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ABSTRACT

Heavy stable charged particles (HSCPs) have been searched for at the Large Hadron Collider since

its initial data taking in 2010. The search for heavy stable charged particles provide a means of

directly probing the new physics realm, as they produce a detector signature unlike any particle

discovered to date. The goal of this research is to investigate an idea that was introduced in the

later stages of 2010-2012 data taking period. Rather than utilizing the current tight selection on

the calculated particle mass the hypothesis is that by incorporating a multivariate approach, specif-

ically an artificial neural network, the remaining selection criteria could be loosened allowing for a

greater signal acceptance while maintaining acceptable background rejection via the multivariate

discriminator from the artificial neural network. The increase in signal acceptance and retention

or increase in background rejection increases the discovery potential for HSCPs and as a secondary

objective calculates improved limits on the HSCP signal models.

The multivariate approach was developed and tested using 2.5 fb−1 of 2015 data at
√
s = 13 TeV

based on both the past tracker-only and Tracker+TOF HSCP analyses. The multivariate analyses

were able to produce improved upper cross section limits on both expected and observed cross

sections compared to the past 2015 results. The lower mass limits produced by the multivariate

analyses are also improved, but the improvement was found to be less than 5% higher compared

to the past 2015 HSCP search results.

A final comparison of the multivariate approach to past HSCP searches was conducted on 12.9

fb−1 of 2016 data at
√
s = 13 TeV. No statistically significant excess of data over background pre-

diction is observed. Therefore no evidence of HSCPs is claimed. The tracker-only (Tracker+TOF)

multivariate analysis produced lower mass limits of 1870 (1820) GeV for gluinos with 10% R-

hadrons produced neutral, 1260 (1210) GeV for stops, 680 (670) GeV for decay-product staus,

340 (370) GeV for directly pair-produced staus, 720 (750) GeV for modified Drell-Yan |Q| = 1e,

and 700 (900) GeV for modified Drell-Yan |Q| = 2e. Overall, the multivariate approach produced

improved lower mass limits compared to the results from the past 2016 HSCP search.

The overall improvements in cross section and mass limits using the multivariate approach

produced the best limits on HSCPs to date. Furthermore the multivariate approach is shown as a

viable method of searching for HSCPs. With the HSCP search covering a broad range of beyond

xxi



the Standard Model physics, the lack of evidence and subsequent limits produced place important

restrictions on the theoretical models that predict HSCPs.
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CHAPTER 1

INTRODUCTION

The Standard Model of particle physics (SM) is the current working theory that describes all ob-

served fundamental particles and their interactions. In its current form, the SM has been used

to great success in describing phenomena observed at particle collider experiments and has with-

stood numerous tests over the past several. However, there are several phenomena that cannot

be explained within the context of current the SM. Examples include phenomena such as dark

matter [1], dark energy [2], the matter anti-matter asymmetry, and even such a fundamental phe-

nomena as gravity. A realm of theoretical particle physics known as beyond the Standard Model

(BSM) physics seeks to answer these open questions by expanding or altogether replacing the SM

with new theories.

One of the primary goals of the Large Hadron Collider (LHC) is to search for evidence of

new physics (new with respect to the SM) in order to shed light on which, if any, of the current

BSM theories could be true. A properly favored BSM theory is called supersymmetry [3]. In its

simplest form, supersymmetry postulates that for every SM particle there exists a supersymmetric

partner whose spin quantum differs by 1/2. By making certain assumptions about parameters of

supersymmetry, such as mass scales for some of the supersymmetric particles or the energy scale

and/or the mechanism by which the supersymmetry is broken, supersymmetry models with fewer

free parameters have emerged (e.g. the minimal supersymmetric model [4]). This has the advantage

of predicting new physics phenomena that can be produced at the energy scale available at the LHC.

Many new physics searches have been carried out at the LHC [5, 6] with no evidence discovered.

One way to directly probe the new physics realm is searching for new particles. A type of new

particles are known as heavy stable charged particles.

In the most basic description, a heavy stable charged particle (HSCP) is any particle that is

heavy (mass > 100 GeV), is long-lived with regards to the size of modern collider experiments,

and has a non-zero electrical charge. HSCPs can be detected by searching for a larger energy

deposition per unit length (dE/dx) and larger time-of-flight (TOF) compared to standard model
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Figure 1.1: The fundamental standard model particles along with their basic properties of mass,
charge, and spin. The different categories of fundamental particles (quarks, leptons, gauge bosons,
higgs boson) are grouped together and have matching color [19].

particles. The search for such a signature is a means of directly probing the new physics realm

without being constrained by a specific theoretical model. HSCPs are found in several beyond

the Standard Model theories (e.g. supersymmetry [3], B-L standard model extension [7], vectorlike

confinement [8], hidden valley models [9]). Therefore HSCP searches are also able to restrict or

eliminate such theories based on the search results. To date, several searches have been carried

out by high energy collider collaborations including D0 [10] and CDF [11] at the Tevatron, and by

ATLAS [12–14] and CMS [15–18] at the Large Hadron Collider.

1.1 HSCP Benchmark Theories

HSCPs may exist in two general categories: lepton-like or hadron-like. The lepton-like HSCPs

interact predominantly via the electromagnetic force. The Gauge Mediate Supersymmetry Breaking

model [20] has been chosen as a benchmark lepton-like model for this analysis. In addition, a

modified Drell-Yan (DY) production is also studied. In total, two types of lepton-like HSCP

particles were chosen as signal types to search for: staus and modified DY fermions.
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The staus are the supersymmetric partner to the tau and in this research are modeled via the

minimal Gauge Mediated Supersymmetry Breaking model [21]. In the minimal Gauge Mediated

Supersymmetry Breaking model the staus are the next-to-lightest supersymmetric particle with

the gravitino being the lightest supersymmetric particle. In the primary model, staus are produced

through the decays of other supersymmetric particles. These additional supersymmetric particles

(mostly supersymmetric quarks and gluons) are predominantly produced through strong interac-

tions. In an alternative production mode, the staus are directly produced from the proton-proton

collisions, primarily through electroweak interactions. In the case where squarks and gluinos have

masses too large to be produced at the LHC, the direct production mode becomes relevant. This

research is sensitive to either model and will use GMSB stau to indicate staus produced via decay,

and PP stau to indicate the directly produced staus. The modified DY model [22] takes the existing

SM DY process and modifies the theory by the inclusion of new massive spin 1/2 particles. These

particles are allowed to have arbitrary electric charge and are considered neutral under SU(3)C and

SU(2)L which causes them to only couple to the photon and Z boson.

Two types of hadron-like particles were chosen as benchmark signals: gluinos and stops. Gluinos

are the supersymmetric partner to the SM gluon. This research focuses on gluinos produced via the

Split SUSY model [23]. In the Split SUSY model used for gluinos, the base assumption is that the

top squark mass is large (order 10 TeV), and thus the gluino becomes a “long-lived” particle with

a lifetime up to approximately one hundred seconds as well as being the lightest supersymmetric

particle. In Split SUSY, the gluinos carry quantum color charge and due to their long lifetimes are

allowed to form hadrons with SM quarks and/or gluons. The bound state is called an R-hadron

for the unit of R-partiy that the hadron possesses.

Top squarks or “stops” are the supersymmetric partner to the top quark. With respect to this

analysis, the stops are modeled in similar fashion as the gluinos by using the Split SUSY model,

this time without the squark mass assumption that was used for the gluino modeling. As with

gluinos, they form R-hadrons that are simulated traveling through the detector.

The interactions of R-hadrons from both gluinos and stops are modeled in this analysis two

ways: the cloud interaction model [24, 25] and the charge suppressed (CS) model [26]. In the

cloud interaction model, the R-hadron is pictured as having a SUSY particle as a nucleus, with

SM partons surrounding it forming a “cloud” of SM particles around the SUSY particle. Due to
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hadronic interactions with the layers of material in a particle detector, the R-hadron can “swap”

SM particles and therefore the overall charge of the R-hadron can change. The R-hadron can go

from charged to neutral or vice versa, a process called charge exchange. In the CS model, the

hadronic interactions result in nearly all of the R-hadrons becoming neutral prior to reaching the

outer layers of a detector.

The theoretical cross sections for the gluino and stop models were computed to Next-to-Leading

Order (NLO) combined with Next-to-Leading Logarithmic order (NL0+NLL)[27–30]. The staus

and modified DY models were computed to NLO. All signal types used PROSPINO [31] with parton

distribution function (PDFs) computed with CTEQ6.6M [32].

In the following chapters, the Compact Muon Solenoid (CMS) will be described (Chapter 2)

followed by a discussion of the standard HSCP analysis (Chapter 3). The results from studies

involving the multivariate technique used and comparisons to the standard HSCP analysis will be

presented (Chapter 4) followed by a summary (Chapter 5).
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CHAPTER 2

EXPERIMENTAL APPARATUS

The data presented in this document were collected using the Large Hadron Collider (LHC) to

provide the proton beams and the Compact Muon Solenoid (CMS) experiment to record the collision

data. Both are located at the European Organization for Nuclear Research (CERN) in Switzerland.

2.1 The Large Hadron Collider

The Large Hadron Collider is the collective name of the largest particle accelerator that provides

the high energy protons used in collisions at CERN. Situated across the French and Swiss border

near Geneva, Switzerland, the LHC is a 27 kilometer ring that sits in a tunnel 50-175 meters below

the surface. Beginning in 2015, the LHC has accelerated protons to an energy of 6.5 TeV per beam,

producing
√
s = 13 TeV. The LHC accelerator ring is the final stage of acceleration. The protons

begin as a bottle of hydrogen gas, and are striped of their electrons via an electric field. The first

accelerator is the Linac 2, a linear accelerator, which accelerates the protons to an energy of 50

MeV. The protons are then injected into the Proton Synchrotron Booster and accelerated up to 1.4

GeV. Next the protons are accelerated in the Proton Synchrotron up to 25 GeV. Then the protons

are injected into the Super Proton Synchrotron which accelerates the protons to 450 GeV. The

final step is injecting the protons into the LHC ring which accelerates the protons to the desired

6.5 TeV [33].

The protons circulating within the main ring are concentrated in “bunches,” with a beam of

bunches circulating in one direction, and the other beam circulating in the opposite. The beginning

of Run 2 in 2015 had a spacing of 50 ns between bunch crossings. The spacing was reduced then

reduced to 25 ns between bunch crossings and remained at 25 ns for 2016.

During each bunch crossing, due to the number of protons per bunch (up to 1.15×1011 in 2015

and 2016), there is a probability for more than one collision to occur. Each proton-proton collision

is referred to as a primary vertex, as opposed to a secondary or tertiary vertex due to a decay

process. From the primary vertices, a single collision is labeled as the selected primary vertex of
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interest. The other primary vertices are labeled as “pile up” (PU) vertices, and their resulting

products known as pile up. For the remainder of this research, the selected primary vertex will be

referred to as the primary vertex.

2.2 The Compact Muon Solenoid Detector

The CMS detector is a large cylindrical device measuring 15 meters in diameter, 21.6 meters

in length, and weighing approximately 14,000 tonnes. A highly detailed description of the CMS

detector can be found in Ref. [34]. The CMS detector is comprised of several “subdetectors” in a

layered configuration. From innermost to outermost the layers are: the tracker, the electromagnetic

calorimeter (ECAL), the hadronic calorimeter (HCAL), the superconducting solenoid, the muon

detector, and the hadronic forward calorimeter (HF) as shown in Fig. 2.1. These layers are also

separated into a barrel region and endcap region. The entire apparatus was designed in five large

“slices” that allow the machine to be separated for maintenance and upgrade purposes, while also

allowing for the different sections to be lowered and raised from the cavern during initial installation

and for future possible large scale upgrades.

CMS uses a coordinate system with the z-axis pointed along the counterclockwise beam line,

the x-axis pointed inward toward the center of the LHC ring, and the y-axis pointed upward. From

these cartesian coordinates, the typical physics spherical coordinates are taken to be ρ as the radial

direction emanating from the center of the detector, θ as the angle of inclination from the z-axis,

and φ as the aximuthal angle in the x-y plane. Rather than directly using θ, a quantity known

as psudeorapidity, η, is used with η = − ln(tan(θ/2)), which results in η = 0 along the x-y plane

and η → ∞ as one approaches the z-axis. Using η, the barrel region is defined as 0 ≤ |η| ≤ 1.44

and the endcap region is 1.5 < |η| < 3.0, with the in between being a region where the different

subdetector components overlap.

The tracker is comprised of concentric layers of silicon. Charged particles deposit energy in the

silicon allowing for an accurate measurement of position and momentum out to |η| ≤ 2.5. The

ECAL primarily measures the energy deposition of electrons and photons via the light emissions

of lead tungstate crystals with coverage out to |η| ≤ 3. The HCAL is a sampling calorimeter

comprised of alternating layers of silicon and brass with principle function to measure the energy

deposition from hadrons that pass through the ECAL. The HCAL has the same coverage as the
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Figure 2.1: A 3-D rendering of the CMS detector with sections separated to show the interior. The
various layers are color coded: pixel tracker (tan), strip tracker (light gray), ECAL (green), HCAL
(orange), solenoid (dark gray), and muon system (white and red) [35].

ECAL. Outside of the HCAL is the 3.8 Tesla superconducting solenoid. The strong magnetic field

from the solenoid causes the bending of charged particles needed to determine momentum from

the tracker. Outside of the superconducting solenoid is the muon detector comprised of layers of

steel and gas-ionizing devices. An oppositely oriented magnetic field throughout the muon system

allows for precision position and momentum measurements of muons as they leave the detector. The

muon system has coverage of |η| ≤ 2.4. Finally, the HF is an addition to the HCAL in the endcap

“forward” regions (3 ≤ |η| ≤ 5) and allows for detection and measuring of particles traveling closer

to the beamline. For the HSCP analyses, the tracker and muon system are the primary components

of the CMS detector used to gather measurements.
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Figure 2.2: Cross sectional diagram of the tracker subdetector indicating the pixel detector and
the various regions of the strip tracker. For reference, distances radially outward from the beam
(r) and distances along the beam axis (z) are listed, as well as markings indicated the η at which
the various components are located[36].

2.2.1 The Tracker Subdetector

The tracker subdetector is 5.8 m in length and 2.5 m in diameter. It can be further divided into

two principle technologies: the silicon pixel and the silicon strip trackers. The pixel detector utilizes

silicon pixels (measuring 100 x 150 µm2) to provide three dimensional position measurements

(r, φ, z). The strip tracker utilizes silicon strips of varying widths and lengths (to be discussed)

with each strip providing two dimensional position measurements (r, φ in the barrel and φ, z in the

endcap). An overall diagram of the tracker can be seen in Fig. 2.2.

The barrel pixel detector is contained in three cylindrical layers located at radii of 4.4, 7.3, and

10.2 cm from the beam line. The pixels are grouped together in the barrel region with readout chips,

power supply cables, and readout cables along with a high density interconnect to form modules.

Depending on the location within the barrel, the modules are configured in 8 or 16 readout chips,

with each chip covering 52x80 pixels. In total the barrel region contains 800 modules with 672 full

modules containing 16 readout chips and 128 half modules containing 8 readout chips. The modules

for all three layers are housed in two half cylindrical housings. The half modules are located at the
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edges where the two cylindrical housings meet.

Within the endcap region, the pixel detector is composed of two disks on each end of the pixel

barrel. The pixel sensors are bonded to different configurations of readout chips (the chips are the

same type as those in the barrel) to form a plaquette. The plaquettes are formed in 1x2, 2x3, 2x4,

1x5, and 2x5 (rows x columns) of readout chips and pixels, and are arranged in trapezoidal shaped

modules along with the high density interconnect of the module, power supply and readout cables.

The modules are arranged into half disks, with two half disks comprising each endcap layer. The

endcap layers are located along the z axis at ±34.5 cm and ±46.5 cm from the center of the CMS

detector extending in radius from 6 cm out to 15 cm from the beam line. Overall the pixel tracker

contains ≈ 6.6x107 channels with a spatial resolution roughly 10 µm in x-y and 20-40 µm in z.

The strip detector is comprised of charge sensitive silicon strips divided into 4 regions: inner

barrel (TIB), outer barrel (TOB), tracker inner disks (TID), and tracker endcap (TEC). TIB, TOB,

TID, and TEC contain 4, 6, 3, and 9 layers respectively. The four layers in the TIB are located at

25.5, 33.9, 41.85, and 49.8 cm away from the beam line, with the two innermost layers containing

double sided modules and the outer two layers containing single sided modules. In the TOB, a

single cylindrical “wheel” structure supports four disks forming six detection layers. The layers are

located at radii of 60.8 cm, 69.2 cm, 78 cm, 86.8 cm, 96.5 cm, and 108 cm, with an overall length of

218 cm for the wheel structure. The three disk layers of the TID span a radius of 20-50 cm from the

beamline and between 80-90 cm in distance from the detector center along the beamline. The two

innermost disks containing double sided modules, and the outermost disk containing single sided

modules. Finally the nine disk layers in the TEC are located radially from 22 cm to 113.5 cm and

from 124 cm to 280 cm from the center of the detector along the z axis. The different strip sensor

geometries used throughout the strip detector are listed in Table 2.1. For all of the strip sensor

geometries, the strips have a sensor pitch to width ratio of 0.25.

The silicon strips within the barrel region layers are oriented parallel to the beamline and

oriented radially in the endcap regions. An additional set of sensor modules are located back to

back with the sensor modules in the two inner most layers of the TIB, TOB, TID, TEC and the

fifth layer of the TEC. These additional modules’ strips are oriented orthogonal to the other strips

in the layer, allowing orthogonal position measurements (z in the barrel and r in the endcap). In
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Table 2.1: The different detector geometries within the silicon strip tracker. Listed are the pitch,
the thickness, the length, and the naming scheme for each geometry. The TID rings and first 3
TEC rings use the same sensor layout, however are listed separately due to differences in module
geometry.

Subsystem location naming scheme pitch (µm) length (mm) thickness (µm)

TIB layers 1-2 IB1 80 116.9 320

TIB layers 3-4 IB2 120 116.9 320

TOB layers 5-6 OB1 122 183.2 500

TOB layers 1-4 OB2 183 183.2 500

TID ring 1 W1A 81-112 85.2 320

TID ring 2 W2A 113-143 88.2 320

TID ring 3 W3A 123-139 110.7 320

TEC ring 1 W1B 81-112 85.2 320

TEC ring 2 W2B 113-143 88.2 320

TEC ring 3 W3B 123-158 110.7 320

TEC ring 4 W4B 113-139 115.2 320

TEC ring 5 W5B 126-156 144.4 500

TEC ring 6 W6B 163-205 181.0 500

TEC ring 7 W7B 140-172 201.8 500

total the strip detector contains 15148 modules housing 9.6 x 106 strips and contains a total of 14

sensor geometries (see Table 2.1).

When a charged particle passes through one of the tracking layers, the silicon medium becomes

ionized and creates electron-hole pairs. The electric field induced in the medium due to the input

voltage forces charge to accumulate on the pixel or strip sensor and then is read out by the readout

chips in Analog-Digital Converter (ADC) counts. The readout is limited to 8 bits which allows

for reading from 0-255 ADC counts. The final ADC count readouts (254, 255 counts) are used to

indicate energy losses in the 254-1024 range and greater than 1024 ADC count range. A minimum

ionizing particle at normal incidence results in ≈ 95 ADC counts for ≈ 300 µm thick silicon sensors.

Saturation effects occur at ≈ 3 times MIP levels for the 320 µm thick strip sensors. Saturation

effects occur at ≈ 2 times MIP levels for the 500 µm thick strip and the pixel sensors [37, 38]. The

ADC counts are converted back to units of energy during data analysis.

2.2.2 The Muon Subdetector

As the outermost layer, the muon subdetector is the final piece of the CMS detector before a

particle escapes. The muon subdetector is comprised of three different gas-ionizing technologies
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Figure 2.3: Cross section diagram of the different muon systems and their respective layouts. For
reference, distances radially outward from the beam (r) and distances along the beam axis (z) are
listed, as well as markings (dashed blue lines) indicated the η at which the various components sit.
The drift tubes are in dark green, the resistive plate chambers are marked in red, and the cathode
strip chambers are in dark blue.

within four active layers, with three steel return yoke layers, and a 2 Tesla magnetic field ori-

ented in the opposite direction with respect to the inner solenoid. The muon subdetector provides

measurements of position, momentum, and timing.

The barrel region of the muon detector is comprised of drift tubes and resistive plate chambers.

The endcaps utilize cathode strip chambers and resistive plate chambers. The drift tubes within

the outer layers have conducting wires parallel to the beam line while the inner layers wires run

orthogonal allowing for position determination. The cathode strip chambers contain six planes

of azimuthally oriented anode wires in between seven cathode strip panels. The resistive plate

chamber modules consists of two gaps with a common set of readout strips in between [34]. Figure

2.3 shows a cross section diagram of the muon system and where the different technologies are

located.
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The signals used to track particle position throughout the muon system are obtained primarily

by the drift tubes and cathode strip chambers due to their finer spatial resolution, while the resistive

plate chambers’ small timing resolution (< 3 ns) allows for accurate triggering (recording) of events.

The resistive plate chambers also provide a coarser position measurement to supplement the drift

tubes and cathode strip chambers. All three technologies work together to form a slight redundancy

in measurements. Depending on the requirements of the particular analysis, the muon subdetector

often works in conjunction with the tracker to identify muons and quantify their momentum and

positions through the CMS detector.

2.2.3 Reconstruction

In order for physics analyses to be carried out, the information from the different subdetectors

in a given bunch crossing (event) undergo a process known as event reconstruction. During re-

construction, the information recorded by the different subdetectors are used to recreate physical

objects (e.g photons, electrons, etc.), assign them physical properties (e.g position, momentum,

etc), and provide information about the event itself (e.g total energy, number of objects, etc). Re-

construction algorithms also produce objects known as jets, which represent the shower of particles

produced during the hadronization of quarks or gluons.

The process of reconstruction differs depending on what object is being reconstructed, but in

general the goal is to determine if the depositions of energy were created from the same object or

were from different objects. In the case of this analysis, the focus is on tracks in the tracker and/or

muon detectors.

2.2.4 Track Reconstruction

In the tracker, a track begins as a series of electric signals produced as a result of a charged

particle interacting with the material of the tracker (rec hits). The rec hits that are above the

minimal threshold (zero-suppression) are grouped together in clusters within each layer of the

tracker. The cluster position is calculated from the clustering algorithm, and form the building

blocks that make up a track.

Beginning with a “seed”, a set of 2-3 inner clusters that can be aligned to form a helical curve,

the tracking algorithm begins to extrapolate outward to determine which clusters in the subsequent

tracking layers can be associated to which seed. It does this via the Combinatorial Tracking Finder
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(CTF), which is a modified combinatorial Kalman Filter [39–42]. The CTF algorithm accepts or

rejects clusters to add to the track by comparing a χ2 value between the cluster and the path of the

track. In the case of multiple hits near the fitted curve, the cluster with the smallest resulting χ2

value is selected. After each cluster is added, the track is refit. The CTF algorithm also accounts

for the particle energy loss through the tracking layers as it updates the track fit.

After the clusters are grouped into tracks, a final track fitting algorithm determines the best

estimate of the parameters of the track. The tracks are then rejected based on loose quality control

criteria (e.g number of hits, χ2 of hits to fitted curve). The tracks passing the quality control are

stored in a standalone collection, as well as being used as the building blocks for reconstructing

other types of objects such as electrons [43]. Figure 2.4 shows the efficiency for reconstructing a

track across a range of transverse momentum (see Sec. 3.1.3).

2.2.5 Muon Reconstruction

The muon detector reconstruction uses hits from the different layers of the muon chambers to

reconstruct a track within the muon system, known as a “standalone” muon track. As a charged

particle passes through a muon spectrometer, the gaseous medium is ionized and the corresponding

signal amplitude and timing are recorded. In the case of a long lived particle, the calculated time

of flight for the hit relies on the recorded time-of-flight to the spectrometer, the propagation time

of the signal (e.g along the wire in a drift tube), and an off-time correction used in the case of slow

moving particles (such as HSCPs).

The initial reconstruction uses the time-of-flight to the spectrometer and the propagation time

to determine a trajectory between the various layers of the muon system. The off-time correction

is then iterated over beginning at ≈ 0 for SM β ≈ 1 particles and applied to the hits within the

muon system. With the proper off-time corrections, the hits in the individual modules of the muon

system align and produce a fit in agreement with a helical path. Without the off-time correction,

a slow moving particle position within the muon system layers is reconstructed further away from

the wire (drift tubes) or strips (cathode strip chambers) that produced the readout signal than the

true position.

To further identify muons (or muon-like objects) the reconstruction combines tracks from the

tracker and the standalone muon tracks into a single reconstructed object known as a global muon

track. The combination can proceed two ways: the standalone track is matched with a tracker
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Figure 2.4: Track efficiency as a function of track pT in GeV. Shown here are data (black and
purple markers) as well as MC simulation (solid blue and purple). Differences in efficiency between
tracker only tracks and tracks that also have a matched muon seed are also shown [44].

14



Figure 2.5: Muon reconstruction efficiency as a function of track pT in 2016 data. The tracks
are from well isolated reconstructed muons passing a tight quality control selection. Shown are
efficiencies for both data (black) and a Z→ µµ MC sample (blue) [46].

track (outside-in) or a tracker track is matched with a standalone track (inside-out). The outside-

in method is preferred since it takes into account all the hits coming from both of the input tracks

to create a new global fit producing the global muon track, also known as a global muon. However

the outside-in method has limitations especially in the lower pT region, therefore the inside-out

method is also used. In the inside-out method, a tracker track is extrapolated outward to the muon

subdetector and if at least one hit in a muon chamber falls close enough to the extrapolated track,

the hit (or hits) from the muon system are added to the tracker track to form a tracker muon. As

seen in Fig. 2.5, the muon reconstruction algorithm is nearly fully efficient for both data and MC

muons with pT greater than approximately 50 GeV [45].
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2.2.6 Missing Transverse Energy

For a given event, certain particles may be produced and leave the detector without causing a

noticeable amount of energy deposition in the detectors. The predominant SM particle to do so

is a neutrino. However, while such particles would remain directly unobserved, their presence can

be inferred and indeed some information about them can be obtained. In an effort to do so, the

experiment employs a variable known as Missing Transverse Energy (MET).

Within the CMS Experiment, MET (6ET) is described as the magnitude of the imbalance in

the transverse momentum of all visible particles within the detector (Eq. 2.1). For the purposes

of this analysis, the concentration is on the quantity known as particle flow MET (PFMET) which

utilizes all of the visible particles that are reconstructed using the PF algorithm, in contrast to the

MET calculation using the energies found in the calorimeters.

6ET= | 6~ET | = | −
∑
i∈all

~pTi| (2.1)

where ~pTi are the transverse momentum vectors of all reconstructed particle flow objects (e.g

electrons, jets, photons). Due to to systematics within various reconstruction algorithms that

comprise the reconstructed particles, as well as the factors from the detector elements themselves

(such as detector mis-alignments), corrections to the MET value are applied offline.

2.2.7 Triggering

With collisions happening at 25 nanosecond intervals, the LHC produces events at a rate of

approximately 1 GHz. Due to the limitations in hardware and software required to reconstruct

the information of an event, the current rate at which events can be recorded is roughly 400 Hz at

the CMS detector. The selection of events to be recorded is accomplished through a combination

of hardware and software based algorithms called triggers. The triggers select events containing

physics deemed “interesting” to researchers, as opposed to the vast majority of events that contain

physics that have historically been well and thoroughly studied (e.g. elastic collisions). The first

stage of the triggering process is called level 1 (L1), followed by the high level trigger (HLT).

L1 triggers are algorithms utilizing hardware to make quick decisions about an event. At L1,

the different subdetectors undergo a quick version of reconstruction without linking to one another.

The L1 triggers bring produce an event passing rate of 100 kHz. From there, the HLTs utilize a
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streamlined version of the full offline event reconstruction to select which events to record. The

HLTs bring down the event recording rate to the average 400 Hz currently used [47].

The specific triggers used in obtaining the data for this analysis are presented in the following

chapter.
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CHAPTER 3

STANDARD HSCP ANALYSES

The CMS collaboration has conducted HSCP searches during Run I at
√
s = 7 and 8 TeV and Run

II at
√
s = 13 TeV. Each search looked for anomalous dE/dx and 1/β to select HSCP candidates

from tracks with larger transverse momentum. Discovery and limit setting for different benchmark

signals involved selecting on a mass calculated from the track dE/dx and momentum. The previous

mass based HSCP analyses (the “standard” HSCP analyses) produced cross section and mass limits

for the different benchmark signals.

3.1 Analyses Variables

The standard HSCP analyses rely heavily on how charged particles deposit energy as the par-

ticles pass through a substance, the rate per unit length of which is known as dE/dx. The Bethe

formula provides an approximate description of dE/dx for the regions of 0.1 < βγ < 1000 which for

a muon corresponds to an approximate momentum range of 10 MeV to 100 GeV. For the regions

outside of this range, other approximations are utilized as shown in Fig. 3.1. For the energies

available at the LHC collisions, most SM particles are produced near the minimum ionizing level

of βγ ≈ 5 (β = v/c, γ = 1/
√

1− β2), hence the focus for the standard HSCP analyses is the region

covered by the Bethe formula,

dE

dx
= Kz2Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Wmax

I2
excitation

− β2 − δ(βγ)

2

]
, (3.1)

where K = 4πNAr
2
emec

2 = 0.307075 MeV cm2 / mol, Z and A are the atomic number and the

molar mass of the material, z is the particle charge, me is the electron mass, δ(βγ) is a correction

due to density effects, Wmax is the max energy transfer in a collision between the particle and the

electrons in the material, and Iexcitation is the mean excitation energy of the material.

Plotting the result of the Bethe formula as well as experimental data shows that as particle mo-

mentum drops below the point of minimum ionization, the energy loss increases quickly (Fig. 3.1).
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Figure 3.1: Stopping power versus momentum of a muon for copper. The solid lines represent
experimental data, and the dotted lines represent the results of plotting the aforementioned ap-
proximations [48].

The HSCP analyses utilize this increased energy loss in identifying HSCP candidates by searching

for tracks that create an anomalously large dE/dx when compared to SM particles.

3.1.1 dE/dx Estimate Ih

Though the HSCP analyses search for anomalous values of dE/dx compared to SM particles,

the CMS detector does not directly record dE/dx for reconstructed tracks. It does however record

the cluster level information about the hits that comprise the track. For each of the hit clusters

(either pixel or strip), the total charge is converted from ADC counts to energy and is divided

by the path length the particle traversed in the layer that housed the cluster. The path length is

calculated from the fitted track and the known geometry of the various layers of the tracker.

The calculated energy loss per path length for each of the tracker clusters are used to estimate

the dE/dx for each reconstructed particle (Ih with units of MeV/cm). The fluctuation of energy

loss in the individual layers of the tracker follow a Landau distribution and due to the highly non-

Gaussian nature of a Landau distribution, the mean value of the energy loss per path length in
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(a) SM Background MC (b) Signal Sample MC

Figure 3.2: Distributions of the dE/dx estimation Ih for SM background (left) and a gluino mass
= 1000 GeV MC sample (right).

the track clusters is not a suitable choice in estimating particle dE/dx. Instead, Ih is taken as the

most probable value of dE/dx and is calculated by using the clusters along the track in the various

layers of the tracker as inputs to a harmonic-2 estimator [49] of the form,

Ih =

 1

N85%

N85%∑
i=1

c−2
i

−1/2

. (3.2)

Here the ci is the i-th energy loss per unit path length and N85% denotes that the Ih estimation

only uses the upper 85% of hits with respect to their charge values. The exclusion of the lower

valued tracker hits in the estimation reduces the influence of instrumental bias within the tracker.

A comparison of the Ih distribution for SM particles and a HSCP samples are shown for MC

simulations in Fig. 3.2.

3.1.2 dE/dx Discriminant Ias

In addition to using the dE/dx estimator (Ih), the HSCP analysis relies on a discriminant

variable Ias. The value of Ias indicates how likely the energy deposition in each layer of the tracker

is due to a MIP versus an HSCP. To calculate Ias, the hits along the track are compared with those
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(a) SM Background MC (b) Signal Sample MC

Figure 3.3: Distributions of Ias for SM background MC (left) and a gluino mass = 1000 GeV MC
sample (right).

of MIPs and the track hits are assigned a value of the probability (Pi) that a MIP produces a charge

equal to or less than the measured charge in that i-th layer. These probabilities are obtained by

comparing the track hits in each layer against templates for the charge depositions amongst the

tracker layers created by MIPs. The Pi is calculated for each measurement along the track path

and summed according to:

Ias =
3

N

(
1

12N
+

N∑
i=1

[
Pi

(
Pi −

2i− 1

2N

)2
])

, (3.3)

where N is the number of measurements comprising the track. By construction, the resulting

discriminant Ias tends towards 0 for MIPs and toward higher values for HSCPs, as shown in Fig. 3.3

for SM and a signal MC sample. This leads to better discrimination between SM MIPs and HSCPs

compared to Ih.

3.1.3 Momentum and Transverse Momentum

The determination of a reconstructed particle momentum depends on the method by which

the particle was reconstructed. For instance, the momentum measurement of a charged particle is
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(a) SM Background MC (b) Signal Sample MC

Figure 3.4: Distributions of pT for SM background MC (left) and a gluino mass = 1000 GeV MC
sample (right).

determined from the curvature of the track associated with the particle. For a neutral particle such

as a photon, the momentum measurement is approximated by its energy, and thus the measurements

from the calorimeters are used. In the case of an HSCP, the momentum is taken by measuring the

curvature of the HSCP path. In this research, the reconstructed HSCP paths are either from the fits

due to tracks in the tracker if a muon was not reconstructed or from the fit of global muon tracks

if a muon was reconstructed. Once the final path has been fitted, the reconstruction algorithm

determines the radius of curvature of the fitted path and, assuming a helical curve with charge

equal to 1 electron charge (|Q|=1e), an estimation of the true momentum is obtained.

Potential HSCP candidates are selected from tracks with transverse momentum, pT, greater

than 55 GeV. Transverse momentum is the component the momentum in the x-y plane. The

magnitudes of momentum and transverse momentum are related by p = pT cosh η. Figure 3.4

shows the pT distributions of SM and signal MC samples.

3.1.4 Time-of-Flight

The Time-of-Flight (TOF) of a candidate is used in the Tracker+TOF analysis. Due to the

large mass and lower overall momentum, HSCPs should arrive at the various subdetectors later
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than their SM counterparts. In order to eliminate the path length dependance within TOF values,

the HSCP analyses utilize an estimate of reconstructed 1/β. SM particles travel at nearly the speed

of light, c, and have β ≈ 1.

The β of a particle is related to the off-time correction (δt) of the signals within the DT and

CSC chambers by
1

β
= 1 +

cδt
L

(3.4)

with L being the distance travelled from the interaction point to the muon spectrometer. The final

value of 1/β is calculated as a weighted average of the individual 1/β measurements along the

reconstructed path.

In the CSCs of the muon system, the weights used in the 1/β calculation are determined in

each measurement by:

wi =
d2
i

σ2
i

. (3.5)

where, di is the distance to the i-th measurement and σi is the time resolution for the CSC detectors

which is 7.0 ns for the cathode strips and 8.6 ns for the anode wires.

For the DTs, the weight in each of the measurements is given by:

wi =
(n− 2)d2

i

nσ2
i

. (3.6)

In Eq.3.6, the time resolution (σi) for the DT measurements is 3.0 ns, and n is the number of

measurements used to determine δt. The (n-2)/n form accounts for the two parameter straight line

calculation used to determine δt. Shown in Fig. 3.5, SM particles are reconstructed with a peak

1/β ≈ 1 and the 1/β distribution for HSCPs tails out to larger values.

3.1.5 Mass

The mass of an unknown particle can be determined through the relationship,

Ih = K
m2

p2
+ C, (3.7)

where K and C are empirically determined constants. The values of K and C are extracted from

fits of Eq. 3.7 to low momentum tracks from data and simulation. The values for K and C for both

2015 and 2016 are listed in Table 3.1. As can be seen in Fig. 3.6, the resulting values of K and C

create a mass distribution from Ih and p that contains excesses at the kaon, proton, and deuteron

masses.
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(a) SM Background MC (b) Signal Sample MC

Figure 3.5: Distributions of 1/β for SM background MC (left) and a gluino mass = 1000 GeV MC
sample (right).

Table 3.1: Values of K and C used in 3.7 for 2015 and 2016 data and MC samples. For each year,
the K and C values were derived from mass line fits applied to low momentum tracks from data.

Year K (MeV/cm) C (MeV/cm)

Data 2015 2.68 3.38

Data 2016 2.68 3.92

MC 2015 2.54 3.34

MC 2016 2.94 3.20
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Figure 3.6: Left: Distribution of dE/dx versus momentum for low momentum tracks. The color
scale represents the number of tracks present along the dE/dx and momentum ranges. The black
lines represent different mass hypotheses for the pion, kaon, proton, and deuteron (left to right).
Right: Distribution of mass calculated with Eq. 3.7 for several data runs and SM simulation of
minimum bias collisions. For convenience, vertical lines have been drawn for the kaon, proton, and
deuteron masses. The deuteron mass does not appear for the minimum bias MC sample as it was
not included as part of the simulation.
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(a) Ih vs p (b) mass

Figure 3.7: Distributions of the dE/dx estimate (Ih) versus momentum for SM background MC
(left) and the calculated mass distribution (right) for a gluino mass = 1000 GeV MC signal sample.

3.2 Simulation Samples

The properties of the BSM benchmark signals (gluinos, stops, staus, modified DY) and their

signature in the CMS detector are investigated via Monte Carlo (MC) simulations. For all of the

signal samples, the HSCPs are set as stable particles.

In the case of R-hadron production, PYTHIA 8.153 [50], with the underlying event tune

CUETP8M1 [51] was used to produce MC samples of stops and gluinos with masses between

100-2600 GeV. Different fractions of gluinos hadronizing into a gluino-gluon state were modeled.

The different fractions (10% and 50% denoted f10 and f50) will affect the fraction of neutral R-

hadrons that are produced. Furthermore, an additional model for charge suppression (CS) was

produced for both gluino and stop R-hadrons.

For the each of the stau production models (GMSB and PP), PYTHIA 6.4 [52] with the Z2*

tune [53] was used. In the minimal Gauge Mediated Supersymmetry Breaking model, Snowmass

Points and Slopes (SPS) 7 slope [54] was used to create the stau as the next-to-lightest supersym-

metric particle, and ISASUGRA [55] v.7.69 was used to generate the mass spectrum and decay

tables. The energy scale at which supersymmetry breaking occurs was varied between 31 to 510
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TeV, with fixed Nmes = 3, tanβ = 10, µ > 0, Cgrav = 10000, and Mmes/Λ = 2 SUSY parameters.

This resulted in a range of long lived staus with masses between 100-1600 GeV.

The Modified DY samples were also produced with PYTHIA 6.4 with the Z2* tune. Masses

range from 100-2600 GeV, but with two charges, |Q|=1e and |Q|=2e. All of the signal MC signal

samples were produced by the CMS MC central production group.

For the background, SM private simulations without pileup were generated by the HSCP group

due to a bug that affected the simulated dE/dx for the centrally produced background samples.

However, since the background samples are only used for control purposes in testing the data-driven

background method (mentioned later in this chapter), the lack of pileup in the private simulations

does not affect their usage. The SM background samples are comprised of DY → µµ + jets and

W → lν + jets.

3.3 Data

As mentioned in the introduction, the HSCP analyses within the CMS collaboration have been

carried out using both the 2015 and 2016
√
s = 13 TeV data. For both data collection years, the

single muon, double muon, and MET datasets were used corresponding to data that had satisfied a

single muon trigger, double muon, or MET trigger. Not all of the luminosity blocks (one luminosity

block is roughly 2 minutes of data taking) are deemed to be of acceptable quality for use in physics

analysis. The listing of which luminosity blocks have been examined and deemed acceptable are

contained in the so-called Java Script Object Notation (JSON) files. The files used for 2015 and

2016 are listed in Table 3.2. The 2015 data correspond to 2.5 fb−1 of integrated luminosity and

the 2016 data correspond to 12.9 fb−1. The 2016 data used in this research covered Runs 273158

to 276811 and was not the complete 2016 dataset. These runs cover the same data as the most

current 2016 CMS HSCP results as presented in Ref. [18].

3.3.1 Analysis Triggers

The specific events used from the 2015 and 2016 data within the HSCP analyses are required to

have satisfied at least one of the following triggers: Mu45 eta2p1, Mu50, PFMET170 NoiseCleaned,

or PFMET170 HBHECleaned (2016 data only). HSCPs should either manifest with the same

signature as a muon or as MET within the detector. The specified triggers had the lowest threshold
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Table 3.2: The JSON files used for running over the 2015 and 2016 datasets

Data Year JSON filename

2015 Cert 246908-260627 13TeV PromptReco Collisions15 25ns JSON Silver v2.txt

2016 Cert 246908-260627 13TeV PromptReco Collisions15 25ns JSON Silver v2.txt

for their respective type of trigger without being prescaled to less than 1; prescaling being the ratio

of events triggered to those recorded.

The Mu45 eta2p1 and Mu50 triggers require that the high level trigger reconstruction find at

least one muon whose pT is greater than 45 and 50 GeV respectively. In the case of the Mu45 eta2p1,

the muon passing the pT requirement must further be found in the |η| ≤ 2.1 region of the muon

system to limit the event recording rate. The Mu50 trigger accepts muons from the entire |η| ≤ 2.4

coverage of the muon system.

The PFMET170 trigger requires an event to have MET ≥ 170 GeV during the high level trigger

reconstruction. The “NoiseCleaned” aspect refers to the fact that the MET value is taken after

two processes were applied: JetId cleaning and HBHE cleaning. The JetId cleaning involves the

removal of low quality jets from the HLT MET calculation. The HBHE cleaning removes HCAL

towers that had a larger than desired noise level from the HLT MET calculation. However, for

the 2016 data collection, the PFMET170 NoiseCleaned trigger was deactivated and replaced with

the PFMET170 HBHECleaned trigger which follows the same algorithm, but without the JetId

cleaning applied.

Each type of benchmark HSCP particle (R-hadrons, or lepton-like) should fall into 3 categories:

charged throughout, neutral, or particles that undergo charge exchange. The muon triggers are

designed to be sensitive to the lepton-like HSCPs and R-hadrons that remain charged throughout

the detector. The PFMET trigger assists in the search for HSCPs that do not properly reconstruct

for the muon trigger such as R-hadrons that undergo charge exchange. R-hadrons that undergo

charge exchange have two general scenarios. First, the R-hadron may be produced charged after

hadronization, interact with the tracker layers causing hits to be registered, and then undergo charge

exchange. If a charged R-hadron becomes neutral between the tracker and the muon system, a high
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Table 3.3: 2016 Trigger Efficiencies for various benchmark signal samples.

Signal Model Mu50 PFMET170 Total

Gluino M 1000 GeV 24.1% 23.7% 42.1%

Gluino M 1600 GeV 13.2% 33.4% 41.8%

GMSB Stau M 308 GeV 95.1% 0.7% 96.1%

GMSB Stau M 871 GeV 84.1% 5.3% 90.3%

PP Stau M 308 GeV 92.5% 1.2% 92.6%

PP Stau M 871 GeV 84.1% 7.8% 85.4%

pT track would be reconstructed without a corresponding muon track nor corresponding energy

in the calorimeters. The HLT reconstruction will record the track, but reject it for further use in

the particle flow algorithm. The rejected track would not contribute to the MET calculation, thus

increasing the value of the resultant MET. The R-hadron can be produced neutral and undergo

charge flipping to produce a track in the muon system. Because the MET algorithm does not include

stand-alone muons, the R-hadron will increase the calculated MET. A summary of the trigger

efficiencies for various signal models is given in Table 3.3 for the dominant Mu50 and PFMET170

triggers. Also included is a total trigger efficiency that indicates the additional efficiency that the

Mu45 eta2p1 trigger provides. As can be seen in Table 3.3, for the lepton-like HSCPs, the majority

of the trigger efficiency is a result of the muon trigger. For the hadron-like HSCPs, the muon trigger

and the MET trigger both add to the overall trigger efficiencies, with the MET trigger becoming

the more efficient as the signal mass increases.

For the purposes of this research, the 2015 dataset was used for testing the MVA HSCP analysis.

The larger 2016 dataset was used to produce final conclusions for this research.

3.4 Standard HSCP Analysis

The standard HSCP analyses that have been conducted by the CMS collaboration have been

selection based analyses. Potential discovery of HSCPs was done by selecting on Ias and pT for the

tracker-only and Ias, pT, and 1/β for the Tracker+TOF analysis. Additionally, mass selection is

used for both analyses. The process by which the analyses obtain their final selection and place
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limits on benchmark HSCP signals can be seen as 4 key steps: HSCP candidate reconstruction

and pre-selection, background estimation, final selection, and limit setting. The following is an

overall summary of the standard HSCP analyses found in Refs. [17, 18] upon which the HSCP

MVA analyses are based.

3.4.1 HSCP Candidate Reconstruction and Preselection

HSCP candidates are created from tracker tracks or global muons from events passing one of

the analysis triggers. The creation of an HSCP candidate involves recording its track parameters,

isolation values, and muon timing properties for the Tracker+TOF analysis.

Preselection applies a loose quality control on the HSCP candidates to ensure that the HSCP

candidate tracks are of good quality. The preselection values are such that the effect on signal

efficiency is minimal compared to the effect on SM particles, as can be seen in Figs. 3.8 and 3.9.

The η and pT selection are |η| > 2.1 and pT > 55 GeV. The pT requirement is higher than the

minimum required to pass the muon trigger to ensure the trigger is fully efficient.

Track quality criteria are applied with the goal that reconstructed HSCP candidate tracks are

of sufficient quality that their pT value and the calculated dE/dx value are reliable. The transverse

displacement (dxy) and longitudinal displacement (dz) of the track to the closest vertex ensure

that the track is compatible with a good quality primary vertex. The track is required to have a

relative uncertainty on its pT measurement (σpT/pT) less than 10%. The track fit is required to

be of sufficient quality by placing a requirement of chi squared per degree of freedom (χ2/ndof)

less than five on the fit. Requiring that at least one pixel hit and more than seven strip hist are

associated with the track ensures the track has sufficient points of measurement. In addition, at

least 80% of the hits along the track must be valid. The tracks are required to be well isolated by

requiring the sum of the pT of all other tracks within a cone of a given radius of 0.3 in η and φ

(R(η, φ) =
√

∆η2 + ∆φ2 ) be less than 50 GeV. The sum of the energy of the calorimeters within

the same ∆R (η, φ) < 0.3 cone is required to be less than 30% of the HSCP candidate momentum,

(Ecal/p) < 0.3. The isolation requirements are to eliminate tracks that have been reconstructed in

an area of high activity that may produce overlapping hits.

In order to ensure the quality of the calculated dE/dx value, the track clusters undergo a shape

test and the track is required to contain at least five clusters that pass the shape test. The shape

test filters clusters whose energy deposition is inconsistent with that of a single particle, for example
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Table 3.4: The preselection criteria applied to the HSCP candidate tracks for the tracker-only and
Tracker+TOF analyses. All of the criteria in the upper portion are applied to both analyses. The
bottom portion are only applied to the Tracker+TOF analysis.

Variable value

|η| < 2.1

pT > 55 GeV

dz < 0.5 cm

dxy < 0.5 cm

σpT /pT 0.25

Track χ2/ndof < 5

# Pixel Hits > 1

# Strip Hits > 7

Fraction of Valid Hits > 0.8∑
ptrkT (∆R < 0.3) < 50 GeV

Ecal (∆R < 0.3) /p < 0.3

dE/dx Strip Shape Test yes

# of dE/dx Measurements > 5

Tracker+TOF only

# of TOF Measurement > 7

σ1/β/1/β < 0.15

1/β > 1

clusters created by two or more particle passing through a layer in close proximity. In the case of

multiple particles passing through a tracker layer in close proximity, the tracker rec hits from the

different particles could be grouped into a single cluster and the result would have a dE/dx larger

than that of an average minimum ionizing particle. The shape test checks if the cluster only has a

single maximum and that the adjacent strips contain energies in the correct proportions consistent

with a charged particle passing through one or two strips. The energy “leak” of a signal from the

maximum strip into its neighbors comes as a result of capacitive coupling between the silicon strips

and is called “cross-talk.” Only the clusters that pass the shape test are used in the final calculation

of dE/dx for that track.

For the Tracker+TOF analysis, the preselection includes all of the aforementioned selection cri-

teria with the addition of requiring the muon track have greater than seven measurements entering

the 1/β calculation. The 1/β estimate itself is required to be greater than 1, and with a relative

uncertainty σ1/β/1/β less than 0.15. The selection variables and their values are listed in Table

3.4.
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Figure 3.8: Efficiency of tracks passing the various preselection criteria for the tracker-only analysis
for data (black), SM MC (blue), and gluino, stop, and GMSB stau signal MC.
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Figure 3.9: Efficiency of tracks passing the various preselection criteria for the Tracker+TOF
analysis for data (black), SM MC (blue), and gluino, stop, and GMSB stau signal MC.
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Table 3.5: The efficiencies for HSCP candidates that pass the trigger requirement to pass the
remaining preselection criteria for a selection of signal models.

Model mass(GeV) Tracker only Tracker+TOF

Gluino 1000 0.762 0.732

Gluino 1600 0.532 0.504

Gluino 2000 0.215 0.204

Stop 1000 0.707 0.676

Stop 1600 0.451 0.420

Stop 2000 0.196 0.142

GMSB Stau 494 0.955 0.910

GMSB Stau 871 0.920 0.920

GMSB Stau 1599 0.649 0.647

PP Stau 494 0.947 0.939

PP Stau 871 0.914 0.939

PP Stau 1599 0.636 0.654

DY |Q| = 1e 600 0.903 0.908

DY |Q| = 1e 1000 0.894 0.892

DY |Q| = 1e 1400 0.761 0.757

DY |Q| = 2e 600 0.840 0.841

DY |Q| = 2e 1000 0.697 0.687

DY |Q| = 2e 1400 0.496 0.476

The preselection efficiencies for the tracker-only and Tracker+TOF analyses for a selection of

the benchmark signal samples are given in Table 3.5.

3.4.2 Background Estimation

In the case of the HSCP analysis, the main source of background is detector related mismea-

surements of SM particles due to SM particles with anomalously large dE/dx. The background

estimate for the HSCP analysis is a “data-driven” background estimate, (i.e. MC simulation is not

used to produce it, only to validate). This is accomplished by the “ABCD” method [56], where the

data is divided up into different regions based on selection criteria. In a two dimensional (x1 and

x2) example, the phase space is divided up into four regions A, B, C, and D using two selection

values v1 on x1 and v2 on x2. A contains entries that fail both selection, regions B and C contains

entries that pass v1 and v2 respectively while failing the other, and region D contains entries that

pass both selection. There are two key assumptions in this method: (1) the signal region (D) is
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(a) pT and Ias (b) TOF and Ias (c) TOF and pT

Figure 3.10: a) The distribution of pT in different regions of Ias for data that passed the preselection
criteria. b) The distribution of TOF in different regions of Ias for data that passed the preselection
criteria. c) The distribution of TOF in different regions of pT for data the passed the preselection
criteria. In all three cases, the agreement of the distributions between the different regions for each
of the respective plots shows the non-correlation of the variables.

where the desired signal is located with negligible amounts of signal in the other regions, and (2)

the input variables used in the selection criteria are independent of each other.

As seen in Fig. 3.10, the selection variables Ias and pT and 1/β are shown to be non-correlated in

the data by taking slices in one variable and comparing the distribution of the remaining variable(s).

The data can be divided up into 4 (8) regions for the 2 (3) selection variables used in the tracker-

only (Tracker+TOF) analysis. Table 3.6 shows the naming scheme used in the HSCP analyses for

different regions.

By using data outside of the signal region (which should be the background by construction)

Table 3.6: The labeling scheme for the regions used in the data-driven background prediction. For
the tracker-only analysis the 1/β selection is not used.

Ias pT tracker-only 1/β Tracker+TOF

fail fail A pass A

pass fail B pass B

fail pass C pass C

pass pass D pass D

fail fail – fail E

pass fail – fail F

fail pass – fail G

pass pass – fail H
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and extrapolating into the region of interest, a background estimate can be made. The background

estimate uses the ratio of the number of candidates within the background regions,

NA

NB
=
NC

ND

NDestimate =
NBNC

NA

(3.8)

where NA, NB, and NC , are the observed number of entries in regions A, B, and C, while NDestimate

is the resulting background estimation for region D. In the case of the Tracker+TOF analysis, 1/β

is included as a third dimension. The additional regions allows multiple ratio combinations to

compute a background estimate. Due to the lower statistical uncertainty, the D region estimate in

the Tracker+TOF analysis is given by

NDestimate =
NANGNF

NE
2 . (3.9)

The background distributions are created using the regions adjacent to the signal region (e.g.

B and C) to create a probability distribution of the values for each of the mass calculation input

variables, p and Ih. From each distribution, all combinations of p and Ih are used to create a

background prediction of the mass distribution (Eq. 3.7) for background events. The bin contents

of the input variable distributions are varied 100 times according to a Poisson distribution peaked

at the original bin content. Each of the varied input distributions are used to create a background

mass distribution. The mass distributions are averaged and the resulting mean mass distribution

is renormalized to the estimated number of background predicted by the ABCD method. The

renormalized mean is used as the final data-driven background distribution. The mass distribution

for the background prediction can be seen in Figs. 3.11 and 3.12 as the “Data-based SM prediction.”

3.4.3 Final Selection

After the preselection, final selection criteria are applied to the HSCP candidates. The selection

criteria determine the candidates entering the observed mass distribution as well as those used

to create the estimated background mass distribution. The analysis searches for a statistically

significant excess over the background estimate in the signal region. The final selection criteria on

Ias and 1/β reduce the amount of background as much as possible while retaining signal efficiency
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Figure 3.11: Mass distribution of HSCP candidates that pass the loose final selection criteria in the
tracker-only analysis for 2015 data. Shown in green is the mass distribution for candidates from a
simulated sample of gluino mass = 1000 GeV that pass the loose final selection. The yellow and
red distribution shows the masses from background prediction with the yellow band representing
the uncertainty on the background prediction. The black markers are the data that pass the loose
final selection.
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Figure 3.12: Mass distribution of HSCP candidates that pass the loose final selection criteria in the
Tracker+TOF analysis for 2015 data. Shown in green is the mass distribution for candidates from
a simulated sample of GMSB stau mass = 494 GeV that pass the loose selection. The yellow and
red distribution shows the masses from background prediction with the yellow band representing
the uncertainty on the background prediction. The black markers are the data that pass the loose
selection.
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Table 3.7: The loose and tight selection criteria used for both the 2015 and 2016 HSCP tracker-only
and Tracker+TOF analyses.

tracker-only

Selection Variables loose value tight value

Ias 0.1 0.3

pT 60 GeV 65 GeV

mass — 0 - 400 GeV

Tracker+TOF

Selection Variables loose value tight value

Ias 0.05 0.175

pT 60 GeV 65 GeV

1/β 1.05 1.25

mass — 0 - 400 GeV

across the signal models and therefore selection was not optimized for one particular signal model.

Two sets of selection value are used in the analysis: one loose and one tight. The loose selection

criteria are used as a control to monitor the behavior of the data-based SM prediction. The

tight criteria are used for final analysis. Additionally, a mass selection is included with the tight

selection and is varied from 0 to 400 GeV in 100 GeV intervals to search for an observed excess

(Table 3.7). The mass distributions resulting from applying loose and tight selection (without the

mass selection) for the tracker-only and Tracker+TOF analyses are shown in Figs. 3.11 and 3.12.

Table 3.8 lists the number of observed and predicted events for the final selection criteria in the

tracker-only and Tracker+TOF analyses using the 2015 data. The 2016 data will be presented in

Chapter 4. Summary tables listing the results using data from 2015 for the standard HSCP analyses

are given in Tables 3.9 to 3.12. No statistically significant excess is found in the number of observed

data versus the background prediction therefore no evidence of HSCPs is claimed. Restrictions on

the benchmark theories are made by placing limits on the observed and expected production cross

sections.
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Figure 3.13: Mass distribution of HSCP candidates that pass the final tight selection criteria in the
tracker-only analysis using 2015 data. Shown in green is the mass distribution for candidates from
a simulated sample of gluino mass = 1000 GeV that pass the final tight selection. The yellow and
red distribution shows the masses from background prediction with the yellow band representing
the uncertainty on the background prediction. The black markers are the data that pass the final
tight selection.
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Figure 3.14: Mass distribution of HSCP candidates that pass the tight final tight selection criteria
in the Tracker+TOF analysis for 2015 data. Shown in green is the mass distribution for candidates
from a simulated sample of GMSB stau mass = 494 GeV that pass the final tight selection. The
yellow and red distribution shows the masses from background prediction with the yellow band
representing the uncertainty on the background prediction. The black markers are the data that
pass the final tight selection.
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Table 3.8: Selection criteria for the tracker-only and Tracker+TOF with the number of predicted
and observed events in 2015 data.

Analysis Selection Number of events

pT (GeV) Ias 1/β Mass (GeV) Predicted Observed

tracker-only 65 0.3 —– 0 28.7± 6 24

65 0.3 —– 100 20.7± 4.4 15

65 0.3 —– 200 3.8± 0.8 2

65 0.3 —– 300 0.82± 0.18 0

65 0.3 —– 400 0.25± 0.05 0

Tracker+TOF 65 0.175 1.250 0 18.2± 3.7 14

65 0.175 1.250 100 5.4± 1.1 4

65 0.175 1.250 200 5.4± 0.19 0

65 0.175 1.250 300 0.06± 0.04 0

65 0.175 1.250 400 0.01± 0.00 0

Table 3.9: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of gluino signal
mass points for the tracker-only analysis using 2015 data. The limits were produced using 2015
data and tight final selection. Included are the selection criteria ( pT, Ias, 1/β, and Mass), as well
as the signal efficiency (Seff), number of predicted background (Bckg. Pred), and observed data
(obs) that pass the selection criteria. Shown are f = 10%,50% for gluino models including the the
charged suppressed interaction models (denoted with an N).

Model Mass pT > Ias > 1/β > Mass> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec

(GeV) (GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 800 65 0.3 — 350 0.435 ± 0.093 0 0.223 1.5 5.5E-3 5.5E-3
Gluino f=0.1 1200 65 0.3 — 590 0.046 ± 0.010 0 0.220 8.4E-2 5.6E-3 5.6E-3
Gluino f=0.1 1600 65 0.3 — 720 0.017 ± 0.004 0 0.166 8.0E-3 7.5E-3 7.5E-3
Gluino f=0.1 2000 65 0.3 — 770 0.012 ± 0.003 0 0.112 9.7E-4 1.1E-2 1.1E-2

Gluino f=0.5 800 65 0.3 — 340 0.491 ± 0.105 0 0.129 1.5 9.5E-3 9.5E-3
Gluino f=0.5 1200 65 0.3 — 580 0.050 ± 0.011 0 0.127 8.4E-2 .9.7E-3 9.7E-3
Gluino f=0.5 1600 65 0.3 — 710 0.018 ± 0.004 0 0.096 8.0E-3 1.3E-2 1.3E-2
Gluino f=0.5 2000 65 0.3 — 760 0.013 ± 0.003 0 0.063 9.7E-4 2.0E-2 2.0E-2

GluinoN f=0.1 600 65 0.3 — 250 1.690 ± 0.369 0 0.141 1.5 5.5E-3 5.5E-3
GluinoN f=0.1 1200 65 0.3 — 590 0.050 ± 0.011 0 0.183 8.4E-2 5.6E-3 5.6E-3
GluinoN f=0.1 1600 65 0.3 — 680 0.023 ± 0.005 0 0.142 8.0E-3 7.5E-3 7.5E-3
GluinoN f=0.1 2000 65 0.3 — 670 0.024 ± 0.005 0 0.099 9.7E-4 1.1E-2 1.1E-2
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Table 3.10: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stop signal
mass points for the tracker-only analysis using 2015 data. The limits were produced using 2015
data and tight final selection. Included are the selection criteria ( pT, Ias, 1/β, and Mass), as well
as the signal efficiency (Seff), number of predicted background (Bckg. Pred), and observed data
(obs) that pass the selection criteria. Shown are stop models including the charged suppressed
interaction models (denoted with an N).

Model Mass pT > Ias > 1/β > Mass> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec

(GeV) (GeV) (GeV) (pb) (pb) (pb)

Stop 600 65 0.3 — 40 28.700 ± 6.030 24 0.266 1.7E-1 2.4E-2 1.8E-2
Stop 1000 65 0.3 — 320 0.632 ± 0.136 0 0.260 6.0E-3 4.7E-3 4.7E-3
Stop 1800 65 0.3 — 660 0.026 ± 0.06 0 0.163 4.6E-5 7.4E-3 7.4E-3

Stop N 600 65 0.3 — 90 22.500 ± 4.710 16 0.169 1.7E-1 3.1E-2 2.3E-2
Stop N 1000 65 0.3 — 320 0.632 ± 0.136 0 0.195 6.0E-3 7.4E-3 6.1E-3
Stop N 1800 65 0.3 — 550 0.063 ± 0.014 0 0.124 4.6E-5 9.9E-3 9.9E-3

Table 3.11: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stau signal
mass points for the Tracker+TOF analysis using 2015 data. The limits were produced using 2015
data and tight final selection. Included are the selection criteria ( pT, Ias, 1/β, and Mass), as well
as the signal efficiency (Seff), number of predicted background (Bckg. Pred), and observed data
(obs) that pass the selection criteria. Shown are the GMSB and PP stau production modes.

Model Mass pT > Ias > 1/β > Mass> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec

(GeV) (GeV) (GeV) (pb) (pb) (pb)

GMSB Stau 308 65 0.175 1.25 130 0.081 ± 0.016 0 0.431 2.5E-2 2.9E-3 2.9E-3
GMSB Stau 494 65 0.175 1.25 260 0.008 ± 0.002 0 0.592 1.9E-3 2.1E-3 2.1E-3
GMSB Stau 651 65 0.175 1.25 380 0.002 ± 0.000 0 0.662 4.1E-4 1.9E-3 1.9E-3

PP Stau 200 65 0.175 1.25 40 0.924 ± 0.187 0 0.242 8.0E-3 7.1E-3 4.9E-3
PP Stau 308 65 0.175 1.25 110 0.130 ± 0.026 0 0.315 1.5E-3 3.9E-3 3.9E-3
PP Stau 494 65 0.175 1.25 230 0.013 ± 0.003 0 0.415 1.9E-4 3.0E-3 3.0E-3
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Table 3.12: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of modified
Drell-Yan signal mass points for the Tracker+TOF analysis using 2015 data. The limits were
produced using 2015 data and tight final selection. Included are the selection criteria ( pT, Ias, 1/β,
and Mass), as well as the signal efficiency (Seff), number of predicted background (Bckg. Pred),
and observed data (obs) that pass the selection criteria. Shown are the modified DY |Q| = 1e and
|Q| = 2e models.

Model Mass pT > Ias > 1/β > Mass> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec

(GeV) (GeV) (GeV) (pb) (pb) (pb)

DY |Q| = 1e 400 65 0.175 1.25 210 0018 ± 0.004 0 0.417 7.3E-3 3.1E-3 3.1E-3
DY |Q| = 1e 600 65 0.175 1.25 350 0.002 ± 0.000 0 0.461 1.2E-3 2.8E-3 2.8E-3
DY |Q| = 1e 800 65 0.175 1.25 480 0.001 ± 0.000 0 0.485 2.6E-4 2.6E-3 2.6E-3

DY |Q| = 2e 400 65 0.175 1.25 90 0.230 ± 0.188 0 0.409 2.3E-2 3.0E-3 3.0E-3
DY |Q| = 2e 600 65 0.175 1.25 200 0.021 ± 0.047 0 0.481 3.5E-3 2.7E-3 2.7E-3
DY |Q| = 2e 800 65 0.175 1.25 300 0.004 ± 0.004 0 0.487 8.0E-4 2.6E-3 2.6E-3

3.4.4 Limit Setting

The final step in the HSCP analysis involves setting limits on the various benchmark signal

models. The tool used in the limit setting is known as the Higgs combined limit setting tool [57]. The

Higgs combined limit setting tool takes as inputs the signal efficiency and its relative uncertainty,

the background event estimate and its relative uncertainty, and the number of observed data that

pass the final selection criteria. The final mass selection used for the background estimate, the

observed data, and the MC signal simulation is calculated for each signal model as µ− 2σ, where

µ is the mean of the calculated mass distribution for the signal model simulation, and σ is the

standard deviation.

The estimated background is obtained from the data-driven background procedure described

earlier in Sec. 3.4.2, and the signal efficiency is obtained from the HSCP candidates extracted from

the MC samples. The tool produces an expected and observed upper cross-section limit on the

particular signal model. Figure 3.15 shows the observed upper cross section limits along with the

theoretical cross sections for several benchmark signal types as functions of mass for the standard

tracker-only and Tracker+TOF analysis. The limit setting tool places cross section limits at the

95% confidence level (CL) using the CLs method [58, 59] where the statistical significance p-value

is computed utilizing a profile likelihood technique [60]. The nuisance parameters in the likelihood

technique are inputted as lognormal [61, 62], and correspond to the uncertainties on the integrated

luminosity, the signal acceptance, and the background estimation. The HSCP multivariate analyses
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share several systematic uncertainties with the standard HSCP analyses, therefore the systematic

uncertainties will be discussed in the following chapter. The upper cross section limits on different

benchmark signal models are listed in Tables 3.9 to 3.12.
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(a) 2015 tracker only

(b) 2015 Tracker+TOF

Figure 3.15: Observed (solid lines) cross section limits and theoretical (green uncertainty bands)
cross sections as function of mass for several benchmark HSCP signal models. The cross sections
from the tracker-only (a) and Tracker+TOF (b) analyses are presented.
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CHAPTER 4

MULTIVARIATE HSCP ANALYSES

The HSCP multivariate based analyses use an artificial neural network in place of the calculated

particle mass for data selection. The mass calculation only relies on the Ih and the reconstructed

momentum. The average SM particle produces Ih ∼ 3 MeV/cm for high momentum tracks. Yet

normal fluctuations can allow for SM particles to produce Ih values more comparable to an HSCP,

and cause a larger reconstructed mass. The motivation for an HSCP multivariate analysis is the

ability to have multiple variables characterize the SM particles and HSCPs to make a search that

is less sensitive to fluctuations in Ih. The development of the HSCP multivariate analyses utilized

the 2015 data and the CMS software environment (CMSSW) version 7.4.15. The 2016 data was

used as a final comparison test against the standard HSCP analyses and used CMSSW version

8.0.24.patch1. The multivariate versions of the tracker-only and Tracker+TOF analyses will be

denoted as tracker-only+MVA and Tracker+TOF+MVA.

4.1 Artificial Neural Network

For the purposes of this research, the artificial neural network utilized exists in the ROOT data

analysis framework. The specific artificial neural network used is the default TMlpANN and belongs

to the MultiLayer Perceptron class of artificial neural network [63]. MultiLayer Perceptrons are

feed forward networks meaning that the information from input nodes to hidden nodes to output

node is only propagated in one direction, as opposed to recurrent networks which allow for the

passing of information backwards within the hidden layers causing the organizational structure of

the network to be dynamic. A properly trained artificial neural network with good background

and signal discrimination will output a multivariate discriminant value with background at lower

values and signal at larger values.

With respect to the structure of the artificial neural network used in this research, there are

two variables that determine the behavior of the artificial neural network: the number of hidden

layers, and the number of hidden nodes per layer. A single hidden layer is sufficient to approximate
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a given continuous correlation function to any precision, provided there are enough hidden nodes in

that hidden layer [63]. The trade off of using a larger number of hidden nodes is the computation

time required for training and utilization increases. Therefore, though a more optimal configuration

may be possible, due to the relatively small number of inputs, a single hidden layer was chosen.

A starting point is the use of 2-3 hidden nodes per input. As seen in Fig. 4.1, the difference in

results due to training on an artificial neural network configured with 10, 15, or 20 hidden nodes

was negligible. Therefore, while not optimized, 10 hidden nodes in 1 hidden layer were chosen as

the artificial neural network configuration throughout the rest of the study. The Broyden-Fletcher-

Goldfarb-Shannon method [64–67] was used for the training method.

4.2 Multivariate HSCP analysis

4.2.1 Artificial Neural Network Training and Testing

Training of the artificial neural network mappings to be incorporated in the HSCP multivariate

analyses utilized a small subset of signal MC samples (Sec. 3.2) and a TOY background sample.

For this research, TOY indicates that a background sample was produced from data events, and

not generated via MC nor is raw collision data. The TOY background samples were created via

a technique similar to the ABCD method the standard analysis utilizes to create the background

prediction mass distribution. The TOY background samples were created from the entire 2.5 fb−1

2015 dataset. The input variables to the artificial neural network were η, pT, and Ias for the

tracker-only+MVA analysis. The Tracker+TOF+MVA analysis used 1/β as an additional input.

The input variables were separated into bins of η (bin width = 0.1), and randomly sampled within

the respective η bin. Combinations from the sampling that fell into the D region were used to

create a distribution that approximates the data.

Figures 4.2 and 4.3 show the agreement for the tracker only analysis between the TOY back-

ground and 2015 data for the input variables for the tracker-only+MVA and Tracker+TOF+MVA

analyses respectively. Both background and data were required to pass the final loose selection.

The primary benefit of utilizing the TOY data is that the training sample is no longer restrained to

the number of data events, as well as reducing any bias the artificial neural network may develop

due to the existence of true signal appearing in data. Furthermore, it allows testing the artificial

neural network mappings on the true data without testing on the same sample that was used in
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(a) 10 hidden nodes (b) 15 hidden nodes

(c) 20 hidden nodes

Figure 4.1: Distributions of the tracker-only+MVA multivariate discriminant for different number
of nodes in the artificial neural network. The artificial neural network was trained using a gluino
mass = 1400 GeV signal and a TOY background sample. Distributions for a gluino mass = 1200
GeV signal (blue), TOY background (pink), and 2015 data passing the loose selection criteria (black
line) are shown. All distributions are normalized to the number of data entries.
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the training. Training of the artificial neural network was done on 104 events of TOY background

and signal each.

Figure 4.4 shows a sample set of linear correlation matrices for the signal and background

produced by an artificial neural network training. The correlation matrix indicates little to no

correlation between Ih and p for the background, as should be the case (see Ch.3.4.2). By contrast,

the signal correlation matrix indicates a much stronger correlation. Figure 4.5 shows the artificial

neural network architecture that created the correlation matrix. The artificial neural network

architecture illustration includes arrows representing the inputs and relative weights that each

node assigned to the input variables.

The viability of a single artificial neural network mapping for a given signal type to be ap-

plied to different signal masses and still maintain signal to background discrimination was in-

vestigated. Figures 4.7 to 4.22 show the multivariate discriminant distributions of applying a

mapping from one mass point to other signal mass points. Each analysis (tracker-only+MVA and

Tracker+TOF+MVA) used a single (but not the same) TOY background sample for training all of

the mappings for that analysis. Figures 4.7 to 4.22 show that when a lower mass trained mapping

is applied to a larger mass point, the multivariate discriminant distributions remain well separated

(e.g. Fig 4.7 (c) ), and the signal multivariate discriminant distributions remain well peaked near

1. However when a mapping that was trained on a higher mass point is applied to a lower mass

point, the multivariate discriminant distribution for the lower signal mass point increases the width

of the peak near 1 (e.g. Fig 4.7 (a)). For most mappings tested, the background are heavily peaked

near 0 and the signal are heavily peaked near 1, the exception being for mass points roughly 400

GeV or less as seen in case of the stau and DY signal types.

Overall the multivariate discriminant distributions outputted by the artificial neural network

mappings show good signal to background separation, as the Receiver Operating Characteristic

(ROC) curves in Figs. 4.8, 4.11, 4.14, 4.17, 4.20, and 4.23 show. In the ROC curves, the signal

efficiency (S) versus background efficiency (B) for the same signal and background but with different

mappings are shown with each point along a curve representing a selection value on the multivariate

discriminant from 0 to 1.

An additional study on the significance versus discriminant selection value was conducted, with

significance defined as S/
√

(S +B). Figures.4.8, 4.11, 4.14, 4.17, 4.20, and 4.23 also include the sig-
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(a) η (b) dE/dx estimate

(c) p

Figure 4.2: Distributions of (a) eta, (b) Ih, and (c) p for a TOY background sample (blue) and
2015 data (red) for the tracker-only analysis. All of the distributions are normalized to unit area.
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(a) η (b) dE/dx estimate

(c) p (d) 1/beta

Figure 4.3: Distributions of (a) η, (b) Ih, (c) p, and (d) 1/β for a TOY background sample (blue)
and 2015 data (red) for the Tracker+TOF analysis. All of the distributions are normalized to unit
area.
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(a) Correlation matrix for signal (b) Correlation matrix for TOY background

Figure 4.4: Linear correlation matrices after training the artificial neural network on a gluino mass
= 800 GeV sample (left) and a TOY background sample (right) for the tracker-only+MVA analysis.
The three inputs (p, Ih, and η) are indicated.

Figure 4.5: Diagram of the artificial neural network architecture with the input nodes, hidden
nodes, and output nodes shown. The arrows indicate which inputs are being passed from node to
node, with the arrow width correlated to the weight that node has assigned the given input.
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nificance versus discriminant selection value for signal and background samples applied to different

mappings. For the significance curves, the signals were scaled based on theoretical cross sections.

The significance plots indicated in general that the larger mass trained mappings would reach a max-

imal value of significance at a lower selection value compared to the lower mass trained mappings.

For Figs. 4.7 to 4.23 the hadron-like samples used mappings from the tracker-only+MVA analy-

sis, whereas the plots showing lepton-like signals used mappings from the Tracker+TOF+MVA

analysis.

In general the ROC curves indicate no significant difference between the different mappings for

a given signal type. However, the significance plots show a trend for larger signal mass mappings

to produce a higher significance value “sooner” (at lower selection values). In the case of very low

masses (less than 500 GeV) the mappings were not able to attain the same level of signal significance

as the mappings trained on higher masses. As previously mentioned, the mappings maintain signal

to background discrimination when a mapping created from a lower mass point is applied to a

higher mass point sample. However the larger the mass point used to train the mapping, the less

likely the background is able to produce larger discriminant values thus increasing the background

rejection. Therefore the mapping chosen to explore the signal type was chosen from the range of

mass points excluded by previous CMS HSCP searches. The final mass points chosen for training

the artificial neural networks were: gluino mass = 1400 GeV, stop mass = 1000 GeV, GMSB stau

mass = 494 GeV, PP stau mass = 308 GeV, DY |Q| = 1e mass = 600 GeV, DY |Q| = 2e mass =

600 GeV (see Table 4.1).

For the HSCP multivariate analyses, the selection on the calculated mass from the standard

analysis (Ch. 3) is replaced by a selection on the artificial neural network multivariate discriminant.

Each of the signal type mappings are saved for the data and background prediction distributions

to be used for discovery and limit setting. In similar fashion to the standard HSCP analyses, the

HSCP multivariate analyses calculate the specific selection value on the multivariate discriminant

used for limit setting at runtime. The selection value is taken to be that which maximizes the

signal significance for selection values on the discriminant between 0.2 and 1. The limit setting

becomes questionable for background uncertainties less than 10−2, therefore the selection value on

the multivariate discriminant is also required to have a background uncertainty no less than 10−2.

The result is a new source of systematic uncertainty related to the multivariate approach.
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(a) gluino mass = 1000 GeV (b) gluino mass = 1400 GeV

(c) gluino mass = 1800 GeV (d) gluino mass = 2200 GeV

Figure 4.6: Distributions of multivariate discriminant values for the tracker-only+MVA analysis
after training with a gluino mass = 1400 GeV. The mapping was applied to samples of (a) gluino
mass = 1000 GeV, (b) gluino mass = 1400 GeV, (c) gluino mass = 1800 GeV, (d) gluino mass =
2200 GeV signal samples (blue), a TOY background sample(pink), and 2015 data that pass the
final loose selection (black lines). All distributions were normalized to the number of data passing
the final loose selection.
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(a) gluino mass = 800 GeV training (b) gluino mass = 1000 GeV training

(c) gluino mass = 1200 GeV training (d) gluino mass = 1400 GeV training

Figure 4.7: Distributions of multivariate discriminant values for the tracker-only+MVA analysis
after training with (a) gluino mass = 800 GeV, (b) gluino mass = 1000 GeV, (c) gluino mass
= 1200 GeV, and (d) gluino mass = 1400 GeV signal samples. For each mapping, the resulting
distributions for the same gluino mass = 1200 GeV sample (blue), TOY distribution(pink), and
2015 data passing the final loose selection (black line) are shown. All distributions were normalized
to the number of data passing the final loose selection.

56



(a) gluino ROC curves (b) gluino ROC curves zoomed

(c) gluino significance

Figure 4.8: The ROC (a)(b) and significance curves (c) for different mappings applied to a gluino
mass = 1800 GeV signal. The discriminant selection of 0.7 is indicated in magenta on the ROC
curves. For the gluino mass = 1400 GeV mapping, the TOY background discriminant distribution
became 0 before the selection value of 0.7. Upper left: The ROC curves for the different mappings
with the background efficiency on a log scale. Upper right: The same ROC curves with the y axis
zoomed in. Lower left: Significance curves for the different mappings.
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(a) stop mass = 800 GeV (b) stop mass = 1000 GeV

(c) stop mass = 1200 GeV (d) stop mass = 1400 GeV

Figure 4.9: Distributions of multivariate discriminant values for the tracker-only+MVA analysis
after training with a stop mass = 1000 GeV sample. The mapping was applied to samples of (a)
stop mass = 800 GeV, (b) stop mass = 1000 GeV, (c) stop mass = 1200 GeV, (d) stop mass =
1400 GeV (blue), a TOY background sample (pink), and the 2015 data passing the final loose
selection (black lines). All distributions were normalized to the number of data passing the final
loose selection.
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(a) Stop M800 GeV training (b) Stop M1000 GeV training

(c) Stop M1200 GeV training (d) Stop M1400 GeV training

Figure 4.10: Distributions of multivariate discriminant values for the tracker-only+MVA analysis
after training with (a) stop mass = 800 GeV, (b) stop mass = 1000 GeV, (c) stop mass = 1200
GeV, and (d) stop mass = 1400 GeV signal samples. The mappings were applied to a stop mass =
1000 GeV (blue), a TOY background (pink), and 2015 data passing the final loose selection (black
lines). All distributions were normalized to the number of data passing the final loose selection.
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(a) stop ROC curves (b) stop ROC curves zoom

(c) stop significance

Figure 4.11: The ROC (a)(b) and significance curves (c) for different mappings applied to a stop
mass = 800 GeV signal and TOY background sample. The discriminant selection of 0.7 is indicated
in magenta on the ROC curves. Upper left: The ROC curves for the different mappings with the
background efficiency on a log scale. Upper right: The same ROC curves with the y axis zoomed
in. Lower left: Significance curves for the different mappings.
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(a) GMSB stau mass = 247 GeV training (b) GMSB stau mass = 308 GeV training

(c) GMSB stau mass = GeV training

Figure 4.12: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with (a)GMSB stau mass = 247 GeV, (b)GMSB stau mass = 308 GeV, and (c)GMSB
stau mass = 494 GeV. The mappings were applied to a GMSB stau mass = 494 GeV (blue), a TOY
background (pink), and 2015 data passing the final loose selection (black lines). All distributions
were normalized to the number of data passing the final loose selection.
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(a) GMSB stau mass = 247 GeV sample (b) GMSB stau mass = 308 GeV sample

(c) GMSB stau mass = 494 GeV sample

Figure 4.13: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with a GMSB stau mass = 494 GeV sample. The mapping was applied samples of
(a)GMSB stau mass = 247 GeV, (b)GMSB stau mass = 308 GeV, (c)GMSB stau mass = 494 GeV
(blue), a TOY background (pink), and 2015 data passing the final loose selection (black lines).All
distributions were normalized to the number of data passing the final loose selection.
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(a) gmstau ROC curves (b) gmstau ROC curves zoom

(c) gmstau significance

Figure 4.14: The ROC (a)(b) and significance curves (c) for different mappings applied to a GMSB
stau mass = 494 GeV signal and TOY background sample. The discriminant selection of 0.7 is
indicated in magenta on the ROC curves. Upper left: The ROC curves for the different mappings
with the background efficiency on a log scale. Upper right: The same ROC curves with the y axis
zoomed in. Lower left: Significance curves for the different mappings.

63



(a) PP stau mass = 247 GeV training (b) PP stau mass = 308 GeV training

(c) PP stau mass = 494 GeV training

Figure 4.15: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with (a)PP stau mass = 247 GeV, (b)PP stau mass = 308 GeV, and (c)PP stau
mass = 494 GeV. The mappings were applied to a PP stau mass = 494 GeV (blue), a TOY
background (pink), and 2015 data passing the final loose selection (black lines). All distributions
were normalized to the number of data passing the final loose selection.
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(a) PP stau mass = 247 GeV sample (b) PP stau mass = GeV sample

(c) PP stau mass = GeV sample

Figure 4.16: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with a PP stau mass = 494 GeV sample. The mapping was applied samples of (a)PP
stau mass = 247 GeV, (b)PP stau mass = 308 GeV, (c)PP stau mass = 494 GeV (blue), a TOY
background (pink), and 2015 data passing the final loose selection (black lines).All distributions
were normalized to the number of data passing the final loose selection.
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(a) PP stau ROC curves (b) PP stau ROC curves zoom
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(c) PP stau significance

Figure 4.17: The ROC (a)(b) and significance curves (c) for different mappings applied to a PP
stau mass = 308 GeV signal and TOY background sample. The discriminant selection of 0.7 is
indicated in magenta on the ROC curves. Upper left: The ROC curves for the different mappings
with the background efficiency on a log scale. Upper right: The same ROC curves with the y axis
zoomed in. Lower left: Significance curves for the different mappings.
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(a) DY |Q| = 1e mass = 400 GeV training (b) DY |Q| = 1e mass = 600 GeV training

(c) DY |Q| = 1e mass = 800 GeV training

Figure 4.18: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with (a) DY |Q| = 1e mass = 400 GeV, (b)DY |Q| = 1e mass = 600 GeV, and (c)
DY |Q| = 1e mass = 800 GeV. The mappings were applied to a DY |Q| = 1e mass = 600 GeV
(blue), a TOY background (pink), and 2015 data passing the final loose selection (black lines). All
distributions were normalized to the number of data passing the final loose selection.
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(a) DY |Q| = 1e mass = 400 GeV sample (b) DY |Q| = 1e mass = 600 GeV sample

(c) DY |Q| = 1e mass = 800 GeV sample

Figure 4.19: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with a DY |Q| = 1e mass = 600 GeV. The mapping was applied samples of (a) DY
|Q| = 1e mass = 400 GeV, (b) DY |Q| = 1e mass = 600 GeV, (c) DY |Q| = 1e mass = 800 GeV
(blue), a TOY background (pink), and 2015 data passing the final loose selection (black lines). All
distributions were normalized to the number of data passing the final loose selection.
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(a) DY |Q| = 1e ROC curves (b) DY |Q| = 1e ROC curves zoom

(c) DY |Q| = 1e significance

Figure 4.20: The ROC (a)(b) and significance curves (c) for different mappings applied to a DY
|Q| = 1e mass = 600 GeV signal and TOY background sample. The discriminant selection of 0.7 is
indicated in magenta on the ROC curves. Upper left: The ROC curves for the different mappings
with the background efficiency on a log scale. Upper right: The same ROC curves with the y axis
zoomed in. Lower left: Significance curves for the different mappings.
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(a) DY |Q| = 2e mass = 400 GeV training (b) DY |Q| = 2e mass = 600 GeV training

(c) DY |Q| = 2e mass = 800 GeV training

Figure 4.21: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with (a) DY |Q| = 2e mass = 400 GeV, (b)DY |Q| = 2e mass = 600 GeV, and (c)
DY |Q| = 2e mass = 800 GeV. The mappings were applied to a DY |Q| = 2e mass = 600 GeV
(blue), a TOY background (pink), and 2015 data passing the final loose selection (black lines). All
distributions were normalized to the number of data passing the final loose selection.

70



(a) DY |Q| = 2e mass =400 GeV sample (b) DY |Q| = 2e mass =600 GeV sample

(c) DY |Q| = 2e mass =800 GeV sample

Figure 4.22: Distributions of multivariate discriminant values for the Tracker+TOF+MVA analysis
after training with a DY |Q| = 2e mass = 600 GeV. The mapping was applied samples of (a) DY
|Q| = 2e mass = 400 GeV, (b) DY |Q| = 2e mass = 600 GeV, (c) DY |Q| = 2e mass = 800 GeV
(blue), a TOY background (pink), and 2015 data passing the final loose selection (black lines).All
distributions were normalized to the number of data passing the final loose selection.
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(a) DY |Q| = 2e ROC curves (b) DY |Q| = 2e ROC curves zoom

(c) DY |Q| = 2e significance

Figure 4.23: The ROC (a)(b) and significance curves (c) for different mappings applied to a DY
|Q| = 2e mass = 600 GeV signal and TOY background sample. The discriminant selection of 0.7 is
indicated in magenta on the ROC curves. Upper left: The ROC curves for the different mappings
with the background efficiency on a log scale. Upper right: The same ROC curves with the y axis
zoomed in. Lower left: Significance curves for the different mappings.
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Table 4.1: The specific signal models used in training the artificial neural networks used to explore
each signal type.

Signal Type Trained Mass

Gluino 1400 GeV

Stop 1000 GeV

GMSB stau 494 GeV

PP Stau 308 GeV

DY |Q| = 1e 600 GeV

DY |Q| = 2e 600 GeV

4.3 Systematic Uncertainties

The systematic uncertainties considered for this analysis can be classified into one of three main

categories: the integrated luminosity, the background prediction, or the signal acceptance. For the

integrated luminosity, the uncertainty is given by CMS to be 2.3% at
√
s = 13 TeV [68].

The systematic uncertainty on the background prediction was obtained by looking at different

combinations of background regions used to estimate the amount of background in the signal region,

analogous to Eq. 3.8. As previously listed, in the case of the Tracker+TOF analysis, the inclusion

of the extra dimension of inverse beta in selecting the signal region produces a total of 8 regions.

Again, due to the independence of the variables, several ratios of the amount of data in different

regions can be produced to obtain a background estimate in the signal region. The final systematic

uncertainty was obtained by calculating the variance in the different background estimates and

removing an estimate of the statistical contribution of said variance, as seen in Eqs.4.1 to 4.3.

V syst+stat
N =

√
Σi

(xi − µ)2

(N − 1)
(4.1)

V stat
N =

√
Σi
σi2

N
(4.2)

V syst =
√
V 2
syst+stat − V 2

stat (4.3)

here i represents the i-th independent background estimate, N represents the total number of

independent background estimates, µ is the arithmetic mean value of the N independent background

estimates, σi is the statistical uncertainty on the i-th background estimates, and the summations

go from 1 to N. The systematic contribution to the variance of the background estimates is taken
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as the square root of the total variance squared minus the statistical contribution of the variance

squared. The systematic uncertainty on the background prediction for the final selection criteria

used is taken conservatively to be 20% after investigating the results of the Tracker+TOF+MVA

ABCD method (see Fig. 4.24). Due to the lack of different independent background estimates

for the tracker-only+MVA analysis, it is taken to have the same systematic uncertainty on the

background prediction.

Several uncertainties contribute to the total systematic uncertainty on the signal acceptance.

The trigger efficiency is dominated by the muon trigger as it is the dominant trigger (Ch. 3). By

comparing the signal MC to data and shifting the arrival times of the simulated particles, the muon

trigger timing is tested to evaluate how it changes with the possible slower arrival times of HSCPs.

The difference in arrival times cause an uncertainty on the muon trigger efficiency of ∼4% for most

mass samples, with larger masses experiencing up to 8%. For the MET trigger, the change in

trigger efficiency is found by adjusting the jet energy scale in the simulation of the HLT. This leads

to an uncertainty of the MET trigger efficiency of less than 12% for all samples. When combined,

the overall trigger uncertainty is found to be less than 13% for all samples. The inefficiencies of the

muon triggers and MET trigger tend to compensate for one another.

For the offline reconstruction (Ch. 2) the track and muon reconstruction are almost fully efficient

for the pT ranges used in this search. Thus the signal acceptance uncertainty due to inefficiency in

either the track and muon reconstruction is taken to be conservatively less than 2% . The position

resolution for a reconstructed track is such that the uncertainties on the η value for the HSCP

candidates in both signal MC and TOY background are found to be negligible (� 1%) [44].

There is a contribution to the uncertainty on signal acceptance due to the uncertainty on the

reconstructed momentum scale. This effect on the signal acceptance is estimated by shifting the

momentum of tracks by the prescription given by the muon system experts as discussed in Ref. [69],

1

p′T
=

1

pT
+ δ(q′, φ, η) (4.4)

with

δ(q′, φ, η) = A+Bη2 + q′C sin(φ− φ0) (4.5)

where A = 0.236 TeV−1, B = -0.135 TeV−1, C = 0.282 TeV−1, φ0 = 1.337, and q′ is the charge

of the particle. A, B, C, and φ0 are obtained by minimizing the difference between the invariant
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(a) Syst+Stat (b) Stat

(c) Syst

Figure 4.24: (Left) Ratio of the total variance (σsyst+stat) over the mean (µ) for different background
estimates (Eq.4.1). (Middle) Ratio of the statistical the quadratic mean of the background esti-
mate statistical uncertainties (σstat) over the mean (µ) for different background estimates (Eq.4.2).
(Right) Ratio of the square difference between the variance in the background estimates and the
quadratic mean of the statistical uncertainties (σstat) and the mean (µ) for different estimates
(Eq.4.3). All three plots are drawn for several combinations of Ias and 1/β selections (red, blue,
black) versus different pT selection using the 2015 data.
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mass distributions from Z → µµ events between data and MC simulation [69]. The resulting effect

on the signal acceptance due to the pT shift and the selection on pT is less than 2%.

The uncertainty on calculated dE/dx in signal MC samples was determined by comparing SM

MC tracks and data. The result shows that the MC simulation overestimates the value of dE/dx

by as much as 5%, therefore a conservative value of 5% is chosen as the uncertainty on dE/dx.

When applied to HSCP candidates, the change in signal acceptance due to passing the selection on

Ias was found to be on average less than 5%, with some of the smaller mass models experiencing

up to 20%.

The uncertainty on the 1/β estimate for signal MC was determined by comparing dimuon events

between MC simulation and data. The MC simulations were found to overestimate 1/β by 1.5%.

The overestimation led to a change in signal acceptance due to passing the selection on 1/β of less

than 5% on average, with some of the smaller mass models experiencing up to 26% change in signal

acceptance.

Beginning in 2015, a new source of systematic that may affect the signal acceptance was in-

cluded. The source is from particles, predominantly low momenta hadrons, originating from the

previous bunch crossing and interacting with the tracking layers. These particles, termed Highly

Ionizing Particles (HIP), induce a very low charge collection in the track layers causing a drift in

the voltage baseline of the tracker layers. The drift can cause a shift downward of the measured

cluster charge to below MIP levels, and thus affect the overall estimate of dE/dx. The effect of

the HIP induced baseline voltage drift is estimated by using signal MC simulations modified by

increasing the rate of low dE/dx measurements. The effect of HIP background on signal acceptance

due to passing Ias was found to be on average < 1% for most mass models, and at most 12% for

the low mass models.

A source of systematic uncertainty on the signal acceptance that differs from the standard

HSCP analysis arises from the use of the artificial neural network. The systematic uncertainty

originates from how the uncertainties on the input variables affect the final multivariate discriminant

values outputted by the artificial neural network mappings. The 5% overestimate is applied to the

HSCP candidate dE/dx from MC signal samples entering the artificial neural network and the

resulting difference can be seen in Fig. 4.25. The momentum scale uncertainty described above

was applied to the HSCP candidates momenta for both MC and data. The resulting difference
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in multivariate discriminant distribution can be seen in Fig4.25. The combined effect of both the

dE/dx uncertainty and the momentum scale was also studied as it is the combined affect that will

change the multivariate discriminant distributions used for discovery and limit setting Fig. 4.25.

A similar series of comparisons was done for the Tracker+TOF multivariate analysis including the

uncertainty from 1/β.

Overall, it can be seen that the combined dE/dx, momentum, and/or 1/β uncertainties do cause

a slight shift to lower multivaraite discriminant values for some of the signal HSCP candidates,

yet a similar shift also occurs to the TOY background discriminant distribution. Overall the

discriminant distribution is still heavily peaked near 1 for the signal and near 0 for the TOY

background distributions. The combined effect of the uncertainties on the input variables create

a shift in the discriminant values and affect signal acceptance. The uncertainty on the signal

acceptance due to the shift in multivariate discriminant values is found to be up to 18% for the

tracker-only+MVA and up to 22% for the Tracker+TOF+MVA analyses in the lower mass regions.

The shifts in discriminant values have less effect on signal acceptance at higher masses, with signal

acceptance uncertainties less than 5% for the higher mass regions.

After processing all of the benchmark signal models and examining the impacts of the various

sources of systematics on the signal acceptances, total uncertainties on signal acceptance are found

to be less than 15% for the tracker-only+MVA and the Tracker+TOF+MVA analyses for most

mass models. The dominant contribution to the total signal acceptance uncertainties in the larger

mass region is the trigger efficiency. The total uncertainty on the signal acceptance was found to

be up to 32% for the lower mass models in the tracker-only+MVA analysis, and up to 45% for the

Tracker+TOF+MVA analysis. The larger uncertainties for the lower mass models in both analyses

are due to choice of mass used for producing the artificial neural network mapping. As discussed

in Sec. 4.2.2, the mappings produce less signal to background discrimination for lower mass points.

In the larger mass models, the artificial neural network mappings are better able to discriminate

between signal and background. Figure 4.26 show the relative uncertainties across the different

masses for the gluino f = 10% and GMSB stau models as for both MVA analyses. Tables 4.2 to

4.7 list the sources of systematic uncertainties and their range of values across the different signal

types for the tracker-only+MVA and the Tracker+TOF+MVA analyses.
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(a) dE/dx estimate (b) momentum

(c) combined (d) combined

Figure 4.25: Distributions of the multivariate discriminant with (red) and without (blue) the in-
clusion of the uncertainty on an input variable for tracker-onlyanalysis for a gluino mass = 1200
GeV sample. Both dE/dx estimate (a) and momentum (b) are varied individually and their com-
bined effect is shown as well (c). The inclusion of the uncertainty on momentum for the TOY
background sample is also shown (d). All plots use the same gluino mass = 1400 GeV mapping
and are normalized to the number of 2015 data passing the final loose selection.
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(a) gluino f = 10% (b) GMSB stau

(c) gluino f = 10% (d) GMSB stau

Figure 4.26: Sample distributions showing the relative uncertainties in the 2015 MVA analyses of
the different systematics that affect the signal acceptance for the tracker-only+MVA analysis (a)(b)
and Tracker+TOF+MVA analysis (c)(d). Plots (a) and (c) are for the gluino f = 10% model, and
(b) and (d) are for the GMSB stau model.
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Table 4.2: Sources of systematic uncertainties and their corresponding relative uncertainties on the
gluino signal samples for the 2015 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 15 < 8

HIP background effect < 3 < 4

Time-of-flight - < 8

Muon reconstruction - 2

Pileup contribution < 1 < 5

MVA < 10 < 5

Total signal acceptance uncertainty < 25 < 18

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.3 2.3

Table 4.3: Sources of systematic uncertainties and their corresponding relative uncertainties on the
stop signal samples for the 2015 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 6 < 10

HIP background effect < 4 < 6

Time-of-flight - < 13

Muon reconstruction - 2

Pileup contribution < 1 < 6

MVA < 6 < 10

Total signal acceptance uncertainty < 18 < 25

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.3 2.3
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Table 4.4: Sources of systematic uncertainties and their corresponding relative uncertainties on the
GMSB stau signal samples for the 2015 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 12 < 8

HIP background effect < 5 < 2

Time-of-flight - < 4

Muon reconstruction - 2

Pileup contribution < 1 < 1

MVA < 6 < 2

Total signal acceptance uncertainty < 18 < 16

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.3 2.3

Table 4.5: Sources of systematic uncertainties and their corresponding relative uncertainties on the
PP stau signal samples for the 2015 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 5 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 18 < 10

HIP background effect < 7 < 4

Time-of-flight - < 6

Muon reconstruction - 2

Pileup contribution < 1 < 1

MVA < 15 < 2

Total signal acceptance uncertainty < 28 < 18

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.3 2.3
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Table 4.6: Sources of systematic uncertainties and their corresponding relative uncertainties on the
DY |Q| = 1e signal samples for the 2015 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 18 < 8

HIP background effect < 12 < 8

Time-of-flight - < 21

Muon reconstruction - 2

Pileup contribution < 1 < 20

MVA < 18 < 22

Total signal acceptance uncertainty < 32 < 45

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.3 2.3

Table 4.7: Sources of systematic uncertainties and their corresponding relative uncertainties on the
DY |Q| = 2e signal samples for the 2015 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 2 < 2

HIP background effect < 4 < 4

Time-of-flight - < 26

Muon reconstruction - 2

Pileup contribution < 1 < 4

MVA < 2 < 2

Total signal acceptance uncertainty < 14 < 35

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.3 2.3
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Table 4.8: The number of predicted and observed events in 2015 data for a range of selection values
on the multivariate discriminant (MVA). Presented are the results from the gluino mapping.

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2392.0 12544

60 0.1 —– 0.20 185.6± 37.1 184

60 0.1 —– 0.40 30.1± 6.0 31

60 0.1 —– 0.60 6.6± 1.4 9

60 0.1 —– 0.80 1.0± 0.2 1

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 3.6± 0.8 0

65 0.3 —– 0.40 0.4± 0.1 0

65 0.3 —– 0.60 0.07± 0.02 0

65 0.3 —– 0.80 0.012± 0.003 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3329.8 16546

65 0.050 1.050 0.20 664.9 ± 133.0 661

65 0.050 1.050 0.40 103.0± 20.6 97

65 0.050 1.050 0.60 20.3± 4.1 17

65 0.050 1.050 0.80 2.1± 0.4 2

65 0.175 1.250 0 0.85± 0.18 0

65 0.175 1.250 0.20 0.05 ± 0.01 0

65 0.175 1.250 0.40 0.003± 0.001 0

65 0.175 1.250 0.60 0.001± 0.000 0

65 0.175 1.250 0.80 0.000± 0.000 0

4.4 Multivariate Analyses Results with 2015 Data

The numbers of observed data for the 2015 dataset and background prediction were obtained

using the same selections on Ias, pT, and 1/β as the standard HSCP analyses with the multivariate

discriminant replacing the selection on mass. No statistically significant excess was observed for

different selection values on the multivariate discriminant as seen Tables 4.8 and 4.9 for either the

tracker-only+MVA or the Tracker+TOF+MVA analyses. The final loose selection is also provided

in the tables showing the agreement between the background prediction and the observed 2015

data. A table for each signal type listing the prediction versus observed data for the 2015 dataset

can be found in Appendix A.

The Higgs tool was used to produce cross section limits as was done for the standard HSCP anal-

yses. A summary of results from the Higgs tool for the multivariate analyses are presented in Tables
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Table 4.9: The number of predicted and observed events in 2015 data for a range of selection values
on the multivariate discriminant (MVA). Presented are the results from the GMSB stau mapping.

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2392.3 12544

60 0.1 —– 0.2 206.5± 41.3 209

60 0.1 —– 0.4 47.0± 9.4 49

60 0.1 —– 0.6 13.9± 2.8 17

60 0.1 —– 0.8 3.9± 0.8 6

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 2.9± 0.7 1

65 0.3 —– 0.40 0.4± 0.1 0

65 0.3 —– 0.60 0.1± 0.02 0

65 0.3 —– 0.80 0.03± 0.006 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3331.2 16546

65 0.050 1.050 0.20 513.4 ± 102.7 484

65 0.050 1.050 0.40 182.2± 36.5 164

65 0.050 1.050 0.60 74.9± 15.0 73

65 0.050 1.050 0.80 26.3± 5.3 22

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.010± 0.002 0

65 0.175 1.250 0.40 0.003± 0.001 0

65 0.175 1.250 0.60 0.001± 0.000 0

65 0.175 1.250 0.60 0.000± 0.000 0
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4.10 to 4.13. The results were obtained using the same selection on pT, Ias, and 1/β as the standard

analyses, but with a selection on multivariate discriminant replacing the selection on mass. The

range of selection values across all signal models for the multivariate discriminant varied between

0.2 to 0.98 for the tracker-only+MVA and between 0.2 to 0.54 for the Tracker+TOF+MVA anal-

yses. The selection on multivariate discriminant was calculated for each signal model to maximize

signal significance as discussed in Sec. 4.1. The Higgs tool placed upper limits at the 95% CL on the

observed cross section that varied between 1.8×10−3 pb to 8.6×10−1 pb for the tracker-only+MVA

analysis. For the Tracker+TOF+MVA analysis, the upper limits varied between 1.7× 10−3 pb to

1.3× 10−1 pb.

A comparison of the observed cross section limits produced by the Higgs tool and the theoretical

cross sections allowed the estimation of lower mass limits for each signal type. Lower mass limits of

1610(1590) GeV for the gluino f = 10%, 1040(990) GeV for the stop, 490(490) GeV for the GMSB

stau, 200(240) for the PP stau, 510(550) GeV for the DY |Q| = 1e, and 710(660) GeV for the

DY |Q| = 2e were calculated for the tracker-only+MVA(Tracker+TOF+MVA) analysis. The lower

mass limits on the 2015 data for both standard and multivariate analyses are listed in Table 4.14.

When compared to the results of the standard analysis, the HSCP multivariate analyses showed

an improvement in the expected and observed cross sections for some of the signal models, while the

results for many models remained unchanged. The improvement was up to 10% in some cases. In

general there was negligible improvement on the lower mass limits, with several of the mass limits

only improving by < 1%. However there was ≈ 5% improvement for the modified DY signal types

in the tracker-only+MVA analysis compared to the standard tracker-only analysis. Furthermore,

the standard Tracker+TOF analysis was unable to place a lower mass limit on the PP stau, but

the Tracker+TOF+MVA analysis was successful.

An investigation was also conducted on the robustness of the MVA upon relaxation of the

selection criteria. By constraint, the selection on pT was not allowed to be relaxed because the

next lower value would be identical to the pre-selection criteria. Therefore the selections on Ias

and/or 1/β were relaxed in an attempt to find a more optimal set of selection criteria. For the

tracker-only+MVA analysis, the Ias was varied in 0.025 increments from 0.200 to 0.300, and the

results of the Higgs tool were recorded. For the Tracker + TOF + MVA analysis, both the final
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Table 4.10: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of gluino signal
mass points for the tracker-only+MVA analysis using 2015 data. Included are the selection criteria
( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number of predicted background
(Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown are f = 10%,50% for
gluino models including the the charged suppressed interaction models (denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f = 0.1 1000 65 0.300 / 0.420 0.309 ± 0.068 0 0.233 3.2E-01 5.2E-03 5.2E-03 0.00
Gluino f = 0.1 1400 65 0.300 / 0.640 0.049 ± 0.011 0 0.199 2.5E-02 6.1E-03 6.1E-03 0.00
Gluino f = 0.1 1800 65 0.300 / 0.640 0.049 ± 0.011 0 0.143 2.7E-03 8.5E-03 8.5E-03 0.00
Gluino f = 0.1 2200 65 0.300 / 0.640 0.049 ± 0.011 0 0.094 3.6E-04 1.3E-02 1.3E-02 0.00

Gluino f = 0.5 1000 65 0.300 / 0.480 0.183 ± 0.040 0 0.136 3.2E-01 9.0E-03 9.0E-03 0.00
Gluino f = 0.5 1400 65 0.300 / 0.620 0.056 ± 0.012 0 0.114 2.5E-02 1.0E-02 1.0E-02 0.00
Gluino f = 0.5 1800 65 0.300 / 0.640 0.049 ± 0.011 0 0.080 2.7E-03 1.5E-02 1.5E-02 0.00
Gluino f = 0.5 2200 65 0.300 / 0.640 0.049 ± 0.011 0 0.052 3.6E-04 2.3E-02 2.3E-02 0.00

Gluino N f = 0.1 1200 65 0.300 / 0.460 0.215 ± 0.047 0 0.190 8.4E-02 6.4E-03 6.4E-03 0.00
Gluino N f = 0.1 1600 65 0.300 / 0.640 0.049 ± 0.011 0 0.148 8.0E-03 8.3E-03 8.3E-03 0.00
Gluino N f = 0.1 2000 65 0.300 / 0.640 0.049 ± 0.011 0 0.103 9.7E-04 1.2E-02 1.2E-02 0.00

Gluino N f = 0.5 1200 65 0.300 / 0.540 0.106 ± 0.023 0 0.146 8.4E-02 8.5E-03 8.5E-03 0.00
Gluino N f = 0.5 1600 65 0.300 / 0.640 0.049 ± 0.011 0 0.114 8.0E-03 1.1E-02 1.1E-02 0.00
Gluino N f = 0.5 2000 65 0.300 / 0.640 0.049 ± 0.011 0 0.079 9.7E-04 1.5E-02 1.5E-02 0.00

Table 4.11: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stop signal
mass points for the tracker-only+MVA analysis using 2015 data. Included are the selection criteria
( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff), number of predicted background
(Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown are stop models
including the charged suppressed interaction models (denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Stop 1000 65 0.300 / 0.700 0.052 ± 0.011 0 0.262 6.0E-03 4.6E-03 4.6E-03 0.00
Stop 1400 65 0.300 / 0.700 0.052 ± 0.011 0 0.229 4.5E-04 5.3E-03 5.3E-03 0.00
Stop 1800 65 0.300 / 0.700 0.052 ± 0.011 0 0.168 4.6E-05 7.2E-03 7.2E-03 0.00

Stop N 1000 65 0.300 / 0.700 0.052 ± 0.011 0 0.196 6.0E-03 6.2E-03 6.2E-03 0.00
Stop N 1600 65 0.300 / 0.700 0.052 ± 0.011 0 0.155 1.4E-04 7.8E-03 7.8E-03 0.00
Stop N 1800 65 0.300 / 0.700 0.052 ± 0.011 0 0.128 4.6E-05 9.3E-03 9.3E-03 0.00
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Table 4.12: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stau signal
mass points for the Tracker+TOF+MVA analysis using 2015 data. Included are the selection
criteria ( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff), number of predicted
background (Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown are the
GMSB and PP stau production modes.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

GMSB stau 247 65 0.175 1.250 0.200 0.170 ± 0.034 0 0.365 8.8E-02 3.3E-03 3.3E-03 0.00
GMSB stau 308 65 0.175 1.250 0.260 0.082 ± 0.016 0 0.433 2.5E-02 2.9E-03 2.9E-03 0.00
GMSB stau 494 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.595 1.9E-03 2.1E-03 2.1 E-03 0.00

PP stau 247 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.271 3.7E-03 4.6E-03 4.6E-03 0.00
PP stau 308 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.317 1.5E-03 3.9E-03 3.9E-03 0.00
PP stau 494 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.418 1.9E-04 2.9E-03 2.9E-03 0.00

Table 4.13: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of modified
Drell-Yan signal mass points for the Tracker+TOF+MVA analysis using 2015 data. Included are
the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number of
predicted background (Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown
are the modified DY |Q| = 1e and |Q| = 2e models.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

DY |Q| = 1e 400 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.420 7.3E-03 3.0E-03 3.0E-03 0.00
DY |Q| = 1e 600 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.466 1.2E-03 2.7E-03 2.7E-03 0.00
DY |Q| = 1e 800 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.488 2.6E-04 2.6E-03 2.6E-03 0.00

DY |Q| = 2e 400 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.410 2.3E-02 3.1E-03 3.1E-03 0.00
DY |Q| = 2e 600 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.482 3.5E-03 2.6E-03 2.6E-03 0.00
DY |Q| = 2e 800 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.489 8.0E-04 2.6E-03 2.6E-03 0.00

Table 4.14: Lower mass limits for the 2015 data from both the standard HSCP analyses (tracker-
only and Tracker+TOF) compared to the HSCP multivariate analyses (tracker-only+MVA and
Tracker+TOF+MVA) for all 6 benchmark signal types. All analyses used the final tight selection.

Lower mass limit

tracker-only Tracker+TOF

Signal Type Mass selection MVA selection Mass selection MVA selection

Gluino f = 0.1 1610 1620 1580 1590

Stop 1040 1040 990 990

GMSB Stau 490 490 480 490

PP Stau 240 240 — 240

DY |Q| = 1e 510 540 550 550

DY |Q| = 2e 680 710 660 660
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(a) Standard analysis
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Figure 4.27: Theoretical cross section and the 95% CL upper limit on the observed cross section,
both as a function of mass, using the final tight selection on 2015 data. The left plot shows the
results from the standard HSCP tracker-only analysis, and the right plot shows the results from
the tracker-only+MVA analysis.
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(a) Standard analysis
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Figure 4.28: Theoretical cross section and the 95% CL upper limit on the observed cross section,
both as a function of mass, using the final tight selection on 2015 data. The left plot shows the
results from the standard HSCP tracker-only analysis, and the right plot shows the results from
the Tracker+TOF+MVA analysis.
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selection values on Ias and 1/β were relaxed between 0.175 to 0.150 for Ias and between 1.25 to 1.15

in 1/β.

The combinations of relaxed final selection criteria were applied to a range of signal models

in search of a potentially optimized selection over the final selection from the standard analyses.

The determination of an improved final selection criteria was taken to be that which decreased the

median value of the expected upper cross section limit while maintaining the±σ range. Furthermore

the chosen selection criteria was also required to maintain a ±2σ range comparable to the results of

the standard HSCP analysis. Tables 4.15 to 4.20 show the Higgs tool results of scanning through

the different selection criteria.

The final selection criteria from the optimization scan to be tested were chosen to be Ias > 0.250

and pT > 65 GeV for the tracker-only+MVA, and Ias > 0.150, pT > 65 GeV, 1/β > 1.250 for the

Tracker+TOF+MVA analysis as seen in Table 4.21. The MVA selection during limit setting was

again selected by maximizing the signal significance for MVA values between 0.2 and 1 for each

signal model.

Using the final selections from the optimization scan, a comparison of the theoretical cross

sections and the 95% CL upper limit on observed cross sections can be seen on the right in Fig. 4.29

for the tracker-only+MVA and Fig. 4.30 for the Tracker+TOF+MVA analysis. On the left of

Figs. 4.29 and 4.30 are the standard HSCP analyses equivalent limit plots for the 2015 data. In

Tables 4.22 to 4.25 are summaries of results for the signal benchmarks focusing on the hadron-like

signals for the tracker-only+MVA analysis, and the lepton-like signals for the tracker+TOF+MVA

analysis. A more inclusive summary can be found in Appendix B. The theoretical and upper limit

on the observed cross section are used to place lower mass limits on the benchmark signal types.

Table 4.26 shows the lower mass limits.

The final selection from the optimization scan did not produce a statistically significant excess

of observed data over the background prediction. However, improvements were found in the cross

section limits. Compared to the standard analyses, the upper limit on the expected and observed

cross sections was up to ≈ 10% lower than the results from the 2015 analysis. The lower mass limits

remained relatively unchanged for many of the signal types between the 2015 standard analyses

and the MVA analyses with the relaxed final selection from the scan. The results in both the cross

section limits and the mass limits were consistent with the results obtained using the selection
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Table 4.21: Relaxed selection criteria for the MVA analyses not including MVA selection.

tracker-only+MVA

Selection value

pT 65 GeV

Ias 0.250

Tracker + TOF + MVA

Selection value

pT 65 GeV

Ias 1.50

1/β 1.25

(a) Standard analysis
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Figure 4.29: Theoretical and 95% CL upper limit on observed cross sections, both as a function
of mass, using 2015 data. The left plot shows the results from the standard HSCP tracker-only
analysis using the final tight selection. The right plot shows the results from the tracker-only+MVA
analysis using the relaxed final selection.

97



(a) Standard analysis
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Figure 4.30: Theoretical and 95% CL upper limit on observed cross sections, both as a function of
mass, using 2015 data. The left plot shows the results from the standard HSCP Tracker+TOF anal-
ysis using the final tight selection. The right plot shows the results from the Tracker+TOF+MVA
analysis using the relaxed final selection.

Table 4.22: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of gluino signal
mass points for the tracker-only+MVA analysis using 2015 data and relaxed final selection. Included
are the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number
of predicted background (Bckg. Pred), and observed data (obs) that pass the selection criteria.
Shown are f = 10%,50% for gluino models including the the charged suppressed interaction models
(denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 1000 65 0.250 / 0.420 0.540 ± 0.112 0 0.242 3.2E-01 4.9E-03 4.9E-03 0.00
Gluino f=0.1 1600 65 0.250 / 0.640 0.091 ± 0.019 0 0.177 8.0E-03 6.8E-03 6.8E-03 0.00
Gluino f=0.1 1800 65 0.250 / 0.640 0.091 ± 0.019 0 0.146 2.7E-03 8.3E-03 8.3E-03 0.00
Gluino f=0.1 2200 65 0.250 / 0.640 0.091 ± 0.019 0 0.095 3.6E-04 1.3E-02 1.3E-02 0.00

Gluino f=0.5 1000 65 0.250 / 0.480 0.328 ± 0.068 0 0.142 3.2E-01 8.4E-03 8.4E-03 0.00
Gluino f=0.5 1400 65 0.250 / 0.640 0.091 ± 0.019 0 0.118 2.5E-02 1.0E-02 1.0E-02 0.00
Gluino f=0.5 1800 65 0.250 / 0.640 0.091 ± 0.019 0 0.083 2.7E-03 1.5E-02 1.5E-02 0.00
Gluino f=0.5 2200 65 0.250 / 0.640 0.091 ± 0.019 0 0.053 3.6E-04 2.3E-02 2.3E-02 0.00

GluinoN f10 1200 65 0.250 / 0.460 0.383 ± 0.079 0 0.195 8.4E-02 6.2E-03 6.2E-03 0.00
GluinoN f10 1600 65 0.250 / 0.640 0.091 ± 0.019 0 0.150 8.0E-03 8.0E-03 8.0E-03 0.00
GluinoN f10 2000 65 0.250 / 0.640 0.091 ± 0.019 0 0.104 9.7E-04 1.1E-02 1.1E-02 0.00

GluinoN f=0.5 1200 65 0.250 / 0.540 0.196 ± 0.040 0 0.150 8.4E-02 8.1E-03 8.1E-03 0.00
GluinoN f=0.5 1600 65 0.250 / 0.640 0.091 ± 0.019 0 0.116 8.0E-03 1.0E-02 1.0E-02 0.00
GluinoN f=0.5 2000 65 0.250 / 0.640 0.091 ± 0.019 0 0.079 9.7E-04 1.5E-02 1.5E-02 0.00
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Table 4.23: Summary of the theoretical cross section (ThXsec), expected cross section limit at
95% CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stop
signal mass points for the tracker-only+MVA analysis using 2015 data and relaxed final selection.
Included are the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff),
number of predicted background (Bckg. Pred), and observed data (obs) that pass the selection
criteria. Shown are both the stop models and the charge suppressed model (denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Stop 1000 65 0.250 / 0.720 0.097 ± 0.020 0 0.270 6.0E-03 4.6E-03 4.6E-03 0.00
Stop 1400 65 0.250 / 0.720 0.097 ± 0.020 0 0.236 4.5E-04 5.1E-03 5.1E-03 0.00
Stop 1800 65 0.250 / 0.720 0.097 ± 0.020 0 0.172 4.6E-05 7.0E-03 7.0E-03 0.00

StopN 1000 65 0.250 / 0.720 0.097 ± 0.020 0 0.200 6.0E-03 6.0E-03 6.0E-03 0.00
StopN 1600 65 0.250 / 0.720 0.097 ± 0.020 0 0.157 1.4E-04 7.7E-03 7.7E-03 0.00
StopN 1800 65 0.250 / 0.720 0.097 ± 0.020 0 0.130 4.6E-05 9.3E-03 9.3E-03 0.00

Table 4.24: Summary of the theoretical cross section (ThXsec), expected cross section limit at
95% CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stau
signal mass points for the Tracker+TOF+MVA analysis using 2015 data and relaxed final selection.
Included are the selection criteria ( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff),
number of predicted background (Bckg. Pred), and observed data (obs) that pass the selection
criteria. Shown are the GMSB and PP stau production modes.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

GMSB stau 247 65 0.150 1.250 0.200 0.314 ± 0.063 0 0.372 8.8E-02 3.2E-03 3.2E-03 0.00
GMSB stau 308 65 0.150 1.250 0.200 0.314 ± 0.063 0 0.439 2.5E-02 2.7E-03 2.7E-03 0.00
GMSB stau 494 65 0.150 1.250 0.200 0.314 ± 0.063 0 0.603 1.9E-03 2.0E-03 2.0E-03 0.00

PP stau 247 65 0.150 1.250 0.200 0.297 ± 0.060 0 0.278 3.7E-03 4.4E-03 4.4E-03 0.00
PP stau 308 65 0.150 1.250 0.200 0.297 ± 0.060 0 0.325 1.5E-03 3.8E-03 3.8E-03 0.00
PP stau 494 65 0.150 1.250 0.200 0.297 ± 0.060 0 0.428 1.9E-04 2.8E-03 2.8E-03 0.00

Table 4.25: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of modified
Drell-Yan signal mass points for the Tracker+TOF+MVA analysis using 2015 data. Included are
the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number of
predicted background (Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown
are the modified DY |Q| = 1e and |Q| = 2e models.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

DY |Q| = 1e 400 65 0.150 1.250 0.200 0.143 ± 0.029 0 0.427 7.3E-03 2.9E-03 2.9E-03 0.00
DY |Q| = 1e 600 65 0.150 1.250 0.200 0.143 ± 0.029 0 0.471 1.2E-03 2.7E-03 2.7E-03 0.00
DY |Q| = 1e 800 65 0.150 1.250 0.200 0.143 ± 0.029 0 0.494 2.6E-04 2.6E-03 2.6E-03 0.00

DY |Q| = 2e 400 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.410 2.3E-02 3.3E-03 3.3E-03 0.00
DY |Q| = 2e 600 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.482 3.5E-03 2.6E-03 2.6E-03 0.00
DY |Q| = 2e 800 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.489 8.0E-04 2.6E-03 2.6E-03 0.00
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Table 4.26: Lower mass limits for the 2015 data from both the standard HSCP analyses (tracker-
only and Tracker+TOF) compared to the HSCP multivariate analyses (tracker-only+MVA and
Tracker+TOF+MVA) for all 6 benchmark signal types. The MVA analyses results shown used the
relaxed final selection, and the standard analyses used the final tight selection.

Lower mass limit

tracker-only Tracker+TOF

Signal Type Mass selection MVA selection Mass selection MVA selection

Gluino f = 0.1 1610 1630 1580 1590

Stop 1040 1040 480 490

GMSB Stau 490 490 480 490

PP Stau 240 240 — 240

DY |Q| = 1e 510 540 550 550

DY |Q| = 2e 680 710 660 670

criteria from the standard analyses over the majority of the signal types. The main reason for this

was despite the an increase in the signal acceptance using the relaxed selection criteria versus the

selection from the standard analyses (≈ 10% for some models), other models showed little to no

increase in the signal acceptance. By contrast, the relaxation of the selection criteria increased the

number of background prediction present (≈ 2x in some models). The two effects offset each other

when inputted into the Higgs tool resulting in cross sections that had little to no change for most

of the signal models between the relaxed final selection and the final tight selection.

4.5 MVA Results with 2016 Data

The HSCP multivariate analyses developed on the 2015 collision data were applied to 2016

collision data. The analyzed 2016 collision data corresponded to 12.9 fb−1 covering Runs 273158

to 276811. The signal MC samples used were derived from the same signal MC samples used in

the 2015 data analysis, with the amount of PU reweighted to match 2016 conditions.

The systematic uncertainty on the integrated luminosity was reported to be The methods of

determining the systematic uncertainties for signal acceptance for the 2016 data were the same

as those for the 2015 data. The systematic uncertainties for the 2016 MVA analyses are given in

Tables 4.27 to 4.32 and were found to be largely the same as those found in the 2015 multivariate

analyses.
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(a) Gluino f=0.1 tracker-only+MVA (b) GMSB stau tracker-only+MVA

(c) Gluino f=0.1 Tracker+TOF+MVA (d) GMSB stau Tracker+TOF+MVA

Figure 4.31: Sample distributions showing the relative uncertainties in the 2016 MVA analyses of
the different systematics that affect the signal acceptance for the tracker-only+MVA analysis (a)(b)
and Tracker+TOF+MVA analysis (c)(d). Plots (a) and (c) are for the gluino f = 10% model, and
(b) and (d) are for the GMSB stau model.
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Table 4.27: Sources of systematic uncertainties and their corresponding relative uncertainties on
the gluino signal samples for the 2016 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 15 < 8

HIP background effect < 3 < 4

Time-of-flight - < 8

Muon reconstruction - 2

Pileup contribution < 1 < 5

MVA < 10 < 5

Total signal acceptance uncertainty < 25 < 18

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.5 2.5

Table 4.28: Sources of systematic uncertainties and their corresponding relative uncertainties on
the stop signal samples for the 2016 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 6 < 10

HIP background effect < 4 < 6

Time-of-flight - < 13

Muon reconstruction - 2

Pileup contribution < 1 < 6

MVA < 6 < 10

Total signal acceptance uncertainty < 18 < 25

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.5 2.5
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Table 4.29: Sources of systematic uncertainties and their corresponding relative uncertainties on
the GMSB stau signal samples for the 2016 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 12 < 8

HIP background effect < 5 < 2

Time-of-flight - < 4

Muon reconstruction - 2

Pileup contribution < 1 < 1

MVA < 6 < 2

Total signal acceptance uncertainty < 18 < 16

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.5 2.5

Table 4.30: Sources of systematic uncertainties and their corresponding relative uncertainties on
the PP stau signal samples for the 2016 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 5 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 18 < 10

HIP background effect < 7 < 4

Time-of-flight - < 6

Muon reconstruction - 2

Pileup contribution < 1 < 1

MVA < 15 < 2

Total signal acceptance uncertainty < 28 < 18

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.5 2.5
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Table 4.31: Sources of systematic uncertainties and their corresponding relative uncertainties on
the DY |Q| = 1e signal samples for the 2016 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 18 < 8

HIP background effect < 12 < 8

Time-of-flight - < 21

Muon reconstruction - 2

Pileup contribution < 1 < 20

MVA < 18 < 22

Total signal acceptance uncertainty < 32 < 45

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.5 2.5

Table 4.32: Sources of systematic uncertainties and their corresponding relative uncertainties on
the DY |Q| = 2e signal samples for the 2016 tracker-only+MVA and Tracker+TOF+MVA analyses.

Source Relative Uncertainty (%)

tracker-only+MVA Tk+TOF+MVA

Trigger efficiency < 13 < 13

Track momentum scale < 2 < 2

Track reconstruction < 2 < 2

Ionization energy loss < 2 < 2

HIP background effect < 4 < 4

Time-of-flight - < 26

Muon reconstruction - 2

Pileup contribution < 1 < 4

MVA < 2 < 2

Total signal acceptance uncertainty < 14 < 35

Collision background uncertainty 20 20

Uncertainty on Luminosity 2.5 2.5
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Table 4.33: The number of predicted and observed events in 2016 data for a range of MVA selection.
Presented are the results from the Gluino MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 489.0± 97.8 514

60 0.1 —– 0.40 65.4± 13.1 84

60 0.1 —– 0.60 17.9± 3.6 21

65 0.3 —– 0 87.4± 17.7 95

65 0.3 —– 0.20 6.4± 1.4 7

65 0.3 —– 0.40 0.5± 0.1 0

65 0.3 —– 0.60 0.1± 0.0 0

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 12224.9 74343

65 0.050 1.050 0.20 2030.2 ± 406.0 2216

65 0.050 1.050 0.40 227.9± 55.6 310

65 0.050 1.050 0.60 50.2± 10.0 58

65 0.175 1.250 0 52.6± 10.5 50

65 0.175 1.250 0.20 3.9 ± 0.8 3

65 0.175 1.250 0.40 0.3± 0.1 1

65 0.175 1.250 0.60 0.1± 0.0 1

As with the 2015 analyses, the dominant uncertainty on the signal acceptance was the overall

trigger efficiency, with the systematic uncertainty on signal acceptance due to the artificial neural

network becoming larger for the lower signal mass points. The total uncertainty on the signal accep-

tance was found to be less than 30% in the tracker-only+MVA and 20% in the Tracker+TOF+MVA

analysis.

Tables 4.33 and 4.34 list the number of background prediction and observed data using the

loose and tight selection criteria along with different selection on the multivariate discriminant.

The systematic uncertainty on the background prediction was again taken to be conservatively

20%.

A summary of the 2016 results from the Higgs tool are given in Tables 4.35 to 4.38. Included

are the 95% C.L upper limit on the observed and expected cross section limits.

In similar fashion to the 2015 analyses, the 2016 MVA analyses did result in lower mass limits

comparable to the standard analyses. The improvement was again minimal (< 2%) for most of the
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Table 4.34: The number of predicted and observed events in 2016 data for a range of MVA selection.
Presented are the results from the GMSB stau MVA mapping.

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 2058.6± 411.8 2155

60 0.1 —– 0.40 565.8± 113.2 586

60 0.1 —– 0.60 226.4± 45.3 253

65 0.3 —– 0 87.4± 17.7 95

65 0.3 —– 0.25 45.5 ± 9.3 60

65 0.3 —– 0.50 4.1± 0.8 4

65 0.3 —– 0.75 1.1± 0.2 1

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 12224.9 74343

65 0.050 1.050 0.20 6702.7 ± 1240.6 6879

65 0.050 1.050 0.40 1263.4± 252.7 1352

65 0.050 1.050 0.60 309.7± 61.9 344

65 0.175 1.250 0 52.6± 10.5 50

65 0.175 1.250 0.20 13.5± 2.7 11

65 0.175 1.250 0.40 1.7± 0.3 1

65 0.175 1.250 0.60 0.4± 0.1 1

Table 4.35: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of gluino signal
mass points for the tracker-only+MVA analysis using 2016 data. Included are the selection criteria
( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number of predicted background
(Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown are f = 10%,50% for
gluino models including the the charged suppressed interaction models (denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 1000 65 0.250 / 0.280 4.630 ± 0.933 4 0.222 3.2E-01 2.1E-03 2.0E-03 0.00
Gluino f=0.1 1400 65 0.250 / 0.500 0.489 ± 0.098 0 0.188 2.5E-02 1.2E-03 1.2E-03 0.00
Gluino f=0.1 1800 65 0.250 / 0.760 0.053 ± 0.011 0 0.130 2.7E-03 1.8E-03 1.8E-03 0.00
Gluino f=0.1 2200 65 0.250 / 0.760 0.053 ± 0.011 0 0.087 3.6E-04 2.8E-03 2.8E-03 0.00

Gluino f=0.5 1000 65 0.250 / 0.340 2.280 ± 0.460 2 0.129 3.2E-01 2.9E-03 2.9E-03 0.00
Gluino f=0.5 1400 65 0.250 / 0.580 0.259 ± 0.052 0 0.108 2.5E-02 2.1E-03 2.1E-03 0.00
Gluino f=0.5 1800 65 0.250 / 0.760 0.053 ± 0.011 0 0.074 2.7E-03 3.2E-03 3.2E-03 0.00
Gluino f=0.5 2200 65 0.250 / 0.760 0.053 ± 0.011 0 0.049 3.6E-04 4.9E-03 4.9E-03 0.00

GluinoN f=0.1 1200 65 0.250 / 0.400 1.240 ± 0.249 0 0.189 8.4E-02 1.7E-03 1.3E-03 0.00
GluinoN f=0.1 1600 65 0.250 / 0.600 0.207 ± 0.042 0 0.148 8.0E-03 1.6E-03 1.6E-03 0.00
GluinoN f=0.1 2000 65 0.250 / 0.760 0.053 ± 0.011 0 0.100 9.7E-04 2.3E-03 2.3E-03 0.00

GluinoN f=0.5 1200 65 0.250 / 0.440 0.835 ± 0.168 0 0.144 8.4E-02 2.3E-03 1.6E-03 0.00
GluinoN f=0.5 1600 65 0.250 / 0.640 0.148 ± 0.030 0 0.111 8.0E-03 2.1E-03 2.1E-03 0.00
GluinoN f=0.5 2000 65 0.250 / 0.760 0.053 ± 0.011 0 0.073 9.7E-04 3.2E-03 3.2E-03 0.00
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(a) standard tracker-only (b) tracker-only+MVA

Figure 4.32: Theoretical and 95% CL upper limit on observed cross sections, both as a function
of mass, using 2016 data. The left plot shows the results from the standard HSCP tracker-only
analysis using the final tight selection. The right plot shows the results from the tracker-only+MVA
analysis using the relaxed final selection.

Table 4.36: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stop signal
mass points for the tracker-only+MVA analysis using 2016 data. Included are the selection criteria
( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff), number of predicted background
(Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown are stop models
including the charged suppressed interaction models (denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Stop 1000 65 0.300 / 0.520 0.211 ± 0.043 0 0.237 6.0E-03 9.9E-04 9.9E-04 0.00
Stop 1400 65 0.300 / 0.840 0.022 ± 0.004 0 0.204 4.5E-04 1.2E-03 1.2E-03 0.00
Stop 1800 65 0.300 / 0.900 0.012 ± 0.003 0 0.155 4.6E-05 1.5E-03 1.5E-03 0.00

Stop N 1000 65 0.300 / 0.500 0.244 ± 0.050 0 0.192 6.0E-03 1.2E-03 1.2E-03 0.00
Stop N 1200 65 0.300 / 0.700 0.061 ± 0.013 0 0.187 1.6E-03 1.3E-03 1.3E-03 0.00
Stop N 1600 65 0.300 / 0.860 0.018 ± 0.004 0 0.146 1.4E-04 1.6E-03 1.6E-03 0.00
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(a) standard Tracker+TOF (b) Tracker+TOF+MVA

Figure 4.33: Theoretical and 95% CL upper limit on observed cross sections, both as a function of
mass, using 2016 data. The left plot shows the results from the standard HSCP Tracker+TOF anal-
ysis using the final tight selection. The right plot shows the results from the Tracker+TOF+MVA
analysis using the relaxed final selection.

Table 4.37: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stau signal
mass points for the Tracker+TOF+MVA analysis using 2016 data. Included are the selection
criteria ( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff), number of predicted
background (Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown are the
GMSB and PP stau production modes.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

GMSB stau 247 65 0.175 1.250 0.200 0.622 ± 0.125 0 0.363 8.8E-02 6.6E-04 6.3E-04 0.00
GMSB stau 308 65 0.175 1.250 0.220 0.483 ± 0.097 0 0.435 2.5E-02 5.3E-04 5.3E-04 0.00
GMSB stau 494 65 0.175 1.250 0.400 0.072 ± 0.014 0 0.584 1.9E-03 4.0E-04 4.0E-04 0.00

PP stau 247 65 0.175 1.250 0.280 0.254 ± 0.051 0 0.262 3.7E-03 9.0E-04 9.0E-04 0.00
PP stau 308 65 0.175 1.250 0.360 0.136 ± 0.027 0 0.298 1.5E-03 7.9E-04 7.9E-04 0.00
PP stau 494 65 0.175 1.250 0.740 0.020 ± 0.004 0 0.394 1.9E-04 6.0E-04 6.0E-04 0.00
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Table 4.38: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of modified
Drell-Yan signal mass points for the Tracker+TOF+MVA analysis using 2016 data. Included are
the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number of
predicted background (Bckg. Pred), and observed data (obs) that pass the selection criteria. Shown
are the modified DY |Q| = 1e and |Q| = 2e models.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

DY Q1 400 65 0.175 1.250 0.260 0.108 ± 0.022 0 0.397 7.3E-03 6.1E-04 6.1E-04 0.00
DY Q1 600 65 0.175 1.250 0.360 0.033 ± 0.007 0 0.424 1.2E-03 6.5E-04 6.5E-04 0.00
DY Q1 800 65 0.175 1.250 0.540 0.008 ± 0.002 0 0.446 2.6E-04 5.4E-04 5.4E-04 0.00

DY Q2 400 65 0.175 1.250 0.200 0.115 ± 0.023 0 0.396 2.3E-02 6.1E-04 6.1E-04 0.00
DY Q2 600 65 0.175 1.250 0.200 0.115 ± 0.023 0 0.463 3.5E-03 5.3E-04 5.3E-04 0.00
DY Q2 800 65 0.175 1.250 0.240 0.035 ± 0.007 0 0.465 8.0E-04 5.3E-04 5.3E-04 0.00

Table 4.39: Lower mass limits for the 2016 data from both the standard HSCP analyses (tracker-
only and Tracker+TOF) compared to the HSCP multivariate analyses (tracker-only+MVA and
Tracker+TOF+MVA) for several benchmark signal types. The MVA analyses used the same final
selection as the standard analyses.

Lower mass limit

tracker-only Tracker+TOF

Signal Type Mass selection MVA selection Mass selection MVA selection

Gluino f = 0.1 1850 1870 1810 1820

Stop 1250 1260 1200 1210

GMSB Stau 660 680 660 670

PP Stau 170 340 360 370

DY |Q| = 1e 720 730 730 750

DY |Q| = 2e 670 700 890 910

signal types, with slightly better improvements on the lepton signal types. The lower mass limits

for the standard and MVA analyses on 2016 data are listed in Table 4.39.

As was done for the 2015 data, the final selection criteria for the 2016 data were relaxed for the

MVA analyses to observe the effects on the final limits. In Tables 4.40 to 4.43 are summaries of

the Higgs tools results using the relaxed final selection. A mored detailed listing of results can be

found in Appendix B. Overall the relaxation of the final selection criteria for the 2016 data resulted

in improvements on the cross section limits in some models, with improvements as high as ≈ 30%.

Using the relaxed final selection for the MVA analyses on 2016 data produced lower mass limits

nearly identical to the final tight selection MVA analyses as seen in Table 4.44.
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Table 4.40: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of gluino signal
mass points for the tracker-only+MVA analysis using 2016 data and relaxed final selection. Included
are the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal efficiency (Seff), number
of predicted background (Bckg. Pred), and observed data (obs) that pass the selection criteria.
Shown are f = 10%,50% for gluino models including the the charged suppressed interaction models
(denoted with an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 1000 65 0.250 / 0 4.630 ± 0.933 4 0.222 3.2E-01 2.1E-03 2.0E-03 0.00
Gluino f=0.1 1400 65 0.250 / 0 0.489 ± 0.098 0 0.188 2.5E-02 1.2E-03 1.2E-03 0.00
Gluino f=0.1 1800 65 0.250 / 0 0.043 ± 0.009 0 0.130 2.7E-03 1.8E-03 1.8E-03 0.00
Gluino f=0.1 2200 65 0.250 / 0 0.017 ± 0.003 0 0.087 3.6E-04 2.7E-03 2.7E-03 0.00

Gluino f=0.5 1000 65 0.250 / 0 2.280 ± 0.460 2 0.129 3.2E-01 2.9E-03 2.9E-03 0.00
Gluino f=0.5 1400 65 0.250 / 0 0.259 ± 0.052 0 0.108 2.5E-02 2.1E-03 2.1E-03 0.00
Gluino f=0.5 1800 65 0.250 / 0 0.028 ± 0.006 0 0.074 2.7E-03 3.2E-03 3.2E-03 0.00
Gluino f=0.5 2200 65 0.250 / 0 0.013 ± 0.003 0 0.048 3.6E-04 5.0E-03 5.0E-03 0.00

GluinoN f10 1200 65 0.250 / 0 1.240 ± 0.249 1 0.189 8.4E-02 1.7E-03 1.3E-03 0.00
GluinoN f10 1600 65 0.250 / 0 0.207 ± 0.042 0 0.148 8.0E-03 1.6E-03 1.6E-03 0.00
GluinoN f10 2000 65 0.250 / 0 0.017 ± 0.003 0 0.100 9.7E-04 2.4E-03 2.4E-03 0.00

GluinoN f=0.5 1200 65 0.250 / 0 0.835 ± 0.168 0 0.144 8.4E-02 2.3E-03 1.6E-03 0.00
GluinoN f=0.5 1600 65 0.250 / 0 0.148 ± 0.030 0 0.111 8.0E-03 2.1E-03 2.1E-03 0.00
GluinoN f=0.5 2000 65 0.250 / 0 0.022 ± 0.005 0 0.072 9.7E-04 3.3E-03 3.3E-03 0.00

Table 4.41: Summary of the theoretical cross section (ThXsec), expected cross section limit at
95% CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stop
signal mass points for the tracker-only+MVA analysis using 2016 data and relaxed final selection.
Included are the selection criteria ( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff),
number of predicted background (Bckg. Pred), and observed data (obs) that pass the selection
criteria. Shown are stop models including the charged suppressed interaction models (denoted with
an N).

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Stop 1000 65 0.250 / 0.640 0.281 ± 0.056 0 0.244 6.0E-03 9.6E-04 9.6E-04 0.00
Stop 1400 65 0.250 / 0.860 0.058 ± 0.012 0 0.209 4.5E-04 1.1E-03 1.1E-03 0.00
Stop 1800 65 0.250 / 0.860 0.058 ± 0.012 0 0.158 4.6E-05 1.5E-03 1.5E-03 0.00

StopN 1000 65 0.250 / 0.640 0.281 ± 0.056 0 0.196 6.0E-03 1.2E-03 1.2E-03 0.00
StopN 1600 65 0.250 / 0.860 0.058 ± 0.012 0 0.148 1.4E-04 1.6E-03 1.6E-03 0.00
StopN 1800 65 0.250 / 0.860 0.058 ± 0.012 0 0.129 4.6E-05 1.9E-03 1.9E-03 0.00
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Table 4.42: Summary of the theoretical cross section (ThXsec), expected cross section limit at
95% CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of stau
signal mass points for the Tracker+TOF+MVA analysis using 2016 data and relaxed final selection.
Included are the selection criteria ( pT, Ias, 1/β, and Mass), as well as the signal efficiency (Seff),
number of predicted background (Bckg. Pred), and observed data (obs) that pass the selection
criteria. Shown are the GMSB and PP stau production modes.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

GMSB stau 247 65 0.150 1.250 0.200 1.160 ± 0.233 0 0.369 8.8E-02 9.1E-04 6.5E-04 0.00
GMSB stau 308 65 0.150 1.250 0.220 0.905 ± 0.181 0 0.442 2.5E-02 7.6E-04 5.3E-04 0.00
GMSB stau 494 65 0.150 1.250 0.420 0.114 ± 0.023 0 0.594 1.9E-03 4.0E-04 4.0E-04 0.00

PP stau 247 65 0.150 1.250 0.320 0.343 ± 0.069 0 0.270 3.7E-03 9.0E-04 9.0E-04 0.00
PP stau 308 65 0.150 1.250 0.440 0.154 ± 0.031 0 0.305 1.5E-03 7.4E-04 7.4E-04 0.00
PP stau 494 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.403 1.9E-04 5.9E-04 5.9E-04 0.00

Table 4.43: Summary of the theoretical cross section (ThXsec), expected cross section limit at 95%
CL (ExpXsec), and observed cross section limits at 95% CL (ObsXsec) for a range of modified
Drell-Yan signal mass points for the Tracker+TOF+MVA analysis using 2016 data and relaxed
final selection. Included are the selection criteria ( pT, Ias, 1/β, and MVA), as well as the signal
efficiency (Seff), number of predicted background (Bckg. Pred), and observed data (obs) that pass
the selection criteria. Shown are the modified DY |Q| = 1e and |Q| = 2e models.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

DY |Q| = 1e 400 65 0.150 1.250 0.260 0.197 ± 0.039 0 0.402 7.3E-03 6.0E-04 6.0E-04 0.00
DY |Q| = 1e 600 65 0.150 1.250 0.360 0.062 ± 0.012 0 0.429 1.2E-03 5.7E-04 5.7E-04 0.00
DY |Q| = 1e 800 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.451 2.6E-04 5.4E-04 5.4E-04 0.00

DY |Q| = 2e 400 65 0.150 1.250 0.200 0.164 ± 0.033 0 0.396 2.3E-02 6.2E-04 6.2E-04 0.00
DY |Q| = 2e 600 65 0.150 1.250 0.200 0.164 ± 0.033 0 0.463 3.5E-03 5.3E-04 5.3E-04 0.00
DY |Q| = 2e 800 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.465 8.0E-04 5.2E-04 5.2E-04 0.00

Table 4.44: Lower mass limits for the 2016 data from both the standard HSCP analyses (tracker-
only and Tracker+TOF) compared to the HSCP multivariate analyses (tracker-only+MVA and
Tracker+TOF+MVA) for several benchmark signal types. The standard analyses used the final
tight selection and the MVA analyses used the relaxed final selection.

Lower mass limit

tracker-only Tracker+TOF

Signal Type Mass selection MVA selection Mass selection MVA selection

Gluino f = 0.1 1850 1870 1810 1820

Stop 1250 1260 1200 1210

GMSB Stau 660 680 660 670

PP Stau 170 340 360 370

DY |Q| = 1e 720 730 730 750

DY |Q| = 2e 670 700 890 910
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CHAPTER 5

CONCLUSION

Particle physics has been successful in describing all of the observed fundamental particles and the

mechanisms that govern them, culminating in the Standard Model of particle physics. However,

there exist several open questions. Many theories seek to answer these questions, and the Large

Hadron Collider searches for new physics in order to shed light on which theory (or theories) may

provide answers.

A direct way of probing the realm of new physics is the search for heavy stable charged particles.

HSCPs provide a unique detector signature due to their anomalous dE/dx and larger time-of-flight

compared to SM particles, providing a way to distinguish HSCPs with small background from SM

particles. Any particle satisfying the basic description of an HSCP will produce such a signature,

making the HSCP search a means of searching for new physics without necessarily being associated

to a specific theoretical model. Since HSCPs do manifest in several theories beyond the Standard

Model, this search also provides important restrictions on theoretical models.

This dissertation investigated the possibility of utilizing a multivariate approach in searching

for HSCPs using data recorded by the Compact Muon Solenoid detector. The data collected in

2015 corresponded to 2.5 fb−1 and were used to develop and test the multivariate approach. Data

collected in 2016 were used as a means of final comparison to previous HSCP search techniques and

corresponded to 12.9 fb−1. Benchmark signal models were utilized via Monte-Carlo simulations

and included gluinos, stops, staus, and modified Drell-Yan (DY) fermions. Furthermore the gluinos

included different fractions of neutral R-hadrons created at hadronization (f = 10% and f = 50%),

and both the gluino and stop included an extra interaction model (charged suppressed). The staus

modeled two different production modes, decay-chain (GMSB stau) and direct pair production (PP

stau). The modified DY models included two different charges (|Q| = 1e and |Q| = 2e). The 2015

and 2016 searches were carried out for the tracker-only, Tracker+TOF, tracker-only+MVA, and

Tracker+TOF+MVA analyses.
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The multivariate technique utilized an artificial neural network that produced a multivariate

discriminant. The artificial neural network was trained on signal MC samples and TOY background

samples to produce unique mappings for each of the benchmark signal types. Studies were made

to examine the result of applying a mapping from one mass point to other mass points for a given

signal type. It was observed that a mapping trained on a lower mass point retained signal to

background discrimination for higher mass points. The mappings trained on a higher mass point

were shown to lose discriminating power when applied to lower mass points, but provided greater

background rejection than the mappings trained on lower mass points. The final determination of

the mass points for each signal type was chosen to be the highest mass point excluded from the

previous 2015 HSCP search.

The standard HSCP analyses and the HSCP multivariate analyses shared many of the same

systematics and were studied using the same methodologies. In the multivariate analyses, there

was a systematic uncertainty related to signal acceptance due to the artificial neural network. The

uncertainties on the inputs to the artificial neural network (Ih, p, 1/β) were included and the change

in signal acceptance was calculated. The systematic uncertainty on the signal acceptance due to

the shift in the multivariate discriminant values was small on average (< 5%), with lower mass

points having up to 20%. The increase of systematic uncertainty at lower mass points was due to

the mappings being trained on higher mass points.

Using the artificial neural network mappings there was good agreement between the data based

background prediction and data for the final loose selection; evidence that the background estima-

tion was reliable. When the final tight selection criteria were applied, no statistically significant

excess was found in observed data over background in either 2015 or 2016 data. Therefore no claim

of evidence for HSCPs is made.

Limits were set on the expected cross sections, observed cross sections, and masses for the

different signal models investigated. Based upon comparisons of the upper cross section limits

and lower mass limits for the 2015 and 2016 datasets, the HSCP multivariate analyses produced

≈ 5% improvements over the standard HSCP analyses in many of the signal models. This was

due to decreased systematic uncertainties, increased background rejection, and increases in signal

acceptance. The lower mass limits for the 2015 and 2016 data resulted in slight improvement for

the hadron-like signals (< 2%) and resulted in < 5% improvement for the lepton-like signals.
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An application of the HSCP multivariate approach that was not explored would be the utiliza-

tion of the multivariate approach to the multiply or fractionally charged HSCP searches. During

reconstruction, particle momentum is calculated based on the assumption of unit charge. This leads

to an underestimate in the case of multiply charged particles and an overestimate in the particle

momentum in the case of fractionally charged particles. The mass calculation that is currently

in use by the HSCP analyses relies heavily on the momentum (see Eq.3.7), and thus the HSCP

searches for multiply or fractionally charged particles are affected by the incorrect reconstructed

momentum. However, in the case of a multivariate approach, a properly trained mapping should

allow for discrimination between signal and background without the need to recompute the particle

momentum. The artificial neural network will rely on the relationships of all of the input variables

and be less susceptible to the mismeasurement of momentum. A future analysis of the multivariate

approach applied to the entire 2016 dataset collected by the CMS detector would also be of interest

to see if the increased amount of data leads to evidence of HSCPs.

The search for HSCPs can probe for new physics without being tied to a specific model making

it a versatile tool to search for new phenomena beyond the Standard Model. HSCPs are predicted

in multiple theories and the search for HSCPs place important theoretical restrictions. The use of

a multivariate approach has been found to be plausible and furthermore produced improved limits

when compared to the standard HSCP analyses.
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APPENDIX A

BACKGROUND PREDICTION VERSUS

OBSERVED DATA

Table A.1: The number of predicted and observed events in 2015 data for a range of MVA selections
using the gluino MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2392.0 12544

60 0.1 —– 0.20 185.6± 37.1 184

60 0.1 —– 0.40 30.1± 6.0 31

60 0.1 —– 0.60 6.6± 1.4 9

60 0.1 —– 0.80 1.0± 0.2 1

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 3.6± 0.8 0

65 0.3 —– 0.40 0.4± 0.1 0

65 0.3 —– 0.60 0.07± 0.02 0

65 0.3 —– 0.80 0.012± 0.003 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3329.8 16546

65 0.050 1.050 0.20 664.9 ± 133.0 661

65 0.050 1.050 0.40 103.0± 20.6 97

65 0.050 1.050 0.60 20.3± 4.1 17

65 0.050 1.050 0.80 2.1 ± 0.4 2

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.05 ± 0.01 0

65 0.175 1.250 0.40 0.003± 0.001 0

65 0.175 1.250 0.60 0.001± 0.000 0

65 0.175 1.250 0.80 0.000± 0.000 0
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Table A.2: The number of predicted and observed events in 2015 data for a range of MVA selections
using the stop MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2392.3 12544

60 0.1 —– 0.2 206.5± 41.3 209

60 0.1 —– 0.4 47.0± 9.4 49

60 0.1 —– 0.6 13.9± 2.8 17

60 0.1 —– 0.8 3.9± 0.8 6

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 2.9± 0.7 1

65 0.3 —– 0.40 0.4± 0.1 0

65 0.3 —– 0.60 0.1± 0.02 0

65 0.3 —– 0.80 0.03± 0.006 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3331.2 16546

65 0.050 1.050 0.20 513.4 ± 102.7 484

65 0.050 1.050 0.40 182.2± 36.5 164

65 0.050 1.050 0.60 74.9± 15.0 73

65 0.050 1.050 0.80 26.3± 5.3 22

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.010± 0.002 0

65 0.175 1.250 0.40 0.003± 0.001 0

65 0.175 1.250 0.60 0.001± 0.000 0

65 0.175 1.250 0.60 0.000± 0.000 0
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Table A.3: The number of predicted and observed events in 2015 data for a range of MVA selections
using the GMSB stau MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2391.9 12544

60 0.1 —– 0.20 743.4± 148.7 741

60 0.1 —– 0.40 255.3± 51.1 243

60 0.1 —– 0.60 108.6± 21.7 119

60 0.1 —– 0.80 44.9± 9.0 48

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 12.9± 2.8 7

65 0.3 —– 0.40 2.5± 0.5 1

65 0.3 —– 0.60 0.8± 0.2 0

65 0.3 —– 0.80 0.32± 0.07 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3329.7 16546

65 0.050 1.050 0.20 2022.8 ± 404.6 1979

65 0.050 1.050 0.40 444.1± 88.8 434

65 0.050 1.050 0.60 120.3± 24.1 108

65 0.050 1.050 0.80 31.3± 6.3 28

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.17± 0.03 0

65 0.175 1.250 0.40 0.021± 0.004 0

65 0.175 1.250 0.60 0.004± 0.001 0

65 0.175 1.250 0.80 0.001± 0.000 0
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Table A.4: The number of predicted and observed events in 2015 data for a range of MVA selections
using the PP stau MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2391.6 12544

60 0.1 —– 0.20 1425.5± 285.2 1470

60 0.1 —– 0.40 529.4± 105.9 528

60 0.1 —– 0.60 223.3± 44.7 219

60 0.1 —– 0.80 90.4± 18.1 99

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 15.3± 3.2 9

65 0.3 —– 0.40 4.4± 0.9 3

65 0.3 —– 0.60 1.7± 0.4 1

65 0.3 —– 0.80 0.8± 0.2 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3329.8 16546

65 0.050 1.050 0.20 2339.6 ± 468.0 2241

65 0.050 1.050 0.40 846.6± 169.3 826

65 0.050 1.050 0.60 368.0± 73.6 340

65 0.050 1.050 0.80 129.5± 25.9 113

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.16± 0.03 0

65 0.175 1.250 0.40 0.03± 0.006 0

65 0.175 1.250 0.60 0.012± 0.002 0

65 0.175 1.250 0.80 0.005± 0.001 0
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Table A.5: The number of predicted and observed events in 2015 data for a range of MVA selections
using the DY |Q| = 1e MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2391.6 12544

60 0.1 —– 0.20 399.7± 80.0 382

60 0.1 —– 0.40 120.3± 24.1 126

60 0.1 —– 0.60 47.4± 9.5 49

60 0.1 —– 0.80 17.7± 3.5 21

65 0.3 —– 0 29.3± 6.2 24

65 0.3 —– 0.20 7.8± 1.8 4

65 0.3 —– 0.40 1.0± 0.2 0

65 0.3 —– 0.60 0.3± 0.06 0

65 0.3 —– 0.80 0.1± 0.02 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3329.8 16546

65 0.050 1.050 0.20 1059.3 ± 211.9 1043

65 0.050 1.050 0.40 258.1± 51.6 236

65 0.050 1.050 0.60 96.4± 19.3 86

65 0.050 1.050 0.80 36.3± 7.3 31

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.08± 0.2 0

65 0.175 1.250 0.40 0.008± 0.002 0

65 0.175 1.250 0.60 0.002± 0.000 0

65 0.175 1.250 0.80 0.001± 0.0 0
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Table A.6: The number of predicted and observed events in 2015 data for a range of MVA selections
using the DY |Q| = 2e MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 11946.7± 2391.6 12544

60 0.1 —– 0.20 161.9 ± 32.4 172

60 0.1 —– 0.40 20.7± 4.1 24

60 0.1 —– 0.60 3.3± 0.7 3

60 0.1 —– 0.80 0.2± 0.04 0

65 0.3 —– 0 29.3± 6.1 24

65 0.3 —– 0.20 3.0± 0.7 1

65 0.3 —– 0.40 0.3± 0.1 0

65 0.3 —– 0.60 0.05± 0.01 0

65 0.3 —– 0.80 0.006± 0.002 0

Tracker+TOF+MVA 65 0.050 1.050 0 16644.9± 3329.8 16546

65 0.050 1.050 0.20 313.7 ± 62.8 297

65 0.050 1.050 0.40 32.0± 6.4 29

65 0.050 1.050 0.60 4.6± 0.9 11

65 0.050 1.050 0.80 0.03± 0.01 3

65 0.175 1.250 0 0.85 ± 0.18 0

65 0.175 1.250 0.20 0.03± 0.005 0

65 0.175 1.250 0.40 0.000± 0.000 0

65 0.175 1.250 0.60 0.000± 0.000 0

65 0.175 1.250 0.80 0.000± 0.000 0
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Table A.7: The number of predicted and observed events in 2016 data for a range of MVA selections
using the gluino MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 489.0 ± 97.8 514

60 0.1 —– 0.40 65.4± 13.1 84

60 0.1 —– 0.60 12.9± 2.6 21

60 0.1 —– 0.80 2.0± 0.4 5

65 0.3 —– 0 87.4± 17.7 95

65 0.3 —– 0.20 6.4± 1.4 7

65 0.3 —– 0.40 0.5± 0.1 0

65 0.3 —– 0.60 0.07± 0.02 0

65 0.3 —– 0.80 0.01± 0.002 0

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 14442.9 74343

65 0.050 1.050 0.20 2030.2 ± 406.0 2116

65 0.050 1.050 0.40 227.8± 55.6 310

65 0.050 1.050 0.60 50.2± 10.0 58

65 0.050 1.050 0.80 5.3± 1.1 14

65 0.175 1.250 0 2.6± 0.5 5

65 0.175 1.250 0.20 0.18 ± 0.04 0

65 0.175 1.250 0.40 0.011± 0.002 0

65 0.175 1.250 0.60 0.001± 0.000 0

65 0.175 1.250 0.80 0.000± 0.000 0

121



Table A.8: The number of predicted and observed events in 2016 data for a range of MVA selections
using the stop MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 515.9 ± 103.2 544

60 0.1 —– 0.40 97.3± 19.5 117

60 0.1 —– 0.60 28.0± 5.4 38

60 0.1 —– 0.80 9.2± 1.4 11

65 0.3 —– 0 29.3± 17.7 95

65 0.3 —– 0.20 4.7± 1.0 6

65 0.3 —– 0.40 0.5± 0.1 0

65 0.3 —– 0.60 0.24± 0.05 0

65 0.3 —– 0.80 0.06± 0.01 0

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 14442.9 74343

65 0.050 1.050 0.20 1396.2 ± 279.3 1451

65 0.050 1.050 0.40 499.1± 99.8 531

65 0.050 1.050 0.60 206.9± 41.4 234

65 0.050 1.050 0.80 70.9± 14.2 98

65 0.175 1.250 0 2.6± 0.5 5

65 0.175 1.250 0.20 0.025± 0.005 0

65 0.175 1.250 0.40 0.007± 0.001 0

65 0.175 1.250 0.60 0.002± 0.000 0

65 0.175 1.250 0.80 0.001± 0.000 0
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Table A.9: The number of predicted and observed events in 2016 data for a range of MVA selections
using the GMSB stau MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 2058.6 ± 411.8 2155

60 0.1 —– 0.40 565.8± 113.2 586

60 0.1 —– 0.60 226.4± 45.3 253

60 0.1 —– 0.80 93.1± 18.6 110

65 0.3 —– 0 87.4± 17.7 95

65 0.3 —– 0.20 45.3± 9.3 60

65 0.3 —– 0.40 4.1± 0.8 4

65 0.3 —– 0.60 1.1± 0.2 1

65 0.3 —– 0.80 0.45± 0.09 0

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 14442.9 74343

65 0.050 1.050 0.20 6702.7 ± 1340.6 6879

65 0.050 1.050 0.40 1263.4± 252.7 1352

65 0.050 1.050 0.60 309.7± 61.9 344

65 0.050 1.050 0.80 71.1± 14.2 88

65 0.175 1.250 0 2.6± 0.5 5

65 0.175 1.250 0.20 0.6± 0.1 1

65 0.175 1.250 0.40 0.07± 0.01 0

65 0.175 1.250 0.60 0.01± 0.003 0

65 0.175 1.250 0.80 0.003± 0.001 0
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Table A.10: The number of predicted and observed events in 2016 data for a range of MVA selections
using the PP stau MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 4591.0 ± 918.3 4715

60 0.1 —– 0.40 1465.7± 293.1 1545

60 0.1 —– 0.60 575.1± 115.0 601

60 0.1 —– 0.80 231.4± 46.3 254

65 0.3 —– 0 87.4± 17.9 95

65 0.3 —– 0.20 48.0± 9.8 59

65 0.3 —– 0.40 10.0± 2.0 17

65 0.3 —– 0.60 3.3± 0.7 2

65 0.3 —– 0.80 1.4± 0.3 1

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 14442.9 74343

65 0.050 1.050 0.20 6959.0 ± 1391.8 7083

65 0.050 1.050 0.40 2182.4± 436.5 2251

65 0.050 1.050 0.60 875.4± 175.1 956

65 0.050 1.050 0.80 327.1± 65.4 359

65 0.175 1.250 0 2.6± 0.5 5

65 0.175 1.250 0.20 0.6± 0.1 0

65 0.175 1.250 0.40 0.11± 0.02 0

65 0.175 1.250 0.60 0.036± 0.007 0

65 0.175 1.250 0.80 0.015± 0.003 0
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Table A.11: The number of predicted and observed events in 2016 data for a range of MVA selections
using the DY |Q| = 1e MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 4591.0 ± 918.3 1011

60 0.1 —– 0.40 1465.7± 293.1 269

60 0.1 —– 0.60 575.1± 115.0 113

60 0.1 —– 0.80 231.4± 46.3 38

65 0.3 —– 0 87.4± 17.9 95

65 0.3 —– 0.20 20.9± 4.4 34

65 0.3 —– 0.40 1.3± 0.3 1

65 0.3 —– 0.60 0.38± 0.08 0

65 0.3 —– 0.80 0.14± 0.03 0

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 14442.9 74343

65 0.050 1.050 0.20 3135.0 ± 627.0 3240

65 0.050 1.050 0.40 675.5± 135.1 735

65 0.050 1.050 0.60 238.4± 47.7 277

65 0.050 1.050 0.80 80.1± 16.0 105

65 0.175 1.250 0 2.6± 0.5 5

65 0.175 1.250 0.20 0.31± 0.06 0

65 0.175 1.250 0.40 0.02± 0.005 0

65 0.175 1.250 0.60 0.006± 0.001 0

65 0.175 1.250 0.80 0.002± 0.000 0
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Table A.12: The number of predicted and observed events in 2016 data for a range of MVA selections
using the DY |Q| = 2e MVA mapping

Analysis Selection Number of events

pT (GeV) Ias 1/β MVA Predicted Observed

tracker-only+MVA 60 0.1 —– 0 43436.5± 8689.5 44738

60 0.1 —– 0.20 470.2 ± 94.0 498

60 0.1 —– 0.40 49.9± 10.0 62

60 0.1 —– 0.60 6.9± 1.4 9

60 0.1 —– 0.80 0.42± 0.08 2

65 0.3 —– 0 87.4± 17.7 95

65 0.3 —– 0.20 4.9± 1.0 5

65 0.3 —– 0.40 0.37± 0.08 0

65 0.3 —– 0.60 0.05± 0.01 0

65 0.3 —– 0.80 0.004± 0.001 0

Tracker+TOF+MVA 65 0.050 1.050 0 72208.9± 14442.9 74343

65 0.050 1.050 0.20 789.6 ± 157.9 868

65 0.050 1.050 0.40 68.2± 13.6 81

65 0.050 1.050 0.60 9.7± 1.9 22

65 0.050 1.050 0.80 0.12± 0.03 3

65 0.175 1.250 0 2.6± 0.5 5

65 0.175 1.250 0.20 0.12± 0.02 0

65 0.175 1.250 0.40 0.002± 0.000 0

65 0.175 1.250 0.60 0.000± 0.000 0

65 0.175 1.250 0.80 0.000± 0.000 0
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APPENDIX B

FULL RESULTS

Table B.1: Tracker-only+MVA results using 2015 data with the same final selection as the standard
analysis.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.300 / 0.200 3.580 ± 0.797 0 0.102 3.4E+03 2.0E-02 1.0E-02 0.00
Gluino f=0.1 400 65 0.300 / 0.200 3.580 ± 0.797 0 0.167 9.5E+01 1.3E-02 7.6E-03 0.00
Gluino f=0.1 600 65 0.300 / 0.200 3.580 ± 0.797 0 0.201 9.1E+00 1.1E-02 5.9E-03 0.00
Gluino f=0.1 800 65 0.300 / 0.320 0.894 ± 0.201 0 0.225 1.5E+00 7.5E-03 4.9E-03 0.00
Gluino f=0.1 1000 65 0.300 / 0.420 0.309 ± 0.068 0 0.233 3.2E-01 5.2E-03 5.2E-03 0.00
Gluino f=0.1 1200 65 0.300 / 0.580 0.080 ± 0.017 0 0.226 8.4E-02 5.3E-03 5.3E-03 0.00
Gluino f=0.1 1400 65 0.300 / 0.640 0.049 ± 0.011 0 0.199 2.5E-02 6.1E-03 6.1E-03 0.00
Gluino f=0.1 1600 65 0.300 / 0.640 0.049 ± 0.011 0 0.173 8.0E-03 7.0E-03 7.0E-03 0.00
Gluino f=0.1 1800 65 0.300 / 0.640 0.049 ± 0.011 0 0.143 2.7E-03 8.5E-03 8.5E-03 0.00
Gluino f=0.1 2000 65 0.300 / 0.640 0.049 ± 0.011 0 0.117 9.7E-04 1.0E-02 1.0E-02 0.00
Gluino f=0.1 2200 65 0.300 / 0.640 0.049 ± 0.011 0 0.094 3.6E-04 1.3E-02 1.3E-02 0.00
Gluino f=0.1 2600 65 0.300 / 0.640 0.049 ± 0.011 0 0.060 5.0E-05 2.1E-02 2.1E-02 0.00
GluinoN f=0.1 100 65 0.300 / 0.200 3.580 ± 0.797 0 0.002 8.2E+04 1.3E+00 7.4E-01 0.00
GluinoN f=0.1 1000 65 0.300 / 0.400 0.373 ± 0.082 0 0.189 3.2E-01 6.5E-03 6.5E-03 0.00
GluinoN f=0.1 1200 65 0.300 / 0.460 0.215 ± 0.047 0 0.190 8.4E-02 6.4E-03 6.4E-03 0.00
GluinoN f=0.1 1400 65 0.300 / 0.600 0.067 ± 0.015 0 0.174 2.5E-02 7.1E-03 7.1E-03 0.00
GluinoN f=0.1 1600 65 0.300 / 0.640 0.049 ± 0.011 0 0.148 8.0E-03 8.3E-03 8.3E-03 0.00
GluinoN f=0.1 1800 65 0.300 / 0.640 0.049 ± 0.011 0 0.125 2.7E-03 9.8E-03 9.8E-03 0.00
GluinoN f=0.1 2000 65 0.300 / 0.640 0.049 ± 0.011 0 0.103 9.7E-04 1.2E-02 1.2E-02 0.00
GluinoN f=0.1 2600 65 0.300 / 0.640 0.049 ± 0.011 0 0.054 5.0E-05 2.2E-02 2.2E-02 0.00
Gluino f=0.5 200 65 0.300 / 0.200 3.580 ± 0.797 0 0.052 3.4E+03 4.4E-02 2.2E-02 0.00
Gluino f=0.5 400 65 0.300 / 0.200 3.580 ± 0.797 0 0.094 9.5E+01 2.2E-02 1.0E-02 0.00
Gluino f=0.5 600 65 0.300 / 0.200 3.580 ± 0.797 0 0.116 9.1E+00 2.0E-02 1.1E-02 0.00
Gluino f=0.5 800 65 0.300 / 0.300 1.140 ± 0.259 0 0.131 1.5E+00 1.3E-02 9.0E-03 0.00
Gluino f=0.5 1000 65 0.300 / 0.480 0.183 ± 0.040 0 0.136 3.2E-01 9.0E-03 9.0E-03 0.00
Gluino f=0.5 1200 65 0.300 / 0.560 0.091 ± 0.020 0 0.131 8.4E-02 9.4E-03 9.4E-03 0.00
Gluino f=0.5 1400 65 0.300 / 0.620 0.056 ± 0.012 0 0.114 2.5E-02 1.0E-02 1.0E-02 0.00
Gluino f=0.5 1600 65 0.300 / 0.640 0.049 ± 0.011 0 0.100 8.0E-03 1.2E-02 1.2E-02 0.00
Gluino f=0.5 1800 65 0.300 / 0.640 0.049 ± 0.011 0 0.080 2.7E-03 1.5E-02 1.5E-02 0.00
Gluino f=0.5 2000 65 0.300 / 0.640 0.049 ± 0.011 0 0.066 9.7E-04 1.8E-02 1.8E-02 0.00
Gluino f=0.5 2200 65 0.300 / 0.640 0.049 ± 0.011 0 0.052 3.6E-04 2.3E-02 2.3E-02 0.00
Gluino f=0.5 2600 65 0.300 / 0.640 0.049 ± 0.011 0 0.034 5.0E-05 3.5E-02 3.5E-02 0.00
GluinoN f=0.5 100 65 0.300 / 0.200 3.580 ± 0.797 0 0.002 8.2E+04 1.6E+00 8.6E-01 0.00
GluinoN f=0.5 1000 65 0.300 / 0.420 0.309 ± 0.068 0 0.146 3.2E-01 8.3E-03 8.3E-03 0.00
GluinoN f=0.5 1200 65 0.300 / 0.540 0.106 ± 0.023 0 0.146 8.4E-02 8.5E-03 8.5E-03 0.00
GluinoN f=0.5 1400 65 0.300 / 0.580 0.080 ± 0.017 0 0.136 2.5E-02 9.0E-03 9.0E-03 0.00
GluinoN f=0.5 1600 65 0.300 / 0.640 0.049 ± 0.011 0 0.114 8.0E-03 1.1E-02 1.1E-02 0.00
GluinoN f=0.5 1800 65 0.300 / 0.640 0.049 ± 0.011 0 0.096 2.7E-03 1.3E-02 1.3E-02 0.00
GluinoN f=0.5 2000 65 0.300 / 0.640 0.049 ± 0.011 0 0.079 9.7E-04 1.5E-02 1.5E-02 0.00
GluinoN f=0.5 2600 65 0.300 / 0.640 0.049 ± 0.011 0 0.042 5.0E-05 2.9E-02 2.9E-02 0.00
Stop 100 65 0.300 / 0.200 2.950 ± 0.655 1 0.120 1.4E+03 1.8E-02 1.3E-02 0.00
Stop 200 65 0.300 / 0.200 2.950 ± 0.655 1 0.195 6.1E+01 1.2E-02 6.9E-03 0.00
Stop 400 65 0.300 / 0.200 2.950 ± 0.655 1 0.246 1.8E+00 9.0E-03 6.0E-03 0.00
Stop 600 65 0.300 / 0.340 0.650 ± 0.141 0 0.267 1.7E-01 5.3E-03 4.5E-03 0.00
Stop 800 65 0.300 / 0.560 0.124 ± 0.027 0 0.270 2.8E-02 4.5E-03 4.5E-03 0.00
Stop 1000 65 0.300 / 0.700 0.052 ± 0.011 0 0.262 6.0E-03 4.6E-03 4.6E-03 0.00
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Table B.1 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
Stop 1200 65 0.300 / 0.700 0.052 ± 0.011 0 0.250 1.6E-03 4.8E-03 4.8E-03 0.00
Stop 1400 65 0.300 / 0.700 0.052 ± 0.011 0 0.229 4.5E-04 5.3E-03 5.3E-03 0.00
Stop 1600 65 0.300 / 0.700 0.052 ± 0.011 0 0.197 1.4E-04 6.1E-03 6.1E-03 0.00
Stop 1800 65 0.300 / 0.700 0.052 ± 0.011 0 0.168 4.6E-05 7.2E-03 7.2E-03 0.00
Stop 2000 65 0.300 / 0.700 0.052 ± 0.011 0 0.138 1.6E-05 8.9E-03 8.9E-03 0.00
Stop 2200 65 0.300 / 0.700 0.052 ± 0.011 0 0.112 6.0E-06 1.1E-02 1.1E-02 0.00
StopN 100 65 0.300 / 0.200 2.950 ± 0.655 1 0.012 1.4E+03 1.9E-01 1.3E-01 0.00
StopN 200 65 0.300 / 0.200 2.950 ± 0.655 1 0.046 6.1E+01 4.9E-02 3.3E-02 0.00
StopN 400 65 0.300 / 0.200 2.950 ± 0.655 1 0.123 1.8E+00 1.8E-02 1.1E-02 0.00
StopN 600 65 0.300 / 0.340 0.650 ± 0.141 0 0.169 1.7E-01 9.4E-03 6.9E-03 0.00
StopN 800 65 0.300 / 0.620 0.086 ± 0.019 0 0.189 2.8E-02 6.5E-03 6.5E-03 0.00
StopN 1000 65 0.300 / 0.700 0.052 ± 0.011 0 0.196 6.0E-03 6.2E-03 6.2E-03 0.00
StopN 1200 65 0.300 / 0.700 0.052 ± 0.011 0 0.189 1.6E-03 6.3E-03 6.3E-03 0.00
StopN 1600 65 0.300 / 0.700 0.052 ± 0.011 0 0.155 1.4E-04 7.8E-03 7.8E-03 0.00
StopN 1800 65 0.300 / 0.700 0.052 ± 0.011 0 0.128 4.6E-05 9.3E-03 9.3E-03 0.00
StopN 2000 65 0.300 / 0.700 0.052 ± 0.011 0 0.106 1.6E-05 1.1E-02 1.1E-02 0.00
StopN 2200 65 0.300 / 0.700 0.052 ± 0.011 0 0.089 6.0E-06 1.4E-02 1.4E-02 0.00
GMSB stau 200 65 0.300 / 0.200 12.900 ± 2.760 7 0.271 2.8E-01 1.4E-02 8.5E-03 0.00
GMSB stau 247 65 0.300 / 0.340 3.910 ± 0.853 2 0.352 8.8E-02 6.8E-03 4.9E-03 0.00
GMSB stau 308 65 0.300 / 0.460 1.650 ± 0.360 0 0.418 2.5E-02 4.5E-03 3.0E-03 0.00
GMSB stau 432 65 0.300 / 0.720 0.440 ± 0.094 0 0.555 3.9E-03 2.2E-03 2.2E-03 0.00
GMSB stau 494 65 0.300 / 0.840 0.268 ± 0.057 0 0.584 1.9E-03 2.1E-03 2.1E-03 0.00
GMSB stau 651 65 0.300 / 0.980 0.147 ± 0.032 0 0.660 4.1E-04 1.9E-03 1.9E-03 0.00
GMSB stau 745 65 0.300 / 0.980 0.147 ± 0.032 0 0.677 1.9E-04 1.8E-03 1.8E-03 0.00
GMSB stau 871 65 0.300 / 0.980 0.147 ± 0.032 0 0.697 6.9E-05 1.8E-03 1.8E-03 0.00
GMSB stau 1029 65 0.300 / 0.980 0.147 ± 0.032 0 0.703 2.2E-05 1.8E-03 1.8E-03 0.00
GMSB stau 1218 65 0.300 / 0.980 0.147 ± 0.032 0 0.696 6.0E-06 1.8E-03 1.8E-03 0.00
GMSB stau 1409 65 0.300 / 0.980 0.147 ± 0.032 0 0.653 2.0E-06 1.9E-03 1.9E-03 0.00
GMSB stau 1599 65 0.300 / 0.980 0.147 ± 0.032 0 0.547 1.0E-06 2.3E-03 2.3E-03 0.00
PP stau 156 65 0.300 / 0.360 5.580 ± 1.170 4 0.184 2.0E-02 1.7E-02 1.3E-02 0.00
PP stau 200 65 0.300 / 0.480 2.920 ± 0.612 2 0.221 8.0E-03 1.1E-02 8.6E-03 0.00
PP stau 247 65 0.300 / 0.620 1.570 ± 0.329 1 0.252 3.7E-03 6.7E-03 6.7E-03 0.00
PP stau 308 65 0.300 / 0.800 0.772 ± 0.163 0 0.291 1.5E-03 5.9E-03 4.3E-03 0.00
PP stau 494 65 0.300 / 0.980 0.371 ± 0.079 0 0.380 1.9E-04 3.2E-03 3.2E-03 0.00
PP stau 557 65 0.300 / 0.980 0.371 ± 0.079 0 0.413 1.1E-04 2.9E-03 2.9E-03 0.00
PP stau 651 65 0.300 / 0.980 0.371 ± 0.079 0 0.456 4.9E-05 2.7E-03 2.7E-03 0.00
PP stau 745 65 0.300 / 0.980 0.371 ± 0.079 0 0.486 2.4E-05 2.5E-03 2.5E-03 0.00
PP stau 871 65 0.300 / 0.980 0.371 ± 0.079 0 0.520 1.0E-05 2.3E-03 2.3E-03 0.00
PP stau 1029 65 0.300 / 0.980 0.371 ± 0.079 0 0.564 4.0E-06 2.1E-03 2.1E-03 0.00
PP stau 1218 65 0.300 / 0.980 0.371 ± 0.079 0 0.575 1.0E-06 2.1E-03 2.1E-03 0.00
PP stau 1409 65 0.300 / 0.980 0.371 ± 0.079 0 0.542 0.0E+00 2.2E-03 2.2E-03 0.00
PP stau 1599 65 0.300 / 0.920 0.477 ± 0.101 0 0.486 0.0E+00 2.4E-03 2.4E-03 0.00
DY |Q| = 1e 100 65 0.300 / 0.200 7.810 ± 1.780 4 0.101 1.2E+00 3.4E-02 2.2E-02 0.00
DY |Q| = 1e 200 65 0.300 / 0.200 7.810 ± 1.780 4 0.284 1.1E-01 1.2E-02 7.5E-03 0.00
DY |Q| = 1e 400 65 0.300 / 0.480 0.554 ± 0.119 0 0.401 7.3E-03 3.3E-03 3.2E-03 0.00
DY |Q| = 1e 600 65 0.300 / 0.760 0.132 ± 0.028 0 0.442 1.2E-03 2.9E-03 2.9E-03 0.00
DY |Q| = 1e 800 65 0.300 / 0.980 0.047 ± 0.010 0 0.476 2.6E-04 2.8E-03 2.8E-03 0.00
DY |Q| = 1e 1000 65 0.300 / 0.980 0.047 ± 0.010 0 0.480 7.6E-05 2.7E-03 2.7E-03 0.00
DY |Q| = 1e 1400 65 0.300 / 0.980 0.047 ± 0.010 0 0.415 9.0E-06 3.1E-03 3.1E-03 0.00
DY |Q| = 1e 1800 65 0.300 / 0.980 0.047 ± 0.010 0 0.315 1.0E-06 4.1E-03 4.1E-03 0.00
DY |Q| = 1e 2200 65 0.300 / 0.980 0.047 ± 0.010 0 0.203 0.0E+00 6.2E-03 6.2E-03 0.00
DY |Q| = 1e 2600 65 0.300 / 0.980 0.047 ± 0.010 0 0.123 0.0E+00 1.0E-02 1.0E-02 0.00
DY |Q| = 2e 100 65 0.300 / 0.200 3.050 ± 0.678 1 0.259 3.8E+00 8.5E-03 5.9E-03 0.00
DY |Q| = 2e 200 65 0.300 / 0.340 0.521 ± 0.114 0 0.585 3.0E-01 2.1E-03 2.1E-03 0.00
DY |Q| = 2e 400 65 0.300 / 0.500 0.111 ± 0.024 0 0.699 2.3E-02 1.8E-03 1.8E-03 0.00
DY |Q| = 2e 600 65 0.300 / 0.600 0.049 ± 0.011 0 0.676 3.5E-03 1.8E-03 1.8E-03 0.00
DY |Q| = 2e 800 65 0.300 / 0.600 0.049 ± 0.011 0 0.614 8.0E-04 2.0E-03 2.0E-03 0.00
DY |Q| = 2e 1000 65 0.300 / 0.600 0.049 ± 0.011 0 0.544 2.4E-04 2.3E-03 2.3E-03 0.00
DY |Q| = 2e 1400 65 0.300 / 0.600 0.049 ± 0.011 0 0.364 2.7E-05 3.5E-03 3.5E-03 0.00
DY |Q| = 2e 1800 65 0.300 / 0.600 0.049 ± 0.011 0 0.217 4.0E-06 5.9E-03 5.9E-03 0.00
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Table B.1 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
DY |Q| = 2e 2200 65 0.300 / 0.600 0.049 ± 0.011 0 0.154 1.0E-06 8.2E-03 8.2E-03 0.00
DY |Q| = 2e 2600 65 0.300 / 0.600 0.049 ± 0.011 0 0.101 0.0E+00 1.3E-02 1.3E-02 0.00

Table B.2: Tracker+TOF+MVA results using 2015 data with the same final selection as the stan-
dard analysis.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.090 3.4E+03 1.4E-02 1.4E-02 0.00
Gluino f=0.1 400 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.138 9.5E+01 8.7E-03 8.7E-03 0.00
Gluino f=0.1 600 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.167 9.1E+00 7.8E-03 7.8E-03 0.00
Gluino f=0.1 800 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.188 1.5E+00 6.6E-03 6.6E-03 0.00
Gluino f=0.1 1000 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.196 3.2E-01 6.3E-03 6.3E-03 0.00
Gluino f=0.1 1200 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.189 8.4E-02 6.4E-03 6.4E-03 0.00
Gluino f=0.1 1400 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.163 2.5E-02 7.5E-03 7.5E-03 0.00
Gluino f=0.1 1600 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.138 8.0E-03 8.6E-03 8.6E-03 0.00
Gluino f=0.1 1800 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.114 2.7E-03 1.1E-02 1.1E-02 0.00
Gluino f=0.1 2000 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.092 9.7E-04 1.3E-02 1.3E-02 0.00
Gluino f=0.1 2200 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.072 3.6E-04 1.7E-02 1.7E-02 0.00
Gluino f=0.1 2600 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.046 5.0E-05 2.7E-02 2.7E-02 0.00
Gluino f=0.5 200 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.047 3.4E+03 2.7E-02 2.7E-02 0.00
Gluino f=0.5 400 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.077 9.5E+01 1.6E-02 1.6E-02 0.00
Gluino f=0.5 600 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.095 9.1E+00 1.3E-02 1.3E-02 0.00
Gluino f=0.5 800 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.108 1.5E+00 1.1E-02 1.1E-02 0.00
Gluino f=0.5 1000 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.113 3.2E-01 1.1E-02 1.1E-02 0.00
Gluino f=0.5 1200 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.108 8.4E-02 1.1E-02 1.1E-02 0.00
Gluino f=0.5 1400 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.092 2.5E-02 1.3E-02 1.3E-02 0.00
Gluino f=0.5 1600 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.079 8.0E-03 1.5E-02 1.5E-02 0.00
Gluino f=0.5 1800 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.063 2.7E-03 1.9E-02 1.9E-02 0.00
Gluino f=0.5 2000 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.052 9.7E-04 2.3E-02 2.3E-02 0.00
Gluino f=0.5 2200 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.040 3.6E-04 3.0E-02 3.0E-02 0.00
Gluino f=0.5 2600 65 0.175 1.250 0.200 0.046 ± 0.009 0 0.025 5.0E-05 4.9E-02 4.9E-02 0.00
Stop 100 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.030 1.4E+03 4.1E-02 4.1E-02 0.00
Stop 200 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.069 6.1E+01 1.8E-02 1.8E-02 0.00
Stop 400 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.156 1.8E+00 7.8E-03 7.8E-03 0.00
Stop 600 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.180 1.7E-01 6.8E-03 6.8E-03 0.00
Stop 800 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.192 2.8E-02 6.3E-03 6.3E-03 0.00
Stop 1000 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.192 6.0E-03 6.5E-03 6.5E-03 0.00
Stop 1200 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.184 1.6E-03 6.8E-03 6.8E-03 0.00
Stop 1400 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.163 4.5E-04 7.5E-03 7.5E-03 0.00
Stop 1600 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.138 1.4E-04 8.9E-03 8.9E-03 0.00
Stop 1800 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.116 4.6E-05 1.0E-02 1.0E-02 0.00
Stop 2000 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.095 1.6E-05 1.3E-02 1.3E-02 0.00
Stop 2200 65 0.175 1.250 0.200 0.010 ± 0.002 0 0.076 6.0E-06 1.6E-02 1.6E-02 0.00
GMSB stau 200 65 0.175 1.250 0.200 0.170 ± 0.034 0 0.291 2.8E-01 4.1E-03 4.1E-03 0.00
GMSB stau 247 65 0.175 1.250 0.200 0.170 ± 0.034 0 0.365 8.8E-02 3.3E-03 3.3E-03 0.00
GMSB stau 308 65 0.175 1.250 0.260 0.082 ± 0.016 0 0.433 2.5E-02 2.9E-03 2.9E-03 0.00
GMSB stau 432 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.564 3.9E-03 2.1E-03 2.1E-03 0.00
GMSB stau 494 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.595 1.9E-03 2.1E-03 2.1E-03 0.00
GMSB stau 651 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.667 4.1E-04 1.9E-03 1.9E-03 0.00
GMSB stau 745 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.691 1.9E-04 1.7E-03 1.7E-03 0.00
GMSB stau 871 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.706 6.9E-05 1.7E-03 1.7E-03 0.00
GMSB stau 1029 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.716 2.2E-05 1.7E-03 1.7E-03 0.00
GMSB stau 1218 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.704 6.0E-06 1.8E-03 1.8E-03 0.00
GMSB stau 1409 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.658 2.0E-06 1.9E-03 1.9E-03 0.00
GMSB stau 1599 65 0.175 1.250 0.300 0.054 ± 0.011 0 0.555 1.0E-06 2.2E-03 2.2E-03 0.00
PP stau 156 65 0.175 1.250 0.200 0.156 ± 0.031 0 0.209 2.0E-02 5.8E-03 5.8E-03 0.00
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Table B.2 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
PP stau 200 65 0.175 1.250 0.260 0.085 ± 0.017 0 0.243 8.0E-03 5.0E-03 5.0E-03 0.00
PP stau 247 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.271 3.7E-03 4.6E-03 4.6E-03 0.00
PP stau 308 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.317 1.5E-03 3.9E-03 3.9E-03 0.00
PP stau 494 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.418 1.9E-04 2.9E-03 2.9E-03 0.00
PP stau 557 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.448 1.1E-04 2.7E-03 2.7E-03 0.00
PP stau 651 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.499 4.9E-05 2.4E-03 2.4E-03 0.00
PP stau 745 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.522 2.4E-05 2.4E-03 2.4E-03 0.00
PP stau 871 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.557 1.0E-05 2.2E-03 2.2E-03 0.00
PP stau 1029 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.595 4.0E-06 2.1E-03 2.1E-03 0.00
PP stau 1218 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.603 1.0E-06 2.0E-03 2.0E-03 0.00
PP stau 1409 65 0.175 1.250 0.540 0.053 ± 0.011 0 0.569 0.0E+00 2.2E-03 2.2E-03 0.00
PP stau 1599 65 0.175 1.250 0.320 0.053 ± 0.011 0 0.509 0.0E+00 2.4E-03 2.4E-03 0.00
DY |Q| = 1e 100 65 0.175 1.250 0.200 0.079 ± 0.016 0 0.110 1.2E+00 1.2E-02 1.2E-02 0.00
DY |Q| = 1e 200 65 0.175 1.250 0.200 0.079 ± 0.016 0 0.305 1.1E-01 4.1E-03 4.1E-03 0.00
DY |Q| = 1e 400 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.420 7.3E-03 3.0E-03 3.0E-03 0.00
DY |Q| = 1e 600 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.466 1.2E-03 2.7E-03 2.7E-03 0.00
DY |Q| = 1e 800 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.488 2.6E-04 2.6E-03 2.6E-03 0.00
DY |Q| = 1e 1000 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.489 7.6E-05 2.6E-03 2.6E-03 0.00
DY |Q| = 1e 1400 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.422 9.0E-06 3.0E-03 3.0E-03 0.00
DY |Q| = 1e 1800 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.317 1.0E-06 4.1E-03 4.1E-03 0.00
DY |Q| = 1e 2200 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.200 0.0E+00 6.3E-03 6.3E-03 0.00
DY |Q| = 1e 2600 65 0.175 1.250 0.220 0.055 ± 0.011 0 0.118 0.0E+00 1.1E-02 1.1E-02 0.00
DY |Q| = 2e 100 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.011 3.8E+00 1.3E-01 1.3E-01 0.00
DY |Q| = 2e 200 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.212 3.0E-01 6.0E-03 6.0E-03 0.00
DY |Q| = 2e 400 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.410 2.3E-02 3.1E-03 3.1E-03 0.00
DY |Q| = 2e 600 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.482 3.5E-03 2.6E-03 2.6E-03 0.00
DY |Q| = 2e 800 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.489 8.0E-04 2.6E-03 2.6E-03 0.00
DY |Q| = 2e 1000 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.452 2.4E-04 2.8E-03 2.8E-03 0.00
DY |Q| = 2e 1400 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.313 2.7E-05 4.0E-03 4.0E-03 0.00
DY |Q| = 2e 1800 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.184 4.0E-06 6.7E-03 6.7E-03 0.00
DY |Q| = 2e 2200 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.120 1.0E-06 1.1E-02 1.1E-02 0.00
DY |Q| = 2e 2600 65 0.175 1.250 0.200 0.026 ± 0.005 0 0.069 0.0E+00 1.9E-02 1.9E-02 0.00

Table B.3: Tracker-only+MVA results using 2015 data with the relaxed final selection.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.250 / 0.200 5.770 ± 1.200 4 0.106 3.4E+03 2.8E-02 2.1E-02 0.00
Gluino f=0.1 400 65 0.250 / 0.200 5.770 ± 1.200 4 0.178 9.5E+01 1.4E-02 1.2E-02 0.00
Gluino f=0.1 600 65 0.250 / 0.200 5.770 ± 1.200 4 0.212 9.1E+00 1.4E-02 1.0E-02 0.00
Gluino f=0.1 800 65 0.250 / 0.320 1.450 ± 0.304 0 0.235 1.5E+00 6.9E-03 5.1E-03 0.00
Gluino f=0.1 1000 65 0.250 / 0.440 0.455 ± 0.094 0 0.242 3.2E-01 5.0E-03 5.0E-03 0.00
Gluino f=0.1 1200 65 0.250 / 0.580 0.149 ± 0.031 0 0.234 8.4E-02 5.2E-03 5.2E-03 0.00
Gluino f=0.1 1400 65 0.250 / 0.680 0.065 ± 0.014 0 0.206 2.5E-02 5.9E-03 5.9E-03 0.00
Gluino f=0.1 1600 65 0.250 / 0.720 0.048 ± 0.010 0 0.177 8.0E-03 6.6E-03 6.6E-03 0.00
Gluino f=0.1 1800 65 0.250 / 0.720 0.048 ± 0.010 0 0.146 2.7E-03 8.4E-03 8.4E-03 0.00
Gluino f=0.1 2000 65 0.250 / 0.720 0.048 ± 0.010 0 0.120 9.7E-04 1.0E-02 1.0E-02 0.00
Gluino f=0.1 2200 65 0.250 / 0.720 0.048 ± 0.010 0 0.095 3.6E-04 1.3E-02 1.3E-02 0.00
Gluino f=0.1 2600 65 0.250 / 0.720 0.048 ± 0.010 0 0.061 5.0E-05 1.9E-02 1.9E-02 0.00
GluinoN f=0.1 100 65 0.250 / 0.200 5.770 ± 1.200 4 0.002 8.2E+04 1.8E+00 1.3E+00 0.00
GluinoN f=0.1 1000 65 0.250 / 0.440 0.455 ± 0.094 0 0.194 3.2E-01 6.1E-03 6.1E-03 0.00
GluinoN f=0.1 1200 65 0.250 / 0.520 0.234 ± 0.048 0 0.195 8.4E-02 6.2E-03 6.2E-03 0.00
GluinoN f=0.1 1400 65 0.250 / 0.720 0.048 ± 0.010 0 0.178 2.5E-02 6.9E-03 6.9E-03 0.00
GluinoN f=0.1 1600 65 0.250 / 0.720 0.048 ± 0.010 0 0.150 8.0E-03 8.0E-03 8.0E-03 0.00
GluinoN f=0.1 1800 65 0.250 / 0.720 0.048 ± 0.010 0 0.127 2.7E-03 9.5E-03 9.5E-03 0.00
GluinoN f=0.1 2000 65 0.250 / 0.720 0.048 ± 0.010 0 0.104 9.7E-04 1.2E-02 1.2E-02 0.00
GluinoN f=0.1 2600 65 0.250 / 0.720 0.048 ± 0.010 0 0.055 5.0E-05 2.2E-02 2.2E-02 0.00
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Table B.3 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
Gluino f=0.5 200 65 0.250 / 0.200 5.770 ± 1.200 4 0.054 3.4E+03 5.4E-02 4.3E-02 0.00
Gluino f=0.5 400 65 0.250 / 0.200 5.770 ± 1.200 4 0.101 9.5E+01 2.9E-02 2.2E-02 0.00
Gluino f=0.5 600 65 0.250 / 0.220 4.610 ± 0.965 3 0.123 9.1E+00 2.0E-02 1.6E-02 0.00
Gluino f=0.5 800 65 0.250 / 0.340 1.180 ± 0.245 0 0.137 1.5E+00 1.2E-02 8.1E-03 0.00
Gluino f=0.5 1000 65 0.250 / 0.480 0.328 ± 0.068 0 0.142 3.2E-01 8.4E-03 8.4E-03 0.00
Gluino f=0.5 1200 65 0.250 / 0.620 0.105 ± 0.022 0 0.136 8.4E-02 8.9E-03 8.9E-03 0.00
Gluino f=0.5 1400 65 0.250 / 0.720 0.048 ± 0.010 0 0.118 2.5E-02 1.0E-02 1.0E-02 0.00
Gluino f=0.5 1600 65 0.250 / 0.720 0.048 ± 0.010 0 0.103 8.0E-03 1.2E-02 1.2E-02 0.00
Gluino f=0.5 1800 65 0.250 / 0.720 0.048 ± 0.010 0 0.083 2.7E-03 1.4E-02 1.4E-02 0.00
Gluino f=0.5 2000 65 0.250 / 0.720 0.048 ± 0.010 0 0.068 9.7E-04 1.8E-02 1.8E-02 0.00
Gluino f=0.5 2200 65 0.250 / 0.720 0.048 ± 0.010 0 0.053 3.6E-04 2.3E-02 2.3E-02 0.00
Gluino f=0.5 2600 65 0.250 / 0.720 0.048 ± 0.010 0 0.035 5.0E-05 3.5E-02 3.5E-02 0.00
GluinoN f=0.5 100 65 0.250 / 0.200 5.770 ± 1.200 4 0.002 8.2E+04 2.0E+00 1.5E+00 0.00
GluinoN f=0.5 1000 65 0.250 / 0.440 0.455 ± 0.094 0 0.150 3.2E-01 7.9E-03 7.9E-03 0.00
GluinoN f=0.5 1200 65 0.250 / 0.580 0.149 ± 0.031 0 0.150 8.4E-02 8.0E-03 8.0E-03 0.00
GluinoN f=0.5 1400 65 0.250 / 0.720 0.048 ± 0.010 0 0.139 2.5E-02 8.7E-03 8.7E-03 0.00
GluinoN f=0.5 1600 65 0.250 / 0.720 0.048 ± 0.010 0 0.116 8.0E-03 1.1E-02 1.1E-02 0.00
GluinoN f=0.5 1800 65 0.250 / 0.720 0.048 ± 0.010 0 0.098 2.7E-03 1.2E-02 1.2E-02 0.00
GluinoN f=0.5 2000 65 0.250 / 0.720 0.048 ± 0.010 0 0.079 9.7E-04 1.6E-02 1.6E-02 0.00
GluinoN f=0.5 2600 65 0.250 / 0.720 0.048 ± 0.010 0 0.043 5.0E-05 2.9E-02 2.9E-02 0.00
Stop 100 65 0.250 / 0.200 5.120 ± 1.060 5 0.120 1.4E+03 2.2E-02 2.2E-02 0.00
Stop 200 65 0.250 / 0.200 5.120 ± 1.060 5 0.201 6.1E+01 1.3E-02 1.3E-02 0.00
Stop 400 65 0.250 / 0.220 4.000 ± 0.827 3 0.252 1.8E+00 9.6E-03 8.0E-03 0.00
Stop 600 65 0.250 / 0.400 0.781 ± 0.160 0 0.273 1.7E-01 6.3E-03 4.4E-03 0.00
Stop 800 65 0.250 / 0.640 0.160 ± 0.033 0 0.279 2.8E-02 4.4E-03 4.4E-03 0.00
Stop 1000 65 0.250 / 0.780 0.064 ± 0.013 0 0.270 6.0E-03 4.5E-03 4.5E-03 0.00
Stop 1200 65 0.250 / 0.820 0.049 ± 0.010 0 0.258 1.6E-03 4.7E-03 4.7E-03 0.00
Stop 1400 65 0.250 / 0.820 0.049 ± 0.010 0 0.236 4.5E-04 5.2E-03 5.2E-03 0.00
Stop 1600 65 0.250 / 0.820 0.049 ± 0.010 0 0.202 1.4E-04 6.0E-03 6.0E-03 0.00
Stop 1800 65 0.250 / 0.820 0.049 ± 0.010 0 0.172 4.6E-05 7.3E-03 7.3E-03 0.00
Stop 2000 65 0.250 / 0.820 0.049 ± 0.010 0 0.141 1.6E-05 8.6E-03 8.6E-03 0.00
Stop 2200 65 0.250 / 0.820 0.049 ± 0.010 0 0.115 6.0E-06 1.0E-02 1.0E-02 0.00
StopN 100 65 0.250 / 0.200 5.120 ± 1.060 5 0.012 1.4E+03 2.2E-01 2.2E-01 0.00
StopN 200 65 0.250 / 0.200 5.120 ± 1.060 5 0.047 6.1E+01 5.5E-02 5.5E-02 0.00
StopN 400 65 0.250 / 0.260 2.600 ± 0.535 0 0.126 1.8E+00 1.6E-02 9.6E-03 0.00
StopN 600 65 0.250 / 0.500 0.385 ± 0.079 0 0.172 1.7E-01 7.0E-03 7.0E-03 0.00
StopN 800 65 0.250 / 0.660 0.141 ± 0.029 0 0.193 2.8E-02 6.3E-03 6.3E-03 0.00
StopN 1000 65 0.250 / 0.820 0.049 ± 0.010 0 0.200 6.0E-03 6.0E-03 6.0E-03 0.00
StopN 1200 65 0.250 / 0.820 0.049 ± 0.010 0 0.193 1.6E-03 6.4E-03 6.4E-03 0.00
StopN 1600 65 0.250 / 0.820 0.049 ± 0.010 0 0.157 1.4E-04 7.9E-03 7.9E-03 0.00
StopN 1800 65 0.250 / 0.820 0.049 ± 0.010 0 0.130 4.6E-05 9.6E-03 9.6E-03 0.00
StopN 2000 65 0.250 / 0.820 0.049 ± 0.010 0 0.108 1.6E-05 1.1E-02 1.1E-02 0.00
StopN 2200 65 0.250 / 0.820 0.049 ± 0.010 0 0.090 6.0E-06 1.3E-02 1.3E-02 0.00
GMSB stau 200 65 0.250 / 0.240 16.400 ± 3.360 17 0.297 2.8E-01 1.6E-02 1.6E-02 0.12
GMSB stau 247 65 0.250 / 0.340 6.980 ± 1.440 7 0.379 8.8E-02 8.0E-03 8.0E-03 0.00
GMSB stau 308 65 0.250 / 0.480 2.910 ± 0.596 1 0.450 2.5E-02 5.1E-03 3.4E-03 0.00
GMSB stau 432 65 0.250 / 0.760 0.809 ± 0.165 0 0.588 3.9E-03 2.9E-03 2.1E-03 0.00
GMSB stau 494 65 0.250 / 0.860 0.527 ± 0.108 0 0.615 1.9E-03 2.0E-03 2.0E-03 0.00
GMSB stau 651 65 0.250 / 0.980 0.302 ± 0.062 0 0.688 4.1E-04 1.8E-03 1.8E-03 0.00
GMSB stau 745 65 0.250 / 0.980 0.302 ± 0.062 0 0.705 1.9E-04 1.7E-03 1.7E-03 0.00
GMSB stau 871 65 0.250 / 0.980 0.302 ± 0.062 0 0.722 6.9E-05 1.7E-03 1.7E-03 0.00
GMSB stau 1029 65 0.250 / 0.980 0.302 ± 0.062 0 0.730 2.2E-05 1.7E-03 1.7E-03 0.00
GMSB stau 1218 65 0.250 / 0.980 0.302 ± 0.062 0 0.723 6.0E-06 1.7E-03 1.7E-03 0.00
GMSB stau 1409 65 0.250 / 0.980 0.302 ± 0.062 0 0.675 2.0E-06 1.8E-03 1.8E-03 0.00
GMSB stau 1599 65 0.250 / 0.980 0.302 ± 0.062 0 0.567 1.0E-06 2.0E-03 2.0E-03 0.00
PP stau 156 65 0.250 / 0.360 12.500 ± 2.540 15 0.207 2.0E-02 2.3E-02 2.6E-02 0.55
PP stau 200 65 0.250 / 0.480 6.750 ± 1.370 7 0.245 8.0E-03 1.2E-02 1.3E-02 0.09
PP stau 247 65 0.250 / 0.620 3.640 ± 0.737 2 0.276 3.7E-03 8.7E-03 6.7E-03 0.00
PP stau 308 65 0.250 / 0.820 1.590 ± 0.322 0 0.324 1.5E-03 5.4E-03 4.2E-03 0.00
PP stau 494 65 0.250 / 0.980 0.791 ± 0.161 0 0.416 1.9E-04 3.7E-03 2.9E-03 0.00
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Table B.3 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
PP stau 557 65 0.250 / 0.980 0.791 ± 0.161 0 0.454 1.1E-04 3.9E-03 2.7E-03 0.00
PP stau 651 65 0.250 / 0.980 0.791 ± 0.161 0 0.499 4.9E-05 3.1E-03 2.4E-03 0.00
PP stau 745 65 0.250 / 0.980 0.791 ± 0.161 0 0.526 2.4E-05 3.3E-03 2.3E-03 0.00
PP stau 871 65 0.250 / 0.980 0.791 ± 0.161 0 0.563 1.0E-05 2.5E-03 2.1E-03 0.00
PP stau 1029 65 0.250 / 0.980 0.791 ± 0.161 0 0.603 4.0E-06 2.9E-03 2.0E-03 0.00
PP stau 1218 65 0.250 / 0.980 0.791 ± 0.161 0 0.609 1.0E-06 2.8E-03 2.0E-03 0.00
PP stau 1409 65 0.250 / 0.980 0.791 ± 0.161 0 0.572 0.0E+00 2.6E-03 2.1E-03 0.00
PP stau 1599 65 0.250 / 0.920 1.040 ± 0.210 0 0.509 0.0E+00 3.3E-03 2.4E-03 0.00
DY |Q| = 1e 100 65 0.250 / 0.200 12.200 ± 2.570 12 0.101 1.2E+00 4.2E-02 4.2E-02 0.00
DY |Q| = 1e 200 65 0.250 / 0.200 12.200 ± 2.570 12 0.311 1.1E-01 1.4E-02 1.4E-02 0.00
DY |Q| = 1e 400 65 0.250 / 0.480 1.150 ± 0.234 0 0.426 7.3E-03 4.2E-03 3.0E-03 0.00
DY |Q| = 1e 600 65 0.250 / 0.780 0.264 ± 0.054 0 0.473 1.2E-03 2.7E-03 2.7E-03 0.00
DY |Q| = 1e 800 65 0.250 / 0.980 0.093 ± 0.019 0 0.499 2.6E-04 2.5E-03 2.5E-03 0.00
DY |Q| = 1e 1000 65 0.250 / 0.980 0.093 ± 0.019 0 0.502 7.6E-05 2.6E-03 2.6E-03 0.00
DY |Q| = 1e 1400 65 0.250 / 0.980 0.093 ± 0.019 0 0.433 9.0E-06 3.0E-03 3.0E-03 0.00
DY |Q| = 1e 1800 65 0.250 / 0.980 0.093 ± 0.019 0 0.327 1.0E-06 3.9E-03 3.9E-03 0.00
DY |Q| = 1e 2200 65 0.250 / 0.980 0.093 ± 0.019 0 0.210 0.0E+00 6.0E-03 6.0E-03 0.00
DY |Q| = 1e 2600 65 0.250 / 0.980 0.093 ± 0.019 0 0.126 0.0E+00 1.0E-02 1.0E-02 0.00
DY |Q| = 2e 100 65 0.250 / 0.200 4.900 ± 1.020 5 0.259 3.8E+00 1.1E-02 1.1E-02 0.04
DY |Q| = 2e 200 65 0.250 / 0.380 0.590 ± 0.122 0 0.585 3.0E-01 2.2E-03 2.1E-03 0.00
DY |Q| = 2e 400 65 0.250 / 0.640 0.055 ± 0.012 0 0.699 2.3E-02 1.8E-03 1.8E-03 0.00
DY |Q| = 2e 600 65 0.250 / 0.640 0.055 ± 0.012 0 0.676 3.5E-03 1.8E-03 1.8E-03 0.00
DY |Q| = 2e 800 65 0.250 / 0.640 0.055 ± 0.012 0 0.614 8.0E-04 2.0E-03 2.0E-03 0.00
DY |Q| = 2e 1000 65 0.250 / 0.640 0.055 ± 0.012 0 0.544 2.4E-04 2.3E-03 2.3E-03 0.00
DY |Q| = 2e 1400 65 0.250 / 0.640 0.055 ± 0.012 0 0.364 2.7E-05 3.4E-03 3.4E-03 0.00
DY |Q| = 2e 1800 65 0.250 / 0.640 0.055 ± 0.012 0 0.217 4.0E-06 5.8E-03 5.8E-03 0.00
DY |Q| = 2e 2200 65 0.250 / 0.640 0.055 ± 0.012 0 0.154 1.0E-06 8.2E-03 8.2E-03 0.00
DY |Q| = 2e 2600 65 0.250 / 0.640 0.055 ± 0.012 0 0.101 0.0E+00 1.3E-02 1.3E-02 0.00

Table B.4: Tracker+TOF+MVA results using 2015 data with the relaxed final selection.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.150 1.250 0.200 0.085 ± 0.017 0 0.092 3.4E+03 1.3E-02 1.3E-02 0.00
Gluino f=0.1 400 65 0.150 1.250 0.200 0.085 ± 0.017 0 0.140 9.5E+01 8.8E-03 8.8E-03 0.00
Gluino f=0.1 600 65 0.150 1.250 0.200 0.085 ± 0.017 0 0.170 9.1E+00 7.3E-03 7.3E-03 0.00
Gluino f=0.1 800 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.190 1.5E+00 6.6E-03 6.6E-03 0.00
Gluino f=0.1 1000 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.197 3.2E-01 5.9E-03 5.9E-03 0.00
Gluino f=0.1 1200 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.191 8.4E-02 6.3E-03 6.3E-03 0.00
Gluino f=0.1 1400 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.164 2.5E-02 7.4E-03 7.4E-03 0.00
Gluino f=0.1 1600 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.139 8.0E-03 8.8E-03 8.8E-03 0.00
Gluino f=0.1 1800 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.115 2.7E-03 1.0E-02 1.0E-02 0.00
Gluino f=0.1 2000 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.093 9.7E-04 1.3E-02 1.3E-02 0.00
Gluino f=0.1 2200 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.073 3.6E-04 1.7E-02 1.7E-02 0.00
Gluino f=0.1 2600 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.046 5.0E-05 2.6E-02 2.6E-02 0.00
Gluino f=0.5 200 65 0.150 1.250 0.200 0.085 ± 0.017 0 0.048 3.4E+03 2.6E-02 2.6E-02 0.00
Gluino f=0.5 400 65 0.150 1.250 0.200 0.085 ± 0.017 0 0.078 9.5E+01 1.5E-02 1.5E-02 0.00
Gluino f=0.5 600 65 0.150 1.250 0.200 0.085 ± 0.017 0 0.097 9.1E+00 1.3E-02 1.3E-02 0.00
Gluino f=0.5 800 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.109 1.5E+00 1.2E-02 1.2E-02 0.00
Gluino f=0.5 1000 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.114 3.2E-01 1.1E-02 1.1E-02 0.00
Gluino f=0.5 1200 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.109 8.4E-02 1.1E-02 1.1E-02 0.00
Gluino f=0.5 1400 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.093 2.5E-02 1.3E-02 1.3E-02 0.00
Gluino f=0.5 1600 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.079 8.0E-03 1.5E-02 1.5E-02 0.00
Gluino f=0.5 1800 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.064 2.7E-03 1.9E-02 1.9E-02 0.00
Gluino f=0.5 2000 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.052 9.7E-04 2.4E-02 2.4E-02 0.00
Gluino f=0.5 2200 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.040 3.6E-04 3.0E-02 3.0E-02 0.00
Gluino f=0.5 2600 65 0.150 1.250 0.220 0.060 ± 0.012 0 0.026 5.0E-05 4.8E-02 4.8E-02 0.00
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Table B.4 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
Stop 100 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.030 1.4E+03 4.1E-02 4.1E-02 0.00
Stop 200 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.069 6.1E+01 1.8E-02 1.8E-02 0.00
Stop 400 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.157 1.8E+00 7.6E-03 7.6E-03 0.00
Stop 600 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.181 1.7E-01 6.6E-03 6.6E-03 0.00
Stop 800 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.194 2.8E-02 6.2E-03 6.2E-03 0.00
Stop 1000 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.194 6.0E-03 6.2E-03 6.2E-03 0.00
Stop 1200 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.186 1.6E-03 6.5E-03 6.5E-03 0.00
Stop 1400 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.164 4.5E-04 7.3E-03 7.3E-03 0.00
Stop 1600 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.139 1.4E-04 8.7E-03 8.7E-03 0.00
Stop 1800 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.116 4.6E-05 1.1E-02 1.1E-02 0.00
Stop 2000 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.095 1.6E-05 1.3E-02 1.3E-02 0.00
Stop 2200 65 0.150 1.250 0.200 0.023 ± 0.005 0 0.076 6.0E-06 1.6E-02 1.6E-02 0.00
GMSB stau 200 65 0.150 1.250 0.200 0.314 ± 0.063 0 0.297 2.8E-01 4.1E-03 4.1E-03 0.00
GMSB stau 247 65 0.150 1.250 0.200 0.314 ± 0.063 0 0.372 8.8E-02 3.2E-03 3.2E-03 0.00
GMSB stau 308 65 0.150 1.250 0.300 0.102 ± 0.021 0 0.439 2.5E-02 2.7E-03 2.7E-03 0.00
GMSB stau 432 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.571 3.9E-03 2.2E-03 2.2E-03 0.00
GMSB stau 494 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.603 1.9E-03 2.0E-03 2.0E-03 0.00
GMSB stau 651 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.674 4.1E-04 1.8E-03 1.8E-03 0.00
GMSB stau 745 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.698 1.9E-04 1.8E-03 1.8E-03 0.00
GMSB stau 871 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.712 6.9E-05 1.7E-03 1.7E-03 0.00
GMSB stau 1029 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.722 2.2E-05 1.7E-03 1.7E-03 0.00
GMSB stau 1218 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.709 6.0E-06 1.7E-03 1.7E-03 0.00
GMSB stau 1409 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.662 2.0E-06 1.9E-03 1.9E-03 0.00
GMSB stau 1599 65 0.150 1.250 0.360 0.058 ± 0.012 0 0.559 1.0E-06 2.2E-03 2.2E-03 0.00
PP stau 156 65 0.150 1.250 0.200 0.297 ± 0.060 0 0.216 2.0E-02 5.7E-03 5.7E-03 0.00
PP stau 200 65 0.150 1.250 0.280 0.143 ± 0.029 0 0.249 8.0E-03 4.9E-03 4.9E-03 0.00
PP stau 247 65 0.150 1.250 0.400 0.065 ± 0.013 0 0.278 3.7E-03 4.4E-03 4.4E-03 0.00
PP stau 308 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.325 1.5E-03 3.7E-03 3.7E-03 0.00
PP stau 494 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.428 1.9E-04 2.9E-03 2.9E-03 0.00
PP stau 557 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.459 1.1E-04 2.7E-03 2.7E-03 0.00
PP stau 651 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.509 4.9E-05 2.4E-03 2.4E-03 0.00
PP stau 745 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.530 2.4E-05 2.3E-03 2.3E-03 0.00
PP stau 871 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.567 1.0E-05 2.2E-03 2.2E-03 0.00
PP stau 1029 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.605 4.0E-06 2.0E-03 2.0E-03 0.00
PP stau 1218 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.612 1.0E-06 2.0E-03 2.0E-03 0.00
PP stau 1409 65 0.175 1.250 0.540 0.053 ± 0.011 0 0.569 0.0E+00 2.2E-03 2.2E-03 0.00
PP stau 1599 65 0.150 1.250 0.440 0.052 ± 0.010 0 0.514 0.0E+00 2.4E-03 2.4E-03 0.00
DY |Q| = 1e 100 65 0.150 1.250 0.200 0.143 ± 0.029 0 0.110 1.2E+00 1.3E-02 1.3E-02 0.00
DY |Q| = 1e 200 65 0.150 1.250 0.200 0.143 ± 0.029 0 0.309 1.1E-01 4.0E-03 4.0E-03 0.00
DY |Q| = 1e 400 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.427 7.3E-03 3.0E-03 3.0E-03 0.00
DY |Q| = 1e 600 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.471 1.2E-03 2.7E-03 2.7E-03 0.00
DY |Q| = 1e 800 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.494 2.6E-04 2.6E-03 2.6E-03 0.00
DY |Q| = 1e 1000 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.493 7.6E-05 2.6E-03 2.6E-03 0.00
DY |Q| = 1e 1400 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.425 9.0E-06 3.0E-03 3.0E-03 0.00
DY |Q| = 1e 1800 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.320 1.0E-06 4.0E-03 4.0E-03 0.00
DY |Q| = 1e 2200 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.201 0.0E+00 6.2E-03 6.2E-03 0.00
DY |Q| = 1e 2600 65 0.150 1.250 0.260 0.058 ± 0.012 0 0.118 0.0E+00 1.1E-02 1.1E-02 0.00
DY |Q| = 2e 100 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.011 3.8E+00 1.3E-01 1.3E-01 0.00
DY |Q| = 2e 200 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.212 3.0E-01 6.1E-03 6.1E-03 0.00
DY |Q| = 2e 400 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.410 2.3E-02 3.3E-03 3.3E-03 0.00
DY |Q| = 2e 600 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.482 3.5E-03 2.6E-03 2.6E-03 0.00
DY |Q| = 2e 800 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.489 8.0E-04 2.6E-03 2.6E-03 0.00
DY |Q| = 2e 1000 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.452 2.4E-04 2.8E-03 2.8E-03 0.00
DY |Q| = 2e 1400 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.313 2.7E-05 4.0E-03 4.0E-03 0.00
DY |Q| = 2e 1800 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.184 4.0E-06 6.8E-03 6.8E-03 0.00
DY |Q| = 2e 2200 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.120 1.0E-06 1.1E-02 1.1E-02 0.00
DY |Q| = 2e 2600 65 0.150 1.250 0.200 0.043 ± 0.009 0 0.069 0.0E+00 1.8E-02 1.8E-02 0.00
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Table B.5: Tracker-only+MVA results using 2016 data with the same final selection as the standard
analysis.

Model Mass pT> I> TOF> MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.300 / 0.200 6.440 ± 1.350 7 0.091 3.4E+03 6.3E-03 7.1E-03 0.19
Gluino f=0.1 400 65 0.300 / 0.200 6.440 ± 1.350 7 0.152 9.5E+01 3.6E-03 3.9E-03 0.19
Gluino f=0.1 600 65 0.300 / 0.200 6.440 ± 1.350 7 0.189 9.1E+00 2.8E-03 3.2E-03 0.19
Gluino f=0.1 800 65 0.300 / 0.200 6.440 ± 1.350 7 0.205 1.5E+00 2.7E-03 3.0E-03 0.19
Gluino f=0.1 1000 65 0.300 / 0.260 2.350 ± 0.484 0 0.215 3.2E-01 1.7E-03 9.6E-04 0.00
Gluino f=0.1 1200 65 0.300 / 0.320 1.080 ± 0.222 0 0.203 8.4E-02 1.6E-03 1.1E-03 0.00
Gluino f=0.1 1400 65 0.300 / 0.440 0.303 ± 0.062 0 0.184 2.5E-02 1.3E-03 1.3E-03 0.00
Gluino f=0.1 1600 65 0.300 / 0.580 0.090 ± 0.019 0 0.154 8.0E-03 1.5E-03 1.5E-03 0.00
Gluino f=0.1 1800 65 0.300 / 0.680 0.036 ± 0.007 0 0.128 2.7E-03 1.9E-03 1.9E-03 0.00
Gluino f=0.1 2000 65 0.300 / 0.800 0.011 ± 0.002 0 0.107 9.7E-04 2.2E-03 2.2E-03 0.00
Gluino f=0.1 2200 65 0.300 / 0.840 0.007 ± 0.002 0 0.085 3.6E-04 2.8E-03 2.8E-03 0.00
Gluino f=0.1 2600 65 0.300 / 0.860 0.005 ± 0.001 0 0.053 5.0E-05 4.5E-03 4.5E-03 0.00
GluinoN f=0.1 100 65 0.300 / 0.200 6.440 ± 1.350 7 0.002 8.2E+04 3.7E-01 4.0E-01 0.19
GluinoN f=0.1 1000 65 0.300 / 0.260 2.350 ± 0.484 0 0.183 3.2E-01 2.0E-03 1.3E-03 0.00
GluinoN f=0.1 1200 65 0.300 / 0.300 1.370 ± 0.281 0 0.185 8.4E-02 1.7E-03 1.3E-03 0.00
GluinoN f=0.1 1400 65 0.300 / 0.420 0.365 ± 0.075 0 0.167 2.5E-02 1.4E-03 1.4E-03 0.00
GluinoN f=0.1 1600 65 0.300 / 0.520 0.146 ± 0.030 0 0.145 8.0E-03 1.6E-03 1.6E-03 0.00
GluinoN f=0.1 1800 65 0.300 / 0.680 0.036 ± 0.007 0 0.121 2.7E-03 1.9E-03 1.9E-03 0.00
GluinoN f=0.1 2000 65 0.300 / 0.820 0.009 ± 0.002 0 0.098 9.7E-04 2.4E-03 2.4E-03 0.00
GluinoN f=0.1 2600 65 0.300 / 0.860 0.005 ± 0.001 0 0.053 5.0E-05 4.4E-03 4.4E-03 0.00
Gluino f=0.5 200 65 0.300 / 0.200 6.440 ± 1.350 7 0.046 3.4E+03 1.3E-02 1.4E-02 0.19
Gluino f=0.5 400 65 0.300 / 0.200 6.440 ± 1.350 7 0.085 9.5E+01 7.0E-03 7.3E-03 0.19
Gluino f=0.5 600 65 0.300 / 0.200 6.440 ± 1.350 7 0.109 9.1E+00 5.3E-03 5.6E-03 0.19
Gluino f=0.5 800 65 0.300 / 0.200 6.440 ± 1.350 7 0.120 1.5E+00 4.4E-03 5.1E-03 0.19
Gluino f=0.5 1000 65 0.300 / 0.260 2.350 ± 0.484 0 0.125 3.2E-01 3.0E-03 1.9E-03 0.00
Gluino f=0.5 1200 65 0.300 / 0.340 0.854 ± 0.175 0 0.118 8.4E-02 2.9E-03 2.0E-03 0.00
Gluino f=0.5 1400 65 0.300 / 0.500 0.173 ± 0.035 0 0.106 2.5E-02 2.2E-03 2.2E-03 0.00
Gluino f=0.5 1600 65 0.300 / 0.580 0.090 ± 0.019 0 0.089 8.0E-03 2.7E-03 2.7E-03 0.00
Gluino f=0.5 1800 65 0.300 / 0.720 0.025 ± 0.005 0 0.073 2.7E-03 3.2E-03 3.2E-03 0.00
Gluino f=0.5 2000 65 0.300 / 0.840 0.007 ± 0.002 0 0.059 9.7E-04 4.1E-03 4.1E-03 0.00
Gluino f=0.5 2200 65 0.300 / 0.840 0.007 ± 0.002 0 0.048 3.6E-04 5.0E-03 5.0E-03 0.00
Gluino f=0.5 2600 65 0.300 / 0.860 0.005 ± 0.001 0 0.028 5.0E-05 8.3E-03 8.3E-03 0.00
GluinoN f=0.5 100 65 0.300 / 0.200 6.440 ± 1.350 7 0.001 8.2E+04 5.2E-01 5.3E-01 0.19
GluinoN f=0.5 1000 65 0.300 / 0.260 2.350 ± 0.484 0 0.138 3.2E-01 2.6E-03 1.6E-03 0.00
GluinoN f=0.5 1200 65 0.300 / 0.340 0.854 ± 0.175 0 0.140 8.4E-02 2.3E-03 1.7E-03 0.00
GluinoN f=0.5 1400 65 0.300 / 0.440 0.303 ± 0.062 0 0.127 2.5E-02 1.8E-03 1.8E-03 0.00
GluinoN f=0.5 1600 65 0.300 / 0.560 0.102 ± 0.021 0 0.109 8.0E-03 2.1E-03 2.1E-03 0.00
GluinoN f=0.5 1800 65 0.300 / 0.760 0.018 ± 0.004 0 0.091 2.7E-03 2.6E-03 2.6E-03 0.00
GluinoN f=0.5 2000 65 0.300 / 0.780 0.014 ± 0.003 0 0.072 9.7E-04 3.3E-03 3.3E-03 0.00
GluinoN f=0.5 2600 65 0.300 / 0.860 0.005 ± 0.001 0 0.039 5.0E-05 6.0E-03 6.0E-03 0.00
Stop 100 65 0.300 / 0.200 4.660 ± 0.950 6 0.107 1.4E+03 4.9E-03 5.8E-03 0.55
Stop 200 65 0.300 / 0.200 4.660 ± 0.950 6 0.178 6.1E+01 2.9E-03 3.5E-03 0.55
Stop 400 65 0.300 / 0.200 4.660 ± 0.950 6 0.217 1.8E+00 2.3E-03 2.9E-03 0.55
Stop 600 65 0.300 / 0.220 3.500 ± 0.713 2 0.243 1.7E-01 1.7E-03 1.3E-03 0.00
Stop 800 65 0.300 / 0.360 0.754 ± 0.153 0 0.241 2.8E-02 1.4E-03 9.7E-04 0.00
Stop 1000 65 0.300 / 0.520 0.211 ± 0.043 0 0.237 6.0E-03 9.9E-04 9.9E-04 0.00
Stop 1200 65 0.300 / 0.700 0.061 ± 0.013 0 0.224 1.6E-03 1.1E-03 1.1E-03 0.00
Stop 1400 65 0.300 / 0.840 0.022 ± 0.004 0 0.204 4.5E-04 1.2E-03 1.2E-03 0.00
Stop 1600 65 0.300 / 0.860 0.018 ± 0.004 0 0.178 1.4E-04 1.3E-03 1.3E-03 0.00
Stop 1800 65 0.300 / 0.900 0.012 ± 0.003 0 0.155 4.6E-05 1.5E-03 1.5E-03 0.00
Stop 2000 65 0.300 / 0.940 0.007 ± 0.002 0 0.117 1.6E-05 2.0E-03 2.0E-03 0.00
Stop 2200 65 0.300 / 0.940 0.007 ± 0.002 0 0.091 6.0E-06 2.6E-03 2.6E-03 0.00
StopN 100 65 0.300 / 0.200 4.660 ± 0.950 6 0.011 1.4E+03 4.5E-02 5.9E-02 0.55
StopN 200 65 0.300 / 0.200 4.660 ± 0.950 6 0.046 6.1E+01 1.1E-02 1.4E-02 0.55
StopN 400 65 0.300 / 0.200 4.660 ± 0.950 6 0.116 1.8E+00 4.3E-03 5.1E-03 0.55
StopN 600 65 0.300 / 0.240 2.640 ± 0.538 2 0.163 1.7E-01 2.1E-03 2.2E-03 0.00
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Table B.5 – continued from previous page
Model Mass pT> I> TOF> MVA> Bckg. Pred Obs Seff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
StopN 800 65 0.300 / 0.340 0.898 ± 0.183 0 0.189 2.8E-02 1.7E-03 1.2E-03 0.00
StopN 1000 65 0.300 / 0.500 0.244 ± 0.050 0 0.192 6.0E-03 1.2E-03 1.2E-03 0.00
StopN 1200 65 0.300 / 0.700 0.061 ± 0.013 0 0.187 1.6E-03 1.3E-03 1.3E-03 0.00
StopN 1600 65 0.300 / 0.860 0.018 ± 0.004 0 0.146 1.4E-04 1.6E-03 1.6E-03 0.00
StopN 1800 65 0.300 / 0.900 0.012 ± 0.003 0 0.126 4.6E-05 1.9E-03 1.9E-03 0.00
StopN 2000 65 0.300 / 0.940 0.007 ± 0.002 0 0.091 1.6E-05 2.6E-03 2.6E-03 0.00
StopN 2200 65 0.300 / 0.940 0.007 ± 0.002 0 0.075 6.0E-06 3.2E-03 3.2E-03 0.00
GMSB stau 200 65 0.300 / 0.200 45.300 ± 9.280 60 0.266 2.8E-01 6.3E-03 1.1E-02 1.23
GMSB stau 247 65 0.300 / 0.320 9.240 ± 1.910 17 0.349 8.8E-02 1.9E-03 4.0E-03 1.90
GMSB stau 308 65 0.300 / 0.380 5.250 ± 1.100 5 0.421 2.5E-02 1.2E-03 1.2E-03 0.00
GMSB stau 432 65 0.300 / 0.600 1.130 ± 0.229 0 0.538 3.9E-03 6.1E-04 4.4E-04 0.00
GMSB stau 494 65 0.300 / 0.740 0.587 ± 0.119 0 0.576 1.9E-03 3.8E-04 3.8E-04 0.00
GMSB stau 651 65 0.300 / 0.880 0.313 ± 0.064 0 0.639 4.1E-04 3.6E-04 3.6E-04 0.00
GMSB stau 745 65 0.300 / 0.960 0.219 ± 0.045 0 0.660 1.9E-04 3.6E-04 3.6E-04 0.00
GMSB stau 871 65 0.300 / 0.980 0.200 ± 0.041 0 0.665 6.9E-05 3.6E-04 3.6E-04 0.00
GMSB stau 1029 65 0.300 / 0.980 0.200 ± 0.041 0 0.674 2.2E-05 3.4E-04 3.4E-04 0.00
GMSB stau 1218 65 0.300 / 0.980 0.200 ± 0.041 0 0.652 6.0E-06 3.6E-04 3.6E-04 0.00
GMSB stau 1409 65 0.300 / 0.980 0.200 ± 0.041 0 0.609 2.0E-06 3.7E-04 3.7E-04 0.00
GMSB stau 1599 65 0.300 / 0.980 0.200 ± 0.041 0 0.489 1.0E-06 4.9E-04 4.9E-04 0.00
PP stau 156 65 0.300 / 0.340 15.300 ± 3.100 25 0.180 2.0E-02 4.9E-03 1.0E-02 1.76
PP stau 200 65 0.300 / 0.460 6.900 ± 1.390 8 0.210 8.0E-03 2.9E-03 3.4E-03 0.37
PP stau 247 65 0.300 / 0.580 3.720 ± 0.751 3 0.240 3.7E-03 1.9E-03 1.7E-03 0.00
PP stau 308 65 0.300 / 0.760 1.610 ± 0.325 0 0.274 1.5E-03 1.2E-03 8.6E-04 0.00
PP stau 494 65 0.300 / 0.980 0.622 ± 0.126 0 0.367 1.9E-04 6.6E-04 6.5E-04 0.00
PP stau 557 65 0.300 / 0.980 0.622 ± 0.126 0 0.390 1.1E-04 6.7E-04 6.0E-04 0.00
PP stau 651 65 0.300 / 0.980 0.622 ± 0.126 0 0.424 4.9E-05 5.4E-04 5.4E-04 0.00
PP stau 745 65 0.300 / 0.980 0.622 ± 0.126 0 0.465 2.4E-05 6.0E-04 5.0E-04 0.00
PP stau 871 65 0.300 / 0.980 0.622 ± 0.126 0 0.472 1.0E-05 5.1E-04 4.9E-04 0.00
PP stau 1029 65 0.300 / 0.980 0.622 ± 0.126 0 0.483 4.0E-06 4.8E-04 4.8E-04 0.00
PP stau 1218 65 0.300 / 0.980 0.622 ± 0.126 0 0.496 1.0E-06 6.0E-04 4.7E-04 0.00
PP stau 1409 65 0.300 / 0.980 0.622 ± 0.126 0 0.472 0.0E+00 5.9E-04 5.0E-04 0.00
PP stau 1599 65 0.300 / 0.920 0.807 ± 0.163 0 0.422 0.0E+00 8.0E-04 5.6E-04 0.00
DY |Q| = 1e 100 65 0.300 / 0.200 20.900 ± 4.400 34 0.089 1.2E+00 1.3E-02 2.8E-02 1.86
DY |Q| = 1e 200 65 0.300 / 0.200 20.900 ± 4.400 34 0.262 1.1E-01 4.2E-03 8.7E-03 1.86
DY |Q| = 1e 400 65 0.300 / 0.400 1.320 ± 0.270 0 0.377 7.3E-03 8.7E-04 6.7E-04 0.00
DY |Q| = 1e 600 65 0.300 / 0.700 0.229 ± 0.047 0 0.406 1.2E-03 5.9E-04 5.9E-04 0.00
DY |Q| = 1e 800 65 0.300 / 0.900 0.086 ± 0.018 0 0.433 2.6E-04 5.8E-04 5.8E-04 0.00
DY |Q| = 1e 1000 65 0.300 / 0.980 0.055 ± 0.011 0 0.423 7.6E-05 5.8E-04 5.8E-04 0.00
DY |Q| = 1e 1400 65 0.300 / 0.980 0.055 ± 0.011 0 0.335 9.0E-06 7.4E-04 7.4E-04 0.00
DY |Q| = 1e 1800 65 0.300 / 0.980 0.055 ± 0.011 0 0.260 1.0E-06 9.3E-04 9.3E-04 0.00
DY |Q| = 1e 2200 65 0.300 / 0.980 0.055 ± 0.011 0 0.176 0.0E+00 1.4E-03 1.4E-03 0.00
DY |Q| = 1e 2600 65 0.300 / 0.980 0.055 ± 0.011 0 0.105 0.0E+00 2.3E-03 2.3E-03 0.00
DY |Q| = 2e 100 65 0.300 / 0.200 4.970 ± 1.020 5 0.248 3.8E+00 2.2E-03 2.2E-03 0.01
DY |Q| = 2e 200 65 0.300 / 0.200 4.970 ± 1.020 5 0.547 3.0E-01 9.8E-04 9.8E-04 0.01
DY |Q| = 2e 400 65 0.300 / 0.220 3.560 ± 0.728 3 0.670 2.3E-02 6.7E-04 6.5E-04 0.00
DY |Q| = 2e 600 65 0.300 / 0.360 0.581 ± 0.118 0 0.645 3.5E-03 3.9E-04 3.7E-04 0.00
DY |Q| = 2e 800 65 0.300 / 0.480 0.163 ± 0.033 0 0.588 8.0E-04 4.1E-04 4.1E-04 0.00
DY |Q| = 2e 1000 65 0.300 / 0.700 0.017 ± 0.004 0 0.512 2.4E-04 4.9E-04 4.9E-04 0.00
DY |Q| = 2e 1400 65 0.300 / 0.780 0.005 ± 0.001 0 0.340 2.7E-05 7.3E-04 7.3E-04 0.00
DY |Q| = 2e 1800 65 0.300 / 0.780 0.005 ± 0.001 0 0.205 4.0E-06 1.2E-03 1.2E-03 0.00
DY |Q| = 2e 2200 65 0.300 / 0.780 0.005 ± 0.001 0 0.136 1.0E-06 1.8E-03 1.8E-03 0.00
DY |Q| = 2e 2600 65 0.300 / 0.780 0.005 ± 0.001 0 0.097 0.0E+00 2.5E-03 2.5E-03 0.00
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Table B.6: Tracker+TOF+MVA results using 2016 data with the same final selection as the stan-
dard analysis.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.077 3.4E+03 3.2E-03 3.2E-03 0.00
Gluino f=0.1 400 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.125 9.5E+01 1.9E-03 1.9E-03 0.00
Gluino f=0.1 600 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.156 9.1E+00 1.5E-03 1.5E-03 0.00
Gluino f=0.1 800 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.169 1.5E+00 1.4E-03 1.4E-03 0.00
Gluino f=0.1 1000 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.177 3.2E-01 1.3E-03 1.3E-03 0.00
Gluino f=0.1 1200 65 0.175 1.250 0.300 0.035 ± 0.007 0 0.165 8.4E-02 1.4E-03 1.4E-03 0.00
Gluino f=0.1 1400 65 0.175 1.250 0.320 0.027 ± 0.005 0 0.147 2.5E-02 1.6E-03 1.6E-03 0.00
Gluino f=0.1 1600 65 0.175 1.250 0.380 0.013 ± 0.003 0 0.122 8.0E-03 1.9E-03 1.9E-03 0.00
Gluino f=0.1 1800 65 0.175 1.250 0.440 0.007 ± 0.001 0 0.099 2.7E-03 2.4E-03 2.4E-03 0.00
Gluino f=0.1 2000 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.082 9.7E-04 2.9E-03 2.9E-03 0.00
Gluino f=0.1 2200 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.064 3.6E-04 3.7E-03 3.7E-03 0.00
Gluino f=0.1 2600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.039 5.0E-05 6.1E-03 6.1E-03 0.00
GluinoN f=0.1 1000 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 3.2E-01 6.4E-01 6.4E-01 0.00
GluinoN f=0.1 1200 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 8.4E-02 1.0E+00 1.0E+00 0.00
GluinoN f=0.1 1400 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 2.5E-02 8.4E-01 8.4E-01 0.00
GluinoN f=0.1 1600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 8.0E-03 1.2E+00 1.2E+00 0.00
GluinoN f=0.1 1800 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 2.7E-03 9.5E-01 9.5E-01 0.00
GluinoN f=0.1 2000 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 9.7E-04 9.4E-01 9.4E-01 0.00
GluinoN f=0.1 2600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 5.0E-05 1.5E+01 1.5E+01 0.00
Gluino f=0.5 200 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.040 3.4E+03 5.8E-03 5.8E-03 0.00
Gluino f=0.5 400 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.070 9.5E+01 3.3E-03 3.3E-03 0.00
Gluino f=0.5 600 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.088 9.1E+00 2.6E-03 2.6E-03 0.00
Gluino f=0.5 800 65 0.175 1.250 0.200 0.180 ± 0.036 0 0.097 1.5E+00 2.4E-03 2.4E-03 0.00
Gluino f=0.5 1000 65 0.175 1.250 0.260 0.062 ± 0.012 0 0.101 3.2E-01 2.3E-03 2.3E-03 0.00
Gluino f=0.5 1200 65 0.175 1.250 0.300 0.035 ± 0.007 0 0.093 8.4E-02 2.6E-03 2.6E-03 0.00
Gluino f=0.5 1400 65 0.175 1.250 0.360 0.017 ± 0.003 0 0.083 2.5E-02 2.9E-03 2.9E-03 0.00
Gluino f=0.5 1600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.069 8.0E-03 3.5E-03 3.5E-03 0.00
Gluino f=0.5 1800 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.055 2.7E-03 4.4E-03 4.4E-03 0.00
Gluino f=0.5 2000 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.045 9.7E-04 5.3E-03 5.3E-03 0.00
Gluino f=0.5 2200 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.035 3.6E-04 6.8E-03 6.8E-03 0.00
Gluino f=0.5 2600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.022 5.0E-05 1.0E-02 1.0E-02 0.00
GluinoN f=0.5 1000 65 0.175 1.250 0.380 0.013 ± 0.003 0 0.000 3.2E-01 1.1E+00 1.1E+00 0.00
GluinoN f=0.5 1200 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 8.4E-02 1.4E+00 1.4E+00 0.00
GluinoN f=0.5 1400 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 2.5E-02 9.4E-01 9.4E-01 0.00
GluinoN f=0.5 1600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 8.0E-03 1.5E+00 1.5E+00 0.00
GluinoN f=0.5 1800 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 2.7E-03 1.3E+00 1.3E+00 0.00
GluinoN f=0.5 2000 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 9.7E-04 1.3E+00 1.3E+00 0.00
GluinoN f=0.5 2600 65 0.175 1.250 0.460 0.006 ± 0.001 0 0.000 5.0E-05 2.2E+01 2.2E+01 0.00
Stop 100 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.027 1.4E+03 9.4E-03 9.4E-03 0.00
Stop 200 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.063 6.1E+01 3.8E-03 3.8E-03 0.00
Stop 400 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.141 1.8E+00 1.6E-03 1.6E-03 0.00
Stop 600 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.170 1.7E-01 1.4E-03 1.4E-03 0.00
Stop 800 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.175 2.8E-02 1.3E-03 1.3E-03 0.00
Stop 1000 65 0.175 1.250 0.220 0.021 ± 0.004 0 0.170 6.0E-03 1.4E-03 1.4E-03 0.00
Stop 1200 65 0.175 1.250 0.340 0.009 ± 0.002 0 0.159 1.6E-03 1.5E-03 1.5E-03 0.00
Stop 1400 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.142 4.5E-04 1.7E-03 1.7E-03 0.00
Stop 1600 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.121 1.4E-04 2.0E-03 2.0E-03 0.00
Stop 1800 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.104 4.6E-05 2.2E-03 2.2E-03 0.00
Stop 2000 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.083 1.6E-05 2.9E-03 2.9E-03 0.00
Stop 2200 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.067 6.0E-06 3.5E-03 3.5E-03 0.00
StopN 100 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.000 1.4E+03 2.9E+00 2.9E+00 0.00
StopN 200 65 0.175 1.250 0.200 0.025 ± 0.005 0 0.001 6.1E+01 2.9E-01 2.9E-01 0.00
StopN 400 65 0.175 1.250 0.220 0.021 ± 0.004 0 0.004 1.8E+00 6.4E-02 6.4E-02 0.00
StopN 600 65 0.175 1.250 0.420 0.006 ± 0.001 0 0.005 1.7E-01 4.5E-02 4.5E-02 0.00
StopN 800 65 0.175 1.250 0.340 0.009 ± 0.002 0 0.006 2.8E-02 4.2E-02 4.2E-02 0.00
StopN 1000 65 0.175 1.250 0.420 0.006 ± 0.001 0 0.006 6.0E-03 3.6E-02 3.6E-02 0.00
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Table B.6 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
StopN 1200 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.006 1.6E-03 4.1E-02 4.1E-02 0.00
StopN 1600 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.005 1.4E-04 4.5E-02 4.5E-02 0.00
StopN 1800 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.003 4.6E-05 6.9E-02 6.9E-02 0.00
StopN 2000 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.003 1.6E-05 7.2E-02 7.2E-02 0.00
StopN 2200 65 0.175 1.250 0.440 0.005 ± 0.001 0 0.002 6.0E-06 1.1E-01 1.1E-01 0.00
GMSB stau 200 65 0.175 1.250 0.200 0.622 ± 0.125 0 0.279 2.8E-01 8.2E-04 8.4E-04 0.00
GMSB stau 247 65 0.175 1.250 0.200 0.622 ± 0.125 0 0.363 8.8E-02 6.6E-04 6.3E-04 0.00
GMSB stau 308 65 0.175 1.250 0.220 0.483 ± 0.097 0 0.435 2.5E-02 5.3E-04 5.3E-04 0.00
GMSB stau 432 65 0.175 1.250 0.340 0.127 ± 0.025 0 0.547 3.9E-03 4.4E-04 4.4E-04 0.00
GMSB stau 494 65 0.175 1.250 0.400 0.072 ± 0.014 0 0.584 1.9E-03 4.0E-04 4.0E-04 0.00
GMSB stau 651 65 0.175 1.250 0.520 0.026 ± 0.005 0 0.648 4.1E-04 3.6E-04 3.6E-04 0.00
GMSB stau 745 65 0.175 1.250 0.620 0.012 ± 0.002 0 0.666 1.9E-04 3.6E-04 3.6E-04 0.00
GMSB stau 871 65 0.175 1.250 0.700 0.007 ± 0.001 0 0.671 6.9E-05 3.5E-04 3.5E-04 0.00
GMSB stau 1029 65 0.175 1.250 0.740 0.005 ± 0.001 0 0.679 2.2E-05 3.4E-04 3.4E-04 0.00
GMSB stau 1218 65 0.175 1.250 0.740 0.005 ± 0.001 0 0.657 6.0E-06 3.5E-04 3.5E-04 0.00
GMSB stau 1409 65 0.175 1.250 0.740 0.005 ± 0.001 0 0.612 2.0E-06 3.9E-04 3.9E-04 0.00
GMSB stau 1599 65 0.175 1.250 0.740 0.005 ± 0.001 0 0.495 1.0E-06 4.8E-04 4.8E-04 0.00
PP stau 156 65 0.175 1.250 0.200 0.592 ± 0.119 0 0.210 2.0E-02 1.1E-03 1.2E-03 0.00
PP stau 200 65 0.175 1.250 0.200 0.592 ± 0.119 0 0.236 8.0E-03 1.0E-03 1.0E-03 0.00
PP stau 247 65 0.175 1.250 0.280 0.254 ± 0.051 0 0.262 3.7E-03 9.0E-04 9.0E-04 0.00
PP stau 308 65 0.175 1.250 0.360 0.136 ± 0.027 0 0.298 1.5E-03 7.9E-04 7.9E-04 0.00
PP stau 494 65 0.175 1.250 0.740 0.020 ± 0.004 0 0.394 1.9E-04 6.0E-04 6.0E-04 0.00
PP stau 557 65 0.175 1.250 0.840 0.013 ± 0.003 0 0.424 1.1E-04 5.5E-04 5.5E-04 0.00
PP stau 651 65 0.175 1.250 0.860 0.012 ± 0.002 0 0.458 4.9E-05 5.1E-04 5.1E-04 0.00
PP stau 745 65 0.175 1.250 0.880 0.011 ± 0.002 0 0.487 2.4E-05 4.9E-04 4.9E-04 0.00
PP stau 871 65 0.175 1.250 0.940 0.008 ± 0.002 0 0.496 1.0E-05 4.8E-04 4.8E-04 0.00
PP stau 1029 65 0.175 1.250 0.980 0.007 ± 0.001 0 0.504 4.0E-06 4.8E-04 4.8E-04 0.00
PP stau 1218 65 0.175 1.250 0.980 0.007 ± 0.001 0 0.517 1.0E-06 4.6E-04 4.6E-04 0.00
PP stau 1409 65 0.175 1.250 0.980 0.007 ± 0.001 0 0.495 0.0E+00 4.7E-04 4.7E-04 0.00
PP stau 1599 65 0.175 1.250 0.980 0.007 ± 0.001 0 0.440 0.0E+00 5.3E-04 5.3E-04 0.00
DY |Q| = 1e 100 65 0.175 1.250 0.200 0.307 ± 0.062 0 0.096 1.2E+00 2.9E-03 2.9E-03 0.00
DY |Q| = 1e 200 65 0.175 1.250 0.200 0.307 ± 0.062 0 0.283 1.1E-01 9.2E-04 9.2E-04 0.00
DY |Q| = 1e 400 65 0.175 1.250 0.260 0.108 ± 0.022 0 0.397 7.3E-03 6.1E-04 6.1E-04 0.00
DY |Q| = 1e 600 65 0.175 1.250 0.360 0.033 ± 0.007 0 0.424 1.2E-03 6.5E-04 6.5E-04 0.00
DY |Q| = 1e 800 65 0.175 1.250 0.540 0.008 ± 0.002 0 0.446 2.6E-04 5.4E-04 5.4E-04 0.00
DY |Q| = 1e 1000 65 0.175 1.250 0.620 0.005 ± 0.001 0 0.429 7.6E-05 5.7E-04 5.7E-04 0.00
DY |Q| = 1e 1400 65 0.175 1.250 0.620 0.005 ± 0.001 0 0.334 9.0E-06 7.3E-04 7.3E-04 0.00
DY |Q| = 1e 1800 65 0.175 1.250 0.620 0.005 ± 0.001 0 0.260 1.0E-06 9.7E-04 9.7E-04 0.00
DY |Q| = 1e 2200 65 0.175 1.250 0.620 0.005 ± 0.001 0 0.175 0.0E+00 1.4E-03 1.4E-03 0.00
DY |Q| = 1e 2600 65 0.175 1.250 0.620 0.005 ± 0.001 0 0.101 0.0E+00 2.4E-03 2.4E-03 0.00
DY |Q| = 2e 100 65 0.175 1.250 0.200 0.115 ± 0.023 0 0.012 3.8E+00 2.2E-02 2.2E-02 0.00
DY |Q| = 2e 200 65 0.175 1.250 0.200 0.115 ± 0.023 0 0.204 3.0E-01 1.2E-03 1.2E-03 0.00
DY |Q| = 2e 400 65 0.175 1.250 0.200 0.115 ± 0.023 0 0.396 2.3E-02 6.1E-04 6.1E-04 0.00
DY |Q| = 2e 600 65 0.175 1.250 0.200 0.115 ± 0.023 0 0.463 3.5E-03 5.3E-04 5.3E-04 0.00
DY |Q| = 2e 800 65 0.175 1.250 0.240 0.035 ± 0.007 0 0.465 8.0E-04 5.3E-04 5.3E-04 0.00
DY |Q| = 2e 1000 65 0.175 1.250 0.280 0.015 ± 0.003 0 0.423 2.4E-04 5.7E-04 5.7E-04 0.00
DY |Q| = 2e 1400 65 0.175 1.250 0.340 0.005 ± 0.001 0 0.298 2.7E-05 8.2E-04 8.2E-04 0.00
DY |Q| = 2e 1800 65 0.175 1.250 0.340 0.005 ± 0.001 0 0.175 4.0E-06 1.4E-03 1.4E-03 0.00
DY |Q| = 2e 2200 65 0.175 1.250 0.340 0.005 ± 0.001 0 0.110 1.0E-06 2.2E-03 2.2E-03 0.00
DY |Q| = 2e 2600 65 0.175 1.250 0.340 0.005 ± 0.001 0 0.068 0.0E+00 3.5E-03 3.5E-03 0.00

Table B.7: Tracker-only+MVA results using 2016 data with the relaxed final selection.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.250 / 0.200 15.200 ± 3.090 16 0.094 3.4E+03 9.5E-03 1.0E-02 0.16
Gluino f=0.1 400 65 0.250 / 0.200 15.200 ± 3.090 16 0.162 9.5E+01 5.1E-03 5.4E-03 0.16
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Table B.7 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
Gluino f=0.1 600 65 0.250 / 0.200 15.200 ± 3.090 16 0.199 9.1E+00 4.2E-03 4.5E-03 0.16
Gluino f=0.1 800 65 0.250 / 0.200 15.200 ± 3.090 16 0.213 1.5E+00 3.8E-03 4.3E-03 0.16
Gluino f=0.1 1000 65 0.250 / 0.280 4.630 ± 0.933 4 0.222 3.2E-01 2.1E-03 2.0E-03 0.00
Gluino f=0.1 1200 65 0.250 / 0.420 1.010 ± 0.203 0 0.209 8.4E-02 1.7E-03 1.1E-03 0.00
Gluino f=0.1 1400 65 0.250 / 0.500 0.489 ± 0.098 0 0.188 2.5E-02 1.2E-03 1.2E-03 0.00
Gluino f=0.1 1600 65 0.250 / 0.640 0.148 ± 0.030 0 0.158 8.0E-03 1.5E-03 1.5E-03 0.00
Gluino f=0.1 1800 65 0.250 / 0.760 0.053 ± 0.011 0 0.130 2.7E-03 1.8E-03 1.8E-03 0.00
Gluino f=0.1 2000 65 0.250 / 0.760 0.053 ± 0.011 0 0.109 9.7E-04 2.2E-03 2.2E-03 0.00
Gluino f=0.1 2200 65 0.250 / 0.760 0.053 ± 0.011 0 0.087 3.6E-04 2.8E-03 2.8E-03 0.00
Gluino f=0.1 2600 65 0.250 / 0.760 0.053 ± 0.011 0 0.054 5.0E-05 4.4E-03 4.4E-03 0.00
GluinoN f=0.1 100 65 0.250 / 0.200 15.200 ± 3.090 16 0.002 8.2E+04 5.4E-01 5.9E-01 0.16
GluinoN f=0.1 1000 65 0.250 / 0.300 3.610 ± 0.727 2 0.189 3.2E-01 2.1E-03 1.8E-03 0.00
GluinoN f=0.1 1200 65 0.250 / 0.400 1.240 ± 0.249 0 0.189 8.4E-02 1.7E-03 1.3E-03 0.00
GluinoN f=0.1 1400 65 0.250 / 0.520 0.413 ± 0.083 0 0.170 2.5E-02 1.4E-03 1.4E-03 0.00
GluinoN f=0.1 1600 65 0.250 / 0.600 0.207 ± 0.042 0 0.148 8.0E-03 1.6E-03 1.6E-03 0.00
GluinoN f=0.1 1800 65 0.250 / 0.760 0.053 ± 0.011 0 0.123 2.7E-03 2.0E-03 2.0E-03 0.00
GluinoN f=0.1 2000 65 0.250 / 0.760 0.053 ± 0.011 0 0.100 9.7E-04 2.3E-03 2.3E-03 0.00
GluinoN f=0.1 2600 65 0.250 / 0.760 0.053 ± 0.011 0 0.055 5.0E-05 4.3E-03 4.3E-03 0.00
Gluino f=0.5 200 65 0.250 / 0.200 15.200 ± 3.090 16 0.048 3.4E+03 1.9E-02 2.0E-02 0.16
Gluino f=0.5 400 65 0.250 / 0.200 15.200 ± 3.090 16 0.091 9.5E+01 9.1E-03 9.8E-03 0.16
Gluino f=0.5 600 65 0.250 / 0.200 15.200 ± 3.090 16 0.114 9.1E+00 7.2E-03 7.8E-03 0.16
Gluino f=0.5 800 65 0.250 / 0.220 10.800 ± 2.190 12 0.125 1.5E+00 5.7E-03 6.3E-03 0.30
Gluino f=0.5 1000 65 0.250 / 0.340 2.280 ± 0.460 2 0.129 3.2E-01 2.9E-03 2.9E-03 0.00
Gluino f=0.5 1200 65 0.250 / 0.420 1.010 ± 0.203 0 0.121 8.4E-02 2.7E-03 1.8E-03 0.00
Gluino f=0.5 1400 65 0.250 / 0.580 0.259 ± 0.052 0 0.108 2.5E-02 2.1E-03 2.1E-03 0.00
Gluino f=0.5 1600 65 0.250 / 0.680 0.106 ± 0.022 0 0.091 8.0E-03 2.6E-03 2.6E-03 0.00
Gluino f=0.5 1800 65 0.250 / 0.760 0.053 ± 0.011 0 0.074 2.7E-03 3.2E-03 3.2E-03 0.00
Gluino f=0.5 2000 65 0.250 / 0.760 0.053 ± 0.011 0 0.060 9.7E-04 4.0E-03 4.0E-03 0.00
Gluino f=0.5 2200 65 0.250 / 0.760 0.053 ± 0.011 0 0.049 3.6E-04 4.9E-03 4.9E-03 0.00
Gluino f=0.5 2600 65 0.250 / 0.760 0.053 ± 0.011 0 0.030 5.0E-05 7.7E-03 7.7E-03 0.00
GluinoN f=0.5 100 65 0.250 / 0.200 15.200 ± 3.090 16 0.001 8.2E+04 7.4E-01 8.0E-01 0.16
GluinoN f=0.5 1000 65 0.250 / 0.320 2.870 ± 0.578 2 0.143 3.2E-01 2.8E-03 2.4E-03 0.00
GluinoN f=0.5 1200 65 0.250 / 0.440 0.835 ± 0.168 0 0.144 8.4E-02 2.3E-03 1.6E-03 0.00
GluinoN f=0.5 1400 65 0.250 / 0.500 0.489 ± 0.098 0 0.129 2.5E-02 1.8E-03 1.8E-03 0.00
GluinoN f=0.5 1600 65 0.250 / 0.640 0.148 ± 0.030 0 0.111 8.0E-03 2.1E-03 2.1E-03 0.00
GluinoN f=0.5 1800 65 0.250 / 0.760 0.053 ± 0.011 0 0.092 2.7E-03 2.6E-03 2.6E-03 0.00
GluinoN f=0.5 2000 65 0.250 / 0.760 0.053 ± 0.011 0 0.073 9.7E-04 3.2E-03 3.2E-03 0.00
GluinoN f=0.5 2600 65 0.250 / 0.760 0.053 ± 0.011 0 0.041 5.0E-05 5.7E-03 5.7E-03 0.00
Stop 100 65 0.250 / 0.200 12.300 ± 2.470 14 0.107 1.4E+03 6.6E-03 8.5E-03 0.41
Stop 200 65 0.250 / 0.200 12.300 ± 2.470 14 0.183 6.1E+01 4.1E-03 4.9E-03 0.41
Stop 400 65 0.250 / 0.200 12.300 ± 2.470 14 0.223 1.8E+00 3.3E-03 4.0E-03 0.41
Stop 600 65 0.250 / 0.260 5.730 ± 1.150 4 0.249 1.7E-01 2.1E-03 1.7E-03 0.00
Stop 800 65 0.250 / 0.420 1.300 ± 0.262 0 0.248 2.8E-02 1.3E-03 9.4E-04 0.00
Stop 1000 65 0.250 / 0.640 0.281 ± 0.056 0 0.244 6.0E-03 9.6E-04 9.6E-04 0.00
Stop 1200 65 0.250 / 0.800 0.093 ± 0.019 0 0.230 1.6E-03 1.0E-03 1.0E-03 0.00
Stop 1400 65 0.250 / 0.860 0.058 ± 0.012 0 0.209 4.5E-04 1.1E-03 1.1E-03 0.00
Stop 1600 65 0.250 / 0.860 0.058 ± 0.012 0 0.183 1.4E-04 1.3E-03 1.3E-03 0.00
Stop 1800 65 0.250 / 0.860 0.058 ± 0.012 0 0.158 4.6E-05 1.5E-03 1.5E-03 0.00
Stop 2000 65 0.250 / 0.860 0.058 ± 0.012 0 0.129 1.6E-05 1.8E-03 1.8E-03 0.00
Stop 2200 65 0.250 / 0.860 0.058 ± 0.012 0 0.104 6.0E-06 2.3E-03 2.3E-03 0.00
StopN 100 65 0.250 / 0.200 12.300 ± 2.470 14 0.011 1.4E+03 6.9E-02 8.4E-02 0.41
StopN 200 65 0.250 / 0.200 12.300 ± 2.470 14 0.046 6.1E+01 1.5E-02 1.9E-02 0.41
StopN 400 65 0.250 / 0.200 12.300 ± 2.470 14 0.119 1.8E+00 6.1E-03 7.2E-03 0.41
StopN 600 65 0.250 / 0.280 4.560 ± 0.918 4 0.167 1.7E-01 2.9E-03 2.7E-03 0.00
StopN 800 65 0.250 / 0.400 1.520 ± 0.307 0 0.194 2.8E-02 1.6E-03 1.2E-03 0.00
StopN 1000 65 0.250 / 0.640 0.281 ± 0.056 0 0.196 6.0E-03 1.2E-03 1.2E-03 0.00
StopN 1200 65 0.250 / 0.820 0.080 ± 0.016 0 0.190 1.6E-03 1.2E-03 1.2E-03 0.00
StopN 1600 65 0.250 / 0.860 0.058 ± 0.012 0 0.148 1.4E-04 1.6E-03 1.6E-03 0.00
StopN 1800 65 0.250 / 0.860 0.058 ± 0.012 0 0.129 4.6E-05 1.9E-03 1.9E-03 0.00
StopN 2000 65 0.250 / 0.860 0.058 ± 0.012 0 0.105 1.6E-05 2.2E-03 2.2E-03 0.00
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Table B.7 – continued from previous page
Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
StopN 2200 65 0.250 / 0.860 0.058 ± 0.012 0 0.086 6.0E-06 2.7E-03 2.7E-03 0.00
GMSB stau 200 65 0.250 / 0.240 61.700 ± 12.500 81 0.288 2.8E-01 7.1E-03 1.3E-02 1.26
GMSB stau 247 65 0.250 / 0.320 22.000 ± 4.440 32 0.374 8.8E-02 2.9E-03 5.0E-03 1.45
GMSB stau 308 65 0.250 / 0.440 8.040 ± 1.620 8 0.452 2.5E-02 1.3E-03 1.4E-03 0.00
GMSB stau 432 65 0.250 / 0.680 2.290 ± 0.460 0 0.569 3.9E-03 6.7E-04 4.2E-04 0.00
GMSB stau 494 65 0.250 / 0.780 1.470 ± 0.296 0 0.607 1.9E-03 5.2E-04 4.0E-04 0.00
GMSB stau 651 65 0.250 / 0.980 0.586 ± 0.118 0 0.667 4.1E-04 3.5E-04 3.5E-04 0.00
GMSB stau 745 65 0.250 / 0.980 0.586 ± 0.118 0 0.685 1.9E-04 3.3E-04 3.3E-04 0.00
GMSB stau 871 65 0.250 / 0.980 0.586 ± 0.118 0 0.685 6.9E-05 3.7E-04 3.4E-04 0.00
GMSB stau 1029 65 0.250 / 0.980 0.586 ± 0.118 0 0.696 2.2E-05 3.6E-04 3.3E-04 0.00
GMSB stau 1218 65 0.250 / 0.980 0.586 ± 0.118 0 0.673 6.0E-06 3.9E-04 3.4E-04 0.00
GMSB stau 1409 65 0.250 / 0.980 0.586 ± 0.118 0 0.628 2.0E-06 4.2E-04 3.7E-04 0.00
GMSB stau 1599 65 0.250 / 0.980 0.586 ± 0.118 0 0.509 1.0E-06 4.8E-04 4.5E-04 0.00
PP stau 156 65 0.250 / 0.360 36.500 ± 7.340 54 0.202 2.0E-02 7.5E-03 1.6E-02 1.70
PP stau 200 65 0.250 / 0.480 17.700 ± 3.540 17 0.237 8.0E-03 4.1E-03 3.9E-03 0.00
PP stau 247 65 0.250 / 0.620 8.820 ± 1.770 10 0.268 3.7E-03 2.2E-03 3.0E-03 0.34
PP stau 308 65 0.250 / 0.820 3.610 ± 0.724 3 0.306 1.5E-03 1.7E-03 1.5E-03 0.00
PP stau 494 65 0.250 / 0.980 1.770 ± 0.355 0 0.402 1.9E-04 9.0E-04 6.0E-04 0.00
PP stau 557 65 0.250 / 0.980 1.770 ± 0.355 0 0.428 1.1E-04 9.2E-04 5.8E-04 0.00
PP stau 651 65 0.250 / 0.980 1.770 ± 0.355 0 0.458 4.9E-05 7.6E-04 5.2E-04 0.00
PP stau 745 65 0.250 / 0.980 1.770 ± 0.355 0 0.496 2.4E-05 7.5E-04 4.5E-04 0.00
PP stau 871 65 0.250 / 0.980 1.770 ± 0.355 0 0.504 1.0E-05 8.2E-04 4.4E-04 0.00
PP stau 1029 65 0.250 / 0.980 1.770 ± 0.355 0 0.513 4.0E-06 6.8E-04 4.8E-04 0.00
PP stau 1218 65 0.250 / 0.980 1.770 ± 0.355 0 0.522 1.0E-06 7.9E-04 4.6E-04 0.00
PP stau 1409 65 0.250 / 0.980 1.770 ± 0.355 0 0.496 0.0E+00 7.9E-04 5.1E-04 0.00
PP stau 1599 65 0.250 / 0.920 2.320 ± 0.466 2 0.444 0.0E+00 8.5E-04 8.5E-04 0.00
DY |Q| = 1e 100 65 0.250 / 0.200 44.900 ± 9.160 63 0.089 1.2E+00 2.1E-02 4.0E-02 1.50
DY |Q| = 1e 200 65 0.250 / 0.200 44.900 ± 9.160 63 0.291 1.1E-01 6.0E-03 1.2E-02 1.50
DY |Q| = 1e 400 65 0.250 / 0.440 2.870 ± 0.577 2 0.406 7.3E-03 1.2E-03 9.5E-04 0.00
DY |Q| = 1e 600 65 0.250 / 0.740 0.580 ± 0.117 0 0.433 1.2E-03 6.4E-04 5.7E-04 0.00
DY |Q| = 1e 800 65 0.250 / 0.960 0.187 ± 0.038 0 0.452 2.6E-04 5.5E-04 5.5E-04 0.00
DY |Q| = 1e 1000 65 0.250 / 0.980 0.166 ± 0.034 0 0.436 7.6E-05 5.6E-04 5.6E-04 0.00
DY |Q| = 1e 1400 65 0.250 / 0.980 0.166 ± 0.034 0 0.346 9.0E-06 7.0E-04 7.0E-04 0.00
DY |Q| = 1e 1800 65 0.250 / 0.980 0.166 ± 0.034 0 0.270 1.0E-06 9.1E-04 9.1E-04 0.00
DY |Q| = 1e 2200 65 0.250 / 0.980 0.166 ± 0.034 0 0.180 0.0E+00 1.3E-03 1.3E-03 0.00
DY |Q| = 1e 2600 65 0.250 / 0.980 0.166 ± 0.034 0 0.108 0.0E+00 2.3E-03 2.3E-03 0.00
DY |Q| = 2e 100 65 0.250 / 0.200 12.600 ± 2.540 13 0.248 3.8E+00 3.4E-03 3.3E-03 0.09
DY |Q| = 2e 200 65 0.250 / 0.200 12.600 ± 2.540 13 0.547 3.0E-01 1.4E-03 1.5E-03 0.09
DY |Q| = 2e 400 65 0.250 / 0.260 5.220 ± 1.050 4 0.670 2.3E-02 8.0E-04 6.7E-04 0.00
DY |Q| = 2e 600 65 0.250 / 0.480 0.429 ± 0.086 0 0.645 3.5E-03 3.8E-04 3.8E-04 0.00
DY |Q| = 2e 800 65 0.250 / 0.680 0.052 ± 0.011 0 0.588 8.0E-04 4.2E-04 4.2E-04 0.00
DY |Q| = 2e 1000 65 0.250 / 0.680 0.052 ± 0.011 0 0.512 2.4E-04 4.8E-04 4.8E-04 0.00
DY |Q| = 2e 1400 65 0.250 / 0.680 0.052 ± 0.011 0 0.340 2.7E-05 7.2E-04 7.2E-04 0.00
DY |Q| = 2e 1800 65 0.250 / 0.680 0.052 ± 0.011 0 0.205 4.0E-06 1.2E-03 1.2E-03 0.00
DY |Q| = 2e 2200 65 0.250 / 0.680 0.052 ± 0.011 0 0.136 1.0E-06 1.8E-03 1.8E-03 0.00
DY |Q| = 2e 2600 65 0.250 / 0.680 0.052 ± 0.011 0 0.097 0.0E+00 2.7E-03 2.7E-03 0.00

Table B.8: Tracker+TOF+MVA results using 2016 data with the relaxed final selection.

Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif
(GeV) (GeV) (pb) (pb) (pb)

Gluino f=0.1 200 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.078 3.4E+03 3.0E-03 3.0E-03 0.00
Gluino f=0.1 400 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.128 9.5E+01 1.8E-03 1.8E-03 0.00
Gluino f=0.1 600 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.157 9.1E+00 1.5E-03 1.5E-03 0.00
Gluino f=0.1 800 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.171 1.5E+00 1.4E-03 1.4E-03 0.00
Gluino f=0.1 1000 65 0.150 1.250 0.220 0.220 ± 0.044 0 0.179 3.2E-01 1.3E-03 1.3E-03 0.00
Gluino f=0.1 1200 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.166 8.4E-02 1.4E-03 1.4E-03 0.00
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Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
Gluino f=0.1 1400 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.148 2.5E-02 1.6E-03 1.6E-03 0.00
Gluino f=0.1 1600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.123 8.0E-03 1.9E-03 1.9E-03 0.00
Gluino f=0.1 1800 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.099 2.7E-03 2.4E-03 2.4E-03 0.00
Gluino f=0.1 2000 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.082 9.7E-04 2.9E-03 2.9E-03 0.00
Gluino f=0.1 2200 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.064 3.6E-04 3.8E-03 3.8E-03 0.00
Gluino f=0.1 2600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.039 5.0E-05 5.9E-03 5.9E-03 0.00
GluinoN f=0.1 1000 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 3.2E-01 6.3E-01 6.3E-01 0.00
GluinoN f=0.1 1200 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 8.4E-02 1.0E+00 1.0E+00 0.00
GluinoN f=0.1 1400 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 2.5E-02 7.8E-01 7.8E-01 0.00
GluinoN f=0.1 1600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 8.0E-03 1.1E+00 1.1E+00 0.00
GluinoN f=0.1 1800 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 2.7E-03 9.6E-01 9.6E-01 0.00
GluinoN f=0.1 2000 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 9.7E-04 9.5E-01 9.5E-01 0.00
GluinoN f=0.1 2600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 5.0E-05 1.1E+01 1.1E+01 0.00
Gluino f=0.5 200 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.041 3.4E+03 5.9E-03 5.9E-03 0.00
Gluino f=0.5 400 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.072 9.5E+01 3.3E-03 3.3E-03 0.00
Gluino f=0.5 600 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.089 9.1E+00 2.6E-03 2.6E-03 0.00
Gluino f=0.5 800 65 0.150 1.250 0.200 0.322 ± 0.064 0 0.098 1.5E+00 2.4E-03 2.4E-03 0.00
Gluino f=0.5 1000 65 0.150 1.250 0.260 0.115 ± 0.023 0 0.102 3.2E-01 2.3E-03 2.3E-03 0.00
Gluino f=0.5 1200 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.093 8.4E-02 2.5E-03 2.5E-03 0.00
Gluino f=0.5 1400 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.084 2.5E-02 2.8E-03 2.8E-03 0.00
Gluino f=0.5 1600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.069 8.0E-03 3.4E-03 3.4E-03 0.00
Gluino f=0.5 1800 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.055 2.7E-03 4.3E-03 4.3E-03 0.00
Gluino f=0.5 2000 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.045 9.7E-04 5.3E-03 5.3E-03 0.00
Gluino f=0.5 2200 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.035 3.6E-04 6.9E-03 6.9E-03 0.00
Gluino f=0.5 2600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.022 5.0E-05 1.1E-02 1.1E-02 0.00
GluinoN f=0.5 1000 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 3.2E-01 1.0E+00 1.0E+00 0.00
GluinoN f=0.5 1200 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 8.4E-02 1.5E+00 1.5E+00 0.00
GluinoN f=0.5 1400 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 2.5E-02 8.8E-01 8.8E-01 0.00
GluinoN f=0.5 1600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 8.0E-03 1.4E+00 1.4E+00 0.00
GluinoN f=0.5 1800 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 2.7E-03 1.4E+00 1.4E+00 0.00
GluinoN f=0.5 2000 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 9.7E-04 1.3E+00 1.3E+00 0.00
GluinoN f=0.5 2600 65 0.150 1.250 0.300 0.065 ± 0.013 0 0.000 5.0E-05 1.5E+01 1.5E+01 0.00
Stop 100 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.027 1.4E+03 9.0E-03 9.0E-03 0.00
Stop 200 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.063 6.1E+01 3.9E-03 3.9E-03 0.00
Stop 400 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.143 1.8E+00 1.7E-03 1.7E-03 0.00
Stop 600 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.171 1.7E-01 1.4E-03 1.4E-03 0.00
Stop 800 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.177 2.8E-02 1.3E-03 1.3E-03 0.00
Stop 1000 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.171 6.0E-03 1.4E-03 1.4E-03 0.00
Stop 1200 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.161 1.6E-03 1.5E-03 1.5E-03 0.00
Stop 1400 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.143 4.5E-04 1.7E-03 1.7E-03 0.00
Stop 1600 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.122 1.4E-04 1.9E-03 1.9E-03 0.00
Stop 1800 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.105 4.6E-05 2.2E-03 2.2E-03 0.00
Stop 2000 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.083 1.6E-05 2.9E-03 2.9E-03 0.00
Stop 2200 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.067 6.0E-06 3.6E-03 3.6E-03 0.00
StopN 100 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.000 1.4E+03 3.1E+00 3.1E+00 0.00
StopN 200 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.001 6.1E+01 3.0E-01 3.0E-01 0.00
StopN 400 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.004 1.8E+00 6.1E-02 6.1E-02 0.00
StopN 600 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.005 1.7E-01 4.5E-02 4.5E-02 0.00
StopN 800 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.006 2.8E-02 4.2E-02 4.2E-02 0.00
StopN 1000 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.006 6.0E-03 3.6E-02 3.6E-02 0.00
StopN 1200 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.006 1.6E-03 4.1E-02 4.1E-02 0.00
StopN 1600 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.005 1.4E-04 4.5E-02 4.5E-02 0.00
StopN 1800 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.003 4.6E-05 6.8E-02 6.8E-02 0.00
StopN 2000 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.003 1.6E-05 7.2E-02 7.2E-02 0.00
StopN 2200 65 0.150 1.250 0.200 0.049 ± 0.010 0 0.002 6.0E-06 1.1E-01 1.1E-01 0.00
GMSB stau 200 65 0.150 1.250 0.200 1.160 ± 0.233 0 0.285 2.8E-01 1.1E-03 8.1E-04 0.00
GMSB stau 247 65 0.150 1.250 0.200 1.160 ± 0.233 0 0.369 8.8E-02 9.1E-04 6.5E-04 0.00
GMSB stau 308 65 0.150 1.250 0.220 0.905 ± 0.181 0 0.442 2.5E-02 7.6E-04 5.3E-04 0.00
GMSB stau 432 65 0.150 1.250 0.380 0.164 ± 0.033 0 0.555 3.9E-03 4.3E-04 4.3E-04 0.00
GMSB stau 494 65 0.150 1.250 0.420 0.114 ± 0.023 0 0.594 1.9E-03 4.0E-04 4.0E-04 0.00
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Model Mass pT > Ias > 1/β > MVA> Bckg. Pred Obs SigEff ThXsec ExpXsec ObsXsec Signif

(GeV) (GeV) (pb) (pb) (pb)
GMSB stau 651 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.657 4.1E-04 3.6E-04 3.6E-04 0.00
GMSB stau 745 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.672 1.9E-04 3.5E-04 3.5E-04 0.00
GMSB stau 871 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.677 6.9E-05 3.5E-04 3.5E-04 0.00
GMSB stau 1029 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.684 2.2E-05 3.5E-04 3.5E-04 0.00
GMSB stau 1218 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.661 6.0E-06 3.6E-04 3.6E-04 0.00
GMSB stau 1409 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.616 2.0E-06 3.9E-04 3.9E-04 0.00
GMSB stau 1599 65 0.150 1.250 0.500 0.058 ± 0.012 0 0.500 1.0E-06 4.8E-04 4.8E-04 0.00
PP stau 156 65 0.150 1.250 0.200 1.090 ± 0.219 0 0.217 2.0E-02 1.5E-03 1.1E-03 0.00
PP stau 200 65 0.150 1.250 0.240 0.693 ± 0.139 0 0.242 8.0E-03 1.1E-03 9.5E-04 0.00
PP stau 247 65 0.150 1.250 0.320 0.343 ± 0.069 0 0.270 3.7E-03 9.0E-04 9.0E-04 0.00
PP stau 308 65 0.150 1.250 0.440 0.154 ± 0.031 0 0.305 1.5E-03 7.4E-04 7.4E-04 0.00
PP stau 494 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.403 1.9E-04 5.9E-04 5.9E-04 0.00
PP stau 557 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.433 1.1E-04 5.5E-04 5.5E-04 0.00
PP stau 651 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.466 4.9E-05 5.0E-04 5.0E-04 0.00
PP stau 745 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.494 2.4E-05 4.9E-04 4.9E-04 0.00
PP stau 871 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.502 1.0E-05 4.8E-04 4.8E-04 0.00
PP stau 1029 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.512 4.0E-06 4.7E-04 4.7E-04 0.00
PP stau 1218 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.523 1.0E-06 4.6E-04 4.6E-04 0.00
PP stau 1409 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.500 0.0E+00 4.8E-04 4.8E-04 0.00
PP stau 1599 65 0.150 1.250 0.660 0.051 ± 0.010 0 0.445 0.0E+00 5.4E-04 5.4E-04 0.00
DY |Q| = 1e 100 65 0.150 1.250 0.200 0.538 ± 0.108 0 0.097 1.2E+00 3.1E-03 2.9E-03 0.00
DY |Q| = 1e 200 65 0.150 1.250 0.200 0.538 ± 0.108 0 0.288 1.1E-01 8.7E-04 8.6E-04 0.00
DY |Q| = 1e 400 65 0.150 1.250 0.260 0.197 ± 0.039 0 0.402 7.3E-03 6.0E-04 6.0E-04 0.00
DY |Q| = 1e 600 65 0.150 1.250 0.360 0.062 ± 0.012 0 0.429 1.2E-03 5.7E-04 5.7E-04 0.00
DY |Q| = 1e 800 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.451 2.6E-04 5.4E-04 5.4E-04 0.00
DY |Q| = 1e 1000 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.432 7.6E-05 5.6E-04 5.6E-04 0.00
DY |Q| = 1e 1400 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.337 9.0E-06 7.2E-04 7.2E-04 0.00
DY |Q| = 1e 1800 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.263 1.0E-06 9.1E-04 9.1E-04 0.00
DY |Q| = 1e 2200 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.176 0.0E+00 1.4E-03 1.4E-03 0.00
DY |Q| = 1e 2600 65 0.150 1.250 0.380 0.051 ± 0.010 0 0.101 0.0E+00 2.4E-03 2.4E-03 0.00
DY |Q| = 2e 100 65 0.150 1.250 0.200 0.164 ± 0.033 0 0.012 3.8E+00 2.2E-02 2.2E-02 0.00
DY |Q| = 2e 200 65 0.150 1.250 0.200 0.164 ± 0.033 0 0.204 3.0E-01 1.2E-03 1.2E-03 0.00
DY |Q| = 2e 400 65 0.150 1.250 0.200 0.164 ± 0.033 0 0.396 2.3E-02 6.2E-04 6.2E-04 0.00
DY |Q| = 2e 600 65 0.150 1.250 0.200 0.164 ± 0.033 0 0.463 3.5E-03 5.3E-04 5.3E-04 0.00
DY |Q| = 2e 800 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.465 8.0E-04 5.2E-04 5.2E-04 0.00
DY |Q| = 2e 1000 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.423 2.4E-04 5.7E-04 5.7E-04 0.00
DY |Q| = 2e 1400 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.298 2.7E-05 8.1E-04 8.1E-04 0.00
DY |Q| = 2e 1800 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.175 4.0E-06 1.4E-03 1.4E-03 0.00
DY |Q| = 2e 2200 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.110 1.0E-06 2.2E-03 2.2E-03 0.00
DY |Q| = 2e 2600 65 0.150 1.250 0.240 0.053 ± 0.011 0 0.068 0.0E+00 3.6E-03 3.6E-03 0.00
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