THE UNIVERSITY OF CHICAGO

A SEARCH FOR DISPLACED LEPTONS IN THE ATLAS DETECTOR

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE DIVISION OF THE PHYSICAL SCIENCES
IN CANDIDACY FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

DEPARTMENT OF PHYSICS

BY
LESYA HORYN

CHICAGO, ILLINOIS
DECEMBER 2020



Copyright (©) 2020 by Lesya Horyn
All Rights Reserved



For my father, who taught me to look to the stars,

and for my mother, who taught me to look in a book.



Table of Contents

LIST OF FIGURES . . . . . . . o e viii
LIST OF TABLES . . . . . . e XX
LIST OF ACRONYMS . . . . e xxVvil
ACKNOWLEDGMENTS . . . . . e xXxVvil
ABSTRACT . . . XXix

I INTRODUCTION AND MOTIVATION

1 INTRODUCTION . . . . e 2
2 THEORY . . . . e 5
2.1 The Standard Model . . . . . . . . .. oo )
2.1.1 Leptons . . . . . . . 6

21.2 Quarks . . . ..o 7

2.1.3 Forces . . . . . . . . e 7
Electroweak Force . . . . . . . . . . . ... L 8

Strong Force . . . . . . ... 9

2.1.4 Higgs Boson . . . . . . .. 10

2.1.5  Conserved Quantities . . . . . . . . .. ..o 11

2.1.6  Shortcomings . . . . . . . . ... 11

2.2 Supersymmetry . . ... 12
2.2.1 Minimal Supersymmetric Standard Model . . . . . . .. ... .. .. 12
Relationship to Standard Model Problems . . . . . .. ... ... .. 14

2.2.2  Gauge Mediated Supersymmetry Breaking . . . . . .. .. ... ... 14

2.2.3  Other Theoretical Models Producing Displaced Leptons . . . . . . . . 18

11 THE EXPERIMENT

3 THE LARGE HADRON COLLIDER . . . . . . . . . . ... ... ... ...... 21
3.1 A Circular Proton-Proton Collider . . . . . . . . . . ... ... ... ..... 21
3.2 Acceleration . . . . . ... 25
3.3 Imjection Chain . . . . . . . .. .. L 26
3.4 Luminosity . . . . . . 27

341 Pileup . ... 29

4 THE ATLAS DETECTOR . . . . . . . . . . o .. 31
4.1 Coordinate System . . . . . .. .. 32
4.2 Inner Detector . . . . . . . . . . 33

4.2.1 The Pixel Detector . . . . . . . . . . . .. ... .. ... . 35
4.2.2  The Silicon Microstrip Tracker . . . . . . . . . ... ... ... .... 35

v



4.2.3 The Transition Radiation Tracker . . . . . . . . . . . . . . . . .. .. 36

4.2.4  Solenoid Magnet . . . . . . ... 36

4.3 Calorimeters . . . . . . . . . e 37
4.3.1 Electromagnetic Calorimeter . . . . . . . . . . . ... .. ... .. .. 37
4.3.2 Hadronic Calorimeter . . . . . . . . . .. ... ... ... ... 38
4.3.3 Forward Calorimeter . . . . . . . . . . .. ... .. .. ... .. ... 39

4.4 Muon Spectrometer . . . . . ... 39
4.4.1 Monitored Drift Tubes and Cathode-Strip Chambers . . . . . . . .. 42
MDT Timing . . . . . . . . . . o 43

4.4.2 Resistive Plate Chambers and Thin Gap Chambers . . . . . . . . .. 44
4.4.3 Toroid Magnets . . . . . . . . ..o 45

4.5 Particles in ATLAS . . . . . . . . . 45
4.6 Trigger and Data Acquisition . . . . . . . . .. ..o 46
4.6.1 'Trigger architecture . . . . . . . . ..o 47
4.6.2 Triggers Used For This Analysis . . . . . .. .. ... ... ... ... 50

5 OBJECT RECONSTRUCTION . . . . . . . .. . .. .. . ... . ... .. .... 52
5.1 Track Reconstruction . . . . . . . . . . . . ... 52
5.1.1 Tracking Algorithms . . . . . . .. .. .. ... ... ... ... 53
Kalman Filter . . . . . .. .. ... ... ... ... ... .. 53

Hough Transform . . . . . .. ... ... ... ... ... ..., 54

5.2 Standard Tracking . . . . . . . . ... 55
5.2.1 Large Radius Tracking . . . . . .. .. ... .. .. ... .. ..... 56
5.2.2  Primary Vertex Reconstruction . . . . .. ... ... ... .. .... 56

5.3 Muons . . . .. e 58
5.3.1 Standard Reconstruction and Identification . . . . . . . .. . ... .. 58

MS Track Reconstruction . . . . . .. . ... . ... ... ...... 58

Combined Muons . . . . . . . .. ... 59

Muon Identification . . . . . . . .. ... L L 59

5.3.2 Modifications . . . . . . ... 60

54 Electrons. . . . . . . . 61
5.4.1 Standard Reconstruction and Identification . . . . . . . . . ... ... 61
Cluster Reconstruction . . . . . . . . ... ... ... .. ... .. .. 61

Tracking . . . . . . . . 62

Combined Reconstruction . . . . . ... .. .. ... ... ...... 63
Identification . . . . . . ... ... 64

5.4.2 Modifications . . . . . . ... 65

5.5 Overlap Removal . . . . . .. ... .. ... ... 65
5.6 Isolation . . . . . . . . L 66
6 DATA AND MONTE CARLO SAMPLES . . ... ... .. ... ... ...... 68
6.1 Data . . . . . . . 68
6.2 Monte Carlo . . . . . . . . . . 69

IIT LONG LIVED PARTICLE CONTEXT

v



7

vV

9

10

SEARCHING FOR LONG LIVED PARTICLES . . . . . ... ... .. ...... 75
7.1 Lifetime . . . . . .. 75
7.2 Particle Decays . . . . . . .. 7
7.3 Searches . . . . . . .. 78
7.3.1 Common Strategies . . . . . . . . .. ... 80
EXPERIMENTAL CONTEXT . . . . . . . . e 82
8.1 Previous Searches for Displaced Leptons . . . . . . .. ... ... ... ... 82
8.1.1 LEP . . . . 82
8.1.2 CMS . . . e 85
8.2  Other Signatures with Sensitivity to Long Lived Sleptons . . . . . . . . . .. 85
8.2.1 Disappearing Tracks . . . . . . . . .. ... L L 86
8.2.2 Heavy Stable Charged Particle Tracks . . . . . .. ... .. .. ... 87
SEARCH FOR DISPLACED LEPTONS
EVENT SELECTION . . . . . . e 90
9.1 Analysis Strategy . . . . . . ... 90
9.1.1 Background Overview . . . . . . . . .. .. ... ... 91
9.2 Event Requirements . . . . . . . . ... 92
9.3 Electrons. . . . . . .. 93
9.4 Muons . . . ..o 93
9.5 Acceptance and Efficiency . . . . ... ... 0oL 94
BACKGROUNDS . . . . 99
10.1 Background to SR-ee . . . . . . . .. 99
10.1.1 Fakes and Heavy Flavor Decays . . . . . . . ... .. ... ... ... 99
10.1.2 Background Estimate . . . . . . . ... ..o 100
10.1.3 Validation and Systematic Uncertainties . . . . . . . . . ... .. .. 101
10.1.4 Summary . . . . . .. 103
10.2 Background to SR-ep . . . . . ..o 103
10.2.1 Fake Background . . . . . . . . . ... .o 103
10.2.2 Background Estimate . . . . . . . ... ..o 103
10.2.3 Validation and Systematic Uncertainties . . . . . . . . . .. ... .. 104
10.2.4 Summary . . . . ... 105
10.3 Background to SR-ppe. . . . o oo 105
10.3.1 Cosmic Muon Identification . . . . . . . . .. .. ... ... ... .. 105
10.3.2 Properties of Events with Cosmic Tagged Muons . . . . . . . .. .. 110
10.3.3 Background Estimate . . . . . . . .. ... oo 114
10.3.4 Systematic Uncertainties . . . . . . . . . .. ... ... .. 121
10.3.5 Summary . . . ... 123
10.4 Negligible Backgrounds . . . . . . . . .. ... .0 123
10.4.1 Material Interactions . . . . . . . . .. ... Lo 123
10.4.2 Fake Muons . . . . . . . . ... 124
10.4.3 Heavy Flavor Muons . . . . . . . . . . .. .. . ... .. ... 124

vi



10.5 Summary . . . ... e 125

11 SIGNAL SYSTEMATICS . . . . . . e 126
11.1 Displaced Lepton Reconstruction . . . . . . .. .. ... .. ... .. .... 127
11.1.1 Prompt Lepton Reconstruction . . . . . .. .. ... ... ... ... 127
Electrons . . . . . . . 128
Muons . . . . . . 129
11.1.2 Tracking . . . . . . . . . 129
11.1.3 Lepton Displacement . . . . . . . . . . .. ... L. 134
11.1.4 Other Sources of Uncertainty . . . . . . . .. ... .. .. ... ... 134
Pileup Modeling . . . . . . . . ... o 134
Theoretical Uncertainties . . . . . . . . . . .. ... ... ... ... 136
Luminosity Measurement . . . . . . . ... ... ... 136

V  RESULTS
12 RESULTS . . . . e 138
12.1 Signal Yield . . . . . . . . 138
13 INTERPRETATION . . . . . . e e e 140
13.1 Slepton Limits . . . . . . . . . ... 140
13.1.1 Comparison to LEP . . . .. .. . ..o 141
13.2 Model-Indpendent Limits . . . . . . . . .. . .. ... oL 144
14 CONCLUSIONS AND FUTURE IMPROVEMENTS . . . .. ... ... .. ... 145
REFERENCES . . . . . . e 147

vii



2.1
2.2

2.3

24

3.1

3.2

3.3
3.4

4.1

4.2

4.3

List of Figures

The particles of the Standard Model. [3] . . . .. ... ... ... ... ....
Force coupling strength as a function of energy ). Their evolution in the
Standard Model (SM) is shown in the dashed lines, and with the Minimal Su-
persymmetric Standard Model (MSSM) in solid lines. The blue lines show spar-
ticle masses around 750 GeV and the red 2.5 TeV. The SU(3) line describes
the strong coupling, SU(2) the weak coupling, and U(1) the electromagnetic
coupling. [7]. . . . . L
Gauge Mediated Supersymmetry Breaking (GMSB) ¢ decay to SM ¢ and G.
This is the Feynman diagram targeted by the search presented in this thesis. .
Distribution of 7 energies from left- and right-handed 7 decays. A GMSB 7 is

expected to be right-handed, resulting in lower 7 energies. [11] . . . . . . . ..

A comparison of schematics for a cyclotron (left) [19] and a synchrotron [20].
The Large Hadron Collider (LHC) is a synchrotron. . . . . . .. ... ... ..
The chain of accelerators used to collide protons at /s = 13 TeV in the A
Toroidal LHC Apparatus (ATLAS) detector. [22] . . . ... ... ... ....
Average number of interactions per bunch crossing during Run 2 [26]. . . . . .
An event display with 25 simultaneous interactions. The primary interaction
is in yellow, but the pileup-dense environment makes it hard to see that event

among all of the other activity. [27] . . . . . . ... ... ... ... ...

A diagram of the ATLAS detector. The dimensions, subdetectors, and magnet
systems are labeled. [29] . . . . . ..o
A diagram of the ATLAS Inner Detector (ID) with the major subsystems la-
beled. The Pixel and Silicon Microstrip Tracker (SCT) are of particular impor-
tance for this analysis. [30] . . . . . . . . ...

A schematic of the ATLAS ID shown in the R — z plane. [31] . ... ... ..

viil

16



4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

A diagram of the ATLAS calorimeters with the major subsystems labeled. The

Electromagnetic (EM) calorimeter is of particular importance for this analysis.

A diagram of the ATLAS EM Liquid Argon Calorimeter (LAr) calorimeter. It

has a unique shape in order to provide precision position and energy resolution.

The trajectory of a particle in a magnetic field (“B”). The particle’s sagitta, la-
beled “s” is the bending distance in the direction perpendicular to the magnetic
field. The direction of the bending is dictated by the charge of the particle. The
higher the momentum of a particle, the smaller the sagitta. [35] . . . .. . ..
A diagram of the ATLAS Muon Spectrometer (MS) in the r—z (left) plane and a
¢ cross section of the barrel region. On the left, the barrel Monitored Drift Tube
(MDT) are shown in green and the Resistive Plate Chamber (RPC) shown in
black. In the end-caps, the MDT are shown in blue and the Thin Gap Chamber
(TGC) shown in purple. On the right, the concentric cyclindrical layers of
MDTs are shown: 8 small chambers and 8 large chambers. The diameter is
20m at its widest. [36] . . . . ...
A sketch of a muon passing through a cross section of an MDT. [28] . . . . . .
A distribution of MDT time measurements. The ¢ is the time between 0 and
the peak of the distribution, shown by the leftmost red line. The rightmost red
line indicates tmax, the end of the MDT signal. [37] . . . ... ... ... ...
A schematic of the signatures of Standard Model particles in the ATLAS detec-
tor that illustrates how the subdetectors are used together to identify particles.
Dashed lines indicate a particle trajectory that leaves no detector signature.
Figure not drawn to scale nor does it represent a real physical process.

A detailed schematic of the trigger and data acquisition infrastructure for Run

2. FTK was not a part of the Run 2 trigger system. [38] . . . ... ... ...

1X

46



4.12

4.13

4.14

5.1

5.2

9.3

Level One (L1) trigger rates as a function of time in a fill taken in September
2018 with a peak luminosity of L = 2.0 x 103* em 257! and a peak average num-
ber of interactions per crossing 56. Trigger items are based on electromagnetic
clusters (EM), muon candidates (MU), jet candidates (J), missing transverse
energy (XE) and tau candidates (TAU). Dips in the rate are due to dead-time
and spikes are caused by detector noise. The rates increase periodically due to
LHC luminosity re-optimizations [39] . . . . . . . . .. ... ... ... ...
High Level Trigger (HLT) trigger rates grouped by physics process as a func-
tion of time in a fill taken in September 2018 with a peak luminosity of L =
2.0 x 103 cm 2571 and a peak average number of interactions per crossing
56. Each physics group contains single-object and multi-object triggers. The
“combined” combined represents triggers with multiple kinds of physics objects,
like combinations of electrons, muons, taus, jets and Missing Transverse En-
ergy (MET). All rates decrease exponentially with decreasing luminosity over
the course of the fill. Dips in the rate are due to dead-time and spikes are caused
by detector noise. The rates increase periodically due to LHC luminosity re-
optimizations [39] . . . . . ...
An example of trigger efficiency as a function of transverse energy, Ep, for a
electron trigger. The L1 trigger is shown in black and the HLT algorithm it

seeded is shown in blue. [40] . . . . . . . .. ...

An illustration of x — y space (left) and m — b space used to find lines via the
Hough transform [44]. . . . . . . ... Lo
Number of tracks reconstructed with respect to dy in Standard Tracking (ST)
(left) [46] and Large Radius Tracking (LRT) [45]. Note the difference in x-axis
TAIZE. . o o e e e e e e e e e e e e

dp resolution as a function of pp in ST (left) [46] and LRT [45]. This analysis

uses high pp leptons with high pp tracks, and thus with very good dy resolution 57

X



5.4

9.5

0.6
5.7

5.8

9.9

6.1

6.2

7.1

Medium muon identification efficiency with standard tracking and criteria. Left
is efficiency vs 7 and right is efficiency as a function of pp. Medium muons
are reconstructed very efficiently, except for around |n| =~ 0, where the MS is
missing detector coverage. [47] . . . . . . ..o
Muon identification efficiency with modified criteria. Left is efficiency vs d and
right is efficiency as a function of py. The blue denotes reconstruction with ST,
and the pink with LRT, and the filled in markers use the modified identification
working point. . . . . ... Lo
A sketch of an electron’s path through a slice of the ATLAS detector. [48]
The impact on the ¢ x dy/o(dy) measurement by the addition of Gaussian-sum
Filter (GSF) tracking. This is sampled from prompt electrons, so the narrower
distribution centered around zero indicates significant improvement. [48]
Electron reconstruction efficiency as a function of true transverse energy, Er.
For the various electron working points (left) and for each step in the recon-
struction process (right). [48] . . . . . . ..o
Muon identification efficiency with modified criteria. Left is efficiency vs dy and
right is efficiency as a function of pp. The blue denotes reconstruction with ST,
and the pink with LRT, and the filled in markers use the modified identification

working point. . . . . ... L

{ yields for 139 fb~!. Yields are shown in SR-ee (left) and SR-py (right). The
xr-axis gives the mass of the ¢, while the y-axis gives their lifetime for three
points: 0.01 ns, 0.1 ns, I ns,and 10ns. . . . . . . . . ... .. ... ... ...
7 yields for 139 fb~!. Yields are shown in SR-ee (left), SR-pu (middle), and
SR-ep (right). The z-axis gives the mass of the staus, while the y-axis gives

their lifetime for three points: 0.01 ns, 0.1 ns, and 1 ns. . . . . . . .. .. ...

A sketch of a particle mass histogram. The width is shown inred. . . . . . . .

x1

63

71



7.2

7.3

7.4

7.5

8.1

8.2

8.3

A mass and proper lifetime distribution of particles in the SM. There is a wide
range of both masses and lifetimes. Shaded regions indicate detector-prompt or
detector-stable particles. This assumes that particles traveling at the speed of
light B=1.[53] . . . . . . .
A sketch of a sample of different Long Lived Particle (LLP) signatures in the
ATLAS detector. [54] . . . . . . .
dgy (left) and transverse decay radius (z — y) of LLPs with different 7. The
left plot demonstrates that while dy does not directly give information about
7, decay products of particles with longer lifetimes have wider d distributions.
These plots are made at truth level. . . . . . . . .. ... .. ... ... ....
A sketch of the relationship between the momentum of the parent LLP and the

do of the daughter particles. . . . . . . . .. . .. ... ... ...

A sketch of the various track signatures in a simplified ATLAS detector that
give sensitivity to displaced leptons. In reality, the tracks are curved by the
magnetic fields in the ID and MS. . . . . .. .. ... oL
Limits on ¢ production set by the OPAL experiment for the 7 Next Lightest
Supersymmetric Particle (NLSP) scenario (top left) and fi (top right) and é
(bottom left) in the co-NLSP scenario. [2] . . . .. . ... .. ... ... ...
Signal and control regions used by CMS in Ref. [69]. The signal regions have

significantly lower |dg| (> 0.2 mm) than in this thesis search (> 3 mm). . . . .

xii



8.4

9.1

9.2

9.3

9.4

9.5

10.1
10.2

Constraints on direct production of long lived £. 7 and co-NLSP scenarios are
shown in darker and brighter colors, respectively. The OPAL result discussed
in subsection 8.1.1 is shown in gray and Compact Muon Solenoid (CMS) result
discussed in subsection 8.1.2 is shown in blue. Constraints from disappear-
ing track signatures (DT) discussed in subsection 8.2.1 is shown in green, and
constraints from heavy stable charged particle signatures (HSCP) discussed in
subsection 8.2.2 is shown in red. The LHC searches are from Run 1, with /s = 8
TeV. The search in this thesis covers the ¢ range 0.01-100 cm with masses up

to 800 GeV for co-NLSP scenarios. [11] . . . . . . .. ... ... ... ...

Acceptance (left) and efficiency for i decaying to muons in SR-up. The x-axis
shows the possible masses of the ji and the y-axis its possible lifetime. . . . . .
Acceptance (left) and efficiency for é decaying to electrons in SR-ee. The x-axis
shows the possible masses of the € and the y-axis its possible lifetime. . . . . .
Acceptance (left) and efficiency for 7 decaying to electrons in SR-pp. The x-axis
shows the possible masses of the 7 and the y-axis its possible lifetime. . . . . .
Acceptance (left) and efficiency for 7 decaying to electrons in SR-ee. The x-axis
shows the possible masses of the 7 and the y-axis its possible lifetime. . . . . .
Acceptance (left) and efficiency for 7 decaying to electrons in SR-eu. The x-axis

shows the possible masses of the 7 and the y-axis its possible lifetime. . . . . .

The regions used for ABCD estimation. . . . . . . .. ... ... ... .....
A sketch of a cosmic passing through the ATLAS detector, illustrating why the

tag is designed the way that it is. This image is slightly adapted from Ref. [13]

xiil

107



10.3

10.4

10.5

10.6

10.7

10.8

This series of figures shows the problem of the 7 recalculation. The MS segment
should be measured as back to back in n and ¢ with the muon, because it is
really one high pr object moving through the whole detector. However, because
the MS segments are reconstructed assuming they come from the origin, they
will not actually be measured as back-to-back with the muon. The n that
would be measured by a segment back to back with the muon is calculated, and
compared to the n of all other segments in the event. . . . . . ... ... ...
Change to the n measurement (top) and 37 measurement (bottom) due to the
zp correction. These plots compare muons tagged with due to the presences
of a segment in the Agcos-2n window (left) to those untagged or tagged with
the detector coverage veto (right). The behavior shows isotropic effect for the
muons which are not tagged via the algorithm that uses this correction, while
the ¥n distribution of cosmic muon always decreases due to the correction. . .
The ¥n — A¢ distribution is shown before (left) and after (right) the 7 recalcu-
lation. The top row shows the distributions in VR-u and bottom row 300 GeV
¢ signal samples in our full range of lifetimes. Using this cosmic tag, a very
tight cut can be made on cosmic muons without losing signal efficiency. . . . .
The 1 — ¢ distribution of muons in VR-u are shown after baseline cuts (top
left), the cosmic veto (top right), then the detector coverage veto (bottom). . .
The X1y seg — Ay seg distribution of signal quality muons in VR-p. The red
line and shadow shows the bounds of the full cosmic tag, while the blue line and
shadow shows the boundary of the narrow cosmic tag. Everything inside the
respective boxes is tagged as a cosmic. The intermediate tag defines the region
included in the full tag, but not included in the narrow tag. . . . . . . . . . ..
tgvg of cosmic and prompt muons used as templates to the fit (left) and VR-pu
dataset before and after removal of cosmic tagged muons on which the fit was

performed. . . . . ...

Xiv

109

110

111



10.9

10.9

10.10

10.11

Cosmic tagging efficiency with respect to kinematic variables in VR-u data and
signal Monte Carlo simulation (MC) . . . ... ... ... ... ...
Cosmic tagging efficiency with respect to kinematic variables in VR~u data and
signal MC . . . o Lo
Relationship between two cosmic tagged muons in an event. Their d (top left),
20 (top right), n (bottom left), and ¢ (bottom right) values all indicate that the
two muons originate from the same cosmic. . . . . . .. ... ... ... ...
Comparison of timing distributions of positive ¢ (top left) and negative ¢ (top
right) muons in 1 and 2 cosmic events, as well as the timing distribution of top
and bottom muons in 2 cosmic events (bottom). Here, “2 cosmic tagged muons”
implies 2 muons reconstructed from 1 cosmic muon. tgvg is calculated by taking
the average of the fj measured by all segments associated to the muon. Note
that the peak at tgvg = 0 indicates a failure of the fit used to measure tgvg, these

are handled separately and individual segments with tgvg = 0 do not enter the

tgvg calculation. . . . . . . L

XV



10.12

10.13
10.14

10.15

Sketches illustrating how a a 2 p cosmic event could evade a cosmic tag. In
this diagram, the thick lines represent ID tracks and MS segments, and the
dashed line the CB muon measurement. A muon is tagged as cosmic if it is
back to back with an MS segment. If an MS segment does not have a direct ¢
measurement from an RPC hit, its ¢ measurement is taken as the center of the
MDT, which has an uncertainty of 0.2 (though the muon can be mismeasured
in other ways as well, for example lacking MDT hits or resulting from a bad
combination of ID track and MS track). The sketch on the left shows a 2 pu
event where the red muon is cosmic tagged but the blue is not. The segments
attached to the red muon are not measured well, so when we look for the red
segments back to back with the blue muon (the blue circles), the segments are
not in the right place and the blue muon is not cosmic tagged. However, the
blue muon is well measured, so when we look back to back with the red muon,
we find the segments of the blue muon. Thus, the better quality muon is not
tagged, while the poorer quality muon is. The right shows a scenario where
both muons have this mismeasurement, and so neither is cosmic tagged. This
is what contributes to the background in SR-ppe. . . . . . . . oo
A visual representation of the background estimation strategy . . . . .. ...
A visual representation of the CRs and VRs used to estimate and validate the
background contribution to SR-uu due to cosmic muons. Regions 3 and 4 are
used to define Ryy0q. These regions were chosen to maintain orthogonality,
while minimizing signal contamination and maximizing statistical power.

Comparison of |dy| in Region 5 (orange) compared with Region 6 weighted by
unbinned Ryooq = 0.78 (left) and by Rgq0q defined as a function of [dy| (right).
The nonclosure improves from 37.7% to 11.7% by binning Rgq0q in |do|- The

error shown is statistical only. There is no trend in other variables (pp, 1, ¢, 20,

Xvi

118



10.16

10.17

11.1

11.2

11.3

|dp| distribution of Ry (left) and pt in Region 6 to perform the VR estimate.
To calculate the background estimate, the distributions are multiplied bin by
bin and summed. The error shown is statistical only. This method is ultimately
not used, in favor of an unbinned version, due to statistical limitations in the
regions used for the SR estimate . . . . . .. .. ... ...
|dp| distribution of Ryoq (left) and ¢ in Region 2 to perform the SR estimate.
To calculate the background estimate, the distributions are multiplied bin by
bin and summed. The error shown is statistical only. It can be seen here that
there are no overlapping bins between the two plots, and so this method is

ultimately not used, in favor of an unbinned version. . . . . .. .. ... ...

LRT efficiency measured with various ¢ and tgvg cuts. The right shows ¢ < 0
muons with no tgvg cut, the center shows ¢ > 0 muons with no tgvg cut, and the
left shows the final selections, with ¢ > 0 requried to have tgvg i 0and ¢ <0
tgvg ., 0. This gives a consistent readout configuration and an approximately
flat efficiency w.r.t tgvg. In particular, there ¢ < 0 muons with negative timing
that result in an artificially low efficiency, likely due to incomplete readout. . .
An illustration of the difference in dy measurements between cosmic (left) and
signal muons. The dy of a cosmic muon is always measured just before its first
hit, whereas for a signal muon, the first hit can come far after the dy. The blue
x’s represent ID hits and the red lines represent muon tracks. . . . . . . . . ..
Tracking efficiency for electrons and muons in signal MC (all lifetimes of 300

GeV é or f1). These plots justify the assumpution that tracking efficiency is the

same between electrons and muons and symmetric about the ID volume.

XVvil

131

132



114

11.5

11.6

11.7

13.1

13.2

A comparison of tracking efficiency in cosmics data and signal MC (all masses
and lifetimes can be used to due the eventual pp and dy binning) with respect
to pr (top left), dy (top right), n (bottom left), and ¢ (bottom right). The MC
efficiency is shown in purple, the data efficiency in black, and the ratio between
the efficienceis is shown in gray. . . . . .. ... ... 0oL
Electron selection efficiencies with respect to truth (left) and with respect to the
tracking efficiency (right). Made from a 300 GeV { signal samples with lifetimes
between 0.01 ns-1 ns. The denominator of the efficiency is truth electrons from
¢ with pp > 65 GeV and |n| < 2.5, and the numerator is truth matched and
signal (or baseline) quality tracks or leptons. . . . . . . . ... ... ... ...
Muon selection efficiencies with respect to truth (left) and with respect to the
tracking efficiency (right). Made from 300 GeV { signal samples with lifetimes
between 0.0 1ns-1 ns. The denominator of the efficiency is truth muons from
f with pp > 65 GeV and |n| < 2.5, and the numerator is truth matched and
signal (or baseline) quality tracks or leptons. . . . . . . . ... ... ... ...
Fractional systematic uncertainties defined for muons (left) and electrons. The
value of each bin is defined as 1 minus the ratio of the selection efficiency with
respect to tracking efficiency of the given bin to the same value of the prompt
(0-3 mm) bin. These are defined in 300 GeV ¢ signal samples with lifetimes
between 0.01 ns-1 ns. It was confirmed that the trends are consistent across

Various £ MasSSeS. . . . v v v

Expected (dashed) and observed (solid) exclusion contours for € NLSP, fi NLSP,
7 NLSP, and co-NLSP production as a function of the lifetime at 95% CL.
Individual exclusion curves for four different NLSP scenarios: € (top left), [

(top right), 7 (bottom left), co-NLSP (bottom right). . . . . . ... ... ...

xXviil

141



13.3

Limits on ¢ separated by their chirality with the Large Electron-Positron Col-
lider (LEP) limit shown in pink. In order from top to bottom, left to right: éy,,
€R, 1, R, left-handed 71. This result does not have significant sensitivity to

right-handed 7o. . . . . . . . .

Xix



2.1

3.1

4.1

5.1
5.2

6.1

6.2

6.3

6.4

List of Tables

The relative strength of the fundamental forces. . . . . . . ... ... ... ..

Beam parameters for 2018 for standard running conditions used in the data
collection for this analysis. Special runs take place where these parameters are

changed. . . . . . .. L

Resolutions of the various parts of the MS. The endcap detectors (Cathode-
Strip Chamber (CSC)s and TGCs) give resolution in R while the barrel detectors
(MDTs and RPCs) give resolution in z. The various pieces of the MS enable 2
dimensional precision measurement as well as measurements to be used in the

THIgEeT. . . . . o o

Most important cuts that differ between ST and LRT . . . . . . ... ... ..

Isolation cuts for electrons and muons. . . . . . . . . . ... ...

Summary of trigger selection based on event topology. The first line is requested,
if the event topology is not met, the second line is requested. If the event has
the specified topology, but fails the trigger selection, the event is not selected.

Selection applied to select single e/~ or muon event objects for DRAW_RPVLL pro-
cessing. For muons, the |dg| > 2 mm requirement is only enforced on combined
muons (not MS-only muons which do not measure |dg|). . . . ... ... ...
¢ and [ signal samples and cross sections. The uncertainty on the cross section
calculation ranges from 2-6% and increases with £ mass. . . . . . . . . . ...
7 signal samples and cross sections. The uncertainty on the cross section calcu-

lation ranges from 2-6% and increases with 7 mass. . . . . . . .. ... .. ..

68

72



9.1

9.2
9.3

10.1

10.2

10.3

Summary of signal, control and validation regions used in the analysis. All
regions are defined exclusively by their reconstructed leptons. In the table, all
leptons should be assumed to be signal leptons except for their noted deviation
from the signal requirements. All requirements are placed on the two leading
leptons, additional leptons are allowed in the event but no selections are made
on them. In each region, the appropriate trigger selection is made. In region
names, a capital M denotes a cosmic-tagged muon, and for requirements on
numbers of cosmics, all leptons in the event are considered. An * on the number
of cosmic tags denotes the number of muons tagged or untagged by the narrow
tag, not the nominal tag used in the signal regions. . . . . . . .. .. .. ...
Overview of electron signal selections. . . . . . . . ... ... ... ... ...,

Overview of muon signal selections. . . . . . . . ... ... ... ... ...

Results of the ABCD estimate for the nominal SR-ee estimate, the number of
events in each region are shown as well as the estimate for A. The uncertainties
are statistical only and using Poisson statistics. . . . . .. .. ... ... ...
Results of the ABCD method in the ep channel in which the dg and pp require-
ments are selectively loosened from 65 to 50 GeV, and 3 to 2 mm. The first
column shows the results without any loosening, the second shows the results
with the loosening applied only to the failing leptons, and the final column shows
the results with the loosening applied in all regions. Uncertainties are statistical
only. For the upper bound results, the value is obtained by setting the C region
to 1 event, and the uncertainties are calculated using Poisson statistics. In the
final case, the full calculation can be done. . . . . . . . . ... ... ... ...
Cuts applied in full and narrow cosmic tags. The narrow is contained in the full
tag. An intermediate tag is defined as the region between the full and narrow

tags, that is, tagged by the full but not the narrow tag. . . . . . . . ... ...

xxi



10.4

10.5

10.6

10.7

10.8

10.9

10.10

10.11

A description of the regions used for the cosmic estimate and validation. Each
column describes the way in which the muon deviates from a signal muon,
meaning a muon is signal in all respects except for the parameter(s) listed in
the table. . . . . .
Numbers of events in each region used for the cosmic estimate. Regions 2-4
are used to estimate SR-pp (Region 1) and Region 6-8 estimate the number of
events in Region 5, show in Figure 10.14. . . . . . . . . . . ... ... .. ...
Results of the background estimation strategy in the two validation regions and
the signal region . . . . . . . . ..
Estimate in VR with bottom muon as test muon instead of top muon. CR~upu-
topbad becomes VR-ppu-bottombad and Rgooq is defined using the quality of
pp instead of . . .o L Lo
Dependence of the background estimate in the VR on each of the variables used.
In each estimate, only the given quality variable is used to define a “bad” muon
and the other must always pass. In both cases, the XZCB is allowed to pass or
fail the signal cut. . . . . . . . . . ..o
Dependence of the background estimate in the SR on each of the variables used.
In each estimate, only the given quality variable is used to define a “bad” muon
and the other must always pass. In both cases, the X%B is allowed to pass or
fail the signal cut. . . . . . . . . . ...
Summary table of the background estimate and uncertainty in each Signal Re-
gion (SR). . . . . .
Table describing statistical and systematic uncertainties for all background es-
timates as a percent of total yield. The total uncertainty is the sum of the

individual components in quadrature. . . . . . . ... ... L.

xxi1

125



11.1

11.2
11.3

12.1
12.2
12.3

13.1

Table describing statistical and systematic uncertainties impacting e, i and 7

efficiencies. Systematics in this table are defined as the difference varying each

parameter makes in the final signal yield. . . . . . . . ... ... ... 127
Cuts on tag muons. Cosmic muons (right) and truth signal muons (left). . . . 132
Cuts on probe ID tracks. In data (right) and signal (left). . . . . . .. ... .. 132
Cutflow for SR-ee for Run 2 data. . . . . . . . .. ... ... ... ... .... 138
Cutflow for SR~up for Run 2 data. . . . . . .. ... ... . 139
Cutflow for SR-ep for Run 2 data. . . . . . . ... ... ... ... ... ... 139
Breakdown of upper limits. . . . . . . . . ... ... 144

xxiil



IBL

MS

ID

SCT

TRT

LAr

ACRONYMS

Insertable B-Layer

Muon Spectrometer

Inner Detector

Silicon Microstrip Tracker

Transition Radiation Tracker

Liquid Argon Calorimeter

FCAL Forward Calorimeter

MDT

CSC

RPC

TGC

L1

HLT

Monitored Drift Tube

Cathode-Strip Chamber

Resistive Plate Chamber

Thin Gap Chamber

Level One

High Level Trigger

L1Calo L1 Calorimeter Trigger

L1Muon L1 Muon Trigger

cTP

Rol

Central Trigger Processor

Region of Interest

CERN FEuropean Center for Nuclear Research

LHC

Large Hadron Collider

XX1V



LEP Large Electron-Positron Collider

LINAC Linear Accelerator

PSB Proton Synchrotron Booster

PS  Proton Synchrotron

SPS Super Proton Synchrotron

ATLAS A Toroidal LHC Apparatus

CMS Compact Muon Solenoid

ALICE A Large Ion Collider Experiment

LHCb Large Hadron Collider beauty

RF  Radiofrequency

PSB Proton Synchrotron Booster

PS  Proton Synchrotron

RMS root mean square

HF  Heavy Flavor

OR  Overlap Removal

PV  Primary Vertex

EM Electromagnetic

CB Combined

LRT Large Radius Tracking

ST  Standard Tracking

XXV



GSF Gaussian-sum Filter

IP Interaction Point

MC Monte Carlo simulation

SM  Standard Model

BSM Beyond the Standard Model

QCD Quantum Chromodynamics

PDF Parton Distribution Function

SUSY Supersymmetry

MSSM Minimal Supersymmetric Standard Model
LSP Lightest Supersymmetric Particle

NLSP Next Lightest Supersymmetric Particle
CP  charge parity

GMSB Gauge Mediated Supersymmetry Breaking
RPV R-parity violating

LLP Long Lived Particle

DV  Displaced Vertex

MET Missing Transverse Energy

SR Signal Region

VR  Validation Region

CR  Control Region

XXV1



ACKNOWLEDGMENTS

I think it’s safe to say that nothing about this PhD has gone the way I expected. I didn’t
expect to write this dissertation during a pandemic, and I didn’t expect to feel so content at
the end of this time. I came to the University of Chicago with a lot of self doubt and not a
lot of certainty, but I leave feeling like a scientist. For that feeling, I have to thank everyone
who has guided and supported me over the last six years.

I've had the immense privilege of having some incredible mentors. Young-Kee, thank you
for pushing me and always making sure I had the support I needed. I've learned so much
from your perspective on the world and on physics. Tova, I can only hope that I can be as
great of a postdoc to someone as you have been to me. Working with you has really shaped
my identity as a scientist. Thank you for always treating me with respect. I will really miss
working with you. Max, I truly wouldn’t have made it through my first year without you.
You’ve been such a generous mentor, completely independent of how closely we were working
together at the time. Thank you for always taking the time to answer all my questions.

I've also learned that working with good people makes all the difference. The displaced
leptons analysis was a small and scrappy team who all taught me a lot. Thank you to Elodie,
for pushing this through until the very end, to Xiaohe for being such a wonderful undergrad
to work with, and to Kate for being the most helpful at the most important time. Though
not the focus of this thesis, I spent four years working on FTK with a truly incredible team.
Thanks to Mel, Patrick, and Rui, for your guidance and opinions. And to Todd, my favorite
physics younger brother, somehow we made it through together and I'm really grateful for
your friendship. Liza, I've learned so much from you about problem solving, care, thoughtful
work, and of course, team building. Also to Tyler, Stany, Bri, Jon, and the rest of the team
that made a stressful project a lot of fun.

I've been extremely fortunate to have friends that always made me feel like I was at home,
no matter where in the world I was. I'll always cherish my first year in Chicago, I was very

lucky to have a wonderful cohort full of smart, caring people, especially Gautam, Mark, and

XXVil



Dani. But most especially Lipi, the best long distance friend and spontaneous roommate
turned family. Thank you to my CERN lunch crew turned pandemic survival team, Max,
Tova, Kate, Larry, Liza, Karri, Ann, Emma, and Chris. I'm so grateful for your friendship
and have learned so much from your many many opinions. A very important thank you to
Julia and Audrey, how could any of us have survived this alone.

And of course thank you to Simone. You've brought me immeasurable joy and comfort.
Thank you for never wavering in your support, for always being patient with me, and for all
of the adventures. I can’t wait to see what’s next.

Most importantly, thank you to my family. Without your support this never would have
been possible. Sofia, thank you for always being on my side. Mama and Tato, there are no
words to express how grateful I am. You taught me to think for myself and to ask questions,
and you always made sure that the world was open before me. For all of my family, these
last few years have been hard in many ways, but there’s no feeling quite like going home and

being surrounded by your love.

XXViil



ABSTRACT

A search for long-lived particles decaying into displaced electrons and/or muons with large
impact parameters is presented. This signature provides unique sensitivity to the production
of theoretical supersymmetric lepton-partners, sleptons, with lifetimes between 0.01 and 10
ns. This search is done for the first time at the Large Hadron Collider (LHC), and covers a
long-standing gap in coverage of possible new physics signatures. The search is performed
using 139 fb~1 of /s = 13 TeV proton-proton collision data collected by the ATLAS detector
at the LHC between 2015 and 2018. Special reconstruction and identification algorithms are
used to select leptons with large impact parameters. Backgrounds are estimated from data.
Results are consistent with background, and so limits on slepton masses and lifetimes in this
model are calculated at 95% CL. For 0.1 ns lifetimes selectron, smuon and stau masses up
to 720 GeV, 680 GeV, and 340 GeV are excluded, respectively, drastically improving on the

previous best limits from LEP.
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Introduction and Motivation



CHAPTER 1
INTRODUCTION

Particle physics seeks to understand the fundamental structure of the universe by defining
the minimal set of particles and interactions required to describe all physical phenomena.
The Standard Model (SM) is the best attempt at such a description. The SM has undergone
decades of rigorous testing and can explain almost all phenomena we see in experiments. Yet
it is known that the SM is missing explanations for crucial physical phenomena like quantum
description of gravity or a dark matter candidate. As a result, many Beyond the Standard
Model (BSM) theories have been developed and tested, hoping to extend and complete the
picture the SM gives. So far, no evidence for any of these theories has been seen.

The Large Hadron Collider (LHC) at European Center for Nuclear Research (CERN),
a 27 km particle collider outside of Geneva, Switzerland, is the largest particle physics
experiment in the world, and provides an extremely effective environment to test the SM and
a wide variety of BSM theories. This thesis uses data from the A Toroidal LHC Apparatus
(ATLAS) experiment, one of the four largest experiments along the LHC ring.

Beams of protons circulate and collide in the LHC, and if two protons collide with
sufficiently high energy, massive particles can be created; /s = 8 TeV collisions enabled
the 2012 discovery of the Higgs boson with mass of 125 GeV. The LHC provides 60 million
collisions per second, enabling physicists to search for new and rare physical phenomena.
Unfortunately, after 8 years of data taking no evidence of BSM physics has been found.
Data taking is scheduled to resume in 2022 with only a moderate increase in collision energy
and about a factor 2 more data.

This is a call to expand the suite of BSM searches by re-examining the assumptions made
in searches that have been performed so far. What could we have missed in our search for
new physics at the TeV scale? The LHC detectors are designed to look the decays of short-
lived, heavy particles with the assumption that the decay products will be prompt and trace

back to the collision point. This misses a large range of intermediate lifetimes of possible
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BSM particles that decay inside of the detector material. These signatures are challenging,
but not impossible, to identify with ATLAS as they result in displaced SM particles that
do not point back to the collision point. Many SM particles are long lived, like muons or
neutrons, and many BSM theories predict particles with lifetimes that result in displaced
decays. This thesis presents a search for one such signature.

This thesis presents a search for two displaced SM leptons, either electrons or muons,
that are not connected by a displaced vertex [1]. Due to the displacement and lack of vertex,
a BSM particle decaying to this signature would be vetoed by all other analyses at the LHC,
even those targetting LLPs. This search has unique sensitivity to a specific Gauge Mediated
Supersymmetry Breaking (GMSB) Supersymmetry (SUSY) model where the Lightest Su-
persymmetric Particle (LSP) is the superpartner to the graviton, the gravitino, and the Next
Lightest Supersymmetric Particle (NLSP) is a slepton ([7), the superpartner to a lepton. The
(s long lived because it must decay to the gravitino through the very weak gravitational
coupling. The last time this model was explored was in the OPAL, ALEPH, DELPHI, and
L3 experiments at Large Electron-Positron Collider (LEP) [2], where masses up to about
90 GeV were probed for the full range of lifetimes, immediately decaying to detector stable
and all possible signatures in between. This search probes almost an order of magnitude of
mass phase space in a limited lifetime phase space, and in a significantly more challenging
environment than LEP.

Since this is the first search for displaced leptons at the LHC particle selection algorithms
and robust data-driven background estimates needed to be developed. This search for dis-
placed leptons uses 139 fb~1 of data collected by ATLAS during Run 2 of the LHC. Major
backgrounds come from fakes of the reconstruction algorithms and muons from cosmic rays.
Less than 1 background events are predicted and zero events are seen, and so limits on the
mass and lifetime of /.

This thesis is organized into three main sections: first the search is motivated theoreti-

cally, then the experimental setup is described, and finally the search strategy and its results



are presented.

Chapter 2 provides theoretical motivation for searches for SUSY and in particular long
lived and GMSB SUSY.

Chapter 3 describes the LHC and its design and operation.

Chapter 4 describes the ATLAS subdetectors and how they are used to measure particles.

Chapter 5 details particle reconstruction algorithms and the modifications made for this
analysis.

Chapter 6 describes the ATLAS data and Monte Carlo simulation (MC) simulation of
the signal model.

Chapter 7 provides context for LLP decays and searches.

Chapter 8 provides experimental context for the signature and model.

Chapter 9 describes the analysis strategy, lepton selection requirements and final event
selection criteria.

Chapter 10 details the backgrounds to this signature and the algorithms for estimating
them.

Chapter 11 describes the uncertainties applied to signal MC in order to use the data to
make a statement about the SUSY model.

Chapter 12 presents the unblinded results.

Chapter 13 discusses the statistical interpretation of the analysis.

Chapter 14 provides reflections on the analysis as well as possible improvements for future

ATLAS analyses for displaced leptons.



CHAPTER 2
THEORY

The Standard Model (SM) of particle physics provides an extremely successful description of
all known particles and interactions. Developed in the 1960s and 70s, the SM has survived
decades of experimental tests, predicting particles before their discovery and withstanding
many high precision tests. However, there are several known shortcomings of the SM that
lead physicists to believe that nature must deviate from the SM at higher energies than
currently experimentally accessible.

One attractive extension to the Standard Model (SM) is Supersymmetry (SUSY), which
adds an additional symmetry to the SM between fermions and bosons, creating an additional
spectrum of particles that provides solutions to the open questions in the SM. The particular
SUSY model probed by this thesis is Gauge Mediated Supersymmetry Breaking (GMSB)
SUSY. This chapter gives an overview of the SM and the motivation and formulation of

SUSY, it then describes GMSB models.

2.1 The Standard Model

The Standard Model (SM) provides a framework for all known particles and interactions
through Quantum Field Theory (QFT). Each particle is represented as a field and the dy-
namics as a Lagrangian £. All known matter particles and force carriers and the Higgs boson
are described through its formulation. The particles of the Standard Model are divided into
fermions, made up of leptons and quarks with Spin-%, and bosons with integer spin. Matter
is made of fermions and forces are mediated through spin-1 bosons; the spin-0 Higgs boson
gives mass to the fermions and other bosons. The particle content of the SM is shown in

Figure 2.1.
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Figure 2.1: The particles of the Standard Model. [3]

2.1.1 Leptons

There are three generations of leptons ¢, labeled by flavor, which interact via the electro-
magnetic and weak forces: electrons e, muons pu, and taus 7, ordered by mass. Each lepton
has negative electromagnetic charge and has an anti-particle with positive charge.

There are also three generations of leptons v which interact only via the weak force:
electron neutrino ve, muon neutrino v, and tau neutrinos v, with unknown mass ordering.
Neutrinos have no electromagnetic charge and tiny masses and thus are extremely hard to
detect and not studied at the LHC.

Electrons and neutrinos are stable, while muons and taus are not. Muons decay to an
electron and neutrino with a lifetime of 2.2 us. Taus decay 17% of the time each to an electron
or muon and neutrinos, and the remaining 66% of the time into hadrons and neutrinos. In

any SM process, the number of leptons L of each flavor is conserved.



2.1.2  Quarks

There are three generations of quarks that interact via the electromagnetic, weak, and strong
forces. Quarks are further divided into up-type with charge +%qe and down-type with charge
—%qe. The up-type quarks are up u, strange s, and bottom b, the down-type quarks are
down d, charm ¢ and top t. Since they also interact via the strong force, each quark also
has a color charge, either red, blue, or green (or the opposite — anticolor). Individual quarks
are not seen in nature and all stable particles are color neutral with whole number electric
charges, either a mix of all three colors or color and anticolor. These color-neutral composite
particles are called hadrons. Color-anticolor pairs are called mesons and states with all three
colors are called baryons. The lightest hadron, the proton (uud), is stable, but all others are
not with a wide range of lifetimes. For example, free neutrons (udd) have a lifetime of about
15 minutes; pions (uu) have a lifetime of 26 ns and can travel a substantial distance at the
speed of light before decaying; b-mesons a lifetime of 1.5 ps and travel shorter distances if
produced in collisions; all other hadrons have shorter lifetimes.

Similar to leptons, the baryon number B is preserved in the SM. Baryons have B = 1,

anti-baryons B = —1, and mesons B = 0.

2.1.8 Forces

The electromagnetic, strong, and weak interactions result from the exchange of bosons be-
tween the fermions that make up matter. Force mediators interact with fermions that are
charged under the corresponding force’s quantum numbers. Gravity is not described by the
Standard Model because its relative interaction strength is so small, see Table 2.1 for the
relative strength of the fundamental forces.

The symmetries of the Standard Model dictate its interactions. The Standard Model
Lagrangian must invariant under choice of gauge. To accomplish this, gauge fields are added
to the Lagrangian to cancel out gauge dependences. The gauge fields must be massless or a

Higgs field must be introduced in order to maintain the gauge invariance. The Higgs field
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gives masses to the weak gauge bosons.
The SM Lagrangian in invariant symmetries, or local gauge transformations. The sym-

metry group of the Standard Model is

SU(3) x SUL(2) x Uy (1) (2.1)

where C' stands for the color charge of the strong force, L stands for left because the weak
force is left-handed, and Y stands for hypercharge, the quantum number of the electroweak

force. “Left-handed” describes a particle whose spin is oriented opposite its direction of

motion.
force relative coupling strength
gravity 10739
weak 1076
electromagnetic 1/137
strong 1

Table 2.1: The relative strength of the fundamental forces.

Electroweak Force

The electromagnetic and weak forces are low-energy manifestations of the unified electroweak
force. The SUL(2) x Uy (1) symmetry group of the SM generates the electoweak force. If the
gauge bosons were massless, SU (2) alone would describe their interactions. The quantum

number of the electroweak force is hypercharge, defined as

Y =2(Q-13) (2.2)

where () is the electromagnetic charge and T3 is the third component of the electroweak
isospin, the quantum number of the weak interaction.

The gauge bosons that result from the SUp,(2) x Uy (1) symmetry include a triplet and
8



singlet field. The symmetry is broken, these states mix and the electroweak force carriers are
produced: W= from two of the triplet states, and the Z and photon result from the mixing

of the last triplet state with the singlet.

Electromagnetic Force Fermions with electric charge interact via the electromagnetic
force mediated by the photon . The photon is massless. Being chargeless and spin-1,
photons can pair-produce a fermion and anti-fermion if the photon’s energy is more than
twice the rest mass energy of the fermion. Specifically, photons from LHC collisions can pair

produce electrons and are called conversions or converted photons.

Weak Force All fermions are charged under the weak force, mediated by the W and Z
bosons. The W bosons interact with left-handed particles and right-handed anti-particles,
while the Z boson interacts with both left- and right-handed particles. W bosons are charged
so they also interact with photons. The W boson has mass of 80.4 GeV and the Z boson of

90.2 GeV.

Strong Force

Fermions with color charge interact under the strong force, generated by the SUx(3) sym-
metry and mediated by the massless gluon. The gluon itself is color charged, so gluons
interact with each other, and the strength of the color force, the strong coupling constant

ag increases as a function of distance. ay also evolves as a function of energy scale u as

es(11) = 12r (2.3)

3
32 — 2n ¢ )In-£
( ) Moy

where ny is the number of quarks flavors (6) and Aqcp is the the cutoff scale (about 0.2
GeV).
These features of ag have several important consequences. The first is color-confinement.

If two quarks are pulled apart, ag increases and so does the amount of energy required
9



to continue to separate them. Eventually, it becomes energetically favorable to produce a
quark-antiquark pair and form two mesons, rather than continue to separate the original
quarks. The result of pulling apart the two quarks is not two separated, colored quarks, but
two color-neutral hadrons.

Because of this, quarks that result from interactions in the LHC cannot be directly
observed. If one is produced it first undergoes a parton shower, creating many new colored
particles along its trajectory until the particles have enough energy to hadronize and form
color-neutral particles. This spray of color-neutral hadrons is observed in detectors, and the
detector signatures are grouped into a jet.

Conversely, at very small distances (< 10—16 m), the strong coupling is very small, and so
quarks inside of hadrons can move around freely. In this regime, Quantum Chromodynamics
(QCD) can be described perturbatively. Aqcp s the energy scale at which ay is too large

for perturbation theory to apply.

2.1.4 Higgs Boson

The Higgs boson is the only spin-0 particle in the Standard Model and gives the mass to
the gauge bosons via electroweak symmetry breaking and to the fermions via the Yukawa
coupling. The addition of the U(1) symmetry group results in a massive gauge field (the
electroweak triplet) and a massive scalar (the Higgs). The Higgs can also interact with itself.

Nothing in the SM dictates the mass of the Higgs boson. The only known mass scale
not yet exploited is the Planck scale, Mp 1019 GeV. The mass of the Higgs boson has been
measured experimentally at around 125 GeV. The difference between the measured Higgs
boson mass and the Planck scale is known as the heirarchy problem, which suggests that

there is an undiscovered physics scale lower than Mp.
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2.1.5 Conserved Quantities

In addition to the gauge symmetry that necessitates the existence of the W and Z bosons,
the other symmetries of the Standard Model dictate how its particles interact. Symmetry
over translations in time lead to conservation energy, translations in space to conservation of
momentum, and rotations in space to conservation of angular momentum. Lorentz invariance
leads to the conservation of CPT, the combination conservation of charge, parity, and time.
There are other conserved quantities that do not arise from known symmetries of the SM,

including baryon number B and lepton number L.

2.1.6 Shortcomings

There are many reasons to believe the Standard Model does not give a full picture of fun-
damental physics, despite its robustness against experimental examination. Perhaps the
most obvious hole is the lack of a description of gravity. General Relativity provides an
extremely effective description of gravity at large scales, but no such description exists at
quantum scales. Gravitational interactions become important at Mp, well beyond the reach
of current experiments. Additionally, dark matter and neutrino masses have been observed
experimentally, but have no explanation in the Standard Model.

There are also several aesthetic features of the Standard Model that indicate something
might be missing, but are not real problems with the theory. The hierarchy problem suggests
that there should be another mass scale below the Planck scale to control the Higgs boson
mass. The experimentally measured mass is the sum of the bare mass that appears in the
Lagrangian and any quantum corrections from interactions with other particles. Should
there be no lower mass scale, those quantum corrections would need to be 10%° times larger
than the Higgs mass. While this is possible, the idea of combining two very large numbers to
result in exact small number makes physicists uncomfortable and indicates that there might
be something that is not understood, and many natural theories that avoid this fine tuning

have been proposed.
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2.2 Supersymmetry

Supersymmetry (SUSY) is a theory proposed and developed in the 1970s [4, 5, 6] that
provides solutions to many of the problems with the SM. SUSY adds a symmetry in addition
to the ones already discussed: a symmetry between fermions and bosons. An additional
dimension is added and rotations in this dimension change the spin of a particle by %,
changing a fermion to a boson and vice versa.

In SUSY, each SM particle gets a superpartner with all of the same quantum numbers
except for spin. The bosonic superpartners of fermions are sfermions and the fermionic

4

partners of the SM bosons have “-ino” appended to their names. For example, the super-
partner of a tau 7 lepton is a stau 7 and the superpartner of a gluon g is the gluino g. A
supermultiplet refers to the pair of the SM particle and its superpartner.

Should SUSY exist, we already know that it must be broken. If the selectron had the
same mass as the electron it would have been observed decades ago, so superpartners must

be heavier than their SM counterparts. The mechanism by which SUSY can be broken

depends on the specific SUSY model.

2.2.1 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the simplest self-consistent Super-
symmetric extension to the Standard Model. Each SM particle gets a SUSY partner, except
for the Higgs which gets two partners to account for the different masses of the sparticles.
One of the Higgs doublets couples to up-type quarks, and the other to down-type quarks
and charged leptons.

After electroweak symmetry breaking, there are five Higgs states: A, H, H", H,h. The
lightest state h, is assumed to be the already-discovered SM Higgs. The others are called
higgsinos: A and H are neutral and HT and H~ are charged. The higgsinos mix with the

electroweakinos (the superpartners of the electroweak gauge bosons). This results in the
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electrically charged mass-eigenstates called charginos and the neutral ones neutralinos. The
MSSM contains four neutralinos ordered by mass )Z(l), )28, )Zg, )22 and two charginos ordered
by mass )Zf, )Zf

Each SM fermion gets two spin-0 partners called sleptons, one right-handed / r and one
left-handed ¢ 1. The left- and right-handed states mix to form mass eigenstates 51 and ZQ,
ordered by mass. Squarks, the super partners of quarks, follow the same pattern as the
sleptons, where ¢p and ¢y, mix to form ¢; and go. Each left-handed neutrino has a sneutrino
superpartner with spin-0 ry.

There are many new interactions between particles and sparticles introduced by the
MSSM. The general rule is that for any SM interaction, two of the particles can be replaced
by their sparticles. In addition, there are several interactions that are introduced in the
MSSM that violate the B and L conservation in the SM. Specifically, they violate B — L
symmetry, which is never violated in the SM. To remain consistent with the observed
behavior of the SM, a new conserved quantity is introduced from a U(1) symmetry: R-

parity. It is defined as

R-parity = (—1)>T3B+L (2.4)

where s is spin, B is baryon number, and L is lepton number. All SM particles have R-parity
= 41 and SUSY particles have -1. This results in a symmetry of the number of sparticles
minus the number of anti-sparticles. Consequently, sparticles must be produced in pairs,
and massive sparticles decay through a chain of lighter sparticles and SM particles. A given
sparticle must always decay to an odd number of sparticles. Some SUSY models do not
have R-parity as a conserved quantity, though any R-parity violating (RPV) coupling must
be small in order to maintain consistency with observed physical phenomena. In particular,

large RPV couplings could lead to proton decay.
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Relationship to Standard Model Problems

The MSSM has 120 free parameters that dictate the masses and interaction strengths of
the sparticles. Different assumptions about the SUSY breaking mechanism and the allowed
couplings change the values of these parameters. The LSP is the lightest Supersymmetric
particle in a model, and the NLSP is the next-to-lightest Supersymmetric particle. If R-
parity is conserved, the LSP is stable because it cannot decay to SM particles. If this
particle is also electrically neutral, it is an excellent dark matter candidate.

SUSY solves other problems with the SM as well. Many physicists believe that the
electromagnetic, strong, and weak forces are low energy manifestations of a unified force at
high energy, just like the unification of the electromagnetic and weak forces at the GeV scale.
When one scales SM couplings to high energies, there is no point where all three forces have
the same coupling, seen in Figure 2.2. Peforming the same exercise with the MSSM with
TeV-scale sparticles, the couplings converge. Additionally, the sparticles’ interactions with
the Higgs cancel out those of the SM particles and naturally set the Higgs mass close to its
observed value. This relies on the assumption that the mass of the stop quark is similar to
that of the top quark to leave a small remaining correction, and requires stop masses at the
TeV scale.

These features make SUSY and extremely attractive solution to the problems of the SM,
and TeV-scale particles are perfect targets for searches at the LHC. None of the SUSY
searches performed so far have resulted in any evidence for SUSY and have set many limits
on SUSY parameter space. As more and more searches exclude TeV scale SUSY models,

ensuring full coverage of possible models is paramount.

2.2.2  Gauge Mediated Supersymmetry Breaking

There are various mechanisms by which SUSY can be broken. In Gauge Mediated Su-
persymmetry Breaking (GMSB) models, the symmetry breaking occurs via ordinary gauge

interactions by heavy messengers carrying SU(3) x SU(2) x U(1) quantum numbers [8, 9,
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Figure 2.2: Force coupling strength as a function of energy ). Their evolution in the SM is
shown in the dashed lines, and with the MSSM in solid lines. The blue lines show sparticle
masses around 750 GeV and the red 2.5 TeV. The SU(3) line describes the strong coupling,
SU(2) the weak coupling, and U(1) the electromagnetic coupling. [7].

10].

Phenomenologically, GMSB models have several notable features.

e The LSP is always the gravitino G because it does not get its mass through the gauge
interactions. m is proprotional to F/Mp, where V'F is the SUSY breaking scale
(~ 10* — 101! GeV) and Mp is the Planck scale (~ 109 GeV), making the mass

extremely small.

e The NLSP is either the lightest neutralino )2(1) or the slepton 1 , depending on the specific
model. In the slepton case, the NLSP is either the stau 7 or all three flavors €, fi, 7 are
mass degenerate co-NLSPss. The NLSP decay modes are )2(1) — ~G or { — (G. This

thesis presents a search for a model with the { as the NLSP.

e Due to the small gravitational coupling, the decay is suppressed and the NLSP can

become long lived.
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This search, like most SUSY searches at the LHC makes use of a simplified model. Full
SUSY models are incredibly complex and have an enormous number of free parameters
(120 in the MSSM). Simplified models ignore most particles and parameters, and focus
only on a subset of particles and their interactions. In particular, they enable tuning of
observable parameters instead of theoretical parameters. The simplified model used in this
search describes the interaction shown in Figure 2.3. The ¢ are pair-produced in pp collisions
and decay to the G and ¢. The { can be right- or left-handed, and generally the states
are assumed to be mass degenerate though the production cross section varies based on the
chirality. In the case of a 7, mixing can occur between the right- and left-handed states

creating mass ordered 71 and To.

14

Figure 2.3: GMSB ¢ decay to SM ¢ and G. This is the Feynman diagram targeted by the
search presented in this thesis.

The lifetime of the slepton NLSP can be expressed as [11]

100 Ge\/>5( VF >4 (25)

~ 100
“ ,um( m; 100 TeV

Even at the low end of possible SUSY breaking scales, the ¢ will travel a substantial distance
relative to SM particles [11]. Particle lifetimes will be further discussed in Chapter 7. In
the intermediate breaking scale regime, the ¢ can travel a small distance before decaying,

and the resulting SM /¢ is displaced meaning it originates a macroscopic distance from the 1
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production point. Most SUSY searches at colliders assume that leptons are prompt and their
origin cannot be discerned from the ¢ production point and therefore have no sensitivity to
¢ with long lifetimes. Long lived / production was last explored by the OPAL, ALEPH,
DELPHI, and L3 experiments at LEP which together excluded models with { masses less
than about 90 GeV. Experimental details of the LEP searches will be further discussed in
Chapter 8.

The search presented in this thesis provides unique sensitivity to GMSB ¢ decays. The 1
would be pair-produce in an LHC collision and the signature of this process is two displaced
SM ¢, either two electrons, two muons, or an electron and a muon. The range of possible /

masses and lifetimes to which this search is sensitive is dictated by:

e The cross section of { production, or the probability that it will occur in a pp collision.
The cross section decreases with increasing ¢ mass. This signature is not expected to
have backgrounds from SM processes, so only 3 events must be expected to make an

exclusion. This sets an upper bound on the mass sensitivity.

e The size of the detector and reconstruction algorithms dictate lifetime sensitivity. In
this search, the trajectory of the lepton must be measured in the tracking detector
and that trajectory must be discernibly displaced from the interaction point. This

requirement sets the upper and lower bounds of lifetime sensitivity.

e The requirement that both SM 7 decay leptonically limits the 7 sensitivity relative to
¢ and fi. Due to the branching ratio of the 7, 12% of di-7 events have both 7 decaying

leptonically.

e The thresholds for triggering an event during data collection set a lower limit on mass
sensitivity. These thresholds will be further discussed in section 4.6. This particularly
limits the 7 sensitivity for two reasons. First, electrons and muons from 7 decays have

lower momentum than leptons resulting from é or i because some of the 7 momentum
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is carried away by the neutrinos in the decay. Additionally, the 7 NLSP is expected to

be right-handed which results in lower energy 7, shown in Figure 2.4.

This search is sensitive to € and g with masses 50-800 GeV and lifetimes 0.001-10 ns,

and 7 with masses 100400 GeV and lifetimes 0.01-1 ns.
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Figure 2.4: Distribution of 7 energies from left- and right-handed 7 decays. A GMSB 7 is
expected to be right-handed, resulting in lower 7 energies. [11]

2.2.8  Other Theoretical Models Producing Displaced Leptons

GMSB SUSY is the main theoretical motivation for this search. The displaced dilepton
signature provides unique sensitivity to this model in this lifetime regime which is otherwise
not covered by any other LHC search. However, there are other theoretical BSM models
which produce displaced leptons [11].

SUSY models with R-parity violating (RPV) can result in signatures with displaced
leptons [12]. In RPV models, the NLSP is unstable and can decay into SM particles. Since
the RPV coupling must be small, the NLSP can become long lived, and its lifetime is related
to the size of the coupling. One such scenario has a stop ¢ LSP that decays to a lepton and

quark, and simplified models with pair-produced ¢ result in displaced leptons. This signature
18



has been directly in ATLAS by Ref. [13] that targeted events with a secondary vertex and
a muon. Additionally, the extra couplings introduced by RPV allow for long lived 7 that
decays to a lepton and neutrino. If the RPV couplings are small, the 7 can be long lived.
Displaced leptonic signatures can also result from models where dark matter is charged
under the lepton flavor symmetries [14]. In these models, a heavy particle is introduced to
mediate interactions between dark matter and leptons that, if pair produced at the LHC
would leave a leptonic signature. The lifetime of this particle is related to the cosmological
abundance of dark matter. The mediator can be long lived by the standards of a collider
search if relic density of dark matter can be explained by freeze-in, where the dark matter
particles are produced decoupled from the cosmic thermal bath until some cooling time when

their production is no longer possible [15].
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CHAPTER 3
THE LARGE HADRON COLLIDER

The world’s largest machine is required to study the universe’s smallest particles. The LHC is
circular particle collider located on the French-Swiss border outside of Geneva, Switzerland.
A series of accelerators culminate in a 27-km ring in which beams of hadrons, either protons
or heavier ions, are collided. The LHC is the most powerful hadron accelerator ever built and
has been running in its current form since 2008. It is built in the tunnel previously occupied
by the Large Electron-Positron Collider (LEP), the most powerful lepton accelerator ever
built, which was used to precisely measure the mass of the W and 7Z bosons. Collider
experiments are based around the idea that E = mc?: the more energetic the reaction, the
more massive the particle that can be produced by it, allowing scientists to study physical
phenomena not accessible in other experiments.

There are four major experiments around the LHC ring: the ATLAS and CMS experi-
ments, general purpose detectors designed independently in order to serve as a cross-check for
each other; A Large Ion Collider Experiment (ALICE), a tracking-focused detector designed
to study collisions of heavy ions; and Large Hadron Collider beauty (LHCb), an asymmetric
detector designed to study charge parity (CP) violation.

The dataset used in this analysis comes from proton-proton (pp) collisions during Run 2

of the LHC, which spanned from 2015-2018 and had a center of mass energy of /s = 13 TeV.

3.1 A Circular Proton-Proton Collider

The history of particle physics is rich with different kinds of accelerators: linear and circular;
colliding electrons, positrons, protons, and anti-protons. The LHC is a circular, proton-
proton collider — a deliberate choice due to its physics goals. These considerations are an
important part of the ongoing conversation about how the next generation of particle physics

experiments should be designed.
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First, accelerators can be linear or circular. In a linear accelerator, a particle is propelled
from one end of the beam pipe to the other, increasing its energy as it goes, and eventually
collides with a target or beam from another linear accelerator. This means that each particle
can only interact with the accelerating field once and then the particles must interact or be
dumped. However, in a circular accelerator, particles make many revolutions around the
acceleration path, so greater energies can be achieved in the same accelerating distance. In
a circular collider, two beams of particles revolve in opposite directions and are focused at
specified Interaction Point (IP). Particles that do not collide the first time the beams cross
can be recycled and be made to collide again, and so collisions can happen continuously for
hours. In all, linear accelerators are simpler to create, but are less efficient accelerators than
their circular counterparts.

Specifically, LHC is a synchrotron, composed of many Radiofrequency (RF) cavities used
to accelerate particles, and many magnets used to focus and bend the beam arranged in a
ring. A RF cavity is a metallic structure with an electric field that oscillates at a specified
frequency. Positively charged particles are repelled through the positive field and pulled
by the positive field. Once the particle reaches the required energy, it will not be further
accelerated. If the proton has too much or too little energy, it will arrives early or late
with respect to the oscillation and it will be decelerated or accelerated by the cavity. This
procedure creates a beam made of bunches of protons, the size and spacing of which is
dictated by the oscillation frequency of the accelerating cavities. At the LHC proton bunches
are 25 ns apart [16]. Strong electromagnets are used to focus and bend the beam into its
circular path. Superconducting 1 14 m long, 8.4 T dipole magnets are required to bend
the beam into its circular shape. Additional sextupole, octupole and decapole magnets
accompany the dipole magnets to correct for edge effects at their extremities. Quadrupole

magnets are used to focus the beams and squeeze them horizontally and vertically at the

1. If the magnets were not superconducting, the LHC would need to be an order of magnitude larger,
127km, in order to reach the same energy
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collision points [17]. Careful control of the beam is extremely important to avoid radiation
damage of the LHC and the detectors.

In a synchrotron, the magnetic field magnitude and RF frequency are cycled over time,
allowing the particles to remain at a constant radius during acceleration. It uses a series of
magnets to bend particles in a ring, unlike its precursors, which use a single magnet and
could not reach the same beam energies. Cyclotrons have constant magnetic field magnitudes
and RF frequencies and can only be used to accelerate ions due to the effect of relativistic
effects on the synchronization between the the particle orbit and RF oscillation. Synchro-
cyclotrons have a cycled RF frequency with a constant magnetic field and could be used to
accelerate protons up to about 1 GeV, but higher energies required larger magnets, creating

technological and economic limitations. [18]
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Figure 3.1: A comparison of schematics for a cyclotron (left) [19] and a synchrotron [20].
The LHC is a synchrotron.

Secondly, the LHC collides protons. Electrons are fundamental particles which create
a well understood and clean collision. A collision occurs when an electron and positron
annihilate. The energy produced is set by the energy of the beams and there is no ambiguity
in the production mechanism of the physical process observed in the detector. Protons,
however, are not fundamental particles and when two protons collide, it is their constituent
quarks and gluons that interact. This means that not all of the energy of the beam is
involved in the primary interaction, nor is the production mechanism known. Additionally,

the other quarks and gluons in the proton can interact as well, creating a messier collision
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environment compared to the electron-positron collision. The fraction of the proton’s energy
carried by the quarks and gluons is not a known quantity?, it must be measured as a Parton
Distribution Function (PDF), which gives the probability of finding a given constituent with
a given momentum. Measuring the PDF is difficult and uncertainties in the measurements
add to the uncertainties of the final result. The fact that the constituents of protons interact
can be seen as an advantage or disadvantage: electron-positron collisions happen at a fixed
energy, so they are very powerful for performing precision measurements, for example of
the W and Z boson masses, where one would like many clean events where W or Z bosons
were produced. In a proton-proton machine, however, a range of energy is available at each
collision, making them ideal discovery environments, where one would like to look for a new
particle at a wide range of masses, like in the case of the LHC searching for the Higgs boson
and BSM phenomena.

Furthermore, particles moving in a magnetic field lose energy through synchrotron radi-

ation, where the energy lost per turn per particles is given as

B 2yt (3.1)
 6meR? '
where e is the particle’s charge and R is the radius of the circle, R = %, and v = %

From this equation we see that the radiation emitted from the particle scales as #, SO
heavier particles emit less synchrotron radiation. Electrons lose approximately 1013 more
energy than protons in an equivalently sized accelerator. The LHC collides protons at
Vs = 13 TeV while LEP collided electrons and positrons at /s = 209 GeV in the same
tunnel.

Furthermore, in order to collide protons, the two beams must be separated in order
for both beams to be accelerated. This is not true if one collides proton and anti-protons

(pp). Since they are oppositely charged, the same field can be used to accelerate protons

2. In fact, extra sea quarks come in and out of existence inside of the protons, these take energy from the
main valence quarks and can be collide.
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in one direction and anti-protons in the other. Proton-anti-proton collisions feature more
production mechanisms, but anti-protons are much harder to make and keep than protons.
The Tevatron, which discovered the top quark, was a pp accelerator.

In principle, one could also make a muon-anti-muon accelerator as well. Muons are
heavier than electrons, so do not emit as much synchrotron radiation, and are elementary
particles, so provide a cleaner environment than protons and could create TeV-scale colli-
sions. However, muons have a proper lifetime of 2.2us and need to be produced in a reactor;
to date no such collider has been built.

Additionally, collisions can occur between any stable ion. The LHC has collided lead-lead,
lead-proton, and xenon-xenon. The additional protons and neutrons make these collisions
much more complex, but enables different kinds of physics to be studied. Primarily, it
provides high energy and temperature conditions to conditions of the quark-gluon plasma of
the early universe, as well as exotic QCD states. Additionally, ATLAS and CMS used the
peripheral interactions between lead ions to observe photon-photon scattering [21].

The LHC collides protons because they are easy to produce, to keep in the detector for
hours, and they produce with a spread of energies across many collisions. It collides them

in a circle for efficient, high energy collisions.

3.2 Acceleration

The basic units of an accelerator are RF cavities, used to accelerate particles, and magnets,
used to focus and bend the beam. A RF cavity is a metallic structure with an electric field
that oscillates at a specified frequency. Positively charged particles are repelled through the
positive field and pulled by the positive field. Once the particle reaches the required energy,
it will not be further accelerated. If the proton has too much or too little energy, it will
arrives early or late with respect to the oscillation and it will be decelerated or accelerated by
the cavity. This procedure creates a beam made of bunches of protons, the size and spacing

of which is dictated by the oscillation frequency of the accelerating cavities. At the LHC
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proton bunches are 25 ns apart [16].

Strong electromagnets are used to focus and bend the beam into its circular path. Su-
perconducting 3, 14 m long, 8.4 T dipole magnets are required to bend the beam into its
circular shape. Additional sextupole, octupole and decapole magnets accompany the dipole
magnets to correct for edge effects at their extremities. Quadrupole magnets are used to
focus the beams and squeeze them horizontally and vertically at the collision points. The
magnet systems are used to cross the beams in the experiments creating bunch crossings in
which collisions occur. Careful control of the beam is extremely important to avoid radiation

damage of the LHC and the detectors.

3.3 Injection Chain

A series of accelerators are needed to accelerate protons beams to 6.5 TeV. A schematic of

the injection system can be seen in Figure 3.2.

LEP/LHC

Figure 3.2: The chain of accelerators used to collide protons at /s = 13 TeV in the ATLAS
detector. [22]

Protons originate from hydrogen gas that has been passed through an electric field to

strip off its protons. They are then injected into the Linear Accelerator (LINAC) 2, the only

3. If the magnets were not superconducting, the LHC would need to be an order of magnitude larger,
127km, in order to reach the same energy
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linear accelerator in the chain, that accelerates the protons to 50 MeV, then to the Proton
Synchrotron Booster (PSB) where they are accelerated to 1.4 GeV, then to 25 GeV in the
Proton Synchrotron (PS), 450 GeV in the Super Proton Synchrotron (SPS). Upon injection
to the LHC, they are separated into two beams, traveling in opposite directions, where they
are finally accelerated 6.5 TeV. Both the PS and SPS were terminal accelerators at some
point in CERN'’s history. The PS was CERN'’s first synchrotron. The W and Z bosons were
discovered in 1983 when the SPS was running as a pp collider.

It takes about 4 minutes to fill the LHC and 20 minutes to reach 6.5 TeV, the beam then
circulates in the LHC and protons collide at the IPs for about 8 hours. This 8 hour period
of collisions is called a run, while the entire collection of runs taken from 2015-2018 is called

Run 2 %. At the end of each run, the beams are dumped, and the process restarts.

3.4 Luminosity

If the primary goal of the collider is to study rare physics processes, whether difficult mea-
surements of the SM or heretofore unseen BSM physics, enough data must be produced to

be able to study them. The number of events of a given process in a given data set is given

by

Nevents = Lint X Oprocess (3.2)

where £ is the integrated luminosity of the dataset, and oprocess is the cross section for the
given process. More data (Liy) is required to be able to see rare events (small oprocess), and
many events are required in order to have the statistical power in able to make a discovery.
The integrated luminosity is the integral of the instantaneous luminosity over data taking

time

4. Run 1 took place from 2009-2013 with a center of mass energy of 7 TeV and resulted in 27 fb~'of data.
This is the run in which the Higgs boson was discovered. Run 1 data is not used in this analysis.
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Paramter value

Ny, (protons per bunch) 1.1 x 1011

ny, (bunches per beam) 2556

f* (beam size) 3m

én (beam spread) 1.8 — 2.2pm-radians
Lpeak (peak instantaneous luminosity) 21 x 1033cm =251
space between bunches 25 ns

Table 3.1: Beam parameters for 2018 for standard running conditions used in the data
collection for this analysis. Special runs take place where these parameters are changed.

Lo = / cdt (3.3)

and the instantaneous luminosity is related to the parameters of the accelerator. For two

identical bunches with N; and N9 protons per bunch colliding with frequency f:

N1 N-
o 12]2
y

= 3.4
dmoko (3:4)

where o and oy, are the root mean square (RMS) of the beam width in the z and y directions,
and F is a factor that takes in other geometric effects such as the crossing angle and bunch

length, it is generally O(1). It can be rewritten more specifically for the LHC as

_ NEnyf r
Amy/en BBy

where Ny is the number of protons per bunch (assuming Ny = Ns), ny is the number of

L (3.5)

bunches in the beam, €, is the emittance, which describes the spread of the particles in the
bunch, and * is the value of the S-function at the IP. The S-function describes the size of
the beam as a function of location. A sampling of the values of these parameters in 2018 are
shown in Table 3.1. [23]

Generally, the luminosity decreases over the course of the run as protons are collided in
the bunches. but several of these factors can be manipulated in situ, increasing or decreasing

the luminosity depending on the need. Decreasing 5* increases the luminosity, so the beams
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are squeezed with focusing quadrupole magnets at the IP. Nonzero beam crossing angles
and longer bunches decrease luminosity. During some runs of Run 2 of the LHC, the beam
angle was changed at the beginning of the run in order to decrease the luminosity to a level
more tolerable by the experiments, referred to as leveling.

In ATLAS, luminosity is measured in two steps. First, the rate of pp collisions (fiyis)
is measured using detectors close to the beam pipe. This is done both online, so that
adjustments to the data collection scheme can be done on the fly, as well as offline, to
determine the amount of data collected. Second, the pp collision rate is translated into a
luminosity using a van der Meer scan. During the scan, the beam is widened and, initially,
the beams are separated in both x and y. The beams are moved incrementally closer to each
other by known amounts such that the separation between the beams is always known as

the number of collisions increases. [24] The luminosity per bunch can be expressed as

Ovis

where fiyis is measured by the luminosity detectors. The luminosity, £p, is known during
the van der Meer scan, and so the inelastic cross section, oy can be determined and used
to calculate £ from pyig. Both pyis and oyis contain detection efficiency effects. [25]

In Run 2, the LHC produced an integrated luminosity of 156fb~1. ATLAS does not
operate with perfect efficiency, so 147t~ was recorded. Ultimately, 139fb~! could be for

physics analyses after final data quality filtering.

3.4.1 Pileup

While high instantaneous luminosity enables the fast accumulation of data, it also creates a
dense environment in which those processes occur. The number of concurrent pp collisions
is called pileup; this number is substantial because the instantaneous luminosity is greater

than the pp inelastic scattering cross section. The average number of interactions per bunch
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crossing is not a static number, but the average is 34 for all of Run 2, as seen in Figure 3.3.
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Figure 3.3: Average number of interactions per bunch crossing during Run 2 [26].

In practice, pileup collisions are generally lower energy, QCD-only interactions, producing
sprays of low energy activity in the ID and calorimeters, which can increase the probability
of creating fake tracks, clusters, or add energy to non-pileup detector signatures. Pileup
can be mitigated by reconstructing all of the vertices in the event and removing detector
signatures associated to non-primary vertices. An example of an event with 25 simultaneous
collisions can be see in Figure 3.4. The tracks from the target interaction are the bold yellow

lines, however there are many other tracks to confuse the situation.

Figure 3.4: An event display with 25 simultaneous interactions. The primary interaction is
in yellow, but the pileup-dense environment makes it hard to see that event among all of the
other activity. [27]
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CHAPTER 4
THE ATLAS DETECTOR

The ATLAS detector is a cylindrical general purpose particle detector designed to measure
the products of 1/s = 14 TeV proton-proton collisions at the LHC. It consists of three major
sub-detectors: closest to the beamline is the the Inner Detector (ID), which measures the
trajectories of charge particles, followed by the Calorimeters, which measure the energies of
electromagnetic and hadronically interacting particles, and finally the Muon Spectrometer
(MS) which measures the trajectories of muons. The ID is surrounded by a super conduct-
ing solenoid that provides a uniform 2 T magnetic field, enabling measurement of particles’
charge and momentum. A toroidal magnet surrounds MS, for charge and momentum mea-
surements of muons. In general, each subdetector consists of a barrel detector parallel to the
beamline and perpendicular end-cap detectors on either end of the barrel detectors. [28]

A schematic of the ATLAS detector is shown in Figure 4.1.
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Figure 4.1: A diagram of the ATLAS detector. The dimensions, subdetectors, and magnet
systems are labeled. [29]
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4.1 Coordinate System

ATLAS uses a Cartesian right-handed coordinate system. The z-axis points along the
beampipe, where +z points counter-clockwise. The transverse plane, the y-axis and x-axis,
points upward and toward the center of the LHC ring, respectively. The detector is built with
with symmetry across the origin in in z, as well as with rotational symmetry in the transverse
plane. The origin is the pp collision point, generally somewhere near x = y = 2 = 0. The
+2z side of the detector is referred to as the A-side, and —z as the C-side.

Cylindrical coordinates are generally used to describe the ATLAS detector, where ¢
measures the angle in the x — y plane around the beam axis, and # the angle from the z axis.
¢ is positive for positive y.

A given particle’s momentum in the z direction is not known, but since the beams collide
head on along the z-axis, its transverse momentum must be 0, so it is advantageous to define
spatial variables independent of z momentum. Thus, instead of 6, pseudorapidity is used to

describe angle from the z axis. 7 is defined as
0
n = —ln(tan§) (4.1)

Particles perpendicular to the z axis have n = 0, while those parallel to the beamline have
n — oo. The particle distribution from LHC collisions is roughly uniform in 7 and 7 is
invariant under Lorentz boosts assuming massless particles.

Angular distances between objects is described using AR = \/m and the radial
distance from the origin in the z — y plane is denoted R.

A particle’s momentum will generally be described in terms of its pp, its momentum
in the transverse direction. A particle’s 3-vector is described by (pr,n,¢), which are all

invariant under boosts in z assuming the particle can be considered massless.
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4.2 Inner Detector

The Inner Detector measures the trajectories of charged particles resulting from LHC col-
lisions. The ID covers the region with || < 2.5, measuring approximately 1000 particles
per bunch crossing. In order to achieve the momentum and vertex resolution required to
achieve ATLAS’s physics goals three subdetectors are used: the Pixel detector, the SCT,
and the Transition Radiation Tracker (TRT). The Pixel and SCT detectors are used for high
granularity precision tracking and the TRT is used to distinguish electrons from low-mass
hadrons like pions. All of this is immersed in a 2T magnetic field, bending the trajectories
of charged particles in proportion to their momentum in the ¢ direction.

The pr resolution of the ID scales with track pp. Higher p tracks are less curved, so the
measurement resolution is worse. In the ATLAS ID, the pp resolution 0.05% x pp with a
1% constant term. The constant term describes measurement uncertainties that do not scale
with momentum or energy, such as material imperfections, non-uniform detector response,
or other constant measurement issues and is added in quadrature () with the stochastic
term.

The combination of the three trackers with radii ranging from 32.33 mm to 1082 mm
enable robust and precise pattern recognition of all charged particles that pass through the
detector. The Pixel and SCT detectors provide secondary vertexing and impact parameter
measurement and vertexing for heavy-flavor jet and 7-lepton tagging. The TRT has lower
precision per point, but measures a longer track and contributes significantly to momentum
measurements.

A sketch of the ID can be seen in Figure 4.2 and a detailed schematic of the various
subdetectors is shown in Figure 4.3.

The two innermost detectors, the Pixel and SCT detectors, are made of silicon, which is
the preferred tracking medium of particle physics. The ATLAS pixels are n-type semicon-
ductors, which have added impurities to increase the number of potential electron charge

carriers. A voltage is applied, 150-600V in the Pixel detector. When a charged particle
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' End-cap semiconductor tracker

Figure 4.2: A diagram of the ATLAS ID with the major subsystems labeled. The Pixel and
SCT are of particular importance for this analysis. [30]
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Figure 4.3: A schematic of the ATLAS ID shown in the R — z plane. [31]

interacts with a silicon detector layer, electron-hole pairs are created and these pairs drift
toward the readout chips in the magnetic field. If enough of these pairs are created such
that the signal becomes greater than a pre-specified noise threshold, the signal is readout as
a hit. A particle must have 3.6 eV to induce about 80 electron-hole pairs per um. Pixels
provide a high signal-to-noise ratio, and so are preferred in regions where high occupancy is

possible, like the region closest to the beamline. [32]
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4.2.1 The Pixel Detector

The Pixel detector is the closest to the beam and has the highest granularity. The detector
is composed of pixels arranged parallel to the beam axis in concentric cylindrical layers in
the barrel and perpendicular to the beam axis on disks in the endcap regions. The current
Pixel detector consists of the Run 1 detector with the Insertable B-Layer (IBL) installed
closer to the beam pipe.

The Run 1 Pixel detector has 3 concentric cylindrical layers in the barrel and 3 disks
in the endcap. It is composed of 1744 pixel sensors, each with 47,232 pixels. Each pixel is
identical has minimum size of R¢ X z = 50 x 400 ,um2 (increasing to R¢ x z = 50 x 600 ,um2
near a readout chip). In the barrel, they give track resolutions of 10 ym in R¢ and 115 pym
in z, and in the endcaps they have accuracy of 10 pym in R — ¢ and 115 um in R and the
detector has 80.4 million pixels, each with its own readout channel.

The IBL is the inner most Pixel layer installed for Run 2 33.2 mm away from a new,
narrower beampipe. A closer detector layer enables better impact parameter resolution as
well as providing extra radiation shielding for the former closest Pixel layer (called the B-
layer). The IBL is composed of 12 million smaller pixels, R¢ x z = 50 x 250 pum, assembled

on 14 staves, with a resolution of 8 ym in R¢ and 40 pm in z.

4.2.2  The Silicon Microstrip Tracker

A particle moving through the SCT crosses 4 bilayers of the detector creating 4 hit mea-
surements as it interacts with 8 layers of material. A bilayer is composed of 2 stereostrips
composed of two thin layers of silicon: one parallel to the beam axis (measuring R¢) and
the other rotated by 40 mrad. The combination of the stereostrips in the bilayer gives a
3-dimensional measurement. In the barrel, they are arranged in concentric cylinders parallel
to the z axis and in the end caps, they are arranged on 9 disks per side. The strips are 12
cm long and 80um thick.

Less precise than the Pixels, they have accuracy of 17um in R — ¢ and 580um in z in
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the barrel region, and in the endcaps they have resolution of 17um in R — ¢ and 580um in
R. The use of strips instead of pixels reduces the number of readout channels as well as the
cost: there are 15,192 sensors each with 768 strips with an applied voltage of 150-300V and

6.3 million readout channels.

4.2.8 The Transition Radiation Tracker

The TRT is straw-tube tracker that extends the tracking volume by almost 500 mm without
the cost of that much additional silicon. The tubes have a diameter of 4mm and made of
Kapton and carbon fibers. They are filled with a gas mixture (70% Xe, 27% CO9, and 3%
O9) and a 31 um diameter gold-plated tungsten wire. The wires are divided into two halves
about n = 0. In the barrel, the 52,544 straws are parallel to the beam axis and 144 cm long.
In the endcaps, 122,880 37 cm long straws are arranged radially in wheels. The TRT 351,000
readout channels, much fewer than the silicon detectors.

When a charged particle passes through the tube, the gas is ionized and the resulting free
electrons drift toward the wire where they are amplified then readout. A particle passing
through the TRT typically leaves 36 hits. The TRT only provides R¢ measurements with
an accuracy of 130 pum per straw. However, it has the advantage that its radius improves

the momentum resolution, and it can provide ns-level timing information.

4.2.4  Solenoid Magnet

The central solenoid surrounds the ID and provides a uniform 2 T field that bends the
trajectories of charged particles. The transverse momentum of the particle can be inferred
from its radius of curvature, R, in the z — y plane using the equation p; = ¢BR, where ¢ is
the charge of the particle and B the magnetic field in the z direction.

However, the placement of the solenoid between the ID and calorimeters necessitates care-
ful design choices so that all of a given particle’s energy is still measured by the calorimeters.

The solenoid only contributes about 0.66 radiation lengths, the mean distance in which an
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electron loses all but % of its energy. In order to achieve this, the solenoid and EM calorimeter
share a vacuum vessel, eliminating the need for two vacuum walls. It is made of Al-stabilised
NbTi superconductor which allows a high electric field to be achieved (7.730kA) while op-
timizing the thickness of the coil. The solenoid has an axial length of 5.8 m and radial

thickness of 100 cm and it operates at a temperature of 4.5 K.

4.3 Calorimeters

The ATLAS calorimeters measure the energy of particles which interact via electromagnetic
and hadronic interactions. The calorimeter system is composed of EM, hadronic, and forward
calorimeters. While they use a variety of different technologies to measure energies, they
are all sampling calorimeters composed of alternating active and absorbing layers. Particles
shower in absorbing layers and the showers are measured in the active layers. The actual
energy of each particle is not measured due to energy loss in the absorbing layers. The
size of each calorimeter is set by its radiation length or nuclear interaction length such that
the calorimeter absorbs all of given particle’s energy by the time it reaches the end of the
calorimeter. The only Standard Model particles that should escape the calorimeters are
neutrinos and muons; neutrinos do not interact with the material of any of the detectors,
and muons are too heavy to be stopped by the EM calorimeter. Unlike the tracker, the
energy resolution of a calorimeter increases with increasing energy due to the increased

signal generated. A schematic of the ATLAS calorimeters can be seen in Figure 4.4.

4.3.1 FElectromagnetic Calorimeter

The Liquid Argon (LAr) Electromagnetic (EM) calorimeter is the innermost calorimeter and
gives excellent energy and position resolution [33]. It is composed of barrel (|n| < 1.5) and
end-cap (1.4 < |n| < 3.2) components. Both components use a lead absorber with liquid

argon active material. The layers of the calorimeter have an accordion shape (shown in
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Figure 4.4: A diagram of the ATLAS calorimeters with the major subsystems labeled. The
EM calorimeter is of particular importance for this analysis. [33]

Figure 4.5), which allows for multiple absorbing layers without any gaps between them, as
well as complete ¢ symmetry. The first layer has finer segmentation in 7 to allow for more
precise angular measurements of photons (which do not produce an ID track). The thickness
of the absorbing plates varies as a function of 7 to optimize energy resolution. A liquid argon
active presampler is placed before the accordion layers in the region with |n| < 1.8 to correct
for energy loss upstream of the calorimeter. The whole calorimeter is about 22 radiation

lengths wide and gives energy resolution of 10%/vE @ 0.7%

4.3.2  Hadronic Calorimeter

The hadronic calorimeter surrounds the EM calorimeter also within |n| < 3.2. The barrel
region (|n| < 1.7) is made of steel absorbers with active material of scintillating tiles. Here,
the calorimeter is about 2 m long in the radial direction and covers about 8 interaction
lengths. The Hadronic End-cap Calorimeters cover the region 1.5 < |n| < 3.2 with a copper
absorber and liquid argon active material.

The hadronic calorimeter has an energy resolution of 50% /v E @ 3%.
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Figure 4.5: A diagram of the ATLAS EM LAr calorimeter. It has a unique shape in order
to provide precision position and energy resolution. [34]

4.3.8 Forward Calorimeter

The Forward Calorimeter (FCAL) is measures both EM and hadronic energy and extends
coverage to 3.1 < |n| < 4.9. The detector uses liquid argon as its active material with copper
(for EM activity) and tungsten (for hadronic activity) absorbers. It is about 10 interaction
lengths deep and also serves to add some shielding to the MS. The energy resolution of the
FCAL is 100%/VE & 10%.

4.4 Muon Spectrometer

The Muon Spectrometer is the outermost subdetector and designed to detect and measure
the momenta of muons, which are too massive to be stopped by the EM calorimeter and do
not interact strongly. This is achieved using a toroidal magnet system that deflects muons as

they pass through through high-precision tracking chambers and separate trigger chambers.
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The magnetic field points in the n direction, orthogonal to the muon’s direction of motion.
The detector as well as the toroid system has discrete rotational symmetry in ¢.

The MS can measure muons with || < 2.4 and 3 GeV < pp, < 10 TeV. The main
performance goal is to provide a stand-alone (independent of the ID) momentum resolution
of 10% at pp > 1 TeV; a particle moving with pp = 1 TeV has a sagitta (see Figure 4.6) of
500 pm that needs to be measured with a resolution of < 50um. Even at 3 TeV, the MS has
good momentum resolution and is still able identify the charge of the particle based on its

bending direction. Furthermore, the triggering chambers have timing resolution of 1.5 — 4ns.

h
r-.
o

Figure 4.6: The trajectory of a particle in a magnetic field (“B”). The particle’s sagitta,
labeled “s” is the bending distance in the direction perpendicular to the magnetic field. The
direction of the bending is dictated by the charge of the particle. The higher the momentum
of a particle, the smaller the sagitta. [35]

Monitored Drift Tubes (MDTSs) are used for precision tracking in the 1 coordinate (the
bending direction of the toroids) in the range |n| < 2.7, except in the inner most layer where
the MDTs extend only to || < 2.0 and Cathode-Strip Chambers (CSCs) cover the region
2.0 < |n| < 2.7. Triggering and ¢ measurements are provided by Resistive Plate Chambers

(RPCs) in the range |n| < 1.05 and Thin Gap Chambers (TGCs) in 1.05|n| < 2.7. The
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detector chambers are arranged in concentric cylindrical shells around the beam axis at radii
of about 5 m, 7.5 m and 10 m in the barrel, and on wheels perpendicular to the beam axis
at distances of about 7.4 m, 10.8 m, 14 m, and 21.5 m from the interaction point. There is
a gap in detector coverage around |n| < 0.1 for detector access for service work. Schematics

of the MS can be seen in Figure 4.7.
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Figure 4.7: A diagram of the ATLAS MS in the r — z (left) plane and a ¢ cross section of
the barrel region. On the left, the barrel MDT are shown in green and the RPC shown in
black. In the end-caps, the MDT are shown in blue and the TGC shown in purple. On the
right, the concentric cyclindrical layers of MDTs are shown: 8 small chambers and 8 large
chambers. The diameter is 20m at its widest. [36]

While the MDTs give extremely precise measurements of muon directions, they cannot
be used in isolation for the physics goals of ATLAS. First, they are finely segmented in
7, the bending direction of the muons, enabling the high momentum resolution. However,
in ¢, their resolution is as good as the length of the tube, several meters long or ~ 0.1
in ¢. Additionally, being drift tubes, their readout is very slow and cannot be used for
triggering, which requires a quick response. Thus, RPCs (in the barrel) and TGCs (in
the endcaps) complement the MDTs for triggering and CSCs complement the MDTs in
the forward region (where the particle flux is the highest) to provide better 2-dimensional
position measurements. A comparison of the resolution of the different detectors of the MS

can be seen in Table 4.1.
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detector  function z/R resolution ¢ resolution time resolution

MDT  tracking 35 pm(z) 2.5-5m < 700 ns
CSC tracking 30 um(R) 5 mm 7 ns
RPC  triggering 10 mm (z) 10 mm 1.5 ns
TGC  triggering  2-6 mm (R) 3-7 mm 4 ns

Table 4.1: Resolutions of the various parts of the MS. The endcap detectors (CSCs and
TGCs) give resolution in R while the barrel detectors (MDTs and RPCs) give resolution
in z. The various pieces of the MS enable 2 dimensional precision measurement as well as
measurements to be used in the trigger.

4.4.1  Monitored Drift Tubes and Cathode-Strip Chambers

The fundamental unit of the MDT chambers are 30 mm diameter pressurized drift tubes.
Each drift tube is filled with Ar/CO9 gas and a 50 ym diameter tungsten-rhenium wire.
When a muon passes through the tube, it ionizes the atoms in the gas. Ionized electrons
travel along the electric field in the tube until they reach the positively charged wire. The
location of the electrons along the wire give a position measurement. MDT hits are referred
to as precision hits. The time of arrival of the first charges at the wire determine the radius
of the drift-circle, seen in Figure 4.8. If the muon itself passes close to the wire during its
trajectory it can induce a signal in the wire, so a dead time is specified before the detector
readout. The spatial resolution of a single drift tube is 80 pm.

Each MDT chamber consists of two multilayers of drift tubes separated by a mechanical
spacer. The inner chambers, where the highest performance is required, a multilayer is
composed of four layers of drift tubes (increasing the resolution to 30 ym), while in the middle
and outer chambers multilayers are composed of three layers (increasing the resolution to
35 um). The combination of the three chambers gives the required sagitta resolution with
about 15 measurements per muon. There are 1150 MDT chambers with 354,000 drift tubes.
To achieve the required momentum resolution, the tubes must not bend more than 100 pum,
a significant challenge against gravity. The tubes are held in tension and carefully calibrated
and monitored to achieve a maximum bending of 20 um.

The CSCs are multiwire proportional chambers with anode wires oriented radially. The
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wires are held between two cathodes: one segmented with strips perpendicular to the wires
giving a precision measurement in the bending plane (n) of with resolution of 40 um and
the other segmented parallel to the wire, giving a transverse (¢) measurement with 5 mm
resolution. The signals from the wires are not read out, rather a position is obtained by
measuring the relative charge deposited on neighboring strips. The CSCs are segmented

into chambers in ¢, each consisting of four layers, resulting in four measurements per muon.

MDT Timing

The readout of the MDT's also gives a profile of the hits that compose the signal in time,
seen in Figure 4.9. The peak of the distribution, ¢y, measures the time the signal began
with respect to t = 0, the time of the pp interaction measured by the ATLAS clock. The
end of the signal, tjhax, is the maximum drift time. In a perfectly calibrated detector, the %

measurement is Gaussian about ¢ty = 0 with a width of about 3 ns.

Cathode tube

Anode wire

— 29970 mm————

Figure 4.8: A sketch of a muon passing through a cross section of an MDT. [28§]
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Figure 4.9: A distribution of MDT time measurements. The tj is the time between 0 and
the peak of the distribution, shown by the leftmost red line. The rightmost red line indicates
tmax, the end of the MDT signal. [37]

4.4.2  Resistive Plate Chambers and Thin Gap Chambers

The trigger chambers must provide transverse momentum resolution in the barrel and end-
caps over the full ¢ range; have time resolution such that detector information can be matched
to the correct bunch crossing; be robust against photon and neutron backgrounds in the ex-
perimental cavern; and provide a ¢ measurement to complement the MDT 7 measurement.

In the barrel, RPCs are used to achieve these goals. An RPC is a parallel plate detector
composed of two phenolic-melaminic plastic laminate plates 2 mm apart filled with CoHoFy
gas and with a 4.9 kV/mm field between them. When a muon passes through the detector,
it ionizes the atoms in the gas, the ionized electrons further ionize other atoms, creating
an avalanche. Both sides of the chamber are readout and they have perpendicular readout
strips, giving both z and ¢ measurements. The RPC are arranged into chambers of two
detector layers each (giving two measurements per chamber) and positioned above or below
each MDT chamber.

In the endcaps, multiwire proportional chamber TGCs are used. They work very similarly

to the CSCs, with perpendicular anode wires and cathode strips, but the unit is more
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compact, giving the requisite increase in speed. Multiwire proportional chambers are ideal
for the endcaps of the MS because they have an extremely granular readout, which allows

them to deal with the inhomogeneity of the magnetic field in the transition region.

4.4.8 Toroid Magnets

The toroid magnet system, composed of a barrel and two end-caps, provides a toroidal
magnetic field of 0.5 T and 1 T for the barrel (|n| < 1.4) and end-cap (1.6 < |n| < 2.7) regions
of the MS. In the transition region (1.4 < |n| < 1.6) muons are bent by a combination of
the two fields resulting in an extremely heterogeneous field making accurate measurement
challenging. This inhomogeneity results in geometric regions where the muon trajectories
are not bent at all, mimicking a high pp muon, adding challenges for triggering on high pt
muons in this region. The toroid is much larger than the solenoid, 25.3m long and 10m in
radial width, but also operates at a temperature of 4.5K. All three toroid magnets are made
of Al-stabilized Nb/Ti/Cu conductor. They have an air-core structure, which gives them a
strong bending power over a large volume while minimizing material that could induce any

additional scattering.

4.5 Particles in ATLAS

All of the ATLAS subdetectors are used in combination to identify particles. Charged
particles interact with the ID resulting in hits to be reconstructed into tracks. A track that
points to a cluster in one of the calorimeters indicates the kind of charged particle that
made the track, and a cluster without an associated track indicates a neutral particle. The
calorimeters are designed such that they absorb all of the energy of a particle and particles
measured by the EM caloriemter should not enter the hadronic calorimeter, and hadronic
particles should not enter the MS. Muons have minimal interactions with the calorimeters,

but do leave a track in both the ID and MS. The only SM particle that escapes the detector
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entirely is a neutrino. An undetected particle, like an SM v or some BSM particle, could be
seen as an imbalance in transverse momentum referred to as MET. The transverse momenta
of all particles should sum to zero in order to conserve momentum, so any non-zero sum

indicates an undetected particle.
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Figure 4.10: A schematic of the signatures of Standard Model particles in the ATLAS
detector that illustrates how the subdetectors are used together to identify particles. Dashed
lines indicate a particle trajectory that leaves no detector signature. Figure not drawn to
scale nor does it represent a real physical process.

4.6 Trigger and Data Acquisition

The LHC provides bunch crossings every 25 ns in which an average of 33 collisions occur.
Each bunch crossing, or event, contains about 25 MB of detector-level data. This can be
reduced to about 1 MB of reconstructed data, but this would still result in 40 TB/s, an
impossible amount of data to process and store. Furthermore, many of these events are
not useful for physics analyses; most events contain low energy QCD process from marginal
interactions between partons. A great deal of effort goes into the optimization of the algo-
rithms used to select the events with the highest probability to be interesting for physics

because if an event with some new BSM particle occurs in a collision, but is not recorded, it
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is lost forever.

4.6.1  Trigger architecture

ATLAS uses multi-level trigger system to record 1000 events per second from the 40,000,000
per second delivered by the LHC. First, the hardware-based L1 trigger uses isolated detector
information to make a decision in 2.5 ps and reduce the event rate from 40 MHz to 100 kHz.
Then, the CPU-based HLT uses higher level detector information from various subdetectors
to make a final decision in 200 ms and further reduce the rate to 1 kHz. A schematic of the

main components of the trigger system can be seen in Figure 4.11.
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Figure 4.11: A detailed schematic of the trigger and data acquisition infrastructure for Run
2. FTK was not a part of the Run 2 trigger system. [38]

The L1 trigger has access to information from the calorimeters and the MS [38]. The ID
is not used at this stage due to the large number of readout channels as well as the compu-
tational intensity of track reconstruction. L1 Calorimeter Trigger (L1Calo) uses information
from both calorimeters to identify electrons, photons, 7 leptons, jets, and MET. It divides
the calorimeters into coarse-grained, An x A¢ = 0.1 x 0.1 towers. Its algorithms look for

towers with large deposits to define an Region of Interest (Rol). Based on the shape and
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size of the summed energy deposits around the tower, the cluster is classified. It then corre-
lates these clusters across the event, to identify the number of candidates of a given physics
object, and calculates MET. L1 Muon Trigger (L1Muon) looks for coincidences between
different layers of the RPC and TGC detectors to identify hight p muons consistent with
the interaction point.

The decision to accept or reject an event at L1 is made by the Central Trigger Processor
(CTP), which uses a trigger menu that describes which event topologies with which energies
should be passed to the HLT. If the event is accepted by the L1 trigger, full information
from the whole detector is read out and passed to the HLT. The HLT also receives the
location of the Rols. An example of the L1 trigger rates in one run in September 2018 is

shown in Figure 4.12. About a third of events are selected as each an EM, muon, or hadronic

signature.
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Figure 4.12: L1 trigger rates as a function of time in a fill taken in September 2018 with
a peak luminosity of L = 2.0 x 103 ¢cm~2s~! and a peak average number of interactions
per crossing 56. Trigger items are based on electromagnetic clusters (EM), muon candidates
(MU), jet candidates (J), missing transverse energy (XE) and tau candidates (TAU). Dips
in the rate are due to dead-time and spikes are caused by detector noise. The rates increase
periodically due to LHC luminosity re-optimizations [39]

The HLT receives much less data and therefore has more time to make a decision. The
HLT has its own trigger menu with more complex topologies. Full event reconstruction

cannot be performed in 200 ms, so each HLT algorithm is seeded by an L1 trigger and
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tracking is performed in Rols to refine the particle identification. Events selected by any of
the HLT algorithms are saved to disk for offline reconstruction, described in the next chapter.
An example of the HLT rates grouped by physical process in one run in September 2018
is shown in Figure 4.13. The trigger rates represent collaboration priorities. Most events
include jets, but the jet triggers do not take the largest fraction of the trigger rate. In fact,
jets must be very high pp or in events with other physics objects in order to be selected.
Large proportions of the HLT rate is allocated to electrons and muons so that electroweak
physics can be studied via events with leptonic W andZ boson decays. In general, single
object triggers have very high pr thresholds because they are more common, whereas multi-

object triggers can select lower energy events while keeping the rate low.

ATLAS Trigger Operation -~ Main physics MET
2.5HLT physics group rates (with overlaps) mem  Combined mm b-jet
pp data, September 2018, vVs=13 TeV B-physics and LS mmm Jet
Photon Muon
Tau W Electron -

HLT trigger rate [kHz]
N
o

09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]

Figure 4.13: HLT trigger rates grouped by physics process as a function of time in a fill
taken in September 2018 with a peak luminosity of L = 2.0 x 103 ¢cm 2571 and a peak
average number of interactions per crossing 56. Each physics group contains single-object
and multi-object triggers. The “combined” combined represents triggers with multiple kinds
of physics objects, like combinations of electrons, muons, taus, jets and MET. All rates
decrease exponentially with decreasing luminosity over the course of the fill. Dips in the rate
are due to dead-time and spikes are caused by detector noise. The rates increase periodically
due to LHC luminosity re-optimizations [39]

Triggers are generally described by the physics object type and pt threshold. Trigger
rates can be limited by increasing the p threshold, or by making other selections on the
object like limiting the 1 range or requiring isolation. Triggers have some turn on before

they reach their peak efficiency, an example trigger is shown in Figure 4.14. HLT triggers
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have higher energy thresholds than the L1 triggers to ensure the algorithms are being run
where the previous trigger is fully efficient. Offline selections are similarly made above the

energy thresholds of the HLT.
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Figure 4.14: An example of trigger efficiency as a function of transverse energy, E, for a
electron trigger. The L1 trigger is shown in black and the HLT algorithm it seeded is shown
in blue. [40]

4.6.2 Triggers Used For This Analysis

Nearly all searches for unconventional triggers face challenges finding a trigger. Tracking is
only done in the HLT near the L1 Rols, so directly targeting peculiar tracks is challenging.
Furthermore, the tracking done in the trigger assumes particles originate from the collision
point and so electron and muon triggers veto displaced leptons whose tracks would not be
reconstructed.

In order to avoid the dependence on tracking, MS-signature-only triggers are used to
identify displaced muons, and photon triggers (EM-signature-only triggers) are used to iden-
tify displaced electrons. However, removing the tracking information removes an important
discriminator from the HLT algorithm, so these triggers suffer very high fake rates. Thus,
they are otherwise limited. The muon trigger can only select muons with || < 1.05 and

the single photon trigger has a high pp threshold. Each of these triggers was determined to
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have a constant efficiency with respect to the displacement of the lepton. The triggers used
for this analysis are listed below and the requirements made on them in the analysis will be

described in section 6.1.

e HLT mu60_0etalO5 msonly selects single MS-only muon signatures with pp > 60 GeV.

The 1 range is restricted to |n| < 1.05 to reduce the fake rate.

e HLT g140_loose selects single photons, in this analysis used as EM-only signatures.
The fake rate for this trigger is quite high, so the photons must have Ep > 140 GeV.
“loose” refers to the fact that very few additional requirements are made to identify

this cluster specifically as a photon.

e HLT 2g50_loose selects di-photon events where each photon has Fp > 50 GeV. It uses

the same “loose” definition that enables this trigger to be used for displaced electrons.

These restrictions have particular effects on displaced leptons from 7, particularly when
the signature is one electron and one muon. The electron or muon result from a 7 decay, not
directly from the 7 decay, and thus have lower pp. In order for an event to be selected, it
must either have a muon in the narrow 7 region, or a very high pp electron, both of which
are very unlikely. An HLT algorithm has been designed for Run 3 that selects events with
a photon and a MS signature. The requirement of the two objects decreases the rate and

allows for the 1 and p thresholds to be relaxed.
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CHAPTER 5
OBJECT RECONSTRUCTION

Event reconstruction is the process by which detector signals are converted into objects
that can be used for physics analysis. This is a complex process that requires a great
deal of focused effort by the ATLAS collaboration. First, digital signals from the detector
are collected into tracks and clusters, then they are combined to form reconstruction-level
physics objects. Then, a identification steps is performed, where quality requirements are
placed on the reconstruction-level objects to identify them as signatures of physical particles,
like electrons and muons, that can be used in physics analyses.

These algorithms are centrally developed by the collaboration and are generally designed
to reconstruct and identify prompt objects. This section describes this process for objects
which are relevant to this analysis, as well as the changes to these algorithms that have been
implemented to be able to study displaced leptons.

This chapter describes the reconstruction of objects on which selections are made in the
analysis: electrons, muons, and their tracks. This is only a subset of the physics objects used
by other ATLAS searches, which are not described here. Jets and photons are reconstructed,

but no selections are made on them.

5.1 Track Reconstruction

Track reconstruction is the process by which ID data is converted into particle trajectories.
This is a complicated process, due to both the density of each event in the detector as well
the helical trajectory (in ¢) the particles take due to the solenoidal magnetic field. Tracks
are described by five parameters with respect to the beamspot position: dg (the transverse
point of closest approach, or transverse impact parameter), zg (the longitudinal point of
closest approach, or longitudinal impact parameter), ¢ (the azimuthal angle of the track

momentum), # (the polar angle of the track momentum), and ¢/p (the ratio of the track’s
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charge to the magnitude of its momentum) [41]. This section describes the standard track
reconstructin algorithm used by all ATLAS searches, as well as the extended algorithm,

LRT, used to identify displaced objects.

5.1.1 Tracking Algorithms

Kalman Filter

Kalman filters are widely used across LHC experiments for track fitting. It is a recursive
algorithm that allows the user to efficiently extrapolate from a track seed. In the sequential,
or extended, Kalman filter, uses a linear approximation to the track path. It makes a
prediction for the next layer of detector material based on the seed, and then looks for a hit
in that region. At each step, it updates the linearization to improve the measurement for the
next step, where each measurement is weighted by its certainty. LRT uses this approach.
In ST, a combinatorial Kalman filter is used. This method employs several Kalman
filters running in parallel and allows for the assumption that the measurement in the next
layer is not necessarily assumed to be part of the track that formed the seed (as is often the
case in the dense environment of the ATLAS ID). At each successive layer in track finding,
several branches are extended if several measurements can be found in the same layer. The
update of the linearization is done independently for each branch, and branches are created
for missing measurements to account for detector inefficiencies. The branch is extended to
the next layer if a measurement is found, and the process is repeated. Branches with no
measurement for several layers are removed, and at the end, the branch with the best quality
is selected. This process allows for parallelization of a complex combinatorial process. [42]
The Kalman filter works well for tracking in environments such as ATLAS because even

though it is computationally intensive, it generally gives the best precision.
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Hough Transform

A Hough transform is a pattern recognition algorithm that is useful for identifying a par-
ticular signature that can be described in a known parametric form. It performs well in
noisy environments and is tolerant of holes in the signature. In relies on a transformation
from physical to parameter space. Each point in physical space maps to a line in parameter
space, and the intersection of the parameter space lines gives the values of constants of the
parametric form.

For example, if the pattern being searched for is a line described by y = mx + b, a Hough
transform maps from x — y space to m — b space. Each point (z;,y;) in the original image
maps to a line in parameter space. If all (z;,y;) are plotted together, the intersections of the
lines in parameter space at (m;, b;) define lines in physical space with parameters m; and b;

[43]. This is sketched in Figure 5.1.

~

/yl

ho X2, Y2

Figure 5.1: An illustration of  — y space (left) and m — b space used to find lines via the
Hough transform [44].

The Hough transform is a pattern finding algorithm, not a tracking algorithm. It is not
ideal for full ID tracking, because its complexity grows exponentially with the number of
dimensions and the form of the pattern must be known a priori. It is, however, very useful

for reconstructing MS segments.
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5.2 Standard Tracking

First, clusters from the ID are converted into three-dimensional space-points. In the Pixel
detector, a space-point is simply one hit, while in the SCT, hits from both layers of the
sterostrip form a three-dimensional measurement.

Tracking in ATLAS is performed in two steps. During the first step, called inside-out,
tracks are seeded from the silicon layers. In the Pixel and SCT detectors, track seeds are
formed from sets of three space-points, each from a separate silicon layer. If the seed passes
an assortment of selection criteria, including on the pp and dj, track candidates are built
using a combinatorial Kalman filter (further described in section 5.1.1). Seed requirements
serve to cut down on the number of times the computationally expensive Kalman filter must
be run. Multiple track candidates can be built from the same seed.

Since all possible track combinations are created in the previous stage, an ambiguity
solving step is now required. Tracks are scored based on a variety of criteria, the number of
holes (active sensor matieral with which the track would have intersected and do not contain
a cluster), X2 (to prioritize tracks with a better fit), and pp (to prioritize tracks with a
higher p). A further requirement that no more than two tracks may share the same cluster
reduces the number of duplicate tracks; however, a cluster may be removed from a track to
stay within this limit and the track is then re-scored.

Next, the track candidates are extended into the TRT using a classical track extrapolation
technique, then the track is scored using a method similar to the ambiguity solver. If this
extension is successful, the track is labeled as having a TRT extension, though the track can
still be retained if this extension fails, particularly at large |n|. However, if the score after
TRT extension is worse than the silicon-only score, the track is rejected. This completes the
inside-out step.

Step two takes an outside-in approach, where track segments are reconstructed in the
TRT, seeded by deposits in the EM calorimeter. These segments are then extended inward

to the silicon detectors, where any clusters not used in step one can be associated to the
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Cut ST LRT

dy'™* (mm) 10 300
25" (mm) 250 1500
|nmax| 2.7 5
Max shared silicon modules 1 2
Min unshared silicon clusters 6 5
Min number of silicon hits 7 7

Table 5.1: Most important cuts that differ between ST and LRT

track. The extension inward is not required, as TRT-only tracks are used for reconstructing

and identifying converted photons.

5.2.1 Large Radius Tracking

LRT [45] is required to reconstruct tracks with impact parameters larger than what is allowed
by the ST algorithm. These requirements are designed for a maximum displacement a few
mm, to enable the identification of heavy flavor hadron decays. Standard tracking cuts off
at |dg| = 10 mm, and the range 10mm < |dg| < 300mm is covered by LRT

An optional third step of the tracking chain, it uses the same inside-out tracking algo-
rithm, but relaxes various requirements that allow for a much more inclusive track collection.
The major changes are summarized in Table 5.1. These cuts are applied during both the
seeding and extension steps. Additionally, LRT uses a sequential Kalman filter as opposed
to the combinatorial Kalman filter used in ST.

LRT is required for this analysis, but cannot be applied to all events in the Run 2 dataset.
The full event reconstruction with LRT takes about 2.5 times longer than with ST, so events
are filtered based on the triggers that selected them, such that this algorithm is only run on

about 10% of the dataset. This filtering is further described in section 6.1

5.2.2  Primary Vertex Reconstruction

After all of the tracks are reconstructed, they must be correctly assigned to a Primary

Vertex (PV). A PV is the point in space where the pp collision occurred. Generally, there
56



Fraction of tracks

Figure 5.2: Number of tracks reconstructed with respect to dg in ST (left) [46] and LRT
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are many PVs per event: one is the hard-scatter, high-energy event of interest, and the
others are pileup. In the Run 2 dataset, there are an average of 33 PVs per event.

PVs are reconstructed using an iterative vertexing procedure. First, good quality tracks
tracks, combined with the beamspot measurement, are used to find an optimal vertex po-
sition. Then each track is assigned a weight based on its compatibility with that position,
and the vertex position is then recomputed using the weights of the tracks. After the final
vertex position is determined, tracks very incompatible with the vertex are removed from it
and can be used to create another vertex. Any vertex with at least two tracks are considered

PVs.

5.3 Muons

5.83.1 Standard Reconstruction and Identification

Muons are reconstructed by combining a MS track with an ID track via a y2 fit. Then, at the
identification stage, quality requirements are imposed on the combined tracks to improve the
purity of the muon collection. For this analysis, the muon reconstruction algorithm remains
unchanged (though LRT tracks are used), while changes are made at the identification stage

[47).

MS Track Reconstruction

To reconstruct MS tracks, a Hough transform (described in section 5.1.1) is used to search for
hits in each MDT chamber to find hits following a trajectory on the n plane of the detector.
These hits are fit to a straight line within each chamber to form segments. Co-located RPC
or TGC hits are used to measure the ¢ coordinate.

Hits from segments in various layers are fit to form track candidates. This fitting is first
seeded from segments in the middle layers of the MS where more trigger hits are available,
then extrapolated inward and outward. A next pass is done using inner and outer station

o8



segments as seeds. The extrapolation relies on relative positional and angular information,
as well as the fit quality and hit multiplicity of the segments. Two segments are required
to make a track, except in regions with limited detector coverage, where one high quality
segment is sufficient. After all extrapolation, an overlap removal procedure is performed,
allowing for a segment to be shared between at most two tracks. A 2 test is performed,
where outliers hits can be removed from the track and additional hits consistent with the

track candidate’s trajectory can be added.

Combined Muons

Next, the MS tracks are combined with ID tracks to form Combined (CB) muons, a track fit
over the two tracks. CB muon tracks are generally seeded from the MS, then extrapolated
inward and matched to an ID track, but the inverse is also allowed. Hits from the MS, not

the ID, may be added or removed to improve the fit between the two tracks.

Muon Identification

This analysis uses the default muon working point for ATLAS analyses, called a medium
muon. This working point places a requirement on the number of ID and MS hits that
comprise the track to ensure a robust momentum measurement. At least 1 pixel hit, at least
5 SCT hits are required and at least 10% of the TRT hits associated to the object must
be included in the final fit. There must also be fewer than 3 holes in the silicon tracking
layers. Furthermore, the MS track must have at least 3 hits in at least 2 MDT layers. In
the crack region |n| < 0.1, MS tracks with at least three hits in only one MDT layer are
allowed provided there are no holes in the track. Finally, a loose requirement is placed on
the consistency between the MS and ID tracks. Namely, the q/p significance, the difference
between the charge and momentum ratio in the ID and MS divided by their uncertainties

summed in quadrature, is required to be less than 7.
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Figure 5.4: Medium muon identification efficiency with standard tracking and criteria. Left
is efficiency vs n and right is efficiency as a function of pp. Medium muons are reconstructed
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very efficiently, except for around |n| ~ 0, where the MS is missing detector coverage. [47]

For this analysis, muons are reconstructed after LRT is performed and the reconstruction
and identification efficiency is quite high. Furthermore, at the identification stage, the re-

quirement that the ID track has at least one pixel hit is removed, further improving the

5.3.2  Modifications

efficiency at high dy. The effect of these improvements is show in Figure 5.5

Efficiency

Figure 5.5: Muon identification efficiency with modified criteria. Left is efficiency vs dp and
right is efficiency as a function of pp. The blue denotes reconstruction with ST, and the
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5.4 Electrons

Electrons are reconstructed using clusters from the EM calorimeter as well as tracks from
the ID [48]. Electron reconstruction brings more complication and ambiguity than muon
reconstruction because of the presence of photons, converted photons, and bremsstrahlung
radiation from electrons moving through material. These factors make the identification and
accurate measurement of electrons quite challenging. More than in muon reconstruction,
it relies on displacement-based quality information, posing a problem for this search. In
order to select electrons with high d, some of these selections are modified and electrons are
reconstructed with the LRT collection. However, due to the more challening reconstruction,

the electron selection efficiency is lower than that for muons.

5.4.1 Standard Reconstruction and Identification

Cluster Reconstruction

First, clusters are formed from n x ¢ towers of size An x A¢ = 0.025 x 0.025 (roughly
granularity of the second layer of the EM calorimeter, where about 80% of the energy in a
shower is deposited). In each region, the energy deposited in all layers of the calorimeter is
summed and are used as input to a seeding algorithm to form clusters.

A sliding window algorithm [49] is used to form clusters. In this algorithm, an 3 x 5
window is slid across each tower, the energy is summed inside of this window. If the sum
is a local maximum and is above a threshold of Ep > 2.5 GeV, this window is considered
a cluster. A duplicate removal process is then performed for nearby clusters with similar
energy measurements, keeping only the cluster with the largest Ep. Inefficiency in the
cluster reconstruction step is negligible compared to the uncertainty in the next two steps.

The efficiency of this step is 65% at Ep = 4.5 GeV and > 99% above Ep = 15 GeV.
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Figure 5.6: A sketch of an electron’s path through a slice of the ATLAS detector. [48]

Tracking

Since electrons are so light, they can lose a significant amount of their energy due to
bremsstrahlung radiation as they traverse the ID, thus resulting in a track seed that cannot
be extended to the requisite number of silicon layers using the processes described in sec-
tion 5.1. Thus, a second pass at tracking, allowing for 30% energy loss due to bremsstrahlung
radiation at each detector layer is performed in the vicinity of a good quality EM cluster.
Here, the track candidate pp is lowered to 400 MeV (compare to 1 GeV), but still uses the
standard hypothesis that the track is like that from a pion and does not emit substantial
bremsstrahlung ratiation. If this fit still fails, a third pass is performed using the assumption
that the track is like that from an electron, allowing for an additional degree of freedom in the
y2 calculation that accounts for additional radiation. In all, this gives 98% reconstruction
efficiency for electrons with Ep > 10 GeV.

This loosened track fitting requirements allow for increased efficiency, but the resulting
tracks do not correctly account for the energy loss of the electron to the material. An
additional tracking pass, using an optimized Gaussian-sum Filter (GSF) is used to correct
for this.

This procedure is performed on tracks with at least 5 silicon hits and roughly match to an
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EM cluster. The GSF procedure is based on a combinatorial Kalman filter, resulting in track
parameters weighted by Gaussian function describing material-induced energy losses. This
procedure also accounts for the increase in curvature caused by the decrease in momentum
due to energy loss in material, improving the calculation of track parameters. An example
of this is show in the figure below. The reconstruction efficiency for this step is around 98%

for electrons with Ep > 30 GeV.
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Figure 5.7: The impact on the ¢ x dy/o(dy) measurement by the addition of GSF tracking.
This is sampled from prompt electrons, so the narrower distribution centered around zero
indicates significant improvement. [48]

Combined Reconstruction

To put it all together, GSF tracks are then matched to seed calorimeter clusters then the
final cluster size is determined. Tracks and clusters are matched with stricter requirements,
requiring that their ¢ measurement is within +0.05 or —0.10. It is possible that several
tracks might match to the same cluster, but a primary track is assigned based on its prox-
imity and quality. If the track can be associated to a secondary vertex, it is classified as
a potential photon conversion, not an electron. Electrons are further distinguished from

photon conversions using their E/p, pp, and number of pixel hits.
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Final clusters are formed by looking in a window around the seed cluster. The recon-
structed electron’s energy measurement is taken from its full cluster, and directional infor-
mation taken from its track. At Ep > 15 GeV, there is a 99% efficiency to reconstruct an

electron (provided it has at least one pixel hit and at least seven total silicon hits on track).
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Figure 5.8: Electron reconstruction efficiency as a function of true transverse energy, Ep.
For the various electron working points (left) and for each step in the reconstruction process

(right). [48]

Identification

Electrons are identified using a likelihood that further distinguishes them from photons, light
flavor jets, and leptonic heavy flavor decays. The likelihood is more flexible than a simple
cut-based method, allowing for electrons to fail one selection criterion. It also allows for the
use of discriminating criteria which have relatively similar shapes in signal and background.
A some cuts are made at the identification step, including on the number of pixel and silicon
hits, as well as on the shower width. Many other factors are not cut on but are included in
the likelihood including the track quality, consistency between the electron’s track and its
cluster, energy ratios in the various layers of the EM calorimeter, and the EM calorimeter

compared to the hadronic calorimeter.
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5.4.2  Modifications

To be able to reconstruct electrons with high impact parameter, several changes needed to
be made to the reconstruction and identification algorithms.

Similar to the muon case, the reconstruction is then run on the track collection including
LRT tracks. At the identification stage, variables concerned with dg are removed from the
likelihood consideration, but do not retrain the likelihood itself. The standard algorithm

requires 7 silicon hits and 1 pixel hit, and these requirements are removed in the modified

algorithm.
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Figure 5.9: Muon identification efficiency with modified criteria. Left is efficiency vs dy and
right is efficiency as a function of pp. The blue denotes reconstruction with ST, and the
pink with LRT, and the filled in markers use the modified identification working point.

5.5 Overlap Removal

Each of the reconstruction chains described above, as well as those to reconstruction 7
leptons, jets, and other physics objects used in ATLAS, are run simultaneously. This means
that the same track or cluster can be used to reconstruct two different types of physics
objects. An iterative process of Overlap Removal (OR) is used to remove such artifacts.
Overlap removal is performed on baseline objects, further described in 77, which only pass

identification and a loose pr cut.
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Electrons AR < 0.01 from a muon are removed to suppress contributions from muon
bremsstrahlung radiation. Then, any baseline jet residing within AR < 0.2 of a baseline
electron is removed. Baseline electrons with Ep < 50 GeV (Ep > 50 GeV) within AR < 0.4
(AR < min(0.4,0.04+10 GeV/pr)) of any remaining jet are removed. The overlap removal
procedure between muon and jet candidates is designed to remove muons that may originate
from the decay of hadrons, with the overlapping jet being retained. Nearby jets may also
occur as a result of high-pp bremsstrahlung, in which case the jet should be removed and
the muon retained. Such jets are removed if they reside within AR < 0.2 of a baseline muon
and have less than three matched inner detector tracks. Muons are removed if they reside
within either AR < 0.4 or AR < min(0.4,0.044 10 GeV/pr) of any remaining jet, following

the same pp-dependent criteria as outlined for electrons above.

5.6 Isolation

In this analysis, both muons and electrons are required to be isolated to reduce background
from heavy flavor decays. That is, they are not expected to be surrounded by much other

activity from the hard scatter in either the Inner Detector or Calorimeters. Isolation is

generally measured in terms as the scalar sum of energy in a radius AR = /(An)Z + (Ap)?

around the lepton. Track based isolations are called p7#*“°"¢ and calorimeter based isolations

called E;? pocone,

For example, the track-based isolation called p%arcone?’o is the scalar sum of the transverse
momenta of tracks with pp > 1 GeV in a cone of AR = min(10 GeV/pr, 0.3), then a value
is selected to determine what should be considered “isolated”. Whereas the calorimeter-
based isolation counts the energy in a specified AR. For both calorimeter and ID isolation,
requirements are placed on the value of the isolation variable divided by the pp of the object.
Isolation working points are centrally defined as a combination of cuts on the track-based

and calorimeter-based isolation.

These definitions are much simpler for muons than for electrons. Electrons are very likely
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Variable Electron Cut Muon Cut
ptvarcone20/pt < 0.06 < 0.04
topoetcone20/pt < 0.06 < 0.15

Table 5.2: Isolation cuts for electrons and muons.

to emit bremsstrahlung radiation as they traverse the inner detector and those photons can
then convert back into electrons. The tracks from these secondary particles are considered
part of the electron’s pp. Furthermore, the electron leaves its own energy deposit in the EM
calorimeter and this energy must be subtracted from the E;? POCOUE calculation.

In this analysis the FCTight isolation definition is used for both electrons and muons,

detailed in Table 5.2. In general, the requirements are stricter for electrons due to the

identification ambiguity.
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CHAPTER 6
DATA AND MONTE CARLO SAMPLES

Data and simulated Monte Carlo samples are used together to perform this analysis. ATLAS
data from Run 2 of the LHC undergoes a special processing in order to make use of the
augmented tracking and object reconstruction required to identify displaced leptons. Monte
Carlo samples of both the benchmark model and representative Standard Model backgrounds
are generated to define backgrounds and make a interpretation of the results in a specific
signal model. All backgrounds are estimated from data, but Monte Carlo is used to optimize

signal selection and understand properties of backgrounds.

6.1 Data

This analysis makes use of 139 fb~! of /s = 13 TeV pp collision data delivered by the LHC
and taken by the ATLAS detector between 2015 and 2018. The data used in this analysis
were collected using three different triggers depending of the topology of the event, described

in Table 6.1. They are applied sequentially in the order.

Topology ‘ Trigger
if > 1 electron, pt > 160 GeV HLT_g140_loose
else if > 2 electrons, pr > 60 GeV HLT 2g50_loose

else if > 1 muon, pr > 60 GeV, |n| < 1.07 | HLT_-mu60_Oetal05 msonly

Table 6.1: Summary of trigger selection based on event topology. The first line is requested,
if the event topology is not met, the second line is requested. If the event has the specified
topology, but fails the trigger selection, the event is not selected.

The LRT and special recontruction used in this analysis are computationally intensive
and introduce many more fake tracks and thus physics objects, so it is only run over a
subset (roughly 10%) of the full physics Main dataset. Events are filtered based on which
triggers they fired as well as loose requirements on reconstruction-level objects created with

the standard tracking algorithm. This analysis uses filters based on the triggers described
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in Table 6.1 combined with selections on combined muons, MS-only muons, electrons, and
photons (to account for loss of efficiency reconstructing electrons with standard tracking)

listed in Table 6.2.

Filter Object 1 Object 2
pr(GeV]  [nl  ldol [mm] | pr[GeV] ol ldo| [mm)

Single muon I > 60 < 1.07 > 2

vy v > 10 <25 -
Single photon ¥ > 160 < 2.5 - e > 10 < 2.5 > 2

Y " > 10 <25 > 2
Single electron e > 160 < 2.5 > 2
Di-Photon vy > 60 < 2.5 - vy > 60 <25 -
Di-Electron e > 60 <25 > 2 e > 60 < 2.5 > 2
Di-Electron/Photon | e > 60 <25 >2 ¥ > 60 <25 -

Table 6.2: Selection applied to select single e/ or muon event objects for DRAW RPVLL
processing. For muons, the |dg| > 2 mm requirement is only enforced on combined muons
(not MS-only muons which do not measure |dg).

If an event is selected by a filter, it is saved in its RAW, or detector-level, format in a
DRAW_RPVLL dataset. This DRAW_RPVLL dataset then undergoes the full reconstruction chain,
this time including LRT during track reconstruction, and is saved in the same xAOD format as
the standard ATLAS datasets, now called DAOD_RPVLL. These datasets are further processed
into DAOD_SUSY15 derivations, which reduce the size of the dataset by making additional
selections on the physics objects which now have the special reconstruction. Finally, the
DAOD_SUSY15 derivations are processed by analysis-specific code into flat n-tuples that can

be easily used for studies and background estimates.

6.2 Monte Carlo

Monte Carlo simulation (MC) allows analyzers to understand how a given physical process
would appear in the ATLAS detector. Markov Chain Monte Carlo algorithms are used to
randomly sample from the probability distributions from the matrix element calculations

and generate many statistically independent events. This results in kinematic distributions
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that can be compared to data. For this analysis, Monte Carlo samples are generated for
various masses and lifetimes of theoretical ¢, so that event selection can be optimized for the
widest sensitivity. MC generation is done by breaking up the process of particle production,
decay, and interaction with the detector into many steps.

First, the physical process at the collision is modeled. The center of mass energy must
be determined. As discussed in Chapter 3, this is not a known quality and is modeled by
PDFs. There are many different choices of PDF, in this analysis NNPDF23LO0 is used [50] .
Then, the generator models the production of the given physical process by calculating its
matrix elements. Generally, thought not in this analysis, the generator step models the full
process from hard scatter to final state particles including all of their kinematic properties.
For this analysis, we use MadGraph5_aMC@NLO [51] to produce pp — 00 events with up to two
additional radiated partons, using a perturbative QCD calculation at leading order accuracy.
Then these partons are hadronized and showered into jets using Pythia8.230 using the A14
tuning of the parton showering, hadronization, and modeling of the underlying event [52].
Finally, simulated pileup collisions are overlaid onto the event to mimic the actual conditions
at the LHC. At the end of this stage, particles are referred to as truth-level and are stored
in the final MC datasets for later study.

Next, the full event is propagated through a simulation of the detector created in GEANT4.
Each particle created in the previous steps passes through the detector and all of its magnetic
fields and support structures in order to accurately simulate the particle’s trajectory, its
detector signatures, and other interactions with material. At this stage, the { is decayed
during this stage and its decay products are then propagated through the simulated detector.
GEANT4 does not preserve the information about the chirality of the 7 for the 7 decay

Finally, the trajectories of the particles is digitized, to emulate the readout of the actual
detector, and reconstruction is run on the simulated detector signals in the same way it is
run for real data. At the end of this stage, particles are referred to as reconstruction-level.

Monte Carlo is not required to undergo the same filtering as data, but is processed with LRT
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and made into DAOD_SUSY15 and analysis-specific n-tuples.

The importance of Monte Carlo simulations to an analyzer’s ability to search for new
physics and measure the SM cannot be overstated and an enormous amount of effort is made
to make each step as accurate and precise as possible. However, many corrections must be
made to these samples after they are generated and even so discrepancies between data and
MC are an important uncertainty in this analysis and many others.

An simplified model is used involving only a few particles and interactions in a given
SUSY model. MC is generated with different ¢ flavors as NSLP!s (NSLP!s), assuming
mass degeneracy of the left- and right-handed chiral states. The left- and right-handed { are
produced according to their cross sections (roughly 2/3 left-handed and 1/3 right-handed).
The mixing of 7 1 and 7 9 is set to be sinf> = 0.95. The The mass of the gravitino is
set to 0.1 keV (negligibly small) and all other SUSY particles have masses too high to be
produced at the LHC. MC samples are produced for a range of possible mass and lifetime
configurations of the { for € and fi, masses 50 GeV to 1000 GeV, in steps of 100 GeV (after
an initial step from 50 GeV to 100 GeV) with lifetimes 7 = 0.01 ns, 0.1 ns, 1 ns, and 10 ns;
and for 7 up to 600 GeV and lifetimes up to 1 ns. The cross sections for each of these mass
points is shown in Table 6.3 and Table 6.4. The signal yield, the number of signal events
that would be seen in the dataset, as a function of ¢ lifetime and mass is shown in Figure 6.1

and Figure 6.2.
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Figure 6.1: ¢ yields for 139 ﬂ?_l. Yields are shown in SR-ee (left) and SR-uu (right). The
x-axis gives the mass of the ¢, while the y-axis gives their lifetime for three points: 0.01 ns,
0.1 ns, 1 ns, and 10 ns.
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¢/ mass [GeV] €/ lifetime [ns] o [pb]

50 0.01, 0.1, 1, 10 10.736
100 0.01, 0.1, 1, 10 0.7314
200 0.01, 0.1, 1, 10 0.06062
300 0.01, 0.1, 1, 10 0.012508
400 0.01, 0.1, 1, 10 0.003718
500 0.01,0.1,1,10  0.0013472
600 0.01,0.1,1,10  0.0005526
700 0.01, 0.1, 1, 10 0.000247
800 0.01,0.1,1,10  0.00011726
900 0.01, 0.1, 1 5.836 x 107°
1000 0.1, 1 3.008 x 107

Table 6.3: € and f signal samples and cross sections. The uncertainty on the cross section
calculation ranges from 2-6% and increases with ¢ mass.

Stau mass [GeV] Stau lifetime [ns] o [pb]
20 0.01,0.1, 1 5.368
100 0.01,0.1, 1 0.3657
200 0.01,0.1, 1 0.03031
300 0.01,0.1, 1 0.006254
400 0.01,01,1  0.001859
500 0.01,0.1, 1 0.0006736

Table 6.4: 7 signal samples and cross sections. The uncertainty on the cross section calcu-
lation ranges from 2-6% and increases with 7 mass.

In addition to the signal MC samples, several background MC samples are used. However,
these have limited use in this analysis because the major backgrounds are not well modeled
by MC. These include ¢t sample, simulating the production and semi-leptonic decay of two
top quarks pp — tt; a heavy flavor sample, simulating the production and leptonic decay

of two bottom quarks pp — BB — uu; and a sample of photons produced by the process

pp — q7.
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Figure 6.2: 7 yields for 139 fb~1. Yields are shown in SR-ee (left), SR-py (middle), and
SR-ep (right). The z-axis gives the mass of the staus, while the y-axis gives their lifetime
for three points: 0.01 ns, 0.1 ns, and 1 ns.
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CHAPTER 7
SEARCHING FOR LONG LIVED PARTICLES

A particle is long lived if the distance it travels before decaying can be discerned by the
detector. This is contrasted with a promptly decaying particle whose decay products point
back to the collision point. In ATLAS, LLPs are generally those with a lifetime of more than
1.5 ps (longer than that of a b-hadron) and travel more than 1 mm before decaying.

A LLP can decay somewhere inside of the detector or it can pass through the detector
without decaying. Note that a detector-stable particle does not necessarily imply a truly
stable particle; for example, muons are detector-stable because they never decay within the
detector volume. Prompt searches can be used look for neutral stable particles, like dark
matter candidates, by calculating MET from the prompt particles. LLP searches either
look directly for the signature of the particle, or look for the products of the metastable
decay. This brings technical challenges because standard particle identification algorithms
and analysis techniques are not designed for these signatures. It also provides a way to probe
processes with extremely small cross sections due to the lack of SM processes with the same
final state.

This chapter gives an overview of fundamental concepts for LLP searches at colliders.

7.1 Lifetime

An individual particle’s lifetime cannot be predicted theoretically, but the distribution of
lifetimes of a sample of the same particle can be determined from its probability of decay

per unit time or width, I':

r:ﬁ/dnfw(mx%{pf})}? (7.1)

where m x is the mass of the particle, M is the matrix element for the particle’s decay into

its decay products {p f} and dII is the Lorentz-invariant phase space of the decay. If particle
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can decay in several different ways, the width of each decay various channel is summed to
calculated the particle’s total width. The branching ratio of a particle decaying via a process

1 1s given as
].—‘.
(3

Br; =
Ftotal

(7.2)

Br; gives the probability that a particle will decay via process ¢. This is different than the
cross section, which measures the probability for a scattering process to result in a given final
state. The width is referred to as such because in an experiment with negligible statistical
and systematic uncertainties, the width is the full-width-at-half-max of the Gaussian peak

of the particle mass spectrum, sketched in Figure 7.1.

entries

particle mass

Figure 7.1: A sketch of a particle mass histogram. The width is shown in red.

In the sample of particles, the number of particles N that exist at a time ¢ decreases

exponentially from the initial number of particles N(0):

N(t) = N(0)e It (7.3)

A particle’s “lifetime”, 7, is defined as the time it takes for % of the population of particles
to decay:

1 (7.4)

T =

In order for the lifetime of a particle to be long, the width must be small, meaning that

the matrix element or allowed phase space must be small. A small matrix element can be
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caused by a small coupling, or very off-shell intermediate states (like a neutron). A small
phase space can be caused by almost-degenerate mass spectra (like a muon). All of these
scenarios are common in both the SM and many BSM theories. The range of lifetimes of

selected SM particles can be seen in Figure 7.2 [53]
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Figure 7.2: A mass and proper lifetime distribution of particles in the SM. There is a wide
range of both masses and lifetimes. Shaded regions indicate detector-prompt or detector-
stable particles. This assumes that particles traveling at the speed of light 5 = 1. [53]

7.2 Particle Decays

The distance traveled by any relativistic particle can be described by

d= pyt (7.5)

where v and [ have the usual special relativistic definitions: v = E/m = (1 — 52)(_%),
g =v/c=|p|/E, v is the particle’s velocity, ¢ is the time during which the particle moves,
and c is the speed of light. In the laboratory frame, the distance the particle travels before
decaying is given by sending t — 7( in Equation 7.5, where 77 denotes the proper lifetime of

the particle measured in its own rest frame.
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There is an exponential probability that the particle will decay at a given time (t), given
by
P(t) = e t/007) (7.6)

A particle with a large 7 has a wider probability distribution and there is a larger range
of times in which the particle can decay. Practically, this means that a wide variety of
signatures are possible from the same theoretical particle with large 7: it can decay promptly,

somewhere inside of the detector volume, or be detector-stable.

7.3 Searches

Many searches are done by both ATLAS and CMS to target a variety of possible detector
signatures. There are two primary ways that this is achieved: direct searches for the LLP
itself or indirect searches for its decay products. A sketch of a different LLP signatures is

shown in Figure 7.3

disappearing or
displaced kinked tracks
multitrack vertices : .
non-pointing
- (converted) photons

f emerging jets
lepton-jets, or

lepton pairs

/

trackless,
low-EMF jets

quasi-stable

charged particles
multitrack vertices in the g R

muon spectm}ter/
Figure 7.3: A sketch of a sample of different LLP signatures in the ATLAS detector. [54]
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Direct searches If a particle is very massive and charged, LLP interaction with the detec-
tor could be observed. Searches are performed looking for tracks have high ionization energy
loss in the Pixel detector, indicating a very heavy particle traversing the ID [55]. Searches
for slow moving, heavy stable particles are performed by looking for highly ionizing tracks
in the ID that match tracks in the MS [56]. Other searches look for a LLP that decays
into invisible particles by looking for short, disappearing tracks [57, 58]. These signatures

generally involve prompt tracks

Indirect Searches If more than one of the products of the LLP decay are visible to the
detector, one can look for its decay vertex. The LLP will travel some distance from the PV,
where the particle is produced, and its decay vertex will be displaced, called a Displaced
Vertex (DV). In this case, direct information about 7 of the particle can be deduced from
the difference in distance between the LLP’s production and decay vertices. This vertices
can appear in either tracking volume of the detector (ID or MS). There are many searches
for DVs in ATLAS, many in conjunction with other physics objects like leptons, jets, or
MET depending on the particular theory model being probed [13, 57, 59, 60, 61, 62].

One can also look for the decay products of the LLP without a DV via unconventionally
presenting physics objects. Examples include photons that do not point back to the PV
in the EM calorimeter [63], or emerging jets, which become visible midway through their
hadronization [64]. In this analysis, the target signature is leptons whose trajectories do not
point back to the PV.

For indirect searches, it is often convenient to use dj, the transverse impact parameter,
as a measure of particle displacement. The dj is a parameter of ID track fit, discussed
in section 5.1. It does not give direct information about 7y, but it can be known with
high precision. The distance the particle traveled from the collision, R, would give direct
information about the proper lifetime of the particle, but the detector can only provide the

radius of the first ID hit in the track. The distance between silicon ID layers at minimum
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30 mm and any requirements on R are very sensitive to transient detector failures. dy,
however, has a O(10 pum) resolution, shown in Figure 5.3. The dj of the decay products of
a LLP with a longer lifetime have wider dg distributions as seen in Figure 7.4. The dy of
the decay products is also correlated with the momentum of the LLP, shown in Figure 7.5.

This relationship induces a correlation between the p1 and dgy of the decay products.
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Figure 7.4: dy (left) and transverse decay radius (x — y) of LLPs with different 7. The left
plot demonstrates that while dy does not directly give information about 7, decay products
of particles with longer lifetimes have wider dg distributions. These plots are made at truth
level.

Low momentum LLP High momentum LLP

Figure 7.5: A sketch of the relationship between the momentum of the parent LLP and the
dg of the daughter particles.

7.8.1 Common Strategies

Due to the technical challenges associated with LLP searches, analyzers want their result to

be applicable to as many potential BSM particles as possible and they aim to make their
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selections as model-independent as possible. This means that, while there is usually a model
to which a search brings unique sensitivity, the search not over-optimized for this model.
For example, in this analysis, the events are only required to have two displaced leptons.
The slepton decays in the GMSB SUSY model include MET from the gravitino, but no
requirement is made to ensure the result is sensitive to other possible models that might not

include MET.
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CHAPTER 8
EXPERIMENTAL CONTEXT

As discussed in subsection 2.2.2, the lack of coverage of the displaced dilepton signature leaves
a sensitivity gap in LHC-accessible SUSY. All other searches for signatures that include
displaced leptons also required a secondary vertex and are not sensitive to ¢ production.
The two ¢ from pair-produced ¢ do not originate from the same decay so they are not
connected by a vertex. Furthermore, since the G is uncharged it leaves no track so there is
no secondary vertex in the event.

The lifetime of the ¢ is related to the SUSY breaking scale (see Equation 2.5) which is
not known, thus a suite of searches must be done to study the range of detector signatures
corresponding to the range of possible lifetimes. This chapter will discuss the two previous
searches for the displaced leptons signature, as well as the other searches that provide sensi-
tivity to long lived ¢ with different lifetimes. The different track signatures discussed in this

chapter are shown in Figure 8.1.

8.1 Previous Searches for Displaced Leptons

The most stringent limits on long lived sleptons are the result of a searches from LEP [2,
65, 66, 67, 68]. A search for different flavor (eu) displaced leptons was performed by CMS,
but did not target long lived sleptons and did not surpass the limit set at LEP [69]. There
are no ATLAS searches that would select events with displaced leptons and no secondary

vertex.

8.1.1 LEP

The LEP experiments searched for long-lived 1 signatures from the process ete™ — ZEEI_%
A combination of results from the LEP experiments (OPAL, L3, ALEPH, and DELPHI)

excluded right-handed ji and ¢ of all lifetimes with masses less than 96.3 GeV and 65.8 GeV,
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Figure 8.1: A sketch of the various track signatures in a simplified ATLAS detector that
give sensitivity to displaced leptons. In reality, the tracks are curved by the magnetic fields

in the ID and MS.

respectively. The OPAL experiment alone set the best limits on all lifetimes of 77, a mixture
of left- and right-handed states, with masses less than 87.6 GeV. The OPAL search will be
discussed in detail.

The OPAL experiment at LEP set limits on long-lived 1 signatures and set limits on 1
lifetimes between 1070 s (detector-stable) and 10712 s (prompt signatures). The detector
conditions of the ee collider are much less busy than those of the pp collider — the extra
particles and tracks created by low energy QCD interactions between other partons in the
proton or other protons in the bunch do not exist, simplifying the task of track reconstruction.
The search was done with 600 pb~! of data with \/s = 189 — 209 GeV between the years
1998 and 2000.

The portion of the analysis that targets displaced leptons has a relatively simple event
selection. Events are required to have no prompt tracks and at least two tracks with opposite

charges and dp > 5 mm corresponding to the displaced leptons. To reduce backgrounds from
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cosmic-ray muons, a time-of-flight detector was used. To reduce beam-induced backgrounds,
both tracks were required to have |zg| < 400 mm. To reduce background from Bhahba
scattering (ete™ — eTe™ by exchanging a ), the tracks were required to not be back-
to-back. To reduce the background from di-photon events, tracks must have pt > 10 GeV
and the invariant mass of the two tracks must be greater than 5 GeV. 0.13 4 0.76 events
were expected and zero were observed. To specifically probe the 7 decay, the track pr
and invariant mass requirements were loosened to 5 GeV and 3 GeV, respectively. Here,
3.79 £ 1.71 events were expected and 3 observed.

Additionally, this search targeted ¢ with shorter lifetimes by looking for events with at
least two leptons and MET. Longer lifetimes were probed by looking for kinked tracks (see
Figure 8.1) where the tracks of the ¢ and ¢ are both observed. Signatures of { with even longer
lifetimes and escape the detector were targeted by looking for tracks with high ionization
energy loss. No excess of events was observed in any of the signatures, and the limits set are

shown in Figure 8.2.
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Figure 8.2: Limits on ¢ production set by the OPAL experiment for the 7 NLSP scenario
(top left) and fi (top right) and é (bottom left) in the co-NLSP scenario. [2]
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8.1.2 CMS

The only search for vertexless displaced leptons at the LHC is from the CMS experiment,
and it did not target 1 decays. The target model used for this search is the RPV ¢ decay
described in subsection 2.2.3. The search is for differently flavored leptons (eu) only. 2.6
fb~lof /s = 13 TeV data taken during 2015 was used.

The events are collected using a trigger that selects events with an electron and a muon
and are then categorized into three signal regions, defined by the |dy| of the leptons shown in
Figure 8.3. The leptons must have pp > 25 GeV, |dy| > 0.1 mm, opposite electric charges,
and be separated (AR > 0.4). Dominant backgrounds are from decays of heavy flavor
hadrons (like b-hadrons) due to the small impact parameter requirement (the search in this
thesis requires |dg| > 3 mm and the OPAL result requires |dy| > 5 mm). The background is
estimated by extrapolating the |dg| distribution of leptons inside of jets to the signal region
selections. No excess was observed and a reinterpretation of this search [11] shows that this

result does not exceed the limit from LEP.

8.2 Other Signatures with Sensitivity to Long Lived Sleptons

There are no constraints on the possible lifetime of a /in a GMSB model, so various searches
must be done together to cover the whole phase space. The displaced lepton signature covers
an intermediate lifetime range. Searches for longer lifetimes look directly for the signature of
the ¢ instead of its decay products. { that decay in the tracker are covered by disappearing
track searches [57, 58, 70, 71] and those which are detector stable are probed by searches
for tracks consistent with those from a heavy stable charged particle [56, 72, 58]. These
signatures have been covered by both ATLAS and CMS. While they did not directly target
long lived ¢, the reinterpretation done by Ref. [11] shows that they improve significantly
over the OPAL result. All constraints on £ production as determined by Ref. [11] are shown

in Figure 8.4.
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Figure 8.3: Signal and control regions used by CMS in Ref. [69]. The signal regions have
significantly lower |dg| (> 0.2 mm) than in this thesis search (> 3 mm).

8.2.1 Disappearing Tracks

A disappearing track is a short track measured in the Inner Detector (ID). This track has
hits in the innermost ID layers and no hits along the rest of its trajectory In reality, the
signature from a ¢ decay is a kinked track, as targeted by OPAL. However, looking for kinked
tracks is extremely difficult in the LHC environment as kink be at any angle and any point
along the track.

Both ATLAS and CMS look for a high pp track with no hits in the outer layers of
the tracking detector. These events are triggered based on their large MET resulting from
gravitino. Events are also required to have at least one high pp jet (pp > 90 GeV) with
other jets well separated from each other and the MET. They must also have no muon or

electron candidates. This signature has sensitivity to 7 with hadronic 7 decays.
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Figure 8.4: Constraints on direct production of long lived ¢. 7 and co-NLSP scenarios are
shown in darker and brighter colors, respectively. The OPAL result discussed in subsec-
tion 8.1.1 is shown in gray and CMS result discussed in subsection 8.1.2 is shown in blue.
Constraints from disappearing track signatures (DT) discussed in subsection 8.2.1 is shown
in green, and constraints from heavy stable charged particle signatures (HSCP) discussed
in subsection 8.2.2 is shown in red. The LHC searches are from Run 1, with /s = 8 TeV.
The search in this thesis covers the ¢7 range 0.01-100 cm with masses up to 800 GeV for
co-NLSP scenarios. [11]

8.2.2  Heavy Stable Charged Particle Tracks

Should a sufficiently heavy (detector-)stable charged particle be produced in LHC collisions,
it would pass through the entire detector leaving tracks in both the ID and MS. The signature
is a track with an ID tracks matched to MS tracks. A time-of-flight measurement is made
using the MS and the MS track must be consistent with a slow moving particle, as a heavy
particle would likely have most of its energy in its mass and very low momentum. Ionization
loss measurements in the Pixel detector can also be used to identify heavy, slow moving
particles. The mean energy loss per unit space increases with the S+ of a particle, as well

as with it’s mass according to the Bethe-Bloch formula [23].
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In conclusion, ¢ with lifetimes between 10~ ns and 10! ns have much more unexplored
phase space than other lifetime ranges. The vertex-less displaced di-lepton signature covers
this region of parameter space. This thesis presents the first search to target this model at

LHC energies.
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Part 1V

Search for Displaced Leptons



CHAPTER 9
EVENT SELECTION

9.1 Analysis Strategy

This analysis aims to select events that would have small cross sections producing only
a handful of events from the entire 139 fb~lcollected by ATLAS. The signature of two
displaced leptons, is rather simple in principle, but this analysis had not been done before in
the conditions of the LHC, so extensive optimization of the signal regions and lepton selection
criteria needed to be done. A cut in the event selection should decrease or eliminate some
background, but have little to no impact on the signal. For example, quality criteria ensure
that leptons are well measured in the detector, and leptons from slepton decays will pass
these quality criteria, but fake leptons from reconstruction failures generally will not. Every
effort was made to remain as signal-agnostic as possible, so cuts on the specific topology of
the GMSB SUSY decay were avoided.

This analysis is split into three signal regions, defined by the flavor of the two highest
pr leptons in the event: SR-ee with two electrons, SR-pu with two muons, and SR-ep with
an electron and a muon. No requirement is placed on the charge of the leptons. There
are two definitions of leptons used: baseline and signal. Baseline leptons are required to
pass the reconstruction and identification criteria described in subsection 5.4.2 and subsec-
tion 5.3.2 and have pp > 50 GeV and |dy| > 2 mm. Signal muons are required to further
pass bespoke quality requirements, an isolation cut, and have pp > 65 GeV and |dy| > 3
mm. Displacement-independent quality variables, described in the rest of this chapter, were
defined specifically for this analysis as many standard quality criteria place requirements on
the |dp|, |zg|, or the number of hits in the Pixel detector, all of which would limit the ability

to target displaced leptons.
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9.1.1 Background Overview

The two signal leptons are required to have high pp and high |dg|, higher than that expected
of any leptons resulting from SM processes. The remaining backgrounds come from failures
of reconstruction algorithms, extreme tails of decays of Heavy Flavor (HF) physics (b-jets
or 7s), and muons from cosmic rays. None of these background sources are well modeled in
MC, so data-driven methods must be used. This brings additional challenges from statistical
limitations and care must be taken to avoid unblinding the signal regions.

Fake leptons result from the mis-association of a track to a calorimeter or MS signature,
creating a reconstructed lepton that does not correspond to a real particle that passed
through the detector. This is particularly likely due to use of LRT. The extended tracking
algorithm loosens several requirements that enable high-|dg| tracking, but also introduces
many fake tracks, combinations of hits that do not correspond to the trajectory of a particle
in the detector. When matched to MS or calorimeter signatures, high-|dy| leptons can be
created and form a background to this search. This is particularly likely to occur during
electron reconstruction, where the track can be associated to real calorimeter signatures from
photons or converted photons.

The background to SR~y is dominated by cosmic ray muons. The ATLAS detector is
far underground partially to avoid the many particles from cosmic rays passing through the
detector. However, there is a service shaft above the detector and muons can make it through
the earth above the detector, so muons from cosmic rays are constantly passing through the
detector. If a muon from a cosmic ray passes through the detector and is coincident with a
bunch crossing, the event could be triggered and that muon reconstructed. Since it can pass
at any point with respect to the collision, it can be reconstructed as one or two muons with
high |dp|, exactly mimicking the targeted signature.

Both electrons and muons suffer potential backgrounds from HF decays, predominately
from the decays of b-hadrons. b-quarks are very commonly produced in LHC collisions and
they immediately hadronize into b-hadrons, which have a lifetime of 1.5 ps and whose decays
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include a lepton 11% of the time [23]. This is sufficiently long that the b-hadron travels far
enough before it decays such that a secondary vertex can be identified. Generally, the tracks
have low pp and maximum |dgy| of about 1.5 mm, and the 3 mm cut on signal leptons is
designed to minimize this effect. However, it is possible that extreme tails of this distribution
are not well modeled in MC and in an analysis where 0 background events are expected,

understanding each possible source is paramount.

9.2 Event Requirements

Events must pass a trigger in order to be recorded by the ATLAS detector. Three different
triggers are used in this analysis and the data separated into three orthogonal regions based
on the topology of the event, described in Table 6.1. The trigger is required to pass in the
appropriate region for the event to be selected.

Each event is required to pass a standard set of ATLAS event quality preselection criteria.
Specifically, these include detector error flags which reject events with noise bursts or data
corruption, or events in periods where any sub-detector was operating suboptimally. Events
are required to have at least one PV with |z| < 200 mm.

From events that pass the previous two requirements, events are sorted into the three
signal regions based on the highest p1 baseline leptons in the event. Leptons in signal events
are required to be well separated with ARyy > 0.2. This eliminates background from lepton
pairs that could be created from an interaction with the material of the detector. Finally,
signal events are required to have zero cosmic muons. The cosmic tag and the associated
background will be discussed in subsection 10.3.1. The analysis was optimized and the
backgrounds estimated while keeping the SRs blinded, so Control Regions (CRs) (where
backgrounds are estimated) and Validation Regions (VRs) (where additional studies and
validation are done) are defined with different numbers of leptons and cosmic tags. All CRs
and VRs are designed to be dominated by backgrounds and have very few signal events in

them. A full list of all signal, control, and validation regions can be seen in Table 9.1.
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9.3 Electrons

Quality cuts specifically designed for this analysis are introduced to eliminate fake electrons
reconstructed from the incorrect association of tracks and calorimeter clusters. The most

important of these cuts is

APT/pT _ PT track — PT,e (9.1)
PTe

which measures the degree of consistency between the pt of the electron, which is dominated
by the calorimeter measurement, and the pp of the track. Fake tracks tend to be low
pr, resulting in fake electrons with tracks with less than half of the pp of the electron,
Apt/pr < —0.5,.

Additionally, quality requirements are imposed on the ID tracks. They are required to
have X%D < 21 and no more than 1 missing hit after the first hit in the track. These cuts
remove poor hit combinations, short tracks, or tracks missing measurements. Additionally,
signal electrons are required to be isolated and pass the FCTight isolation definition described

in section 5.6

9.4 Muons

Signal muon requirements are similar to those placed on signal electrons. The muon is
required to have X2CB < 3 in order to ensure a good combination between ID track and MS
track, similar to the App/pp cut on electrons. Additionally, signal muons are required to pass
the same ID track quality requirements as electrons as well as MS track quality requirements.
Requiring Nprec > 3 (number of MDT layers with at least 3 hits) and Ny > 1 (number of
RPC hits) ensure that the MS track is well measured in both its  and ¢ coordinates. Signal
muons required to pass the FCTight isolation requirement described in section 5.6.
Furthermore, muons are required to have téowg < 30. tgvg is the average t( calculated

from the MS segments associated to the muon. The measurement of ¢y is described in

1. In this thesis, x? implies x? divided by the number of degrees of freedom in the fit
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section 4.4.1. If the fit fails, the segment is assigned ¢y = 0, and this value does not enter the
tgvg calculation, but muons that have all segments with {5 = 0 are not rejected. This cut
is designed to better control the background from cosmic muons, which have a much wider

spread in tgvg than collision muons.

9.5 Acceptance and Efficiency

Acceptance is defined as the fraction of events that could enter the SR based on their
kinematics, and efficiency is fraction of the accepted events that get correctly identified. The
acceptance and efficiency in this analysis are both rather low. The exponential nature of the
pr and |dp| distributions of the ¢ decays, many daughter leptons have low pr and low |dp| and
do not pass the signal kinematic selections and are not accepted. This particularly effects
low mass, low lifetime /; the pT cut has an even stronger impact on leptons from 7 decays,
which must decay through a standard model 7. Conversely, the degradation of the LRT
efficiency at high |dy| means that leptons with high |dgy| are often not reconstructed. This
particularly effects ¢ with long lifetimes. Additionally, the pr and |dg| and 7 cuts required
to pass one of the triggers used in this analysis to pass the LRT filters further reduces the
acceptance and efficiency.

The acceptance is highest for lifetimes around 0.1 ns, around 30% for fi and € production
and only 0.5% or 7 production. The efficiency is higher, around 50% for lifetimes of order
0.1 ns for all flavors of £. The values for a range of possible mass and lifetime points can be

see in Figure 9.1, Figure 9.2, Figure 9.4, Figure 9.3, and Figure 9.5.
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Figure 9.1: Acceptance (left) and efficiency for i decaying to muons in SR-~uu. The x-axis
shows the possible masses of the i and the y-axis its possible lifetime.
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Figure 9.2: Acceptance (left) and efficiency for € decaying to electrons in SR-ee. The x-axis
shows the possible masses of the € and the y-axis its possible lifetime.
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Figure 9.3: Acceptance (left) and efficiency for 7 decaying to electrons in SR-pupu. The x-axis
shows the possible masses of the 7 and the y-axis its possible lifetime.
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Figure 9.4: Acceptance (left) and efficiency for 7 decaying to electrons in SR-ee. The x-axis
shows the possible masses of the 7 and the y-axis its possible lifetime.
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Figure 9.5: Acceptance (left) and efficiency for 7 decaying to electrons in SR-ep. The x-axis
shows the possible masses of the 7 and the y-axis its possible lifetime.
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Electron Selections

pT
|dp

bl
Isolation
APT2 /pT
XD
N, miss

> 65 GeV
> 3 mm
< 247
FCTight
>-0.5
<2
<1

Table 9.2: Overview of electron signal selections.

Muon Selections

pT

|dp|

Ul
Isolation

Ngrec
ﬁgB
2¢>
XID
N, miss

avg
I

Pass Cosmic Veto

> 65 GeV
> 3 mm
< 2.5
FCTight
>3
<3
>1
<2
<1
< 30
True

Table 9.3: Overview of muon signal selections.
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CHAPTER 10
BACKGROUNDS

In this analysis, backgrounds are estimated per signal region. In SR-ee and SR-eu, algorith-
mic fakes are the dominant source of background. In SR-uu, the background contribution
from algorithmic fake muons and muons from heavy flavor decays is negligible ((’)(10_4)),
and the dominant background is from cosmic muons coincident with LHC collisions. While
the signal lepton selection and event selection described in the previous chapter very ef-
ficiently remove these backgrounds, background estimates are calculated to estimate any
residual contribution. All backgrounds are not well modeled in MC, so must be estimated

from CRs in data, often resulting in statistical limitations.

10.1 Background to SR-ee

10.1.1 Fakes and Heavy Flavor Decays

The primary background to SR-ee is algorithmic fakes from the misassociation of a track
with a real energy deposit in the EM calorimeter (such as from a photon); there is a sec-
ondary contribution from electrons from HF decays. MC samples of ¢t along with a photon
dominated sample (described in section 6.2) were used to study the relative contributions.
The ¢t provides a sample of HF decays (though not the dominant source of HF decays
at the LHC), yet after all of the signal requirements, the remaining high |dy| electron was
the result of a photon combined with an ID track. That this sample has many more b-
hadron decays than photons, yet the photons contribute a larger background even in this
narrow region of phase space, indicates that algorithmic fakes are the larger contributer of
background events to SR-ee. Additionally, in truth-level studies of background MC, such as
BB — pp (at truth level, the electron and muon kinematics are the same), Z — 77 (where
the 7 decays include electrons), and t¢, all show exponentially falling distributions with no

two lepton events that pass the pp and |dg| cuts in the SR, as designed.
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Further studies were performed in data, with one baseline electron passing the filter
requirements and another lepton with no |dy| cut made. This second lepton must be anti-
1solated, meaning it fails the isolation requirement made on signal leptons and has substantial
activity surrounding it in the calorimeter and/or the ID and is likely to be inside of a jet.
While the App/pr cut is designed to remove algorithmic fakes, it is a very effective remover
of anti-isolated electrons as well. Clusters associated to electrons reconstructed inside of jets
are likely to have additional energy incorrectly added to their clusters, increasing the cluster
pr and decreasing the App/pp. Thus, it is not possible to disentangle heavy flavor electrons
from fake electrons and the background contributions are estimated together with fakes as

the dominant contribution.

10.1.2 Background Estimate

Fake electrons result from the failure of the reconstruction algorithm algorithm, and so the
two fake electrons in an event should be uncorrelated. This assumption is used to estimate
the background with an ABCD method. The procedure divides events into four regions based
on the quality of the leading and subleading leptons in the event, shown in Figure 10.1. The
number of events in regions B, C, and D are combined to estimate the number of events in

region A, the signal region:

Ny =L x No (10.1)

In the nominal estimate, region A is the signal region, with two electrons passing all
signal cuts, region D has both electrons failing at least one signal cut, and regions C and D
have only one electron passing all signal cuts while the other fails at least one (regions B, C,
and D compose CR-ee-fake). For this estimate, a “failing” electron fails one of the App/pr,
XI2D7 or Nyiss Tequirements, while a “passing” electron is a signal electron, passing all three

cuts. The number of events in each region and the estimated number of events in SR-ee is
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subleading lepton both leptons
passes pass
neither lepton leading lepton
passes passes

Figure 10.1: The regions used for ABCD estimation.

shown in Table 10.1.

10.1.3 Validation and Systematic Uncertainties

The definitions of the ABCD regions can be varied to perform validations of the estimate
and quantify systematic uncertainties. There are two ways to do this: first, the estimate
can be done in slightly different ways, and the difference from the nominal estimate taken as
an uncertainity; second, an estimate can be done in a validation region, where one or more
signal cuts are inverted, and the estimated number of events can be compared to the actual
number of events in region A. In the second scenario, one looks for closure, that the estimate
correctly estimates the number of events (within statistical uncertainties), giving evidence
that the method and its assumption are sound. If this is not the case, the nonclosure, the
extent to which the estimate disagrees with the correct number of events, is evaluated and
an uncertainty can be taken to cover this.

Validations are performed by estimating the number of events in SR-ee in different ways.

For example, only the Ap/pp, the most effective fake discriminator, is used as the “pass-

101



Region Nominal Ouly Apt/pr

D Observed 9068 1440
C Observed 77 28
B Observed 54 19

A Estimate 0.459 4 0.082 0.37 £0.11

Table 10.1: Results of the ABCD estimate for the nominal SR-ee estimate, the number of
events in each region are shown as well as the estimate for A. The uncertainties are statistical
only and using Poisson statistics.

ing” / “failing” variable. The results of this estimate are also shown in Table 10.1, the results
are consistent within statistical uncertainties but the nominal estimate is more precise.

The second kind of validation is performed in two regions: one that enhances the fake
contribution, and a second that enhances the HF contribution. First, in a fake enhanced
region, VR-ee-fake, where the App/pr cut is inverted and the estimate is performed with
X%D and Npiss together as the “passing” /“failing” variables. This changes the estimate to
predicting the number of fake electrons (failing Apt/pr) from regions with electrons that
are more fake (failing App/pr and one or both of X%D and Npiss). In this region, 1440
events are observed, and 1356 + 49 are predicted. Even though this result is consistent
within the statistical uncertainties, the difference between the central values (6.2%) is taken
as a nonclosure and applied as a systematic uncertainty on the SR estimate.

Next, a validation is done in a HF enhanced region, VR-ee-fake-hf, which is identical to
CR-ee-fake with the additional requirement that at least one electron is anti-isolated. This
additional requirement reduces the statistics in the region quite a bit, so the electron cuts are
loosened to pp > 50 GeV, |dp| > 2 mm, and instead of the usual Ap/pr cut at -0.5, they
must satisfy App/pr > —0.9. Electrons in dense environments are more likely to have extra
energy added to their clusters or have the wrong track associated, so the App/pp cut must
be loosened to probe the subdominant HF contribution to the SR-ee background. In this
region, 23.5 + 1.9 events were predicted, and 26 were seen. Again, the results are consistent
within uncertainties, with only a 11% difference in central values. This difference is taken

as a systematic uncertainty.
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10.1.4  Summary

This estimate is dominated by statistical uncertainties with additional, conservative, system-
atic uncertainties taken, giving a final estimate of 0.46 4+ 0.10 (0.082 stat. and 0.058 syst).
This estimate has the smallest uncertainty of the three SRs due to the sufficient statistics in

the estimate regions.

10.2 Background to SR-eu

10.2.1 Fake Background

The background to SR-ep is very similar to the background in SR-ee and is estimated in
a similar way. By tagging a lepton that fails either isolation or quality requirements and
studying the properties of the other, probe lepton, the main contributing background (either
fake or HF) is determined. Of the probe leptons, 100 pairs failed some signal requirements,
but none only failed isolation, indicating that as in the case of SR-ee, algorithmic fakes are
the dominant background to SR-ep.

Fake muons are rare compared to fake electrons due to the lack of extraneous activity in
the MS compared to the calorimeter where photons add ambiguity to electron reconstruction.

As a result, this estimate is extremely statistically limited.

10.2.2 Background Estimate

As in SR-ee, the two fake leptons in the event should be uncorrelated and so an ABCD
method is used to estimate the background. A “failing” electron (as in SR-ee) is one that
fails any one of the App/pr, XI2D7 or Npigs Tequirements, a “failing” muon fails any one of
the X%D’ XQCBv Nmiss, Npree, or Ny requirements, and in both cases “passing” indicates a
signal electron or muon.

However, when performing this estimate, the B region (electron passes, muon fails) has

only 1 event, and the C region (muon passes, electron fails) has 0 events. This result cannot
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be used to calculate a background estimate, but it can be used to place an upper bound
by setting the number of events in the C region to 1 event. The total number of events in
SR-ep must be less than 0.012 £ 0.017, where the uncertainty is statistical only. In order to
increase the statistical power, different combinations of “passing” and “failing” leptons were
required to only pass the baseline kinematic cuts of pp > 50 GeV and |dg| > 2 mm. Allowing
both passing and failing leptons to only meet the baseline requirements allowed 1 event in
the C region, enabling a background estimate of 0.00?fg:géS. Statistical uncertainties are
quoted using the Wilson interval for the C/D ratio summed in quadrature with the Poisson

uncertainty on the number of events in the B region. This is taken as the nominal upper

bound and the full result of this loosening can be seen in Table 10.2.

Estimate Region signal pr, |dg| cuts signal pr, |dy| cuts no signal pr, |dp| cuts

on all ¢ passing ¢
D Observed 81 139 138
C Observed 0 0 1
B Observed 1 1 1
A Estimate < 0.012+0.017 < 0.007 + 0.010 0.007+9-058

Table 10.2: Results of the ABCD method in the eu channel in which the dg and p require-
ments are selectively loosened from 65 to 50 GeV, and 3 to 2 mm. The first column shows
the results without any loosening, the second shows the results with the loosening applied
only to the failing leptons, and the final column shows the results with the loosening applied
in all regions. Uncertainties are statistical only. For the upper bound results, the value
is obtained by setting the C region to 1 event, and the uncertainties are calculated using
Poisson statistics. In the final case, the full calculation can be done.

10.2.3  Validation and Systematic Uncertainties

As in the case of SR-ee, validations are performed enhancing the fake or HF contributions.
VR-epu-fake again inverts the most powerful fake discriminators, App/pt for electrons and
XQCB for muons with the loosened pp and |dy| cuts. In this region, 2 events are observed in
the A region compared to 1.9f%:8. While these agree within the very large uncertainties, a

7.8% nonclosure systematic uncertainty is taken from the difference in central values.
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Then, VR-eu-fake-hf is defined requiring at least one anti-isolated lepton with loosened
pr and |dg| cuts. To increase statistics, the App/pr cut is again loosened to -0.9 and the cuts
on Nprec and N¢ are removed. Here, one event is observed in the A region, and O.38J_r8:§;
events are predicted. To attempt this estimate another way with more statistical power, the
estimate is performed again in this region, this time remaining agnostic to whether or not

.6"_%:91, while 5 events are observed.

the lepton is isolated. This results in an estimate of 2
These numbers are again consistent within their substantial statistical uncertainties, but a
conservative 92% nonclosure uncertainty is taken to account for the difference between the

central values.

10.2.4  Summary

This region is extremely statistically limited such that a full background estimate is not
possible, and so an upper limit is set. Less than 0.00?fg:gﬁ) (fggég syst. and 0.006 stat.)

background events are expected in SR-ep.

10.3 Background to SR-uu

10.3.1 Cosmic Muon Identification

Muons from cosmic rays constantly pass through the earth and thus the ATLAS detector,
particularly through the service shaft above the detector where there is no layer of earth
above the detector. If a cosmic ray muon were coincident with a bunch crossing, the event
could be triggered, reconstructed, and enter the dataset used for this analysis. The cosmic
ray muon could pass through the entire detector at any distance from the PV, interacting
with the ID and MS, and be reconstructed as two muons with high |dg|, passing all quality
variables (because the signature comes from a real muon) exactly mimicking the signature
of SR-pp.

A very efficient cosmic tag was defined for this analysis to identify and remove muons
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from cosmic rays. This is done using a reoptimization of the strategy used by Ref .[13]. This
method first defines a spatial cosmic identification, and then conservatively tags all muons
which would be impossible to identify using this method due to gaps in detector coverage.
The cosmic muon, uees, passes through the entire detector and gets reconstructed as two
muons, one on the top of the detector (¢ > 0) referred to as pt and the other on the bottom

(¢ < 0), called py,. They follow the relationships

Ag = Wut - ¢,ub‘ =T (10.2)

and

¥n = nu + Ml =0 (10.3)

The combination of these variables form a useful variable to describe events with 2 cosmic

muons.

ARcos = \/((¢#t - (b#b) - 7)2 + (Uut + 77,%)2 (10’4>

and it is useful to define

Apcos = (¢ — ¢1) — 7 (10.5)

and

The muon reconstruction algorithm described in section 5.3 uses the momentum direction
measured in the MS in its extrapolation from MS track to ID track and . In 90% of cases
only 1, is reconstructed and identified, while the detector signature for ug exists but the
fully reconstructed muon does not. Thus it is advantageous to tag a cosmic muon as one
which is back to back with activity in the MS, not as two muons back to back, illustrated
in Figure 10.2. A cosmic veto is defined based on the A¢¢os and ¥n between a muon and a
MS segment.

Since the MS is so far from the PV, the 2y of individual MS segments is not measured

and they are defined to point back to the origin. This creates a mismatch between the 7 of
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Figure 10.2: A sketch of a cosmic passing through the ATLAS detector, illustrating why the
tag is designed the way that it is. This image is slightly adapted from Ref. [13]

the segment and the n of the reconstructed muon in the determination of the cosmic tag.
This is geometrically corrected for by re-calculating the An between the segment and the
muon in the cosmic veto calculation. A schematic of this correction is shown in Figure 10.3,
its effect on the 1 and X1 measurements of muons in data is shown in Figure 10.4, and its
effect on the A¢peos-2n distribution of cosmic and signal muons shown in Figure 10.5. This
narrows the distribution of cosmic muons by an order of magnitude in ¥#. This distribution
is isotropic for signal muons, so this definition allows for high cosmic muon rejection with
minimal signal rejection.

The distribution the Ageos — 21 distribution is much narrower in %7 than in Ageos. This
is because the MS measures n with an extremely high precision in the MDTs (O(10 pm)),
since it is the bending direction of the toroid and thus gives the momentum measurement,
while the ¢ is measured by the RPCs with an order of magnitude less precision (O(10 mm)).
A high precision ¢ measurement of the combined muon comes from the ID, but the cosmic
tag must contend with these resolution limitations to find a muon segment.

Additionally, there are gaps in the MS to allow for detector access, so a muon is con-
servatively tagged as a cosmic if it is back to back with this gap in detector coverage, as it

could not be tagged as a cosmic using the geometric algorithm. A map of the material of
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Figure 10.3: This series of figures shows the problem of the 7 recalculation. The MS segment
should be measured as back to back in 77 and ¢ with the muon, because it is really one high
pr object moving through the whole detector. However, because the MS segments are
reconstructed assuming they come from the origin, they will not actually be measured as
back-to-back with the muon. The n that would be measured by a segment back to back with
the muon is calculated, and compared to the 7 of all other segments in the event.

Tag A¢(u,seg) Xn(u,seg) Pass Coverage Rejection
Acceptance  Efficiency

Full < 0.25 < 0.018 True 99.5%

Narrow < 0.02 < 0.013 True 59%

Table 10.3: Cuts applied in full and narrow cosmic tags. The narrow is contained in the full
tag. An intermediate tag is defined as the region between the full and narrow tags, that is,
tagged by the full but not the narrow tag.

the MS is used to veto cosmic muons using this detector coverage veto. Figure 10.6 shows
the impact of each step on the muon distribution in VR-u, which is dominated by muons
from cosmic rays.

For this analysis, two different definitions of a “cosmic muon” are used. The nominal tag
is used to veto events in the SR. If any baseline muon is tagged by the nominal cosmic tag,
the entire event is vetoed. A second narrow tag is used during the validation of the estimate
of background from cosmic muons. Both tags require muons to pass the detector coverage
veto. Table 10.3 describes the values used for the various cosmic tags used and Figure 10.7
shows the cuts used in the Ageos-2n distribution.

The cosmic tagging efficiency is determined by fitting distributions in VR~u. A template

of the tgvg of cosmic tagged muons and prompt (collision) muons is taken from data shown
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Figure 10.4: Change to the  measurement (top) and ¥n measurement (bottom) due to the z
correction. These plots compare muons tagged with due to the presences of a segment in the
A¢eos-2Xn window (left) to those untagged or tagged with the detector coverage veto (right).
The behavior shows isotropic effect for the muons which are not tagged via the algorithm
that uses this correction, while the 7 distribution of cosmic muon always decreases due to
the correction.

on the left of Figure 10.8. Any correlation between tgvg and dy can not be observed within
detector resolutions, so the prompt sample of muons is taken to represent the signal muons
that would result from collisions.

These are used to determine the fraction of cosmic muons in VR-u before and after the
cosmic tagged muons are removed from VR-p (left of Figure 10.8). From the fraction of
cosmic muons estimated from the template fitting, the fraction of muons removed by the
cosmic tag can be measured. The nominal tag removes 99.5% of cosmic muons and the
narrow tag removes 59% of cosmic muons. The nominal tag removes 8% of collision muons,

primarily from the detector coverage veto. Figure 10.9 compares the kinematic distributions
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Figure 10.5: The ¥n — A¢ distribution is shown before (left) and after (right) the 7 recal-
culation. The top row shows the distributions in VR-x and bottom row 300 GeV ¢ signal
samples in our full range of lifetimes. Using this cosmic tag, a very tight cut can be made
on cosmic muons without losing signal efficiency.

and cosmic-tagging efficiency between VR~ and signal MC.

10.3.2  Properties of Fvents with Cosmic Tagged Muons

Because all all events with a cosmic tagged muon are vetoed, a CR with at least one cosmic
tagged muon, CR-Mjp,j, is defined to study cosmic events. There are about 224,000 events
with at least one cosmic-tagged muon in the full dataset. 90% of events in CR-Mp,; have
only one muon, and that muon is cosmic tagged. 90% of those events find the cosmic muon
on the bottom of the detector, py,. The other 10% of events have two reconstructed muons
and they are both cosmic tagged. One event was seen that had four cosmic tagged muons,

two on either side of the detector, indicating muons from a cosmic shower. In CR-Mg
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Figure 10.7: The X1, seg — A¢y seg distribution of signal quality muons in VR-p. The red
line and shadow shows the bounds of the full cosmic tag, while the blue line and shadow
shows the boundary of the narrow cosmic tag. Everything inside the respective boxes is
tagged as a cosmic. The intermediate tag defines the region included in the full tag, but not
included in the narrow tag.
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Figure 10.8: tgvg of cosmic and prompt muons used as templates to the fit (left) and VR-p
dataset before and after removal of cosmic tagged muons on which the fit was performed.

events, some jets are seen from pileup collisions, but no additional leptons are observed in
events with with cosmic muons. Interesting LHC collisions are rare and so are cosmic muons,
so the odds of having the two coincident in the same bunch crossing is minuscule. Generally,
the cosmic muon is the most notable feature of the event and is the reason the event was
triggered.

Events with two muons reconstructed from one cosmic muon have a very distinct sig-
nature. They have exactly correlated zp, exactly anti-correlated dp, equal and opposite ¢
measurement, and their n measurements sum to 0. This can be seen in Figure 10.10. No
events were found with evidence of a cosmic muon’s trajectory changing due to radiation in
the detector, so this effect is assumed to be negligible within the detector resolution.

The timing distributions as measured by the MDT segments of muons in 1 and 2 cosmic
tagged events can be seen in Figure 10.11. In the 1 u case, py, has a timing distribution
centered around 0, indicating that py, is responsible for the trigger decision in these events.
However, in 1-u events in which only ¢ passes baseline selections, its timing distribution is
shifted negative (early w.r.t the collision), mirroring the distribution for p¢ in 2-u events.
This indicates that, even in cases in which only puy is reconstructed, the trigger decision is
made based on .

It takes roughly the same time for a cosmic muon to cross the width of the detector as
is the bunch spacing (about 25 ns). This means that in order to have sufficient detector

information to reconstruct two muons, the two MS signatures must be at the edges of the
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Figure 10.9: Cosmic tagging efficiency with respect to kinematic variables in VR-u data and
signal MC

detector readout window and near the bounds of the tgvg cut. This makes one or both muons

likely to have detector information associated to the wrong event. Due to the early timing
of uy, this is more likely for py, but occurs for both ug and py,.
Each of the combined muons will pass signal selections, because high quality information

exists from the ID, but if enough MS information is missing, the MS segments will not be

113



25000 1200

—— cosmic — cosmic

total total

1000

20000

800
15000

600

T L
-
.

10000

400

5000

- > 1 * 3 ; : i "
[9) 1 = ) : : : : : :
| 1 <
< 0.8f 10 : : ! !
-% 0.6 | l 810 2 E I e e 0 A %
= -4 -3 -2 -1 0 1 2 3 4 = -4 -3 -2 -1 0 1 2 3 4
o phi o phi
(g) VR-p data with respect to ¢ (h) Signal MC with respect to ¢
- - 14001 -
30000: —— cosmic ? = — cosmic |
25000 total E 1200F total E
E E 10001 =
20000F 4 600: 3
15000; = ; GOGf f
10000; ; 400F ]
5000 [ —H ] 200 —
> E : > 1 E 3 : i T i : = -
g 08 o S 10 B e e
8 o8 | | B107 i
o g I L _91072 [ == I L ]
&€ -25-2-15-1-050 05 1 15 2 25 = -25 -2 -15-1-05 0 05 1 15 2 25
5] eta @ eta
(i) VR~u data with respect to n (j) Signal MC with respect to n

Figure 10.9: Cosmic tagging efficiency with respect to kinematic variables in VR-p data and
signal MC

found back to back with the opposite combined muon, causing one or both of the muons to
evade the cosmic tag. Ultimately, it is this mismeasurement that leads to the background in

SR-pupe.

10.3.3 Background Estimate

If a MS segment is reconstructed without direct ¢ measurements from RPC or TGC hits,
its ¢ measurement is taken as the center of the MDT, which has resolution of A¢ = 0.2 (the
final nominal tag value of A¢¢os = 0.25 was expanded to include these cases). Events with
this measurement scheme were seen in a preliminary definition of the cosmic tag, which used
the same X7 cut, but the Ageos cut was reduced to Ageos = 0.18. With this preliminary
version of the cosmic tag, about 40 events were observed with one cosmic tagged muon, and

another untagged muon. In these events, pt was missing direct MS ¢ measurements, so its
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Figure 10.10: Relationship between two cosmic tagged muons in an event. Their dy (top
left), 2o (top right), n (bottom left), and ¢ (bottom right) values all indicate that the two
muons originate from the same cosmic.

segments were not back-to-back with uyp, and pp, was not tagged as a cosmic. py, however, was
well measured, so pt was cosmic tagged. An event can enter the signal region if both up, and
it are sufficiently mis-measured that neither can be tagged. This is sketched in Figure 10.12.
A muon’s cosmic tag is dependent on the opposite muon’s quality, so the muon’s cosmic tag
status and its quality are assumed to be uncorrelated in order to make an estimate of the
background.

This estimate and validation makes use of the two cosmic tags described in Table 10.3,
as well as an intermediate tag which defines a muon that is not tagged by the narrow tag but
is tagged by the nominal tag. Because a cosmic muon is defined using detector information
on the opposite side of the detector, muons tagged using the narrow tag must have a higher

quality measurement on the opposite side of the detector in order to pass the tighter cuts
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Figure 10.11: Comparison of timing distributions of positive ¢ (top left) and negative ¢
(top right) muons in 1 and 2 cosmic events, as well as the timing distribution of top and
bottom muons in 2 cosmic events (bottom). Here, “2 cosmic tagged muons” implies 2 muons
reconstructed from 1 cosmic muon. tgvg is calculated by taking the average of the ¢y measured
by all segments associated to the muon. Note that the peak at tgvg = 0 indicates a failure
of the fit used to measure tgvg , these are handled separately and individual segments with
tgvg = 0 do not enter the t%vg calculation.

than those tagged with only the nominal tag. Cosmic tagged muons with A¢eos — 21 values
closer to the edge of the nominal cosmic tag window are more similar to those that would
enter SR-pp as background (which are outside of the cosmic tag window).

To estimate the number of events entering SR~y from poorly measured cosmic muon
events, a scaling factor from good quality to bad quality muons, Ry, is defined. Then, it is
used to scale events which have one good quality and one bad quality muon, CR-uu-topbad,
into SR-uu to esimate the background contribution. This is in Figure 10.13. “Good” quality

defines a muon that passes signal cuts on Nprec, Vg, and XQCBv while a “bad” quality muon
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Figure 10.12: Sketches illustrating how a a 2 u cosmic event could evade a cosmic tag. In this
diagram, the thick lines represent ID tracks and MS segments, and the dashed line the CB
muon measurement. A muon is tagged as cosmic if it is back to back with an MS segment. If
an MS segment does not have a direct ¢ measurement from an RPC hit, its ¢ measurement
is taken as the center of the MDT, which has an uncertainty of 0.2 (though the muon can be
mismeasured in other ways as well, for example lacking MDT hits or resulting from a bad
combination of ID track and MS track). The sketch on the left shows a 2 1 event where the
red muon is cosmic tagged but the blue is not. The segments attached to the red muon are
not measured well, so when we look for the red segments back to back with the blue muon
(the blue circles), the segments are not in the right place and the blue muon is not cosmic
tagged. However, the blue muon is well measured, so when we look back to back with the
red muon, we find the segments of the blue muon. Thus, the better quality muon is not
tagged, while the poorer quality muon is. The right shows a scenario where both muons
have this mismeasurement, and so neither is cosmic tagged. This is what contributes to the
background in SR-ppu.

fails at least one of these cuts. For the nominal version of the estimate, it is assumed that
there is one ¢ > 0 muon (pt) and one ¢ < 0 muon (uy,), and gy is the muon is scaled from
“bad” to “good” quality. All regions have 2 reconstructed muons, and the cosmic tag and
quality are varied to define the various regions used to make the estimate.

Rgooq for the SR-pp estimate is defined using muons tagged with the full cosmic tag.
A validation estimate is also defined, using the narrow and intermediate cosmic tags. The
signal and validation regions used in this estimate are sketched in Figure 10.14 and the
numbers of events in each region listed in Table 10.5. Aside from Region 2 (CR~uu-topbad),

all other regions in the SR and VR estimates are subsets of CR-Mgp,;. These regions were
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Figure 10.13: A visual representation of the background estimation strategy

chosen to maintain orthogonality, while minimizing signal contamination and maximizing
statistical power. In all cases, statistical errors on Ry,0q are computed using the Wilson

interval which is recommended for values close to zero with small statistics [73].
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Figure 10.14: A visual representation of the CRs and VRs used to estimate and validate
the background contribution to SR-pu due to cosmic muons. Regions 3 and 4 are used to
define Ry0q. These regions were chosen to maintain orthogonality, while minimizing signal
contamination and maximizing statistical power.
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Region ¢ < 0 muon ¢ > 0 muon

1 signal signal

2 signal fails at least one MS quality cut

3 signal cosmic tagged

4 signal cosmic tagged and fails at least one quality cut

) narrow tagged narrow cosmic tagged

6 narrow tagged narrow cosmic tagged and fails at least one quality cut

7 narrow tagged full, but not narrow, tagged

8 narrow tagged full, but not narrow, tagged and fails at least one quality cut

Table 10.4: A description of the regions used for the cosmic estimate and validation. Each
column describes the way in which the muon deviates from a signal muon, meaning a muon
is signal in all respects except for the parameter(s) listed in the table.

Region 1
Event Yield -

2 3 4 5 6 7 8
2 1

18 1088 1000 1947 2465

Table 10.5: Numbers of events in each region used for the cosmic estimate. Regions 2-4 are
used to estimate SR~up (Region 1) and Region 6-8 estimate the number of events in Region
5, show in Figure 10.14.

Results of the estimate and validation are shown in Table 10.6. There is a statistically
significant discrepancy between the estimated and actual number of events in the VR. This
nonclosure can be explained by the difference in |dg| distributions in Region 5 and Region
6, shown in Figure 10.15. The excess of low |dy|, high XQCB muons in the weighted Region 6
compared to Region 5 implies that more muons have been created due to a poor combination
of prompt track with MS track. The estimate was performed in the VR with Ryqoq defined
as a function of |dy| and the nonclosure was reduced from 37.7% to 11.7%. It is not possible
to perform this estimate as a function of |dy| in the SR due to low statistics in Region
2 and Region 3. The estimate is performed without the |dy| binning and the nonclosure
from the unbinned estimate in the VR is taken as an uncertainty (37%). In the SR, seen
in Figure 10.17, there are no overlapping |do| bins in CR-pu-topbad and Rg0q, however,
adjacent bins are filled, so the extrapolation over |dy| is not large and uncertainity from this
extrapolation is contained in the nonclosure systematic. Rgooq and |dg| distributions for

each estimate is shown in Figure 10.17 and Figure 10.16 for the SR and VR, respectively.
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Region central value up error down error actual value % diff from actual
VR 789.9 34.85 34.4 1088 37.7%
SR 0.11 0.20 0.10 — —

Table 10.6: Results of the background estimation strategy in the two validation regions and
the signal region
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by unbinned Rgooq = 0.78 (left) and by Rynoq defined as a function of |dp| (right). The
nonclosure improves from 37.7% to 11.7% by binning Rgq0q in |dg|. The error shown is

statistical only. There is no trend in other variables (pr, n, ¢, 29, t
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Figure 10.16: [do| distribution of Rgooq (left) and pg in Region 6 to perform the VR esti-
mate. To calculate the background estimate, the distributions are multiplied bin by bin and
summed. The error shown is statistical only. This method is ultimately not used, in favor
of an unbinned version, due to statistical limitations in the regions used for the SR estimate
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Figure 10.17: |dp| distribution of Rgyoq (left) and pg in Region 2 to perform the SR es-
timate. To calculate the background estimate, the distributions are multiplied bin by bin
and summed. The error shown is statistical only. It can be seen here that there are no
overlapping bins between the two plots, and so this method is ultimately not used, in favor
of an unbinned version.

10.3.4 Systematic Uncertainties

Muon Orientation The estimate is performed using the quality of u¢ since muons in the
upper hemisphere are expected to be more temporally marginal and mismeasured. However,
the strategy can be performed with the quality of 14,. Because bad quality puy, are more rare
bad poor quality ut, it is not possible to compare this strategy in the SR estimate, which is
already statistically limited. However, the comparison can be made in the VR. As shown in
Table 10.7, this change produces an estimate that is consistent with the nominal estimate
within statistical uncertainties. Nonetheless, a 13% systematic uncertainty is applied from
the difference between the two predictions.

The estimate relies on the assumption that if two muons are reconstructed from a cosmic
muon, one will be on the top of the detector and the other on the bottom. 0 events were
observed with one good muon and one bad muon on the same side of the detector (sign(¢q)
= sign(¢1)) in both the 1 cosmic-tag regions and 0 cosmic-tag regions, so contributions from

same-side muons are considered negligible.
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central value up error down error actual value % diff from actual % diff from nominal
689.0 115.1 108.8 1088 62.3 % 13%

Table 10.7: Estimate in VR with bottom muon as test muon instead of top muon. CR-ppu-
topbad becomes VR-pu-bottombad and Rgoq is defined using the quality of py, instead of

Ht-

Variable central value wup error down error actual value % diff % diff
from actual nominal
Ny 783.6 69.2 68.1 1088 38.8% 0.9%
Nprec 920.6 51.8 50.9 1088 18.2% 16.5%

Table 10.8: Dependence of the background estimate in the VR on each of the variables used.
In each estimate, only the given quality variable is used to define a “bad” muon and the
other must always pass. In both cases, the X%B is allowed to pass or fail the signal cut.

Quality parameter dependence In the nominal estimate, a “bad” quality muon means
one that fails any one of the Npec or N¢ or X%B cuts. To evaluate the dependence one each
variable, the estimate can be performed using only one of these to define a “bad” quality
muon, requiring the others to pass the signal requirements. However, XQCB is dependent on
the MS track hit requirements and has a small contribution to the estimate regions on its
own. Only inverting only X%}B leaves 11 events in each Region 6 and Region 8 and 0 in
Region 2 and Region 4. Thus, we account for the X%}B contribution by remaining agnostic to
it in performing the estimate with the other two quality variables. Allowing for the failure
of the X%B cut increases the Nprec-only and Ny-only estimates by 2% and 1%, respectively.
Table 10.8 and Table 10.9 show the results of this procedure in the VR and SR, respectively.
We take the largest difference from the nominal estimate in the VR (16.5%) to account for
the quality variable dependence.
Variable central value up error down error % diff from nominal

N, 0 - - 100%
Nprec 33 0.75 0.40 200%

Table 10.9: Dependence of the background estimate in the SR on each of the variables used.
In each estimate, only the given quality variable is used to define a “bad” muon and the
other must always pass. In both cases, the XQCB is allowed to pass or fail the signal cut.
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10.3.5 Summary

This estimate is dominated by statistical uncertainties in the SR estimation regions. Ulti-
mately, O.llfg:%(l) (fg%gi stat. and 0.047 syst) events are expected in SR-pp due to cosmic

muons.

10.4 Negligible Backgrounds

Since this analysis is built on the assumption that there should be 0 background events
in all signal regions, it is extremely important to ensure that all possible backgrounds are
accounted for. Three different backgrounds were studied and determined to be negligible,

meaning that they contribute 0(10_4) or less events to the relevant SRs.

10.4.1 Material Interactions

Material interactions define events with dilepton pairs that come from interaction with the
material of the ATLAS detector. In other searches for long lived particles in ATLAS where
displaced vertices (DVs) are required, DVs are reconstructed by extrapolating their tracks
to their intersection, and it can be determined if verticies originate from material. In this
analysis, there is no vertex so such a veto cannot be used. In order to study material
interactions, events with leptons associated to displaced vertices from material were studied.
It was found that in the cases of both electrons and muons, events with an DV, where one
track is associated to a lepton, the AR between the lepton and the other track in the DV
was less than 0.2. After making the requirement that ARy t,qc < 0.2, no DVs with signal
leptons were found. In the case of the background to one of the SRs, the second track in the
DV would be associated to a lepton. After this cut is made, this background is negligible to
all 3 SR.
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10.4.2 Fake Muons

Fake muons were estimated using an ABCD method similar to SR-ee and SR-eu. Muons
were selected using the baseline requirements, plus asking that be isolated, and not cosmic
tagged. All remaining cuts used for defining signal muons were used to define “passing”
muons. Using this strategy, only 6 events were seen in the D region, and 0 in either B or C.
In the SR-eu fake estimate, the ratio of passing to failing muons is less than 1%. Given this,
the probability for two fake muons to pass our selections should be less than 0.01%, making
this background negligible (< 0.0006 events) and we consider it to be negligible relative to

cosmic muons.

10.4.3 Heavy Flavor Muons

Heavy flavor electrons and muons cannot be disentangled from algorithmic fakes in SR-ee
and SR-ep and are estimated in conjunction with fakes. Fakes are negligible in SR-pp, so
a HF estimate must be performed separately. Very few events in t¢ MC have single muons
from decays of b-hadrons pass the signal pp and |dg| cuts, so this background is expected to
be small when two muons are required. An ABCD method cannot be used for this estimate
because it cannot be assumed that the probability to find an isolated muon is uncorrelated
between 2 muons from two HF decays.

First, data was checked for anti-isolated muon events in CR-uu-hf, a region with two
signal muons and at least one of the muons must be anti-isolated. No events were observed.
Loosening the kinematic cuts to pp > 50 GeV and |dy| > 2 mm also found zero events.
Finally, since the muon trigger and thus muon DRAW_RPVLL filter only requires one muon,
it was possible to study events with one baseline muon and one muon with |dy| > 0.5 mm.
One event was observed in this region. Then, extrapolation factors to the SR kinematic
cuts were defined from the same dataset. The extrapolation factor from the extremely
loosened region into SR-uu for both the |dy| and pp of both muons was calculated to be

0.00013 +0.00013. This means that 1.3 x 10~% are expected in SR-yu from muons from HF,
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Region SR-ee SR~ SR-eu
Total background 046 £0.10 0.11753Y 0.0077)0:7
Fakes + Heavy Flavor 0.46+£0.10 <10=% 0.007700;]
Cosmics - 0.114_'8:%? -

Table 10.10: Summary table of the background estimate and uncertainty in each SR.

a negligible contribution.

10.5

Summary

In all, < 1 events are expected in each SR. Table 10.10 summarizes the background estimates

and Table 10.11 summarizes the systematic uncertainties.

Background Uncertainty Value [%]
SR-ee
Statistical 18
Fake and Heavy Flavor HF Nonclosure 11
Fake Nonclosure 6
Total 22
SR-ep
Statistical +260 / -130
Fake and Heavy Flavor HF Nonclosure 92
Fake Nonclosure 8
Total +270 / -160
SR-ppu
Statistical +180 / -95
Cosmic Muons VR Nonclosure 38
Estimate variable 16.5
Muon Orientation 13
Total +185 / -104

Table 10.11: Table describing statistical and systematic uncertainties for all background
estimates as a percent of total yield. The total uncertainty is the sum of the individual

components in quadrature.
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CHAPTER 11
SIGNAL SYSTEMATICS

In order to use this analysis to make a statement about a potential BSM model, the extent
to which the signal MC correctly simulates the real physical environment must be evalu-
ated. Differences between data and MC are studied in order to avoid underestimating or
overestimating the expected number of BSM events that could have been seen in the data.

Where possible, the MC is corrected to better represent the data using scale factors, and
in other cases systematic uncertainties are applied to the final result. Uncertainties are also
evaluated on the scale factors. A list of all of the systematic uncertainties applied in the
interpretation are listed in Table 11.1. The value listed in the table describes how much
varying the efficiency of a given parameter changes the final signal yield.

The dominant source of systematic uncertainty on the signal MC in this analysis comes
from the efficiency for selecting displaced leptons, for which there is no data to compare to
MC. As a result, this is evaluated in several steps: first the trigger, reconstruction, and
selection efficiencies are compared for prompt leptons in the same physics process in data
and MC; then the tracking efficiency is compared between signal muons and cosmic muons,
which compares different physical phenomena that result in pp, high |dy| tracks; finally, the
lepton reconstruction efficiency is studied with respect to displacement is studied in MC
only and a conservative additional uncertainty to account for any missed effects in data is
measured. Other event-level systematic uncertainties are applied to account for mismodeling
of pileup and theory assumptions made during MC generation. There are many standard
systematic uncertainties derived by ATLAS, for example the jet energy measurements or the
sagitta measurements of muons, that do not have a large impact on this analysis with its

nonstandard physics objects.
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Uncertainty Source Uncertainty [%] (/i) Uncertainty [%)] (7)

Statistical 2-46 2-100
Cross Section 2-5 2-5
Tracking 2-15 11-14
Muon Trigger 1-4 4
Muon Selection 3-15 20-37
Electron Selection 0.5-2 1-2
Electron Trigger 0 0
Lepton Displacement 1-18 2-26
Pileup Modeling 7 7
Other theory 0-5 0-5
DRAW_RPVLL Filter Efficiency 1.5 1.5
Luminosity 2 2

Table 11.1: Table describing statistical and systematic uncertainties impacting €, i and 7
efficiencies. Systematics in this table are defined as the difference varying each parameter
makes in the final signal yield.

11.1 Displaced Lepton Reconstruction

11.1.1  Prompt Lepton Reconstruction

Z bosons can decay into two electrons or two muons. This process is well modeled in MC,
and easy to identify in data as the invariant mass of the two leptons should equal the Z boson
mass (within resolution effects). The invariant mass of the leptons provides a way to identify
a lepton as a real lepton that should pass all of the trigger, reconstruction, identification,
and selection algorithms. A tag-and-probe analysis tags events by finding two lepton can-
didates with invariant mass near the Z boson peak, and then the probe leptons are used to
measure the selection efficiency by asking that one of the leptons pass a given requirement.
This method is used to evaluate trigger, reconstruction, and selection efficiencies of prompt
electrons and muons.

The difference between data and MC can be thoroughly studied, so scale factors are

applied to correct the leptons in MC. A scale factor is defined as:

efficiency in data

scale factor = (11.1)

efficiency in MC
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Then the statistical uncertainty on this value is evaluated and applied as an additional
uncertainty on the signal. In general, MC estimates higher efficiencies than are seen in data.
In particular, the MC assumes a perfectly aligned detector with all subsystems working
perfectly, which is not true in practice, so variables that correlate multiple subdetectors, like
electron Ap/p or muon XZCB’ contribute to a difference between data and MC. A 90%
scale factor means that MC overestimates the selection efficiency by 10%.

ATLAS centrally defines electron and muon scale factors for prompt electrons and muons,
but due to the special triggers and selection criteria used in this analysis, custom scale factors
are required. For electrons, this analysis uses photon triggers as well as a bug-fixed electron
reconstruction, as well as a custom identification and non-standard selection criteria, so all
scale factors must be derived specifically for this analysis. For muons, a nonstandard trigger
is used, but the reconstruction is standard (except for the tracking, evaluated separately)
and the only change to the identification criteria is the removal of the cut on pixel hits, which
does not impact prompt muons, so central scale factors are used, with additional selection

and special trigger scale factors derived for this analysis.

Electrons

For electrons, Z — ee events are used to evaluate trigger scale factors, and a single scale
factor for reconstruction, identification, and selection as all electrons coming from the 7Z are
real electrons and should pass the trigger as well as all selection criteria.

For both HLT 2g50_1loose and HLT g140_loose triggers, the efficiency is defined as the
number of electrons passing the trigger divided by the number of electrons passing the
offline identification criteria. This is done for single electrons, and in the case of the 2
electron trigger, the results are summed in quadrature. It was found that above the trigger
threshold, the trigger efficiency in both data and MC is very close to 100%, so this scale
factor and its associated uncertainty is considered negligible.

The reconstruction, identification, and selection scale factors are evaluated together, by
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measuring the efficiency for a reconstructed electron candidate to pass the final signal selec-
tion. Electron candidates are cluster-track combinations that will get eventually identified
as a photon, converted photon, or electron (or none of these). The track reconstruction is
studied separately and the cluster reconstruction efficiency at the signal pp is nearly 100%.
The scale factors for electron selection are defined as a function of Ep and n and around 98%
except for in the region between the barrel and endcap (around |n| = 1.5) where it drops to

90%. The statistical uncertainty varies from 1-3%.

Muons

Z — pp data and MC are used to define additional scale factors for the HLT mu60_0Oetal05_msonly
trigger. The standard trigger scale factors correct for many features of the MS and additional
corrections are derived and applied on top of them for this analysis. Events are required to
pass a MET trigger to ensure an unbiased data sample and have two muons within 10 GeV
of the mass of the Z boson. The trigger efficiency is then defined as the number of muons
passing the HLT mu60_0etal05 msonly trigger divided by the number of baseline muons.
Similarly, selection scale factors are defined by requiring that one muon pass all signal se-
lections (except the |dg| cut), then the efficiency for the second baseline muon to pass the
same signal selection cuts is evaluated.

The scale factors are larger for muons than for electrons because many of the structural

features of the MS are not well modeled in MC. The statistical errors are also around 3%.

11.1.2 Tracking

This analysis relies on LRT in order to reconstruct leptons with high pp and high |dg|.
Tracks from cosmic muons have high pp and high |dy| and can be used to measure the
tracking efficiency in data. Cosmic muons are tagged as muons with MS activity on the
other side of the detector, so the cosmic muon must have also passed through the ID leaving

a track behind. Provided we make some kinematic selections, the existence of the track
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back-to-back with the cosmic should be solely dependent on the LRT efficiency.

A tag-and-probe analysis is performed here as well, by tagging a cosmic muon and looking
for tracks back-to-back with it in a narrow AR¢es cone. Then compare this to a tag-and-
probe analysis in signal MC by looking for a track in a narrow AR cone nearby a truth
muon.

There are several important kinematic selections that must be made to ensure the col-
lection of tracks are similar and to correct for the different kinematic distributions between
cosmics and data (see Figure 10.9).

First, to ensure all the hits in the track will be read out with the event, ¢ > 0 muons
must have negative tgvg (early w.r.t collision), and ¢ < 0 muons must have positive tgvg
(late w.r.t collision). Making this cut shows a flat reconstruction efficiency w.r.t. tgvg. All
signal muons have very central timing, with ID signatures created before MS signatures, so
this problem does not apply. The impact of the timing cut can be seen in Figure 11.1.

Second, the cosmic ray muon passes through the detector in an approximately straight
line through the ID, so the dy is simply the distance the cosmic muon was from the PV.
This is not the case for signal muons, whose dy does not measure a point the muon has gone
through, but an extrapolation backwards to the PV. This means that signal tracks with the
same dg can have very different properties, such as number of hits on track. To correct for
this, we require the Rgecay and dy to fall between the same two silicon layers. A sketch of
this difference can be seen in Figure 11.2.

Finally, cosmic muons have a much wider 2z range than signal muons, which induces an
n dependence. So we require cosmic muons to have |zg| < 120 mm, to harmonize with signal
muons. Additionally, both signal and cosmic muons must have |n| < 1.05 in order to be
triggered. A full list of cuts made on tag muons and probe tracks can be found in Table 11.2
and Table 11.3.

The remaining difference between cosmic and signal muons is the correlation between

pr and |dg| in signal. Thus, the cosmic muon pp distribution is reweighted in each |dy| bin
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to match the signal distribution. Then, the ratio of the efficiencies as a function of |dg| is
determined per lepton. The maximum difference, 8%, is taken as the systematic uncertainty
per lepton, then summed in quadrature for the two leptons in the event resulting an 11%
event-level systematic. Tracking efficiency is assumed to be symmetric around the detector
and that after GSF tracking, electron tracking and muon tracking have equivalent efficiency;,

motivated by Figure 11.3.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.9
0.8
0.7
0.6
05
0.4
0.3]
0.2

e ST
0.7
+ + 4 0.6
0.5

+ 0s

0.1

1
f
b
+ ]
4+74

Figure 11.1: LRT efficiency measured with various ¢ and tgvg cuts. The right shows ¢ < 0
muons with no tgvg cut, the center shows ¢ > 0 muons with no tgvg cut, and the left shows
the final selections, with ¢ > 0 requried to have tgvg i0and ¢ <0 tgvg ., 0. This gives a
consistent readout configuration and an approximately flat efficiency w.r.t tgvg. In particular,
there ¢ < 0 muons with negative timing that result in an artificially low efficiency, likely due
to incomplete readout.

Figure 11.2: An illustration of the difference in dy measurements between cosmic (left) and
signal muons. The dy of a cosmic muon is always measured just before its first hit, whereas
for a signal muon, the first hit can come far after the dy. The blue x’s represent ID hits and
the red lines represent muon tracks.

131



x M x MW .
g r electron 3 g r electron ]
G 1.2 - 5 12— 1
=) E ¢ muon m =] r ¢ muon E
2 =" = 2 Ly =
S C ] S C 200 ]
e o8 e . e gt +*f+**++ 1
2 N ] ) : +H* 1
) r == ] ) r ]
2 06 = 2 0.6 =
2 H —= b K} L ]
£ r s - £ o4l A
i 0'4: - ] o 2 ]
0.2 = S — 0.2 .
o:w e e b b Ly w\"i L@ L \: 0: SR IS S O A S S S AN SN SRS ST SAT S Y :

0 50 100 150 200 250 300 0 200 400 600 800 1000
true lepton d0 true lepton P,
X 1-47' T T T L x 14L' T Tttt
[} C | [&] C 7
g o electron ] g o electron ]
5 1.2~ ] 5 1.2~ -
=) E ¢ muon m =] = ® muon 4
B 1= ; 17 = i
f L | j L B
[e] C i Q L i
§ 0.8 R —— oS —0—90—90 0 o o = § 0 8; o o 90080 o 99 900°% g B
[} “F b o T b
> [ ] - [ ]
2 06 = 2 0.6 =
2 F N o L ]
k3] F B 5 F b
0.2~ = 0.2 -
:\ co e b e b e b 1 0: PR PSR TSN USSR SR BRSNS RS A ]

—Ql 5 -1 -0.5 0 0.5 1 1.5 -3 -2 -1 0 1 2 3

true lepton n true lepton ¢

Figure 11.3: Tracking efficiency for electrons and muons in signal MC (all lifetimes of 300
GeV é or [1). These plots justify the assumpution that tracking efficiency is the same between
electrons and muons and symmetric about the ID volume.

Cut on cosmic muon Cut on truth muon
pT > 50 GeV pt > 50 GeV
|dp| > 3mm |dp| > 3mm
In| < 1.05 In| < 1.05
20| < 120 mm parent is a fi
to'® > 0if ¢, <0 dy and Recqy between
OR tgvg > 0if ¢, >0 the same silicon layers

Table 11.2: Cuts on tag muons. Cosmic muons (right) and truth signal muons (left).

Cut on cosmic muon Cut on truth muon
pT > 30 GeV pT > 30 GeV
ARcos = \/(Ad — )2+ (X1)2 < 0.3 AR = /(A¢)? + (An)2 < 0.05

|d0,track - dO,u| <20
|ZO track — ZO,u| <20

Table 11.3: Cuts on probe ID tracks. In data (right) and signal (left).
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Figure 11.4: A comparison of tracking efficiency in cosmics data and signal MC (all masses
and lifetimes can be used to due the eventual pp and dy binning) with respect to pp (top
left), do (top right), n (bottom left), and ¢ (bottom right). The MC efficiency is shown in
purple, the data efficiency in black, and the ratio between the efficienceis is shown in gray.
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11.1.8 Lepton Displacement

The effect of displacement on lepton reconstruction cannot be directly compared between
data and MC. An additional uncertainty is defined in MC to account for reconstruction
effects potentially not captured by the previous two systematic uncertainties. It is taken as
the deviation in the reconstruction efficiency as a function of |dg| relative to prompt muons.
This uncertainty is meant to capture any discrepancy in MS track or electron shower shape
parameters at high |dy|, as well as changes in how they are combined with the ID track. This
uncertainty is extremely conservative as there is no way to determine if the same fluctations
are seen in data.

To determine the systematic uncertainty due to displaced reconstruction, the baseline
or signal reconstruction/selection efficiency is divided by the tracking efficiency in order to
separate any inefficiences from LRT. Then, the ratio of each high dg bin relative the prompt
bin (0-3 mm) is taken, results of this are shown in Fig. 11.7. The uncertainty is assigned to
each lepton and they are summed in quadrature to get an event level systematic.

This uncertainty for muons is quite small, while it is much more substantial for electrons.
Electrons are identified using a likelihood, which is trained with dy as a discriminating
variable. |dg| was removed from the cuts performed offline, but the LH was not retrained,

and so there as a larger relic dy dependence and the displacement uncertainty is much larger.

11.1.4 Other Sources of Uncertainty

Pileup Modeling

When MC is generated, particularly when it is generated during the course of the run,
the actual pileup distribution of the events from the LHC is not known. This is corrected
through a process called pileup reweighting, where a more realistic pileup profile is added to
MC events. The change in number of signal events when the pileup profile is varied is taken

as a systematic uncertainty, 2%.
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Figure 11.5: Electron selection efficiencies with respect to truth (left) and with respect to
the tracking efficiency (right). Made from a 300 GeV ¢ signal samples with lifetimes between
0.01 ns-1 ns. The denominator of the efficiency is truth electrons from é with pp > 65 GeV
and |n| < 2.5, and the numerator is truth matched and signal (or baseline) quality tracks or
leptons.
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Figure 11.6: Muon selection efficiencies with respect to truth (left) and with respect to the
tracking efficiency (right). Made from 300 GeV { signal samples with lifetimes between 0.0
Ins-1 ns. The denominator of the efficiency is truth muons from g with pp > 65 GeV and
In| < 2.5, and the numerator is truth matched and signal (or baseline) quality tracks or
leptons.
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Figure 11.7: Fractional systematic uncertainties defined for muons (left) and electrons. The
value of each bin is defined as 1 minus the ratio of the selection efficiency with respect to
tracking efficiency of the given bin to the same value of the prompt (0-3 mm) bin. These are
defined in 300 GeV / signal samples with lifetimes between 0.01 ns-1 ns. It was confirmed
that the trends are consistent across various ¢ masses.

Theoretical Uncertainties

Additional uncertainties are taken for the renormalization and factorization scales that are
used to generate the physical processes in MC. These impact both the cross section mea-
surement and the final lepton kinematics. Both scales are varied, impact on the final results

quantified, and the range of variation is taken as an uncertainty, in this analysis about 5%.

Luminosity Measurement

ATLAS measures luminosity using dedicated detectors and calibrations (discussed in sec-
tion 3.4. The uncertainty on this measurement contributes a 2% uncertainty to the analysis,

as it impacts the normalization of the signal yield from MC.
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CHAPTER 12
RESULTS

A search for leptons with large impact parameters in 139 fh~! of pp data with Vs = 13
TeV collected by the ATLAS detector between 2015 and 2018 has been presented. Three
Signal Regions (SR) are defined based on the flavor of the two highest pp leptons in the
event: SR-ee with two electrons, SR-pu with two muons, and SR-ep with an electron and a
muon. Quality requirements are designed to select real leptons with large impact parameters.
Backgrounds from algorithm fakes, heavy-flavor meson decays, and cosmic-ray muons are

estimated from data.

12.1 Signal Yield

0 events are observed in each signal region, in full agreement with the background estimate.
The result of each cut made in each SR can be seen in Table 12.2, Table 12.1, and Table 12.3
for SR-pu, SR-ee, and SR-ep, respectively. The most powerful background discriminators are
the App/pr cut for electrons and cosmic veto for muons, also in agreement with expectations.

This analysis was designed to be as general as possible, so the results can be applied to

any new physics signature that results in 2 leptons with high |dy| and high prp.

Cut data yield
Pass trigger and at least 2 baseline leptons 65484

2 leading leptons are electrons 19419
pT > 65 GeV 14061
|dg| > 3 mm 11589
both electrons pass isolation 9220
Apt/pr > -0.5 7
Xip < 2 2
Npigs <1 0
ARy > 0.2 0

Table 12.1: Cutflow for SR-ee for Run 2 data.
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Cut data yield
Pass trigger and at least 2 baseline leptons 65484
2 leading leptons are muons 45845
pT > 65 GeV 35607
|dg| > 3 mm 35326
both muons pass isolation 35204
muons pass cosmic veto 2
t® < 30 2
X%D <2 2
Nmiss < 1 2
Nprec >3 0
X¢p < 3 0
Ng >0 0
ARM > 0.2 0

Table 12.2: Cutflow for SR-up for Run 2 data.

Cut data yield
Pass trigger and at least 2 baseline leptons 6548
2 leading leptons are a muon and an electron 1910
pr > 65 GeV 128
|do| > 3 mm 107
both leptons pass isolation 98
muon pass cosmic veto 86
muon tgvg < 30 82
muon X%D <2 72
muon Npiss < 1 68
muon Nprec > 3 6
muon x3g < 3 0
muon Ny > 0 0
electron Aprt/pp > -0.5 0
electron X%D <2 0
electron Npiss < 1 0
ARy > 0.2 0

Table 12.3: Cutflow for SR-eu for Run 2 data.
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CHAPTER 13
INTERPRETATION

Since no events are observed, limits are set on the parameter space of GMSB SUSY mdoels.
Limits are computed using HistFitter [74], an ATLAS framework that combines the observed
number of events with uncertainties on background predictions and signal systematics and
calculates both model dependent and model independent limits using the CLg technique [75].
CLg is a useful tool for particle physics analyses. Somewhere between a purely frequentist
and purlely basian method of deriving a confidence interval, the CLg describes the confidence
in a signal-only hypothesis. The limit curve is drawn where CLS(mZ) < 5%, meaning that
the probability of having falsely excluded a ¢ of a given mass is less than or equal to 5%. The
smaller the value of CLg, the lower the probability that a ¢ with a given mass exists. For a

search where 0 background events are predicted, 3 events are required for a 95% CLg [76].

13.1 Slepton Limits

Limits are set on the possible masses and lifetimes of long-lived (. Four different limits are
set using the results of this analysis: each e, i, or 7 NLSP, or the mass degenerate case with
all three as co-NLSPs. Results for all four scenarios combined are shown in Figure 13.1,
and the individual limit for each of the four scenarios along with their observed CLg value
is shown in Figure 13.2.

For the ¢ NLSP and i NLSP cases, the results from SR-ee and SR~uu, respectively, are
used. While for the 7 and co-NLSP cases, all three SRs are combined. For a lifetime of
0.1 ns, ¢ NLSP, i NLSP, 7 NLSP, and co-NLSP scenarios are excluded for { masses up
to 720 GeV, 680 GeV, 340 GeV, and 820 GeV, respectively. Co-NSLP events are also
excluded up to 10 ns for masses below 330 GeV. The previous from OPAL [2] is surpassed

by nearly an order of magnitude for é-, ji-, and co-NSLP scenarios.
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Figure 13.1: Expected (dashed) and observed (solid) exclusion contours for € NLSP, fi NLSP,
7 NLSP, and co-NLSP production as a function of the lifetime at 95% CL.

13.1.1 Comparison to LEP

The summary in Figure 13.1 includes both right- and left-handed slepton production and
cannot be directly compared to the results from LEP. Right-handed only or left-handed

only, as well as 71 and 79 limits are shown in Figure 13.3 and compared to the LEP limit

where possible.
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Figure 13.2: Individual exclusion curves for four different NLSP scenarios: € (top left),
(top right), 7 (bottom left), co-NLSP (bottom right).
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Figure 13.3: Limits on { separated by their chirality with the LEP limit shown in pink. In
order from top to bottom, left to right: €y, €p, i, g, left-handed 7;. This result does not
have significant sensitivity to right-handed 7».
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13.2 Model-Indpendent Limits

Additionally, model independent limits are set on generic new physics processes in the SRs.

These limits are based on the visible cross-section of new physics ((eaggS» and the observed

(595

°bs) and expected (Sé)gp) number of signal events that would be measured. Visible BSM

cross sections above 0.02 fb are excluded in each SR These values are shown in Table 13.1

Signal channel (60)2%5 [fb] S 905bs S 9e§<p
SR-ee 0.02 3.0 3.0
SR-pup1 0.02 3.0 3.0
SR-eu 0.02 2.7 3.0

Table 13.1: Left to right: 95% CL upper limits on the visible cross section ({(es)?> ) and

obs

on the number of signal events (S 9o5bs ). The third column (Sge5xp) shows the 95% CL upper
limit on the number of signal events, given the expected number of background events. The
last column shows the p-value of the no-signal hypothesis.
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CHAPTER 14
CONCLUSIONS AND FUTURE IMPROVEMENTS

The lifetime is an underexplored region of phase space for many natural BSM theories and
this thesis describes a search that covers a large gap in signature space at the LHC. In
139 tb~1 of /s = 13 TeV LHC data collected by the ATLAS detector, no signs of BSM
physics are seen. Three orthogonal signal regions are defined and less than 1 background
event is predicted in each. 0 events are seen and limits are set on the possible mass and
lifetime of ¢ in GMSB SUSY models. For a lifetime of 0.1 ns, selectron NLSP, smuon
NSLP, stau NSLP, and co-NLSP scenarios are excluded for slepton masses up to 720 GeV,
720 GeV, 370 GeV, and 830 GeV, respectively, exceeding the LEP co-NSLP limit [68] by
almost an order of magnitude. Co-NSLP events are also excluded up to 10 ns for masses
below 330 GeV.

A minimal, though substantial, set of optimizations were done to obtain this result, but
future analyses using the same dataset could improve upon this result in several ways. First,
further optimization could be done of the electron reconstruction algorithm in order to boost
efficiency at high |dg| as well as reduce the systematic uncertainty due to the variation in
the lepton displacement selection efficiency. Also, additional signal regions could be defined
using a MET trigger to increase sensitivity. This signal model has real MET due to the
gravitinos (and neutrinos in the 7 decays). More importantly, muons are not included in
the MET calculation at the trigger stage, so an MET trigger is an effective displaced muon
trigger. A bolder improvement would be to reconstruct all recorded events with LRT, instead
of the filtered 10% that is currently used. This would enable more creativity in signal region
design and more centralized displaced lepton identification algorithms.

Additional optimizations should be performed to prepare for an analysis in Run 3. In
particular, this search suffered from trigger limitations. A simple improvement to the data
collection scheme would be to introduce an EM-only + MS-only trigger. This would likely

have a low enough fake rate that it could be added in relatively easily and p and 7 require-
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ments on the single EM-only and MS-only signatures could be relaxed. A more exciting
improvement would be to implement LRT in the trigger and design trigger-level displaced
lepton identification algorithms. This would likely have a low enough rate to reduce the pt
requirements substantially.

This result should also be interpreted in conjunction with other searches, including
prompt searches and those for disappearing tracks and stable massive particles, to probe the
full possible lifetime space of sleptons and make a more lifetime-inclusive statement about
GMSB SUSY at the LHC. Furthermore, the minimal event-level requirements make this

result model-independent and applicable to any BSM decay resulting in displaced leptons.
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