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Abstract

In particle physics, when a particle decays, it is not always possible to fully reconstruct
the decaying particle. This is due to the nature that some particles, such as neutrinos, do
not typically interact and go straight through the detector unnoticed. This means when
attempting to reconstruct the original mass of the decay, there will be missing information.
Thus, the question is, even when there is missing information in a decay, is it possible to
accurately reconstruct the decaying particle? In this project we will be focusing on the decay
of Z — m,m,, which will henceforth be referred to as a ditau decay, and the applicability
of the reconstruction techniques discussed to other particles that undergo a ditau decay.
This project focuses on the implementation of a new kinematic method for determining the
momentum of a hadronically decaying 3-prong tau. Given this new way of determining the
momentum, it has been tested on Monte Carlo samples before being run over data. What
was found was that given this new technique, it is possible to reduce background contained
in the reconstruction. This gives a higher signal significance for the ditau reconstruction. As
signal significance is the figure of merit for discovery potential, this gives hope to the idea

that the technique discussed will be able to be used on more than just Z decays.
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1 Introduction

1.1 The Standard Model

The Standard Model (SM) of particle physics is a model that describes subatomic par-
ticles and their interactions. Through these interactions, we have four fundamental forces:
the strong force, the weak force, electromagnetism, and gravity. All of the forces except
for gravity are contained within the SM [10]. We are able to describe, individually, how
each of these forces manifest in nature. The electromagnetic interaction is described using
quantum electrodynamics (QED). When coupling QED with the weak interaction in order
to describe a broader range of interactions we obtain electroweak theory (EW). Lastly, the
strong interaction is described by quantum chromodynamics (QCD) [11]. We are able to

combine these theories to form the symmetry group describing the SM:

SU(S)C X SU(Q)L X U(l)y

where SU(3)¢ is the symmetry group describing QCD and SU(2) X U(1)y is the sym-
metry group describing electroweak theory [13]. We see that the electroweak theory is two

parts as it is the unification of the electromagnetic and weak interactions.

The current SM is given in Figure [l Subsets of particles contained within the SM
experience these forces in different ways. The table is split into bosons and fermions, where
bosons have integer spin and fermions have half-integer spin. Furthermore, the SM can be
broken into three sub categories. These are represented by quarks, bosons, and leptons [14].
We note that the quarks and leptons come in three generations and that each subsequent
generation is more massive than the previous [15] [16]. Also, all quarks and leptons have an
associated anitparticle with identical mass and spin but opposite electrical charge (except
for neutrinos which are electrically neutral). For every pair of quarks in a generation, the
positively charged quark has electric charge +2/3e and the negatively charged quark has
electric charge -1/3e. This is different from the leptons, where each pair of leptons in a gen-
eration has one particle that is negatively charged with charge -e and a compliment neutrino

which is electrically neutral.

Quarks are the fundamental particles that make up most matter that we see in the
universe |17]. As the quarks are charged, this is what allows them to interact electromag-
netically. We understand that quarks also interact via the strong force. They have a distin-

guishing factor referred to as color that dictates their strong force interactions. Quarks also



exhibit asymptotic freedom. This means that the attraction between quarks grows weaker
as the quarks approach one another more closely and correspondingly that the attraction
grows stronger as the quarks are separated [18]. Quarks combine together to form hadrons.
Hadrons are divided into baryons and mesons. If we have a bound state of two quarks in the
form of a quark-antiquark pair, this is called a meson. A bound state of three quarks is called
a baryon [19]. The strong force is what keeps baryons and mesons held together. The up (u),
charm (c), and top (¢) form a family, and the down (d), strange (s), and bottom (b) form
a family. The positively charged up quark and negatively charged down quark are the first
generation. These quarks make up the majority of matter as they are the building blocks of
protons, neutrons, and pions. The second generation is the positively charged charm quark
and the negatively charged strange quark. The second generation forms hadrons such as
kaons and lambdas. Lastly, the third generation is the positively charged top quark and the
negatively charged bottom quark [20]. The third generation of quarks are very heavy and
have very rapid decays. The bottom quark is sometimes found in exotic bound states, but
the top quark, with a mean lifetime to be roughly 5 x 10~%s, has such a rapid decay that
it is never found in bound states as this lifetime is about a twentieth of the timescale for
strong interactions [21]. We also note that normal matter is colorless. That is, a meson has
one quark with a color and the other with that anti-color (i.e. the two quarks might be a red
and an anti-red). In a bound state of three quarks, you have a red, green, and blue quark.

This works out to be colorless as well [22].

Leptons interact electromagnetically and via the weak force predominantly. So, while
the quarks interact via both the strong and electroweak forces, the leptons only experience
the electroweak interaction [23|. For the leptons, the electron, muon, and tau form a family.
Similarly, the electron neutrino, muon neutrino, and tau neutrino form a family [16]. The
first generation consists of the electron (e) and the electron neutrino (v,). The electron is
the most common lepton found in nature as it is responsible for electric current and forming
shells around nuclei to create atoms. The second generation is the muon (1) and the muon
neutrino (v,). Muons are heavier than electrons and with a mean lifetime of 2us. When a
muon decays it primarily decays to an electron, a muon neutrino, and an electron antineu-
trino [24]. Lastly, the third generation is the tau (7) and the tau neutrino (v,). The tau is
the heaviest of the leptons with a mean lifetime of 0.3ps and can decay either leptonically or
hadronically [1]. These decay will be discussed in greater detail later in the paper. Of the
leptons, as discussed earlier, the electron, muon, and tau are charged with charge -e, while

their corresponding neutrinos are electrically neutral.



In the SM we also have bosons, which are the force carriers of the SM. The interactions
between between quarks and between leptons are mediated by the bosons. Currently, there
are four gauge bosons in the SM; gluons (g), photons (), Z, and W [25]. All of the aforemen-
tioned bosons each have spin 1. Photons are the bosons that mediate the electromagnetic
interactions. Gluons mediate the strong interactions. Finally, W and Z mediate the weak
interaction. The W can have charge +1 (W) or -1 (W™), while the photons, gluons, and
Z are all electrically neutral. Currently, W and Z are the only massive bosons in the SM.
The final boson, the scalar boson, is the Higgs boson. It is a spin 0 boson that comes as a

consequence of the Higgs field [26].

Standard Model of Elementary Particles
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Figure 1: The current SM for particle physics.



1.2 The Z creation and decay

The different ways that the tau can decay and with what probabilities are given in the
Appendix, Section 6.1, Table [6.1] We now define and differentiate what it means for a tau
to decay leptonically versus hadronically. In either forms of the decay the tau first decays
directly into a tau neutrino and a virtual W boson with a sign matching that of the tau.
When a tau decays leptonically, the W boson will decay most often into either an electron
and electron neutrino or muon and muon neutrino. Thus, due to the nature of neutrinos,
the only visible products in the leptonic decay case are the electron or muon. The Feynman

diagram for this decay is given by Figure

Figure 2: Leptonic 7 decay

In the case that a tau decays hadronically, the W decays into a quark-antiquark pair.
This pair will then rapidly hadronize into jets. These interact with gluons to create 7,
71—, and pions (7°s). Due to conservation of charge, there will always be an odd number of
charged pions with net sign being the charge of the original tau. In the case that there is
one charged pion present in the decay, we will refer to this as a 1-prong decay. In the case
that there are three charged pions in the decay, we will refer to this as a 3-prong decay. The
Feynman diagram for this decay is given by Figure |3l We can see that in this case there is

only one neutrino, unlike the leptonic case where there are two neutrinos.

Figure 3: Hadronic 7 decay



1.3 Beyond the Standard Model

We note that the SM is incomplete. The SM fails to answer many broad questions in
particle physics. Some example questions that the SM fails to address are the identity of
astronomical dark matter, the matter/antimatter asymmetry in the universe, and the hierar-
chy problem of why gravity is so much weaker when compared to the other forces governing

particle interactions.

An example theory that is used in an attempt to help with this incompleteness is string
theory. String theory is considered a promising candidate for describing gravitational sys-
tems at strong coupling and thus plays a prominent role in the description of black holes and
evolution of the universe through the understanding of the origin of dark energy. Similarly,
models with additional neutrino fields at the TeV scale provide a possible explanation for the
mass of light neutrinos. New heavy particles are a common manifestation of these models,
and we can potentially probe them at the Large Hadron Collider (LHC) [34].

As an aside, we discuss what symmetries are and the importance of them in parti-
cle physics. We know from Noether’s Theorem that where there is a symmetry there is a
conservation law. Some notable examples are time translation symmetry giving us energy
conservation, space translation symmetry giving conservation of linear momentum, lorentz
boost symmetry giving angular momentum conservation, and phases of wavefunction and
gauged potential symmetries giving charge and current conservation. We note that gauge
symmetries, in physics, is the observation that you can redefine the fields or particles in

terms of each other, in such a way that the laws remain the same [27].

In order to attempt to resolve the incompleteness of the SM, we can introduce new
gauge fields and interactions. A common manifestation of these gauge fields and interac-
tions is heavy, neutral gauge bosons. This is because these heavy gauge bosons can be the
gauge field of a new local broken symmetry. An example theorized heavy gauge boson that
we will be focusing on is Z’. Z' is a hypothetical gauge boson that arises from extensions
of the electroweak symmetry of the SM. There are several models of physics beyond the
SM that predict Z’ bosons with varying properties. Some examples include models with
a new U(1) gauge symmetry [28], little Higgs models [29], and Es Grand Unified Theories
(GUT) [30]. In models with a new U(1) gauge symmetry, the Z’ is the gauge boson of the
broken symmetry. In little Higgs models, breaking of the global symmetry by gauge and
Yukawa interactions generates Higgs mass and couplings at the TeV scale that cancel off the

SM quadratic divergence of the Higgs mass from top, gauge, and Higgs loops. This results



u,d T
Z/

a,d T

Figure 4: Feynman Diagram for a theoretical Z’ decay.

in one of more Z’ bosons. In Kaluza-Klein models, the Z’ bosons arise as a result of hidden
extra dimensions. We can see that the implications of these models gives hope of uncovering

new physics at the TeV scale.

In searches for Z’, models that include an extra Z’-like neutral gauge boson that decays
to pairs of high pr tau leptons are of particular importance. Although many models with
extra gauge bosons obey the universality of the couplings (meaning the bosons decay to each
generation of fermions with equal frequency), some models include generation-dependent
couplings resulting in extra neutral gauge bosons that preferentially decay to tau leptons,
making this analysis an important mode of discovery. The primary model studied in this
project is the Sequential Standard Model Z’. This model assumes universality of the cou-
plings (just like the SM Z) which makes it a useful benchmark both for testing other models
and for tuning the search methodology [34].

In pp collisions at the LHC, the Z’ is expected to be generated in much the same way
as the SM Z. That is, Z’ is to be primarily generated through Drell-Yan production via
quark-antiquark interactions from the colliding protons. Since we are assuming Z’ is a heavy
neutral gauge boson with many of the properties of the more common Z-boson, a decay of
interest for this analysis will be Z’ to a pair of leptons, more specifically taus. This example
creation and decay of Z’ is given in Figure |4l In the choice to study decays to tau leptons, we
place particular emphasis on current ditau mass reconstruction techniques. In this instance,
we could apply current ditau reconstruction techniques in order to extrapolate back to a

crucial property of the Z’, its mass.

We aim to probe interactions involving Z’ using particle physics technology like that
available at the LHC.



Figure 5: A birds eye view of the LHC experiment.

1.4 LHC and CMS

The LHC is the world’s largest and highest energy particle accelerator . The LHC is
a 27-km ring between 45 and 170 m underground that spans the border between France and
Switzerland. The purpose of its creation is to accelerate proton beams to nearly the speed of
light (about 3 m/s slower than ¢) prior to colliding them [3]. This is done by accelerating the
protons in two counter rotating vacuum tubes being bent by 8.3 T superconducting dipole
magnets . The beams are crossed, thus creating collisions, at four locations along the
length of the ring. These are the CMS, ATLAS, ALICE, and LHCb experiments. One of
these experiments is the CMS experiment, which stands for Compact Muon Solenoid. With

these collisions, we can probe particle interactions at very high energies.

When the beams collide, the relativistic energy of the collision can be transferred to
the mass of new particles. At the CMS experiment, an incredible amount of this collision
data is collected. The CMS experiment is 100 meters underground and is 21.6 meters long,
15 meters in diameter, and weighs about 14,000 tonnes, but we say it is compact in terms
of the amount of data collected versus its size [5]. It is a cylindrical multilayered structure
consisting of a “barrel” and two endcaps, with the LHC beam passing through the central
axis of the cylinder. CMS focuses on the accurate detection of muons. For most outgoing
particles of a collision, those particles experience the influence of the largest solenoid ever
created. The magnetic field is created by a 4 Tesla magnetic field that is 100,000 times
stronger than that of the Earth [§]. We will study collisions from the CMS experiment for

this analysis.

The CMS detector is comprised of a silicon pixel and strip tracker, a lead tungstate

10



crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL). Muons are measured in gas-ionization detectors embedded in the steel flux-return

yoke outside the solenoid. We can see a slice of the CMS experiment in Figure [6] [6].

The silicon tracker is the innermost detector element in CMS and is designed to provide
the highest resolution measurement of charged particle trajectories |7]. We refer to trajec-
tories as “tracks.” This tracker is composed of the pixel detector and the strip tracker. This
system is able to obtain position data from the ionization of silicon as a charged particle
passes through it. The next layer outward from the silicon tracker is the ECAL. The ECAL
is made of crystals that are lead tungstate. We obtain information about charged particles
in this section as charged particles deposit the majority of their energy here. Hence, the
ECAL is designed primarily to measure the energies of photons and electrons. Surrounding
the ECAL is the HCAL. The primary function of the HCAL is to measure the energies of
hadrons. In order to accomplish this task the HCAL is made of brass from melted down
artillery shells [9] interspersed with plastic scintillation panels. With this design, hadrons
will deposit the remaining portion of their energy here. In most cases, electromagnetically-
interacting particles are absorbed by the ECAL and don’t make it to the HCAL. The solenoid
is located just outside the HCAL system, but is contained inside the muon system. Lastly
we have the muon chambers, which is the outermost layer of the detector. As its name would
suggest, the primary function of the muon system is to detect any muons that occur within
the interaction. The muon system is composed of drift tubes, cathode strip chambers, and

resistive plate chambers.

For example, we can see from Figure [6] the electron has a curved path that stops within
the ECAL. The reason that the electron’s path bends is because, unlike the neutral hadron,
it is charged. We see that it stops in the ECAL as this is where charged particles deposit
most of their energy. We note that even though the photon is not charged this is also where
it deposits its energy due to it interacting electromagnetically. Things like hadrons do not
deposit the majority of their energy until they reach the HCAL. It should also be noted that
the chief set of software tools used to reconstruct physics objects is a group of algorithms
collectively referred to as Particle Flow (PF) [12].

We study current ditau mass reconstruction techniques in order to discern potential
ways to improve upon their resolution. To date, only a lower bound for the mass of Z’ can-
didates is confirmed at 2.5 TeV [31]. Thus, it is of high importance to find and develop new

techniques in order to better reconstruct original masses of ditau decays. For the purposes
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of this project, we will be testing any new reconstruction techniques on Z processes where
Z decays to two tau leptons, as the mass of the Z is known to reasonable accuracy, allowing
for a control region. Thus, if we are able to accurately reconstruct the mass of the Z, then
this would give us confidence to apply the new ditau mass reconstruction technique in the
context of Z' decays. These ditau mass reconstruction techniques have further utility since
the reconstruction technique can be used on any particle that decays to ditau. Thus, this

method could be used on the Higgs particle as the Higgs can decay via Z to ditau [32].
Two forms of data will be used for determining the accuracy of these methods. The

first form of data will come from Monte Carlo (MC) simulation, and the other data being

used will come from LHC, more specifically CMS.
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1.5 Definition Area

We will now define some kinematic quantities that will be used throughout the rest of
this paper. We note that the CMS experiment, which is where our data will come from, uses
a right-handed coordinate system. In this system, the origin is set at the nominal pp collision
point. For each of the axes, the x-axis points towards the center of the LHC ring, the y-axis
points up, and the z-axis points along the beam line in the counter-clockwise direction. CMS
also uses a pseudo-polar coordinate system. In this case we define ¢ as the azimuthal angle
measured from the z-axis in the xy-plane. Next, 6 is defined as the polar angle from the +z

axis. We also define 7, the pseudorapidity, in terms of . The equation for this is given below.

Common terminology used in particle physics is the “transverse plane,” which is the
xy-plane perpendicular to the beam axis. Often times observable quantities are given in
terms of their transverse component. We denote the transverse component of a term with
a “T” subscript. As an example, particle momentum is often referred to in terms of its

transverse component, pr [33].

e pr: Transverse momentum: /p; + pi.

o B (MET): Missing transverse energy: EF™* = —3 "\ id particles PT-

e my: Transverse mass which is obtained from transverse momentum and transverse

energy: (A(¢) is the difference in azimuthal angles between the tau pr and the Ess):
V2 X pr(m) X B x (1 — cos(Ag)).

e 7: Particle’s angular position with respect to the beam direction: n = —In [tan (g)}

- /,n=0.88

0=45°
U=1Uq_,_,——'-"n=2 .44
Lﬂd 0=02 > r]:ﬂO

Figure 7: A visual representation of pseudorapidity (n)
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2 Preliminary Analysis

2.1 Background and Signal Process

In order to understand the paradigm of data analysis in which we’ll be applying the
ditau mass reconstruction techniques, we must first understand what our signal process is
and what background processes we will have to consider. The signal process is that which
we are targeting. It contains the particle of interest, in this case Z’, and we seek events of
this type in our analysis. In the case of this project, we wish to understand particles that
decay to ditau. SM backgrounds are other interactions and effects that are not the desired
process, the signal process, but are being created in the interaction. This is because a SM
background is a process that mimics the signal process. What we means by this is SM back-
ground processes have similar output products as the signal process. Thus, we must find
ways to sift through or distinguish abundantly-produced and better known SM backgrounds
from the desired signal process. Since a Z-boson can decay to a ditau pair, this type of event
mimics the signal we seek. Hence, we must consider Z+jets processes as a SM background.
There will be other SM backgrounds to consider as well. We note that in the remainder of

this document, we focus on Z+jets events.

When protons collide, the relativistic energy of their collision can be transferred to
mass energy of various kinds of particles. For example, we can also obtain W bosons, top
quarks, and showers of jets. For reference, a jet is a highly energetic spray of particles. So,
the question becomes how are we able to differentiate the two? That is, how do we tell
the difference between signal process and background when both the signal process and the
background can look the same? Some primary ways to differentiate signal and background
is through the use of particle multiplicity or kinematic criteria. More terminology used in
particle physics are the terms “cut” and “veto,” which are interchangeable with selection
criterion and rejection, respectively. Particle multiplicity takes advantage of the number and
type of included particles in the topology. The kinematic criteria utilizes information about

particle locations in the detector and how the particle should propagate.

Some examples of how we use particle multiplicity are vetoes of particular leptons or
jet types and multiplicity requirements for leptons or jets. Two cuts of this type used in
this analysis are the requirement of two taus in a decay and a “b-jet veto.” The b-jet veto
indicates that if a bottom quark is detected in the decay then the event will be discarded
as it will not be part of the signal process. This is because b-jets will most often be coming

from decays of top quark pairs, where each of t and ¢ gives a W and a b-jet. Due to the
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presence of W bosons in the stated decay, the process is able to mimic the signal process.

Thus, this is a SM background that we can effectively reject with the b-jet veto.

Examples of kinematic criteria used are EZ¥** cut values, transverse momentum (pr)
thresholds for leptons or jets, or pseudorapidity (n) requirements for leptons or jets. A cut

used in this analysis is the “discriminate by isolation.”

Figure 8: Visual representation of a cone used to determine isolation

The isolation of a particle is determined by drawing a fixed cone of size parameter
R = \/m around a particle candidate and summing the energies of all of the other
particles (originating from the collision point) as measured in the tracker, ECAL, and HCAL.
A visualization of this is given by Figure[§ The most commonly used definition of isolation
is relative isolation, I,..;, which divides the sum of the energies deposited by the pr of the

candidate particle:

Z Etracker + Z EECAL + Z EHC’AL

L = ;
: pr(candidate)

So, the isolation for a lepton describes the ratio of the other particles and products con-
tained in some cone around the lepton track to the transverse momentum of that lepton. The
other products include contributions to the energy from charged hadrons, neutral hadrons,
photons, and pileup. Pileup is due to collisions happening every 250ns. As the detector has a
delay before being able to obtain information about the current collision, the next collision is

occurring theoretically before we obtain all of the information from the first in a series of two.
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We make a requirement on how much of the other products can surround the lepton
track with respect to the lepton transverse momentum. We make this cut so that we have a
“cleaner” decay to observe and with which to work. An example of what the isolation cones

would look like in a Z decay is given by Figure [0
As viewed in the Transverse plane

— - + A N
U, ‘j,__,a—_";-l; T %.ﬂ

= D———
e - T - v,
u

Figure 9: Example of Z’ decaying to leptonically decaying taus and examples of what the
isolation cone around the decay would look like.

As discussed before, a main background for Z' — 77 is Z — 77. Thus, it is of high
importance to understand the Z decay, not just so that we have a control particle that we
are able to test any new ditau reconstruction techniques on, but also because we must be
sure we are able to differentiate it from the Z’ decay. Thus, we introduce a control region
(CR). The CR is the region used to test the Z+jets background estimation procedure. For
the analysis performed in this project, the cuts used to define this CR are given in Table [2.1]

’ Name of cut \ Requirement ‘
Number of 7s 2
MET (E%) cut > 30.0 GeV
bJet veto on (medium WP)
T: 1 cut <21
T: pr cut > 60.0
7: Disc by isolation on (15%)
7: Prong type 1 or 3 prongs (lor3hps)
dit pair: Disc by OS on
diT pair: mass cut 70-110 GeV

Table 2.1: Cuts used for CR.
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2.2 Standard Methods for ditau Mass Reconstruction

For a reconstruction technique of the mass to be considered optimal, we check that two
conditions are satisfied. First, a good reconstruction technique will illustrate the mass of the
Z-boson to be approximately 90 GeV [1]. This means that a plot of the ditau reconstructable
mass will include a peak at 90 GeV. The narrower the peak, the better the resolution. Sec-
ond, a good reconstruction technique will also reduce the contribution from SM backgrounds
relative to signal contributions. This improves the signal significance, which we define as
S/v/S + B in most instances where S is for signal events, and B is for background. We
utilize the two conditions as a figure of merit to determine signal significance, which relates

directly to discovery potential.

There are currently three standard methods being implemented for the reconstruction
of ditau masses. These methods will be what we are comparing the results of a newly imple-
mented technique (described later) to in order to determine if there is improvement in terms
of the mass peak or if there is a decrease in the amount of background relative to signal.
The three methods are referred to as the Standard method or Invariant Mass technique, the

vector sum of visible products and E#*$ (MET), and the Collinear approximation technique.

The Invariant Mass technique is the sum of the mass of the visible products of the ditau
decay. We note that when we refer to mass we are referring to the 4-momentum of the visible
products. In the case of a Z decay, we expect that this method will produce a mass peak
below 90 GeV as the Invariant Mass technique does not take into account any information
about the invisible products, such as neutrinos. The vector sum of visible products and
Ef¥ss reconstruction technique is similar to the invariant mass technique, where it is the
sum of the mass of the visible products, but it has the added benefit of keeping track of the
E7ss in the calculation of the mass. However, as E7"*** does not accurately describe all of
the vector information of the neutrino and is unable to discern between “real” Ef*** and
“fake” Emss (discussed later), the vector sum of visible products and E* technique will
be unable to exactly calculate the original mass of the decay. Last, we have the collinear
approximation technique. This technique assumes that the E#%¢ is only coming from v, and
the mass of the tau is zero (p > m). It also assumes that the decay products are produced
collinearly. The assumptions of this technique are accurate to high order, but the collinear
approximation technique, like the vector sum of visible products and EF** technique, will

suffer from the same issues as discussed before.

Utilizing primarily Drell-Yan MC, we obtain the histograms given in Figure [10| where
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Figure 10: The three standard reconstruction techniques:
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the top left histogram is the Invariant Mass technique, the top right histogram is the Vector
Sum of Visible Products and MET (E%*) technique, and the bottom middle histogram is

the Collinear Approximation technique.

We can see that there is a large disagreement between the values obtained in the his-
togram and where the data lies. This is primarily due to QCD. The main contributing
background at 150 GeV and higher is QCD multijet background. The diagram for this back-
ground is given in Figure

9
q
q
g
q
q
9

Figure 11: Feynman Diagram for QCD multijet background.

QCD is a primary contributing background because during the interaction two jets can
be produced. When these jets are produced they are both able to “fake” a tau, where to
“fake” means that a jet is misidentified as a lepton (tau in this case) due to its composition.
This means that QCD can create a signal with a similar output to the signal process. How-
ever, unlike the b-jet veto as discussed earlier, it is more difficult and requires a more elegant
solution in order to account for QCD, as well as to cut on it. Thus, for our results we do
not take into account QCD as it is beyond the scope of our current analysis. This means

that, in terms of the project, there is currently no need for an accurate representation of QCD.
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2.3 Aside

As discussed earlier we now make an aside to discuss the difference between “real” EIss
and “fake” Ems. This distinction is required due to the presence of both neutrinos and
jets in the events being studied. We know that the colliding protons in the LHC have zero
net transverse momentum. By conservation of momentum, it’s expected the the particles
generated from each pp collision will have net zero total transverse momentum. However,
some particles, such as neutrinos, will evade CMS undetected. As mentioned before, this
is due to the neutrinos being electrically neutral and only interacting weakly. This missing

momentum we refer to as E7"*.

The “real” EI"** comes from particles which we cannot directly detect. An example, as
we would expect, is any transverse momentum carried away by a neutrino. Any momentum
carried by a neutrino will not be well measured by the detector. Hence, the pr that it carries
will be a contribution to the “real” Efss. “Fake” EJ'*** often comes from mismeasurement.
Even though the CMS detector has a high degree of accuracy, it is not perfect. For instance,
if we measure the transverse momentum of a jet slightly off, that will add a contribution
to the ET**. However, as this is information that is not actually “missing,” it will be a
contribution to the “fake” EM“$. The combination of the “real” E7** and the “fake” EMss

gives us the total Ef*** but we are unable to discern how much of the total is “real” or “fake.”
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2.4 Analysis of histograms

The peak of histograms given in Figure [10]| represents where we expect the mass of the
two taus to fall based on the kinematics. For example, if two tau particles comes from a
Z-boson at rest, then we expect their masses to total near the mass of the Z-boson. In
general for QCD multijet background, we have that the mass of the ditau created by this
background is proportional to the transverse momenta of the two taus summed together.
That is, m(71, 72)  pr(71) + pr(7). Since we have taus with a lower transverse momentum
threshold of 60 GeV, the QCD multijet background contributes primarily in the tails (above
150 GeV) of the mass distribution. For Z+jets, if we assume that the system has no extra
momentum (boost), it should be the case that each of the taus receive approximately 45
GeV from the Z-boson as the Z-boson has a rest mass of 90 GeV. Then, in the case of
hadronically decaying taus, each of those taus are expected to decay to a hadronic tau (the
visible products) and a tau neutrino. Thus, each hadronic tau should have approximately 23
GeV of the total momentum in a non-boosted scenario. Given our requirements on the lower
threshold for tau transverse momentum at 60 GeV, this indicates that there could, for ex-

ample, be some contribution to the momentum of the event from initial state radiation (ISR).

This is expected in the detector as ISR will most often come from instances where the
incoming quarks in the collision radiate a gluon jet. The ISR-jet boosts the system, trans-
ferring some momentum by conservation laws to the Z-boson. This means that the Z-boson
will have more energy to give to the subsequent taus created in the decay. We provide
support for this idea by examining the transverse mass (mg) plot for our control region. In
analyses involving ISR, it has been found previously that it is often the case that the taus
and neutrinos go in opposite direction of the ISR [35]. We know that the neutrinos will be
the primary contribution to the E**. Thus, with the taus and neutrinos travelling nearly
collinearly, the angle between the E*** and the tau azimuthal direction will be small. Since
the difference in azimuthal angles between the tau and the E7** is small, we see from the
dependence on A(¢) in the mp equation given in Section 1.5 that Z+jets, in this way, will

contribute more at the low end of the my spectrum.

For QCD multijet, we get a larger contribution at the higher end of the my plot. If we
imagine that those two jets are presumably back to back, the EZ** will likely come from
mismeasurement of one of those two jets. Since the jets are nearly back-to-back, assume
without loss of generality that the E7* is aligned with the first jet. This means that the
difference in azimuthal angles between the EZ'*** and the tau (from the second jet) is ap-

proaching 7. Again, using the equation for my discussed in section 1.5, it is clear that A(¢)
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would then be approaching 7. As a result this would produce a higher value for my. This
is the reason behind why QCD multijet contributes at the higher ms end of the plot. But,

how it the idea of ISR reflected in the transverse momentum plot?
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Figure 12: pr of 71 generated from a Z decay.

From Figure there is a better agreement between data and MC at the higher end
of the transverse momentum plot. This reflects a good modeling of ISR, which provides a

natural kinematic boost to the system.

If we operate knowing that the two jets from QCD multijet are nearly back-to-back,
then the EM* should lie along the direction of one of the two jets. For example, assume
that both jets have 60 GeV momentum, but they are produced back-to-back. In this case
there would be no E¥*** as the net transverse momentum would be zero. However, if one
of the two jets in the example was mismeasured by, for example, 10%, this would create
a small fake EZV** contribution. For Z-jets the EM%* is going to be, on average, higher.
Even in the non-boosted case, the two neutrinos are expected to have 45 GeV of momentum
contributing to the EMs. However, the EM** will only increase with additional boost as
the Z would then have more energy to give to the neutrinos in the decay. In order to see

to what extent boost can affect our EI"*** a example histogram of E**** is given in Figure .

From the histogram it is clear that, on average, the E#%* created in a collision is usually

low (below 100 GeV). However, considering our expected mass of Z is 90 GeV, it is possible
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Figure 13: E%5 for Z decaying to a ditau lepton pair.

for the EM$ to have a very large effect when using one the standard ditau reconstruction

techniques described in Section 2.2.
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2.5 Test Cases and Analysis

In order to solidify the understanding we have about Z decays, we check several forms
of kinematic criteria as they apply to these decays. First, using MC, we are able to find the
percent of momentum that the neutrino carries away the original tau momentum. We are
able to do this as, unlike in real data, a decay created by MC contains “all” information
about said decay. This includes all information about any neutrinos that are present in the
decay. Similarly, we are able to find the percent of the momentum carried away by the
neutrino after the decay. The percent of the momentum carried by the neutrino and the
percent of the momentum carried by the visible decay products are given in Figure [14] where
the graph of the neutrino information is on the right and the graph of the visible products

information is given on the left.
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Figure 14: Fraction of the total momentum carried by the visible products (left) compared
against the fraction of the total momentum carried by the neutrino (right).

From Figure [14] we can see that the trend of these plots is what we would expect. That
is, the decay products will more often take the majority of the original total tau momentum.
Thus, the neutrino, on average, will have a much smaller portion of the total tau momen-
tum. On the assumption that our neutrino is produced at a pseudorapidity around zero,
this supports our idea that our “real” EZ7¥*** will be low in comparison to the total transverse

momentum of the system.
Next, we are able check the validity of our assumption that the neutrino is produced at

a pseudorapidity around zero. Like before, plotting using MC information we find that the

71 of the neutrino from the original tau is given in Figure [15]
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Figure[15]shows that the neutrino is most often produced at an 7 of around zero,matching

what is expected. This is expected because neutrinos are produced centrally (with pseudo-
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Figure 15: n of the neutrino with respect to mother 7.

rapidity typically around zero).

Moving onto further kinematic criteria it is useful see a 2D histogram of the visible prod-
ucts fraction against the transverse momentum of the tau before the decay. This histogram
is useful in that it would show if the fraction of the momentum taken by the visible prod-

ucts is dependent on the momentum of the original tau. This histogram is given in Figure|[16|

Figure 16: Fraction of the momentum carried by the visible products against the momentum

of the original 7.
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From this histogram in Figure [16|it is often the case that the fraction of the momentum
carried away by the visible products is close to 1. As the momentum of the tau increases
the trend is less predominant, but it remains true that the fraction of the momentum taken

by the visible products is still the majority of the original momentum.

Similarly, it is possible to create a 2D histogram of the fraction momentum taken by the
neutrino against the momentum of the tau before the decay. Before viewing the histogram,
the expectation is there should be a similar trend as in Figure [14] where the histogram for
the neutrino information is a mirror of the histogram for the visible product information.

The 2D histogram for the fraction of the momentum taken by the neutrino is given in Figure
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Figure 17: Fraction of the momentum carried by the neutrino against the momentum of the
original .

As expected, the fraction of the momentum taken by the neutrino is inversely propor-
tional to that of the fraction of the momentum taken by the visible products. That is, the
fraction of the momentum taken by the neutrino is near zero, in contrast to the fraction of
the momentum being taken by the visible products being near one. However, the trend men-
tioned before, where the data becomes more spread as the momentum of the tau increases
remain true. This would indicate the potential for the neutrino to take a larger fraction of

the momentum from the tau as the tau increases in momentum.
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Since the hadronically decaying case is of particular interest to this project it would
be wise to check what and if there is an effect on the momentum of the neutrino based on
the type of hadronic decay. As defined in Section 1.2, when a tau decays hadronically it
will either be a 1-prong decay or a 3-prong decay. So, when plotting the momentum of the
neutrino against the mass of the hadronic visible products we obtain the histogram given in
Figure[I§ For clarity, the 1-prong decay case is given on the left and the 3-prong decay case

is given on the right.
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Figure 18: Mass of the visible products in a 1-prong decay against the momentum of the
neutrino (left). Mass of the visible products in a 3-prong decay against the momentum of
the neutrino (right).

What these histograms show is that in the 1-prong decay case the neutrino is much more
likely to have a larger momentum. This is because in the 1-prong decay case the momentum
of the neutrino is generally around 25 GeV where as in the case of the 3-prong decay the
momentum is generally closer to zero. This makes sense because in the 3-prong case, when
the original tau decays, there are more products that the tau must distribute its momentum
to. What this means is that we expect a smaller effect from E7*** in the 3-prong case than
the 1-prong case. In theory, this supports the idea that, when reconstructing the mass from

a 3-prong decay, there will be better resolution in the reconstruction.
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3 Development and New Analysis

3.1 New method implementation

For the development of a new methodology for reconstructing the ditau mass, the three
prong hadronic decay of the tau particle will be used. This is because, in addition to the
benefits already described in this paper: less neutrinos in the decay and a higher probabil-
ity for the neutrino in the decay to have less of an impact on the reconstruction. With a
3-prong decay, it is possible to find the secondary vertex. This is done by finding the point
where the tracks of the visible products intersect. We note that this is only possible with
the 3-prong decay because the 3-prong decay will have three charged tracks that can be
extrapolated back to a single point. In the 1-prong decay, as there is only one charged track,
the secondary vertex cannot be found. Given that the location of the secondary vertex is
now known, by balancing the transverse momentum it is now possible to find the primary
vertex of the decay. In this section it will be shown that once this information is available
and known, it can then be used to find the momentum of the original tau. This means that
in the case of Z decaying to ditau, where both taus experience a 3-prong hadronic decay, it is
possible to find the momentum of the tau from both sides. Once the momentum from both
taus are known it is then possible to reconstruct the mass of the original ditau mass, which
in the case of this project is Z. We note that it is actually only needed for one side of the
ditau to decay to undergo a hadronic 3-prong decay, but for the analysis in the remainder of

this paper we enforce the requirement that both taus in the ditau decay undergo a hadronic

(a7 b) C) (pm's; TMyiss EUiS)
(O{, 67 7) /\
V&

Figure 19: 3-Prong decay Vector Analysis

3-prong decay.

Figure [19] above will represent the 3-prong decay where, in vector coordinates, the tau
direction is given by (a,f,7), and the direction from the secondary vertex to where the
visible products are created is (a, b, ¢). The visible products will have momentum, mass, and
energy given by (puis, Muis, Fis), respectively. Similarly, the tau will have momentum, mass,
and energy given by (p,,m,, E,), respectively. The full derivation for the kinematics that

will be used in the remainder of this project is given in the Appendix, Section 6.2. Thus,
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given the information specified earlier we define

m72' + m%is B m?m; C — pvis(aa + Bb + 70)
QEM'S ’ B Evis

where F,;,, as stated before, is the energy of the visible products and p,;, is the momen-

M=

tum of the visible products. From this we can find the following equation for the momentum

of the 7, p,:

MC + /M2C? — (1 — C?)(m2 — M?)
(1-0C?) '

This allows for a new method for determining the momentum of the tau before the

Ip-| =

decay. Under the assumption that both taus undergo a 3-prong decay, it is then possible
to perform the same calculations for the other tau produced in the decay of a ditau mass,
namely Z. This means that now “all” information of the system is known. Thus, using the
initial energy of the Z, the calculated momentum of each tau in the decay, and conservation

laws, it is now possible to reconstruct the mass of the original Z to a high degree of accuracy.
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3.2 Implementation of Code

The data analysis will be performed within the online infrastructure of the LHC Physics
Center (LPC) at Fermilab (US). Specifically, the analysis framework is developed and main-
tained by the BSM3G working group of CMS. This is where the MC will be generated from
and where all reconstruction techniques will be implemented. The MC samples used in this
analysis are given in the Appendix, Section 6.4. To begin, when implementing this new
kinematic technique, it must be enforced that only 3-prong decays are used. The kinematics
derived in Section 3.1 will not work with any other decay as there will not be sufficient infor-
mation. So, in order to verify that only 3-prong decays are used, the particle decay list will
be used. The particle decay list is generator level information that tells the order in which
particles are generated in a collision. The particle decay list also stores information such
pr values, n values, statuses of particles, particles IDs, and more. Particles are assigned an
identification number according to the table in the Appendix, Section 6.3. For interactions

used in this analysis the list will begin with two protons which collide and start the process.

It is possible to iterate through the particle decay list in order to find the indices of the
tau particles. Under the assumption that the first taus encountered in the particle decay
list are the taus created from a Z, the list need only be incremented until the index of the
first two taus are found. This assumption is valid as it is know that there will be two taus
in the decay due to the cuts implemented earlier, Table 2.1} Tt is also known that the first
taus encountered in the decay list will have come from the Z by the generation order. It is
possible to confirm this as the mother index of a particle is saved in the particle decay list.
Thus, we are able to ensure that the mother of both the taus found is a Z. Next, in order
to identify track number, the daughter particles of the taus (the particles to which the tau

decays) will be counted.

The code used to find the tau particles and then to determine the number of charged
tracks a given tau decay has is shown below. The first section of the code finds the index
of the two taus in the particle decay list. Once the indices of the taus are know, it is then
possible to iterate through the list again so see which of the particles have either of the taus
as a mother particle. This is exactly what the next section of the code does. However, it
must be remembered that as only 3-prong decays are desired, the tau must be the mother of
three charged pions. Iterating through the particle decay list, if the tau does have a charged
pion as a daughter particle, a counter representative of the number charged pion daughter is
increment by one. This will help keep track of whether the decay is either a 1-prong decay

or a 3-prong decay. In the case that the numbers of charged pion daughters is three, this
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would correspond to a 3-prong decay.

int indexTaul = 0

)

int indexTau2 = 0;

for(size-t j = 0; j < _Gen—>size (); j++){
int id = abs(_Gen—>pdg_id—at(j));
int daughtCheck = _Gen—>numDaught—>at (] );
if (id = 15 && indexTaul = 0 && daughtCheck > 1){
indexTaul = j;
¥
else if (id = 15 && indexTau2 =— 0 && daughtCheck > 1){

indexTau2 = j;

int taulTracks = 0;

int tau2Tracks = 0;

for(size_t k = 0; k < _Gen—>size (); k++){

int id = _Gen—>pdg_id—at (k);

int mother = _Gen—>BmotherIndex—at (k);

if (abs(id) = 211 && mother = indexTaul){
taulTracks++;

}

else if (abs(id) = 211 && mother = indexTau2){
tau2Tracks++;

Now that the 3-prong decays have been isolated, it is possible to implement the new
method for finding the momentum of the taus. However, the vector information of the decay
products is not stored in the analyzer explicitly in the form which we would prefer. This
means that in order to test the new kinematics, a different way to perform an equivalent
calculation is needed. Taking advantage of conservation laws, as show in the Appendix,
Section 6.2, it is found that

prPvis(aa + b+ ~yc) = P, P, + P,P, + P.P,.
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where these are variable are defined in Section 3.1. Since it is possible to define the

energy and momentum of the visible products as

Evis:ET_Eua Pvis:PT_PV

it is now possible to use the information more readily available in the analyzer in order to
test new kinematic method for finding the tau momentum, and consequently, reconstructing
the ditau mass. The calculations are redefined using this information because the generator
level tau information and the neutrino information is known and easily obtainable in MC.
For reference, in order to use the code on real data the code will need to be rewritten to use

vector information instead. However, the methodology is theoretically equivalent.

When reconstructing the original ditau mass the invariant mass technique will be used,
but, now using the momentum of the tau obtained via the new kinematics. Note that, as a
rule being used within the code, if when calculating the mass a negative value is obtained,
it is instead set to zero. The negative values obtained in the calculations are due to the
quadratic formula producing nonphysical solutions. As an example, if the discriminant is
negative then this will produce a complex or imaginary solution. Thus, using the invariant
mass technique with the newly found tau momentum on Z decaying to hadronically decaying

taus, the histogram is given by Figure
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3.3 Analysis of Results

We can see that we have a large amount of values put at zero, but the mass peak
matched what we would expect from the invariant mass technique. In addition, we can
also see that the background has been greatly reduced in the tails, which is promising for
7' studies since the signal presumably lies in the tails. Recall that signal significance, first
discussed in Section 2.2, is defined as S/v/S + B where S is for signal events, and B is
for background. In our analysis we have reduced the amount of background. This would
imply that our signal significance is greater. As signal significance is the figure of merit for
discovery potential this gives a promising outlook for the implementation of this method to

detect new particles that decay to ditau, such as Z'.

4 Conclusion and Next Steps

This reconstruction technique developed in this paper is promising in terms of recon-
struction of the Z-mass peak and the reduction of SM background events in the tail of the
m(p, 7,) distribution. However, this technique will need to undergo several rounds of valida-
tion and cross analyses. The method will also need to be modified to use vector information
so that it may be implemented on real data. After the algorithm is able to handle real
data, the next step will be to develop a technique so that the algorithm chooses the optimal
solution. This is needed due to the nature of the quadratic formula producing two solutions.
Part of future implementation and development of the algorithm will include using vertex
information and global information in order to decide on which solution produced by the
quadratic equation will be used for the reconstruction. We note that global information is
using information from both of the taus together, rather than treating each tau individually.
This could include choosing the solutions from each tau so that decays are back-to-back. Fi-
nally, after the modifications have been made and the method has been verified in it’s ability
to accurately reconstruct Z, a next step will be implementing and testing the technique with

7' signal samples.
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6 Appendix

6.1 Table of 7 Branching Fractions

decay mode fit result (%)  coefficient
[T 2 17.3936 £ 0.0384 1.0000
e Velr 17.8174 £ 0.0399 1.0000
T Uy 10.8165 £ 0.0512 1.0000
K v, 0.6964 £ 0.0096 1.0000
i 7 25.4940 £+ 0.0893 1.0000
K=, 0.4329 £ 0.0148 1.0000
7 21%7  (ex. K°) 9.2595 £ 0.0964 1.0021
K=27%, (ex. K) 0.0648 £ 0.0218 1.0000
7 31%, (ex. KY) 1.0428 £ 0.0707 1.0000
K=3r%, (ex. K°n) 0.0478 £ 0.0212 1.0000
h=4r%, (ex. K% n) 0.1119 £ 0.0391 1.0000
7 K70, 0.8395 £ 0.0140 1.0000
KK, 0.1479 £ 0.0053 1.0000
7 K70, 0.3821 £ 0.0129 1.0000
K-mK°, 0.1503 £ 0.0071 1.0000
7 K7°7%,  (ex. K9) 0.0263 £ 0.0226 1.0000
T KYKJv, 0.0233 £ 0.0007 2.0000
7 KK, 0.1080 £ 0.0241 1.0000
T KK, 0.0018 £ 0.0002 2.0000
7 KoK v, 0.0325 £ 0.0119 1.0000
K°h=h=ht*v, 0.0247 £+ 0.0199 1.0000
oty (ex. K% w) 8.9870 £+ 0.0514 1.0021
Tl (ex. KO w) 2.7404 £ 0.0710 1.0000
h=h=h*t27%, (ex. K% w,n) 0.0980 =+ 0.0356 1.0000
7 K K'v, 0.1435 £ 0.0027 1.0000
7 K- Ktru, 0.0061 + 0.0018 1.0000
7 nonu, 0.1389 £ 0.0072 1.0000
Knu, 0.0155 £ 0.0008 1.0000
K=, 0.0048 £ 0.0012 1.0000
7 K%, 0.0094 £ 0.0015 1.0000
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mrtr T, (ex. K9) 0.0219 £ 0.0013 1.0000
K wy, 0.0410 £ 0.0092 1.0000
h™=mwuy, 0.4085 £ 0.0419 1.0000
K~ ov, 0.0044 +£ 0.0016 0.8310
T Wy, 1.9494 £+ 0.0645 1.0000
K rmrnty, (ex. K% w) 0.2927 £ 0.0068 1.0000
K m 1%, (ex. K% w,n) 0.0394 £ 0.0142 1.0000
721, (ex. K) 0.0071 £ 0.0016 1.0000
21w 3n%,  (ex. K9 n,w, f1) 0.0014 £ 0.0027 1.0000
3r2nty,  (ex. KO w, f1) 0.0769 +£ 0.0030 1.0000
K=2r 21"y, (ex. K9) 0.0001 £ 0.0001 1.0000
2 mrwr,  (ex. K°) 0.0084 £ 0.0006 1.0000
3r-2r 70y, (ex.K°,7,w, fi) 0.0038 =+ 0.0009 1.0000
K27 27 7%, (ex. KY) 0.0001 £ 0.0001 1.0000
7 five (fi — 2r 277T) 0.0052 £ 0.0004 1.0000
721N, 0.0194 + 0.0038 1.0000

Table 6.1: 7 branching fractions.
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6.2 Derivation of New Kinematics

(CL, ba C) (pvi37 MMyis, Em’s)
(Oé, 67 /Y) /7/\
>\

The 7 direction is given by («, 3,v) and the direction from the secondary vertex to
where the visible products are created is (a,b,c). The visible products have information
given by (Duis, Muyisy Euis), Where pyis, My;s, Euis are the momentum, mass, and energy of the
visible products, respectively. We seek to find the 7 momentum. We define the momentum
of the tau as p,, the mass of the tau as m”, and the energy of the tau as E,. Lastly, we let

Pu, My, B, be the momentum, mass, and energy of the neutrino, respectively.

(apm's ) bpvis: vais)

(ap-, Bpr,pr) (P, Py, Pl)

7>

(Pr, Py, P.)

/\

my,py

By conservation of momentum we have that
py:(P:c_Pg/mPy_Pg:aPz_P;)
E, = E’?’ - Evis~

Using E} = P} +m} and E? = P} 4+ P} 4+ P? + m?2 we find
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(E. —E,)*= (P, — P+ (P,— P>+ (P.— P> +m
E? —2E.Eys+ Ey, = (P, — PL)*+ (P, — P>+ (P. — P> +m
m? — 2B, By + m%, = —2(P, P, + PP, + P.P) + pi’
m?r - 2ETEUiS + mzis = _2p7'pfuis(aa + 6b + ’}/C)

Rewriting the previous equation we have

(m72' + mgzs) + QPTpm‘s(Oéa + ﬂb + 70) = QETEvis-

We now define

m2 +m?,, o Puis(aa + b+ 7c)
QEM'S ’ Em's .

Thus, we are able to write our equation as

M =

M+ p,.C = E,.

Squaring both sides we obtain

E? = M?+2MCp, + p>C>.

Putting this into a convenient form we have

(1 —C*p? —2MCp, + (m2 — M?) = 0.

Using the quadratic formula we obtain

MC + /M?C? = (1 — C?)(mZ — M?)

Ip-| = =09

This gives a new way for obtaining the momentum of the 7. Given a Z decay, we can

use this to find the momentum for both 77 and 7.
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6.3 Particle Identification Numbers

QUARKS
d 1
U 2
s 3
c 4
b 5
t 6
v 7
t' 8
LEPTONS
e 11
Ve 12
n 13
vy, 14
T™ 15
vy 16
7'~ 17
Vyr— 18
GAUGE AND
HIGGS BOSONS
g (9) 21
vy 22
A 23
w+ 24
h/HY 25
7' 79 32
ANVAS 33
W' /Wy 34
HY/HY 35
A%/ HY 36
H* 37
LIGHT
BARYONS
p 2212
n 2112
ATF 2224
At 2214
A 2114
A~ 1114

LIGHT I =1 MESONS

7ri (9) 21
T 22
a(980)° 23
a()(980)+ 24
m(1300)° 100111
7(1300)* 100211
ap(1450)° 10111
ao(1450)* 10211
7(1800)° 9010111
7(1800)* 9010211
p(770)° 113

p(T70)* 213
b1(1235)° 10113
b1(1235)* 10213

a,(1260)° 20113
a1(1260 + 20213
m1(1400)° 9000113
m1(1400)* 9000213

p(1450)° 100113
p(1450)* 100213
71(1600)° 9010113
71(1600)* 9010213
a,(1640)° 9020113*
a,(1640)* 9020213*
p(1700)° 30113
p(1700)* 30213
p(1900)° 9030113*
p(1900)* 9030213*
p(2150)° 9040113*
p(2150)* 9040213*
a5(1320)° 115
a,(1320)* 215
m2(1670)° 10115
m2(1670)* 10215
ax(1700)° 9000115*
ax(1700)* 9000215*
72(2100)° 9010115*
m9(2100)* 9010215*
p3(1690)° 117
p3(1690)* 217
03(1990)° 9000117
p3(1990)* 9000217
p3(2250)° 9010117
p3(2250)F 9010217
a4(2040)° 119
a4(2040)* 219
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6.4 MC Samples

0.00054 (NNLO)

Process | cross-section [pb] Official CMS Datasets (MINIAODSIM)
5765.37995 (NNLO) /DY JetsToLL_M-50_TuneCUETPS8M1_13TeV
o 226 (NNLO) /DY JetsToLL_M-100t0200-TuneCUETP8M1_13TeV
2 7.67 (NNLO) /DY JetsToLL_M-200to400-TuneCUETP8M1_13TeV
< 0.423 (NNLO) /DY JetsToLL_M-400to500-Tune CUETP8M1_13TeV
.E 0.24 (NNLO) /DY JetsToLL_M-500to700-Tune CUETP8M1_13TeV
= 0.035 (NNLO) /DY JetsToLL_M-700t0800-Tune CUETP8M1_13TeV
= 0.030 (NNLO) /DY JetsToLL_M-800to1000_TuneCUETP8M1_13TeV
= 0.016 (NNLO) /DY JetsToLL_M-1000to1500-TuneCUETP8M1_13TeV
g 0.002 (NNLO) /DY JetsToLL_M-1500t02000-Tune CUETP8M1_13TeV

/DY JetsToLL_M-2000to3000_Tune CUETP8M1_13TeV

Wjets HT binned LO

615265082 (NNLO)
61526.5082 (NNLO)
1600.97582 (NNLO)
16325341 (NNLO)
16325341 (NNLO)
1632.5341 (NNLO)
43659666 (NNLO)
436.59666 (NNLO)
43659666 (NNLO)
59.3659798 (NNLO)
59.3659798 (NNLO)
14.626049 (NNLO)
14.626049 (NNLO)
6.67700378 (NNLO)
6.67700378 (NNLO)
1.6131136 (NNLO)
1.6131136 (NNLO)
0.03903516 (NNLO)
0.03903516 (NNLO)

/WlietsToLNu_HT-0To70_ext2-v1_RunlISummerl6MiniA ODv2-madgraphMLM-pythia8
/WlietsToLNu_HT-0To70-v1_RunIISummer16MiniA O Dv2-madgraphMLM-pythia8
/WletsToLNu_HT-70To100_RunIISummer16MiniA ODv2-madgraphMLM-pythia8

/WlietsToLNu_HT-100To200_ext1-vi_RunIISummer16MiniA ODvZ ( 1
/WletsToLNu_HT-100To200_ext2-v1_RunlISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_HT-100To200-v1_RunIISummer16MiniA ODv2-madgraphMLM-pythia8

/WletsToLNu_HT-200T0400_ext1-vi_RunlISummer16MiniA ODvZ 1Y
/WletsToLNu_HT-200T0400_ext2-v1_RunlISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_-HT-200To400-v1_RunIISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_HT-400To600_ext1-vi_RunlISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_-HT-400To600-v1_RunIISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_HT-600To800_ext1-vi_RunlISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_HT-600To800_v1_RunIISummer16MiniA ODv2-madgraphMLM-pythia8
/WlietsToLNu_HT-800To1200-ext1-vl_RunIISummer16MiniAODv2-madgraph MLM-pythia8
/WletsToLNu_HT-800To1200-v1_RunlISummerl6MiniA ODv2-madgraphMLM-pythia8
/WlietsToLNu_HT-1200To2500-ext1-v1_RunlISummerl6MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_HT-1200To2500-v1_RunIISummer16MiniA ODv2-madgraphMLM-pythia8
/WletsToLNu_HT-2500ToInf-ext1-vl_RunIISummer16MiniA ODv2-madgraphMLM-pythia8
/WiletsToLNu_HT-2500ToInf-vi_RunIISummer16MiniAODv2-madgraphMLM-pythia8

831.76 (NNLO)

/TT_TuneCUETPSM2T/-13Te V_RunIlSummer16MiniAODv2_PUMoriond17-80X_mcRun?2

Az
§ 80.95 (LO)
< 136.02 (LO) 13TeV_RunlISummer16MiniAODv2_PUMoriond17-80X_mc.
E 35.6 (LO) _13TeV_RunlISummerl6MiniAODv2_PUMoriond17-80X_ un2-powheg-py
35.6 (LO) veDe: 3TeV_RunlISummerl6MiniAODv2_PUMoriond17-80X_mcRun2-powheg-pythia8-Tune CUETPSM1
Ww 63.21 (LO) /WW_TuneCUETP8M1_13Te V_RunIlSummer16MiniAODv2_PUMoriond17-80X_mcRun2-pythia8
Wz 22.82 (LO) JWZ_TuneCUETP8M1_13TeV_RunlISummer16MiniAODv2_PUMoriond17-80X_mcRun2-pythia8
77 10.32 (LO) /ZZ_Tune CUETP8M1_13Te V_RunIlSummerl6MiniAODv2_PUMoriond17-80X_mcRun2-pythia8
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