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Abstract
This thesis presents the analysis of a R-parity violating slepton production and
decay into the final state of two muons and at least two jets using data from
the CMS experiment taken in 2015 at the center of mass energy

√
s = 13 TeV

with an integrated luminosity of 42 pb−1. The data was compared with Monte-
Carlo simulated background and signal samples. Different selection criteria
are presented and applied to ensure well reconstructed events and to extract the
signal from the background distribution. At various stages, good agreement
between data and simulation was observed. After applying all selection criteria,
no data event was left.
Additionally, first upper limits on the signal cross section have been set and
transformed into upper limits on the λ ′211 coupling. An extrapolation of these
upper limits to higher luminosities has been done and was compared to the
8 TeV analysis.
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1 Theoretical Background
1.1 Standard Model

This section is based on D. Griffiths "Introduction to elementary particles"[1].

The Standard Model of Particle Physics (SM) describes all the elementary
particles and their interaction that are known of today. It contains two types of
particles, fermions, particles with an half integer spin, and bosons, particles
with an integer spin. They make up matter (fermions) and mediate the interac-
tions (bosons). Fermions are sub-divided into two groups: leptons and quarks.
Each lepton can be described by its charge and its generation.

generation lepton common symbol mass (MeV) electric charge
1 electron e 0.511 -e

electron neutrino νe < 2∗10−5 0
2 muon µ 106 -e

muon neutrino νµ < 0.2 0
3 tau τ 1777 -e

tau neutrino ντ <18 0

Table 1.1: Properties of leptons in different generations [1].

Each lepton has a different mass. As one can see in Table 1.1 for each elec-
trically charged lepton there is a non-charged neutrino. In the SM, neutrinos
have no mass, but neutrino oscillation shows that they have indeed masses [2]
[3] [4]. The discovery of neutrino oscillations was awarded with a Nobel prize
in 2015 [5].
The second group, the quarks, are also divided into three generations (Ta-
ble 1.2). Like leptons, each quark has a different mass. The electrical charge

quark common symbol mass (MeV) electric charge
1st generation up u 2 2

3e
down d 5 −1

3e
2nd generation strange s 100 2

3e
charm c 1200 −1

3e
3rd generation top t 174000 2

3e
bottom b 4200 −1

3e

Table 1.2: Properties of quarks in different generations [1].
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differs between two thirds and negative one third of the elemental charge e.
There are four known fundamental interactions in nature, see Table 1.3.

Interaction Strength Theory Mediator
Strong 10 Chromodynamics Gluon g

Electromagnetic 10−2 Electrodynamics Photon γ

Weak 10−13 Flavourdynamics W and Z
Gravitational 10−42 Geometrodynamics (Graviton)

Table 1.3: Known fundamental interactions in nature [1].

Only the first three interactions are part of the Standard Model and are
described using quantum field theories where particles are treated as excited
states of physical fields. The construction of a satisfying quantum theory of
gravitation is one of the greatest problems of modern physics.
The electromagnetic interaction is described by quantum electrodynamics
(QED) which was the first to be developed. In QED, the mediator of the
interaction is the photon which is massless and has no self coupling. Therefore
the range of the electromagnetic force is infinite.
The next interaction is called strong interaction. It describes the force between
quarks using color as a charge which is the reason the theory is called quantum
chromodynamics (QCD). The mediator of QCD is the massless gluon. There
are three kinds of color in QCD: red, green and blue (each color has an anti-
color). The color of a quark can change but because the color is conserved a
gluon has to carry away the difference. The gluon itself carries a color charge
which results in a coupling to other gluons and explains the short range of this
interaction (about 10−15 m) even with a massless mediator. Overall, there are 8
different types of gluons(|rg〉,|rb〉,|gr〉,|gb〉,|br〉,|bg〉, 1√

2
(|rr〉−|gg〉, 1√

6
(|rr〉+

|gg〉−2 |bb〉) in QCD. In nature, only colorless particles have been observed.
This means that quarks only appear in colorless packages like two quarks
with one quark carrying the anti-color of the other quark (mesons) and three
quarks carrying all three different colors or anti-colors (baryon). In July 2015,
a paper about the possible discovery of a pentaquark state (all three colors
plus one color and its anti-color) was published by LHCb [6]. This leads to
the assumption that there is, additional to the mesons and baryons which were
already observed, a third state with five quarks (pentaquark).
The last interaction in the SM is called weak interaction. There are two kinds
of processes in the weak interaction, the neutral one which is mediated by the
non-charged Z0 boson and the charged one which is mediated by the charged
W± boson. The range of this interaction is limited to O(10−18 m) due to
massive mediators.
The electroweak interaction is the unification of the electromagnetic and the
weak interaction. In the Standard Model, the electroweak symmetry breaking
produces the bosons of the electromagnetic and the weak interaction as mixed
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states of the bosons of the electroweak interaction (B, W1,W2,W3).[7]

The last particle in the SM is the Higgs boson. The existence of this particle
arises from the introduction of the Higgs mechanism. Without this mechanism
there would be no explanation why the W and the Z bosons have mass. The
mass of quarks and leptons can be introduced via a new interaction called
Yukawa-interaction. With these interactions they couple to the Higgs- field
and get a mass. In 2012, the CMS Collaboration and ATLAS published the
observation of a new boson with a mass of mX = 125 GeV which seems to
have all properties of the Higgs boson [8][9].

Each described particle in the SM has an anti-particle with the same mass
and spin but with opposite sign of charge (electric charge, etc.). Therefore, the
photon and the Z0 are their own anti-particle.

1.2 Supersymmetry

Even though the Standard Model describes known particles very well, there
are phenomenons in physics that it cannot explain. For example, as mentioned
in the previous section, the Standard Model provides no description of gravi-
tational effects. Additionally, observations of the rotation curves of galaxies
provide evidence for a new type of matter called "dark matter" which can not
be explained within the Standard Model as well[10]. Because of these and
other discrepancies between observations and the Standard Model one needs to
develop new theories. One promising theory is called supersymmetry (SUSY).
Most of this section is based on a pedagogical introduction to supersymmetry
[11].

1.2.1 Fundamentals

In Supersymmetry, a new transformation is introduced, which transforms
a bosonic particle into a fermionic particle and vice versa. In the Minimal
Supersymmetric Standard Model (MSSM) each Standard Model particle has
exactly one so called supersymmetric partner or superpartner. The fermionic
superpartner of gauge bosons are called gauginos and the partner of fermions
are called squarks and sleptons which is short for scalar quarks and scalar
leptons. To describe SUSY in QFT, particles are grouped up into so called
supermultiplets which are the collection of the associated superpartners. To
indicate a supersymmetric particle a tilde above the particle symbol is used
(i.e. µ̃ , ẽ,...). Table 1.4 shows a collection of the supermultiplets in the MSSM.

In supersymmetry, there are more higgs particle then in the Standard Model.
Using the effects of electroweak symmetry breaking, the mixing of the hig-
gsinos and electroweak gauginos is possible. The mixed states from the
combination of the neutral higgsinos (H̃0

u ,H̃0
d ) and gauginos (W̃ 0,B̃0) are called

neutralinos (χ̃0
1 ,χ̃0

2 ,χ̃0
3 ,χ̃0

4 ) and those from the charged higgsinos (H̃+
u ,H̃−d ) and
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Names spin 0 spin 1/2

squarks, quarks Q (ũL d̃L) (uL dL)
(x3 families) u ũR uR

d d̃R dR

sleptons, leptons L (ν̃ ẽL) (ν eL)
(x3 families) e ẽR eR

Higgs, higgsinos Hu (H+
u H0

u ) (H̃+
u H̃0

u )
Hd (H0

d H−d ) (H̃0
d H̃−d )

Table 1.4: Chiral supermultiplets in the Minimal Supersymmetric Standard
Model [11].

Names spin 1/2 spin 1

gluino, gluon g̃ g
winos, W bosons W̃± W̃ 0 W±W 0

bino, B boson B̃0 B0

Table 1.5: Gauge supermultiplets in the Minimal Supersymmetric Standard
Model [11].

gauginos (W̃±) are called charginos (χ̃±1 , χ̃
±
2 ).

Until now, no SUSY particle has been observed. This leads to the conclusion
that their masses must be higher than the mass of their Standard Model partner.
Therefore, supersymmetry is a broken symmetry. Thus, the supersymmetric
particles not only differ from their standard model partners in spin but also
in mass. Supersymmetry contains many different breaking mechanism. One
can reduce the number of parameters by considering only a specific amount of
them.
Since total baryon and lepton number violating processes like proton decay
(Figure 1.1) have not been observed, a new parity can be introduced.

u

u

d

u

u

e+

s̃λ′′
112 λ′

112

p+

π0

Figure 1.1: Possible proton decay using baryon and lepton number violation.
The red points mark the R-parity violating couplings. On the left
side, the baryon number is 1 and the lepton number is 0. After the
decay, the baryon number is 0 and the lepton number is -1.
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A simple conservation of both numbers would not be satisfying because
there are electroweak effects which would violate these conservation. The
new parity is called R-Parity:

PR = (−1)3(B−L)+2s (1)

In Equation 1, s is the spin of the particle, B is the baryon number and L is
the lepton number. All Standard Model particles have a R-parity of PR = 1
and all supersymmetric particles have a R-parity of PR =−1. If R-parity is
conserved, PR =−1 particles can only be produced in even numbers and the
lightest SUSY particle is stable.

The MSSM could also provide a possible grand unified theory (GUT)
because of an approximate unification of gauge couplings at a scale of MU =
O(1016 GeV) (Figure 1.2).

One can reduce the number of parameters in the MSSM by using only a spe-
cific symmetry breaking mechanism. The minimal supergravity (MSUGRA)
or Constrained Minimal Supersymmetric Standard Model (CMSSM) reduces
the amount of parameters from over 100 to 5 at the GUT scale:

• m0 : universal scalar particle mass

• m1/2: universal fermionic particle mass

• A0 : trilinear Higgs coupling strength

• tan(β ) : ratio of the vacuum Higgs expectation value

• sign(µ) : sign of the bilinear Higgs mixing parameter

Figure 1.2: Evolution of the inverse gauge couplings αi. The dashed lines
visualizing the Standard Model where the solid lines showing the
Minimal Supersymmetric Standard Model.(Taken from [11])
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1.2.2 R-Parity Violation

One does not necessarily need R-parity conservation to prevent the proton
from decaying. The R-parity violating (��RP) terms in the superpotential are
given by [12]:

W
�RP

= µiHuLi +
1
2

λi jkLiL jEc
k +λ

′
i jkLiQ jDc

k +
1
2

λ
′′
i jkU

c
i Dc

jD
c
k (2)

In Equation 2, Hu is one of the Higgs- superfields, Li and Ei are the lepton
superfields, Qi, Uc

i and Dc
i are the quark superfields (with the generation index

i = 1,2,3) and µi, λi jk, λ ′i jk and λ ′′i jk are the couplings of the interactions
between the superfields. Combinations of the λ ′′i jk and the λ ′i jk coupling lead
to proton decay. To prevent this decay one can introduce a new symmetry
called Baryon-triality [13].
Without R-parity conservation the production of single supersymmetric parti-
cles from Standard Model particles is possible which leads to new possible
production mechanisms and decay chains with final states that can be distin-
guished well from the Standard Model background.

1.2.3 Resonant Smuon Production

This analysis studies the resonant production of a smuon and muon sneutrino
using R-parity violation. Only one coupling of the R-parity violating super-
potential is taken into account (λi jk = λ ′′i jk = 0, λ ′i jk = 0 for {i jk} 6= {211}).
In the simplest graph (see Figure 1.3), a smuon is produced from two quarks
then decays into a neutralino χ̃0

1 and a muon. The neutralino is not stable and
decays into a second muon and an off-shell anti smuon which then decays
over the λ ′211 coupling into two quarks. Other decay chains are possible, for
example including a chargino (χ̃±1,2) or heavier neutralinos (χ̃0

2,3,4). Due to the
fact, that neutralinos are majorana particles, probability for two muons with
the same charge is about 50 %[14]. The neutralino is considered as the lightest
supersymmetric particle (LSP). Also, the resonant production of a sneutrino is
possible and can be seen in Figure 1.3.
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µ̃−

u

d

χ̃0
1

µ−

µ−

µ̃+∗

d

u

(a) shortest decay chain

µ̃−

u

d

µ−

µ−

µ̃+∗

d

u

h, Z

q

q

χ̃0
2

χ̃0
1

(b) longer decay chain

ν̃µ

d

d

µ−

µ−

µ̃+∗

d

u

W+

q

q

χ̃+
1,2

χ̃0
1

(c) sneutrino decay

Figure 1.3: (a) and (b) show two possible feynman graphs for the resonant
smuon production while (c) shows the production of a sneutrino.
The R-parity violating vertices are colored in red. At these points,
one single supersymmetric particle is produced from two standard
model particles or a single supersymmetric particle decays into
two standard model particles.
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2 Experiment
2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the last addition to the accelerator com-
plex of the European Organization for Nuclear Research (CERN) near Geneva
and it is designed for a centre-of-mass energy of 14 TeV for colliding protons
or 2.8 TeV for Pb ions. It is installed inside a 26.7 km long machine tunnel
that was construced for LEP between 1984 and 1989. The tunnel is located up
to 170 m below the surface. The particles are accelerated using electric fields
and brought to a circular path by superconducting magnets[15].
Several of experiments are installed at the LHC. The four major experiments
are A Large Ion Collider Experiment (ALICE), the Large Hadron Collider
beauty (LHCb), A Toroidal LHC Apparatus (ATLAS) and the Compact Muon
Solenoid (CMS)[16]. Their position at the collider ring can be seen in Fig-
ure 2.1. The protons are taken from a bottle with hydrogen atoms. Their

Figure 2.1: Overview of the LHC [17].

electrons have been separated from the nuclei before. This can be done by
using a strong electric field which strips the electrons from them. These pro-
tons are accelerated to 50 MeV in the LINAC and then are injected into the
BOOSTER where they gain an energy of 1.4 GeV. With this amount of energy
they reach the Proton Synchrotron (PS), get accelerated to 25 GeV and are
sent to the Super Proton Synchrotron (SPS). Finally, the protons arrive at the
LHC with an energy of 450 GeV where they reach their maximum energy of
6.5 TeV (2013) [17].
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2.2 The CMS Experiment

The Compact Muon Solenoid (CMS) is a detector installed at the LHC. Its
purpose is to identify the scatter products from proton-proton, proton-ion and
ion-ion collisions. It weighs about 14,000 tons with an overall diameter of
15 m and an overall length of 28.7 m. The magnetic field of the CMS detector
has a strength of 3.8 T which is about 100,000 times stronger than the magnetic
field of the earth[18].

Figure 2.2: Schematic view of the CMS detector design [19].

Figure 2.2 shows the inside of the CMS detector. It is built in layers around
the beam pipe. The inner layer contains the inner tracking system which is
designed to measure the trajectories of charged particles as well as reconstruct
secondary vertices. It is composed of a pixel detector and a silicon strip
tracker.
The next layer consists of the electromagnetic calorimeter (ECAL) made of
lead tungstate (PbWO4) crystals in the central barrel and the two endcaps and
measures the energy of electromagnetic interacting particles.
The next layer is the hadron calorimeter. It is designed for the measurement
of hadron jets and other fragments . The hadron calorimeter is extended to the
outside of the superconducting solenoid to gain better energy resolution and
to identify late starting showers and measure shower energy after the inner
hadron calorimeter.
The outer part of the detector contains the muon system. Muons, unlike most

10



of the other particles, are not stopped by the inner layers and are thus the only
particles detected at this region. The multiple layers of the muons system
Figure 2.3) are used to reconstruct the path of the muons which gives its
momentum. Because of the high strength of the magnetic field of the solenoid
even high momenta can be measured[19].
All other particles are measured from their path and their energy.

1 m 2 m 3 m 4 m 5 m 6 m 7 m0 m

2T

4T

Superconducting

Solenoid

Hadron

Calorimeter

Electromagnetic

Calorimeter

Silicon

Tracker

Iron return yoke interspersed

with Muon chambers

Key:

Photon

Electron Charged Hadron (e.g. Pion)Muon

Neutral Hadron (e.g. Neutron)

Figure 2.3: Transverse slice through the CMS detector with particle tracks
[20].

2.2.1 Event Reconstruction

The detector components provide many information which have to be com-
bined to reconstruct the particles and their properties. For this purpose the
particle-flow algorithm [21] is used. It uses all detector parts to identify and
reconstruct particles. Then, a collection of these reconstructed particles is used
to build jets and calculate the missing transverse energy Emiss

T , which contains
all particles which are not directly measured with the detector. One can only
use the missing transverse energy, because the initial colliding momentum
along the z-axis is unknown and therefore the total missing energy can not be
reconstructed.
Photons and electrons are reconstructed using the information from the ECAL,
where electrons are reconstructed from the electron itself and from photons
originating from possible bremsstrahlung and the tracks of the particles.
Muons are reconstructed by combining the tracker and the muon chambers.

Due to the geometry of the CMS detector, a coordinate system has been
adopted with its origin at the interaction point. The y-axis is pointing vertically
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upward, the x-axis is pointing inward towards the center of the LHC and the
z-axis is pointing along the beam direction. Using a spherical coordinate
system with the radial coordinate r, the azimuthal angle φ ,measured from the
x-axis, and lying inside the x-y-plane, and the polar angle θ that denotes the
angle to the z-axis one can define a so called pseudorapidity η :

η =−ln(tan(θ/2)). (3)

Differences in η are invariant under longitudinal Lorentz boosts and can be
used to describe the distance between two objects:

∆R =
√
(∆η)2 +(∆φ)2. (4)

The transverse energy ~ET is defined using θ :

~ET = ~E · sin(θ). (5)

Also an important quantity is the invariant mass, defined using the absolute
value of the four-momentum Equation 6.

p · p =

(
E
~p

)
·
(

E
~p

)
= E2−~p2 = m2. (6)

With a number of N particles, the square of the invariant mass of the decaying
particle is:

M2 = (∑
N

E)2− (∑
N
~p)2. (7)
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3 Analysis
3.1 Setup

This analysis is using the TAPAS framework [22]. The main analysis is done
with the PxlAnalyser and was computed on a world wide computing grid. For
plots, the PlotLib library from TAPAS is used in combination with additional
programs using the matplotlib library [23].

3.2 Samples

This section presents the used data samples, background Monte- Carlo simula-
tions (MC) and the signal points.

3.2.1 Data

After a technical stop for upgrading and repairing, the LHC started a new
running period in 2015 with a center-of-mass energy of

√
s = 13 TeV. This

analysis uses new data from this run to study sensitivity compared to older
8 TeV analysis. Because this analysis is done during the data taking period
one has to find a suitable dataset. At the point in time the single muon dataset
from the run B is the most suitable. To calculate the integrated luminosity
with brilcalc [24] and to chose properly reconstructed events only, the json
file "Cert_246908-251883_13TeV_PromptReco_Collisions15_JSON" is used.
This dataset contains all certified events available at that time.

Dataset Run Lint [pb−1]
/SingleMuon/Run2015B-PromptReco-v1/MINIAOD 251027 - 251883 42.5

Table 3.1: Used Dataset from CMS.

As proton bunches rather than single protons are collided, not only one
proton-proton collision happens at each crossing of those bunches (25 ns bunch
spacing). This leads to a measurement of more than just one event per crossing.
This effect is called Pileup and has to be simulated in the MC. To match the
pileup from the data and the MC, a pileup reweighting can be done. In this
analysis, no pileup reweighting has been carried out, since the prescription for
the reweighting was not yet available at the time of this study.

3.2.2 Reweight

To compare background and signal MC with the data taken in RunB one has to
reweight the samples to the correct luminosity. This is done by multiplying the
sample cross section σsample with the integrated luminosity Lint and dividing
this product by the absolute event number NEvents of the sample:

w =
σsample ·Lint

NEvents
(8)
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3.2.3 Monte-Carlo Background Samples

Background Monte- Carlo simulations are produced to differentiate between
the measurement of probable new physics and Standard Model processes.
For this purpose, official CMS background samples have been used. All MC
samples are listed with their cross section and weight in Table 3.2. The weight
w is the weight defined in section 3.2.2. The cross sections are taken from
[25]. The stars mark their precision where (*) is LO, (**) is NLO, (***) is
NNLO and (****) is approx. NNLO.
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Table 3.2: Background MC samples with their cross section and weight w.
Group Background σ [pb] weight w

Drell-Yan Z/γ → ll (10 GeV < mll < 50 GeV) 18610 (**) 2.59 ·10−2

Z/γ → ll (50 GeV < mll) 6104 (***) 8.99 ·10−3

QCD µ-enr. (15 GeV < pT < 20 GeV ) 1273190000 (*) 68.7
QCD µ-enr. (20 GeV < pT < 30 GeV ) 558528000 (*) 19.0
QCD µ-enr. (30 GeV < pT < 50 GeV ) 139803000 (*) 14.2
QCD µ-enr. (50 GeV < pT < 80 GeV ) 19222500 (*) 3.67

QCD µ-enr. (80 GeV < pT < 120 GeV ) 2758420 (*) 1.16
QCD QCD µ-enr. (120 GeV < pT < 170 GeV ) 469797 (*) 2.66 ·10−1

QCD µ-enr. (170 GeV < pT < 300 GeV ) 117989 (*) 8.57 ·10−2

QCD µ-enr. (300 GeV < pT < 470 GeV ) 7820.25 (*) 8.00 ·10−3

QCD µ-enr. (470 GeV < pT < 600 GeV ) 645.528 (*) 1.74 ·10−3

QCD µ-enr. (600 GeV < pT < 800 GeV ) 187.109 (*) 5.37 ·10−4

QCD µ-enr. (800 GeV < pT < 1000 GeV ) 32.3486 (*) 9.72 ·10−5

QCD µ-enr. (1000 GeV < pT ) 10.4305 (*) 3.40 ·10−5

TTbar tt + jets 670.3 (**) 3.14 ·10−7

WJets W + jets→ l,ν 60290 (***) 6.86 ·10−7

WW→ 2l +2ν 12.178 (***) 2.68 ·10−4

WW→ 4q 51.723 (***) 1.10 ·10−3

WW→ l +ν +2q 49.997 (***) 1.08 ·10−3

WW→ Double Scattering 1.64 (*) 8.26 ·10−5

DiBoson WZ→ 3l +ν 4.42965 (**) 9.77 ·10−5

WZ→ l +ν +2q 10.96 (**) 1.08 ·10−6

ZZ→ 2l +2q 3.38 (**) 1.50 ·10−6

ZZ→ 2q+2ν 4.072 (**) 7.21 ·10−7

ZZ→ 4l 1.191 (**) 2.54 ·10−6

t (top) (tW-channel) 38.09 (****) 1.62 ·10−3

t (antitop) (tW-channel) 38.09 (****) 1.62 ·10−3

SingleTop t (s-channel) 10.11 (***) 1.29 ·10−4

t (t-channel) 216.99 (***) 1.14 ·10−4

Rare Samples W + W + jj (QCD) 0.01538 (**) 4.36 ·10−6

W + W +jj (EWK) 0.02064(**) 5.84 ·10−6
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3.2.4 Signal

The signal production was done privately by Philipp Millet with CalcHEP
[26] for the core 2→ 2 process and Pythia 6 [27] for the decay, showering
and hadronization, the mSUGRA model was used with parameters set to:
A0 = 0, tan(β ) = 20 and sign(µ) = 1. The couplings are set to λ ′211 = 0.01,
λ ′i jk = 0 for {i jk} 6= {211}, λi jk = 0 and λ ′′i jk = 0. The lightest supersymmetric
particle (LSP) is the lightest neutralino. The signals were produced for 500
GeV 6 m0 6 2500 GeV and 500 GeV 6 m1/2 6 3500 GeV with steps of 500
GeV, rejecting non-physical signal points, e.g. where the neutralino is not the
LSP or no electroweak symmetry breaking is happening. This gives a total
number of 25 signals. Masses of involved particles rise with with m0 and m1/2,
hencing the decreasing cross section. All signal points are visualized in a
two dimensional plot and can be found with examples of signal properties in
Figure 3.1. Figure (a) shows the cross sections of each produced signal point
in the parameter space. (b) gives three examples of the leading muon pT , (c)
for the sub-leading muon pT and (d) gives the number of muons per event.

(a) signal cross sections (b) leading muon pT

(c) subleading muon pT (d) number of tight muons

Figure 3.1: Examples of the produced signal properties applying only the
muon criteria from subsubsection 3.4.1. (a) shows the cross section
of the produced signal points in the parameter space, (b) and (c)
the leading and the subleading muon pT and (d) the number of
muons per event.
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(a) Dimuon Trigger (µ1 pT > 17 GeV, µ2
pT > 8 GeV)

(b) Dimuon Trigger (µ1 pT > 27 GeV, µ2
pT > 8 GeV)

(c) Single Muon Trigger (µ pT > 45 GeV) (d) Single Muon Trigger (µ pT > 50 GeV)

Figure 3.2: Efficiency for different samples and triggers.

3.3 Trigger

The events must fulfill multiple requirements. The first one is the trigger selec-
tion requirement. To select the most efficient trigger, a study was performed
on simulation. For the produced samples, all requirements (muon criteria, jet
criteria, invariant mass, b-jet veto and same sign, see subsection 3.4) have
been applied except for the trigger selection. The analyzed triggers are:
Single Muon Trigger:

• HLT_Mu45_eta2p1

• HLT_Mu50

Dimuon Trigger:

• HLT_Mu27_TkMu8

• HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ

To show the property of the compared trigger the ratio of the total numbers of
events before and after applying the trigger for different samples can be seen
in Figure 3.2 as a two dimensional plot of the parameter space for different
triggers. Figure 3.3 shows a one dimensional plot for a selection of three signal
points where (a) shows the only produced signal point where the efficiency of
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the dimuon trigger is higher than the efficiency of the single muon trigger.

Even though that the threshold of the single muon triggers is higher than
the threshold of the dimuon trigger the single muon triggers show a higher
efficiency for the produced signal points, because of two chances instead of
one chance to get triggered. Thus, the single muon triggers have been chosen.

(a) m0 = 500 GeV, m1/2 = 500 GeV (b) m0 = 1000 GeV, m1/2 = 1000 GeV

(c) m0 = 2000 GeV, m1/2 = 2000 GeV

Figure 3.3: In this figure, the ratio between the number of events with and
without a trigger after applying all selection criteria for three
different signal points can be seen.
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3.4 Selection Criteria

After the first selection with the trigger, additional selection criteria are applied.
At first, the object selection ensures well reconstructed muons and jets events
followed by signal based cuts that are used to extract the signal from the
background distribution.

3.4.1 Object Selection

Muon Criteria

Due to the fact that the final state of the decay has two muons the event has to
contain exactly two muons fulfilling the official Tight Muon ID [28]:

• isGlobalMuon : The reconstructed muon has to be tagged as Global-
Muon. which means that they are reconstructed in the tracker and muon
chambers[29].

• isPFMuon : The reconstructed muon has to be tagged as a Particle-flow
muon.

• NormalizedChi2 < 10 : The trajectory fit of the muons has to be good
enough suppressing hadronic punch-through and muons from decays in
flight.

• numberOfValidMuonHits > 0 : At least one muon-chamber hit is
required in the track fit suppressing hadronic punch-through and muons
from decays in flight as well.

• numberOfMatchedStations > 1 : Requires muon segments in at least
two muon station suppressing punch-through and accidental track-to-
segment matches.

• |||dddxy||| < 2 mm : The transverse distance of the tracker track to the primary
vertex has to be smaller than 2 mm. This suppresses cosmic muons and
further suppresses muons from decays in flight.

• |||dddzzz||| < 5 mm : The longitudinal distance of the tracker track to the
primary vertex has to be smaller than 5 mm to suppress cosmic muons,
muons from decays in flight and tracks from PU.

• numberOfValidPixelHits > 0 : The number of hits in the pixel detector
has to be one or higher which provides further suppression of muons
from decays in flight.

• trackerLayersWithMeasurement > 5 : A minimum of 6 tracker layers
have to be hit which provides a good pT measurement and suppresses
muons from decays in flight.

In addition to the right muon ID, the threshold for the combined particle
flow based muon isolation ([28]), using a cone size ∆R of 0.4, is set to 0.12
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(IIIrel <<< 000...111222)[30]. In addition to the ID and isolation criteria a cut on the
transverse momentum of the leading muon is applied at 55 GeV to suppress
turn on effects of the triggers used and the transverse momentum of the
subleading muon is set to at least 15 GeV. A visualization of the turn on
effect of both single muon trigger can be seen in Figure 3.4, where the trigger
efficiency of the HLT_Mu50 trigger as a function of the transverse momentum
of the leading muon is shown. In this plot, the WJets background and only
events with exactly one muon are choosen.

(a)

Figure 3.4: Turn on effect of the HLT_Mu50 single muon trigger using the
WJets background sample and only events containing exactly one
muon.

The effect of the muon selection criteria can be seen in Figure 3.5, showing
a peak the the Z-boson mass (about 91 GeV) and mainly suppressing the QCD
and the W + Jets background.
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(a) invariant muon mass (before)

(b) invariant muon mass (after)

Figure 3.5: Comparison of the invariant mass of the two muons before (a) and
after (b) applying the muon criteria. The effect of the selection is
visible at the Z-boson peak (91 Gev).
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Jet Criteria

The final state contains at least two light jets. As done with muons, official
quality requirements are used and the event has to contain at least two jets.
Each of the jets has to fulfil the Loose Jet Id[31]:

• Pseudorapidity |||ηηη |||<<< 222...444:

• Neutral Hadron Fraction < 0.99 : energy fraction of neutral particles
in the hadron calorimeter has to be smaller than 0.99

• Neutral EM Fraction < 0.99: energy fraction of neutral particles in the
electromagnetic calorimeter has to be smaller than 0.99

• Number of Constituents > 1: the number of particle components of the
jet has to be higher than 1

• Charged Hadron Fraction > 0: energy fraction of charged particles in
the hadron calorimeter has to be higher than 0

• Charged Multiplicity > 0: amount of charged jet components has to be
higher than 0

• Charged EM Fraction < 0.99: energy fraction of charged particles in
the electromagnetic calorimeter has to be smaller than 0.99

Additional to the Id requirements, only jets with a pT higher than 30 GeV are
used. The effect of the jet selection criteria can be seen in Figure 3.6.

(a) (b)

Figure 3.6: Comparison of the transverse momentum of the leading jet before
(a) and after (b) applying the jet selection criteria.
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Invariant Mass

Only events where the invariant mass of the two muons is higher than 15
GeV are used to exclude events from J/ψ production or low mass Drell-Yan
processes.

3.4.2 Signal Based Cuts

Missing Transverse Energy

The final state contains only a low amount of missing transverse energy.
Therefore previous analysis[14] used this fact of low MET to separate signal,
and thus only events with MET lower than 50 GeV were used. The MET plot
(Figure 3.7(b))shows a shift between the background simulation and the taken
data, due to known problems with the MET reconstruction in the used data
sample. Therefore, the MET requirement was not used. This issue has been
fixed in newer iterations and later reconstruction of the data.

(a) (b)

Figure 3.7: (a) shows the invariant mass mµµ after applying the muon and the
jet selection criteria. The invariant mass criterion rejects all events
with mµµ < 15 GeV.
The plot of the particle flow missing transverse energy (b) shows
the shift between data and MC.
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B-Jet Veto

The final state contains quarks from the first generation (up,down) only. If a
jet is identified as a b-jet, the event has been rejected. The effect can be seen
in Figure 3.8, showing the invariant mass of the two muons after the invariant
mass cut (a) and after applying the b-jet veto (b). As one can see, the b-veto
suppresses mainly the tt and the single-top background.

(a) before b-veto (b) after b-veto

Figure 3.8: Comparison with and without b-veto. Mainly the tt- background
is suppressed.

Same Sign

After the b-jet veto, the signal is still buried under the background. To gain a
higher signal to background efficiency the last requirement takes into account
that the charge of the two muons in the final state can be the same. Figure 3.9
shows the impact of this requirement to the invariant mass distribution of the
two muons. The signal is well separated from the background distribution but
the expected amount of SM background events are at the order of magnitude
of O(10−1) and fulfilling this expectation, no data is left after this requirement.
The contributing events in this distribution are from DiBoson, tt, Single top and
Rare sample processes. Overall, the expected number of events distributing
from the Standard Model background is at O(10−1). Because of the low
statistic, no data based estimation was done.
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(b)

Figure 3.9: The same sign requirement of the two muons suppresses mainly
Drell-Yan, tt and Di-Boson background. The expected number
of events of the Standard Model background is reduced to the
order of magnitude of 10−1. Thus, no data is expected after this
requirement.
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Figure 3.10: The cutflow shows the number of events after each applied re-
quirement.

3.4.3 Summary

Figure 3.10 shows the effect of each applied requirement. The cut on the
charge of the final muons has the highest impact on the background and the
data. It reduces the number of background events from O(103) to O(10−1).
The same sign charge requirement effects mostly the Drell-Yan and tt back-
ground. As expected from the order of magnitude of the background, no data
fulfills the same sign charge requirement.
All requirement impacts can be seen in Table 3.3, where the cumulative per-
centage relative to the total number of events after the trigger requirement for
each selection criteria is given. The first and the last column show the total
number of events after the trigger requirement and after the same sign charge
requirement.
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Data 1.7 ·105 1.94 0.38 0.36 0.29 0 0
Drell-Yan 2.2 ·104 17.81 2.83 2.82 2.39 0 0

QCD 8.9 ·104 0.02 0.01 3.0 ·10−4 0 0 0
tt 2.7 ·103 3.12 2.28 2.27 0.39 0.001 0.05
W 6.1 ·104 0 0 0 0 0 0

Single top 1.2 ·103 0.94 0.395 0.392 0.096 0.003 0.04
DiBoson 3.8 ·102 5.28 1.60 1.59 1.28 0.039 0.15

Rare samples 4.6 ·10−2 12.96 8.56 8.56 7.42 7.41 0.03
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500 , 500 16 19.83 16.36 16.34 12.36 5.63 0.94
1000, 1000 1.228 23.63 22.11 22.11 16.18 7.70 0.094
2000, 1500 0.063 24.47 23.80 23.80 16.73 7.61 0.005

Table 3.3: This table shows the impact of each cut on the background and
some signal points. Nevents shows the number of events after the
trigger selection followed by the percentage of events surviving the
named requirements. The total number of events after requiring
every selection criteria Nevents,end can be seen in the last column.
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3.5 Uncertainties

The uncertainties are divided into systematical and statistical uncertainties.
The systematic uncertainties are taken from the 8 TeV analysis [14] but one
has to take into account that the 8 TeV analysis uses a data driven method to
calculate an estimation of non-promt contribution. Therefore, the uncertainties
on the total yield, containing MC parts and data driven parts, have to be
transformed back into MC only uncertainties:

σ13TeV =
σ8TeV ·N8TeV,total

N8TeV,MC
(9)

In Equation 9, σ13TeV is the uncertainty for the 13 TeV analysis, σ8TeV the
uncertainty from the 8 TeV analysis with the data-driven method, N8TeV,total
the total number of events containing MC background and the fake estimation
and N8TeV,MC the number of events without the fake estimation.

object specific uncertainties background [%] signal [%]

jet energy scale (JES) 3.7 7.8
jet energy resolution (JER) 0.6 2.6

µ momentum resolution 0.2 1.0
µ momentum scale 0.2 3.0

µ ID efficiency 1.2 1.4
b-tagging 0.6 1.4

general systematic uncertainties background [%] signal [%]

luminosity 4.6 4.6
PDF 6.0 5.0

cross sections 35.4 8.6
trigger efficiency 3.0 3.1

Table 3.4: Systematic uncertainties for 13 TeV calculated from the 8 TeV
uncertainties except the luminosity uncertainty which is taken from
[32]

The overall uncertainty on the background cross section was calculated by
assigning an uncertainty of 50% on each single background cross section and
summing up the uncertainties quadratically.

The statistical uncertainties are calculated from the total number of events in
each bin using the poisson distribution. This leads to a statistical uncertainty of
σstat =

√
NEvents. Because the background and signal samples are reweighted

the statistic uncertainty is σstat =
√

NEvents ·w where w is the reweight factor
from Section 3.2.2.
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4 Results
4.1 Final Distributions

After all requirements have been applied one can reconstruct the smuon and
the gaugino mass. The final distributions can be seen in Figure 4.1. The
mass of the smuon is reconstructed from the invariant mass of the leading
and subleading muon and the two leading jets whereas the gaugino mass is
reconstructed from the invariant mass of the subleading muon and the two
leading jets (see subsubsection 1.2.3).

(a)

(b)

Figure 4.1: Reconstructed mass of the smuon and the gaugino. The smuon
mass mµ̃ (a) is the invariant mass of both muons and the two
leading jets whereas the gaugino mass mχ̃ (b) is the invariant mass
of the subleading muon and two leading jets.
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Figure 4.2 shows the transverse momentum of the leading and the sublead-
ing muon ((a), (b)) and the transverse momentum of the leading jet (c) after
all requirements.

(a) (b)

(c)

Figure 4.2: Transverse momentum of the leading (a) and the subleading muon
(b) and the leading jet (c).

To improve the sensitivity of the analysis, the backgrounds are summed up
and divided into six search regions. These search regions are differed by the
value of the reconstructed smuon and gaugino mass in different intervalls.
The expected background events as a function of the reconstructed smuon
mass mµ̃ and the reconstructed gaugino mass mχ̃ divided into the six search
regions can be found in Figure 4.3 in comparison to the contribution of one
signal point (m0 = 500 GeV, m1/2 = 1000 GeV). The borders of these regions
can be found in Table 4.1 as well. For each of these search regions the total
number of events from the background and the samples are calculated and can
be seen in Figure 4.4 and Table 4.2.
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(a)

(b)

Figure 4.3: Distribution of the background (a) and one signal point(m0 =
500 GeV, m1/2 = 1000 GeV) (b) as a function of the reconstructed
smuon mass mµ̃ and gaugino mass mχ̃ with visualized search
regions.
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Search Region mµ̃ range mχ̃ range

1 mµ̃ < 300 GeV mχ̃ < 300 GeV
2 300 GeV < mµ̃ < 700 GeV mχ̃ < 300 GeV
3 300 GeV < mµ̃ < 700 GeV 300 GeV < mχ̃ < 700 GeV
4 700 GeV < mµ̃ mχ̃ < 300 GeV
5 700 GeV < mµ̃ 300 GeV < mχ̃ < 700 GeV
6 700 GeV < mµ̃ 700 GeV < mχ̃

Table 4.1: Properties of the search regions.

Figure 4.4: Total number of events of the different Standard Model back-
grounds in each search region.

Process group SR 1 SR 2 SR 3
tt 1.6 ·10−2 2.0 ·10−2 0.2 ·10−2

SingleTop 8.2 ·10−3 1.6 ·10−2 2.3 ·10−3

DiBoson 2.8 ·10−2 6.0 ·10−2 3.5 ·10−2

Rare Sample 1.2 ·10−3 5.8 ·10−3 9.1 ·10−3

Process group SR 4 SR 5 SR 6
tt 0 0.2 ·10−2 1.0 ·10−2

SingleTop 0 1.1 ·10−2 0.7 ·10−3

DiBoson 2.0 ·10−3 1.7 ·10−2 8.1 ·10−3

Rare Sample 0.5 ·10−3 7.0 ·10−3 1.1 ·10−2

Table 4.2: Total number of events in each search region of the contributing
Standard Model backgrounds.
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5 Statistical Interpretation
5.1 Limit Setting

As there is no data left in the final distributions and therefore no excess has
been seen upper limits on the signal cross section have been calculated and
then converted into limits on the λ ′211 coupling. To calculate those limits the
HiggsCombine [33] tool is used. This tool then provides CLs limits which are
described in the next section.

5.1.1 CLs

As mentioned before, to calculate the upper limits the modified frequentist
method or CLs method is used. This section is based on [34].
At first one defines a hypothesis test with two hypotheses. A null hypothesis
with only the Standard Model background and an alternate hypothesis which
contains the signal and the background.

A test-statistic Q is constructed and the confidence in the alternate hypothe-
sis (signal + background) is then given by :

CLs+b = Ps+b(Q≤ Qobs) (10)

with

Ps+b(Q≤ Qobs) =
∫ Qobs

−∞

dPs+b

dQ
dQ (11)

(dPs+b
dQ = probability distribution function of the test statistic for signal + back-

ground) The confidence in the null hypothesis is given by:

CLb = PB(Q≤ Qobs) (12)

with

Pb(Q≤ Qobs) =
∫ Qobs

−∞

dPb

dQ
dQ (13)

Using these definitions the CLs is then defined as:

CLs ≡
CLs+b

CLb
(14)

The alternate hypothesis is then considered excluded at the confidence level
CL when 1−CLs ≤CL. The exclusion limits are set at the 95 % confidence
level and as test statistic the profile likelihood is used [35].
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5.1.2 Results

With the CLs method described before, limits have been calculated for all
signal points. To estimate the behavior of the upper limit an extrapolation
to higher luminosities has been done, using only expected limits. The Hig-
gsCombine tool provides upper limits on the crosssection σ which can be
found in the appendix. This upper limit can be converted into an upper limit
on the coupling by taking into account that the cross section scales with the
coupling quadratically, σ ∝ λ ′211

2.
Therefore (with λ ′211,signal = 0.01):

σlimit

σsignal
=

λ ′211,limit
2

λ ′211,signal
2 ⇒ λ

′
211,limit = λ

′
211,signal ·

√
σlimit

σsignal
(15)

Figure 5.1 shows the impact of higher luminosity on the expected upper limit.
The expected upper limit on λ ′211 is shown as a function of m0 and m1/2 with
different luminosities. One can see that the limit on the λ ′211 coupling improves
for higher luminosities.

0 500 1000 1500 2000 2500

m0  [GeV]

500

1000

1500

2000

2500

3000

3500

m
1/

2 
[G

e
V

]

CMS

Private Work

42pb−1 (13TeV)

10-3

10-2

10-1

100

9
5

%
 C

L 
u
p
p
e
r 

lim
it

 o
n
 λ
′ 21

1

(a) Lint = 42pb−1

0 500 1000 1500 2000 2500

m0  [GeV]

500

1000

1500

2000

2500

3000

3500

m
1/

2 
[G

e
V

]

CMS

Private Work

5fb−1 (13TeV)

10-3

10-2

10-1

100

9
5

%
 C

L 
u
p
p
e
r 

lim
it

 o
n
 λ
′ 21

1

(b) Lint = 5 f b−1
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(c) Lint = 10 f b−1
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(d) Lint = 20 f b−1

Figure 5.1: Expected upper limits for different luminosities with all signal
points included. One can see that the upper limit improves with
each step to higher luminosity.
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Another visualization of the two dimensional plot from Figure 5.1 can be
seen in Figure 5.2. By fixing the mass m1/2 one gets an one dimensional
representation of the upper limits.
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(a) Lint = 5 f b−1, m1/2 = 1500GeV
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(b) Lint = 10 f b−1, m1/2 = 1500GeV
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(c) Lint = 20 f b−1, m1/2 = 1500GeV
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(d) Lint = 40 f b−1, m1/2 = 1500GeV

Figure 5.2: Expected upper limits for different luminosities with fixed m1/2 at
1500 GeV for L = 5 fb−1, 10 fb−1, 20 fb−1 and 40 fb−1.
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5.1.3 Comparison to 8 TeV

To verify the calculated limits and to make an outlook on what integrated
luminosity could be needed to gain a comparable significance to older analysis
a comparison with the upper limits from the 8 TeV analysis has been done
and can be seen in Table 5.1. The difference between the two is that the 8 TeV
analysis uses next to leading order cross sections whereas this analysis uses
leading order cross sections.

m0, m1/2 [GeV] Lint [fb−1] coupling limit
λ ′211 (8 TeV)

coupling limit
λ ′211 (13 TeV)

500 , 500 19.7 0.0031(obs.)
0.042 0.0189(obs.)

5 0.0038(exp.)
10 0.0032(exp.)
15 0.0031(exp.)
20 0.0030(exp.)
40 0.0027(exp.)

1000 , 1000 19.7 0.0071(obs.)
0.042 0.0611(obs.)

5 0.0086(exp.)
10 0.0072(exp.)
15 0.0066(exp.)
20 0.0062(exp.)
40 0.0056(exp.)

1500 , 1500 19.7 0.0290(obs.)
0.042 0.1287(obs.)

5 0.0202(exp.)
10 0.0170(exp.)
15 0.0157(exp.)
20 0.0148(exp.)
40 0.0132(exp.)

Table 5.1: Comparison between the upper limits for 8 TeV and for 13 TeV. The
8 TeV limits are taken from [14] and [36].

As shown in Table 5.1, the limit on λ ′211 depends on the set of parameters
m0, m1/2 as well as on the luminosity. For higher universal masses, the limit
rises. For higher luminosities, the limit improves but not as much as expected
compared to the 8 TeV analysis due to the systematic uncertainties and the
not negligible number of background events. The luminosity of 5 fb−1 leads
to an upper limit on the coupling of the same order of magnitude as the limit
provided from the 8 TeV analysis.
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6 Conclusion and Outlook
In this analysis, an investigation of an R-parity violating production and decay
of a SUSY smuon into two muons and jets has been done. The event selection
criteria and their impact on the used data, background and signal samples are
presented and the uncertainties were calculated using a previous analysis.
The analysis shows good agreement of the taken data and the simulation before
the final same sign requirement, even with low statistics and the known MET
reconstruction problem. Afterwards, no data event was left and therefore only
exclusion limits are presented. The calculation of limits was done with the
CLs method and those limits on the cross section are converted into limits on
the coupling λ ′211. Thus, it was possible to set first limits for 13 TeV. Those
limits have been extrapolated to higher luminosities and have been compared
with limits from the 8 TeV analysis.
This comparison leads to the conclusion that an integrated luminosity Lint of
5 fb−1 would provide an expected upper limit on the coupling λ ′211 with the
same order of magnitude as in the 8 TeV analysis.

42 pb-1

Figure 6.1: Total Integrated Luminosity in 2015 from CMS by day. (taken
from [37])

As shown in Figure 6.1, the integrated luminosity has reached Lint = 3.67fb−1

at the end of the 2015 data taking period. Therefore, one can expect a high
enough integrated luminosity for a upper limit on λ ′211 with the same order of
magnitude as with 8 TeV in 2016. This leads to a higher amount of statistic in
data and allows to perform a data driven estimation comparable to the 8 TeV
analysis which will raise the precision of this analysis.
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m0, m1/2 [GeV] cross section [fb] NEvents m0, m1/2 [GeV] cross section [fb] NEvents

500, 500 675.616 10000 1500, 3500 0.561 20000
500, 1000 177.003 20000 2000, 1000 3.071 20000
500, 1500 52.916 20000 2000, 1500 2.133 20000

1000, 1000 42.9 20000 2000, 2000 1.385 20000
1000, 1500 20.252 20000 2000, 2500 0.851 20000
1000, 2000 9.106 20000 2000, 3000 0.499 20000
1000, 2500 4.248 20000 2000, 3500 0.282 20000
1000, 3000 2.013 20000 2500, 1500 0.712 20000
1500, 1000 10.772 20000 2500, 2000 0.501 20000
1500, 1500 6.570 20000 2500, 2500 0.334 20000
1500, 2000 3.733 20000 2500, 3000 0.213 20000
1500, 2500 2.008 20000 2500, 3500 0.130 20000
1500, 3000 1.060 20000

Table 7.3: signal points produced

41



0 500 1000 1500 2000 2500

m0  [GeV]

500

1000

1500

2000

2500

3000

3500

m
1/

2
 [

G
e
V

]

CMS

Private Work

42pb−1 (13TeV)

10-3

10-2

10-1

100

101

9
5
%

 C
L 

u
p
p
e
r 

lim
it

 o
n
 x

s

(a) Lint = 42pb−1

0 500 1000 1500 2000 2500

m0  [GeV]

500

1000

1500

2000

2500

3000

3500

m
1/

2
 [

G
e
V

]

CMS

Private Work

5fb−1 (13TeV)

10-3

10-2

10-1

100

101

9
5
%

 C
L 

u
p
p
e
r 

lim
it

 o
n
 x

s

(b) Lint = 5 f b−1
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(c) Lint = 10 f b−1
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(d) Lint = 20 f b−1

Figure 7.1: Expected upper cross section limits for different luminosities with
all signal points included.
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m0, m1/2 [GeV] cross section [pb] Lint [fb−1] upper cross sec-
tion limit [pb]
(13 TeV)

500 , 500 0.6756 0.042 0.6222
5 0.0960
10 0.0713
15 0.0674
20 0.0623
40 0.0506

1000 , 1000 0.0429 0.042 1.6033
5 0.0317
10 0.0220
15 0.0187
20 0.0168
40 0.0132

1500 , 1500 0.0066 0.042 1.0884
5 0.0269
10 0.0189
15 0.0162
20 0.0145
40 0.0115

Table 7.4: Cross section limits for different luminosities.
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