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Abstract

A search is performed for pair produced supersymmetric top (stop) quarks in hadronic and
multi-leptonic final states. The search uses a sample of proton-proton collision data at /s = 13
TeV, corresponding to 137 fb~!, recorded by the Compact Muon Solenoid (CMS) experiment
at the Large Hadron Collider (LHC). The searches are focused on events with a high transverse
momentum system from initial-state-radiation jets recoiling against a potential supersymmetric
particle (sparticle) system with significant missing transverse momentum. Stop signals which have
small mass splittings between the stop and the lightest supersymmetric particle (LSP) on the order
of 10s of GeV are studied for stop masses ranging from 400 to 1500 GeV. This dissertation probes
the compressed mass phase space through the use of Recursive Jigsaw Reconstruction (RJR) by
assigning reconstructed objects to the initial state radiation or sparticle system following a generic
decay tree, and using this assignment to take advantage of mass sensitive variables in different rest
frames. A new Deep Neural Network based b quark tagger has been developed to find low pr b
quarks using secondary vertices. The signal regions are defined by the multiplicity of reconstructed
objects in each of the two systems, including leptons, jets, soft b-tagged secondary vertices, and
b-tagged jets. Limits are placed on the pair production of stops quarks and are interpreted within
the framework of simplified models. Exclusions at 95% Confidence Level (CL) are expected for
stop masses up to 675 GeV for neutralino masses up to 665 GeV, where the neutralino is assumed
to be the lightest supersymmetric particle.

The last part of the dissertation details a project, independent of the stop search, which looks
at calculating the location of the CMS beam spot using tracking independent methods. A method
was developed, making use of a maximum likelihood fit, which only uses the cluster occupancy
and x, y, and z positions of the read out chips located in the first layer of the barrel pixel detector,

and is accurate to within 1 mm of the true beam spot when tested on simulated Monte Carlo (MC).
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cut. These histograms are separated into the analysis backgrounds, where each

background is further separated into their flavor components. The bottom figure is

an enlarged view of thelegend. . . . . . . . . .. ... oo

Stacked histograms of the pr (top left),  (top right), mass (bottom left), and Ny, ¢
(bottom right) of the SVs in the single lepton region after the discriminator cut.

These histograms are separated into the analysis backgrounds, where the W+jets

has a large fraction of /ight flavor SVs . . . . . . . . ... ... oL

Stacked histograms of dy, (top left), cos Osy py (top right), d3p (bottom left), and
dgiDg (bottom right) of the SVs in the single lepton region after the discriminator cut.

These histograms are separated into the analysis backgrounds, where the W+jets

has a large fraction of light flavor SVs . . . . . . . . .. ... ... .. .
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4.55 Stacked histograms of the 1 distributions of the low-pr di-lepton (left) and sin-

5.1

5.2

5.3

54

5.5

gle lepton (right) regions, in linear form. The single lepton plot only shows the
MC background, without the data, separated into flavor components. These distri-

butions highlight how the light flavor SVs concentrate in the forward 1 regions,

creating a larger b flavor fraction in the central n regions. . . . . . . . .. ... ..

Stop cross sections as a function of stop mass, calculated to NLO accuracy. These

cross sections are kept constant between signal models which assume the pair pro-

duction of stops or sbottoms. . . . . . . . ... L L L

The mass points present in the T2tt, T2bW, and T2cc stop signals. They are given

with the stop mass on the x-axis, and the LSP mass on the y-axis. . . . . . .. ...

Plot of the trigger turn on, for the Single Muon primary dataset, and total MC

background. Overlayed are fits which try to model the turn on, in order to later

recover efficiency below the plateau. . . . . . . . ... ... ..o oo

A distribution of A¢cyy ; versus ng for the 2017 MET PD for R;gg > 0.9 divided
by the total background from 2017 samples for R;sg > 0.9. Overlayed in red is the

2D cut applied to these two variables, where the central area is kept. The yellow

areas are where the poorly modeled eventsoccur. . . . . . .. ... ... ... ..

Fractional distributions of the number of S (top) and ISR (bottom) SVs and b jets
for 1 and 2 golden lepton selections. These plots show how the SVs and b jets are
distributed between the S and ISR systems for the two main backgrounds (¢ + jets
and W + jets), and the two T2-4bd samples with a stop mass of 500 GeV and LSP
masses of 490 (dark purple) and 420 (light purple). The distributions are scaled by

the count of the O bins for each set of object counting. This means that the 1 and

> 2 count bins are fractional values with respect to the O countbins. . . . . . . . .

X1X

131



5.6

5.7

6.1

6.2

6.3

6.4

6.5

Distribution of yr for a T2bW stop signal with masses 500, 490 (top) and the
total background, not including QCD (bottom). This is for a 1L —0J5,> ¢ — X3

region. Larger values of yr represent a more balanced event in the S system, where

smaller values represent an imbalance. . . . . . . .. ... ... . 0oL

Distributions of the number of events in a set of regions that are related to the SV
selection in the 0 and 1 lepton categories. These are separated into signal regions
(top) and control regions (bottom). The histograms give the total MC background,
and the largest of a mix of T2tt and T2bW signals with mass splittings ranging
from 10 to 225 GeV for stop masses between 500 and 600 GeV. The ratio plots

give the percentage of signal with respect to the background, with a line drawn at

the 1.5% mark. . . . . . . . . e

Scale factors obtained from the electron tag-and-probe binned in 1| and pr for

2017 data. The four efficiencies shown are: very loose ID (top left), tight ID (top

right), Isolation (bottom left) and Promptness (bottom right). . . . . . . . ... ..

The 2017 data/MC scale factors for muons in all three lepton tiers: Gold (top left),

Silver (top right), and Bronze (bottom). . . . . . .. ... ... ... .......

The muon fractional flavor contributions for the bronze (left) and silver (right)

Cate@OriZAtIONS. . . . .« v v v i e e e e e e e e e e e e e e

Distributions of the shape correlations for 1L — 3J categories with varying numbers

of b-jets. These are looking at the heavy flavor fake contributions from 7 4 jets

(left) and W + jets (right) for electrons (top) and muons (bottom) . . . . . . . . ..

Post-fit distribution of the background only fit of the 1Lg — Jglsve —X(fzoo and

155

157

lL’é — 1J818Ve _ xPso SV control regions, compared to real data, for 2017 samples. 160
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6.6

6.7

6.8

6.9

Impact and pulls for the nuisance parameters of the SV control region fit, using a
b-only (top) and s+b (bottom) fit. The scale parameters that show a 1.0 are the nor-
malizations for the dominant processes that are allowed to float freely. Due to this,

the fitting was unable to gauge the pull for those parameters, as the normalizations

are not allowed to go into negative values. . . . . . . . .. .. ... ... ... ..

Post-fit background yields for some OL, 1L and 2L final states. The OL and 1L
plots correspond to an SV selection, 1L — OJ(}I;W (top) and 1L — OJ{;’ 1SV (middle),

while the 2L corresponds to a 1 jet, 1 b-jet selection, 2L — 1Jfl§/ (bottom). The data

correspond to an Asimov dataset, since the real data are currently blinded. . . . . .

Simulated event yields for the background and some select T2tt and T2bW signals
in the O lepton final states. The bins detail how the yields change with further
categorization, starting with the overall final state on the left, and adding on the

lepton and SV categorizations, and the event categorizations as one moves to the

binsontheright. . . . . . . . .. .. . ..

Simulated event yields for the background and some select T2tt and T2bW signals
in the 1 lepton final states. The bins detail how the yields change with further
categorization, starting with the overall final state on the left, and adding on the
lepton and SV categorizations, and the event categorizations as one moves to the
bins on the right. Some of the regions have a slightly different nomenclature, as

the regions are a condensed form of the final regions. For example k-+ refers to a

ISR

combination of the highest p7?™ and yr categorizations. . . . . . ... .. ... ..
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6.10 Simulated event yields for the background and some select T2tt and T2bW signals
in the 2 lepton final states. The bins detail how the yields change with further
categorization, starting with the overall final state on the left, and adding on the
lepton and SV categorizations, and the event categorizations as one moves to the
bins on the right. Some of the regions have a slightly different nomenclature, as the
regions are a condensed form of the final regions. For example the presence of a
Z* denotes a Z candidate region, where there are 2 leptons in the same hemisphere,
and k+ refers to a combination of the highest pITSR and yr categorizations. . . . . . 167
6.11 Simulated event yields for the background and some select T2tt and T2bW signals
in the 3 lepton final states. The bins detail how the yields change with further
categorization, starting with the overall final state on the left, and adding on the
lepton and SV categorizations, and the event categorizations as one moves to the
bins on the right. Some of the regions have a slightly different nomenclature, as the
regions are a condensed form of the final regions. For example the presence of a
Z* denotes a Z candidate region, where there are 2 leptons in the same hemisphere,
and k+ refers to a combination of the highest p’TSR and yr categorizations. . . . . . 168
6.12 T2tt expected limits. The top plot shows expected limits for the stop mass against
the LSP. The bottom plot shows expected limits for the stop mass against the mass
difference between the stop and LSP, and is focused on the smallest mass splittings,
below the W-corridor. . . . . . . . .. ... 169
6.13 T2bW expected limits. The top plot shows expected limits for the stop mass against
the LSP. The bottom plot shows expected limits for the stop mass against the mass

difference between the stop and LSP, and is focused on the smallest mass splittings,

below the W-corridor. . . . . . . . . . . . . 170
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6.14 T2cc expected limits. The top plot shows expected limits for the stop mass against

Al
A2

A3

A4

A5

A6

the LSP. The bottom plot shows expected limits for the stop mass against the mass
difference between the stop and LSP, and is focused on the smallest mass splittings,

below the W-corridor. . . . . . . . . . . . e 171

A figure showing the module rings over z, and their naming convention . . . . . . 187
A plot of the ladders of Bpix layer 1 with cartoons detailing different parts. The
black lines are the ladders, showing the length of the modules. The green circle
surrounds the inner ladders of layer 1. The red bracket shown outlines a ROC
which is half of a module, corresponding to the half-ladders. The red arrow shows
ryy Which is the 2D radius in xy from the center of the detector to the relevant layer. 188
A plot of the ladders of Bpix layer 1, looking down the z-direction. The plot on the
left shows all 12 ladders, while the plot on the right shows just the inner ladders.
Cutting each of these bars in half would then give the half-ladders. . . . . . . . .. 188
A figure showing the arrangement of ROCs in the occupancy, ¢, z space of the
inner ladders of BPix layer 1. Highlighted in the boxes are examples of a ladder,
half-ladder, module, and ROC. . . . . . . . . . . . . . ... ... ... ... ... 189
A simple figure depicting a point source surrounded by a circle. In the left picture,
the circle is centered on the point source, with the flux lines equally distributed
around the circle. In the right plot, the point source is shifted from the center,
showing the flux lines being more concentrated towards the direction of displacement. 190
A plot showing how changes in hit density scale for the radius of each layer of
the barrel pixel detector, for a beam spot of (0.01,0.04) cm. The layers have an

average radius of 2.9, 6.8, 10.9, and 16.0 cm, respectively, for layers 1-4. . . . . . 191
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A.7 Two histograms showing the occupancy over phi for the inner ladders of Bpix layer
1. The left plot shows the full ladders, while the right shows a set of half ladders
from the left side plotted as points to highlight the low bins. The bins on the edge
of the half ladders have lower values than the more central bins due to the edge
pixel removal affecting the occupancy in those bins. . . . . . . . . .. .. ... ..

A.8 A histogram of the set of cleaned half ladders from Figure A.7, with a sine fit
overlayed. The box gives the fit results for the sine function, Equation A.1.. . . . .

A.9 The fit equation from Figure A.8, plotted in polar coordinates. For an ideal fit, the
equation should circumscribe a circle, for which the center would be proportional
in some way to the beam spot displacement. . . . . . . . ... ... ... .. ...

A.10 Positions of the clusters in x-y coordinates, with ellipse fits overlayed. The top plot
shows the fit for module section 4, while the bottom plot shows the fit for module
section -4. To the right of each plot are the fitted values for xo, yo, 7y, and r,. Each
of these fitted values closely match their true values, corresponding to the BPix
center in CMS coordinates, and the radii of the inner ladders of BPix layer 1.

A.11 Occupancy of the inner ladders of layer 1 in x-y coordinates. This occupancy uses
data from the Express physics dataset. . . . . . . . .. .. ... ... ... ... .

A.12 Scaled occupancy distributions for the 4 module rings on the +z side of layer 1,
with an attempted ellipse fit overlayed on top. From top left to bottom right, the
plots corresponds to module rings 1,2,3,4 . . . ... ... ... ... ... ..

A.13 Scaled occupancy distributions for the 4 module rings on the —z side of layer 1,
with an attempted ellipse fit overlayed on top. From top left to bottom right, the
plots corresponds to module rings -1,-2,-3,-4. . . . ... ... ... ... ...

A.14 Distributions of 1/1/occ for module sections -2 and -3 added together (left), and 2

and 3 added together (right) . . . . . . . . ... ...
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A.15 A simple example of the displacement of a point source based on the occupancy
on either side of a predetermined axis. The top picture shows what is expected
for a point source between two equivalent occupancies, where the point source is
found at the origin of this axis. The bottom picture shows the displacement of the
point source from this origin based on two occupancies, with Occ™ having a larger
magnitude than Occ™. . . . . . . . . .. L

A.16 An visual example of how the occupancy numbers were calculated for each of the
Cartesian quadrants, showing which ¢ ranges contributed to each of the quadrants.

A.17 Distribution of measurements of the beam spot using the ratio method, for a true
value of (0,0) using design MC. Each point represents the value calculated using
the clusters from a single module ring. Results from the inner ladders are on top,
and those from the outer ladders are on the bottom. . . . . . . .. ... ... ...

A.18 Distribution of measurements using the ratio method, for a (0,0) (top), (0.01,0.04)
(middle), and (0.1,—0.08) (bottom) beam spot using 10,000 events each. Each
plot shows the measurements for the inner ladders in blue, and the outer ladders in
OTANZE. .« v v e v e e e e e e e e e e e e e e e e e e

A.19 Distribution of measurements using the ratio method, for a (0.1, —0.08) beam spot
using 100,000 events. The orange markers assume a 1/ rfy dependence, and the
blue markers assume a 1/r,, dependence. The modules highlighted in the rectangle
correspond to module rings =2 and 1. . . . . . .. .. ...,

A.20 Distribution of measurements using the ratio method, for a (0.2, —0.19) beam spot
using 100,000 events. The orange markers assume a 1/ r)%y dependence, and the
blue markers assume a 1 /r,, dependence. The modules highlighted in the rectangle

correspond to module rings +2and 1. . . . . . ... ..o
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A.21 Distribution of measurements using the ratio method, for a (0.3, —0.32) beam spot
using 100,000 events. The orange markers assume a 1/ r)%y dependence, and the
blue markers assume a 1/r,, dependence. The modules highlighted in the rectangle
correspond to module rings =2 and 1. . . . . . ... ..o oo

A.22 Distribution of measurements using the ratio method, for a (0.5, —0.49) beam spot
using 100,000 events. The orange markers assume a 1/ r)%y dependence, and the
blue markers assume a 1 /r,, dependence. The modules highlighted in the rectangle
correspond to module rings +2and 1. . . . . . .. ..o

A.23 Distribution of measurements using the ratio method, for a (1.0, —0.95) beam spot
using 100,000 events. The orange markers assume a 1/ r%y dependence, and the
blue markers assume a 1/r,, dependence. The modules highlighted in the rectangle
correspond to module rings =2 and +=1. . . . . . .. ... .. L.

A.24 Averaged beam spot measurements for each of the (0.1,—0.18), (0.2,—0.19),
(0.3,-0.32), (0.5,—0.48) and (1.0,—0.95) beam spots, using the 1/r,, and l/r)%y
assumptions, and compared to the true beam spot value. The values from the 1/ r)%y
assumption are scaled up by a factorof 2. . . . . ... ... o0 oL

A.25 Figure of the occupancy integrated over the ROC rings, versus z-position for a non
z-smeared (0,0,0) beam spot. Highlighted are the outlier ROC sections which are
removed for cleaning purposes. . . . . . . . ...

A.26 Figure of the occupancy integrated over the ROC rings, versus ryy, for a non z-
smeared (0,0,0) beam spot. Overlayed is a fit of Equation A.6. . . . . .. ... ..

A.27 Distributions of the occupancy per roc in ¢ and z positions for the (0,0,0) (top),
(0,0,10), (middle) and (0.1,—0.08,0) . . . . . . . . ... ... ...

A.28 Distributions of the occupancy per roc over the z position with (top) and without
(bottom) a cluster size cut of > 2 pixels. The squares highlight where this cut
greatly effects the distributions. The circles show the ROCs that are still removed

between the two distributions. . . . . . . . . ...
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A.29 Distributions of the occupancy per ROC for each of the half ladders in layer 1,
using data from the (0.1,—0.08,0) beam spot. A fit is overlayed corresponding to
Equation A.6. This is an example of the fits done to determine that the power law
parameters vary over @ in a sinusoidal manner. . . . . .. ... ..o

A.30 Distributions of the fitted power law parameters from Equation A.6 over ¢. Each
point corresponds to the fitted parameter from one of the half-ladders in layer 1.
The parameter distributions of a (top), b (middle), and c (bottom) are given for 5
different beam spots with no z-smearing applied: (0,0), (0.1 —0.08), (—0.1,0.2),
(0.2,0.19),and (—0.3,—0.32). . . . . . ...

A.31 Distribution of dx and Jy in cm for the beam spot values in Table A.8 for the
second iteration fits. . . . . . . . ..o

A.32 Distribution of dx and dy in cm for the beam spot values in Table A.9 for the
second iteration fits. . . . . . .. ..o L

A.33 Distribution of of the 3D ROC occupancy map for a single ladder, looking down
the ¢ direction, for a z-smeared (top) and pileup (bottom) sample. . . . . ... ..

A.34 Distribution of dx and 8y in cm for the beam spot values in Table A.9 for the third
iteration fits. The 0's for the z-smeared samples are on top, and the Js for the pileup
samplesareonthebottom . . . . ... .. .. ... ... .. .. L ..

A.35 Distribution of dx and dy in cm for the non z-smeared beam spot values in Table

A.8 for the third iteration fits. . . . . . . . . . . . . .
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A.36 Distributions of ¢, z ROC occupancy maps of the (0.1,—0.08) z-smeared beam
spot sample, which details which ROCs were removed when performing some
fits, where the results are detailed in Table A.12. The label ’Dead modules/ROCs
removed’ corresponds to the top plot, where only the ROCs and modules that didn’t
register any clusters in real 2018 data are removed. The label 2018A cleaning’
corresponds to the bottom plot, where a cleaning was performed based on which
ROCs and modules showed over/under-performance in 2018 data, probably caused
by dead/hot pixels in the relevant ROC. . . . . . . ... ... ... ... ..... 232
A.37 Distributions of the total charge collected per ROC, looking in the ¢ direction, for
a (0.1,—0.08) beam spot without z-smearing applied. The top plots shows the
total charge collected for |z| < 16 cm on the left and |z| > 16 cm, while the bottom
plots show the same, but for the occupancy instead of charge collected. Sinusoidal
shapes are overlaid on the plots to highlight the amplitudes that the sinusoidal
shapes have when moving to differentz values. . . . . . ... .. ... ... ... 234
A.38 Distribution of the total charge collected per ROC for a (0,0) beam spot. The red
rectangle is to highlight the spread in total charge collected at large values of |z|. . . 235
A.39 Distributions of the total charge collected per ROC for a (0,0) and (0.1,—0.08)
beam spot. The top plots show the total charge collected for clusters with a charge
< 200, while the bottom plots show the total charge collected for clusters with a
charge > 200. The left shows the (0,0) beam spot while looking down ¢. The
right shows the (0.1,—0.08) beam spot while looking at a oblique angle between
¢ and z to highlight the sinusoidal shape. The green boxes highlight the area where

the sinusoidal effect has the largest amplitude. . . . . . . . . ... ... ... ... 236
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1.1

1.2

4.1

4.2

5.1

5.2

List of Tables

The table gives a list of the Supersymmetric particles. Also shown are the symbols
used to denote each particle, along with detailing the associated SM particle. This

table is made following a similar table given in [7]. A dash denotes that the entry

remains unchanged with respect to the previousentry. . . . . . . . ... ... ...

A list of the superfields in the MSSM, written in a format similar to a table given

in [8], with the exception of a change in nomenclature for some of the superfields,

to make their associations more explicit . . . . . . . ... ... Lo

A list of the MC samples used in the training and testing of the SVs. These are pro-

duced simulating 2017 run conditions using the global tag 94X mc2017_realistic_v14 63

Example SFs calculated using the low-pr di-lepton and single lepton regions given

in Section 4.6. Values are calculated following Equation 4.1, in an inclusive, cen-

tral, and forward 7 region. Errors are statisticalonly. . . . . ... ... ... ...

Datasets used when processing the various PDs. All of the PDs use the same

processing campaign, so where those names would go is instead replaced with

2016 Background MC samples simulated using the 102X_mcRun2_asymptotic_v8
global tag, which is used to describe the 2016 detector conditions. Cross sections
are given for each sample, where the process column notes the accuracy to which
the cross sections are calculated, which is a mix of LO and NLO. Some of the cross
sections have multiplicative factors, and for those cases, the first number is the LO

cross section, the second number is the NLO k-factor, and the third number, €, is a

scale factor that is used to combine the A7 binned samples. . . . . ... ... ..
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5.3

54

5.5

5.6

5.7

2017 Background MC samples simulated using the 102X_mc2017_realistic_v8
global tag, which is used to describe the 2017 detector conditions. Cross sections
are given for each sample, where the process column notes the accuracy to which
the cross sections are calculated, which is a mix of LO and NLO. Some of the cross
sections have multiplicative factors, and for those cases, the first number is the LO

cross section, the second number is the NLO k-factor, and the third number, &, is a

scale factor that is used to combine the A7 binned samples. . . . . . . .. ... ..

2018 Background MC samples simulated using the 102X_upgrade2018_realistic_v21

global tag, which is used to describe the 2018 detector conditions. Cross sections
are given for each sample, where the process column notes the accuracy to which
the cross sections are calculated, which is a mix of LO and NLO. Some of the cross
sections have multiplicative factors, and for those cases, the first number is the LO

cross section, the second number is the NLO k-factor, and the third number, €, is a

scale factor that is used to combine the A7 binned samples. . . . . . ... ... ..

2016, 2017, and 2018 Signal samples for stop masses between 400 and 1500 GeV
for T2tt, T2bW, T2-4bd and T2cc SMS models. Some samples for certain years
do not have available NanoAOD samples, so for those cases (marked by a strike
through) the 2017 MC samples are used as a benchmark, and scaled to the sum of

the integrated luminosity expected for the relevant years added together, in order

to determine potential expected limits. . . . . . . . ... ... ... .. ... ...

List of MET triggers used in the analysis. Some triggers are used for all three

years, while others are specific to 2017 and 2018. . . . . . . . ... ... ... ..

The base lepton selection, split between muons and electrons. PFIso,ps is a ba-

sic isolation criteria, and MVA 1d is a lepton Id centrally produced by the CMS

electron physics object group, for selecting electrons. . . . . . . . ... ... ...
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5.8

5.9

5.10

Table detailing the different categorizations present in the analysis regions. The
category designations are the labels that will be used in the region naming scheme,
for the leptons ¢ can be replaced with either e or . Additionally if charge is added
to the designation, then that means the region is charge separated in the fit. The
variables P, and P, refer to the two hemispheres of the sparticle system, as seen
in the decay tree in Figure 3.1. The X in the table refers to extra event kinematic
and ISR selections as described in Section 5.4. Each line in the table corresponds

to a separate category, and a combination of one category from each object row

CONSHEULES A TEZION. . . . . « . o v v v bt et et e e e e e e e e e

Table detailing the different R;sg versus M | binning present in the analysis regions.
The bins are determined by the S system category, corresponding to number of

leptons and jets (NL — NJ). The boundaries describe how they were binned, giving

the R;sg bin, and then the bin edges in M| which belong to that Rjgg bin. . . . . . .

List of the 0 lepton regions (0L), counting the number of hadronic objects in the S
system (i.e. 1J), with the event system specific categorization (X...). The presence
of a v denotes that this categorization is applied and it counts as 2 regions, one
for X" and one for X**. When pITSR categories are applied, the presence of two
numbers, an upper and lower bound, assumes two regions: X Plow. and X Phish | Lastly,
X, means the ISR b-jet categorization is applied. The R;sg-M binning used for

any given region can be found in Table 5.9, following the S system, NL — NJ,

Cate@OTiZAtION. . . . . . .« v v v e i e e e e e e e e e e e e e
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5.11

5.12

List of the Gold 1 lepton regions (1L), counting the number of hadronic objects
in the S system (i.e. 1J), with the event system specific categorization (X...). The
Silver and Bronze regions are similar, with the exception that the lepton and X
categorization, and any p%?R, Yr or SV 1 categories are made to be inclusive. Ad-
ditionally, the b-jet regions are also made to be inclusive. For the leptons, the
presence of = means charge separation is applied, for a total of 2 regions. For the
SV regions, ¢/f means that the 1 categorization is applied, so it counts as 2 re-
gions. The presence of a y denotes that this categorization is applied and it counts
as 2 regions, one for X?" and one for X”*. When pITSR categories are applied, the
presence of two numbers, an upper and lower bound, assumes two regions: X Flow.

and X"hizh Lastly, X, means the ISR b-jet categorization is applied. The R;sg-M |

binning used for any given region can be found in Table 5.9, following the S sys-

tem, NL — NJ, categorization. . . . . . . . . . . . . . e

List of the Gold 2 lepton regions (2L), counting the number of hadronic objects
in the S system (i.e. 1J), with the event system specific categorization (X...). The
Silver and Bronze regions are similar, with the exception that the lepton and X cat-
egorizations are condensed so that leptons are only flavor separated, and any pITSR,
Yr or SV 1 categories are made to be inclusive. Additionally, the b-jet regions are
also made to be inclusive. For leptons, ££SS means same sign charge separation
is applied, counting for 2 region, and //OS means opposite sign charge separation
is applied, counting for 2 regions. For the SV regions, ¢/f means that the 1 cat-
egorization is applied, so it counts as 2 regions. The presence of a y denotes that
this categorization is applied and it counts as 2 regions, one for X”' and one for
X" When pITSR categories are applied, the presence of two numbers, an upper and
high

lower bound, assumes two regions: XPow and XPhigh, Lastly, X;, means the ISR

b-jet categorization is applied. The Rjsg-M | binning used for any given region can

be found in Table 5.9, following the S system, NL — NJ, categorization. . . . . . .
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5.13

5.14

5.15

List of the Gold 3 lepton regions (3L), counting the number of hadronic objects
in the S system (i.e. 1J), with the event system specific categorization (X...). The
Silver and Bronze regions are similar, with the exception that the lepton and X
categorizations are condensed so that leptons are only flavor separated, and any
p’TSR , Yr or SV 1 categories are made to be inclusive. Additionally, the b-jet regions
are also made to be inclusive. For leptons, when there is a category like LeFXeF IR,
it just means that there cannot be an OSSF pair in P,, the muon is not limited to P,
in this case, as long as the first part is satisfied. The presence of a ¥ denotes that

this categorization is applied and it counts as 2 regions, one for X?! and one for

X" The Rjsg-M | binning used for any given region can be found in Table 5.9,

following the S system, NL — NJ, categorization. . . . . . . . . . ... ... ...
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Chapter 1

The Standard Model and Supersymmetry

1.1 Introduction

In particle physics there are many theories that attempt to explain how matter in its smallest form
interacts with other matter through the fundamental forces. The Standard Model (SM) of particle
physics stands at the forefront of these theories in describing the interactions of three of the four
fundamental forces and the elementary particles. As a well tested theory, it can explain many of the
particle phenomena we see today, but it is still incomplete. Some theories that attempt to account
for the deficiencies in the SM look for physics "Beyond the Standard Model", a popular one being
Supersymmetry (SUSY), which introduces a new class of elementary particles.

For this dissertation a search is performed for one of these new particles, called the stop, which
is the supersymmetric partner to the third generation top quark. This search looks for stops which
have a small mass splitting between it and the lightest supersymmetric particle (LSP). This sce-
nario, commonly referred to as a compressed mass scenario, creates soft visible decays, where b
quarks can be expected. One of the mainstays of this search is the production of a new discrimi-
nator, using a Deep Neural Network (DNN) that trains on low-momentum objects, that is used to
identify these soft b quarks.

This dissertation starts with a summary of the Standard Model, including a brief history, and
then describes the limitations of the SM, leading into a summary of Supersymmetry and how
it supplements the SM. Following that, the current state of experimental searches in SUSY is
given. In Chapter 2 the Large Hadron Collider (LHC) and Compact Muon Solenoid (CMS) are

described in some detail, with some focus given to the Pixel Detector of the CMS experiment



and its Phase I upgrade. Chapter 3 gives an overview of the analysis, and includes descriptions
of the event reconstruction, the use of Recursive Jigsaw Reconstruction (RJR), and the pertinent
stop signal modes. Chapter 4 goes through the production of a DNN based soft b-tagger using
low pr secondary vertices (SVs), and its use within the analysis. Chapter 5 details the event
selection, the object reconstruction, and the building of the analysis regions using object counting
and binning in mass sensitive variables produced using RJR. The results of the analysis are given
in Chapter 6, and includes the signal interpretations. A summary of the dissertation is then given
in Chapter 7. Lastly, Appendix A goes through a project independent of the analysis, that involves

the measurement of the CMS beam spot, without making use of track reconstruction.

1.2 A Brief History of the Standard Model

The current formulation of the Standard Model, to be described in more detail in Section 1.3,
began to take form with the development of a non-Abelian gauge theory by Chen Ning Yang and
Robert Mills [9], which was later used to describe the interactions of the strong force to form the
theory that is now known as Quantum Chromodynamics (QCD) [10]. In the 1960s, Glashow put
forth a partially symmetric theory of the weak and electromagnetic interactions [11], which would
be the basis for the standard model of electroweak interactions. With the addition of the Higgs
mechanism to describe the mass generation of the SM fields [12, 13, 14, 15, 16], the basis for the
current formulation of the SM was completed.

To date, most experiments that have tested the interactions of the strong, weak, and electro-
magnetic forces have had results which are shown to be in agreement with the predictions of the
SM. This is seen most clearly with the discovery of the elementary particles that are predicted by
the SM, such as the discovery of the quarks (including the top quark) [17, 18, 19, 20, 21, 22, 23],
the different flavors of neutrinos [24, 25], and most recently the Higgs boson [26, 27]. While ex-
periments have supported what the SM predicts, there are many phenomena that the SM is unable
to explain. Some problems of note that the SM cannot account for are the gravitational force, the

matter-antimatter asymmetry, the existence of dark matter and dark energy, and the gauge hierar-
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chy problem, all of which will be detailed in Section 1.4.

These problems naturally lead to the idea of theories which explore physics "Beyond the Stan-
dard Model" and that can be used to explain the basis for the unexplained phenomena. One such
theory is Supersymmetry (SUSY), an extension to the Standard Model which adds a new class of

particles and provides an elegant solution to many of the problems found within the SM.

1.3 The Standard Model

The Standard Model of particle physics is a gauge theory based on the gauge group SU(3)¢ X
SU(2)L xU(1)y, and is used to describe the interactions of the strong, weak, and electromagnetic
forces. Each force corresponds to a gauge symmetry within the SM gauge group; SU (3)¢ for the
strong interaction and SU (2);, x U(1)y for the electroweak interaction, with the sub group U (1)gy
corresponding to the electromagnetic interaction. There are four sets of quantum fields associated
with the SM, these are the gluon fields G¢, which transform under SU (3)c¢ [28]; the electroweak
fields WJ, Wﬁ, Wﬁ, and By, which transform under SU(2); x U(1)y; the fermion fields y, which
represent matter particles; and lastly the Higgs field ¢, a complex scalar field which is used to
generate mass under a spontaneous symmetry breaking of the SU(2), x U(1)y gauge group [29].
The interactions of these fields can be described using a field theory Lagrangian, given in a very
simplified short form in Eq. (1.1), a form used to summarize the equation as far as possible without

losing too much information.

+ippy

(1.1)
+ Viyij Y@ +h.c.
+|Duo> =V (9)

The first line of Eq. (1.1) is for the interactions of the gauge fields, corresponding to the G¢, Wﬁ,



and By, fields, with F,;, being the field strength tensor. The second line describes the interactions of
the fermion fields with the gauge fields, with 2 used as a shorthand for y*Dy,, the gauge covariant
derivative. The third line gives the mass terms for the fermion fields, with y;; being the Yukawa
mass coupling, which describes the interaction between the fermion fields and the Higgs field.
The last line gives the mass terms for the gauge fields, with the first term showing the interaction
between the gauge fields and the Higgs field, and the second term showing the Higgs self coupling.

Each of the SM fields correspond to physical particles. Of the force carriers there are eight
gluons which directly correspond to the gluon fields, and mediate the strong force. The W, and
Z bosons mediate the weak force, and the photon mediates the electromagnetic force. The W,
Z, and photon arise out of a combination of the W[l and By, fields through the Higgs mechanism.
The Higgs boson is the resulting physical particle that is left over from the scalar field after the
spontaneous symmetry breaking. The remaining particles are the fermions, consisting of the quarks
and leptons. There are a total of 6 quarks (u,d,s,c,b,t) and 6 leptons (e, U, T, Ve, Vi, V¢), separated
into 3 generations each. Each quark and lepton has its own anti-particle. The quarks mainly interact
through the strong force, but also have charges which allow them to interact through the weak and
electromagnetic forces. The leptons only interact through the electromagnetic and weak forces.
As fermions, both quarks and leptons have a weak hypercharge, and for the case of the left-handed

particles, a SU(2), charge, which allows them to interact through the electroweak forces.

1.4 Limitations of the Standard Model

Experiments have shown that up to the electroweak energy scale set at approximately 246 GeV,
the value of the vacuum expectation value, the Standard Model is an accurate theory and even
then, it still has some deficiencies. There are two main deficiencies related to the SM; the first
corresponding to the phenomena that cannot be explained by the current theory, and the second

being inconsistent scales within the model.



1.4.1 Unexplained Phenomena

On the subject of unexplained phenomena, the Standard Model is unable to deal with gravity,
dark matter, dark energy, or the matter-antimatter asymmetry. The SM as it is does not deal with
gravity at all. At the current observable energy scales the gravitational force has an insignificant
effect on the elementary particles, with the force being 10%* times weaker than the weak force,
the next weakest of the forces in terms of effective field strength. Gravity also mainly works on
a macroscopic scale, requiring large mass and distance scales for its effects to be seen in any
significant way.

For dark matter and dark energy, the SM does not have a viable candidate that could take the
place of either of these phenomena. Dark matter requires a non-interacting, or at least a weakly-
interacting particle. The closest candidate to this would potentially be the neutrino, but as it is close
to massless, it would not be able to account for the amount of matter necessary according to recent
observations. The amount of matter that the SM can account for in the universe is approximately
5% of the mass-energy content, the remaining amount is dark matter (20%) and dark energy (75%)
[30].

Lastly, there is the matter-antimatter asymmetry. Astronomical observations show that the uni-
verse is mostly made out of matter. The main observational evidence for this is that there are almost
no byproducts of matter-antimatter annihilation events seen in the visible universe. This leads to
the conclusion that in the early universe there must have been a small imbalance between matter
and antimatter such that when most of the particles annihilated with each other, only regular matter
was left over. The problem with this as it pertains to the SM is that there are no sources that can
adequately explain the size of the imbalance necessary to create the matter in the universe. While
direct CP violation, a type of symmetry breaking that could be a source of the matter-antimatter
asymmetry, is allowed through a complex phase in the Cabibbo-Kobayashi-Maskawa (quark mix-
ing) matrix, which gives information on the flavor-changing weak interaction of the quarks [31],
the size of such a complex phase would not be enough to explain the asymmetry. Experimentally,

there have been observations of CP violation in neutral kaons [32, 33, 34], B-mesons [35, 36],



strange B mesons [37], D mesons [38], and most recently there have been indications of CP viola-
tion in neutrinos [39]. The size of the CP violation in each of these cases, though, has so far been

unable to explain the source of the asymmetry.

1.4.2 The Problem of Scale

In addition to the unexplained phenomena that the SM does not explain, there are also some poten-
tial problems within the model itself, granted these problems may be more aesthetic than physical
depending on the interpretation and what energy scale is being considered. These problems stem
from the idea of naturalness, a property where the dimensionless ratios between the free parame-
ters or physical constants of a theory should have values within an order of magnitude. In addition,
any free parameters should not have any fine-tuning applied.

Within the Standard Model the main problem of note is the Hierarchy problem, which refers
to how the Higgs mass is multiple orders of magnitude smaller than the Planck scale. How this
theoretically affects the SM can be seen in the scalar potential of the Higgs boson and its subsequent
mass term, where experimentally this is currently not an observable effect. The Higgs potential

can be written in terms of the physical Higgs boson as given in Eq. (1.2),

V(H) = AWV*H? + AvH> + %H“ (1.2)

where the first term gives the physical mass, the second contains the trilinear self coupling and
the third the quadrilinear self coupling [40]. These terms can also be represented by the three tree
level diagrams of the Higgs self coupling as seen in Figure 1.1.

The quadratic term would represent a Higgs traveling through space from one point to another.
The cubic term would correspond to the interaction of a Higgs scattering off of a second Higgs. The
quartic term would then be two Higgs interacting to produce another two Higgs. For the purpose of
the hierarchy problem, the quartic coupling can be converted to a one-loop level correction to the

physical mass term as seen in Figure 1.2, where a Higgs absorbs and then emits a Higgs as it travels
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Figure 1.1: Feynman diagrams depicting the quadratic (propagator) (a), cubic (b), and quartic (c)
couplings of the Higgs boson. These were drawn using [1].

Figure 1.2: Feynman diagrams depicting the conversion of the quartic Higgs coupling to a one-
loop propagator where the lines of the two upper Higgs combine to form a loop. These were drawn
using [1].



from one point to another. Adding this correction, called the self-energy radiative correction, we

get Eq. (1.3) for the Higgs mass.

31 31 A +m7
Mysicat = Miy + == A* — == M7, log <—H> (1.3)
pnysica 87[ 875 M[%I

The A parameter in Eq. (1.3) is the Ultra Violet cutoff, the point at which the Standard Model
can be considered valid. This cutoff is presumed to be on the order of the Planck scale. Such a
scale produces a quadratic divergence in the correction, by which the Higgs boson mass would
be made large to a degree where Mzhysiwl > MI%,. With the observed mass of the Higgs being of
the order of 100 GeV there would need to be some fine-tuning applied to the relation between the
radiative corrections and the bare Higgs mass, such that the correction is canceled out. Fermions
can also contribute to the Higgs mass through their one loop contributions, similar to the Higgs
self-energy correction, which further introduces quadratic divergences.

In the SM the Higgs sector lacks a symmetry that can protect against such a large radiative cor-
rection to its mass. A solution then would need to be found beyond the Standard Model. There have
been a couple attempts to deal with the quadratic divergence which includes having the elementary
particles be composite objects, the idea of Technicolor [41, 42], where fundamental scalars are in-
stead composites of new fermions, and lastly there is the addition of a higher symmetry which can
be used to eliminate the quadratic divergence present within the Higgs mass [7]. Supersymmetry

falls under this third option and will be the focus of this dissertation.

1.5 Supersymmetry

Supersymmetry is an extension of the Standard Model that introduces a new symmetry that relates
bosons and fermions. It provides a framework for incorporating gravity, an explanation for the
large gauge hierarchy, a source for dark matter, and in some cases can account for the matter-
antimatter asymmetry through leptogenesis.

In SUSY each SM particle will have an associated "superpartner" (sparticle) which, in the sim-



plest theories, will have the same quantum numbers with the exception of its spin, which will differ
by a half-integer. SM fermions will have a boson as a partner, and the SM bosons will similarly
have a fermion as a partner. As a symmetry, the masses of the sparticles should be equivalent to
their SM counterparts, but only if it is an exact symmetry. From experimental observations it is
not possible for SUSY to be an exact symmetry, as there have been no discoveries of fundamental
scalar particles that have the same mass as the known fundamental fermions. This means that it
is a broken symmetry, where the masses of the sparticles will be heavier than the equivalent SM
particles. As a broken symmetry there is a limit to how big the sparticle masses can get before the
SM problems that were initially solved by SUSY, come back in a new form. The main problem that
would reoccur is the hierarchy problem, as new large radiative divergences would be introduced by
the sparticles. This would require the sparticles to have masses on the order of the TeV scale, and
a spontaneous symmetry breaking that will preserve the gauge invariance and renormalizability of
the theory [43].

There are multiple SUSY theories available, and the main difference between each of them
is how they deal with the symmetry breaking. This affects how the sparticles interact, what
masses they have after the symmetry breaking, and the content of the superfields that partner to the
SM fields. The most economic theory available is the Minimal Supersymmetric Standard Model
(MSSM), which takes the minimal number of gauge groups, particle groups, Yukawa interactions,
and soft symmetry breaking terms. The MSSM will be discussed in detail in section 1.5.3, after
going through a general list of the sparticles found in SUSY (sec. 1.5.1), along with an explanation

of how the Hierarchy problem is taken care of (sec. 1.5.2).

1.5.1 The S-particle Spectrum

Supersymmetry (SUSY) relates the fermionic and bosonic degrees of freedom [7]. This relation
predicts the sparticles as partners to SM particles. A requirement of this symmetry is that the
number of degrees of freedom in the bosons and fermions must be equal between SUSY and

the SM. This means that at a minimum there must be one supersymmetric particle for every SM



particle. For example, for every quark and anti-quark in the SM, there will be a pair of complex
scalar quarks and anti-quarks in SUSY. These two scalars are for the left and right handed chiralities
of the SM quarks. As a way to differentiate particles between SUSY and the SM, the equivalent
SUSY particles will have an s-prefix for the partners to fermions (where the s stands for scalar),
and an -ino suffix for the partners to bosons.

At a minimum any Supersymmetric theory will have three generations of scalar quarks (s-up,
s-down, s-charm, s-strange, s-top, s-bottom), and leptons (s-electron, s-muon, s-tau, s-neutrinos).
For the SM bosons there will be the fermionic winos, bino, zino, photino, and gluino; collectively
called the gauginos, and then the higgsinos. The winos consist of three states, two charged and one
neutral, related to the W bosons and the SU(2) gauge fields. The bino is then the superpartner of
the U(1)y gauge field. In some cases there will also be the gravitino, should gravity be explicitly
incorporated. In addition to the gauginos there are also the neutralino and chargino, which are the
generalized mass eigenstates of the gauginos. If the mass eigenstates have specific couplings then
they will have a more specific name such as wino, higgsino, or wiggsino (a mixture of higgsino
and wino) for the charginos; corresponding to a W-like, Higgs-like or intermediate couplings re-
spectively, and the photino, zino, higgsino, ziggsino (a mixture of zino and higgsino), wino, and
bino equivalently for the neutralinos. Table 1.1 gives a list of the sparticles and their corresponding
symbols.

There is an up-type and down-type pair of higgsinos in SUSY, corresponding to a pair of scalar
Higgs doublets that are added on the SM side. This two doublet requirement is motivated by the
fact that certain Higgs-fermion interaction terms in the SM are not allowed in SUSY. Specifically,
the complex conjugates of the Higgs doublets cannot be used in the mass generation term in SUSY.
As it is, having one Higgs doublet would only allow for either the up- or down-type quarks to
acquire mass, since in the SM one quark type will get its mass from the complex conjugate of the
Higgs doublet, whereas by adding another Higgs doublet on top of the one already present, both
types will attain masses [7].

The sparticles will generally be produced and decay in the same manner as their SM partners,
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SM Particles SUSY Particles
Weak eigenstates generic mass eigenstates  specific mass eigenstates
name symbol name symbol name symbol name symbol
quarks q scalar quarks qr, dr - q1, ¢» - -
leptons 14 scalar leptons ZL, ER - 7 1, 172 - -
neutrinos \ scalar neutrinos % - - - -
gluons g gluino g - - - -
W boson W, wino w* chareinos Zi wino v?i
Higgs boson ot o higesino g+ g & 1,2 higgsino nt
(charged) w>d £8 u>d wiggsino )
photon Y photino 4 photino 4
Z boson Z zino V4 . zino Z
Higgs boson . ~ neutralinos X higgsino hio
(igeutral) HL(‘)vd higgsino 87”’ . ziggsino ¢ :2
W gauge field wo wino wo wino w
B gauge field B bino B bino b

Table 1.1: The table gives a list of the Supersymmetric particles. Also shown are the symbols
used to denote each particle, along with detailing the associated SM particle. This table is made
following a similar table given in [7]. A dash denotes that the entry remains unchanged with respect
to the previous entry.

with some minor differences and special cases. These decay modes will be detailed in section
1.5.3. The last sparticle to be mentioned is the generically named Lightest Supersymmetric Particle
(LSP), which is one that is stable, has a neutral charge and lightly interacts with SM particles. The
most likely candidate for the LSP would then be a neutralino, which would correspond to a mixture
of the neutral higgsino, wino, and/or bino. Due to the features of the LSP it makes a good dark

matter candidate, falling under the category of weakly interacting massive particle (WIMP).

1.5.2 Solving the Hierarchy Problem

As mentioned in section 1.4.2, one of the problems in the Standard Model is the existence of
quadratic divergences in radiative corrections to the Higgs mass. This essentially disappears in a
supersymmetric extension to the SM through the inclusion of a new symmetry which creates super-
partners. These new particles will also introduce quadratic divergences due to radiative corrections,

but of opposite sign to the radiative corrections from the SM particles.
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Following the description of the Hierarchy problem given in ref. [43], fermions will provide a
correction to the Higgs mass, in the same way that the Higgs introduces its own radiative correction,
as given in Eq. (1.3). For a number of heavy fermions, on the order of the top mass, a one-loop
correction, following the work done by [44], is given by Eq. (1.4).

AMp; :Nfgll—j2 —A2+6m}m% —2my |+ 0 (1/A%) (1.4)

As in Eq. (1.3), the correction from the heavy fermions introduce a quadratic divergence
in the cutoff scale parameter, A. Now one can consider the set of scalar fermions (sfermions)
with a trilinear coupling vAg, quadrilinear coupling Ag, and mass mg. These scalars will give two
contributions to the Higgs mass, corresponding to the two one-loop diagrams of a scalar particle
contributing to the Higgs self-energy (one loop for the trilinear coupling, and a second loop for the

quadrilinear coupling). The correction to the Higgs mass then becomes Eq. (1.5).

AsNs [ 5 5 A A3Ns , A 1
AME = 2= | — A2+ 2milog [ — | | — —1+42log [ — 74— 1.
H 16%2[ remsioe\ L) T e | T T g )| T\ A2 (15

A relation between the coupling parameters of the fermions and sfermions can be found such
that the quadratic divergences cancel out, in this case 1% = Zm; / v2 = —Ag and Ng = 2N r. Adding
the contributions of Eqgs. (1.4) and (1.5) together after making the relevant substitutions will give
Eq. (1.6).

2
AM?, = /Zf—;\;f {(m% —m3) log (ﬂ%) +3m7log (Z—j)} +0 (%) (1.6)

From this equation it is seen that the quadratic divergence disappears from the Higgs mass
correction, while a logarithmic divergence of a much smaller scale remains. It was mentioned at
the beginning of sec. 1.5 that the sparticles would have to be on the order of 1 TeV, else another

radiative divergence would be introduced. The logarithmic divergence seen in Eq. (1.6) is such a

divergence. As the sparticles get larger in mass, so does this divergence, while it remains small
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for masses on the same order as the SM fermions and even disappears completely with a perfect
mass symmetry between the sparticles and SM particles. With the divergences to the Higgs mass
removed and/or reduced, the symmetry found in SUSY protects the Higgs mass, and explains the
difference in scale between the mass and the UV-cutoff scale. Trying to maintain this protection

also sets the scale for what masses can be expected from the sparticles after the symmetry breaking.

1.5.3 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model is an extension to the Standard Model that adds
a minimal number of parameters on top of the existing SM parameters. There are four basic
assumptions pertaining to this [40, 7]; a minimal gauge group, minimal particle content, R-parity
conservation, and minimal soft symmetry breaking terms.

The gauge group of MSSM is the same as for the Standard Model, SU(3)¢c x SU(2), x U(1)y.
Each symmetry in this gauge group has a corresponding superfield consisting of a vector super-
multiplet. There is the G superfield of SU (3) consisting of the 8 gluons (g) and 8 gluinos (g), the
W superfield of SU(2) consisting of the W and W fields and the three winos (W°, W), and
then the B superfield of U (1) consisting of the B field and the bino (B). The Z, zino, photon, and
photino are not considered amongst these, as they are just linear combinations of the neutral com-
ponents of the W and B superfields. The mixtures and pure states of higgsinos, winos, and binos
are collectively referred to as electroweakinos.

The particle content will almost directly mirror what is in the Standard Model. There are
three generations of quarks/squarks and leptons/sleptons, and no right handed neutrinos/sneutrinos.
The left and right handed quarks and leptons will be in chiral supermultiplets with their scalar
superpartners. There are also the chiral superfields of the Higgs, one for each of the two complex
doublets and their superpartners. All of the superfields and their particle content are given in table
1.2.

In order to ensure lepton and baryon number conservation with the added superpartners, a new

symmetry called R-parity is introduced [45], given by Eq. (1.7),
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Super-multiplet Super-field | Boson field | Fermion partner
gluon, gluino G g g
W gauge field, wino 1% wE, wo w*, WO
B gauge field, bino B B B
slepton, lepton L v, er v, l
x3 7 T oh
squark, quark Q uLj*dL “L ’TdL
X3 “ “R “R
d d dh
. . H, Hi H° A H°
Higgs, higgsino A, Hg, H, Flg, HJ

Table 1.2: A list of the superfields in the MSSM, written in a format similar to a table given in
[8], with the exception of a change in nomenclature for some of the superfields, to make their
associations more explicit

R. — (_1)25+3B+L (1.7)

p =

where S is the spin and L and B are the lepton and baryon numbers respectively. This equation
gives a quantum number to each of the particles, with a value of R, = +1 for SM particles and
R, = —1 for the SUSY partners. A consequence of this symmetry is that sparticles will always be
produced in pairs, and must decay to an absolutely stable LSP [43].

The interactions of the superfields will be described by a renormalizable supersymmetric La-
grangian, made up of a Kihler potential, a superpotential, and a gauge kinetic function [8]. Each of
these are functions of the chiral superfields, where the gauge kinetic function and Kihler potential
will have the simple forms of f,;, = 8, (1/g2 — iQ,/87%) and K = ¢;¢™* at tree level respectively
[46]. The superpotential is more complicated in that it includes the Yukawa couplings and super-

symmetric Higgs mass term. The superpotential for the MSSM is given in Eq. (1.8).

W= | Z _YiljﬁRiI:IuQAj +K?3RiﬁdQAj + YiljéRi[:Idzdj + 1A, Hy (1.8)
i.j=gen

with Y;; being the Yukawa coupling, and p the SUSY conserving higgsino mass parameter.

This superpotential has inherent R-parity conservation, and is compatible with gauge invariance.
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Aside from the SUSY-conserving terms of the Lagrangian, there are also the soft SUSY-
breaking terms which are added by hand to explicitly break the symmetry. These terms, Egs.
(1.10-1.12), correspond to the mass terms for the gauginos, sfermions, Higgs bosons and the tri-

linear couplings between the sfermions and Higgs bosons [43].

- Brusno = > | M1BB il W, f Guthe (19
.zvfermm_lzg‘znm 0] 0i+m3 LILi+m3, |agil* +m3, |dxi|” +m} |Zri|” (1.10)
— Litiges = mipy, Hy Hy +my HIHy + By (H, - Hy + h.c.) (1.11)

— Lritinear = jz:; [A” YiigH, - Q) +ALYdeHQ + ALY TaHy - i+ hc. (1.12)

Summing together Eqgs. (1.10-1.12) gives the soft SUSY-breaking scalar potential, as seen in

Eq. (1.13).

Vsoft = _gsfermions - gHiggs - Zrilinear (1-13)

Combining the SUSY-breaking scalar potential with the supersymmetric Lagrangian and gaug-
ino mass terms gives the unconstrained MSSM (MSSM-124), which adds 105 unknown parame-
ters in addition to those already in the SM. There are inherent phenomenological problems with
the unconstrained MSSM, in that a generic parameter set will show no individual lepton number
conservation, will allow flavor-changing neutral currents, and will introduce new sources of CP vi-

olation beyond that allowed by experimental bounds [8]. Constraints can be added to MSSM-124
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to make a phenomenologically viable parameter space, with one example being the phenomeno-
logical MSSM (pMSSM), which makes three assumptions thereby reducing the parameter space

to 22 input parameters [43]:

o All soft SUSY-breaking parameters are real, which means no new sources of CP-violation.

e mass matrices and trilinear couplings for the sfermions are all diagonal, which implies that

there are no flavor-changing neutral currents at tree level.

e soft SUSY breaking masses and trilinear couplings of first and second generation sfermions

are the same at low energy.

Different constrained MSSM models, in addition to the pMSSM, will be based on assumptions
like these in order to reduce the parameter space and make a more easily testable and phenomeno-
logically viable model. The number of assumptions will determine the number of parameters,
where more constrained models with a larger number of assumptions will have a smaller number
of parameters that can be studied. Other examples of constrained MSSM models include anomaly
mediated SUSY-breaking (AMSB) and gauge mediated SUSY-breaking (GMSB). Both of these
types of models describe how SUSY-breaking occurs in hidden sectors and are then transmitted to
the MSSM fields through either the super-Weyl anomaly in AMSB models or SM gauge interac-
tions in GMSB models.

An important component of these constrained models will be the composition of the elec-
troweakinos, which will determine what mass differences can be expected between the SM and
SUSY particles. Additionally these will determine whether a given decay mode will be suppressed,
affecting the production cross sections. For experimental searches simplistic minimal models are
used such that the decay mode being looked at for a given sparticle will have a 100% branching
ratio and in addition, the minimal number of sparticles are considered in order to further simplify

the model.
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1.5.4 Mass Couplings and Decays

In talking about the mass couplings and decays of the sparticles, a focus is given to the stop, and
electroweakino states, as the main production modes studied correspond to pair production of the
stops which subsequently decay to charginos or neutralinos.

Each sparticle will have a mass matrix that describes the mass eigenstates and mixing of the
relevant sparticles. These also give the unknown parameters that these masses depend on. The
electroweakinos will have two separate matrices, one for the chargino and one for the neutralino.

The charginos will be described at tree level by a 2 x 2 complex matrix given by Eq. (1.14).

M \/EMWSB
V2Mycp H

(1.14)

This describes the possible chargino states corresponding to the mixtures of the charged winos
(Wi) and charged higgsinos (I:I -, H +), where M, is the mass parameter of the wino, from the
gaugino term of the soft susy breaking Lagrangian, Eq. (1.9), and u is the higgsino mass parameter
found in the superpotential, Eq. (1.8). The remaining terms sg = sin 8 and cg = cos 3 are related
to the ratio of the vacuum expectation values (vevs), tan 3 from the Higgs doublet, while My
is the W boson mass term. The matrix can be diagonalized using singular value decomposition,
U.#V~!, with U being the rotation matrix for the negatively charged states and V the positively
charged states [43]. The diagonalized matrix gives two mass eigenstates mg, and mg . These
physical states are generally denoted by )Zli and )Zzi, which are a linear combination of wino and
higgsino states, with the ultimate composition depending on the matrix elements of U and V [8].
The masses are ordered such that lei < Mzzi.

The neutralino will have a 4 X 4 mass matrix at tree level, due to the four possible neutral states,

given by Eq. (1.15).
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M1 0 —M2SWC[3 M2SWS[3
0 M2 Mzcwcﬁ _MZCWSB
(1.15)
—Mz.S'WCﬁ Mzcwcﬁ 0 —H
M2SWS/3 —MZchB —H 0

This matrix will describe the mixings of the neutral higgsinos, (H?,H), and the neutral gaug-
inos, the bino and wino (B, WO). The terms not present in the chargino mass matrix correspond
to the bino mass term, M; from Eq. (1.9), the Z boson mass, Mz, and the weak mixing angle,
sw = sin By and cy = cos By. The matrix can also be diagonalized, but in this case by a single
unitary matrix, N, such that NMyN -1 diag(MNl 7MN27M1V3 =MN4)’ where the diagonal terms are
the masses of the four neutralino states. Like the charginos, the neutralinos are usually denoted
by )Z?, )Zg, )Zg, and )fo, with the masses ordered in the same way: M| < M, < M3 < M4. The
four neutralinos are linear combinations of the neutral higgsino, wino, and bino states, with the
composition determined by the unitary matrix N [8].

Considering only the third generation of squarks, the tree level mass matrix for the stop will
be a 2x2 squared mass matrix, seen in Eq. (1.16), which describes the mixing between the left and

right handed stops that come from the SUSY Lagrangian in Egs. (1.8, 1.10).

m? + mZQ +L; m X/ (116)
mX, M2 +m?+R,

X, =A,— U cotf (1.17)

The diagonal mass terms correspond to the soft SUSY breaking mass terms, Mé and Ml%, from
Eq. (1.10), the top quark mass, m,, and then the left and right handed electroweak correction
terms L, and R; [8]. The off diagonal terms depend on the ratio of the Higgs doublet vevs, the

higgsino mass parameter, i, and the A parameters from the trilinear coupling terms of the soft
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SUSY breaking Lagrangian in Eq. (1.12). Using the rotation matrices of the angle, 6;, the mass
matrix can be diagonalized such that it turns the left and right handed eigenstates into the mass
eigenstates, 7] and 7,, corresponding to the physical stops. As with the gauginos, the masses of the
two stops is ordered as 1 < 2.

The gauginos and stops will have a similar decay pattern to their standard model counterparts,
with the exception that all of the decay chains will end with the LSP, which is generally assumed
to be the lightest neutralino, )Z?. Following the mass matrix of the )Zl-i’s and Z?’s, each given
state will be some admixture of the bino, wino, or higgsino. With these mixtures they will have
weak interaction couplings to sfermion/fermion pairs provided that they are light enough and in
addition can decay to any lighter gaugino plus electroweak gauge boson or Higgs [46]. The two

body decays of the charginos and neutralinos will then be given by Eqgs. (1.18, 1.19).

X =22 Wi h0x el vy (1.18)
X Wi, zri g v vl (1.19)

In the case that the two body decay modes are not kinematically feasible there are also the

three-body decays to two fermions and a neutralino or chargino given in Eq. (1.20).

W= 10— P = S~ (1.20)

The stop will usually decay to a top plus gluino, 7 — tg, with the other decays being a top plus
a neutralino, 7 — t)ZlQ and a b plus a chargino, 7 — b)Zl-Jr. Depending on the composition of the
charginos and neutralinos, the decay to the LSP will be favored, especially for a bino like Z? in the
case of right handed squarks, while the left handed quarks may prefer decaying into the heavier
charginos and neutralinos due to larger wino couplings. Due to the large Yukawa couplings, the
stops will also favor decaying into higgsino like charginos and neutralinos, which will not be the
case for other squarks. Depending on the allowed kinematic boundary, it may not be possible

for the lighter top squark to decay to a top plus gluino or LSP, narrowing the possible decays to
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charginos, 7; — b}Zf“ ; three body decays, 7; — bW}Z?; flavor suppressed decay to charm quarks,
f1— CQZ?; or four body decays, f; — bff’ )Z? [46]. For the cases where the stop decays to a gluino or

heavier chargino or neutralino then these will invariably decay to the LSP through cascade decays.

1.5.5 Experimental Searches

There are two ways in which experiments can place constraints on SUSY models. There are the
indirect constraints, which correspond to searching for or measuring physics that is not directly
related to SUSY, but still places constraints on the SUSY parameter space. Data taken for the
purpose of measuring SM electroweak observables, or studying dark matter are such examples.
There are also the direct constraints, which simply correspond to searches for sparticle production.
For this overview of experimental searches, a focus will be placed on the direct searches performed
at the various colliders especially those done at the LHC by the CMS and ATLAS experiments.
For direct SUSY searches the most important component is the model that is used to interpret
results. It is not feasible to perform searches on the full MSSM parameter space, as the number
of free parameters would be too large. Instead searches are performed using constrained or sim-
plified models that reduce the number of free parameters being explored. Constrained models, as
mentioned in section 1.5.3, assume a SUSY breaking mechanism and have additional constraints
to reduce the parameter space. Their draw is a large selection of experimental signatures that can
be observed, with the downside that they do not cover all possible kinematic signatures or mass
relations [47]. For such models though, measurements are generally made using gluinos, and first
and second generation squark production, which have already been significantly constrained by
past SUSY searches at the LHC. Alternatives to the constrained models are the pMSSM and other
simplified models. The pMSSM takes the indirect constraints made using SM experiments in or-
der to reduce the parameter set of the full MSSM down to on order 19 free parameters, which will
allow for a large selection of experimental signatures, while not being as heavily constrained as
some of the constrained SUSY models. The simplified models will only look at specific sparticle

productions and decay modes, which allows for a free variation of sparticle masses for a more
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focused study of the production in question. For the SUSY searches at the LHC, simplified models
have been the main set of models used for the interpretation of results, as they are more convenient
when looking at specific sparticle topologies, which analyses are generally built around. An im-
portant distinction for experimental searches of SUSY particles is that two separate masses must
be jointly considered: the mass of the SUSY particle created in the decay, and the mass of the
LSP. When exclusions are determined, they are determined in this 2-dimensional plane of masses,
which means that the mass splitting between these two particles is as equally important in a search
as the mass of the particles themselves. Cases where the mass splitting of the two particles is small
are called compressed mass scenarios, and are important corridors of study due to the possible low
momentum signatures of the decays.

Searches have been performed that have placed exclusion limits on various sparticles, with
such limits depending on the model used to interpret results. All of the results mentioned here
assume that R-parity is conserved. First, there are the limits placed on gluino production, which
will depend on what is assumed for the LSP and intermediate decay sparticle masses. Current
limits exclude gluinos with masses up to 2 TeV, assuming the LSP is a neutralino with a mass on
the order of 1.0 TeV [48, 49, 50, 51]. The searches assume pair production of gluinos which decay
to a quark pair and the lightest neutralino, or, for the more recent one, pair production of gluinos
which decay to a quark pair and boosted Z bosons, mediated by a massive neutralino. For the
earlier searches there are also the possibility of an intermediate decay with the quark pair decaying
to an off shell lightest chargino, second lightest neutralino, or stop, producing gauge bosons and
the LSP. Example Feynman diagrams are given in Figure 1.3

For chargino decays to neutralino LSPs, the limits will depend on the mass difference between
the chargino and neutralino. Starting with large to intermediate mass splittings, masses of up to 0.6
TeV are excluded, assuming a massless LSP where pair produced charginos decay to the LSP with
gauge bosons or sleptons as intermediaries [52]. There are also limits on the lightest chargino, and
second lightest neutralino of up to 345 GeV with mass splittings corresponding to small values of

the LSP [53, 54]. This assumed production of a chargino, neutralino pair decaying to the LSP with
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Figure 1.3: Example Feynman diagrams for gluino pair production

gauge bosons as intermediaries. For the more compressed mass scenarios the CMS experiment has
placed mass limits of up to 112, 215, and 290 GeV on the lightest chargino, with mass splittings
between the LSP of 1, 30, and 50 GeV, respectively [55, 56]. The ATLAS experiment has placed
mass limits on the chargino of up to 240 GeV for a mass splitting of 7 GeV, down to a mass
splitting of 1.5 GeV at the mass limit bounded by the LEP experiment of 92.4 GeV [57]. Feynman
diagrams for chargino or neutralino production are given in Figure 1.4.

Lastly, there are the limits placed on squark production, namely the stop. For large mass
splittings the stop mass has been excluded up to 1.2 TeV for close to massless LSPs, and up to
1 TeV for LSP masses up to 0.6 TeV for a pair of stops decaying to a pair of third generation
quarks, with the possibility of off shell chargino intermediaries decaying to a gauge boson and the
LSP [58, 48, 49]. In another search scenario, a pair of stops decay to pairs of b quarks and taus
mediated by off shell charginos or staus with the LSP in the final state. This search excludes stop
masses up to 1.1 TeV for LSP masses ranging from nearly massless up to about 0.4 TeV [59]. A

more recent search that has been accepted for publication sets limits on stop pair production in a
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Figure 1.4: Example feynman diagrams for chargino/neutralino pair production

di-lepton final state with b jets and missing transverse momentum. Exclusions are made on the
masses of the stop quark for different simplified model scenarios. For stops decaying to top quarks
and the LSP, stop masses up to 925 GeV with neutralino masses up to 450 GeV are excluded. For
models where the stop decays to a b quark, W boson and neutralino, and mediated by charginos,
stop masses up to 850 GeV with neutralino masses up to 420 GeV are excluded. Finally, for models
where the stop decays to b quarks and leptons, with the possibility of mediation by charginos and
sleptons, stop masses up to 1.4 TeV with neutralino masses up to 900 GeV are excluded [60]. For
the more compressed mass scenarios the stop mass has been excluded up to 450 GeV for a mass
splitting of 40 GeV with the LSP, for pair production of stops decaying to a pair of b quarks, gauge
bosons, and the LSP, mediated by off shell charginos [61]. A second search has excluded stop
masses between 420 and 560 GeV for a mass splitting ranging from 10 to 80 GeV between the
LSP, for pair production of stops decaying to a pair of b quarks, two pairs of fermions and the LSP,
with the possibility of being mediated by off shell charginos [62].

This analysis will focus on the pair production of stops in compressed decay scenarios. The
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possible compressed mass scenarios can fall under two main categories, with the smallest splittings
being the most difficult to study. The first category corresponds to a mass region between the W
and top corridors, where m; — Myo = My (m;) in the W (top) corridor. These boundaries define the
phase space in which certain particles in a decay transition between being on-shell and off-shell.
This first category would then have the possibility of on-shell W’s, but all of the tops in any given
decay chain would be forced off-shell. The second category corresponds to splittings below myy,
where the W’s would also be forced off shell. The regions bounded by these corridors, especially
below the W corridor, are not as well studied due to energy constraints on detector acceptance
of any soft decay products, in addition to the abundance of high energy decay products expected
from colliders with large center of mass energies that would overshadow softer signatures. In
current analyses this region is getting more attention, where difficulties in studying the soft decay
products are mitigated by requiring large amounts of initial state radiation, giving the LSP a boost
in momentum, and allowing for events with large values of missing transverse energy, and softer
decay products. Figure 1.5 gives a summary of stop searches from CMS which shows exclusions
for the compressed regions. For the regions below the W corridor and in between that and the top
corridor, current limits do not place exclusions beyond a stop mass of 600 GeV, with mass splittings
ranging from below 10 GeV up to 100-200 GeV. For stop masses above 500 GeV, there are then
various sections of this parameter space where certain splittings are not yet covered, allowing for
stop searches with compressed mass splittings ranging from 5 GeV, up to (and slightly above) the
top corridor. Related to this, there are CMS analyses in the publication process with results that
are expected to fill in some of the described phase space.

The main stop decay modes that are under consideration for this Dissertation are a pair of
stops decaying to a pair of third (or second) generation quarks and either a pair of gauge bosons
mediated by charginos, or two pairs of fermions which can also be mediated by charginos. The
masses being focused on have splittings of < 80 GeV, which is below the W corridor. The soft
b-tagging, to be described in Chapter 4, helps with these compressed splittings due to its usefulness

in tagging b-quarks with pr less than 20 GeV. While the focus of the analysis is on these smaller
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Figure 1.5: Public limits from CMS of SUSY searches for stops with on or off shell W’s or top
quarks. The dotted lines detail the regions bounded by the top and W corridors [2].

mass splittings, other splittings of up to 200 GeV are also considered. These regions correspond to
a section of parameter space where there are not extensive exclusions on stop mass and LSP pairs

for stop masses above 500 GeV.
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Chapter 2

The CMS Experiment and the Large Hadron Collider

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [3] is a two ring superconducting hadron accelerator and collider
with a design center of mass energy of 14 TeV and design luminosity of 103 em=2s~!. It straddles
the border of France and Switzerland and is situated in the tunnel that used to house the Large
Electron-Positron Collider [63]. It is 26.7 km in diameter at a depth ranging from 45 m to 170
m below the surface and there are two rings, which hold counter-rotating beams that interact at
four points along the tunnel. At these four interactions points are situated detectors which study
the collisions of the beams: LHCb, ALICE, ATLAS, and CMS. LHCDb and ALICE are detectors
dedicated to studying heavy flavor physics and ion collisions, respectively. ATLAS and CMS
are general purpose detectors used to study both proton and ion collisions. There have been two
operational run periods for proton-proton collisions at the LHC, colloquially referred to as Run I
and Run II. The first run period, Run I, was from 2009-2013 and used a center of mass energy of 7
TeV. The second run period, Run II, was from 2015-2018, and operated at a center of mass energy
of 13 TeV. In the following section the operations of the LHC will be briefly described. Following
that, an in depth view of the CMS experiment will be given, with the most detail being given to the

pixel detector, and its recent upgrade.

2.1.1 The LHC Machine

There are two rings in the LHC which are used to contain counter-rotating beams. Along the rings

there are eight arcs and straight sections as seen in Figure 2.1. Each of the straight sections serve as
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Figure 2.1: A Schematic layout of the LHC rings [3]
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either an experimental or utility insertion. The sections are labeled following their octant number,
going from Point 1-8. At four of the eight points there are beam crossings where the previously
mentioned detectors are located (Points 1, 2, 5 and 8). The remaining points are used for beam
upkeep. At Points 3 and 8 are collimation systems for cleaning the beams. At Point 6 is a beam
dump insertion and Point 4 has RF cavities for accelerating the beams.

Along the rings are superconducting magnets which are used to guide the beams. There are two

main types of magnets situated in the rings, those being the twin-bore dipole and the quadrupole
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