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Abstract

In this thesis, a search for new long-lived, massive particles decaying into oppositely
charged ee, eu or uu pairs with the ATLAS experiment at the Large Hadron Collider is
presented. The search is based on data of proton—proton collisions at a centre-of-mass
energy of 13 TeV recorded in 2016, corresponding to an integrated luminosity of 32.8 fb~!.
The lepton pairs are required to form a common vertex within the inner tracking volume
of the ATLAS detector, which is displaced from the primary collision vertex. The signal
selection criteria suppress the background produced in collisions to a negligible level.
High-energy cosmic-ray muons are the dominant source of the remaining background,
which is estimated from the data to be 0.27 + 0.17 events. No vertices with invariant mass
greater than 12 GeV are observed, in agreement with the background expectation. The
result is interpreted in a simplified supersymmetric model in which the lightest neutralino
produced via squark-antisquark production is long-lived and decays to £*¢'~v (€ = e, u)
via R-parity violating couplings. Upper limits on the signal cross-section are derived for
specific squark and neutralino masses and for neutralino lifetimes (c7) between 1 mm and
10m.
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Chapter 1

Introduction

The Standard Model of particle physics describes the known elementary particles and their
interactions except gravity. It was developed in the 20th century as a consequence of many
ground-breaking experimental and theoretical discoveries and is based on the principles
of quantum field theory. Its predictions have been verified in numerous experiments over
the past decades. The most recent success was the discovery of the Higgs boson by the
ATLAS [1] and CMS [2] experiments at the Large Hadron Collider in 2012, almost 50
years after its postulation. There are, however, observations that are not explained by the
Standard Model, such as dark matter and dark energy, which together constitute about
95% [3] of the energy content of the universe. In addition, the Standard Model cannot
explain why there is so much more matter in the universe than antimatter, although both
should have been produced in equal amounts in the Big Bang.

An extension of the Standard Model that addresses many of the open questions in
particle physics is supersymmetry, which introduces a superpartner for each particle of the
Standard Model whose spin differs by a half-integer. Since the start of operation of the Large
Hadron Collider in 2010, the ATLAS and CMS experiments have performed numerous
searches for supersymmetry, all of which have not been successful so far. It is therefore
essential to consider also less conventional signatures when searching for supersymmetry.
Certain supersymmetric models predict the existence of long-lived particles decaying into
pairs of oppositely charged leptons. If the long-lived particle has a lifetime in the range of
pico- to nano-seconds, its decay may be detected as a displaced vertex in the inner tracking
volume of the ATLAS detector.

In this thesis, a search for displaced dilepton vertices from the decays of new long-lived
particles with masses larger than 12 GeV into oppositely charged ee, ey or pu pairs

is presented. The search is based on data of proton—proton collisions at a centre-of-
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mass energy of 13 TeV recorded by the ATLAS experiment in 2016, corresponding to
an integrated luminosity of 32.8 fb~!. The sensitivity of the ATLAS detector to such
long-lived particles is studied with a supersymmetric model where the lightest neutralino
produced via squark-antisquark production is long-lived and decays into two charged
leptons and a neutrino via R-parity violating couplings.

The principles of the Standard Model and supersymmetry are explained in Chapters 2
and 3, respectively, followed by an introduction to the Large Hadron Collider and the
ATLAS experiment in Chapter 4. The search for displaced dilepton vertices is discussed in

Chapter 5. The conclusions are presented in Chapter 6.



Chapter 2

The Standard Model

The Standard Model of particle physics (SM)! is the current fundamental theory that
describes the known elementary particles and their interactions. It was developed in
the middle of the 20™ century based on the principles of gauge-invariant quantum field
theories [5]. It consists of two parts, the Glashow-Weinberg-Salam theory [6—8], which
is a unified description of the electromagnetic and weak interactions, and quantum
chromodynamics [9, 10], which is the quantum field theory of the strong interaction. The
remaining fourth fundamental interaction, gravity, is not part of the Standard Model and
described by general relativity [11] on macroscopic scales. A quantum field theory of
gravity has not been found yet, which is one of the unsolved problems in particle physics.

More details on the theoretical principles of the Standard Model, the interactions and

the particles involved are discussed in the following sections.

2.1 Gauge-invariant quantum field theories

The elementary particles of the Standard Model are classified into two types. Fermions have
half-integer spin and form the visible matter in the universe. They are further subdivided
into quarks and leptons, which differ in their interactions. Bosons are particles with integer
spin and mediators of the interactions, except the Higgs boson, which is a consequence of
the spontaneous electroweak symmetry breaking as discussed in Section 2.4.

The particles and their interactions are described by quantum field theories. Fermions

are represented by spinor fields and bosons by vector fields. In the following, the two-

'A detailed introduction to the general principles of the Standard Model can be found in reference [4].
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component Weyl notation is used for fermions since it is needed later on for the discussion
of supersymmetry.
The field equations describing the propagation and interactions of fields are obtained

via Hamilton’s principle and are the well-known Euler-Lagrange equations

oL oL _,

H8(8,0) D @D

with the Lagrangian density £(®, 0,®). For a free and massless fermion, denoted by a

Weyl spinor y, the Lagrangian density is given by
L=ix"5"o,x, (2.2)

where 0# = (1,-0) and o are the Pauli matrices. Interactions between fermions
are introduced by requiring that the Lagrangian density is invariant under local gauge
transformations, which correspond to local phase transformations of the fermion fields

(Xl, - .XM)T R eial(x”)T1+...+ia'N(x”)TN(Xl, - _XM)T, 2.3)

where T, are the generators of the Lie group of the gauge symmetry, o(x*) are space-time
dependent scalar phases and (x1, . .. xa)" is a multiplet of fermion fields in the fundamental
representation of the Lie group. The generators 7, are the Hermitian charge operators of

the interaction fulfilling the commutation relation of the associated Lie algebra,

[Ta’ Tb] = ifavcTe, 2.4)

with the structure constants f,5.. To ensure the gauge-invariance of the Lagrangian density,

the derivative in Equation (2.2) has to be substituted by the gauge covariant derivative,
0y — D, =0,—igT,Wy, (2.5)

involving the vector gauge fields W); and the gauge coupling constant g characterising the
strength of the interaction. These vector fields transform under local gauge transformations
as

1
Wz - W,Z + _a,ua'a(x#) + fabcwﬁa'c(xﬂ), (2.6)
4
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and represent the spin-1 gauge bosons. Finally, a kinetic term

1
Lgauge = _ZFﬁvFaJlV. (2.7)

for the gauge fields has to be added to the Lagrangian density, which describes the

propagation of free gauge fields and is expressed in terms of the field strength tensor
Fi, = 0,W( = 0,Wii + 8 fun WiWS . (2.8)

Based on this formalism, the interactions of the particles and their fundamental multiplets

are defined by the gauge symmetry group of the Standard Model
SU@B)c x SUQ2)L x U(1)y, (2.9)

which is a product of three Lie groups, one for each interaction. Quantum chromodynamics,
i.e. the strong interaction, is described by SU(3)¢ and the unified electromagnetic and weak
interactions by SU(2); X U(1)y, where U(n) is the Lie group of unitary n X n matrices and

SU(n) is a subgroup of U(n) consisting of unitary n X n matrices with determinant 1.

2.2 Quarks and the strong interaction

The first part of the gauge symmetry group of the Standard Model, the SU(3)¢, belongs
to the strong interaction. The index C refers to the associated charge that is called color
and has three values, denoted red, green and blue, with corresponding anticolors for
antiparticles. Color triplets (g, gg, gp)" for each of the six quarks form the fundamental
representation of quantum chromodynamics. The six quarks are spin—% fermions and called
up (u), down (d), charm (c), strange (s), bottom (b) and top (?).

The SU(3)¢ gauge group has eight generators 7,, which are given in the fundamental
representation by 7, = %/la, where A, are the 3 X 3 Gell-Mann matrices. These generators
are associated with eight gauge fields, the gluons, which carry color charges due to the
non-Abelian nature of the SU(3)¢ symmetry group. In non-Abelian gauge theories, the
structure constants f,,. of Equation (2.4) are non-zero, leading to self-interactions of the
gauge fields in Equation (2.7). As a consequence of the gluon self-interactions, the strong

interaction becomes strong at low energies, leading to the phenomenon of confinement [12]
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of colored particles, quarks and gluons in color-neutral bound states, the hadrons. Hadrons
are subdivided into baryons consisting of three quarks, and mesons composed of one quark
and one antiquark. Confinement has an important implication for collider physics, namely
that quarks and gluons produced in highly energetic collisions hadronise and form jets of
hadrons. At high energies, the strong interaction becomes weak so that quarks and gluons

behave like free particles inside the hadrons, an effect called asymptotic freedom [13, 14].

2.3 Leptons and the electroweak interaction

The second part of the Standard Model gauge group, SU(2); X U(1)y, describes the
electroweak interaction and is a direct product of the SU(2);, and U(1)y Lie groups, with
their associated charges being the third component of the weak isospin, I, and the weak
hypercharge, Y, respectively. The electric charge Q is related to these quantum numbers
via the Gell-Mann-Nishijima relation [15-17]

O=1+ g (2.10)

Both the six quarks and the six leptons, spin—% fermions, participate in the electroweak
interactions. There are three electrically charged leptons, called electron (e), muon (u) and
tau (7). Only the electron is stable, while the muon and the tau have lifetimes of 2.2 - 105
and 2.9 - 107135, respectively. Each charged lepton has an associated neutrino, v, v, vz,
which is electrically neutral. Non-zero neutrino masses and neutrino oscillations [18] are
not described by the Standard Model.

The left-handed fermion states form SU(2); doublets with I3 = J_r%, which is the
fundamental representation of SU(2);, whereas right-handed fermions form singlets with

Iz = 0. The fermion singlets and doublets of the three generations of leptons and quarks are
Ve v Vr
(),(”),(),eze,,uze,m
/e \Hp \T/yL
b 2 2 MR’ R’ CR’ SR, R’ R‘
d L VL b L

(2.11)



2.4 Electroweak symmetry breaking

Table 2.1: Electroweak charge quantum numbers /3, Y and Q for left- and right-handed
fermion fields

193 lr R uy dr URr dr

L +1/2 —1/2 0 +1/2 -1/2 0 0
Y -1 -1 =2 +1/3 +1/3 +4/3 -2/3
O 0 -1 -1 +2/3 —-1/3 +2/3 -1/3

Right-handed neutrinos [19] are not included since the neutrinos are assumed to be
massless in the Standard Model. Each generation has the same charge quantum numbers
(see Table 2.1).

The SU(2); x U(1)y gauge group has four generators, the three weak isospin operators
1,, which are given in the fundamental representation by I, = %o‘a with the Pauli matrices
04, and the weak hypercharge Y. Each of them is associated with a gauge field, the three
vector fields W; with I, and the vector field B, with Y. Since the gauge group of the
electroweak interaction is a product of SU(2);, and U(1)y, there are two independent gauge

coupling constants, denoted by gw and gy.

2.4 Electroweak symmetry breaking

So far, only massless particles have been considered. The local gauge symmetries require
the gauge vector fields and the fermions to be massless. Adding mass terms to the
Lagrangian density would break the local gauge invariance. Instead, particles acquire their
masses through interactions with a complex scalar SU(2); doublet ® [20-22], which is

called the Higgs field and couples to the electroweak gauge fields via
Litiggs = (D, @) (D'®) - V(). (2.12)

where D), is the covariant derivative for SU(2),. Self-interactions of the Higgs field are

described by its potential

V(D) = -0 + %((DTCD)Z, (2.13)
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with the mass parameter > < O (in the electroweak symmetry breaking phase) and the
self-interaction parameter A > 0. The Lagrangian density of the Standard Model remains
invariant under electroweak gauge transformations, whereas the ground state of the Higgs

field, the vacuum, is not invariant due to its non-zero expectation value

m2 v
Vi V2

i.e. the electroweak gauge symmetry is spontaneously broken. The vacuum expectation

D) = (2.14)

value is given by
v = (V2Gg) ™2 ~ 246 GeV, (2.15)

where Gr is the Fermi constant of the weak interaction, which is precisely determined
from measurements of the muon lifetime [23]. The electrically neutral ground state of the
Higgs field remains invariant under the transformations of the U(1)y gauge symmetry of
the electromagnetic interaction, a subgroup of SU(2), x U(1)y.

By choosing the unitary gauge [24, 25], three of the four degrees of freedom of the
Higgs field are eliminated and transformed into the longitudinal polarisation states of the

weak gauge fields, and the Higgs field can be parametrised by

1 0

D(x) = — , 2.16

() V2 (v - h(x)) (2.16)

where £ is a physical field describing a scalar neutral particle, the Higgs boson, with a

mass mj, = ,u\/i. In 2012, the Higgs boson was discovered by the ATLAS [1] and CMS [2]
experiments at the Large Hadron Collider with a mass? of about 125 GeV [26].
The electroweak gauge fields W} and B, mix and form the mass eigenstates

+ 1 1 — 2
W, = E(W“ FiW,) (2.17)
and
Zy, 3 cosBy sinfy WS (2.18)
Ay \=singy cos6w) \B,)’ '

’In this thesis, the masses of particles are given in units of energy by setting the speed of light ¢ to 1.
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where Wj and Z,, are the gauge boson fields mediating the weak interaction, A, is the
photon field, the gauge boson of the electromagnetic interaction, and 6y is the Weinberg

angle. The masses of the weak gauge bosons are given in lowest order by

v y
my = s8ws Mz = E\/g[%[/ + g5 (2.19)

The Weinberg angle is related to these masses via

cos Oy = nﬂ. (2.20)

mgz
Right-handed fermions are not charged under the SU(2); gauge group, i.e. I3 = 0 as listed
in Table 2.1. Consequently, the W= bosons couple only to left-handed fermions, meaning
that the weak interaction maximally violates parity in contrast to the other three interactions.
The Z boson couples to both helicity states of the fermions.
The electrically charged fermions acquire their masses through Yukawa interactions
with the Higgs field described by

Lyukava = ~YSLy @y, - Y10} ddy - Y10, @°ufy + hee., (2.21)

with the generation indices i and j, the 3 X 3 Yukawa coupling matrices Y;;, the SU(2),
doublets L) = (v, £,)" and Q' = (u,d})" and the charge-conjugate ®° = io»® of the
Higgs field. The Yukawa coupling matrices are related to the fermion mass matrices via
M;; =Y, jLz and are in general non-diagonal. In such cases, the mass eigenstates are
obtained by diagonalisation and are not identical to the SU(2), eigenstates. The resulting
mixing matrix of the quark mass eigenstates is the Cabibbo-Kobayashi-Maskawa (CKM)

matrix [27]. If neutrinos are massless, then there is no such mixing for the leptons.

2.5 The hierarchy problem

A theoretical problem of the Standard Model related to the electroweak symmetry breaking
is the so-called hierarchy problem, which arises from the fact that gravity is so much
weaker than the other forces. Thus, the energy scale of the electroweak symmetry breaking
(|[{®)| = 174 GeV) is 17 orders of magnitude lower than that of quantum gravity, the Planck
scale (mp ~ 10" GeV).
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Figure 2.1: Feynman diagrams of loop corrections to the Higgs boson propagator with (a)
fermions (f) and (b) scalar bosons (S§).

While fermion masses are stabilised by chiral symmetries, the scalar Higgs boson
receives quadratically divergent radiative loop corrections from all particles that couple to
the Higgs boson, including potential undiscovered massive particles. The leading-order
correction to the Higgs boson mass m;, due to fermion loops (see Figure 2.1a) is given by:

|4

2
Am? , = — 87’1 (A2+..), (2.22)

h.f

where Ay is the Yukawa coupling constant of the fermion to the Higgs field, which is
proportional to the fermion mass, Ay = myv. A is the cutoff in the fermion energies in the
loop, i.e. the energy scale up to which the Standard Model is valid. If the Planck scale
is assumed to be the cutoff energy, one would expect the Higgs mass in the range of the
Planck mass in contrast to the observation. Without new physics beyond the Standard
Model below mpy, it would be necessary to fine-tune the Higgs mass with extreme accuracy,
which appears unnatural.

A very elegant solution is provided by supersymmetry [28—-31], which predicts a new
scalar boson for every fermionic degree of freedom of the Standard Model, leading to

additional bosonic corrections to my, (see Figure 2.1b),

As
1672

Amj g = +——=(A*+..), (2.23)
with opposite sign compared to the fermion terms in Equation (2.22). If supersymmetry
were an exact symmetry, the corrections would cancel exactly and the Higgs mass would
be stable to all orders of perturbation theory. A similar cancellation of corrections to m,

. . . . . 1
due to gauge boson loops occurs with their supersymmetric partners, fermions with spin 5.

10



2.5 The hierarchy problem

The fact that supersymmetry could solve the hierarchy problem is one of the main
motivations to search for it using collider experiments such as ATLAS. There are other

reasons that will be discussed in the next chapter along with the theoretical principles of
supersymmetry.

11






Chapter 3

Supersymmetry

The predictions of the Standard Model have been tested in numerous experiments since
the completion of its formulation in the 1970s and agree remarkably well with the
measurements [32]. Some observations in nature, however, such as dark matter [33] or the
baryon asymmetry [34] cannot be explained by the Standard Model. A promising answer
to many of the open questions in particle physics is supersymmetry (SUSY) [35-40]. The
energy scale at which supersymmetry might be realised is not known if it is a broken
symmetry. At energies of up to a few TeV, supersymmetry [28-31] can solve the hierarchy
problem of the Standard Model. Supersymmetric particles with masses of this size can
be produced at the Large Hadron Collider, which is a strong motivation to search for
supersymmetry with the ATLAS experiment.

The theoretical principles of a supersymmetric theory are explained in the next section.
Afterwards the minimal supersymmetric extension of the Standard Model is described in
Section 3.2.

3.1 Basic concepts

Supersymmetry' is a symmetry between fermions and bosons. Supersymmetric trans-
formations are generated by fermionic spinor operators Q carrying a spin of 1, which

transform fermionic states into bosonic states and vice versa:

Q |fermion) = |boson), Q |boson) = |fermion). (3.1)

'A comprehensive discussion of supersymmetry can be found in reference [41].

13
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Symmetries of consistent quantum field theories have to fulfil the Haag-Lopuszanski-
Sohnius theorem [42], which implies that Q and its Hermitian conjugate Q' have to satisfy

the following relations, the Super-Poincaré algebra:
{000} =202 s {00 Qp} = {050} =0, [Qa P = Q5 P11 =0. (3.2)

where @ and 3 are left-handed and & and S right-handed Weyl spinor indices and P,, = —i Oy
is the four-momentum operator, the generator of spacetime translations.

The fundamental representations of the supersymmetry algebra are called supermulti-
plets and contain equal numbers of fermionic and bosonic degrees of freedom, which are
called superpartners of each other. In renormalisable supersymmetric theories that have
only one operator Q and do not include gravity, there are only two types of supermultiplets.
A Weyl fermion and two scalar bosons form a chiral supermultiplet, whereas a vector
supermultiplet consists of a spin-1 vector boson and a Weyl fermion.

Supersymmetry can be given a geometrical interpretation by introducing the superspace,
which extends the four spacetime coordinates x* by two complex, anti-commuting two-
component spinors @ and @2, called Grassmann coordinates. Each supermultiplet is
described by a single function of the superspace coordinates, the superfield S(x, ®, ©F).

The supersymmetry operators

0
Qo =iz— —(0"0"),d,, 0O =i +(©0*) 40, (3.3)

0% 0QTe

are differential operators acting on the superfields. Infinitesimal supersymmetric transfor-

mations of a superfield S are given by
5.8 = —i(eQ + €' QNS (3.4)

where € is an complex, anti-commuting two-component Grassmann parameter. They can

be interpreted as translations in superspace,

0% — @ + €,
@ -0 +¢ (3.5)

= xH +iectO" +ie FHO.

14
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The superfield of a chiral supermultiplet consisting of a complex scalar field ¢ and a Weyl

fermion y can be written as
® = ¢(y) + V20x(y) + O°F(y), (3.6)

where F is a complex scalar field, called auxiliary field, and y* = x* + i0T+0.
Auxiliary fields ensure that the numbers of bosonic and fermionic degrees of freedom of
a supermultiplet match off-shell. Without them, the supersymmetry algebra would close
only on-shell. Their equation of motion is F' = 0, meaning that they do not propagate and
that the particle content of the theory remains unchanged.

The superfield of a vector supermultiplet consisting of a vector field A, and a Weyl

fermion A can be written in the Wess-Zumino gauge as
1
Vivz gauge = O'7OA, + ©'OTO1 + ©OO 1" + 5@)@@T@)’fz), (3.7)

with the auxiliary field D.

To obtain a gauge-invariant supersymmetric theory, the gauge transformations of the
Standard Model have to be generalised to supergauge transformations, under which chiral
superfields ®; transform as

D; — (28T @, (3.8)

where g, are the gauge couplings for the irreducible components of the Lie algebra,
Q¢ are chiral superfields parametrising the transformation and 7, are the generators of
the gauge group. Each generator is associated with a vector superfield V¢ that involves
the corresponding Standard Model gauge field. Analogous to the Standard Model, a

gauge-invariant field strength
(WWZ gauge = A4 + @D + %(aﬂ&ve))ﬁng +i0O(H Y, A (3.9)

which is a chiral superfield, can be defined, where F),, is the field strength tensor from
Equation (2.8),
VAl = 8,4 + g fC AL A (3.10)

is the covariant derivative with the structure constants f*, and 1¢ and Aj, are the

fermionic and vector constituents of the superfield V¢, respectively. Any integral of a

15
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superfield over the entire superspace is invariant under supersymmetric transformations
of Equation (3.4), and therefore a supersymmetric Lagrangian density can be obtained by
integrating superfields over the fermionic coordinates. For gauge-invariant supersymmetric

theories, it has the form

. cva 1
L= / d*0d*@ 0" (X7 Y @, + ( / d*e lW(CDi) +7 fwarpa

+ c.c.) , (3.11)

where W is the superpotential, a complex holomorphic function of the chiral superfields,

and f is the so-called gauge kinetic function. In renormalisable theories, the superpotential

| 1
W= EMU(DI'(DJ' + EYijk(Di(Dj(Dk (3.12)
is a cubic polynomial of the chiral superfields with the mass matrix M and the Yukawa

couplings y, and the gauge kinetic function is a constant, f = 1.

3.2 The Minimal Supersymmetric Standard Model

Using the general principles of a supersymmetric theory discussed in the previous section,
the Minimal Supersymmetric Standard Model (MSSM) [43, 44] can be formulated, which
includes the smallest number of supersymmetric fields and additional Higgs fields required
to obtain a supersymmetric extension of the Standard Model consistent with observations.

It is based on a global supersymmetry with only one supersymmetric operator Q.

3.2.1 Supermultiplets and field content

Each particle of the MSSM belongs either to a chiral or a vector supermultiplet. Chiral
supermultiplets, summarised in Table 3.1, contain the fermions of the Standard Model
and new scalar bosons, which are their superpartners, called sfermions. The names
of the sfermions are based on the corresponding Standard Model partners, but with an
additional letter ‘s’ at the beginning of the name, e.g. selectron. Analogously, the symbols
of supersymmetric particles have an additional tilde, e.g. € for the selectron.

The generators of the Standard Model gauge groups commute with Q and QF, which
has two important implications for the sfermions. First, left-handed and right-handed

fermions each get their own superpartners since they have different electroweak gauge
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3.2 The Minimal Supersymmetric Standard Model

Table 3.1: Components of the chiral supermultiplets of the MSSM in the fundamental

representations of the Standard Model gauge groups with the fermion generation index
i=123

Supermultiplet ~ Sfermions (spin-0) Fermions (spin-%)
0 i, di)! (i, di)!
D; d di
L (7,0 o)
E; i of

Supermultiplet Higgs fields (spin-0) Higgsino fields (spin—%)

Hu (HJ? H(?)T (Hlja Hg)T
Hy (HY, H,)" (HY, H,)"

transformations. Even though these superpartners are scalar particles, they are called
left-handed and right-handed sfermions. Secondly, the gauge interactions of the sfermions
are the same as for their corresponding Standard Model partners. For example, left-handed
sfermions couple to the W bosons, while right-handed sfermions do not.

Two complex SU(2);, doublets with weak hypercharges of ¥ = +1/2 and Y = —1/2,
denoted by H, and H;, are needed in the MSSM to obtain the Yukawa couplings that
generate the masses of the Standard Model up-type and down-type fermions, respectively.
Their weak isospin components are denoted by (H;f, H?) and (HY, H;)T indicating the
different electric charges. These Higgs fields are part of chiral supermultiplets together
with their superpartners, which are spin-% fermions and called Higgsinos.

Vector supermultiplets, summarised in Table 3.2, contain the gauge bosons and their
superpartners called gauginos, which are spin—% fermions. In contrast to the Standard Model
fermions, left-handed and right-handed gauginos have the same gauge transformations. All

gauginos have an ‘ino’ at the end of their name, e.g. gluino.

3.2.2 Supersymmetry breaking and the mass eigenstates

All particles of a supermultiplet must have the same mass, as the squared-mass operator

—P? commutes with the operators Q and Q' according to Equation (3.2). However,
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Chapter 3 Supersymmetry

Table 3.2: Components of the vector supermultiplets of the MSSM in the adjoint rep-
resentations of the Standard Model gauge symmetries with the indices @ = 1,...8 and
b=1,23

Supermultiplet Gaugino Gauge boson

GZ gab ga
14 W wh
B B B,

supersymmetric particles have not been observed yet, and therefore they have to be much
heavier than their Standard Model partners. This means that supersymmetry must be a
broken symmetry.

Analogous to the electroweak symmetry breaking, supersymmetry is expected to
be spontaneously broken, i.e. the Lagrangian density of the theory is invariant under
supersymmetric transformations but its vacuum state is not. Since it is not known which
process of supersymmetry breaking is realised in nature, the origin of supersymmetry
breaking is decoupled from the MSSM by adding terms to the Lagrangian density that

break supersymmetry explicitly:

Lvssm = Lsusy + Lsusy, (3.13)

where Lgysy is invariant under supersymmetry and given by Equation (3.11), i.e. it contains
all gauge and Yukawa interactions, while Lgysy breaks supersymmetry and includes the
mass terms of supersymmetric particles. Consequently, Lyssm is an effective Lagrangian
density that is only valid for energies below the supersymmetry breaking scale.

In the MSSM, so-called soft supersymmetry breaking [45] is assumed in which all
parameters of Lsysy have a positive mass dimension to maintain the cancellation of the
quadratically divergent radiative loop corrections to the masses of all scalar particles, in
particular the Standard Model Higgs boson, to all orders in perturbation theory. The

remaining corrections to the Higgs mass have the form

1
Amj, = ml g Tz A /maon) + .. (3.14)
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3.2 The Minimal Supersymmetric Standard Model

where myqf is the largest mass of Lsysy and A is schematic for various dimensionless
couplings. Assuming A ~ mp; and A ~ 1, it can be estimated from Equation (3.14) [46, 47]
that mgof should be at the TeV scale. Otherwise fine-tuning of the (Minimal Supersymmetric)
Standard Model parameters is needed to stabilise the Higgs mass. This circumstance,
referred to as naturalness, is one of the main motivations to search for supersymmetry at
the Large Hadron Collider.

The most general soft supersymmetry breaking Lagrangian density conserving the

gauge symmetries and R-parity (see Section 3.2.3) is given by

1 . ~
Lsusy =~ 5 (M3gg + Mo,WW + M BB +c.c.)

_ (UaUQHu — DaDQHd — FagLH,; + C.C.) (315)

~ 2 = ~ 25 =~ 25 =~ 9 = = o=
-0'm{0 - L'm{ L - Uml.]UT - Dm;D' - EmE’
— m}y HyH, — m}y H3Hy — (bH,Hy +c.c.).

The first line of Equation (3.15) consists of the gluino, wino and bino mass terms with
masses |M3|, |M;| and | M|, respectively. The second line contains couplings between three
scalar particles parametrised by the coupling parameters ay, ap, ag, which are complex

3 X 3 matrices in family space. The mass terms for the squarks and sleptons with the
2 2 2 2
Q ML Mg My

Finally, there are supersymmetry breaking contributions to the Higgs potential with the

12L1 , m%ld and b. The term bH, H,; + c.c. is needed to allow for a non-zero

vacuum expectation value of the Standard Model Higgs field. This means in particular that

complex Hermitian 3 X 3 matrices m in family space form the third line.

mass parameters m

the breaking of the electroweak symmetry in the MSSM implies that supersymmetry must
be broken. The values of the mass and coupling parameters of Lsysy are not known, and
thus Lsysy significantly increases the number of parameters of the MSSM. There are 105
new parameters [48] in addition to the 19 parameters of the Standard Model.

The electroweak gauginos and the Higgsinos sharing the same quantum numbers in

general mix to form new mass eigenstates. The neutral gauginos W° and BY mix with the
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Chapter 3 Supersymmetry

neutral Higgsinos H° and Flg to form the four neutralinos )E?, )Zg , )Zg , )22. Their masses
are obtained by diagonalising the mass matrix

M, 0 —gyva/N2  gyvu/V2
0 M 2 - /N2
Mo = p gwva/V2  —gwvi/V2 ’ (3.16)
—gyva/V2  gwva/V2 0 —u
gYVu/\/E _gWVu/\/z —H 0

where v, and v, are the vacuum expectation values of the Higgs doublets H, and H,,
respectively, and u is a parameter of the superpotential (see Section 3.2.3). Adding v, and
v4 in quadrature yields the square of the vacuum expectation value |[(®)| of the Standard
Model Higgs field (see Equation (2.14)):

vZ+ v = (@) (3.17)

The charged gauginos W+ and W~ mix with the charged Higgsinos A and I:I; to form the
four charginos ¥{", t5. Diagonalising the mass matrix

M 0 X1 ith X (3.18)
ot = W1 = .
X X 0

M,  gwvy
8wVd M

yields the masses of the charginos. The neutralinos and charginos are labelled in ascending
mass order. The remaining gauginos, the gluinos, do not mix as there are no other
supersymmetric particles sharing the same quantum numbers.

There is also a mixing between the two scalar superpartners of each electrically charged
Standard Model fermion f, labelled f; and f, to form the mass eigenstates f and f>. The
strength of the mixings depends on several parameters, including the masses of the Standard
Model partners, which is why usually only third generation mixings are considered.

The two Higgs doublets H, and H,; have eight degrees of freedom, of which three
are needed to generate the W* and Z boson masses, as in the Standard Model, and the
remaining five degrees of freedom correspond to five physical Higgs bosons. Four of
them are scalar particles, namely the neutral Higgs boson £, its heavier version H and the
two charged Higgs bosons H* and H~. If the MSSM is to be consistent with the current
experimental results, then 4 must be the Higgs boson observed by ATLAS and CMS. The

fifth Higgs boson, A, is a pseudoscalar field, which changes sign under parity inversion.
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3.2 The Minimal Supersymmetric Standard Model

Figure 3.1: Example of a proton decay mediated by a virtual strange squark.

3.2.3 The superpotential and R-parity

The non-gauge interactions between the chiral superfields, which correspond to the chiral
supermultiplets in Table 3.1, are described by the superpotential W whose general form is
given by Equation (3.12). Writing down all possible renormalisable and gauge-invariant

superpotential terms involving the chiral superfields of the MSSM yields

W= (yf/QiHuUj + yi,jQinDj + )’ijLinEj + puH,Hg)+

3 _ 3 . L . (3.19)
+ (AL L Ey + VR L,Q Dy + 279X, DDy + ' LiH,),

where i, j, k are generation indices, Yy, Yd, Ye, 4, 4’, ” yukawa couplings and u and «
mass parameters.

The interactions associated with the coupling parameter A” violate the baryon number
B = % (N(gq) — N(g@)) conservation, while the remaining three interactions in the second line
of Equation (3.19) violate the lepton number L = N(£) — N(£) conservation. Simultaneous
violation of lepton and baryon number conservation leads to rapid proton decay, for example
into a lepton and a meson (see Figure 3.1). However, measurements at the Japanese water
Cerenkov detector Super Kamiokande [49] set a lower limit of the proton lifetime of about
10** years at 90% confidence level due to the non-observation of such a decay. There are
comparable limits also for other decay modes [50].

To prevent rapid proton decay, a new conserved multiplicative quantum number called
R-parity [51] is introduced in the MSSM,

PR = (=1)3ED2s (3.20)

where s is the spin of the particle. All particles of the Standard Model together with the
five Higgs bosons of the MSSM have Pr = +1 while all supersymmetric particles have
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Pr = —1. R-parity conservation (RPC) forbids both interactions in the process in Figure 3.1
and has the following consequences for supersymmetry searches at collider experiments:
1. The lightest supersymmetric particle (LSP) with Pr = —1 is stable, since it cannot
decay into lighter Standard Model particles, which have Pr = +1.
2. Mixing between Standard Model particles and their superpartners is not possible.
3. Supersymmetric particles can be produced only in even numbers (usually in pairs).
4. Supersymmetric particles, apart from the LSP, decay in cascades into final states
which contain an odd number of LSPs (usually one).
5. The lepton number and baryon number violating terms in Equation (3.21) are

forbidden, resulting in the superpotential
Wwussm = v QiH,Uj + ¥,/ QiHyDj + y; LiH4E; + pH,Hg. (3.2D)

Since with R-parity conservation the LSP is stable and would have been produced in the
early universe, it would be a good candidate for a dark matter particle if it is electrically
neutral [52, 53]. Charged or colored LSPs are strongly disfavoured due to tight upper limits
on the relic abundances of such particles [53]. The left-handed sneutrino has been ruled out
as a dark matter candidate by direct dark matter searches [54]. Thus, the LSP is most likely
the lightest neutralino. Two further candidates are possible in extensions of the MSSM, the
right-handed sneutrino and the gravitino, which is the superpartner of the spin-2 graviton,

the mediator of quantum gravity, in supergravity theories with local supersymmetry.

3.3 R-parity violation

While the simultaneous violation of the lepton and baryon number conservation is essentially
excluded by the non-observation of the proton decay, the non-conservation of one of the

two quantum numbers alone is much less constrained. In this case, one of the two terms
War=s1 = K LiH, + AV LLiEy + V7% 1,0;Dy (3.22)

or
Wap=+1 = 77%0;D; Dy (3.23)

may be included in the superpotential of the MSSM instead of forbidding them both by

requiring R-parity conservation. An example is the conservation of baryon triality [55, 56].
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3.3 R-parity violation

The baryon triality is defined for particles with baryon number B and weak hypercharge Y
as
Z3B _ p2mi(B-2Y)/3 (3.24)

The symmetry requires that the product of the baryon trialities of the particles in any term
in the Lagrangian density and the superpotential is equal to one. For each particle of
the MSSM, Z3B is a cube root of unity. Consequently, the baryon triality is conserved in
the MSSM. It implies baryon number conservation and violates the lepton number, i.e. it
allows all terms of W -, in Equation (3.22).

In total, there are 48 parameters in the superpotential terms of Equations (3.22)
and (3.23), 45 of which are dimensionless Yukawa-type couplings, 9 17% 27 A"/% and
9 1”7k couplings, while the remaining three are the dimensionful x parameters. The
number of independent A" couplings is larger than the number of A and A” couplings since
gauge-invariance requires 17K = — A/ and A7k = — ki

Besides from the superpotential, R-parity violating (RPV) interactions® emerge also

from the soft supersymmetry breaking terms

1..,.,,.,: e~ o~ = 1--:::
RPV _ k k k
Loy —EA” LiLiEy + A*L,Q;Dy + EA”’J U;D;Dy (325)
+ b H, L + (m')*H;L; + c.c.,

which introduce 51 new parameters, 45 of them belonging to the A-terms that have the
same antisymmetry properties as the corresponding superpotential couplings, while the
remaining six parameters are the three ' couplings and the three mass parameters m;,
Using a suitable superfield redefinition, three of the parameters «', b and mil can be
eliminated resulting in a total of 96 independent RPV parameters.

The RPV terms of Equations (3.22), (3.23) and (3.25) are classified into bilinear and
trilinear terms depending on the number of their chiral superfields, which are two and
three, respectively. The bilinear terms describe mixings between sleptons and Higgs
bosons carrying the same quantum numbers, the term «’L;H, describes in addition the
mixings between leptons and Higgsinos. Consequently, neutrinos can acquire masses by
mixing with neutralinos, which means that RPV supersymmetry can explain the observed

neutrino masses and neutrino flavour oscillations. Trilinear couplings describe the decays

2 A broad overview of RPV supersymmetry can be found in reference [57].
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Table 3.3: Upper bounds at 95% confidence level on the most constrained coupling for
each class of RPV supersymmetry operators. The bounds are given for sfermion masses
m of 1 TeV and are typically proportional to loglﬁ [58].

Couplings Ak Lk 2k 3k rijk

Upper bound 0.49 0.09 0.59 1.1 0.5

of sfermions into two Standard Model fermions. The remaining part of this section focuses
on trilinear couplings as only these are relevant for the search discussed in Chapter 5.

Lepton number and baryon number violating processes have not been observed yet,
so that upper bounds can be placed on all RPV couplings. The constraints on trilinear
couplings from u, T and meson decays etc. [58] are summarised in Table 3.3. These
bounds depend on the masses of the sfermions and become weaker as the sfermion masses
increase. For a sfermion with a mass of 1.0 TeV, the strongest upper bound is 0.09 on
AUk Many processes set bounds also on the product of two couplings, which can be
significantly tighter than the bounds on single couplings. The lower limit on the proton
lifetime, for example, requires |1’A”*| < O(10~°) for all possible coupling combinations.
Therefore, most RPV supersymmetric models considered in collider searches assume a
single dominant coupling to evade these tight constraints.

The implications of RPC discussed in Section 3.2.3 are no longer valid for RPV models.
Consequently, the LSP can be any supersymmetric particle and it decays into Standard
Model particles. Another consequence of RPV is that supersymmetric particles do not
have to be produced in pairs. If the trilinear couplings are smaller than O(10~!), however,
the production of the supersymmetric particles is dominated by gauge interactions meaning
that they are pair produced and decay in cascades to the LSP as in the case of RPC.

The lifetime of the LSP depends on the magnitude of the RPV couplings that mediate
its decay. If these couplings are small, then the lifetime of the LSP can be of the order
of ps to ns, so that its decay can be resolved as a secondary vertex in the inner tracking
volume of the ATLAS detector. This is explained in more detail in Section 5.1 using a

signal model where the LSP is the lightest neutralino.
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The ATLAS experiment

Since supersymmetry could answer many of the open questions in particle physics, it is
important to search for it at collider experiments, where highly energetic particles are
collided and the remnants of the collisions are studied with large detectors. Numerous
experiments at past colliders, such as the Large Electron-Positron Collider (LEP) or the
Tevatron, have tried to discover supersymmetry, but without success. In 2008, a new
accelerator, the Large Hadron Collider (LHC) [59], was completed together with four main
experiments, to probe particle physics at unprecedented energies. One of these experiments
is ATLAS (A Toroidal LHC Apparatus) [60], a multi-purpose detector designed to study
the electroweak symmetry breaking and to search for physics beyond the Standard Model,
especially supersymmetry.

The LHC and its performance are discussed in the next section. Section 4.2 explains
the layout and functional principles of the ATLAS detector. Finally, the simulation and the

reconstruction of collision events are described in Section 4.3 and 4.4, respectively.

4.1 The Large Hadron Collider

The LHC is the world’s largest particle accelerator with a circumference of 26.7 km. It
was built by the European Organisation for Nuclear Research (CERN) and lies beneath the
France-Switzerland border near Geneva. The LHC was installed in the existing underground
tunnel of its predecessor, LEP, whose depth varies between 50 m and 175 m with a mean of
about 100 m. Two independent systems of 400 MHz radio frequency cavities accelerate the
particles, which are kept on a circular orbit by superconducting magnets cooled with liquid

helium down to 1.9 K. The particles are collimated into two counter-rotating beams that are
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brought to collision at four intersection points where the detectors are located. Most of the
time, the LHC is operated with two proton beams, which are produced and pre-accelerated
by a system of linear and circular accelerators shown in Figure 4.1 and then injected into
the LHC ring. Heavy ions, lead usually, are also collided to study the quark-gluon plasma,
a very hot and dense state of matter consisting of asymptotically free quarks and gluons.
The analysis presented in Chapter 5 is performed on data from proton—proton collisions
recorded in 2016, and therefore heavy ion collisions are not discussed further.

The LHC was designed to accelerate protons to energies of 7 TeV resulting in a centre-
of-mass energy /s of 14 TeV. Due to issues with the magnet system, however, the LHC
has not been operated yet at its nominal energy. During the LHC Run 1 (2010-2012) +/s
was 7 TeV in the first two years and 8 TeV in the third year. It was increased in the LHC
Run 2 (2015-2018) to 13 TeV. For Run 3 scheduled to start in 2021, it is planned to reach
the nominal energy.

The proton beams consist of bunches each filled with more than 10'! protons. The
number of bunches per beam varies between the different data-taking periods and in 2016
it was most of the time 2076 or 2220. Each bunch has a length of about 1 ns and the
spacing between two bunches is 25 ns leading to a crossing frequency of 40 MHz. The data
recorded at the ATLAS detector for one bunch-crossing is usually referred to as an event.

The number of events per second produced in collisions at the LHC for a given process
of interest is

62—1;] = Lo, 4.1
where £ is the instantaneous luminosity, a measure for how many collisions occur per unit
time and area, and o is the cross-section of the process in units of area, which describes
the probability that this process occurs. The instantaneous luminosity £ depends on the

beam properties and is defined as:

_ My frminy

L= 27T, %y

(4.2)
where n; and n; are the number of protons of the two beams, f; is the revolution frequency
of the LHC, ny, is the number of bunch pairs colliding in each revolution, and X, and X,
are the horizontal and vertical convolved beam sizes.

The instantaneous luminosity at the ATLAS detector is measured using two luminome-
ters [62], BCM (Beam Conditions Monitor) and LUCID-2 (Luminosity Measurement
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Figure 4.2: (a) Peak luminosity and (b) integrated luminosity of pp collisions at the
ATLAS experiment in 2016 as function of time [64].

Using A Cherenkov Integrating Detector) [63], supplemented by a method that counts
the number of charged particles per bunch-crossing. To achieve a statistical precision at
the percent level, the measured luminosity is averaged over the time of approximately one
minute. This time interval is called a luminosity block in which the detector and luminosity
conditions are assumed to be stable.

At the beginning of a physics run, the instantaneous luminosity is maximal, referred
to as peak luminosity, and then it decreases over time as more and more protons are
lost to collisions. Initially, the LHC was designed to achieve a peak luminosity of
1.0 x 103 cm™2s~!, however, improvements of the beam sizes at the interaction points
allowed the LHC to reach values of up to 1.4x 10* cm=2 s~! in 2016 as shown in Figure 4.2a
and even values above 2.0 x 103 cm=2s™! in 2017 and 2018. The instantaneous luminosity
summed over all luminosity blocks, called the integrated luminosity, is a measure for the
amount of data collected and illustrated in Figure 4.2b for 2016. In total, the LHC delivered
38.5tb~! to the ATLAS experiment in 2016 of which 35.6 fo! (92.5%) were recorded. To
be eligible for physics analyses, each data event has to pass quality criteria ensuring that all
components of the detector were operational. In 2016, 32.8 fb~! (92.1%) of the recorded
data satisfied these criteria.

Due to the high proton density at the interaction points, there are multiple proton—
proton collisions per bunch-crossing, an effect called pileup. Figure 4.3 shows that on
average about 25 proton—proton collisions occurred per bunch-crossing in 2016. The vast

majority of proton—proton collisions produce low energetic particles. At most one collision
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Figure 4.3: Integrated luminosity of pp collisions delivered to the ATLAS experiment in
2016 as a function of the mean number of interactions per bunch-crossing [64].

per bunch-crossing contains a collision with a large momentum transfer, also called a
hard-scatter process. Hard-scatter processes produce copious numbers of jets as well as
other particles (see Figure 4.4). New physics processes beyond the Standard Model such
as supersymmetry are expected to produce heavy particles, and thus it is crucial to study
these hard-scatter processes. This requires the capability to discriminate particles from
the hard-scatter process and the pileup processes, meaning a sufficiently high detector
resolution so that each particle track can be associated with the proton—proton collision
from which it originated. The technology with which the ATLAS detector achieves this

precision is explained in the next section.

4.2 The ATLAS detector

The ATLAS detector illustrated in Figure 4.5 has a length of 44 m, a diameter of 25 m and a
total weight of about 7000 tons. It has a forward-backward symmetric cylindrical geometry
and uses a right-handed coordinate system with its origin at the nominal interaction point
in the centre of the detector and the z-axis along the beam direction. The xy plane is
transverse to the beam direction with the x-axis pointing toward the centre of the LHC ring
and the y-axis vertically upwards. Cylindrical coordinates  and ¢ are used in the transverse
plane, where the radius r = \/m denotes the transverse distance from the interaction
point and the azimuthal angle ¢ is measured around the z-axis. The pseudorapidity

n = —In(tan (6/2)) is defined in terms of the polar angle § measured with respect to the
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Standard Model Production Cross Section Measurements

Status: July 2018
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Figure 4.4: Summary of several Standard Model total and fiducial production cross-section
measurements, corrected for leptonic branching fractions, compared to the corresponding
theoretical expectations [64]. All theoretical expectations were calculated at the next-to-
leading order or higher. The luminosity used for each measurement is indicated in the

legend.

positive z-axis. Opening angles between two objects or cone sizes are often expressed in
An? + A¢?.
The detector system consists of three major subsystems: the inner detector, the

terms of AR =

calorimeters and the muon spectrometer. They are described in the following sections

together with the trigger system, which decides what data are worth keeping. Further

tot.
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tot. tot. tot. tot. tot.

information about the ATLAS experiment can be found in reference [60].
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Figure 4.5: Cut-away view of the ATLAS detector [64].

4.2.1 The inner detector

The inner detector illustrated in Figure 4.6 encompasses the beam pipe, a 7.3 m long pipe
with a diameter of 50 mm made in beryllium, and measures the paths of electrically charged
particles. It consist of three independent tracking detectors, which are embedded in a 2T
axial magnetic field created by a solenoid that is 5.3 m long and 2.5 m in diameter. The
solenoid coil is aligned with the beam pipe and surrounds all tracking detectors. The
magnetic field deflects charged particles, and the curvature and direction of the deflection
allows to measure their transverse momentum and the sign of their electric charge.

The innermost tracking detector is the pixel detector, which has the highest granularity
and number of readout channels of all detectors in ATLAS. It is segmented into more than
86 million pixels each with a nominal size of 50 pm X 400 pm or 50 um X 250 um in the
inner most layer. A hit is recorded in a pixel sensor when the electric charge deposited
by a charged particle exceeds a certain threshold. Like most other detectors of ATLAS,
the pixel detector is divided into a barrel and an end-cap part to cover || values up to

2.5. The barrel contains four concentric layers that are parallel to the beam axis while
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} End-cap semiconductor tracker

Figure 4.6: Cut-away view of the ATLAS inner detector [64].

the end-cap is made of three disks that are perpendicular to the beam axis. The positions
and dimensions of the various parts of the pixel detector can be seen in Figure 4.7. The
large number of pixels is necessary to achieve a high accuracy of the hit positions, 10 um
(r—¢) and 115 um (z) in the barrel region and 10 um (r—¢) and 115 pm (r) in the end-cap
region, which allows a precise track reconstruction, so that the vast majority of vertices of
proton—proton collisions can be resolved.

Next is the semi-conductor tracker (SCT), while its layout and functional principle is
very similar to the pixel detector, it is made of approximately 6.3 million silicon microstrips
instead of pixels. Each SCT module consists of two pairs of single-sided sensors glued
back-to-back and tilted by 40 mrad to allow for a two-dimensional position measurement.
The two sensors of one side are wire-bonded leading to 126 mm long microstrips with
a pitch of 80 um in the barrel modules and 57-94 pm in the end-cap modules. The SCT
barrel has four layers of rectangular modules, while radial strips of constant azimuth are
used for the trapezoidal sensors in the eighteen end-cap disks. The accuracy of the hit
positions are 17 um (r—¢) and 580 um (z) in the barrel region and 17 pym (r—¢) and 580 um

(r) in the end-cap region. The positions and dimensions of the barrel layers and of the
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Figure 4.7: Schematic view of a quarter-section of the ATLAS inner detector that shows
the main detector elements with their dimensions [64].

end-cap disks are illustrated in Figure 4.7. As with the pixel detector, the SCT detector
covers |n| values up to 2.5.

Finally, there is the transition radiation tracker (TRT) consisting of more than
300000 straw tubes that are 4 mm in diameter, have a 31 um diameter gold-plated tungsten
wire in the centre and are filled with a xenon-based gas mixture (70% Xe, 27% CO,
and 3% O,)!. The straw tubes serve two purposes, first they are classical drift tubes,
where the incoming charged particle ionises gas atoms and the resulting electrons are
accelerated in a radial electrical field towards the central anode, leading to the formation
of an avalanche near the anode, whose signal is measured. Based on the drift time of
the ionisation signal, the distance of the closest approach of the charged particle to the
anode wire can be calculated, which is used to reconstruct the track. In addition, transition
radiation, which is created by a relativistic charged particle passing through inhomogeneous
media, is absorbed in the gas mixture yielding much larger signal amplitudes than for
minimum-ionising charged particles’. The amount of transition radiation can be used to
identify the type of the charged particle. The TRT covers |n| values up to 2.0 and provides
only r—¢ information with an accuracy of about 130 um per tube. In the barrel, the straw

tubes are parallel to the beam axis and 144 cm long, while in the end-cap they are 37 cm

'During the last years, gas leaks appeared in parts of the TRT, and thus an argon-based gas mixture is used
in the affected parts to reduce the operation costs.
ZParticles whose mean energy loss rates through matter are close to the minimum.
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Figure 4.8: Cut-away view of the ATLAS calorimeter system [64].

long and arranged radially in wheels. Figure 4.7 shows the position of the TRT barrel and
end-cap inside the inner detector.

4.2.2 The calorimeters

The inner detector is surrounded by calorimeters, which measure the energy of electromag-
netically and strongly interacting particles. There are two calorimeters, the liquid argon
(LAr) and the tile calorimeter (see Figure 4.8). Both are sampling calorimeters, where the
incoming particles interact with a dense absorber material and lose their energy thereby and
the resulting particle showers are measured with an active material such as a scintillator.
The inner part of the calorimeter system is the LAr electromagnetic calorimeter,
whose main purpose is the precise energy measurement of electromagnetically interacting
particles, in particular photons and electrons. It consists of lead absorber plates with an
accordion geometry allowing for full ¢ coverage and liquid argon as active material. The
barrel part of the electromagnetic calorimeter (EMB) covers || < 1.475 and is made of
two identical half-barrels, centred around z = 0. The two end-caps consist of an inner

wheel, the electromagnetic end-cap calorimeter (EMEC), covering 1.375 < |n| < 2.5 and
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an outer wheel, the hadronic end-cap calorimeter (HEC), covering 2.5 < |n| < 3.2. In
contrast to the other LAr calorimeters, the latter uses flat copper plates as absorber. It
absorbs strongly interacting particles, i.e. hadrons, to measure their energies together with
the electromagnetic calorimeter. The transition region, 1.375 < |n| < 1.52, between the
EMB and the EMEC is referred to as the crack region of the LAr calorimeter. It contains a
significant amount of inactive material required to perform service on the inner detector.
The total thickness of the LAr electromagnetic calorimeter increases with |n| from 22 to 33
radiation lengths® X; in the barrel and from 24 to 38 X, in the end-caps.

In the precision region || < 2.5, the LAr electromagnetic calorimeter is segmented
into three layers (see Figure 4.9). In front of the first layer, there is the presampler, a thin
liquid argon layer without absorber, whose purpose is to correct for the energy loss in the
detector parts in front of the LAr calorimeter. The first layer has a very fine granularity of
less than 0.01 in Az allowing a good separation of photons and 7¥. Most of the particle
energy is deposited in the second layer as it is much thicker than the other layers. It has
a symmetric cell size of 0.025 x 0.025 in An X A¢ to provide a good resolution of the n
and ¢ measurement. Only particles with high energies reach the third layer and because of
this, the cell size in An can be doubled without the loss of resolution. This layout of the
calorimeter modules results in an energy resolution of \/% ® 0.7% [60].

To measure the energy of particles with 3.1 < || < 4.9, there is a LAr forward
calorimeter (FCal) placed between the beam pipe and the wheels of the HEC at a
distance of approximately 4.7 m from the interaction point on each side of the detector. It
consists of three modules, where the innermost module uses copper as absorber targeting
electromagnetically interacting particles, while the other two modules use tungsten absorbers
targeting strongly interacting particles.

The LAr calorimeter is surrounded by the hadronic tile calorimeter (TileCal). It uses
steel as absorber and scintillating plastic tiles as active material with a steel to scintillator
ratio of 4.7 to 1. The barrel covers the region with || < 1.0 and is 5.8 m long, while the
two extended barrels, one on each side of the barrel, cover 0.8 < || < 1.7 and are 2.6 m
long. Both the barrel and the extended barrels are divided in 64 wedge-shaped azimuthal
modules arranged in three radial layers. Each layer is segmented into three-dimensional

cells with a granularity in Anp X A¢ of 0.1 X 0.1 in the first two layers and of 0.2 X 0.1 in

3The radiation length X; is both the mean distance over which a high-energy electron loses all but 1/e of its
energy by bremsstrahlung, and 7/9 of the mean free path for pair production by a high-energy photon.
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Figure 4.9: Sketch of a barrel module of the LAr calorimeter [64]. The granularity in n
and ¢ of the cells of each of the three layers and of the trigger towers is also shown.

the last layer. The TileCal has a radial depth of more than 7 interaction lengths* 1. The

energy resolution of the TileCal is approximately —22X— @& 3% [60].

VE/GeV

4.2.3 The muon spectrometer

The outermost part of the ATLAS detector is the muon spectrometer (see Figure 4.10). The
purpose of this detector is to identify muons and to measure their transverse momentum
precisely since their energies cannot be measured in the calorimeters due to their weak
interactions with the calorimeter material.

Analogous to the inner detector, a magnetic field is used to bend the trajectories of the
muons and their charge and transverse momentum is measured based on the curvature
of their tracks. The magnetic field is created by three superconducting air-core toroid

magnets, each consisting of eight coils and divided into a barrel toroid covering || < 1.4

4The nuclear interaction length A is the mean path length required to reduce the numbers of relativistic
hadrons by the factor 1/e.
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Figure 4.10: Cut-away view of the ATLAS muon spectrometer [64].

and two smaller end-cap toroids covering the range 1.6 < |g| < 2.7. In the transition region
1.4 < |n| < 1.6, the magnetic field originates from both the barrel and the end-cap toroids.

The muon spectrometer is made of many detector chambers that overlap in ¢ to achieve
full coverage. The barrel consists of three concentric cylinders around the beam axis placed
at radii of about 5m, 7.5m and 10 m. In the end-caps, the chambers are arranged in large
wheels perpendicular to the beam axis placed at |z| values of about 7m, 11 m, 13 m and
21 m. Figure 4.11 illustrates the positions and envelopes of the chambers in the muon
spectrometer. Around |77| = 0, there is a small gap in coverage to allow for services of the
inner parts of the detector.

The muon spectrometer uses four different detector technologies, which can be classified
into two types depending on their purpose. Precision tracking chambers measure the
coordinate (77) in the track bending direction in the magnetic field, whereas the orthogonal
coordinate (¢) is measured by the trigger chambers, which are used for the first-level muon
triggers explained in the next section and allow for the identification of the bunch-crossing
from which a triggered muon originated due to their high time resolution. The distribution

of the four technologies inside the muon spectrometer can be seen in Figure 4.11.
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Figure 4.11: Cross-section of one quadrant of the muon spectrometer in a plane containing
the beam axis [64].

Most of the muon precision tracking chambers are monitored drift tube (MDT)
chambers. They cover the region || < 2.7 except for the region |5| > 2.0 in the innermost
end-cap layer. Each MDT chamber contains two multilayers of three or four layers of
30 mm diameter drift tubes (see also Section 4.2.1), which contain a 50 um diameter
tungsten-rhenium wire in the centre and are filled with a gas mixture of 93% Ar and 7%
CO; at 3bar. The MDT chambers have an intrinsic spatial resolution of 35 um.

The second type of precision tracking chambers are cathode-strip chambers (CSCs).
They are used in the innermost end-cap layer at 2.0 < || < 2.7, where the counting rates
are larger than 150 Hzcm™2 up to which MDT chambers can be efficiently operated. A
CSC consists of an array of anode wires and orthogonal cathode strip planes and is filled
with a gas mixture of 80% Ar and 20% CO,. The CSCs measure the charge distributions
induced by muons on the cathode strips in both coordinates. The cathode segmentation
is much finer in the track bending direction in the magnetic field than in the orthogonal
direction leading to intrinsic spatial resolutions of 40 um and 5 mm, respectively.

In the region || < 1.05, resistive-plate chambers (RPCs) are used as trigger chambers.

An RPC consists of two parallel high pressure laminate electrode-plates (‘“Bakelite”),
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between which a high voltage of about SkV is applied, separated by 2 mm and filled
with a gas mixture of 94.7% C,H,F4, 5% iso-C4Hg and 0.3% SF¢. The RPCs measure
avalanches in the thin-gap between the electrodes, which induce fast signals in the external
crossed strip electrodes. The two inner RPC layers in the middle layer of the barrel are
used for low-pr triggers, while the outermost RPC layer in the outer layer of the barrel is
used for high-pr triggers in combination with the inner RPC layers. Each chamber consists
of two layers of RPCs. Thus, there are six measurements of both coordinates for a muon
track going though all three RPC layers. Three out of four hit coincidences are used for the
low-pt muon triggers and one out of two for the high-pt triggers. The RPC chambers have
a spatial resolution of about 10 mm in both coordinates and a time resolution of 1.5 ns.
Finally, thin-gap chambers (TGCs) are used as trigger chambers in the region
1.05 < |n| < 2.4 and up to |p| < 2.7 for the measurement of the non-bending coordinate.
Similar to CSCs, TGCs are multi-wire proportional chambers, but with a smaller anode-to-
cathode distance of 1.4 mm compared to 2.5 mm and a different gas mixture of 55% CO,
and 45% n-CsHy,. The chambers are constructed as doublets or triplets of wire layers.
Each chamber has two readout strip planes for the non-bending coordinate and two or three
readout strip planes for the bending coordinate for doublet or triplet chambers, respectively.
Coincidences of the hit measurements in the TGC chambers are used for the muon triggers.
TGCs have a higher spatial resolution than the RPCs in both coordinates, 2 and 7 mm,

respectively, but their time resolution of 4 ns is lower.

4.2.4 The trigger system

The system of detectors explained in the last sections has a total of about 100 million
readout channels leading together with a collision frequency of 40 MHz to a data rate of
about 60 TB/s, which cannot be stored within a reasonable budget. Thus, a system, the
triggers, is needed that decides which events are stored and which events are discarded.
The current trigger system of the ATLAS detector is illustrated in Figure 4.12 and consists
of two major components.

The first level (1) of the triggers is implemented on custom-made electronics and is
part of the detector itself. It uses reduced-granularity information from a subset of the
detectors, namely the RPCs, the TGCs and the calorimeters, to define region-of-interests

(Rols), which are signatures in the detector that exceed certain energy thresholds. The L1
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Figure 4.12: Functional diagram of the ATLAS trigger and data acquisition system showing
expected peak rates and bandwidths through each component [64].

trigger makes a decision within 2.5 ps after the brunch-crossing and reduces the event rate
to 100 kHz.

The Rols of the L1 trigger are sent to the high level trigger (HLT) running on a
dedicated computer farm outside of the detector. The HLT algorithms use the full granularity
information of the muon and calorimeter chambers together with a reconstruction of the
inner detector tracks to study the Rols in more detail and to refine the trigger selection.
They reduce the event rate to approximately 1.5 kHz with an average latency on the order
of hundreds of ms. After an event is accepted by the HLT, it is written to disk and a full

event reconstruction using the algorithms explained in Section 4.4 is run.
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4.3 Simulation of collision events

Before a search for supersymmetry can be performed, the response of the detector to
the supersymmetric process and background processes of the Standard Model has to be
understood. Therefore, detailed simulations [65] are run consisting of the following steps:

1. Generation of proton—proton collision events for the process of interest.

2. Simulation of the detector response to the produced particles.

3. Reconstruction of the simulated events (see Section 4.4).
Many of these steps rely on the Monte Carlo (MC) method [66], a technique for numerical
integration using random numbers, and often used to integrate probability density functions
over a given parameter space.

The event generation process can be split into several independent steps. First, the
hard process is simulated, in which the constituents, the partons, of the incoming protons
interact to produce the outgoing particles (e.g. supersymmetric particles) according to the
quantum mechanical matrix element of the hard process calculated in perturbation theory.
The properties of the incoming partons are determined from parton distribution functions,
which are probability densities for finding a given type of parton in a proton with a certain
fraction of the longitudinal proton momentum at a certain energy scale. After that, particles
are decayed whose lifetimes are shorter than the hadronisation time-scale such as the top
quark. In the next step, parton showers are simulated which represent QCD corrections to
the hard process due to gluon radiation. Parton showers originate from both initial-state
radiation emitted by incoming partons and final-state radiation emitted by partons produced
in the hard process. Subsequently, the interactions from partons not involved in the hard
process are simulated, the so-called underlying event, which consists mainly of gluon-gluon
scattering. Finally, the hadronisation of coloured particles is modelled, which cannot be
described by perturbation theory as the strong interaction becomes strong at low energies.
The event generator Pythia used later on in Chapter 5 describes the hadronisation via the
string model [67], which is based on the observation that at large distances the gluon field
lines are compressed to tube-like regions, called strings, whose fragmentations into hadrons
are modelled by a linear potential. This last step of the event generation contains also the
decays of the hadrons.

The detector response to the particles produced in the event generation step is simulated
using the program Geant4 [68], in which the particle interactions with the detector

components, passive materials and magnetic fields are described in detail using Monte
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Carlo techniques. At this stage, expected signals of pileup collisions are added [69]. Finally,
the algorithms described in the next section are used to reconstruct the simulated events.

4.4 Reconstruction of collision events

Both simulated and real data are reconstructed with the same algorithms, which use raw
information from the detectors such as hits to build objects that can be used in a physics
analysis. These objects include inner detector and muon spectrometer tracks, calorimeter
clusters and particle objects such as electrons, photons, muons, hadronically decaying taus,
and jets. Taus and jets are not relevant for the analysis presented in Chapter 5, and are
therefore not discussed further.

This analysis relies on a reconstruction setup optimised for decays of long-lived particles
and explained in the following. It is largely based on the standard reconstruction setup
commonly used in ATLAS and differs in an additional tracking step, an algorithm to

reconstruct secondary vertices and minor changes in the electron and muon reconstruction.

4.4.1 Reconstruction of inner detector tracks

First, the tracking algorithms are run to reconstruct the inner detector tracks, since they
are used as input to reconstruct particle objects such as electrons and muons. Besides the
standard tracking algorithm of ATLAS, an additional tracking algorithm [70], called large
radius tracking, is performed that reconstructs tracks with large impact parameters.

Both tracking algorithms involve pattern recognition algorithms to identify measure-
ments originating from the same charged particle, which are used in a fit to estimate the
track of the particle. Each track is parametrised by five parameters: ¢/p, 6, ¢, dy and zp.
These parameters are expressed with respect to the perigee, which is the point of the track’s
closest approach in the transverse plane to the measured beam line. The first parameter
q/p is the charge divided by the momentum, while 6 and ¢ define the direction of the
momentum at the perigee. The transverse impact parameter dy is the signed transverse
distance of the perigee to the beam line, i.e. the shortest transverse distance of the track to
the beam line. The longitudinal impact parameter z is the signed longitudinal distance of

the perigee to the beamspot position.
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4.4.1.1 The standard tracking

The standard tracking [71] consists of two independent steps, the inside-out and the outside-
in tracking, which reconstruct tracks with a minimum pt of 500 MeV. In the first step of the
inside-out tracking, clusters of pixel and SCT hits are transformed into three-dimensional
space points marking the points where the charged particles crossed the active detector
material. Then, seeds are formed from sets of three space points and a combinatorial
Kalman filter technique [72] is used to build track candidates by incorporating additional
space points compatible with the preliminary track. Subsequently, an ambiguity solving is
run to eliminate tracks from random hit combinations and track duplicates. Finally, if the
track is within the TRT acceptance, then measurements in the TRT will be used to extend
the track into the TRT, improving the momentum resolution.

The outside-in tracking starts with a segment finding in the TRT. Unlike the pixel
or SCT modules, the straw tubes of the TRT do not contain information along the tube
direction, and therefore three-dimensional space points cannot be formed. Instead, the
pattern recognition has to be done in projective planes (r—¢ in the barrel and r—z in the
end-caps). Track segments from tracks with a pt greater than 500 MeV appear as almost
straight lines in the r—¢ projection and rigorous straight lines in the z—¢ projection, so
called Hough transformations [73]. The segments found are then traced back into the

silicon trackers to reconstruct the track.

4.4.1.2 The large radius tracking

The large radius tracking is an additional third tracking step. It runs after the standard
tracking on unused hits and follows the same strategy as the standard inside-out tracking,
but with relaxed selection criteria that are summarised in Table 4.1 and that allow the
reconstruction of largely displaced tracks. Thus, it reconstructs tracks up to a |dy| value
of 300 mm, which is a significant improvement over the 10 mm of the standard tracking.
Tracks with even larger |dy| values cannot be reconstructed with a sufficient precision,
since the associated particles do not leave enough hits in the SCT detector. In contrast
to the standard tracking, the creation of track candidates is performed with a sequential
Kalman filter approach. The rest of the inside-out tracking remains the same except for the
relaxed selection criteria.

The large radius tracking reconstructs lepton tracks originating from decays of long-

lived particles with efficiencies greater than 80%, 60% and 40% for decay radii of 100 mm,
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Table 4.1: Main selection criteria differing between standard and large radius tracking [70]

Standard Large radius

Maximum |dy| [mm] 10 300
Maximum |zp| [mm)] 250 1500
Maximum || 2.7 5
Maximum shared silicon modules 1 2
Seed extension Combinatorial ~ Sequential
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Figure 4.13: (a) Reconstruction efficiency and (b) technical efficiency of tracks of displaced
leptons produced by the decay of a long-lived signal particle [70]. The efficiencies are
shown as a function of the transverse radius of production of the long-lived signal particle
(rprod)- The technical efficiency is defined in the text.

200 mm and 300 mm, respectively (see Figure 4.13a). A “technical efficiency” is also
defined, where only lepton tracks are considered, which can leave enough hits in the
detector for geometrical reasons to be reconstructed by the tracking algorithms. The
technical efficiency is depicted in Figure 4.13b and is greater than 80% for the entire range
of decay radii, which shows that the loss of efficiency at large radii is not solely caused by

the tracking algorithms, but mainly due to the non-hermeticity of the detector.
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Table 4.2: Selection criteria applied to inner detector tracks in the displaced vertex
reconstruction

Parameter Requirement
PT > 1GeV
|do] 2-300 mm
|zo| < 1500 mm
SCT hits > 2

Pixel and TRT hits TRT hits > O or pixel hits > 2

4.4.2 Reconstruction of primary and secondary vertices

Primary vertices® are the proton—proton collisions of a bunch-crossing, including the pileup
collisions. The primary vertex with the largest scalar sum of pt of the associated tracks
is referred to as the primary vertex (PV) and assumed to be the vertex of the hard scatter
process. The transverse and longitudinal resolutions on the position of a primary vertex
are about 20 um and 30 um, respectively. More details on the reconstruction of primary
vertices and its performance can be found in Reference [74].

Secondary vertices, also called displaced vertices (DVs), originate from decays of
long-lived particles and are located at a measurable distance from the primary vertex. They
are reconstructed by a dedicated algorithm explained in the following. Only inner detector
tracks satisfying the selection criteria of Table 4.2 are used to reconstruct displaced vertices.
Most notably, tracks must have a |dp| of at least 2 mm, which implies that displaced vertices
with a transverse radius of less than 2 mm are not reconstructed. Consequently, the track of
a charged long-lived particle cannot be part of a displaced vertex due to its small |dp|. The
upper limit of the large radius tracking on the |dy| of 300 mm sets also an upper limit on
the transverse radii of displaced vertices of the same value, meaning that displaced vertices
are reconstructed up to the first SCT layer (see Figure 4.7).

The vertex reconstruction starts with the reconstruction of seed vertices made of two
tracks. The vertex fit is performed for all possible two-track combinations of the selected
tracks. Only seed vertices with a high fit quality are retained. To reduce the number of
fake vertices, both tracks of a seed vertex are required to have no hits in pixel layers with a

smaller radius than the radius of the seed vertex. Furthermore, they must have a hit in the

3 A vertex is a point in space where multiple tracks meet.
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Figure 4.14: Illustration of the fake rejection scheme for seed vertices located (a) between
two pixel layers and (b) inside a pixel layer [64].

nearest pixel or SCT layer at larger radius. If the seed vertex is inside or close to a pixel
layer, then no hit of that layer will be required or forbidden. This fake rejection scheme is
illustrated in Figure 4.14. Additionally, the seed vertices have to be consistent with the

decay of a particle originating from the primary vertex, by requiring

(Fov — 7pv) - PpV
|Ppv|

> =20, (4.3)

where rpy and rpy are the positions of the displaced vertex and the primary vertex,
respectively, and ppy is the momentum of the displaced vertex.

Displaced vertices with more than two tracks are reconstructed using the collection
of seed vertices. In the beginning, a single track can be associated with multiple vertices.
To resolve these ambiguities, an iterative process based on the incompatibility graph
method [75] is used. For each track that is assigned to multiple vertices, the vertex V; with
respect to which it has the largest y? value® is identified. If this y? value is larger than
6, the track is removed from V;. Otherwise, the algorithm finds the vertex V, with the
smallest d /o4, where d is the three-dimensional distance between the two vertices and
o4 its estimated uncertainty. If d/o; < 3, then the vertices V; and V, will be merged and
refitted. If this is not the case, the track is removed from V;. This procedure is repeated
until no track is associated with more than one vertex. Finally, vertices separated by less

than 1 mm are also merged and refitted.

®The y? value is a measure for the goodness of a fit. The lower the value the better the fit.
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4.4.3 Reconstruction and identification of electrons and photons

The reconstruction of electrons and photons is performed by a common algorithm [76] since
photons and electrons have similar signals in the calorimeters. In the first step, seed clusters
are formed in the electromagnetic part of the calorimeters with a transverse energy of at
least 2.5 GeV by a sliding-window algorithm [77]. Next, inner detector tracks are searched
for that can be matched to a seed cluster. They are refitted with a Gaussian-sum-filter
technique [78, 79] to improve the track parameter resolution. If no track can be associated
with a seed cluster, then it is reconstructed as an unconverted photon. Clusters that belong
to a track with less than four hits in the pixel and SCT detectors, or to a track with no
pixel hit and which is associated with a conversion vertex are reconstructed as converted
photons, classified into single-track or double-track conversions depending on the number
of associated tracks. Conversion vertices are reconstructed by a dedicated algorithm, which
runs on pairs of tracks that are consistent with the assumption that they were produced by
photon conversions, e.g. they are required to have a small opening angle. If the associated
track is from the large radius tracking, then the cluster will be reconstructed both as photon
and as electron. All remaining clusters are reconstructed as electrons only.

Both electron and photon candidates have to fulfil certain identification criteria to
ensure that they are signal-like’ objects and do not originate from background processes
such as hadronic jets, for example. The electron identification makes use of about 20
discriminating variables based on calorimeter information such as shower shapes, track
properties, track-cluster matching and information from the TRT. These variables are
utilised in two different methods, a cut-based [80] and a likelihood-based method [81]. In
the cut-based method, electrons have to pass cuts on each discriminating variable, while
in the likelihood-based method signal and background probability density functions of
the discriminating variables are used to calculate an overall probability for an electron
candidate to be signal or background. Both methods have three working points, referred
to, in order of increasing background rejection, as “loose”, “medium” and “tight”. The
working points of the likelihood method had to be modified for the analysis described in
Chapter 5 to achieve good identification efficiencies for largely displaced electrons. Thus,
two discriminating variables related to the transverse impact parameter dy of the electron
track and its uncertainty were dropped in the calculation of the likelihoods and explicit

cuts on the minimum number of pixel hits were removed. The cut-based working points

7Signal objects originate from the process of interest such as the decay of a supersymmetric particle.
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are later used only in cases, where the electrons have |dy| values of less than 10 mm, and
thus no modifications of these working points were necessary.

The photon identification [82] is cut-based and uses information on the shower
development in the electromagnetic calorimeter and the shower leakage fraction in the
hadronic calorimeter. There are two working points, called “loose” and “tight”, labelling
again the different amounts of background rejection. The loose working point is based on
shower shapes in the second layer of the electromagnetic calorimeter and on the energy
deposited in the hadronic calorimeter, while the tight working point adds information from

the first layer of the electromagnetic calorimeter.

4.4.4 Reconstruction and identification of muons

The muon reconstruction [83] is first performed independently in the muon spectrometer
and in the inner detector and then the information from both detectors is combined to
obtain high quality muons. The reconstruction of muons in the inner detector is the same
as for all charged particles and described in Section 4.4.1. In the muon spectrometer, the
algorithm starts with the search for hit patterns inside each chamber to form segments.
Subsequently, hits from multiple segments of different layers are fitted to obtain track
candidates. Segments in the middle layer of the muon spectrometer are used as seeds and a
combinatorial search for matching segments in the inner and outer layer is done. At least
two matching segments are required to build a track candidate except for the transition
region where a single high-quality segment can be used. Next, an overlap removal of track
candidates that share segments is performed. Lastly, all hits of a track candidate are fitted
to obtain the final track. During this step, hits with large contributions to the y? value of
the fit are removed and new hits consistent with the track trajectory are added. Only tracks
are retained whose y? value of the final fit satisfies the selection criteria.

By combining the information from multiple detectors, four different types of muons
can be reconstructed. Compared to the standard reconstruction of muons, selection criteria
on the transverse impact parameter dp and on the minimum number of pixel hits of inner
detector tracks were removed to allow for the reconstruction of largely displaced muons.
Combined muons are formed by matching an inner detector track to a muon spectrometer
track. They are the main type of muons and have the highest quality among all types of
muons. The other types are needed to fill gaps in the coverage of the muon spectrometer

or the inner detector. The reconstruction of combined muons starts either with a muon
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spectrometer track or with an inner detector track and extrapolates the track to the other
detector to find a matching track. A global refit of the hits associated with the two tracks is
performed, where hits in the muon spectrometer can be added or removed to improve the
fit quality. The second type of muons are segment-tagged muons consisting of an inner
detector track matched to at least one segment in the MDT or CSC detectors. Similarly,
inner detector tracks matched to an energy deposit in the calorimeters consistent with a
minimum-ionising particle are called calo-tagged muons. Finally, extrapolated muons are
built solely from muon spectrometer tracks and extrapolated to the centre of the detector to
obtain the track impact parameters.

The muon identification [83] is cut-based and has three working points, referred to, in
order of increasing background rejection, as “loose”, “medium” and “tight”. All muons
except extrapolated muons have to pass quality criteria regarding their inner detector tracks.
To achieve high identification efficiencies for largely displaced muons, the cut on the
minimum number of pixel hits, applied by default, was removed. Thus, the inner detector
tracks of muons are required to have at least five SCT hits and at least 10% of the TRT hits
originally assigned to the track have to be used in the final fit. The TRT requirement is
only applied to tracks with 0.1 < |n| < 1.9, i.e. in the region of the TRT acceptance. In the
medium and tight working points, additional quality criteria are applied to combined muons
that include a minimum number of hits in the muon spectrometer and a good agreement of

the momentum measurements in the inner detector and muon spectrometer.
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Chapter 5

Search for displaced dilepton vertices

In this chapter, a model-independent search with the ATLAS experiment for long-lived
particles with masses larger than 12 GeV decaying into oppositely charged ee, ey or pu pairs
is presented. The analysis is based on data of proton—proton collisions at a centre-of-mass
energy of 13 TeV recorded in 2016. It continues a previous ATLAS search [84, 85], which
was performed on the 8 TeV data recorded in 2012. The search focuses on long-lived
particles with lifetimes of the order of ps to ns, whose decays can be reconstructed in the
inner detector as secondary vertices that are displaced from the primary proton—proton
collision vertex. Since the Standard Model does not predict massive, long-lived particles
decaying into leptons, the background is very small, which allows even a weak signal to
be identified in the data. A supersymmetric signal model is used as benchmark model to

study the sensitivity of the ATLAS detector to the decays of such long-lived particles.

5.1 The signal model

The supersymmetric signal model is illustrated in Figure 5.1. It is a simplified model,
where only a small subset of the supersymmetric particle spectrum contributes to the
production and decay processes. A pair of left- and right-handed squarks of the first two
generations is produced via the strong interaction. The eight squarks are mass-degenerate.
Each squark g decays into its Standard Model partner g and the lightest neutralino )2?,
which is the lightest supersymmetric particle and also the long-lived particle. All other
sparticles are assumed to be decoupled, i.e. their masses are assumed to be so high in the
simulation (here 450 TeV) that they cannot be produced at the LHC.
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Figure 5.1: Supersymmetric signal model of squark-antisquark production, followed by
the RPV decay of the long-lived neutralino )2? into two charged leptons and a neutrino.

The /\7? is assumed to be a pure Bino, which decays via an RPV coupling, either 11, or
A122, to two charged leptons and a neutrino. As explained in Section 3.3, there are tight
experimental constraints on combinations of RPV couplings, and thus the two couplings are
studied independently. Both couplings belong to the lepton number violating part Way-.1
of the RPV superpotential in equation (3.22). Other A couplings are not considered as they
would lead to the production of taus, which decay with a branching ratio of about 65% to
hadrons whose experimental signature, jets, is very different to electrons and muons and
requires a dedicated search. The sensitivity to leptonic tau decays is rather low since the
vertex reconstruction efficiency is reduced due to the non-negligible lifetime of the tau.
Similarly, A" or 2” couplings are also not considered, since neutralino decays mediated by
them always result in the production of hadrons.

The final states of the neutralino decays are classified according to the flavours of
the charged leptons into three types: eev, euv and puuv. The neutrino flavours are not
distinguished, because neutrinos are not detected. For both couplings, the )2? decays to
two final states with equal branching ratio of 50%, namely eev and euv for 1121, and euv
and puv for A2;.

As simplified models are not strictly tied to a fundamental supersymmetric theory, it is
important to check that they are not already excluded by other experimental results. An
important parameter of this signal model is the lifetime of the neutralino, which depends
on the magnitude of the A coupling. As discussed in Section 3.3, the A couplings are
constrained by various measurements. The A12; and 122 couplings have the same upper

limit of 0.049 - % [58], where m( f ) is the mass of a virtual sfermion, either a slepton
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Figure 5.2: Diagrams of neutralino decays mediated by a 4;2; coupling.

or a sneutrino, which mediates the neutralino decay as illustrated in Figure 5.2 for a 115
coupling.

To verify that the chosen model is viable, the magnitudes of the A couplings corre-
sponding to the examined neutralino lifetimes and masses are estimated and compared to
the upper limit. The lifetime of neutralino decays mediated by a single A coupling is given
by [57]

5
1 GeV

m(xY)

1

s\ 4
_mlf)_ ) : (5.1)

100 GeV

Tzl()ps-(

Masses of the sleptons and sneutrinos have to be assumed for the estimation. Their current
mass limits, set by LHC experiments, are less than 1 TeV. Thus, a common mass of 1 TeV
has been chosen. Neutralino lifetimes below 0.3 ps and masses below 50 GeV have not been
considered in the interpretations of this model (see Section 5.3.2). With these assumptions,
Equation (5.1) yields A = 0.03, which is much below the upper limit of 0.49 and therefore

consistent with the current experimental constraints.

5.1.1 Simulated signal samples

The sensitivity of the ATLAS detector to this signal model is studied using MC simulations
performed with the procedure described in Section 4.3. Each signal MC sample consists
of twenty thousand events generated using MADGRrAPHS_aMC@NLO 2.2.3 [86] for the
calculation of the matrix element of the supersymmetric process and Pytnia 8.210 [87] for
the remaining steps of the event generation. The free parameters of the generators, e.g.
regarding the underlying event and the hadronisation, were adjusted according to the A14
tune [88]. For the parton distribution functions (PDFs), the NNPDF23LO tune [89] was

used.
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Table 5.1: Properties of the signal MC samples. The cross-sections are computed
at approximate NNLO+NNLL accuracy as described in the text assuming eight mass-
degenerate squarks.

m(q) [GeV] m( /\7?) [GeV] ct of /f/? [mm] Cross-section [fb]  Ngyents
50
700 500 10, 30, 100, 300 or 1000 630 + 55 2-10*
50 4
1600 1300 10, 30, 100, 300 or 1000 1.15+0.20 2-10

Five different neutralino lifetimes (c7)! in the range from 10 to 1000 mm were simulated,
each for four combinations of sparticle masses (see Table 5.1). A reweighting technique
explained in Section 5.3.2 is used to interpolate the signal efficiencies between the simulated
lifetime values. The four combinations of sparticle masses consist of two squark masses
and a very small and a very large neutralino mass to evaluate the impact of the neutralino
mass on the signal efficiency. Instead of performing each simulation two times, for A12; # 0
and for 4;p; # 0, a sample with neutralino decays into all three final states was produced
with equal branching ratios of 1/3. Each event is then reweighted so that the branching
ratios of the LSP decay correspond to the A coupling under consideration.

Table 5.1 contains also the cross-sections of the signal MC samples, which are calculated
to approximate next-to-next-to-leading order in the strong coupling constant, adding
the resummation of soft gluon emission at next-to-next-to-leading-logarithmic accuracy
(approximate NNLO+NNLL) [90-97]. The nominal cross-section and the uncertainty
are derived using the PDF4ALHC15_mc PDF set, following the recommendations of
Reference [98].

All signal MC samples were processed using the custom reconstruction setup described
in Section 4.4. A few samples with m(g) = 700 GeV were also processed with the standard
ATLAS reconstruction algorithms to study the signal efficiency of the filters, which are

discussed in Section 5.2.1, used to preselect the data.

'In this thesis, lifetimes are expressed in units of length by multiplying them with the speed of light.
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5.1.2 Signal distributions

The properties of the signal model have been studied using generated events without
detector simulation. This allows for the investigation of the selection criteria before the
simulation and the reconstruction of a large number of signal events is performed. The
values of observables (such as the transverse momentum pr of a lepton) predicted at the
generator-level are often referred to as true values.

Since the neutralino masses considered are much larger than the masses of electrons
and muons, the kinematic properties of electrons and muons produced in the neutralino
decay are equal. In the following, the neutralino decay mode puv is used as an example.
Figure 5.3 shows four kinematic observables of the muon pairs in the final state for a squark
mass of 700 GeV and two different neutralino masses. If the mass difference between
the squark and the neutralino is small, most of the squark energy ends up as kinetic
energy of the leptons. Thus, the pr distributions of the leading and subleading leptons are
shifted to larger values as the neutralino mass increases. For m( )2?) = 50GeV, 42% of the
subleading leptons have a pt greater than 50 GeV, while this fraction increases to 78% for
m(¢) = 500 GeV.

If the mass difference is large, then the neutralino has on average a higher kinetic
energy leading to a boost of the leptons in the direction of the neutralino momentum,
which reduces the average opening angle AR between the two charged leptons from 2.1 for
m( )Z?) = 500 GeV to 0.5 for m( )2?) = 50 GeV. The invariant mass of the dilepton pair has
a broad distribution with endpoint given by the neutralino mass.

The locations of the neutralino decays in the detector are shown in Figures 5.4a to 5.4d.
Neutralinos with a longer lifetime travel further such that, for example, none of the 500 GeV
neutralinos with lifetime of 10 mm decay at radii greater than 200 mm, while 66% do for
¢t = 1000 mm. The distributions of both the transverse and longitudinal decay positions
have a maximum close to zero for all lifetimes and decrease towards larger decay lengths.
The travelled distance depends on the lifetime of the neutralino in the lab frame, given
by yet according to special relativity, where 7y is the Lorentz factor?. As the mass of the
neutralino decreases, its kinetic energy increases on average, leading to an increase in vy,
which means that lighter neutralinos travel longer distances than heavy neutralinos.

The distributions of the transverse impact parameter dp of the leptons are shown

in Figures 5.4e and 5.4f. They peak at zero for all neutralino lifetimes, with the peak

2y = 1/4/1 —=v2/c2, where v is the speed of the particle and c is the speed of light.
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Figure 5.3: Generated kinematic observables of muon pairs produced in )2? decays to
u* u~v with ¢t = 100 mm for m(g) = 700 GeV and two values of m( )2?).

height decreasing with the lifetime. The distributions broaden significantly as the lifetime
increases. Due to the maximum at |dy| = 0, a non-negligible fraction of the leptons from a
LSP decay is rejected by the |dy| cut of 2 mm applied in the reconstruction of displaced
vertices (see Section 4.4.2) even for long lifetimes. When the lifetime increases, the average
|dy| increases as well, so that for long lifetimes many leptons have |dy| > 10 mm, whose
tracks can only be reconstructed by the large radius tracking. For a 500 GeV neutralino
with ¢t = 1000 mm, 90% of the leptons have |dy| > 10 mm and 32% have |dy| > 300 mm,
which means that in this example the standard tracking can only reconstruct up to 10%
of the lepton tracks, while up to 68% can be reconstructed if additionally the large radius

tracking is performed, illustrating its great importance for long lifetimes.
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Figure 5.4: (top) Generated transverse radius r truth (mlddle) z-position zm“h and (bottom)
transverse impact parameter dm‘th of the muons of )(1 decays to u* u~v for m(q) =700 GeV,
two values of m( )(1) and three different )(1 lifetimes (c7).
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Figure 5.5: The magnitude of the transverse impact parameter |d(t)r“th| of muons from
)2? decays to u*u~v as a function of the transverse radius rg{‘,‘h of the )2? decay for
m(q) = 700 GeV, two values of m( )2(1)) and ¢t = 100 mm.

The lepton |dp| and the transverse radius rpy of the neutralino decay are related® by
ldo| ~ rpv - | sinAg|, (5.2)

where A¢ is the azimuthal angle between the lepton momentum p and the vector D from
the primary vertex to the neutralino decay vertex. Thus, |dy| is zero when p and D are
parallel and |dy| = rpy when they are orthogonal to each other. This means that |dy| cannot
become larger than rpy.

This relationship is illustrated in Figures 5.5a and 5.5b for a 500 GeV and a 50 GeV
neutralino, respectively. For leptons from the decay of a massive neutralino, |dy| values
close to the diagonal are preferred, while |dy| tends to be small for light neutralinos, even if
they decay at large radii. The average |dy| of leptons from the decays of 500 GeV neutralinos
increases much faster with rpy than for 50 GeV neutralinos (see Figure 5.6). This is due to
the fact that light neutralinos have on average a higher kinetic energy, and therefore cause a
large Lorentz boost of the leptons in the direction of the neutralino momentum, which is
parallel to D, and thus A¢ and |dy| are reduced.

3The scattering of the leptons in the detector material is neglected here.
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Figure 5.6: Average magnitude of the transverse impact parameter of muons from )2?
decays to u* u~v as a function of the transverse radius of the f? decay for m(g) = 700 GeV,
two values of m( )2?) and ¢t = 100 mm.

5.2 Selection criteria

To search for the signal described in the previous section, a statistical analysis is performed
in Section 5.7 that compares the expected number of events from background processes
to the number of events observed in the data. An excess of events in the data that is
statistically significant could be a hint for the existence of a signal. To maximise the
statistical significance of a signal, only events are considered in the analysis that pass a set
of selection criteria, called signal region, which are optimised for a high signal efficiency
and a high background rejection.

The signal region of this search requires that an event satisfies the selection criteria
described in Section 5.2.2 and that it has at least one displaced vertex candidate passing
the selection criteria outlined in Section 5.2.3. To make the analysis as model-independent
as possible, the kinematic cuts of the signal region are only applied to the secondary vertex

candidates, while other objects in the event, such as jets, are not constrained.

5.2.1 Preselection

The algorithms used to improve the sensitivity to decays of long-lived particles, i.e. the
large radius tracking and the displaced vertex reconstruction, are very CPU-intensive and
cannot be run on all data events recorded in 2016. Thus, a few percent of the data events is

preselected using a set of filters optimised for high signal efficiency and data rates that do
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Table 5.2: Trigger criteria

Trigger Symbol prt [GeV] 7]
HLT_g140_loose 0% > 140 < 2.47
HLT_29g50_loose vy > 50 <247

HLT_mu60_0etal®5_msonly u > 60 < 1.05

not exceed the storage budget of the ATLAS experiment. The filters are employed on events
reconstructed by the standard reconstruction setup of ATLAS. The preselected events are
stored in a raw data format so that the reconstruction setup explained in Section 4.4 can be
performed. Only these reprocessed events are used in the analysis.

Each filter requires the events to pass one of the triggers listed in Table 5.2. Only triggers
that do not rely on inner detector information are used, such as photon triggers and a single
muon trigger based only on muon spectrometer measurements. This is necessary because
the electron and muon HLT algorithms use the standard tracking, which reconstructs tracks
only up to |dyp| = 10 mm, and therefore have little sensitivity to leptons from displaced
decay vertices.

Besides the trigger requirement, each filter applies also kinematic cuts to the recon-
structed objects such as photons and muons. The pr thresholds of the filters are slightly
higher than the corresponding trigger thresholds to ensure that the lepton candidates are
in the plateau regions of the triggers, where the trigger efficiency reaches the maximum
and does not depend on pt. Table 5.3 summarises the selection criteria of the filters. The
filter definitions have been adopted from the previous analysis [84, 85] and adjusted to
the higher centre-of-mass energy and luminosities to achieve data rates not exceeding the
storage budget.

The filters selecting electron candidates of ee and eu vertices, referred to as electron
filters, involve either the single photon trigger HLT_g140_loose or the diphoton trigger
HLT_29g50_loose. Photon triggers are sensitive to all energy deposits in the electro-
magnetic calorimeter and can therefore be triggered by electrons. Both photon triggers
require the calorimeter clusters to pass the loose working point of the photon identification
discussed in Section 4.4.3. Signal electrons are reconstructed as electrons if their associated
track is reconstructed, otherwise as photons. This means in particular that signal electrons

with |dp| > 10 mm can only be reconstructed as photons. Since the large radius tracking
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Chapter 5 Search for displaced dilepton vertices

applied after preselection can recover the tracks of such signal electrons, the filters select
not only reconstructed electrons but also photons to maximise the signal efficiency. The
reconstructed electrons have to pass the |dy| > 2 mm requirement of the displaced vertex
reconstruction.

Muon candidates of eu and pu vertices are selected by a filter based on the
HLT_mu60_0etal®5_msonly trigger, which uses information from muon chambers only
and is restricted to the barrel region || < 1.05, where RPC chambers are used as trigger
chambers. Higher |n| values, i.e. the end-caps, are not included in this trigger since the
data rates would become too high. The muon filter employs a lower |dy| cut of 1.5 mm
than the electron filters, because this cut value is sufficient to achieve acceptable data rates.

Signal MC studies showed that the standard ATLAS reconstruction algorithms re-
construct many muons with |dp| > 10 mm as combined muons even though their inner
detector tracks were not reconstructed. In such cases, another inner detector track was
falsely matched to the muon spectrometer track of a signal muon, usually with a poor
match quality. It is important to keep muons with poorly-matched tracks, as the large radius
tracking applied after preselection can recover the correct tracks. Therefore, the muon filter
must be highly efficient for signal muons that are reconstructed as combined muons with
well-matched tracks, but also for those without.

To achieve this, muons with well-matched tracks have to be reliably distinguished
from muons with poorly-matched tracks. For this purpose, the kinematic observables of
inner detector tracks of combined muons have been studied in the signal MC samples.
Figure 5.7a shows that there are two distinct populations: one of poorly-matched tracks,
where prt and |dy| of the inner detector track are much smaller than their true values, and
one of well-matched tracks, where the true and reconstructed values agree well. In most
cases, the falsely matched inner detector tracks are of low energy and not displaced, i.e.
very different from the inner detector tracks of most signal leptons.

The two populations can also be seen in Figure 5.7b, where the y?/npor value* of
the track match is small for well-matched tracks, while it is uniformly distributed over
a wide range for poorly-matched tracks. Further investigation revealed that a y?/npor
cut of 5 discriminates good and poor matches with very low misclassification probability.
This is illustrated by Figure 5.8, which shows that the inner detector track pt and
the muon spectrometer track pt agree within 10% for about 65% of the muons with

i)
“The 2 = 3X | @24 s 4 measure for the deviation of the values d; of the fitted distribution to the

observed values x; for npor = k — 1 degrees of freedom.
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Figure 5.7: (a) Ratio of the inner detector track pr to the true pr and (b) the y?/npor
value of the inner detector track to muon spectrometer track match for muons in the signal
MC sample with m(g) = 700 GeV, m( )2?) = 500 GeV and ¢t = 100 mm processed by the
standard ATLAS reconstruction, shown as a function of the absolute value of the ratio
between the inner detector (ID) track dy and the true d.

x?/npor < 5, while they can differ by up to two orders of magnitude for muons failing this
requirement. Since the )(2/ npor is modelled well in the simulations, as discussed at the
end of Section 5.4.3.2, it is used in the muon filter to classify good and poor matches.

To achieve high selection efficiencies for signal muons with poorly-matched tracks,
the dj cut of the muon filter is not applied to them. In addition, the pt cut is applied to
the muon spectrometer track for such muons, while it is applied to the combined track for
muons with well-matched tracks. This is necessary to prevent the low pt of the falsely
matched inner detector track from causing the combined track to fail the pr cut, even
though the associated signal muon has a sufficiently high pr.

The efficiencies of the filters have been studied in the signal MC samples, as shown
in Figure 5.9 for two examples. If the neutralino has a mass of 500 GeV, then the total
filter efficiency is expected to be greater than 60% in most cases and even 80% for
neutralino decays to e*e”v . The efficiency drops significantly at low decay radii due to
the d requirements of the relevant filters. Figure 5.9a illustrates that the filters selecting
reconstructed electrons are complementary to the filters selecting reconstructed photons.
The former are more efficient at low decay radii, while the latter dominate for XUt

DV
in this example. The total efficiency is significantly reduced for all decay modes if the )2?

> 40 mm
mass is 50 GeV. This is mainly caused by lower trigger efficiencies, as the leptons have on

average a lower pr (see Figures 5.3a and 5.3b). Furthermore, the lepton pairs are produced

in a narrow cone (see Figure 5.3c), which makes it harder for the reconstruction algorithms
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(MS) track pt of muons with (a) a good and (b) a poor match quality in the signal MC
sample with m(g) = 700 GeV, m(¢?) = 500 GeV and ¢t = 100 mm.

to identify the individual leptons. In addition, the total efficiency reaches its plateau at
much larger decay radii since more leptons fail the dy requirements due to lower |dp| values

on average for a given decay radius (see Figure 5.5b).

5.2.2 Event selection

Each event has to pass a set of criteria to ensure that all parts of the detector were
functioning correctly. First, individual events are rejected if there were problems in one of
the calorimeters, a recovery of the SCT detector or missing information after a restart of a
detector component. This requirement is referred to as the “event cleaning”. Secondly,
events are only accepted if they are on the “Good Runs List” (GRL), which is used by all
ATLAS analyses. For this analysis, additional luminosity blocks (corresponding to less
than 0.1 fb™!) had to be removed since the reconstruction setup of Section 4.4 could not be
performed on few events of these blocks. It has been verified that these luminosity blocks
do not contain any signal-like events.

Only events with a primary vertex within |z| < 200 mm are used. The standard deviation
on the determination of the z-position of a primary vertex is usually o, = 50 mm [74].
Thus, this quality requirement is passed by more than 99.99% of the primary vertices.
The events must pass at least one of the triggers listed in Table 5.2. Finally, events with a

lepton pair that is back-to-back in n¢-space are rejected to suppress the background from
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Chapter 5 Search for displaced dilepton vertices

Table 5.4: Selection criteria for displaced dilepton vertex candidates

Vertex fit quality x%/npop < 5
Transverse displacement > 2mm to all pp collisions
Vertex mass > 12GeV
Fiducial volume r < 300mm and |z| < 300 mm
Material veto for ee and eu

Disabled pixel module veto

. . pr > 10GeV
Lepton kinematics
7| < 2.47 (e) and |n| < 2.5 ()
Lepton identification Modified loose working points
Overlap removal
Number of leptons >2

Opposite charges

Filter and trigger matching

cosmic-ray muons by requiring ARcosmic = V(171 + 72)? + (|Ag| — )2 > 0.01 for all lepton
pairs in the event, as discussed in Section 5.6.5.2. This veto is applied to all types of lepton

pairs to cover also cases where the cosmic-ray muon is reconstructed as an electron.

5.2.3 Vertex selection

Events are finally selected if they have at least one displaced vertex fulfilling the following
criteria (see Table 5.4). The vertex fit has to satisfy y?/npor < 5. A minimum transverse
displacement of 2 mm with respect to all proton—proton collisions of the event is required
to suppress the background from Standard Model processes. Pileup vertices are taken into
account for the displacement calculation since it can happen that the hard-scatter process
is misidentified as a pileup vertex. The displacement threshold matches the |dp| cut used
in the reconstruction of secondary vertices. To eliminate contributions from low-mass
dilepton processes, such as photon conversions, J/W¥, T or other B hadron decays, the
invariant mass> of a vertex has to be greater than 12 GeV, which is larger than the T’ mass

taking into account the detector resolution.

5In the calculation of the vertex mass, the vertex tracks are assumed to be pions.
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Figure 5.10: Detector volume in which displaced vertices are selected [85].

Furthermore, vertices have to be located inside a fiducial volume defined by » < 300 mm
and |z| < 300 mm (see Figure 5.10). Thus, the fiducial volume covers a large fraction of the
pixel barrel up to the first layer of the SCT detector. The radial limit cannot be increased
because for r > 300 mm the number of measurements in the tracking detectors is too low
to reconstruct the tracks (see Section 4.4.1.2). The cut on |z| could be loosened, but the
vertex reconstruction efficiency and accuracy decrease significantly close to the edge of the
pixel barrel and even more beyond.

Vertices with at least one electron are vetoed if they are reconstructed inside a material-
rich region, using a three-dimensional detector map, which was constructed for another
search for displaced vertices [99] and is illustrated in Figure 5.11. The veto covers about
42% of the fiducial volume. It suppresses the background from photon conversions into
electrons, which are significantly enhanced in regions with a high material density. It is
not needed for pu vertices, since photon conversions into a pair of muons are very rare due
to the much larger mass of the muon, and since the probability for misidentifying hadronic
interactions as pu vertices is extremely small (see the discussion in Section 5.6.4).

A vertex candidate is rejected if it is located in front of a pixel module that was disabled
during the data-taking in 2016, based on a three-dimensional map that was constructed
for another search [99]. Without this veto, the vertex reconstruction efficiency would be
overestimated in the simulations, because the simulated conditions of the pixel modules
were defined before data-taking and lead to a mismodelling of the fake rejection explained

in Section 4.4.2. The veto results in a small reduction of the fiducial volume by 2.3%.
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At least two light leptons, electrons and muons, have to belong to a vertex. Additional
tracks are allowed and not further constrained. Both electrons and muons have to satisfy
pt > 10GeV. An overlap removal is applied to make sure that leptons from the same vertex
do not share an inner detector track. Electrons have to fulfil || < 2.47 and are rejected if
they are associated with an energy cluster in the calorimeter that does not pass standard
quality criteria. The modified loose working point of the likelihood-based identification
explained in Section 4.4.3 is applied to electrons. Only combined muons with || < 2.5
and that pass the modified loose working point of the muon identification described in
Section 4.4.4 are accepted. Lepton pairs produced in the decay of a long-lived particle
are usually oppositely charged, and therefore the vertex is required to have at least one
positively and at least one negatively charged track.

The leptons of a vertex candidate have to pass at least one of the preselection filters of
Table 5.3. This requirement is applied at the vertex-level and not at the event-level to ensure
that the preselection is due to leptons of a displaced vertex and not due to other activity in
the event. To pass a filter, the leptons have to be successfully matched to the corresponding
trigger. Some of the filter criteria were originally applied to reconstructed photons, for

which a different calibration than for electrons is used. Therefore, the kinematic cuts of
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the filters are applied not only to the electrons associated with the vertex, but also to the
corresponding reconstructed photons.

The filter selection strongly constrains the kinematic properties of the two vertex leptons.
The single photon, single electron and single muon filters require one lepton to be energetic,
while the remaining filters require both leptons to have pt > 55 GeV. Consequently, the
general lepton pt cut of 10 GeV is only relevant for vertices passing single particle filters

only.

5.3 Signal efficiency

In this section, the efficiency of the selection criteria is evaluated using MC simulations.
These studies are performed both for the output of the MC generators, the truth-level, and

for reconstructed events after full detector simulation, referred to as reco-level.

5.3.1 Cutflows and reconstruction efficiencies

Representative cutflows are shown in Figure 5.12 for a 500 GeV neutralino and in Figure 5.13
for a 50 GeV neutralino. The bins show the fractions of neutralino decays passing the
respective cut and all previous cuts. The second to fourth bin correspond to the event-level
cuts discussed in Section 5.2.2. The data-quality requirements are not relevant for the
simulations, and therefore not listed in these cutflows. All objects of an event are taken
into account to verify whether an event-level cut is passed. Thus, it can happen that the
neutralino decay under study fails the trigger matching requirement even though the event
passes the trigger requirement, because the event was triggered by leptons of the second
neutralino decay. For the trigger requirement at the truth-level, it is checked whether at least
one electron or muon passes the pr and 7 cuts of one of the triggers. The remaining cuts
belong to the vertex-level selection explained in Section 5.2.3. Certain selection criteria
do not apply at the truth-level, such as the fit quality or the overlap removal. The fifth
bin of the reco-level cutflows requires that a reconstructed secondary vertex matches the
neutralino decay under study. The subsequent cuts are then applied to this reconstructed
vertex.

The event-level cuts have minor impact at the truth-level if the neutralino is massive,
while for a light neutralino the trigger requirement rejects more than 10% of the events.

Most of the selection inefficiency is due to the vertex-level cuts. For very low neutralino
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Chapter 5 Search for displaced dilepton vertices

lifetimes, the minimum |dy| requirement of 2 mm has the largest impact on the selection
efficiency, while the fiducial volume cut is dominant for neutralinos with a very high
lifetime. Decays into at least one electron have a reduced selection rate compared to decays
into two muons because of the material veto, whose impact depends on the average flight
distance of the neutralino. If the neutralino is heavy and has a short lifetime, then only few
decays are rejected by the material veto as there is no material inside the beam pipe (radius
of 25 mm). In all other cases, it can lead to a reduction of the selection efficiency of up to
42%. Depending on the signal MC sample, the kinematic requirements such as the filters
or the vertex mass can be a non-negligible source of inefficiency.

In the reco-level cutflows, the trigger requirement rejects a significant fraction of the
events if the neutralino has a long lifetime or low mass. In both cases, the flight distance
of a neutralino can become so large that it decays inside the calorimeters or even the
muon spectrometer. This can cause electrons to lose only a fraction of their energy in the
electromagnetic calorimeter and muons to leave too few hits in the muon spectrometer
to be reconstructed reducing the trigger efficiencies. For all signal MC samples, the
reconstruction of displaced vertices (fifth bin) is one of the main sources of efficiency loss.
At the reco-level, the fiducial volume cut has a much smaller impact than at the truth-level,
since no vertices are reconstructed with » > 300 mm as already discussed, and therefore
the impact of the fiducial volume cut is mostly hidden in the reconstruction efficiency
of the vertices. Almost no vertices are rejected at the reco-level by the opposite charge
requirement, which shows that a charge flip occurs very rarely. The impact of the remaining
cuts follow similar patterns as at the truth-level.

Since the reconstruction of displaced vertices causes a large efficiency loss, it is studied
in more detail. In the following, the total reconstruction efficiency is defined as the product
of the tracking and vertexing efficiency. The tracking efficiency is the fraction of neutralino
decays where both lepton tracks are reconstructed and each track is required to have at
least one silicon hit®. Its dependence on the decay radius of the neutralino is shown for two
neutralino masses in Figure 5.14. The tracking efficiency is maximal for low decay radii
regardless of the neutralino mass. It is higher for pu than for ee up to radii of 150 mm,
where the trend reverses. For a heavy neutralino, the tracking efficiency has a maximum of
93-94% and decreases continuously with increasing radius, reaching values of 35-38% for

radii between 250 and 300 mm. For a light neutralino, it has two plateaus separated by a

In few cases, tracks are reconstructed based only on measurements from the TRT detector. Such tracks are
not relevant for this analysis, and therefore not considered in this study as they would bias the results.
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Figure 5.14: Tracking efficiency of )2? decays to e*e”v and u"u~v as a function of
the transverse radius of the )2? decay for m(g) = 700 GeV, two values of m( )2?) and
¢t = 100 mm. Neutralino decays outside the fiducial volume are not considered.

sudden drop at a radius of about 120 mm. The first plateau has efficiencies of 80-92%,
while the efficiencies of the second plateau are 59—66%. This drop in efficiency can be
explained by the fact that the leptons are produced outside the pixel barrel when the decay
radius of the neutralino is greater than approximately 125 mm, so that their tracks have to
be reconstructed using SCT measurements only, which reduces the probability that there
are enough hits to reconstruct the track. There is also an efficiency drop at the same radius
for a massive neutralino, but it is smaller. In general, the decline in tracking efficiency is
much greater for a heavy neutralino, as the tracking efficiency deteriorates significantly
with increasing magnitude of the transverse impact parameter dy (see Section 5.4.1), and
as the |dp| is larger on average for a high neutralino mass (see Figure 5.6).

The second part of the reconstruction efficiency, the vertexing efficiency, is the
probability that a vertex was found if both tracks were reconstructed and is shown in
Figure 5.15 for the same signal MC samples as before. It is minimal for decay radii of
less than 10 mm, as many tracks of such neutralino decays are rejected by the |dp| > 2 mm
requirement of the displaced vertex reconstruction. If the neutralino is light, the efficiency
increases continuously until it reaches a plateau with values of 30-50% at a radius of about
40 mm. For a massive neutralino, the efficiency has a local maximum of 40% (ee) and 59%
(up) at radii between 10 and 20 mm, followed by a decrease in efficiency up to a radius
of 40 mm, from where it remains almost constant up to a radius of 120 mm. After that,

the efficiency increases up to a second maximum of 46% (ee) and 55% (uu) at a radius
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Figure 5.15: Vertexing efficiency of )2? decays to e*e”v and u*u~v as a function of
the transverse radius of the )2? decay for m(g) = 700 GeV, two values of m( )210) and
¢t = 100 mm. Neutralino decays outside the fiducial volume are not considered.

between 200 and 300 mm. In nearly all cases, the vertexing efficiency is greater for pu
than for ee, by up to 75%.

Figure 5.16 shows that the average uncertainty in the track impact parameter dy increases
by about a factor of three at a decay radius of approximately 120 mm, where the last pixel
layer is located (see Figure 4.7). A similar rise in uncertainty also occurs for the other four
track parameters. As the track uncertainties increase, it becomes more likely that the tracks
of a neutralino decay overlap within their uncertainties, which results in a lower XZ/ NDoF
value of the vertex fit, explaining why the vertexing efficiency for a massive neutralino
improves at a radius of about 120 mm.

Not only the reconstruction efficiencies differ between ee and pu vertices, but also the
resolutions of the vertex observables. Figure 5.17 shows the relative differences between
the reconstructed and true values of the transverse radius and mass of ee and pu vertices in
a signal MC sample. For 94% of the uu vertices, the transverse radius agrees with its true
value within 0.2%, while this is the case for 82% of the ee vertices. Thus, the displaced
vertex position is determined with very high accuracy. The deviation of the reconstructed
mass from the true mass is below 20% for 95% of the uu vertices and symmetric around
zero, while for ee vertices the reconstructed mass is smaller than the true mass in 88% of
the cases, on average by 21%. The displaced vertex reconstruction uses the original inner

detector tracks for electrons instead of the tracks refitted with Gaussian-sum-filter, which
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means that energy losses due to bremsstrahlung are not taken into account, which typically

leads to smaller reconstructed masses of the ee vertices.

5.3.2 Lifetime reweighting and signal efficiency curves

So far, the signal efficiency has only been studied for specific values of the neutralino
lifetime that have been simulated. Continuous interpolation between the discrete lifetime
values is performed using the lifetime reweighting technique.

The probability density function of the neutralino lifetime ¢ for a simulated mean

lifetime myc is given by an exponential:

P(t, i) = —— exp (—L) . (5.3)
™C ™C
The kinematics of an individual event and other details of the simulation do not depend on
the lifetimes of the two neutralinos, but the probability of observing such an event depends
on them. Thus, a sample with a different mean lifetime 740, can be emulated by applying
the weight

WEvt = WLSP] * WLSP2 (5.4)
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to each event, where

P(t, 7, 1 1
wisp = LU Teoa) _ Tme exp (—( - —) t) (5.5)
P(t, ™vc) Tgoal Tgoal TMC

is the weight for one of the two neutralinos of an event and given by the ratio of the
probability density for 7g, to that for Tvic, evaluated at the lifetime 7 of the neutralino.
In practice, the lifetime reweighting can be used in various ways to obtain signal
efficiency curves as a function of lifetime. For example, the five samples for the different
neutralino lifetimes could be merged into a single large sample, which is reweighted
accordingly. Several options were tested and the method that gave the best results is used in
the analysis. Thus, the reweighing is performed independently for each of the five simulated
lifetimes. In the end, a weighted mean of the five efficiency curves is calculated to obtain

the final prediction of the signal efficiency. The so-called effective number of events

@) = (Y w0) /(3w 56)

is used as weight in the computation of the mean. If all events have the same weight, then
ngg is identical to the number of generated events. It is a measure for the number of events

with equal weights that would have to be simulated to obtain the same relative statistical
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precision as in the weighted sample. A closure test of this lifetime reweighting procedure
is presented in Appendix A.

The lifetime reweighting is used to study two types of efficiencies. Vertex-level
efficiencies are the fraction of )210 decays to one specific decay channel that pass the signal
selection, while event-level efficiencies are the fraction of events that pass the signal
selection. Thus, event-level efficiencies benefit from the fact that there are two neutralinos

per event and are correlated with the vertex-level efficiencies by
_ - 2 _ o~z 2
eevt = 1 — (1 — évx)” = 26vx — &y, (5.7

where éyy is an average that takes into account the branching ratios of the )E? decay.
Consequently, event-level efficiencies can be up to two times higher than the vertex-level
efficiencies.

The event-level efficiencies are used in Section 5.7 to derive upper limits on the
cross-section of this signal model. The vertex-level efficiencies do not depend on the
branching ratios of the neutralino and are therefore less model dependent. They can be
used to reinterpret the results of this search in other models beyond the Standard Model
that predict long-lived particles decaying to oppositely charged lepton pairs. The selection
criteria explained in Section 5.2 were chosen to be as model-independent as possible to
make a reinterpretation of the results possible.

Figure 5.18 shows the vertex-level efficiencies both at the truth-level and at the reco-
level. The uncertainty bands on the truth-level efficiencies include only uncertainties from
statistical fluctuations. Uncertainties at the reco-level efficiencies are much larger, and
include all of the additional sources of systematic uncertainty discussed in Section 5.5.
The truth-level efficiencies reach values up to 65% for ™~ and up to 45% for the other
two decay modes if the neutralino is massive, while these maxima are reduced to values of
20% and 10%, respectively, for a light neutralino. The full widths at half maximum of the
truth-level efficiency curves span up to two orders of magnitude of the lifetime meaning
that the selection criteria allow the analysis to be sensitive to a signal over a wide range of
lifetimes. At the reco-level, the maxima are more than a factor of two lower due to the
vertex reconstruction efficiency discussed in the previous section. Furthermore, if the )2? is
massive, the maxima are shifted towards shorter lifetimes compared to the truth-level and

the curves also have a narrower width. This is likely explained by the fact that for longer
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Chapter 5 Search for displaced dilepton vertices

lifetimes, more neutralinos decay close to the boundaries of the fiducial volume, where the
tracking efficiencies are lower (see Figure 5.14).

The event-level efficiencies are shown in Figure 5.19 for )?? decays mediated by a
pure 4121 or A2 coupling. Their shapes are very similar to the vertex-level efficiencies
as explained by Equation (5.7), while the values are significantly higher. Thus, for a
heavy neutralino, the event-level efficiencies can be as high as 80% at the truth-level and
40% at the reco-level, while for a light neutralino, the maximal values are 30% and 12%,
respectively.

Not only the efficiencies themselves, but also the statistical uncertainties are larger for
event-level efficiencies than for vertex-level efficiencies. In some cases, one of the two
neutralinos receives a very small weight, resulting in a very small event weight, so that
the event does not contribute much to the final result, increasing the statistical uncertainty.
For the vertex-level efficiencies, each neutralino is evaluated independently, and thus the
second neutralino of such cases can still fully contribute to the final result. The statistical
uncertainties are shown in Appendix B along with other uncertainties for the reco-level
efficiencies of Figures 5.18 and 5.19.

The number of signal events

N = egioL (5.8)

expected in the signal region can be calculated using the event-level efficiencies at the reco-
level, the cross-sections o~ from the Table 5.1 and the integrated luminosity L = 32.8 fb~!.
Figure 5.20 illustrates that up to 6500 signal events are expected for eight mass-degenerate
squarks with a mass of 700 GeV and up to 15 events for squarks with a mass of 1.6 TeV.
Assuming that no event is observed in the data, the light squarks would be excluded at a
confidence level of 95% for almost the entire lifetime space considered and even for the
heavy squarks more than two orders of magnitude of the lifetime could be excluded if the

neutralino mass is 1.3 TeV.

5.4 Lepton and trigger efficiencies

In the previous section, the signal efficiencies have been estimated using MC simulations.
An important part of these are the lepton and trigger efficiencies. Both efficiencies are
potentially mismodelled in the simulations, because they were produced prior to data taking

and therefore the simulated detector conditions may not be identical to those of the data. In
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addition, the models assumed in the simulations may not describe the data correctly, even if
the detector conditions are the same. The standard procedure for correcting discrepancies
between the simulations and data is to scale the simulated efficiencies to the data efficiencies
using scale factors. The scale factors are determined by studying the efficiencies for a
given Standard Model process both in the data and in simulations. For this purpose, the
tag-and-probe method is usually performed on events in which a Z boson decays into an
oppositely charged lepton pair, since this process has a large cross-section and provides
a very clean signature. The Z boson has a very short lifetime of 2.6 - 1072 s, meaning
that the leptons produced are not displaced. Therefore, the results of such tag-and-probe

studies may not be relevant to this search.
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The horizontal line shows the optimal exclusion limit at 95% confidence level of three
events.

Instead, the efficiencies should be studied using processes that contain displaced leptons.
There are only two sources of displaced leptons in the data, cosmic-ray muons and photon
conversions. Unfortunately, cosmic-ray muons could not be used to study the efficiencies for
muons. In 2016, there was only one cosmic run’ where all subdetectors and magnets were
operational, giving an insufficient data sample to perform a precise efficiency measurement.
Furthermore, there are unavoidable differences in muon reconstruction between cosmic
and standard ATLAS runs (including the signal MC) that make it difficult to compare the
efficiencies measured in the cosmic data to those of signal MC samples. Photon conversions
turned out to be impractical, as the electrons produced have a low prt of a few GeV and
there is a large background from hadronic processes with low masses, rendering it difficult
to select photon conversions with sufficient purity.

Since it is not possible to measure the lepton and trigger efficiencies in the data with
displaced leptons, it is important to examine whether tag-and-probe studies of Z+jets
events could be used to correct the simulated efficiencies of displaced leptons. If these
efficiencies do not depend on the displacement of the leptons, the scale factors calculated
for prompt leptons can also be applied to displaced leptons. This dependence of the lepton
and trigger efficiencies is therefore studied in the signal MC samples in Sections 5.4.1

and 5.4.2, respectively. It turns out that the lepton efficiencies strongly depend on the

7Special run with no beam, with the intention to record cosmic-ray muons.
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displacement of the leptons, making a tag-and-probe study of them irrelevant. Since no
way was found to measure them in the data, the lepton efficiencies predicted by simulations
are used unmodified in the interpretations of this search. The studies of Section 5.4.1 also
reveal that the tracking efficiency is the dominant part of the total lepton efficiency, and thus
the systematic uncertainty in the tracking efficiency derived in Section 5.5.3 should be a
good measure of an uncertainty in the lepton efficiency. In contrast, the trigger efficiencies
show a negligible dependence, and therefore tag-and-probe studies of them are performed
in Section 5.4.3.

5.4.1 Lepton efficiencies in signal MC samples

In the following, the dependences of the lepton efficiencies on the impact parameters of the
leptons are investigated. The total lepton efficiency is divided into two independent parts
to study the source of a potential efficiency loss. The first part is the tracking efficiency,
which is the fraction of truth leptons produced in a )Z? decay that can be matched to a
reconstructed inner detector track satisfying the selection criteria applied in the displaced
vertex reconstruction (see Section 4.4.2). Tracks failing these criteria cannot be part of
a displaced vertex, and are therefore irrelevant for the signal region. Finally, there is the
identification efficiency, which is the fraction of truth-matched tracks that belong to a
reconstructed lepton passing the modified loose working points of the lepton identification
algorithms.

These two efficiencies are shown in Figure 5.21 for electrons and muons of a signal MC
sample with a 500 GeV neutralino. The tracking efficiency decreases from values of up to
90% for low impact parameters to about 10% for |dy| = 250 mm or |z9| = 500 mm. There
is a drop in efficiency by roughly 15% for |dp| > 10 mm indicating that the large radius
tracking is less efficient than the standard tracking. The muon identification efficiency
shows only a very small dependence on the impact parameters and is greater than 90% in
all cases, while the electron identification efficiency decreases constantly from 95% for
very small |dy| to about 55% for |dy| > 230 mm. The larger the |dy|, the more likely it is
that the lepton track has no pixel hit, and for |dp| X 125 mm the tracks have no pixel hit,
since the lepton is produced outside the active layers of the pixel detector. Figure 5.21d
shows that the electron identification efficiency is noticeably reduced if the electron track
has no pixel hit. The reason for this is that calorimeter clusters associated with such tracks

are sometimes reconstructed as converted photons and not as electrons if the track is part
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Figure 5.21: (top) Tracking and (bottom) lepton identification efficiencies as a function of
the impact parameters at the truth-level and the number of pixel hits using all signal MC
samples with m(g) = 700 GeV and m( )2?) = 500 GeV. Only tracks passing the selection
criteria of the displaced vertex reconstruction described in Section 4.4.2 are considered.

of a conversion vertex (see Section 4.4.3). This drop in efficiency for tracks with no pixel
hit explains the decrease of the electron identification efficiency as the |dy| increases.

To illustrate the impact of a large Lorentz boost of the neutralino on these efficiencies,
the same plots as before are shown in Figure 5.22 for a much lighter neutralino. The
tracking efficiency is significantly reduced to values below 80% and decreases much faster
in comparison to the low boost case, and therefore it reaches an efficiency as low as 10%
already at |dy| ® 100 mm or |zg| ~ 200 mm. The Lorentz boost increases the average flight
distance of the neutralino so that the leptons are produced at higher radii (see Figure 5.4b),

which reduces the number of pixel hits, which in turn deteriorates the tracking efficiency.
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Figure 5.22: (top) Tracking and (bottom) lepton identification efficiencies as a function of
the impact parameters at the truth-level and the number of pixel hits using all signal MC
samples with m(g) = 700 GeV and m( Xl) = 50GeV. Only tracks passing the selection
criteria of the displaced vertex reconstruction described in Section 4.4.2 are considered.

Both lepton identification efficiencies seem to decrease linearly as the magnitude of the
transverse impact parameter increases. Thus, the muon identification efficiency decreases
from 90% for a small |dy| to about 80% for |dy| = 200 mm, while the electron identification
is for each bin in |dy| about 5-10% lower than the muon identification efficiency and
decreases from 85% to 50% for |dy| = 160 mm. In contrast to the low boost case, the
electron and muon identification efficiencies are not identical for tracks that have at least
one pixel hit, instead the efficiency of electrons is always lower regardless of the number of

pixel hits.
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Summarising these studies, the tracking efficiency is the dominating source of efficiency
loss for both electrons and muons and strongly depends on the displacement of the leptons
and the boost of the neutralino. Also the lepton identification efficiencies show dependences
on both quantities, especially for electrons. Consequently, these efficiencies cannot be
studied in the data by performing a tag-and-probe study on prompt leptons from Z boson
decays. As the tracking efficiency is the dominant contribution, its systematic uncertainty
should be a good estimate of the systematic uncertainty in the total lepton efficiency.
These studies also indicate that the dependences of the tracking efficiencies on the impact
parameters of the leptons hardly differ between electrons and muons. Due to the latter and
the fact that pion tracks should have similar properties to muon tracks because they have
similar masses, pion tracks from Kg decays are used to derive a systematic uncertainty
in the tracking efficiency. This study is discussed in Section 5.5 together with the other

systematic uncertainties.

5.4.2 Trigger efficiencies in signal MC samples

In the following, the dependences of the trigger efficiencies on the impact parameters of the
leptons are investigated. The trigger efficiency is defined as the fraction of reconstructed
leptons that pass a given trigger. The leptons are required to fulfil the identification criteria
of the signal selection discussed in Section 5.2.3. In addition, their pt has to be in the
plateau region of the trigger, using the pr cuts derived in Section 5.4.3, and their 7 has to
be within the acceptance region of the trigger. For these studies, signal MC samples are
used where the neutralino has a high mass, because the leptons then have on average a high
P, increasing the probability that they pass the pr cuts, which in turn leads to a higher
statistical precision of the trigger efficiencies.

The single photon trigger, HLT_g140_loose, has a high efficiency of about 98% for
electrons with pt > 148 GeV and || < 2.47. Figure 5.23 shows that the efficiency of this
trigger remains nearly constant up to |dp| = 220 mm and |zo| = 320 mm. This is expected
because photons are reconstructed from energy deposits in the calorimeters without any
constraints on their point of origin. For higher impact parameters, there seems to be a slight
decrease of the efficiencies. The diphoton trigger efficiency has similar characteristics and
is not shown here. Since their dependences on the impact parameters are negligible, the
efficiencies of the two photon triggers can be measured in the data with a tag-and-probe

study, which is discussed in the next section.
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Figure 5.23: Efficiency of the HLT_g140_loose trigger as a function of (a) the transverse
and (b) the longitudinal impact parameter of selected electrons using all signal MC samples
with m(g) = 1.6 TeV and m( )2?) = 1.3 TeV. The selection criteria applied to electrons are
explained in the text.

Finally, the single muon trigger, HLT_mu60_0etal®5_msonly, is studied, whose
efficiencies are illustrated in Figure 5.24. The muons of this study were required to
have a pr > 62GeV and || < 1.05. The efficiency is stable at approximately 70% for
|do| < 120 mm and |z9| < 160 mm, but drops for larger values of the impact parameters.
The decline is more significant for the transverse impact parameter, where the efficiency
reaches 37% for |dy| > 240 mm. This efficiency loss for large impact parameters has been
investigated in more detail. As discussed in Section 4.2.4, each trigger in ATLAS consists of
an L1 and an HLT part. The L1 trigger associated with the HLT_mu60_0etal®5_msonly
trigger is the L1_MU20 trigger, which has a pr threshold of 20 GeV. The efficiency of this
L1 trigger was also studied and showed the same dependence on the impact parameters
as the single muon trigger, while the pure HLT part had no dependence at all. Thus, the
impact parameter dependence is due to the L1 trigger and likely caused by the requirement
of the L1 muon triggers that the coincidences of hits in the RPC and TGC detectors have to
point to the beam interaction region.

Due to the exponential decrease of the impact parameter distributions, as illustrated
in Figure 5.4 for example, the performance of the triggers for low values is dominating
the overall performance. Even for a lifetime of the neutralino as large as 1000 mm, the
fraction of selected muons with |dy| > 120 mm or |z9| > 160 mm is only up to 15% and it

decreases to less than 4% for a ¢t of 100 mm. Furthermore, the trigger efficiency averaged
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Figure 5.24: Efficiency of the HLT_mu60_0etal®5_msonly trigger as a function of (a)
the transverse and (b) the longitudinal impact parameter of selected muons using all signal
MC samples with m(g) = 1.6 TeV and m( /f/?) = 1.3 TeV. The selection criteria applied to
muons are explained in the text.

over all selected muons of one of the samples with ¢ = 1000 mm is in the range between
67% and 69% and is thus only a few percent smaller than the trigger efficiency for prompt
muons. A potential mismodelling for high impact parameters is therefore neglected and
the trigger efficiency of the muon trigger is measured using a tag-and-probe study, which is

presented in the next section.

5.4.3 Tag-and-probe studies of trigger efficiencies

The studies of the previous section showed that the trigger efficiencies are constant over
a sufficiently large range of displacements to allow measurements for prompt leptons to
be applied also to displaced leptons. These measurements are done with a tag-and-probe
method performed on leptons from the decay of a Z boson. In this method, a pair of
leptons is selected, where the probe lepton has to satisfy loose selection criteria and the
tag lepton is required to be isolated from hadronic activity and to pass tight identification
criteria. Efficiencies are measured using the probe lepton, while the requirements on the
tag lepton and on the invariant mass of the lepton pair ensure that lepton pairs are selected
only from a specific process with a very low background. The events have to pass a single
lepton trigger that includes the loosest possible selection criteria to maximise the statistical

accuracy of the studies. It is required that this trigger is passed by the tag lepton, and thus
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the efficiency measurement of a second trigger is unbiased as it is performed on a different
lepton, namely the probe. The decay of the Z boson to two leptons is an ideal candidate for
a tag-and-probe measurement due to its large cross-section, 1.95nb for each Z — e*e™
and Z — p*pu~, and its high mass of 91.2 GeV, which allows to study the lepton pt over a
large range of values.

The main purpose of these measurements is the calculation of so-called scale factors,
defined as the ratio between the data efficiency and the simulated efficiency, which are used
to correct the simulated efficiencies such that they agree with the efficiencies observed
in the data. This is necessary since parts of the detector become less efficient or have to
be disabled during the data-taking reducing the efficiencies in the data. Thus, the signal
efficiencies would be overestimated if no scale factors were applied. Such time-dependent
effects cannot be incorporated into the simulations as the detector conditions are the same
for all events of a MC sample and the final detector conditions are often not known at the
time of production.

The tag-and-probe measurements are performed on the standard data of ATLAS and
not on the data preselected for this analysis and reconstructed with the optimised setup
for decays of long-lived particles. The reason is that the filters explained in Section 5.2.1
were optimised for high signal efficiencies and low data rates, and select therefore only
tiny numbers of Z boson decays to leptons, which are not enough to perform these studies.
Since the lifetime of the Z boson, 2.6 - 10723 s, is extremely short, all leptons from its decay
have transverse impact parameters much smaller than 1 mm, and thus the missing large
radius tracking has a negligible impact on the results.

The simulated Z boson samples are inclusive, i.e. they have no additional requirements
on the kinematics of the leptons, and were produced with the generators PowHeG [100]
and PyTtHia 8.186 [87]. The parton distribution functions are modelled according to the
CTEQG6LI tune [101]. As the data, the simulated events are reconstructed with the standard
setup of ATLAS. Separate samples with nearly 80 million events each, corresponding to an

integrated luminosity of about 40 fb~!, have been produced for Z — e*e™ and Z — u* .

5.4.3.1 Photon triggers

To measure the efficiencies of the photon triggers, the tag-and-probe method is performed
on Z — e*e” events, which are required to pass the lowest pr unprescaled electron

trigger, HLT_e26_lhtight_nod@_ivarloose. The selection criteria of the tag and probe
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Table 5.5: Selection criteria applied to tag and probe electrons in the photon trigger
efficiency studies

Cut ‘ Tag electron ‘ Probe electron
pr [GeV] > 27 > 30
Trigger matched | HLT_e26_lhtight_nod0®_ivarloose —
Wl < 1.37 or (1.52 t0 2.47) <2.47
Identification Tight Modified loose
Track isolation Yes —
Jet veto — Yes

electrons are summarised in Table 5.5. The tag electron is required to pass the electron
trigger and the tight working point of the likelihood-based identification. Furthermore, its
track has to be isolated from hadronic interactivity by requiring p%"neo'z /Et < 0.1, where
p%""eo‘z is the scalar sum of the transverse momentum of the tracks with pt > 0.4 GeV in
a cone of AR = 0.2 around the tag electron, excluding the track of the tag electron itself,
and Er is the transverse energy of the tag electron. Each probe electron has to pass the
modified loose working point of the likelihood-based identification and is not allowed to
be reconstructed inside a hadronic jet with pr > 20 GeV and cone size AR = 0.4. Finally,
the electron pair is required to have opposite charge, |m(e*e™) — m(Z)| < 10GeV and
AR(tag, probe) > 0.4. The AR cut ensures that the measurements of the tag and probe
electrons are independent from each other.

The efficiencies of the diphoton trigger HLT_2g50_loose are measured by studying
the single photon trigger HLT_g50_loose. Here, it is assumed that the probability that an

electron pair passes the diphoton trigger is given by

P(yyleies) = P(yler) - P(yle2), (5.9)

where P(y|e) is the probability that the electron e passes the corresponding single photon
trigger.

The invariant mass distributions of the tag-and-probe pairs are shown in Figure 5.25
for the two photon triggers, where each simulated distribution is normalised to the
corresponding data distribution to allow for a comparison of the shapes. The scaling is

necessary, since there are 30% more tag-and-probe pairs in the data than predicted by the
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trigger efficiencies for the data and the Z+jets MC sample. Only pairs where the probe
electron has (a) pr > 55 GeV and (b) pr > 148 GeV are considered. The data and simulated
distributions are scaled to the same integral.

simulation for the HLT_g140_loose trigger, while the numbers agree within 0.3% for
the HLT_g50_loose trigger. This discrepancy is caused by the fact that the simulation
underestimates the number of high pt probe leptons (see Figure 5.26). The scale factors
used in the main analysis to correct the trigger efficiencies of the signal MC samples and
derived below are not significantly affected by this pr mismodelling because they are
binned in pr, as explained later. Furthermore, the remaining effects of this mismodelling
are assessed with a systematic uncertainty, which is discussed in Section 5.5.1 and is less
than one percent. After the scaling, the shapes of the distributions are in good agreement
for both triggers, indicating that a background contamination is negligible. Thus, the

trigger efficiencies are calculated without a background subtraction and are given by:

Number of probes matched to trigger
€= . (5.10)
Number of probes

The first row of Figure 5.27 shows the trigger efficiency for both triggers as a function
of the probe pt. The efficiency starts to rise significantly at about one GeV below the
threshold of the respective trigger and reaches the plateau region after several GeV. Both
the data and simulated efficiencies are not constant in the plateau region and grow with
increasing pr, with the data efficiency gradient being greater. Therefore, it is difficult to

identify the exact beginning of the plateau regions of both triggers. Since only events
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Figure 5.26: p of probe electrons used in the tag-and-probe study of the photon trigger
efficiencies for the data and the Z+jets MC sample.

passing the filters of Table 5.3 are considered for the main analysis, their pt cuts are
used in the following to define the plateau regions, i.e. pt > 55 GeV for HLT_g50_loose
and pt > 150 GeV for HLT_g140_loose. The second row of Figure 5.27 illustrates that
there is also an 17 dependence of the photon trigger efficiencies. The data and simulated
efficiencies agree within one percent in the barrel region, whereas in the crack region of the
LAr calorimeter, 1.37 < |n| < 1.52, the efficiencies are up to 19% lower in the data than in
the simulation and also for || > 2 there is noticeable disagreement of up to 12%. The last
row of this figure shows that within statistical uncertainties there is no |z9| dependence of
the photon trigger efficiencies both in the data and in the simulation.

In the main analysis, the trigger efficiencies of the simulations are corrected using scale
factors that are binned in pt and . A ¢ dependence of the scale factors was found to
be negligible due to the azimuthal symmetry of the calorimeters. These scale factors are
shown in the first row of Figure 5.28 and do not deviate by more than one percent from 1.0
in the barrel region for both triggers, while they can become as small as 0.8 in the crack
region of the LAr calorimeter. The average scale factor is 0.98 for the HLT_g50_loose
trigger and 0.99 for the HLT_g140_1loose trigger. The second row of this figure illustrates
that the statistical uncertainty in the scale factors can be up to 10% in the crack region,

while it is often less than one percent in the barrel region.
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Figure 5.27: Efficiencies of the HLT_g50_loose (left) and HLT_g140_loose (right)
triggers as a function of (top) pr, (middle) n and (bottom) |zg| of the probe electron for the
data and the Z+jets MC sample. Only probe electrons with (left) pt > 55 GeV and (right)
pt > 148 GeV are considered in the i and |zo]| plots.
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5.4.3.2 Muon trigger

To measure the efficiencies of the muon trigger HLT_mu60_0etal®5_msonly, the tag-and-
probe method is performed on Z — u*u~ events, which are required to pass the lowest
pt unprescaled muon trigger, HLT_mu26_ivarmedium. The selection criteria of the tag
and probe muons are summarised in Table 5.6. Both tag and probe muons have to be
combined muons. The tag muon is required to pass the HLT_mu26_ivarmedium trigger
and the medium working point of the muon identification and to be isolated from hadronic
interactivity by applying the loose working point of the muon isolation [83]. Its track
has to be compatible with the assumption that it originates from the primary vertex by
requiring that the transverse impact parameter normalised to its uncertainty is less than
three and that the difference between the z-position of the perigee of the track and the

z-position of the primary vertex times the sine of the track 6 is less than 0.5 mm. All
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Table 5.6: Selection criteria applied to tag and probe muons in the muon trigger efficiency

studies
Cut ‘ Tag muon Probe muon
pr [GeV] > 28 > 30
Trigger matched | HLT_mu26_ivarmedium —
Il <24 < 1.05
Combined muon Yes Yes
Identification Medium Modified loose
Isolation Loose —
|do/oa| <3 —
Az sin 6 [mm)] <0.5 —

probe muons have to pass the modified loose working point of the muon identification.
Analogously to the electrons, the tag-and-probe pair is required to have opposite charge,
|m(u*u~) — m(Z)| < 10GeV and AR(tag, probe) > 0.4.

The invariant mass distributions of the tag-and-probe pairs in the data and in the
simulation agree well, as shown in Figure 5.29. This indicates a negligible background
contamination and therefore, as for the photon triggers, the calculation of the trigger
efficiencies is given by Equation (5.10). The pt and |zo| dependences of the trigger
efficiencies are shown in Figure 5.30. The muon trigger efficiency reaches its plateau at a
pt of 62 GeV, which in contrast to the plateaus of the photon triggers is very flat. Both the
data and simulated efficiencies do not show any significant dependence on the |zo| within
statistical uncertainties up to |zo| = 140 mm.

Unlike the photon triggers, the performance of the muon trigger depends significantly
on ¢ as illustrated in Figures 5.31a and 5.31b. This is caused by the fact that the muon
spectrometer is segmented into hundreds of chambers, which differ in their efficiencies.
Consequently, the scale factors used in the main analysis, depicted in Figure 5.31c, are
binned both in 77 and ¢. They are 0.88 on average and can be as low as 0.33 and 0.35 in
two cases. This discrepancy between data and simulation of more than 10% is due to the
fact that during data taking RPC chambers have been disabled or became less efficient over
time. Despite the large number of bins, 112, the statistical uncertainties on the scale factors

are usually only one to two percent and in few cases three to five percent.
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Figure 5.29: Invariant mass of muon pairs used in the tag-and-probe study of the
HLT_mu60_0etal®5_msonly trigger efficiencies for the data and the Z+jets MC sample.
Only pairs with a probe muon pt > 62 GeV are considered.

The fit quality y?/npor of the inner detector track to muon spectrometer track match of
a combined muon is used in the definition of the muon filter (see Section 5.2.1). The muon
filter applies a cut value of 5.0 to distinguish between good and poor matches. As the
selection criteria of the filter differ for muons with good and poor matches, the classification
of the matches have to be modelled well in the simulations, otherwise the signal efficiency
may be mismodelled. Ideally, the modelling quality of the y?/npor should be evaluated
using displaced muons such as cosmic-ray muons. Unfortunately, this is not possible due
to the reasons mentioned in the beginning of Section 5.4, and thus probe muons from this
tag-and-probe study are used instead. Figure 5.32 shows the simulated and the observed
¥ /npor distribution for probe muons in the plateau region of the trigger. The tail of the
simulated distribution is significantly mismodelled, however this has only a negligible
impact on the overall agreement, as the peak at y2/npor < 1 contains more than 97% of
all probe muons. The fraction of good matches is greater than 99% and agrees within 0.2%
between simulation and data. This shows that the modelling quality of the classification is

very good for prompt muons.
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probe i and ¢ for (a) the data and (b) the Z+jets MC sample and (c) the scale factor with
(d) its statistical uncertainty. Only probe muons with pt > 62 GeV are considered.
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Figure 5.32: Fit quality of the inner detector track to muon spectrometer track match of
probe muons with pt > 62 GeV for the data and the Z+jets MC sample. The dotted line
indicates the cut value of the muon filter discussed in Section 5.2.1.
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5.5 Uncertainties in the signal yield

The number of signal events is calculated with Equation (5.8) and depends on the signal
efficiency, the production cross-section and the integrated luminosity. Each of these three
quantities is determined with an uncertainty. The uncertainty in the signal efficiency
includes a statistical uncertainty due to the limited number of simulated signal events
and three systematic uncertainties. One source of systematic uncertainty are the trigger
scale factors, which are used to correct the trigger efficiencies of the signal MC samples.
These scale factors are measured with an uncertainty discussed in Section 5.5.1. Another
systematic uncertainty arises from the fact that the simulated events have to be reweighted
so that their pileup distribution matches that of the data. This reweighting procedure and its
uncertainties are explained in Section 5.5.2. The third source are the tracking and vertexing
efficiencies, whose uncertainties are determined in Section 5.5.3 using Ks decays. The
relative sizes of the four uncertainties in the signal efficiencies are shown in Appendix B for
all signal MC samples as a function of the )2? lifetime. The uncertainty in the production
cross-sections of the signal process have already been discussed in Section 5.1.1. Finally,
a symmetric uncertainty of 2.2% in the measured luminosity of 32.8 fb~! is taken into
account. It is derived, following a methodology similar to that detailed in Reference [62],
and using the LUCID-2 detector for the baseline luminosity measurements [63], from

calibration of the luminosity scale using x-y beam-separation scans.

5.5.1 Uncertainties in the trigger scale factors

The efficiencies of the three triggers used in the main analysis have been measured with
tag-and-probe studies in the data and simulations as discussed in Section 5.4.3. Trigger
scale factors are derived from these measurements, which are used to correct the trigger
efficiencies in the signal MC samples. For each trigger scale factor, three systematic
uncertainties are considered, whose size varies between the triggers. First, the systematic
uncertainty due to the use of the tag-and-probe method is estimated by comparing the
average tag-and-probe efficiency in the Z+jets MC sample with the average true efficiency,
which is calculated using electrons and muons that can be matched at the truth-level to a Z
boson decay and pass the probe selections of Tables 5.5 and 5.6, respectively.

Next, the uncertainty caused by the finite binning of the scale factors is evaluated with

a closure test, in which the scale factors are applied to the trigger efficiencies of the probe
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leptons in the Z+jets MC sample and the resulting average trigger efficiency is compared
to the average trigger efficiency in the data. This uncertainty is also a good measure for the
impact of the pr mismodelling of the Z+jets MC sample on the scale factors of the photon
triggers. If the pr binning of the scale factors were too coarse, then they would be affected
by the mismodelling, leading to a significant discrepancy. However, this is not observed as
the uncertainty is not larger than 0.3% for both photon triggers.

Finally, the impact of a remaining background contribution is estimated by performing
the tag-and-probe method in the data with tightened selection criteria for the probe leptons,
where they have to pass the same identification and isolation requirements as the tag leptons.
The resulting average efficiency is compared to that determined using the standard selection
criteria for the probe leptons. For the muon trigger, it was found that this uncertainty is
completely negligible.

Adding the three systematic uncertainties in quadrature yields 3.5% for the
HLT_mu60_0etal®5_msonly trigger, 0.3% for the HLT_g140_loose trigger and 0.8%
for the HLT_2g50_loose trigger. Thus, the total systematic uncertainty for both photon

triggers is almost negligible.

5.5.2 Pileup reweighting

The amount of pileup is quantified using (u), which is the mean number of inelastic

interactions per bunch-crossing and given by

_ <Lb> X Tinel

(1) 7 :

(5.11)

where (Ly) is the mean instantaneous luminosity per bunch, oy is the inelastic pp cross-
section, which ATLAS takes to be 80 mb for v/s = 13 TeV, and f; is the LHC revolution
frequency. All simulations used in this analysis assume the same distribution of (), which
is shown in Figure 5.33a. It has a broad maximum around () = 21 and no entries for
() > 40. The data distribution illustrated in Figure 5.33b is shifted towards higher ()
and has therefore a larger average (u) of 24.5 compared to 21.0.

To correct these discrepancies, each simulated event of a particular MC sample is

assigned a weight
Li/L

WPileup = N'/N’ (5.12)
i
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Figure 5.33: Pileup distributions (a) assumed in the simulations and (b) observed in the
data after applying the standard data quality requirements.

where L is the total integrated luminosity of the data of 32.8fb™!, L; is the integrated
luminosity corresponding to the i bin in (u), N is the total sum of generator-weights over
all events of that MC sample, and N; is the sum of generator-weights over all events that
have a (u) belonging to the i™ bin. This calculation uses the same binning in () as the
histograms of Figure 5.33.

A small fraction of the data has a (u) larger than 40, which is not represented by
the simulated distribution. To account for this and to not lose any data, the integrated
luminosity of the unrepresented data is added to the integrated luminosity of the last bin
in (). Thus, simulated events with a (u) most similar to that of the unrepresented data
receive increased weights.

The number of reconstructed primary vertices as a function of the actual u of the event
is different in the data and simulations, meaning that a given u in the data corresponds most
closely to some other value in the simulations, and thus (u) of the data is scaled before
calculating the pileup weights to correct for this discrepancy. It is technically easier to scale
the data since it has a continuous pileup distribution, in contrast to the simulations. The
scale factors are measured with an uncertainty, and this uncertainty is propagated through
to the observables such as the signal efficiency by recalculating the weights with different
scale factors. The scale factors are 1/1.18, 1/1.09 and 1.0 for the down, nominal and up

variation, respectively.
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In general, the uncertainty in the signal efficiency due to the pileup reweighting
procedure is a couple of percent. In very few cases, the uncertainty can be as large as 20%

when the statistical uncertainties in the signal efficiencies are high.

5.5.3 Uncertainties in the tracking and vertexing efficiencies

In the following, a combined systematic uncertainty in the tracking and vertexing efficiencies
is estimated using Ks — w7~ decays. An advantage of these decays is their long lifetime
¢t of about 27 mm, which is within the range that is probed in this analysis. Furthermore,
they are produced at a high rate allowing the efficiencies to be studied with a high statistical
precision. On the other hand, the kaon mass of about 500 MeV is very low, so that the
produced pions have on average a much lower pr than the leptons of the signal process.
Since there is no heavy long-lived particle in the Standard Model, it is not possible to study
these efficiencies for large pr in the data.

The track reconstruction used for this analysis consists of two independent steps as
discussed in Section 4.4.1. First, the standard tracking of ATLAS is run, whose performance
is well understood [102]. Most relevant to this analysis is the second tracking algorithm,
the large radius tracking, which is required to reconstruct tracks with a transverse impact
parameter in the range of 10 mm to 300 mm. Thus, only the performance of this tracking is
studied in the following.

Displaced vertices are selected as Ks candidates if they have a mass in the range
350MeV to 650 MeV and exactly two tracks that are oppositely charged. They have to
pass the standard quality criteria of the signal region such as the material veto and the
requirements on the fit quality and vertex position.

Ideally, the systematic uncertainty due to the large radius tracking would be determined
by comparing the number of Kg candidates that have two tracks from the large radius
tracking between data and simulation. However, this is not possible as only a few simulations
of Standard Model processes were reconstructed using the large radius tracking and the
displaced vertex reconstruction, and therefore the total number of Kg candidates observed

in the data cannot be reproduced with the available simulations. Instead, the number of Kg
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candidates reconstructed by the standard tracking is used to scale the simulations to the

data. The uncertainty is derived using the ratio

NData NData

MC MC’
NLRT/ NStd

where N rt and Ny are the number of Kg candidates reconstructed by the large radius
tracking and the standard tracking only, respectively. This ratio has been studied as a
function of the transverse radius of the Kg candidates. The largest discrepancy between
data and simulation is found to be six percent including the statistical uncertainty.

A conservative value of 10% has been chosen for the combined systematic uncertainty
in the tracking and vertexing efficiencies, which contains this discrepancy of six percent, as
well as the maximal uncertainty of about two percent observed for the standard tracking [102]
and an uncertainty of about one percent obtained by varying the parameters of the displaced

vertex reconstruction [103].

5.6 Background estimation

In the following, the number of events from background processes that pass the selection
criteria of the signal region are estimated. The background sources are divided into two
categories: Collision backgrounds, which originate from proton—proton collisions, and non-
collision backgrounds, which include cosmic-ray muons and beam-induced backgrounds.

Both categories are studied in the following.

5.6.1 Study of top-antitop MC events

In the Standard Model, there is no long-lived particle with a mass greater than 12 GeV
that decays into leptons. Therefore, the collision background is expected to be very small.
To get a first impression of the possible types of contributions, a 1 MC sample with a
dilepton filter® is studied. This sample is generated with Sherpa 2.2.1 [104] and the parton
distribution functions are modelled according to the NNPDF30NNLO tune [105]. It is
reconstructed using the setup optimised for decays of long-lived particles described in

Section 4.4 and consists of seven hundred thousand events corresponding to an integrated

8This filter selects only events in which both W bosons, produced by the decay of a top quark, decay
leptonically.
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Figure 5.34: Invariant mass of displaced vertices with two tracks in the 1 MC sample. A
pr cut (a) of 1 GeV and (b) of 10 GeV is applied to the vertex tracks.

luminosity of 8 fb~!. The 7 sample was chosen as it is contains many B-hadrons, which
have a long lifetime of the order 1072 s, and many high pt leptons from W boson decays.

Figure 5.34 shows the invariant mass distributions of displaced vertices with two tracks
categorised by their truth origin. If both tracks of a vertex originate from the same truth
photon, then the vertex is classified as a conversion and if they have a hadron as a common
ancestor, then the vertex is classified as a hadron. All other vertices belong to the category
of random crossings, which is divided into three subcategories based on the number of
truth matched tracks. Here, it is assumed that only tracks associated with the primary
vertex (PV) can be matched to a truth particle, while there should be no truth match for
tracks associated with pileup (PU) vertices.

Each displaced vertex has to satisfy basic selection criteria including the fit quality,
displacement and fiducial volume. The vertex tracks are not required to be leptons as this
would dramatically reduce the number of vertices impeding a meaningful study of the
five vertex categories. Leptonic and non-leptonic vertices share many of their production
processes, so that the general statements of this study also apply to leptonic vertices.

If a pt cut of 1 GeV is applied to the vertex tracks, then a considerable fraction of the
vertices with a mass of less than 1 GeV originates from conversions. Vertices from hadron
decays have an exponentially decreasing mass spectrum with an endpoint near m = 5 GeV,
which is the typical mass of a B-meson. Similarly, the mass spectrum of vertices from
random crossings decreases with increasing mass, but less steeply. All vertices with a mass

above 12 GeV are from random crossings, with crossings of pileup tracks dominating. A
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larger pr cut of 10 GeV significantly reduces the number of vertices, so that for example
not a single conversion vertex is observed. In this case, there seems to be a turn-on of the
random crossings of pileup tracks around m = 17 GeV. In the limit of massless particles,

the invariant mass of two particles is given by

m = 2pipa(1 — cos @), (5.14)

where « is the angle between the momenta of the particles. Asitis discussed in Section 5.6.3,
opening angles around /2 are favoured for random crossings, and therefore a turn-on
around V2 -10GeV - 10GeV ~ 14 GeV is expected for a pt cut of 10GeV, which is

consistent with the observed value.

Summarising this study, the dominating background contribution from collision
processes seems to be the random crossing of unrelated tracks. However, a non-negligible
contribution from the tails of the low-mass processes cannot be excluded due to the limited
size of the MC sample and the fact that there are further Standard Model processes, such as
bb, which are relevant. Therefore, the contribution of low-mass processes is studied in the

next section.

5.6.2 Low-mass processes

The study of the ## MC sample showed that there is a significant number of displaced vertices
with low masses originating from photon conversions and hadron decays. In particular,
B-hadrons could be a non-negligible background source since they have a lifetime of about
0.5 mm, which is only a factor of four lower than the displacement requirement in the
signal region. An important example are B-meson decays into a J/¥ and another meson,
because the J /¥ meson decays with a branching ratio of about 12% into a pair of oppositely
charged leptons. Photon conversions can occur at any position in the detector, which can
lead to large displacements of the lepton pair. They are, however, extremely suppressed by
the mass and filter matching requirements. There are further processes that could produce
low-mass displaced dileptons such as the Drell-Yan process [106] or resonances, e.g. J /¥
or Y. These processes have very small lifetimes of the order 1072Y s or lower, but their large
cross-sections together with detector resolution effects could give rise to a non-negligible

contribution.
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Itis not possible to thoroughly investigate these background sources using simulations as
the number of MC samples reconstructed with the setup optimised for decays of long-lived
particles is very small and the few available samples such as ¢f have an insufficient size.
Thus, a dedicated control region is defined in the data by inverting the invariant mass cut.
All selection criteria of the signal region are applied, with the exception of the trigger and
filter matching, to enhance the number of events in this control region. The events are still
required to pass at least one of the triggers used in the analysis.

No ee and no ey vertices are observed in this control region, while eighteen pu vertices
pass the selection criteria, all of which have a mass below 5.4 GeV (see Figure 5.35a).
There is a peak at a mass of 2.6 to 2.8 GeV, which is slightly lower than the mass of the
J /¥ meson of 3.1 GeV. It is assumed that these vertices originate from J/¥ decays and
their mass is misreconstructed due to detector resolution effects. To increase the size
of the data sample, vertices with only one lepton are also studied, referred to as et and
ut, where the non-leptonic tracks have to pass a pt cut of 10GeV. A single et vertex
with a mass of about 0.5 GeV and 89 ut vertices are observed, their mass distribution is
illustrated in Figure 5.35b. No ut vertex has a mass greater than 5.8 GeV, which agrees
well with the end point of the mass distribution of the pu vertices. There are multiple
peaks, one near 0.5 GeV, which is the mass of a kaon, another one near 2 GeV likely due to
semi-leptonically D-meson decays, a third one near the J/'¥ mass and a fourth peak at a
mass of about 4 GeV, which is not associated with any hadron. Most of the low-mass ut
and uu vertices are located within the pixel barrel, i.e. they have r < 120 mm, and only
30% are reconstructed at larger radii.

To summarise these results, no leptonic vertex with a mass between 6 and 12 GeV
is observed in the data. This is expected because only the Drell-Yan process and the T
resonance can produce pairs of correlated leptons with an invariant mass in this range and
both processes are extremely suppressed due to their very short lifetimes. There is also
no evidence that the high mass tail of J /¥ decays could be a non-negligible contribution.
Another cross-check is performed in Section 5.6.3.3 using vertices not associated with
any lepton, with the same result that no indication of a remaining contribution of these
processes is found for masses between 6 and 12 GeV. The background from pairs of
correlated leptons of the same low-mass process is therefore neglected. Leptons from
low-mass processes, however, can randomly cross with leptons from other processes and
form a high mass vertex. In the next section, the background from random crossings is

estimated.
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Figure 5.35: (top) Invariant mass and (bottom) transverse radius of (left) pu and (right) pt
vertices in the data that fail the mass cut.

5.6.3 Random crossings
5.6.3.1 Estimation procedure

The main background originating from pp collisions is due to random crossings of unrelated

leptons, as indicated by the study of the 1 MC sample. A data-driven technique referred to

as event mixing is used, which combines leptons from different events to measure how
often a pair would form a vertex. It consists of the following steps:

1. All leptons observed in the data that could be part of a signal vertex, i.e. they pass the

track selection criteria of the displaced vertex reconstruction (see Section 4.4.2) and

the standard kinematic cuts (e.g. pr > 10 GeV) as well as the identification criteria

(see Section 5.2.3), are collected.
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2. Pairs of leptons, referred to as seed pairs, are randomly sampled from the collection
of leptons. Only seed pairs are selected that pass at least one of the filters used to
preselect data events and the cosmic-ray veto.

3. For each seed pair, a set of primary vertices is randomly chosen from events that have
at least one lepton candidate. This set is needed to evaluate the displacement cut and
certain quality requirements applied in the displaced vertex reconstruction. In this
step, the lepton tracks are moved to ensure that their impact parameters with respect to
the new primary vertex match those with respect to the old primary vertex. Otherwise,
leptons that originated from the primary vertex of their event could mistakenly be
assigned to a pileup vertex of this set, leading to a mismodelling of the background.

4. The displaced vertex reconstruction is run on each seed pair. If a vertex is found
that satisfies all criteria of the signal region discussed in Section 5.2.3, a background
vertex consisting of the two leptons is recorded.

5. Finally, all vertices generated using this procedure are assigned a weight, which
normalises the total estimate to the data.

Overall, this procedure is equivalent to multiplying the number of lepton pairs observed
in the data, ng’;is, by the probability that two leptons will form a displaced vertex by chance,
Pxing-

Nyx = Nggll)iis X Pxing- (515)

The lepton pairs used in the normalisation procedure have to pass the selection criteria
mentioned in item 2 and to have an invariant mass greater than 6 GeV in order to remove
any contamination from low-mass processes, which is particularly relevant for muon pairs.

Only random crossings of two leptons are estimated with this method, as this is the
dominant contribution, while random crossings of more than two leptons or of two leptons
with non-leptonic tracks are neglected, since the crossing probability for three or more
particles is significantly lower than that for two particles. Similarly, random crossings of
leptons with semileptonic vertices are neglected as no semileptonic vertex is observed in
any of the events that contain a lepton pair passing the selection criteria.

The number of leptons and in particular the number of lepton pairs in the data is
very low. The event mixing procedure and its simplicity are a result of this limitation.
Thus, a flat average crossing probability is used since the size of the data sample does
not allow it to be parametrised. Consequently, it is important to validate the procedure in

simulations and in the data using non-leptonic vertices, which are much more abundant
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than leptonic vertices and allow to identify systematic deviations between the prediction

and the observation.

5.6.3.2 Validation using MC simulation

The first test of the estimation procedure is performed on the 1 MC sample discussed in
Section 5.6.1. The vertex and track selection criteria are looser than in the signal region
to reduce the statistical uncertainty when comparing the prediction with the observation.
Thus, tracks forming a vertex candidate are required to have pt > 5 GeV, and no trigger
or filter requirements are applied. In addition to the usual vertex selection criteria, the
cosmic-ray veto is also applied at the vertex-level to be consistent with tests performed on
data discussed in Section 5.6.3.3.

Not only the three dilepton types but also vertices containing one or two non-leptonic
tracks are studied, resulting in six different types of vertices that can be tested, namely
tt, et, ut, ee, ex and uu. Vertices with at least one non-leptonic track are not required to
have opposite charges to reduce the statistical uncertainty of prediction and observation
even further, while opposite charges are required for dilepton vertices so that the selection
criteria better match those of the signal region. Since the material veto is not applied to
e vertices, it is important to test if a missing material veto causes any problems in the
estimation procedure. The estimates for all six vertex types are therefore evaluated with
and without the material veto. To obtain a precise prediction, millions of seed pairs are
sampled for each estimate.

Table 5.7 summarises the event mixing predictions and the number of vertices found
in the MC sample for all vertex types. The probability py,e for a pair of tracks to form
a vertex is of the order 10™* for most vertex types. Only for the tt category, more than
O(1) vertices are predicted and observed. Without the material veto, the number of tt
vertices is overestimated by about 14%, while this discrepancy decreases to 11% when
the material veto is applied. The event mixing predicts about 0.02 dilepton vertices in the
entire tf MC sample, which is consistent with the observation of zero dilepton vertices.
The material veto has almost no impact on the dilepton crossing probabilities, because in
the t# MC sample most of the dilepton vertices from random crossings are located inside
the beam pipe. The crossing probability is significantly lower for electron pairs than for
ey pairs, which in turn have a lower py;,, than muon pairs. This could be due to the fact

that the displaced vertex reconstruction uses the original inner detector tracks for electrons
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Figure 5.36: Comparison of the transverse radius of tt vertices in the 1 MC sample with
the expectation from the event mixing, (a) with and (b) without material veto. The bottom
panel in each plot shows the ratio between the number of vertices found in the MC sample
and the event mixing prediction. The error bars on the predictions are statistical only.

instead of the tracks refitted with a Gaussian-sum-filter, which take into account effects of
bremsstrahlung. However, for technical reasons this could not be studied in detail.

Only the tt sample is large enough to compare the number of vertices found in the MC
sample with the event mixing predictions as a function of different observables. Figure 5.36
shows that the large majority of vertices from random crossings have radii greater than
120 mm, i.e. they are located outside the pixel barrel. Even if the material veto is not
applied, the number of vertices with radii smaller than 120 mm is negligible. The reason
for this has already been discussed in Section 5.3.1, namely that the uncertainties in the
track parameters increase significantly when the associated particle is produced outside the
pixel detector, which in turn increases the probability that two tracks cross within their
uncertainties.

The distributions of four further observables are shown in Figure 5.37, where the
material veto is not applied to reduce the statistical uncertainties. The main characteristics
of each distribution are correctly reproduced by the prediction. Perfect agreement in all
details is not required, as these shapes are not used to discriminate signal from background.
Both the mass and p distributions seem to follow an exponential curve with few entries
for values greater than 100 GeV. The distribution of A¢ between the two vertex tracks is
symmetric to A¢ = 0 and has two maxima near A¢ = +r/2. For the angle between the

momentum and the displacement vectors, there is a continuous increase up to an angle
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Table 5.7: Observed and predicted number of displaced vertices passing loosened selection
criteria in the t# MC sample for six vertex types. The predicted number of vertices is
obtained using Equation (5.15) and presented without an uncertainty estimate.

tt et Mt
bs 6
Ngaiis 1.1 x10 4093 4447
Without material veto
AVE. Pying 32x107* 2.1x10™* 1.8x107*
Predicted vertices 353 0.85 0.80
Observed vertices 311 0 1
With material veto
AVE. Dxing 20x10% 1.4x10™* 1.4x107*
Predicted vertices 220 0.58 0.61
Observed vertices 198 0 1
ee eu M
b
N;’aiis 7 16 5
Without material veto
AVE. Pxing 1.9x10™* 50x107™* 1.4x1073
Predicted vertices 1.3x 1073 8.0x 1073 7.2x1073
Observed vertices 0 0 0
With material veto

AVE. Pxing 1.9%x10™* 50x10™* 1.4x1073
Predicted vertices 1.3x 1073 7.9x1073 7.2x1073
Observed vertices 0 0 0
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Figure 5.37: Comparison of four observables of tt vertices in the 17 MC sample with the
expectation from the event mixing. The material veto is not applied. The bottom panel in
each plot shows the ratio between the number of vertices found in the MC sample and the
event mixing prediction. The error bars on the predictions are statistical only.

of /2, then there is a sharp drop caused by the requirement of Equation (4.3) applied in
the displaced vertex reconstruction that the vertex has to be consistent with the decay of a
particle originating from the primary vertex.

An additional test can be performed using non-leptonic tracks by studying whether their
crossing probabilities depend on the origin of the tracks or not. The same classification
scheme as in Section 5.6.1 is used, which means that tracks matched to a truth particle
are assigned to the primary vertex (PV) and all other tracks to pileup (PU) vertices. Thus,
three categories are considered, PV+PV, where both tracks originate from the primary

vertex, PU+PU, where both tracks originate from pileup vertices, and PV+PU, where one
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Table 5.8: Crossing probabilities of non-leptonic tracks in the t# MC sample. The
uncertainties shown are statistical. For PV+PV, the upper limit at 95% confidence level on
the crossing probability is given.

Type N;jfiis Observed vertices Crossing probability [1074]
PU+PU 1.053 x 10° 174 1.65£0.13
PV+PU 144486 24 1.66 +0.34
PV+PV 17736 0 < 1.70

track is from the primary vertex and one from a pileup vertex. The crossing probability
is calculated as the number of observed vertices passing the material veto divided by the
number of track pairs in the sample. The results of this study are summarised in Table 5.8.
The crossing probabilities for PV+PU and PU+PU are consistent within the statistical
uncertainties. The crossing probability could not be calculated for PV+PV, because no
vertex was found in this category. The upper limit at 95% confidence level on the PV+PV
crossing probability is, however, consistent with the crossing probabilities of the other two
categories. Consequently, there is no evidence that the crossing probability depends on the

origin of the tracks.

5.6.3.3 Validation using data

Following the successful validation of the estimation technique on simulations, a further
test is carried out using the collision data. To obtain a signal-depleted sample, vertices
containing two leptons are not considered in this study. Therefore, only three out of the six
categories are investigated: tt, et and ut. The tt sample contains significantly more events
than the simulation studied so far, which allows to assess systematic differences between
prediction and observation with a high precision.

Analogous to the signal region, each of the two tracks is required to have pt > 10 GeV.
In addition to the usual vertex selection, the objects involved are required to pass the
cosmic-ray veto’. It is applied to remove potential contamination from cosmic-ray muon

events where the muon is not fully reconstructed. No triggers and filters are required to

9This is similar to the veto applied in the signal regions, but it is applied at the vertex-level to the tracks.
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enlarge the size of the samples.!® Furthermore, the requirement of opposite charges is not
applied to further enhance the size of the samples, especially for the et and ut categories.

Each data run is processed independently so that the crossing probability can be studied
as a function of the run conditions such as pileup. The total estimate is obtained by adding
the estimates of all runs. To take into account the integrated luminosity of each run, the
number of the randomly chosen seed pairs is proportional, a multiplier of one hundred is
used, to the number of non-leptonic tracks in the tt category and to the number of leptons
in the other two categories.

Table 5.9 summarises the predictions and observations for all three categories. The
predicted crossing probabilities in the data agree within 30% to those in the ¢t MC sample
for all three categories. As in the simulations, the number of non-leptonic vertices is
significantly larger than that of the semileptonic vertices. The event mixing procedure
overestimates the number of tt vertices by 20%, regardless of whether the material veto is
applied or not, which indicates that the estimate works equally well for both cases. These
overestimates are slightly larger than in the 1# MC sample, where they are only 11-14%,
but associated with much greater statistical uncertainties. For et vertices, the discrepancies
increase to 35% if no material veto is applied and to 61% if it is applied. They become less
significant when the statistical uncertainties on the number of observed vertices are taken
into account, which are 24% and 33%, respectively.

In contrast to the other categories, the number of ut vertices are underestimated, namely
by 9% if no material veto is applied and by 27% if it is applied. This is due to the fact that
not all ut vertices originating from cosmic-ray muons are rejected by the cosmic-ray veto.
In the signal region, the cosmic-ray veto is applied to combined muon tracks obtained from a
global fit of the inner detector and muon spectrometer measurements, while in these studies
it is applied to the inner detector tracks that are less precise. Thus, a tighter cosmic-ray veto
of ARcosmic > 0.03 would be necessary to reject this remaining contribution of cosmic-ray
muons (see Figure 5.38).

By estimating the number of random crossings for vertex masses below the signal
region cut of 12 GeV, a potential residual contribution of low-mass processes could be
identified. Figure 5.39 shows the prediction and observation for tt vertices with a mass in
the range of 6 to 12 GeV and the case that the material veto is not applied. Lower masses

are not investigated since the seed pairs used in the estimation procedure are required to

10The reconstruction setup explained in Section 4.4 is applied also to events preselected for other ATLAS
searches. If no preselection is required, then all events reconstructed using this setup can be used.
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Table 5.9: Observed and predicted number of displaced vertices passing loosened selection
criteria in the data for three vertex types. The predicted number of vertices is obtained
using Equation (5.15) and presented without an uncertainty estimate as the statistical
uncertainties are negligibly small in all cases.

tt et ut

NS, 1.1x10° 119545 91044
Without material veto

AVE. Pying 26x10% 1.9x10™* 23x107*

Predicted vertices 28543 22.9 21.1

Observed vertices 23795 17 23

With material veto

AVE. Pxing 1.6x107* 12x10™* 1.5x10™*

Predicted vertices 17820 14.5 13.4

Observed vertices 14823 9 17

have a mass greater than 6 GeV, as mentioned in Section 5.6.3.1. In this mass range, 554
vertices are observed in the data, while the event mixing method predicts 615 vertices, i.e.
it overestimates the data by 11%, which is less than the 20% for vertices with m > 12 GeV.
Nevertheless, there seems to be no remaining contribution from low-mass processes, since
the shapes of both distributions agree well within statistical uncertainties.

Since the estimation is performed separately for each data run, the crossing probability
can be studied as a function of the amount of pileup, as shown in Figure 5.40a for tt vertices
and no material veto. The expected crossing probability has a maximum value of 4.6 x 10~*
at low (u) and decreases approximately linearly to a minimal value of 1.4 x 107* at a
very high (u) of about 35, i.e. there is a large dependence of pyine on the amount of the
pileup. The ratio between the predicted and the observed crossing probability is shown
in Figure 5.40b. The latter probability is defined as the number of tt vertices divided by
the number of tt pairs. The statistical uncertainties on the observed crossing probabilities
are much larger than those on the expected crossing probabilities, which results in large
uncertainties on the ratio. A fit of a linear function seems to indicate that the ratio is rather
independent of (u) and that it decreases slightly when (u) increases. This would mean that

the modelling quality of the event mixing does not depend significantly on the amount of
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Figure 5.38: AR osmic of ut vertices in the data. Only the region close to the signal region
cut of 0.01 illustrated by a dashed line is shown. The event mixing method does not predict
any vertices in this region. The bottom panel shows the ratio between the observation and
the event mixing prediction. The estimated statistical uncertainties on the prediction are
negligible.

pileup. However, the statistical uncertainties of the ratios are too large to make a conclusive
statement.

Figure 5.41 shows a comparison of the predictions and observations for six observables
of tt vertices, where the material veto is not applied. Most distributions have the same
shape as in the 1f MC sample (see Figures 5.36 and 5.37). Only the mass spectrum differs
since it its maximum is shifted by 10 GeV to higher values. Three peaks can be seen in the
dy distribution, which has not been shown before, a sharp maximum at dy = 0 and two
broad maxima at about dy = =120 mm. The latter two peaks are explained by the fact that
most vertices from random crossings have r > 120 mm.

The tests on the data have shown that the predictions of the event mixing method
correctly reproduce the characteristics of all distributions studied. There is also no
evidence that a missing material veto causes any mismodelling of the predictions. The
study of the tt sample consisting of several hundred million track pairs indicates that this
method overestimates the number of random crossings by 20%, regardless of the kinematic
properties of the track pair. Given the simplicity of the estimation procedure, it is a great
achievement that such a non-standard background can be estimated with an accuracy of
20%.
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Figure 5.39: Comparison of the invariant mass of tt vertices that fail the mass cut in the
data with the expectation from the event mixing. The material veto is not applied. The
bottom panel shows the ratio between the observation and the event mixing prediction. The
estimated statistical uncertainties on the prediction are negligible.
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Figure 5.41: Comparison of six observables of tt vertices in the data with the expectation
from the event mixing. The material veto is not applied. The bottom panel in each plot
shows the ratio between the observation and the event mixing prediction. The estimated
statistical uncertainties on the prediction are negligible.
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5.6.3.4 Signal region estimate

To allow an estimation of the statistical uncertainty in the crossing probability, the event
mixing estimate for each dilepton type is performed two hundred times on a randomly
selected subset of seed pairs, which contains 2-3% of the possible seed pairs, and the
variations in the crossing probabilities are measured. The spread of the results obtained
from this procedure is shown in Figure 5.42. The mean of each py,e distribution is used
as the nominal crossing probability, while its uncertainty is taken as an estimate of the
statistical uncertainty, which is less than 0.5% for all three dilepton types, and is therefore
neglected hereafter. The distributions are well described by Gaussian functions, i.e. pxing
is normally distributed, suggesting that the subsets are rather independent of each other.
Table 5.10 summarises the crossing probabilities of lepton pairs and the expected
number of displaced dilepton vertices from random crossings. The background in the

signal region is calculated by adding the estimates for the three dilepton types, which yields
(2.39 + 0.53 (stat.) + 1.53 (syst.)) x 107> (5.16)

events, assuming that there is no more than one random crossing per event. The possibility
of two random crossings in the same event can be neglected as there are no events in
the data with more than one lepton pair and the probability of two crossings in the same
event is proportional to piing, which is less than 1077 for all dilepton types. The statistical
uncertainty of 22% arises from the normalisation to the number of dilepton events in the
data. There are 21 events that contain a ee pair, whereas only half as many events are
observed for each of the other two dilepton types. Both the kinematic requirements of the
filters and the production processes differ for the three dilepton types, so it is not expected
that the number of lepton pairs should be the same for all dilepton types.

The random crossing background has been estimated with an alternative method, which
runs the displaced vertex reconstruction on events after one track has been randomly
selected and flipped with respect to the beam spot, and then counts the number of displaced
vertices that pass the selection criteria. More details on the track flipping method can be
found in Reference [107]. The difference between the estimates obtained with the event
mixing and the track flipping methods is used as a systematic uncertainty of 64%.

The crossing probability for muon pairs is more than a factor of two greater than that for

eu pairs. Almost 40% of the pu vertices predicted by the event mixing method are located
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Figure 5.42: Crossing probabilities of two hundred estimates for each dilepton type. A
Gaussian function is fitted to each distribution, represented by the solid line.

inside a material-rich region, explaining a part of this discrepancy since the material veto
is applied to eu vertices but not to pu vertices. This is contrary to the ¢t MC sample,
where the dilepton crossing probabilities are not affected by the material veto as almost
all dilepton vertices from random crossings are inside the beam pipe (r < 25 mm). For
the data, the event mixing method predicts that most uu vertices have r > 120 mm. More
than 76% of the muons selected in the data have ¢ < 0, which indicates that a significant
fraction of them originates from cosmic-ray muons that are not rejected by the cosmic-ray
veto, because the corresponding muon with ¢ > 0 has not been reconstructed. Since there
are no cosmic-ray muons in the 1 MC sample, this could explain the different transverse
radii of the uu vertices. The crossing probability is minimal for ee pairs, an observation

that has already been made in the t# MC sample.
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Table 5.10: Event mixing results for the three dilepton types. The predicted number of
vertices is obtained using Equation (5.15).

Type A Pxing [107°] N [107]

ee 21 +4.6 (stat.) 1.2 2.6 + 0.6 (stat.)
eu 10 = 3.2 (stat.) 7.0 7.0 + 2.2 (stat.)
up 9 +3.0 (stat.) 15.9 14.3 + 4.8 (stat.)

Table 5.11: Estimated dilepton crossing probabilities for the nominal sample and the
low-pileup and high-pileup subsamples. The statistical uncertainties are below 2%, and
therefore not shown.

Type Pxing [10_5]
Low-pileup (Npy < 12) Nominal ((Npy) = 14) High-pileup (Npy > 16)
ee 0.7 1.2 1.9
eu 6.4 7.0 7.3
U 16.0 15.9 15.8

The dependence of the dilepton crossing probabilities on the amount of pileup is tested
by performing the estimates on two disjoint subsamples, where the events have different
amounts of pileup. The average number of primary vertices per event is 14.4 in the
nominal sample. The low-pileup subsample is made of all events with Npy < 12, while
the high-pileup subsample consists of all events with Npy > 16. Both subsamples contain
about 30% of the events of the nominal sample. The dilepton crossing probabilities for
these two subsamples are shown in Table 5.11 and compared to the nominal py;,,. The
crossing probability of pu pairs is nearly the same for all three samples. A variation of up
to 8% is observed for ey pairs, which is negligible compared to the systematic uncertainty
of 64%. Large variations of up to 52% are found only for ee pairs, which contribute
only 11% to the final estimate, so that the impact of this variation on the total systematic

uncertainty can be neglected.

5.6.4 Material interactions

Another type of background are interactions of particles from pp collisions with detector

material leading to the production of lepton pairs. One contribution originates from
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photons that interact with atomic nuclei and thereby convert into pairs of oppositely charged
electrons. Photon conversions into muons are also possible, but they are significantly
suppressed because the cross-section of photon conversions is inversely proportional to
the square of the lepton mass [108] and the muon mass is more than two hundred times
larger than the electron mass. The second relevant process involves the annihilation of
a quark from a hadron with an antiquark from another hadron creating a virtual photon
or Z boson which then decays into a pair of oppositely charged leptons, known as the
Drell-Yan process [106], whose cross-section is the same for both electrons and muons.
This contribution is dominated by charged pions interacting with the nucleons of atomic
nuclei as charged pions have a lifetime of 2.6 - 1078 s and can reach therefore all layers of
the pixel detector.

These two processes are studied using ee vertices by defining a control region in the
data in which the material veto is inverted and the mass cut of 12 GeV is removed. The
selection criteria of this control region are much looser than those of the signal region to
enhance the number of its events. No triggers and filters are required as in the studies in
Section 5.6.3.3. In addition, the opposite charge requirement and the pt cut of 10 GeV are
not applied. Each track is still required to have a minimum pt of 1 GeV, which is ensured
by the track selection of the displaced vertex reconstruction.

In total, 123 ee vertices are found in this control region. All but one are oppositely
charged, which is consistent with the assumption that they originate from one of the two
processes. Distributions of several observables of these vertices are shown in Figure 5.43.
All but five of the vertices have a mass between 200 and 400 MeV, which is a strong
indication that they were produced by photon conversions. In principal, ee vertices from
photon conversions should have a mass of zero, since photons are massless particles, but in
the calculation of the vertex mass all tracks are assumed to be pions, so that the vertex mass
is shifted to values of about 2 - m, ~ 280 MeV. The majority of tracks has a pr of less than
5 GeV. No vertex of this control region has a mass of more than 8 GeV or passes a pr cut
of 10 GeV. The electron pairs are highly collimated, as their |A®| values indicate, which
are smaller than 0.15. Most vertices are produced at very large radii of » > 180 mm in the
supporting structures of the pixel detector. Nevertheless, the magnitudes of the transverse
impact parameters of their tracks are predominantly less than 10 mm, caused by a small
angle between the momentum and the displacement of the vertex.

None of these ee vertices would pass the signal region criteria if the material veto

were not applied to ee vertices. Only five of them seem not to have been produced by
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Figure 5.43: Six observables of ee vertices in the data that fail the material veto and pass
loosened selection criteria.
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Table 5.12: Properties of ee vertices with mpy > 0.5 GeV in the data that fail the material
veto and pass loosened selection criteria.

mpy [GeV] N(e) N(tracks) p™ ¢ [Gev] pl ™€ [GeV] goi - gen

T T
0.76 2 2 14 4.4 -1
1.7 2 2 20 8.1 -1
1.9 2 4 13 4.2 -1
4.7 2 2 3.3 1.4 +1
8.0 2 3 4.7 3.8 -1

photon conversions and could have been produced by Drell-Yan processes, their properties
are listed in Table 5.12. The electron pair of one of these five vertices is not oppositely
charged, which is not consistent with the assumption that it was produced by a Drell-Yan
process. It is possible that this vertex originates from a misconstruction, as it is unlikely
to have been generated by a random crossing due to the small |A®| of the electron pair.
The remaining four vertices have masses of up to 8 GeV and no track with pt > 20 GeV,
which means that they significantly fail the filter matching requirements. Consequently,
there is no indication that lepton pairs from Drell-Yan processes could be a non-negligible
source of background. This is consistent with the observation that no pu vertex with a
mass between 6 and 12 GeV is found in the data (see Section 5.6.2).

Consequently, the application of a material veto seems not be necessary for highly
energetic displaced dilepton vertices. Nevertheless, the material veto is applied in the signal
region to vertices containing at least one electron to reject remaining contributions from
photon conversions and non-leptonic material interactions that are misidentified as dilepton
vertices. The latter occurs much more frequently for electrons than for muons, because
the number of hadrons interacting with the electromagnetic calorimeter is significantly
higher than the number of hadrons traversing the barrel of the muon spectrometer. The
misidentification rate, however, is so low even for ee vertices that it was not possible to

estimate it.
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5.6.5 Non-collision backgrounds

In the previous sections, the background originating from proton—proton collisions was
studied. In addition, there are non-collision backgrounds, which include beam-induced

backgrounds and particles from external sources such as cosmic-ray muons.

5.6.5.1 Beam-induced backgrounds

Beam-induced backgrounds [109] are due to the loss of protons, which can occur at any
position in the LHC ring. Inelastic interactions of the protons, for example with the residual
gas in the beam-pipe, lead to the production of secondary particles such as leptons. There
is a dedicated shielding of the ATLAS detector to absorb these secondary particles, but it
cannot stop high-energy muons that are capable of penetrating a large amount of material.
Such muons traverse the detector in a direction almost parallel to the beam pipe because
they are highly boosted along the direction of the proton momentum. Therefore, they
cannot pass the muon trigger, which requires the muon to traverse the muon spectrometer
barrel from the inside to the outside. This means that a pu vertex passing the selection
criteria of the signal region and consists only of beam-induced muons is not possible. A
single beam-induced muon, however, could become part of a displaced vertex passing
the signal region if it crosses another lepton by chance, but this is already covered by the

estimate presented in Section 5.6.3.4.

5.6.5.2 Events with single cosmic-ray muons

Of the external sources, only muons from cosmic-rays are energetic enough to pass the
selection criteria of this search. Cosmic-rays are high-energy particles that originate from
galactic sources such as supernovae and consist mainly of protons and helium nuclei. In
the atmosphere of the earth, they collide with atoms and molecules, primarily oxygen and
nitrogen, producing a shower of secondary particles. A cosmic-ray shower often contains
charged mesons such as pions and kaons, which can decay into muons. Even though muons
have only a lifetime of about 2.2 - 1076 s, highly energetic cosmic-ray muons can reach the
surface of the earth due to the relativistic time dilation. Since the ATLAS detector is only
100 m underground, it is not particularly strongly shielded against cosmic-ray muons. At

this depth, the rate of cosmic-ray muons with pp > 20 GeV is about 1 s~'m~2 [110].
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Figure 5.44: |A¢| vs. 1 + 1 of muon pairs in the events selected by the muon filter.

Cosmic-ray muons traverse the entire ATLAS detector from top to bottom, producing
hits in the tracking detectors along a straight trajectory that extends across the entire inner
detector. The track reconstruction algorithms assume that all particles originate from
proton—proton collisions, and thus the track of a cosmic-ray muon is split near the beamline
into two tracks, which are almost perfectly back-to-back in the n¢-space. Consequently,
a cosmic-ray muon is sometimes reconstructed as a back-to-back muon pair, which is
oppositely charged as the two muons point in opposite directions. This does not occur very
frequently, since the cosmic-ray muon traverses the upper half of the muon spectrometer in
the opposite direction than a collision muon, resulting in low reconstruction efficiencies of
the associated muon spectrometer track. Muon pairs that are back-to-back in the n¢-space
have |A¢| ~ 7 and n; + 1, = 0. Figure 5.44 shows the two-dimensional distribution of
these variables for muon pairs in the events selected by the muon filter. The peak in the top
centre illustrates that about 7% of the muon pairs are back-to-back.

A significant number of these back-to-back muon pairs are reconstructed as displaced
vertices that pass the entire signal selection, which would constitute a large background.

Therefore, events that have at least one lepton pair with

AReosmic = \([A¢] = 7 + (1 + 2 < 0.01 (5.17)

are vetoed in the signal region to suppress the background from cosmic-ray muons. The
veto is applied to any type of lepton pair to cover cases where the cosmic-ray muon is
reconstructed as an electron. The cut value was chosen so that the size of the remaining

background can be estimated with a simple method and remains small.
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Figure 5.45: (a) Invariant mass and (b) the relative difference in pt of muon pairs in the
events of the cosmic-rays control region.

A cosmic-rays control region is defined in the collision data by selecting events that
pass the muon filter and have at least one muon pair with AR osmic < 0.04. Muon pairs
forming a vertex and passing the cosmic-ray veto are not selected to keep the signal region
blind. All event-level cuts of Section 5.2.2 are applied except the cosmic-ray veto. Each of
the two muons has to pass the usual selection criteria described in Section 5.2.3 and the
track selection criteria of the displaced vertex reconstruction as detailed in Section 4.4.2.
Furthermore, the muon pair has to satisfy the muon filter requirements including a successful
match to the muon trigger.

Figure 5.45a shows that more than 97% of the muon pairs in this control region have an
invariant mass that is greater than 120 GeV, meaning that a negligible fraction of them fails
the 12 GeV mass cut of the signal region. Using Equation (5.14) and taking into account the
pr cut of 62 GeV of the muon filter, a peak near \/2 - (62GeV)? - (1 —cosm) = 124 GeV

is expected, assuming that both muons have the same pt. The peak is observed at a pr

between 140 and 150 GeV, which is close to the roughly estimated value. In about 74% of
the cases, the pt values of the two muons agree within 20% (see Figure 5.45b), which is
expected since the two muons originate from the same cosmic-ray muon and should have
therefore a very similar pr.

The study of this control region indicates the presence of events with more than one
cosmic-ray muon, which are further investigated in Section 5.6.5.3. The inner detector
tracks of two muons that originate from the same cosmic-ray muon have consistent impact

parameters, meaning that they satisfy the relations dé r —dg and zé ~ zg. All muon pairs
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Figure 5.46: AR osmic of muon pairs in the events of the cosmic-rays control region. The
distribution of all muon pairs is shown by the filled area, while the dots indicate the subset
forming a displaced vertex. The arrow shows the cut on AR osmic applied in the signal
region.

in this control region are required to have |d; +d3| < 2mm and |z) — z5| < 25 mm to reject
the contributions from events with multiple cosmic-ray muons. The cut values have been
chosen based on the observations presented in Section 5.6.5.3.

In total, 3646 muon pairs satisfying all those criteria are found, their A R.osmic distribution
is shown in Figure 5.46a. Of these muon pairs, 246 (about 7%) form a displaced vertex that
passes all of the signal region criteria except the cosmic-ray veto. The ARcosmic distribution
of the uu vertices ends near ARosmic = 0.004. To estimate the size of this background, the
distribution of all muon pairs is used to extrapolate the vertex distribution to the signal
region. This is done by normalizing the pair distribution to the vertex distribution using
the integrals of the two distributions for ARcosmic < 0.004. All distributions, before and
after normalisation, are shown in Figures 5.46a and 5.46b.

With this method, the cosmic-rays background is estimated to be
0.27 + 0.14 (stat.) = 0.10 (syst.). (5.18)

The statistical uncertainty is given by the Poisson error on the number of muon pairs
(N = 4) that do not form a vertex and pass the cosmic-ray veto, while the systematic
uncertainty is estimated by alternatively using the first three bins (ARcosmic < 0.0015) for
the normalisation and evaluating the difference of the integrals of the two distributions for
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0.0015 < ARcosmic < 0.004. This background is about two orders of magnitude larger than
the random crossing background, and therefore the dominant source of background for this
analysis.

Another source of background due to single cosmic-ray muons results from the random
crossings of these with leptons from collision processes. This contribution, however, is

already covered by the estimate presented in Section 5.6.3.4.

5.6.5.3 Events with multiple cosmic-ray muons

In rare cases, two muons produced in the same cosmic-ray shower, referred to as dicosmics,
traverse the ATLAS detector during a bunch-crossing. If one of these muons is reconstructed
as a back-to-back muon pair, then the event is rejected by the cosmic-ray veto. However, it
can happen that only the two muons that have a negative ¢ are reconstructed due to the low
reconstruction efficiencies of cosmic-ray muons in the upper half of the detector. In this
case, the event is not rejected and both muons could randomly cross and form a vertex. If
the crossing probability of dicosmics is similar to collision muons, then this contribution is
already covered by the random crossing estimate discussed in Section 5.6.3.1. To check
whether this is the case, dicosmics are studied in the following.

As already mentioned in the previous section, muon pairs that originate from the
same cosmic-ray muon have consistent impact parameters. Thus, dicosmic events can
be identified by searching for muon pairs in the cosmic-rays control region that have
inconsistent impact parameters. Figures 5.47a and 5.47b show that all muon pairs observed
in this control region have zj ~ z} and dj ~ —d3, apart from one and two outliers,
respectively. These outliers belong to two muon pairs, for which the origin of the tracks is
separated by several centimetres (see Figure 5.47¢c), and this difference is not covered by
the uncertainty in the measured track parameters (see Figure 5.47d).

To study these two muon pairs in more detail, event displays have been produced,
which are shown in Figures 5.48 and 5.49. The first event is a good example of a dicosmic
event, since it contains two back-to-back muon pairs that are close in space. In the second
event, only three muons were reconstructed, but the reconstructed segments in the muon
spectrometer are consistent with the assumption that they originate from a pair of cosmic-ray
muons. In none of these dicosmic events, the cosmic-ray muons randomly cross and form

a vertex.
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Figure 5.47: (a) Longitudinal and (b) transverse impact parameters, (c) magnitudes of the
sum of transverse impact parameters and the difference of longitudinal impact parameters
of muon pairs in the events of the cosmic-rays control region and (d) the corresponding
significances.

The fact that only two dicosmic events are found in the data shows that they are very
rare. The associated background is therefore negligible compared to the contribution from
single cosmic-ray muons, except if the crossing probabilities of dicosmics are at least
two orders of magnitude larger than those of collision muons. As indicated by the event
displays, dicosmics seem to be close in space, which could lead to an increased crossing
probability.

Unfortunately, it is not possible to study the random crossing probabilities of dicosmics
directly as they are not very abundant. In an attempt to increase the size of the dicosmics
sample, events were selected that have two muons with negative ¢ that are each back-to-back
to an inner detector track, which has consistent track impact parameters. However, only the

two already known dicosmic events passed this selection.
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Run Number: 205735, Event Number: 1603487156

Date: 2016-08-07 17:19:49 CEST.

Figure 5.48: Event displays of a dicosmic event recorded in August 2016. For reasons of clarity, inner detector tracks not
associated with cosmic-ray muons are not displayed.
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Instead, the estimation procedure for random crossings explained in Section 5.6.3.1 is
performed on muons from events that fail the cosmic-ray veto. The procedure is exactly
the same as for the signal region estimate, except that a different collection of muons is
used. The crossing probability of cosmic-ray muons of 1.52 x 10~# is four percent smaller
than that of collision muons (1.59 x 107*). The statistical uncertainties on the crossing
probabilities are below one percent and cannot explain this minor discrepancy. Since the
crossing probabilities of cosmic-ray muons and collisions muons do not differ significantly,
there is no indication that the random crossing of dicosmics is not covered by the estimate

discussed in Section 5.6.3.4.

5.6.6 Final background estimate

Both collision and non-collision backgrounds have been studied in the previous sections.
The collision background is dominated by random crossings of lepton tracks and is of the
order of 1073 events. The non-collision background is two orders of magnitude larger
and originates from cosmic-ray muons reconstructed as back-to-back muon pairs. Thus,
the random crossing background can be neglected and the number of background events

expected in the signal region is given by:

NOE = 0.27 014 (stat.) = 0.10 (syst.). (5.19)

5.7 Results

5.7.1 Signal region observation

In the following, the selection criteria of the signal region are applied to the data events and
the observation is compared with the background expectation. The cutflows in Figure 5.50
show the number of events in the data as a function of the signal region cuts for each
dilepton type separately. The value of the first bin in each cutflow, 82.06 million events,
is the total number of events of the data sample that was reconstructed with the setup
optimised for decays of long-lived particles. The second to sixth bin are the event-level
cuts of Section 5.2.2. Of these, only the trigger requirement has a significant impact on
the number of accepted events. Here, it should be noted that the data sample consists of

events preselected for multiple ATLAS searches that use different triggers, and therefore
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only about 1/3 of the events pass one of the triggers of this search. The seventh bin
requires the presence of at least one displaced vertex candidate, which is the case for
about 38% of the events that pass all event-level cuts. All subsequent cuts, which are
described in Section 5.2.3, are applied to displaced vertex candidates in the event. For
the ee and ey channels, the material veto reduces the number of events by 53%, which is
more than the fraction (40%) of the fiducial volume covered by it, which could be due to
the enhanced production of non-leptonic vertices in the material-rich regions. The two
cuts requiring at least one or two leptons can only be passed by leptons whose flavours
match the dilepton type of the cutflow. Only for the pu channel, there are events that have a
displaced vertex with two leptons passing the identification criteria and the overlap removal.
These eighteen events belong to the low-mass control region discussed in Section 5.6.2, i.e.
the corresponding vertices all have a mass of less than 12 GeV.

For all three channels, no event is observed in the last bin, i.e. the signal region. This

observation is consistent with the background expectation of 0.27 + 0.17 events.

5.7.2 Statistical methods

Since there is no indication of a signal in the data, upper limits on the production cross-
section of the signal model are set. They are computed using the HistFitter [111] framework,
which employs a Frequentist method to perform the hypothesis tests based on a profile
likelihood ratio test statistic [112].

As first step of the procedure, a statistical model is defined to describe the data. The
likelihood L is given by the product of a Poisson distribution (Pois(N|v) = %e‘v) for the
number of events in the signal region and of multiple Gaussian distributions with unit

1
width (Gaus(®) = ﬁe‘iez) to take into account the systematic uncertainties:

L(, ®|Nsg, ©°) = Pois(Nsg|v = b(©) + us(®)) x ]—[ Gaus(©" - ©;), (5.20)

jES
where Nggr is the number of events observed in the signal region, v the mean of the
Poisson distribution, » and s the numbers of background and signal events, u the signal
strength, S the set of systematic uncertainties, ®; the nuisance parameters for the systematic
uncertainties and @? are the central values around which ®; can be varied. The signal
strength u > 0 is a scale factor of the signal, with the background-only hypothesis

corresponding to u = 0 and the nominal signal+background hypothesis to u = 1.
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cuts for the three dilepton channels. Entries in the last bin pass the signal region criteria.
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The hypothesis tests are performed by evaluating the agreement of the signal hypotheses

differing in u with the data using the one-sided profile likelihood ratio test statistic

1 Le©)

3 Ia S ,u7
qu = L(A.©) (5.21)
0, a> u,

which is based on a profile likelihood ratio, where the numerator, L(u, é), is the maximum
of the likelihood for a given u and the denominator, L(f, C:)), the overall maximum of the
likelihood. The probability density function f(q,|u, (:)) of the test statistic is obtained
by performing several thousand pseudo-experiments in which Nsr and @? are randomly
generated according to the distribution derived from Equation (5.20) for given u and 0.
The agreement between the data and a signal hypothesis is quantified based on the
p-value of the test statistic distribution, which is the probability of obtaining data that is at

least as incompatible with the signal hypothesis as the observed data:

(o)

Po= [ @l ®)day, (5.22)

qu,obs

where g, obs i8 the value of the test statistic for the observed data. Consequently, the p-value
depends on the nuisance parameters ®, so that for each signal hypothesis there is a set of
p-values. The decision as to whether a signal hypothesis is rejected is based on the largest

p-value, the so-called supremum p-value

pu’ = SUp P, 5 (5.23)
®

However, it is computationally not feasible to calculate the p-values for all ©. The p-value
becomes large when there is good agreement between data and signal hypothesis, and

therefore the values of ® leading to the supremum p-value can be estimated by fitting them

based on the observed data and the given y, i.e. by determining ©. This is often referred to
as profiling the nuisance parameters. As a result, the p-value is calculated according to the

equation

oo

Pu= F(qul s O, 0bs))dg,.. (5.24)

qp,obs
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The CL; value [113] of a signal hypothesis is given by

cL, = 2 (5.25)
Pu=0

The upper limit 1°° on the signal strength at 95% confidence level (CL) is defined as the

signal strength u for which the CL; value is 0.05. The CL; values of the hypothesis tests

are linearly interpolated to calculate x°>. The 95% CL upper limit on the cross-section is

defined as the product of the signal cross-section and p°>.

The procedure discussed above describes how the observed upper limit is derived. The
expected upper limit is computed with the same procedure with two exceptions. First,
pseudo data is used instead of real data to determine the lower limit of the integral in
Equation (5.24). The pseudo data is generated assuming the background-only hypothesis.
To make the expectation the most compatible assessment for the actual observation, the
nuisance parameters are profiled based on the observed data and not the pseudo data.
Secondly, the calculation of the upper limit is repeated with different pseudo data, resulting
in a distribution of the upper limit. The median of this distribution is used as the expected
upper limit, and the 16th and 84th percentiles are used to determine the +10- variations of

the expected upper limit.

5.7.3 Exclusion limits

Figure 5.51 shows the upper limits on the signal production cross-section as a function
of the neutralino ¢t for various choices of signal parameters. The observed limits are
consistent with the expected limits within the +10 uncertainties. For a squark mass of
700 GeV, the upper limits are in almost all cases smaller than the predicted cross-section,
meaning that these signal hypotheses are excluded at 95% confidence level. Only 50 GeV
neutralinos with a ¢t larger than 6 m are not excluded in that case. If the squark mass is
1.6 TeV, lifetimes of a 1.3 TeV neutralino in the range of 3 mm to 1 m are excluded, while
the lifetime of a 50 GeV neutralino can only be constrained if it decays via a 412, coupling,
where ¢t values between 4 and 30 mm are excluded. The better sensitivity to neutralino
decays mediated by a A2, coupling is caused by the fact that no material veto is needed for
pu vertices.

Model-independent upper limits on the visible cross-section, which is the production

cross-section times the signal efficiency, and on the visible number of signal events are
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Table 5.13: Model-independent upper limits at 95% confidence level on the visible cross-
section (60')(9)3s and on the visible number of signal events sggs and its expectation sgfp with
+10 variations

95 95 95
<60_>obs [fb] Sobs SEXP

Upper limit 0.09 3.0 3.070¢

shown in Table 5.13. Signal models that predict at least three events in the signal region
are excluded at 95% confidence level.
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Figure 5.51: Observed upper limits at 95% confidence level (CL) on the squark-antisquark
production cross-section as a function of the )2? lifetime (c7t) for four combinations of
squark and neutralino masses and )2? decays mediated by (left) a A2 or (right) a 412,
coupling. The shaded bands around the observed limits indicate the +10 variations in
the expected limit, while the horizontal bands show the expected cross-sections and their

uncertainties.
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5.7.4 Comparison with the results of the previous search

Previously the ATLAS collaboration searched for displaced dilepton vertices in the inner
detector of ATLAS at 4/s = 8 TeV [84, 85]. The Run-1 search considered a simplified
supersymmetic model, in which a pair of gluinos is produced via the strong interaction.
Each gluino decays into two quarks of the first two generations and the lightest neutralino,
which is the long-lived particle and decays via an RPV coupling, either 12 or 427, to two
charged leptons and a neutrino. No events were observed in the signal region of the Run-1
search. Figure 5.52 shows the upper limits on the gluino pair production cross-section set
by the Run-1 search.

The main difference between the Run-1 and Run-2 signal models is that the gluino in
the Run-1 model decays into three particles and the squark in the Run-2 model into two.
When considering the same masses, the neutralino has on average a higher kinetic energy
in the Run-2 model, since it receives a larger fraction of the mass difference between it
and the next-to-lightest supersymmetric particle (NLSP) as kinetic energy. The kinematic
properties of the lepton pair from a neutralino decay are similar in both models if the
kinetic energy of the neutralino is small compared to its mass, i.e. if the NLSP-neutralino
mass difference is small and the neutralino is massive. Thus, the cross-section limits of
both searches are compared under this assumption. Figure 5.53 shows the upper limits
for the signal MC sample of each search where the sparticle masses are largest. For most
neutralino lifetimes, the limits of the Run-2 search are significantly better, mostly due
to the 62% higher integrated luminosity. This is particularly the case for low lifetimes,
which is caused by the factor of two smaller displacement cut of the Run-2 search. The
improvement is higher for neutralino decays mediated by a 412> coupling, since the Run-2
search does not apply the material veto to uu vertices, while the Run-1 search did. Only
for ¢t values larger than 4 m, the Run-2 limits become worse than the Run-1 limits.

The Run-2 search significantly benefits from the increased production cross-sections of
squarks and gluinos due to the higher centre-of-mass energy of 13 TeV. The cross-section
for the production of a 1.6 TeV squark-antisquark pair at v/s = 13 TeV is more than 50
times larger than at \/s = 8 TeV. Thus, the Run-1 search is not at all sensitive to a 1.6 TeV
squark, while the Run-2 search excludes more than two orders of magnitude in neutralino

lifetime for such a squark if the neutralino mass is 1.3 TeV.
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Figure 5.53: Comparison of the observed upper limits at 95% confidence level between
the Run-1 and the Run-2 search for /\?? decays mediated by (a) a 4121 or (b) a 1122 coupling.
The Run-1 limits for m(g) = 1.3 TeV and m( )2?) = 1.0 TeV are shown and the Run-2 limits

for m(§) = 1.6 TeV and m(¢)) = 1.3 TeV.
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Chapter 6

Summary

In this thesis, a search for new long-lived particles with masses larger than 12 GeV decaying
into oppositely charged ee, ey or pu pairs is presented. The search is based on data of
proton—proton collisions at a centre-of-mass energy of 13 TeV collected by the ATLAS
experiment at the Large Hadron Collider in 2016, corresponding to an integrated luminosity
of 32.8 fb~!. The lepton pairs are required to form a common vertex within the ATLAS
inner detector, which is displaced from the primary collision vertex.

To improve the sensitivity to decays of long-lived particles, two dedicated algorithms
have been developed. The first is an additional track reconstruction algorithm, which runs
after the standard ATLAS track reconstruction on unused measurements of the tracking
detectors and reconstructs tracks with large impact parameters. The second reconstructs
displaced vertices from tracks of both tracking algorithms. As these algorithms are
CPU-intensive and significantly increase the storage size of a recorded collision event, they
could only be run on a preselected subset of the data. The events are preselected based on
two photon triggers, which are sensitive to calorimeter deposits of electrons, and a muon
trigger using only information from the muon spectrometer. These triggers do not require
the leptons to be produced close to the primary collision vertex, and are therefore very
efficient for displaced leptons. They have high pt thresholds of 50 to 140 GeV, leading to a
high pr of at least one of the two leptons of a displaced dilepton vertex.

Since the Standard Model does not predict massive, long-lived particles decaying
into leptons, the background is very small and dominated by cosmic-ray muons that are
reconstructed as displaced vertices of back-to-back dimuons. A dedicated veto is used
to reject back-to-back lepton pairs, resulting in a background expectation of 0.27 + 0.17
events from pp collision data. Other backgrounds, such as random crossings of leptons,

were found to be negligible.
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Chapter 6 Summary

No events with displaced dilepton vertices have been observed, which is in agreement
with the background expectation. The result is interpreted in a simplified supersymmetric
model where the lightest neutralino, produced via squark-antisquark production, decays via
an R-parity violating coupling, either 4121 or 122, to £*¢'"v (£ = e, u). For both couplings,
the )2? decays to two final states with equal branching ratio of 50%, namely eev and euv
for 1121, and euv and puy for A12;. Upper limits on the production cross-section have been
derived for specific squark and neutralino masses and for neutralino lifetimes (c7) between
I mm and 10 m. For a 700 GeV squark and neutralino masses between 50 and 500 GeV,
neutralino lifetimes between 1 mm and 6 m are excluded at 95% confidence level. If the
squark mass is 1.6 TeV and the neutralino mass is 1.3 TeV, the excluded ¢t range is 3 mm
to 1 m. For a 50 GeV neutralino, no lifetime can be constrained for the 11,; decay, while
lifetimes between 4 and 30 mm are excluded for the A, decay.

The search is the successor of an ATLAS search for displaced dilepton vertices
at \s = 8TeV [84, 85] and features a substantially improved sensitivity to masses
of supersymmetic particles larger than 1 TeV, since the cross-sections of the production
processes are significantly enhanced by the larger v/s of 13 TeV and the integrated luminosity
is 62% larger. The relaxation of certain selection criteria has further improved sensitivity.
The displacement cut has been reduced by a factor of two leading to higher signal efficiencies
for long-lived particles with lifetimes of a few mm. The sensitivity to uu vertices has
been greatly improved by selecting them not only in material-free regions, but also in

material-rich regions.
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Appendix A

Closure test of the lifetime reweighting

The lifetime reweighting discussed in Section 5.3.2 allows to study the signal efficiencies as
a continuous function of the neutralino lifetime in the range of 1 mm to 10 m. To verify that
the efficiencies obtained from this procedure are valid, they are compared to the efficiencies
calculated without the lifetime reweighting for the five simulated lifetimes. This closure
test is performed only for the reco-level efficiencies as they are used to derive the limits
presented in Section 5.7. Figures A.1 to A.5 show that there is a good agreement within
the uncertainties in most cases, meaning that the reweighting procedure works well both

for vertex-level and event-level efficiencies.
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Appendix A Closure test of the lifetime reweighting
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Figure A.1: Vertex-level efficiencies at the reco-level obtained with the lifetime reweighting
for )2? decays to e*e”v and four combinations of squark and neutralino masses. The
squares show the efficiencies calculated without the lifetime reweighting for each of the
five simulated lifetimes.
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five simulated lifetimes.
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Appendix A Closure test of the lifetime reweighting
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Figure A.3: Vertex-level efficiencies at the reco-level obtained with the lifetime reweighting
for )2? decays to u*u~v and four combinations of squark and neutralino masses. The
squares show the efficiencies calculated without the lifetime reweighting for each of the
five simulated lifetimes.

146



[2) L ~ ) _ ~
5 =52 q[g; ~ eev/epv] m(a), m&f) [Gevl 3§ q- q[gjlJ ~ eev/epv] m(a), m&f) (GeV]
£ E = 700, 50 ] £ E B 700, 500 E
) [ B ) C |
o 107 = & ]
> = = >
Q C = Q F 4
= [ ] = -1 _|
2 107%g = g 107¢ 3
L > 3 w C |
107 E I l
F 3 1075 E
10 = N
T R BT BTN T T R B,
1 10 102 10° 10* 1 10 102 10° 10*
ct [mm] ¢t [mm]
(a) m(q) = 700 GeV, m()) = 50 GeV (b) m(g) = 700 GeV, m(¢?) = 500 GeV
S T a-qid - eevien m@, m) [Gev] §  § G- ai -~ eev/em] m(@, m() [GeV]
2 F ks 1600, 50 1 8 1= ~77 1600, 1300 3
% 10 . 5 2 E — .
g E i, 3 g i R, ]
2 C ~ ] o r o B
|5 ETE - U T E
> = > E 7 R =
w r ] w E /4 ) ]
107 = L7 v
E 3 1072 gi . .
107 5 E E
10—57 Lol Lol Lol ! AAAAA;’ L Lol Ll Ll L AAAAAAT
1 10 10? 10° 10* 1 10 102 10° 10*
ct [mm] ct [mm]
(©) m(g) = 1.6 TeV, m()) = 50 GeV (d) m(g) = 1.6TeV, m(g)) = 1.3 TeV
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Appendix B

Uncertainties on the signal efficiencies

In Section 5.5 three systematic uncertainties in the reco-level signal efficiencies have been
discussed, namely an uncertainty in the measured trigger scale factors, another one from
reweighting the events to obtain the pileup distribution observed in the data, and finally a
flat uncertainty of 10% in the tracking and vertex reconstruction efficiencies. In addition,
there is also a statistical uncertainty due to the limited number of simulated events.
Figures B.1 to B.5 show the relative sizes of these uncertainties and the total uncertainty.
The total uncertainty on the vertex-level efficiencies is usually 12 to 16%, except for very
short lifetimes of less than 3 mm, where it can be as large as 28% due to an increased
statistical uncertainty. The uncertainty on the reconstruction efficiencies is usually the
largest component, in some cases the statistical uncertainty or the pileup uncertainty are
similar or even slightly larger. The general trends are similar for the event-level efficiencies
except that the statistical uncertainties are significantly enhanced at short and long lifetimes,

and thus the total uncertainty can become as large as 52%.
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Appendix B Uncertainties on the signal efficiencies
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Figure B.1: Relative sizes of the four uncertainties and the total uncertainty in the vertex-
level efficiencies at the reco-level as a function of the )2? lifetime for )E? decays to eTe"v
and four combinations of squark and neutralino masses.
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Figure B.2: Relative sizes of the four uncertainties and the total uncertainty in the vertex-
level efficiencies at the reco-level as a function of the )2? lifetime for )2? decays to e*u¥v
and four combinations of squark and neutralino masses.
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Figure B.3: Relative sizes of the four uncertainties and the total uncertainty in the vertex-
level efficiencies at the reco-level as a function of the )2? lifetime for /\7? decays to u"u"v
and four combinations of squark and neutralino masses.
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Figure B.4: Relative sizes of the four uncertainties and the total uncertainty in the event-
level efficiencies at the reco-level as a function of the )2? lifetime for )2? decays mediated
by a 4121 coupling and four combinations of squark and neutralino masses.

153



Appendix B Uncertainties on the signal efficiencies

> 0.7 T T T T > 0.7 T T T ——rrm
c C - - c C - -
S b G-k -ew/pw] —Toml q 8 b G-l -ew/pw] —Toal E
Q "t m@=700Gev MC statlstlc_s B ] “E m@=700Gev M.C statlstlc§ B
S C Pileup reweight. 7 g C Pileup reweight. 7
° 0.5 m&g) =50 GeV - Reconstruction o 0.5 m&f) =500 GeV -~ Reconstruction
= L Trigger SF ] = C Trigger SF ]
S 04 % 4 g 04 % =
o ] o 3 ]
0.3} - 0.3F =
0.2 f = 0.2} 5
0.1 - o et - 0.1~ - e
0:' I ‘ S 7 of o e
1 10 10? 10° 10 1 10° 10*

¢t [mm] ¢t [mm]

a) m(G) = 700 GeV, m(¢¥) = 50 GeV b) m(§) = 700 GeV, m( ") = 500 GeV

1 1
> 0.7 T T T - > 0.7¢ T T - —rrrm
= C - - c C - -
S eb G- dl; - ew/p) —Total 1 8 b G-dlk -ew/pwy] —Toal E
g “E m@=1600Gev MC statlstlc_s E ] “E m@=1600Gev 7 M_C statlstlc_s E
S £ Pileup reweight. 7 = £ Pileup reweight. 7
o 0.5 m&f) =50 GeV -..-- Reconstruction o 0.5 m&f) = 1300 GeV -..-- Reconstruction
= C Trigger SF ] = C Trigger SF ]
5 04F % 4 8 o4 99 3
14 C i o £ J
0.3/ - 0.3f =
02BN T A 0.2 -
0.1~ R ~ fffff oo 0.1+~ ST et e
0: R T g R 0:’ e e e T
1 10 102 10° 10* 1 10 10? 10° 10*

ct [mm] ct [mm]

(©) m(g) = 1.6 TeV, m()) = 50 GeV (d) m(g) = 1.6 TeV, m(F)) = 1300 GeV

Figure B.5: Relative sizes of the four uncertainties and the total uncertainty in the event-
level efficiencies at the reco-level as a function of the )Z? lifetime for )Z? decays mediated
by a 412, coupling and four combinations of squark and neutralino masses.
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