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Abstract 

A search for a long-lived neutral massive particle decaying to a pair of oppositely charged 

leptons ee, eµ, µµ is presented using 140.1 fb−1 of pp collision data at center-of-mass energy 

of 13 TeV, collected with the ATLAS detector. The displaced leptons are required to 

form a vertex that is displaced from the primary pp collision and within the volume of the 

inner detector tracking system. The requirements of a minimum displacement of 2 mm 

and a minimum invariant mass 12 GeV effectively suppress backgrounds from Standard 

Model processes. The remaining backgrounds from cosmic ray muons and random track 

crossings are estimated using data-driven techniques to be less than one background event. 

No events containing a displaced di-lepton vertex were observed yielding upper limits for 

the production cross-section of two supersymmetric models that could produce a long-lived 

neutralino: pair production of gluinos ˜ g and pair production of electroweakinos χ̃0
1, χ̃

0
2, and 

χ̃± 
1 . These are the first limits on the production cross-section for these long-lived neutralino 

models. 
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Introduction 

The Standard Model (SM) of particle physics is the culmination of decades of advancement 

of scientific theories and experiments and successfully describes interactions of elementary 

particles. Its most notable achievement was the prediction in 1964 of the Higgs boson 

[1–6] that was discovered in 2012 [7, 8]. Despite its achievements, various phenomena 

demonstrate that the SM is incomplete. One proposal for physics Beyond the Standard 

Model (BSM) that attempts to explain some of these deficiencies is supersymmetry (SUSY). 

SUSY is a principle included in many models that postulates that each SM particle has a 

supersymmetric partner whose spin differs by 12 ; SM fermions have a boson superpartner 

and SM bosons have a fermion superpartner. Despite the well-founded motivations, no 

evidence for SUSY has not been found to date. 

As SUSY remains unconfirmed, experiments should expand their searches to more exotic 

signatures. For example, some specific SUSY theories with R-parity violating couplings 

(see Section 1.2.4) predict particles that are “long-lived.” While most particles created in 

high energy collisions decay promptly, i.e. before traversing a measurable distance in a 

particle detector, long-lived particles (LLPs) have longer lifetimes. If LLPs are produced 

in high energy collisions and travel several mm to hundreds of mm before decaying, their 

decays should be observable using current particle detectors like ATLAS (A Toroidal LHC 

ApparatuS). If no evidence of such particles is found, the search will provide limits on 

parameters for new BSM theories. 

The analysis described in this dissertation searched for an LLP that decays into two 

leptons and a neutrino. The common origin of the two leptons (the location of the LLP 

decay) is reconstructed as a displaced vertex (DV), which is displaced from the initial pp 

collision. A significant advantage of this analysis is that background from SM processes 

is strongly suppressed by the displacement and invariant mass requirements. The only 

backgrounds are from cosmic ray muons and tracks randomly crossing to form DVs. 

In Chapter 1, the foundations of the SM are discussed, followed by the fundamentals 

of SUSY theories. Chapter 2 describes the Large Hadron Collider (LHC) and the ATLAS 

experiment used to collect data for the search. Methods for track, lepton, and displaced 

vertex reconstruction in ATLAS are detailed in Chapter 3. Chapter 4 discusses the datasets 
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of recorded and simulated collision events that were used to search for di-lepton displaced 

vertices. The signal selections on events, leptons, and vertices are presented in Chapter 5, 

and the background estimates are described in Chapter 6. Chapter 7 describes details of 

the various corrections applied to simulated data to account for imperfect modeling and 

also discusses sources of systematic uncertainty. Finally, the results of the search and the 

extracted upper limits on cross-sections for the two models investigated are summarized in 

Chapter 8. 

2 



Chapter 1 

The Standard Model and 
Supersymmetry 

The basic theory and motivation for the analysis in this thesis (hereby called “this analysis”) 

are described here. Section 1.1 covers the SM of particle physics and some of its known 

limitations. Section 1.2 describes supersymmetry, a popular theoretical extension of the 

SM which addresses some of those limitations and may produce a decay signature that is 

searched for in the analysis described in later chapters. 

1.1 The Standard Model 

The SM [9] of particle physics is a very successful theory that describes the fundamental 

particles that make up the universe and their interactions. The SM is a quantum field the-

ory described by the gauge symmetry group SU(3)C ⊗ SU(2)L ⊗ U(1)Y . These symmetry 

groups describe three of the four fundamental forces in physics. Quantum chromodynam-

ics (QCD), or the strong interaction, is described by the SU(3)C symmetry group and the 

unified electromagnetic and weak interactions are described by the SU(2)L ⊗ U(1)Y sym-

metry group. The fourth fundamental force, gravity, does not currently have a formulation 

in the SM. The SM is notable for its success at predicting new particles that would be later 

discovered. For example, the top quark [10] and the Higgs boson [7, 8] were each predicted 

by the SM and discovered years later. 

1.1.1 Fundamental Particles 

There are two types of fundamental particles in the SM: fermions and bosons. The fermions, 

which are spin- 12 , comprise leptons and quarks, shown on the left side of Figure 1.1. Leptons 

(green) include the charged leptons, e.g. electrons, and the neutral neutrinos. Quarks (pink) 

are the primary constituent particles of matter, and have up- and down-types with electrical 

charges +2
3 e and −1 

3 e respectively. There are three generations of fermions where rest mass 

increases with generation. The bosons, shown on the right side of Figure 1.1, have integer 
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Figure 1.1: The fundamental particles of the Standard Model [11]. The Higgs mass was 
first measured as 126 GeV [7, 8], but has since been measured with more precision to be 
125.11 ± 0.11 GeV [12]. 

spin. The spin-1 bosons (red) are responsible for mediating the fundamental forces between 

fermions. The spin-0 Higgs boson (yellow) is a special case; it arises from the electroweak 

symmetry breaking (see Section 1.1.4) necessary for the W ± and Z bosons to have mass. 

1.1.2 The Strong Interaction 

The strong interaction is described by QCD, a non-abelian gauge group SU(3)C . The C 

refers to color, the charge of the strong interaction, conveniently denoted as red, green, or 

blue (or anti-red, anti-green, anti-blue for antiparticles). The only fermions that participate 

in strong interactions are the quarks, but due to color confinement [13] they only exist in 

bound states of multiple quarks called hadrons that are color neutral. Mesons (e.g. pions 

and kaons) are hadrons composed of a quark and an anti-quark with opposite color charges, 

and baryons (e.g. protons and neutrons) are hadrons composed of three quarks (or three 

anti-quarks) with one charge of each color1 . 

The SU(3)C gauge group generates eight gauge fields, corresponding to eight massless 

gluons. Due to the non-Abelian nature of the SU(3)C gauge group, the gluons carry color 

charge and are self-interacting. The ability to self-interact leads to QCD being very strong 

1“Color” in QCD is not related to colors in the visible spectrum of light, yet it is useful as a metaphor 
because when red, green, and blue light are combined they produce “colorless” white light, analogous to 
color charges in a baryon. 
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at small distances e.g. within a proton. At high energies the strong interaction becomes 

weaker, allowing them to interact as free particles, a characteristic known as asymptotic 

freedom [14]. This allows quarks and gluons to interact individually at high-energy particle 

colliders (see Chapter 2), although color confinement means that any individual quarks or 

gluons produced in the collision will immediately hadronize into colorless mesons or baryons. 

1.1.3 The Electroweak Interaction 

At high energies (like the early universe or at high energy colliders), the weak force and the 

electromagnetic force unify to act as one “electroweak” force. The SU(2)L ⊗ U(1)Y group 

describes the unified weak and electromagnetic interaction. The charges related to these 

symmetry groups are the third component of the weak isospin I3 and the weak hypercharge 

Y , from which the familiar electrical charge can be calculated via: 

Q = I3 + 
Y 
2 
. (1.1) 

The weak interaction is a chiral theory, meaning its interactions with left-handed and right-

handed particles are different. The left-handed fermions form doublets in SU(2)L with I3 = 

±1
2 , while the right-handed fermions are singlets with I3 = 0. Right-handed neutrinos have 

not been observed [15] and are therefore not included in the SM [9]. The weak interaction 

is notable for being the only interaction that mediates flavor change, including decays from 

leptons to neutrinos, changing the flavor of quarks, or changing the fermion generation. 

The electroweak interaction has four generators, three W i 
µ(i = 1, 2, 3) for SU(2)L and 

one Bµ for U(1)Y , with separate gauge coupling constants gW and gY . These W i 
µ are 

not identically the W ± shown in Figure 1.1; the next section will discuss the relationship 

between the four generators and the physical gauge bosons. 

1.1.4 Electroweak Symmetry Breaking 

The local gauge symmetries in the SM as described so far would necessitate the W ± and 

Z bosons be massless to preserve the local gauge invariance. Some extra mechanism must 

be present to preserve local gauge invariance while also giving the W ± and Z bosons the 

masses that are observed in nature. The Higgs mechanism [1, 2] achieves this by adding an 

additional complex scalar SU(2)L doublet ϕ called the Higgs field. The Higgs field couples 

with the electroweak fields of SU(2)L ⊗ U(1)Y and can self-interact. 

The Higgs field and its self-interactions allow the SM Lagrangian to be gauge invariant 

overall, but the ground state of the Higgs field is not invariant under SU(2)L ⊗ U(1)Y 

because of its non-zero vacuum expectation value. This is known as electro-weak symmetry 

breaking (EWSB) because the Higgs field breaks the symmetry of the weak gauge group 

SU(2)L ⊗ U(1)Y but is still invariant under the remaining subgroup U(1)Q that describes 
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electromagnetic interactions. Three of the four degrees of freedom (DoF) from the complex 

scalar doublet are absorbed by the W ± and Z bosons, leaving the Higgs field with one DoF. 

The result of EWSB is that excitation of the Higgs field is a massive, neutral spin-0 boson 

known as the Higgs boson. The Higgs boson was discovered in 2012 [7, 8], validating the 

predictions of EWSB and hence the SM. 

Because of the Higgs mechanism, the generator fields of SU(2)L ⊗ U(1)Y , W i 
µ and Bµ 

mix into mass eigenstates: 

W ± 
µ =

1 √ 
2 
(W 1 

µ ±W 2 
µ ) (1.2) 

Zµ = cos θW W 3 
µ − sin θW Bµ (1.3) 

Aµ = sin θW W 3 
µ + cos θW Bµ (1.4) 

where θW is the Weinberg angle, which depends on the SU(2)L ⊗ U(1)Y gauge couplings 

as: 

sin θW =
gW 

g2 
W + g 2 

Y 

. (1.5) 

These mass eigenstates correspond to the remaining SM gauge bosons; W± 
µ are the charged 

W ± bosons, Zµ is the neutral Z boson, and Aµ is the massless photon γ. The fermions also 

gain their masses via interactions with the Higgs field, but via Yukawa couplings, which are 

free parameters of the SM. 

1.1.5 Known Limitations of the Standard Model 

Despite all the successes of the SM, there are some phenomena that it currently does not 

explain, such as the remaining fundamental force of gravity [16], neutrino oscillations [17], 

and dark matter [18]. Other limitations are not unexplained phenomena per se, but are 

more like coincidences that seem “unnatural” to occur without some underlying mechanism. 

One example, dubbed the hierarchy problem, will be discussed further. 

A hierarchy problem in general occurs when the order of some parameters are vastly 

different with no theoretical explanation. The relevant example in particle physics is the 

fact that gravity is O(1024) times weaker than the weak interaction. Because the strength 

of a gravitational interaction is related to a particle’s mass and therefore it’s coupling to 

the Higgs field, an equivalent expression of this hierarchy problem is why the Higgs mass is 

so much lower than the Planck scale. 

The Higgs boson receives quadratically divergent contributions to its mass from all 

particles that couple to it. Consider the one-loop correction to the Higgs propagator shown 

in Figure 1.2. The leading-order correction to the Higgs boson mass mh due to a fermion 
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(a) (b) 

Figure 1.2: Examples of a first-order loop correction to the Higgs propagator due to (a) a 
fermion loop and (b) a scalar boson loop [19]. 

loop is: 

∆m 2 
h,f = − 

|λ2 
f | 

8π2 (Λ + ...) (1.6) 

where λf is the Higgs coupling to the fermion (λf ∝ mf ) and Λ is the cutoff energy where 

the SM is no longer valid. If that cutoff energy is taken to be in the Planck scale, O(1028 

eV), then this correction to the Higgs mass would also be on the Planck scale. A correction 

of this order would be present for every massive fundamental particle. The sum of many 

Planck scale corrections happening to almost entirely cancel out, resulting in the observed 

Higgs boson mass of 125.11 ± 0.11 GeV [12], would require “fine-tuning” of the Higgs boson 

mass. While possible that all these masses happen to cancel out coincidentally, the fine-

tuning seems unlikely to have occurred without some underlying mechanism. An elegant 

solution to the hierarchy problem would be supersymmetry, which is described in the next 

section. 

1.2 Supersymmetry 

Supersymmetry (SUSY) is a principle used in many theories for physics BSM which posits a 

symmetry between bosons and fermions in addition to the SM symmetries. Each boson has 

a supersymmetric partner fermion and each fermion has a supersymmetric partner boson. 

Each supersymmetric partner has all the same quantum numbers as the original particle 

except for spin, which is changed by 12 . SUSY is a promising extension of the SM because 

it can address several of the current limitations in the SM including the hierarchy problem, 

dark matter, and neutrino masses (see Section 1.2.1). 

Because SUSY as a principle describes an entire class of theoretical models, it is helpful 

to limit this discussion to what is relevant to the subsequent search for LLPs. Focus will 

be on the simplest model that incorporates SUSY into the SM, known as the Minimal 
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Supersymmetric Standard Model (MSSM) [19]. The MSSM practically doubles2 the number 

of elementary particles compared to the SM by introducing a SUSY partner to every SM 

quark, lepton, and gauge boson. The boson superpartners of the SM fermions receive an s-

prefix to denote the relation to the original SM particle, e.g. sfermion, squark, smuon. The 

fermion superpartners of the SM bosons receive a -ino suffix, e.g. gluino, wino, higgsino. 

Additionally, a tilde (˜) is used to denote the superpartner, e.g. a muon µ and a smuon µ̃. 

There are some gauge-invariant and renormalizable interaction terms that can be added 

to the MSSM potential that would violate baryon number conservation and/or lepton num-

ber conservation. If both types of such interactions were allowed, then the proton could 

decay quickly via processes like p → π0 + e+ . Given experimental evidence that the lifetime 

of the proton is at least O(1034) years [20], R-parity is introduced to prevent the proton 

from decaying. R-parity is an additional discrete symmetry added to some SUSY models 

including the MSSM [19], defined as: 

PR = (−1)3(B−L)+2s , (1.7) 

where B is baryon number, L is lepton number, and s is the spin of the particle. All SM 

particles have R-parity of +1 and all SUSY particles would have R-parity of -1. If R-parity 

is conserved, then the lighest supersymmetric particle (LSP) cannot decay to SM particles. 

1.2.1 Benefits of SUSY 

One of the primary benefits of SUSY is that it can solve the hierarchy problem introduced 

in Section 1.1.5. For the quadratically divergent correction to the Higgs boson mass from a 

fermion loop in Eq. 1.6, the corresponding contribution for a bosonic loop is: 

∆m 2 
h,b = 

|λb| 
8π2 (Λ + ...) (1.8) 

where the difference in sign between Eq. 1.6 and Eq. 1.8 is due to spin statistics. If there is 

an unbroken symmetry between fermions and bosons, then |λ2 
f | = |λb| and these divergent 

corrections exactly cancel [21]. Similarly, the fermion superpartners of the SM bosons would 

cancel out their contributions. Thus, instead of “unnatural” fine-tuning to cancel out large 

contributions to the Higgs mass, SUSY provides an elegant underlying mechanism. 

SUSY can also produce a promising dark matter candidate. Particle dark matter is a 

theoretical BSM particle that interacts with SM gravitationally, but not electromagnetically 

[22]. If R-parity is conserved and the LSP cannot decay to SM particles, the LSP would be 

an excellent dark matter candidate. 
2Adding SUSY to the SM technically more than doubles the number of elementary particles because it 

requires two Higgs doublets, as explained further in Section 1.2.2. 
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1.2.2 Field Content of the Minimal Supersymmetric Model 

The field content of the MSSM is summarized in Table 1.1. Similar to how fermions trans-

forming under SU(2)L ⊗ U(1)Y are placed in doublets where a gauge transformation changes 

one particle into the other, SM particles and their superpartners can be placed in “super-

multiplets” where the supersymmetric operator Q switches between fermions and bosons. 

Q commutes with every SM gauge group generator, which implies that right- and left-

handed fermions have separate superpartners because they transform differently under elec-

troweak gauge transformations. Note that the right- or left-handedness descriptors on the 

sfermions do not relate to their own helicity (sfermions have 0 spin), but that of their 

SM superpartner. The left-handed quark and lepton doublets are placed in a supermul-

tiplet with the left-handed squark and slepton doublet, respectively and the right-handed 

quark and lepton singlets are placed in a supermultiplet with the right-handed squark and 

slepton signlets, respectively. Maintaining the massless neutrino assumption from the SM, 

right-handed neutrinos do not exist in the SM and therefore do not have a supersymmetric 

partner. Each sfermion has the same coupling to the SM gauge bosons as its superpartner, 

i.e. a ui L couples to a W± boson while a ui∗ 
R does not. 

The supersymmetric potential requires two Higgs field complex doublets Hu and Hd. 

These are necessary in the MSSM for both the up and down type fermions (i.e. fermions with 

hypercharge Y = 12 and Y = −1
2 ) to acquire mass via Yukawa couplings while keeping the 

superpotential holomorphic [23]. The four Higgs complex scalars H+ 
u , H0 

u, H
0 
d , and H− 

d are 

labelled by a subscript for the type of fermion for which it generates mass and a superscript 

for its electrical charge. These four Higgs scalars have superpartners H+ 
u , H0 

u, H0 
d , and H− 

d

called the higgsinos. Each Higgs doublet is placed in a supermultiplet with its corresponding 

higgsino doublet. 

The gauge bosons are placed in supermultiplets with their superpartners the gauginos. 

The gauginos transform under every gauge transformation the same as the SM gauge bosons, 

so no special treatment of chirality is necessary. The gluon, W a 
µ , and Bµ fields have partners 

called gluinos, winos, and binos, respectively. Were supersymmetry to remain unbroken, 

EWSB would cause the W a 
µ and Bµ fields to form mass eignenstates the same way as in 

the SM, with a massive zino ( Z0) and a massless photino (γ). 
1.2.3 Supersymmetry Breaking 

An unbroken supersymmetry would imply that both members of each supermultiplet have 

the same mass; however, no SUSY particles have been observed yet, so their masses must 

be higher than their SM partners. Thus supersymmetry must be a broken symmetry. The 

symmetry is expected to be spontaneously broken [19], that is, that the Lagrangian is 

invariant under supersymmetry while a vacuum expectation value is not. 
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Table 1.1: Supermultiplets of the MSSM, with i = 1, 2, 3 for the three fermion generations, 
a = 1, ...8 for the eight gluons, and b = 1, 2, 3 for the three SU(2)L generator fields [19]. 

Supermultiplet Spin-0 Sfermions Spin- 12 Fermions 

Qi 

 u i L 
di L 

  
u i L diL 

 

¯ Ui ui ∗ 
R u i† 

R 

¯ Di 
di∗ 
R d i†R 

Li 

 νi ℓi L 

  
νi ℓi L 

 

¯ Ei 
ℓi∗ 
R ℓ i†R 

Supermultiplet Spin-0 Higgs fields Spin- 12 Higgsino fields 

Hu 
 
H+ 

u H 0 
u 

  H+ 
u 

 H0 
u 

 

Hd 
 
H 0d H −d 

   H 0 
d 

H −d 

 

Supermultiplet Spin-1 gauge fields Spin- 12 gaugino fields 

Ga g a 
µ g a

W b W b 
µ 

W b 

B Bµ W 

If the solution to the hierarchy problem described in Section 1.2.1 is to be maintained, 

then the relationship between coupling for a particle/sparticle pair must be maintained. 

This restriction leads to so-called “soft” symmetry breaking, where the effective Lagrangian 

can be written as: 

L = LSUSY + Lsoft (1.9) 

where LSUSY contains all the gauge and Yukawa interactions and preserves SUSY invariance 

and Lsoft contains the symmetry-breaking mass terms for the SUSY particles. If the largest 

mass term in Lsoft is denoted as msoft, then the remaining corrections to the Higgs boson 

mass must be of the form: 

∆m 2 
h,f = m 2 

soft 

 
λ 

16π2 ln (Λ/msoft + ...) 

 

(1.10) 

where λ is the corresponding dimensionless couplings describing the particle/sparticle pair 

of interest. If Λ is of the order of the Planck mass and λ ∼ 1, then the mass of new SUSY 

particles should not be much higher than ∼ 1 TeV [19, 24] or else it would require additional 

fine-tuning. Particles in that mass range should be accessible at the LHC, which is a major 

motivator to search for SUSY there. 
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When supersymmetry is broken, the SUSY particles with the same quantum numbers 

will mix to form mass eigenstates. The neutral gauginos W 0 and B0 will mix with the 

neutral higgsinos H0 
u and H0 

d to form four mass eigenstates χ0
1, χ0

2, χ0
3, and χ0

4, called 

the neutralinos. The charged gauginos W ± and charged higgsinos H+ 
u and H− 

d mix to 

form the charginos, labelled χ± 
1 and χ± 

2 . For both neutralinos and charginos, the lower 

index corresponds to its mass rank, i.e. χ0 
1 is the lightest neutralino. The neutralinos and 

charginos are often collectively referred to as the electroweakinos. The gluinos are charged 

only under the SU(3)C color charge, so they do not mix with other SUSY particles. 

One notable aspect of SUSY symmetry breaking in the MSSM is the addition of “SM” 

Higgs mass eigenstates. The two complex scalar Higgs doublets have eight degrees of free-

dom. Following symmetry breaking, three are abosrbed by the gauge bosons to generate 

the W ± and Z0 boson masses, leaving five degrees of freedom for Higgs masses. These lead 

to five mass eigenstates: neutral scalars h and H (the lighter of which, h, must be the Higgs 

boson observed at the LHC), two charged scalars H+ and H− , and a pseudo-scalar field A. 

1.2.4 R-Parity Violation 

As discussed briefly in Section 1.2.1, requiring conservation of R-parity is necessary to 

prevent proton decay if both lepton- and baryon-violating interactions are present in the 

superpotential. If only one of either lepton- or baryon-violating terms are allowed, then 

R-parity will no longer be conserved, but consistency with the observed proton lifetime is 

maintained. These scenarios are known as models with R-parity violation (RPV). 

Violation of R-parity conservation has multiple implications for the LSP, depending on 

its coupling. Most importantly, the LSP can now decay, but only to SM particles. This 

would still allow for the LSP to be a dark matter candidate, but only if the lifetime is 

close to the age of the universe and the RPV coupling of the LSP is ∼ O(10−12) [25]. The 

other case, where the lifetime is short enough to produce decays in detectors at particle 

colliders, is where this dissertation will focus. In this case, the lifetime of the LSP would 

be too short for it to be a feasible dark matter candidate. It would, however, now be a 

potential explanation for neutrino masses and oscillations if lepton number (and not baryon 

number) conservation is violated [25]. The prospective lepton number violating terms in 

the superpotential are: 

W∆L=±1 = κ i LiHu + λijkLiLj Ēk + λ ′ijkLiQj D̄k (1.11) 

where κ and the λs are the billinear and trillinear couplings and i, j, and k are generation 

indices. Neutrino mass contributions could originate from either (or both) of (1) tree-level 

contributions of neutrino/neutralino mixing from the billinear couplings and (2) loop-level 

contributions from the trillinear couplings λ and λ ′ . 
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The analysis in this dissertation will focus on a long-lived neutralino χ0 
1 as the LSP 

which decays via RPV couplings to two leptons and a neutrino. The leptons in the final 

state are required to be electrons or muons, so the coupling of interest is λ12k , following the 

notation in [26]. If the coupling λ12k is small, the lifetime of the χ0 
1 may be large enough to 

decay with macroscopic displacement but still be reconstructed within the ATLAS detector. 

1.2.5 Simplified SUSY Models 

No searches at high energy particle colliders have produced evidence of SUSY to date. As 

such, SUSY still encompasses a wide set of theories that could produce many types of 

experimental signatures. A set of “simplified models” [27] were created to group SUSY 

theories by their experimental signature. For example, the decay of a gluino to two quarks 

and an neutralino: ˜ g → qq̄χ̃0
1. This decay may occur via: 

• A direct three-body decay: ˜ g → qq̄χ̃0 
1

• A cascade decay via a chargino: ˜ g → qq̄χ̃±
1 → qq̄(W ±χ̃0

1) 

• A cascade decay via a neutralino: ˜ g → qq̄χ̃0 
2 → qq̄(Z0χ̃0

1) 

The final state of these gluino decays includes two quarks and a neutralino, which will 

produce two jets and missing transverse energy in the detector (see Chapter 3). Unless it 

includes the decay products of the W ± or Z0 , the experimental signature of the three decay 

models would be the same. Because differences in kinematics due to the W ± or Z0 are 

unlikely to change the optimization of the signal region, these decay models are grouped 

together as one “simplified model.” 

As stated previously, the charginos  χ± 
1 ,  χ± 

2 and the neutralinos χ0
1, χ0

2, χ0 
3, χ0 

4 are mix-

tures of the supersymmetric partners of the Higgs fields called higgsinos and the electroweak 

gauge fields called winos and binos. The proportions of these fields mixings depend on the 

mechanism for supersymmetry breaking and are therefore still undetermined. Different 

models may predict, for example, that the lightest neutralino is more “higgsino-like,” more 

“wino-like,” or more “bino-like” [28]. For instance, minimal supergravity (mSUGRA) [29– 

31] predicts a bino-like χ0 
1 LSP, anomaly-mediated supersymmetry breaking (AMSB) [32, 

33] predicts a wino-like LSP, and “natural SUSY” [34, 35] predicts a higgsino-like χ0 
1 LSP. 

Adding RPV scenarios to any of these specific theories would allow for the long-lived χ0 
1

decay searched for in this analysis. Following the framework of simplified SUSY models, 

the nature of mixing of the electroweakinos that decay to the χ0 
1 LSP is treated as a free 

parameter; it neither affects the final state leptons nor is it probed by the final state leptons. 

As such, the charginos and neutralinos are simply referred to as electroweakinos. 
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Chapter 2 

The Large Hadron Collider and 
the ATLAS experiment 

2.1 The Large Hadron Collider 

The LHC is the largest and most energetic particle accelerator in the world, and is located at 

the European Centre for Nuclear Research (CERN) campus outside of Geneva, Switzerland 

[36]. The accelerator is built in the tunnel of the decommissioned Large Electron–Positron 

Collider (LEP) [37], a circular tunnel 27 km in circumference and about 100 meters un-

derground, crossing between the border of Switzerland and France. An overall view of the 

LHC is shown in Figure 2.1. 

Most of the time, the LHC accelerates counter-rotating beams of protons to collide them 

at high energy. There are also occasionally specialized runs that accelerate lead ion beams, 

called “heavy ion” runs, with proton-lead (p-Pb) or lead-lead (Pb-Pb) collisions. 

The protons accelerated at the LHC originate from hydrogen gas. The hydrogen atoms 

are stripped of their electrons and the remaining protons are accelerated through a series 

of smaller accelerators including a linear accelerator (LINAC2), the Proton Synchrotron 

Booster (PSB), the Proton Synchrotron (PS), and the Super Proton Synchrotron (SPS) 

[38]. The proton beams are then injected into the main LHC ring, where two particle 

beams travel in opposite directions around the ring. A series of superconducting magnets, 

operating at a maximum temperature of 1.9 K, is used to accelerate the proton beams 

further. The accelerator was designed to accelerate protons up to an energy of 7 TeV each, 

producing a center-of-mass energy ( 
√ 
s) of 14 TeV. Due to problems with the magnet system 

in 2008 [39], the LHC did not operate at its full design energy for many years. During Run 

1 (2010 – 2013), the LHC was operated at 
√ 
s = 7 TeV for the first two years and 

√ 
s = 8 

TeV after that. The data used in this dissertation was collected in 2015-2018, called Run 

2, from pp collisions at 
√ 
s = 13 TeV. At the start of Run 3 in 2022, the LHC achieved 

its highest operating energy so far, with 
√ 
s = 13.6 TeV, but that new data is beyond the 

scope of this dissertation. 
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Figure 2.1: Rendition of the LHC with its underground detector experiments [40]. 
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Figure 2.2: (Left) Total integrated luminosity delivered by the LHC (green), recorded by 
ATLAS (yellow), and certified as good for physics analysis by ATLAS (blue) [42]. (Right) 
Mean number of interactions per crossing for each year in Run 2, with the total, luminosity-
weighted average for all years shown in blue [42]. 

The prediction of the number of events of interest produced by the LHC is characterized 

by the “instantaneous luminosity” (L). The number of expected events per unit time is: 

dN 
dt 

= L × σ (2.1) 

where σ is the cross-section of the process of interest. The cross-section describes the 

probability that the process will occur, and is typically given in units of barns, b = 10−24 

cm2 . Integrating the above equation over time yields the total number of events: 

N = 
 

L dt × σ = Lint × σ (2.2) 

where the integrated luminosity Lint can be considered as the total amount of data delivered 

by the LHC. 

The LHC was designed to have a peak instantaneous luminosity of 1 × 1034 cm-2s-1 , 

although improvements to the proton beam parameters have acheived a peak instantaneous 

luminosity of 2.1 × 1034 cm-2s-1 . The total integrated luminosity delivered by the LHC 

during Run 2 was 159 fb-1 , while 140 fb-1 were recorded and certified as good for physics 

by ATLAS [41]. The timeline of integrated luminosity over Run 2 is shown in Figure 2.2. 

The beams in the LHC are comprised of bunches of protons spaced by 25 ns intervals. 

The average number of protons per bunch during Run 2 was 1.2×1011 . Because there are 

so many protons, each time a pair of bunches collides, there are multiple pp interactions. 

The interaction of interest is a “hard” scattering that has a large momentum transfer and 

creates energetic particles; however, most of these pp interactions involve small amounts 

of momentum transfer, as if the protons are glancing off each other, and are called “soft” 
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scattering. All pp interactions other than interaction of interest (i.e. the one producing 

the highest momentum transfer) are classified as “pileup.” Detector signals from pileup 

collisions create confusion in the event of interest. Pileup is quantified as the time-averaged 

mean number of pp interactions per bunch crossing, ⟨µ⟩, the distributions of which for Run 

2 are shown in Figure 2.2. 

There are eight Interaction Regions (IRs) around the accelerator where the beams can 

be steered into collisions. Four of these points are in caverns that are home to the primary 

experiments at the LHC: ATLAS, CMS (Compact Muon Solenoid), ALICE (A Large Ion 

Collider Experiment), and LHCb (LHC-beauty). ATLAS and CMS are large, general-

purpose particle detectors [43, 44]. These two detectors independently discovered the Higgs 

boson in 2012 [7, 8]. ALICE is a specialized detector designed to detect the particles created 

from heavy ion collisions, specialized runs where the LHC accelerates and collides heavy 

ions instead of the usual protons [45]. LHCb is another specialized detector designed to 

study the bottom quark, including CP violation [46]. The data for this dissertation was 

collected using ATLAS. The next section, 2.2, will discuss the design and operation of the 

various detector subsystems within ATLAS, with a special focus on the Inner Detector. 

2.2 The ATLAS experiment 

The ATLAS detector is the largest particle detector ever built at a collider, with a height 

of 25 m, length of 44 m, and weight of 7000 tons [43]. The cylindrical detector has for-

ward/backward symmetry around the Interaction Point (IP) and provides nearly 4π solid 

angle coverage. 

The sub-detectors can be grouped in two types: trackers, designed to measure the tra-

jectory of a particle with minimum perturbation of its momentum (i.e. minimum loss of 

energy), and calorimeters, designed to measure the total energy of a particle by stopping 

it completely. The detector subsystem closest to the beamline is the Inner Detector (ID), 

which measures the trajectory of charged particles. Surrounding the ID are two calorimeter 

systems, which nominally stop all particles except for muons and neutrinos. Surrounding 

all of those are the muon trackers and toroidal magnet systems, known as the Muon Spec-

trometer (MS). Each of these systems is designed with a cylinderical “barrel” region that is 

coaxial to the beamline and two “end-cap” (disk) regions that are normal to the beamline. 

A schematic of these systems is shown in Figure 2.3. 

2.2.1 ATLAS Coordinate System 

ATLAS utilizes a specific coordinate system that is also used throughout this dissertation. 

The origin is defined to be the nominal interaction point, with the beamline along the ẑ-

direction. Specifically, the +z-axis points from the IP to side-A of the detector, which is the 
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Figure 2.3: A cut-away view of the ATLAS detector indicating subsystems [43]. Two 
humans are shown on the left side for scale. 
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side closer to Geneva. The +x̂-direction points towards the center of the LHC accelerator 

ring, and the +ŷ-direction points vertically up toward the Earth’s surface. The standard 

angular radial coordinates ϕ and θ are used, where ϕ is the angle measured from the +x-axis 

in the x-y plane and θ is the angle measured from the +z-axis. 

It is unlikely that the center-of-mass frame of the particles colliding is the same as the 

lab frame of the detector, because the individual quarks and gluons have a fraction of the 

proton momentum. It is therefore convenient to use coordinates that are Lorentz invariant 

under boosts3 along the z-axis. The rapidity of a particle with energy E and momentum 

pz along the z-axis is defined as: 

y = 
1 
2 
ln 

E + pzc 
E − pzc 

. (2.3) 

It fulfils the requirement of being Lorentz invariant but its usefulness is limited because its 

direction in space depends on the energy of the particle. Instead, the pseudorapidity η is 

used, where 

η = − ln 
θ 
2
, (2.4) 

which is approximately the same as rapidity in the massless or relativistic (m << E) limit. 

The pseudorapidity can therefore be used instead of the polar angle θ to describe direction in 

the detector, with η = ±∞ along the ±z-axis and η = 0 in the transverse plane. The angular 

separation between two objects, ∆R = 
 
∆η2 + ∆ϕ2 , is also invariant under Lorentz boosts 

in the z-direction. Other useful quantities to characterize an event are the momentum and 

energy in the transverse plane (x-y), because the total transverse momentum before the 

collision is zero. The transverse momentum is defined as pT = |p| sin θ. A particle is 

typically characterized by the parameters (pT, η, ϕ) because these are all independent of the 

Lorentz boost in the z-direction under the massless or ultrarelativistic assumption. 

2.2.2 The Inner Detector 

The innermost subdetector closest to the beamline is the ID, which tracks charged particles 

with |η| < 2.5. “Tracking” is the process of reconstructing the trajectory of a particle in 

the detector and is described further in Section 3.1. 

The ID comprises three different tracker systems, as shown in Figure 2.4. Closest to 

the beamline is the pixel tracker with the highest spatial resolution. Surrounding the 

pixel detector is the semiconductor tracker (SCT), which uses strips to reduce cost while 

maintaining good r-ϕ resolution. Surrounding the SCT is the Transition Radiation Tracker 

(TRT), which uses drift tubes to provide more space-point measurements to measure the 

momentum of the charged particle more precisely. These trackers are designed to provide 

3“Boosts” refers to a Lorentz transformation in the direction of interest. It is often used to refer to the 
kinetic energy of particle, where a more boosted particle has higher kinetic energy. 
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Figure 2.4: Cut-away view of the subsystems of the inner tracking detector [43]. 

excellent spatial resolution close to the beamline and precise momentum measurements, 

allowing for reconstruction of both individual track particles and vertices. Figure 2.5 shows 

the arrangement of layers in each of these subsystems in detail, which will be useful for 

discussions of secondary vertex reconstruction in Section 3.2.2. 

The ID is surrounded by a superconducting solenoid. The solenoid is a coil with 1154 

turns and is 2.5 m in diameter and 5.8 m in length. The solenoid provides a 2 T magnetic 

field that bends charged particles in the ID, allowing for measurements of the particles 

momenta. 

The Pixel Tracker 

The pixel tracker utilizes 80.4 million silicon pixel sensors in the region |η| < 2.5 for precise 

spatial resolution next to the beamline. Each pixel is a 250 µm thick n-type silicon semicon-

ductor. When a charged particle passes through the pixel, it creates electron-hole pairs that 

under an applied electric field create an electric signal that registers as a “hit”. The pixels 

are arranged in four layers in the barrel region and three layers in each end-cap. Three of 

these layers were original to ATLAS, with the fourth and innermost layer, the Insertable 

B-layer (IBL) [47], being added during the shutdown between Runs 1 and 2. Each pixel in 

these outer three layers has an area of 50 µm × 400 µm, giving a spatial resolution of 10 

µm in the R-ϕ plane and 115 µm in z. The pixels in the IBL are smaller, with an area of 

20 µm × 200 µm and spatial resolution of 8 µm in the R-ϕ plane and 40 µm in z. This fine 

resolution at small radii is vital for precise reconstruction of decay vertices for b-hadrons or 
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Figure 2.5: A quarter-view of the layout of the ATLAS inner tracking detector, including 
the additional IBL detector layer, shown in the R-z plane [47]. The top shows the entire 
ID, and the bottom shows the pixel subsystem enlarged for more detail. 
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exotic LLPs. 

Opto-boards 

Each of the subsystems of ATLAS has its sundry service systems that provide structural 

support, power, and control and read-out capabilities. Most of these support systems are 

beyond the scope of this dissertation, but are detailed in the various ATLAS Technical 

Design Reports [48–56]. One component involved in read-out for the pixel detector is called 

an “opto-board,” [57] which is of particular note because a significant fraction of the author’s 

time in graduate school was invested in the construction and testing of its components. 

The detector readout must be processed quickly, but computers cannot be placed in or 

near the detector because the high radiation levels would damage them. The opto-boards 

convert the electrical signals from the detector to fiber-optic signals that are transmitted to 

the computing room and vice versa. The former is achieved using vertical-cavity surface-

emitting laser (VCSEL) arrays and the latter is achieve with PIN diode arrays. 

Some opto-boards from the previous production cycle had VCSELs that ceased emitting 

light after being installed in ATLAS, so extensive quality assurance testing was performed on 

each VCSEL. These tests included a minimum optical output power, a maximum percentage 

change of the turn-on current after a 24 hour burn-in at 100◦ C, and a maximum percent 

change after burn-in of the voltage required to reach 6 mA of current. The final test was 

to check for a shift in wavelength of the optical spectra from before to after burn-in, as 

the spectrum in the previous VCSELs was observed to shift to higher wavelengths before 

ceasing optical output. This author performed quality assurance on over 1000 VCSELs and 

mounted both passive components and custom application-specific integrated circuit (ASIC) 

chips on over 400 opto-boards. As of the date of submission for this dissertation, none of 

the new VCSELs on the new opto-boards have lost functionality after being installed. 

The Semiconductor Tracker 

The SCT uses silicon semiconductors like the pixel detector, but the smallest unit is a strip 

instead of a pixel. This design choice is a compromise, where less precise position resolution 

is acceptable further away from the IP in order to decrease costs, the number of readout 

channels, and material interactions. The SCT and pixel detector are often grouped together 

and called the Si detectors. Each SCT sensor has 768 parallel strips with a pitch of 80 µm 

that are 64 mm in length. Two of these sensors are wire-bonded together to make a total 

strip length of 128 mm (126 mm active [43]). The SCT module consists of two of these 

sensor pairs that are attached top and bottom to 380 µm-thick thermal pyrolitic graphite 

and rotated by 40 mrad to give a two-dimensional position measurement in each module. 

The barrel consists of 2112 such modules arranged in four concentric layers, with the strips 
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parallel to the beam axis. Each end-cap consists of 988 modules arranged in nine disks, 

with the strips arranged radially from the beam axis. The spatial resolution is 17 µm in 

r–ϕ and 580 µm in z (r) in the barrel (end-caps)4 [51]. 

The Transition Radiation Tracker 

The outermost sub-detector of the ID is the TRT, which covers |η| < 2.0. Unlike the 

pixel and SCT subsystems, the TRT uses drift tubes (“straws”) as the detecting element. 

Each straw has a gold-plated tungsten wire in the center as the anode and is filled with 

a 70%/27%/3% Xe/CO2/O2 gas mixture. A traversing charged particle ionizes the gas, 

creating electron/ion pairs. The electrons drift to the anode, producing an electrical signal 

that is read out. The tubes are 4 mm in diameter and have a length of 144 (37) cm for 

the barrel (end-caps). In the barrel, 50,000 straws are arranged parallel to the beam axis, 

providing position information in the r-ϕ plane only. In the end-caps, there are 320,000 

straws arranged radially, also providing position information in the r-ϕ (or z-ϕ40) plane. 

The resolution of the TRT straws in both regions is 130 µm. A track will nominally have 36 

TRT hits, except in the transition region between the barrel and end-caps at 0.8 < |η| < 1.0, 

where it will have 22 hits. The larger number of hits, combined with the longer distance over 

which the track’s curvature is measured, allow for more precise momentum measurements 

in the TRT than the Si trackers. 

An additional feature of the TRT allows for better identification of electrons via transi-

tion radiation. The straws are surrounded by polypropylene fibers (barrel) or foil (end-caps). 

When a charged particle passes between a material boundary, it can release high-energy 

photons as x-rays, which are also absorbed by the gas mixture in the straws, producing an 

amplified signal. Transition radiation is dependent on the Lorentz factor of the charged 

particle, so a low-mass charged particle with a high Lorentz factor (i.e. an electron) will 

produce a much larger signal, allowing for enhanced identification. 

2.2.3 The Calorimeters 

The calorimetry system in ATLAS is designed to stop and thereby measure the energy 

of a particle. All calorimeters in ATLAS are “sampling” calorimeters with alternating 

layers of passive, absorbing material and active material. The traversing particle interacts 

with the dense absorbing material which causes a shower of particles, which enter into 

the active material and create a signal. The term “sampling” refers to the fact that the 

energy measured is a fraction of the total energy of the incident particle, as some is lost 

in the passive material. ATLAS uses two types of calorimeters: the Liquid Argon (LAr) 

calorimeters and the tile calorimeter. The tile calorimeter are used in the barrel region 

4Note the change in coordinate from z in the barrel to r in the end-caps. In the end-cap region, ˆ r → ˆ z
as |η| → ∞. 
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Figure 2.6: A cut-away view of ATLAS showing the electromagnetic and hadronic calorime-
try subsystems [43]. 

for the Hadronic Calorimeter (H-Cal), while LAr calorimeters are used in both the H-Cal 

end-caps and the Electromagnetic Calorimeter (E-Cal). A diagram of the E-Cal and H-Cal 

subsystems is shown in Figure 2.6. 

The Electromagnetic Calorimeter 

The inner of the two calorimetry systems is the E-Cal, designed to stop electrons and 

photons. The barrel covers |η| < 1.475 while the end-caps cover 1.375 < |η| < 3.2. The 

E-Cal uses lead plates as the absorbing material, with LAr as the active detector medium. 

When the electron or photon interacts with the material, it produces bremsstrahlung or 

a e+e− pair, respectively. The process repeats for the resulting electrons and photons, 

producing an electromagnetic (EM) shower. The layers of absorbers and electrodes are 

arranged in an accordion geometry, allowing for complete coverage in ϕ without any gaps 

between modules. The first layer of the E-Cal is finely segmented with a resolution of 

∆η × ∆ϕ = 0.003 × 0.1, which is useful to distinguish photons that don’t leave tracks in the 

ID. The second layer is the thickest, to collect the most energy deposit possible, but has 

lower resolution of ∆η × ∆ϕ = 0.05 × 0.025. The third layer is the coarsest, capturing the 

tail of high energy EM showers and estimating the energy of particles that escape the E-Cal. 

The depth of each of these layers is measured in terms of the radiation length X0, which 
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is the mean length of material that causes an electron to lose all but 1/e of its energy via 

bremsstrahlung or 7/9 of the mean free path for pair production by a high-energy photon. 

The three barrel layers in the E-Cal have a nominal depth of ∼4, 16, and 2 X0 respectively. 

Additionally, in the region |η| < 1.8 there is a presampler detector–just the active medium 

with no passive medium to induce a shower–to measure the energy of any particles that 

shower before reaching the calorimeter [49]. 

The Hadronic Calorimeter 

The H-Cal surrounds the E-Cal to cover the region |η| < 4.9. Heavier particles like hadrons 

have a lower Lorentz factor and minimally interact with the E-Cal, thus the H-Cal was 

designed to stop and measure the energy deposits from all hadronic particles. 

The H-Cal uses scintillating tile calorimeters in the barrel. In the end-caps, two differ-

ent LAr subsystems are used: the Hadronic End-cap Calorimeter (HEC) and the forward 

calorimeter (F-Cal). Hadronic calorimeters operate by the same principles as electromag-

netic calorimeters. The incident hadron will interact with the absorber material and cause a 

hadronic cascade (or shower) of particles in the active material, which measures their total 

energy. The reconstruction of a shower is called a jet, which nominally describes all the 

daughter particles originating from one hadron entering the H-Cal. The depth of hadronic 

calorimeters is measured in terms of the interaction length (λ), which is the mean length 

a hadronic particle travels before interacting with a nucleus in the medium. The choices 

of absorbing material, active material, and size are a compromise between maximizing the 

interaction lengths and minimizing the size and cost of construction. 

The tile calorimeters [50] are sampling calorimeters like the LAr calorimeters, but use 

iron as the passive medium and plastic scintillator tiles as the active medium. The tile 

calorimeters consist of a barrel covering |η| < 1.0 and two “extended barrels” covering 

0.8 < |η| < 1.7. In each of these subsystems, there are three radial readout layers, each 

consisting of multiple alternating layers of iron and scintillators. The incident particle 

produces light in the scintillators, which is fed to photomultiplier tubes by wavelength-

shifting fibers, producing the electrical signal. The resolution is ∆η × ∆ϕ = 0.1 × 0.1 in the 

first two layers and 0.2 × 0.1 in the last layer. The three layers have a total depth of ∼6.4 

λ in the barrel and ∼7.4 λ in the extended barrel. 

The HEC extends the barrel region to cover 1.5 < |η| < 3.2. The HEC uses copper 

plates as the passive material and LAr as the active material. It has two wheels in each 

end-cap, each consisting of 32 wedge-shaped modules. Each wheel has two layers, providing 

four layers of coverage in each end-cap. 

The F-Cal in 3.1 < |η| < 4.9 is designed to cover the more forward, higher energy 

particles. The first of its three layers is optimized for stopping EM particles, and uses 

copper as the passive material and LAr as the active material. The other two layers are 

24 



Figure 2.7: The subsystems of the ATLAS Muon Spectrometer [43]. 

optimized for stopping hadrons, using tungsten as the passive material and LAr as the 

active material. 

2.2.4 The Muon Spectrometer 

The outermost subdetector of ATLAS is the MS [58]. Because muons interact primarily 

eletromagnetically and the likelihood for a lepton to bremsstrahlung is inversely proportional 

the mass of the lepton squared, muons are large unaffected when traversing the ID and 

calorimeters, necessitating additional detector systems. The MS is comprised of separate 

subsystems to achieve precision tracking and triggering on muons, as well as the toroid 

magnet system to bend the trajectory of the muons. The tracking subsystem consists of the 

Monitored Drift Tube (MDT) chambers and the Cathode Strip Chambers (CSCs), while 

the triggering subsystem uses both the Resistive Plate Chambers (RPCs) and the Thin Gap 

Chambers (TGCs). These subsystems are shown in Figure 2.7. 

Muon Precision Tracking Chambers 

The primary tracking instruments in the MS are the MDT chambers. There are three 

layers of tracker modules in both the barrel and the end-caps, of which all are comprised 
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of MDT chambers except for the innermost layer in the end-caps, which are made of the 

CSCs, which will be discussed later. Each MDT is a 30 mm diameter drift tube with a 

tungsten-rhenium anode wire in the center, and is filled with a 93%/7% Ar/CO2 gaseous 

mixture. They operate under the same principles as the TRT, as described in Section 2.2.2, 

using the drift time for the electrons to reach the anode to calculate the distance of closest 

approach. Each MDT module is composed of two multi-layers of three or four layers of 

tubes. Each multilayer independently measures and reconstructs a partial muon track 

segment used in later muon reconstruction. The spacing of the tubes, combined with the 

drift time measurements, results in a resolution of 80 µm for a single tube and 35 µm for 

the combined MDT module. 

The innermost tracking layer in the end-caps (2.0 < |η| < 2.7) uses a different technology 

due to the much higher particle flux. The CSCs can operate at a flux up to 1,000 Hz/cm2 , as 

opposed to the 150 Hz/cm2 for the MDTs. The CSCs are multiwire proportional chambers 

with anode wires and cathode strips, filled with an 80%/20% Ar/C02 mixture. The cathode 

strips are segmented both parallel and perpendicular to the anode wires. Each end-cap is 

a wheel with eight large and eight smaller chambers, each with four CSC layers. The CSCs 

provide four measurements of (η, ϕ) per incident track, with a resolution of (60 µm × 5 

mm). Note that in the MS muon tracks are bent in the η-ϕ plane, motivating finer resolution 

in η. 

Muon Trigger Chambers 

The muon trigger chambers consist of the RPCs in the barrel and the TGCs in the end-

caps, both with fast readout for triggering. The RPCs provide three layers of coverage 

in the region |η| < 1.05. Each RPC layer consists of two electrode plates separated by 2 

mm, with the gap filled with a C2H2F4-based gaseous mixture. The read-out strips on the 

two electrodes are orthogonal to each other, providing a measurement in both ϕ and η/z. 

The RPCs are positioned either directly inside or directly outside a MDT layer, adding six 

additional measurements per muon to those measured by the precision-tracking chambers 

at a spatial resolution of 10 mm and a time resolution of 1.5 ns. The two inner RPC layers 

trigger on three of four hits for a low-pT threshold, while the outer RPC layer requires one 

of two hits for high-pT trigger thresholds. 

The TGCs provide the muon triggers in the end-caps, in the region 1.05 < |η| < 2.4, as 

well as extending measurements in the non-bending ϕ coordinate up to |η| < 2.7. The TGCs 

are multiwire proportional chambers filled with 55%/45% CO2/n-C5H12, operating under 

the same principles as the CSCs. There are four layers of TGC wheels in each end-cap, each 

with a time resolution of 4 ns and a spatial resolution in (r × ϕ) of (2-6 mm × 3-7 mm). 
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2.2.5 Toroidal Magnets 

Finally, interwoven in the same space as the MS tracking and triggering subsystems are the 

large toroidal magnets that give ATLAS its name. There is one larger toroid encompassing 

the barrel region and two smaller toroids for the end-caps. The barrel toroid is 25.4 m 

in length, with an inner/outer diameter of 9.4/20.1 m. The end-cap toroids are 5.0 m in 

length, with an inner/outer diameter of 1.65/10.7 m. Both types of toroids are comprised 

of eight identical coils made of a Niobium-Titanium alloy, each with 120 (barrel) or 116 

(end-cap) turns per coil. These toroids combined provide a magnetic field of ∼0.5 T in the 

barrel region and ∼1 T in the end-caps for bending muon tracks. The toroid magnets can 

be seen interwoven with the MS in Figure 2.3. 

2.2.6 Trigger System 

The LHC collides proton bunches at a rate of 40 MHz, and has O(108) readout channels. 

It is implausible to record every interaction, either in terms of data read-out speed or 

data storage memory. ATLAS uses its trigger and data acquisition system to decide which 

interactions (or “events”) to save in order to keep the readout rate to ∼1 kHz. The trigger 

system uses a multi-stage process including hardware-based triggers called the Level 1 (L1) 

triggers, and software-based triggers including the High Level triggers (HLTs). 

Level 1 Triggers 

The L1 trigger system uses course data from the MS (L1Muon) and both calorimeters 

(L1Calo). This raw detector data can be used to trigger on leptons, photons, jets, and 

large missing transverse energy. Each event is fed to a buffer, and the Central Trigger 

Processor (CTP) decides within 2.5 µs whether to pass the event to the next trigger step. 

Additionally, the L1 triggers define Regions of Interest (ROIs), certain geometrical volumes 

in η and ϕ in the detector where further investigation by the HLTs is warranted. The L1 

triggers reduce the readout rate of the detector to 100 kHz. 

High Level Triggers 

The second level of triggers, known as the High Level triggers (HLTs), are software based. 

Each event flagged by a L1 trigger undergoes preliminary reconstruction of physics objects 

(jets, tracks, etc.), combining full granularity data for each of the L1-identified ROIs and 

reconstructed ID tracks. Which reconstruction is performed depends on which L1 trigger 

or triggers selected the event, e.g. muon triggers do not usually reconstruct jets. The 

HLT framework allows for finer specificity in which events are saved by selecting certain 

physics objects or combinations thereof. If an event passes an HLT, the event is sent to the 

CERN Tier-0 computing facility for full offline reconstruction (as described in Section 3) 
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and permanent storage. The HLT framework reduced the rate of saved events to ∼1.2 kHz 

during Run 2, which corresponds to delivering 1.2 GB/s to permanent storage. 
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Chapter 3 

Object Reconstruction in the 
ATLAS experiment 

Reconstruction is the term for the process of combining raw detector signals to determine 

which physics objects most likely produced each signal. Raw detector output like hits in the 

ID or energy deposits in the calorimeters can be combined to form tracks or jets, respectively. 

Certain objects including jets (hadronic showers), missing transverse energy (MET) (a 

measure of the imbalance of detected transverse momentum), and tau leptons have their 

own complex reconstruction methods, but are not used in this dissertation, and so will 

not be discussed further. The standard processes for reconstructing tracks and vertices 

are optimized for particles originating from the IP, so secondary algorithms that target 

displaced decays are needed. Both the standard and secondary algorithms are described 

here for both tracking and vertexing. Additionally, the reconstruction of a physics object 

like a track does not give enough information to determine what type of charged particle 

produced that track. That extra step is the “identification” process and is described for 

electrons and muons in Sections 3.3.1 and 3.3.2 respectively. 

3.1 Reconstruction of Tracks in the Inner Detector 

As described in Section 2.2.2, a charged particle will leave a trail of raw detector signals 

called “hits” along its trajectory in the ID. A “track” refers to that reconstructed trajectory. 

Reconstructing a track from the hits can be thought of as “connecting the dots.” In practice, 

however, the sheer number of tracks in each event poses significant challenges, requiring 

complex pattern recognition algorithms. A track is defined by five parameters d0, z0, ϕ, θ, 

and q
p , as shown in Figure 3.1. These parameters are define with respect to the perigee 

[59], which is the point of closest approach to the primary vertex (PV). PVs are further 

discussed in Section 3.2.1. The impact parameters d0 and z0 are the signed distance from 

the perigee to the PV in the transverse plane and along the beamline, respectively. The 

azimuthal angle ϕ and the polar angle θ give the direction of the track momentum at the 
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Figure 3.1: An example track with its five defining parameters d0, z0, ϕ, θ, and q 
p [60]. 

perigee. The last parameter, q 
p provides both the sign of the track charge and the magnitude 

of the track momentum, which is calculated from the tracks curvature. 

3.1.1 Standard Track Reconstruction 

Standard track (ST) reconstruction is achieved with two independent algorithms, first 

“inside-out” then “outside-in.” 

The initial track reconstruction is performed “inside-out”, starting from clusters of sili-

con hits (pixel and SCT) to create the collection of 3-D space-points where a charged particle 

interacted with a layer of active material [61]. These space-points are then combined to 

form track seeds. The track seeds are rejected if the initial estimation of their momentum 

and impact parameters does not fulfil the requirements listed in Table 3.1. Notable to a 

search involving displaced leptons is that track seeds with a projected d0 > 10 mm will not 

be reconstructed. The track seeds are then combined using the combinatorial Kalman filter 

[62], which requires that at least one hit in the added space-point cluster be compatible 

with the track seed. A trajectory is fit to each of the track candidates using a χ2 method. 

At this point, there are many track candidates with many overlapping hits, so the track 

candidates are fed to ambiguity-solving algorithms that assign shared hit clusters to tracks 

based on a scoring system that gives higher weight to tracks with high momentum, low 

number of holes5 , and low χ2 per degree of freedom, χ2/ndof . Finally, the track candidates 

are extrapolated into the TRT to find compatible hits [61]. If the quality of the χ2/ndof for 

the fit is not improved with the addition of the TRT hits, the track is saved only using the 

Si hits. 
5A hole is a missing hit in a sensor where a hit is expected in a layer based on the particle’s trajectory. 
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Table 3.1: Comparison of track requirements for standard and large radius tracking algo-
rithms. 

Reconstruction Phase Requirement Standard Large Radius 
Forward tracking Min. pT (MeV) 500 900 

Max. η 2.7 5.0 
Max. d0 (mm) 10 300 
Max. z0 (mm) 250 1500 

Ambiguity Min. unshared Si hits 6 5 
Solving Max. shared Si modules 1 2 

Min. Si hits 7 7 
Seed extension Combinatorial Sequential 

Backtracking Min. pT (MeV) 1000 – 
Max. d0 (mm) 100 – 

A second, “outside-in” algorithm is run, which starts from from stand-alone TRT track 

segments in ROIs defined by the E-Cal [60]. The algorithm extrapolates these TRT track 

seeds inwards into the Si detectors by attempting to associate any Si hit clusters that remain 

unused by the inside-out algorithm. The later steps (i.e. Kalman algorithm combination, 

ambiguity-solving, and χ2 fitting) are the same as for the “inside-out” algorithm. The 

“outside-in” algorithm increases the reconstruction efficiency of tracks from displaced de-

cays. A displaced track may fail the first “inside-out” algorithm due to missing Si hits, but 

can still be reconstructed when starting from the TRT hits. Relevant requirements in the 

“inside-out” (forward tracking), ambiguity-solving, and “outside-in” (backtracking) phases 

of standard tracking are listed in Table 3.1. 

3.1.2 Large Radius Track Reconstruction 

Standard track reconstruction is optimized for particles originating from the IP, with a 

reconstruction efficiency of ∼90% [61]. Due to the previously mentioned impact parameter 

requirements, the reconstruction efficiency for displaced tracks decreases precipitously as d0 

increases. Even for “outside-in” tracking starting from the TRT, reconstruction efficiency 

decreases precipitously for tracks with displacement greater than ∼ 20 mm [63]. A secondary 

track reconstruction algorithm was developed to increase reconstruction efficiency for these 

so-called Large Radius Tracks (LRTs). 

The LRT algorithm uses a similar process to the “inside-out” process for standard 

tracking described above using hits not used by any STs. The most notable difference in 

the method is the loosening of impact parameters d0 and z0 to 300 mm and 1500 mm 

respectively. A comparison of track requirements for ST and LRT is shown in Table 3.1. 

Tracks from both LRT and ST are used as the input for the vertexing algorithms de-
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Figure 3.2: Reconstruction efficiency and technical efficiency (see text) of displaced leptons 
vs. rprod [63]. “Leptons” here refers to electrons and muons, but not taus. 

scribed in Section 3.2. The gain in sensitivity to tracks with large impact parameters is 

crucial to this analysis. The large increase in reconstruction efficiency is evident in Fig-

ure 3.2. The remaining inefficiencies at large rprod–the radius at which the decay into 

the lepton occurred–can arise from several factors including algorithmic inefficiencies, the 

non-hermicity of the detector at larger radii, and interactions with detector material. A 

“technical efficiency” was defined to separate the algorithmic inefficiencies from other fac-

tors that could not be controlled. The technical efficiency only includes particles that, based 

on their geometry and decay position, could produce enough hits in pixel or SCT modules 

to be reconstructed by either ST or LRT. The high technical efficiency (> 85% for all 

production radii) shows that the LRT is successfully reconstructing these displaced leptons 

[63]. 

3.2 Vertex Reconstruction 

A “vertex” describes a point that two or more tracks originate from, presumably the lo-

cation of a particle interaction or decay. The primary reconstruction strategy, described 

in Section 3.2.1, is optimized for vertices close to the beamline. For analyses targeting 

displaced decays, a secondary vertex reconstruction algorithm, VrtSecInclusive (VSI) is 

utilized. Because it is critical for this analysis, particularly for the background estimate 

described in Section 6.2, the VSI algorithm is described in detail in Section 3.2.2. 

3.2.1 Primary Vertex Reconstruction 

The PV in an event is the location where the most energetic hard-scattering pp collision 

occurred. The location of this PV is determined using the ID tracks, which must pass 

the preselection requirements listed in Table 3.2 [64]. The algorithm uses an iterative 

annealing procedure, where all tracks are given a weight that decreases over iterations if 
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Figure 3.3: Steps in in the VrtSecInclusive algorithm 

the compatibility with the vertex is poor, while tracks with good compatibility retain a 

high weight. After the vertex position is calculated, tracks that are incompatible with the 

vertex are removed and used to attempt to find another vertex. This process is repeated 

until there are no more tracks or no more vertices with two or more tracks can be formed. 

The vertex with the highest Σp2 
T is defined as the PV for the event, and all other vertices 

are classified as pileup interactions. 

3.2.2 Secondary Vertex Reconstruction 

An LLP with a decay vertex significantly displaced from the beamline will not be recon-

structed by the primary vertexing algorithm. The VSI [65] attempts to reconstruct such 

displaced vertices. “Secondary vertex” and “displaced vertex” are equivalent terms for the 

same object; DV will be used in this dissertation for consistency. 

Reconstruction of DVs is crucial for analysis of BSM long-lived particles, but is also 

used for reconstructing B-hadron decays. The steps in the VSI algorithm are illustrated in 

Figure 3.3. This analysis used the default configuration of the VSI so that no additional 

dataset processing is needed beyond a standard ATLAS derivation (see Section 4.1). 

Track Preselection 

The first step in the VSI is selecting the ID tracks to be used for DV reconstruction, as 

using all tracks in each event would be computationally infeasible. The collection of tracks 

available to be used includes both STs (see Section 3.1.1) and LRTs (see Section 3.1.2). The 

track preselection requirements are listed in Table 3.2. Almost all selection criteria are much 

looser than in the primary vertexing algorithm; however, one notable additional require-

ment is that the tracks cannot be associated with any PV in the event. This is to ensure 

that the potential vertex is from the decay of an LLP and not from poorly reconstructed 

tracks originating from the PV. These preselection requirements are optimized to reduce 

computational memory and time requirements while maintaining the DV reconstruction 

efficiency. 
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Table 3.2: Comparison of track requirements for primary and secondary vertexing algo-
rithms [64, 65]. 

Requirement Primary Secondary 
Min. pT (MeV) 500 1000 
Max. d0 (mm) 4 – 
Max. z0 (mm) 1000 – 

Max. z0 significance 5 – 
Max. track χ2/ndof – 50 

Min. Pixel hits 1 0 
Min. SCT hits 4 2 (6 if 0 Pixel hits and pT < 20 GeV, 

7 if 0 Pixel hits and pT > 20 GeV) 
Max. shared Si hits – 2 

Min. TRT hits – 1 (0 if Pixel hits ≥ 2, 
20 if pT < 20 GeV and |η| < 1.7) 

PV association – Not PV associated 

Two-track Vertex Finding 

The next step in the VSI algorithm is forming seed vertices consisting of two tracks. The 

algorithm first attempts to form a vertex from each pair of tracks in the event (e.g. if 

there are 8 preselected tracks in the event, then 8∗7 
2 = 28 potential seed vertices would 

be considered). Then a series of selection criteria are applied to reject incompatible track 

pairs, as defined in Table 3.3. The algorithm performs a fast fit to find the position of the 

potential DV, then applies requirements both to the DV and to the tracks based on the 

DV’s position. 

The DV’s position vector r⃗DV (measured with respect to the PV) and total momentum 

vector p⃗DV , the sum of the momentum vectors of the two constituent tracks, must be 

pointing in approximately the same direction to be consistent with the decay of an LLP 

originating from the PV. This is applied via the requirement r⃗DV ·p⃗DV 
∥p⃗DV ∥ > −20 mm, which 

imposes a stricter requirement on the relative directions for DV positions further from the 

PV. Similar requirements are imposed on the tracks individually using the ϕ coordinate of 

their momenta. 

Additionally, there are strict requirements on the “hit pattern” of each track, as illus-

trated in Figure 3.4. The hit pattern is a string of booleans corresponding to each tracking 

layer that records whether a hit is present in that layer. Each track is extrapolated back 

towards the beamline, and the position where it would intersect with a tracking layer is 

calculated. Any hits on tracking layers “inside” of the DV position (r < rDV ) are forbid-

den. A hit on the next tracking layer “outside” the DV position (r > rDV ) is required. 

Any tracking layers outside the DV position beyond the first are allowed but not required. 
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Table 3.3: List of VSI requirements for DVs and related tracks. 

Algorithm Step Requirement 
2-track ≥ 1 track with d0 > 2 mm 

compatibility DV χ2/ndof < 5 
DV r xy < 563 mm 

cos (ϕDV − ϕtrk) > −0.8 
r⃗DV ·p⃗DV 
∥p⃗DV ∥ > −20 mm 

Track HitPatternTight 
Vertex ∥r⃗DV,1 − ⃗rDV,2∥ < 10σ(r⃗DV,1 − ⃗rDV,2) 
Merging ∥r⃗DV,1 − ⃗rDV,2∥ < 1 mm 
Track Track pT > 1000 MeV 

association Track χ2/ndof < 5 
|r⃗DV | > 2 mm 

Track σ(d0,DV ) < 5 
Track σ(z0,DV ) < 5 

New DV χ2/ndof < 20 
Track HitPatternOuterOnly 

These selection criteria select tracks consistent with originating from the DV. For example, 

if a track has hits in the detector that occur inside of the DV (i.e. before the particle de-

cay forming the DV occurred) then that track is unlikely to have originated from the DV. 

The application of requirements on the hit pattern both to the inside and outside of the 

DV location is referred to as HitPatternTight, while applying on the requirements to the 

outside of the DV location is HitPatternOuterOnly, as referenced in Table 3.3. 

The ID tracking system is not perfect, and the VSI accounts for changes in its function-

ality by changing the hit pattern requirements. Specifically, some ID tracking modules may 

malfunction and be disabled during one run of data taking, but may be recovered during 

the next run. The VSI uses a map of disabled ID modules specific to the run during which 

the event was recorded. If there is a disabled module where for one of the tracks a hit 

would be forbidden, it cannot be determined that there was no hit and so the track and 

its associated seed DV are rejected. If there is a disabled module in the tracking layer just 

outside of the DV where a hit is required, that hit requirement is treated as satisfied and 

the track and its associated seed DV are otherwise kept. 

N-track Vertex Finding 

After all compatible two-track seed DVs have been found, there can be ambiguities if one 

track belongs to multiple seed DVs. The next step of the algorithm is to combine multiple 

seed DVs, which it does if all tracks in each seed DV are compatible (i.e. form a two-track 
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Figure 3.4: Examples of requirements applied to track hit patterns based on the DV location 
within the Pixel detector [65]. (a) The DV is in between the B-Layer and Layer-1. Hits are 
forbidden in the inner layers (i.e. IBL and B-layer) and a hit is required in the next layer 
(i.e. Layer-1). (b) The DV is located in the vicinity of the B-layer and consequently has 
loosened requirements on hits in that layer. Hits in that layer are allowed but not required 
and a hit is required on the next layer outside the DV (i.e. Layer-1). 

seed DV) with all other tracks in the other seed DVs. For example, say there are 5 tracks 

in an event labelled A, B, C, D, and E and that the list of two-track seed DVs includes 

AB, BC, AC, and DE. Seed DVs AB, BC, and AC would be combined and refit to form a 

single vertex ABC with three tracks, while seed DV DE would remain separate. For more 

details on this process, see Reference [65]. 

After combining seed vertices, there may still be individual tracks that are a part of 

multiple vertices. Following the above example, if compatible seed DVs included AB and 

BC, but not AC, then the three seed DVs would not be combined and track B would still 

belong to multiple seed DVs. At this point, the quality of the track’s fit to each DV is 

calculated and the track is only kept as part of the DV with the best χ2/ndof . 

Vertex Merging 

A single LLP can produce multiple separate DVs, especially in the case of an LLP decaying 

to hadronic showers. The next step in the VSI algorithm is to combine vertices that are 

geometrically close to each other to attempt to reconstruct a single vertex for the initial 

parent particle. Two vertices are merged if the distance between them is less than 10σ, 

where σ is the uncertainty on the difference between the two vertex positions. Additionally, 

if the distance between any two DV is less than 1 mm, the vertices are forced to be merged. 

All merged vertices are refit using all the tracks from the original separate vertices. 
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Track Attachment 

Finally, the VSI attempts to attach any track that did not pass preselection to the recon-

structed DVs. A track may be a part of a displaced vertex even if it does not pass all the 

quality criteria to be used as a seed for a DV, especially if it is part of a high multiplicity 

decay like a jet. All tracks in the event that did not pass preselection are considered, with 

the only additional requirements on the track being pT > 1 GeV and χ2/ndof < 5. Each 

track is tested for compatibility to each vertex, starting with the vertex with the highest 

track multiplicity. If the significance (i.e. value/uncertainty) of the track impact parameters 

d0 and z0 with respect to the DV is less than 5 and the track passes the hit requirement 

on the outer layers (i.e. a required hit on the next outer tracking layer), then the track 

is attached to the vertex and the vertex is refit. Each track can only be attached to one 

vertex. The information on such a track is saved with the track so that such “associated” 

tracks can be pruned later during an analysis if needed. 

3.3 Lepton Identification 

A “track” object by itself only identifies that there is a charged particle, but not what 

type of charged particle produced the track. The algorithms to identify if a reconstructed 

track is an electron or a muon are discussed below. “Reconstruction” as a lepton in this 

context refers to classifying the track as that type of lepton, while “identification” refers to 

classifying the quality of that lepton into one of multiple possible working points (WPs). 

3.3.1 Electron Reconstruction and Identification 

Electron reconstruction uses a combination of ID tracks and E-Cal energy deposits [66]. 

Photon reconstruction is closely related because photons and electrons produce similar 

electromagnetic showers in the E-Cal [67]. Seed clusters are created from energy deposits 

in the E-Cal with ET > 2.5 GeV using a sliding-window algorithm [68]. Then ID tracks 

are checked for matching to the seed cluster. If a seed cluster has a matched ID track, it is 

classified as an electron. If there is not match, the seed cluster is classified as a photon6 . This 

difference is particularly relevant to the triggers in this analysis because a highly displaced 

electron may have insufficient tracking information to be matched to a seed cluster and be 

treated as a photon by the trigger. 

Once the combination of electron ID track and seed cluster is formed, the track is refitted 

to account for the electron’s energy loss via bremsstrahlung while traversing the material 

prior to the E-Cal. This refit, achieved using a Gaussian-sum-filter (GSF) technique [70], 

improves accuracy of track parameters such as d0. 

6A photon may instead convert to e+e− before the E-Cal; if the conversion vertex is reconstructed and 
matched to the seed cluster, the cluster is classified as a photon [69]. 
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Discriminators are used to classify the quality of an electron candidate against back-

grounds with similar signatures like hadronic jets and material interactions–the aforemen-

tioned “identification” process. There are ∼20 discriminating variables based on information 

from the ID, E-Cal, and H-Cal, including variables such as number of silicon track hits, EM 

shower width, and the ratio of cluster energy to track momentum. These discriminating 

variables are constructed using a likelihood-based method [67], which applies the product 

of a probability density function for each variable for both background and signal to de-

termine the likelihood discriminator. Four standard electron identification WPs (Strict, 

Medium, Loose, and VeryLoose) are constructed from this likelihood discriminator, with 

some additional track requirements. 

These additional track requirements reduce the efficiency of lepton identification for 

this analysis, specifically the small d0 requirement eliminating displaced electrons. This 

analysis uses a modified WP derived from the VeryLoose WP, removing the d0 and pixel 

hit requirements while keeping the overall silicon hit requirements. 

3.3.2 Muon Reconstruction and Identification 

Muons are reconstructed in the ID and the MS independently, then information from both 

detector systems is combined [71]. Muon tracks in the ID are reconstructed like all other 

tracks as described in Section 3.1. Muon track segments in the MS are reconstructed by 

combining hits from layers within a muon chamber. A loose fit is performed assuming that 

the trajectory of the muon is parabolic (a first-order approximation of how a muon bends 

in the magnetic field) and that the trajectory of the particle originates from the PV. Track 

segments are then combined with segments from other chambers, starting from the middle 

layer and attempting to add segments from the inner and outer layers. These muon track 

candidates must have at least two segments, except in the barrel-endcap transition region 

where only at least one high quality segment is required [72]. An overlap removal algorithm 

is applied, preventing track segments from being used in multiple track candidates (except 

if the two track candidates share two segments and then share no hits in the final chamber, 

assuming a highly collimated muon pair). A global χ2 fit of the muon trajectory is then 

performed. Hits with large contributions to the χ2 are removed and hits along the fit 

trajectory are added; after each step, the χ2 fit is performed again. 

Muon tracks from the MS are then combined with ID tracks. There are multiple combi-

nation methods resulting in muons of different quality. The description here will be limited 

to the Combined muons used in this analysis. Combined muons require both an ID and an 

MS track that are fully reconstructed. Each MS track is extrapolated to the ID and matched 

with any compatible ID tracks. Tracks are refit using information from both tracks, and 

some MS hits can be added or removed to improve fit quality. A second pass starts from 

the ID and extrapolates tracks to the MS. In this “Inside-Out” muon reconstruction, an 
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independently reconstructed MS track is not required, just three aligned MS hits. These 

“Inside-Out” muons are also classified as Combined muons. 

Muon identification uses a cut-based method to define three typical WPs: Loose, 

Medium, and Tight. With increasingly stringent requirements, each collection is a subset 

of the next-loosest WP. All WPs apply quality requirements on silicon hits, including at 

least one pixel hit, at least five SCT hits, and no more than three pixel or SCT holes. 

These requirements severely diminish signal efficiency for the displaced muons in this 

analysis, so again modified WPs are used. This modified WP removes the requirements 

on pixel hits and pixel or SCT holes but maintains the requirements for SCT hits. This 

analysis uses a modified Loose WP to improve sensitivity to displaced muons, except for 

the tag-and-probe study in Section 7 which uses a modified Medium WP. 
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Chapter 4 

Data and Simulated Samples 

The analysis described in this dissertation uses both real and simulated pp collisions. The 

real events recorded by the ATLAS detector are hereafter referred to as “data” while the 

simulated events are called Monte Carlo simulation (MC). A “dataset” or “sample” simply 

refers to any collection of events, either in data or MC. This analysis follows the high energy 

physics standard practice of developing the analysis on simulated datasets and “blinded” 

data (i.e. data excluding the final signal region). Blinding is used to reduce researcher bias 

by avoiding optimization of selection criteria to artificially enhance the signals. The data 

samples and simulated samples used in this analysis are described below. 

4.1 Data Samples 

The data events used in this analysis are from pp collisions at 
√ 
s = 13 TeV recorded by 

ATLAS during Run 2. The total integrated luminosity recorded was 140.1 fb-1 as measured 

by the LUCID-2 detector [73] with an uncertainty of 0.83% [41]. Data events must be 

included in a GoodRunsList (GRL), a list of runs certified by ATLAS to be good for 

physics, which eliminates events from runs with a hardware or data-acquisition problem in 

the detector. 

The datasets are processed in multiple steps designed to reduce file size. The first step 

is creating the DRAW RPVLL data stream, which is designed for LLP searches. This data 

stream retains raw detector hit information for the special reconstruction for LLPs, so a 

trade off must be made to reduce file size. DRAW RPVLL only saves events which pass one of 

the collection of triggers and filters used by several LLP analysis groups. 

The next step (called a “derivation”) is to process the DRAW RPVLL data stream with 

all the specialized reconstruction algorithms to target LLPs described in Sections 3.1.2 

and 3.2.2. After this step, the raw detector hits are no longer needed, so the file size of the 

resulting DAOD RPVLL is drastically reduced. 

The dataset is further processed to select events from a shorter, more specialized list 
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of triggers and rerun some reconstruction algorithms. This DAOD SUSY15 derivation is less 

computationally intensive than the previous derivation, allowing for multiple reruns with 

different analysis-specific parameters for reconstruction algorithms or new recommendations 

for WPs. 

There are also datasets with different final derivations used for various studies, including 

DAOD EGAM1 and DAOD MUON1, which store extra information about high pT leptons and are 

used in this analysis for the calculation of custom lepton scale factors (SFs) (see Section 7.1). 

4.2 Simulated Samples 

The principal simulated MC samples are the signal models, which are the theoretical models 

that are expected to result in a displaced di-lepton signal in the detector. A few other MC 

samples are employed for various studies in this analysis, as described in Section 4.2.2. 

In both cases, there are many steps of simulation to make the simulated events emulate 

recorded collision data as closely as possible. First, the particle production and decay are 

generated using either known SM parameters or user-specified parameters (i.e. for the 

signal model). Then the interactions of the generated particles with the ATLAS detector 

are simulated, producing simulated detector hits. The same reconstruction and derivation 

algorithms as for recorded collision events (see Section 4.1) are then applied to the simulated 

samples. The information about the true identity of the generated particles from the first 

step is saved as “truth” information, allowing for calculation of reconstruction efficiency. 

There are three different versions called “campaigns” of each MC samples that correspond 

to different data-taking conditions over different years. The campaign mc16a emulates data 

recorded in 2015 and 2016, mc16d emulates data from 2017, and mc16e emulates data from 

2018. 

4.2.1 Signal MC Samples 

SUSY Models 

The theoretical models used in this analysis feature a long-lived, RPV neutralino χ̃0 
1 that 

decays via a λ12k coupling [26] into two leptons and a neutrino, resulting in the ee, eµ, 

and µµ final states. The two models being investigated have different production processes 

for the neutralinos, as shown in Figure 4.1. For both models, the branching ratio of the 

neutralino decay was assumed to be 100% to increase the statistical power of the simulated 

events. 

The first model implements the pair production of gluinos g̃, with the gluino decaying 

promptly as ˜ g → qqχ̃0 
1. The long-lived χ̃0 

1 decays via R-parity-violating couplings λ121 and 

λ122 into two charged leptons and a neutrino, as illustrated in Figure 4.1a. The quark 

products of the gluon decays (g̃ → qqχ̃0
1) will produce four total jets and the final state 
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(a) (b) 

Figure 4.1: Feymann diagrams for two modes of ˜ χ0
1 production via: (a) gluino, (b) elec-

troweakinos ˜ χ±
1 and ˜ χ0

2 . Note that other electroweakino production modes are allowed, 
including some in which the ˜ χ0 

1 is produced directly by the pp collision; in that case, the 
intermediate decay to ˜ χ0 

1 and fermions is moot. 

neutrinos will result in MET. In order for the search for a displaced di-lepton vertex to be 

as model-independent as possible to allow for reinterpretation into novel theoretical models, 

the jets and MET information are not used in the analysis. 

The second model implements pair production of electroweakinos. These two parent 

particles can be any combination of the lightest neutralino χ̃0
1 , the next-to-lightest neutralino 

˜ χ0
2, and the lightest chargino ˜ χ±

1 , except for the ˜ χ0 
1 ˜ χ0

1 and ˜ χ0
2 ˜ χ0 

2 channels that are suppressed 

due to the weak coupling. If χ̃±
1 or χ̃

0
2 is produced, they decay promptly via χ̃ → ff χ̃0

1. 

The ˜ χ±
1 , ˜ χ0

2, and ˜ χ0 
1 are all essentially mass degenerate; the masses of the ˜ χ±

1 and ˜ χ0
2 are 

set to be 1 GeV higher than the mass of the ˜ χ0 
1 to allow for the prompt decays. Again, the 

fermion products of the intermediate decay of χ̃±
1 and χ̃0 

2 are not used as analysis objects 

to keep this analysis as model-independent as possible. 

SUSY Signal Samples 

In both production models, the parent particles are generated and decayed by MadGraph 

[74] interfaced with Pythia8 [75] using the NNPDF23LO tuned parameters [76] for the parton 

distribution function (PDF). For easier comparison to detector geometry, the lifetime of 

the  χ0
1 is reported in units of mm using cτ . The values of cτ range from 10 to 1000 mm, 

following the convention of the ATLAS SUSY-RPVLL subgroup. The neutralino decay 

rates are set to be equal for ˜ χ0
1 → eeν, ˜ χ0

1 → eµν, and ˜ χ0
1 → µµν, allowing for only one 

sample to be produced per mass-lifetime point. 

The signal grid for the gluino model spans three gluino masses, five neutralino masses, 
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Table 4.1: Gluino MC sample mass points with their cross-sections. All mass points are 
generated at five ˜ χ0 

1 lifetimes (cτ): 10, 30, 100, 300, and 1000 mm. All samples are generated 
with 20000 events at each lifetime. 

m˜ g (GeV) mχ̃ 01 
(GeV) Cross-Section (fb) 

1500 100 15.7 ± 2.4 
1500 500 15.7 ± 2.4 
1500 1000 15.7 ± 2.4 
1500 1200 15.7 ± 2.4 
2000 100 1.01 ± 0.20 
2000 500 1.01 ± 0.20 
2000 1000 1.01 ± 0.20 
2000 1700 1.01 ± 0.20 
2500 100 0.0768 ± 0.0211 
2500 500 0.0768 ± 0.0211 
2500 1000 0.0768 ± 0.0211 
2500 2200 0.0768 ± 0.0211 

and five neutralino lifetimes. The neutralino masses range from 50 to 1000 GeV, with 

an additional “heavy” mass point, where m ̃χ0
1 
= mg̃ − 300 GeV. Sixty MC samples have 

been produced, listed in Table 4.1 with their cross-sections. The cross-sections calcula-

tions include the resummation of soft-gluon emission at next-to-leading logarithmic (NLL) 

accuracy, matched to next-to-leading order (NLO) supersymmetric QCD corrections [77]. 

The signal grid for the electroweakino model spans seven mass choices for the degener-

ate electroweakinos and the same five lifetime choices as for the gluino-production model. 

Thirty-five MC samples have been produced, listed in Table 4.2 with their cross-sections. 

The production cross-sections are computed at NLO plus NLL precision in a limit of mass-

degenerate higgsino χ̃± 
1 , ˜ χ0

2, and ˜ χ0
1 with all the other sparticles assumed to be heavy and 

decoupled [78, 79]. 

A select subset of kinematic distributions are shown for the long-lived neutralino, eletron 

children, and muon children in Figure 4.2 for the gluino production mode and in Figure 4.3 

for the electroweakino production mode. The pT and η of the gluino-produced χ̃0 
1 are quite 

insensitive to the ˜ χ0
1 mass while the pT of the electroweakino-produced ˜ χ0

1 increases with χ̃0
1 

mass since its parent mass is nearly degenerate and, therefore, the pT is close to that of its 

parent’s. The η distribution of the lepton children from the gluino-produced ˜ χ0 
1 are relatively 

insensitive to the χ̃0 
1 mass. The electroweakino-produced χ̃0

1 lepton children, however, are 

slightly more forward for lower χ̃0
1 mass. Independent of the χ̃0 

1 production mechanism, one 

notable feature is the large number of low-pT electrons. These are dominated by electrons 

from bremsstrahlung, but because they originate from the χ̃0 
1 decay and can be reconstructed 

as electrons, they are important to include and analyze. 
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Figure 4.2: Truth-level pT (left) and η (right) distributions for the LLP ˜ χ0 
1 (top), electrons 

(middle) and muons (bottom) for a set of gluino-produced ˜ χ0 
1 mc16d samples with a gluino 

mass of 2500 GeV and ˜ χ0 
1 decay length (cτ) of 10 mm and mass of 100, 500, 1000, and 2200 

GeV. 
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Figure 4.3: Truth-level pT (left) and η (right) distributions for the LLP ˜ χ0 
1 (top), electrons 

(middle) and muons (bottom) for a set of electroweakino-produced ˜ χ0 
1 mc16d samples with 

a ˜ χ0 
1 mass of 300, 700, and 1100 GeV and decay length (cτ) of 1000 mm. Note that the 300 

GeV statistics have been scaled down to the number of events produced for the other two 
mass points. 
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Table 4.2: Electroweakino MC sample mass points and cross-sections. All mass points 
are generated at five ˜ χ0

1 lifetimes (cτ): 10, 30, 100, 300, and 1000 mm. The number of 
events generated per grid point vary by neutralino mass, as listed. In the case where two 
numbers of events are given, the first is for mc16a while the second is for both mc16d and 
mc16e, where the increase in number of events corresponds approximately to the increase 
in luminosity for the years these MC samples are intended to simulate. 

m˜ χ (GeV) Cross-Section (fb) Events 
100 16797 ± 603 40000/50000 
300 285 ± 17 30000/40000 
500 33.8 ± 2.7 10000 
700 6.90 ± 0.68 10000 
900 1.82 ± 0.20 10000 
1100 0.538 ± 0.072 10000 
1300 0.161 ± 0.020 10000 

4.2.2 Standard Model samples 

A few SM MC samples are used in this analysis for various studies. As will be discussed 

in Section 6, the backgrounds are estimated from data (i.e. recorded collision) samples, so 

not many SM MC samples are needed. One t¯ t sample with 20 million events is used for 

validation of the event-mixing background estimate procedure (see Section 6.2). The sample 

is generated using Powheg+Pythia8 [75, 80] using the NNPDF23LO [81] tuned parameters 

for the PDF and is a subset of the general t¯ t production, selecting events with high pT 

leptons. 

The other SM MC samples are for Z → ee and Z → µµ, produced in the DAOD EGAM1 

and DAOD MUON1 derivations, respectively. These samples are used for studies of the trigger 

and lepton identification SFs (see Chapter 7). 
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Chapter 5 

Signal Selection 

The final signal region for this analysis is an event with a DV consisting of two 7 leptons 

(i.e. di-lepton), separated into ee, eµ, and µµ channels. Throughout this chapter, “lepton” 

will be understood to include electrons and muons but exclude taus. This analysis used a 

straightforward cut-and-count approach, with the same requirements applied to signal and 

background. The requirements reduce the background from SM processes to less than one 

event (see Chapter 6). This section details the selections used, starting with event selection 

in Section 5.1, followed by signal lepton selection in Section 5.2, and finally signal vertex 

selection in Section 5.3. 

5.1 Event Selection 

Before any selection is imposed on leptons or vertices, events must satisfy some basic re-

quirements, as listed in Table 5.3. As mentioned in Section 4.1, events must have been 

recorded during a luminosity block present in a GRL; however, some problematic events 

may still be present if the error was short enough to not justify eliminating the whole lumi-

nosity block. Event cleaning removes these remaining problematic events that were tagged 

during reconstruction as having a problem in the LAr calorimeters, tile calorimeters, or 

SCT, or having incomplete or corrupted data. The event must have at least one PV with 

|zP V | < 200 mm. 

Finally, events must pass the cosmic ray muon veto and then pass one of the triggers and 

its corresponding filter. The DAOD RPVLL data stream includes triggers and filters not used 

in this analysis. To isolate the events relevant to this analysis, events must pass one of the 

three triggers and its corresponding filter described in Sections 5.1.2 and 5.1.3, respectively. 

7If more than two leptons are present in a DV, the DV will be categorized into all relevant channels. For 
example, an eµ1µ2 DV would be assigned to both the µµ channel with the signal selections imposed on the 
two muons and the eµ channel (twice) with the signal selections imposed on the electron and each muon–i.e. 
µ1µ2, eµ1, and eµ2 are all considered as DV candidates. 
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5.1.1 Cosmic Ray Muon Veto 

Cosmic rays are high energy particles from outer space that interact with the Earth’s at-

mosphere, producing mainly pions that decay to muons, which can reach ATLAS in the 

underground cavern. A cosmic ray muon incident on ATLAS may be reconstructed as a pair 

of back-to-back muons with their reconstructed “production” vertex being highly displaced. 

Because the “top” muon will be reconstructed as moving opposite to its true direction, its 

charge will be opposite to its true charge (and therefore opposite to the charge of the bottom 

muon). 

There is no official ATLAS software to reject cosmic ray events, so this analysis devised 

a custom requirement to reject this background. The geometry of the muons being back-

to-back is utilized for the cosmic veto; two back-to-back muons will have η1 + η2 ≈ 0 and 

|ϕ1 − ϕ2| ≈ π. This can be seen in the high number of events in that area in Figure 5.1. 
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Figure 5.1: The distribution of |ϕ1 − ϕ2| vs. 
 

η for potential cosmic muon pairs in Run 2 
data, shown for events that passed the trigger and filter requirements. 

The cosmic veto rejects events that include a pair of muons with: 

∆Rcos = 
 
(|ϕ1 − ϕ2| − π)2 + (η1 + η2)2 < 0.01. (5.1) 

The ∆Rcos requirement effectively removes events with a cosmic ray and rejects less than 

1% of the signal MC events. The remaining background from cosmic rays after applying 

this veto will be discussed in Section 6.1. 

5.1.2 Triggers 

The HLT trigger used in this analysis are listed in Table 5.1. Most muon and electron HLTs 

use standard tracking information and therefore are unlikely to trigger on displaced leptons 

(see Section 3.1.1). This analysis uses a single-muon trigger that only uses MS information 
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Table 5.1: HLTs used to select events in DRAW RPVLL. Two HLTs are listed for the diphoton 
trigger; the first was used in 2015 and 2016 and the second was used in 2017 and 2018. In the 
cases where the pT requirement listed is higher than that in the trigger, the threshold used 
in the DRAW RPVLL filters in Table 5.2 is used for consistency and to simplify the calculation 
of SFs. 

Description HLT Trigger Requirement 
Single Muon HLT mu60 0eta105 msonly One object with pT > 60 GeV 

and |η| < 1.05 
Single Photon HLT g140 loose One object with pT > 160 GeV 

Di-photon HLT 2g50 loose Two objects with pT > 60 GeV 
(HLT 2g50 loose L12EM20VH) 

(with no requirements from ID information) to reconstruct the muon, allowing it to be used 

to trigger on displaced muons. The single muon trigger requires a muon with pT > 60 GeV 

and |η| < 1.05. 

Triggering on displaced electrons is less straightforward. Photon triggers are based on 

electromagnetic showers in the E-Cal, which are produced from both electrons and photons. 

Because a displaced electron track may not be reconstructed by standard tracking, the 

displaced electron may be reconstructed as a photon (see Section 3.3.1). Photon triggers 

are used to select events with electrons without any requirements on the electron’s ID track. 

There is a single photon trigger that requires one e/γ object with pT > 160 GeV and a 

di-photon trigger that requires two e/γ objects with pT > 60 GeV. 

Bandwidth limitations required changing the threshold the L1 trigger seed to the di-

photon trigger in 2017. The pT threshold of this L1 trigger is far below the pT threshold of 

the HLT, so any difference at the HLT level is negligible. 

5.1.3 Filters 

In addition to the HLTs, there are event filters designed to further target displaced leptons, 

which are listed in Table 5.2. These filters are used to select events for further processing 

through the computationally intensive LRT and VSI by requiring the triggering electron or 

muon to have |d0| > 2.0 mm. 

The filter passed must correspond to the trigger that is passed. The pT thresholds for 

each filter are either at or higher than the thresholds used in the trigger to ensure that the 

object’s pT is in the range where the trigger is highly efficient. 

Again, photons are accepted in lieu of electrons because highly displaced electrons may 

be misidentified as photons before the LRT algorithm is run. 

There are no identification requirements imposed on the electrons or muons, allowing 
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Table 5.2: Offline filters used to select muon, photon, and electron candidates. *The |d0| 
requirement is imposed only on Combined muons. 

Filter Object 1 pT [GeV] |η| |d0| [mm] Object 2 pT [GeV] |η| |d0| [mm] 
µ µ > 60 < 1.07 > 2.0∗ 

γ γ (loose) > 160 < 2.5 – γ (loose) > 10 < 2.5 – 
e > 10 < 2.5 > 2.0 
µ > 10 < 2.5 > 2.0∗ 

e e > 160 < 2.5 > 2.0 
γγ γ (loose) > 60 < 2.5 – γ (loose) > 60 < 2.5 – 
ee e > 60 < 2.5 > 2.0 e > 60 < 2.5 > 2.0 
eγ e (loose) > 60 < 2.5 – γ (loose) > 60 < 2.5 – 
eγ e > 60 < 2.5 > 2.0 γ (loose) > 60 < 2.5 – 

Table 5.3: Signal event-level selection criteria. 

GoodRunsList 
Event cleaning 
|zP V | < 200 mm 
Trigger filter 
Cosmic veto 

them to be more displaced. The single exception is the case of an eγ pair; if the electron 

does not have d0 > 2.0 mm, it may still pass the filter if it satisfies the Loose electron WP. 

The photons are required to satisfy the Loose photon WP. The single e/γ filter requires 

two objects if the first object is initially identified as a photon; the second object can be a 

displaced electron, a displaced muon, or another photon. Single photon events are copious 

[82], so requiring at least two objects at the filter level maintains disk space usage at a 

reasonable level. 

Additionally, the d0 > 2.0 mm displacement requirement is only applied to Combined 

muons. Other muon types may pass the filter without this requirement; however, because 

the signal lepton requirements used in this analysis require muons to be Combined muons, 

the d0 > 2.0 mm is effectively applied to all muons of interest. 

5.2 Lepton Selection 

The first signal requirement on the reconstructed vertex is that it contain at least two signal 

leptons, so the requirements for signal electrons and signal muons are described here. 
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Table 5.4: Signal electron definitions. 

GSF track pT > 10 GeV 
GSF track |η| < 2.47 
Bad cluster removal 

No crack veto 
Modified VeryLoose identification WP 

Pass overlap removal 

5.2.1 Signal Electron Requirements 

The signal electron requirements are listed in Table 5.4. While the regular ID track kinemat-

ics are used in the secondary vertex reconstruction and therefore the final vertex invariant 

mass requirement, the electron GSF track kinematics are used for the signal electron re-

quirements, namely pT > 10 GeV and |η| < 2.47. Additionally, the electron is vetoed if one 

of its clusters is in a bad E-Cal module (i.e. loss of high voltage supply to the module). 

Measurements in the calorimeter “crack” region between the barrel and the end-caps have 

limited precision, so electrons in the range 1.37 < |η| < 1.52 are vetoed. 

The electrons must satisfy the modified VeryLoose WP described in Section 3.3.1. Elec-

trons must also pass an overlap removal algorithm designed to only allow each ID track to 

be matched to one physics object. Typically, for electrons this entails keeping the electron 

with the highest pT. The combination of reconstructing tracks using LRT and identifying 

tracks with the modified WP significantly increases the identification efficiency for electrons, 

as shown in Figure 5.2. For truth electrons with d0 > 20 mm, the LRT greatly increases 

the identification efficiency, particularly for electrons with d0 > 50 mm when the modified 

WP is also applied. For truth electrons that were correctly reconstructed as an electron, 

the modified WPs are highly efficient, with the efficiency only decreasing at d0 ∼250 mm. 

5.2.2 Signal Muon Requirements 

The signal muon requirements are listed in Table 5.5. The most important requirement is 

that the muon is Combined. As discussed in Section 3.3.2, Combined muons have both ID 

and MS track segments that match when extrapolated. If a hadron produces an ID track 

and then decays to a muon that produces an MS track, these tracks can be matched to form 

one Combined “muon.” The fit for such fake Combined muons will be poor due to differences 

in trajectory between the hadron and its daughter muon. The contributions from such fake 

Combined muons, as well as from an ID track matching with an uncorrelated MS track, are 

suppressed by requiring the joint ID+MS fit satisfy χ2/ndof < 10. 

Most other requirements for muons are similar to those for electrons. The pT > 10 GeV 

51 



Figure 5.2: Identification efficiencies for electrons (top) and muons (bottom) reconstructed 
by ST and LRT for standard and modified WPs. A combined set of electroweakino-produced 
˜ χ0
1 mc16e samples with a ˜ χ0 

1 mass of 500 GeV and all lifetimes (cτ) was used. The plots
on the left show the efficiency for a truth lepton passing acceptance requirements to pass 
the identification WP while the plots on the right represent the efficiency for a lepton that 
has been successfully reconstructed as an electron/muon to then pass the identification WP. 
Therefore the left identification efficiencies are with respect to the truth signal leptons while 
the right are with respect to the correctly reconstructed leptons. 
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Table 5.5: Signal muon definitions. 

ID track pT > 10 GeV 
ID track |η| < 2.5 

Modified Loose identification WP 
Combined 

Pass overlap removal 
Combined muon χ2/ndof < 10 

requirement is the same and the η requirement is slightly looser at |η| < 2.5, both of which 

are applied to the muon ID track. The overlap removal follows a similar process, with the 

additional stipulation that if an ID track matched to both an electron and a muon, the 

muon is kept and the electron is rejected. The muon also has to satisfy the modified Loose 

WP described in Section 3.3.2 that removes the Pixel hit requirement. The effects of the 

modified WP and LRT on signal muon identification efficiencies are illustrated in Figure 5.2. 

For muons with d0 > 10 mm, the LRT increases the identification efficiency significantly, 

particularly for muons with d0 > 50 mm when the modified WP is also applied. For truth 

muons that were correctly reconstructed as a muon, the modified WPs are highly efficient, 

with the efficiency only decreasing slightly at d0 ∼250 mm. 

5.3 Vertex Selection 

Vertex selection criteria are listed in Table 5.6. The first set of requirements are on the 

vertex object itself, followed by requirements on the pair of constituent leptons. 

First the DV position is required to be in the fiducial region, Rxy < 300 mm and 

|z| < 300 mm. The former requirement corresponds to the region where the VSI imposes 

missing hit requirements on ID tracks. The latter requirement, together with the track 

requirement on η, ensures that all signal tracks traverse multiple SCT layers. The DV is 

required to be more than 2 mm displaced from any PV in the transverse plane to suppress 

prompt SM backgrounds. The fit of the DV is required to be of good quality, χ2/ndof < 5. 

There are two requirements on the DV position that remove ambiguities arising from 

detector effects. First, DVs that are produced via interactions with non-active detector 

material (e.g. structural supports) should be discarded. The most common type of material 

interaction is a photon conversion to e+e− , so DVs are vetoed using maps of detector 

material [83–86] for the ee and eµ channels. While photon conversion to µ+µ− is possible, 

it is so much less likely than e+e− that the material veto is not applied to the µµ channel. 

Second, DVs located within an ID module that was determined to be inactive when the 

event was recorded [87] are also vetoed. Vetoing on these maps is applied to both data and 

MC for consistency. 
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Table 5.6: Vertex level selection criteria. 

R xy < 300 mm, |z| < 300 mm 
R xy > 2 mm 
χ2/ndof < 5 

Material map veto (for ee and eµ channels) 
Disabled module veto 

Two signal leptons (see Tables 5.4– 5.5) 
Trigger matching 
Filter matching 

Opposite charge leptons 
mℓℓ > 12 GeV 

Finally requirements are imposed on the DV’s constituent lepton pair. The leptons must 

satisfy the HLT and filter requirements described in Sections 5.1.2 and 5.2 to ensure that 

these requirements were not accidentally satisfied by other leptons not in the signal DV. 

To make sure the two leptons are the decay products of a neutral LLP, the two leptons are 

required to be of opposite electric charge. Finally, the invariant mass of the pair of leptons 

must be above 12 GeV in order to suppress higher mass SM Υ resonances. 

5.4 Signal Acceptance and Efficiencies 

The signal efficiencies can be separated into acceptance and efficiency to better understand 

the sources of loss of efficiency. Following standard ATLAS nomenclature, “acceptance” is 

the fraction of simulated DVs that pass the kinematic and geometric signal selection based 

on truth information. The “efficiency” is then the fraction of DVs passing the truth-level 

acceptance that were reconstructed and passed the full analysis signal selection. The “signal 

efficiency” is then the product of acceptance and efficiency–the fraction of simulated DVs 

that pass the full analysis signal selection. There are various weights applied to simulated 

events to correct for imperfect modeling in MC; when applied to efficiencies, these weights 

are called scale factors (SFs). All efficiency distributions presented below include the SFs 

and systematic uncertainties discussed in Chapter 7 while the cutflows use the unweighted 

events. 

5.4.1 Cutflows 

Cutflow plots are presented in this section to show the loss of events as a function of the 

analysis selection criteria. Figure 5.3 presents an example of the truth-matched vertex level 

cutflows for a gluino-produced ˜ χ0
1 with a gluino mass of 2000 GeV and ˜ χ0 

1 mass of 500 

GeV for decay lengths (cτ) of 10, 100, and 1000 mm. Figure 5.4 shows the corresponding 
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Figure 5.3: Percentage of gluino-produced χ̃0 
1 decays passing each requirement in the signal 

cutflow for the ee (top left), eµ (top right), and µµ (bottom) decay modes for a set of 
g̃˜ g → χ̃0

1χ̃
0 
1 mc16a samples with a gluino mass of 2000 GeV and χ̃0 

1 mass of 500 GeV and 
decay length (cτ) of 10, 100, and 1000 mm. 

cutflows for an electroweakino-produced χ̃0 
1 with the same mass and decay lengths (cτ). 

For all lifetimes, the primary losses in efficiency are due to the DV reconstruction and the 

lepton signal requirements. The material veto has a significant impact on the ee and eµ 

channels, although this effect is less severe for the samples with cτ of 10 mm, as neutralinos 

decay before encountering more detector material. 

5.4.2 Lepton Efficiencies 

The tracking efficiency, lepton reconstruction efficiency, and lepton identification efficiency 

are shown in Figures 5.5 and 5.6. 

As expected, the tracking efficiency decreases as lepton d0 and z0 increase and is the most 

significant detriment to signal lepton efficiency. For muons, the reconstruction efficiency is 

remarkably independent of d0 and number of Pixel hits due to using MS information for 
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Figure 5.4: Percentage of electroweakino-produced χ̃0 
1 decays passing each requirement in 

the signal cutflow for the ee (top left), eµ (top right), and µµ (bottom) decay modes for 
a set of electroweakino-produced χ̃0 

1 mc16a samples with a χ̃0
1 mass of 500 GeV and decay 

length (cτ) of 10, 100, and 1000 mm. 
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reconstruction. For electrons, the reconstruction efficiency degrades slightly as d0 increases. 

Additionally, the reconstruction efficiency is notably lower if there are zero Pixel hits. This 

is likely due to the similar E-Cal signatures of electrons and photons; if an electron has 

no Pixel hits, it is more likely to be reconstructed as a photon. Finally, the identification 

efficiency is high and independent of d0 and number of Pixel hits for both electrons and 

muons, indicating that the modified WPs from Sections 3.3.1 and 3.3.2 are highly efficient. 

5.4.3 Signal Reconstruction Efficiency 

The acceptances, efficiencies, and total signal efficiencies are shown in Figures 5.7 and 5.8 

as a function of Rxy and pT of the truth χ̃0 
1 for the gluino-produced and the electroweakino-

produced models, respectively, for a decay length (cτ) of 100 mm. 

It is evident that there is a loss of acceptance for low pT and loss of efficiency for large 

Rxy. This is expected since low momentum LLPs are less likely to generate high pT signal 

leptons that can pass the triggers and filters before the reconstruction stage. Similarly, 

reconstruction efficiency decreases with increasing decay length as there are insufficient hits 

for track and vertex reconstruction. 

5.4.4 Overall Signal Efficiency 

The signal efficiencies are shown in Figures 5.9 and 5.10 for the gluino-produced and 

electroweakino-produced models, respectively, for various kinematic variables. As expected, 

for both models, the signal efficiencies are highest at intermediate Rxy and z close to zero, 

with decreasing efficiency as |η| or |z| increases. 

Lifetime Extrapolation 

Finally, the signal efficiencies can be extrapolated to different decay lengths (cτ). For 

practicality reasons, only five lifetime points were created for each signal mass point. Any 

distribution can be extrapolated from one generated lifetime to another lifetime by applying 

weights to lifetime bin based on how many LLPs would have decayed in that bin if the sample 

were generated with that different lifetime. The weight of an event in bin i of a distribution 

of the number of decays in time for a sample generated with lifetime τgen when reweighting 

to a target lifetime τtarget is given by: 

wi = 
τ gen 

τtarget 
e 
−( 1 

τ target 
− 1 

τgen 
)ti 
, (5.2) 

where ti is the central value of the lifetime bin i. 

The signal efficiency (acceptance × efficiency) is extrapolated over the lifetime range 

1 mm to 10,000 mm. To reduce statistical error, the extrapolations from the five generated 
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Figure 5.5: Lepton efficiencies for gluino-produced χ̃0 
1 mc16a samples with a ˜ g mass of 2000 

GeV, a χ̃0 
1 mass of 1000 GeV and all decay lengths (cτ): tracking efficiency (top), lep-

ton reconstruction efficiency (middle) for reconstructed tracks, and identification efficiency 
(bottom) for reconstructed leptons (see text) as function of the truth signal leptons’ d0 (left) 
and number of Pixel hits for truth-matched tracks (right). The number of Pixel hits is not 
available for truth signal leptons that are not reconstructed and, so, tracking efficiency is 
given as a function of z0 instead. 
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Figure 5.6: Lepton efficiencies for electroweakino-produced χ̃0 
1 mc16a samples with a χ̃0 

1

mass of 700 GeV and all decay lengths (cτ): tracking efficiency (top), lepton reconstruc-
tion efficiency (middle) for reconstructed tracks, and identification efficiency (bottom) for 
reconstructed leptons (see text) as function of the truth signal leptons’ d0 (left) and number 
of Pixel hits for truth matched tracks (right). This information is not available for truth 
signal leptons that are not reconstructed and, so, tracking efficiency is given as a function 
of z0 instead. 
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Figure 5.7: Vertex-level acceptance (top), efficiency (middle) and total signal efficiency 
(bottom) as a function of truth Rxy (left) and pT (right) for the three decays modes of the 
gluino-produced ˜ χ0

1 mc16a samples with a gluino mass of 2000 GeV and ˜ χ0 
1 mass of 500 

GeV and decay length (cτ) of 100 mm. 
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Figure 5.8: Vertex-level acceptance (top), efficiency (middle) and total signal efficiency 
(bottom) as a function of truth Rxy (left) and pT (right) for the three decays modes of the 
electroweakino-produced ˜ χ0

1 mc16a samples with a ˜ χ0 
1 mass of 500 GeV and decay length 

(cτ) of 100 mm. 
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Figure 5.9: Vertex-level signal efficiency as a function of truth Rxy (top left), pT (top right), 
η (middle left), ϕ (middle right), z (bottom left), and µ (bottom right) for the three decays 
modes of the gluino-produced χ̃0 

1 mc16a samples with a gluino mass of 2000 GeV and ˜ χ0 
1 

mass of 500 GeV and decay length (cτ) of 100 mm. 
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Figure 5.10: Vertex-level signal efficiency as a function of truth Rxy (top left), pT (top 
right), η (middle left), ϕ (middle right), z (bottom left), and µ (bottom right) for the three 
decays modes of the electroweakino-produced ˜ χ0

1 mc16a sample with a ˜ χ0 
1 mass of 500 GeV 

and decay length (cτ) of 100 mm. 
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lifetimes are combined. A validation of the lifetime reweighting procedure can be found in 

Appendix B. The final signal efficiency after lifetime reweighting is shown in Figures 5.11 

and 5.12. 

The final signal efficiencies are shown as both the probability for an MC vertex to be a 

signal vertex (i.e. vertex-level) and the probability that an MC event has a signal vertex 

(i.e. event-level). The event-level efficiencies are higher because there are two LLP decays 

in each MC event, so there are two chances to reconstruct a signal DV. 

As expected, the signal efficiency for the gluino-produced samples is highest within the 

ID, with the peak occuring at higher decay lengths (cτ) for higher ˜ χ0 
1 masses. The signal 

efficiency is significantly lower for the sample with ˜ χ0
1 mass of 100 GeV because the lower 

mass results in fewer signal leptons that satisfy the pT requirement of the filter. 

Similarly, the signal efficiency for the electroweakino-produced samples is highest for 

decays lengths between ∼10 and ∼100 mm, corresponding decays within the ID volume. 

The mass dependence is notably different, with higher ˜ χ0 
1 masses not peaking at significantly 

different decay lengths. The lowest χ̃0 
1 mass point is remarkably inefficient, partially because 

(as seen in the gluino samples) the lower mass results in fewer LLP decay leptons satisfying 

the filter requirements. Specifically for the electroweakino-produced samples, the particle 

that decays to the ˜ χ0 
1 is approximately mass-degenerate with the ˜ χ0

1 itself (∆m = 1 GeV). 

Consequently, the kinetic energy the ˜ χ0
1 receives from the decay is minimal when compared 

to the gluino samples with the same neutralino mass. The most significant source of energy 

for the decay leptons is from the mass of the χ̃0
1 , producing very few decay leptons that 

satisfy the filter pT requirements. 
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Figure 5.11: Vertex-level (left) and event-level (right) efficiencies as a function of decay 
length (cτ) for the gluino-produced ˜ χ0 

1 samples from all MC campaigns with a gluino mass 
of 2000 GeV and ˜ χ0 

1 mass of 100, 500, 1000, or 1700 GeV decaying to eeν (top), eµν (middle), 
and µµν (bottom) final states. The colored bands represent the total uncertainties. 
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Figure 5.12: Vertex-level (left) and event-level (right) efficiencies as a function of decay 
length (cτ) for the electroweakino-produced ˜ χ0 

1 samples from all MC campaigns with a ˜ χ0 
1 

mass of 100, 500, 900, or 1300 GeV decaying to eeν (top), eµν (middle), and µµν (bottom) 
final states. The colored bands represent the total uncertainties. 
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Chapter 6 

Background Estimation 

One of the advantages of this analysis is that the background contributions from any SM 

processes are negligible. The combination of the 2 mm displacement and 12 GeV invariant 

mass requirements effectively removes contributions from all meson decays and material 

interactions [88]. The remaining two contributions are from cosmic ray muons and random 

track crossing, both of which predict a background of less than one event. The background 

estimates for both contributions are calculated using data. 

6.1 Cosmic Ray Background 

As briefly described in Section 5.1, events with cosmic ray muons are strongly suppressed by 

vetoing any event with ∆Rcos < 0.01 (see Eq. 5.1). The remaining background is estimated 

by fitting the ∆Rcos distribution in the veto region (∆Rcos < 0.01) and extrapolating into 

the signal region, as shown in Figure 6.1. The distribution is fit with an exponential function 

starting at 0.0012, just above the peak; other starting points yield somewhat larger (i.e. 

worse) χ2/ndof . The integral of the fit function in the signal region (∆Rcos > 0.01) yields 

a background estimate of 0.00 ± 0.04 events for Run 2. The actual value of the integral is 

3.6 × 10−8 , many orders of magnitude smaller than the uncertainty on that value. 

It was discovered that track associated with a low-quality reconstructed muon may fulfil 

the signal requirements for an electron. Thus, the cosmic veto is also applied to eµ pairs. 

The same method cannot be used to estimate this background because there are only two eµ 

pairs with ∆Rcos < 0.01 in Run 2. Instead, the ratio of eµ pairs to µµ pairs in this region, 

2/1837 is used as a scale factor relative to the µµ background estimate. The resulting 

background estimate for the eµ signal region is 0 ± 4 × 10−5 vertices. 

6.2 Random Track Crossing Background 

Lepton tracks not originating from the PV vertex have a small probability of randomly 

crossing to produce a DV that passes all signal criteria. This probability is very low, but 
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Figure 6.1: The ∆Rcos distribution of muon pairs below the cosmic ray veto in the Run 2 
data. The red line shows the exponential fit, which starts at 0.0012. 

is actually the largest source of background due to the low background from cosmic muons 

and the lack of any SM background. This random crossing probability and the resulting 

background prediction are estimated by forming “toy”8 events composed of randomly chosen 

tracks from different events. Thus, this procedure is also referred to as “event-mixing.” 

Because the VSI uses ID tracks to reconstructs DVs, the focus of this section is on the track 

object rather than the lepton. All tracks can be assumed to be associated with a lepton 

unless otherwise noted. 

6.2.1 Concept 

The steps involved in estimating this background are outlined as follows: 

• Randomly choose two tracks from a track library gathered from data 

• Randomly choose a PV from a library of PV coordinates gathered from data 

• Shift the geometric location of the tracks to maintain their original impact parameters 

with respect to their original PVs, now with respect to the new PV 

• Rerun the VSI algorithm on the track pairs (Section 3.2.2) 

• If a vertex is reconstructed, apply the full selection criteria of the analysis 

The probability of a signal vertex from random track crossings (pxing) is then the ratio 

of signal vertices formed (Nmixed
vtx ) to track pairs provided to the VSI (Nmixed 

pairs ). The actual 

application of this strategy faced several challenges: 

8Toy events are events which are not fully simulated starting from hadronic collisions, and are a common 
tool for quickly creating a large number of events with a desired feature. 
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• Validating the strategy with MC requires a very large sample containing enough lep-

tons and events to form a sufficient number of good vertices via random crossings to 

calculate the “real” probability. 

• Validating the strategy with data requires investigating a region other than the signal 

region, or else the data would not be appropriately blinded. 

• Running the actual algorithms is incredibly CPU and time intensive. 

The challenge of identifying an MC sample with sufficient numbers of crossed leptons is 

addressed with a t¯ t MC sample that selected events with a di-lepton final state; however, 

statistics are still inherently limited for the di-lepton displaced vertex signal region because 

the tt̄ sample only models the SM processes that the signal region was designed to eliminate. 

To solve both this and the challenge of validating in data without prematurely unblinding, 

a additional validation region is used, where tracks not identified as leptons are included 

in the event-mixing procedure. Because the VSI algorithm does not impose any identifi-

cation requirements on the tracks it uses to form DVs, this region is used to validate the 

event-mixing strategy in both MC (to significantly increase statistics) and data (to avoid 

unblinding the signal region). The challenge of time and CPU requirements is partially 

addressed via various algorithmic optimizations such as ensuring the invariant mass of the 

track pair would be in the signal region before running the VSI algorithm; however, the 

final procedure remains CPU- and time-intensive simply due to the high statistics necessary 

to observe random crossings. Every aspect of the event-mixing process has to compromise 

between (1) recreating mixed events as close to real events as possible with high statistics 

and (2) keeping time and memory requirements at a reasonable level. 

6.2.2 Procedure 

The procedure for the event-mixing is diagrammed in Figure 6.2. Tracks are extracted from 

ntuples9 which contained all analysis-relevant track information that were produced from 

the DAOD SUSY15 derivation. This includes all track information used in both the VSI and 

the analysis selections, and also the lepton information used in the analysis selections if there 

was a lepton associated with the track. To reduce file sizes and CPU usage, leptonic tracks 

are only retained if they satisfy the analysis criteria to be a signal lepton (see Tables 5.4 and 

5.5). When using tracks that are not identified as leptons for validations (see Section 6.2.4), 

the minimum requirement between signal elections and signal muons is applied, specifically 

|η| < 2.47 and pT > 10 GeV. 

9“Ntuples” are a data structure where only analysis-relevant variables are stored for each event. This 
data format makes file sizes significantly smaller and allows considerably faster computational processing. 
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Once the candidate tracks are selected, the instructions are created to specify which 

randomly-selected tracks and primary vertices are to be combined into each newly-created, 

“mixed” toy event. The requirements placed on the track assignments are: 

• Each toy event contains one PV, which is randomly selected from the same input 

dataset that the tracks come from. 

• Each toy event contains two randomly selected tracks. 

• The two tracks do not come from the same input event. 

• Each possible combination of the two original events (that the two tracks came from) 

can only be used once. 

• Each track is used a maximum of N times. This was set to N = 5 for the validations 

using non-leptonic tracks and N = 10 for the background estimate using leptons. 

Choosing tracks (and PVs) from the same or adjacent luminosity blocks ensures that 

the tracks were recorded under similar conditions, e.g. pileup, disabled modules. Using two 

tracks per event was a choice made to match our signal region and to avoid complications 

with later steps of the VSI such as vertex merging and extra track attachment. Any impact 

of this choice is negligible because < 1% of data events have more than one signal DV. The 

maximum number of times to reuse a track was chosen to use every available track but keep 

the number of events created at a reasonable level. 

The instructions for which input tracks go into which created event are added to the 

ntuples containing all the information on the candidate tracks. The resulting file is referred 

to as the Common Format File (CFF). 

The CFF is then processed by the standard DAOD SUSY15 derivation, which reruns the 

VSI to reconstruct DVs. The only modifications to the VSI are those necessary to change 

the input track and PV collections to come from the input ntuples. This derivation process 

requires including a data “host file” to provide the event container that the derivation 

software iterates over. None of the original particles and vertices from the host file are 

retained. For each toy event, the CFF instructs the derivation software which tracks and 

which PV to pull from the ntuples. The tracks are inserted into the toy event using the 

track information stored in the ntuples and shifted so that the track’s d0 and z0 with respect 

to the PV are preserved. 

Producing the DAOD SUSY15 derivation includes rerunning the VSI algorithm, so pro-

ducing DAOD SUSY15 derivations of the mixed events ensures that the same version of the 

VSI software was used on the toy events as on real events. This was a deliberate choice 

that was weighed against the increased processing time necessary. Rerunning the full VSI 

algorithm ensures that the complex algorithm is recreated faithfully. A simulacrum of the 
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Figure 6.2: A diagram of the steps involved in estimating the random track crossing back-
ground, where the left column describes each file type and the right column describes the 
code used. 

VSI could have been created that would have run faster, but it would be exceedingly dif-

ficult to account for the many obscure parts of the algorithm that are not user-specified. 

For example, some values like the disabled module map are automatically determined by 

the luminosity block containing the event. The choice was made to prioritize fidelity to the 

original reconstruction at the expense of longer processing times. 

Ntuples are created from this derivation output using the same method as before. The 

analysis selection is performed on these ntuples. If a vertex that satisfies all signal vertex 

selection requirements (see Table 5.6) is found, a background DV is counted. 

6.2.3 Calculation of the Estimate 

The formula used to calculate the background estimate is: 

Nvx = N obs 
pairs × pxing = N obs 

pairs × 
Nmixed 

vtx 

Nmixed 
pairs 

. (6.1) 
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The last piece needed to estimate the background is the number of observed candidate track-

pairs in the original input dataset, Nobs 
pairs. A pair of tracks is defined as a “candidate” pair if

the two tracks are found in the same event, both tracks pass the signal lepton selection, and 

the pair of tracks passes one of the analysis filters (see Table 5.2). Therefore, if an event 

contains more than two tracks, there will be multiple candidate-pairs in that event (e.g. 

three candidate tracks form three candidate pairs, four candidate tracks form six candidate 

pairs, etc.). Because there can be multiple candidate pairs in actual events, using only one 

candidate pair per mixed toy event might result in the possibility of under-counting events 

that have multiple signal DVs. In the validation region using non-leptonic tracks, less than 

1% of events containing a signal DV have multiple signal DVs, so the single candidate pair 

method is appropriate. 

As mentioned above, the set of two tracks has to pass one of the filters listed in Ta-

ble 5.2 to be considered a candidate pair. This requirement ensures the event-mixing signal 

selection is as close as possible to the signal selection in the main analysis without having to 

simulate the triggers for the mixed events. For the case of a candidate pair including a track 

not identified as a lepton, the track must pass the filter kinematic and d0 requirements, i.e. 

the lepton identification requirements of the filter are ignored. 

The number of candidate track-pairs in data (Nobs 
pairs) is counted. The probability that 

two tracks will randomly form a displaced vertex (pxing) is calculated from the mixed events. 

The background estimate is then that crossing probability applied to the observed candidate 

pairs, as in Eq. 6.1. 

6.2.4 Validations 

Given the complexity of the event-mixing procedure and the use of assumptions and pa-

rameters set by other tools and algorithms, a validation procedure was developed for each 

major step of the event-mixing procedure. 

Recreating the Derivation Framework 

The first validation was a closure test verifying that despite the extra complex steps in the 

procedure, the DAOD SUSY15 derivation was recreated faithfully. No shuffling or shifting of 

tracks was performed for this validation. A signal MC sample was used for its high number 

of signal DVs. The number of signal DVs was the same whether processed by the central 

DAOD SUSY15 derivation or the event-mixing framework, indicating complete closure. 

Shifting Tracks 

The next validation looked for effects of the track-shifting procedure. This validation was 

also run without mixing tracks from different events, but added the new, randomly selected 
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PV to the toy event and shifted all the tracks to maintain d0 and z0 with respect to the 

new PV. This was not a closure test–because their hit patterns are not recalculated, tracks 

may fail a hit pattern requirement after shifting if a different hit pattern is expected in 

the new location. For example, a track’s new location may have a disabled module in the 

layer just inside the DV and therefore fail the track hit pattern requirement. However, it 

is expected that most vertices will still be reconstructed due to the high efficiency of track 

and vertex reconstruction within the Pixel detector. Again, a SUSY signal MC sample was 

used for efficiency. The results of this validation, summarized in Appendix A, show a slight 

deficit (∼1-3%, depending on the MC sample used) in the expected number of vertices being 

reconstructed. 

Mixing Events using MC samples 

Validating that the predicted number of random track crossings is consistent with the actual 

number is more challenging, even in MC. Actual random lepton crossings in MC samples, 

signal or otherwise, are too rare to produce statistics sufficient to estimate the background 

with reasonable precision. This was, in fact, the original motivator for creating toy events. 

Non-lepton random track crossings are more common and may be used to validate whether 

the calculated probability for vertex formation matches the observed probability in a given 

MC sample, due to the fact that the VSI does not require any lepton identification on tracks. 

Hence the requirement that tracks be identified as leptons is relaxed for this validation, but 

retain all other requirements. A resulting DV would be in one of our validation channels, 

forming a “track-track” DV. 

The first column of Table 6.1 shows results from event-mixing procedure in the t¯ t MC 

sample. Figure 6.3 shows kinematic distributions for signal DVs in the unmixed t¯ t MC and 

mixed events for the “track-track” channels. In the t¯ t MC, comprising almost 20 million 

events, zero signal DVs were observed in the ee, µµ, and eµ channels, as expected. Addi-

tionally, there was only one DV each in the “track-muon” and “track-electron” channels, so 

this validation focused on only the “track-track” channel. 

Within the limited statistics, the mixed events reproduce the general shape of kinematics 

of the unmixed events. The number of track-track vertices predicted by the event-mixing 

procedure is 2639 ± 482 vertices. There were 3037 vertices observed in the unmixed events. 

The resulting discrepancy is an underestimation of 13.1%, just within the statistical error. 

Non-Leptonic Track Results in Data 

In data, the first validation used the track-track, track-muon, and track-electron channels. 

Again, the statistics in the track-muon and track-electron channels were too low to produce 

a conclusive validation. Results from the event-mixing procedure for the track-track channel 
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Table 6.1: Number of track-track DV candidates observed and predicted in t¯ t MC and 2017 
DAOD SUSY15 data. With respect to DV category, “track” refers to tracks not identified as 
leptons. The predicted number of vertices is obtained using the number of seed pairs in the 
data Nobs 

pairs and the average crossing probability pxing via Eq. 6.1. 

t¯ t MC 2017 DADO SUSY15 data 
Nobs 

pairs 6.95 × 109 4.22 × 1011 

Mixed candidate-track pairs 7.90 × 107 3.88 × 109 

Mixed signal DVs 30 1192 
Avg. crossing probability (3.80 ± 0.69) × 10−7 (3.07 ± 0.09) × 10−7 

Predicted vertices 2639 ± 482 (1.30 ± 0.04) × 105 

Observed vertices 3037 1.14 × 105 

Figure 6.3: Number of accepted “signal” track-track DVs as a function of DV mass (top-
left), DV transverse decay position (top-right), opening angle between the DV’s tracks 
(bottom-left), and DV z-position (bottom-right), shown for both the original (blue) events 
and the mixed events (red). The distributions are for track-track vertices using the t¯ t MC 
dataset. 
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are shown in the second column of Table 6.1. Kinematic distributions for signal DVs in the 

unmixed 2017 data and mixed events are shown in Figure 6.4. 

There is quite good agreement between the distributions of unmixed and mixed events, 

albeit with somewhat limited statistics. The sharp rise in the number of DVs with transverse 

displacement above ∼ 120 mm in Figures 6.3 and 6.4 is a result of the hit requirements 

imposed by the VSI. The location of the step corresponds to the radius of the outermost 

Pixel layer, 122.5 mm. Any DV reconstructed at a lower radius has strict hit requirements: 

no hits on layers with smaller radii than the DV position and a required hit on the next layer 

with a larger radius than the DV. Essentially, this means that DVs with Rxy ≳ 122 mm 

have a simple requirement of no Pixel hits, which is easier to satisfy. 

The number of track-track vertices predicted by the event-mixing procedure is (1.30 ± 

0.04) × 105 (statistical error only), and there were 113535 track-track vertices observed. 

This suggests the event-mixing method can give a reasonable estimate of the random track 

crossing background. The 14.2% discrepancy between mixed events and observed events in 

the track-track channel, combined in quadrature with the statistical error from the valida-

tion, is used as the systematic error for the background estimate. The combined uncertainty 

on the random-track-crossing background estimate is 14.6%. 

6.2.5 Signal Region Background Estimate 

Table 6.2 shows the results of the event-mixing procedure using leptons, separated by data-

taking year. Because the number of mixed and unmixed seeds scale with luminosity, the final 

background estimated is calculated by summing over the four years. The final background 

estimates for each channel, including the statistical and systematic uncertainty, are listed 

in Table 6.3. 

The relative difference in crossing probability between the vertex types is consistent 

with expectations based on the missing hit requirement in the VSI (see Figure 3.4). Be-

cause E-Cal clusters with missing hits in the ID are more likely reconstructed as photons, 

reconstructed displaced electrons are less likely than reconstructed displaced muons to have 

the missing ID hits required by the VSI. 

6.3 Systematic Uncertainties 

The background estimates for both cosmic ray muons and random track crossings are cal-

culated using data, so applying SFs due to mismodeling in MC is not necessary. Systematic 

uncertainties associated with the fit to the cosmic ray distribution are estimated by varying 

the bin size, fit starting point, and fit function, then comparing to the nominal value. All 

fit variations yield an estimate of zero background events. The systematic uncertainties 

calculated from these tests are many orders of magnitude smaller than the statistical uncer-
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Figure 6.4: Number of accepted “signal” track-track DVs as a function of DV mass (top-left), 
DV transverse decay position (top-right), opening angle between DV’s tracks (middle-left), 
the difference between the track’s ϕ (middle-right), and DV z-position (bottom), shown 
for both the original (blue) events and the mixed events (red). The distributions are for 
track-track vertices using 2017 DADO SUSY15 data. 
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Table 6.2: Number of displaced vertex candidates predicted in each year of Run 2 data. 
The predicted number of vertices is obtained using the number of seed pairs in the data 
Nobs 

pairs and the average crossing probability pxing via Eq. 6.1. 

2015 
ee eµ µµ 

Nobs 
pairs 714 230 3731 

Mixed candidate pairs 4.01 × 105 1.32 × 105 1.89 × 105 

Mixed signal DVs 0 0 1 
Average pxing 0 0 (5.30 ± 5.30) × 10−6 

Predicted DVs 0 0 (1.98 ± 1.98) × 10−2 

2016 
ee eµ µµ 

Nobs 
pairs 1.64 × 104 4.33 × 102 2.57 × 104 

Mixed candidate pairs 9.46 × 106 1.05 × 106 1.62 × 106 

Mixed signal DVs 2 0 6 
Average pxing (2.11 ± 1.50) × 10−7 0 (3.69 ± 1.51) × 10−6 

Predicted DVs (3.47 ± 2.45) × 10−3 0 (9.48 ± 3.87) × 10−2 

2017 
ee eµ µµ 

Nobs 
pairs 3.37 × 104 5.86 × 102 5.43 × 103 

Mixed candidate pairs 1.00 × 107 9.30 × 105 1.44 × 106 

Mixed signal DVs 3 3 15 
Average pxing (3.00 ± 1.73) × 10−7 (3.22 ± 1.86) × 10−6 (1.04 ± 0.27) × 10−5 

Predicted DVs (1.01 ± 0.58) × 10−2 (1.89 ± 1.09) × 10−3 (5.65 ± 1.46) × 10−2 

2018 
ee eµ µµ 

Nobs 
pairs 4.70 × 104 7.41 × 102 6.74 × 103 

Mixed candidate pairs 3.69 × 107 1.36 × 106 1.99 × 106 

Mixed signal DVs 7 7 17 
Average pxing (1.89 ± 0.71) × 10−7 (5.14 ± 1.94) × 10−6 (8.53 ± 2.07) × 10−6 

Predicted DVs (8.91 ± 3.37) × 10−3 (3.81 ± 1.44) × 10−3 (5.74 ± 1.39) × 10−2 

Total 
ee eµ µµ 

Nobs 
pairs 9.79 × 104 1.78 × 103 4.16 × 104 

Mixed candidate pairs 5.68 × 107 3.47 × 106 5.25 × 106 

Mixed signal DVs 12 10 39 
Average pxing (2.11 ± 0.61) × 10−7 (2.88 ± 0.91) × 10−6 (7.43 ± 1.19) × 10−6 

Predicted DVs (2.07 ± 0.60) × 10−2 (5.13 ± 1.62) × 10−3 (3.09 ± 0.49) × 10−1 
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Table 6.3: Final estimated background from random track crossings for Run 2. 

Channel Background Estimate Stat. Error Syst. Error 
ee 0.0207 0.0060 0.0030 
eµ 0.00513 0.00162 0.00075 
µµ 0.309 0.049 0.044 

tainty in each test, so the systematic uncertainty is negligible. The systematic uncertainty 

for the random track crossing is calculated by combining in quadrature the 14.2% difference 

between the prediction and the observed number of DVs in the track-track validation region 

and the 3.1% statistical error to yield a systematic error of 14.6%. 
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Chapter 7 

Scale Factors and Uncertainties 

MC does not perfectly simulate detector response and operating conditions. The process of 

reweighting involves applying weights so that distributions in MC reproduce data. When 

reweighting to correct efficiencies, these weights are known as SFs: 

SF = 
ϵdata 

ϵMC 
(7.1) 

These SFs are corrective weights that can be applied to the events overall or to individual 

objects such as a single lepton in the event. Many of these SFs are common to all ATLAS 

analyses, but because this analysis uses displaced leptons with custom WPs, the standard 

lepton and trigger SFs cannot be used. The procedure for calculating the custom SFs, 

together their associated systematic uncertainties, is discussed in this chapter. Finally, all 

other sources of systematic uncertainties are noted. In general, most systematic uncertain-

ties are calculated by varying a relevant parameter and taking the difference between the 

alternate and the nominal signal efficiency. 

7.1 Lepton Identification Scale Factors and Uncertainties 

There are standard lepton identification SFs produced by ATLAS for each standard WP 

that are calculated using prompt leptons reconstructed by the standard tracking algorithm. 

This analysis uses displaced leptons which may be reconstructed by LRT and are identified 

using custom identification WPs, so those standard SF are not appropriate. The same tag-

and-probe method used to calculate the standard SFs was followed, and is described briefly 

here. 

A tag-and-probe procedure uses a well-understood signature to identify a pair of par-

ticles, the tag and the probe. The tag is identified with strict criteria, and the probe so 

named because it is used to probe the efficiency of interest. For this analysis, the Z boson 

decaying to pairs of leptons is the well-understood process used to produce the collection 

of tag and probe lepton pairs. The tag lepton is well-identified with a strict WP, while the 
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Figure 7.1: Scale factors for the modified electron identification WP, as a function of the 
probe ET and η extracted from a comparison of 2015/2016 data and mc16a (top), 2017 
data and mc16d (middle), and 2018 data and mc16e (bottom). 

probe has very loose selection criteria (e.g. is identified as the any quality). Because the 

invariant mass of the lepton pair is required to be in the Z mass peak, the tag and probe can 

be assumed with high confidence to be a lepton/anti-lepton pair resulting from a Z decay. 

This produces a collection of probe leptons to calculate the efficiency of interest. For this 

analysis, the Z → ee and Z → µµ MC mentioned in Section 4.2.2 were used to compare 

with the corresponding processes in data (see Section 4.1). Details of the tag-and-probe 

procedure for calculating lepton identification SFs, including tag and probe selections, back-

ground discrimination, and normalization, can be found in Reference [89]. Note that the 

use of prompt Z → ll decays to study these scale factors is acceptable because the lepton 

identification efficiency is largely independent of d0, as shown in Figures 5.5 and 5.6. 

The lepton identification SFs are shown in Figure 7.1 for electrons and Figure 7.2 for 

muons. For electrons, the scale factor is ∼1.0 for most of the η/ET region. The minimum 

value is ∼0.90 for electrons with high ET and |η| close to 2.5 and the maximum is ∼1.2 

for electrons in the barrel/end-cap crack region. For muons, the scale factor is ∼1.0 except 

for η close to 0, which corresponds to a physical gap in MS coverage that allows technical 

services to reach inner ATLAS subsystems [43]. 

Two sources of systematic uncertainty in the lepton identification SFs have been inves-
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Figure 7.2: Scale factors for the modified Loose muon WP as a function of the probe η and 
ϕ extracted from a comparison of 2015/2016 data and mc16a (top), 2017 data and mc16d 
(middle), and 2018 data and mc16e (bottom). 

tigated. For the ideal tag-and-probe pair, the calculated efficiencies should only depend on 

the properties of the probe; they should be independent of the tag selection criteria and 

the mass window around the Z boson mass. The systematic uncertainty from each source 

is estimated by measuring the difference in signal efficiency after varying those parameters. 

These components are added in quadrature to yield the total systematic uncertainty of 

∼1%. 

7.2 Trigger Scale Factors and Uncertainties 

As with the lepton identification SFs, there are standard trigger SFs that are produced for 

prompt leptons, with displaced leptons excluded by d0 and Pixel hit requirements. The 

photon triggers used were chosen specifically to trigger on displaced electrons and the muon 

trigger uses MS information only to trigger on displaced muons. These differences, combined 

with the modified lepton WPs, excludes the use of the standard trigger SFs. Therefore, the 

trigger SFs are also recalculated following the same standard tag-and-probe procedure as 

in Section 7.1, using the same Z → ll samples. 

The SFs are calculated for each of the three HLTs separately. When using the tag-and-

probe method with Z → ll, the efficiency can only be determined for one daughter lepton 
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Figure 7.3: Scale factors for the HLT g50 loose trigger, as a function of the probe ET and 
η extracted from a comparison of 2015/2016 data and mc16a (top), 2017 data and mc16d 
(middle), and 2018 data and mc16e (bottom). 

(the probe) because the other must be used as the tag. Therefore, when considering the 

di-photon trigger, the SFs are calculated for the single photon trigger with the same pT 

threshold: HLT g50 loose. For events passing the di-photon trigger, the scale factors for 

the two electrons in the ee pair are combined multiplicatively. 

The SFs for each MC period are shown in Figures 7.3 and 7.4 for HLT g50 loose and 

HLT g140 loose respectively. The SFs are also ∼1.0, with a notable deviation in the 

barrel/end-cap crack region, similar to the lepton identification SFs. The electrons in this 

region are vetoed by the analysis selection and therefore have no effect on the signal region. 

The region with pT < 60 GeV shows larger SF variation for HLT g50 loose, but because 

filter requirements for the di-photon trigger require triggering particles have pT > 60 those 

variations do not affect the signal region. The systematic uncertainties are also estimated by 

varying the tag requirements and varying the Z boson mass window. Added in quadrature, 

these systematic uncertainties are ∼0.1% and ∼0.2% for the di-photon and single photon 

triggers, respectively. 

The SFs for each MC period are shown in Figure 7.5 for HLT mu60 0eta105 msonly. 

The same method from calculating the muon identification SFs systematic uncertainties 

was used here, yielding uncertainties of ∼1%. 
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Figure 7.4: Scale factors for the HLT g140 loose trigger, as a function of the probe ET and 
η extracted from a comparison of 2015/2016 data and mc16a (top), 2017 data and mc16d 
(middle), and 2018 data and mc16e (bottom). 

7.3 LRT and VSI Scale Factors and Uncertainties 

The last set of custom SFs calculated for this analysis are due to imperfect modeling of 

the LRT and VSI reconstruction algorithms (see Sections 3.1.2 and 3.2.2) performance in 

MC. The systematic uncertainty on these SFs is the dominant uncertainty in this analysis. 

Whether a track is reconstructed by ST or LRT depends on multiple factors–the most 

important of which is d0–that the simulation may not emulate perfectly; the same is true 

for the VSI algorithm reconstructing DVs. The decay KS → π+π− provides a decent sample 

for studying these differences. The kinematics of the KS are quite different from those of 

the LLP; however, the long lifetime (cτ = 26.8 mm) has large overlap with the signal region 

and hence KS provides an adequate sample for the study. 

The same dilepton-filtered tt̄ sample used for event-mixing validations (see Section 6.2.4) 

was used to study reconstruction of KS . Because the KS is long-lived, its decay products 

can be reconstructed by either ST or LRT. The reconstructed vertex can therefore consist 

of two ST tracks, two LRT tracks, or one of each. SFs and systematic uncertainties are 

calculated for each of these three DV types. 

Because the mass of the KS is much smaller than that of the signal LLPs, the same signal 

selections cannot be applied. The signal selections applied to KS are listed in Table 7.1. 
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Figure 7.5: Scale factors for the HLT mu60 0eta105 msonly trigger as a function of the 
probe η and ϕ extracted from a comparison of 2015/2016 data and mc16a (top), 2017 data 
and mc16d (middle), and 2018 data and mc16e (bottom). Only probes with pT > 60 GeV 
are considered. 
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Table 7.1: KS vertex level requirements and lepton requirements used for calculating 
LRT/VSI reconstruction SF and systematic uncertainties. 

KS Vertex Selections 
Opposite charge 

470 MeV < mππ < 530 MeV 
|∆z0| < 2 mm 

Decay length > 15 mm 
Lepton Selections 
pT > 10 GeV 

|η| < 2.5 

Many vertex-specific selections detailed in Section 5.3 are still applicable, but are modified as 

motivated by literature focusing on KS [90] to select KS vertices. The lepton identification 

selections detailed in Section 5.2 are not applicable; only the kinematic requirements on pT 

and η are kept. 

The pT spectrum of the KS is known to be poorly modeled [91], so the ST/ST KS pT 

spectrum is adjusted to reproduce the data after sideband subtraction (380–440 and 560–620 

MeV), assuming a linear background near the KS mass peak. The same adjustment (scale 

factor binned in pT) is then applied to the ST/LRT and LRT/LRT samples. Figure 7.6 shows 

the KS decay kinematic distributions after this pT scaling. The remaining discrepancies in 

the transverse decay length (Rxy) and three-dimensional decay length (ℓ) distributions are 

attributed to systematic errors in the LRT/VSI reconstruction. These discrepancies show 

different trends over different MC campaigns, so the SFs and systematic uncertainties are 

calculated for each campaign separately. 

The KS radial distribution is binned to loosely align with the tracking layers. The 

KS yield in MC is normalized to the data to compare trends of the kinematics, where the 

normalization factor is calculated by normalizing the first bin of the ST/ST distribution, 

where the tracking and vertexing are both assumed to be well-modeled. The same normal-

ization factor is applied to the ST/LRT and LRT/LRT distributions. These normalized 

distributions are shown in Figure 7.7. Because there are no entries in the first three bins 

of the LRT/LRT distribution and no entries in the first two bins of the ST/LRT, a linear 

fit of the scale factor in the five larger bins is calculated. The SFs for these empty bins 

is extrapolated from this linear fit. The ST/ST distribution matches this linear fit well, 

indicating that a linear function is a reasonable description of the dependence of the scale 

factor on Rxy. 

The resulting SFs are shown in Figure 7.8. The SFs are typically less than one and 

decrease with increasing Rxy, suggesting that the MC overestimates the tracking efficiency, 

the vertexing efficiency, or both–especially at larger displacements. They can be as low as 
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Figure 7.6: Reconstructed KS yields after pT scaling for mc16a t¯ t and combined 2015 and 
2016 data for ππ invariant mass (top left), pT (top right), pileup (middle left), Rxy (middle 
right), z (bottom left), and ℓ (bottom right). For the radial distribution, the blue dashed 
lines indicate the four Pixel layers and the first layer of SCT. The green dotted lines indicate 
the Inner Support Tube (45.5 mm) and Pixel Support Tube (229 mm). 
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Figure 7.7: Reconstructed KS yields as a function of Rxy for mc16a t¯ t and combined 2015 
and 2016 data with the three different vertex types, ST/ST (top left), ST/LRT (top right), 
and LRT/LRT (bottom). The data to MC scale factor is used to estimate the systematic 
error for LRT/VSI. The line shows the linear fit to the scale factor, which uses the five 
larger radial bins to extrapolate into the three smaller radial bins (see text). Only statistical 
errors are shown. 

0.6 for ST/ST vertices at large Rxy; however, the small SFs have limited impact because 

the statistics are significantly higher for ST/ST DVs with smaller decay length (cτ), where 

the SFs are much closer to 1. 

The systematic uncertainty is calculated by using an alternate normalization, normal-

izing to the total number of ST/ST in MC to data instead of just the first bin of the Rxy 

distribution. The systematic uncertainty of standard tracking is well understood, ≲ 1.7% 

[92], which is added in quadrature to the uncertainty from using the alternate normaliza-

tion. The resulting systematic uncertainties are 14.0% for mc16a, 11.7% for mc16d, and 

6.1% for mc16e. 

87 



Figure 7.8: Scale factors as a function of Rxy for mc16a t¯ t and combined 2015 and 2016 
data with the three different vertex types, ST/ST (top left), ST/LRT (top right), and 
LRT/LRT (bottom). The error bars correspond to the combined statistical and systematic 
uncertainties. 
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7.4 General MC Modeling 

There are multiple sources of systematic uncertainty originating from MC modeling that 

are not specific to this analysis. The kinematic distribution of the quarks and gluons inside 

a proton, and therefore how they interact in a pp collision, is characterized by the parton 

distribution function (PDF). The PDF used in the MC generation is Madgraph tuned pa-

rameters NNPDF23LO [76], which specifies a certain set of PDFs. The intra-PDF uncertainty 

is calculated by varying the PDF parameters within the NNPDF23LO tuned parameters dur-

ing the MC event generation. The inter-PDF uncertainty is calculated by using alternate 

PDFs. In both cases, the effect on the final signal efficiency is low. The maximum un-

certainty across all MC samples was 5% for intra-PDF variation and 1.4% for inter-PDF 

variation. In both cases, that maximum is conservatively applied to all signal MC samples. 

Varying the choice of factorization and normalization scales during MC generation pro-

duces an uncertainty of ∼0.34%, which is assumed to be negligible. 

Initial-state radiation (ISR) refers to one of the initial partons radiating a photon or a 

gluon prior to the pp collision while final-state radiation (FSR) refers to any of the particles 

created in the collision radiating a photon or gluon. These phenomena, along with having 

multiple parton interactions (MPI) in a single event, can affect the event kinematics and 

the frequency of additional radiated particles in a MC event. Variations due to these three 

effects are applied to events in the fiducial region at truth-level, following the standard 

technique for ATLAS SUSY searches. The uncertainty from these three effects is combined, 

with the largest deviation of 3% being conservatively applied to all signal MC samples. 

7.5 Pileup Modeling in MC 

The pileup distributions used in MC are estimated before data-taking begins. Once the 

distributions in collision data are measured, weights are applied to events in MC so that 

the pileup distribution more closely match that of the corresponding data-taking period 

[93]. The procedure reproduces the distributions of pileup in data to reasonable fidelity, as 

shown in Figure 7.9. The associated uncertainty obtained by varying the pileup weights is 

∼2-3%. 

7.6 Other Sources of Systematic Uncertainty 

The uncertainty in the combined 2015–2018 integrated luminosity is 0.83% [41], measured 

primarily using the LUCID-2 detector [73], complemented by measurements using the ID 

and calorimeters. The uncertainties on the theoretical cross-sections of the signal MC 

samples as reported in Tables 4.1 and 4.2 include uncertainties in the PDF, scale and 

normalization, and strong coupling constant [77–79]. 
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Figure 7.9: Number of pileup vertices in data and in MC without (left) and with (right) 
pileup reweighting. The top row compares mc16a with 2015 and 2016 data, the middle row 
compares mc16d with 2017 data, and the bottom row compares mc16e with 2018 data. 
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The systematic uncertainty due to lifetime reweighting is calculated from the difference 

between the efficiency for one MC sample with a particular lifetime and the efficiency 

extrapolated from the other four samples with different lifetimes but the same mass. The 

procedure is explained in more detail in Appendix B. The systematic uncertainty due to 

lifetime reweighting is 2%. 

7.7 Total Systematic Uncertainty 

The total systematic uncertainty is calculated from adding in quadrature the uncertainty 

from all sources discussed in this chapter. Figures 7.10 and 7.11 show the total uncertainty 

as a function of decay length (cτ) for the gluino-produced and electroweakino-produced 

samples, respectively. The uncertainty due to the LRT/VSI scale factors is the dominant 

uncertainty, with other contributions being notable only at the lowest lifetimes studied. The 

event-level uncertainties are higher than the vertex-level efficiencies because the event-level 

efficiency is calculated from two DVs instead of one DV. The dip in uncertainty between 

decay lengths of 10 mm and 100 mm is due to higher signal efficiency in that region, which 

reduces the uncertainty propagated from the vertex level efficiency. 
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Figure 7.10: Systematic errors at the vertex-level (left) and event-level (right) as a function 
of decay length (cτ) for the gluino-produced ˜ χ 0 

1 (mc16a+mc16d+mc16e) samples with a 
gluino mass of 2000 GeV and ˜ χ0 

1 mass of 1700 GeV with ˜ χ0
1 decaying to eeν (top left), eµν 

(top right), and µµν (bottom) final states. 
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Figure 7.11: Systematic errors at the vertex-level (left) and event-level (right) as a function 
of decay length (cτ) for the electroweakino-produced ˜ χ0 

1 (mc16a+mc16d+mc16e) samples 
with a ˜ χ0 

1 mass of 900 GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) 
final states. 
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Chapter 8 

Results 

There were zero signal events observed in Run 2 data. This is disappointing for the author 

to not discover new physics during graduate school, but new limits can be set on the cross-

section of the models studied. 

For a specific theoretical cross-section of a gluino/electroweakino at a particular mass 

in the SUSY models studied, Eq. 2.2 yields the expected number of events produced in 

140.1 fb-1 of pp collisions. The expected number of events detected depends on the signal 

efficiency discussed Section 5.4.4, which is dependent on the LLP lifetime. Tables 8.1 and 8.2 

show the expected number of signal events for the gluino-production and electroweakino-

production model, respectively. A bigger difference between the expected and observed 

numbers of events results in more stringent limits on the production cross-section. For 

example, with a background of less than one event and zero observed events, stronger limits 

will be set on the production cross-section of a 1500 GeV ˜ g than a 2500 GeV g̃. 

It should be noted that the models themselves are not excluded entirely, but rather 

a region of parameter space for the model is excluded. There could be an LLP decaying 

to displaced, di-lepton vertices with a lifetime excluded by this study of these particular 

SUSY models, but it must be produced with a cross-section that is less than the modeled 

theoretical cross-section. The result of this search will be presented as the “upper limit” on 

the cross-section, which is the maximum cross-section that could produce zero signal events 

at the 95% confidence level (CL). 

8.1 Statistical Methods 

To determine the upper limit based on the number of expected signal events, the number of 

observed events, and associated uncertainties, two hypotheses are considered. The signal-

plus-background hypothesis is that events originate from both signal and background; i.e. 

nexp = µs + b, where b is the number of background events, s is the number of signal events, 

and µ is the “signal strength.” The signal strength is the parameter of interest; it scales 
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Table 8.1: Expected yield of ee, eµ, and µµ vertices for gluino-produced ˜ χ0 
1 with cτ of 10, 

100, and 1000 mm. 

Mass (GeV) ee Yield (Events) eµ Yield (Events) µµ Yield (Events) 
˜ g χ̃0

1 10 100 1000 10 100 1000 10 100 1000 
mm mm mm mm mm mm mm mm mm 

1500 100 300 98 12 340 110 14 570 250 34 
1500 500 610 330 55 630 370 64 760 650 140 
1500 1000 510 380 74 590 480 100 640 710 200 
1500 1200 460 370 71 550 470 100 610 710 200 
2000 100 19 5.7 0.7 22 6.7 0.8 38 14 1.8 
2000 500 39 19 3.1 42 22 3.6 52 39 7.9 
2000 1000 34 23 4.4 41 30 6 46 45 12 
2000 1700 22 20 3.9 29 29 6.6 37 45 14 
2500 100 1.4 0.4 0.05 1.6 0.5 0.06 2.8 1 0.1 
2500 500 2.8 1.3 0.2 3.2 1.6 0.3 4.1 2.9 0.5 
2500 1000 2.7 1.5 0.3 3.2 2 0.4 3.7 3.4 0.8 
2500 2200 1.2 1.2 0.2 1.8 1.9 0.5 2.6 3.5 1.1 

Table 8.2: Expected yield of ee, eµ, and µµ vertices for electroweakino-produced ˜ χ0 
1 with 

cτ of 10, 100, and 1000 mm. 

Mass [GeV] ee Yield (Events) eµ Yield (Events) µµ Yield (Events) 
˜ χ∓ 
1 , ˜ χ0

2 ˜ χ0 
1 10 100 1000 10 100 1000 10 100 1000 

mm mm mm mm mm mm mm mm mm 
101 100 19000 8400 1100 35000 20000 3200 85000 77000 14000 
301 300 5900 3500 570 5500 3600 680 7700 7700 1800 
501 500 1000 700 120 1000 730 140 1200 1200 290 
701 700 220 160 29 250 190 36 260 270 69 
901 900 56 42 8.1 65 51 10 70 75 20 
1101 1100 15 12 2.3 18 16 3.4 21 24 6.6 
1301 1300 4.3 3.5 0.7 5 4.6 1 5.9 7 2 
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the number of signal events. The branching ratio to signal decays is assumed to be 100%, 

and therefore µ functionally scales the cross-section. The background-only hypothesis is 

that any events originate solely from background sources, i.e. nexp = b, which is equivalent 

to the signal strength µ being set to zero. To calculate the 95% CL, a p-value must be 

calculated for each of these hypotheses. 

The calculation of the p-value begins with the probability of observing nobs events given 

a signal strength µ, known as the probability density function. It is described by a Poisson 

distribution with mean nexp = µs + b: 

P (nobs|µ) = 
(µs + b)n 

n! 
e−(µs+b) := Pois(nobs|n exp) (8.1) 

This is also known as the likelihood function L(µ). 

To account for the uncertainties on both s and b inherent to real-world particle physics 

experiments, “nuisance parameters” are introduced to the likelihood function: 

L(µ, θ) = Pois(nobs|npred) · Gaus(Θs|θs, σs) · Gaus(Θb|θb, σb), (8.2) 

where Gaus is the probability of observing Θs signal (Θb background) events for a Gaussian 

distribution with mean θs (θb) and width σs (σb). 

The question of whether the number of observed events is compatible with either hy-

pothesis is quantified using the one-sided profile-likelihood test statistic: 

qµ = 

  

−2 ln λ(µ) µ̂ ≤ µ 

0 µ̂ > µ, 
(8.3) 

where λ(µ) is the profile likelihood ratio, 

λ(µ) = 
L(µ, θ̂µ) 

L(µ̂, θ̂) 
. (8.4) 

The variables ˆ µ and ˆ θ in the denominator are the maximum likelihood estimates, which 

are the values of µ and θ that globally maximize the likelihood function. The θ̂µ variables 

in the numerator are the “profiled” θ values that maximize the likelihood function for a 

specific µ. 

The high energy physics standard for the threshold of the test statistic qµ is a CL of 

95% [94], corresponding to to a p-value of less than 0.05. The p-value of the test statistic 

for the signal-plus-background hypothesis is: 

pµ = P (qµ ≥ qobs µ |µ, θ) = 
 ∞ 

q obs 
µ

f(qµ, θ)dqµ. (8.5) 
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The p-value for the background-only hypothesis is then calculated via: 

1 − pb = P (qµ ≥ qobs µ |0, θ) = 
 ∞ 

qobs 
0 

f(q0, θ)dq0 (8.6) 

One method of determining the threshold, typically denoted CLs+b, is to calculate the 

value of µ for which pµ < 0.05. This method has the downside of rejecting models where the 

the number of observed events is far below the expected background, even if the sensitivity 

to the model is arbitrarily low. To not artificially exclude all models just because the 

observed number of events is lower than the background, physics analyses at the LHC use 

a modified frequentist approach called CLs [94], where: 

CLs = 
1 − CLs+b 

1 − CLb 
= 

pµ 

pµ=0 
= 

pµ 

1 − pb 
. (8.7) 

In this formulation, larger deviation from the background will result in larger pb-values and 

larger CLs, preventing inappropriate exclusions. 

To solve the multiple integrals in the formulas above, the standard asymptotic method 

[95] cannot be used because its assumptions are not valid when the signal is very low. 

Instead, the problem is solved numerically using “toy” pseudo-experiments. In each toy 

experiment, a value for each of the nuisance parameters (i.e. systematic uncertainties) 

is randomly selected from its assumed-Gaussian distribution. A range of µ values are 

tested with ten thousand toy experiments each, allowing for numerical determination of 

the maximimum likelihood estimates ˆ µ and θ̂, the profiled θ̂µ, and therefore the profile 

likelihood ratio in Eq. 8.4. The upper limit of the cross-section is then the highest value of 

µ that cannot be excluded at the 95% CL. 

8.2 Upper Limits on Model Cross-Sections 

Figures 8.1-8.3 show the limits on the cross section for gluino pair production at the gluino 

masses studied. Figures 8.4-8.10 show the limits on the cross section of production of mass-

degenerate pairs of χ̃0
1, χ̃

0 
2, and χ̃± 

1 . The lifetimes that are excluded for the theoretical 

cross-section are listed in Tables 8.3 and 8.4. 

For all gluino and neutralino masses studied, the upper limit on the cross-section of 

gluino pair production is O(1) fb−1 at decay lengths (cτ) of 1 mm, improves to as low as 

O(10−1) fb−1 for intermediate decay lengths, and then increases back to O(1) fb−1 at large 

decay lengths. As the gluino mass increases, the limits on the cross-section remain about the 

same while the theoretical cross-section decreases, reducing the range of excluded lifetimes. 

The theoretical cross-section for pair production of the lightest gluino mass considered, 

1000 GeV, is excluded for all lifetimes studied. At the highest gluino mass considered, 2500 

GeV, only a small range of lifetimes was excluded. For each gluino mass, the upper-limit on 
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Table 8.3: Excluded χ̃0 
1 lifetimes for the gluino-production model, assuming 100% branching 

ratio to leptons for the χ̃0 
1 decay. The threshold for exclusion is the theoretical cross-sections 

listed in Table 4.1. A value of 1 (10000) mm means that the theoretical cross-section was 
excluded at the minimum (maximum) decay length (cτ) considered. 

˜ g mass χ̃0
1 mass ee Excluded eµ Excluded µµ Excluded 

(GeV) (GeV) cτ (mm) cτ (mm) cτ (mm) 
1500 100 1—4000 1—4700 1—6800 
1500 500 1—10000 1—10000 1—10000 
1500 1000 1—10000 1—10000 1—10000 
1500 1200 1—10000 1—10000 1—10000 
2000 100 1—210 1—250 1—580 
2000 500 1—1000 1—1200 1—2700 
2000 1000 1.2—1500 1.1—2100 1.1—4270 
2000 1700 1.8—1330 1.7—2390 1.6—5440 
2500 100 - - -
2500 500 - 5.7—25 4.2—94 
2500 1000 - 7.4—41 5.7—150 
2500 2200 - - 12—180 

the cross-section is more stringent (smaller) for lighter neutralino masses at smaller decay 

lengths, while at larger decay lengths heavier neutralino masses produce more stringent 

(smaller) upper-limits on the cross-section. This is consistent with higher mass neutralinos 

having higher signal efficiency in general due to having more energetic decay leptons, but 

often having lower signal efficiency due to having a larger decay length. 

For all neutralino masses studied in the electroweakino production model (except for 

100 GeV), the upper limits of the cross section are O(1) fb−1 at decay lengths (cτ) of 1 mm, 

improve to O(10−1) fb−1 for intermediate decay lengths, and increase back to O(1) fb−1 

at longer decay lengths. The upper limits on the cross-section at 100 GeV are an order of 

magnitude larger (weaker) due to the significantly lower signal efficiency; however, because 

the theoretical cross-section is even larger, all lifetimes are excluded. The theoretical cross-

section is lower for higher neutralino masses. All lifetimes are excluded for neutralino masses 

up to 700 GeV; for higher neutralino masses, smaller lifetime ranges are excluded. 

8.3 Comparison to Other SUSY Searches 

Many analyses have searched for SUSY using gluino or electroweakino models [96–99]; 

however, most of these analyses assume prompt decays. Even the inclusion of RPV couplings 

does not always induce some particles to be long lived, so many RPV searches still assume 

prompt decays [100–105]. The inclusion of LLPs in the model makes comparison to most 

of these analyses difficult because this search is analyzing a different phase space. 
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Table 8.4: Excluded ˜ χ0
1 lifetimes for the electroweakino-production model, assuming 100% 

branching ratio to leptons for the ˜ χ0
1 decay. The threshold for exclusion is the theoretical 

cross-sections listed in Table 8.4. A value of 1 (10000) mm means that the theoretical 
cross-section was excluded at the minimum (maximum) decay length (cτ) considered. 

˜ χ0
1 mass ee Excluded eµ Excluded µµ Excluded 
(GeV) cτ (mm) cτ (mm) cτ (mm) 

100 1—10000 1—10000 1—10000 
300 1—10000 1—10000 1—10000 
500 1—10000 1—10000 1—10000 
700 1—10000 1—10000 1—10000 
900 1.1—2900 1—3800 1—7500 
1100 2.0—737 1.7—1200 2.2—2400 
1300 5.2—150 4.4—250 5.7—610 
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Figure 8.1: Observed and expected limits on production cross-section at the 95% CL as a 
function of decay length (cτ) for the gluino-produced ˜ χ0 

1 with a gluino mass of 1500 GeV 
and ˜ χ0 

1 masses of 100, 500, 1000, and 1200 GeV decaying to eeν (top left), eµν (top right), 
and µµν (bottom) final states. The cross-section is for the pair production of gluinos with 
both neutralinos decaying into the leptonic decay mode of interest, with at least one of the 
decays detected. The colored bands represent the total uncertainty. 
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Figure 8.2: Observed and expected limits on production cross-section at the 95% CL as a 
function of decay length (cτ) for the gluino-produced ˜ χ0 

1 with a gluino mass of 2000 GeV
and ˜ χ0 

1 masses of 100, 500, 1000, and 1700 GeV decaying to eeν (top left), eµν (top right),
and µµν (bottom) final states. The cross-section is for the pair production of gluinos with 
both neutralinos decaying into the leptonic decay mode of interest, with at least one of the 
decays detected. The colored bands represent the total uncertainty. 
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Figure 8.3: Observed and expected limits on production cross-section at the 95% CL as a 
function of decay length (cτ) for the gluino-produced ˜ χ0 

1 with a gluino mass of 2500 GeV
and ˜ χ0 

1 masses of 100, 500, 1000, and 2200 GeV decaying to eeν (top left), eµν (top right),
and µµν (bottom) final states. The cross-section is for the pair production of gluinos with 
both neutralinos decaying into the leptonic decay mode of interest, with at least one of the 
decays detected. The colored bands represent the total uncertainty. 
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Figure 8.4: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0

1 with a mass of 100 
GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Figure 8.5: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0

1 with a mass of 300 
GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Figure 8.6: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0

1 with a mass of 500 
GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Figure 8.7: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0

1 with a mass of 700 
GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Figure 8.8: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0

1 with a ˜ χ0
1 mass of 900 

GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Figure 8.9: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0 

1 with a mass of 1000
GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Figure 8.10: Observed and expected limits on production cross-section at the 95% CL as 
a function of decay length (cτ) for the electroweakino-produced ˜ χ0 

1 with a mass of 1300
GeV decaying to eeν (top left), eµν (top right), and µµν (bottom) final states. The cross-
section is for the pair production of electroweakinos with both neutralinos decaying into 
the leptonic decay mode of interest, with at least one of the decays detected. The colored 
bands represent the total uncertainty. 
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Nevertheless, there are searches for SUSY with displaced decays. Neutral LLP searches 

in ATLAS include: a search for isolated displaced leptons with no requirement that they 

form vertices [106], a search for a DV and a prompt lepton in the same event [107], a 

search for delayed di-electron and di-photon vertices reconstructed using only calorimeter 

information [108], and a search for displaced jets [109]. Most relevant is a previous version of 

this analysis with similar signal selections that was performed on 32.8 fb−1 of data collected 

in 2015 and 2016, using somewhat different benchmark models [110]. 

Similar searches in CMS include: a search displaced dilepton vertices in the inner track-

ing volume of the CMS detector using Run 1 data [111], a search for displaced leptons using 

Run 1 data [112]. Most comparable to this search is an analysis that uses early Run 3 data 

to search for displaced di-muon vertices [113]. 

None of these searches include both of the defining parameters of the this analysis’s 

models: (1) a long-lived neutralino with (2) gluino or electroweakino production. Many 

of the models assume the gluino or electroweakino is long-lived and the neutralino LSP is 

stable, so there is no direct comparison to their limits. The most relevant models with the 

neutralino as the long-lived particle were used in the search for a DV and a prompt lepton 

[107] and the previous iteration of this analysis [110]. The former used a model with the 

decays of a W boson, not directly from the production of a more massive SUSY particle. 

The previous version of this analysis used a model with pair production squarks instead 

of gluino or electroweakino production. Nevertheless, the new limits are approximately 

three times lower for SUSY particles of similar masses, as expected due to the increase in 

integrated luminosity. This analysis also covers a wider range of masses including higher 

masses, therefore the limits for these mass points are the first limits set by experiment. 

This lack of overlap between analyses is not a surprise. The field of high energy physics 

wants to cover as many experimental signatures as possible [114] given that there is no 

firm prediction for how evidence of SUSY would manifest. Just as this analysis does not 

include jets or MET in the signal region, many SUSY analyses aim to make the experimental 

signature as model-independent as possible to allow for results to be reinterpreted in the 

context of new models. For example, this search has already been interpreted for a separate 

long-lived Z ′ model [89] that does not involve SUSY. Public data such as HEPData [115] 

are specifically designed for high energy theorists to test existing models and develop new 

models based on results from searches like this one. The data from this search will be 

published in HEPData so that it can be used to test other theoretical models. 
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Chapter 9 

Conclusion 

This dissertation has presented the search for displaced di-lepton vertices in the inner track-

ing detector in ATLAS. No such vertices were observed. Results were interpreted for RPV 

SUSY models of a long-lived neutralino that was produced via gluino pair production or 

electroweakino pair production. There are some improvements that could be implemented 

to enhance sensitivity in order to further improve the these limits (or discover new par-

ticles), some of which have already been implemented for LHC Run 3. There is a new 

di-muon trigger using only MS information with a pT threshold of 60 GeV, significantly 

lower than the single muon pT threshold of 160 GeV used in this analysis. Similarly, the 

DV-reconstruction algorithm that is fundamental to this analysis has been improved, de-

creasing the background by an order of magnitude for decay lengths (cτ) larger than 100 

mm. This may allow the signal selection for this analysis to be loosened, increasing signal 

efficiency. 

While no evidence of SUSY has been found by LHC experiments, additional searches 

should be pursued. Every experimental signature that is excluded gets the field of particle 

physics closer to the goal of finding an experimentally verified BSM theory that explains 

the parts of the universe that are still not understood. 
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Appendix A 

Validation of Track Shifting for 
Event Mixing 

The second validation of the event mixing method described in Section 6.2.4 was a test to 

validate the shifting of the tracks, which is performed to maintain the d0 and z0 of each 

track with respect to its original PV. 

A set of signal MC events were processed by the event-mixing pipeline, but with no 

actual event-mixing. Instead of randomly selecting tracks and placing them in pairs in a 

toy event, all selected tracks from the input event are passed to the toy event; the only 

differences from the original event are that (1) tracks that do not satisfy the requirements 

of the VSI are not included and (2) a PV from the input dataset is randomly selected for 

the toy event and all tracks are shifted with respect to that new PV. The event is then 

processed through the modified DADO SUSY15 derivation as in the standard event mixing 

procedure. 

If the procedure works, there should be minimal difference in the number of signal DVs 

between the original event and the toy event that has been through the remaining steps in 

the event-mixing procedure. There are several reasons a DV might pass or fail depending 

on its position within the detector, including: 

• the DV or tracks moving in or out of the analysis’s fiducial region 

• the DV moving into or out of a disabled module of the Pixel detector 

• the DV movement leading to different hit pattern requirements for tracks 

• tracks traversing or not traversing a disabled module 

• the DV moving to a different region of the detector, which changes the pixel hit 

requirements imposed by the VSI on its constituent tracks 

As in Section 6.2.2, tracks associated to leptons that do not pass the signal lepton 

selection criteria are not included in the pool of available tracks for the event mixing. As 
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with the other validations performed, non-lepton identified tracks that pass all signal lepton 

selection criteria (except lepton ID and quality) are saved and passed to the VSI. 

The dataset used for this validation was a signal MC dataset, chosen because it is more 

efficient to test reconstruction when a sample is rich in signal DVs. Specifically, the gluino-

produced SUSY sample with 2 TeV gluino mass, 100 GeV neutralino mass, and 10 mm 

neutralino lifetime (cτ) was used. Kinematic distributions for the signal DVs are shown 

in Figure A.1 and those for signal tracks (whether lepton identified or not) are shown in 

Figure A.2. The results of this test are shown in Table A.1. Because all selected tracks 

are copied from the original event, the number of observed track pairs does not change; 

therefore, multiplying the crossing-probability by the number of observed tracks pairs to 

calculate the prediction is equivalent to simply counting the signal vertices in the “mixed” 

events. In these plots, “mixed” refers to events or DVs that have been processed through 

the event-mixing pipeline, although no event mixing has been performed. 

As expected, the new distributions reproduce the original distributions, but not with the 

perfect accuracy seen in the validation where no shifting took place. The tracks are shifted 

to maintain d0 and z0 with respect to the PV, so the decay position, which is measured 

with respect to the PV, is maintained; however, the standard calculation of d0 and z0 are 

measured with respect to the beamspot (i.e. not the PV). There is some small variation 

in track d0 and z0 measurements after the shifting corresponding to the variation in PV 

location with respect to the beamspot. Table A.1 also shows that the perfect reproduction 

from the validation without shifting has been compromised. The procedure underestimates 

the observed number of DVs by ∼1% in the channels with good statistics (ee, eµ, µµ), and 

matches well with the observations in the other channels, albeit with low statistics. 

All the DVs that were either not reproduced or were reconstructed only in the shifted 

events were investigated to understand the cause. All observed differences were the result 

of one of the scenarios listed above. 
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Figure A.1: Number of accepted signal DVs as a function of DV mass (top-left), DV trans-
verse decay position (top-right), opening angle between the DV’s tracks (bottom-left) and 
DV z decay position (bottom-right), shown for both the original events (blue) and the 
“mixed” events (red) from the test validating the track-shifting procedure in the event-
mixing. The distributions are for the gluino-produced ˜ χ0 

1 MC dataset with gluino mass of 
2000 GeV and ˜ χ0 

1 mass of 100 GeV and decay length (cτ) of 10 mm. 
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Figure A.2: Number of tracks that are constituents of an accepted signal DV as a function 
of track pT (top-left), η (top-right), d0 (bottom-left), and z0 (bottom-right), shown for both 
the original events (blue) and the “mixed” events (red) from the test validating the track-
shifting procedure in the event-mixing. The distributions are for the gluino-produced χ̃0 

1

MC dataset with gluino mass of 2000 GeV and χ̃0 
1 mass of 100 GeV and decay length (cτ) 

of 10 mm. 
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Table A.1: Number of displaced vertex candidates observed and predicted in the gluino-
produced χ̃0 

1 MC dataset with gluino mass of 2000 GeV and χ̃0 
1 mass of 500 GeV and decay 

length (cτ) of 100 mm. In the DV category, “track” refers to tracks not identified as leptons. 
The predicted number of vertices is obtained using the number of seed pairs in the data 
Nobs 

pairs and the average crossing probability pxing via Eq. 6.1. 

ee eµ µµ 
Nobs 

pairs 3.58 × 105 4.24 × 105 1.35 × 105 

“Crossing Probability” 6.41 × 10−3 7.74 × 10−3 3.75 × 10−2 

Predicted vertices 2298 3285 5142 
Observed vertices 2326 3318 5094 

track-e track-µ track-track 
Nobs 

pairs 9.46 × 106 6.00 × 106 7.83 × 107 

“Crossing Probability” 2.09 × 10−5 3.65 × 10−5 3.96 × 10−7 

Predicted vertices 198 219 29 
Observed vertices 200 215 28 
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Appendix B 

Validation of Lifetime 
Reweighting 

If the lifetime reweighting procedure is valid, the signal efficiency for a MC sample generated 

at a given lifetime should be consistent with the signal efficiency at that lifetime from the 

combination of the five extrapolated samples with different lifetimes. The first plot in 

Figure B.1 demonstrates good agreement for the five lifetimes. 

The reweighting procedure is further tested by comparing the efficiency of one sample 

at a particular lifetime to that calculated by combining the four other samples of different 

lifetimes. The rest of the plots in Figure B.1 show the results of the lifetime reweighting 

method with one lifetime sample removed. The efficiency of each sample removed still is 

consistent with the efficiency of the combined distribution at the corresponding lifetime. The 

difference between the extrapolated efficiency and the efficiency of the single lifetime signal 

sample is used to calculate the systematic uncertainty of the method. Those differences are 

collected for each model, mass, and lifetime point and histogrammed. A Gaussian fit to 

that distribution of differences gives a mean of (−1.34±0.56)%, so a systematic uncertainty 

of 2% is used to be conservative. 
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Figure B.1: A closure test comparing extrapolated and generated A · ϵ, when one of the 
generated lifetimes is not used in the extrapolation. The black points correspond to the 
generated samples while the red × indicated the efficiency sample removed for that lifetime. 
Plots were produced using the gluino-produced ˜ χ0 

1 (mc16a+mc16d+mc16e) samples with a 
gluino mass of 2000 GeV and ˜ χ0 

1 mass of 1000 GeV. 
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