described by the theory.
These shortcomings do in turn motivate research into new physics sectors beyond the Standard
Model, such as searches for sterile neutrinos, supersymmetric particles or gravitons, and the
nature of dark matter.

One of these unresolved puzzles of the Standard Model is the apparent matter-antimatter asym-
metry (baryon asymmetry) of the Universe. The asymmetry is not an initial condition of the
early Universe so matter and antimatter would been created in equal amounts. Matter and
antimatter eventually annihilated with each other - leaving only radiation. However, a small
excess of matter must have survived because everything we observe today is made up almost
entirely of matter. Only a relatively small amount of antimatter prevailed.

The mechanism by which this asymmetry occurred is not yet fully understood but the lack of
antimatter could be an effect of matter and antimatter behaving differently under charge-parity
(CP) transformations (interchange of a particle with its antiparticle and inversion of its spatial
coordinates), causing violation of CP symmetry.

The phenomenon of baryon asymmetry is related to flavour physics since flavour mixing in the
quark sector introduces the only source of CP violation in the Standard Model. Nevertheless,
this source of CP violation alone is not sufficient to generate the observed baryon asymmetry.
Additional CP violating processes beyond the Standard Model might therefore present a solution.

Generally, an introduction of new phenomena in the lepton sector could have an important
impact on leptogenesis of the early Universe. Leptogenesis describes a possible scenario of
baryogenesis that proposes a Standard Model extension including heavy right-handed neutri-
nos which can decay and spontaneously generate leptons. The extension also allows the seesaw
mechanism to provide small masses to the left-handed neutrinos which is required for neutrino
oscillation. Calculations with the observed neutrino oscillation parameters are able to reproduce
the observed baryon asymmetry [3].
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The branching fractions of lepton flavour violating Z decays predicted from the SM are effectively
zero. Although neutrino oscillations have been established experimentally, flavour violation
among charged leptons has not yet been observed, possibly due to a lack of sufficient experimental
precision so far. It is therefore not predicted in the SM. The current best direct experimental
upper limits (95% CL) on the flavour changing Z decays into charged leptons are:

BR(Z — e*u¥) < 1.7-107° [ (1.1)
BR(Z — 75eT) < 9.8-107° [4] (1.2)
BR(Z — 7*uF) <1.2-107° [5]. (1.3)

The aim of this thesis is to search for lepton flavour violating decays of the Z boson at a center-
of-mass energy of /s = 13 TeV, specifically in the Z — m,qpu decay channel. In terms of the
visible decay products of the tau lepton, we consider only the hadronic decay mode 7 — had + v
and not the leptonic 7 — £vvv where £ = e, u. The two decay modes differ mainly in statistics
with hadronic taus being more abundant but also in object identification and their systematic
uncertainties.
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Figure 1.1: Standard Model production cross sections as a function of v/s. Taken from [6].

The total production cross section in pb from pp collisions is shown in fig. [I.1] as a function of
center-of-mass energy in TeV. The production cross section of Z bosons increases with higher
energy and with the amount of data collected so far in Run 2, we hope to have enough precision
to either see signs of Z LF'V or put stronger limits on its occurrence.

Throughout the thesis, the natural unit convention which redefines the speed of light and
Planck’s constantﬂ as ¢ = h = 1 will be used. Kinematic variables such as energy, momen-
tum and mass are therefore expressed in terms of electron volt (1eV = 1.60218 - 1071? J). Cross
sections are measured in barns: 1b = 10728 m? = 100 fm?.

le=12.99792 - 10° m/s and /i = 1.05457 - 1073* J s, respectively.



2 Theory

This chapter will describe the particle and interactions of the Standard Model (SM). The general
focus will be on electroweak theory and in particular flavour changing processes among weak
interactions.

Searches for flavour number non-conserving processes, or flavour changing neutral currents
(FCNC), prove a powerful test for new physics due to the suppression of FCNCs at tree level
in the SM. Several models beyond the SM propose extensions leading to FCNC cross sections
that are orders of magnitudes larger than the SM predictions. The main focus here will be on
a model that introduces effective flavour changing Z couplings accessible at energies M > my.

2.1 The Standard Model

Elementary particles are the smallest constituents of the Universe, and the Standard Model of
particle physics is the generally accepted theory that describes the properties and interactions
of the known elementary particles.
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Figure 2.1: Particles of the Standard Model; Leptons and
quarks each exist in three generations. The twelve gauge
bosons mediate the electroweak and strong forces. The Higgs
field causes particles to acquire mass.

renormalisability within the frame-
work of quantum field theory. Over-
all, the SM provides a successful de-
scription of current experimental re-
sults in subatomic physics.
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2.1.1 Particle content of the SM

The Standard Model consists of fermions with fractional intrinsic spins (leptons and quarks),
and bosons carrying integer spins. These are all represented in fig. Fermions are usually
denoted matter particles as they constitute the building blocks of all matter in the Universe
whereas the gauge bosons are the mediators of SM interactions. A particle couples only to a
gauge boson if it carries the charge of the interaction.

The scalar (spin-0) Higgs boson is distinct since it couples to all other particles, except photons
and gluons, causing them to acquire mass through spontaneous symmetry breaking.

Leptons exist in three generations and in either an electrically charged or neutral state. The
electron (e) is the lightest of the charged leptons, followed by the heavier muon (u) and the
tau lepton (7). The nonzero electric charge means that e, u and 7 leptons interact via the
electromagnetic force.

For each charged lepton flavour, a corresponding neutrino (v) exists. In the SM, neutrinos are
massless but the observation of neutrino oscillations implies that the three neutrino species are
in fact massive |9, (10} |11].

Since all leptons also carry weak charge (isospin charge), they will couple to the weak force.

The quark sector has three generations of up- and down-type quarks. The first generation
contains the up and down quarks which are the lightest quarks and the subcomponents of nucle-
ons. The second and third generations include the charm and strange, and the top and bottom
quarks, respectively.

Quarks carry colour and anti-colour charge (red, green, blue) in addition to weak and fractional
electric charges, causing them to also interact via the strong force governed by quantum chro-
modynamics (QCD).

The main consequences of QCD are asymptotic freedom and colour confinement. Asymptotic
freedom is related to the behaviour of the coupling constant ag since the strength of the cou-
pling decreases with increasing energies. Confinement means that QCD particles can only exist
in bound colourless states which are collectively termed hadrons.

While important to the phenomenological understanding of hadronisation in a collider exper-
iment, i.e the production of jets of hadrons from quarks and gluons from successive quark-
antiquark production, QCD will not be further discussed; the treatment of lepton flavour is
focused on electroweak interactions which are independent from QCD.

The four types of gauge bosons are collectively known force carriers as they mediate interactions
between particles through three of the fundamental forces:

« The photon 7 is responsible for electromagnetic interactions among electrically charged
particles (quarks, charged leptons and W¥).

« The massive W¥ and the Z° bosons govern weak interactions between particles with
weak charge, i.e. all quarks and leptons. Neutrinos only interact via the weak force.

« The eight gluons mediate strong interactions between particles with colour charge and
couple to both quarks and gluons.

Classically, elementary particles are treated as point particles. As the framework of the SM is
quantum field theory, however, particles are instead viewed as excitations of a quantum field
satisfying the appropriate equations of motion. The dynamics of the fields are formulated in the
SM Lagrangian density L.
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2.1.2 Electroweak theory

In the electroweak unification, the electromagnetic and weak interactions are invariant under a
common SU(2) x U(1) gauge group.

An essential concept in electroweak theory is the Higgs mechanism |12} |13, 14] that is introduced
in order to generate the masses for the weak gauge bosons while preserving local gauge invariance.
The mechanism is embedded in the local SU(2)7, xU(1)y symmetry of electroweak theory relating
to weak isospin T" and hypercharge Y. These quantities yield the electric charge @Q = T5 + Y/2
where T3 is the third component of the weak isospin.

Electroweak gauge symmetry is spontaneously broken as the Higgs field ¢ acquires a non-zero

. 0 . . .
vacuum expectation value (¢) = <v> , thus producing the physical electroweak bosons and their

masses.

2.1.3 Fermion fields

In terms of a fermion field v;, the electroweak Lagrangian after the symmetry breaking can be
written as:

L =1 (i(? —m; — ZH) Vi — eQithiyp; A

2\/»\I/Lz'7 (T+WJ+T7W;) W,

— 2cos0 ———— " (gi, — g47°) ViZ,, (2.1)
where H is the Higgs, e is the positron electric charge and @ is the electrical charge in units
of e. A,, W, and Z,, are the photon field and the physical charged and weak boson fields,
respectively. W, represents the left-handed fermion fields; Ay the weak angle and gy the weak
coupling constant. T+ = % (01 + iUQ) are the raising and lowering operators of weak isospin
and lastly, gy, g4 are the vector and axial vector couplings. v* are the gamma matrices which
satisfy the anticommutation relation {y*,~"} = 2¢g"~.

Parity transformation corresponds to spatial inversion through the origin, * — —x; invari-
ance of Dirac fermions under parity transformation is called chiral symmetry. Any spinor can
be split into left- and right-handed chiral components. The chiral four-component states are
eigenstates of the fifth gamma matrix 7° = 4%y'v2~3 with eigenvalues +1. The projections are
defined as:

ia=Poav =5 (F)%  Grn=Purd =5 (1£7)d. (2.2)

With the exception of right-handed neutrinos which do not exist according to the SM, quarks and
leptons are represented by left-handed doublets and right-handed singlets for each generation i:

UL Vi

QLi = ( Ll) , Lpi= < LZ) ., URi, dri, IRi. (2.3)
dri lLi

The Yukawa interactions with the Higgs field generates the fermion mass terms:

3
—Ly = Z (JMY;?de + ﬂLZY JUR; + le llej) + h.c., (2.4)
ij—=1
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where Y;; are the Yukawa couplings between the fermions and Higgs field.

Quark masses but also quark mixing arise from CP violation and Yukawa interactions when
moving from the flavour base of Ly to the mass base Lagrangian, i.e. diagonalising Y;; by
means of a unitary transformation |15} |16]. The transformation matrix will be further discussed
in section 210

2.1.4 Weak interactions

After electroweak symmetry breaking, the weak interaction associated with the local SU(2)
gauge symmetry gives rise to the W bosons and a neutral field Wl‘j’ The physical charged W
bosons are represented by the linear combination:
+ 1 1 172 1

W, = E (Wu F zWu) ; mw = Sgwv, (2.5)
with the mass of the W boson depending on the coupling constant gy of SU(2) interactions.
The Wg’ gauge field mixes with the B, field of weak hypercharge (U(1)y), yielding the photon
and Z boson fields as linear combinations of the B, and WE:

A, = cosOw B, + sin HWW;?; my = 0; (2.6)

: 3. _ 9w
Z,, = —sinfw By, + cos Oy W5 mg = mv. (2.7)
where the weak angle 8y can be written in terms of the W and Z boson masses as cos Oy =
mw /mz. The coupling constant of the Z is defined by gz = gw/ cos Oy .

The W* bosons couple to fermions differing by one unit of electrical charge in charged-current
(CC) weak interactions. The corresponding vertex factors are shown in figs. and The
weak interaction is parity violating since the V — A structure (y* —v#~%) of the vertex includes
the left-handed chiral projector, meaning that only left-handed particles (and right-handed an-
tiparticles) participate in the CC weak interaction. The matrix element Vj; in the vertex factor
of fig. refers to the mixing of quark flavour states as mentioned in the previous section.

F g f
W W+ Z
1) qj f
—gw #(1—7) —9w H(1—~5)Vi —9Z u, f  f.5
N o TV — 7" (gy=947")
(a) (b) (©)

Figure 2.2: Standard Model weak interactions of the fermion fields with their corresponding vertex
factors.

The physical Z boson mediates weak neutral currents (NC) and strictly couples to fermions of
the same generation. The Z couples to both left- and right-handed chiral states but not with
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equal strengthsﬂ The vector and axial couplings for a type of fermion f are:

a9l = (g} + gfy) = T — 2Q7 sin? by, (2.8)
gh = (9] —g) =T{. (2.9)

2.1.5 Flavour mixing in the quark sector

The weak CC vertex factors involving quarks include the matrix element V;;. The weak force
t .

couples to the weak quark doublets (3,) , <Sc,> , < ,>, of which the down-type quarks d’, s’, v/

are related to the mass eigenstates through the unitary Cabibbo-Kobayashi-Maskawa (CKM)

mixing matrix:

d Vud Vus Vub d
S, = Vcd V:; S V;b S| . (2. 10)
v Via Vis Vin) \b

With ¢;; = cosf;; and s;; = sin6;;, the CKM matrix can be parameterised in terms of three
mixing angles and a single complex phase ¢ [17]:

)

C12€13 $12€13 S13€"
_ i i
V = | —s12c23 — c12523513€"  c12C23 — $12523513€" s23€13 | - (2.11)
i i
512823 — C12c23c13€"’  —C12523 — 512€23513€"  €23C13

The CKM elements are determined using a global fit from all measurements [18| with the most
recent (2016) results yielding:

sin A1 = 0.22497 + 0.00069
sin A3 = 0.04229 + 0.00057
sin 13 = 0.00368 % 0.00010
5°) = 65.9 + 2.0 (2.12)

The measured values of the mixing angles between quark and mass eigenstates, i.e. the off-
diagonal elements of the CKM matrix, are relatively small. Therefore, quark mixing between
different generations is suppressed.

Due to the non-zero complex phase § of the CKM matrix, quark mixing through the weak
interaction can lead to CP violation. The quark sector currently provides the only source of CP
violation in the SM |16] with observational evidence established from e.g. hadron decays (direct
CP violation), mixing of neutral mesons (indirect CP violations) and from interference between
meson decays.

2.1.6 Neutral lepton flavour violation

The flavour of a neutrino is determined by the state (lepton flavour) produced in a CC weak
interaction as shown in fig.

Contrary to the quark sector, the lepton sector obeys what is called an accidental symmetry
of the SM Lagrangian and flavour changing currents are therefore not allowed. Nevertheless,
experimental evidence of neutrino oscillations [9} |10, |L11] show that transformations between

!This asymmetry arises because the associated B, field treats left- and right-handed chiral states equally
whereas the contribution from Wi’ couples only to left-handed states.
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neutrino flavour states are possible, given that neutrinos are massive.

Measurements from cosmology provide a non-zero upper limit (95% CL) on the masses of
neutrinos: 3.0 m,, < 0.21¢V [19] but oscillations to due phase differences require also
mi1 # mg # mg to occur and be observed. Thus, neutrino oscillations depend on the mass-
squared splitting Amyo, Amos, Amys between the different states.

While measurements of solar and atmospheric neutrinos can determine the mass-squared split-
tings (see fig. , the individual neutrino masses cannot be measured directly. The neutrino
mass hierarchy is therefore yet to be resolved and the distinction between a normal (NH) and

an inverted hierarchy (IH) has to be made.

Neutrino oscillations can be introduced
to the SM using a method analogous to
quark mixing: A unitary lepton mix-
ing matrix is constructed to relate the
weak eigenstates v., v, v, to a coher-
ent linear superposition of mass eigen-
states v1, vs, Vgﬂ The mixing of neutrino
states is described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix:

normal hierarchy (NH) inverted hierarchy (IH)

2, 2

m m

Am?

atm

LB — R

Ve Uel UeQ U63 131
vl = U Un U vy |. Figure 2.3: Normal and inverted neutrino mass hierar-

vr U Uy Uss V3 chy scenarios [20].

(2.13)

Any of the three mass eigenstates can be produced in conjunction with a charged lepton but
we cannot know which mass eigenstate was produced at the vertex. The neutrino state ¢ will
propagate as a superposition of all three mass eigenstates |vy) = >, Uy |v;) until it interacts to
produce another flavour of charged lepton.

The PMNS matrix can be parameterised by three mixing angles and a complex phase related
to CP Violationﬂ Fits to global data measures the following for the parameters (all measured
in degrees) [21]:

NH: 619 =3348"01 093 =42.3%30 6013 =8.50103), & =30672; (2.14)
TH: 010 =3348T078 63 =49.5725 613 =8.51703), 0§ =254155. (2.15)

2.1.7 Charged lepton flavour violation

In the context of a model including neutrino mixing as discussed in section[2.1.6] flavour violating
decays involving charged leptons can be introduced through loop diagrams, as shown in fig.
[2:4 The resulting rates for charged LFV processes are however subject to GIM suppression
oc (Amg;/mw)? and due to the smallness of the neutrino masses, the predicted decay rates are
extremely small and outside any detector scope [22|:

BR(Z — 7*uF) ~ 1077 (2.16)
BR(Z = e*u¥) ~Br (Z = e*r7) < 4-107%. (2.17)

2The mass eigenstates are the stationary states of the free particle Hamiltonian: H P = i% = FE.

3 Assuming Dirac neutrinos. Two additional phases arise if neutrinos are Majorana particles.
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D3:

+ crossed

vi o+

Figure 2.4: Contributing Feynman diagrams for the LFV Z — {1/, decays in models including neutrino
oscillations [22].

Although cross-generational CC couplings do occur in the SM, FCNCs are forbidden at tree
level and are highly suppressed at higher orders by three independent factors [16]:

f . 2 .
« Loop suppression: o< oy ;
o CKM suppression: the off-diagonal terms of the CKM matrix are small;

« GIM suppression: oc (Amg;/mw)?.

As a result, any evidence of transitions between charged leptons prove a powerful sign of new
physics phenomena. The SM bosons that could in principle facilitate FCNC and thus induce
LEV decays in BSM scenarios are the Higgs and Z bosons.

Various theoretical models beyond the SM, such as the two-Higgs-doublet model (2HDM) [23],
supersymmetric models [24] or models including extensions of the lepton and quark sectors can
introduce FCNC and predict an increase in the branching fraction several orders of magnitude
above the SM expectations.

The SM contains all possible dimension-4 operators, of which none allow for LFV processes.
Including a set of all possible higher dimension operators that are suppressed at energy scales
M < myz decays is therefore a means of introducing effective flavour changing Z couplings. M
is here the scale of new physics which could for instance be a new mediating particle.

The lowest order terms that can be introduced are dimension-6 operators which must then
have corresponding coupling constants of mass dimension -2, e.g. g% /M?, in order to give a
dimension-4 term to the Lagrangian.

The possible terms that can be added can introduce an effective vertex to the Lagrangian after
symmetry breaking giving a Z7u coupling |25]:

z;)gsvevw (7 B Za
% < gv — gA75 m2Z [CLMT + CR;M' - (CLM’T - CRMT>75]> <T>
mQZ[CL‘LLT + CR,uT - (CL,LLT - CR,U,T)’YE)} gv — gA’75 ’
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with gy = —% + 2sinfy and g4 = —%, the coefficients Cr,, and Cg,, taken real and where
the Z is assumed to be on-shell.

Letting Cp,r ~ Crur ~ g%/(1672M?) and gy — 0, the contribution to the Z — 7y decays
gives an estimate of the branching fraction:

4

m
BR(Z — 7p) ~ 16m% (|Crur|> + |Crur|?) x BR(Z — pp) ~ 1.7 x 10 5ﬁi (2.19)

The effective Z couplings therefore present a feasible probe of new physics for M > my at
energies accessible at the LHC.



3 The Large Hadron Collider and the
ATLAS Experiment

The European Organization for Nuclear Research (CERN) is located near Geneva, Switzerland
and was founded on 29 September 1954 as a research facility devoted to the study of atomic
nuclei and subatomic particle interactions. Since then, many important breakthroughs have
been made at CERN, including the discoveries of W and Z bosons (1983), the first creation of
antihydrogen (1995), the discovery of CP violation (1999), and the Higgs boson (2012) [1].

CERN's Accelerator Complex

% North Arca 4\

2
L;‘ § East Area
AN o 1
7 4 PS S

LEIR

LHC Large Hadron Collider  SPS Super Proton Synchrotron  PS Proton Synchrotron

AD Antiproton Decelerato AWAKE Advanced WAKefield Experiment

LEIR Low Energy lon Ring  LINAC LINear ACcelerator d n HiRadMat High-Radiation to Materials

Figure 3.1: Overview of the CERN accelerator complex, including the LHC and its four large detectors
[26].

3.1 The Large Hadron Collider

Several accelerators are currently in operation at CERN, the largest collaboration being the
Large Hadron Collider (LHC). The accelerator was built into the existing 27 km tunnel beneath
the Swiss-French border which was previously occupied by the Large Electron-Positron Collider
(LEP). While in use (1989-2000), LEP was the most powerful lepton accelerator (at energies
up to 209 GeV) but was shut down in favour of the construction of LHC. The powerful hadron
collider has produced collisions of heavy ions and protons since its first research runs in 2010 (pp

11
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collisions at /s = 7 TeV) which in turn has inspired a new era of analyses searching for physics
beyond the Standard Model.

The proton source for the experiments is hydrogen gas where an electric field is applied to strip
electrons off the hydrogen atoms. Protons are then sent through a series of accelerators to
increase the beam energy. Linac 2 (fig. initially accelerates the protons to 50 GeV after
which the beam is gradually pushed to 450 GeV by a series of proton synchrotrons (Booster, PS
and SPS).

The protons are split into two counter-circulating beam pipes that are kept at an ultra-high
vacuum (10719 — 107 mbar) and cooled to 1.9 K to avoid protons colliding with residual gas
molecules. Superconducting electromagnets inside the LHC ring provide a strong field which
guides the proton beams around the accelerator, further accelerating them almost to the speed
of light. The superconductors are cooled to 1.9 K using liquid helium [27]. Proton beams in
the LHC consist of tight bunches of ~ 10!! protons with a 25 ns nominal spacing. Bunches are
made to collide at four interaction points along the ring corresponding to the position of the
four detectors (ATLAS, CMS, LHCb and ALICE).

Several proton collisions occur at each crossing which is known as pile-up. The pileup corresponds
to the mean of the Poisson distribution of the number of interactions per crossing calculated for
each bunch. With Ly as the per-bunch instantaneous luminosity, oi,e being the inelastic
cross section (80 mb at 13 TeV) and f, the LHC revolution frequency, the pileup is calculated
as:

n = Lbunchainel/fr- (31)

The number of events per second N is related to the cross section o of the studied event and the
beam luminosity L by N = Lo. ATLAS and CMS are designed for high-luminosity experiments
and the current design luminosity of LHC is 1034 em=2s71 for pp collisions [27].

The two proton beams collide in the center-of-mass frame but since protons are composite par-
ticles, the collision is rather an interaction among the constituent quarks and gluons. The
center-of-mass energy of the incoming hadrons is converted into production of several particles,
depending on the probability of the given process. Of the particles that can be produced from
a collision, the only stable ones are electrons, protons and photons (and neutrinos, although
largely undetectable).

Any unstable particle will travel a distance d = yvT, where v = 1/4/1 — v2/c? is the Lorentz
factor, v is the speed of the particle, and 7 is the mean lifetime in the particle rest frame. When
produced in a high-energy collision, particles with long lifetimes (> 10710 s) such as p* can
travel several metres before decaying. These can be detected directly, whereas most particles
with shorter lifetimes decay close to the interaction point and only their decay products can be
detected (typically seen as jets from tau leptons or quarks) [2§].

The aim of a new physics search is therefore to identify the signature of the phenomenon in
question based on careful measurements of the final state particles.

3.2 The ATLAS detector

ATLAS (A Large Toroidal LHC ApparatuS) is one of the four large LHC experiments. The en-
tire ATLAS detector is a 7-10° kg cylindrical collection of layered subinstruments which is 46 m
in length and 25 m in diameter. Its different components are used to identify particles produced
in collisions and measure properties such as their momenta and trajectories. The detector is
designed for general-purpose physics experiments and aims to test a wide range of predictions of
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the Standard Model. The physics searches beyond the current theory range from unveiling new
particles and interactions, to exploring baryon asymmetry, dark matter, the conditions of the
early Universe, and the relationship between gravity and the other three fundamental forces.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker

Figure 3.2: A diagram of the ATLAS detector and its subdetector components .

3.2.1 Coordinates

A right handed coordinate system with origin at the nominal interaction point (IP) in the center
of the detector is used to describe the spatial coordinates of an event. The positive z-axis points
to the center of the accelerator ring, y points upwards, and the z-axis lies along the beam line.
Particles that travel through the detector are assigned a four-momentum:

p = (E, Pz, Dy Dz) » (3.2)

where the transverse momentum is pt =, /p2 + p3.

For the transverse plane, ATLAS uses cylindrical coordinates (r, ¢), i.e. radial distance from the
IP and azimuthal angle. Due to the cylindrical detector design, ATLAS covers the full range of
¢. The spatial separation of final state particles is defined as:

AR = /(An)? + (Ag)?. (3.3)

In terms of the polar angle, 8, of the particle’s three momentum relative to the z-axis, the
pseudorapidity can be defined:

= —Intan(0/2) , (3.4)

where large values of |n| correspond to forward tracks along the beam line. ATLAS covers the
In| < 4.9 range. Also commonly used is the rapidity:

1 E+p,
=-1 . .
Yy 2n(E—pz> (3.5)
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Both An and Ay are useful quantities as they are invariant with respect to boosts along the

z-axis.
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Figure 3.3: Transverse view of the detector components in ATLAS. As different particles travel outward
from the interaction point, their typical signatures through the detector are indicated with solid lines,

while particles that do not interact with the detector materials are shown with dashed lines.

3.2.2 Detector systems

The ATLAS detector is composed of several subdetector systems that are optimised to identify
and track different particles based on the properties of their interaction in matter. The detector
components and their pseudorapidity coverage are listed in table

Detector Region n-range
Tracking PD, SCT Barrel + end-caps |5 < 2.5
Tracking TRT Barrel + end-caps  |n| < 2.0
Solenoid magnet, 2T - - -

EM calorimeter LAr Barrel [n| < 3.2
Hadronic calorimeter ~ TileCal Barrel + extended 0.8 < |n| < 1.7
Hadronic calorimeter =~ LAr End-caps 1.5 < |n| < 3.2
Forward calorimeter LAr Forward 3.1<|n <49
Toroidal magnets, 4T - - -

Muon spectrometer MDTs In| < 2.7
Muon spectrometer CSCs 2<|n| <27
Muon spectrometer RPCs Barrel n < 1.05
Muon spectrometer TGCs End-cap 1.05 < |n| < 2.4

Table 3.1: Pseudorapidity coverages of the ATLAS detector components in order of distance from the
beam line [29]. The detector components are further described in the text.
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Magnet systems

The two main superconducting magnet systems in the ATLAS Detector are used to bend elec-
trically charged particles around the layers of subdetectors in order to contain particle tracks.
Subject to the Lorentz force:

F=quxB, (3.6)

particles with non-zero charge ¢ moving at a velocity v in a magnetic field B will be deflected.
Hence, the degree of curvature depends on the momentum of the particle, and its direction on
the particle charge. Low-momentum particles will be easily deflected while high-momentum par-
ticles require strong magnetic fields to deflect significantly. Since the strengths and directions of
the magnetic fields are known, the deflection allows particle momenta and charges be measured
in certain parts of the detector.

The central solenoid magnet surrounds the inner detector and produces a uniform 2 T magnetic
field which is sufficient to bend the trajectories of highly energetic particles. The outer toroid
magnets (1 barrel and 2 end-caps) are located between the calorimeters and the muon spectrom-
eter. The toroidal magnetic field holds 4 T and ensures high muon momentum resolution while
minimising multiple scattering events.

Inner detector

' End-cap semiconductor tfracker

Figure 3.4: The ATLAS inner detector containing the pixel detector, semiconductor tracker and tran-
sition radiation tracker.

The inner detector (ID) shown in fig. is the compact tracking volume of ATLAS, consist-
ing of three sensor systems in concentric barrel layers: the pixel detector (PD), semiconductor
tracker (SCT) and transition radiation tracker (TRT). This design ensures precision tracking at
small radial distances and a large number of long-track measurements which combined provide
pattern recognition, momentum measurements and electron identification.

Electrically charged particles that either traverse or decay in the tracking detectors leave a series
of pixel hits. This provides track reconstruction at great precision which is also extremely useful
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in measuring impact parameters and secondary vertex positions near the interaction point (IP).
This is used for tagging of jets and hadronically decaying tau leptons.

Precision tracking closest to the IP is provided with the pixel and SCT detector. The pixel
detector contains 1744 silicon pixel sensors which are arranged in three layers. In preparation
for the 13 TeV center-of-mass energies of Run II, the ATLAS tracker was upgraded during LHC
Phase I with a fourth pixel layer between the existing silicon pixel detector and a new, thinner
beampipe - the Insertable B-Layer (IBL). Among the many purposes for the IBL are |30]:

. to improve tracking precision by detecting closer to the IP. This improves impact parameter
reconstruction and in turn vertex and b-tagging performance.

« to increase tracking robustness in case of pixel failures in the other layers to avoid losing
impact parameter resolution.

« to account for high-luminosity effects such as increased pileup which would cause readout
ineffeciences and increased fake rates (e.g. if a jet fires a lepton trigger and is wrongly
identified as a lepton).

The SCT silicon microstrip tracker is distributed over 4 barrel layers and 18 end-cap discs. More
than 6 - 10° readout strips are spaced 80 pum apart on the silicon allowing tracking of charged
particles in the plane perpendicular to the beam pipe with an accuracy of 17 pm per layer.

A larger number of hits per track is achieved with the TRT. It consists of ~ 2 - 10° sepa-
rate straw tubes which in the barrel are arranged parallel to the beam line and radially in both
end-caps. When an electrically charged particle passes through a sequence of straws in the TRT,
the gas in each straw is ionised and the resulting free electrons are driven to the central wire
which produces a signal.

Electron identification is possible by means of transition radiation detection. A highly relativis-
tic charged particle can emit transition radiation when traversing media of different refractive
indices, and the probability depends on v = E/m. The TRT straws are imbedded in arrays
with polymer fibres (barrel) serving as the transition radiation material. An electron, which is
the lightest charged particle and has a larger ~-factor, will be accompanied by more transition
radiation photons compared to hadrons. As a result, additional energy is deposited in the straw
gas which leads to a higher readout signal [31].

Calorimeters

The ATLAS calorimetry is designed to stop both charged and neutral particles in order to mea-
sure their energy deposit through the detector. The calorimeters are sampling calorimeters:
They contain cells of an active medium in between layers of high-density material cells. An
incident particle interacting with the active material produces additional particles (depending
on its energy) that can further interact to create a shower of lower-energy secondary particles.
These will ionise the dense material cells which record the degree of ionisation and the location.
This enables reconstruction of the shape and energy of the shower. Hence, the energy of the
incident particle can effectively be inferred from the total energy deposit.

The ATLAS calorimeter systems are based on the Liquid Argon (LAr) calorimeters operat-
ing with lead and liquid argon and the Tile Calorimeter (TileCal) based on scintillating tiles
(emitting photons from ionisation). The combination of systems is designed to contain both
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electromagnetic and hadronic showers from the outer muon systems.

The inner, electromagnetic calorimeter is dedicated to fully absorb and measure electromagneti-
cally interacting particles, especially electrons and photons, with high granularity. The primary
energy loss of electrons is through bremsstrahlung. The calorimeter uses lead and stainless steel
with LAr in barrel and end-cap regions, giving a total |n| < 3.2 coverage.

Strongly interacting particles (primarily protons, neutrons and pions) are measured in the
hadronic calorimeters. An accurate hadronic calorimetry is crucial for measurements of jets
and missing transverse energy (usually due to neutrinos). The hadronic calorimeter has a Tile-
Cal barrel with extended barrel layers, and LAr end-caps.

Lastly, one electromagnetic and two hadronic layers form the forward calorimeters, thus ex-
tending the calorimeter range to |n| < 4.9. These are instrumented with LAr/copper and
LAr/tungsten, respectively.

Muon spectrometer

The muon spectrometer (MS) forms the outermost detector parts beyond the toroid magnets,
and has four subdetector components: monitored drift tubes (MDT), cathode strip chambers
(CSC), resistive plate chambers (RPC) and thin gap chambers (TGC).

The purpose of the MS is to detect charged particles passing through the barrel and end-cap
calorimeters. Tracks are deflected in the n-direction by the toroidal field, allowing momentum
measurements of charged particles with dedicated precision-tracking chambers: MDTs and CSCs.
These are arranged in three cylindrical layers along the barrel and three transverse wheels in
the transition (overlap between barrel and end-cap toroidal fields) and end-cap regions. CSCs
cover the innermost layer as they give superior time resolution

The system triggers on particles in |n| < 2.4. A separate system of fast trigger chambers deliver
track information on the muon candidate within 15-25 ns. RPCs are used in the barrel and TGCs
in the end-caps, and both trigger chamber types provide track coordinates (7, ¢), beam-crossing
identification and accurate measurements of the muon momentum.

Trigger systems

At the design luminosity of 1034 cm™2s~!, the pp interaction rate is ~ 1 GHz. Data recording of
events is however limited to ~ 1000 Hz so a highly efficient trigger system is necessary to give
sufficient background rejection in real time while retaining a maximum efficiency of events of
interest for physics analyses. For the ATLAS upgrade, the increased interaction rate motivated
stricter event selection as a definite requirement.

The system has two trigger levels. The level 1 (L1) trigger uses combined hardware information
from the calorimeters and RPCs and TGCs of the muon system to make fast decisions to further
process events with high-pp muons, electrons, photons, jets, and hadronically decaying taus [29].
This information is categorised into various trigger object definitions, based on e.g. quality and
pr thresholds. In particular after the upgrade, higher energy thresholds, object isolation, and
topological information were employed in trigger decisions.

The next trigger level is the high level trigger (HLT) which bases decisions on algorithms run on
a computing cluster. HLT examines regions-of-interest by measured energy and signature type
in events accepted by L1. If accepted, the HLT converts the raw data to a reconstructed event
and writes it to object data streams.

3.2.3 Data collected in Run 2

The analysis of this thesis is performed on data from pp collisions during Run 2 at the LHC.
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With a /s = 13 TeV center-of-mass energy, the ATLAS Detector collected data suitable for
physics corresponding to an integrated luminosity of 3.2 fb~! in 2015 and 33.3 fb~! in 2016. At
the time of this analysis, the total amount of data available corresponded to £ = 11.8fb™ 1.

Figure shows the integrated luminosity delivered by the LHC and measured by ATLAS.
The pileup profile, i.e. the mean number of interactions per crossing, for the 2015 and for the
16 April-16 September period of 2016 are shown in fig.
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Figure 3.5: Integrated luminosity by day in 2015 and 2016 as delivered by the LHC (green), recorded
by ATLAS (yellow) and approved for physics analyses (blue) [32].
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Figure 3.6: Luminosity-weighted distribution of the mean number of interactions per crossing for the
2015 and 2016 (16 April-16 September) datasets [32].



4 MC simulation and data

The data used in this analysis are events recorded by the ATLAS Experiment during Run 2 at
the LHC. The total integrated luminosity at the time of analysis is £ = 11.8fb~! split by the
2015 (£ = 3.2fb~1) and 2016 (£ = 8.6fb!) runs, respectively.

Monte Carlo (MC) simulated processes with samples from the MC15¢ production campaign
within the ATLAS simulation framework are used for the signal and SM background modelling.
The MC generators for the different samples are briefly described in this chapter.

4.1 Monte Carlo simulated samples

Several different MC generators are used to produce the relevant samples for the analysis. These
are all listed in tab. The signal Z — 7u process is modelled with Pythia 8 [33] with the
AT4ANNPDF23LO PDF tuning. All tau decay modes are considered in the generation, and the
Z boson width is assumed unchanged by the addition of LFV models. A generator-level lepton
filter with pr > 15 GeV is used. The signal in the following is normalised to the DELPHI upper
limit on the branching fraction BR.(Z — 7u) = 1.2- 1072,

The Z + jets and W+ jets backgrounds are simulated using Sherpa 2.2 [34]. These samples
are sliced in pr, and my > 40 GeV is used in the generation of these samples. As alternative
inclusive samples, Powheg interfaced with Pythia 8 is used for Z + jets and W+ jets.

Diboson samples use Sherpa 2.1 for simulation of both hard scattering and parton shower-
ing with the AI4ANNPDF23LO tune used for the PDF |35].

Single-t and tt are generated in Powheg [36] interfaced with Pythia 6 [37] for the parton shower.

Detector simulation is performed for all samples via the GEANT4 [38| software to simulate
the interaction of the generated particles with the ATLAS detector, and events are subse-
quently reconstructed. Furthermore, the DAOD HIGG4D2 derivation originally designed for
the H — 7yThaq analysis was used.

All MC events are weighted by scale factors for trigger, isolation, ID and reconstruction effi-
ciences.

19
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Process Generator Alternative generator
Z — T Pythia 8 -

Z =711, Z = pp, Z — ee (Z + jets)  Sherpa 2.2 Powheg + Pythia 8

W +jets Sherpa 2.2 Powheg + Pythia 8

tt Powheg + Pythia 6 -

Single-t, Wt Powheg + Pythia -

Diboson Sherpa -

H— 7171 Powheg + Pythia 8 -

Table 4.1: MC samples used to model signal and SM background processes. The full list of MC samples
can be found in Appendix A.

4.2 Data

Events are required to pass the Good Run List (GRL) event-by-event checks for bad detector or
data quality. For 2015 and 2016 pp collisions, respectively, luminosity blocks of recorded data
are selected using the GRLs:

datal5_13TeV.periodAllYear_DetStatus-v79-repro20-02_DQDefects-00-02-02_PHYS_StandardGRL_All_Good_25ns.xml
datal6_13TeV.periodAllYear_DetStatus-v83-pro20-15_DQDefects-00-02-04_PHYS_StandardGRL_All_Good_25ns.xml

Jets and reconstructed EITniss are cleaned according to the CP group recommendations. Events
with a LooseBad jet are rejected.

A candidate event is required to have at least one primary vertex with at least two associ-
ated tracks.

The data contains measurements from both the 2015 and 2016 data taking periods of Run
2 where both the pileup weights and integrated luminosities differ. MC events assumes some
average amount of pileup (u) which ultimately affects the reconstruction efficiency. Pileup
reweighing is therefore performed in order to correct for possible differences between the profile
of instantaneous luminosity used in simulation compared to data.



5 Signal and background

5.1 Signal characteristics
In this search for an LFV Z — 7 signature, the signal of interest is:
pp — Z — Thadpt — hadrons + v + . (5.1)

The muon originating from the Z decay is expected to be energetic with a pp-distribution
peaking around myz/2 ~ 46 GeV as seen in fig. (left). The decay must conserve charge, and
since the Z boson is neutral, the charges of the muon and tau candidates must have opposite
sign OS(, ). Figure[5.1)demonstrates that by comparing the pr(u) distributions events of with
either an opposite-sign (OS) or same-sign (SS) cut. Note that almost no signal events remain
with the SS selection and that the background compositions are quite different.

The candidate tau lepton is required to decay hadronically. Unless otherwise specified, the
notation 7 assumes a hadronic tau lepton in the following.

Due to charge conservation, the 7& must decay into an odd number of charged hadrons which
are usually pions. The charged and neutral decay products are emitted in a narrow cone and
leave either 1 or 3 tracks in the detector (an even number of tracks points to a bad object
reconstruction):

o 7 4+ 1,2, 3 7% (1-prong taus);

o 5t +0, 1 70 (3-prong taus).

From the hadronic tau decay, the single tau neutrino emitted is expected to be almost collinear
with the visible decay products. The neutrino passes through the detector and will be recon-
structed as missing transverse energy ETmiSS.

The signal can be characterised by a range of kinematic properties which will be utilised to
distinguish signal from the main backgrounds. These are described in further detail in section
In particular, the transverse masses of the visible Z decay products with respect to the E%liss
are used to define a set of signal regions, i.e. phase space regions in which the Z — 7 signal is
enhanced. This method is based on the 8 TeV analyses for Z — pmaq and H — phag [39)]-
The correlation between the transverse mass of the (u, EX) and (7, EXi55) systems is plotted
for signal in fig. (left). Signal is focused at low my (7, ER) due to a soft pr(r) spectrum
and a small opening angle to ErTniss. Conversely, the average pr(u) and large opening angle to
the EMsS Jeads to intermediate values of mp(p, EMIsS).

The right hand side of fig. [5.2] shows the anticorrelation between opening angles in signal. Most
events produce the leading (7, u) pair back-to-back with the E%iss aligned with the tau.
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Figure 5.1: Distributions of muon pr events with a reconstructed opposite-sign (7, ) pair (left) in
comparison to same-sign events (right). Signal events and Z — 77 background are largely depleted in
the SS(7, i) selection whereas backgrounds such as Z — pp and Wjets that do not contribute with a
real tau become dominant. Note that signal is scaled by a factor 20 and that the errors are statistical

only.
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5.2 Background processes

The signal of interest is expected to be vastly dominated by a number of Standard Model
processes that produce the same p, 7 final state. These include electroweak processes (Z — 77,
Z — U, single-t, tt, W + jets, diboson (ZZ, WZ, WW — ¢f) and H — 77), as well as QCD
multijets (events with quark- or gluon-initiated jets).

After object reconstruction to identify the final state, these backgrounds can be divided into
three categories (due to the rate of misidentification being larger for hadronic taus than for
electrons and muon):

« Events with a real muon and m,,q;
« Events with a real muon and a jet misidentified as a Taq;

« Events with a lepton misidentified as a Ty,4.

The main background contributions arise from Z — 77, W -+ jets production where the W
decays leptonically, and from ¢t events. These processes will be described in further detail in
the following.

Hadronic jets from hard QCD scattering processes contribute to the background composition
as well but have to be derived from data. This background and others that result from tau
misidentification will be taken into account with a procedure described in section

5.2.1 Z =W

Figure [5.3] shows the dominant process of Z production with the annihilation of ¢g to create ei-
ther a photon or a Z boson. The subsequent decay produces a pair of opposite-sign same-flavour
leptons.

In events with Z — pu, a hadronic jet can be misidentified as a tau while one muon can be lost
due to acceptance. The Z — up contribution is largely reduced by requiring a good signal tau
using a tight BDT requirement and, as seen in fig. selecting only reconstructed (7, 1) pairs
of opposite sign.

Z — 77 events can produce a final state with

a real tau and a real muon if one tau decays q 0t
hadronically and the other leptonically. The Z/y

non-prompt muon will have a softer pt spec-
trum but this decay is kinematically similar to
the signal and provides one of the largest back-
grounds in the analysis. A kinematic variable
(Aa) dedicated to target Z — 77 background Figure 5.3: Feynman diagram showing the lowest
is discussed in section [5.3] order production of Z bosons and decay into charged
Since both the muon and the tau candidates leptons.

are associated with neutrinos, the E%liss angle

with respect to the visible decay products will be quite different in comparison to signal.

This is seen in the distribution of opening angles to the E%liss in fig. (top right) which causes
the smear of Z — 77 events across low values of my(p, EX'S%), myp (1, EF'®).

q /A
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5.2.2 W + jets

Leptonic W boson decays (W — fv) can produce a final state with a real charged lepton and
missing transverse energy. The high pr muon can originate from either W — uv or W — 7v
with a leptonic decay of the tau while a jet produced alongside the W can be misidentified as a
hadronically decaying tau. Figure shows lowest order Feynman diagram contributing to W
+ jets production through the single- or dilepton decay modes.

The topology of W + jets events is different from the previously discussed processes since the
reconstructed tau and muon do not originate from the same parent. With reference to fig.
the opening angle between the muon and E%ﬁss is always large since the majority of the E%liss
is associated with jets while the real muon is produced in the W decay. Depending on the
number of jets, the tau can be either aligned or anti-aligned with the ErTniSS. The distribution of
transverse mass is focused around intermediate mr(u, EX%), mp(7, XSS values.

Z+

Figure 5.4: Examples of lowest order Feynman diagrams contributing to W + jets. Taken from [40].

5.2.3 tt

Top quarks are mainly produced in pair production via the strong interaction. ¢¢ can become a
source of background through double leptonic decays of top quarks (¢ — bW — blv), or when
one top decays hadronically (t — bW — bqq) as seen in fig. A jet can fake a hadronic tau.
tt events show no immediate correlation between the (u, EXS%) and (r, ERS) systems (fig.
5.6)). Top backgrounds will therefore not be constrained within this phase space but can be
distinguished instead by the multiplicity of b-tagged jets.

Figure 5.5: Top-antitop production. The final state leptons are produced via leptonic decays of both
W bosons (left) and the single-lepton decay mode (right). Taken from [40].
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Figure 5.6: Correlations between (p, %) and (7, EX) in transverse mass (left) and opening angle
in the transverse plane (right). Figures show the three major backgrounds at preselection: Z — 77
(top); W — pv (middle); ¢ (bottom). Note the different scales of the z axes.
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5.3 Discriminating kinematic variables

This section describes some of the variables that will be considered to discriminate signal from
the various backgrounds in the analysis.

5.3.1 A«

The A« discriminator is constructed to exploit differences in kinematics based on the number of
neutrinos in an event. The kinematics are described in [25] for the Z — Tjep it — (evw)p decay,
and are specifically targeted towards reducing Z — 717 — (evv)(uvv) background.

Here, the method is adapted to the hadronic tau channel, thus implying a one-neutrino signal
and a three-neutrino Z — 77 background. Since the taus are boosted by at least a factor of
myz/2m,, we can assume collinearity of the tau decay products, and define the tau momentum:

P(Thaa) = p(7) + p(v) = ap(). (5.2)

The Z — 77 process provides an additional tau which can imitate the signal final state by
decaying leptonically. This tau is assigned a momentum p(nep) = p(p) + p(2v) = Sp(p).
Neglecting the lepton final state masses, the following relations can be derived from the Z
invariant mass:

m% —m?2 = 2ap(7) - p(p) signal (5.3)
m% —2m?2 = 2a6p(7) - p(u) background.

Equations and define the variable aj.
With the approximation that prp(Z) = 0, we obtain a second variable that is labelled aq:

alpr(7)| = |pr(p)] signal (5.5)
alpr(7)| = Blpr (1) background.

3500
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3000 — Ztau mu

— Ztautau

2500

2000

1500

1000

500

I T i R R RN B v i T
0
-3

2 -1 0 1 2 3 4
Aa (v, u)

A

Figure 5.7: Acqa(r, ) distributions for Z — 7 and Z — 77 after preselection cuts. The Z — 7pu
distribution peaks sharply around zero.
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a1 — a9 is used as the discriminating variable between signal and background:
2 02

Ao = mz —mr lpr (1) ) (57)
2p(p) -p(r)  [pr(7)|

The signal distribution peaks around Aa = 0 by construction whereas backgrounds will exhibit
some offset due to the g parameter. Figure shows the A« distributions of Z — 7y and
Z — 77 for preselected events. A small amount of irreducible background can occur if the muon
from the leptonic tau decay carries almost all the momentum of its parent so that the event has
B — 1 (i.e. the muon is emitted along the boost of the tau and carries ~ (m?2 + mi)/2m7).

5.3.2 Transverse mass

The transverse mass in terms of the lepton and missing transverse energy is defined as:

m3 = (pr(0) + EF=)* — (5r(0) + pi=)" (5.8)

which, by assumption of massless decay products, can be rewritten as:

o, BPS) = (/2 BB (1~ cos Ag(yr, ™)) . (5.9)

5.3.3 Missing mass calculator

The missing mass calculator (MMC) [41] is a technique allowing for a accurate reconstruction
of the invariant mass of the (7, u) pair. Although developed for events with a 77 final state such
as H — 771, the MMC also has an LFV mode that is currently only tuned for the Run 1 E%liss
resolution.

The main principle of the MMC technique is to attempt to solve a system of equations of multiple
unknowns with the number depending on both the final state and the number of neutrinos
involved. The MMC is constrained by the tau momentum and mass for leptonic and hadronic
tau decay, respectively:

() + ), p*(2v) = B3, —m3, (5.10)
= [p(7is) + p(v)]? (5.11)

m
m
The system of equations is solved by scanning over all unknowns and choosing the most likely
value. Each result is weighted by a probability such that the final result gives m%MC as the most
likely mass. Since this result is correlated with the EX resolution, the MMC also considers
the E%iss resolution as an input.

The MMC will be used to define a mass window that contains most of the signal in order to
optimise cuts on other variables.
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5.3.4 d, significance

The impact parameter is the distance between
the point of closest approach of a track with
respect to the primary vertex as illustrated
in fig. do denotes the impact parame-
ter in the transverse plane, and is computed
for ID tracks from combined muons with re-
spect to the primary vertex. The dy sig-
nificance dy/o(dp) could prove useful in ex-
ploiting the difference in between signatures
of prompt muons (from W or Z vertices)
and muons with a displaced vertex originat-
ing from heavy-flavour jets.

-~

=< Secondary
Impact ,'l =~ _vertex
parameter; /e
T - Jet direction

—

Figure 5.8: Schematic of the definition of impact
parameter. Taken from [42].



6 Event selection

This chapter motivates the baseline event selection for the analysis.

6.1 Object definitions

Reconstructed candidate objects include electrons, muons, taus, jets and missing transverse
energy Efl’}iss and provide the baseline sample of well-identified objects. The object definitions
follow the default recommendations for Run 2 analyses |43]. Object calibrations are implemented
using SUSYTools [|44].

6.1.1 Reconstructed objects

While the signal requires one good hadronic tau and one good muon, objects such as electrons
and b-jets are reconstructed and used in order to veto specific backgrounds. The selection crite-
ria for all objects are summarised in tab.

Electrons

Electron identification relies on reconstructed tracks in the inner detector that are matched
to clusters in the electromagnetic calorimeter. Electron candidates should pass the medium
likelihood identification working point, and gradient isolation which is constructed to ensure
background rejection efficiencies of € (25 GeV) = 90% and ¢ (60 GeV) = 99% for leptons. Elec-
trons with pp > 25 GeV and |n| < 2.47 excluding the 1.37 < |n| < 1.52 transition region between
barrel and end-caps are accepted. The requirements on the transverse and longitudinal impact
parameters with respect to the primary vertex |dy/o(dg)| < 5.0 and |zpsinf| < 0.5 are imple-
mented to reject cosmic events.

Muons

Muon candidates are identified by reconstructed tracks in the inner detector matched to muon
spectrometer tracks (combined muons). Accepted muons are required to pass medium identi-
fication related to the number of hits in the inner detector and muon spectrometer [45] and
gradient isolation. In addition to having pp > 10 GeV and |n| < 2.5, muons have to satisfy
|do/o(do)| < 3.0 and |zgsinf| < 0.5.

Taus

Hadronic taus produce collimated and isolated jets with energy deposits in both the electro-
magnetic and hadronic calorimeters. Identification of hadronic taus is therefore based on jets
reconstructed with the anti-k; clustering algorithm [46] using calibrated topological clusters of
calorimeter cells with a distance parameter of R = 0.4.

The tau jet is expected to have a low track multiplicity due to the dominant hadronic decays
into charged mesons. Candidates with either 1 or 3 charged tracks and with unit charge |¢| =1

29
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are therefore selected. Furthermore, the baseline 7 selection requires candidates with pp > 20
GeV and |n| < 2.5 excluding the 1.37 < |n| < 1.52 crack region.

Electron overlap removal is performed using the EleOLR of TauSelectionTools. The tool matches
leading tau tracks with pp > 4 GeV to electrons within a AR < 0.4 cone, and decorates the tau
with a likelihood score of matched electrons.

The tau boosted decision tree (BDT) |47] is used to discriminate hadronic taus from quark- or
gluon initiated jets. Tau candidates are required to pass a tight BDT-based ID selection.

Jets

Jets are reconstructed using the anti-k; algorithm with R = 0.4. We accept pr > 20 GeV jets
within |n| < 2.5. Jet energy calibration is performed with EM+JES [48]|. The jet vertex tagger
uses tracking and vertex information to suppress pileup jets, and jets are required to pass the
medium JVT working point [49].

b-jets

Identification of b-jets is performed using the MV2c10 tagger [50] in order to reject backgrounds
containing b-quarks such as single-t and t¢. A fixed cut working point corresponding to a 77%
average efficiency in ¢t events (FixedCutBEff 77) is used.

Selections on the number of b-jets in an event introduces a scale factor to account for misiden-
tification.

Missing transverse energy

Particles that leave no trace in the detector are inferred as missing transverse energy E%liss. The
E%liss in this analysis is reconstructed using calibrated energies of all objects in an event with
Emiss SoftTerm calculated by the TrackSoftTerm algorithm [51].

6.1.2 Overlap removal

The procedure of overlap removal is performed between pairs of reconstructed objects where
objects are kept in the order: muon, electrons, taus, jets and is applied using AssociationUtils
[52] and TauAnalysisTools [52]. The condition for overlap removal is based on a certain threshold

in AR = /(An)? + (A¢)? to reject the following objects:
« Jets within AR < 0.2 of the leading tau track,

« Jets within AR < 0.4 of an electron or muon candidate,
o Taus within AR < 0.2 of an uncalibrated muon with pp > 2 GeV,
« Taus where the leading track passes loose electron identification.

o Taus within AR < 0.2 of an electron or muon candidate,
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Object Requirement

Muons Medium quality
pr > 25 GeV
Inl <25

Gradient isolation
|do/o(do)| < 3.0
|z0sin @] < 0.5

Electrons Medium LLH
pr > 25 GeV
In| < 2.47, excl. 1.37 < |n| < 1.52
Gradient isolation
|do/o(do)| < 5.0
|zosinf| < 0.5

Taus Tight BDT
pr > 20 GeV
[n| < 2.5, excl. 1.37 < |n| < 1.52
lgl =1
Ntracks = 1,3
EleOLR and MuonOLR

Jets pr > 20 GeV
Inl <2.5
Medium JVT WP

b-jet tagging MV2cl0
FixedCutBEff 77

Table 6.1: Summary of all selections used in the object definitions.

6.2 Preselection

After object definition, we impose preselection cuts in order to ensure that the u, 7 final state
is selected.

6.2.1 Trigger

Events are required to have a candidate muon firing at least one of the lowest unprescaled
single-muon triggers. Trigger-matching is applied to the leading muon. The muon triggers used
are:

HLT_mu20_iloose_L1MU15 or HLT_mu40 (2015);
HLT_mu26_ivarmedium_L1MU15 or HLT _mu50 (2016).

L1MU15 requires the object to pass pr > 15 GeV in the L1 trigger system while also passing
the HLT threshold. Isolation requirements are reconstructed online by the HLT from the inner
detector tracks. Loose isolation requires pTcone20/pr(u) < 0.12 where pTcone20 is the pr sum
of ID tracks (excluding the muon track itself) in a AR = 0.2 cone. Medium isolation specifies
pTcone30/pr(p) < 0.06 within AR = 0.3.
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Whenever 2015 and 2016 data is used in combination, MC events are randomly treated as results
from either year. Only the trigger requirement and pileup weight changes. Figure [6.1] shows
muon pr distributions split by 2015 and 2016 data and MC.
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Figure 6.1: Preselection level pr(u) distributions split by 2015 (left) and 2016 (right). The yellow
dashed line indicates the Z — 7u signal scaled by a factor 20. Backgrounds are estimated from MC only
(i.e. no fakes from multi-jets are included yet), and no data derived scale factors are applied. Errors are
statistical only.

6.2.2 Multiplicity selection

The multiplicity cut vetos events where at least one electron is identified and filters out events
with more than one reconstructed muon and tau in the final state.



7 Analysis

Based on MC simulated signal and background events, a selection strategy for the events of
interest is devised. All cuts are optimised to yield the best significance of the signal in the
selected region of phase space.

Results are presented with £ = 11.8 fb~! of data, and with MC normalised accordingly. In addi-
tion, signal MC is normalised to the current upper limit on the branching fraction BR (Z — ) =
1.2-1075.

7.1 Signal regions

The purpose of the cut selection and optimisation is to locate a region in phase space that is
enhanced in signal. The data of the signal regions (SR) is kept blinded in order to eliminate
bias until the analysis strategy and fit model are completed and verified.

After preselection cuts described in the previous chapter, events where a b-jet is identified are
vetoed, the reconstructed (7, u)-pair is required to have charges of opposite sign. Several kine-
matic constraints are considered to suppress the background contributions. In particular, we use
the topology of the LFV decay in mt space, as described in sections and to motivate the
selection of two orthogonal signal regions. The signal regions are chosen in such a way because
a clear structure is seen at low m (7, E2%) and high m(u, EX2%). However, there are also
some events present at higher m (7, EMi) and low myp(u, ER2%). These events are likely to
arise from soft taus where the 7, 4 opening angle is large and the EIT]rliSS happens to be aligned
with the muon.

7.1.1 Cuts and optimisations

Various kinematic variables are tested for the purpose of separating signal and background.
These are shown in fig. The cuts are selected and initially optimised for the three main
background contributions: Z — 77, W — pv (dominant channel in W+jets events), and tt. As
mentioned above, data is not used in the optimisation.

The variables selected for cut optimisation are pr(u), pr(7), |An|(T, 1) and myis(T, ). These
cuts are common to both signal region and are denoted as such. All distributions of kinematics
after a cut is applied are shown in appendix B.

The optimal cut values are evaluated by a scan of the selected variables to calculate the relative
separation power of the cuts in terms of the statistical significance of the signal with s and b as
the signal and background yields, respectively [53]:

S =/2[(s+b)In(1 + s/b) — 3] . (7.1)

33
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Figure 7.1: Kinematic variables considered for cuts. Figures are normalised to one and show signal
and the three main backgrounds after preselection cuts, b-jet veto and OS(r, ). Signal is scaled by a
factor 20.

7.1.2 Optimisation of cut selections

The cut selection is optimised through a scan of the chosen variables to locate the cut values
that yield the largest significance for signal against all MC backgrounds in eq. [7.I] In the
one dimensional optimisation plots, the greyed areas indicate the variable range that would be
excluded by the cut yielding the maximum significance.

The primary region of interest that will be used is termed signal region 1 (SR1), and an
mT(u,EIFniSS) range is optimised to yield the maximum significance. Any signal events left
over at low mr(p, E2%) will be included in a signal region 2 (SR2).
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In order to optimise the significance in the region of interest, and not in the sidebands, an MMC
window which contains approximately 95% of the signal is chosen.
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Events
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Figure 7.2: m77,

distribution of Z — 7 events from simulation after object selections.

Figure shows the ml\T/{l\fc distribution of simulated Z — 71 events immediately after object
selection cuts. The distribution is fitted to a Gaussian function with parameters p = 90.17£0.05
GeV and 0, = 11.09 £ 0.04 GeV. The mMMC region of interest chosen is one that is within 2o

T’ lll
of the mean. This is rounded to:

70 GeV < myMC < 120 GeV . (7.2)

This ml\T/{l\fC window contains ~ 94% of Z — 7u events after object selection. The cut selection
is optimised within this range after applying trigger and multiplicity cuts of preselection, as well

as the b-jet veto and OS(7, i) requirements.

pr cut optimisation

pT cuts

The first kinematic selections considered are
the cuts on pr(7) and pr(p). As seen in
fig. a lower cut on pr(u) will reduce the
amount of Z — 77 and W + jets events.

50- 0.28 0.24 0.22 0.18 0.14 0.12 -

45+ 0.39 0.38 0.38 0.32 0.22 0.14 -

40f 055 058 0.62 059 039 021 -
Figure[7.3|shows the result of varying the min- %
. . . ]
imum pr cut values simultaneously. The sig- O 5
nificance for each cut selection is calculated &
Q.

using the sum of all MC backgrounds and the
resulting maximum is found at pp(p) > 30

GeV and pr(1) > 20 GeV.

w
o

35 40
pr(w) [GeV]

Figure 7.3: Simultaneous significance scans of a
lower pr(p) and pr(7) selection. The optimisation
is performed within 70 GeV < ml\T/{l\l/fC < 120 GeV
after preselection level, b-jet veto and OS(7, p).
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An(r,p) cut

After the pr selection, a An(7, u) cut was chosen in order to primarily target W + jets events
(see the An(r, u) distribution in fig. . Figure shows the optimisation of an upper bound
on An(t, ). The selected cut is An(r, u) < 2.0.
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Figure 7.4: Significance scan of upper limit of An(r, ) for the sum of all MC backgrounds. The

optimisation is performed within 70 GeV < m}!M¢ < 120 GeV at preselection level including pr cuts.

Myis CUt

Figure shows the optimisation of a lower cut on the visible mass after preselection cuts,
b-jet veto, OS(7,u), pr(n) > 30 GeV, pp(1) > 20 GeV and An(r,u) < 2.0. A selection of
Myis(T, ) > 60 GeV is used to improve the significance of the signal regions. However, since
the cut effectively removes the left sidebands of the mass distributions, the my;s(7, p) cut will
be removed at a later stage in order to perform a fit to e.g. the mITVIi\L/IC distribution.
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Figure 7.5: Significance scan of lower limit of m;s for the sum of all MC backgrounds. The optimisation
is performed within 70 GeV < ml\T/{l\ﬁc < 120 GeV after preselection including OS(r, i), b-jet veto, pr
and An(r, u) cuts.
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Figure 7.6: Distributions in the mt plane after preselection and common cuts. Events are selected in
the 70 GeV < mITV)I}YIC < 120 GeV window. Figures show MC Z — 7 (top left), Z — 77 (top right), W
+ jets (bottom left) and t¢ (bottom right).

SR1 mT cuts

Figure shows the two-dimensional distributions in mt after preselection and all common
cuts are applied. Based on the signal distribution located along the my(u, E%liss) axis and at
low m(T, Effniss), a primary signal region SR1 is defined by optimisation of rectangular cuts in
the transverse mass plane.

The optimisation of SR1 is performed by varying the mr(u, EX2%) lower bound and the m (u, E3SS)
and mr (7, EX%) upper bounds simultaneously. In the mr(u, EX) direction, it was required
that mr(low) < mr(upp) and that the upper and that the lower cuts had a minimum separation

of Am(u, ERIS) > 5 GeV.

The result of the optimisation is shown in fig. [7.7]

Based on the optimisations in fig. [7.7, a maximum significance of S = 1.34 is found for
mr(p, BESS) < 80 GeV and mp(r, ERS) < 30 GeV. At these values, the significance does
not depend on the lower bound on m(u, ER) given that the bound is less than 25 GeV. The
region is therefore defined by 15 GeV < mr(p, EX5) < 80 GeV and mrp(r, ERS) < 30 GeV.
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Figure 7.7: Simultaneous optimisation of the three cuts that define the my window for SR1. The
figures show the projection on to the plane. Variation of lower my(p, EF"®) and upper mry(p, ER'S®)
with a minimum region width of Amry(u, EX) > 5 GeV (left); variation of lower mr(u, E2S%) and

miss miss

upper m (7, EMs%) (middle); variation of upper mt(u, EX%) and upper mr(pu, ERsS) (right).

SR2 mT cuts

The signal events that are not included in SR1 are selected by defining an SR2 orthogonally to
SR1. With mr(u, EXSS) < 15 GeV, the my (7, EXis5) of SR2 is optimised as seen in fig.
The maximum significance is found at approximately mr (7, EF"™) < 60 GeV. Since the signif-
icance quickly converges with increasing upper mr limit and in order to reasonably define a
Z — 71 normalisation region at a later stage, the selected cut is put at mry(7, E%liss) < 35 GeV.
This change excludes a large fraction of Z — 77 events and only causes a decrease of 0.04 in
the significance. The final SR2 selection yields a significance of 0.25.
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Figure 7.8: Optimisation of mr(r, E2is5) upper limit in signal region 2 with mr(u, E25) < 15 GeV.

Table gives a summary of the cuts used to select the signal regions and the full cutflow
table for the final selection is shown in tab. [7.I] The signal efficiencies for passing the SR1 and
SR2 selections are 31% and 2%, respectively.

For both signal regions, distributions of variables of interest Aa(T, pt), myis(7, ) and myyc a

presented in fig.
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Preselection

Lowest single-muon trigger

1 tight tau, 1 muon, no electron

Common selection

b-jet veto

OS (7, p) pair

pr(p) > 30 GeV, pr(r) > 20 GeV
|An(r, 1) < 2.0

Myis (T, 1) > 60 GeV

Signal region 1 Signal region 2

15GeV < mr(p, EmisS) < 80 GeV  my(u, EXsS) < 15 GeV
1 (7, ERisS) < 30 GeV mr (1, B3Riss) < 35 GeV

Table 7.2: Summary of cut selection and signal region definitions.
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Figure 7.9: Blinded distributions of variables of interest in SR1 (top row) and SR2 (bottom row).
Region definitions are summarised in tab. [7.2] Errors are statistical only.
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Study of additional cuts in the signal regions
The distributions in fig. reveal the main background contaminations in the signal regions. A
large fraction of Z — 77 events are present in both regions. Due to its location in the mr plane,

SR1 contains W + jets as well since these events dominate at intermediate to high transverse
mass of the (u, EXS%) and (7, ER) systems (fig. [7.6)).

Therefore, the possibility of including an additional cut for a more targeted background re-
jection in each signal region was studied. The variables that were considered were A¢(T, ),
|o(do)/do| and |Aa(T, )]

These individual cut optimisations are presented in fig. for SR1 in the 70 GeV < myyc <
120 GeV optimisation range. The best significances are found for A¢(7, 1) > 0.0, |o(dp)/do| <
2.0 or |Aa(T, )| < 0.5. The same cut values were found in SR2.

Ag(r) optimisation o(dy)/dy| Optimisation |Aa(ru)| optimisation
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Figure 7.10: Optimisation of variables considered for an additional cut selection in the signal regions.
Cut variations of A¢(, ), |o(do)/do| and |Aa(r, u)| are shown for the SR1 selection (see tab.
within the 70 GeV < mMM€ < 120 GeV optimisation range.

S

The A¢(r, 1) and |o(do)/do| cuts do not discriminate well against background since they leave
the significance at the end of each signal region unchanged.

The |Aa(r, p)] < 0.5 selection does in fact improve the significance compared to the default
selection (see tab. . After the mr cuts, significances of Ssg1 = 1.51 and Ssgro = 0.32 are
found. However, a result of this strict |Aa(7, )| cut is that it effectively removes the sidebands
of the mass distributions, such asmlT\/fll)/IC shown in fig. This additional selection is therefore
not used in the further analysis.
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Figure 7.11: mMMC distributions of each signal region when additional |Aa(r, u)| selection is intro-
duced.
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7.2 Background model

As discussed in chapter events containing a jet misidentified as a hadronic tau can produce
the final state of interest. The SM background contributions can therefore be split into two
categories of relevance:

1. real processes in which a true muon and a true hadronic tau are produced (Z — 77,
H — 77, tt, single-t, diboson).

2. fake processes where the hadronic tau decay is faked by a jet (QCD multi-jets, W + jets,
Z — (¢, diboson).

Backgrounds that produce a real final state signature rely on estimation from MC. These con-
tributions are normalised to data using dedicated normalisation regions from which a data-MC
scale factor will be extracted.

Since fakes are not well-described in MC, this contribution is also derived from data. Note
that real processes can also contribute with fakes if a jet is misreconstructed as a tau.

To model background arising from fakes, a fake factor method will be used. The fake factor is
essentially the ratio of pass-to-fail events for a given background and is therefore estimated from
data in a set of control regions.

A third category containing fake events where a light lepton fakes a hadronic tau (Z — /¢,
H — 00) exists. This type of events is instead handled with the use of MC simulation.

Table contains a summary of all regions dedicated to fake estimation and background nor-
malisation and an overview of the myp-based regions is shown in fig. [7.12]
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Figure 7.12: Regions that are defined by exclusive rectangular cuts in mr space. The figure shows
data at preselection.
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Region  Process Selection Scale factor
NRZtt Z — 77 Preselection + OS(7, p) k = 0.90 £ 0.08
pr(p) > 30 GeV
b-jet veto

mr (p, BRIss) < 40GeV
35GeV < mp(r), ERiss) < 80GeV

NRT single-t, ttf  Preselection + OS(r, u) k=1.07+0.02
pr(p) > 30 GeV
> 2 b-jets

CRZI11 Z =TT Preselection
pr(p) > 30 GeV
b-jet veto
No taus, two good muons

60 GeV < my, < 120 GeV

CRW W + jets Preselection + OS(7, p)
pr(p) > 30 GeV
b-jet veto
mor (p, BRIss) > 40GeV
mr (), BRiss) > 30GeV

CRT single-t, t&  Preselection + OS(7, i)
pr(p) > 30 GeV
> 2 b-jets

CRQ QCD Preselection + OS(T, 1)
pr(p) > 30 GeV
b-jet veto

Non-isolated muon

Table 7.3: Selection criteria that define the regions used for background normalisation and fake esti-
mation.
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7.2.1 Normalisation regions

The normalisation of the MC expectation to data is performed using a set of normalisation
regions. For each of the major backgrounds that contribute with one real lepton and one real
hadronic tau, we construct a normalisation region that is enhanced in the process of interest.
These backgrounds include Z — 77 and top (single-t and ¢¢). Minor backgrounds assume the
yield from MC prediction.

The two regions are defined using preselection cuts (trigger and multiplicity). Events with one
OS (7, p) pair are selected in the definitions.

Both normalisation regions are designed to avoid containing a significant amount of signal events.
Their definitions are summarised in tab. [7.4]

NRZtt NRT

Preselection + OS(7, ) Preselection + OS(7, )
pr(p) > 30 GeV pr(p) > 30 GeV

b-jet veto > 2 b-jets

mp (u, ERIsS) < 40 GeV -
55 GeV < m(t, BRIsS) < 70 GeV -

Table 7.4: Normalisation region definitions.

Z — 71 normalisation region

Z — 77 events dominate across low mr(u, EX%) and mr(r, ER) values. However, to avoid
an overlap with the signal regions, the Z — 77 normalisation region (NRZtt) is defined with a
rectangular cut that is shifted upwards along the my(maq, E%liss)—axis in order to exclude SR2.
Events in my(u, ER) < 40 GeV and 35 GeV < mr(p, EXS) < 80 GeV are selected. Further-
more, NRZtt requires a b-jet veto and pp(p) > 30 GeV.

The NRZtt distributions are shown in fig.

Top normalisation region

Single-t and tf events are characterised by the presence of at least one b-jet from the top decays.
Compared to the other background contributions, a large fraction of ¢t events show Njets > 2
and Ny jets > 2 (see fig. [7.13). Since both the signal regions and Z — 77 normalisation region
impose a constraint of zero b-jets, the requirement of at least 2 b-jets in the top normalisation
region (NRT) excludes these regions. The contamination from other backgrounds is reduced
with pr(u) > 30 GeV which further removes W + jets and Z — 77 events.
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Figure 7.13: Number of jets and b-jets per event after preselection and OS(7, 1) cuts.

7.2.2 Normalisation region scale factors

Scale factors to normalise MC to data are finally being extracted from a simulatenous likelihood
fit of data in the normalisation regions. Only the real (truth-matched) components of the back-
grounds are normalised by the derived scale factor. This is done to exclude contributions from
fakes which will be estimated and treated separately.

Nonetheless, a crude estimate of the normalisation is carried out by calculating the scale factors
using the following method.

From each unblinded normalisation region, a data derived scale factor is extracted to account
for the discrepancy between observed data and the background predicted from MC:

k Ndata - Z];ﬁ’t NMCJ,NRZ _ Nres
NR; — = )

7 1

(7.3)

where NNR, is the number of events for the background that the normalisation region is designed
for. The sum of other backgrounds remaining in the normalisation region Zj £i Nyc;,NR; 18
subtracted from the data yield Ngata-

The statistical errors o; = 1/,/NnR, are propagated to estimate the error on the scale facto

o(knm,) = kxr, yf (Noes) ™ + (V) ™! (7.4)

These normalisation region data/MC scale factors are calculated to make a first check whether
there is need to correct MC background, meaning whether k deviates from 1 within its statistical
error. The normalisation region scale factors calculated from eq. are presented in tab.
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Figure 7.14: Distributions in the Z — 77 normalisation region. Errors are statistical only.
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Figure 7.15: Distributions in the top normalisation region. Errors are statistical only.
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NRZtt NRT

Calculated k =1.08+0.02 £k =1.02+£0.02
From fit k=090+0.08 k=1.0740.02

Table 7.5: Data-derived scale factors to MC in the normalisation regions based on eq. and the
region definitions in tab.

The HistFitter framework [54] is used to run a background-only fit in the normalisation regions
with the normalisation as a free parameter. Both scale factors are rederived in this manner for
a more accurate estimate of the data/MC ratio. Figure shows pp(7) in both NRs before
and after the binned background fit is performed. The resulting scale factors are listed in tab.
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Figure 7.16: pr(7) distribution in NRZtt (top) and NRT (bottom) before and after background fit.
Note that background from fakes is included. Errors are statistical only.

Figure shows my;s distributions after the scale factors derived from the fit are applied
in the NRT and NRZtt regions. In fig. [7.I8 a comparison is shown of the distribution at
preselection before and after applying the scale factors. The data/MC agreement appears worse
after normalisation (right) since the fit model takes background contributions from fakes into
account. This background will be estimated in the next section.



7.3. ESTIMATING BACKGROUND FROM FAKES 49

> [ L | L | LB | LB | T 17T | LB | T 17T ] > =T--F--F ] T 17T ] T 17T ] T 17T ] T 17T ] F-F-F ] ! P e e |
@ = ™—p —q v [ 2Tl a
U 3500{—ATLAS Work in progress 4 g’ — O 700 —ATLAS Work in progress o o]
o = - 1 o — 2 ]
— F Vs=13TeV; £=118fb"! <% SM Total 4 [ Vs=13TeV; £=118fb"! “#% SM Total n
~ [ B W+jets 7 ~ L N W+jets .
93000~ 3 2ot 4 v 600 I 2t —
c I 2 - Zr 4 = r =z 7
2 C mm tf, single—t 1 2 = mm tt, single—t —
w - B H- 4 W * . Ho N
2500 — =7 Other - 5001~ 1 Other ]
F Z 7 (x20.0) | o Z- 7 (x20.0)
2000 3 400f— - 3
1500 — - 300 -]
1000 - =
500|— —
C o ]
0: """ JJ-J‘L-L.—I-—"L___I_;”_; ,,,,,,,,,,,,,,,,
g 1122 ; T | LI | + T 7T | T 7T + | [ T + + IE g 1122 %‘ T T ‘ T 17T ‘ T 17T ‘ T 17T ‘ T 17T T 17T LI E
3 iE FRE O = I B = A . =
= 075 EY T T T I E § 075 E_* e MERARRRE
e 0.5 E v b P P P E 0.5 Evav o by by Py by g 1009
40 60 80 100 120 140 40 60 80 100 120 140
myis(7, 1) [GeV] myis(7, 1) [GeV]

Figure 7.17: m,;s distributions showing scale factors applied in NRZtt and NRT.

7.3 Estimating background from fakes

The background from jets being misidentified as taus forms a dominant source background in the
analysis. To model background arising from tau misidentification (also called fake background),
a data-driven fake factor method will be used.

The fraction of fakes in events may depend on whether the jet is quark- or gluon-initiated.
Since the quark-gluon fraction is expected to change for low tau BDT score, a dependence on
this effect is reduced by excluding events with tau identification looser than the loose WP.

The calculation of fake factors relies on the assumption that the control region-derived fake
factors are valid in the signal region or normalisation region they are propagated to and that the
amount of QCD contamination in the non-QCD regions is negligible. The reason for the second
assumption is that QCD events are not modelled in MC and therefore cannot be subtracted
from other regions.

7.3.1 Fake factor method

To determine the amount of background from events with fake taus in a region interest, separate
fail and pass categories of events are constructed.

Failed tau candidates must pass a reverted tau identification selection. The fail category consists
of taus with loose or medium but non-tight BDT which ensures a large sample of events where
a tau is faked by a jet.

Objects of the pass category are required to pass the tight BDT selection that also defines signal
taus.

The expected number of fake events that passes all criteria of a region of interest is estimated
from the difference between data that fails tau identification and failed MC events where the
tau is real (i.e. not truth-matched to a jet). We perform this truth-matching in order to exclude
objects that do not come from jet — 7 but from a true hadronic tau or a lepton and which we
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Figure 7.18: m;s distributions after preselection, b-jet veto and OS(7, u) without (left) and with (right)
scale factors derived from the background fit.

will estimate with MC only. The number of fakes in an SR is thus:

SR _ fail, SR fail, SR
Nedes = F - (Ndata - NMC,notj—M-) : (7.5)

The difference in equation [7.5]is scaled by the fake factor F' which is the number of pass events
divided by the number of fail events. The fake factor is defined as the weighted average of
individual fake factors F; derived from various control regions (these will be defined in section
7.3.2)):

F=)>F
i=CR
= Rwlw + RzunFzn + RrFr + RoepFqep » (7.6)

where the individual fake factor F; is the pass-to-fail ratio in a control region CR; corrected for
other truth-matched components of the same process and for other MC processes that pass the
CR; selection:

pass, CR; pass, CR; pass, CR;
Fo— Ndata ~ “'MCi,notj—T Zj;éi N, Cj (7 7)
v Nfail, CR; ]Vfail7 CR; Nfail, CR; :
data ~ “'MCi,notj—1 Zj;él MC j

Determining the fake background requires multiple regions as there are several sources of fakes.
For each main process that contributes with fakes, the relative contribution to the total fake
factor is given by the fraction of that background in the region in which the amount of fake
background is being estimated:

Nfail, SR
o MCi, j—T1
R = ]\7fai17 SR arfail, SR ’ (7'8)
data MC,not j—71
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with the exception of the QCD region which does not have MC, and is instead derived from
RQCD =1- Zl R;.

In eq. a normalisation factor, k;, can be included to normalise failed events to data:
R, = k;R;. The k; factors for fake events can be derived from each control region by sub-
tracting other processes and MC of the specific process from data:

fail, CR, fail, CR, fail, CR,
ki — Ndata - NMCi,notj—M— - Zj;éi NMCj (7 9)
i = il CR, . .
MC4, j—T

This requires rederivation of R; and Rqgcp. However, the results for the fake factor estimation
in this analysis will assume k; = 1 for all processes in first instance.

7.3.2 Control regions

A set of dedicated control regions are created for W + jets, QCD, tt and Z — uu to derive fakes
from data. The selected control regions (CR) represent the main fake contributions and are
kinematically close to the region of interest, except for the inversion of a single cut. The fakes
should ultimately be estimated and applied in the signal regions, whereas the results presented
in this thesis are produced at preselection level.

All control region selection are listed in tab.

Region  Process Change from SR cut

CRZI11 Z — pp Two good muons

CRW W + jets  mr(p, BRisS) > 35 GeV, my(r, EBR%) > 40 GeV
CRT t, tt Np_jets > 2

CRQ QCD Invert muon isolation (non-isolated)

Table 7.6: The set of control regions used to derive fake factors. The table lists the specific cut that
separates the control region from the region in which the fake contribution is estimated.
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W + jets

All W + jets events are characterised by a hadronic tau signature faked by jets. The correlation
in the m7 plane determines the control region definition for W + jets. The largest SR and
NRZtt exclusive control region (see fig. [7.12)) is obtained by inverting the SR bounds:

mer(p, BRSS) > 40 GeV;
mr (7, B¥) > 30 GeV. (7.10)

The distributions in the CRW split by the pass and fail categories can be seen in fig.

Z — pp

Background from Z — pp production consists of two components: events where a muon fakes a
hadronic tau and events with a jet faking a hadronic tau.

Z — pp events are selected in a control region defined by two oppositely charged isolated muons
with an invariant mass around the peak of the Z boson (61 GeV < M,,, < 121GeV). Figure
shows the resulting pass and fail distributions for the CRZII region.

QCD
QCD background comes from events where one jet fakes a hadronic tau and another fakes a
muon.
Signal muons are selected with gradient isolation so a QCD region is obtained by reverting lep-
ton isolation, hence requiring one non-isolated muon. The CRQ distributions are shown in fig.

.21l

tt
Except for the requirement of non-tight taus, the definition of the tf control region is analogous
to the NRT with the requirement of > 2 b-jets. Figure shows the CRT distributions.
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Figure 7.19: Distributions in control region CRW with MC backgrounds and data. The first and second
rows contain distributions of the pass category; the third and fourth rows shows fail events. Errors are

statistical only.
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Figure 7.20: Distributions in control region CRZIl with MC backgrounds and data. The first and
second rows contain distributions of the pass category; the third and fourth rows shows fail events.
Errors are statistical only.
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Distributions in control region CRQ with MC backgrounds and data. The first and second
rows contain distributions of the pass category; the third and fourth rows shows fail events. Errors are
statistical only.
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Figure 7.22: Distributions in control region CRT with MC backgrounds and data. The first and second
rows contain distributions of the pass category; the third and fourth rows shows fail events. Errors are
statistical only.
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7.3.3 Results

The regions are split by 1- and 3-prong taus since the rate of misidentification is expected to be
larger in events with a 1-prong hadronic tau, compared to events with a 3-prong tau. The fake
factors presented are derived in the regions defined control regions according to eq. [7.7]

Figure shows the fake factors for events with a 1- or 3-prong tau derived in each control
region with k; = 1. The fake factors are binned in pr and are shown with their statistical
uncertainties. The large statistical errors are expected to decrease when the full 2016 dataset is

used.

The k-factors for normalisation of fakes binned in pr(7) in fig. shows that the assumption
of letting k; = 1 in the case of 1-prong taus is reasonable. CRW and CRZIl k-factors behave
similarly in that MC slightly overestimates the amount of fail events at low p(7) but underes-
timates at high pp(7). For CRT, the behaviour is reversed.

CRW and CRZIl 3-prong failed taus are similar to the 1-prong case, except that the first and
last bins yield substantially lower k values than before. With the exception of the high p(7)
bin, the CRT k-factor behaves completely different compared to its 1-prong k-factor. CRT for
3-prong events is instead similar to the CRW and CRZIl factors but with a greater offset from 1.
This means that MC predicts a lot fewer events in this category compared to what is observed

in data.
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Figure 7.23: pr(7)-binned distributions of fake factors for each control region divided by 1- and 3-prong
taus. The last bin includes the overflow bins. The errors are statistical only.
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Figure 7.24: pr(7)-binned k-factors for fail events in each control region divided by 1- and 3-prong
taus. The last bin includes the overflow bins. The errors are statistical only.
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Figure 7.25: pr(7)-binned R-factors for each control region process divided by 1- and 3-prong fake
taus. The last bin includes the overflow bins. The errors are statistical only.
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Figure 7.26: pr(7)-binned R x k-factors for each control region process divided by 1- and 3-prong fake
taus. The last bin includes the overflow bins. The errors are statistical only.

The R-factors of fig. show the relative contribution of each process to the fake background
at preselection level assuming k; = 1.

Generally, the background from fakes is dominated by W + jets events with 63% (1-prong) and
76% (3-prong) contributions.

For both 1- and 3-prong taus, the contributions from Z — up and top compose about 10% and
2% of events, respectively.

26% (1-prong) and 30% (3-prong) of events emerge from QCD fakes. The 3-prong pp(7) dis-
tribution of Rqcp goes negative in the first and last bins caused by the other two large fake
backgrounds (W + jets and Z — pp) being subtracted from 1. However, both the W + jets
and Z — pp regions have k-factors that are consistently below 1 in the 3-prong case and the
issue could be solved by including the k-factors in the calculation of R; as shown in fig. [7.26]
Rqcp without k-factor does remain greater than zero within the errors and the decision was

made to not use k-factors.



8 Results and discussion

Finally, the estimation of the amount of fakes based on eq. [7.5is propagated to the distributions
at preselection and added to the stack of SM backgrounds as shown in fig. 8] The distribu-
tions show a very good data/MC agreement overall but it should of course be noted that no
systematic errors are included at this stage. Based on this background estimation, closure tests
to validate the results from the fake factor method will have to be performed as well.

A fit procedure is currently in progress using the signal region selections and the background
model described in this thesis. The signal strength p;, will be used as the parameter of interest
and will be determined in the SRs. Since pgi, is defined as the ratio of the fitted signal cross
section times the branching fraction times the cross section of the Z, g, = 0 corresponds to the
absence of signal while pg, = 1 gives the current upper limit BR = 1.2 - 10~ which the signal
is normalised to.

Due to the tuning issue of the ml;i[yc, the visible mass myis will most likely be used as a
final discriminating variable, using the central region where the signal is expected to evaluate
the significance of a possible excess. Figures and show however the unblinded myyc
sidebands of SR1 where the my;s > 60 GeV has been removed. Note that the binning is changed
with respect to previously shown distributions. The sidebands in the SRs will be used as ad-
ditional constraints on the background expectation and the normalisations from the included
normalisation regions will be used as free parameters in the fit.

Systematic uncertainties will be considered as nuisance parameters in the fit. Some of these
include the experimental uncertainties on trigger efficiency, Errf“iss, the tau energy scale and the
jet energy scale which can affect the shape and normalisation of signal and background.

The performance of the fit can be tested in regions to validate the extrapolation. If a good
agreement with respect to data is found, the central region of the SRs can be unblinded and
fitted. If no excess from the SM background-only expectation is found in the signal regions, an
upper limit on the branching fraction of the signal can be set using the modified frequentist CLg
method where the confidence level is calculated as CLy = fs_;l; with 1 — p being the probability
of rejecting the background-only hypothesis and ps1p being the p-value corresponding to the
signal + background hypothesis.
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Figure 8.3: Sidebands in ml;/f})dc for SR1 where the my;s > 60 GeV cut is removed. The figures show
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9 Conclusion

This thesis presents the event selection and background modelling for a search of a lepton flavour
violating Z — Thaqu signature using proton-proton collision data at /s = 13 TeV corresponding
to an integrated luminosity of £ = 11.8 fb~! measured by the ATLAS Detector.

A selection of kinematic cuts are optimised in order to reduce the amount of background pre-
dicted from Monte Carlo simulation without a major loss in signal yield. Two orthogonal signal
regions are defined by exploiting the event topology in mr(u, ERS), myp(r, EXS) space with
the primary signal region giving a statistical significance of Sgg; = 1.34 and a secondary region
giving Ssre = 0.25.

For the main backgrounds that contribute with a real muon and a real tau in the final state
(Z — 77 and t, tt), the Monte Carlo expectation is scaled by a normalisation factor. This
scale factor is derived from a fit to data in normalisation regions that are constructed with a
selection to reject other backgrounds and signal. The resulting factors kzi = 0.90 + 0.08 and
ktop = 1.07 £ 0.02 are used to weight the distributions.

Z — pp, t/tt, W + jets and QCD processes give rise to fake background due to misidentification
of tau leptons. Fake background is estimated from data in dedicated control regions that are
designed to be enhanced in jets. A BDT-based tau identification is used to distinguish between
events that pass or fail the tau object definition so that a fake factor can be derived from each
region. For the region of interest, the fake estimate is the number of data event times the fake
factor.

The resulting background model including normalisation and fakes is in good agreement with
data at preselection level. The significance of SR1 combined with the increase in statistics once
the full £ = 36.5 fb~! dataset is used appears promising for the further analysis.
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Table A.5:

Table A.1: Signal sample used in the analysis.

DSID Name

303778  Ztaumu

Table A.2: Single-t and ¢f samples used in the analysis.

DSID Name

410000 PowhegPythiaEvtGen P2012 ttbar hdampl72p5 nonallhad
410011  PowhegPythiaEvtGen P2012 singletop tchan lept top

410012  PowhegPythiaEvtGen P2012 singletop tchan lept antitop
410013  PowhegPythiaEvtGen P2012 Wt _inclusive top

410014  PowhegPythiaEvtGen P2012 Wt _inclusive antitop

410025 PowhegPythiaEvtGen P2012 SlngleTopSchan noAllHad top
410026  PowhegPythiaEvtGen P2012 SingleTopSchan noAllHad antitop

Table A.3: Summary of diboson samples used in the analysis.

DSID Name

361063  Sherpa CT10 11l

361064  Sherpa_ CT10_lllvSFMinus
361065  Sherpa CT10 lllvOFMinus
361066  Sherpa_ CT10_lllvSFPlus
361067 Sherpa_CT10 lllvOFPlus
361068  Sherpa CT10 llvv

361088  Sherpa_CT10 lvvv
361089  Sherpa CTlO VVVV

Table A.4: H — 77 samples used in the analysis.

DSID Name

341123  PowhegPythia8EvtGen CT10 AZNLOCTEQ6L1 ggH125 tautaulh
341156  PowhegPythia8EvtGen CT10 AZNLOCTEQ6L1 VBFH125 tautaulh

Inclusive Z + jets and W + jets samples used as alternatives to the sliced samples.

DSID Name

361100 PowhegPythia8EvtGen AZNLOCTEQ6L1 Wplusenu
361101 PowhegPythia8EvtGen AZNLOCTEQ6L1 Wplusmunu
361102  PowhegPythia8EvtGen AZNLOCTEQ6L1 Wplustaunu
361103 PowhegPythia8EvtGen AZNLOCTEQ6L1_Wminusenu
361104  PowhegPythia8EvtGen AZNLOCTEQ6L1 Wminusmunu
361105 PowhegPythia8EvtGen AZNLOCTEQ6L1 Wminustaunu
361106 PowhegPythia8EvtGen AZNLOCTEQ6L1 Zee

361107 PowhegPythia8EvtGen AZNLOCTEQ6L1 Zmumu
361108 PowhegPythia8EvtGen AZNLOCTEQ6L1 Ztautau
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Table A.6: Summary of py sliced Z — 77 + jets samples used in the analysis.

DSID Name

363102  Sherpa NNPDF30NNLO_Ztautau Pt70_ 140 CVetoBVeto
363103  Sherpa NNPDFSONNLO Ztautau Pt70 140 CFilterBVeto
363104  Sherpa NNPDF30NNLO Ztautau Pt70 140 BFilter

363105 SherpaiNNPDF3ONNL07Ztautau7Pt14072807CVet0BVeto
363106  Sherpa  NNPDF30NNLO Ztautau Pt140 280 CFilterBVeto
363107  Sherpa NNPDF3ONNLO Ztautau Pt140 280 " BFilter
363108  Sherpa NNPDF30NNLO Ztautau Pt280 500 CVetoBVeto
363109 SherpaiNNPDF3ONNL07ZtautauiPt28075OO7CF11terBVeto
363110  Sherpa NNPDF30NNLO Ztautau Pt280 500 BFilter
363111  Sherpa_ NNPDF30NNLO_ Ztautau_Pt500_700_CVetoBVeto
363112  Sherpa  NNPDF30NNLO Ztautau Pt500 700 CFilterBVeto
363113  Sherpa_ NNPDF30NNLO Ztautau Pt500 700 BFilter
363114  Sherpa NNPDF3ONNLO Ztautau Pt700 1000 CVetoBVeto
363115  Sherpa NNPDF30NNLO _ Ztautau_ Pt700 1000 CFilterBVeto
363116  Sherpa NNPDF30NNLO Ztautau Pt700 1000 BFilter
363117  Sherpa NNPDF3ONNLO Ztautau PthOO 2000 CVetoBVeto
363118  Sherpa NNPDF30NNLO Ztautau Pt1000 2000 CFilterBVeto
363119 Sherpa_NNPDFSONNLO_Ztautau_Pt1000_2000_BF11ter
363120  Sherpa NNPDF30NNLO Ztautau Pt2000 E CMS CVetoBVeto
363121  Sherpa NNPDFSONNLO Ztautau_Pt2000 E_CMS_CFilterBVeto
363361  Sherpa NNPDF30NNLO Ztautau Pt0 70 CVetoBVeto
363362 SherpaiNNPDF?)ONNLO7ZtautauiPtoi707CF11terBVeto
363363 Sherpa  NNPDF30NNLO Ztautau Pt0 70 BFilter

Table A.7: Summary of pr sliced Z — pp + jets Sherpa samples used in the analysis.

DSID Name

363364  Sherpa  NNPDF30NNLO Zmumu_ Pt0 70 CVetoBVeto
363365 Sherpa  NNPDF30NNLO_ Zmumu_ Pt0_ 70 CFilterBVeto
363366  Sherpa NNPDFSONNLO Zmumu_Pt0_ 70 BFilter

363367  Sherpa NNPDF3ONNLO Zmumu Pt?O 140 CVetoBVeto
363368  Sherpa NNPDF3ONNLO Zmumu_Pt70 140 "~ CFilterBVeto
363369  Sherpa NNPDF3ONNLO Zmumu_Pt70 140 BFilter

363370  Sherpa NNPDF3ONNLO Zmumu__ Pt140 280 CVetoBVeto
363371  Sherpa NNPDF30NNLO Zmumu Pt140 280 CFilterBVeto
363372 SherpaiNNPDF3ONNLO7Zmumu7Pt14072807BF11ter

363373  Sherpa_ NNPDF30NNLO Zmumu_ Pt280 500 CVetoBVeto
363374  Sherpa_ NNPDF30NNLO_Zmumu_Pt280_500_ CFilterBVeto
363375 Sherpa  NNPDF30NNLO Zmumu_ Pt280 500 BFilter
363376  Sherpa_ NNPDF30NNLO Zmumu_Pt500 700 CVetoBVeto
363377  Sherpa NNPDF3ONNLO Zmumu Pt500 700 " CFilterBVeto
363378  Sherpa NNPDF30NNLO Zmumu Pt500 700 BFilter
363379  Sherpa NNPDF30NNLO Zmumu_Pt700_1000_CVetoBVeto
363380 Sherpa  NNPDF30NNLO Zmumu_ Pt700 1000 CFilterBVeto
363381  Sherpa_ NNPDF30NNLO_ Zmumu_ Pt700_1000_BFilter
363382  Sherpa NNPDF30NNLO Zmumu_ Pt1000 2000 CVetoBVeto
363383  Sherpa_ NNPDF30NNLO Zmumu_Pt1000_ 2000 CFilterBVeto
363384  Sherpa NNPDFSONNLO Zmumu_Pt1000 2000 BFilter
363385  Sherpa NNPDF30NNLO Zmumu Pt2000 E CMS CVetoBVeto
363386 SherpaiNNPDF?)ONNLO7ZmumuiPtQOOoiEiCMSiCFllterBVeto
363387  Sherpa  NNPDF30NNLO Zmumu_ Pt2000 E CMS BFilter
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Table A.8: Summary of pr sliced Z — ee + jets Sherpa samples used in the analysis.

DSID Name

363388  Sherpa NNPDF30NNLO_ Zee Pt0_ 70 CVetoBVeto
363389  Sherpa NNPDFBONNLO Zee Pt0 70 CFilterBVeto
363390  Sherpa NNPDF3ONNLO Zee Pt0 70 BFilter

363391  Sherpa NNPDFSONNLO Zee Pt?O 140 CVetoBVeto
363392  Sherpa NNPDF30NNLO Zee Pt70 140 CFilterBVeto
363393 Sherpa*NNPDF3ONNLO*Zee7Pt7O*140*BF11ter

363394  Sherpa  NNPDF30NNLO Zee Pt140 280 CVetoBVeto
363395  Sherpa NNPDF3ONNLO Zee Pt140 280 CFilterBVeto
363396  Sherpa NNPDF30NNLO Zee Pt140 280 BFilter
363397 SherpaiNNPDF?)ONNLO7ZeeiPt280750070VetoBVeto
363398  Sherpa  NNPDF30NNLO Zee Pt280 500 CFilterBVeto
363399  Sherpa NNPDF30NNLO Zee Pt280 500 BFilter
363400  Sherpa  NNPDF30NNLO Zee Pt500 700 CVetoBVeto
363401  Sherpa  NNPDF30NNLO Zee Pt500 700 CFilterBVeto
363402  Sherpa NNPDF3ONNLO Zee Pt500 700 BFilter
363403  Sherpa NNPDF30NNLO Zee Pt700 1000 CVetoBVeto
363404 SherpaiNNPDF?)ONNLOiZeeiPt7007100070F11terBVeto
363405  Sherpa  NNPDF30NNLO Zee Pt700 1000 BFilter
363406  Sherpa NNPDF30NNLO Zee PthOO 2000 CVetoBVeto
363407  Sherpa NNPDFSONNLO Zee Pt1000 2000 CFilterBVeto
363408  Sherpa_ NNPDF3ONNLO Zee PthOO 2000 BFilter
363409  Sherpa_ NNPDF30NNLO Zee Pt2000_E CMS CVetoBVeto
363410  Sherpa_ NNPDF30NNLO Zee Pt2000 E CMS CFilterBVeto
363411 SherpaiNNPDF?)ONNLO7ZeeiPtQOOoiEicMsiBFﬂter

Table A.9: Summary of pr sliced Sherpa samples for W — 7v + jets used in the analysis.

DSID Name

363331  Sherpa_ NNPDF30NNLO Wtaunu Pt0 70 CVetoBVeto
363332  Sherpa_ NNPDF30NNLO " Wtaunu Pt0 70 CFilterBVeto
363333 SherpaiNNPDFSONNLO7Wtaunu7Pt077O7BF11ter

363334  Sherpa_ NNPDF30NNLO_ Wtaunu Pt70 140 CVetoBVeto
363335  Sherpa_ NNPDF30NNLO Wtaunu Pt70 140 CFilterBVeto
363336  Sherpa_ NNPDF30NNLO " Wtaunu Pt70 140 BFilter

363337 Sherpa NNPDF30NNLO Wtaunu_Pt140 280 CVetoBVeto
363338  Sherpa  NNPDF30NNLO Wtaunu Pt140 280 CFilterBVeto
363339  Sherpa  NNPDF30NNLO Wtaunu Pt140 280 BFilter
363340  Sherpa_ NNPDF30NNLO_ Wtaunu_ Pt280 500 CVetoBVeto
363341  Sherpa NNPDF30NNLO Wtaunu Pt280 500 CFilterBVeto
363342  Sherpa_ NNPDF30NNLO Wtaunu Pt280 500 " BFilter
363343  Sherpa_ NNPDF30NNLO " Wtaunu Pt500 700 CVetoBVeto
363344 SherpaiNNPDF?)ONNLO7Wtaunu7Pt500770070F11terBVeto
363345  Sherpa  NNPDF30NNLO Wtaunu Pt500 700 BFilter
363346  Sherpa_ NNPDF30NNLO_Wtaunu_Pt700_1000_ CVetoBVeto
363347  Sherpa_ NNPDF30NNLO Wtaunu Pt700 1000 CFilterBVeto
363348  Sherpa_ NNPDF30NNLO Wtaunu Pt700 1000 BFilter
363349  Sherpa_ NNPDF30NNLO Wtaunu PthOO 2000 CVetoBVeto
363350  Sherpa_ NNPDF30NNLO Wtaunu Pt1000 2000 CFilterBVeto
363351  Sherpa_ NNPDF30NNLO Wtaunu PthOO 2000 BFilter
363352  Sherpa_ NNPDF30NNLO Wtaunu Pt2000 E CMS CVetoBVeto
363353  Sherpa_ NNPDF30NNLO " Wtaunu Pt2000 E CMS CFilterBVeto
363354 Sherpa_NNPDF30NNLO_Wtaunu_Pt2000_E_CMS_BFllter
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Table A.10: Summary of pr sliced Sherpa samples for W — uv + jets used in the analysis.

DSID Name

363436  Sherpa  NNPDF30NNLO_ Wmunu_ Pt0_ 70 CVetoBVeto
363437  Sherpa_ NNPDF30NNLO Wmunu Pt0_70 ~ CFilterBVeto
363438  Sherpa_ NNPDF30NNLO Wmunu Pt0 70 BFilter

363439  Sherpa_ NNPDF30NNLO Wmunu Pt70 140 CVetoBVeto
363440  Sherpa NNPDF30NNLO Wmunu Pt70 140 CFilterBVeto
363441 Sherpa*NNPDF?)ONNLO*Wmunu*Pt?Oi140*BF11ter

363442  Sherpa  NNPDF30NNLO Wmunu Pt140 280 CVetoBVeto
363443  Sherpa_ NNPDF30NNLO Wmunu Pt140 280 " CFilterBVeto
363444  Sherpa_ NNPDF30NNLO " Wmunu Pt140 280 BFilter
363445 SherpaiNNPDF?)ONNLO7Wmunu7Pt28075007CVetoBVeto
363446  Sherpa  NNPDF30NNLO Wmunu Pt280 500 CFilterBVeto
363447  Sherpa_ NNPDF30NNLO_Wmunu_ Pt280_500_ BFilter
363448  Sherpa  NNPDF30NNLO Wmunu Pt500 700 CVetoBVeto
363449  Sherpa NNPDF30NNLO Wmunu Pt500 700 CFilterBVeto
363450  Sherpa_ NNPDF30NNLO Wmunu Pt500 700 BFilter
363451  Sherpa_ NNPDF30NNLO " Wmunu Pt700 1000 CVetoBVeto
363452 SherpaiNNPDF?)ONNLO7Wmunu7Pt7007100070F11terBVet0
363453  Sherpa  NNPDF30NNLO Wmunu Pt700 1000 BFilter
363454  Sherpa_ NNPDF30NNLO Wmunu PthOO 2000 CVetoBVeto
363455  Sherpa_ NNPDF30NNLO Wmunu Pt1000 2000 CFilterBVeto
363456  Sherpa_ NNPDF30NNLO Wmunu PthOO 2000 BFilter
363457  Sherpa_ NNPDF30NNLO Wmunu Pt2000 E CMS CVetoBVeto
363458  Sherpa_ NNPDF30NNLO " Wmunu Pt2000 E CMS CFilterBVeto
363459 SherpaiNNPDF?)ONNLO7Wmunu7Pt20007EicMS7BF11ter

Table A.11: Summary of pr sliced Sherpa samples for W — ev + jets used in the analysis.

DSID Name

363460  Sherpa  NNPDF30NNLO Wenu Pt0 70 CVetoBVeto
363461  Sherpa_ NNPDF30NNLO " Wenu Pt0 70 CFilterBVeto
363462 SherpaiNNPDF?)ONNLO7Wenu7PtO7707BF11ter

363463  Sherpa  NNPDF30NNLO_ Wenu Pt70 140 CVetoBVeto
363464  Sherpa  NNPDF30NNLO Wenu Pt70 140 " CFilterBVeto
363465  Sherpa  NNPDF30NNLO " Wenu Pt70 140 BFilter

363466 SherpaiNNPDF3ONNL07Wenu7Pt14072807CVetoBVeto
363467  Sherpa  NNPDF30NNLO Wenu Pt140 280 CFilterBVeto
363468  Sherpa_ NNPDF30NNLO_Wenu_Pt140_280_BFilter
363469  Sherpa_ NNPDF30NNLO_ Wenu_ Pt280 500 CVetoBVeto
363470  Sherpa_ NNPDF30NNLO_ Wenu Pt280 500 CFilterBVeto
363471  Sherpa_ NNPDF30NNLO Wenu Pt280 500 " BFilter
363472  Sherpa_ NNPDF30NNLO ~ Wenu Pt500 700 CVetoBVeto
363473 SherpaiNNPDF?)ONNLO7Wenu7Pt500770070F11terBVeto
363474  Sherpa_ NNPDF30NNLO Wenu Pt500 700 BFilter
363475  Sherpa_ NNPDF30NNLO Wenu Pt700 1000 CVetoBVeto
363476  Sherpa NNPDF30NNLO Wenu Pt700 1000 CFilterBVeto
363477  Sherpa_ NNPDF30NNLO Wenu Pt700 1000 BFilter
363478  Sherpa_ NNPDF30NNLO_ Wenu PthOO 2000 CVetoBVeto
363479  Sherpa_ NNPDF30NNLO Wenu Pt1000_ 2000 " CFilterBVeto
363480  Sherpa_ NNPDF30NNLO Wenu PthOO 2000 BFilter
363481  Sherpa_ NNPDF30NNLO Wenu Pt2000 E CMS CVetoBVeto
363482  Sherpa_ NNPDF30NNLO " Wenu Pt2000 E CMS CFilterBVeto
363483 Sherpa_NNPDFSONNLO_Wenu_PtQOOO_E_CMS_BFllter
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Figure B.1: Distributions at preselection including b-jet veto and OS(7, ) cut.

T T T T T T
" Preselection, = (0S, b-veto)
+ ATLAS Work in 4 B

4 Preselection, ~— (0S, b-veto) -
ATLAS Work in progress pats i
Vs =13 TeV; £ =111.8 fo™ ' M Total
H o EER W+jets.
- cazZ-su
mZ
tt, single—t
B H
—

I L
5000 —ATLAS Work in prooress ma, " oo et
s =13 TeV; £ = 11.8 b’ ‘SM Total

Progress pu,

Events
Events

~ Events

15000

Other
25 (X 20.0) Z - (x 20.0)

10000

\+\‘\H\‘HH‘HH‘HH‘HH‘\H

o o 1>5HH‘HH‘H+V LPRARILEPSA ARRR RRN T o VST SR ARSE S AL AR I
% . ‘ggl.ziEr..o#t ‘4 * *41; §1.2i§+$++“+4 + =
] 3 ]
oI = R RN B AR °“;EE...J....J....J....J....J....J....J...’ °°;,’_§E...|....|....|....|....|....|T
-4 -2 0 2 4 05 1.0 15 20 25 3.0 35 0.5 1.0 15 2.0 25 3.0
Aa(ru) An(r, 1) Ap(r, p)
% = L L B B L R B B R R > AL L L B B B B B B R R E RN N D
2 [ ATLAS Work in progtess ps. > 277 § FATLAS Work in progtess m (0 7ot © I ATLAS Work in progress p (% 27
- [ Vs=13TeV; L=1138fb = sMTotal — VS =13 TeV; £ = 11.8 fo %= SMTotal — [ Vs =13TeV; £ =118 fb~ %= SMTotal
- e EEE W+jets - v B W+ets - e E Wijets
) ozt q B 2
c —emmm Z- 7t — c [=
g Ty, wm G singlet i g 4
45000 ot ) “

Other

;
Z —g1is (x 20.0) Z -7 (x 20.0)

15000

Z57.(x20.0)

v
o
o

TTT T[T ITTT[TrT

L

10000~
r 5000
5000
0 0
o 15 Hv‘$w“wm‘wm‘¥w$‘*m U1>5Tvv‘vvv‘vvv“v+‘vv,‘+v‘r‘|yi U1-5||||||+|||||||||T|T|f|*|||1
% 125 b e e r s 115% D e S S 1255 boalge LE
£ 1 s 1 8 1
o SOOI N - g - = S0, pou
LA i I AN I TP AP A D“;EE..J...J...J...J...J...J... LI i AN AP PR AP R A
100 120 140 40 60 80 100 120 140 40 60 80 100 120 140
Meon(r, 1) [GeV] Myis(r, 1) [GeV] mz [Gev]
E *\\\‘\\\‘\\\‘\\\‘\\\‘\\\ \\\‘\* E :VVV'VVV'VVV‘V\Vl!\!l!\\l!!vl!: %’1077IIII|IIII|IIII|IIII|IIIIlllllf
S 107 -ATLAS Work in progress iy 1 o S o7 ATLAS Work in progress ps o o] © 7 F ATLAS Work in progress a0 o
=1 s =13 TeV; L = 11.8 fo ¥ SMTotal 1 =1 Vs =13 TeV; £ = 11.8 fo = SM Total E N 6 VS =13TeV; £=11.8 fo~= SMTotal B
-~ 6 Wijets 1 ~ m Wiets ] ~ 10 - Wiets: —
v 10 2550 -3 2 108 ; : = 2] ] ) = Z-u ]
c Z5r - [=4 mm Zor 3 [= - Z5T -
g 10° T, single—t b g .t single—t: i °>’ 10° H o tE single—t —
w Ho = w 10% : B Hosrr — w - OHS ]
Other N [ Other a [ Other M
10° 27 (¢ 20.0) | Z 5 (x 20.0) ] 25 7(x.20.0)
103 —; ]
102 | ]
| E
1 :
101 ! =
f E
- 1 - ’
10° 100 - =
E ! = r
1 L
-1 -1 N -1
107" ¢ L I I I N B B i 107" E N N N P B
E1,12':l”‘*‘.“l‘#‘*‘"4‘*”‘?‘*‘1“‘ gI}ZEEHH,“H“Hw“y“yyurwuy ¢ BETE T T T T
g 1 g 1 PR ]l' 4 3 e s 1
8 . s " 8 =
] A O AR AN AR N °“‘JEE..J...J...J...J...J...J..h. A~ I PRI I L Wl D
20 40 60 80 100 120 140 20 40 60 80 100 120 140 50 100 150 200 250
pr(n) [GeV] pr(7) [GeV] mr(u, ET™®) [GeV]
> LRI LR NS NS SLL L B
9 L Preselection, ~— (OS, b—veto) _|
K] 1t (O, ]
o |
N ]
> ]
2 —=
g , single—t E
w B Hom e
1 Other -
Z 5 (x 20.0) =
-1
R =S I T I S B
g 1;“““H“f‘“*‘“l‘l‘ T
El'ii hC I } ! | |
8 i
A A AR AR S A S

|
100 150 200 250
my(r, ET'*) [GeV]



APPENDIX B. FIGURES AFTER EACH CUT SELECTION 75

Figure B.2: Distributions in the 70 GeV < mITV’IMC < 120 GeV window.
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Figure B.3: Distributions in 70 GeV < mITV’IMC < 120 GeV after the pr(u) > 30 GeV, pr(7) > 20 GeV
cuts.
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Figure B.4: Distributions in 70 GeV < mMM® <120 GeV after pr(p) > 30 GeV, pp(r) > 20 GeV and
|An| < 2.0 cuts.
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Figure B.5: Distributions in 70 GeV < mMMC® < 120 GeV after pr(u) > 30 GeV, pr(r) > 20 GeV,
|An| < 2.0 and my;s > 60 GeV cuts.
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Figure B.6: Distributions in signal region 1 after all common cuts.
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Figure B.7: Distributions in signal region 2 after all common cuts.
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