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Abstract

The top quark is the heaviest known Standard Model particle and therefore plays
an important role in new physics searches at LHC. Besides top pair production via
strong interaction, the LHC will be able to observe electroweak single top production.
In this thesis we analyze the possibility to extract the hadronic single top production
mode in the boosted regime using the HEPTopTagger. Top tagging algorithms identify
tops quarks in geometrically large jets using their substructure. Based on this internal
structure of the tagged top including filtering and pruning methods as well as b-tagging
we are able to reject most multi-jet background events. We study the characteristics
of the s-channel and t-channel single top production on a theoretical level to get a
deeper understanding of their event topology. Using this knowledge we invented a
way to measure the scattering angle directly which can be used to distinguish both
production channels. Using the momentum distribution of the system consisting of the
tagged top and hardest recoil jet and the internal structure of the recoil jet we are
able to reject background events coming from top pair production. Finally, we achieve
for both production channels a good signal resolution S/B > 1 with more than 50
significance for the t-channel and a 3¢ significance for the s-channel assuming 10 fb—!
luminosity at the 14 TeV LHC.

Zusammenfassung

Das Top Quark ist das schwerste im Standard Model enthaltende Teilchen dem
daher bei der Suche nach neuer Physik am LHC groffe Bedeutung beigemessen wird.
Neben der Production von Top Paaren werden wir auch in der Lage sein die Produktion
einzelner Top Quarks mithilfe der elektro-schwachen Wechselwirkung zu beobachten.
In dieser Abschlussarbeit wird die Méglichkeit der Entdeckung der voll hadronischen
Produktion einzelner moderat geboosteter Top Quarks mithilfe des HEPTopTaggers
analysiert. Top Tagger sind Algorithmen zur Identifikation von Top Quarks inner-
halb grofier Jets basierend auf deren Substruktur. Eine Analyse der internen Struktur
des getaggeten Top Quarks unter der Zuhilfenahme von Filter- und Pruningmethoden
sowie b-Tagging erlaubt es uns Multi-Jet Hintergrundereignisse auszusortieren. Um ein
tieferes Verstédndnis fiir die zu erwartende Topologie von Signalereignissen zu erhalten
werden die Eigenschaften der Produktionsprozesse einzelner Top Quarks im s- und t¢-
Kanal theoretisch untersucht. Darauf basierend haben wir eine Moglichkeit gefunden
den Streuwinkel direkt zu messen und die s- und ¢-Kanal Produktion einzelner Top
Quarks zu unterscheiden. Die Impulsverteilung des Systems bestehend aus getaggetem
Top Quark und dem dazugehorigen Riickstofi-Jet sowie dessen interne Struktur er-
moglichen es Hintergrundereignisse durch die Produktion von Paaren von Top Quarks
auszusortieren. Zusammenfassend erhalten wir fiir beide Produktionskanéle eine gute
Auflésung S/B > 1 bei mehr als 50 Signifikanz fiir den ¢-Kanal und einer 3o Signifikanz
fiir den s-Kanal bei einer Luminositit von 10 fb~! am LHC mit 14 TeV.
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Chapter 1

Introduction

Our current understanding for the physics of elementary particles and their interactions is sum-
marized in the Standard Model of particle physics. It incorporates three of the four fundamental
forces and has been able to accurately describe almost all observations in particle physics. Al-
though the Standard Model is successful at describing physics at small scales we believe it to be
a low energy approximation of a more fundamental theory. Such beliefs are motivated by obser-
vations in cosmology. Dynamics at cosmological scales is dominated by the gravitational force,
which in this regime is well described by general relativity. However, at the level of fundamental
interactions, there is no suitable framework to describe gravity, hence it has not been incorporated
in the Standard Model. It is this dichotomy that motivates the idea that the Standard Model is an
approximation of a more fundamental theory. Galactic rotation curves [I] suggest the existence of
dark matter which is not identical with any particle of the Standard Model. Furthermore observa-
tions of distant supernovae and the cosmic microwave background [2, 3] predict that the expansion
of the universe is driven by dark energy. According to these observations only 5% of the energy
content of the universe can be explained by Standard Model particles while the rest consists of
dark matter and dark energy [4].

Besides these cosmological observations there are theoretical problems within the Standard Model
such as the fine-tuning problem [5] or neutrino masses [6]. Furthermore, the Standard Model is
unable to explain the asymmetry between baryonic and anti-baryonic matter needed for the for-
mation of galaxies and stellar objects [7]. Theories of physics beyond the Standard Model, like
Supersymmetry [5], have been postulated to solve these problems. Some of them might be observ-
able at the LHC, which is the currently world’s highest energy collider.

Due to its large mass close to the scale of electroweak symmetry breaking the top quark is ex-
pected to be a window towards new physics. Since the top quark decays before hadronization it is
a unique laboratory to test the behavior of a free quark. Most of its properties like mass, charge
and W-helicity fraction have been measured at the Tevatron [8, @] [I0, [II]. These measurements
are mainly based on the observation of top pair production. The Standard Model also predicts top
quarks to be produced via electroweak interactions. We distinguish three single top production
modes. In s-channel single top production, a top produced in association with a b-quark through
a time-like virtual W-boson. tq production via a space-like W-boson is called t-channel single top
production. In a third process, the top is produced in association with a real W-boson.

Since the tbW-vertex is proportional to the squared CKM matrix element V;, the observation of
single top production allows us to measure V3, directly. Due to unitarity of the CKM matrix we
assume Vi, > 0.999 which is consistent with the combined result of Tevatron which sets a lower
limit V4, > 0.77 with 95% C.L. [I2]. Deviations in the measured cross section for any of the three
single top production processes from its expected value could be a first hint towards physics be-
yond the Standard Model. A fourth generation, heavy W’ gauge boson or flavour-changing neutral
currents would be examples for such theories [13] 14} [1I5] .

Both the CDF and DO experiments at the Tevatron measured the production cross section for the
different single top production channels separately. At CDF, the resulting ratio between s-channel
and t-channel single top cross section shows a 2.50 deviation from the Standard Model prediction
while their sum is consistent with the Standard Model [16, [I7]. For DO the results agree with the
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Standard Model [I8, [19, 20]. This discrepancy has not disappeared after using a larger integrated
luminosity. The results still differ at the 3o level [21] 22]. To get a deeper understanding of single
top production we need to analyze this process at the LHC. For an analysis we have to take into
account that at the LHC the production cross section for s-channel single top is much smaller than
for the t-channel single top and therefore their cross section ratio will be small.

In our analysis we concentrate on hadronically decaying tops which can be detected using top
tagging algorithms [23] 24] 25| 26], 27, [28]. These identify tops inside geometrically large jets using
their jet substructure [29] 30, 311, B2} [33], 341 35]. An efficient algorithm to tag moderately boosted
tops is the HEPTopTagger [30] [37, B8] B9 [40]. Focusing on the boosted regime pr; > 200 GeV
has the additional advantage that the cross section ratio between s-channel and ¢-channel single
top production increases by a factor of two. Unfortunately this also enhances the top-pair back-
ground.

In this thesis, we study the possibility of extracting fully hadronic single top production using top
tagging. In the first part, we summarize important aspects of the Standard Model needed for the
understanding of single top production. Basic concepts of collider phenomenology are reviewed.
In the second part is contained a detailed description of the top tagging algorithm. We analyze
the s-channel and t-channel single top production cross section to get a deeper understanding of
their kinematic distributions. This knowledge is used in the third part to develop a strategy for
separate identification of both production channels. A set of selection cuts based on properties of
the tagged top and the recoil jet is introduced. In chapter 5 we show the analysis results for both
single top production channels at LHC energies of 8 TeV and 14 TeV.

The work presented in this thesis was done together with Tilman Plehn and Michihisa Takeuchi
and follows the discussion done in [41].



Chapter 2

Theoretical Background

2.1 Standard Model

The Standard Model (SM) of particle physics is our current theory to describe elementary particles
and their interactions using the framework of Quantum Field Theory (QFT). A detailed description
of QFT and the SM can be found in [42, 43, 44] and references therein. Some important results
are presented in this and the following chapters. The particles are classified as quarks, leptons,
gauge bosons and the Higgs boson. Quarks and leptons are spin—% fermions, gauge bosons have
spin-1 while the Higgs boson is predicted to be spin-0. Let us first write down a Lagrangian for
free quarks and leptons. It contains a kinetic and a mass term for each field v

£ = "0, — my T (2.1)

where m,, is the mass of the particle. The quarks and leptons are grouped into three generations.
Each generation consist of a charged lepton, a neutral neutrino and an up-type and down-type
quark. These particles are summarized in Tab. Although we know from neutrino oscillation
experiments [6] that neutrinos must have a mass we will treat them as massless in the SM. Each of
the quarks and leptons has an anti-particle with the same mass but opposite quantum numbers.

generation | quark flavour quark mass | lepton flavour lepton mass
I up u 2.370T MeV electron e  0.511 MeV
down d 4.870% MeV | e-neutrino v, < 2 MeV

II charm ¢ 1.275 4 0.025 GeV muon x4 105.7 MeV
strange s 95 +£ 5 MeV | u-neutrino y,, < 0.19 MeV

11 topt 173.5+ 1.4 GeV tau 7 1.77 GeV
bottom b  4.18 0.03 GeV | 7-neutrino v, < 18.2 MeV

Table 2.1: Summary of quarks and leptons. Masses are taken from [45], 46, [6].

To describe interactions we require the theory to respect gauge symmetries. This implies that
the Lagrangian has to be invariant under symmetry transformations. A symmetry transformation
SU(N) is described by a unitary operator U acting on the fields » — U1). This operator can be
expressed as linear combination of the N2 - 1 group generators 7% with real coefficients 6, (z).

U(0) = exp(i0,T?) (2.2)

Since the gauge theory is local, these coefficients 6 will depend on the position in space time. The
algebra of the generators is defined by their commutation relation

[T, T = i f**T, (2.3)

where f%¢ are the structure coefficients of the group. Since the transformation is unitary the mass
terms will be invariant under such a transformation. If we want to construct a kinetic term for
the Lagrangian that is invariant under the symmetry transformation we have to replace the partial
derivative 0" by a covariant derivative

DF = M — igAPT® (2.4)

11
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where we have introduced N2 - 1 gauge fields A#. Under a gauge transformation this covariant
derivative transforms into
D" — UDMUT. (2.5)

This implies that a covariant derivative acting on a field transforms like the field itself D#y) —
UD*#1p. Therefore, the fermion kinetic term in the Lagrangian is gauge invariant as well. To
construct a kinetic term for the gauge fields we introduce the field strength tensor

F = YDk D). (2.6)
g

which transforms like F* — UF#* U, Therefore we are able to write down the gauge fields kinetic
term as

1
Egauge = _iTr(FMuF'LW) (27)

where the trace sums over the group indices. It turn out that this is the only possible term
contributing to the Lagrangian. We can finally write down the Lagrangian for a gauge theory

_ 1 ,
L= ﬁparticle + Egauge = Q/J(Z’)/”D“ - mw)d} - iTI‘(EWF'U' ) (28)

For the Standard model we have a field for each quark and lepton. The full symmetry group
is SU(3)¢ x SU(2)r, x U(1l)y. The SU(3)¢ group only acts on quarks and describes the strong
interaction. The corresponding gauge fields are called gluons. The SU(2);, x U(1)y group describes
the weak and electromagnetic interaction. The fourth fundamental force, gravity, is currently not
described by the Standard Model. Its effect can be ignored in the context of particle physics.
Furthermore the Standard model predicts the existence of the Higgs particle which is a spin-0
boson. All particles except the Higgs boson have been observed. While writing this thesis, both
ALTAS and CMS reported an excess for a boson with mass m = 125 GeV that might correspond
to the Higgs Boson [47, [48].

2.2 Electroweak interactions

From experiment we know that the charged weak interaction only acts on left-handed fermions.
We introduce left-handed fields using the projection operator Py, = %(1 —5)

Y = Pry = %(1 —Y5)1 (2.9)

where v5 = i707172773. The electroweak interaction is described by an SU(2) group acting on
doublets of left-handed fields and a U(1)y group where Y denotes the hypercharge. The right
handed fields are singlets under the SU(3) group. Since the neutrino is electrically neutral it does
not interact with anything and we will ignore its right handed field. Therefore we can write down

the lepton fields
VeL VuL VrL
() () (7)) ) (om) (210

and the quark fields

(5)- (1) (1) ). (@ e (50 (). ) 1)

The quark fields d’, s’ and b involved in the weak interaction are not the mass eigenstates. We
can express them as a linear combination of mass eigenstates d, s and b using the CKM matrix.

d/ Vud Vus Vub d
s =|Vea Ves Vo s (2.12)
v Via Vis Vi b

The covariant derivative of the SU(2);, x U(1)y group is

Dy, =0, —igW,om —ig'Y B, (2.13)
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The gauge fields W, and B,, correspond to the SU(2) and U (1) group. They have different coupling
constants g and ¢’ since the gauge groups commute with one another. For the generators of the
SU(2) group we use 7, = %O’a where o, are the Pauli matrices and Y is the hypercharge. Since
the right handed particles are singlets under the SU(2) group their covariant derivative is

Dg, =0, —ig'Y B,,. (2.14)
The mass eigenstates for gauge bosons are
+ Lo o 0 _ 1 3 A = 1
W= = (VV;J, :FZW,U,)’ Z, = g BIL)v n D) 2
V< +yg

ﬂ H /92 ¥+ g/z (gWH

The fields W+ and Z° correspond to the charged and neutral weak gauge bosons and A is the
electromagnetic field. Using these fields and 7% = (7, +473) we can express the covariant derivative
for the left handed fermion fields as

(9'W3+gB.). (2.15)

1 99

9 Z0(g*r3 — g"Y) —i J _
Vg tyg

Dy =0,—i-"=W,rt+W,_77)—i A (T3+Y) (2.16)

\/i /92+912 H

From this expression we can extract the form of the interaction between fermions and gauge bosons.
We will concentrate on first generation quarks and charged gauge bosons W*. Taking into account
that left-handed quarks form a doublet (1, we can write down the kinetic part for the Lagrangian

as o _

L=1Qp PrQr +iug Prur + idr Prdr
w1 g, ) o2 (0 W] (1

- R PURTCR FER AL )T T m\ Wy 0 d, (2.17)

— = g _ ’ ig

=T Pu+id §d — —=upy*Wrd, — =L

a @ \/i LY w YL \/i

Using the projection operators with 17, = Pr1 and v/, = ¢ Pg and the relation v*P;, = Pry"* we
can write the interaction term as

E/L’Y“W,:UL-

Lt = =W Wyrdy, = —SuPR " W Pud' = = 5w WiE Prd
. . (2.18)
9 _ . T . +
=———uY(1 —v5)d W = ——=u~y"(1 — Viad+ Vyss+ Vb)) W,
2\/5 g ( 75) m 2\/§ gl ( 75)( d b ) I

Now we can read off the charged-current weak interaction vertex:

q

g L
= —— 1— Vo,
2\/57 ( 75) qq

<

i

q

Since left and right-handed fermions fields transform differently under the SU(2)y, group it is not
possible to write down mass terms in the Lagrangian. These mass terms and the mass terms for
the gauge bosons appear as an result of electroweak symmetry breaking [42].

2.3 QCD

The theory describing the strong interaction is called Quantum Chromo Dynamics (QCD). It is
described by an SU(3)¢ gauge group where C denotes color. The corresponding gauge bosons are
gluons. This symmetry group acts on quarks only which are considered as color triplets

7= |4 |- (2.19)
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If we denote the generators of the SU(3)¢ group as t, and the gluon fields as g* we can write

down the covariant derivative as
DF = 0" —ig,GHt®. (2.20)

The strong interactions coupling constant is gs. Inserting this into the kinetic part of the quark
Lagrangian gives

Lyuark = u(iy" Dy — m)u = u(iy" 0, — m)u + gsG ot uyu (2.21)
From this we can read off the quark gluon interaction vertex:

q

H, a
= igy"t°.

]

q
Since QCD is a non-abelian gauge theory more terms will appear in the QCD Lagrangian

EQCD = Equark + Egauge + Egauge fixing + £ghost- (222)

The kinetic term for the gauge fields Lgquge = —%Tr(FWF #¥) will contain the gluon kinetic part
and additional gluon self-interactions. Since this term alone would not define the gluon propagator
properly we have to introduce an additional gauge fixing term and ghost fields (see [42]).

2.4 Collider Phenomenology

LHC is a proton-proton collider which has a fixed center-of-mass energy. Since the protons have
opposite momentum their center-of-mass frame is the laboratory frame. Each proton consists of
partons which will be the initial state particles of the hard process. Since partons only carry a
faction of the protons momentum their center-of-mass energy frame will be boosted along the beam
axis which we will choose to be the z-axis. Here we assume the initial state partons transverse
momentum to be negligible. We need to find variables that respects the cylindrical symmetry of
the detector and that are invariant under longitudinal boosts.

Therefore we can consider the projection of momenta onto the plane transverse to the beam
axis. This transverse momentum p7 vector can be parameterized using polar coordinates: the
magnitude of the transverse momentum pr and the azimuthal angle ¢. Since we assume the initial
state partons to have vanishing transverse momentum we expect the sum of the final state particles
transverse momentum to vanish as well Y gr = 0.

Both energy and longitudinal momentum transform in a complicated way under Lorentz boosts.
It is more convenient to parameterize the longitudinal by the rapidity y and the particle mass m
which is invariant by construction. Using a Lorentz boost from the rest frame of the particle along

the beam axis we get [44]
EN 0 1 m\ coshy
Go) = b)) (5) = () =

Since the rapidity appears in an exponent we can simply add rapidities when performing different
Lorentz boosts. The rapidity describing the boost from the particles rest frame to the LHC lab
frame can be expressed in terms of the particles energy and momentum measured at LHC as

1 E+pL
=1 . 2.24
y=gloag—> (2.24)
For massless particles we can use that |p] = E to get the expression
1 E 1 1 1 0
y = —log +pL771 P +pr _ 1 +cos =n. (2.25)

2 E—pL_20g|;51—pL_20g1—0059
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Here we have introduced a new quantity, the pseudorapidity n. It only depends on the polar
angle # which can be easily measured at LHC. For massive particles rapidity and pseudorapidity
are different and therefore pseudorapidity is not additive. At ATLAS and CMS we can observe
pseudorapidities up to 7 = 5. Since both rapidity and azimuthal angle lie in the same range we
define a distance measure for the detector

(AR)? = (An)* + (A¢). (2.26)

At LHC we do not measure quarks and gluons that appear in the final state of the hard process.
Due to color confinement they can not exist freely. These particles will hadronize before they can
decay and form mesons and baryons. After further decay we will observe bunches of particles in
the detector. They are highly boosted and not well separated. Narrow cones of such particles form
jets. These will leave an energy deposit in the detector calorimeter cells which we finally observe.
Assuming that each parton forms a jet the partons four-momentum should be described by the
jets four-momentum. Therefore the term parton and jet is often used synonymously. We are left
with the problem of reconstructing jets out of the calorimeter data. This is done by jet-algorithms.
From QCD we know that partons emit soft and collinear radiation. This is described by the
parton shower. The resulting particles will hadronize and cause an energy deposit in the detector.
Therefore, a jet reconstruction algorithm has to decide if two subjets originated from the same
parton. This is done based on a distance measure between two jets y;; or between jet and beam
axis y;p. There are different jet algorithms available. We present the mostly used algorithms, the
kr, Cambridge-Aachen (C'/A) and anti-kr algorithms, following [44]. A detailed description can
be found in [49].

kr-algorithm: The kp algorithm starts combining the soft constituents which have small
transverse momentum pr. The distance measures are

AR;; .
Yij = TJ min(pr,i, pr,;) YiB = DPT.i (2.27)

C/A-algorithm: The C/A recombines jets purely based on their geometrical distance. The
distance measures are

AR;;
Yii = g ! yip = 1 (2.28)

anti-kp-algorithm: The anti-kp algorithm starts combining the hard constituents which
have large transverse momentum pp. The distance measures are

AR;; ., _ _
Yij = TJ min(py} pr;)  ¥iB =Dpr} (2.29)

In all presented algorithms, AR;; is the distance in R-space between two jets ¢ and j. R describes
the angular size of the jet. The algorithms start with the calorimeter cells four-momentum which
form proto-jets. After defining a scale y.,; the algorithm proceeds as follows:

e For all proto-jets in the event, find combinations of two proto-jets ¢ and j with the minimal
distance Ypmin = ming;(yij, yin)

o If two proto-jets ¢ and j are close enough Ymin = ¥ij < Yeur merge their momenta and go
back to the first step

e If there is a proto-jet ¢ close enough to the beam ymin = ¥iB < Yeur call it beam radiation
and therefore remove it and go back to the first step

o If all proto-jets are well separated from each other and the beam axis y.in > Yeur keep all
jets and stop

In the case of the k7 and C/A algorithm the clustering history should be similar to the branching
history and therefore has a physical meaning.

If we want to reconstruct heavy particles, like top quarks or Higgs bosons, we expect the corre-
sponding jet to have a large geometrical size. Such jets are called fat jets. Due to the large jet-size
we expect to see subjets inside the fat jet that correspond to the decay products of the heavy
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particle. Therefore the k7 and C/A algorithm will work best since their clustering history has a
physical meaning.

Due to its large size, the fat jet may also include QCD radiation. Such contribution could con-
taminate the momentum of the reconstructed fat jet, and hence we would like to avoid this. We
distinguish different sources of QCD radiation

final state radiation (FSR): As mentioned before final state partons will emit soft and
collinear radiation which is called final state radiation. This radiation we would like to collect
since it contains momentum contributions needed to reconstruct the fat jet.

initial state radiation (ISR): The initial state partons may radiate. This so called initial
state radiation we would like to remove during reclustering.

underlying event (UE): In a proton-proton interaction there could also be an interaction
of the proton remnants which do not participate in the hard process. Activity coming from
such events is called the underlying event. The amount of radiation in a fat jet coming from
UE depends on its jetsize. The effect on the jet mass can be described by [50]

R* RS
Iy~ A il —
(om;) UE]”V7( 1 1608

+0w”0 (2.30)

where at LHC Ay g is expected to be about O(10) GeV [5I]. To lower the contributions from
UE we have to reduce the area of the fat jet used for its reconstruction. This can be done
using filtering algorithms.

pile up: Since the beam does not consist of single protons but bunches of protons there
can be multiple collisions within one beam crossing. Again we would like to remove this
contribution by applying filtering methods.

Up to now we have only considered problems appearing during the event reconstruction. Another
problem we have to face is that we do not only detect the signal but also the background. Here the
signal is the process we want to detect. With background we mean uninteresting Standard Model
or QCD events that unfortunately look like our signal.

We want to predict the number of signal and background events that we expect to be measured
for each process. This number N,e,: can be expressed as

Nevent = Oecvent * L (231)

where O¢ypent 18 the cross section for the specific event measured in fb. The luminosity £ is a
collider specific number describing the number of particles crossing a unit area which is measured
in fb=%. In 2011 the LHC has reached an integrated luminosity of around 5fb~! at /s = 7 TeV
and for the 2012 run we expect a luminosity of 10fb~! at /s = 8 TeV [52].

In order to clearly measure the signal process we would like to have a good signal .S over background
B ratio s

Z>1 (2.32)

Furthermore we have to make sure that the signal we observe is not just a fluctuation of the
background. The high-energy-physics community agreed that for discovery we need to have a five
sigma excess over the background. This implies that we require

NS (2.33)

VB



Chapter 3

Top Physics

3.1 Properties of the top quark

In our analysis we will focus on one Standard Model particle, the top quark. It was postulated
in 1973 by Kobayashi and Maskawa [53] and observed for the first time by CDF and DO [54] [55]
in 1995. The top quark has a mass of 173.5 £ 1.4 GeV [56] and is therefore the most massive
Standard Model particle. Due to its large mass it is a window to new physics as it couples strongly
to the Higgs sector and top partners are likely to decay into top quarks [I5], 57]. Furthermore the
Tevatron has left some open questions about the top forward-backward asymmetry [58] [59] and
the ratio of s-channel and ¢-channel single top cross sections [2I]. These results could also be a
hint for new physics.

Due two its high mass the top has a short lifetime of 4-1072 seconds [56]. This is much faster than
typical timescales for strong interactions. Therefore it will decay before hadronization. No other
quark has this property. This gives us a unique possibility to probe the behavior of an unbound
quark. To make use of this advantage we need a large top quark cross section. Compared with
older colliders, the top quark will be copiously produced at the LHC. Most top quarks are produced
in pairs via the strong interaction p +p — ¢ +t. The dominant subprocesses of quark annihilation
(g+@ — t+t) and gluon-gluon fusion (g+g — t+1) are shown in Fig. At the LHC gluon-gluon
fusion is the dominant subprocess. The tf cross section rises from oevaon = 7.08 pb at Tevatron
to o]V =163 pb at LHC 7 TeV and oT¢V = 920 pb at LHC 14 TeV [60].

q t g t g tg t
q>ﬁ@w®<t g;%it g:i]it g?m@<t
Figure 3.1: tt production via quark annihilation and gluon-gluon fusion.

To detect the top quark we need to know its decay behavior. The Standard model predicts that
the top quark will decay into a W-boson and a quark ¢ which could in principle be any d-like
quark. The corresponding decay rate I' is proportional to the squared CKM-matrix element |th\2.
According to the PDG [56] the branching ratio W — b versus W — ¢ is

It — Wb) |Vin|?

= = 0.99. 3.1
Lt —Wq) |Via®> + |Vis|? + [V |? ()

We see that the dominant decay mode is t — Wb. Of course this does not tell us that |Vi| = 1
unless we assume unitarity of the CKM matrix. To prove unitarity of the CKM matrix we would
have to measure V. This is possible by measuring single top production as we will see later.
If it would turn out that the CKM matrix is not unitary assuming three generations of quarks
this would be a hint towards a 4th generation. For analysis we will assume three generations and
therefore have a branching ratio BR(t — tW) = 99%.

17
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The b-quark will hadronize and form a jet which we can observe. The W-boson will further decay
either into leptons or quarks. For the leptonic decay W — [ + 1; all three generations are allowed
I =e, u, 7. For the hadronic decays the W-decay rate is proportional to |V,,|. Decays into tops
are not allowed due to its high mass. For the allowed hadronic decays we have to take into account
the three color states of the quarks. Therefore we get an approximate branching ratio

TW —=il+uwy) 3

= = 0.50 3.2
DW= q+3) 3 (VeaP ¥ VeaP ¥ VP £ 1VeaP) (3.2)

where we have used the PDG results for the CKM matrix [61]. Using this number we can calculate
the branching ratios.
BR(t—=b+q+7)=066.7%

BR(t = b+1+ 1) =33.3% (3:3)
Each lepton flavour e, pi, 7 has equal probability to appear as decay product.
Since the top quark decays before hadronization we have a chance to probe the parity-violating
structure of the tbW-coupling. In the Standard Model, a W-bosons emitted in top decay have a
specific distribution of helicity states. These can be easily understood in the top quark rest frame
as shown in Fig. 32

w w w

| — ﬁ

b b b

Figure 3.2: Top decay with left-handed (left), longitudinal (center) and right-handed (right) W-
boson. Figure based on [62].

If we assume the b-quark to be massless it will always have a left-handed helicity due to the chirality
of the tbW-vertex. If the b-quark is emitted parallel to top quark spin axis (left panel) its spin
has to point in the opposite direction. Due to conservation of angular momentum the spin of
the W-boson and its direction of motion are also anti-parallel. Therefore the W-boson is in the
left-handed state. If the b-quark is emitted in the opposite direction of the top quark spin (central
panel) their spin directions are parallel. Therefore, the projection of the spin of the W-boson has
to be zero due to conservation of angular momentum which means that it is longitudinal polarized.
The right panel shows the right-handed helicity state for the W-boson which is suppressed due to
the small mass of the b-quark relative to its energy.

Figure 3.3: Definition of the decay angle x between the opposite b-quark direction and the direction
of the quark ¢ in the W rest frame. Figure based on [62].

Different helicity states of the W-boson lead to different distributions for the decay angle x of the
quark ¢ measured in the W-rest frame as shown in Fig. [3:3] For the left-handed helicity state, in
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which the W-boson is emitted antiparallel to the top spin axis, the normalized differential cross
section shows an characteristic behavior [62]

1 do 1
- ~=(1- 2, 3.4
o dcosy 2( cos x) (34)

If the W-boson is emitted along the top spin axis and therefore longitudinal polarized, the nor-
malized differential cross section behaves as

1 do
o dcosx

~ sin? x. (3.5)

These distribution only describe the special cases in which the W-boson is emitted parallel or
antiparallel to the top spin axis. If we take into account all possible decay angles between the W-
boson and the top quark and all top spin states, the distribution for the differential cross section
with respect to quark decay angle x in the W-rest frame becomes

1 do  3mfsin®x +2mf, (1 — cos x)?
odcosy 4 m? + 2m3,

1
= Qlong Sin® X + aleft§(1 — cos x)2. (3.6)

We still see the different terms for the decay behavior of left-handed and longitudinal polarized W -
bosons. We can read off the ratio between the two polarization states as aicft/aiong = 2m%,v/m?.
This has beed verified experimentally [11], [63].

The helicity structure of top decay can also be used in top tagging as implemented in the Johns
Hopkins tagger [25]. In principle we are unable to distinguish the quarks produced in W-decay.
Therefore we expect to see an almost uniform distribution for the decay angle x using one (for
instance the lower pr) quark. This behavior will stay similar using the information of the recon-
structed top. Light quarks or gluons that might mimic a top quark prefer to emit collinear jets. If
we define y similar the case of top decay based on the reconstructed top information we expect a
behavior

1 do 1

;dcosx - 1—cosy

(3.7)

describing the collinear radiation. This leads to a peak for small xy which can be rejected to
distinguish the top signal from background events.

3.2 HEPTopTagger

If the top decays leptonically we will observe a b-jet and a lepton plus missing energy [64]. The
neutrino will be undetected, which causes the inferred missing transverse momentum pr ,;ss. Nor-
mally it is assumed that the transverse momentum of the neutrino is described by this missing
transverse momentum. The longitudinal neutrino momentum can be determined using the as-
sumption that the invariant mass of the neutrino and lepton should be the W-mass my,. From
this picture the top momentum can be reconstructed. Of course this strategy is limited. Events
in which more than one particle causes contributions to the missing momentum are difficult to
reconstruct. This happens in fully leptonic ¢ decay in which there are two neutrinos, or stop
pair decay in which there are two neutralinos. Furthermore, this technique can not be used for
hadronically decaying tops.

If the top decays hadronically we will observe its decay products in the form of an accumulation
of jets concentrated in a certain region of the detector. These jets we want to analyze and identify
as top decay products. An algorithm that finds top quarks inside accumulations of jets is called
a top tagger. Compared with other top taggers, like the John-Hopkins Tagger [25] or the Thaler-
Wang Tagger [23], which focus on highly boosted tops, we want to tag moderately boosted tops.
Highly boosted tops have a very large transverse momentum pr o, > 800 GeV and are expected to
appear as decay products of heavy particles [57]. For tagging standard model tops this transverse
momentum region is not sufficient enough. Therefore our tagger, the HEPTopTagger, is designed
to find tops with transverse momentum pr +o, > 200 GeV. A summary about different top taggers
can be found in [28]. In this section we describe the tagging algorithm as presented in [37].
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1. define fat jet using C/A algorithm with R = 1.5: First we need to define the region of

the calorimeter which we want to use as input for the HEPTopTagger. We will choose a fat jet
based on the Cambridge/Aachen algorithm. The jetsize R should be similar to the typical size
of a decaying top with pr = 200 GeV. To define this size we employ the following procedure
[65 66, [67]. From the top decay products in parton level we first identify the two top decay
products (¢, j) that have the smallest distance AR; ; from each other. We combine these two
particle momenta p;, p; and calculate the distance AR;; ; between the resulting momentum
pij = pi+p; and the third decay product k. The size of the decayed top can be approximated
by the larger one of these two distances in R-space R, = max(AR; ;, AR;; ). The two
dimensional correlation between the size of the top R, and its transverse momentum pr is
shown in Fig. [3:4] We can see that the decay products are well separated for low pr tops. If
we want to detect tops with pr &~ 200 GeV we need to look at large fat jets with R = 1.5. If
we would choose an even larger R we could in principle detect tops with smaller transverse
momentum. However, we would risk a crossover between different tops or other jets. This
would contaminate the tagging result and would lead to poorly reconstructed or mis-tagged
tops. Therefore we require a fat jet using the C/A algorithm with R = 1.5 and péat > 200
GeV.

L a1
200 400 600
P, [GeV]

Figure 3.4: Size of the top Ry,p vs. pr distribution for a sample of top quarks from ¢ production.
Figure based on [37].

2. find hard subjets inside each fat jet: We have seen that the top decay products are well

separated. Therefore it will be possible to identify the subjets corresponding to the decay
products. Unfortunately the fat jet does not only include the top decay products and their
final state radiation but also QCD effects like initial state radiation, underlying events or pile
up. These impurities we want to reject. To find the subjets we will undo the last clustering
step using a mass drop criterion [68] [25]. Let us therefore consider a jet j that decays into
two subjets j; and j» where we assume j; to have a larger mass m;, > m;,. If j corresponds
to a massive particles we expect it to decay into two jets with small masses m; > m;, ,m;,.
If jo corresponds to a QCD jet we expect it to leave the massive jets mass almost unchanged
while clustering m; ~ m;, > mj,. Therefore we require m;, < 0.8m; to keep both jets j;
and jo. If this criterion is not fulfilled we will keep only j;. Jets are further decomposed until
they drop under a mass m; < 50 GeV.

. filtering of the subjets: If we look at the hard subjets, its size is large enough to contain

also QCD radiation. Initial state radiation, underlying events and pile up may contaminate
the subjet recombination. To avoid this we will use filtering [68]. We recombine the hard
subjets using C/A algorithm with small resolution

Rfilter = min(0.3, ARJk/Q) (38)

where ARj;, is the distance between the subjet and its closest neighbor subjet. This reduces
the effective fraction of the fat jet area we are actually using for the reconstruction of the
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top mass. We will keep the five hardest filtered subjets for the next analysis steps. This
procedure is illustrated in Fig. 325

Figure 3.5: Fat jet and hard subjets before (left) and after (right) filtering. The dotted cirlces have
a size Ryier-

4. find top candidates: We say that a fat jet is considered as a top candidate if we can find
three filtered subjets that have a combined jet mass close to the top mass m;. To find these
three subjets, we iterate through all pairings of three subjets and choose the combination
that gives a combined mass myq; closest to m;. If this mass lies inside the top mass window
150 GeV < mygq < 200 GeV we call this fat jet a top candidate.

5. mass plane cut: Up to now we have used that the combined mass mja3 of the three (pr
ordered) subjets ji, j2, j3 should be close to the top mass m;. Furthermore we know that two
of these jets j; and j; should be W-decay products. Therefore their di-jet mass m;; should be
close to the W-mass myy. If we assume all jets to be massless p? = 0 the top mass constraint
can be expressed in terms of di-jet masses:

mi =miys = (p1+p2+p3)® = (p1+p2)”+ (pr1+p3)> + (P2 +p3)° = miy+mig+mis. (3.9)

This is the equation of the surface of a sphere in m;;-space with radius m;. We have already
fixed m123 to lie inside the top mass window. Therefore there are two variables left for a full
description of the decay kinematics. We choose ma3/m123 and arctanmis/mi2 which would
correspond to the spherical coordinates 6 and ¢ in m;;-space. For the W-mass constraint
will require R, = 0.85 - my /my < myj/miaz < 1.15 - my /my = Ryae for at least one
combination of subjets (i, 7). Using the relation between mass ratios

2 2 2
1= (”m ) (1 + (m“) ) + (m” ) (3.10)
mi23 mi2 mi23
we can reformulate this constraint. The subjets need to fulfill at least one of the following
criteria:

m
Case 1: Rpin < 23

< Rmax
mi23

2 2 2
Case 2. R2, [1+ <ml3> <1- <m23 ) <R, [1+ (ml?’)
mi2 mi23 mi2 (3-11>
m 2 m 2 m 2
Case 3: RZ, (1 + <12> ) <1- <23> <R%,. (1 + <12) )
mis3 m123 mi3

The two dimensional correlation between the two mass plane variables is shown in Fig.

Indeed we see that for events including a top the di-jet masses cluster in the expected
area of the mass plane. Up to now we have only used two constraints. We can choose
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tt ., t-channel , QCD
! - Mi=My m=My

15 ~ 05 1 15 05 1 15

05 1 . .
arctan m;/m,, arctan m,J/m,, arctan m,;J/m,,

Figure 3.6: Distribution of ¢ (left), t~channel (center) and QCD (right) events in arctanmis/mio
vS. Mag/mias plane. The lines denote denote the area allowed by W-mass condition. Dense region
is shown in red. Figure based on [37].

a third constraint to reduce the background coming from QCD. Since background events
cluster at low mogz and low ratios mq3/mi2 we can cut off this region. For case 1 we require
0.2 < arctan 2—12 < 1.3 and for the other cases %"’233 > 0.35.

6. pr-cut on filtered subjets: Finally the three filtered subjets need to have a combined
transverse momentum pr > 200 GeV.

After tagging we can label the subjets as b, W7 and W5 subjets. The labeling is chosen such that
myy is reconstructed best by the subjets W7 and Ws. We can further decrease the number of
mis-tagged tops coming from QCD or W+jets events using b-tagging. We assume a tagging rate €,
and a mis-tag rate ;s for light quarks and gluon jets. As mentioned in [39] the most promising
strategy is to perform one b-tag inside the b labeled subjet. This decreases the background rate
by a factor of €,,;s and the signal rate by a €;4 - €. Here €;4 denotes the probability of a correct
assignment of the b-labeled subjet which is about 70% for signal events (see Analysis).

If we would perform b-tags in all subjets to use this information during the tagging algorithm
we would have to deal with a mis-tagging efficiency of 3 - €,,;5. This can not be compensated by
improvement in the mass plane cuts or for ¢;4.

Besides the filtered mass we used in the tagging algorithm, the HEPTopTagger also provides the
pruned [69, [70] [7T}, [72] and unfiltered mass [39]. These variables show a different behavior for signal
and background events as we will discuss later.

3.3 Single Top production

Beside top pair production the Standard Model also predicts the production of single top quarks
via the weak interaction. At leading order there are three subprocesses: t-channel, s-channel and
Wit-associated single top production.

t-channel: =gq-+b—q +t
s-channel: =q+¢q — b+t (3.12)
Wt-associated: =b+g—> W +1t

The corresponding Feynman diagrams are shown in Fig. To understand angular correlations
we calculate the differential cross section of the t-channel and s-channel single top production. Let
us do this calculation for the t-channel first. We will only look at the process u + b — d + ¢ since
this is the biggest contribution. Feynman diagrams with antiquarks or charm quarks instead of an
up quark are suppressed by their parton distribution function. Diagrams with a d or s instead of
a b are suppressed by their value of the CKM matrix |Viq| and |Vis|.

For this process we can write the matrix element as

. _ iGw —iGuw _ iGw
— M = |t —==7"(1 — v5)Vipu u 1 — v5)Vyata 3.13
t2\/§’y ( 75) tb b:| |:k2 — quU:| |: d2\/§’y ( ’75) d ( )
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q g q t g wogq t

bXt qu b%—{t b@éw
Figure 3.7: Feynman Diagram of the ¢-channel (left), s-channel (center left) and Wit-associated
(right) single top production.

where k = p, — p;. Then the squared matrix element averaged over initial spins and summed over
final spins becomes

2

1 gfu Vu 2V 2 __ Guv —
|M|2:Z Z % [y (1 — s)us) m [@ay” (1 —75)wu]

all spins

(3.14)

1 4 2 2 A
G Va2 Vi XY, o0 27
2569w| wa| | Vi kv

Here we have introduced the three tensors X**, Y, .\ and Z YA At first we realize that we can

write the complex conjugate as

@y (1 —s)up)” = [@y™ (1 — v5)us)" = uf (1 — 75)7

‘o (3.15)
=y (14 v5)7"us = py"™ (1 — 5)uy

Using this relation and the completeness relations we can write the tensor X#* as

X = Z [y (1 — s )us) [@ey"™ (1 — 5 )us)”

spin bt

D [yt — s )] @y (1 = y5)ud]
spin bt

= Tr{(# +mu)y" (1= 95) ($)r" (1 = 75)]

= 2T (B, + me) v (Bp)7" (1 = 75)] (3.16)
= 2p1apeaTr [V YP " (1 = 45)] + 2mupesTr [v#4°" (1 = 75)]

= 2p1apesTr [V VP (1 = 73)]

= 8prapus (979" — g™ g + g gt + o)

auﬁn)

=8 (pi'pk — pt - po - g™ + DEDY + iDraDbsE

In the second line we used the formula for the complex conjugate that we derived before. In the
third line we used the completeness relations. In the fourth line we commuted 75 twice and used
(1 —v5)? = 2(1 — v5). In the fifth line we split the right hand side into two traces and used
P = Y*po. In the next step we used that any trace of an odd number of v*’s vanishes. In the
eighth line we use the expression for the traces and in the last line we evaluated that expression.
Similarly we get

*

77 = Z [@ay” (1 — 75wl [de)‘(l — 75)uu]

spin u,d

Z [@ay” (1 — v5)u] [ﬂu'}/)\(l - 75)ud] (3.17)

spin u,d

Tr [(ga)y" (1 — ¥5) (B )7 (1 — ¥5)]
=8 (4Pl — Pa - Pu - ¢ + DYDY, + iDdaDuse®

VBA)

and

_ Gur8rx
Yum/k - (k2 — m%v)Q (318)
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Putting everything together we get

1
M = 50 Vol Vo XY 27
64

= 57w [Vadl*IVaol* (0198 = (pe - po)g"" + iy + iprappae™™)
2N . o
. m (prg — (pa - pu)g" + DA + iDaarDup e’ A)
w

1 4 2 2 1
VA LI\ 7 L — pu
4gw| d‘ I tb‘ _m%v)g{(pt pd)(pb D )

(k2

— (Pt - o) (Pa - Pu) + (Pt - Pu) (P - Pa) — (Pt - b)) (P - Pu) + 4Pt - D) (Pd - Pu)
= (Pt - o) (Pa - Pu) + (Pt - Pu)(Po - Pa) — (Pt - Pb) (P Pu) + (Pt - Pa)(Po - Pu)
+ iDtalbsE P (DapDun + PanPup) + iPdarPus €™ 2 (Dewdor + Perpay)

R af v . a'ﬁ' Lk (3.19)
— iPtaPbs€yx 9" (P - Pu) = iDdarPup €. 9" (Pt - Db)
+ *Prapoap§ Dl € €arprn}
= L Ve Vas P (201 - pa) (0 1) + 2t 1) (01 D)

1% (k=2 )?
— PraPvap P (—2)(0035, — 55:05)}
= L Ve Vas P (201 - pa) (0 1) + 2t 1) (01 D)

1% (& —m3, )2
+2(pt - pa)(Po - Pu) — 2(pt - Pu) (Do - Pa)}

14 2 2 (2pt 'pd)(Qpb 'pu)
= — g Va2 Vi

4gw| d‘ I tb‘ (kg_m%/v)g

We can use this squared matrix element to calculate the differential cross section
d 1
7 LAIYVE (3.20)

dcos  32ns Dy

Figure 3.8: Kinematics of the s-channel (left) and ¢-channel (right) single top production

Let us first calculate the kinematic variables in the center-of-mass frame. We can parameterize the
momenta as pp = (E,p), pu = (E,—p), p+ = (E¢,pr) and pg = (E4, —py) where |p] = E, |pt| = Eq
and |;|? + m? = E?. We know from energy conservation that

(B, +Eg)? = (2E)* =5 (3.21)

where s is the squared center of mass energy. Therefore we can express F; as

E} =Py + mi = Eg+mi = (2E — E;)* + m} = s — 2/sE; + E? +m7. (3.22)
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Solving this equation gives an expression for Ej:

s—i—mt2
E, = 3.23

Similarly we get
s —m?

|pt| :27\/5

Using this equation we can calculate the product of the momentum 4-vectors

(3.24)

2pppu = (py +pu)? = 4E* =5
2pipa = (pr + pa)® — m; =4E° —m] = s —m]
k? = (pp — pi)? = m} — 2pype = m} — 2[EE; + |p]|p: cos 6]

1 ~s+m? 1 —s—m?

2 ¢ t

= —2|= — 0 3.25

my 2\/‘;2\/5 -1-2\/§2\/g cos (3.25)
1

:mf—§[s+mt2—|—(s—mt2)cos€]

1
= —5(5 —m?)(1 + cos )

Putting everything together, we get

do 1 ‘ptl | ‘
dcosf  32ms Db

Togms dulVaal* Vi (k2 —m2,)?
1 s —m? s —m?)s (3.26)
— 128 gw|Vud| |th|2 t - ( t) .
(=4 (s —m?)(1 + cos ) —mi,)
1 1
= 3 gw| Vad*| Vi |? SN2
((1 + cosf) + 532/2)

This means that decays with large 6 are more likely which means that the top is emitted in the
direction of the incoming bottom. We can also calculate the cross section for s-channel single top
production

(2p: - pg) (2P - Pu)

GRTwE (3.27)

1
M = L VaaPIVas

where k? = (p,+pg)? = 2p,p3. Let us again calculate the kinematic variables. We can parameterize
the incoming momenta as p,, = (E,p) and p; = (E, —p) and the outgoing momenta as p, = (Ey, )
and p; = (Ej, —p:) where [p] = E, [pi| = E; and [P + m = E?. We know from energy
conservation that

(B, +E9)*=(2E)* =5 (3.28)

where s is the squared center of mass energy. We can express E; as
= |p:]? +m? = E2+mt =(2E — E))* +m? = s —2y/sE; + E? + m?. (3.29)

Solving this equation gives an expression for Fj:

E, = (3.30)

Similarly we get

(3.31)
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Using this equation we can calculate the product of the momentum 4-vectors
2pipg = 2 [EE, + |p]|p}] cos 6]

= % [(s +m}) + (s —m7) cos O] =mj + %(s —m2)(1 + cosf)
2p5pu = 2 [EE; + |pl|p;| cos 6] (3.32)
1 1
= 5 [(s = m}) + (s = m}) cos ] = (s = m})(1 + cos )
k* = (pu —pg)? =4E? =5

Plugging everything together we get

do _ 1 @‘MF
dcos@  32ms p,
1 s —mi (2p¢  pg)(2pg - Pu
_ gi\Vud|2|th|2 t ( t K d)( 2b 2 )
1287s (k2 —miy,)

1 s —m?
= %giwudFWtbF :
(m? + 3(s = m3)(1 + cos 0)) (3 (s — m?)(1 + cos0)) (3-33)
(s —mi,)?
I 2 201 ﬂ%
= e daVad Va2 - )
2 2
("£(1+ cosB) + (1 — Z£)(1 + cos6)?)

(1 - Miv)2

S

Here 6 is the angle between the top and the up quark. We see that the top is more likely to be
emitted in the direction of the incoming up quark.

Up to now we looked only at the leading order contribution for s-channel and ¢-channel single top
production. At this stage we can distinguish both channels by their different final states. At next
to leading order this situation is not obvious anymore. Let us consider that there is an initial state
gluon that splits into two quarks. Then it is possible that both channels have the same initial
state consisting of a gluon and a light quark ¢ and the same final state consisting of a top, a b and
a light quark ¢’. Therefore, it might be possible that both channels interfere. The corresponding
Feynman diagrams are shown in Fig. 3.9

;

q q

b

Figure 3.9: NLO correction for t-channel and s-channel single top production with the same initial
state and final state particles.

If such an interference term exist we cannot distinguish the two productions channels anymore
at NLO. Let us therefore look at the matrix elements. Each quark ¢ has a momentum p, in the
direction of the fermion line and a color ¢,. The gluon has a SU(3)-symmetry group index a and
a spin o. For the left diagram coming from ¢-channel single top production we get
. _ gw 7i9;w
My = Uy (pgscq) —=7" (1 — ¥5)VagOcpc , Ug(Pgs Cq) | 55—
t [ o (g cq )2\/5’7 (1 —75)Vaq CqCyq q(Pq q)} Py —m2y

— ZgVV v ’L(]éb +mb) . o
. {Ut(Pt,Ct)%/iV (1 —75)‘/2135&%} P—m? [i977 (t")cy e U5 (155 C5)]

= 5cch/ 5ctcb (ta)cb,(:g ) A(p, 5) = 5(3qu/ (ta)ct,(:g : A(p, 5)

(3.34)
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In the last step we have split the matrix element into a color part and a part A(p, s) that depends
on the momentum and spin variables. Analogously, we can write for the diagram coming from
s-channel single top production,

. — igW _ig;w
My = (e, ) LY (1 = 45 VitBeyes 05 (g €5) | —— 22
7 [ut(}?t Ct)Qﬁ’Y ( v5) Vi bvg(]?g CE):| p%/v _m%/V
_ . i(#y +my) {igw (3.35)
© | Uy 1y Cqr )0 Uta(,‘/c—/:| ! (1 - V. /5(: e U , C '
[q(pq q)g’Y()q,q p%,—m%, 2\@7( ¥5)Vaq aCq 4(Pg> Cq)

= 5(:ch/ 5CtC§ (ta)cq/,cqz : B(Z% 5) = 5Ct6§ (ta)cq/,cq : B(p, 5)

Again B(p,s) is a function depending on momentum and spin variables. The squared matrix
element is

M2 = My + M2 = |Me|? + [IM|? + MM, + MEM, (3.36)

The interference is described by M;M,. After summing over all final state color configurations
and averaging over initial state colors we get

D MM = ST TS e (e By (e - Al ) Bps)

colors cq Cq Cf

= S e (), Al ) Bp, ) (337

1
= gTr(t“) Tr(t*)A(p, s)*B(p,s) = 0.
We have used that the generators t* of the SU(3) group are traceless. Therefore we have shown
that there is no interference of s-channel and ¢-channel single top production at next-to-leading

order. At next to next to leading order this is not true anymore. Let us therefore look at the
Feynman diagrams shown in Fig. [3.10]

q

b
Figure 3.10: NNLO correction for t-channel and s-channel single top production with the same

initial state and final state particles.

Again we assign a color ¢, to each quark q. The incoming gluon has a group index a , the outgoing
gluon has a group index b. Then we can write the matrix elements for both processes as

My = 5cch/ (ta)cb,cE 65tcb (tb)chét : A(I% S) = 6cch/ (tbta)ct,CK . A<p7 S)

. . ) (3.38)
ZMS - 601103/ (t )Eq/,cﬁ/ (tb)cq/,éq/ 6@03 . B(p, 3) = (tbt )cq/,cq 50,503 : B(pv S)

where ¢; and ¢, are used for color of the internal quark. Therefore the interference term can be
written as

é > MM, = ézzzz(scch, () 15 (1) ey Ocrcy - AP, 8)" B(p, 5)

colors Cq Cq/ Cy Ct
1 *
=3 Z Z (tbta)ctyct (tbta)cq,cq - A(p,s)"B(p, s) (3.39)

= %Tr(tbt“) Tr(t°t*) A(p, s)*B(p,s) = %C(r)QéabA(ns)*B(p, s).
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where C(r) is a constant depending on the representation of the group which does not vanish.
Therefore there exists an interference between s-channel and ¢-channel single top production at
next-to-next to leading order.

3.4 Angular distribution in single top decay

Now we want to measure the angular correlation in ¢-channel single top production. Therefore we
must know the direction of the incoming bottom quark. To determine this direction we can use
properties of decay kinematics and the parton distribution function of the incoming quarks.

At first we expect to tag one top and one recoil jet that balance this top. The combined transverse
momentum should be small and the center of mass momentum of the top and the hardest recoil
jet should be parallel to the beam axis. Furthermore, we expect the bottom to have a smaller
momentum fraction than the up quark and therefore the center of mass momentum should point
in the direction of the incoming up quark. If we define 6*(p;, p;) [73] to be the angle between the
top momentum p; in the rest frame and the center of mass momentum p; 4 p; in the lab frame
(which we expect to point in the direction of the up quark) we see that 6* ~ 6 where 6 is the angle
we calculated before (see Fig. [3.11)).

Figure 3.11: Definition of angle 6* for ¢,s-channel single top production. 5 denotes the center of
mass momentum p; + p; in the lab frame. Figure taken from [41]

That means the angle 6* should be large as well and therefore cos§* =~ —1. As we will see this
behavior only occurs for ¢-channel single top production and we can use this angle to identify this
process.

0.3 cos 6
0.2
0.1
cos 6* cci%:_’J—
L L A_a—'J_ PR S R Tt -
0.5 1 -1 -0.5 0 0.5 1 1 -0.5 0 0.5 1
cos 0, cos 6% cos 6, cos6* cos 0, cos6*

Figure 3.12: 0 (black) and 6* (red) distribution for ¢-channel single top production. Curves are
discussed in the text.

In the left panel of Fig. we show the normalized differential cross section as a function of 6
and 6* of the process u+b — t +d and d + b — u + £ for a fixed center of mass energy /s = 500
GeV. The blue line shows the prediction by theory using the equation derived in the previous
section, the black line shows the distribution of cos 6(p¢, p,,) and the red line shows the distribution
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of cos0*(ps, pa). We see that the theory prediction matches the distribution of the decay angle 6.
For some events the distributions for 7 — 6 and 6* differ due to the fact that the center of mass
momentum does not point in the direction of the u quark but in the direction of the b quark.
The central panel of Fig. shows the same distribution for the whole center-of-mass en-
ergy range. We see that this distribution did not changed significantly and still has a peak for
cos 8* =~ —1. The right plot shows the same distribution but for the processes with an incoming
antiquark: W+ b — t+d and d + b — W + t. The differential cross section (black line) does not
change. But sometimes the center of mass momentum points into the direction of the incoming
bottom quark and therefore §* = m — 6. As a result we observe an additional peak at cos6* ~ 1.
Fortunately this process is suppressed by the parton distribution function.

0.1
cosO
0.05 cos 6*
C0S B oeq
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Figure 3.13: (left: 6 (black) and 6* distribution for ¢-channel single top production using parton
level top (red) and tagged top (blue) information. right: cos@ vs. cos8* distribution for ¢-channel
single top production. Dense region is shown in red. Figure taken from [41].

Fig. (left panel) shows the same distribution for events in which a top is tagged. We can see
that tops with cosf = +1 are not detected since they are emitted in direction of the beam (black
line). But we still have a peak at negative values of cos 8* (red line). Using the tagged top and its
recoil jet instead of the parton level top does not change this behavior (blue line). The right panel
of Fig. shows the correlation between cosf and cos6* at parton level. We see that for most
events both variables are equal cos 8* = cos 6. In some events, the incoming b quark is harder than
the incoming light quark what leads to the relation cos §* = — cos 6.

We can calculate the same angle also for s-channel single top production. We have seen that
the top prefers to be emitted in the direction of the incoming up quark. Again we expect that the
center of mass momentum of the top and the bottom should have low transverse momentum and
should be parallel to the beam axis. But we also expect that the up quark has a bigger momentum
fraction than the anti-down quark and therefore the center of mass momentum should point into
the direction of the up quark. The angle 6*(p;, py) is similar to the angle we used in the calculation
of the cross section above 6* = . Therefore should have a peak at cos0* =~ 1. This is exactly the
opposite behavior of the t-channel single top production.

Let us compare this prediction with a Monte Carlo simulation (see Fig. . The left plot shows
the differential cross section as a function of § and 6* for the process u+d — t+b for a fixed center
of mass energy /s = 500 GeV. The blue line shows the prediction by theory using the equation
derived in the previous section, the black line shows the distribution of cosf(p;, p,) and the red
line shows the distribution of cos 6*(p;, p;). Again we see that the theory prediction matches the
distribution of the decay angle 8. For some events the distributions for # and #* differs due to the
fact that the center of mass momentum does not point in the direction of the u quark but in the
direction of the d quark. This happens in about 10% of the events.

If we look at the distribution for the whole range of center of mass energies /s shown in the central
panel we see that the distribution did not changed significantly. Again cos € and cos 8* may differ
since the center of mass momentum points not in the direction of the up quark.

The right plot shows the same distribution for the process w + d — ¢ + b which occurs in ap-
proximately 30% of the s-channel single top events. This does not change the differential cross
section (where 6 is now the angle between the anti-top and the incoming down quark) as we can
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Figure 3.14: cos(f) (black) and cos(6*) (red) for s-channel single top production. Curves are
discussed in the text.

see looking at the black line. But now the center of mass momentum tends to be parallel to the
incoming down quark and therefore the peak of the cos6* distribution (red line) is shifted towards
negative values.
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Figure 3.15: left: cos@ (black) and cos#* distribution using parton level top (red) and tagged top
(blue) for s-channel single top production.right: cosf vs. cosf* distribution for s-channel single
top production. Dense region is shown in red. Figure taken from [41].

These distributions change significantly after we use the top tagger. Fig. shows the distribu-
tions for events with exactly one tagged top. The black line shows the distribution of cos 8 where
6 is the angle between the top quark and the incoming anti-down (or down) quark in parton level.
We see that it still has a peak at positive values as we would expect. Large values of cosf are
cut off since we require a minimal transverse momentum of the top. Tops emitted parallel to the
beamline are not detected anymore. The red line shows the distribution of #* using again the
parton level quarks. Since both processes contribute, there is no clear peak anymore. But since
the process u+ d — t + b occurs more often, the peak is slightly shifted towards a positive value of
cos 0*. This behavior does not change if we use the tagged top momentum (blue line). As we can
see in the right panel of Fig. cos 0* = £ cosf depending on the center-of-mass momentum
direction of the system.

One of the main backgrounds for single top production will be t# production. In our analysis
we will apply a lepton veto and require exactly one tagged top. That means for top pair produc-
tion that the second top did not pass the HEPTopTagger. But there should still be at least one jet
(probably more than one) that comes from the second top. The kinematic situation for ¢t events
is shown in Fig. We expect one of these jets to be the hardest recoil jet. Since this jet does
not include the complete second top, it will not balance the transverse momentum of the tagged
top. We can use this information to eliminate most of the tf events if we require the transverse
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part of the center-of-mass momentum in the lab frame p; 4 p; to be small.

t tagged

t untagged

Figure 3.16: Angle 6* for t¢ production. Instead of the untagged top we detect several recoil jets
corresponding to the top decay products. § denotes the boost vector towards the center-of-mass
system of the tagged top and the hardest recoil jet.

Since the top has a higher momentum than the hardest recoil jet we expect the center of mass
momentum of these two jets to point in the direction of the tagged top. Therefore the angle 6*
should be small and cos §* ~ 1. This is again different compared to ¢t-channel single top production.
If we look at Fig. we see this is indeed the case. The red line shows the #* distribution of the
parton level top that correspond to the tagged top and the hardest subjet of the other top. The
red line show the same distribution using the tagged top and the hardest recoil jet. We see that
both prefer to have positive values and there is no big difference between these distributions.
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Figure 3.17: 6* distribution using parton level top (black line) and tagged top (red line) for t¢
production.

For the QCD background, we expect events that pass our tagger to look similar to a signal event
including a top quark. Due to their di-jet topology we expect one jet to mimic a top quark while
the other jet forms a recoil which can balance the mis-tagged tops transverse momentum. Since
there are a lot of possible QCD events we expect no specific angular dependence of the top. If the
top and the recoil jet balance each other the center of mass momentum should be parallel to the
beam direction but there is no preferred direction with respect to the incoming partons.
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Chapter 4

Analysis

4.1 Event Generation

The aim of our analysis is to detect single top events. Therefore we have to distinguish them from
other background events predicted by the standard model [74] [75] [76]. Since the HEPTopTagger
uses hadronically decaying tops our main background will be QCD jets as well as W-jets in which
some of these jets are misidentified as a top. The other main background is top pair production.
Furthermore we consider tW(b) single top production as an additional background in this paper.
Here, tWb production is similar to top pair production but with one off-shell top which then decays
into a W and b.

For this analysis we use ALPGEN-+PYTHIA [77, [78 [T9] to generate all event samples. To simulate
the signal events as well as the single top background ¢W (b) we use only leading order production
without matching. For tWb we use the ALPGEN default description. Here the Wb invariant mass
is restricted to be |myp —my| < 5 GeV. This avoids double counting with ¢¢ events. For the other
background processes additional hard radiation is encountered. We use MLM matching [80] to
simulate it. For ¢f samples we take into account up to two additional jets. This is necessary since
the cross section of tt + 2 jets is about 25% of the leading order cross section. After top tagging
this number will be smaller since additional jets will decrease the transverse momentum of each
top and therefore it will not exceed the pp-threshold anymore. Therefore we will not encounter
more additional jets. For QCD we will take into account 3-5 jet samples. Although Wjets turns
out to be a minor background we simulate up to three additional jets for 8 TeV and up to five jets
for 14 TeV.

The cross sections for s/t-channel, ¢ and ¢WW-channel are normalized to the approximate NNLO
rates [60], RI]. A top mass m; = 173 GeV is used. For QCD and W-jet background we use the
leading order normalization. These cross sections are shown in Tab. [82, 183, [84], [85], [86].

cross section[pb] | s-channel ¢-channel  ¢f tW(b) QCD W-jet
8 TeV 5.55 87.1 234 222 + 184 652 -103 1576
14 TeV 11.86 248 920 83.6 + 76.6 1.94 -10° 3880

Table 4.1:  Signal and background cross sections in pb for LHC at 8 [81] and 14 TeV [60] used for
the analysis.

To get a more realistic description we will use the fast detector simulation Delphes to simulate
the ATLAS detector [87]. For our analysis this has two effects: a finite efficiency for isolated
lepton detection and a smearing of the kinematic variables of the final state particles. Delphes
considers a lepton as isolated if there is no other charged particle with pr > 10 GeV within a cone
of R = 0.5. This leads to a detection probability of isolated leptons of approximately 56% for
leptonic top decays. This is similar to the tight configuration ATLAS uses [88] and can therefore
be considered as realistic. If we would choose a looser configuration this would lead to a larger
number of misidentified, unisolated leptons. We try to avoid this behavior because we will reject
leptonic events in our analysis.

As input for the tagging algorithm we will use the calorimeter data provided by Delphes. This
takes into account the segmentation of the calorimeter and the smearing of the calorimeter cell
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energy. This can lead to different clustering behaviors under a jet algorithm. Therefore, it may
happen that tops that were tagged without Delphes are not tagged anymore after applying Delphes
or vice-versa. A more detailed discussion of Delphes and its effect on the tagging procedure can
be found in the Appendix.

In this section we will discuss our strategy for the detection of single top production. This strategy
will be illustrated using the t-channel single top production at 8 TeV LHC. It will turn out that
most of these steps can be used for the detection of s-channel single top production and for the
analysis at 14 TeV as well. Our analysis can be divided into three steps: the analysis of the tagged
top itself, the analysis of the system of top and recoil jet and finally the recoil jet itself. Afterwards
we will show changes in our strategy and additional cuts needed for the detection of s-channel
single top production.

4.2 Top tag

In parton level the final state in signal events consists of a top and a recoil jet. We will first focus
on the top itself. As a first step we will require a top tag. Since our top tagger is designed to tag
hadronic top we expect signal events to be fully hadronic. Therefore we will reject events including
isolated leptons in our analysis. Furthermore we will reject all events with more than one top since
we want to avoid tf contamination.

The HEPTopTagger algorithm requires a C/A fat jet [65] with pp for > 200 GeV with specific
internal structure of the subjets where we used the default configuration as described in [37].
Fig. shows the distribution of the transverse momentum of tops in single top and top pair
production at LHC with 8 TeV. The table shows the predicted rates for tops exceeding different
transverse momentum thresholds. We see that tops in ¢t background tend to have larger transverse
momentum. Therefore top tagging itself will decrease o;/0y7. On the other hand the ratio between
s-channel and t-channel cross section becomes better after requiring larger pr.
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Figure 4.1: Left: Normalized pr distribution for s-channel (blue), ¢-channel (red) and t¢ (black)
at LHC 14 TeV run. Right: Signal and background cross section with top pr cuts at 8 TeV LHC
in fb. For #t the numbers are for the events with at least one top passing the pr cut. Figure taken
from [41].

event t-ch. s-ch. tt tW({) QCD Wjets
cross section [fb] 87.2:10° 5.55-10°% [ 234-10° (22.2+18.4)-10% 652-10° 1.57-10°
hadronic events [fb] | 72.5-10% 4.70-10% | 173-10° 31.5-10% 652105 1.36-10°
tagged events [fb] 400 60.9 8389 676 259-103 4106

Table 4.2: Signal and background cross section for all events, after isolated lepton veto and after
requiring exactly one top tag.

Tab. [£.2] shows the cross sections for the signal and background after top tagging. We can see that
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top tagging itself it not sufficient enough to reduce QCD background. We will therefore modify
the configuration of the HEPTopTagger to achieve a better QCD rejection. In the HepTopTagger
algorithm we look at the plane of mass ratios magz/mi23 and arctanmiz/mis. Afterwards we
assign the subjets in a way so that the jets number 2 and 3 correspond to the W decay products
and jet 1 is the b subjet. Since we expect two of these jets to be decay product of a W in the
algorithm we require mas/mi23 to give the expected mass ratio of my, /m; with an uncertainty of
+fw/2 - mw /m;. The other mass plane variable is used to reject QCD events which tend to have
small values of my3/mq2. For these variables we can choose stronger cuts. Another variable we
can look at is the mass of the tagged top my.,. This variables are shown in Fig.
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Figure 4.2: Normalized distribution of maz/mias (left), arctanmis/mia (center) and my,, (right)
using the default configuration of the HEPTopTagger.

We can see clear differences between the events including a top and mis-tagged QCD events. For
QCD events the mag/miae3 distribution (left panel) is broader and the arctanmis/mio (central
panel) shows a peak at small values. This peak corresponds to soft radiation. Therefore we can
choose a smaller window for the W-mass and cut off the peak. The right panel shows the mass
of the top quark itself. Events including a top have a peak around the top mass. The number of
QCD events decreases exponentially with higher masses. We can therefore cut off tagged tops with
small masses. Different choices for cuts and their improvement factor compared to the default
setting are shown in Tab. A good choice for cuts which we will use later is fir = 0.2,
arctanmys/myg > 0.45 and 160 GeV < my,, < 200 GeV as denoted by the black line in Fig. (4.2

[tagged [ fir—025 0.2 0.15|arctan Z2-04 045 05 ]m;~155 160 165

t-ch. [fb] 400 354 318 266 376 345 307 367 326 274
QCD [10° fb] 258 210 173 127 211 178 149 203 161 126
€s/B 1 1.09 1.18 1.33 1.15 1.24 1.52 1.16 1.30 1.40

€s/VEB 1 0.96 0.97 0.94 1.04 1.04 1.01 1.04 1.04 0.98

tt [fb] | 8390 7141 6236 5088 7836 7166 6446 7626 6745 5707

€3/B 1 1.04 1.07 1.10 1.01 1.01 1.00 1.01 1.01 1.01

€s/VEB 1 0.96 0.92 0.85 0.97 0.93 0.88 0.96 091 0.83

Table 4.3: Tagged top rate (in fb for ¢t-channel, QCD and ¢t) after several choices for a cuts on
Mag/M123, arctanmsz/miz and myep. €s/p and €s/VE denote improvement factors relative to no
cuts.

Up to now we have only looked at the filtered [68] mass which is used as the mass of the tagged top.
In Ref. [39] there are mentioned two other mass variables provided by the HEPTopTagger: the
pruned mass [69] and the unfiltered mass. These can be used to distinguish signal and background
events. Since both variables show a similar behavior, we will concentrate on the pruned mass first.
Pruning is a procedure that removes soft radiation while clustering the fat jet. Therefore it should
have a similar impact on the top mass as filtering does. We have seen in the analysis of ¢t events
[39], that we can use pruning to reject QCD background. Fig. shows the correlation between
the pruned mass myrune and the filtered mass mfzer-
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Figure 4.3: Two dimensional correlation of pruned mass and filtered mass for ¢-channel (left), t¢
(center) and QCD (right) using the HEPTopTagger default configuration. Dense region is shown
in red.

We can see that for events including a top quark the pruned mass and the filtered mass are closely
related. For QCD events there is not such a correlation. We will therefore look at the variable

Amprune = Mprune — M filter (41)

to distinguish the signal from the QCD background (see left panel of Fig. . While single top
and t¢ events prefer small mass differences, QCD events tend to have larger values of Ampyne.
Compared with filtering, pruning discards less constituents. Therefore the pruned mass increases
in the presence of radiation. This is the environment we expect in QCD. Therefore those events
have a larger mass difference which we can cut off. Several choices for such cuts are shown in Tab.
[4:4] We could also consider the unfiltered mass. Since we did not removed radiation we expect a
higher unfiltered mass. The corresponding mass difference Amuyn fitter = Munfitter — Mfilter Can
be seen in the right panel of Fig. @ It shows a similar behavior as Ampyyne but with a shift
towards larger mass differences. It would also be possible to use this variable instead of Amyp,yne.
An additional cut on the pruned mass itself is not promising.
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Figure 4.4: Amypyne (left) and Amy, fiser (right) using the default configuration of the HEPTop-
Tagger. Figure taken from [41].

To reduce more QCD background we require a bottom tag in the subjet of the tagged top that is
initiated from a bottom. As discussed in [39] this is the most promising strategy. Therefore, we
check if a parton level bottom is inside this subjet. Of course this subjet-parton matching does not
work perfectly and we will loose events due to the misassignment of a bottom initiated jet. On the
other hand, we only have to perform one b-tag and can therefore reject much more QCD events
than we would be able to reject if we perform three b-tags, one for each subjet. In Fig. we
show how many b-subjets are really b-initiated or not. Assuming a b-tagging rate of €, = 50% and
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| tagged | Amprune <10 GeV 20 GeV 30 GeV

t-ch. [fb] [ 400 108 191 251
QCD [10° fb] | 258 16 40 76
€S/B 1 4.41 3.11 2.11

€5/VB 1 1.09 1.22 1.15

it [] | 8390 1716 3270 4542

GS/B 1 1.32 1.22 1.16

€s/VEB 1 0.60 0.76 0.85

Table 4.4: Tagged top rate (in fb for t-channel, QCD and #t) after several choices for a cuts on
AMpryne- €5/ and €g /VE denote improvement factors relative to the default configuration.

a mis-tagging rate of €,,;s = 1% [89] we get improvement factors for b-tagging for each process.
QCD and W+jets background events are suppressed by €,,;s since we assume that they do not
contain a bottom quark.

We can see that events with a simple structure like ¢ (without additional jets), s-channel and
t-channel top production have a higher probability for a correct assignment of the b-subjet. A
busy environment with additional jets lowers the b-tagging rate within the top. In such a case
more tops are incorrectly reconstructed.

process | s-ch. t-ch.| tt ity ttjj| tW  thW
correct matching | 70.3% 67.1% | 70.4% 58.4% 47.3% | 56.4% 60.0%
b-tag improvement | 35.4% 33.9% | 35.5% 30.0% 24.2% |28.6% 30.3%

Table 4.5: Bottom tag efficiency for different channels. We consider each channel separately and
determine how often the b-subjet is b-initiated. Afterwards, we include the b-tagging rate of 50%
for correctly assigned b-subjets and a mis-tag rate of 1% for incorrectly assigned subjets.

To get a better QCD rejection we could change even more variables in the HEPTopTagger setting.
An optimized choice was suggested by the Heidelberg ATLAS group [90]. Following their analysis
we will change four variables in the tagging algorithm.

1. maximal mass of single subjet: After we find a fat jet, we undo the clustering (including
a mass drop criteria) until we achieve a subjet with a mass smaller than m;. We change this
parameter from its default value of m; < 50 GeV to m; < 30 GeV.

2. maximal size of filtered jet: In the next step we filter this subjets with a resolution
Ryitter = min(Ryqaz, ARji/2). We change this Ry,q, from its default value of 0.3 to 0.2.

3. number of filtered jets: Afterwards we take the ny;; hardest subjets and look for a
combination of three of these subjets that is closest to the top mass. We change ny;; from
5 to 4.

4. mass ratio uncertainty: After we find the top candidate, we require that the mass of two
of these subjets divided by the mass of the top candidate gives the expected mass ratio of
mw /m; with an uncertainty of j:fTW ~my /my. We change fy from 30% to 20%.

The resulting cross sections after tagging and a comparison with the default configuration can be
seen in Tab. [£.6] We can recognize that less QCD events pass the tagger since we have chosen
more strict criteria. The signal over background ratio increases significantly. Especially the change
of the maximal subjet size reduces the size of the jet and therefore only jets in which the energy
is accumulated in the center of the jet will be used. As we can see in Fig. [4.5| (right) the filtered
mass tends to be too small. It has a peak at m = 165 GeV but almost no tagged tops have a mass
m > 175 GeV. By choosing stronger criteria in the tagging algorithm we have removed too much
information while filtering and therefore decreased the mass of the top jet. Therefore, a cut on the
top-mass window as applied in the default configuration is not promising anymore. We will still
require arctan mqs/mio > 0.45.

The pruned mass (left panel) has its peak at the expected top mass of my,, ~ 175 GeV. Again,
we look at the mass difference Amp,yne. Since the jet mass and the pruned mass have different
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positions for their peak, we expect Amy,yune to have its peak not at zero. We will require -10 GeV
< Amprune < 20 GeV. Indeed in Fig. (center) we observe this shift. As before we will reduce
the QCD background by requiring a b-tag in the b-initiated subjet.
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Figure 4.5: Normalized distribution of Amyp,yne (left), mprune (center) and my,, using the changed
configuration of the HEPTopTagger.

The combined results after the cuts using the default and optimized configuration is shown in Tab.
[4:6] The optimized setting of the HEPTopTagger itself gives a better signal over background but
the efficiency of the applied cuts decreases. After applying all cuts the number of events S, S/B
and S/ VB are almost the same. On the other hand, we have seen that the filtered top mass is
shifted towards smaller values. Therefore, we also expect that the momentum and energy in the
top is shifted in some way from the parton level value. We want to avoid such an effect since we
want to use the top momentum for further analysis. Therefore in the next sections we will use the
default setting.

event t-ch. sch.| # tW(b) QCD W-jets| S/B S/VBigp—1
tagged [fb] (default) 400 60.9]8389 676 259-10° 4106 0.0014 2.42
config [fb] (default) 244 35.5|4659 360 79.3-10° 1598 |0.0028 2.63
AMyprune [fb] (default) | 124 16.56 | 1978 145 10.8.10° 601 | 0.0091 3.37
b-tag [fb] (default) 49.9 6.24| 728 522 1084 6.01 | 0.055 5.26
tagged [fb] (optimized) | 280 48.0]5087 429 64.2.10° 1769 |0.0039 3.31
config [fb] (optimized) 210 3543820 318 33.810°  11350.0053 3.36
AMyprune|fb] (optimized) | 142 19.2]2171 180 6.6:10° 539| 0.015 4.62
b-tag [fb] (optimized) 54.7 8.16| 821 70.1 66.1 5.39| 0.056 5.55

Table 4.6: Number of events that pass the selection cuts for ¢-channel single top production for
1 fb='. The upper part uses the default setting of the HEPTopTagger, the lower part uses the
optimized setting.

4.3 Top and recoil jet system

Until now we have only concentrated on properties of the tagged top. This allowed us to reject
most of the QCD background. After top tagging, ¢t production becomes the major background. To
distinguish single top and top pair production we can use the properties of the recoil jet balancing
the top. To obtain the recoil jet we cluster the calorimeter cells using the C/A algorithm with
R=0.5. To avoid double usage of calorimeter information we only take into account the calorime-
ter cells that were not used for the reconstruction of the tagged top. Out of the set of jets we
obtain, we select the hardest jet to be the recoil jet. We require this jet to be outside the fat jet
corresponding to the tagged top and to have a transverse momentum pp ; > 25 GeV.

For single top production we expect the recoil jet to be initiated by a light quark (¢-channel) or
b-quark (s-channel) and therefore to balance the top. Thus, we will look at the momentum distri-
bution of the system composed of a top and a recoil jet. We expect the behavior of the recoil jet
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and its momentum to be independent of the internal structure of the top jet. Therefore we will look
at event samples in which one top is tagged using the default configuration of the HEPTopTagger.
Additional cuts discussed in the previous section are not applied.

To describe the ¢j-system we look at its transverse momentum pr; and its longitudinal momen-
tum pr,¢;. The two-dimensional correlation py, ;; vs. pr.; for t-channel single top production, ¢t
production and their ratio is shown in Fig. [£.6]
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Figure 4.6: Transverse momentum pr; vs. longitudinal momentum py, ;; distribution for ¢-channel
single top production (left), t¢ (center) and their ratio (right). Figure taken from [41].

We can see differences in the distributions between signal and background. For single top pro-
duction we expect the top and recoil jet to balance each other and therefore the system to have
small transverse momentum pr ;. The systems longitudinal momentum py, ;; in ¢-channel single
top tends to be high since the initial state bottom quark carries a small momentum fraction and
cannot balance the initial state light quark longitudinal momentum. The s-channel single top
distribution is similar since we expect the initial state longitudinal momenta to be unbalanced as
well.

In ¢t production we expect the recoil jet to correspond to a top decay product but not to the entire
top. Therefore, the recoil jet cannot balance the tagged tops transverse momentum which results
in a large pr ;. At the LHC, top pairs are mainly produced in gluon fusion. We expect the gluons
longitudinal momentum to balance in a large event sample and therefore py ;; to be relatively
small. The right panel of Fig. shows the ratio between the ¢t-channel and ¢¢ distributions. We
can see that there is a region with small pr;; and large pr, ;; which can be selected to enhance the
signal versus tt background. Therefore we will apply a cut

Prtj < PLtjo + pggj . (4.2)

The black line in the right panel of Fig. corresponds to the choice pr, ¢j0 = 10 GeV. Improvement
factors for several choices of py, +;9 are shown in Tab. @ We see that this cut also reduces some
QCD background which is dominated by di-jets events. One of these jets will be mis-tagged as a
top, the other jet will be detected as a recoil jet. If the recoil jet does not split in to jets with large
separation AR >0.5, the event may look similar to the signal. Otherwise it will be similar to the
tt case.

As discussed in the previous chapter in t-channel single top production it is possible to measure the
decay angle. The initial state consists of a bottom quark and a light quark. Due to a softer PDF
for b-quarks the bottom momentum p;, is expected to be smaller than the light quark momentum
pg- Therefore the center-of-mass momentum p, + p, will point in the direction of the incoming
light quark. If the tagged top and recoil jet correspond to the final state particles their system
momentum p;; should be similar to the initial state particles center-of-mass momentum. Therefore,
the decay angle 6 between the top and initial state light quark momentum is similar to the angle 6*
between the tagged tops direction in the systems rest frame and the system momentum direction
in the lab frame. Using this relation we can predict 8* to be large.

For s-channel single top production the initial state consists of a light quark and an anti-quark. If
we define 6 to be the angle between the d-like initial state quark and the top, it depends on the
top charge if # and 6* as defined above are the same or not. Taking into account both s-channel
top and anti-top production, we still expect to have small 6*. Fig. [L7] shows the normalized
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\tagged \ prtjo = 5 GeV 10 GeV 15 GeV

t-ch. [b] | 400 85.1 118 152
QCD [10° o] | 258 235 402 58.1
€s/B 1 233 1.90  1.70

€s/vE 1 070 075  0.80
]| 8390 81.0 137 211

€s/B 1 218 179 149

€s/vE 1 215 230 237

Table 4.7: Tagged top rate (in fb for t-channel, QCD and ¢t) after several choices for a cuts on
the system momentum p;. €g/p and €g IVE denote improvement factors relative to the default
configuration.

distribution for the angle §* before and after applying the cuts on the system momentum p;;. We
show t-channel (red line), s-channel (blue line) and ¢¢ (black line).

1 do 0.15 1 do
0.1 O d cos6* -1 0 d cos6*
r schannd with ptl cut
ol s-channel
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cos 6* cos 6*

Figure 4.7: Normalized distribution of cosf* before (left) and after (right) cut on the system
momentum py; for ¢t-channel (red), s-channel (blue) and ¢¢ (black). Figure taken from [41].

We see that the t¢ background events prefer to have large values for cos@*. If the recoil jet
corresponds to a top decay product, it will not balance the top anymore. Therefore, the system
momentum will point in the tagged top direction which leads to a small value for 8*. Therefore
this angle can be used to distinguish ¢-channel single top production from ¢t background. For QCD
events we expect no special angular correlation and therefore a uniform distribution.

If we apply the cut on the system momentum p;; we already force the system momentum to point
along the beam direction. Since this is expected in single top production this cut does not change
the distribution for single top events. For tf events the peak in the cos#* distribution vanishes
since it was caused by events with large pr ;. We obtain an almost uniform distribution. For QCD
events we expect a similar behavior. If we want to extract the signal corresponding to ¢t-channel
single top production we have to choose events with small values for cos #*. Improvement factors
for several choices of cuts are shown in Tab. [£:8 The black line in Fig. [£.7] corresponds to the
choice cos 8" < —0.5.

4.4 Internal structure of the recoil jet

Besides cuts in the tj-system, we can also look at the recoil jet itself. In top pair production we
expect the recoil jet to be a top decay product of the untagged top. This top is expected to form a
large jet. Therefore we can try to identify this recoil jet as part of a larger jet corresponding to the
top. In single top production we only expect to see one recoil jet coming from a light or b-quark.
This jet should have a small size without energy contributions around it.

In ¢t production we should be able to observe one jet coming from the b-quark produced in the
decay of the untagged top. This jet can be identified using bottom tagging outside of the tagged
top. For t-channel single top production we do not expect a b-tag since the recoil jet corresponds
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\tagged\cos@* < =-0.7 -05 -0.3
t-ch. [fb] 118 45.2 70.5 85.7
QCD [10°% fb] 40.2 12.8 18.5 20.7
€5/B 1 1.20 1.29 1.40
€5/ VB 1 0.67 0.87 1.01
tt [fb] 137 13.1 27.9 44.2
€5/B 1 4.01 2.92 2.25
€5/VB 1 1.23 1.32 1.27

Table 4.8: Tagged top rate (in fb for t-channel, QCD and #t) after several choices for a cuts on
the angle cos0*. eg/p and €q /VE denote improvement factors relative to the cross sections after
applying the cut on system momentum py;.

to a light quark. Therefore we will require no bottom tag outside the tagged top. Again we assume
a tagging efficiency of ¢, = 50% and a mis-tag rate of €,,;s = 1%. The probability for at least
one recoil jet to be b-initiated can be seen in the first row of Tab. The second row shows the
corresponding rate of events that pass the b-veto. We see that about one third of the tt-background
events can be rejected while almost all signal events pass the b-veto.

process \ s-ch.

t-ch. \

tt

ttj ]

tW  tbW

correct matching

96.4% 0.55%
51.8% 98.7%

59.6%
69.8%

65.4% 72.4%
66.9% 63.5%

8.8% 75.9%
94.7% 61.8%

b-tag rejection

Table 4.9: Efficiency for bottom rejection in recoil jets for different channels. We consider each
channel separately and determine how often a recoil jet is b-initiated. Afterwards we include the
b-tagging rate of 50% for correctly assigned b-subjets and a mis-tag rate of 1% for incorrectly
assigned subjets.

The cut on the tj-system momentum that we have applied before ensures the top and recoil jet
transverse momentum to be balanced. Since we required a minimal transverse momentum for the
tagged jet pr min = 200 GeV, we expect the recoil jet to exceed this threshold as well. Therefore,
the recoil jet should be embedded in a fat jet where we again use the C/A algorithm with R = 1.5
for reconstruction and require pr, .+ > 200 GeV. In Fig. (left) we show the number of fat jets
after applying the cuts on the tj-system. In about 90% of the signal and ¢t background events we
see a second fat jet besides the fat jet corresponding to the tagged top. Therefore, we can make the
requirement to see exactly two fat jets without decreasing the number of signal events significantly.

] 0.2
L 1 do " [ 1 do 1 do
Odn I O R<0.2 o R<0.2
I fa ¢ channel 0.15'_ d Ei /Efat t-channel 0.2+ wiilsj at /Efat
[ 4
F [ s-channel hannel
0.5 o tefann
1 : t 01 tf
QCD 0.05- J—L
1 1 " _l—l_ 1 "
1 2 3 0.5 1 % 0.5 1
nfa E|‘R<o'2/Efat EI.R<O.2/Efat

Figure 4.8: Left: Number of C/A fat jets R = 1.5 and pr ¢; > 200 GeV for different processes
after cuts on tj-system and b-rejection. Right: Energy ratio EJR<O'2 /Efat before (center) and after

(right) cuts on tj-system and b-rejection. We show t-channel (red line), s-channel (blue line), ¢t
(black line) and QCD (black dotted line). Figure taken from [41].

To reject even more tt background, we use the internal structure of the recoil fat jet. The recoil
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jet in single top events is initiated by a light or b-quark and therefore should be narrow. No other
energy deposit around it is expected. Therefore the energy of the recoil jet and the fat jet it is
embedded in should be the same. For ¢ background the recoil fat jet corresponds to the untagged
top but the recoil jet will be just one subjet. Therefore, there should be other energy contributions
besides the recoil jet inside the recoil fat jet corresponding to the other decay products. Thus,
the energy of the recoil jet will be smaller than the energy of the fat jet it is embedded in. To
quantify this we introduce the energy ratio EJR<0'2 /Etqt between the energy of the filtered recoil

jet EJR<O'2 and the fat jet energy Eq;. For filtering we use a jetsize R = 0.2 and nyijer = 1. The
energy ratio distribution before and after applying the cuts on the tj-system are shown in Fig.
Indeed we observe this energy ratio to be large for signal events and small for ¢£ background. This
behavior does not change significantly if we apply the cut on the tj-system before. Only those tt
background events will pass the £j-system cut in which one jet carries almost all momentum and
therefore can balance the tagged top itself. This results in a shift for the energy ratios towards
larger values as we can see in the right panel of Fig. In Tab. we show the improvement
factor for different choices of cuts on EJR<0'2 /Eqt. The dotted line in Fig. corresponds to the

most promising choice EJR<O'2/Efat > (.85.

‘tagged ‘ EfO'Z/Efat > 0.8 0.85 0.9 ‘ Mjer < 65 GeV

t-ch. [b] | 69.6 486 40.2 27.8 68.6
QCD [10° fb] | 183 8.58 7.85 5.53 18.3
€s/B 1 1.49 1.35 1.32 0.99

€5/ 1 1.02 0.88 0.72 0.99

t ]| 18.7 5.83 3.96 241 16.7

€s/B 1 2.24 2.73 3.10 1.10

€5/ 1 1.25 1.25 1.11 1.05

Table 4.10: Tagged top rate (in fb for ¢-channel, QCD and tt) after several choices for a cuts on
the energy ratio E].<0‘2/Efat and the recoil jet mass mjes. €g/p and €s/VB denote improvement
factors relative to the cross sections after applying the cuts on tj-system and b-rejection.

For tt background events the recoil will mostly likely be initiated by the decay products of the
tagged top: either the b-quark or the W-boson. We already reduced the number of events in which
the recoil jet is b-initiated by applying a bottom tag. To identify the jet as W-initiated, we will look
at its mass as shown in Fig. [4.9, For ¢t background events we see a small peak around mj.; = 80
GeV which corresponds to the W mass. Recoil jets in signal events prefer to have a smaller mass.

Therefore we will require m;.¢ < 65 GeV. The corresponding improvement factors can be seen in
Tab. {10

b 1 do
0.3 odm,
[ t-channel
0.2
0.1
tt
L
100
Mg [GeV]

Figure 4.9: Normalized distribution of the recoil jet mass mj¢; for t-channel (red line) and ¢t (black
line) after applying cuts on the ¢j-system and b-rejection.

Using this cuts on the internal structure we can successfully reject most ¢t events in which the
untagged top decays hadronically. Due to a finite efficiency for isolated lepton identification there
are some semileptonic t events passing the selection cuts. In such events the neutrino would leave
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the detector undetected. Therefore it will cause a missing transverse momentum pr miss. The
corresponding distribution for ¢-channel signal events and t¢ background is shown in the left panel
of Fig. To further reduce the background we require pr miss < 40 GeV as denoted by the
dotted line.

t-channel 1 do L 1 do
o o
d Prmiss I t-channel AN
I QcD
0.5~
tt
. .

100 1 2 3 4 5

pT,miss [GEV] nje‘

Figure 4.10: Left: Normalized distribution of missing transverse momentum pr ,,ss after cuts on
the tj-system, internal structure of the recoil jet and b-rejection. Right: Normalized distribution
of number of recoil jets with pr > 25 GeV after applying all discussed cuts. We show ¢-channel
(red line), tt (black line) and QCD (black dotted line).

There are other variables and techniques we could use to reject background events that we want
to mention here. In principle we could try to identify 7 leptons produced in semileptonic ¢t decays
using a 7 tagger [91]. Since this is expected to be a small effect we will not discuss it here in detail.
Another possibility would be to look at additional jets. After top tagging we cluster the remaining
calorimeter cells using C/A algorithm to obtain a set of recoil jets with p; jer > 25 GeV. In our
analysis we only used the hardest recoil jet but no additional jets. A distribution for the number
of recoil jets after applying all discussed cuts is shown in the right panel of Fig. We can
see that QCD and tf background events prefer to have more than one recoil jet while the single
top signal has no additional jets. In principle we can apply a jet veto. This we will not do in
our analysis since our detector simulation does not treat effects like underlying events and pile up
properly. These would cause additional jets which would change the distribution for number of
recoil jets.

4.5 s-channel single top production

As we can see in Fig. at LHC 8 TeV the s-channel single top production cross section o5 = 5.5
pb is much smaller compared with the ¢-channel single top and ¢f production cross sections o; = 86
pb and o,; = 234 pb . Furthermore, in the boosted top regime pr > 200 GeV the cross section
ratio og/0,; = 0.01 becomes worse.

To identify the s-channel process we follow the same strategy as for ¢-channel single top produc-
tion. We first look at the tagged top itself where we again choose a stronger configuration for the
HEPTopTagger. As we can see in Fig. and [£4] the distributions for variables describing the
tagged top are almost identical. Therefore, we require a small mass difference between pruned
mass and filtered mass as well as a bottom tag inside the b-labeled subjet. This will reject most of
the QCD background events.

Compared with the ¢t-channel process the recoil jet in s-channel single top production is b-initiated.
Since no other additional jet is produced the recoil jet will still balance the tagged top. Therefore
we can use the tj-system momentum cut. Due to the different initial and final state particles the
angular correlation between the decay products will change. Since the initial state consists of a
light quark and antiquark which have a similar parton distribution function the center-of-mass
momentum will not have a preferred direction anymore. Unfortunately the angular distribution of
the angle 6* for the dominant subprocess of s-channel single top production looks similar to the
distribution for ¢£. This can be seen in Fig. We can use this distribution to distinguish both
single top production channels. We will require cos8* > —0.5 to reject the t-channel single top
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background.

We can check if the recoil jet is b-initiated using a bottom tag. Similar to the b-tag of the b-labeled
subjet inside the tagged top, the most promising strategy is to apply only one b-tag inside the
hardest recoil jet to minimize the mis-tag probability. This will effectively reject most of the re-
maining QCD, W +jets and ¢t-channel single top background. This selection cut is also efficient for
tt since the hardest recoil jet does not always initiated by a b-quark produced in the decay of the
untagged top. As shown in Tab. half of the s-channel single top events but only about 20 %
of the tt events will have a b-tag in the recoil jet.

process | s-ch. t-ch.| tt tj  ttjj| tW  tbW
correct matching | 99.8% 0.25% | 46.2% 35.7% 27.0% | 6.0% 51.6%
b-tag efficiency | 50% 1.12% |23.6% 18.5% 14.2% |3.96% 26.3%

Table 4.11: Efficiency for bottom tagging in recoil jets for different channels. We consider each
channel separately and determine how often a recoil jet is b-initiated. Afterwards, we include the
b-tagging rate of 50% for correctly assigned b-subjets and a mis-tag rate of 1% for incorrectly
assigned subjets.

After the two bottom tags, which reject t-channel, QCD and W +jets background contributions,
the remaining dominant background is top pair production. As before we can reduce this using cuts
on the internal structure of the recoil fat jet, the mass of the recoil jet and the missing transverse
momentum pr m,;ss- Lhe left panel of Fig. shows the distribution of the ratio of the filtered
jet energy to the fatjet energy. As we can see the cut EJR<O'2/Efat > (.85, that we have already
used in the previous analysis, effectively reduces the top pair background. Only 2.5% of the tt
events will pass this cut while about 25% of the signal passes. We will still apply a cut on the jet
mass although it turn out to be less effective in the s-channel single top search. Since we require
the recoil jet to be b-tagged, the mass distribution will no longer show a peak around the W-mass.
The right panel of Fig. @ shows the missing transverse momentum pr ,;ss distribution after
all discussed cuts. We again observe small values of pr ,,iss for signal events but large values of
DT,miss for the top pair background.

0.2+ 1 do [ s-channel
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Figure 4.11: Left: Normalized distribution of energy ratio E]R<O'2 /Eq (left) after cut on tj-system
momentum and missing transverse momentum pr ,qss (right) after all discussed cuts. We show
s-channel (blue line) and ¢t (black line).



Chapter 5

Results of event selection

In the previous chapters we analyzed the event topology for single top signal and major background
processes. This led us to distributions for kinematic variables that motivated the several selection
cuts which can be used to distinguish signal from background events. We want to measure the
s-channel and t-channel single top production cross section separatly. Therefore we have developed
two separate strategies to identify the production process. As background we consider QCD jets,
W +jets, tt+jets and tW (b) single top production, where QCD and ¢t turn out to be the dominant
background contributions. To get a more realistic description we use the detector simulation
Delphes. The results of this analysis for both single top production channels will be presented for
the LHC at 8 and 14 TeV.

5.1 t-channel at /s = 8 TeV

At first we will focus on t-channel single top production at the 8 TeV LHC and summarize the
selection cuts we apply. The expected cross sections after successive cuts for the signal and back-
ground processes are summarized in Tab. [5.1] In the first two lines we again present the theoretical
cross sections used for the analysis result of a preselection for hadronic events with two fat jets.

1. preselection: The HEPTopTagger is designed to detect hadronically decaying tops. There-
fore we will veto all events which contain isolated leptons. Furthermore, we require each
event to have two C/A R = 1.5 fat jets with pp rq: > 200 GeV. These correspond to the top
and recoil jets. In Fig. [£.§ we have seen that after cuts on the tj-system the recoil jet is
embedded in a recoil fat jet in about 90 % of the events. Therefore we will require two fat
jets at the beginning.

ne =0, Nfqr = 2 (5.1)

At this stage QCD jets turn out to be the major background. In the next step we require one of
the fat jets to be top-tagged using the HEPTopTagger. The next three lines of Tab. (step 2 -
4) concern the internal structure of the tagged top itself.

2. one top tag: We will require exactly one tagged top in the event. We veto events with
more than one top tag to avoid contamination from tf. For top tagging we use the default
configuration of the HEPTopTagger but with modified cuts on the mass plane variables and
filtered top mass to enhance QCD rejection. We choose

ma3 mw

= + 10%, arctan 22 > 0.45
m123 Mtop mi2 (52)

160 GeV < myop < 200 GeV.

3. pruned mass: As we have seen in the previous discussion we can use the pruned mass to
distinguish events including tops from QCD background events. Since pruning discards less
constituents of the fat jet compared to filtering, we expect the pruned mass mpryne to be
larger than the filtered mass 1 f;jze. This effect increases in a busy jet environment such as

45
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QCD. Therefore the difference between pruned mass and filtered mass is larger in QCD than
in events containing a top. We will require a small mass difference of

Amprune = Mprune — Mfilter < 20 GeV. (53)

4. b-tag in top: Additionally we require the subjet of the tagged top that is labeled as b-
initiated by the tagging algorithm to be b-tagged. This efficiently reduces the QCD and
W +jets background.

Using a top tag and cuts on its internal structure sufficiently reduces QCD background. For events
including a top quark we observe an efficiency of 3%. QCD jet events are reduced by a factor of
1.5-107°. Up to this step we achieve S/v/B = 5.41 for 10 fb~'. Although this would be enough to
measure this process we still have a bad signal over background ratio S/B = 0.06. This is caused
by the tt production which turns out to be the dominating background at this step as we can see
in Tab. B.11

Once we have identified the top, we concentrate on the system containing the tagged top and the
recoil jet. To identify the recoil jet, we cluster the remaining calorimeter cells that we have not
used to reconstruct the tagged top using the C/A algorithm with R = 0.5. We obtain a set of jets
and choose the hardest jet to be the recoil jet. The cuts and corresponding cross sections can be
seen in the next two lines (step 5 and 6) of Tab.

5. tj-system momentum p;;: In single top decay the recoil jet is expected to balance the
tagged top. Therefore the transverse momentum of the system consisting of the tagged top
and the recoil jet, pry;, should be small. The initial state for single top decay consists of a
light quark and a b-quark for ¢-channel and an anti-quark for s-channel single top production.
Since the light quark PDF is harder than the b or anti-quark PDF, we expect the system to
be boosted in the direction of the light quark. Therefore we will observe large longitudinal
momentum py, ;; for the ¢j-system. In top pair production, the recoil jet will correspond to
a decay product of the untagged top and therefore not be able to balance the tagged top.
Furthermore there is no special reason for large longitudinal ¢j-system momentum. Therefore
we observe large pr;; and small pr ;;. To enhance the single top signal and reduce top pair
background we require

praj < 10 GeV + 2Lt (5.4)
60

6. angular correlation: In ¢-channel single top decay the tj-system momentum will point in
the direction of the incoming light quark. Therefore we are able to measure the decay angle
0* which is defined as the angle between the top momentum in the ¢j-systems rest frame and
the direction of the tj-system in the lab frame. Due to the kinematics of ¢-channel single top
decay we expect large angles 8*. For top pair production there is no preferred direction of
the center-of-mass momentum. Furthermore the ¢j-system momentum tends to point in the
top direction what leads to small angles 8*. Therefore we require

cos0* < —0.5 (5.5)

Using these cuts we obtain 8.6 fb signal events against 2.2 fb ## and 3.8 fb QCD background as we
can see in step 6 in Tab. [5.1] The other background turn out to be negligible. We achieve a signal
over background ratio S/B = 1.28 and S/v/B = 10.6 for 10 fb='.

If we want to further reduce ¢t background we can apply cuts on the internal structure of the recoil
jet.

7. b-veto in recoil jet: The recoil jet in the ¢-channel single top signal is initiated by a light
quark while we expect to see at least one recoil jet in tf initiated by a b-quark coming from
the decay of the untagged top. Therefore we will require a b-veto for recoil jets.

8. internal structure of the recoil jet: The recoil jet itself has a large transverse momentum
and therefore forms a fat jet. For single top decay this recoil jet should contain only one nar-
row jet corresponding to the recoil jet. For top pair production the recoil fat jet corresponds
to the untagged top and is expected to contain more than one subjet. Therefore we compute
the energy fraction of the filtered recoil jet using Ryjiter = 0.2 and the fat jet energy and
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require it to be large. Furthermore we require the mass of the recoil jet to be small to reject
W -initiated recoil jets.

Ef%%/Efqr > 085, myjer < 65 GeV (5.6)

9. missing transverse momentum pr ,;ss: In our analysis we assumed a finite isolated
lepton identification and no tau identification. Therefore some of the remaining ¢t events
include leptonically decaying tops. These can be rejected by requiring a small missing trans-
verse momentum

PTmiss < 40 GeV (5.7)

The last set of cuts reduces the top pair background by a factor of 10 while letting 50 % of the
signal events pass. Combining all suggested cuts we can reject almost all ¢f events and achieve
S/B =2.38 and S/v/B = 10.9 for 10 fb='. We see that the first set of cuts concerning the tagged
top successfully reduces QCD background while the cuts on the tj-system and the structure of the
recoil jet mainly reduce top pair background. Depending on the required signal over background
ratio it may be possible to only apply the cuts described in step 1 to 6.

number of events [t-ch. sch.| ¢ tW() QCD WHjets|| S/B S/VB
0. cross section [pb 87.2 5.55| 234  40.6 6.58-10° 1.57-103 - -
1. preselection [eq.(5.1)] [pb] | 1.57 0.23| 18.8  1.63 6.67-10° 48.11/0.0002 1.91
2. one top tag [eq.(5.2)] [fb] | 204 28.2[3069 227 6.4-10* 12971/ 0.0029  2.46
3. pruned mass [eq.(5.3)] [fb] | 110 13.9| 1422 102 9707 5291/ 0.0093  3.21
4. b-tag in top [fb] 443 529| 524 374 971 529| 0.066 5.41
5. py; cut eq.(5.4))] [fb] 14.7 1.24| 121 1.17 11.0 1.10 0.55  9.02
6. cos0* cut [eq.(5.5)] [fb] 8.52 0.08] 2.20 0.15 3.85 0.19 1.31 10.6
7. b-veto in recoil jet [fb] 841 0.04] 1.49 0.12 3.81 0.18 1.49 11.2
8. recoil jet [eq.(5.6)] [fb] 508 0.02] 034 002 200 008 205 102
9. Prmiss cut [eq.(b.7)] 494 002|026 002 167  008| 238 109

Table 5.1: Number of events for 8 TeV LHC that pass the selection cuts optimized for ¢-channel
single top search. The significance values are quoted for ¢-channel single top production assuming
the other processes as backgrounds. S/v/B is for 10 fb~!. We take b-(mis)tag efficiency as 50%
(1%) for b-quark (light quarks).

5.2 s-channel at /s = 8 TeV

Let us now have a look at s-channel single top production at LHC 8 TeV. The expected cross
sections after successive cuts for the signal and background processes are summarized in Tab. [5.2}
Again in the first two lines we show the theoretical cross section and the cross section after the
preselection using a lepton veto and requiring two fat jets.

Again we first look at the internal structure of the tagged top where we apply the same cuts as
discussed for the ¢t-channel single top production (see step 2 - 4 in Tab. . The resulting signal
over background ratio is much smaller since the s-channel single top production cross section is
small compared with all other considered processes. The dominant background processes are tt,
QCD and t-channel single top production.

Again we expect a large longitudinal momentum but a small transverse momentum for the ¢j-
system. Therefore we apply the same selection cut on the tj-system momentum as described in
step 5. Differences in the kinematics between the two single top production channels can be seen
in the angular correlation. Furthermore we can use that the recoil jet is b-initiated.

6(s). angular correlation: As we have seen in the analysis of the decay angles for s-single
top production the center-of-mass momentum does not have a preferred direction anymore.
The position of the peak for the angle cos8* depends on the initial state particles. For the
dominant subprocess the distribution of cos #* looks similar to the tf background. But we can
still use this angle to distinguish s-channel and ¢-channel single top production. Therefore
we require

cos* > —0.5 (5.8)
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7(s). b-tag in recoil jet: The recoil jet in the s-channel single top signal is initiated by a b-quark.
Therefore we will require a b-veto for the recoil jets. Since we only look at the hardest recoil
jet instead of the whole set of recoil jets we can reject ¢ events in which the b-subjet produced
in the decay of the untagged top is not the hardest jet.

The selection cuts on the internal structure of the recoil jet and the missing transverse momentum
apply for both single top channels and can be used as presented in step 8 and 9. We see that
b-tagging inside the recoil jet successfully reduces QCD and t-channel single top background. The
remaining ¢t background is sufficiently reduced by the cut on the internal structure. We finally
achieve S/B = 1.96 and S/v/B = 2.23 for 10 fb~!. Although the signal over background ratio looks
promising the expected number of observed signal events is very small. Therefore the resulting
value for S/v/B is not enough to claim an observation of this process.

number of events ‘ t-ch. s-ch. ‘ tt tW(b) QCD WHjets H S/B S/VB
0. cross section [pb 87.2 5.55[ 234 40.6 6.58-10° 1.57-103 — —
1. preselection [eq.(5.1)] [pb] | 1.57 0.23| 18.8  1.63 6.67-10° 48.1(/0.0002 1.91
2. one top tag eq.(5.9)| |fb] | 204 28.2|3069 227 6.410° 1297 0.0004 0.34
3. pruned mass [eq.(5.3)] [fb] | 110 13.9[1422 102 9707 529 |/0.0011  0.40
4. b-tag in top [fb] 44.3 5.29| 524 374 97.1 5.29110.0074  0.62
5. pej cut [eq.(p-4)] [] 147 124|121 117  11.0  1.10] 0.031 0.61
6s. cos0* cut [eq.(5.8)] [fb] | 6.21 1.16| 9.95 1.02 7.16 091 0.045 0.72
7s. b-veto in recoil jet [fb] 0.06 0.58| 2.07 0.15 0.07 0.01]] 0244 1.19
8. recoil jet [eq.(5.6)] [fb] 0.03 0.26| 0.11  0.01 0.01 - 1.59  2.04
9. Primiss cut eq-(5.7)] 0.03 025|007 001 001 197 223

Table 5.2: Number of events for 8 TeV LHC that pass the selection cuts optimized for s-channel
single top search. The significance values are quoted for s-channel single top production assuming
the other processes as backgrounds. S/+v/B is for 10 fb~!. We take b-(mis)tag efficiency as 50%
(1%) for b-quark (light quarks).

5.3 Single top at /s = 14 TeV

After a shutdown LHC is planned to reopen in 2014 with a larger center-of-mass energy of 14 TeV.
Therefore we also analyze the perspective of single top search results at a 14 TeV run of the LHC.
For this run we expect a larger integrated luminosity and therefore more data. Due to the larger
beam energy the cross sections for all relevant processes will be larger but the event topology stay
similar. Therefore we will use the same selections cuts as in the analysis for LHC 8 TeV.

number of events t-ch.  s-ch. tt tW(b) QCD WHjets|| S/B S/vVB
0. cross section [102 pb] 248 0.118] 9.20 1.60 1.94-10% 38.8 || 0.0003 -
1. ny = 0 with 2 fat jets [pb] | 6.59 0.670| 95.3 10.2 2.83-10% 129 || 0.0004 -
2. one top tag [oq.(5.2)] [fb] | 819 81.4| 14820 1350 3.00-10°  3015] 0.0026 4.8
3. pruned mass [eq] [fb]| 416 40.4| 6439 578 3.60-10° 1005/ 0.0094  6.26
4. b-tag in top [fb] 166 15.5| 2347 211 360 10.0|| 0.056  9.69
5. pi; cut Joq.(5-4)] 0] 645 380 730 823 414  2.40| 050 180
6. cosf* cut [eq. 1} 41.0 032 174 1.30 12.5 0.62 1.28 229
7. b-veto in recoil jet [fb] 40.5 0.16| 11.6 1.04 12.3 0.61 1.57  25.2
8. recoil jet [eq.(5.6)] [fb] 222 0.08| 236 0.14 5.36 0.32 2.68 244
9. Promiss cut [eq.(B.7)] 203 0.08] 1.69 0.12 37 031]| 342 26.35

Table 5.3: Number of events for 14 TeV LHC that pass the selection cuts optimized for ¢-channel
single top search. The significance values are quoted for ¢-channel single top production assuming
the other processes as backgrounds. S/v/B is for 10 fb~!. We take b-(mis)tag efficiency as 50%
(1%) for b-quark (light quarks).

In Tab. we show the cross sections after the successive cuts for ¢-channel single top described
in the previous section. Again, we preselect hadronic events with two fat jets. Using the modified
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setting for the HepTopTagger we get a tagging efficiency of 12% for single top, 15% for t¢ and
a mis-tag rate of 1% for QCD background events. This is similar to the result for 8 TeV. If we
additionally apply a cut on the pruned mass and require a b-tag inside the top quark we can reduce
QCD background by a factor of 0.12% and Wjets background by a factor of 0.3% while keeping
20% of the signal events. As we can see in step 4 of Tab. we achieve a S/B = 0.056 and
S/vV/B = 9.69 for 10 fb~'.

The dominant remaining background after top tagging and cuts on the tagged top is top pair
production. Again this can be reduced by applying cuts on the tj-system. We achieve S/B = 1.28
and S/\/E =22.9 for 10 fb~! as shown in step 6 in Tab. If we want to further reduce the top
pair background we can apply cuts on the internal structure of the recoil jet and on the missing
transverse momentum and a b-veto for the recoil jet. As shown in step 9 of Tab. [5.3] we achieve a
S/B = 3.42 and S/v/B = 26.35 for 10 fb='.

In the analysis for s-channel single top at 14 TeV we have to take into account the transverse
momentum distribution. Compared with LHC 8 TeV the boosted cross sections becomes three
times larger for the s-channel but five times larger for t£. Since t¢ is the main background process
we expect a smaller signal over background ratio compared with LHC 8 TeV. In Tab. [5.4 we show
the corresponding cross sections after the same cuts discussed in the previous section. The QCD
background is rejected efficiently requiring two b-tags in the tagged top and the recoil jet while
cuts on the tj-system and the recoil jet reduce ¢t background. Finally we achieve S/B = 1.29 and
S/\/E = 3.02 for 10 fb~! as shown in step 9 in Tab. Compared with the result of the LHC
8 TeV analysis the final signal over background ratio differs by a factor of 3/5 as expected from
the boosted top cross sections. Again the expected cross section after applying all cuts is small. A
large integrated luminosity is needed to improve s-channel single top production at LHC 14.

number of events ‘ t-ch. s-ch. tt tW(b) QCD W+jets H S/B S/VB
0. cross section [10% pb] 2.48 0.118] 9.20 1.60 1.94-10% 38.8[[0.0003 -
1. ny = 0 with 2 fat jets [pb] | 6.59 0.670| 95.3  10.2 2.83.10* 129 || 0.0004 -
2. one top tag [eq. 819 81.4[14820 1350 3.00-10°  3015[/0.0002  0.45
3. pruned mass [eq.(5.3)] [fb] | 416 40.4| 6439 578 3.60-10* 1005 |/ 0.0009  0.60
4. b-tag in top [fb] 166 15.5| 2347 211 360 10.0{/ 0.0050  0.88
5. py; cut [eq. fb] 64.5 3.80] 73.0 8.23 41.4 2.40( 0.020  0.87
6s. cosf* cut eq.(5.8)] [fb] | 23.5 3.48| 55.6 6.93 29.0 1.78 ] 0.030  1.02
7s. b-veto in recoil jet [fb] 024 1.73] 11.5 0.75 0.29 0.02[[ 014 153
8. recoil jet [eq.fb] 0.11 0.75| 0.52 0.05 0.10 |l 096 268
9. Prmiss cut [eq.(6.7)] 0.11 0.71| 0.32 0.02 0.10 ~1| 129  3.02

Table 5.4: Number of events for 14 TeV LHC that pass the selection cuts optimized for s-channel
single top search. The significance values are quoted for s-channel single top production assuming
the other processes as backgrounds. S/v/B is for 10 fb~!. We take b-(mis)tag efficiency as 50%
(1%) for b-quark (light quarks).
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Chapter 6

Conclusion and Outlook

In this thesis we have studied fully hadronic single top searches at LHC. We have developed a
strategy to identify s-channel and ¢-channel single top production separately. In our analysis we
use the HEPTopTagger as a tool to identify top quarks inside geometrically large jets. It focuses
on moderately boosted top quarks prop > 200 GeV. In this regime the detected fat jet has a
manageable size and a good subjet resolution. The fat jets substructure is used to identify the top
decay products. This information is used to distinguish top initiated fat jets from QCD background
events. In the moderately boosted regime the HEPTopTagger has a tagging efficiency of 12 — 15%
and a mis-tag rate of 1%.

In the second part of this thesis we derived the leading order cross section for both single top
production channels. We have seen that there is no interference between both productions channels
at LO and NLO. Due to gluon emission at NNLO such an interference would be possible. At this
order the cross section for s-channel single top production is much smaller than the ¢-channel
production cross section and will therefore be harder to measure. To describe the signal processes
we focus on their leading order contributions. We have seen that the distribution for the scattering
angle appearing in the differential cross section differs for both channels. We have invented a way
to measure the scattering angle for single top production directly using the features of the initial
state particles parton distribution function. The scattering angle can be used to distinguish the
t-channel process from s-channel single top production and top pair production.

We have simulated all relevant signal and background processes using Alpgen and Pythia. Applying
successive cuts we have shown that it is possible to distinguish signal from background events, where
tt and QCD were shown to be the major background contributions. In the first step we require
one top tag with an additional b-tag and a small mass difference between the filtered and pruned
mass of the tagged top. This provides a factor of 2000 rejection against the QCD background. In
the next step we apply a cut on the momentum of the system consisting of the tagged top. This
is possible since the HEPTopTagger provides the reconstructed top momentum. This provides a
factor 10 rejection against ¢t and a factor 2 against QCD.

For the t-channel analysis we additionally require a small scattering angle. We achieve S/B > 1
and S/v/B > 10 for 10 fb~! integrated luminosity as shown in Tab. If we want to further
reduce background coming from top pair production we should apply additional cuts on the internal
structure of the recoil jet and on the missing transverse momentum and apply a b-veto for the recoil
jets to achieve S/B > 2. Using the same analysis we achieve S/B > 3 and S/vB > 25 for 10fb~*
for the 14 TeV run of LHC.

To detect s-channel single top production we require an additional b-tag in the recoil jet which
rejects most of the remaining QCD background. Top pair and t-channel single top production can
be rejected using cuts on the scattering angle, the internal structure of the recoil jet and the missing
transverse momentum. Finally we achieve S/B > 1 with a 2.20 significance 10 fb~! integrated
luminosity at LHC 8 TeV. For the 14 TeV run we get similar results. A 50 significance is expected
at 25 fb~! integrated luminosity.

In our analysis we have used the fast detector simulation Delphes. The next step would be to
analyze the obtained results using a full detector simulation. This would include effects of the
trigger, a precise description of the detector taking into account realistic detector efficiencies and

o1



pile up. Finally, the aim is to measure the single top production cross section. This would allow us
to test the CKM matrix element V3, and therefore the unitarity of the CKM matrix. Furthermore
the top quark is the only quark which decays before hadronization. Therefore it gives us the unique
possibility to probe properties of a free quark. An example would be spin correlations as described
in [62].

Due to its large mass the top quark is also an ideal probe for physics beyond the Standard Model.
If the measured cross section differs from its predicted value this would be a hint towards new
physics. Therefore the next step is to repeat the analysis assuming new physics models to check if
they can be proven or excluded at LHC.
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Appendix A

Delphes

A.1 What Delphes does

In the first applications of the HEPTopTagger [37, 38, 40] we have only used data coming from a
Monte Carlo Simulation as input for our top tagger. This information is much more precise than
what could be realistically measured at a collider experiment. To get more realistic estimates of the
expected signal signatures and their associated backgrounds, we need to simulate a detector before
applying the top tagger. This is done by Delphes [87] which is a framework for fast simulation of
collider experiments.

HEPMC
Event Data
|
Delphes *
Input Converter
Detector Card
Detector Geometry
Smearing

Detector Simulation

|

v

v

v

Tracks

Leptons
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Figure A.1: Flow chart describing the principles behind Delphes
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Delphes is not a full detector simulation. Therefore it does not include transport of particles
through the detector material, various detector inefficiencies, dead material or geometrical details.
But it provides a simulation of the detector including effects of the magnetic field, the granularity
of the calorimeter resolution and the smearing of the final state particle kinematics. The mode of
operation of Delphes shown in Fig. contains the most important experimental features we will
use later in our analysis:

Coverting input file: For the event simulation we use HEPMC [92]. Delphes reads this
information and fills it into the output Root file.

Geometry of the detectors: The layout of a generic detector in Delphes consist of three
parts. The innermost part is a central tracking system. This is surrounded by a calorime-
ter consisting of hadronic and electomagnetic sections. The outer layer is a muon detector.
There may be additional forward detectors, but we will not use them in our further analysis.
Furthermore Delphes provides a detector card for all common detectors that contain a spe-
cific geometry. It is assumed that the segmentation for the hadronic and electromagnetic
calorimeters are the same and that the detector is symmetric in ¢. In our analysis we use
the detector card for ATLAS. All detectable particles within the calorimeter volume (except
muons) will activate a certain calorimeter cell and the corresponding energy is stored. The
ratio between hadronic and electromagnetic energy deposited also get stored as they will be
smeared differently later on. If different particles activate the same cell, their energy gets
merged.

Smearing: For each calorimetric cell the energy is smeared according to a Gaussian distri-
bution with variance o satisfying

N
F®C (A1)

o S ®

E VE
where S, N and C' describe stochastic, noise and constant terms that contribute to the
smearing. @ means quadratic addition. These numbers are provided in the detector card.

Tracking system: The effects of the magnetic field in the detector are simulated for every
charged particle within the tracking system. This provides a track that we store for later
analysis. Details about the tracking system are specified in the detector card.

Leptons: The information about electrons and muons are computed and stored separately
from the calorimeter data based on the generated data. Fach particle get smeared separately
from the calorimeter data. An isolation criteria using the track information is applied.

Reconstruction: Using the calorimeter data Delphes can reconstruct jets using the most
common reconstruction algorithms. A b-tagging and 7-tagging algorithm is applied. We
will not use this information later on. In addition, the missing transverse energy, EF, is
calculated.

Trigger emulation: Delphes provides a trigger emulation that is characterized through a
trigger card. We do not use it.

Generating output file: The processed data and the trigger information is stored in the
output Root file.

A.2 Isolated leptons

The W-boson coming from the top decay can either decay hadronically into two quarks or lep-
tonically into a lepton and a neutrino. If one W-boson decays leptonically we will be not able
to reconstruct this boson and therefore the corresponding top quark since we can not detect a
neutrino. Even if we would have a lucky situation in which the leptonically decaying top would
be tagged we would expect an incorrect momentum of the tagged top due to the missing neutrino
information. This momentum would not be useful for later analysis. Therefore we want to avoid
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such mis-tagging. This can be done using information about isolated leptons. For semileptonic top
pair production we will remove the lepton contribution from the HEPTopTagger input and for the
detection of single top decay we will use a lepton veto.

Delphes treats the leptons independently from the calorimeter data. Their momenta is smeared
according to the detector card. In Delphes a lepton is considered as isolated if there is no track of
another charged particle with transverse momentum bigger than a certain threshold pr > pr min
within a cone of AR [87]. For the ATLAS detector we use pr min = 10 GeV and AR = 0.5.

Let us now concentrate on semileptonic top pair production. In this case we might be able to tag
the hadronically decaying top. We know that a detected lepton cannot be part of the hadronically
decaying top. If we want to use the Delphes calorimeter data as an input for the HEPTopTagger,
we need to make sure that there are no contributions from isolated leptons in the calorimeter data.
Such a signal could be used during the reconstruction algorithm and therefore contaminate our
results.

Since Delphes provides us the position of the isolated leptons, we can simply remove all calorimeter
data around the isolated leptons. Therefore we reconstruct jets with the calorimeter data using
the C/A algorithm with a cone of R = 0.5 and a pr min = 10 GeV. If there is an isolated lepton
in the calorimeter data, there should be a reconstructed jet that describes this lepton. If one of
the jets and the isolated lepton have a AR < 0.25 we can identify this jet as the isolated lepton
and we remove all calorimeter information contributing to the jet. To analyze the behavior of this
procedure we look at events with one isolated electron or muon and we define the following four
cases

Case 1: an isolated lepton is detected and it is removed from the calorimeter data
Case 2: an isolated lepton is detected but it is not removed from the calorimeter data
Case 3: a nonisolated lepton is detected

Case 4: no lepton is detected

The corresponding distribution is shown in Tab. Fig. [A-2] shows the ratio of energy stored in
the calorimeter around a parton level lepton and the parton-level lepton itself.

particle \ total cross section \ case 1 case 2 case 3 case 4
muons [pb| 46.1] 0.97 (2.1%) 25.4 (55.3%) 11.1 (24.0%) 8.56 (18.5%)
electrons [pb] 46.0 | 26.2 (57.0%) 0.06 (0.001%) 11.0 (23.9%) 8.77 (19.0%)

Table A.1: Cross section in fb of single isolated parton level leptons in different cases. These
numbers are based on semileptonic t events. Percentages are relative to the total cross section of
single isolated parton level leptons.

Electrons that enter the detector will leave all of their energy in the calorimeter. Therefore the ratio
of energy stored in the calorimeter around the lepton is the same as the parton level energy that we
see in the curves for case 1 and 2 in the left plot in Fig. @ has a peak around Egeposit = Eparton.-
Furthermore we see in Tab. [AT]] that in almost all events in which Delphes detects an isolated
lepton, it is possible to remove the corresponding energy deposit in the calorimeter and the electrons
are characterized by case 1.

For muons the situation is different. Muons cross the calorimeter and will be detected in a muon
detector that encloses the central detector. Therefore the energy deposit in the calorimeter around
a parton level muon is small compared to the muon energy. The central plot of Fig. [A-2] shows the
muon distribution which has a peak around Egeposit = 0. However, in a few events (about 2%) the
muon will leave a signal in the calorimeter that we can remove. Most detected isolated muons are
therefore describes by case 2.

About 24 % of the leptons are described by case 3 (see Tab. . Since another charged particle
is close to the lepton, it is detected as a nonisolated lepton. For both muons and electrons we can
observe that the peak for case 3 is slightly shifted to a higher energy ratio and for high ratios it
decays slower than case 1 and 2. Since we can not remove this energy deposit it will contaminate
our results.

Finally case 4 describes the leptons that are not detected by Delphes due to a pr cut and an 75
cut that are caused by the detector geometry as well as an overall detector efficiency of 90% for
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Figure A.2: Energy deposit in the calorimeter within a cone of AR = 0.5 around the isolated lepton
divided by the energy of the parton level isolated lepton for muons (left) and electrons (central).
Right: eta distribution for the parton level isolated electrons. We show case 1 (black), case 2 (red),
case 3 (green) and case 4 (blue).

electrons and muons. The effect of the 1 cut we can see in the right plot of Fig. [A.2]

We are also interested in the detection of ¢t-channel single top production. Since we want to tag
the top using the HEPTopTagger we have to look at hadronically decaying tops. Therefore we can
use the information about isolated leptons to reject (semi-) leptonic ¢t background. In that case
we do not have to worry anymore about removing the lepton energy deposited in the calorimeter.
In Tab. [A:2] we show the correlation between classification as a leptonic or hadronic event before
and after using Delphes for top pair production and single top production.

tt hadronic (Del) leptonic (Del)  s-channel hadronic (Del) leptonic (Del)
hadronic [pb] 135 (58 %) 5.5 (2.4 %)  hadronic |pb] 4.21 (76 %) 0.095 (1.7 %)
leptonic [pb] 36.5 (15 %) 56 (24 %)  leptonic [pb] 0.48 (8.8 %) 0.75 (13.5 %)

Table A.2: Correlation between events identified as hadronic or leptonic after using Delphes and
in parton level for ¢t (left) and s-channel (right) at LHC 8 TeV. Percentages are relative to the
total cross section.

We can see that both in single top production and top pair production about 60% events with a
leptonically decaying W-boson will be detected as leptonic events. That means that about 11%
of the single top events that are actually detected as hadronic are leptonic in parton level. In ¢t
production this fraction is 25%. This is due to the fact that there are two tops in the event. Since
the momentum of the neutrino is not accessible in most cases, these misidentified events will fail
top tagging. In about 2% of events it happens that Delphes detects a hadronic event as leptonic.
Since Delphes does not provide fake leptons, this effect can be explained my misidentification of
nonisolated leptons as isolated leptons.

A.3 Tagging behavior

Now we can use the calorimeter data provided by Delphes as an input for our tagger. Then we
can compare the tagged tops using and not using Delphes event by event. We will do this with a
semileptonic ¢ sample using the default configuration of the HEPTopTagger [37].

To analyze the tagging behavior under Delphes in detail we distinguish three cases of tagged tops
based on the correspondence between subjets in the tagged top jet and decay products of the
parton level top in the Monte Carlo data (see [39]). We have 6...8 constituents in parton level
namely the three decay products for each of the two tops and 0. ..2 additional jets. Now we look
at which of these constituents the three subjets used in the reconstruction correspond to. That
means we are looking for the combination {j;} of constituents that minimizes the distance measure

Z?:o AR (pstbict, pserstituent) - Therefore we introduce three types of tagged tops.

type 1: all subjets correspond to constituents coming from one top decay
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type 2: the two hardest subjets correspond to constituents coming from one top decay, the
third constituent has another origin: either the other top or an additional jet

type 3: others

If we categorize all events as one of these three types and include the case that no top is detected,
we get the distribution shown in Tab. [A73] At first we can see that the usage of a detector
simulation preserves the type of the top. This happens in about 95% of all events in which a top
is detected both with and without the detector simulation.

top type || type 1 (Del) [ type 2 (Del) | type 3 (Del) | no tagged top (Del)

type L [(b] || 1210 (1.49%) | 14.6 (0.02%) | 17.7 (0.02%) 629 (0.77%)

type 2 [fb] || 9.07 (0.01%) | 172 (0.21%) | 12.5 (0.02%) 183 (0.22%)

type 3 [fb] || 9.94 (0.01%) | 12.2 (0.02%) | 83.6 (0.10%) 105 (0.13%)

no tagged top [fb] || 561 (0.69%) | 265 (0.75%) | 162 (0.20%) |  77-10% (95.64%)
all tagged tops || 1783 (2.20%) | 453 (1.00%) | 276 (0.34%) |  78-10° (96.77%)

Table A.3: Correlation of tagged top type with and without Delphes for a semileptonic ¢t sample
at LHC 8 TeV in fb. The percentage is relative to the the total semileptonic ¢ cross section.

Furthermore we see that the ratio between the number of tops in the three different types stays
the same. Most of the detected tops are type 1 tops in which the subjets correspond to the decay
products of the top. This can be easily explained if we look at Fig. [A33] The left and right panels
show top momentum reconstruction in terms of AR(tiag, tparton) and Apr(tiags tparton)/PT (tparton)
with and without using Delphes. For type 1 tops we get a peak around AR = 0 and Apr = 0.
However, the shape of the distribution for type 2 and type 3 tops is shifted significantly due to
a poor jet reconstruction that causes the wrong identification of the subjets. This could cause
problems for a later analysis in which we use the tagged top momentum. If we compare the shape
of these distributions with (solid line) and without (dashed line) Delphes we see no significant
difference.

1 do ¢ 1_do
0dAR 04r “ SdApfp,
I J_ type 1
0.2+
type 2
0.4 0.6 -0. .
AR a pT/pT

Figure A.3: Normalized distribution for AR(t14g, tparton) (left) and Apr(tiag, tparton)/PT (Eparton)
(right) for a semileptonic ¢t sample at LHC 8 TeV. We show type 1 (black), type 2 (red) and type 3
(green) tops separately. Solid lines denote the result with Delphes, dashed lines are results without
Delphes

Now we have to look at tops that were only tagged either with or without Delphes. To understand
the way the tagger processes the data we distinguish the following cases of events that may appear:

no fat jet: events with no reconstructed fat jet (Cambridge/Aachen, R = 1.5) that includes
the top decay products

fat jet: there is at least one fat jet reconstructed where all distances AR between top decay
products and the fat jet are less than 1.5

include: fat jets where all distances AR between top decay products and their closest subjets
are less than 0.4
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candidate: all decay products appear in a fat jet which is a top candidate within the top
mass window 150 GeV < m%?er < 200 GeV
Here a top candidate means that we can find three filtered hard subjets within the fat jet that
fulfill the mass drop criteria described in [37] and that have a combined mass close to the top mass.
At first, let us look at the case in which a top was tagged without Delphes but no top is tagged
with Delphes. We will abbreviate this as "case A" and the distribution is shown in Tab. [A4]

no fat jet fat jet include  candidate
case A [fb] | 149 (23.6%) 479 (76.1%) 342 (54.3%) 203 (32.2%)
case B [tb] | 218 (38.4%) 342 (60.9%) 252 (44.9%) 180 (32.1%)

Figure A.4: Event classification for a semileptonic ¢t sample at LHC 8 TeV in fb. We show the
distribution for events in which a type 1 top is tagged without using Delphes but not using Delphes
(case A) and vice versa (case B). The percentage is relative to the total cross section for case A
and B tops.

We see that in 76% of these events, it is possible to find at least one fat jet. However, only for
54% of these fat jets it is possible to match the subjets with the decay products of a top. This is
a sign that we have lost some information in at least one subjet in the detector simulation. This
is what causes a poor reconstruction of a top. Therefore it is not surprising that only 32% of the
fat jets are top candidates of type 1.

For the other case, in which the top is tagged using data processed by Delphes but not in the
original data, shows a similar behavior. We will denote it by "case B". At first we recognize that
there is a relatively large fraction of events (38 %) in which we did not even find a fat jet that
includes the top decay products without using the detector simulation although we find a top of
type 1 using Delphes. For the events in which we find a fat jet, in about 74% of the cases it
is possible to match subjets and partons and in about 53% we can identify the fat jet as a top
candidate. Again, this loss of events is a sign of a poor reconstruction of the fat jets and the
subjets. Delphes changes the input data for the tagger slightly due to smearing of the momenta,
a non-perfect detection of isolated leptons, and a finite detector efficiency. These small differences
cause a different reconstruction history which may lead to different tagging behavior as described
by case A and case B. Although there are many tagged tops that were tagged either using Delphes
or not, these reconstructed tops describe the original tops very well. This we have seen in Fig. [A73]
which includes these cases.

0.15 0.3
1do . 1.do , i_do__
odm, i 0odm,, - OdAm!
0.1+ 0.21
0.05]
0.05f 0.1
P S T A | . I . |:.:.."'.'" """ 1 R
0 160 180 200 0 70 80 90 100 950 0 50 100
m[GeV] m,,[GeV] Am™™ [GeV]

Figure A.5: Observables describing the mass of the tagged top for the ¢-channel single top sample:
my (left), my, (center) and AmP™"® (right). Solid red lines denote the result with Delphes, dashed
black lines are results without Delphes. Figures taken from [41]

Finally we compare the tagging performance with and without Delphes. This is done for the
t-channel single top sample. The left and central panel of Fig. show the reconstructed top
mass m; and W mass my, distribution. We can see that both distributions are smeared out using
Delphes due to detector effects. The position of the peak stays unchanged. The right panel of Fig.
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shows the mass difference between the filtered top mass and the pruned top mass AmP™"¢.
Using Delphes, the distribution of this observable is shifted towards larger values since the pruned
mass itself is more sensitive to detector effects.

03 1
1 do
0.1} odAp, .
02} 10?
0.05 H!
0.1+ d 102
[ 1 - l 1 1 -3 1
% 50 100 =% —0 =m0 10 79 05 1
Ap [GeV] Ap, [Gev] AR

Figure A.6: Observables describing the reconstruction of the tagged top momentum for the ¢-
channel single top sample: Ap, (left), Apr, (center) and AR (right). Solid red lines denote the
result with Delphes, dashed black lines are results without Delphes. Figures taken from [4T]

In Fig. [AZ6] we show the differences between the reconstrcuted and parton-level top momentum. We
show the momentum difference Ap; = |]5'ttag — pi|, the transverse momentum difference App, =
péﬂlg — pr+ and the distance AR between the tagged top momentum and the parton-level top

momentum. Again, we observe a smaring of these observables but no significant difference.

A.4 Tagging efficiency

We have seen that tagging behavior does not change under the usage of Delphes. Let us now look
on the tagging efficiency that is shown in Fig. [A77] In the left panel we show the tagging efficiency
for simileptonic ¢ events as a function of the parton level top pr normalized to the number of
hadronic tops. The black curve shows the fraction of events in which a fat jet containing the
top decay products exists. We see that this number is small for low pr since we use a cut of
Prmin = 200 GeV. For high pr, we can detect a fat jet for almost all tops. The red curve shows fat
jets whose subjets match the top decay products, and the green curve the top candidates. The blue
curve shows the tagged tops. For events with high enough pr the algorithm is almost independent
from pr. Approximately half of the tops are identified as top candidates and 30% are tagged as
tops. If we compare this result with the same distribution without using Delphes (denoted by the
dashed lines) we see again that Delphes does not change the behavior of the tagger.

Let us now look at the tagging efficiency: the number of tagged tops relative to the number of
tops in parton level with pr > 200 GeV. If we average over the transverse momentum range of the
parton level top with pr > 200 we get a tagging efficiency of 17.8% using Delphes. This is close to
the tagging efficiency without Delphes of 19.5%.

We can do the same analysis for full hadronic ¢ production. Due to the two hadronic tops we
observe more fat jets and more tagged tops. This can be seen in the central panel of Fig. [A7]
In about 26% of the events which have a parton level top with transverse momentum pp > 200
GeV we tag a top. This is again close to the tagging efficiency without Delphes of 28%. For all
considered samples we see that only a very small fraction of tagged tops that do not correspond
to a top in parton level (purple line).

The tagging efficiencies for ¢-channel single top production are similar to the case of semileptonic
tt production. Since there is only one top quark and one recoil jet with opposite momentum in
a single top event, we expect a correct subjet-parton matching for the tagged tops. Indeed, we
observe that both with and without Delphes, about 99% of the tagged tops can be classified as
type 1. This fraction was lower for t¢ events. We can reject type 2 and type 3 tops by choosing
a tighter configuration of the HEPTopTagger or by applying cuts on the pruned mass. This will
therefore increase the number of tagged single top events relative to the number of tagged tt events.
The tagging efficiency is 18.7% with Delphes and 20.1% without Delphes for tops with transverse
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Figure A.7: Tagging efficiencies for semileptonic (left), fully hadronic (central) top pair production,
and t-channel single top production (right).

momenta higher than 200 GeV. Again we see that the tagging efficiency does not change under
Delphes as we can see in the right panel of Fig. [A77]
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