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A B S T R A C T

In this thesis a analysis of a R-parity violating tau sneutrino production and decay into the

electron plus tau final state in proton-proton collisions at the LHC at CERN with a

center-of-mass energy of
√

s = 13 TeV is presented. Here the tau sneutrino is considered as

the lightest supersymmetric particle, which can decay into Standardmodell particles using

the theory of baryon triality.

The data, used for this analysis, was recorded at CMS with an integrated luminosity of

L = 2.7 fb−1 in 2015 and is compared with Monte Carlo simulated background and signal

samples. Criteria for the reconstruction of an electron and tau pair are analyzed and

selected. Furthermore selection criteria and kinematic cuts are applied, to separate signal

events from background events. As no significant deviations of data from the expected

Standard Model processes are observed, limits on the cross section times branching ratio for

a production of a tau sneutrino and decay into the electron plus tau final state are calculated

for the used couplings.

K U R Z D A R S T E L L U N G

Im Rahmen dieser Bachelorarbeit wird eine Analyse zu einer R Paritäts verletzenden Pro-

duktion und Zerfall eines Tau-Sneutrinos in ein Elektron und Tau Paar im Endzustand in

Proton-Proton Kollisionen am LHC am CERN vorgestellt. Das Tau Sneutrino ist hierbei das

leichteste supersymmetrische Teilchen, das unter Annahme der Baryon Trialität in Standard-

modell Teilchen zerfallen kann.

Für die Analyse weden Daten, die vom CMS Detektor bei einer Schwerpunktsenergie von
√

s = 13 TeV und einer integrierten Luminosität von L = 2.7 fb−1 aufgezeichnet wurden,

verwendet. Diese werden mit Monte Carlo Simulationen von Standardmodell Prozessen

und des Signals verglichen. Dabei werden für die Rekonstruktion von Elektronen und Taus

Auswahlkriterien untersucht und festgelegt. Weiterhin werden Auswahlkriterien und kine-

matische Schnitte zur Seperation von Signal- und Hintergrundereignissen diskutiert und

angewandt. Da keine signifikante Abweichung der Messdaten von den Ereignissen des Stan-

dardmodells festgestellt wurden, wird eine Ausschlussgrenze für den Wirkungsquerschnitt

der Erzeugung und des Zerfalls eines Tau-Sneutrinos in ein Elektron und Tau Paar im Endzu-

stand für die benutzten Kopplungskonstanten berechnet.
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1
I N T R O D U C T I O N & T H E O R E T I C A L B A C K G R O U N D

What are elementary particles? In physics a particle is a localized object, which is small in

comparison to its containing system and can be described by several physical properties such

as volume, mass or potential [1]. In addition, an elementary particle is a fundamental particle,

which is not composed of other particles and therefore shows no behavior of containing a

substructure [2].

One of the oldest and most popular concepts of an elementary particle is based on the ideas

of the Greek philosopher Leukripp and his student Demokrit, who described an unimagin-

able small, indivisible element of matter, which was named "atom", meaning "indivisible" in

Greek and being the fundamental element of all existing matter according to their theory [3].

In 1897 J.J. Thomson discovered the existence of electrons by observing a beam of charged

particles with mass of a small fraction of atoms during experiments with cathode ray tubes.

This observation violated the principle of indivisibility of atoms [3]. Until today an electron

is considered as an elementary particle, showing no structure or components in experiments,

but in the past century the atomic core was studied in various essential experiments or theo-

retical theses, like the experimental verification of neutrons by J. Chadwick or the postulate

of quarks and gluons by Gell-Man [4].

So it is known today, that the atomic core consists of elementary particles, gluons and quarks,

which are arranged in the Standard Model of Particle Physics (SM). This, in the 20th century

developed model, describes the characteristics and interactions of elementary particles very

precise, which was successfully verified in diverse experiments. In the last years and decades,

new discoveries faced the SM with problems and ask for a "beyond Standard Model" like for

instance cosmological phenomenons, which cannot be explained with matter arising from

elementary particles in the SM. Therefore different modifications of the SM are discussed

like Supersymmetry (SUSY) or the grand unified theory (GUT).

One of the major aims of experimental particle physics nowadays, is to find evidence for ac-

ceptance and rejection of such "beyond Standard Model" theories. In this theses data, taken

at CMS in year 2015, is analyzed on a specific model, based on Supersymmetry.

1.1 standard model of particle physics

Unless cited otherwise, this section is mostly based on reference [2] and [5]. In this thesis all

values of variables are given in natural units.

The Standard Model of Particle Physics was developed mostly in the second half of the

20th century to describe the interactions and classifications of elementary particles in high

energy particle physics.

All elementary particles are classified into two groups, determined by their spin attributes

(spin quantum number or just spin). Particles with half integer spin are fermions and parti-

cles with integer spin are bosons.

1



2 introduction & theoretical background

1.1.1 Gauge Bosons and Higgs Boson

Bosons are divided between vector bosons with a spin of 1, called gauge bosons, and a scalar

boson with a spin of 0, the Higgs boson.

The gauge bosons are defined in Gauge theory as force mediating particles or force carriers,

that mediate electromagnetic, weak and strong fundamental interactions between respec-

tively charged particles. A overview is given in Figure 1.

Figure 1: The Standard Model of Particle Physics with fermions (leptons and quarks) in the first three,
gauge bosons in the fourth and Higgs boson in the fifth column. Retrieved from [6] .

The photon γ is the mediator of the electromagnetic force, which effects all electric charged

particles and is described in the relativistic field theory of quantum electrodynamics (QED).

Electromagnetic interactions have an infinite interaction range. The strength of coupling to a

specific fundamental force or more precisely to specific gauge bosons is described by a factor,

which describes the strength of the force exerted in a fundamental interaction, relative to the

strong force in the SM.

Therefore the coupling strength is defined to be 1 for the strong interaction. Furthermore

coupling strength factors are dependent on the energy scale of the given physical process,

which results from energy-time uncertainty relation and virtual force mediating particles in

QED. The coupling to electromagnetic interaction has a coupling strength order of α ≈ 10−2

at energies of 1 GeV.

Gluons are massless, but color charged and couple to other gluons. They are the media-

tor of the strong interaction, which is the strongest force with a coupling strength order of

αS ≈ 1 at energies of 1 GeV but a range of 10−15 m. Every gluon is colored in a combination

of one color and one anti-color. This combination with respect to three existing colors (red

r, blue b and green g ) and anti-colors (r̄, b̄, ḡ), leads to eight different gluon particles. Since

gluons are color charged, they couple among themselves. Due to the self coupling, it is im-

possible to isolate a single gluon to propagate free in space. This specific attribute is called

color confinement.
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The third interaction of the SM is the weak force. The coupling strength has an order

αG ≈ 10−5 at energies of 1 GeV and the interaction range is smaller than αG < 10−15 m.

Due to such a relatively small coupling strength, interactions of the weak force can only be

observed, when strong or electromagnetic interactions are suppressed. The weak interaction

has three different mediating gauge bosons: W+, W− and Z0. The probability amplitude for

mediation of forces via gauge bosons is proportional to a term, called propagator and given

by 1/(q2 −M2) with relativistic particle momentum q and mass of the gauge boson M. The

high mass of 80.39 Gev [2] for W± and 91.19 GeV [2] for Z0 causes a small propagator and

therefore a small coupling strength to the weak interaction, for values of q, which are not

around the mass of the W± or the Z0 boson.

Weak interaction is the only interaction, which not only mediates forces, but changes the

quark flavor (for quark flavor see Section 1.1.2). For instance a electric negative charged

down-quark changes into a electric positive charged up-quark under emission of a W−,

which decays into electron and anti-electron-neutrino. The W± boson is the mediator for

charged current decays, changing the particle’s electric charge, whereas the Z0 boson is the

mediator for neutral current decays without changing the particle’s electric charge.

However gravity, as the most familiar force in everyday live, is not part of the SM. Although

not yet found, the "graviton" should be the corresponding force-mediating particle to gravity

[7]. Nevertheless the gravitational force has a coupling strength of around αG ≈ 10−41 for

some GeV of energy scale and is completely negligible for high energy particle physics.

The property of weak interaction mediating particles to be massive, raises the question, how

the masses of those particles are generated without violating gauge invariance and the im-

portant feature of renormalizability. To solve this problem a field theory with a symmetric

(gauge invariant) potential V(Φ) was introduced and integrated into the SM. The minimum

of V(Φ) is finite and non-zero, which results in a not gauge invariant ground state. The

gauge symmetry is violated spontaneously. Fermions coupling to the ground state of this

field V(Φ), generate mass terms for gauge bosons. Another result is an additional particle:

the Higgs boson. This scalar particle couples to other particles proportional to their mass.

Table 1 shows the three fundamental forces of the SM, divided into their gauge bosons and

their attributes. Although gravitation is no fundamental force of the SM as mentioned above,

the gravitational force and the postulated graviton are listed as well for comparison.

Table 1: Fundamental forces, gauge bosons and their attributes in natural units with values for a
energy scale around some GeV retrieved from [8]. The coupling strength factor is defined as
the strength of the force exerted in a fundamental interaction relative to the strong force in
the SM, normalized to be 1 for the strong interaction.

fundamental gauge boson coupling range charge

force strength (m)

strong gluon g 1 ≈ 10−15 color charge

electromagnetic photon γ 10−2
∞ electric charge

weak W+, W−, Z0 10−5 < 10−15 weak charge

gravitational graviton (postulated) 10−41
∞ mass



4 introduction & theoretical background

1.1.2 Quarks and Leptons

All matter consists of elementary particles, which build nuclei, atoms and molecules like

small building blocks of matter. The matter building particles belong to the fermions, which

appear in two groups called quarks and leptons (see Figure 1). Each group is divided into

three "generations" or "families", which consist of two particles each and differ in life-time

and mass. All stable, ordinary matter in the universe consists of first generation particles.

They are the lightest ones and stable: up- and down-quarks building protons and neutrons,

building, together with electrons, atoms and molecules. Particles of higher generations are

heavier and decay into other elementary particles with a certain probability. Table 2 shows

the different quarks and leptons, divided into generations where the up- and down-quark

belongs to the first generation, the charm- and strange-quark to the second generation and

the top- and bottom-quark to the third generation. Quarks exist in six different flavors, two

flavors each generation which differ in electric charge, mass and quantum numbers (as weak

isospin T3, baryon number B, strangeness S, etc. [8]).

They are charged with one color and they only add up in combinations of colorless particles.

These composite particles are called hadrons, which are divided into mesons and baryons.

Mesons consist of one quark with color and one anti-quark with the corresponding anti-color.

Baryons consist either of three quarks with color or three anti-quarks with anti-color. In case

of baryons, the single quarks have to belong to different colors, whereas three different col-

ors or anti-colors result colorless. Being the only fermions, which carry color charge, quarks

are the only particles besides gluons, interacting via the strong interaction. At high energies

quarks do not disengage and cannot propagate free in space, but a new quark-antiquark pair

appears in between, resulting in two mesons.

Also carrying fractional electric charge in units of the elementary charge e and weak isospin

T3, quarks additionally interact via electromagnetic and weak interaction. Though mesons

and baryons are composed of quarks of different flavors, they have integer charge.

As mentioned above, also leptons appear in three generations (see Table 2) with one electric

charged lepton of e− (or e+ for anti-leptons) per generation: the electron e, muon µ and tau

τ. In addition, every generation has its corresponding non electric charged particle, called

neutrino.

Quarks and leptons have the property of chirality, which is important regarding their in-

teraction to weak force and therefore possible decay processes. Chirality describes the prop-

erty of the particle’s wave function under P-parity transformation, dividing into symmetric

and antisymmetric parts of the wave function. Generally, P-parity describes the properties

of particle’s wave functions under parity transformation, which flips in the sign of one spa-

tial coordinate. The crucial attributes here are the quantum numbers of isospin I and weak

isospin T3.

Fermions with negative chirality, called left-handed fermions, have isospin I = 1/2 and can

be assigned to doublets with weak isospin T3 = ±1/2 that behave the same way under weak

interaction. For example, up-type quarks (u, c, t) have T3 = 1/2 and always transform into

down-type quarks (d, s, b), which have T3 = −1/2 and vice versa. A quark never decays

weakly into a quark of the same isospin.

Analogous rules apply for left-handed leptons, which exist as doublets containing a (e−,µ−, τ−)

with T3 = −1/2 and a neutrino (νe,νµ,ντ) with T3 = 1/2.

Fermions with positive chirality (also called right-handed fermions) have spin T = 0 and

form singlets that do not interact weakly. Table 3 shows the classification of quark and lep-

tons into right-handed singlets and left-handed doublets.
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Table 2: Elementary particles and their attributes in natural units with values from [9] and [2] unless
not cited otherwise.

particle class spin mass electric color

(GeV) charge (e) charged

quarks

1. gen.
up u 1/2 (2.3+0.7

−0.5) · 10
−3 +2/3 X

down d 1/2 (4.8+0.5
−0.3) · 10

−2 −1/3 X

2. gen.
charm c 1/2 1.275± 0.025 +2/3 X

strange s 1/2 (95± 5) · 10−2 −1/3 X

3. gen.
top t 1/2 173.2± 0.9 +2/3 X

bottom b 1/2 4.1− 4.4 −1/3 X

leptons

1. gen.
e 1/2 5.111 · 10−4 −1 X

νe 1/2 < 2 · 10−9 [8] 0 X

2. gen.
µ 1/2 0.106 −1 X

νµ 1/2 < 1.9 · 10−4 [8] 0 X

3. gen.
τ 1/2 1.777 −1 X

ντ 1/2 < 3.5 · 10−2 0 X

gauge
bosons

gluon 1 0 0 X

photon γ 1 0 0 X

W+ 1 80.39± 0.26 +1 X

W− 1 80.39± 0.26 −1 X

Z0 1 91.19± 0.01 0 X

Higgs boson 0 125.09± 0.24 [10] 0 X

Table 3: Doublets of left-handed (denoted by a L) and singlets of right-handed (denoted by a R)
fermions.

doublets (T3 = 1/2) singlets (T3 = 0)

leptons

(

νe

e

)

L

(

νµ

µ

)

L

(

ντ

τ

)

L

(e−R ), (µ
−
R ), (τ

−
R )

quarks

(

u

d

)

L

(

c

s

)

L

(

t

b

)

L

(uR), (dR), (cR), (sR), (tR), (bR)
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1.2 supersymmetry

Even though the Standard Model describes elementary particles and the fundamental in-

teractions very precise, there are phenomenons that cannot be explained by the SM, like

gravitational interactions. Another problem is caused by dark matter. The observation of

gravitational lensing effects and galaxy rotation curves in astrophysics lead to the assump-

tion, that only about 5% of the matter in our universe consist of "ordinary" SM matter. About

26% of our universe consists of dark matter and about 69% of dark energy [11]. One of the

most popular and thoroughly investigated extension of the SM is "supersymmetry" (SUSY),

which makes answers for problems beyond the SM possible.

1.2.1 Fundamentals

The essential point of supersymmetry is the possibility to associate a bosonic particle to

a fermionic particle and vice versa. Each particle of one group is associated with a parti-

cle from the other, known as the superpartner, which differs in spin. Besides the differing

spin, superpartners must have same mass and internal quantum numbers in theory. Due to

the fact that no supersymmetric particle was observed yet, supersymmetric particles must

have greater masses than SM-particles, which leads to a broken symmetry. The Minimal Su-

persymmetric Standard Model (MSSM) is the theory of the simplest spontaneously broken

symmetry and could solve many of the "physics beyond the Standard Model" problems like

dark matter.

Gauge anomalies appear when adding a fermionic partner of the Higgs, requiring to add a

second Higgs doublet to the model. Therefore in MSSM another Higgs doublet is added to

the SM. Subsequent a superpartner is assigned to every SM particle, where the SM particle

and its superpartner differ in spin by a half-integer. Similar to SM multiplets (see Table 3),

which represent parts of particle eigenstates, supermultiplets contain SM and MSSM parti-

cles. Table 4 shows the supermultiplets of the MSSM. The bosonic superpartners of fermions

Table 4: Chiral- and gauge supermultiplets in the MSSM with values from [12]. Left-handed particles
are sorted into doublets and right-handed particles into singlets.

chiral supermultiplets gauge supermultiplets

name spin 0 spin 1/2 name spin 1/2 spin 1

sqarks, quarks
(3 generations)

Q (ũL d̃L) (uL dL) gluino, gluon g̃ g

u ũR uR winos, W-boson W̃± W̃0 W± W0

d d̃R dR binos, B-boson B̃0 B0

sleptons, leptons
(3 generations)

L (ν̃ ẽL) (uL dL)

e (ν̃ ẽL) (ν eL)

Higgs, Higgsinos
Hu (H+

u H0
u) (H̃+

u H̃0
u)

Hd (H−
d H0

d) (H̃−
d H̃0

d)

are called sqarks and sleptons, differing in name by a preposed "s", superpartners of bosons

end with "-ino". Superpartners are marked by a tilde. For instance, the tau sneutrino ν̃τ is

the superpartner of the tau neutrino.
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1.2.2 R-Parity Motivation

R-parity is a concept in SUSY. In the MSSM the baryon number B and the lepton number L

are no longer conserved. A consequence of lepton and baryon number violation would be

for instance a rapid proton decay within 10−2 s as a result of an odd number of superparners

interacting. Since such a decay is excluded by experimental measurements, a new parity was

introduced. The R-parity is defined by

PR = (−1)(3B+L+2S) (1)

whereas S is the particle’s spin. The multiplicative quantum number is PR = +1 for SM

particles and PR = −1 for MSSM particles.

A result of conserved R-parity is, that supersymmetric particles can only be produced in even

numbers and decay in a SM-particle-MSSM-particle pair. One very important result is, that

the lightest SUSY particle (LSP) would be stable. Since the LSP was not observed yet, it is to

consider the LSP being electric neutral and only weakly interacting. It is therefore a potential

candidate for dark matter.

1.2.3 R-Parity Violation

Using the supermultiplets of Table 4, a potential in MSSM with supersymmetric components

can be grouped to a superpotential [13]. These terms contain lepton number violating (LNV)

as well as baryon number violating (BNV) triliniar terms

WLNV = ǫab

[

1

2
λijkL

a
i L

b
j Ek + λ′ijkL

a
i Q

xb
j Dkx

]

(2)

WBNV =
1

2
ǫxyzλ

′′
ijkU

x
iD

y
j D

z
k (3)

With L,Q denoting lepton- and quark-superdoublets, E,U,D standing for electron-like and

up/down-like quark-singulets, where i, j,k symbolize generation indices. The supermulti-

plets are listed in Table 4. The parameters λ, λ′ and λ′′ (Yukawa couplings) denote the cou-

pling strengths of the respective interactions between the super fields. It is convenient to

lower and raise spinor indices with ǫ-tensors like ǫab and ǫxyz.

In this analysis a R-parity violating model is considered, whereas the stability of a proton

is explained by baron triality [14], which allows lepton number violating terms, but forbids

baryon number violating terms. Due to R-parity violation, the LSP is able to decay into SM

particles, leading to final states, which are experimentally approachable.

In this analysis the tau sneutrino is considered as the LSP and the decay of a tau sneutrino

into a electron plus tau final state is studied. Detailed information and values, which were

used to simulate the signal of these model of R-parity violation, is discussed in Section 3.1.





2
T H E E X P E R I M E N T

The data used for this analysis is recorded with the Compact Muon Solenoid (CMS) detector,

which is an experiment at the Large Hadron Collider (LHC) at the European Organization

for Nuclear Research (CERN). The data events were recorded in proton-proton collisions at a

center-of-mass energy of
√
s = 13 TeV and a integrated luminosity of about 2.7 fb−1 at CMS

during the data taking in 2015 .

2.1 the large hadron collider

The LHC is a circular particle accelerator with 26.7 km circumference [15]. It is the latest and

biggest part of CERN’s accelerator complex, which is a succession of accelerators increasing

the particle energies (see Figure 2). Seven experiments are connected to the LHC, whereby

ALICE, ATLAS, CMS and LHCb are the major ones. The main goals of the LHC, which is in

operation since the end of 2009, is to help answer many unanswered questions of the Stan-

dard Model of particle physics. Especially the origin of mass, the theory of supersymmetry,

dark matter and the imbalance of matter and anti-matter, which lead to our universe, are

core points of questions, which lead to the design of the LHC. They may be answered by

these most powerful particle accelerator ever build.

Figure 2: Schematic picture of the injector chain for the LHC at the CERN’s accelerator complex.
Extensions of the accelerator complex are colored distinguishly and labled with the date of
their completion. Retrieved from [16].

9
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2.2 the compact muon solenoid

Unless cited otherwise, this section is mostly based on reference [17] and [18].

With around 14000 tonnes, about 15 meters diameter and 21.5 meters length, the Compact

Muon Solenoid (CMS) is the experiment with the highest mass density at the LHC. It was

designed to detect and measure decay products from proton-proton, proton-ion or heavy ion

collisions with various different sub detectors. It is distinguished between detectors in the so

called "Barrel", arranged parallel to the beam pipe, and flat detectors covering the openings

of the barrel, which are called the "Endcaps". Figure 3 shows a schematic profile of the barrel

with the different sub detectors layered around the collision point. The interaction of differ-

ent kind of particles within the sub detectors are shown and their trajectories marked.

Figure 3: The CMS’s detecor barrel in profile divided into five mayor sub detector systems with exem-
plary trajectories of different particles. Retrieved from [19].

Outgoing from the collision point in the center of the detector three layers of silicon-pixel-

detectors, followed by ten layers of silicon-strip-detectors, record the trajectories of charged

particles and reconstruct secondary vertices. The pixel detector is composed of 66 million

silicon pixels with a sensitive area of 100 µm x 150 µm and a spatial resolution of 10 µm to

35 µm. They are necessary for a precise spatial resolution near the interaction point, but also

to distinguish different trajectories from each other, as the particle rate near the interaction

point is very high. The strip detector is made of silicon-strip-modules with a spatial resolution

in range of 15 µm to 45 µm as a function of distance to the beam pipe. The overall track

momentum resolution [20] of the tracker is combining both silicon detectors up to

σpT

pT
= 0.15% · pT [GeV]⊕ 0.5% (4)

where ⊕ stands for the quadratic summation of the terms. The track momentum resolution

has a plateau of 0.5% and decreases with increasing particle momentum.
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The next sub detector is the electromagnetic calorimeter (ECAL), which is used to mea-

sure electromagnetic interacting particles like electrons. Electromagnetic interacting particles

cause particle showers by a sequence of alternating bremsstrahlung radiation and pair pro-

duction. In this way the energy of the initial electromagnetic interacting particle is divided

into a high number of gammas and electron-positron pairs, which result from this inter-

action sequence. The energy of photons with wavelengths within the optical spectrum are

measured by photodetectors. Since the particle’s energy is proportional to the number of

detected photons within the optical spectre, this sub detector is able to measure the energy

of the electromagnetic interacting particle.

The ECAL is made of around 76000 scintillating PbWO4 crystals of which around 61000 crys-

tals are formed cylindrical around the barrel. They have a quadratic surface increasing from

(22 x 22)mm2 next to the beam pipe to (26 x 26)mm2 furthest in the barrel. The endcaps

contain around 7500 crystals each. Avalanche photo detectors measure scintillation light in

the barrel, whereas vacuum photo detectors are used in the endcaps, due to higher radiation

there. The energy resolution of the ECAL [21] has been determined using test beams to

σE

E
=

2.8%
√

E[GeV]
⊕

12%

E[GeV]
⊕ 0.3% (5)

where the resolution is given by three terms: the stochastic (first), noise (second) and constant

term (third). The resolution improves with increasing energy. For a high energy particle, such

as an electron with an energy of 1 TeV, a plateau resolution of 0.3% is reached.

The energy loss through electromagnetic interaction of heavy, charged particles in matter is

given by the Bethe Bloch formula [2] for hadrons with a momentum of up to some hundred

GeV within the experiment. Here heavy refers to particles with much higher mass compared

to the electron mass, which is applicable for hadrons, like for instance a charged pion with a

rest mass of mπ± = 0.140 GeV [2]. Since the energy loss of high energetic hadrons via elec-

tromagnetic interactions, described by the Bethe-Bloch formula, is negligibly small relative

to their energy, hadronic particles pass the ECAL. They need to be detected in the hadronic

calorimeter (HCAL). The HCAL is located around the ECAL and consists of 16 absorber lay-

ers of steel or brass alternating with scintillators, which are used to measure the energy loss

of charged or uncharged hadronic particles. Because hadrons interact via strong force, they

loose most of their energy via strong interactions due to the high mass density and thick-

ness of the absorbent material. Test beams studies showed, that for the complete calorimetric

system, pion energies can be reconstructed with a energy resolution [22] of

σE

E
=

115%
√

E[GeV]
⊕ 5.5% (6)

The centerpiece of CMS is a superconducting solenoid magnet with a diameter of 6 m and

which is cooled down to 4.7 K. The magnetic field in the silicon tracker, ECAL and HCAL is

almost homogeneous with a field strength of 3.8 T, which allows to determine the transverse

momentum of particles interacting by Lorenz force. A iron return yoke is used to shape the

magnetic field on the outside of the calorimeters.
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Since muons are minimal ionizing particles, they pass the mentioned calorimeters easily

with only a little energy loss. 250 chambers with around 172000 drift tubes, 520 cathode strip

chambers and 610 resistive plate chambers guarantee together with information of the silicon

tracker an overall transverse momentum resolution of up to 5% for highly energetic muons

around 1 TeV. Even though the signal of this analysis does not contain muons, a precise muon

system is indispensable to identify muons, which can be misidentified as electrons or taus

otherwise.

2.3 measurement variables

By convention the coordinate origin is the nominal interaction point, the x-axis points to-

wards the center of the LHC ring and the z-axis leads parallel to the beam axis. The azimuthal

angle φ lies in the x-y-plane, measured from the x-axis, and the polar angle θ describes the

angle to the beam axis. The pseudorapidity η is used since ∆η is invariant under Lorentz

transformation and defined by

η = − ln

(

tan

(

θ

2

))

(7)

Because of the magnetic field’s orientation, the variable η is useful to describe physical vari-

ables transverse to the beam axis like the transverse momentum pT = |~p| · sin(θ) or the

transverse energy ET = E · sin(θ).

Another Lorentz invariant quantity is the invariant mass M, given by

M =

√

√

√

√

(

∑

i

Ei

)2

+

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

∑

i

~pi

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

2

(8)

whereby over all energies Ei and momenta ~pi is summed. Using conservation of transverse

momentum by summing the momentum of all particles of an event, one can define missing

transverse energy ~✓ET

~✓ET = −
∑

i

~pT ,i (9)

The sum is usually not zero, since often not all particles are detected and missing transverse

momentum can be used to consider them. Using the pseudorapidity one can define the

spatial distance between two objects (particles) by

∆R =

√

(∆φ)2 + (∆η)2 (10)
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2.4 event reconstruction

To reconstruct single particles and events with various sub detectors, generally the particle-

flow algorithm (PF) [23] is used. First particles and than particle jets are reconstructed. Finally

missing transverse energy ✓ET , caused for example through not detected neutrinos, is calcu-

lated.

2.4.1 Tau Reconstruction

Being the heaviest lepton with a mass of 1.78 GeV, taus have a very short life-time of τ ≈ 29 ps

and a decay length of about c · τ ≈ 87 µm [2]. They decay either leptonically into a µ−ν̄µντ

or e−ν̄eντ final state with an overall branching ratio (BR) of about 37% [9] or hadronically

to a combination of charged and neutral mesons plus a neutrino. Leptonically decaying taus

decay in an electron or a muon plus neutrino, which are strongly boosted in one direction

at high energies. Due to the boost of the neutrino and the lepton in the same direction, no

missing transverse energy is recognized. As a result only the lepton in final state is recon-

structed but not the tau. At low energies the lepton and neutrino in final state are not strongly

boosted, but their decay length is too short to reach the innermost pixel detector. Therefore

only hadronically decaying taus are reconstructed as taus in CMS and considered in this

analysis.

Nearly all hadronically decaying taus decay either into one charged pion plus neutrino or via

ρ− or a−

1 resonances into final state with one or three charged mesons. Table 5 summarizes

the dominant hadronic decay modes. Most of the particles of the decay modes in final state

Table 5: Branching Ratio (BR) [9] of the dominant τh decays and mass of any intermediate resonance
in natural units [24] . The h stands for both pion π and kaon K.

decay mode resonance mass (MeV) BR

τ− → h−ντ 11.6%

τ− → h−π0ντ ρ− 770 11.6%

τ− → h−π0π0ντ a−

1 1200 26.0%

τ− → h−h+h−ντ a−

1 1200 9.5%

τ− → h−h+h−π0ντ 9.8%

are pions. Charged pions (π±) have a life-time of τ ≈ 2.6 · 10−8 s [9] and a decay length

of about 7.8 m. Due to the long decay length, charged pions cause electromagnetic showers

in the ECAL and HCAL. The curved trajectory is detected and the energy is measured in

the HCAL, where the hadron is absorbed. Neutral pions (π0) decay almost instantaneously

(within τ ≈ 8.4 · 10−17 s) into a γγ pair [2]. Therefore, neutral pions cannot be measured di-

rectly, but they can be reconstructed by using special criteria for detected photos in the ECAL.

The used algorithm for tau reconstruction is the "Hadron Plus Strips" (HPS) algorithm [25],

which uses the CMS Particle Flow Algorithm [23]. The Particle Flow Algorithm is used here

for the detection of photons and charged hadrons, which are used to reconstruct the hadronic

tau decay modes.

The ECAL has an energy resolution σE/E of better than 0.5% for unconverted photons with

pT > 100 GeV [26]. Due to its’ fine granularity, detected photons or electrons can be matched

to a single tau decay channel and are denoted as a "strip". These clustering into strips pro-

ceeds iterative, whereby the electron, originating from pair production, or photon with high-
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est pT , which is not already assigned to a existing strip, initiates a new strip with an ap-

pointed window and position η and φ. The next highest pT electron or photon passing the

window is merged into the strip until no further particles are left within the window. The

final strip position results from the energy-weighted average of all the strip’s constituents.

The size of the window ∆η x ∆φ was fixed to 0.20 x 0.05 during run 1. In the new algorithm,

which was adjusted for runs with
√
s = 13 TeV, the size is a function of the photon’s or tau’s

pT to enlarge the window for low pT electrons from pair production, whose bending in the

magnetic field increases with lower pT [25].

The HPS reconstructs only the hadrons of the tau decay. These part is called the "visible"

part of the hadronically decaying tau and is denoted as τh within this analysis. The neutrino

or more precise the missing transverse energy of the decay mode is excluded within the τh.

The decay modes of Table 5 are considered by the HPS algorithm as follows, where Figure 4

illustrates the algorithm in simplified terms.

• One charged hadron h− is reconstructed corresponding to h−ντ (Figure 4a).

• One charged hadron h− and a π0 are reconstructed corresponding to h−π0ντ decay

mode, where the π0 is reconstructed by photons in one single strip originating from

the π0 decay (Figure 4b). A neutral pion with not enough energy to pass the strip

reconstruction criteria, will be not detected, but the tau can still be detected considered

as a h−ντ decay mode.

• One charged hadron h− and two π0 are reconstructed to h−π0π0ντ decay mode, where

the neutral pions correspond to two strips with two well separated photons.

• Three charged hadrons decay corresponding to the h−h+h−π0ντ decay mode, where

all three hadrons have to be reconstructed from the same secondary vertex.

(a) Single hadron h± decay
mode.

(b) Decay via resonance
ρ± → h±π0.

(c) Decay via resonance a±1
into three hadrons.
Mostly π+π−π+,
π−π+π− or π±π0π0.

Figure 4: Illustration of different τh decay modes recognized by the HPS algorithm. Taken from [27].

2.4.2 Electron Reconstruction

Electrons are detected in the silicon tracker and ECAL through bremsstrahlung, emitting pho-

tons along the electron trajectory. Due to the orientation of the magnetic field, bremstrahlung

is emitted only transverse in φ direction until the electron is absorbed in the ECAL.

Hadrons pass the ECAL into the HCAL, whereas electrons are absorbed in the ECAL before.

Therefore trajectories of electrons must not have a entry in the HCAL. Since the bremsstrahlung

energy loss distribution of electrons in matter is non-Gaussian, a special Gaussian sum filter

(GSF) [28] algorithm is used for reconstruction of the electron’s trajectory.



3
S I G N A L , B A C K G R O U N D - A N D D ATA - S E T

The object of search in this analysis is a resonance of a tau sneutrino ν̃τ, decaying into an

eτ pair. The underlying model treats the ν̃τ as the lightest supersymmetrical particle (LSP),

which decays into a channel of SM particles, violating the lepton number. Information on

R-parity and violation of lepton number can be found in Section 1.2.2. In this chapter the

signal is described (Section 3.1), an overview of relevant background processes and their MC

simulation is given (Section 3.2), as well as the data set (Section 3.3), used in this analysis.

3.1 signal

The Yukawa couplings λ and λ′ of Equation 2 lead to lepton number L violation, whereas

coupling λ′′ in Equation 3 violates baryon number B. With reference to the superpotential

WRPV , which is the sum of WLNV and WBNV , the different couplings induce various free

parameters. Irrelevant couplings are set to zero. Further assumption of baron triality [14]

voids coupling λ′′ and baryon number violation.

A simplified model with a minimum of three parameters is used in this analysis for the

production of a RPV SUSY resonance, decaying into a tau and electron pair. Following aspects

lead to the used RPV signal model

• The tau sneutrino ν̃τ is resonantly produced and assumed to be the candidate for the

LSP and therefore only decays into SM particles.

• The tau sneutrino ν̃τ is produced in a quark-antiquark annihilation at a proton-proton

collision. The production coupling therefore is λ′311.

• The tau sneutrino ν̃τ decays with the coupling λ313 and λ331 into the eτ final state with

a mass Meτ.

• A decay into other final states is possible as well, but not part of this analysis and

therefore couplings into them are set to zero.

In this analysis the process qq → ν̃τ → eτ is researched (also see Feynman diagram Figure 5),

whereby λ′311 = 0.01 and λ313 = λ331 = 0.01. All other couplings λ′ijk and λijk are set to zero.

dq

q

Figure 5: Resonant production of a ν̃τ in qq annihilation, decaying into a eτ pair. The coupling λ313
is according to the e−τ+ final state. The final state of e+τ− is possible by the coupling λ331,
which is considered as well in this analysis.

15
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3.2 background

To differentiate between potential new physics and SM processes, it is essential to use Monte

Carlo simulations for the background expectation. In the following section the most impor-

tant SM processes, divided into two fundamental categories, are illustrated. SM processes

with a tau, which can decay hadronically, and electrons in the final state are classified as

"prompt background", whereas processes that can be misidentified as a electron and tau, are

classified as "fake background".

3.2.1 Prompt Background

Processes like WW (Figure 6a) , WZ (Figure 6b) or ZZ (Figure 6c) can decay into a eτ+X and

are important background for an invariant mass Meτ above 500 GeV. ZZ and WZ productions

are less important than WW due to its smaller cross section times branching ratio. Single top

(Figure 6d) or tt̄ (Figure 6e) productions can decay into eτ channel as well and contain

further b jets (which are possibly misidentified as hadronic taus). They are dominant for

lower invariant eτ masses below 1 TeV.

(a) WW to eνe τντ (b) WZ to eνe ττ

(c) ZZ to ee ττ (d) Single Top production

(e) tt̄ production

Figure 6: Exemplary Feynman diagrams of "prompt background" processes in leading order.
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3.2.2 Fake Background

Due to the reconstruction of taus in this analysis through the hadronic decay channel (see

Section 2.4), hadronic jets of other SM processes can be misidentified as hadronically decay-

ing taus. In addition an eτ final state can be reconstructed falsely by misidentified electrons

or taus through other leptons.

The Drell-Yan process (Figure 7a) describes a hadronic scattering process, where a quark-

antiquark annihilation with a connecting virtual photon or Z boson leads to a lepton-antilepton

pair. Besides misidentify of an eē or µµ̄ pair, a single tau of a ττ̄ pair can decay into an elec-

tron plus neutrino producing prompt background. Another source of potentially misiden-

tified leptons is the Wγ or Zγ process (Figure 7b), where for example the W decays into

a tau and the photon is either misidentified as an electron, or the photon converts into an

electron. The jet background consists of events where a jet is misidentified as an electron or

(a) Drell-Yan (DY) process with dileptonic final state (b) Wγ or Zγ process

(c) Exemplary QCD process (d) W+Jets process with an electron in final state

Figure 7: Exemplary Feynman diagrams of "fake background" processes in leading order.

tau, that passes the selection. Multijet QCD processes are treated in this analysis, since they

have a large cross section, that gives these processes a important role for background events.

These background events come from quarks, generating boosted particle streams through

self-coupling gluons. Figure 7c shows a possible QCD jet process exemplary. The W plus jet

process (Figure 7d) can cause an electron (of the W decay) and a gloun to be misidentified as

an electron plus τh pair.



18 signal , background- and data-set

3.3 dataset

This analysis is based on data of the LHC with a integrated luminosity of Lint ≈ 2.7 fb−1

and a nominal center-of-mass energy of
√
s = 13 TeV recorded in the year 2015. Data sets,

which contain a single electron trigger, are used, since a single electron is required in the

final state of the RPV signal. For details see Table 6. To compare the Monte Carlo samples of

Table 6: Used Dataset from CMS. A systematic uncertainty of 2.7% is assigned to the integrated lumi-
nosity and is used for background rates.

dataset run range Lint (fb−1 )

DataRun2015D/16Dec2015/SingleElectron 251027-260627 2.671± 0.072

background processes and the signal with the data, it is required to reweight the MC samples

to the luminosity of the data by multiplying a certain weight factor. The weight factor is given

by multiplying the sample’s cross section σs with the integrated luminosity Lint divided by

the absolute event number NEv of the sample

w =
σs ·Lint

NEv
(11)

3.4 monte carlo samples

3.4.1 RPV signal Monte Carlo Simulation

The RPV signal Monte Carlo samples have been produced with the CalcHEP generator [29]

combined with with Pythia 8 [30] for parton showering and hadronisation. The generated

events are processed through a full simulation of the CMS detector based on GEANT 4 [31].

The cross section for the signals is calculated in leading order (LO) QCD and scaled with

k-factors to next-to-leading order (NLO) QCD. Table 12 contains the information about the

binning, cross section, number of generated events and information to the Monte Carlo gen-

erator for each signal process. The table can be found in the appendix.

3.4.2 Background Monte Carlo Simulation

The complete background for this analysis is based on Monte Carlo simulation. Table 13

contains information about the binning, cross section, number of generated events and in-

formation to the Monte Carlo generator for each background process. The generated events

are processed through a full simulation of the CMS detector based on GEANT 4 [31]. Back-

ground processes which contain two bosons (W± and Z0) are summarized and denoted as

Diboson-background in the analysis. The table can be found in the appendix.

Due to inadequate Monte Carlo simulations of QCD processes, a disagreement between QCD

background and the data at some ranges of energy scale occurs in this analysis. Additionally,

the insufficient amount of statistics for QCD processes causes high uncertainties in the eτ

invariant mass distribution. Since the time required to perform a QCD analysis based on

the used data exceeds the time scale of this analysis, electron enriched QCD Monte Carlo

simulations are used.
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A N A LY S I S

In the first part of the analysis, selection criteria for events of the RPV signal are discussed.

Furthermore cuts on kinematic variables are optimized and applied, to reach a separation

between background and signal. Finally a limit on the cross section times branching ratio for

the production of a ν̃τ and decay into a eτ pair is calculated.

4.1 electron selection

4.1.1 Trigger

Due to the RPV signal with an electron and tau in the final state, the single-electron High-

Level Trigger (HLT) "HLT_Ele105_CaloIdVT_GsfTrkIdT" with the lowest ET threshold of the

unisolated single electron was chosen [32]. The trigger requires a single electron with follow-

ing conditions [33]

• Transverse energy of the electron must be at least Eele
T > 105 GeV (Ele105).

• Ratio between the deposited HCAL energy H in a cone of ∆R < 0.14 around the elec-

tron’s position in the ECAL and the deposited energy E in the Super Cluster (Sec-

tion 2.2) must be H/E < 0.15.

• An electron must pass the ECAL identification discriminator "Very Tight" (CaloIdVT)

with cluster shape σiηiη < 0.012 (barrel) and σiηiη < 0.032 (endcap). The variable σiηiη

is a measure of the electron’s energy spread in a 5 x 5 ECAL crystal block (Section 2.2)

placed around the initially seeded crystal in units of η.

• ECAL entry plus angular matching between Super Cluster and electron track (Gs-

fTrkIdT) with ∆η < 0.008, ∆φ < 0.1 (barrel) or ∆η < 0.011, ∆φ < 0.1 (endcap).

4.1.2 Selection with HEEP ID Cuts

For data and Monte Carlo, high ET electrons are selected with dedicated cuts of the HEEP

ID V6.1 [34]. Table 7 lists the used cuts for electron selection divided into barrel and endcap.

Table 7: Used High Energy Electron Positron (HEEP) ID V6.1 cuts [34]. Not defined variables are
explained on the next page.

variable barrel endcap

ET > 35 GeV > 35 GeV
η range |ηSC| < 1.4442 1.566 < |ηSC| < 2.5
is ECAL driven X X

|ηin| < 0.004 < 0.006
|∆φin| < 0.06 < 0.06
H/E < 1/E+ 0.05 < 5/E+ 0.05
full 5 x 5σiηiη - < 0.03
full 5 x 5E2x5/E5x5 > 0.94 or E1x5/E5x5 > 0.83 -
EM + Had Depth 1 Isolation < 2+ 0.03 · ET + 0.28 · ρ < 2.5+ 0.28 · ρ for ET < 50 GeV

else < 2.5+ 0.03 · (ET − 50) + 0.28 · ρ
Track Isolation: Track pT < 5 for ET < 95 GeV < 5 for ET < 100 GeV

else < 5+ 1.5 · ρ else < 5+ 0.5 · ρ
Inner Layer Lost Hits 6 1 6 1

|dxy| < 0.02 < 0.05



20 analysis

These cuts ensure, that electron tracks are isolated against tracks of particles, which cause

an electron misidentification. Not defined variables of Table 7 are

• "ECAL driven" requires a particle track in the ECAL to reconstruct the electron with

GSF algorithm [28].

• |ηin| and |∆φin| describe the angular differences between the track direction, measured

at the tracker’s innermost layer, extrapolated to the primary vertex and measured posi-

tion in the ECAL Super Cluster. The matching of these two tracks ensures the belonging

to the same particle.

• |ηSC| is the pseudorapidity of the electron’s Super Cluster.

• Enx5/E5x5 describes the fraction of deposited energy in n x 5 crystals to the energy,

deposited entire 5 x 5 cluster of the ECAL. In contrast to jets, electrons deposit their

energy mostly in only up to two crystals.

• Track Isolation sums the pT of all tracks in a area of 0.015 < ∆R < 0.2 .

• EM + Had Depth 1 Isolation sums the transverse energy in a cone around the electron

track in the ECAL and HCAL.

4.2 tau selection

The used algorithm for tau identification (ID) is the HPS algorithm (see Section 4.2). This algo-

rithm uses particles, which were reconstructed in the detector, and calculates various values

of these particles like for example their distance to other particles around a certain sphere.

Subsequently these values are compared to requirements. The requirements are determined

by a so called discriminator, which summarizes different required values to select particles

with certain properties. Here, discriminators are considered, which select taus within a event.

Since there are various different discriminators [35] to choose for tau selection, it is neces-

sary to analyze different ones and choose an ID combination for isolation against particles,

which can lead to tau misidentification. Here two quantities are used: The discriminator ef-

ficiency and the discriminator misidentification rate. Principally the discriminator efficiency

gives the probability that a tau passes the discriminator and the discriminator misidentifica-

tion rate gives the probability that a certain particle passes the discriminator and is therefore

missidentified as a tau. The aim is to find the best compromise between the efficiency and

misidentification rate.

In the first step of the tau ID, particles are required to fulfill |η| < 2.3, due to the maximal ge-

ometric acceptance of the detector [25], and a lower bound of transverse particle momentum

of pT > 20 GeV. The pT bound is required by the HPS algorithm [35]. The HPS algorithm

requires a specific combination of detected charged hadrons plus photons, which were recon-

structed with strips in the ECAL, to reconstruct a tau. Since other particles like hadronic jets

fulfill these requirements very often as well, they are misidentified as taus frequently.

Therefore, an algorithm called "decayModeFinding" is implemented in the first step of the

tau selection within this analysis to reject misidentified jets by using the invariant mass of

the reconstructed τh. Using the decay modes of Table 5 in Section 2.4.1, the invariant mass

of the τh has to be next to the mass of the decays resonances ρ− or a−

1 for the corresponding

τh decay mode. The invariant mass of jets is evenly distributed and therefore a part of jets,

which were misidentified as taus, are rejected.
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4.2.1 Isolation Discriminator

Using the "decayModeFinding" discriminator is not sufficient enough to reject jets , which

were misidentified as taus. Hadronic jets have a high multiplicity of particles, which is in-

creasing with the energy of the jet. Objects of an τh, originating of an ν̃τ decay, should not

contain further hadrons in the close proximity. Therefore, an additional discriminator is used,

which requires special isolation criteria in a cone around the τh.

In high luminosity colliders like the LHC, single colliding bunches produce several separate

collisions, so called pile-up. Neutral particles as π0 and γ originating from pile-up may have

entered the cone around a tau. As they cannot be rejected by tracking information, they may

have mistakenly been included in the reconstruction. The isolation discriminators can be

used to reject hadrons of pile-up.

Basically two different types of isolation discriminators are provided for tau reconstruction.

These single types can be chosen with different threshold values.

In this section an isolation discriminator is selected due to the analysis of the discrimi-

nator’s efficiency ǫ (Equation 12) and the related misidentification rate fR (Equation 13).

The efficiency is derived from the Monte Carlo simulation of the RPV signal (Section 3.4.1)

and the misidentification rate from Monte Carlo simulations of the QCD processes and the

W + Jets → lν samples (Section 3.4.2), which contain a great number of hadronic jets.

Since particles must fulfill the thresholds of pT > 20 GeV and |η| < 2.3, generated as well as

reconstructed particles, which do not fulfill these boundaries, are rejected for the calculation

of the efficiency and the misidentification rate.

The isolation discriminator efficiency is calculated as follows.

For every generated tau, which decays hadronically, it is searched for a reconstructed par-

ticle, which passes the "decayModeFinding" discriminator in a cone of ∆R < 0.3 around the

position of the generated tau. The reconstructed particle, which fulfills both requirements

and has the shortest distance ∆R to the generated tau, is considered as a correctly recon-

structed tau.

These particles are used to calculate the fraction of the number of correctly reconstructed

taus, which fulfill additionally the isolation discriminator (named "IsoDisc" in the argument),

to the number of all correctly reconstructed taus.

ǫ(p
τ,gen
T ) =

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode & τ-IsoDisc)

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode)

(12)

The isolation discriminator misidentification rate is calculated as follows.

For every generated jet, it is searched for a reconstructed particle, which passes the "de-

cayModeFinding" discriminator in a cone of ∆R < 0.3 around the position of the generated

jet. The reconstructed particle, which fulfills both requirements and has the shortest distance

∆R to the generated jet, is considered as a jet, which fulfills the "decayModeFinding" discrim-

inator and is therefore misidentified as a tau.

These jets are used to calculate the fraction of the number of jets, which are misidentified as
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taus and additionally fulfill the isolation discriminator (named "IsoDisc" in the argument), to

the number of all jets, which are misidentified as a tau.

fR(p
jet,gen
T ) =

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode & τ-IsoDisc)

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode)

(13)

Figure 9a and Figure 10a show the isolation efficiencies ǫ as a function of the generated tau’s

transverse momentum and Figure 9b and Figure 10b show the respective misidentification

rates as a function of the generated jet’s transverse momentum for a cut-based and a MVA-

based isolation discriminator. Both types of discriminator are explained below the figures.

To compare the different cut- and MVA-based discriminators and estimate a good compro-

mise between sufficient efficiency and low misidentification rate, the efficiency of the discrim-

inators is plotted against the misidentification rate in Figure 8.

The misidentification rate of cut-based discriminators varies little, whereas the efficiency

varies in steps of about 10% per working point with best efficiency of around 81% for pτ
T

above 1 TeV. Efficiencies of MVA-based discriminators increase almost gradually and are ap-

proximately independent from the eτ mass. Corresponding misidentification rates vary from

10−5 to 10−4.

Since the efficiency varies strong relative to the misidentification rate with the working

point, the discriminator with the highest efficiency above 90%, the MVA-based discriminator

"byVLooseIsolationMVArun2v1DBoldDMwLT", is chosen in this analysis.

Figure 8: Efficiency ǫ against misidentification rate fR of cut-based and MVA-based discriminators for
different working points.
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(a) Efficiency ǫ of cut-based discriminators. (b) Misidentification Rate fR of cut-based discrimina-
tors.

Figure 9: Efficiency and misidentification rate of cut-based isolation discrimnators. Information to the
different working points is given in Table 8.

The Cut-based discriminator [25] selects charged particles of pT > 0.5 GeV and photons of

ET > 0.5 GeV, which are reconstructed by the particle flow algorithm (PF) [23], within a cone

around the τh of size ∆R = 0.3.

Hadronically decaying taus passing the cut-based discriminator, need to fulfill the threshold

value Iτ, which is the sum of transverse momenta of photons and charged particles:

Iτ =
∑

p
charged
T (dz < 0.2 cm) + max(0,

∑
p
γ
T −∆β) (14)

where

• Cut values are: Iτ < 0.8 GeV (tight), Iτ < 1.5 GeV (medium), Iτ < 2.5 GeV (loose).

• Tracks of charged particles are required to have a distance lower than 2 cm in z-direction

to the τh’s production vertex

• The effect of mismatched γs is reduced by the Delta Beta Correction ∆β = 0.2 [25].

• Jets being misidentified as τh are vetoed by an additional threshold. The sum of de-

posited pT of electrons or photons, detected in strips, which were used to reconstruct

the τh, needs to fulfill

∑
p
e/γ
T < 0.1 · pτ

T (15)

• Charged particles are excluded, if photons were detected in the same strip.

Table 8 lists three different cut-based discriminators with their efficiencies and misidentifica-

tion rates. The misidentification rates are approximated as constant on a plateau for p
jet,gen
T

above 500 GeV and the efficiencies are approximated as constant for p
τ,gen
T above 1 TeV.

Table 8: Analyzed cut-based discriminators with constant approximated efficiencies ǫ and misidenti-
fication rates fR. The uncertainties are statistical and result from the approximation.

discriminator name efficiency ǫ missid. rate fR

byLooseCombinedIsolationDeltaBetaCorr3Hits 0.811± 0.002 (96.2± 3.8) · 10−5

byMediumCombinedIsolationDeltaBetaCorr3Hits 0.730± 0.002 (82.1± 3.5) · 10−5

byTightCombinedIsolationDeltaBetaCorr3Hits 0.616± 0.002 (69.0± 3.2) · 10−5
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(a) Efficiency ǫ of MVA-based discriminators. (b) Misidentification rate fR of MVA-based discrimina-
tors.

Figure 10: Efficiency and misidentification rate of MVA-based isolation discriminators. Information to
the different working points is given in Table 9.

Alternatively a MVA-based discriminator [25] can be chosen. The multivariate analysis

(MVA) based isolation discriminator uses additionally the life-time of the τ to separate be-

tween τh candidates and hadron jets, misidentified as τh. Extending the cut-based discrimi-

nator, the MVA-based discriminator uses pτ
T weighted quantities and information for calcu-

lating the cut values. Additional τ life-time and flight distance are considered to construct a

secondary vertex for the tau.

The MVA-based discriminators are provided with five different working points, gradually

increasing in τh reconstruction efficiency. A gradually increase of efficiency is also recogniz-

able in Figure 10a from "Very Loose" to "Very Tight". Table 9 lists the different discriminators

with their constant approximated efficiencies and misidentification rates. The misidentifica-

tion rates were approximated for pτ
T above 500 GeV and the efficiencies on the whole pτ

T

range.

Table 9: Analyzed MVA-based discriminators with constant approximated efficiencies ǫ and misiden-
tification rates fR. The uncertainties are statistical and result from the approximation.

discriminator name efficiency ǫ missid. rate fR

byVLooseIsolationMVArun2v1DBoldDMwLT 0.923± 0.001 (130.5± 4.3) · 10−5

byLooseIsolationMVArun2v1DBoldDMwLT 0.850± 0.001 (50.8± 2.7) · 10−5

byMediumIsolationMVArun2v1DBoldDMwLT 0.773± 0.001 (25.4± 2.0) · 10−5

byTightIsolationMVArun2v1DBoldDMwLT 0.691± 0.001 (15.8± 1.7) · 10−5

byVTightIsolationMVArun2v1DBoldDMwLT 0.603± 0.001 (8.0± 1.1) · 10−5
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4.2.2 Against Electron and Muon Discriminator

Since high energetic electrons radiate bremstrahlung photons, electrons have a non negligi-

ble chance of being misidentified as charged pions or kaons. Especially isolated electrons,

originating from Z- or W-boson decay, have a high probability of passing the tau ID. Since

the signal does not contain muons, reconstructed eτ events, which include a muon next to

the vertex, are rejected.

To reduce electrons or muons, which are misidentified as taus, additional against-electron

and against-muon discriminators are analyzed and their effect is evaluated due to their effi-

ciency and misidentification rate. The against-electron discriminators are based on a multi-

variate analysis algorithm for separating electrons from hadronic tau decays [25]. Variables

of the ECAL and HCAL, which discriminate between electromagnetic and hadronic showers,

in combination with photon-related variables are used as inputs of this algorithm. Especially

the emission of bremsstrahlung radiation along the leading track of hadronically decaying

taus is evaluated to separate electrons from τh decays. The against-muon discriminator ve-

toes particles, which have an entry in the muon calorimeter and a track within a certain cone

of a reconstructed eτ pair.

The efficiency ǫ is derived from the Monte Carlo simulation of the RPV signal (Section 3.4.1)

and the misidentification rate fR from Monte Carlo simulations of the Z → ee processes

for anti-electron discriminator and Z → µµ processes for the anti-muon discriminator (Sec-

tion 3.4.2)

The against electron/muon discriminator efficiency is calculated analogously to the isolation

discriminator efficiency (Equation 12), whereas correctly identified taus additionally must

pass the MVA-based "byVLooseIsolationMVArun2v1DBoldDMwLT" isolation discriminator.

Here, these particles are used to calculate the fraction of the number of correctly recon-

structed taus, which fulfill additionally the against-electron or muon discriminator (named

"e/µ Disc" in the argument), to the number of all correctly reconstructed taus.

ǫ(p
τ,gen
T ) =

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode & τ-IsoDisc & e/µ Disc)

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode & τ-IsoDisc)

(16)

The against electron/muon discriminator misidentification rate is calculated analogously to

the isolation discriminator misidentification rate (Equation 13), whereas electrons or muons

are used instead of jets. The electrons or muons, which are misidentified as taus, furthermore

must pass the MVA-based "byVLooseIsolationMVArun2v1DBoldDMwLT" isolation discrimi-

nator.

Here these particles are used to calculate the fraction of the number of electrons/muons,

which are misidentified as taus and additionally fulfill the against-electron or muon discrim-

inator (named "e/µ Disc" in the argument), to the number of all electrons/muons, which are

misidentified as a tau.

fR(p
eµ,gen
T ) =

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode & τ -IsoDisc & e/µ Disc)

N(preco
T > 20 GeV & |ηreco| < 2.3 & DecayMode & τ-IsoDisc)

(17)
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Figure 11a and Figure 11c show the efficiencies ǫ of the against-electron/muon discriminator

as a function of the generated tau’s transverse momentum and Figure 11b and Figure 11d

show the respective misidentification rates fR as a function of the generated lepton’s trans-

verse momentum for discriminators of different working points. Table 10 lists the different

discriminators with their constant approximated efficiencies and misidentification rates. To

(a) Efficiency ǫ of against-electron discriminators. (b) Misidentification rate fR of against-electron discrim-
inators.

(c) Efficiency ǫ of against-muon discriminators. (d) Misidentification rate fR of against-muon discrimi-
nators.

Figure 11: Efficiency and misidentification rate of against-electron and against muon discrimnators.
Information to the different working points is given in Table 10.

compare the different against-electron and against-muon discriminators and estimate a good

compromise between sufficient efficiency and low misidentification rate, the efficiency of the

discriminators is plotted against the misidentification rate in Figure 12.
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Table 10: Analyzed against-electron and against-muon discriminators with constant approximated
efficiencies ǫ and misidentification rates fR. The uncertainties are statistical and result from
the approximation. The misidentification rates and the efficiencies of against-electron and
against-muon discriminators were approximated for pτT above 500 GeV.

discriminator name efficiency ǫ missid. rate fR

againstElectronVLooseMVA6 0.941± 0.001 (110.0± 0.2) · 10−3

againstElectronLooseMVA6 0.875± 0.001 (20.3± 0.2) · 10−3

againstElectronMediumMVA6 0.793± 0.002 (6.3± 0.1) · 10−3

againstElectronTightMVA6 0.740± 0.002 (4.4± 0.1) · 10−3

againstElectronVTightMVA6 0.689± 0.002 (3.0± 0.1) · 10−3

againstMuonLoose3 0.968± 0.001 (3.3± 0.1) · 10−3

againstMuonTight3 0.947± 0.001 (2.0± 0.1) · 10−3

Figure 12: Efficiency ǫ against the misidentification rate fR of against-electron and against-muon dis-
crimnators. Information to the different working points is given in Table 9 and Table 10.

Because the misidentification rate of the against-electron discriminator with the best effi-

ciency (very loose working point) is too high, the "againstElectronLooseMVA6" discriminator

is chosen. The against-muon discriminators efficiencies decrease with increasing p
τ(gen)

T ,

where the "againstMuonTight3" discriminator’s efficiency decreases much stronger (with

about 3% per TeV more) than the "againstMuonLoose3" discriminator. Since the misidentifica-

tion rate of both discriminators have the same order, the "againstMuonLoose3" discriminator

is chosen in this analysis.
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4.3 event selection

In this section, the reconstruction of the invariant eτ mass is described. Further event selec-

tion criteria are introduced to reduce the SM background events to a minimum.

The decay of a tau sneutrino into an eτ pair contains an electron, a certain number of hadrons

corresponding to the hadronic decay mode of the tau and a neutrino in final state. Therefore

an event is required to have one electron, a τh and at least 30 GeV of missing transverse

energy to be selected. As only the absolute value and the azimuthal angle φ of the missing

transverse energy is determinable, it is necessary to use an assumption to reconstruct the

momentum of the neutrino.

Since the rest mass of the tau sneutrino must be much higher compared to rest masses of SM

particles, the tau and the electron have high momentum compared to their rest mass after

the decay of the ν̃τ. The hadrons and the neutrino of the hadronically decaying tau are there-

fore boosted in the same direction. Thus the η of the τh is assumed to be the same for the

neutrino, to reconstruct the neutrino’s momentum. The invariant eτ mass is given through

Meτ =

√

(pτh
+ pe +✓E)2 (18)

Here pτh
is the four-momentum of the hadrons, originating from the hadronically decaying

tau and pe is the four-momentum of the electron. ✓E denotes the four-momentum of the neu-

trino, reconstructed with missing transverse energy ✓ET and the assumption of η.

In the next part of this analysis, five cuts on background, signal and data are applied, where

the cut values of two cuts are given by theoretical consideration, whereas the cut values of the

remaining three cuts are kinematic and need to be optimized. The number of signal events

should be as constant as possible.

The specific kinematic cut value is optimized by calculating expected upper limits on the

cross section times branching ratio. All the background processes were used for the limit

calculation and three exemplary RPV signals at a resonant eτ mass of 300 GeV , 1600 GeV

and 3500 GeV. Due to the cut values, the variation of the cross section times branching ratio

limit with the applied cut values is decreasing rapidly for increasing τ-sneutrino invariant

mass. The best cut value will be chosen according to the best resulting limit, which is the

one with the lowest cross section times branching ratio. The range of analyzed cut values is

selected due to the theoretical motivation of the kinematic cut.

Figure 13 shows the invariant mass distribution of the eτ final state in preselection state.

This state means, that no cut applied. Only the electron and tau selection criteria of Sec-

tion 4.1 and Section 4.2 as well as the trigger were used to select the events. The exemplary

shown signal (red line) shows a RPV resonance of invariant eτ mass of 800 GeV. Beneath the

mass distribution a ratio of data to Monte Carlo events is given.
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,M=800 GeV

Figure 13: Distribution of invariant mass of the eτ pair in preselection stage. The binning is according
to the mass resolution. Disagreement between data and MC for low masses is caused by
inadequate simulation of QCD processes (see here fore Section 3.4.2).



30 analysis

4.3.1 Opposite Sign Charged Leptons

The electric neutral τ-sneutrino decays into a lepton pair of e±τ∓ where the electron and the

tau are opposite charged due to conservation of electric charge. Therefore the electric charge

of all reconstructed particles in the final state is multiplied. To pass these cut, an event is

required to fulfill:

qe · qτ = −1 (19)

This cut reduces the background by an order of magnitude (see also cut flow Figure 19)

whereas the number of signal events is approximately unvaried. Mainly QCD events for

lower invariant masses are reduced strongly as well as events of "Diboson" background pro-

cesses for very small or high masses.

Figure 14a shows the invariant mass distribution of the eτ final state before the opposite sign

requirement, whereas Figure 14b shows the distribution after the opposite sign requirement.

,M=800 GeV

(a) Meτ distribution before the opposite sign require-
ment.

,M=800 GeV

(b) Meτ distribution after the opposite sign require-
ment.

Figure 14: Distribution of invariant mass of the eτ pair. The binning is according to the mass resolu-
tion. The signal is examplary for an invariant eτ mass of 800 GeV.



4.3 event selection 31

4.3.2 B-Jet Veto

Since the decay channel of the τ-sneutrino does not include b-quark jets, it is useful to veto

events, which include them. Figure 15a shows the distribution of number of b-jets in an

event. Especially tt̄ and single top background events contain b-quark jets and can be re-

duced by the rejection of b-jets in eτ events. All the other cuts, used in this analysis, are

already applied on the distribution in Figure 15a to demonstrate that a explicit b-jet veto

is useful. Therefore the "pfCombinedSecondaryVertexV2BJetTags" algorithm [36], which was

optimized for a center-of-mass energy of
√
s = 13 TeV, is used.

Analogous to the MVA-based isolation discriminator of Section 4.2.1, the b-jet identification

algorithm is as well based on a multivariate analysis algorithm. Algorithms for b-jet identi-

fication use the relatively long life-time of b-mesons, which are part of jets outgoing from

hadronized b-quarks. This long life-time results in a decay of the b-meson, displaced up to a

few millimeters with respect to the primary interaction vertex. These secondary vertex may

be reconstructed. The "Combined Secondary Vertex" algorithm (CVSv2) combines the infor-

mation of measured tracks with the information of secondary vertices. Using a sequence of

requirements for the tracks, particles and vertices, b-jets can be reconstructed.

Figure 15b shows the invariant mass distribution of the eτ final state after the applied oppo-

site sign charged lepton cut and the b-jet veto. It is clearly recognizable, that most of the tt̄

and single top background events were suppressed by these cut.

,M=800 GeV

(a) Distribution of number of b-jets in a event. Except
the b-jet veto, all other cuts used in this analysis
are already applied at this stage, to demonstrate the
effect of a b-jet veto independent of the overall cut
sequence.

,M=800 GeV

(b) Meτ distribution after the opposite sign require-
ment and the b-jet veto.

Figure 15: Distribution of number of b-jets and distribution of invariant mass of the eτ pair. The
binning of the Meτ distribution is according to the mass resolution. The signal is examplary
for an invariant eτ mass of 800 GeV.
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4.3.3 Angle between Tau and Missing Transverse Energy

The final state of the decaying tau in the eτ resonance contains always a neutrino (see Table

5 for the dominant τh decay modes), which can be only reconstructed using missing trans-

verse energy ✓ET (see Section 4.3). The mesons, which are used to reconstruct the τh, and the

neutrino are boosted almost in the same direction after the decay. This leads to an angular

difference between the reconstructed τh and the neutrino close to zero. Figure 16a shows

the distribution of this angle for background, signal and data events. The signal has a clear

identifiable peak at zero and flattens for higher ∆φ
τ,✁ET

, whereas the remaining background

is approximately constant with ∆φ
τ,✁ET

since they are not dependent on these angle. All the

other cuts, used in this analysis, are already applied on the distribution in Figure 16a to

demonstrate the effect of a ∆φ
τ,✁ET

cut independent of the overall cut sequence. Since back-

ground and signal show a different characteristic to ∆φ
τ,✁ET

, it is useful to cut on this variable.

For ten different cut values ∆φ
τ,✁ET

gradually increasing from 0.2 to 2.0, expected limits

are calculated and shown in Figure 16c. The limit for ∆φ
τ,✁ET

= 0.4 gives the best expected

exclusion of cross section times branching ratio.

Therefore events in this analysis are required to have an angle between missing transverse

energy and the reconstructed τh of lower than 0.4.

Figure 16b shows the distribution for invariant eτ mass after the ∆φ
τ,✁ET

cut. Especially Drell-

Yan events and QCD events for high masses are suppressed by this cut.
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/

(a) Distribution of ∆φ
τ,✁ET

. Except the cut on ∆φ
τ,✁ET

,

all other cuts used in this analysis are already ap-
plied at this stage, to demonstrate the effect of a
∆φ

τ,✁ET

cut independent of the overall cut sequence.

,M=800 GeV

(b) Meτ distribution after the opposite sign require-
ment, the b-jet veto and a cut on ∆φ

τ,✁ET

< 0.4.

/
/

/

/

/

/

/

/
/

/

(c) Calculated expected limits on the cross section times branching ratio over the invariant
mass of the τ-sneutrino for different cut values. The optimized cut requires ∆φ

τ,✁ET

< 0.4.

Since the expected upper limits for high masses are nearly steady for the used cut values,
the line between the 1600 GeV and the 3500 GeV mass bin is horizontally constant. To
enable a better overview, the range of the ν̃τ mass is limited to 2000 GeV.

Figure 16: Distribution of ∆φ
τ,✁ET

(a), invariant mass distriburion Meτ after the ∆φ
τ,✁ET

cut (b), and

calculated expected limits for cut optimization (c). The exemplary signal in (a) and (b) is
according to an invariant mass of Meτ = 800 GeV.
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4.3.4 Angle between Tau and Electron

Within the rest frame of the ν̃τ, the tau’s and electron’s trajectories are back to back, due

to conservation of momentum. The resulting angle between those particles is expected to

be about π. Figure 17 shows the distribution of this angle for background, signal and data

events. The signal increases with ∆φe,τ until a clear identifiable peak at π, whereas back-

grounds events contain relatively more eτ events with smaller angle ∆φe,τ. All the other

cuts, used in this analysis, are already applied on the distribution in Figure 17 to demon-

strate the effect of this cut being independent of the overall cut sequence. Since background

and signal show a different characteristic to ∆φe,τ, it is useful to cut on this variable.

For ten different cut values ∆φe,τ gradually increasing from 1.2 to 3.0, expected limits are

calculated and shown in Figure 17c. The limit of ∆φe,τ = 2.8 gives the best expected exclu-

sion of cross section times branching ratio.

Therefore events in this analysis are required to have a minimum angle between the recon-

structed electron and τh of 2.8.

Figure 17b shows the distribution for invariant eτ mass after the ∆φe,τ cut. Especially back-

ground events for low eτ masses are suppressed by this cut.
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,M=800 GeV

(a) Distribution of ∆φe,τ. Except the cut on ∆φe,τ, all
other cuts used in this analysis are already applied
at this stage, to demonstrate the effect of a ∆φe,τ

cut independent of the overall cut sequence.

,M=800 GeV

(b) Meτ distribution after the opposite sign require-
ment, the b-jet veto, a cut on ∆φ

τ,✁ET

< 0.4 and

∆φe,τ > 2.8 .

(c) Calculated expected limits on the cross section times branching ration over the invariant
mass of the τ-sneutrino for different cut values. The optimized cut requires ∆φe,τ > 2.8.
Since the expected upper limits for high masses are nearly steady for the used cut values,
the line between the 1600 GeV and the 3500 GeV mass bin is horizontally constant. To
enable a better overview, the range of the ν̃τ mass is limited to 2000 GeV.

Figure 17: Distribution of ∆φe,τ (a), invariant mass distriburion Meτ after the ∆φe,τ cut (b), and
calculated expected limits for cut optimization (c). The exemplary signal in (a) and (b) is
according to an invariant mass of Meτ = 800 GeV.
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4.3.5 Transverse Mass MT

The last cut is applied on the transverse mass MT , which is calculated according to the

electron and the neutrino. These quantity is defined by:

MT =
√

2Ee

T✓ET (1− cos(∆φ
e,✁ET

)) (20)

Figure 18a shows the distribution of transverse mass for background, signal and data events.

The signal increases strongly for a specific value of MT , whereas the background is dis-

tributed along the whole range. It seems useful to cut on a minimum value of MT to reduce

especially background below these limit. All the other cuts, used in this analysis, are already

applied on the distribution in Figure 18a to demonstrate the effect of this cut being indepen-

dent of the overall cut sequence.

For ten different cut values, gradually increasing from MT = 50 GeV to MT = 410 GeV,

expected limits are calculated and shown in Figure 18c. Limits for the highest three val-

ues do not appear in the graph, since there are no statistics of the signal left after the cut.

Therefore cut values on MT much higher than about 200 GeV are inadequate. The limit of

MT > 130 GeV gives the best expected exclusion of cross section times branching ratio.

Therefore events in this analysis are required to have a minimum transverse mass of 130 GeV

according to definition in Equation 20.

Figure 18b shows the distribution for invariant eτ mass after the MT cut.
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,M=800 GeV

(a) Distribution of MT . Except the cut on MT , all other
cuts used in this analysis are already applied at this
stage, to demonstrate the effect of a MT cut inde-
pendent of the overall cut sequence.

,M=800 GeV

(b) Meτ distribution after the opposite sign require-
ment, the b-jet veto, a cut on ∆φ

τ,✁ET

< 0.4, ∆φe,τ >

2.8 and on MT > 130 GeV.

(c) Calculated expected limits on the cross section times branching ration over the in-
variant mass of the τ-sneutrino for different cut values. The optimized cut requires
MT > 130 GeV. Since the expected upper limits for high masses are nearly steady for
the used cut values, the line between the 1600 GeV and the 3500 GeV mass bin is hor-
izontally constant. To enable a better overview, the range of the ν̃τ mass is limited to
2000 GeV.

Figure 18: Distribution of MT (a), invariant mass distriburion Meτ after the MT cut (b), and calculated
expected limits for cut optimization (c). The exemplary signal in (a) and (b) is according to
an invariant mass of Meτ = 800 GeV.
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4.3.6 Summary of Applied Kinematic Cuts

Figure 19 shows the cumulated number of events in sequence of the requirements and ap-

plied cuts. The cut values and the concrete requirements are listed in Table 11 including the

ratio of number of remaining background events after a certain requirement or kinematic

cut within the sequence of requirements to the number of background events of preselection

stage for different background processes.

The event selection criteria reduce the background events by two orders of magnitude, whereas

the number of signal events of an exemplary signal with an invariant eτ mass of 800 GeV is

only reduced to 65% of the preselection stage. The reduction of the number of signal events

through the cut is correlated with the mass of the RPV signal. According to the cut values,

signals of lower invariant Meτ mass loose relatively less number of signal events compared

to signals with high masses.

Although the number of QCD and W+jet events of the preselection stage are reduced to

1.51% with the kinematic cuts and requirements, these events still represent the dominant

background with three fourth of the number of all background events. The disagreement

between the number of data and background events, which is caused by QCD (Section 3.4.2),

still remains.
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/

Figure 19: Cumulated number of events in sequence of applied cuts or event requirements.

Table 11: List of event criteria, the corresponding cut values or requirements and ratios of background
processes in percent. The ratio of a background process is given by the ratio of number
of remaining background events after a certain requirement or kinematic cut within the
sequence of requirements to the number of background events of preselection stage. The
ratio is calculated analogously and given for a exemplary signal of 800 GeV .

Event criteria
Cut value / QCD, Single Di- Drell-

Wγ,Zγ
RPV signal

requirement W+Jets Top, tt̄ boson Yan of 800 GeV

Opposite sign
requirement

qe · qτ = −1 14.1 67.7 55.8 67.6 53.6 93.8

B-jet veto Nb−jets = 0 11.6 11.0 42.6 57.6 43.9 83.1
Angle between
τ and ✓ET

∆φ
τ,✁ET

< 0.4 3.0 2.1 10.1 28.1 11.7 70.6

Angle between
τ and e

∆φe,τ > 2.8 1.9 1.0 4.0 5.6 3.0 65.0

Transverse mass MT > 130 GeV 1.5 0.9 3.8 5.5 2.0 65.0
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4.4 signal efficiency

The selection criteria for the electron and the τh, which are described in Section 4.1 and

Section 4.2, are used to reconstruct eτ events. Further requirements and kinematic cuts are

applied to select RPV signal events from SM background processes (Section 4.3). Figure 20

shows various efficiencies, which prerequisite different event criteria within the analysis. All

efficiencies only consider hadronically decaying taus.

The acceptance describes the signal acceptance, which fulfills the limits of transverse mo-

mentum pT > 20 GeV and pseudorapidity |η| < 2.3 due to the requirements of Section 4.2.

For signal events with high eτ invariant mass, the acceptance is above 90%.

The trigger efficiency requires eτ events, which fulfill the pT and η limits and furthermore

are selected by the trigger (described in Section 4.1.1).

The preselection efficiency is the efficiency of finding and reconstructing an eτ event, using

all selection criteria for electrons and taus, whereas no requirements or kinematic cut criteria

of signal event selection (Section 4.3) are required.

The final selection efficiency includes all criteria and cuts, which are finally used to select

RPV resonant signal events. For signal events above the turn-on-region up to 1500 GeV the

final eτ selection efficiency is stable around 25% to 30%. For limit calculation at arbitrary

signal masses, a function is fitted to the final selection efficiency with the following parame-

terization:

ǫeτ = A+
B

C+M
gen
e,τ

+D ·Mgen
e,τ (21)

where M
gen
e,τ is the generated invariant mass of an eτ pair. The values of the coefficients

A,B,C,D are given in Figure 20 below.

Final SelectionTrigger

Figure 20: Efficiency of the RPV signal after the acceptance requirements (red points), after the accep-
tance and trigger requirements (dark blue points), after the preselection requirenments in-
cluding acceptance, trigger, electron and tau cirteria but excluding any signal event criterea
(pink points) and after the final selection including acceptance, trigger, electron, tau and
signal event criteria (light green points).
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4.5 eτ invariant mass resolution

The relative per-event mass resolution describes the discrepancy of invariant mass of eτ pairs

between generated and reconstructed events and is defined by

σeτ =
(Mreco

eτ −M
gen
eτ )

M
gen
eτ

(22)

The invariant mass resolution is calculated for each single event of one signal mass point.

Per signal mass bin, the resulting distribution is fitted with a Gaussian and a Crystal Ball

fit around the mean of the distribution. The fit function is chosen according to the smallest

resulting χ2 value. A Gaussian fit for the signal mass point of 800 GeV is shown exemplary

in Figure 21. The width σ of the Gaussian or the Crystall Ball fit is the measure of the mass

resolution. The resulting relative mass resolution of eτ pairs after the application of all signal

event selection criteria is shown in Figure 22a. It consists of 23 points, which are fitted by the

following function

fres = A+B ·Mgen
eτ +C · (Mgen

eτ )2 +D · (Mgen
eτ )3 + E · (Mgen

eτ )4 +
F

M
gen
eτ

(23)

The values of the coefficients A,B,C,D,E and F are given in the plot for the efficiency shown

in Figure 22a. The mass resolution becomes worse with invariant mass lower than 2 TeV and

higher than 5 TeV with a plateau in between. The shape of the mass distribution is correlated

to the resolution of transverse momentum of the electron and tau. These relative per-event

resolutions describe the discrepancy of pT between generated and reconstructed events and

are defined by

σpT
=

(preco
T − p

gen
T )

p
gen
T

(24)

The pT resolution is calculated analogously to the invariant mass resolution. Figure 22b and

Figure 22c show the pT resolution of the electron and the τh after the application of all signal

event selection criteria as a function of the generated particle’s momentum. The pT resolution

is fitted analogous to the invariant mass distribution. The used function and the values of

the coefficients A,B,C and D are given in the related resolution plot.

Figure 21: Exemplary Gaussian fit of invariant eτ mass point of 800 GeV. The width C is used in
Figure 22a as the measure of the 800 GeV mass bin’s resolution.
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(a) Relative invariant mass resolution of eτ pairs, obtained from signal simulation
after the application of all signal event selection criteria.

(b) Relative transverse momentum resolution of the
electron, obtained from signal events after the ap-
plication of all signal event selection criteria.

(c) Relative transverse momentum resolution of the τh,
obtained from signal events after the application of
all signal event selection criteria. Here the missing
transverse energy of the hadronically decaying tau
is not considered in the pT .

Figure 22: Invariant mass resolution of eτ pairs and transverse momentum resolution of the electron
and the hadronic parts of the hadronically decaying tau within the signal events.

The pT resolution of the electron and tau becomes better with higher pT due to the fact that

the calorimeters get stronger signals and their resolution increases until a saturation plateau

is reached (see also Equation 5 and Equation 6). With higher pT the electron’s resolution

decreases with the silicon tracker resolution, since the electron’s trajectory is less bend (see

also Equation 4).
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4.6 systematical uncertainties

For this analysis different systematic uncertainties are taken into account. The following

systematic uncertainties are used for background processes [37]

• The electron and tau pT scale is used for the background event rate. The electron trans-

verse momentum is shifted by 0.4% for electrons in the barrel and by 0.8% for electrons

in the endcap. The tau transverse momentum scale is shifted by 3%.

• Scale factors are applied for electrons, that pass the HEEP ID (Section 4.1.2). The scale

factors and the corresponding systematic uncertainty is taken from [38].

• Lowered kinematic cuts are used for systematic uncertainties, to allow particles shift

from selected to selected. Concrete lowered kinematic cut values are

The minimum of the electron’s transverse momentum is shifted to pT > 15 GeV.

The boundaries of the electron’s pseudorapidity are shifted to 1.56 < η < 2.8 in

the endcap and |η| > 1.442 in the barrel.

• The uncertainty on pile-up events is estimated by a ±5% shift of the minimum bias

cross section.

• A systematic uncertainty of 2.7% is assigned to the integrated luminosity and is used

for background rates.
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4.7 statistical interpretation

4.7.1 Limit Calculation

The statistical analysis of the RPV model is performed using a Bayesian approach [39]. The

Bayesian approach is based on the Bayes’ theorem, which describes conditional probability.

P(theory|data) ∝ P(data|theory) · P(theory) (25)

were P(theory|data) is the probability of observing N events in data, which are expected by

theory. Based on that theorem, the posterior probability density function, which is used to

calculate, if the model describes the data properly, is given by

P(s|N) =
L(N|s) · π(s)

∫
L(N|s′) · π(s′)ds′

(26)

where L(N|s) is the Likelihood function and π(s) the prior probability, if the model is accurate.

The parameter s denotes the number of signal events and b the number of background

events in case of an experiment with N Poisson distributed data events. Due to the Poisson

distribution, the Likelihood function is regarded as

L(s|N) =
(s+ b)N

N!
· e−(s+b) (27)

Furthermore an upper limit on the number of signal events u can be computed according to

a confidence level of 95% by integration

0.95 =

∫u

−∞

P(s|N) (28)

An advantage of using Bayesian statistics for limit calculation is the option to include addi-

tional "a priori" information.

In this analysis the only prior information used, is the requirement of a positive cross section

times branching ratio for the researched signal event. The RPV signals result in a narrow

resonance. Since the width σ of the signals is small compared to the detector resolution (see

Section 2.2) and tails are small, a Gaussian curve is used to model the signal shape. Here,

the width σ is taken from the fit to the invariant mass resolution as described in Section 4.5.

Histograms are constructed from the Gaussian signal particle density function and they are

normalized to the expected number of signal events, given by the signal cross section, inte-

grated luminosity and final selection efficiency. Here the fit of the final selection efficiency

as described in Section 4.4 was used. The parameterization of the narrow resonance allows

a scan of the invariant mass spectrum with a fine spacing of the signal mass. Therefore the

hypothesis corresponds to the invariant mass resolution.

No excess with respect to the expectation is found in the measured invariant mass distri-

bution shown in Figure 23. Therefore exclusion limits on the signal cross section with a 95%

confidence level are determined. Here the multibin limit setting tool developed by the Higgs

group [40] was used.

The multibin limit is derived using binned eτ mass histograms as input [37].
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4.7.2 Results on RPV Resonant ν̃τ

The eτ invariant mass distributions of the data, signal and background processes except the

QCD samples were used for the limit calculation after all event selection criteria were applied.

The invariant mass distribution including the QCD samples is shown in Figure 23. The dis-

agreement between data and background is caused by inappropriate simulated QCD Monte

Carlo samples (Section 3.4.2), which evoke high spikes of statistical uncertainties. These lead

to problems within the limit calculation procedure and therefore the QCD Monte Carlo sam-

ples have to be excluded for the limit calculation.

The limits were calculated by Ms. Swagata Mukherjee. Figure 24 shows the limit on the

cross section times branching ratio of the RPV resonant tau sneutrino production and decay

into a electron plus tau pair. The solid black line represents the observed limit, given by

the CMS data, recorded in year 2015 with a luminosity of 2.7 fb−1. The dashed black line

represents the expected limit, given by the simulation of expected SM processes. The yellow

and green bounds represent the one and two sigma uncertainties of the expected limit. The

observed limit is within the two sigma expectation range for eτ masses above 200 GeV with

an exception at a mass of 1200 GeV. This is due to a local disagreement between data and

background, which is also noticeable in the mass distribution.

The red line represents the cross section times branching ratio given by the theory with

the used couplings. As a result a tau sneutrino with a mass below 650 GeV and couplings of

λ′ = λ313 = λ331 = 0.01 can be excluded.

4.7.3 Comparison with analysis from ATLAS

The ATLAS collaboration has performed this analysis with 8 TeV data using 20.3 fb−1 lu-

minosity [41]. The resulting limits are set on the cross section of the production of a ν̃τ,

decaying into the R-parity violating resonance in e±τ± final state. Candidate signal events

within the ATLAS analysis are required to have exactly two leptons, of opposite charge and

of different flavor. Analogously only hadronically decaying taus are used for tau reconstruc-

tion. Candidate signal events need to satisfy lepton selection criteria of ET > 25 GeV for the

τh and the electron, where the ET of the τh candidate is required to be less than the ET of the

electron. Furthermore kinematic cuts on ∆φeτ > 2.7, ✓ET < 30 GeV and pelectron
T < 150 GeV

were applied. For the couplings of λ′311 = 0.11 and λ313 = λ331 = 0.07 a lower limit on the

ν̃τ mass of 1.7 TeV is given. The numbers of observed candidate events are compatible with

the SM expectations.
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,M=800 GeV

Figure 23: Meτ distribution after all event selection criteria were applied. The exemplary signal in this
distribution is according to an invariant mass of Meτ = 800 GeV.

Figure 24: Cross section times branching ratio as a function of the tau sneutrino mass.
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C O N C L U S I O N

In this analysis a search for R-parity violating resonant production of a SUSY tau sneutrino

and decay into an electron plus tau pair has been performed. Therefore single electron events,

recorded within pp-collisions by CMS with a center of mass energy of
√
s = 13 TeV and a

luminosity of Lint ≈ 2.7 fb−1 were used. Event selection criteria were discussed and chosen.

The number of background events was reduced by two orders of magnitude using optimized

kinematic cuts and signal requirements. Inappropriate Monte Carlo simulation of QCD pro-

cesses leads to a disagreement between data and background events, but with neglect of

these, no significant excess of data has been observed in comparison to the Standard Model’s

prediction. Therefore limits on the cross section times branching ratio of the tau sneutrino

production and decay into an eτ pair were calculated by Ms. Swagata Mukherjee. The pro-

duction and decay into an eτ pair of a tau with a mass below 650 GeV and couplings of

λ′ = λ313 = λ331 = 0.01 can be excluded.
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Table 12: Used RPV signal Monte Carlo samples of different values for the invariant mass of the reso-
nance Mν̃τ

. Each sample contains 15000 generated events. The cross section times branching
ratio (BR) is given for each sample. The RPV signal cross section is calculated at NLO in per-
turbative QCD. Taken from [42] , [43]

Mν̃τ
(GeV) σ· BR (ν̃τ → e±τ±) (fb) Mν̃τ

(GeV) σ· BR (ν̃τ → e±τ±) (fb)

200 5.88 · 102 1800 1.49 · 10−1

300 1.57 · 102 2000 8.66 · 10−2

400 6.01 · 101 2500 2.40 · 10−2

500 2.90 · 101 3000 7.08 · 10−3

600 1.44 · 101 3500 2.13 · 10−3

700 8.20 4000 6.41 · 10−4

800 4.95 4500 1.85 · 10−4

900 3.13 5000 5.18 · 10−5

1000 2.06 5500 1.36 · 10−5

1200 9.68 · 10−1 6000 3.34 · 10−6

1400 4.94 · 10−1 6500 7.81 · 10−7

1600 2.67 · 10−1 - -

Table 13: Used background Monte Carlo samples with corresponding generator, kinematic cuts, used
cross section with corresponding order and number of generated events taken from [42] ,
[43].

process generator kinematic cuts (GeV) σused (pb) N
gen
events (106)

WJets → lν madgraphMLM M < 100 6.15 · 104 (NLO) 47.16
WJets → lν madgraphMLM 100 < M < 200 1.63 · 103 (NLO) 28.38
WJets → lν madgraphMLM 200 < M < 400 4.35 · 102 (NLO) 14.93
WJets → lν madgraphMLM 400 < M < 600 5.92 · 101 (NLO) 1.94
WJets → lν madgraphMLM 600 < M < 800 1.46 · 101 (NLO) 3.77
WJets → lν madgraphMLM 800 < M < 1200 6.66 (NLO) 0.05
WJets → lν madgraphMLM 1200 < M < 2500 1.61 (NLO) 0.25
WJets → lν madgraphMLM M > 2500 3.89 · 10−2 (NLO) 0.25
Wγ → lνγ madgraph M < 500 5.00 · 102 (LO) 6.10
Wγ → lνγ madgraph M > 500 1.18 · 10−2 (LO) 1.39
Zγ → llγ aMC@NLO - 1.18 · 102 (LO) 4.33
Z → ee powheg 50 < Mee < 120 1.98 · 103 (NLO) 2.98
Z → ee powheg 120 < Mee < 200 1.93 · 101 (NLO) 0.10
Z → ee powheg 200 < Mee < 400 2.73 (NLO) 0.10
Z → ee powheg 400 < Mee < 800 2.41 · 10−1 (NLO) 0.10
Z → ee powheg 800 < Mee < 1400 1.68 · 10−2 (NLO) 0.10
Z → ee powheg 1400 < Mee < 2300 1.39 · 10−3 (NLO) 0.10
Z → ee powheg 2300 < Mee < 3500 8.95 · 10−5 (NLO) 0.10
Z → ee powheg 3500 < Mee < 4500 4.14 · 10−6 (NLO) 0.10
Z → ee powheg 4500 < Mee < 6000 4.56 · 10−7 (NLO) 0.10
Z → ee powheg Mee > 6000 2.07 · 10−8 (NLO) 0.10
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process generator kinematic cuts (GeV) σused (pb) N
gen
events (106)

DYJets → ττ aMC@NLO 50 < Mττ < 100 6.10 · 103 (NLO) 28.75
DYJets → ττ aMC@NLO 100 < Mττ < 200 2.26 · 102 (NLO) 0.10
DYJets → ττ aMC@NLO 200 < Mττ < 400 7.67 (NLO) 0.01
DYJets → ττ aMC@NLO 400 < Mττ < 500 4.23 · 10−1 (NLO) 0.01
DYJets → ττ aMC@NLO 500 < Mττ < 700 2.40 · 10−1 (NLO) 0.01
DYJets → ττ aMC@NLO 700 < Mττ < 800 3.50 · 10−2 (NLO) 0.01
DYJets → ττ aMC@NLO 800 < Mττ < 1000 3.00 · 10−2 (NLO) 0.01
DYJets → ττ aMC@NLO 1000 < Mττ < 1500 1.60 · 10−2 (NLO) 0.01
DYJets → ττ aMC@NLO 1500 < Mττ < 2000 2.00 · 10−3 (NLO) 0.01
DYJets → ττ aMC@NLO 2000 < Mττ < 3000 5.40 · 10−4 (NLO) 0.01

tt̄ powheg M < 700 8.32 · 102 (NNLO) 97.90
tt̄ powheg 700 < M < 1000 7.66 · 101 (NNLO) 3.04
tt̄ powheg 1000 < M 2.58 · 101 (NNLO) 1.78

tW → 2l2νb powheg - 3.81 · 101 (NNLO) 0.49
t̄W → 2l2νb̄ powheg - 3.56 · 101 (NNLO) 1.00
tq → lνbq powheg - 4.19 · 101 (NNLO) 3.09
t̄q → lνb̄q powheg - 2.53 · 101 (NNLO) 1.63
WW → 2l2ν powheg M < 200 1.22 · 101 (NNLO) 1.98
WW → 2l2ν powheg 200 < M < 600 1.39 (NNLO) 0.20
WW → 2l2ν powheg 600 < M < 1200 5.67 · 10−2 (NNLO) 0.20
WW → 2l2ν powheg 1200 < M < 2500 3.57 · 10−3 (NNLO) 0.20
WW → 2l2ν powheg 2500 > M 1.22 · 101 (NNLO) 0.04
WW → 4q powheg - 5.17 (NNLO) 2.00
WW → lνqq powheg - 5.00 · 10−1 (NNLO) 0.04
ZZ → 2l2ν powheg - 5.64 · 10−1 (NLO) 8.71
ZZ → 4l powheg - 1.26 (NLO) 6.67
ZZ → 2l2q aMC@NLO - 3.22 (NLO) 15.26
ZZ → 3lν aMC@NLO - 4.43 (NLO) 2.00
WZ → lν2q madgraph - 9.81 (NLO) 2.00
WZ → 3lν powheq - 4.43 (NLO) 2.00
WZ → 2l2q aMC@NLO - 5.60 (NLO) 25.21

QCD EM-Enriched pythia8 50 < M < 80 1.98 · 107 (LO) 22.22
QCD EM-Enriched pythia8 80 < M < 120 2.80 · 106 (LO) 36.03
QCD EM-Enriched pythia8 120 < M < 170 4.77 · 105 (LO) 36.20
QCD EM-Enriched pythia8 170 < M < 300 1.14 · 105 (LO) 11.52
QCD EM-Enriched pythia8 300 < M 1.35 · 103 (LO) 7.34
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