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1 Introduction

Dark matter composes more than 80 percent of the total mass in the universe [1] . However, our

current understanding of physics does not properly explain dark matter, making it one of the most

actively researched programs in physics. Our current understanding is based on the Standard

Model of particle physics (SM), which explains the fundamental particles and their interactions,

shown in Fig: 1. Though the SM is one of the most successful theories in physics, it does not explain

three fundamental issues. First, there has to an implausible level of fine tuning of SM parameters

in order for the experimental value of the Higgs boson mass to be given. This implausibility is what

we call the hierarchy problem. Second, the convergence of the strong, electromagnetic, and weak

forces at a very high energy scale is not required by the Standard Model, not allowing for Grand

Unification. Lastly, as the Standard Model is a self-contained list of particles and interactions,

dark matter particles is not included, so the existence of dark matter is not explained by the SM [6]

. Therefore, the SM requires extensions.

1.1 Supersymmetry

One of these extensions is supersymmetry (SUSY), which introduces particles called superpartners

and their interactions [11]. The particles are basically another copy of the SM, with a boson in

the SM being a fermion in SUSY and vice versa, shown in Fig: 2. SUSY can explain the three

fundamental issues in physics. First, SUSY can explain the hierarchy problem with the interactions

of the superpartners, explained in Fig: 3. Second, it allows for the possibility of Grand Unification.

Lastly, it can explain the existence of dark matter, since the lightest supersymmetric particle (LSP)

is a neutral, stable, weakly-interacting particle, similar to what we expect of dark matter. Hence,

the search for SUSY is an important ongoing endeavor at CERN’s Large Hadron Collider (LHC)–
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Figure 1: The Standard Model of particle physics showing the list of particles and their properties. The

SM is separated into quarks, leptons, gauge bosons, and the Higgs boson. Created by Dave Fehling.

Figure 2: The Standard Model of particle physics along with the supersymmetric copy of the particles.

Created by Pauline Gagnon
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Figure 3: The hierarchy problem is that the low mass of the Higgs boson causes the top interaction to

have quantum corrections around the order of the Planck mass, which is many orders of magnitude higher

compared to the mass of the Higgs boson. By introducing supersymmetric particles, new interactions,

such as the one in the bottom are introduced, effectively cancelling the quantum corrections. Created by

user VermillionBird in Wikipedia
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the current experiment that led to the discovery of the Higgs boson.

Another key concept of SUSY is the idea of R-parity conservation [2]. R-parity is described as

R-parity = (−1)2S(−1)3B+L (1.1)

where B and L correspond the baryon and lepton numbers, i.e. the number of baryons and

leptons in an interaction, respectively. S is the spin in the interaction. One way of thinking about

R-parity is similar to the conservation of energy. In a given interaction, energy is conserved. By

imposing R-parity conservation, R-parity is conserved in each interaction.

The main consequence for allowing R-parity is that it guarantees that sparticles (SUSY parti-

cles) are produced in pairs. Also, it guarantees that the LSP is stable [2].

My work on the search for SUSY has been studying the application of the novel tool, the

quark/gluon discriminator by studying the tool’s efficacy and sensitivity to SUSY.

1.2 R-Parity Violating Supersymmetry

The search for SUSY has been an ongoing endeavor, but direct evidence for SUSY has still not

been detected. By relaxing one of our criteria for SUSY–the need for R-parity conservation–new

decay topologies arise that can be signals for SUSY [2]. Also, RPV SUSY no longer guarantees

a stable LSP. While, we lose the dark matter explanation in RPV SUSY, it can still explain the

hierarchy problem and the possibility of Grand Unification.

1.3 Stealth SUSY

Another model to consider is Stealth SUSY allowing superpartners to decay through a hidden

sector, separate from the SM [8]. Stealth SUSY introduces an extra scalar and its superpartner
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into the theory, which are very close in mass, causing the missing energy to be small. The LSP

from the superpartner decay is very light, and carries almost no momentum, similar to a neutrino,

making events have little to no MET.

1.4 Large Hadron Collider

The LHC collides protons at extremely high energies, allowing us to discover the Higgs boson

and possibly superpartners, which are direct evidence for SUSY. The LHC recently upgraded to

higher energies from 8 TeV to 13 TeV. However, since we cannot utilize another energy jump to

gain an increase in sensitivity and are mostly gathering more data, future progress with current

SUSY analysis will be limited by the size of the data set. These data sets from collisions at the

LHC allow us to reconstruct events–the recorded detector responses from proton-proton collisions–

and analyze jets, which are signatures produced by strongly-interacting quarks and gluons in the

form of a cluster of hadrons all moving in a similar direction as seen in Fig: 4. This motivates

investigating new analysis tools and more sophisticated techniques in order to enhance sensitivities.

The extraordinary energies at the LHC allow us to probe a wide range of energies. One of

the key variables in previous searches has been missing traverse momentum (MET) coming from

SUSY particles. The MET comes from the lightest supersymmetric particle in the event as it does

not interact with the detector, taking away with it momentum. Due to the state of SUSY, a wide

variety of models and techniques have been proposed to search for it at both extremes of high

MET and low MET. In my thesis, I will discuss the analysis of the efficacy of the quark/gluon

discriminator tool for a high MET SUSY search and the aid in development of a search strategy

for low MET SUSY models.
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Figure 4: An example of a jet reconstruction in the detectors. Created by CMS.

2 High-MET Searches

2.1 Baseline

One of these realizations looks at gluinos, superpartners of SM gluons. Following Fig: 5, the

gluinos are produced in pairs as a product of proton-proton collisions, with each decaying into

two quarks and an undetected weakly-interacting LSP. Since the LSP has nonzero momentum and

energy, then there would be a violation of momentum conservation in the direction of the LSP.

The heavier SUSY particles, gluinos, decay rapidly–too fast to observe–so all we observe are the

decay products and missing transverse momentum. Also, if the gluinos that decay are heavy, then

these would be very energetic events with large transverse momenta.

Hence, the baseline criteria of previous searches is.

• Missing transverse momentum (MET)

• Large scalar sum of jet transverse momenta (HT )
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Figure 5: A minimal diagram of an all-hadronic SUSY signal.

• Number of jets (Njets)

• Number of b-tagged jets (Nb−jets) [10]

A problem arises because the background events can mimic SUSY events by having missing

transverse energy and at least four jets, which can be gluon jets that can be produced from

protons in the initial state or from radiation of energetic quarks in the decay. Gluon jets can also

be produced similarly in the signal events. This is a problem because our signal requires there

to be at least four quark jets, but the criteria only requires there to be four jets, not all of them

necessarily quark jets. Previous research has enhanced sensitivity by tagging bottom quark jets.

However, distinguishing light quark jets from gluon jets is more challenging.

Several background scenarios are prevalent. The top quark pair production mimics this because

of its high multiplicity and the missing transverse momentum comes from neutrinos. Another

scenario comes from invisible Z0 decay, where the jets are gluon jets and missing momentum comes

from neutrinos. Lastly, another could be that the jets are gluon jets and the missing momentum

comes from a mismeasured jet in the detector.
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2.2 Quark-Gluon Discriminator

Novel analysis techniques are needed to find evidence for SUSY, if it exists, and to help improve

contemporary and future searches. One of these is the quark/gluon discriminator, which dis-

criminates whether a jet is a quark jet or a gluon jet. It especially focuses more on light quark

jets.

The discriminator is a multivariate analyzer [5]. It takes 3 variables of the jets as inputs:

total multiplicity, second moment minor axis, and how asymmetrical the transverse momentum

of a given jet is (pTD). We use total multiplicity because the ratio of the quark and gluon jet

multiplicities should converge to a factor especially at high pT . We expect quark jets to have lower

multiplicities compared to gluon jets. The second moment minor axis looks at the pseudorapidity

- phi plane. Quark jets are expected to produce narrower jets, so lower values of axes variables

compared to gluon jets. Lastly, pTD is used because quark jets are more likely to produce jets

with constituents that have a significant fraction of the jet energy. The discriminator then outputs

a value between 0 and 1. From the example histogram in Fig: 6, the closer it is to 0, the more

likely it is to be a gluon jet, and the closer it is to 1, the more likely it is to be a quark jet.

There have been studies on the efficacy of the quark/gluon discriminator for data at 8 TeV,

but not much for the current high energies of the LHC [3] . These studies showed that the

discriminator removes 95 percent of the gluon jets, while keeping more than half of the light quark

jets [9] . Also, the discriminator has never been used in a hadronic SUSY search before. Therefore,

the discriminator can be a powerful tool in enhancing our sensitivities.
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Figure 6: An example of the output of the quark/gluon discriminator [5].

2.3 Methodology

I have studied the application of the discriminator for a hadronic SUSY search using data from the

Compact Muon Solenoid (CMS), a detector in the LHC, to improve contemporary and future SUSY

searches. At CERN, I analyzed the efficacy of the discriminator and investigated the backgrounds

and signals to discern new variables to enhance our sensitivities to SUSY.

To test the efficacy of the discriminator, I used ROOT to apply the discriminator to simulated

data, generated using Monte Carlo methods that simulate background and signal events [4]. Since

I am analyzing simulated data, I was able to measure the efficacy because the true nature of each

jet and each event is known. Also, since I found the more reliable aspect of the discriminator is

the portion for quark jets rather than gluon jets, applying a tight cut on the tagger removes more

of the gluon jets, without removing many quark jets. The actual values for the cut is: tag gluons
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at ≤ 0.1 and tag quarks at ≥ 0.9.

I investigated the backgrounds and signals by using ROOT to make histograms of the distri-

bution of several key variables, such as number of jets and transverse momentum. I analyzed the

shapes of these distributions for the dominant backgrounds and signals at different types of quarks

produced and masses of the gluinos and LSPs.

Doing so, I was able to decide on several new variables that utilized the new information. These

include the number fo quark jets and gluon jets and the HT fraction for quarks and gluons. We

then compare this to the truth of the simulation.

From here, we can enhance the previous selection criteria with the edition of these new variables.

Sensitivities are based on number of events of background and signals. We use 2 metrics in units

of σ.

S metric = S/
√
B (2.1)

Q = 2(
√
S +B −

√
B) (2.2)

We then make a cut and observe if sensitivities increase. The sensitivity metric is roughly

the expected statistical significance of the signal in standard deviations, assuming it exists. In

this field, we treat 3σ as evidence and 5σ as an observation, and the probability that the data

are consistent with the background-only hypothesis due to statistical fluctuations is around 3 in a

hundred and 1 in a million, respectively.

2.4 Results

The number of quark jets and number of gluon jets are interesting variables to consider as in

Fig: 7, there is a substantial difference between background events and signal events. Another
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variable of interest is the quark HT fraction, but it is not as interesting as seen from the plots in

Fig: 8. Lastly, another slightly interesting variable is the gluon HT fraction as seen from the plots

in Fig: 9.

From these new variables, we enhance our previous selection criteria and use show how our

sensitivities have increased based on a linear cut in the new variables.

We only considered number of quark jets over number of gluon jets as it is the stronger variable

to cut on. From Fig: 10, the baseline criteria corresponds to the leftmost point, and the linear

cuts on the number of quark jets show the expected increase in the sensitivity to the SUSY signal

model.

We perform a similar calculation to the quark and gluon HT fraction, seen in Fig: 11 and

Fig: 12, respectively. For the quark HT fraction, the baseline selection corresponds to the leftmost

point, whereas for the gluon HT fraction, the baseline selection corresponds to the rightmost point.

As expected, the sensitivities have increased, but not to the extent of our expectations.

3 Low-MET Searches

The main difference between R-parity conserving SUSY and R-parity violating (RPV) SUSY is

amount missing transverse energy (MET) in our events. Our previous searches for SUSY have

been the standard high-MET searches. There could be new physics in low-MET final states. RPV

SUSY allows for this as the LSP is no longer stable, allowing for it to decay into SM particles [7].

Stealth SUSY is another interesting model that has the sparticle produced to be extremely light [8].

An analysis to search for a stealth and RPV top squark has final states that include top quarks,

many jets, no MET, so this final state is quite general.
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(a) Number of quark jets vs. number of gluon jets

for background events

(b) Number of quark jets vs. number of gluon jets

for signal events

(c) True number of quark jets vs. true number of

gluon jets for background events.

(d) True number of quark jets vs. true number of

gluon jets for signal events.

Figure 7: A comparison of the different plots of number of quark jets vs. number of gluon jets to see

which cut is the most optimal.
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(a) Quark HT fraction for background events. (b) Quark HT fraction for signal events.

(c) True quark HT fraction for background events. (d) True quark HT fraction for signal events.

Figure 8: A comparison of the topologies of the different types of Quark HT fraction to observe which

cut is most optimal.
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(a) gluon HT fraction for background events. (b) gluon HT fraction for signal events.

(c) True gluon HT fraction for background events. (d) True gluon HT fraction for signal events.

Figure 9: A comparison of the topologies of the different types of gluon HT fraction to observe which cut

is most optimal.
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Figure 10: The S metric for linear cuts on number of quark jets. The red lines correspond to the

discriminator and the blue lines correspond to the truth values from the simulations.

(a) S metric for quark HT fraction (b) Q metric for quark HT fraction

Figure 11: The S and Q metrics for linear cuts on quark HT fraction. The red lines correspond to the

discriminator and the blue lines correspond to the truth values from the simulations.
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(a) S metric for gluon HT fraction (b) Q metric for gluon HT fraction

Figure 12: The S and Q metrics for linear cuts on gluon HT fraction. The red lines correspond to the

discriminator and the blue lines correspond to the truth values from the simulations.

3.1 Event Topologies

For the Stealth SYY topology, the proton-proton collision generates two top squarks and decays as

in Fig: 13. Each top squark then decays into a gluon, top quark, and a squark. This subsequent

squark then decays into the SM equivalent quark and a gravitino–the LSP. The quark then decays

into two gluons. Given two top squarks, then the final state of this scenario is two top quarks and

six jets.

For the Stealth SHuHd topology, the proton-proton collision again generates two top squarks

and decays as in Fig: 14. Each top squark then decays into a squark and top quark. The squark

then decays into a quark and a gravitino. In this version, the quark then decays into two bottom

quarks. Given two top squarks, then the final state of this scenario is two top quarks and 4 bottom

quarks.

For the RPV UDD topology, the proton-proton collision again generates two top squarks and
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Figure 13: The event topology for a top squark decay for Stealth SYY model

Figure 14: The event topology for a top squark decay for the Stealth SHuHd model.

Figure 15: The event topology for a top squark decay for the RPV UDD model.
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decays as in Fig: 15. Each top squark then decays into a top quark and a chargino/neutralino–the

LSP, which then decays into 3 quarks. Given two top squarks, the final state of this scenario is

two top quarks and six jets.

3.2 Search Strategy

We will consider both 0 lepton and 1 lepton categories to maximize our sensitivity. Unlike the

high-MET searches as shown above, we consider top quarks that can decay leptonically, so we

expect there to be an electron or a muon in our events as well.

So our event selection for 0 leptons is

• HT > 500GeV

• At least 6 jets with pT > 45GeV

• At least one b-tagged jet

• 0 leptons

• At least one hadronic top quark

In this event selection, the main background come from tt̄ and QCD production.

Our event selection for 1 lepton is

• 1 electron or muon with pT > 30GeV

• At least 6 jets with pT > 30GeV

• At least one b-tagged jet

• One leptonic top quark–a top decay into a bottom, charged-lepton, and a neutrino.

The reason for the energies of the jets being less compared to 0 lepton, is that the jets are less

energetic in these types of events. In this event selection, the main background is tt̄ production.
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3.3 1 Lepton Search

For these searches, I have been focused on data selection. One of the ways to better understand

our signal models is to compare our data to what Monte Carlo simulations look like. This was

done by analyzing the event shapes of key variables of the events. These key variables, especially

the jet momentum tensor and Fox Wolfram moments.

The jet momentum tensor is defined as the 3× 3 matrix

Sα,β =
Σip

α
i p

β
i

Σj|pj|2
(3.1)

where the indices α and β are the Cartesian directions and the sums are over the jets in the

events. From this matrix, we calculate the eigenvalues λ1, λ2, and λ3. These eigenvalues tells us

about the distributions of the jets in our events. The event has an isotropic distribution if the

eigenvalues have similar values. The event has a planar distribution, if one of the eigenvalues is

significantly smaller than the others. Lastly, the event has a di-jet topology–one jet going one

direction and another going in the opposite direction–if one is large and two are significantly

smaller.

The other variables are the Fox Wolfram moments which are defined as

Hl =
∑
i,j

|pi||pj|Pl(cosθij) (3.2)

where Pl are the Legendre polynomials. The double sums over all pairs of jets including i = j.

Similar to the eigenvalues of the jet momentum tensor, the values of the Fox Wolfram moments

greatly differ depending on the type of event.

This portion of the study was done using the baseline selection as described above for a 1 lepton

search, with an additional precautionary selection of events with less than or equal to 8 jets. When
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performing an analysis, before we fully run our code over all the data, we make sure that we are

blinded, so that we are not biased in the results. As we expect the signals to have a large amount

of jets, > 10, by adding this precautionary criteria, we are certain that we are only analyzing the

events coming from the background.

3.3.1 Data/MC

However, while making data and Monte Carlo comparisons, the ratios of the expected events are a

bit off when studying the event shapes of these variables in the 1 lepton selection. One of the ways

to further study this is checking the pT and the pseudorapidity, η, of the most energetic lepton to

check for the localization in the inefficiency of the data, as done in Figs: 16, 17, 18, and 19.

3.3.2 Trigger Efficiencies

From these plots, the difference in data and Monte Carlo, can come from the trigger efficiency. The

triggers are used when the detector is taking data. As there are billions of collisions per second,

there will be many events that are not interesting. In order to keep the interesting events, we use

triggers that keep events with certain properties. The obvious next step is to study the triggers

that we have used to select the events in our data.

The data sets that we are interested in are events with a single electron and events with a

single muon. For these data sets, certain triggers were required for it to be passed.

For Single Electron data sets:

• HLT Ele27 WPTight Gsf v

• HLT Ele45 WPLoose Gsf v

For Single Muon data sets:

20



(a) CMS Work in Progress (b) CMS Work in Progress

Figure 16: The leading electron pT for the Single Electron data set plotted against the background events.

The one on the right is an enhancement of the ratio plot. The red line corresponds to the best fit 0th

order function.
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(a) CMS Work in Progress (b) CMS Work in Progress

Figure 17: The leading electron η for the Single Electron data set plotted against the background events.

The one on the right is an enhancement of the ratio plot. The red line corresponds to the best fit 0th

order function.
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(a) CMS Work in Progress (b) CMS Work in Progress

Figure 18: The leading muon pT for the Single Muon data set plotted against the background events.

The one on the right is an enhancement of the ratio plot. The red line corresponds to the best fit 0th

order function.
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(a) CMS Work in Progress (b) CMS Work in Progress

Figure 19: The leading muon η for the Single Muon data set plotted against the background events. The

one on the right is an enhancement of the ratio plot. The red line corresponds to the best fit 0th order

function.
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Figure 20: CMS Work in Progress: The leading electron pT for the six jet data set. The gray is the

whole data set, and the black points are those that pass the trigger. The bottom plot is the efficiency

plot with the value being the ratio between the black points and the gray points. These are plotted for a

combination of all triggers.

• HLT IsoMu22 eta2p1 v

• HLT IsoMu22 v

• HLT IsoTkMu22 v

• HLT IsoTkMu24 v

• HLT Mu45 eta2p1 v

• HLT Mu50 v

• HLT TkMu50 v
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Figure 21: CMS Work in Progress: The leading electron η for the six jet data set. The gray is the

whole data set, and the black points are those that pass the trigger. The bottom plot is the efficiency

plot with the value being the ratio between the black points and the gray points. These are plotted for a

combination of all triggers.
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Figure 22: CMS Work in Progress: The leading muon pT for the six jet data set. The gray is the

whole data set, and the black points are those that pass the trigger. The bottom plot is the efficiency

plot with the value being the ratio between the black points and the gray points. These are plotted for a

combination of all triggers.
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Figure 23: CMS Work in Progress: The leading muon η for the six jet data set. The gray is the

whole data set, and the black points are those that pass the trigger. The bottom plot is the efficiency

plot with the value being the ratio between the black points and the gray points. These are plotted for a

combination of all triggers.
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From analyzing the efficiencies in Figs: 20, 21, 22, and 23, we see that the inefficiency occurs

when the jets are particularly soft–< 50GeV . We diagnose that this is because of the isolation

requirements of these triggers.

4 Conclusion

By studying both extremes of the key variable, missing transverse momentum (MET), we are

able to study a wide range of different SUSY models. From my analysis on the efficacy of the

quark/gluon discriminator, I found that the tool has increased our sensitivities to SUSY for some

signal models. However, I also found that there are significant differences between the discriminator

and the truth from the Monte Carlo simulation. With perfect discrimination, we can significantly

increase our sensitivities compared of the current discriminator and to many more signal models.

These improvements can be explored in the future, using machine learning. From developing a

search strategy for the low MET SUSY models, I focused on trigger efficiencies to see which are

the optimal triggers to use in this type of search.
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