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Abstract

During the first run of the LHC, no apparent signs of new physics beyond the Standard
Model were discovered, but rather the Standard Model-like properties of the Higgs particle
confirmed. Therefore, new and powerful methods are needed to disclose the traces of new
physics, which is expected to be at the TeV scale in order to solve the hierarchy problem.

In this thesis, we propose two complementary strategies for the quest for new physics at
the LHC. First, we show how a very boosted Higgs in association with a hard jet can be
used to determine the important top Yukawa coupling in gluon fusion. In the inclusive gluon
fusion process this is not feasible since possible deviations from its Standard Model value are
combined and can even cancel with the effective Higgs-gluon interaction mediated by new
top partners. This cancellation is motivated within minimal composite Higgs models but
also in certain regions of the MSSM parameter space and can lead to a Standard Model-like
inclusive cross section that allows no conclusions on the mass spectrum of the new physics.
We work out in detail how this degeneracy can be broken in the boosted Higgs channel and
find that even in the worst case scenario with a Standard Model-like inclusive cross section,
the top Yukawa coupling can be constrained to 0.8-1.3 times its Standard Model value at
95% CL with an integrated luminosity of 3000 fb~1.

The second strategy is targeted at direct stop and sbottom searches in the fully hadronic
top decay channel. Since the stop, sbottom and neutralino masses are unknown, very
different event shapes are imaginable, ranging from unboosted top quarks and low missing
energy to highly boosted top quarks and large missing energy in the final state. In order to
cover a wide range of possible event shapes and consequently stop, sbottom, and neutralino
masses, we combine several top taggers based on jet substructure techniques to obtain a
scale invariant search strategy. The performance of this approach is shown in a collider
study where we find that stops with masses up to about 1100 GeV can be excluded at 95%
CL with an integrated luminosity of 100fb~1.
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Zusammenfassung

GEBOOSTETE SUCHEN NACH NEUER PHYSIK AM LHC

Wahrend des ersten Laufs des LHC wurden keine offensichtlichen Hinweise auf neue Physik
jenseits des Standardmodells entdeckt, sondern vielmehr die Standardmodell-artigen Eigen-
schaften des Higgs Teilchens bestétigt. Dementsprechend werden neue und leistungsstarke
Methoden benétigt, um Spuren neuer Physik zu entdecken, die an der TeV Skala erwartet
werden, sofern sie das Hierarchie Problem losen.

In dieser Arbeit schlagen wir zwei komplementére Strategien fiir diese Suche nach neuer
Physik am LHC vor. Zunéchst zeigen wir, wie ein sehr hochenergetisches Higgs zusam-
men mit einem harten Jet genutzt werden kann, um die wichtige Top Yukawa-Kopplung
mit Hilfe von Gluon-Fusion zu bestimmen. Im inklusiven Gluon-Fusionsprozess ist das
nicht machbar, da eine mogliche Abweichung vom Standardmodell-Wert mit der direkten
Higgs-Gluon Wechselwirkung kombiniert wird. Letztere wird durch neue Partner des Top-
Quarks vermittelt. In minimalen Modellen fiir ein zusammengesetztes Higgs sowie in gewis-
sen Bereichen des MSSM Parameterraums kénnen sich beide Effekte sogar aufheben und zu
einem Standardmodell-artigen Wirkungsquerschnitt fithren, der keinerlei Riickschliisse auf
das Massenspektrum der Theorie zulisst. Wir arbeiten detailliert heraus, wie diese Entar-
tung im hochenergetischen Higgs-Kanal gebrochen werden kann, und stellen fest, dass die
Top Yukawa-Kopplung auf dem 95% Konfidenzniveau mit einer integrierten Luminositat
von 3000fb~! auf 0,8-1,3 mal den Standardmodell Wert beschriinkt werden kann.

Die zweite Strategie widmet sich Stop und Sbottom Suchen im vollhadronischen Top
Zerfallskanal. Da die Stop-, Sbottom- und Neutralinomassen unbekannt sind, sind sehr un-
terschiedliche Auspragungen von Ereignissen denkbar, von niederenergetischen Top Quarks
und wenig fehlender Energie bis hin zu sehr hochenergetischen Top Quarks und viel fehlen-
der Energie im Endzustand. Um eine grofe Anzahl an mdglichen Ereignisprofilen und
folglich einen grofien Bereich von Squark und Neutralino Massen abzudecken, kombinieren
wir mehrere Top-Suchalgorithmen, die auf der Unterstruktur von Jets beruhen, zu einer
skaleninvarianten Suchstrategie. Die Moglichkeiten dieses Ansatzes demonstrieren wir an-
hand einer Studie, in der wir zeigen, dass mit einer integrierten Luminositéit von 100 fb~!
Stops mit Massen bis zu 1100 GeV auf dem 95% Konfidenzniveau ausgeschlossen werden

konnen.
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1. Introduction

High energy physics is currently standing at a very special point in its history. In the past
decades, the Standard Model of particle physics (SM) has proven to be a very economic and
good description of nature at energies up to a few hundred GeV. Many of its predictions were
tested with high precision and confirmed by collider experiments. All the experimental and
theoretical efforts eventually culminated in the announcement of the discovery of a Higgs
boson at the LHC in July 2012 [14, 15]. This discovery marks a very unique point: With the
Higgs as the last missing piece, the SM is now seemingly completed. In particular the fact
that the discovered boson has the properties predicted by the SM underlines the success of

this framework.

Yet, at the same time it is known that there has to be new physics beyond the SM (BSM).
On the one hand there are experimental observations that are not explained within the SM
and on the other hand there are also theoretical considerations that motivate BSM physics.
In particular the hierarchy problem points to new physics at the TeV scale. This problem
addresses the question why the Higgs mass can be my =~ 125 GeV when its loop correction
from the top quark loop is quadratically sensitive to the scale of new physics. If one wants
to avoid extreme fine tuning and rather follow the principle of naturalness [16], one comes
to the conclusion that there has to be new physics not too far above the electroweak scale
that protects the Higgs mass.

Whatever this new physics is, if it solves the hierarchy problem, it needs to change the
Higgs properties. Either by modifying its couplings to the SM particles, by introducing new
particles which cancel the quadratic divergence of the top quark loop, or by a combination
of both. Consequently, two of the best motivated strategies to pin down possible extensions
of the SM are to look for modified Higgs couplings and for top partners. The LHC, currently
starting at an unprecedented center of mass energy of 13 TeV, offers a unique environment
to accomplish this task. Thanks to the higher available energy, more Higgs bosons are
produced and, in addition, the production cross section for so far unknown heavy particles
increases due to the greater available phase space.

Two of the most discussed and elaborated models for BSM physics at the LHC are super-
symmetic and composite Higgs models. They will serve us in their minimal realizations as

benchmark models for the analyses presented in this thesis. Both models solve the hierarchy



1. Introduction

problem if some of their predicted particles are at the TeV scale. Moreover, they come along

with modified Higgs couplings.

In this thesis we pursue a twofold approach and point out two complementary methods
to search for new physics at the LHC. On the one hand, we present a study based on
very boosted Higgs production in association with a high transverse momentum jet to trace
down new physics in the gluon fusion process. In both supersymmetric but especially in
composite Higgs models, the effects of top partners and of a modified top Yukawa interaction
can balance each other and lead to a SM-like cross section for gluon fusion that contains no
information on the mass spectrum of the theory. We show that this degeneracy can be broken
by measuring the cross section of very boosted Higgs production. This opens an alternative
way to the difficult ¢Zh channel to determine the important top Yukawa interaction. In
addition, knowing the effective Higgs-gluon interaction that is generated by loops of the top

partners, allows to draw conclusions on their mass spectrum.

In the second part of this thesis, we present a direct search strategy for light scalar
partners of the third generation quarks, called stops and sbottoms, which are predicted
by supersymmetry. In order to solve the hierarchy problem without too much fine tuning,
these squarks need to be close to the TeV scale or even below and should therefore be
accessible at the LHC. However, the event shape of decaying stops depends strongly on the
mass difference between the initial squark and the particles it decays into, mostly higgsinos
and top or bottom quarks. This makes it difficult to design an analysis that is capable of
detecting squarks over a large range of masses. In this thesis we propose to look for squark
pair production where both squarks decay into top quarks which then decay hadronically.
Depending strongly on the mentioned mass difference, the typical transverse momentum of
the top quarks and thus the distribution of its decay products can range from very collimated
for boosted to well separated for unboosted top quarks. We suggest to use different jet
substructure techniques to tag the top quarks over a large range of possible transverse

momenta and we describe a collider analysis based on this scale invariant approach.

The remainder of the thesis is structured as follows. After setting the notation and
briefly reviewing the electroweak symmetry breaking (EWSB) in the SM in Chapter 2, we
introduce the main ideas of supersymmetric and composite Higgs models in Chapters 3 and 4,
respectively. In these chapters we focus in particular on how the specific model in its minimal
realization breaks the electroweak symmetry and solves the hierarchy problem. Thereafter
we present the Higgs coupling measurement based on very boosted Higgs production in
Chapter 5. Here, we first motivate this measurement in the context of composite Higgs
and supersymmetric models in Section 5.1 before we make the actual calculation of the
boosted cross section and estimate the resolution power in Sections 5.2 and 5.3, respectively.

Finally, in Chapter 5.4 we outline a realistic collider study designed for this measurement.



In Section 6 we describe the strategy for a scale invariant stop and sbottom search. After
specifying the event generation in Section 6.1, we give a detailed description of the top quark
reconstruction and the analysis cuts in Section 6.2 before summarizing the results in Section
6.3. We conclude in Chapter 7.






2. The Standard Model of particle physics

The Standard Model of Particle Physics (SM), as it was formulated in the 1970s, describes
the properties of all known elementary particles and their interactions via the electromag-
netic, weak and strong forces. It does not include gravity, firstly because gravity does not
play any role at the energy scales relevant at present colliders since its coupling is by many
orders of magnitude weaker than that of the other forces. Secondly because there is no

known phenomenologically consistent and renormalizable description within the framework
of quantum field theory (QFT).

2.1. Electroweak symmetry breaking in the SM

Symmetries play a very profound role in physics since they are linked to conserved quantities
via the Noether Theorem [17]. The importance and fundamental role of gauge symmetries!
in particle physics was established by the overwhelming agreement of the experimental
results with the predictions derived from the QED Lagrangian (U(1)-symmetry) [18-20].
Gauge symmetries therefore seemed to be a fundamental building block of nature and it
was consequently natural to try to describe the weak force by a gauge symmetry as well.
However, the gauge bosons of the weak force, W* and Z, are massive while their mass
terms are forbidden in the Lagrangian by gauge symmetry. This apparent contradiction
can be resolved by demanding a spontaneous breaking of the symmetry, meaning that the
Lagrangian is symmetric under the given gauge symmetries but the ground state is not.
When a global continuous symmetry is broken spontaneously, a mass- and spinless particle,
a so-called Goldstone boson, emerges for each generator which does not leave the vacuum
invariant [21-25]. This alone would not solve the problem but rather make it worse as
the only known massless particles are the photon and the gluons. However, if the broken
symmetry is a gauge symmetry, the Goldstone bosons do not appear in the particle spectrum,
but their degrees of freedom are used to give mass to the gauge bosons. This mechanism
of gauge bosons becoming massive by “eating” the Goldstone bosons was first discovered by
Anderson in the context of condensed matter physics [26], applied to quantum field theory
by Higgs and others [27-31] and is now known as the Higgs mechanism. Later, t’'Hooft

Strictly speaking, the gauge symmetries are not symmetries but rather redundancies of our description.
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showed that renormalizability is not spoiled by the spontaneous breaking [32].

The electroweak sector of the SM describes both the weak and the electromagnetic force
communicated by the three massive bosons W* and Z and the massless photon, respectively.
In order to include all four gauge bosons in the description, the symmetry group Ggw
of the electroweak theory needs to have four generators out of which three are broken
spontaneously, giving mass to the weak gauge bosons. The group Gpw = SU(2)r x U(1)y
(weak isospin x hypercharge) broken down to the electromagnetic U(1)ep, of QED yields
the necessary properties. For the spontaneous breaking the Higgs field, a complex scalar

doublet under SU(2)r, with hypercharge 1/2, is introduced with its potential
2 4t t)’
V(9) = —26to+ A (61) (2.1.1)
and covariant derivative
. 1
D,¢ = <3u —igAuT? — 129’3#) o, (2.1.2)

with 7% = 107 being the generators of SU(2), g and ¢’ the SU(2);, and U(1)y coupling
constants, and Aj, and By, the respective gauge bosons.

Although the potential is symmetric by construction, the ground state is not when p? > 0.

In that case the symmetry breaking minimum is obtained for |¢| = % “72 = LQ

invariance one can choose the vacuum expectation value (vev) of the Higgs field to point in

. By gauge
the direction of the neutral component

1 0
(D)o = NG ( ; > (2.1.3)

and expand the Higgs field around it. Omitting the terms which contain the physical Higgs

field, the kinetic term of the scalar field becomes

N

v

1
(Dug)" (D*9) — 5T (PA%A™ —2gg' ASB* + ¢'* B, B") (2.1.4)
¢ 0 0 0 A\
1 v 0 ¢2 0 0 A?
. ( Al A2, A3, B ) AR \ (2.1.5)
2 4 7 0 0 g¢g° gg A
0 0 g9 ¢ B
Diagonalizing the 2 x 2 sub-matrix yields
gA®—g'B \ #
1 ’U2 gA3—¢'B gB+g' A3 92 + 9/2 0 g2+g'2 921.6
§Z< Vi g2 Vg2 +g'? >u 0 0 gB+g' A® ) (2.1.6)
92+gl2
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which suggests the identification of the massless boson with the photon and the massive one

with the Z: 5 s
/ /
9Byt g Ay 7 _gA, — 9B,

IRV AN e

The rotation matrix used for the diagonalization is given by

cosfy  sinfy | 1 g 4 (2.18)
—sinfy cosbw ) @2+ g2 \—g g o

and defines the weak mixing angle fy,. From now on we will use the short hand notation

Ay, (2.1.7)

sw and cyy for sin Ay and cos Oy, respectively.
Replacing Az and B, in the covariant derivative by the physical bosons A, and Z,, leads
to

2 /
Do (0, Y iairt ity (1 4¥) - () ) .

pot /92+g/2 /g2+g/2
(2.1.9)

Since the photon is the gauge boson that transmits the electromagnetic force and couples
with the electric charge, the charge operator and the unit electric charge are given by

/
Q=7*+Y and e=-—2L (2.1.10)

/92 I g/2’
respectively. After combining Eqs. (2.1.8) and (2.1.10), the couplings g and ¢’ can be

expressed in terms of e and Oy as

g=— and g =—". (2.1.11)
SwW cw

The electric charge of the combination (927'3 —-d 2Y) is given by
Q(Z)=[Q, ("7 —g'?*Y)] =0 (2.1.12)

and justifies post-hoc the identification of this combination with the electrically neutral

+

Z-boson. The combinations 7= = 7! £ i72 are charge eigenstates with charge +1

(@, 7] = +r* (2.1.13)

and make it possible to write the covariant derivative as a combination of charge and mass

eigenstates I/VHi = % (A}L F zAi)

D¢ = <3M - i\% (Wt + Wyr) —ied,Q — iizﬂ(f?’ - s%VQ)) 6. (2.1.14)
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From Egs. (2.1.5) and (2.1.6) together with Eq. (2.1.11) the masses of the gauge bosons can
be read off as
vooe v e

= - d = —— 2.1.15
2 Sch’ a mw 2SW ( )

ma =0, mzy

showing the tree-level relation of the gauge boson masses

2
m
p= mQVcV2 =1. (2.1.16)
zZ-W

2.2. Particle content

To include the fermions in the SM one needs to specify their transformation properties
under the SM gauge groups and build gauge singlets out of the fields. Table 2.1 lists these
properties and the electric charge of the fermions and the Higgs doublet. The fermions of
the SM come in right- and left-handed chiralities and only the latter transform non-trivially
under SU(2)r. The difference between quarks and leptons is that the former live in the

fundamental representation of SU(3)¢ while the latter transform trivially under the color

group.

SUB)exSUR) L xU(l)y | Q=72+Y

_ (v 2/3
QL - <dL) (3’ 2, 1/6) (_1/3)

UR (3,1,2/3) 2/3
dr (3,1,-1/3) ~1/3
I = <V2> (1,2,-1/2) ( 0 >
er, -1
€R (1,1,-1) -1

_[o* 1
4= <¢> 1.2.1/2) (0)

Table 2.1.: Transformation properties and electric charges of the SM fermions and the Higgs doublet

under the gauge symmetries of the SM. For each fermion there are three more copies with exactly
the same quantum numbers, corresponding to the three generations. u and d denote the up- and
down-type quarks, v, e the neutrinos and charged leptons, and ¢ the Higgs doublet. Right-handed
fields appear as singlets, left-handed fields and the Higgs as doublets under SU(2)y.

A mass term for the fermions necessarily combines right- and left-handed fields because

the combination of two fermions with the same chiralities vanishes, &L,Rl/}L’R = 0 but
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0 L.RYR, 1, 7 0. This is also the reason why the neutrinos are massless in the SM: since there
is no right-handed neutrino, no mass term of dimension 4 or less can be constructed.

Since the left-handed fermions are doublets under SU(2); while the right-handed are
singlets, the Higgs doublet is needed to form gauge invariant operators. The mass is then

generated only after electroweak symmetry breaking via the Yukawa interactions

Ly = —ylréer — yuQrLour — yaQrodr + h.c. (2.2.1)

- h
— [~meee — mytiu — mgydd| <1 + > , (2.2.2)
v

where ¢; = €ij(¢7)* with €12 = +1 being the anti symmetric tensor. h is the physical Higgs
field, I, q1., eRr, ug, and dpr are the fermion fields introduced in Table 2.1, and m,, = y¢v/\/§
is the mass of the respective fermion which appears in the combination ¥ = ¥ r1r +1VrUrL,
where 1) stands for one of the fermions of the Lagrangian. From Eq. (2.2.2) it becomes clear
that the coupling between the fermions and the Higgs is proportional to the mass of the
fermions. Therefore, the Higgs production via valence quarks at the LHC is negligible and
gluon fusion via top loops is the most important Higgs production channel despite being

loop suppressed.

2.3. Reasons for physics beyond the SM

Despite the enormous success of the SM it is clear that there has to be new physics beyond
it to describe the observations that it does not explain, e.g. dark matter and dark energy,
neutrino oscillations or the matter-antimatter asymmetry. At the latest at the Planck scale
Ap; ~ 10" GeV when gravity is no longer negligible, some new theory is needed to describe
nature. Nowadays the SM is therefore considered to be an effective low energy theory and
only valid up to the scale Ayp where the new physics sets in. This new physics is not only
expected to describe at least some of the above observations but also to answer theoretical
problems of the SM, e.g. the strong C' P-problem (why is the neutron electric dipole moment
so small?) [33], the flavor puzzle (why have the Yukawa interactions the structure we observe
and where does their hierarchy come from?), or the hierarchy problem [34-37].

The latter is the question why the Higgs is so light. At tree level its mass is obtained
from the potential in Eq. (2.1.1) and is given by m}% = Mv?. Since ) is expected to be
of O(1) by naturalness arguments, it is expected to have the tree-level Higgs mass at the
electroweak scale. However, when calculating loop corrections to the Higgs mass in the
SM, one finds a quadratic sensitivity to the UV scale ém? ~ O(1)A%p from the top loop.
Unless unnatural fine tuning is at work, one would therefore expect a Higgs mass of the

order Ayp. Since no new physics beyond the SM has been discovered at the LHC so far,
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Anp has to be well above the electroweak scale Agy ~ 100 GeV <« Anyp. This leaves us
with two possibilities: Either nature is fine tuned and a seemingly “unnatural” cancellation
happens in nature? or there is new physics to protect the Higgs mass and keep it at the
electroweak scale. Supersymmetric models and composite Higgs models, discussed in the
next two sections, are two intensively investigated models for such new physics and offer
solutions to the hierarchy problem. Having no clear sign that the previously mentioned
observations are related to physics at the TeV scale, the hierarchy problem is actually one

of the best motivations to look for new physics at the LHC.

20ne example for fine tuning in nature is the apparent radius of the moon and the sun. Despite having
very different sizes, their respective distance to earth is such that they cover nearly the same area in
the sky. This corresponds to a tuning of about 1/100. Although the presence of the moon might be
explained from an anthropic point of view, this does not explain the observed diameters.

10



3. Supersymmetry

Supersymmetric extensions of the SM [38-41| are among the most studied models for new
physics at the LHC. They provide elegant solutions to several of the aforementioned problems

of the SM:

e Supersymmetry (SUSY) reliefs the hierarchy problem. It comes along with scalar
partners to the SM fermions which have the same mass as their fermion partner if SUSY
is unbroken. Furthermore, their couplings are related by the symmetry requirement
such that in the unbroken phase the quadratic sensitivity to the UV scale arising from
the top loop is canceled exactly by a loop of the scalar top partner. Even if SUSY
is broken', which is obviously the case in nature because no supersymmetric particles
were discovered so far, the sensitivity is only logarithmically and not quadratically as
in the SM.

e R-parity [41], a discrete Zy symmetry under which all SUSY particles are odd and all
SM and Higgs particles are even, is usually introduced to prevent rapid proton decay.
If it is conserved, supersymmetric particles can be only produced in even numbers.
Moreover, a decaying SUSY particle has to decay into an odd number of SUSY particles
and an arbitrary number of SM particles. Consequently the lightest SUSY particle
(LSP) is stable, necessarily neutral, since it has not been discovered yet, and provides

therefore an appealing candidate for dark matter.

e The gauge couplings of the SM gauge group do not unify in the UV. While this is
not a problem phenomenologically, it contradicts the idea of a grand unified theory
at some high scale. SUSY modifies the beta-functions and can lead to gauge coupling
unification if the SUSY masses lie between 102 GeV and 10° GeV [42-44].

e SUSY is not only well motivated from the phenomenological but also from the math-
ematical point of view. Coleman and Mandula [45] showed in a no-go theorem that
there is no non-trivial combination of the Poincaré Group and internal symmetries.

Later however, Haag, Lopuszanski, and Sohnius [46] showed that there is a loophole

! Actually, SUSY has to be broken softly, as we will discuss below. Otherwise it will introduce new UV

sensitivities.

11
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in the argument if anti-commuting generators are allowed. Then there is one possible
non-trivial combination, the so-called graded or super algebra that establishes a link
between the gauge symmetries and gravity and that is the basis of SUSY. Moreover,

it looks as if SUSY is an important building block of realistic string models.

The key concept of SUSY is the connection of bosons and fermions through the SUSY
generator which transforms one into the other. The details of the SUSY algebra can be
looked up in detail for example in Ref. [7] or Ref. [6] and will not be discussed here. In the
following we will rather focus on the phenomenological implications and in particular on
the electroweak symmetry breaking mechanism in the minimal supersymmetric extension
of the SM (MSSM) [47]. The MSSM is an example for A/ = 1 supersymmetry, i.e. it has
only one SUSY generator and its conjugate. Further, the MSSM assumes only the minimal
particle content needed to cover all the known particles of the SM and to allow a consistent
phenomenology. Non-minimal extensions, which contain additional particles or gauge groups
and theories with more SUSY generators are studied in the literature [48-50]. While the
former can help to circumvent the restrictions obtained from the LHC or other experiments,
the latter are mainly interesting from a theoretical or mathematical point of view.

In the MSSM, the particles are combined in supermultiplets which are irreducible repre-
sentations of the SUSY algebra. The two simplest supermultiplets are the chiral and gauge
supermultiplets. The former consist of a complex scalar and a two component Weyl fermion
while the latter consist of a massless spin 1 boson and a two component Weyl fermion as
well.

All SM fermions form chiral multiplets together with their respective scalar partner. They
are shown together with their transformation properties under the SM gauge group in the
first two blocks of Table 3.1. The R, L subscript of the scalars refers to the helicity of their
partner fermion. Right handed fermions appear for conventional reasons as their conjugates
such that only left-handed Weyl spinors appear in the multiplets.

Unlike the SM, the MSSM needs two complex Higgs doublets: The fermionic superpartner
of one of the Higgs bosons contributes to the gauge anomaly and this contribution is canceled
by the fermionic superpartners of the other Higgs multiplet which caries opposite U(1)y
charge. Another reason is that the requirement of SUSY invariance demands a holomorphic
superpotential (the part of the Lagrangian that contains the so-called F-terms, which include
the Yukawa interactions) and thus forbids any occurrence of the conjugate of the Higgs field.
Therefore a Higgs can couple either to the up-type quarks or to the down-type quarks and
charged leptons. So, two Higgs doublets are needed to construct Yukawa interactions for
each of the two types. The Higgs bosons and their fermionic superpartners are combined in
chiral supermultiplets as well, which are shown in the last block of Table 3.1. Finally, the

gauge bosons are embedded in the gauge multiplets. Each of the bosons is accompanied by
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3.1. The MSSM Lagrangian

symbol | Complex scalars | Weyl fermions | SU(3)c x SU(2)r x U(1)y
0 (aL,JL> (ur,dr) (3,2,1/6)
ﬂ ih uly (3.1, -2/3)
d R dy (3,1,1/3)
L (I;L,GL) (I/L,SL) (1727 1/2)
e &, ely (1,1,1)
H, (HY, HY) HY, Hy (1,2,-1/2)

Table 3.1.: The chiral supermultiplets of the MSSM. Each multiplet consists of a complex scalar
and a left-handed two component Weyl fermion. As in the SM where left-handed fermions come in
SU(2)r doublets, the chiral multiplets containing the left-handed fields are combined in doublets.
The first block lists the quark multiplets, the second the lepton multiplets and finally the last block
the Higgs doublets with their higgsino superpartners. Like in the SM, there are two more copies for

each matter multiplet corresponding to the three generations. This table is taken from [6].

Names Vector bosons | Weyl fermions | SU(3)c x SU(2)r, x U(1)y
gluon, gluino g g (8,1,0)
W bosons, winos W+ wo wE Wwo (1,3,0)
B boson, bino B B° (1,1,0)

Table 3.2.: The gauge multiplets of the MSSM. Each multiplet consists of a gauge boson with spin-
1, corresponding to the gauge bosons of the SM, and a left-handed two component Weyl fermion,

the gaugino. This table is taken from [6].

its fermionic superpartner as is shown in Table 3.2.

(195

The nomenclature is as follows: Scalar superpartners are denoted by prepending a “s” to
their SM partner, i.e. “stop” for scalar top partner. Scalar quarks and leptons are denoted
collectively as “squarks” and “sleptons”. Fermionic superpartners are named by appending
““ino” to their SM partners, i.e. “gluino” or “bino”. Depending on whether they are the
partners of the Higgs bosons or the gauge bosons they are called collectively “higgsinos” or

“gauginos”, respectively.

3.1. The MSSM Lagrangian

In the following, the MSSM Lagrangian is constructed step by step but without proving its
invariance under SUSY. Besides the notation used here, one could employ the superspace and

superfield notation in terms of fermionic grassmann variables. This has the advantage that
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3. Supersymmetry

the obtained Lagrangian is manifestly supersymmetric. As a down-side it is less obvious from
the phenomenological point of view which is why it is not used here. The final Lagrangian
is of course the same.

For the start only the chiral superfields are considered. A free chiral multiplet with a
complex scalar ¢ and a two component Weyl fermion ) is described by the non-interacting

massless Wess-Zumino model [51]

Liree = —0"¢" 04 + i)T6"01p + F*F, (3.1.1)

where &

=¢% and 6' = —¢® for i = 1,2,3 and o* are the usual Pauli matrices. The first
two terms in Eq. (3.1.1) are just the usual kinetic terms for a scalar and a Weyl fermion,
respectively. In the last term a so-called auxiliary field F', a complex scalar with mass
dimension 2, is introduced. It is needed to close the superalgebra off-shell where the fermion
has two more degrees of freedom than the scalar, but it vanishes on-shell due to its equation
of motion F' = F* = 0. It is therefore no physical particle and does not appear in the
spectrum.

The above Lagrangian is invariant under SUSY transformations, but to be interesting for
phenomenology, it needs to include interactions. They are introduced by writing the most
general renormalizable and SUSY invariant Lagrangian for the interactions between scalars,

fermions, and F'. It is given by
1. .. .
Ling = <—2W2j1/}i7/’j + WZFi) +c.c., (3.1.2)

where W% and W' are polynomials in the scalar fields and have mass dimension 1 and 2,
respectively. The Ws are further constrained to be holomorphic in the scalar fields, i.e. must

not contain ¢* , and it can be shown that they can be written as derivatives

O i o w (3.1.3)
di d; 0, o

of a function W, called the superpotential. The most general form of the superpotential is

Wi

given by
W = L'¢; + %Mij%ﬁbj + éyijkﬁbiﬁbﬂ)k ; (3.1.4)
where M% are mass matrices for the scalars and 3% take over the role of the Yukawa
couplings. The L; term is forbidden in the MSSM due to the requirement of gauge invariance
and will be omitted in the following. It might, however, show up in less minimal extensions
of the SM where gauge singlets are introduced.
After combining Leee and Liyy and removing the auxiliary fields by their equations of

motion F; = —W; and F;" = —)V;, one obtains

[’::hiral = Lfree — 5 (Wi]d}iw]’ + W13¢T ¢Tj) -W Wz . (315)
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3.1. The MSSM Lagrangian

The scalar potential of this Lagrangian is given by

5 2

0p;

with the ellipses indicating the terms containing the ¢3- and ¢*-terms. Now several impor-

4%

V(¢,¢>=WW¢=‘ = MMM G g5 + 2y 0i00" 6"+, (3.16)

tant observations can be made. Since V is written as an absolute square of the derivatives
of the superpotential, it can never get smaller than zero. It is thus automatically bounded
from below. Further, one can observe that the mass matrices M;; do not only give mass
to the scalars but also to the fermions via the terms in the brackets in Eq. (3.1.5). The
particles within one chiral supermultiplet are therefore mass degenerate. Moreover, both
the ¢* and the 1¢? couplings originate from the Yukawa terms of the superpotential and
are therefore related. Together with the mass degeneracy this has the exact cancellation of
the quadratic UV sensitivity of the Higgs mass as a direct consequence.

Clearly, the mass degeneracy is not present in nature because no supersymmetric particles
have been found up to now, in particular not with the masses of the SM particles. Therefore
SUSY cannot be a symmetry of nature at the electroweak scale, but must be somehow
broken. From Eq. (3.1.4) it can also be seen why two Higgs doublets are needed in the
MSSM. The Yukawa terms in the superpotential are needed to give mass to the SM fermions
after electroweak symmetry breaking. Since the superpotential has to be holomorphic it can
not contain the Higgs and its complex conjugate. Then the only way to couple both up-
and down-type quarks and charged leptons in a gauge invariant way to a Higgs is via two
different Higgs bosons with opposite hypercharge.

Next, the Lagrangian describing the fields of the gauge supermultiplet is considered. It is
given by

Loange = —%FﬁyF““” + AT 9G4 %Dam, (3.1.7)
where Fjj, = 0, A7 — 0,A7, + ¢ fabCAZAlC, is the usual fieldstrength tensor with the structure
constants f® the second term is the kinetic term of the gaugino A with the covariant
derivative V, A% = 9,\ + g fabcAfL)\c, and D® is again an auxiliary field introduced in
analogy to F'in Eq. (3.1.1).

!
chira

by the covariant derivatives given by

In order to combine £ 1 and Lgauge, the derivatives in the former need to be replaced

Vudi = Outi — igAl (T°¢); (3.1.8)
Vb = 06" +igAl (¢°T%)" (3.1.9)
Vi = Opibi — ig Ay, (T*Y), (3.1.10)

with T% being the generators of the gauge group in question. Further, additional terms,

which introduce interactions among the fields of the chiral and the gauge supermultiplets,
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3. Supersymmetry

have to be introduced. These terms are fixed by gauge invariance and SUSY and one obtains

as a final result
L = Lepiral + Laauge — V29 (" T ) A — v/2g AT (wT%) +g(¢*T %) D, (3.1.11)

where Lepiral is obtained from £/, . ., in Eq. (3.1.5) by making the replacements (3.1.8-3.1.10).
Replacing the D* by their equations of motion D% = —g (¢*T%¢) in Eq. (3.1.11) extends

the scalar potential which so far only consisted of so-called “F-terms” by the “D-terms”
* *1 1 apna _ *YA 0 1 2 *a 1 \2
V(¢,¢*) =F Fi+2za:DD =WIW +2za:ga(¢fr¢) , (3.1.12)

where the sum is over the generators of the gauge groups of the theory. The above observa-
tion about the properties of the scalar potential and the cancellation of the quadratic UV
sensitivity remain of course valid even in the presence of the D-terms.

The Lagrangian in Eq. (3.1.11) was constructed to be invariant under SUSY and there-
fore cannot be a viable description of nature at the electroweak scale. Consequently, SUSY
breaking has to be introduced to complete the MSSM and to obtain a phenomenological La-
grangian. Explicit and viable models of SUSY breaking are, however, difficult to construct.
If they are to contain only renormalizable interactions they predict very light supersymmet-
ric particles via sum rules that link the masses of fermions and scalars. A common approach
is therefore to assume that SUSY is broken in a hidden sector which is only weakly coupled
to the MSSM. The breaking of SUSY is then mediated via a weak interaction to the MSSM
sector and can be described by adding terms to the MSSM Lagrangian that explicitly break
SUSY. At the same time, however, the cancellation of the quadratic divergences in the Higgs
mass corrections must not be spoiled. This is achieved by breaking SUSY softly, meaning
that only operators that have a coupling constant with positive mass dimension are allowed
to break SUSY. In the effective field theory language those operators are relevant and their
effect becomes less important at high energies. Thus they do not spoil the UV cancellation.
It was shown that the soft SUSY breaking Lagrangian below does not induce quadratic
divergences to all orders in perturbation theory [52]. For the field content of the MSSM this

Lagrangian is

1 ava L s 1.5 i wq
Looft = — <2Ma)\ Y+ ga Jk¢i¢j¢k + 2bj¢i¢j> +c.c. — (m2)j o ;. (3.1.13)

Now all the ingredients for the MSSM are prepared. One just needs to replace the generic
superfields in W, £ and Lg.g by the MSSM fields listed in tables 3.1 and 3.2 and impose gauge
invariance under the SM gauge group SU(3)¢ x SU(2)r, xU(1)y. The MSSM superpotential
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3.2. Electroweak symmetry breaking and the Higgs potential

is then given in terms of the superfields® by
Wussm = tyuQHy, — dyaQHg — eyeLHy + pHyHy (3.1.14)

where a sum over the three generations is explicitly understood and the yy, are the usual

Yukawa matrices in flavor space. The MSSM version of L is given by

Lo =~ % (M35 + MeWW + M BB + c.c.) (3.1.15)
. (a awQH, — daq QH, — éae LH, + c.c) (3.1.16)
— @Tsz@ ~L'm2L —am2i — c?m?i d' — ém2ét (3.1.17)
—m3y HiH, —my, HiHy — (bH, Hy+c.c.) . (3.1.18)

When comparing Whssm and Lgoft, it can be seen that except for u all parameters that are
not already present in the SM are introduced by the SUSY breaking part. This means that
the 105 new parameters introduced in the MSSM [53] reflect our ignorance of the actual
breaking mechanism. While they could in principle take any value, most of them lead to
flavor or C'P-violation and are severely restricted by experiments (see for example [54] and
references therein). Besides the R-parity, which is well motivated by the non-observation of
proton decay and leads to a dark matter candidate, the following assumptions are usually

made in the MSSM to account for the experimental constraints.

e The tri-linear scalar mixing matrices in Eq. (3.1.16) are proportional to the Yukawa

matrices ay = Ayyy,

e both, the proportionality factors A, and the gaugino Masses M; in Eq. (3.1.15) are
real and

e the soft masses in Eq. (3.1.17) are diagonal in flavor space mi = diag (mi1 , miQ, mfpS) )

and the first and second generation are mass degenerate mil = mfm.

A careful count reveals that from the 105 parameters only 19 independent parameters are
left. They describe the p(henomenological) MSSM [55]. Often, these parameters are even
further constrained by assuming a specific SUSY breaking mechanism, which relates for

example the gaugino masses.

3.2. Electroweak symmetry breaking and the Higgs potential

Having obtained the MSSM Lagrangian, the mechanism of electroweak symmetry break-

ing in this framework is now investigated. The Higgs potential in terms of the SU(2),

2This is equivalent to a superpotential where all superfields are replaced by their corresponding scalar field

but the latter contains quite many sub- and superscripts.
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3. Supersymmetry

components of the Higgs doublets H,, = (HJ, HS) and H; = (Hg, Hd_) is given by

V= <\M\2 + m?{u) (\HS\Q + |Hu+\2> + (\mz + m%,d) (\Hgf + \Hd—f) (3.2.1)
+ (b (Hy Hy — HyHg) +c.c.) (3.2.2)

1 2
5 (67 + ) (|12 | 1)~ |y ) (323

1 " 2
+§gQ\H;H3 + HYH*|" .

(3.2.4)
This potential gets contributions from very different parts of the MSSM Lagrangian that
are a priori not related. In particular, there are the SUSY conserving contributions MQ
from the F-terms and the gauge couplings stemming from the D-terms on the one hand. On
the other hand soft breaking effects enter through b, mpy,, and mpy,. The latter coefficients
are expected to be all of the order O(mgog) where mgof is the scale where SUSY breaking
happens. To avoid the re-introduction of UV sensitivities of the Higgs mass, this scale
should be not higher than a few TeV. The pu parameter, however, is not linked to SUSY
or electroweak symmetry breaking and could be as high as Mpianek. This will lead to the
so-called “pu-problem” of the MSSM, as is discussed below.

In order to find the minimum of the potential, firstly the gauge freedom is used to set

H;" =0 at the minimum. By the minimum condition

ov

SHF | . = (Hy ee) + g [HUH"| HY =0, (3.2.5)

it can be seen immediately that also H; has to vanish at the minimum. This is necessary
because the vev in the SM is not charge breaking and so should be the vev of the MSSM.
Next one observes that any possible phase of b can be absorbed in the Higgs fields such that
b is real and positive. At the same time, however, the only possibly negative contribution to
the quadratic part of the potential comes from b. Since an over-all negative Higgs-squared
contribution is needed for spontaneous symmetry breaking, HSHC? has to be positive at the
minimum. This means that H? and Hg have to have opposite phases which can be rotated
away by an U(1)y transformation due to the opposite hypercharge assignment of the two
doublets. After this rotation, no phases are left in the Higgs potential and therefore C'P
cannot be broken spontaneously at tree level by the Higgs sector.

Demanding that the potential remains positive even in the D-flat direction® and that the

determinant of the Hesse-matrix is negative at the origin, i.e. the potential has a saddle

3The direction defined by ’Hg’ = ‘Hg‘ where the D-term contribution to the Higgs potential vanishes.
If the potential remains positive in this direction, it will be stable in all directions, since the D-terms

contribute positively.
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3.2. Electroweak symmetry breaking and the Higgs potential

point there, yields
2 2 2
2b < 2|p|” + miy, +miy, (3.2.6)
b > (1l +miy, ) (1 +m, ) - (3.2.7)

From these constraints one can remark two things. First, if m%[u = m%ld, both inequalities
cannot be fulfilled simultaneously. Therefore they have to differ, at least at loop level.
Second, without soft SUSY breaking (b = mpgo = m H = 0), Inequality (3.2.7) is violated.

Consequently, broken SUSY is required for electroweak symmetry breaking.

By defining
v Vd Uy
HY = =~ (H))=-%, and tanpg=—~ 3.2.8
() = e, =g p= (328)
the relations
2 2 2 4m22
v, =vsinf, wvg=wvcosf, and v +v;=0v"= s (3.2.9)

are obtained and when requiring V/9H? = dV/9H] = 0 one finds

2 2
2 ‘de ] R 2 gy d 3.2.10
mz—m—mm—mm— ] an (3.2.10)
2
sin 283 = b (3.2.11)

my, +my, + 20
It is straightforward to check that the minimum obtained in this way automatically fulfills
the constraints (3.2.6) and (3.2.7). Eq. (3.2.10) illustrates the above mentioned p problem
in an even more severe way. Variables that originate from fundamentally different parts of
the MSSM (mp, and mp, vs. p) and are expected to be introduced at very different scales
far above the electroweak scale (O(msgo;) ~ 1TeV and O(Mpianck), respectively) combine
such that they give the mass of the Z boson my.

Now that it is known that the Higgs potential has a minimum, the Higgs masses can be
computed. Since the MSSM has two complex doublets, there are eight degrees of freedom in
the Higgs sector. After electroweak symmetry breaking, they correspond to three Goldstone
bosons G° and GF giving mass to Z° and W¥, respectively, two neutral C' P-even Higgs
bosons h® and H? where the former is the lighter by definition, one neutral C' P-odd Higgs
A% and two charged Higgs bosons H*. To obtain expressions for their masses one defines

the transformation from the interaction basis to the mass basis

H)\ 1 h° i GY
<H3> = ERQ <H0> + ﬁRﬁo <A0> (3.2.12)

HF\ a*
<Hd_*> = Ryt <H+> (3.2.13)
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with

Ra:<ca Sa) and Rmz(sﬁz cﬁz), (3.2.14)
—Sa Cqo —Cgz  Sp=

where s, and ¢, are sinz and cosz, respectively. Inserting the expressions (3.2.12) and
(3.2.13) in the quadratic part of the Higgs potential and demanding that the mixing terms
vanish, yields = 8% = g and

2 2
tan 2« mj +my

= 3.2.15
tan28  m% —m%’ ( )
and the masses of the Higgs bosons are
mgo = Mg+ =0 (3.2.16)
2b
2 _ 2 2 2
mae =m% +miy (3.2.18)
1
Mo o = 3 (mi +my F \/(m?4 —m2)* 4 2m4m? sin? 25) . (3.2.19)

From Eq. (3.2.19), the tree-level upper bound for the lighter C'P-even neutral Higgs h°
m2, < m% cos®2f3 (3.2.20)

is deduced. This is clearly in contradiction with the experimental results. Nevertheless, this
is not the end of the MSSM since it was calculated only at tree-level but the loop corrections
are quite substantial. When including the corrections from the stops in the decoupling limit

(see below) the Higgs mass becomes

m3e = m cos® 23 (3.2.21)
2
3 9,9 2 mg Mg 22( 2 2 my
3 | L ( 2 _ ~)1 2 3.2.22
+47r2 sin” By; |m;In 2 +cis; (mg, —mj ) In mtgl ( )
2 m2
2 2 1(, 4 4 i
4.4 <m£2 El) ° (m£2 - mfl) . <mi) ( )
+C~S~ 5 3223
9% m?

where ¢; and s; are the sine and cosine of the stop mixing angle. Including all corrections

one finds the relaxed relation [56-58] (and references therein)

mie < 135GeV, (3.2.24)
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3.3. Neutralino, chargino and stop masses

which is in good agreement with experiment.

The couplings of the light Higgs to the fermions are modified with respect to their SM
value by two effects. Firstly the up- and down-type couplings are scaled by sin™! 5 and
cos™! 3, respectively, corresponding to the ratio of v to the vev of the respective Higgs
doublet which is given in Eq. (3.2.9). Secondly, since the mass eigenstates are obtained
from rotating the up- and down-type Higgs bosons, but only one of them couples to the
fermions in question, their couplings are again scaled by cos @ and — sin «, respectively, as
can be read off of Eq. (3.2.12). After including both effects,

A COS sy Sina

S
= E— alld = — —_— 3225
ghtt Ihtt si 9hbb 9hob cos ( )

is obtained.

One important limit in the MSSM (in particular in the light of LHC results) is given for
ma > my. In this so-called decoupling limit, h° behaves like the SM Higgs boson and
saturates its upper mass bound. All other Higgs bosons are nearly mass degenerate and

decoupled from the dynamics at the electroweak scale.

3.3. Neutralino, chargino and stop masses

After electroweak symmetry breaking the neutral gauginos B and WO are no longer mass
eigenstates but mix with the higgsinos I:TS and ﬁg. The four mass eigenstates are called
neutralinos X9 with i = 1,2,3,4, where X{ is the lightest and X9 the heaviest. In many
breaking scenarios, X! is the LSP and serves as a dark matter candidate if R-parity is
conserved.

The mass matrix in the gauge basis (E , WO, ﬁg, ﬁg) is given by

M, 0 —cgsSwmy  SgSwmyz
0 M- cgewm —Spewm
Mo = 2 pEwinz bewTa (3.3.1)
—CpSwmz CgCwmz 0 — U
SgSwimz —SsgCwmyz — K 0

In the limit where the 2x 2 off-diagonal block matrix entries are small compared to the others,
my < |p+ M|, |p+ Ms|, the bino and wino are nearly mass eigenstates and the neutral
higgsinos do barely mix with them. When further mz; < p < My, Ms, the two higgsinos
are nearly mass degenerate with mso R Mgy X |1| and the two heaviest neutralinos have

X
the masses M7 and M.

The same discussion can be made for the mixing of the charged gauginos. Their mass
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matrix is given by

0 0 M \/56,3 my
0 0 2
M: = V2sgmay K (3.3.2)
Mo \/55@ my 0 0
\/505 myy " 0 0

in the gauge basis (WJ“,.FNIJ ,W‘,ﬁd_). As in the neutralino sector, the charginos have
approximately the masses m, + ~ |p| and my g ~ My if My > || > mg.

The fermion sector can be substantially more complicated because in principle all the six
up-type squarks can mix as well as the down-type squarks, the charged sleptons, and the
sneutrinos. However, when constraining to flavor diagonal soft parameters and neglecting
the Yukawa couplings of the first two generations, the picture simplifies a lot. Then the
pairs of same-type sfermions of the first two generations (ug, ¢r), (g, ¢r), etc. will be mass
degenerate and only in the third family left- and right sfermions mix. Moreover, the masses
of the third generation sleptons are affected by the Yukawa couplings in the S-functions and
can therefore differ from the other sfermion masses.

For the stops, the mass matrix is given in the gauge basis (f .t R) as

(3.3.3)

M2 = m2Q3 +mi + Aq,  mi (A7 — pcot )
t my (Ap — p* cot B) m%g + m% + Aa, )

where Ag, = m% (1/2 — 2s%,/3) cos 283 and Az, = m3, (2s3,/3) cos2B. In order to obtain
light stops that are needed to solve the hierarchy problem, small mg, and my, are needed.
Through the RG running, the large Yukawa interactions of the third generation decrease
these masses while the gluino mass increases them. Given the strong bounds on the gluino
mass, this introduces a new source of fine tuning [59] into the MSSM. Possible solutions to

this problem might include Dirac gauginos.
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Besides the electroweak symmetry there is another spontaneously broken symmetry present
in the SM. This symmetry breaking works without the Higgs mechanism, is free of any
hierarchy problem and in fact also breaks the electroweak symmetry. The mechanism in
question is the spontaneous breaking of the axial symmetry in QCD by a quark condensate.
In the chiral limit (massless quarks) the QCD Lagrangian with two flavors ¢ = (u, d),

Lqcp = —iG,‘inaW + qrilPqr + qrilPr (4.0.1)
exhibits a global SU(2);, x SU(2)r x U(1)r, x U(1)gr symmetry, where the gy p trans-
form in the fundamental representation of SU(2)r g and U(1)y, g and are invariant under
transformations of the other two groups. From the corresponding conserved currents, two
vector currents j“j = gv*q and j“}a = qv"7%q can be built, corresponding to baryon num-
ber and isospin, respectively!, and two axial currents jff‘“r’ = gy*y°q and jff’a = gy*yP7%.
The former of the axial currents is anomalous and therefore does not correspond to a con-
served quantity. The latter is, however, not observed in nature? despite being not anoma-
lous and therefore has to be broken spontaneously. This is done by a quark condensate
(@g) = (Grgr + h.c.) at energies below Agcp =~ 200 — 300 MeV where the strong force
becomes non-perturbative. The condensate is invariant under the vectorial transformation
where left- and right-handed quarks transform equally, but it breaks the axial symmetry.
The three Goldstone bosons arising from the symmetry breaking are the pions. Their
masses do not vanish completely because the chiral symmetry is broken explicitly by the
quark masses and the only partly gauged SU(2)g but their Goldstone nature explains their
lightness compared to the other QCD resonances.

Since the electroweak gauge group SU(2)y x U(1)y is a subgroup of SU(2) x SU(2)g X
U(l)p with Y = 75 + B/2 and B being the baryon number, the only remaining gauge
group after chiral symmetry breaking SU(2)r x SU(2)rp — SU(2)y is the U(1)em with
the generator Q = 7'2 4+ Y. When the explicit calculation is done, it can be seen that the
pions are eaten by the electroweak gauge bosons and their masses are given by the same

expressions as in the SM Higgs mechanism, except that the Higgs vev v is replaced by the

17% = 0% /2 are the generators of SU(2).
2The left and right generators are related by parity. If the axial vector symmetry were present in nature,

degenerate particles with opposite parity would be observed.
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pion decay constant fr; =~ 93 MeV. Obviously this cannot be the whole story as pions are
actually observed in the particle spectrum and the masses of the gauge bosons are much
heavier than predicted by QCD-induced EWSB only. Therefore there has to be an addi-
tional mechanism for the breaking of the electroweak symmetry. Nevertheless the QCD
mechanism has one very appealing feature: It is free of the hierarchy problem since it needs
no fundamental scalar. Unitarity in pion-pion scattering or equivalently the scattering of
longitudinally polarized W's is rather restored by an exchange of higher resonances, in par-
ticular the exchange of p and a; mesons. This lead to the suggestion of scaled-up versions
of QCD [36, 60-63|, called technicolor, where a SU(Nt¢c) gauge group exhibits the same
symmetry breaking pattern SU(2);, x SU(2)gr — SU(2)y as QCD. Despite being well moti-
vated, the simplest technicolor models suffer from severe problems, namely their problem to
find agreement with electroweak precision tests (EWPT) and constraints on flavor-changing
neutral currents (FCNC) [64-67] as well as generating the fermion mass hierarchy [64, 68].
The worst problem for technicolor models is, however, the observation of a SM-like Higgs

particle at the LHC which is difficult to explain within this framework.

An alternative setup, which takes the idea of some strongly coupled dynamics at a high
scale but avoids the problems of simple technicolor models, are the (minimal) composite
Higgs models ((M)CHM) [69-72]. They will be discussed in the following as an alternative
explanation for EWSB besides SUSY. The CHM are an interpolation between technicolor
and the SM and avoid both the hierarchy problem of the SM and the conflicts with e.g. FCNC
observables in technicolor models. The former is avoided through the compositeness of the
Higgs boson, which arises as a pseudo-Goldstone boson from a dynamically broken global
symmetry of a strong sector. Due to its Goldstone nature, the Higgs will be naturally lighter
than any other resonance of the strong sector and since it is composite, it is automatically
insensitive to corrections from UV physics above the scale of the strong symmetry break-
ing, just like the QCD pions are insensitive to the Planck scale. The FCNC problems are

attenuated by the concept of partial compositeness, which will be explained in Section 4.2.

Since the composite Higgs will have modified couplings to the gauge bosons, it will no
longer fully unitarize the scattering of longitudinally polarized W's, but only push the scale
of unitarity violation to higher energies. Unitarity is then fully restored at this higher scale
by an exchange of resonances of the strong sector |73]. Owing to the partially restored

unitarity, the masses of these resonances can be large enough to avoid conflicts with EWPT.

Throughout the remaining part of this chapter the focus is on the EWSB part of the
theory. The SU(3)c group of the SM, which does not play any role in the symmetry
breaking, is therefore completely omitted. Nevertheless, it is of course always understood
that it is still present in the theory. In fact, in order to obtain gauge invariant operators

for the partial compositeness, the resonances of the strong sector need to be charged under
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4.1. Symmetry breaking in the MCHM

color.

4.1. Symmetry breaking in the MCHM

In the minimal® setup for a pseudo-Goldstone Higgs we start with a global symmetry
group G = SO(5) x U(1)x, which is spontaneously broken by a condensate to H =
SO4) x U(l)x ~ SU((2)p x SU(2)r x U(1)x at a scale A = 4xf with f ~ 1TeV be-
ing the equivalent of the pion decay constant in QCD. The coset G/H contains four broken
generators corresponding to the four real degrees of freedom of the Higgs, which at this level
still is a massless Goldstone boson. As in the QCD case, the electroweak gauge group can
be embedded into the global symmetry group H. Comparing the generators of H and Ggw,
one finds that the hypercharge is given by Y = TI% + X. The gauging of the SM group and
interactions with the SM fermions, however, explicitly break G and generate a potential for
the Higgs, which in turn triggers EWSB at the electroweak scale v. The ratio & = v?/f2
measures the separation of the two scales and quantifies the vacuum misalignment between
Gsm and H in the true vacuum. The limit £ — 0 corresponds to infinitely heavy (decou-
pled) resonances and thus mimics the SM Higgs mechanism, while the other limit { — 1
corresponds to a minimal technicolor model with no separation of the scales and no longer
provides a natural explanation for the lightness of the Higgs compared to other resonances.
Clearly, small values of £ come along with some tuning because the Higgs mass will always
receive corrections of the order of the strong scale, but has to remain light. But nevertheless
with A ~ 10 TeV < M pjanck, the tuning is much milder than in the SM. The presence of the
U(1)x symmetry in the above described breaking pattern is needed to obtain the correct

values for the hypercharges, but it plays no role in the breaking procedure.

4.1.1. Higgs coupling to gauge bosons

In order to obtain the effective Lagrangian describing the low energy dynamics of the pseudo-
Goldstone bosons and their interactions with the gauge fields, the CCWZ formalism [78, 79]
is used. For convenience, the representation where the six unbroken generators T/ and Th
(a=1,2,3) of SO(4) ~ SU(2)r x SU(2)g are given by

(T r),; = —% <;6abc (555;. - 5?55) + (6765 — 5;53)) (4.1.1)

3Considering the needed degrees of freedom, it would be sufficient to demand the even simpler pattern
G =8U(3) - H=SU(2)L xUQl)y. However, this smaller setting contains no custodial symmetry
and therefore generally violates the experimental bounds on the electroweak T parameter. Of course,
non-minimal breaking patterns leading to different coset spaces are conceivable, too. A list of possible
patterns with references can be found in [74]. These different coset spaces often lead to more than the

four needed (pseudo-) Goldstone bosons which could then act as dark matter candidates [75-77].
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4. Composite Higgs models

while the four broken generators of the coset are given by

(Ta)ij -7 (555]5. . 5;55) (4.1.2)
is chosen. Since in this representation (TI%, L)iB = (T]% L>5i =0 # (T&)m = (T&);’ the
Goldstone bosons can be parametrized in the coset space spanned by the broken generators
via ¥ = U %o with Zg = (0,0,0,0,1)" and U = exp (—iv/2T%h%/f). Simplifying the matrix

exponential yields

. T
5 = % <h1,h2,h3,h4,hwfth> , (4.1.3)

where h = Vh@he, sin, = sin(h/f), and coty, correspondingly. In lowest order in the

derivatives, the Goldstone Lagrangian is then given by

f2

L=75

(D) (D's) | (4.1.4)

with the covariant derivative defined in analogy to the expression given in Eq. (2.1.14).
From this equation the gauge boson masses and their interactions with the physical Higgs
particle are obtained by going to unitary gauge where the unphysical particles are no longer
present but appear as longitudinal degrees of freedom of the gauge bosons. In this gauge,
the direction can be chosen such that all A% vanish except for k3, which is then equal to h.

With this choice the Lagrangian from Eq. (4.1.4) becomes

1 ] 92 B 92
L= 50uh0"h+ fZsin? <4ij b %ZMZ” : (4.1.5)
The relation between the SM vev v and the vacuum expectation value of the Higgs (h) is

obtained by comparing this Lagrangian with the expressions for the boson masses in the
SM in Eq. (2.1.15)

v = fsin <<;L>> = fsing, . (4.1.6)

Expanding sin, around the vev yields the operators for the Higgs-gauge interactions. Their

structure is exactly the same as in the SM, they differ merely by a factor given by

gy = Gy V1 —§ (4.1.7)
gnnvv = gy (1—26) (4.1.8)

where V' stands for the W and Z gauge bosons. From these factors it can be seen that
in the limit where the scale of the strong sector goes to infinity, & — 0, the Higgs has SM
couplings and unitarity in scattering of longitudinally polarized W is restored. In the other

limit, £ — 1, the gy coupling vanishes and the Higgs can no longer unitarize the cross
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4.2. Fermions in CHM

section. This needs then to be done exclusively by the resonances of the strong sector. In
the intermediate regime, however, the Higgs will partially unitarize the scattering as was
pointed out in the beginning of this section.

Since the SM gauge bosons only partially gauge the SO(5) group, they explicitly break
it and thus generate a mass term for the now pseudo-Goldstone Higgs. In order to obtain
the mass, the Coleman-Weinberg potential [80] generated by gauge boson loops needs to be

calculated

where the gray blobs indicate effects of the strong dynamics. Although being a strongly
interacting theory, the potential can be calculated [72], e.g. in an effective theory that

contains the light resonances. The result is given by [81]
V(h) = asin} +Bsin} +... , (4.1.10)

where o and [ are constants depending on the masses of the resonances. One important
feature of this potential is that o and thus the Higgs mass is positive and therefore the gauge
bosons alone are not sufficient to trigger EWSB. Only when including the contributions from
the SM fermions, in particular of the top quark, the Coleman-Weinberg potential will break

the electroweak symmetry.

4.2. Fermions in CHM

The need for SM fermions to couple to the composite sector is two-fold. On the one hand
they are needed to generate an EWSB triggering potential for the composite Higgs, since
the gauge bosons alone are not sufficient for that, as was noted in the previous section. In
Section 4.2.1 it will be shown that the Coleman-Weinberg potential generated from the top
quark is such a potential. On the other hand, the composite Higgs is needed to provide a
mass term with the observed hierarchy for the fermions.

Both of these effects are achieved by coupling the fermions linearly [82] to operators Oy

of the strong sector

Liinear = MOy + hec. . (4.2.1)

27



4. Composite Higgs models

Clearly, in order to construct singlets under the SM gauge groups, there needs to be at least
one operator for each SM fermion multiplet. Unlike bilinear couplings Lpilinear = MO,
which appear in technicolor theories and could in principle be introduced in the MCHM
as well, the linear coupling allows for large quark masses while keeping the potentially
dangerous four fermion operators suppressed and avoiding UV instabilities.

The fermion masses arise through the interactions with the composite operators which
interpolate the Higgs field and can be estimated as*

VN

mg = ’U?/\L(M))\R(u) . (4.2.2)

The couplings Az g are subject to the RG evolution and can lead to very different masses.
Assuming that the theory at a high scale is approximately conformal, one obtains for small

and positive anomalous dimensions 7, g of O r

(4.2.3)

My

\/N( Ap )'7L+'YR

~ 4w \ Apy

where A, =~ f is the scale of the light resonances and Ay is the scale at which the linear
interaction is generated. If A, > Ay, small differences in the anomalous dimensions of the
composite operator generate large differences in the fermion masses and naturally explain
the mass hierarchy of the SM fermions. Eq. (4.2.3) is, however, not sufficient to explain the
large top mass. If conversely the 7, r are negative, the coupling A will grow and eventually

arrive at an IR fixed point and the mass expression becomes

47
My ~ ——U/ 4.2.4
q \/ﬁ YLYR ( )

which can easily reproduce the top mass.

The linear coupling introduced in Eq. (4.2.1) has another interesting effect. The compos-
ite operator O will generate resonances of the strong sector which then mix with the SM
elementary particles. The mass eigenstates are therefore no longer elementary or completely
composite particles but a mixture of both. This effect is accordingly known as partial com-
positeness [82]. Since the Higgs will be a fully composite particle, it will couple the more to
a particle the larger its composite fraction is. Light particles are therefore mostly elemen-
tary i.e. the quarks of the first generation, while heavy particles are mostly composite, in
particular the top quark. As a side-effect this explains how the bounds on the compositeness

of the first generation fermions are avoided.

“The two factors of AL g appear since both left and the right handed fermion fields couple to the strong
sector to generate the mass, and the factor v IN/(4w) is the scaling of the amplitude for the excitation
of a heavy resonance in the large N limit.
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4.2. Fermions in CHM

The resonances of the composite operator appear as new particles in the spectrum and
are referred to as partner particles of the corresponding fermion, e.g. top partners. Since the
elementary top quark is expected to mix substantially with its partners, the initially fully
composite resonances will get a significant contribution from the elementary field and thus
be much lighter than the mass of a purely composite state. Therefore the top partners are

expected to be among the lightest composite objects beside the Higgs.

4.2.1. Higgs potential from top quarks

As noted above, the contributions of the top quark to the Higgs potential are needed to
trigger EWSB. To obtain a straightforward description, the left-handed quark doublet g, of
the third generation and the right-handed top quark tr are embedded in the fundamental
representation of SO(5)

/ t
qy, dr
Qr = <QL> , and Qr = (q%) , (4.2.5)

uy tr

where the first two entries correspond to doublets and the third to a singlet. All newly
introduced fields in these multiplets are spurions and will be set to zero in a moment. They
were only introduced to make it straightforward to construct a SO(5) x U(1)x invariant
Lagrangian. Instead of the fundamental representation, which is the smallest that protects
the Zbb coupling, one could have chosen a different, non-minimal representation to embed
the SM quarks into. Other common representations are e.g. the spinorial 4, adjoint 10, and
the less minimal tensor 14.

The most general SO(5) xU (1) x invariant Lagrangian built out of the multiplets in (4.2.5)
and the ¥ defined in Eq. (4.1.3) is given at quadratic order in the fields in momentum space
by

L= Qip[67TI(p) + XX} (p)] Qi+ Qy [0 Mo(p) + X5 My (p)] Qf+hec., (4.2.6)
r=L,R
where IIf | and M, are form factors taking into account the effects of the composite sector.

When now switching off the spurion fields one can read off the top mass

sin<h> COS(p) My (p)

my & (4.2.7)
V2 L, S0 R TR _ S0 R
My + —~ 10y ) { O + Iy — —= 10
p%=0
after normalizing the fields and setting h to its vev. The Higgs-top coupling
1-2¢
it = Gty — (4.2.8)
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4. Composite Higgs models

differs from the one of the SM and is obtained by expanding around the vev. Clearly, the
coefficient in the modified top Yukawa interaction depends on the representation in which
the SM quarks are embedded.

After switching off the spurions, the Feynman rules needed for the calculation of the
Coleman-Weinberg potential can be retrieved from Eq. (4.2.6). The potential is then calcu-
lated analogously to Eq. (4.1.9) and one obtains [81]

V(h) = (o — B)sin} +fBsin (4.2.9)

where o and 3 are integrals over the form factors. Neglecting the gauge contribution to the

Higgs potential, one sees that V' (h) has a non-trivial minimum at

: f—a
siny,y = 55 (4.2.10)
for o« — 8 < 0 and 8 > 0. Now the Higgs mass is obtained from the second derivative of the
potential
mi = V"((h)) = 8s sin,, cos? (4.2.11)
h = T2 ) s
N¢ m? 9
~ A (4.2.12)
¢ A Y
~ 125 GeV | —=— —_— 4.2.13
¢ (0.2 700 GeV (42.13)
EY( A Y
~ 12 — 4.2.14
5 GV (0.1 1TeV ) (42.14)

where the scale of the first fermionic resonances A, enters the equation when approximating
B. From the last equation it can be seen that the correct Higgs mass can be obtained with
not too much fine tuning (§ ~ 0.1 —0.2) and that in this case resonances are expected at the
lower TeV scale. Fortunately this is also the range which the LHC can cover within the next
years and therefore, if the hierarchy problem of the SM is solved by a natural composite
Higgs, signs of it should be found there.

This statement can be made more concrete by considering a realistic version of the MCHM
where the top partners are explicitly included in the form of a SO(5) multiplet of composite
fermions W = (¢)4,91)7 that decomposes as 5 ~ 4 ® 1 [83]. The top-sector Lagrangian of

this model reads

Ly = iqrDqr, +itpPtr + iV DV — myhsths — minps — (\QrUT W + AU UQR +hec.) ,
(4.2.15)
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Figure 4.1.: Areas in the mp-mg-plane where the correct Higgs mass mj, = 12545 GeV is obtained
within the model described by the Lagrangian in Eq. (4.2.15). Red and blue correspond to £ = 0.1
and § = 0.2, respectively. mp and my are the mass eigenstates of the composite sector. It can be
seen that when one resonance becomes heavy, the other one gets simultaneously light. Further, the
less fine-tuned the model is, i.e. the larger £, the lighter one of the resonances has to be.

where U is the Goldstone matrix. In this model, the Higgs mass can be calculated as a

function of the mass eigenstates of the composite fermions m, 7 = mil + A2, [84]
ON, m?  mimz 2
mi e Sl T g (1) (4.2.16)
T v? Tmy —mZ, my

In Fig. 4.1 we show for two different values of ¢ the areas where the correct Higgs mass
myp = 125 + 5GeV is obtained for m; = 150 GeV, corresponding to the running mass at
~ 1TeV. Clearly, one heavy resonance implies a light one and vice versa. Furthermore, we
observe that as the LHC excludes light resonances the viable models need to have a smaller
£ and are therefore more fine-tuned.

For all the general properties of composite Higgs models derived above, only some strong
coupling that breaks the SO(5) symmetry was assumed and an effective description for the
broken phase was employed. This is a very economic and useful approach for the collider
signatures of these models but eventually a UV completion needs to be found. Although
there was some progress in recent years [85-89] a fully consistent theory is not known
yet. This should nevertheless not be seen too problematic but rather in analogy to SUSY
breaking, which was introduced explicitly without knowing the exact mechanism that drives
it.
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5. Boosted Higgs couplings

The Higgs coupling to the top quark plays a central role in stabilizing the Higgs mass. Its
precise measurement is therefore of great importance for the discovery of BSM dynamics.
It can be either measured directly via the tth cross section or indirectly via the top loop

in gluon fusion or the decay of a Higgs into two photons. The cross section of the former
14 TeV
tth

cross section aééFTeV ~ 49pb [93] and difficult to measure due to the high multiplicity final

state. Nevertheless, several searches for Higgs production in association with top quark

o ~ 0.6 pb [90-93] is almost two orders of magnitude smaller than the gluon fusion

pairs (or with a single top) have been done and the latest results from ATLAS (CMS) give
a best fit value for the signal strength of 1.7 + 1.4 [94] (2.8 £ 1.0 [95]). Studies of the LHC
experiments for the high-luminosity upgrade of the LHC estimate a sensitivity to the top
Yukawa coupling of the order of 10% [96, 97| through the tth channel.

In this chapter, we want to focus on the gluon fusion process to measure the top Yukawa
coupling. Despite the loop suppression it has the advantage of the larger cross section and
is the main production channel for Higgs bosons at the LHC. This process is, however, not
only sensitive to the top Yukawa coupling but also to effects from new particles that appear
in the loop. This is actually expected in most BSM models: In order to cancel the top
contributions and stabilize the Higgs mass, new particles appear in loop corrections to the
Higgs propagator. If these new particles couple to gluons', they will necessarily appear
in gluon fusion. To see this, we only need to append two gluons to the loop in the Higgs
propagator and replace one of the Higgs fields by its vacuum expectation value (see Fig. 5.1).

Given the fact that no BSM light degrees of freedom were discovered so far, it is likely
that new particles are separated from the electroweak scale by a mass gap. In this case,
a common tool to describe their effects without making too many assumptions on their
nature are effective field theories (EFTs). In EFTs, deviations from the SM are encoded
in higher dimensional operators, dim [O] > 4, built out of the SM fields and obeying the
SM symmetries. We will adopt this approach in the following to describe the effect of the
new loop particle by a direct gluon-Higgs interaction. While there is only one dimension 5

operator, which is irrelevant for Higgs physics, there are 59 different operators of dimension

!Considering the most prominent models for BSM physics, SUSY and CHM, these new particles are the
stops and top partners, respectively. Both of these particles are charged under the strong force and

therefore do appear in this loop process.
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Figure 5.1.: New particles (X) that couple to the Higgs boson will appear as loop corrections to
its propagator and can help to stabilize its mass. If these particles are charged under SU(3)¢ two
gluons can couple to the loop. Replacing one of the external Higgs lines by the vacuum expectation

value results in the gluon fusion diagram with the top loop replaced by the loop of a new particle.

6 (for one family of fermions) |98, 99]. Out of these operators, 30 encode BSM effects on
Higgs physics [100—-102], though 20 of them are already strongly constrained by electroweak
measurements. From the remaining operators the following four affect the gluon fusion cross

section:

. 1
oy:%m?QLHtR On = 550, |H|? 0" |H|? (5.0.1)

0, = HP G, Gem 0;
g 1277 2| | g 87rv2

Here, 1, and tr are the SU(2); doublet and singlet of the third quark generation, H
and H = iooH* denote the Higgs doublet, G, is the SU(3 (3)¢ fieldstrength tensor, and
G“ = GWW\G @PX its dual. The top Yukawa and the strong coupling constant are denoted

|H|* Ge, G . (5.0.2)

by y: and ag, and v = 246 GeV is the SM vacuum expectation value of the Higgs field. The
prefactors of the two effective gluon-Higgs operators O, and Oy are chosen such that the
amplitude for gluon fusion calculated with them is identical to the amplitude obtained from
the full loop calculation in the limit of an infinitely heavy loop particle (heavy top limit).
Alternatively to writing down the operators corresponding to the heavy top limit, they
can be derived from the low energy theorem [103-105], [L06]: When writing the mass terms

of the SM Lagrangian in a particular way (cf. Eq. (2.2.2))

h . h\? 1
Ly = — <1 + U) > mpff— <1 + v) (m%VW;ﬁW“ + 2mQZZ,LZ") ;o (5.03)
f

one can see that in the limit where the Higgs field is constant, i.e. carries no momentum, it
can be included by a rescaling of the mass parameters by a factor (1 + %) Therefore, any
amplitude involving a zero-momentum Higgs can be written in terms of the same amplitude

without a Higgs boson

M(A = B+h) = meam +va M(A = B), (5.0.4)
oy
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where the sums go over the fermions and bosons. When considering gluon fusion, the
corresponding process without Higgs is just the gluon two-point function where masses
enter through loop effects. For heavy quarks they can be included in the Lagrangian by
adding

A?
_ a vapy
oL 247TGWG g log [mil . (5.0.5)

Now, using Eq. (5.0.4) one obtains directly O, as it was already given in Eq. (5.0.2).
Adding the operators from Eqgs. (5.0.1) and (5.0.2) to the SM Lagrangian and keeping

only the terms relevant for gluon fusion we obtain?

Lep=Lsm + (¢yOy + hoc.) +cOp + ¢g0q + 405 (5.0.6)
h sh
D —I@t—tth + Ry as Ga G + mt—t’yg,th + /ig—fGa GO 4 Locp, (5.0.7)

where the couplings k; are given in terms of the coefficients ¢; by

Kg = Cg, (5.0.8)

ke = Im(cy) , and Rg = Cqg . (5.0.9)

In the limit x; = 1 and all other x; = 0, the SM Lagrangian is obtained. The operators
multiplied by the x; without tilde in Eq. (5.0.8) are invariant under C'P and the ones
multiplied by the &; in Eq. (5.0.9) are CP-violating. Since the C'P-even and CP-odd
amplitudes do not interfere in gluon fusion, we can treat the two cases independently. We
will make use of this fact and focus on the CP-conserving part and correspondingly set
kg = k¢ = 0 for the rest of this chapter unless mentioned otherwise. In the remaining
effective Lagrangian, we have now two parameters that encode new physics effects: k;
controls modifications of the top Yukawa coupling and thus modifications to gluon fusion
via top loops and k4 quantifies the direct Higgs-gluon interaction, which results from loops
of heavy (unknown) particles.

In the effective theory defined by Eq. (5.0.6), the amplitude for gg — h in terms of
T = (4m?)/m3 ~ 7.7 is given by [107-110]

M(Kt, Kg) < kg + Ky ;7’ (1 + (1 — 7) arcsin? [\%D . (5.0.10)

Here, the first term corresponds to the direct Higgs-gluon interaction and the second term

is obtained from the full calculation of the top loop. Expanding the loop function in the

2In principle, all Yukawa-type operators for the 6 quarks contribute. However, since the coupling of the
fermions to the Higgs is proportional to their mass, already the contribution of the bottom loop is much

smaller than the one of the top loop and will be neglected here.
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squared amplitude in 1/7 and normalizing the amplitude by the SM value (k; = 1, k4 = 0)
yields

’M(’%ta ’%Q)’Q

ML (ke + Kg)? |1 TR o (:2” ~ (ke + #g). (5.0.11)

15 7(ke 4 Kg)

The combination of a large value for 7 and a small prefactor of the second term in the square
brackets pushes the effects of this term beyond the reach of the LHC [111]. We therefore
omitted it in the second equation and will continue to do so throughout the remaining part
of this chapter. The physical interpretation of Eq. (5.0.11) is that, due to the relatively light
Higgs, the low energy theorem is already a very good approximation for the top loop and
not only for even heavier new particles. Unfortunately this means that the effects from IR-
and UV physics encoded in x; and kg4, respectively cannot be disentangled in gluon fusion.

When we want to break the degeneracy present in Eq. (5.0.11), we have to make the
effective description of the top loop no longer a good one. We achieve this by introducing
a new scale into the process that is high enough to demand a full description of the top
loop but still low enough to keep the effective description valid for new heavier particles.
To introduce the new scale, we simply demand a very boosted Higgs which recoils against
another particle. Earlier studies which made use of the transverse momentum of the Higgs
are for example [112-114].

The recoiling particle can not be a photon due to Furry’s theorem [115]: If a photon is
appended to the top loop, the color structure of the loop remains trivial. It is contributing
only a global factor %5‘“’ where a,b = 1...8 are the color coefficients of the gluons. Re-
placing the initial gluons by photons therefore yields the same amplitude apart from this
global factor. However, any amplitude for a QED process with an odd number of external
photons has to vanish due to Furry’s theorem. Thus also gg — H + v has to vanish. A way
out could be to demand two instead of only one final state photon. Yet, this process is only

induced by a dimension 10 operator

1

v
~—n——F, F*"G* G*""H 5.0.12
© 16m2m? " GG (50.12)

and a rough estimate reveals a tiny cross section of about 0.5-1 fb, making this channel very
challenging.

The cross section for a boost from Z emission is dominated by the Higgs radiated off a
Z and the diagrams depending on the top Yukawa contribute only about 10% to the total
cross section of this final state. Thus the hZ final state is difficult as well. Nevertheless two
studies looked into this process and analyzed is capabilities [116, 117].

In the following, we will consider a third possibility where the Higgs recoils against a final

state parton. If the initial partons are gluons, the recoiling parton has to be a gluon, too.
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At low transverse momenta this process will be the dominating one. At higher transverse
momenta, the (anti-)quark-gluon initial state becomes more and more important. In these
processes the recoiling parton is the initial (anti-)quark. Irrespective of the initial partons,
all diagrams for the h+ jet final state contain a top loop and thus show the same degeneracy

in the low energy limit. See Fig. 5.4 for example Feynman diagrams.

5.1. Boosted Higgs in BSM models

In our analysis in sections 5.2 to 5.4, we employ a model independent approach and describe
the effects of new physics by modified couplings only. In this section, however, we want
to show that the breaking of the above mentioned degeneracy in x; and kg4 is not merely
of academic interest but might be necessary in both, supersymmetric and in particular in
composite Higgs models. Both of these models have in common that they modify the top
Yukawa coupling on the one hand and introduce new heavy particles that will generate a
non-zero k4 on the other hand. In realistic ranges of the SUSY parameter space and in a very
generic composite Higgs setup, these two effects conspire and cancel mutually. Therefore,
despite being present in the gluon fusion process, new physics could hide in the inclusive
cross section. An independent measurement of x; and k, is therefore crucial to disclose the

new physics effects and draw conclusions on the mass spectrum of the BSM models.

5.1.1. Boosted Higgs in the MCHM

In a very broad class of MCHMs the contribution to gluon fusion from the top partners
cancels with the modified top Yukawa coupling such that the overall cross section experiences
a rescaling but is completely independent of the mass of the top partners [118-122]. The
scaling is given by a function g(¢) which fulfills g(¢ — 0) = 1. For small values of ¢ = v?/f2
the rescaling might be therefore very hard to detect at the LHC.

The combination of couplings, which is measured in the inclusive cross section, is given

in the MCHM by [119]

Ki+ kg =0 <8 log det Mt(h)> , (5.1.1)

where M, (h) is the mass matrix describing the top sector of the model. Assuming partial
compositeness, i.e. that the SM fermions couple linearly to the resonances, the mass matrix

can be written in a block-diagonal form [122]

B 0  FL(n)
My(h) = (FR(h) I\de > . (5.1.2)
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5. Boosted Higgs couplings

Here Fr, r(h) are vectors coming from the mixing terms and M¢ is the mass matrix of the
composite sector. The determinant of M;(h) can be factorized and assuming that M¢ is

independent of h,
0
Kt + Kg =0 ((f)h logm?(h)>< > (5.1.3)
h

is obtained with m(h) = —FL(h)Mg'Fr(h) being the top mass before wave function

renormalization. It can be further shown [120] that m?(h) can be written as

mg (h) = Z Ci I, (;) : (5.1.4)

where the sum goes over all possible SO(5) invariants I;(h/f) that can be built out of
the embeddings of the left- and right-handed top quarks. The C; are independent of h
and contain the information on the elementary-composite mixing and the composite mass
parameters. If only one SO(5) invariant I(h/f) can be built as is the case in most viable
and popular choices 57, 4+ 5, 107 + 10g, or 147 + 1z3, which all have I(h/f) o sin(2h/f),
Eq. (5.1.4) becomes simply m?(h) o< I(h/f). The proportionality factor containing all the
interesting information on the spectrum of the composite sector then drops out of k¢ +ry due
to the logarithm in Eq. (5.1.3), making gluon fusion insensitive to the composite spectrum.
In the above cases with I(h/f) o sin(2h/ f), we obtain

1-—2¢

Kt +hKg =0 (88h logsin(Zh/f)> " = = g (5.1.5)

Clearly, as soon as more than one (different) invariant exists, as e.g. in 57, + 14p, the h

dependence of m?(h) becomes less trivial and the gluon fusion will depend to some extent
on the spectrum of the composite sector. Interestingly, the above observed insensitivity of
ki + kg can be observed in some Little Higgs models as well [119].

For a concrete example we will now consider the MCHM introduced in Eq. (4.2.15) in the
previous section. In the limit where the right-handed top quark is mostly composite, one
obtains in this model [121]

2,2
g = Esin® O <lem4) +0 (sin?0,) (5.1.6)
my
m2 cos 0% — m?
) R T )
= {sin® Og T m% +(’)(51n HL) , (5.1.7)

with sinfp 1, = Ay¢/y /mi4 + A%’q being the sine of the elementary-composite mixing angle.
From Eq. (5.1.7) it can be seen that large values of |k4| 2 £ are only possible for mz > mr,

thus implying a light resonance. This can be seen as well in Fig. 5.2, where the distributions

3This notation specifies in which representation the left- and right-handed fermions are embedded.
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5.1. Boosted Higgs in BSM models

MCHMs, ¢ =0.1, 110 GeV < m, < 140 GeV

400 600 800 1000 1200
Miightest [GEV ]

Figure 5.2.: Distribution of x; and k, against the mass of the lightest resonance. We observe
that large values of k, are only obtained for light resonances and that the sum x4 + k; is indeed

independent of miightest as given in Eq. (5.1.5)

of k; and kg4, obtained from a numerical scan over the parameters of the Lagrangian in
Eq. (4.2.15), are shown against the mass of the lightest resonance. From this figure we can
see moreover that the sum r; + x4, which is measured in the inclusive cross section, is indeed
independent of the mass spectrum.

As a final application of the concrete model, we will now establish the validity of the EFT
approach in the presence of a high cut on the Higgs pr. In Section 5.3, we will describe
the effect of top partners by an effective ggh interaction but impose a cut of pr > 650 GeV.
Naively the effective theory is expected to break down if the mass of the lightest top partner
is smaller or of the order of the pr cut. Fortunately this is not the case. In Fig. 5.3 the

ratio of the effective to the full cross section

ogrr(pp — h + jet)
o (pp — h + jet)

(5.1.8)

with a minimal Higgs transverse momentum of 650 GeV is shown against the mass of the
lightest top partner. The full cross section was calculated within the model described by
Eq. (4.2.15). In the left plot the ratio is shown for the different initial states. While the
effective gg initiated process is within a few % deviation from the full result even in the
presence of top partners as light as 400 GeV the ¢q initiated process deviates substantially
even if Miightest > pjnlin as was already noted previously [123]. Since, however, the ¢q initiated
process contributes only 1-2% to the total cross section while gg and gg+Gg contribute about

equally at a pr cut of 650 GeV (see Table 5.2) the total cross section of the effective theory
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Figure 5.3.: Ratio of the effective to the full cross section in pp — h + jet with minimal transverse
momentum of the Higgs pi" = 650 GeV against the mass of the lightest composite resonance. The
left plot shows the ratio for the different initial states gg (red), qg + qg (blue), and g (green)

separately and the right plot shows it for the total combined cross section.

yields a result within 10% of the full calculation for top partners as light as 500 GeV. Since
the lower limit on the top partner masses is already at 600 — 800 GeV [124-135|, we conclude

that the utilization of the effective description is safe for our study.

5.1.2. Boosted Higgs in SUSY

For our supersymmetric example we choose the MSSM where additional D- or F-terms are
present to lift the Higgs mass to the measured value while any degrees of freedom beyond the
MSSM do not have any significant impact on the phenomenology of the C'P-even lightest
Higgs. In this framework both the inclusive [136-140] as well as the boosted [141-144] cross
section are modified by diagrams where the top loop is replaced by squark loops and by
completely new topologies. Example Feynman diagrams with SM topologies are shown in
Fig. 5.4 and with MSSM topologies in Fig. 5.5.

Assuming that the C'P-odd Higgs is decoupled, the inclusive signal strength can be written
as [103, 145-148)|

I'(gg — h) 2
I T (14 A)? 5.1.9
T'(g99 — h)sm ( t) (5.1.9)
where
2 (1 1 Ay — )t 2

A (2o L iz p/tanp) (5.1.10)

4 \ m= m# ms mz=

t1 to t1 t2

is obtained in the limit where the loop particles are much heavier than the Higgs and small
contributions from the D-terms are neglected. Due to the relative minus sign in Eq. (5.1.10)

the MSSM contributions can cancel and lead to a SM-like inclusive cross section if the

40
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Figure 5.5.: Example Feynman diagrams for pp — h + jet in the MSSM. Besides the SM diagrams
in Fig. 5.4 with stops and sbottoms replacing the top in the loops, new topologies contribute to the
cross section. The upper two diagrams contain a flip from one interaction eigenstate to the other
and are proportional to the trilinear mixing A;.

trilinear coupling A; is large. The flat direction in the A¢-m; -plane is shown for different
choices of m;, in Fig. 5.6. Parameter regions where the soft masses are no longer real and
thus are excluded are shaded in red.

Terms proportional to the trilinear coupling A; appear with a negative sign in the scalar
potential V' O —A; hi Lf}‘% and if A; is large, this might lead to a charge and color breaking
minimum. Clearly, the vacuum in the universe is charge and color conserving and either it
is the global minimum of the potential or the tunneling time to the true vacuum is longer

than the lifetime of the universe. This stability constraint can be estimated by [149, 150]
2 2 2 2
A <a(m +md) -3, (5.1.11)

where a =~ 3. The second reference even argues that a value as large as a = 7.5 is still suffi-
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A; [GeV]
A, [GeV]
A, [GeV]

L A oy . LA
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(a) mz, = 170 GeV (b) mz, =220 GeV (c) mz, =270GeV

Figure 5.6.: Lines of constant A; (cf. Eq. (5.1.10)) for different values of mj . Solid and dashed
correspond to A; = 0.0 and A; = £0.1, respectively. The deviations from the SM value (A; = 0)
are small when A; ~ m;,. The red shaded regions are excluded because there the soft parameters
are no longer real (red). In gray we show the region excluded due to the vacuum stability constraint
from Eq. (5.1.11) with a = 3.

cient when taking the tunneling rates into account. The excluded region for a conservative
choice of a = 3 is shown in gray in Fig. 5.6.

Severe constraints on the parameter space also arise from direct searches at ATLAS [151—
158] and CMS [159-162] and put strong limits on the squark masses. These limits are,
however, relaxed if the LSP is heavy, the decay chains are long or the missing transverse
energy E7p is not as large as expected in the minimal approaches (see for example Refs [163—
166]). In particular, if the stop and LSP mass are such that the stop decay into a top
quark is just kinematically open m; ~ m; + mg,, the LSP will only carry little transverse
momentum. This region of parameter space is hard to tackle and is only poorly constrained.

In the following, we want to verify that light stops might be seen in boosted Higgs pro-
duction even if their contribution to the inclusive cross section cancels. The advantage of
tracing them in gluon fusion is that we do not need to make any assumptions on their decay.
To re-analyze all existing searches in terms of boosted Higgs channels goes, however, far
beyond the scope of this thesis and is left for future work.

The cross section for boosted Higgs production in the MSSM was calculated with FeynArts
version 3.7 [167, 168] and FormCalc version 8.0 [169] and the MSTW 2008 LO PDFs [170] were
interfaced with LHAPDF version 5.8.9 [171]. We chose the transverse mass at the py cut

p=/m2 + (ppin)? (5.1.12)

as factorization and renormalization scale. We cross-checked the results with HIGLU [172]

and found good agreement. The cross section, normalized by the SM value, is shown in
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5.2. Calculating pp — h + jet

Point | mz, [GeV] | m;, [GeV] | Ay [GeV] Ay
P 171 440 490 | 0.0026
P 192 1224 1220 | 0.013
Ps 226 484 532 | 0.015
P, 226 484 0 0.18

Table 5.1.: The benchmark points that are used for the cross sections shown in Fig. 5.7. All points
have the common values tan 8 = 10, M40 = 500 GeV, My = 1TeV, p = 200 GeV and all trilinear
couplings are set to the indicated value of A;. The remaining sfermion masses are set to 1 TeV and
the mass of the lightest C'P-even Higgs is set to the experimental value of 125 GeV.

Fig. 5.7 for four different benchmark points. The first three points P;—P3 were chosen to
have one light stop near the top mass and A; such that A; vanishes. The fourth point Py
has the same stop masses as P3 but differs by the choice A; = 0. Even for P;—Ps; where
the inclusive cross section is SM-like, the boosted cross section deviates from the SM value
at large p?in. A precision measurement could therefore uncover a hidden ’stealth’ stop.
However, in the example with one heavy stop, P», only small deviations are observed. In
order to draw sound conclusions even in the presence of heavy stops, also the theoretical
uncertainties need to be reduced and higher order calculations, taking the top mass effects
into account, are necessary. Allowing small deviations in the inclusive cross section could
alleviate the situation as larger deviations in the boosted cross section can then be expected.

Comparing the curves for P3 and Py, we see that they have roughly the same p?in de-
pendence and differ only by a constant shift. We conclude that mainly the A; independent
diagrams are responsible for the breaking of the degeneracy. Of course it would be preferable
to have an analytic expression for the MSSM cross section to trace the different pr depen-
dencies of the A; dependent and independent parts and not only to motivate them from
the different topologies involved. However, due to the large number of diagrams involved,

compared to the SM case, this task is non-trivial and computationally demanding.

5.2. Calculating pp — h + jet

The Higgs + jet final state has three different classes of processes at the parton level that we
will distinguish by their initial states in the following. The most important one is gg — hg
followed by qg — ¢gh and Gg — gh (both will be denoted by ¢g in the following) and finally
dq — gh. The last process class is included for completeness but contributes only about 1%
to the total cross section. Example Feynman diagrams for these processes as well as for the
contact interaction are shown in Fig. 5.4. The effective interaction appears of course in all

types of diagrams by just shrinking the top loop to a point.
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Figure 5.7.: Cross section for boosted Higgs in the MSSM as a function of the pp-cut for four
benchmark points corresponding to different choices of the stop masses and A;. Their values are

given in Table 5.1. The cross section is normalized by the SM value.

To obtain the cross section for Higgs + jet production within the theory described by the
Lagrangian in Eq. (5.0.7), we need to scale the SM expression MinR(mt) for the amplitudes
with a top loop and initial partons i, j € {g,q, g} by k¢ and the amplitudes with the contact
interaction MinV by kg

Mij(Kes kg) = keMH(me) + g MGV (5.2.1)

The matrix elements with the full top mass dependence for C' P-conserving couplings were
first calculated at leading order in QCD in Ref. [173] and shortly afterwards with a different
notation in Ref. [174]. Since the K-factors in gluon fusion are known to be large it would
increase the reliability of the following calculations if the Higgs + jet cross section were
known at NLO, too. However, while higher order calculations for gluon fusion in the heavy
top limit are available since some time a full calculation of the pp-dependent cross section
taking the top mass effects into account is not yet available. Attempts in this direction have
been made firstly in Ref. [123] and recent progress is presented in Refs. [175-177]. Since
the full top mass dependence is crucial for the idea of the calculation, we will only use the
LO cross section, rescaled by a K-factor that is obtained in the heavy top limit. The full

hadronic cross section for pp — h + jet with a minimal transverse momentum p%i“ of the
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5.2. Calculating pp — h + jet

Higgs*
p,zrﬁ‘i“ pr%]in
O'total(’%t’ "ig) = Z Uij ("ita Hg) (522)
4,J=9,4,4

is then obtained from Eq. (5.2.1) by

1 tmax
min 1
D 2
o (Kt kg) = / dr / dt 71671_(7_5)2&5(7'5, tac) [Mij(Ke, Kg)| (5.2.3)
Smin/s tmin

where M;; is the amplitude defined in Eq. (5.2.1), £;; the parton luminosity for the initial
partons ¢ and j depending on the available energy of the partonic system and the factoriza-
tion scale fifac, and Smin and tpax/min are the extreme values of the Mandelstam variables s

and t. The latter are determined by energy and momentum conservation and are given by

1
tmax/min = 9 (mj%l —7s+ \/méfl{ —27s (m%] + QP%) + (7'3)2> (5.2.4)

Smin = M3y + 205 + 24/ m3pE + ph (5.2.5)

for a demanded minimal transverse momentum pp and Higgs mass my. Throughout the
whole calculation we neglected the contribution from a bottom loop or modified bottom
Yukawa couplings. This is done because at large transverse momenta pjnwﬁ“ 2 50 GeV their
contribution is of the order of only a few percent [114, 178, 179]. We explicitly checked this
statement for a few points and found a negligible effect of the bottom for the large boosts
that we demand in the following.

From Eq. (5.2.1) it can be seen that the cross section can be written as polynomial of

degree 2 in both x; and kg

pr%lin
i L) = (ke + mg)Q + 0kekg + m?] , (5.2.6)

o™ (1,0)
where the expression in the bracket is what would be obtained in the inclusive case and d, €
are numerical constants quantifying the deviations for nonzero p%in. For the LHC center
of mass energy of /s = 14 TeV and several choices of p%‘in the values for ¢ and e are given
in Table 5.2. These numbers were calculated using the parton distribution functions and
the strong coupling constant ag from the MSTW 2008 LO PDFs [170] with factorization and

renormalization scale set to the transverse mass of the partonic system

H = Hfac = Hren = T = 1/ m%{ ‘f‘p%, (527)

since we do not include additional initial or final state radiation in this analytic treatment, the Higgs will

4

have the same absolute transverse momentum as the accompanying jet
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where p% = {0 /3 is calculated from the partonic values of the mandelstam variables®. The
scalar integrals in the amplitudes were evaluated with LoopTools version 2.8 [169]. We
cross checked the values for the cross section for the parameter choice (k¢, kg) = (1,0) with
HIGLU [172] for the parameter choice (k¢, £g) = (0,1) with MCFM version 6.6 [180| and found
very good agreement over the full pr range. The table also shows in the sixth column the
relative contributions of the different initial state classes to the SM cross section. While
the gluon-gluon initial state is the most important at low pr cuts, the (anti-)quark-gluon
initial state becomes increasingly important and contributes to about 60% at the very high

pr cuts. The third category of initial states, ¢, contributes only between 1-2%.

We also show two sets of values for a 100 TeV collider to give a rough impression of the
capabilities of such a machine. Clearly the large values for 6 and € at p%i“ = 2000 GeV look
very promising. However, the separation in the ¢-n-plane of the decay products of a boosted
Higgs scales approximately like A R = \/m ~ zp% if mp < pr and the mass of the
decay products is negligible. A large boost therefore demands a very high resolution of a
future detector. For a thorough analysis of the 100 TeV example, we need the efficiencies of
the detector involved in the measurement. Since this is not known yet, we do not consider

these numbers any further.

Finally, we also quote numbers for the C'P-violating couplings generated by the operators
in Eq. (5.0.7) where the coefficients (7, 0, ) are defined via

p$in - - 9 ~
U(ﬁﬂﬂ=4ﬂ%+@f+%%+ﬁmﬁ%@} (5.2.8)
TGt

in the style of Eq. (5.2.6). The overall coefficient 9/4 appears because in the unboosted case
we obtain the relation

O.incl (Rh Rg)

Ne)

= 2 (Re + Rg)? (5.2.9)

incl
OsM

o

The numbers for the C' P-violating coeflicients were calculated with the analytic expressions
for the helicity amplitudes quoted in the appendix A and the values for 4 and € were
successfully cross checked with MCFM and HIGLU. Note the equality of € and € over the whole
pr range. This is not by accident but is due to the fact that the operators O, and Oy in
Eq. (5.0.2) lead to the same expression for the squared amplitude for pp — h + jet when

defined with the appropriate normalization.

5The relation p% = fﬂ/§ holds in the limit where at most one massive particle appears in the initial and
final state. Since the valence quarks of the proton are much lighter than the Higgs and the center of

mass energy, this expression is valid even in the gg initial state.
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5.3. Resolving the couplings in boosted Higgs production

Vs [TeV] | pp [GeV] | ofl [fb] | 6 € |99, a9l || 7-10°] & | ¢

100 | 2180 | 0.0031 | 0.031 67,31 | 2.6 | 0.033 | 0.031

150 837 | 0.070 | 0.13 66,32 | 170094 | 0.13

200 351 |  0.20 | 0.30 65,34 | 028 0.22| 030

250 157 | 039 0.56 63,36 | 020 | 0.41| 0.56

300 749 | 061 | 0.89 61,38 | 10| 0.64| 089

350 37.7| 085 | 1.3 58,41 | 22| 091 1.3

400 199 11| 17 56,43 | 34| 12| 17

14 450 109 14| 23 54,45 | 46| 15| 23
500 624 | 17| 29 52,47 | 56| 18| 29

550 368 | 20| 36 50,49 | 65| 22| 36

600 222| 23| 44 48,51 73| 25| 44

650 138| 26| 52 16,53 | 79| 29| 52

700 | 0871| 30| 62 45,54 | 84| 32| 6.2

750 | 0562 | 33| 72 43,56 | 88| 36| 7.2

800 | 0368 37| 84 2,57 91| 39| 84

00 500 964 | 18| 3.1 72,28 50| 19| 31
2000 101 14| 78 56,43 | 70| 15| 78

Table 5.2.: SM cross sections for pp — h + jet with different choices for the minimal transverse
momentum of the Higgs p'™ and a center of mass energy of /s = 14 TeV and /s = 100 TeV. The
coefficients 6, €, 7, 5, and € quantify the deviation from the inclusive cross section and are defined
in Egs. (5.2.6) and (5.2.8). The column before the double bar gives the relative contribution of the

gluon-gluon and the (anti-)quark-gluon initial states to the SM cross section.

5.3. Resolving the couplings in boosted Higgs production

From Table 5.2 we can see that the coefficients § and € increase with increasing p%lm and thus
lead to a deviation from the inclusive cross section. On the other hand however, the cross
section drops drastically and we therefore need to find a good compromise between a large
enough boost to break the degeneracy and a reasonably large cross section to observe enough
events. To compensate for the small cross section, we will only consider in the following
the decay h — 77, which has a large branching ratio and also a reasonable reconstruction
efficiency. A full analysis should of course make use of as many decay channels as possible.
In Section 5.4, we will discuss as an interesting alternative channel the decay h - WW.
The decay channel with the largest branching ratio h — bb suffers unfortunately from a
large QCD background and will be hard to resolve. Nevertheless, jet substructure techniques

which can resolve the two collimated b-jets from the boosted Higgs might provide a handle
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on this final state. The decay h — ZZ* — 4¢ would be very interesting due to its very
small background, however, the branching ratio is only 0.21%. Therefore, even with 100%
reconstruction efficiency, we could only expect to see about nine events with pr > 650 GeV
at 3ab~!. This is too few for a measurement and we therefore do not consider this channel
any further.

Since m, ~ 1.7GeV <« mpy [181] and the Higgs mass is small compared to the boost
mp/pr < 1, we can use AR ~ 2my /pr for the typical separation of the decay products.
In our case, we can therefore expect a jet-radius of about 0.5 if at least one of the taus
decays hadronically. This is too small to resolve the decay products so that the standard
tau tagging techniques will fail. Fortunately, there is already a study [182] to adapt the tau
tagging to highly boosted taus whose efficiencies we will use here. Specifically, they applied
the tau tagging to a decaying Higgs originating from a heavy Z’. We will use the efficiencies
obtained for a Z’ mass of 2 TeV, which will result in Higgs bosons with about the same boost
as in our analysis. In Ref. [182], they quoted two different numbers for di-tau tagging. One
with a cut on the reconstructed Higgs mass and one without. Since we assume that the cut
on the Higgs mass will be helpful to reduce the background, we employ the numbers with

the cut. We then arrive at an estimated total efficiency of

€tot = BR(h — 77) - > BR(rr —i)e | #2102, (5.3.1)

L=TTL,TITh, ThTh

when using the SM value for BR(h — 77) [183].
To break the degeneracy between r; and x4 and determine them independently, we need
to have two observables. On the one hand, we will take the signal strength for inclusive

Higgs production

O_incl Ki, K
Hincl(’{tu Hg) = # ~ (fit + K/g)Z (532)
OsM
and on the other hand we will take the ratio
o950CNV (1) kg) K50 Gev

R(kt, kg) =

oTB0CN (10, 10V K 150 Gev (5:3.3)

where Kp$in is the QCD NLO K-factor obtained for a given minimal transverse momentum.
The K-factors were calculated with MCFM version 6.6, which provides an NLO cross section
for h + jet production (process 204). This cross section is calculated in the heavy top limit
and thus does not apply directly to our case but at least it gives an approximate result,
actually the best we can get at the moment. We take the ratio R instead of just the boosted
cross section to cancel systematic and theoretical uncertainties. The two values for p%‘in were
chosen to have a combination of a boosted and a basically unboosted cross section which still

has similar uncertainties. The specific value was determined through a rough optimization,
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5.3. Resolving the couplings in boosted Higgs production

[t = fren = Htac | P0GV [b] | Kisocev | 0906V [fb] | Kgsogev | R - 103
mr/2 1.2-10° 1.16 2.0 1.14 1.66

mr 0.83-103 1.41 1.4 1.44 1.69

2mr 0.60 - 10° 1.64 0.96 1.70 1.66

Table 5.3.: SM QCD K-factors, LO cross sections and ratios R obtained for different choices of
renormalization and factorization scale. Clearly R is very stable under the variations.

testing for which values the limits are most stringent. While the cross sections and the
K-factors are quite scale-dependent, R is very stable under scale variations as can be seen
from table 5.3.

For our scenario, we choose the high luminosity phase of the LHC with an integrated
luminosity of [ £dt =3 ab™! at \/s = 14 TeV. We further assume® a systematic uncertainty
of 10%, dsys = 0.1, for both the inclusive signal strength pine and the two cross sections
appearing in R (cf. Eq. (5.3.3)). While we expect a negligible statistical uncertainty in
the inclusive measurement, we include the statistical uncertainty on the number of boosted
events Np%,m = apr%ﬂn(/@t, Hg)Kp$in €tot f Ldt. Finally, we combine the two observables in a

simple x? function

2 o\ 2
2 ,Ufincl(ﬁh Hg) - /"L?IE)CSI R(/{h ’%9) -R
— 97 5.3.4
X (K/t7 '%g) < 5Minc1 + (SR 9 ( )
where

6Mincl R \/ 1 1
= Ogvs and — = + + 205ys - 5.3.5
150 Y RO Nisocev  Nesocev Y ( )

We consider three different benchmark points where the observed inclusive signal strength

obs

is o5 = 0.8,1.0,1.2 and pick for each of the points the three values for the top Yukawa
modification £{ = 0.8,1.0,1.2. This fixes immediately s = |/udr5 — k¢ and then RY =

obs
incl

2 _ X2 x*(2) . . 2 ittt
for x“(kt,kg) = Qp g5’ ~ 3.84, where Qo5 is the 95% CL quantile of the x*-distribution
7

R(KY, /12). For each of the choices of P and kY we draw in the k¢-kg-plane the contours

with two degrees of freedom’. The resulting plots are shown in figure 5.8a-(c). There the
blue, red, and black contours correspond to k; = 0.8, 1.0, and 1.2, respectively, and the gray
band shows the constraint obtained from the inclusive cross section only. The black star

indicates the SM parameters. From Fig. 5.8b, we can see that even in the worst case with a

SAs this section describes an exploratory study and is supposed to give only a rough estimate of the
resolving power of boosted Higgs, we do not include background events but estimate the uncertainties.
For the results of a more realistic study including background see section 5.4

"Actually, in general the contours are drawn for Ax? = x%(kt, kg) — Xin = ())<.29(52) with x2,, being the

minimum of x?(k¢, kg). Since xZ;, = 0 here, we omitted it.
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5. Boosted Higgs couplings

SM inclusive signal strength £ = 1.0, a top Yukawa that deviates by +£20% from the SM

incl
value (black and blue contour) can be excluded at 95% CL with an integrated luminosity of
3ab~ 1.

In Fig. 5.8d the scale dependence of the contour lines is shown for SM input parameters
Mﬁ}fcsl = 1.0, Ky = 1.0. The three contours correspond to the three different choices for
the renormalization and factorization scale p = 0.5 mp, mr, and 2myr with mr defined in
Eq. (5.2.7). In agreement with the numbers presented in table 5.3, the contours depend

hardly on the scale.
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Figure 5.8.: Figures (a)-(c) show the 95% CL contours obtained from the x? in Eq. (5.3.4) for
0
g’
blue, red and black correspond to £ = 0.8, 1.0, and 1.2, respectively, or equivalently to the indicated
values of R? = R(kY, \/uc? — k). The gray band is obtained by considering only the inclusive

measurement ;55 + 20%. The SM point is indicated by the black star. Figure (d) shows the

incl

or equivalently of u2%% and R°. The colors

different choices of the actual parameters k9 and & o8

variation of the 95% CL contours for SM parameters and different choices of the renormalization

and factorization scale p. For all plots we assumed an integrated luminosity of [ £dt = 3ab™! and
Vs =14 TeV.
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5. Boosted Higgs couplings

5.4. Realistic collider study

Up to now we based the boosted Higgs analysis purely on signal properties and estimated
efficiencies for the reconstruction of the Higgs decay products but neglected the contribution
from background processes. To put the results on a more solid footing, we will discuss a
reconstruction-level analysis that includes a realistic background simulation in the follow-
ing®. For this study, we assume a worst-case scenario where the inclusive cross section is
equal to the SM value, i.e. k; + k4 = 1, and try to get sensitive to the individual couplings
through the boosted channel. If the composite Higgs model ansatz is realized in nature, the
inclusive cross section will receive small corrections and therefore ameliorate the situation.
Also in SUSY, an exact cancellation would need a specific relation among the stop masses.
Small deviations from this relation would lead to modifications of the inclusive cross section.
Our results will therefore give an estimate of what one could expect at least.

To suppress the large QCD background present at the LHC, we will consider clean channels
where the boosted Higgs decays into two leptons plus missing energy. The main contributions
to this channel come from the Higgs decay via W,W; (BR = 1.4%) and 747 (BR = 0.77%)
where the £ subscript denotes a subsequent decay into a lepton £ = e, u. The decay via two
Z bosons where one decays into neutrinos and the other one into leptons barely contributes
to this channel (BR = 0.08%) and is therefore omitted.

For the generation of the signal events, we used MadGraph5 version 1.5.15 [184] and show-
ered with Herwig++ [185-187]. Since MadGraph5 does not take into account the top mass
dependence (which is crucial for the extraction of the couplings) but only provides the ef-
fective Higgs-gluon interaction via the "HEFT’ model file, we reweighted the events. Given
that the generated cross section is proportional to |M(0,1)[?, defined in Eq. (5.2.1), the
reweighting factor is w(k, g) = |[M(ky, kg)|* /|M(0,1)]?. Finally we normalize the cross
section to the NNLO+NNLL result by rescaling it with a K-facor of 1.71 [188-191]. As
before, this K-factor does not include the top mass effects but is the best result available to
date.

As background processes, we consider W + jets, Z + jets, and tt + jets, where we demand
that both the direct Ws and those from the top decay, decay leptonically. The Z, however,
has to decay into taus since this is the only channel where two final state leptons are produced
and the Z-peak cannot be reconstructed to reject the event. The events are generated with
ALPGEN [192]| and PYTHIA [193]. The gauge boson + jets events are matched up to two
partons and the ¢¢ events up to one parton, all with the MLM matching scheme [194, 195].
The tt cross section is rescaled to the NLO value [196-198].

8 As described in the declaration on page ix, I was involved in this collider study but did not implement the
analysis. I will therefore only focus on the main ideas of the analysis and present the results but refer to
Ref. [2] for more details.
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5.4. Realistic collider study

Higgs rest frame

Lab frame

Figure 5.9.: Topology of the W and tau decay mode of the Higgs boson. A spin correlation in
the W mode makes the charged leptons of the decay go in one similar direction. In the tau mode
no such correlation is present and the neutrinos will go mostly in the same direction as the charged
leptons due to the large boost from the mass difference. In the lab frame this leads to a different
direction of the missing momentum compared to the directions of the two leptons. We can then

distinguish the decay modes by this topology difference.

For the jet clustering in the event reconstruction, we used the Cambridge-Aachen algo-
rithm [199, 200] implemented in FastJet version 3.0.4 [201].

In the event selection, we demand exactly two leptons in agreement with the selected
final state. In the parton picture of a boosted Higgs event we expect a Higgs and a parton,
both with a large pr. The parton will radiate off other partons and produce a large jet.
A fat jet as with radius R = 1.5 is expected to capture all those radiated off particles and
correspondingly we demand one such jet with pr > 200 GeV. On the other hand, the Higgs
transverse momentum can be reconstructed by summing the transverse momentum of the
two leptons and the missing energy. Since the Higgs is recoiling against the fat jet, the Higgs

reconstructed transverse momentum is demanded to exceed 200 GeV as well.

At this point, we split the analysis in two signal regions, one for each decay mode. To
achieve this, we use a spin correlation in the W decay mode that makes the two final state
charged leptons go in a similar direction as well as the two neutrinos. In the tau decay mode,
however, the taus go in opposite directions in the Higgs rest frame and will be boosted due
to the mass gap. Therefore, the tau decay products — two neutrinos and a charged lepton
— will be very collimated for each tau. In the lab frame, the missing transverse momentum
will therefore be mostly outside (inside) the area spanned by the two leptons in the W (tau)
mode, see Fig. 5.9. We use this criterion to distinguish the two cases.

In the tau mode, we can reconstruct the neutrino momenta by assuming that they are
parallel to the lepton momenta and have to sum up to the missing transverse momentum.

This works particularly well in the boosted regime when the tau momenta are not back-to-
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Figure 5.10.: C'L; for signal plus background against the background only hypothesis as a function
of integrated luminosity. The parameter point is kg = x; = 0.5 for both plots. The signal can be

excluded at 95% confidence level at 20-60 fb, depending on the assumed systematic uncertainty.

back and provide a good basis. Within this collinear approximation [173], we can reconstruct
the four-momentum of the Higgs and thus its mass. In fact, this reconstructed mass peaks
at the Higgs mass and allows to estimate the background, the main contribution being
Z — 77, by looking at the side-bands. After keeping only the events with a reconstructed
mass within 10 GeV of the actual Higgs mass, we achieve S/B ~ 0.4 with S/v/B > 9 for
300fb1.

In the W mode, a mass reconstruction on an event base is not possible and the kinematics
of the signal is very similar to the two most dominant backgrounds of this mode: W and

tt + jets. We achieve some discrimination by looking into the transverse mass

mru = m?z +2 (ET,llET —Pru- PT) ; (5.4.1)

which gives the greatest lower bound on the Higgs mass [202]. Here my; is the invariant
mass of the dilepton system, Epy = /m? + p?f‘,ll its transverse energy, and fp = |pp| the
missing transverse energy. After demanding mp; < mj and demanding further that the
leptons go into a similar direction ARy < 0.4 we obtain S/B ~ 0.4 and S/vB > 6 for
300fb~ 1.

Finally, we perform a binned likelihood analysis with the C'Ls; method described in [11]
where we assume Gaussian errors on the cross section normalization. A brief sketch of
the C'Ls method is given in Appendix B. In Fig. 5.10, we show the p-value for the signal
plus background against the background-only hypothesis as a function of the integrated
luminosity for the tau mode (left) and W mode (right). Clearly, the tau mode is more
sensitive as expected from the better value for S/ vB. In this mode, we see the signal at

95% confidence level already at an integrated luminosity of 20-60fb~!, depending on the
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Figure 5.11.: C'L; for non-SM signal plus background against SM signal plus background hypothesis

as a function of integrated luminosity. In both plots only the tau mode is considered.

assumed systematic uncertainty. The better performance of the tau mode compared to the
W mode, which has a twice as large branching ratio, is due to the excellent Higgs-momentum
reconstruction by the collinear approximation.

Distinguishing a non-SM signal from the SM signal is clearly much more difficult. We
show in Fig. 5.11 the expected p-values as a function of the integrated luminosity for non-
SM signal plus background hypothesis against the SM-signal plus background hypothesis.
We only show the better performing tau mode for the parameter points £, = 0.5 (left) and
kg = —0.5 (right). Since for negative k, the cross section decreases (cf. Eq. (5.2.6)), the
performance in this case is worse than for positive 4. Still, we can exclude a non-SM signal
with kg = £0.5 at 95% confidence level with an integrated luminosity of roughly 3 ab™L.

In Fig. 5.12 we show the p-value for the test of signal plus background against SM-signal
plus background as a function of k4. The integrated luminosity is set to 3ab~!. Assuming
10% systematic uncertainty, we can exclude k; < —0.4 and x, > 0.3 at 95% confidence

level.

5.5. Final remarks

From the plots in Figs. 5.11 and 5.12 one might conclude that the boosted Higgs channel is
not very promising to disentangle the coupling coefficients x4 and ;. However, a few points
should be kept in mind to put this conclusion in perspective. In this study we assumed a
worst case scenario with an exact SM inclusive cross section while it is expected to deviate
slightly in BSM models. Further, we only focused on the decay of H — 2¢ + p,.. Including
also the hadronic decay of the taus [182, 203] and combining the different channels will
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Figure 5.12.: C'L; for non-SM signal plus background against SM signal plus background hypothesis
as a function of k4 at an integrated luminosity of [ £dt = 3 ab™!. The red, blue, and violet curve

correspond to 0, 5, and 10% systematic uncertainty, respectively.

certainly improve the situation although being far from trivial when coping with correlated
uncertainties. Finally, the boosted Higgs channel is so far the only channel to complement
the also very challenging t¢H channel in measuring ; independently of x4. This alone makes

the channel a very important and interesting one.
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6. Scale invariant stop and sbottom searches

If SUSY is realized in nature, there are necessarily scalar partners (squarks and sleptons)
to the fermions of the SM in the spectrum. As pointed out in Chapter 3, the stops and
thus also one of the sbottoms need to be light in order to solve the hierarchy problem.
Consequently the stops and sbottoms are intensively sought for at the LHC. Despite these
intense attempts they have not been found yet and both ATLAS [151-158] and CMS [159—
162, 204-207| already excluded light stops and sbotttoms and cut deeply into the well-

motivated parameter space.

Having no hint for the squark and neutralino/LSP masses besides naturalness arguments,
it is useful to employ search strategies that capture very general properties of SUSY and
make as few assumptions on the realized model as possible. Simplified toplogies that shrink
the decay chains down to the minimal requirements provide such an approach while remain-
ing still flexible and allowing for different branching ratios. Within this simplified setup we
consider the stop and sbottom pair production, followed by a direct decay into a hadron-
ically decaying top or a bottom and a higgsino. Whether the higgsino is a neutralino or
chargino is determined by charge conservation. A Feynman diagram depicting such a process
is shown in Fig. 6.1. Of course, simplified topologies might be too simplifying to capture
the properties of long decay chains that arise if the mass spectrum is more elaborate. On
the other hand, however, this setup is motivated by a naturalness argument that demands
light stops, higgsinos and gluinos and allows all the other SUSY particles of the spectrum
to be heavy and decouple [208].

Within this simplified setup the event shape depends on the mass difference between
the initially produced squarks and the higgsinos. If this difference is smaller than the
top mass, only the decay into bottoms is kinematically allowed and therefore this channel
makes up for all the decay width. Once the difference is big enough to allow the decay
into top quarks, this channel contributes considerably. If the decay is only just allowed,
m; & mgo + my, the neutralino will hardly generate missing transverse energy and the top
will be indistinguishable form the SM t¢ production. See [209] for a study trying to close
this gap in the parameter space by precisely measuring the ¢t cross section. If the mass
difference is large, boosted top or bottom quarks and large missing transverse energy will

be generated.
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6. Scale invariant stop and sbottom searches

50

Figure 6.1.: Generic Feynman diagram for stop production and decay. The initially produced
squarks can be any of the two stops or the lighter sbottom. They decay subsequently into a top or
a bottom and a higgsino, such that the electric charge is conserved.

Since the mass difference is unknown, it is preferable to design a search strategy that is
scale invariant and thus sensitive over a large range from the unboosted to the very boosted
regime. Besides allowing to scan a large region of the parameter space, such an analysis
has the advantage that it captures the final state particles from the three possible initial
squarks 51,2 and by even if they have different masses. Therefore the effective signal cross
section is increased compared to a search strategy which is only sensitive within a narrow
mass range. Of course, scale invariance is only fulfilled approximately. At some point the
squark masses become just too heavy and can no longer be detected at the LHC due to the
tiny production cross section.

The core of the analysis will be to tag the top quarks with several jet substructure tech-
niques, which are efficient at different boosts. For the very boosted top quarks we use the
HEPTop Tagger [210, 211], for medium boosted top quarks the BDRS Tagger [212], and the
unboosted ones we try to reconstruct from separated jets. By using incrementally increasing
cone sizes for the jets to be tagged, we manage to tag the minimal content of a top decay
without collecting too many particles from the underlying event. Previous studies using
top taggers for the reconstruction of hadronic top quarks include [210, 211, 213-228]. Al-
though they employ top tagging techniques, none of them combines the different techniques

to obtain a scale invariant analysis for stop searches.

6.1. Event generation

6.1.1. Signal sample

As explained in the introduction to this chapter, not only #; but also 5 and by production

contributes to the signal. For all these three production channels we consider the decay
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6.1. Event generation

into a higgsino ﬁc, )?[1)72 and a top or bottom quark. Since in the natural SUSY setup
the higgsinos are nearly mass degenerate, it is sufficient to generate only the decay in the
lightest neutralino ¢ — ¢ + X9 and the chargino § — ¢ + X7, where ¢, ¢ stands for ¢ or b.
The decay of the second lightest neutralino Y3 — X?’i + X and of the chargino to one of
the neutralinos i — )Z(ig + X does not leave any trace in the detector since the emitted
particles X will be extremely soft. Thus, the event topologies for £; — t + )7(1)12 will be the
same and the different cross section for this topology can be obtained by rescaling it with
the appropriate branching ratios. This allows us to introduce a shorthand notation for each
topology: The production of a pair of squarks S with their subsequent decay into the quarks
q1 and g, respectively, will be denoted by the shorthand notation Sqiqe, where g1 and ¢
are alphabetically ordered. The emission of the appropriate higgsinos in the decay is always

understood.

We consider the following points in the MSSM parameter space. At fixed A; = 200 GeV,
© = 300GeV, and tan § = 10 we scan in steps of 50 GeV over a grid defined by 300 GeV <
mQ,, My, < 1400GeV. The gaugino masses as well as the other squark mass parameters
are set to 5'TeV while the remaining trilinear couplings are set to zero. For each grid point
we calculate the spectrum and the branching ratios with SUSY-HIT [229]. Subsequently, we
use fastlim, version 1.0 [230] to check which of the points are already excluded by existing

searches.

Since the squark production cross section only depends on the squark mass, and the
branching ratios are given in the SUSY-HIT output, we can now determine which event
topologies are the most dominant. In Fig. 6.2 we show in the left panels from top to bottom
the relative contribution to the total SUSY cross section for the three processes contributing
to Stt, Sbt, and Sbb, respectively. Here, we define the total SUSY cross section as the sum of
the squark pair production cross sections ogysy = Y, S=Ty 7.5, 755 In the right panels we
show in color code the coverage defined as the sum of these relative contributions. The larger
the coverage the more of the cross section we can capture by looking into these channels.
In the top figure we show the coverage of the tt final state only. In the middle figure we
additionally include the bt final state and in the bottom figure all three final states tt, bt,
and bb are taken into account. The gray shaded areas correspond to the already excluded
parameter points, which are determined by fastlim. The red dashed lines show the mass

of the lightest stop mg, .

In the regions where the soft masses are below 500 GeV the initial squarks are too light to
allow the decay into top quarks and correspondingly they are only covered after taking the
bb final state into account. In this case where all three final states are taken into account,
the worst coverage is nearly 100% except along the line where the top decay channel opens

up. There it is between 70-80% because in this narrow region also the direct decay to a W
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6. Scale invariant stop and sbottom searches

boson ¢ — W 4+ b + X" has a significant branching ratio. In the regions where the decay
into top quarks is kinematically allowed and m,, > mg,, the tt final state alone allows to
capture most of the cross section as the coverage is above 80%, see the upper right plot of
Fig. 6.2. This happens because there the lighter stop has a large branching ratio into top
quarks. In the other half of the plot, it is the heavier stop that has the larger branching ratio
into top quarks and therefore the final states with bottom quarks dominate there. Once
the analysis is sensitive to the mixed final state bt the region with mg, > m,, is covered to
about 60% instead of 30-40% in the ¢t only case.

For six parameter points (mq,[GeV], my,[GeV]) = (550,550), (900,900), (1400,1400),
and (550,900), (550, 1400), (900,1400) we separately generate events for each of the nine
signal processes using MadGraph5_aMC@NLO, version 2.1.1 [231] at a center of mass energy
/s = 13TeV. No cuts are applied at the generator level. The matching up to two jets
is done with the MLM method in the shower-k7 scheme [194, 195] with PYTHIA version
6.426 [193]. We set the matching and the matrix element cutoff scale, Qcut and xqcut,

respectively, to the same value determined from the mass of the initial squark m

Qcut = xqcut = % . (6.1.1)

We checked and found that the differential jet distributions [232] are smooth with this scale
choice.

The cross section for the signal processes is eventually rescaled by the NLO QCD and
NLL K-factors obtained from NLL-fast, version 3.0 [233-235]. Moreover, to correct for the
omission of the decay of a squark into the second lightest neutralino and the corresponding
quark, we multiply the cross section by a factor

B BRgy + BRy

B, (6.1.2)
1

for each quark in the final state that has the same flavor as the initial squarks. Here, BRso
denotes the branching ratio of the corresponding squark to the same flavor quark and the

neutralino V.

6.1.2. Background sample

In our analysis we want to use different top tagging methods, which are based on jet sub-
structure techniques. We therefore focus on the decay of the squarks into a hadronically
decaying top and a neutralino. The former will generate between one to three distinct jets,
depending on its boost, and the latter will generate missing energy. Our final state therefore
consists of missing energy and up to six jets. As background we therefore considered the

following four processes
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Figure 6.2.: Left panels: The relative contribution of the different processes to the total SUSY
cross section, i.e. in red 100 - o, q,4,/0susy as a function of mq, and m,, and similar for the other
colors. Right panels: Coverage, i.e. sum of the relative contributions of the considered processes to
the total SUSY cross section. From top to bottom the considered channels are only ¢t final states,
tt and bt final states, and tt, bt and bb final states. Note the different color scale of the lower right
plot. The gray shaded areas show the points that are already excluded. Red dashed lines indicate
the mass of the lightest stop in GeV.
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’ (MQg, Mus) ‘ mg | myg, ‘ my, ‘ osusy [fb] ‘
(550,550) | 545.6 | 590.7 | 553.1 348
(900,900) | 897.2 | 925.0 | 901.9 12.6

(1400,1400) | 1398 | 1416 | 1401 0.388
(550,900) | 566.7 | 912.4 | 553.1 210
(550,1400) | 567.2 | 1408 | 553,1 204
(900,1400) | 910.4 | 1408 | 901.9 8.36

Table 6.1.: Stop and sbottom masses as well as the cross section in fb summed up for all 9 channels at
the chosen parameter points. All masses, including the soft masses that define the parameter point,
are given in GeV. The higgsinos h = X?’i, X3 are nearly mass degenerate with m; ~ p = 300 GeV
for all parameter points.

o Wj: pp — Wy + 3jets, where the W decays into leptons (including taus) such that
the neutrino accounts for the missing energy. The cross section is multiplied by the
K-factor 1.37 to rescale it to the NNLO QCD value [236].

e Zj: pp — Z, + 4]jets, where the Z decays into two neutrinos and hence generates
missing energy. This cross section is known at NNLO QCD as well [236] and rescaled
to this value by a K-factor 1.2.

e Ztt: pp — Z,+t+t, where both top quarks decay hadronically, faking the top quarks
from the squark decay and the Z decays again into two neutrinos to generate missing
energy. This cross section is known at NLO QCD [237] and rescaled by a K-factor of
1.39 to this value.

e tt: pp — tt+2jets, where one top decays hadronically and the other one leptonically to
emit a neutrino, which accounts for missing energy. The NNLO-+NNLL QCD K-factor
1.41 is obtained from Top++ version 2.0 [238].

The background events are all generated with MadGraph5_aMC@NLO version 2.1.1 [231] and
showered with PYTHIA version 6.426 [193]. The cross sections for these four background

processes are given in Table 6.2.

6.2. Analysis

6.2.1. Reconstruction

For the reconstruction of the events we use ATOM [239], based on Rivet [240], which links to
FastJet version 3.1.0 [201] for jet clustering. We use both the Cambridge-Aachen (C/A)
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Process | LO Cross section [pb] | K-factor Order
W 78.3 1.37 NNLO [236]

Zj 24.8 1.20 NNLO [236]

Ztt 8.13 x 1073 1.39 NLO [237]

tt 13.75 1.41 | NNLO+NNLL [238]

Table 6.2.: LO cross sections in pb and K-factors for the background processes.

[199, 200] and the anti-k; [241] algorithm with several radii for the clustering. Electrons and
muons are reconstructed as leptons if their transverse momentum is greater than 25 GeV and
their pseudo-rapidity n = 3 log <Iﬂ%§j> is within |n| < 2.47 for electrons and |n| < 2.4 for
muons, where p is the three-momentum and p, the momentum along the beam direction.
Furthermore, we demand the leptons to be isolated. For the electrons we enforce this
by not reconstructing them if the scalar sum of track momenta within a cone of radius
R = \/m = 0.2 around the electron exceeds 10 % of the electron energy. Muons
are only reconstructed if this sum is smaller than 1.8 GeV. This lepton reconstruction follows
the one presented in Ref. [242]. For the jet clustering we use tracks with pp > 20 GeV and

with || < 2.5.

In the end we want to be sensitive over a large range of stop masses leading to very
different boosts for the top quarks. If the top is produced nearly at rest in the lab frame
its decay products will be very well separated and lead to three distinct jets. For a medium
boosted top we expect the b quark to produce a separated jet while the decay products of
the W will generate one fat jet. In the very boosted case, all three final partons will be
within a small area and the three jets can no longer be resolved. To reconstruct all possible

top quarks we need to use very different reconstruction techniques.

In the boosted case the HEPTop Tagger [210, 211] is an efficient tool. This tagger takes
a fat C/A jet and checks if two of the subjets have an invariant mass close to the W mass.
If the invariant mass obtained after including a third subjet is close to the top mass, this
fat jet is tagged as a top candidate. For a more detailed description of the algorithm see
the original release papers [210, 211]. The radius of the fat jet is the bigger the less boosted
the top is. We therefore increase the cluster radius gradually to pick the smallest possible

radius for a top candidate to avoid collecting unnecessary nearby tracks.

In the medium boosted regime the BDRS Tagger [212] becomes efficient. This is a mass-
drop tagger that takes a fat C/A jet and undoes the last clustering step such that two
subjets are obtained. If the two subjets are well separated and their invariant masses are at
most 33% of the invariant mass of the fat jet this fat jet is tagged. This way one expects

to capture hadronically decaying W bosons which are so boosted that the two final state
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Figure 6.3.: Flowchart of the top reconstruction with the HEPTop Tagger. The reconstruction
with the BDRS Tagger is done similarly, except that the initial radius is R = 0.6.

jets are too close to be reconstructed in two individual jets. The exact reconstruction and

tagging procedure is described in the following and visualized in the flowchart in Fig. 6.3.

We start with clustering C/A jets with a small radius Ry = 0.5 and check for each jet
if its transverse momentum is bigger than 200 GeV. If this is the case, it is handed over
to the HEPTop Tagger. When the tagger fires, we keep the subjets as top candidates and
remove their constituents from the event. All remaining constituents of the fat jet are kept
and collected with the constituents of the fat jets that are either not tagged by the HEPTop
Tagger or do not even pass the pr > 200 GeV criterion. Once all jets are checked we increase
the clustering radius by AR = 0.1, recluster the remaining tracks of the event, and start
the procedure again until the radius exceeds the maximal value Ry.x = 1.5. Then the
whole procedure starts again with the remaining tracks except that now the initial radius is
Ry = 0.6 and instead of the HEPTop Tagger we take the BDRS Tagger. All the tracks that
are left after the BDRS tagging is done are finally clustered with the anti-k; algorithm with
a radius Ry, = 0.4. A minimal transverse momentum of py > 20 GeV is demanded for the
anti-k; jets.

All anti-k; jets and subjets of the tagged fat jets are eventually passed to a simple b-tagger
which mimics the output of a real b-tagger with efficiency 0.7 and rejection 50 [243]. These
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values are defined as ratios of the number of b-tags and the truth-level number of b-jets and

non-b-jets

#correct b-tags
#truth b-jets

#truth non-b-jets
#false b-tags

efficiency = and rejection = (6.2.1)
Our tagger code checks if any constituent of the (sub-)jet in question has a b-hadron among
its ancestors. If there is a bottom quark in its history this (sub-)jet is b-tagged with a
probability of 70%. Otherwise it is b-tagged with a probability of 2%, corresponding to a
rejection of 50. In the case of subjets from a very boosted fat jet these numbers are clearly
optimistic [244]. Later we will however only use this information of HEPTop tagged subjets
if their summed transverse momentum is below 250 GeV. In this case the three subjets of the
tagged fat jet are still relatively far apart and therefore we assume that the actual tagging
efficiency and the rejection is still comparable. The b-tag results of the subjets of BDRS
jets are as well only used in the lower pr region and moreover we then only demand that
none of the subjets is b-tagged. Therefore only the overall b-tag information of the BDRS

tagged jet is used and could as well be obtained by passing the fat jet to the b-tagger.

6.2.1.1. Filtering HEPTop tagged candidates

Clearly, as every real tagger, the HEPTop Tagger has a fake rate and provides top candidates
that do not always correspond to top quarks at the truth level. In the left panel of Fig. 6.4
we show the minimal distance AR = \/m between a top candidate of the HEPTop
Tagger and a truth top of the event against their difference in energy. Like all plots of
Figs. 6.4, 6.5, and 6.6, this plot is based on the Titt, (900,900) sample after vetoing events
that have a reconstructed lepton.

While most of the top candidates actually are close to a truth top, some lie far off. From
now on we will consider a candidate which lies within AR < 0.5 and AE < 300GeV of a
truth top as a correct tag while all other tags are considered mis-tags.

In the central plane of Fig. 6.4, we show in green and red the distribution of the correctly
and mis- tagged top candidates in the pp-n-plane, respectively. We can see that the mis-tags
lie predominantly in the low pr region!. Since the HEPTop Tagger specifies which of the
subjets it considers to originate from the decaying W and which to be a b-jet, we have
an additional handle to purify the sample. We filter the sample of HEPTop candidates by
demanding that if the transverse momentum of the top candidate is less than 250 GeV the

correct jet (correct according to the HEPTop Tagger output) has to be b-tagged while the

!Note that although only fat jets with pr > 200 GeV were passed to the HEPTop Tagger, the top candidates
themselves can have slightly less transverse momentum as they are built out of the three tagged subjets of

the fat jet and miss some of the constituents of the fat jet which contribute to its transverse momentum.
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Figure 6.4.: Output of the HEPTop Tagger. Left panel: Minimal distance in terms of AR between
a tagged candidate and a truth level top. For each such pair the difference in energy is plotted on
the y-axis. Central panel: Distribution of the top candidates in the pp-n-plane before additional
filtering. Green dots correspond to correctly tagged candidates, red dots to all other candidates.

Right panel: The same distribution as in the central plane but after filtering.

(900,900, Titt | (550,550), Tott | W
Rr € Rt € RE
unfiltered | 8.9% | 20.5% || 18.3% 7.8% || 1.34%
filtered | 6.8% | 19.0% || 12.9% 55% || 0.70%
unfiltered | 7.3% | 2.0% || 11.0% | 09% | 0.04%
filtered | 5.8% 1.9% 9.2% 0.8% | 0.04%
unfiltered | 57.4 % 1.5% | 50.2% 58% || 1.32%
filtered | 52.7 % 1.4% | 46.3% 55% || 0.98%

HEPTop Tagger

BDRS Tagger

Resolved tops

Table 6.3.: The effect of filtering the top candidates. R, ¢, and Rg are defined in Egs. (6.2.2),
(6.2.1), and (6.2.3), respectively. The filters for each tagger are described in the corresponding

subsections.

other two must not be b-tagged. The distribution after this filtering is plotted in the right
panel of Fig. 6.4.

It can be seen directly that some mis-tags are rejected by the filter but at the same time
also correct tags do not pass it. To quantify this win-loss behavior we show in Table 6.3 the

mis-tag ratio defined as the ratio of mis-tags to all tags

# mis-tags

Rr = 6.2.2
T~ U mis-tags + # correct tags’ ( )
the efficiency € as defined in Eq. (6.2.1), and the mis-tag rate
t
Ry = 1 185 (6.2.3)

event ’
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which gives the average number of tags on a top-less event. Clearly, Rr, €, and Rg diminish
by applying the filter but the R; more than the efficiencies. We therefore continue to use
this filter in the analysis. In the last column of the table we R for the W5 sample which

contains no truth top quarks.

6.2.1.2. Reconstructing and filtering BDRS tagged candidates

As a mass-drop tagger the BDRS Tagger tags on fat jets which seem to originate from a
heavy boosted particle, e.g. W or h, decaying into two light collimated partons. In our case
we expect to find the W bosons from a top decay where the top is only medium boosted.
Then the b-jet is too far separated from the W for its decay products to be found by the
HEPTop Tagger but the W itself is still boosted enough to be captured in one fat jet.

To eventually find good top candidates we first demand that the invariant mass mjet of the
BDRS tagged jet with the largest pr is close to the W mass |mjet — mw| < 10 GeV. Next
we take the b-tagged anti-k; jet with the largest ppr and check if the invariant mass of the W
candidate and the b-jet together is close to the top mass |myw — my| < 25 GeV. If this is
the case we keep the combination as a top candidate otherwise we take the next to hardest
b-jet and repeat the procedure until either a top candidate is found or all b-jets failed.
Then we proceed with the next-to-hardest BDRS tagged jet and repeat the procedure until
all BDRS jets were tested. The minimal distance AR and the energy difference of these
top candidates to a true top is shown in the left panel of Fig. 6.5. As in the HEPTop
Tagger procedure we consider a tag to be correct if the candidate is within AR < 0.5
and AFE < 300GeV of a true top quark. In the central panel of this Figure we show the
distribution of the BDRS jets that passed this reconstruction in the pp-n-plane. Again, the
low-pr region is the one with the largest share of false tags. We consequently employ a
similar filter as in the HEPTop Tagger filtering and introduce an additional requirement in
the top candidate reconstruction: If the transverse momentum of the top candidate is below
300 GeV both of the two BDRS subjets must not be b-tagged. This threshold was found by
a rough optimization. In the right panel we plot the distribution of the BDRS tagged jets
after this filtering. As can be seen from Table 6.3, the effect of this filtering is not drastic

but the mis-tag rage reduces more than the tagging rate.

6.2.1.3. Reconstructing and filtering fully resolved top quarks

An unboosted hadronically decaying top generates three distinct jets which can generally
not be captured by the HEPTop or the BDRS Tagger. We try to reconstruct these top
quarks by combining a b-tagged jet with two non-b-tagged jets®. In order to avoid too

2Here and in the following we drop the anti-k; in front of the jets. By a jet we mean an anti-k; jet and

when we address fat jets we will make it clear.
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Figure 6.5.: Output of the BDRS Tagger. Left panel: Minimal distance in terms of AR between
a tagged top candidate and a truth level top. For each such pair the difference in energy is plotted
on the y-axis. Central panel: Distribution of the BDRS tagged jets in the pp-n-plane before addi-
tional filtering. Green dots correspond to correctly tagged top candidates, red dots to mis-tagged

candidates. Right panel: The same distribution as in the central plane but after filtering.

many background events faking top candidates, we apply this method only to events where

the two hardest jets have at least a transverse momentum of 60 and 80 GeV, respectively.

First, we construct all possible combinations of one b-tagged jet and two non-b-tagged
jets and sort them by pp. Then, starting with the most boosted one, we check for each
combination if its invariant mass is close to the top mass ‘mjet1+jet2+b — mt‘ < 25GeV and
if the invariant mass of the two non-b-jet system is close to the W mass ‘mjetlﬂ-etg — mW‘ <
10 GeV. If these two mass criteria are fulfilled and none of the three jets was part of a top
candidate before, it is considered as a candidate. The minimal distance and the energy
difference of these candidates to a true top quark is shown in the right panel of Fig. 6.6.
Many candidates are mis-tags and lie far from any true top quark. Nevertheless, there is

still a cluster of correct tags clearly visible in the lower left corner.

The distribution of the candidates in the pp-my;-plane is shown in the central plot of the

same Figure. my; is the invariant mass of the system consisting of the b-jet and the hardest
of the two non-b-jets and obeys my; < \/m? — m#, ~ 150 GeV. To take this property of my;
into account and improve the mis-tag rate, we filter the candidates and reject those with
my; > 150 GeV. Moreover, we introduce two cuts motivated from this plot: Firstly, a cut on
my; > 60 GeV and secondly a cut on a minimal pr of 30 GeV of the top candidate. Unless the
sum of top and neutralino mass is within a few GeV of the stop mass, the top quarks should
be at least slightly boosted and pass this cut. Correspondingly this minimal pr requirement
rather rejects the background than the signal. The distribution of the top candidates after

filtering with these cuts on my; and pr is shown in the right panel of Fig. 6.6.

The mis-tag rate is clearly reduced by these filters while the efficiency changes only mod-
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Figure 6.6.: Output of the reconstruction of resolved top quarks. Left panel: Minimal distance in
terms of AR between a tagged top candidate and a truth level top. For each such pair the difference
in energy is plotted on the y-axis. Central panel: Distribution of the top candidates in the pp-mg;-
plane before additional filtering. Green dots correspond to candidates belong to correctly t 2576| 14|
3| 38agged top candidates, red dots to mis-tagged candidates. Right panel: The same distribution
as in the central plane but after filtering.

erately. The overall small efficiency shown in Table 6.3 needs to be understood in the appro-
priate context. In the (900,900) sample, the top quarks are already boosted and therefore
hard to find in the resolved method. Moreover, the HEPTop and BDRS Taggers already
tagged many top quarks, such that less remain for the resolved reconstruction. When ap-
plying these cuts to the (550,550) sample which has less boosted top quarks, we obtain the
better values € = 5.5 % and Ry = 46.3 %. Both of these numbers are obtained after filtering,
which improves the rates also in this unboosted regime.

By comparing the numbers in Table 6.3 we observe that the HEPTop Tagger is by far
the most efficient tagger as it correctly finds about 10-20 % of the top quarks in a sample
compared to a few % for the other taggers. The fraction of mis-tags in the total number of
tags is for both the HEPTop as well as the BDRS Tagger comparable and well below 10% in
the medium boosted sample (900,900). Only in the unboosted sample (550,550) the mis-tag
rates become bigger. The resolved top tagger provides about 50 % mis-tags which is only
reduced slightly after filtering. Yet, in the unboosted sample its efficiency is greater than
that of the BDRS Tagger.

In order to take these results into account, we prefer top candidates obtained from the
HEPTop or the BDRS Tagger over fully reconstructed top candidates, and more boosted
candidates over unboosted ones. This is realized by sorting the HEPTop and BDRS tagged
candidates together by their transverse momentum and picking the hardest ones. If more
candidates are demanded than provided by the HEPTop or BDRS Tagger, we pick the
hardest from the fully reconstructed set. A sketch of this choosing procedure is shown in
Fig. 6.7.
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Figure 6.7.: Sorting of the top candidates. H and B stand for a HEPTop and BDRS tagged
candidate, respectively. They are sorted together by descending pr such that the hardest candidate
is on the left side. R stands for a resolved candidate. They are ordered by descending pr as well
but not mixed with the former. Only when there are less than two candidates in the first category,

the resolved candidates are used.

6.2.2. Analysis cuts

Once the reconstruction of the event and the top candidates is done, we can continue and
increase the signal over background ratio S/B by imposing cuts on the events. As our
premise is to make a scale invariant analysis, we must avoid to introduce scales through the

cuts. We propose the following ones.

1. Zero leptons: The leptons or other particles that are emitted by the decaying
chargino or second lightest neutralino are too soft to be seen by the detector. Moreover,
since we want to reconstruct the hadronic top quarks to employ the jet substructure
techniques, no leptons should be present in the signal events. In the Background how-
ever, they are produced in the leptonic decays which are necessary to generate missing
energy. We therefore demand zero reconstructed electrons or muons. In Fig. 6.8a
we see that about 20% of the background events contain at least one reconstructed
lepton while this is only the case for about 10% of the signal events, irrespective of

the considered parameter point.

2. Two top candidates: So far, we focus on the channels where both squarks decay
into a top and a corresponding higgsino. Thus we demand at least two top candidates,
where more than two are only allowed if the additional ones are candidates from the
resolved reconstruction. This takes the large fake rate of the resolved method into
account. Only the first two candidates, denoted by c¢; and ¢y in the following, are
then considered further. The distribution before this cut is shown in Fig. 6.8b, but it
needs to be taken with a grain of salt. The signal considered so far contains also the
events where one or both of the stops and sbottoms decay directly into bottom quarks.
Clearly, these events hardly pass this cut and lead to the very high rejection. When

considering only the events where both squarks decay into top quarks, more than 4%
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of the events pass this cut which is compatible with the 20% reconstruction efficiency
of the HEPTop Tagger. The only exception to this are the samples with a light stop
m; =~ 550 GeV. Here, the top quarks are too soft to efficiently trigger the taggers and

only about 1% of the events passe this cut.

Once we have top candidates from the HEPTop or BDRS tagger, we know that there
was at least one fat jet with a minimal transverse momentum of 200 GeV. Together
with the missing energy from the escaping neutralino, this is enough to pass the trigger
threshold of the experiments. Only if all top candidates originate from the resolved
reconstruction, one might fear that the event contains too few hard objects to pass
the trigger. We checked explicitly that all of these events pass one of the jet/Erp
trigger thresholds: pr > 200 GeV or four jets all with pr > 60 GeV or one jet with
pr > 150 GeV and missing transverse energy Fp > 150 GeV or only B > 250 GeV
[245]. In addition, we will see later that after the cuts hardly any top candidates from
the resolved reconstruction remain. Therefore the trigger thresholds should not pose

any problems.

. Zero b-jets: Besides the b-jets that pair up with a fat BDRS jet or two other jets
to form a top candidate, no further b-jets are allowed in the event. From Fig. 6.8¢c we

see that this further rejects the background events.

. Less than four jets: In the signal process, additional jets to the top candidates can
only arise from initial and final state radiation or from beam remnants. We therefore
expect not too many jets and reject events with more than three jets that are not
part of a top candidate. The normalized distribution of the number of jets, shown in

Fig. 6.8d confirms that this cut prefers the signal.

. Zero jets with pr > 100 GeV: This cut is based on the same assumptions as cut
#4. Jets from the underlying event must not dominate the event and are thus required

have at most pr = 100 GeV. The corresponding distribution is plotted in Fig. 6.8e

. mp; < 150 GeV for both candidates: As mentioned previously, the invariant mass
my,; of the b-jet combined with the hardest non-b-jet of a top decay is always smaller
than about 150 GeV from kinematical considerations. Events with top candidates
that have a larger m;; are therefore probably based on fake top quarks which are

consequently rejected. This can be seen in Fig. 6.8f.

. AP(Pre;, + Press ET) > 0.97: Since we cannot determine the two neutralino mo-
menta individually, it is impossible to reconstruct the momenta of the initial squarks.

Yet, we can make use of the total event shape. In the signal, the transverse missing
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Figure 6.8.: Normalized distributions of the background and signal processes before the cut on the

respective observable. The sums in Subfigs. (g) and (h) are understood to be vectorial.

energy is the combination of the two neutralino momenta and therefore balances the
transverse momenta of the two top quarks. Consequently the vectorial sum of the
candidate’s momenta has to point in the opposite direction of the missing energy. Al-
though we already constrained the additional components of the event by the previous
cuts, this is not necessarily taking place in the background events, as can be seen in
Fig. 6.8¢g.

8. |PTe; + Pres + ET‘ /Er < 0.25: This cut is based on the same reasoning as the
previous one. The absolute value of the summed candidate’s transverse momenta and

the missing transverse energy needs to be small. In order to maintain scale invariance
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Figure 6.9.: Normalized distribution of the type of top tags of the candidates and of mry after the
last cut.

and take into account that a hard jet might loose more energy by final state radiation
than a soft jet, we normalize the result by Jp. Despite the fact that we used a very
similar idea in cut #7, we can further reject background events as can be seen in
Fig. 6.8h.

9. A(;b(ﬁTCI,ET) < 0.97: By this last cut we demand that the missing transverse
energy and the transverse momentum of the hardest of the two candidates are not
back-to-back. Since the two produced squarks are of the same type and the higgsinos
are mass degenerate, the recoil of the top quarks against the respective higgsino will be
the same in the squark rest-frame. Therefore, the two neutralinos should contribute
about equally to the missing energy and spoil the back-to-back orientation that is
present for each top neutralino pair individually. We therefore reject events where
one top candidate recoils against an invisible particle and the second candidate does
not. Moreover we can thus reject events where the missing energy comes from a
mismeasurement of the jet momentum. From Fig. 6.8i it is clear that this further

reduces the background.

The cutflows for background, signal, and the signal over background ratios S/B are given
in Tables 6.4 and 6.5, respectively. After all cuts, the dominant background is tt+jets, which
is approximately one order of magnitude greater than the other background processes. The
values for S/B range from about 0.3 in the samples where the stops have a mass around
550 GeV to 4-1073 in the (1400,1400) sample. In Fig. 6.9a we show the relative contribution
of the types of the two top candidates after all cuts. The candidates from the HEPTop

Tagger contribute most, which is not surprising considering the reconstruction efficiencies
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cut Ztt Zj Wi tt
0. no cut 1.13-1072 2.98 - 10" 1.07 - 10? 1.94-10*
1. 0 leptons 1.13-1072 | 2.98-10' | 8.14-10* 1.57-10"
2. 2 candidates 4.23-107* | 2.94-1073 | 5.10- 1072 | 7.29-1072
3. 0 b-jets 3.90-107* | 2.59-107% | 4.57-1072 | 5.26-10?
4. < 3 jets 3.65-107* | 1.86-107% | 3.44-1073 | 3.54-1072
5. 0 jets with pr > 100 GeV 3.17-107* | 1.27-107% | 2.49-1073 | 2.52-1072
6. mp; < 150 GeV 3.11-107* | 1.07-107% | 2.08 1072 | 2.28 1072
7. Ap(Prer + prez, Er) > 0.97 2.40-107* | 4.48-107* | 8.11-107* | 8.98-1073
8. |pre1 + pre2 + Ex| /By <025 | 1.76-10°* | 1.88-107" | 3.04-10"* | 2.87-10"°
9. AP(Prey, Eq) < 0.97 1.39-107* | 1.42-107* | 2.20-107* | 1.49-1073

Table 6.4.: Cutflow for the background processes. The numbers give the cross section in pb after
the respective cut.

(550,550) (900,900) (1400,1 400) (550,1 400)
cut No. o S/B o S/B o S/B o S/B
0 6.57-10"1 | 4.20-10723 | 2.69-1072 | 1.72-10"% | 843.10"% | 5.39.-10"6 | 4.45.10"' | 2.85.10"3
1 6.01-10"1 | 4.74.1073 | 2.42.1072 | 1.91.-10"% | 7.71-10"* | 6.07-10"% | 4.02-10"' | 3.17-1073
2 3.16-10"3 | 3.88-1072 | 7.21-10"% | 8.87.-1073 | 3.91-107% | 481-10"% | 3.58-10"2 | 4.40-10"2
3 2.79-107% | 4.65-10"2 | 6.14-10~* | 1.02-10"2 | 3.29-107° | 5.48-10"* | 3.08-107% | 5.12.-10"2
4 2.33.107% | 5.66-10"2 | 5.00-10~* | 1.22-10"2 | 2.61-107° | 6.34-10~* | 2.56-10"3 | 6.24-10"2
5 1.90-1073 | 6.49-1072 | 3.92-107% | 1.34-1072 | 1.95-107° | 6.67-10"% | 2.08-10"3 | 7.12-1072
6 1.84-1073 | 7.03-1072 | 3.79-10"% | 1.45.1072 | 1.89-10"° | 7.20-10"% | 2.05-1073 | 7.81.102
7 1.12-1073 | 1.07-10"% | 2.86-10"% | 2.73.1072 | 1.55.-10"° | 1.48-1073 | 1.19.-1073 | 1.13.10""
8 7.23.10"% | 2.05-10"% | 2.31-107* | 6.52-102 | 1.25-107° | 3.53.107% | 7.75.-10"% | 2.19.-10"!
9 5.34-10"% | 2.69-10"" | 1.88-10"* | 9.46-10"2 | 8.98-10"% | 452.1073 | 6.15-10"* | 3.10-10"!

Table 6.5.: Cutflow for the signal processes. The cross section is given in pb after each cut.

from Table 6.3 and the preference of the HEPTop and BDRS candidates over the resolved
candidates. However, in the samples with light stops the BDRS Tagger provides between
10 and 15% of the candidates. It thus increases the amount of reconstructed signal events
and hence improves the power of the analysis. The background has almost the same split

as the (900,900) sample and is therefore hardly visible under the turquoise line.

6.3. Discussion

To continue further, we consider the mrg (246, 247] distribution that is shown in Fig. 6.9b
(normalized) and Fig. 6.10 (stacked). mqps is designed to give a lower bound on the squark
mass. This is reflected in the plotted distribution, where the upper edge of the signal

distribution is just at the actual squark mass. It is defined as

2 _ : 2 (.1 2 (.2
miy(mso) = | min [max{mT <pT,pT61,m%9> , M <pT,pTCQ,m%?>}] ,  (6.3.1)
pT+pT_ET
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E Signal B # O3 W, B 7 Bl 7t

(550, 550) (550, 1400) (900, 900) (1400, 1400)

Figure 6.10.: Stacked distribution of mpq after cut #9.

where pr. , are the transverse momenta of the candidates, p;l2 are trial momenta for the
two escaping invisible particles and need to sum up to the missing transverse energy, mso
is the mass of the invisible particle, which we set to zero since we do not know it a priori,

and finally,
M (P}, Pre, mgg) = my, +miy +2 (EF B — pF - ph) (6.3.2)

is the transverse mass with E% = \/mgi + ‘ p%' % For the calculation of mpo we use a code
described in Ref. [248] and provided by the authors of this reference.

The S/B value of the heavy samples could be improved substantially by making a hard
cut on m7o. But then we would lose scale invariance and reject the events from the light
samples. We rather use a different approach and make a binned likelihood analysis using
the C'Lg technique described in Ref. [11] and briefly summarized in Appendix B. For the
calculation we employ the code MCLimit [249]. The C'L,s method has the advantage that it
does not need an overall large S/B but it automatically gains sensitivity from the region
where the signal contributes to the event rate. This way the analysis becomes sensitive over
a large squark mass range. For light squark masses, the total S/B value is large enough
to find the signal despite the large background and for heavy squark masses, the signal lies
in the large mpy region where the background contribution is low. In Fig. 6.11 we show
the p-values for some of the parameter points against the integrated luminosity assuming
different Gaussian errors on the background cross section. Moreover, in the calculation with
a non-vanishing Gaussian error we always include a Monte Carlo error of 1072 fb on each

bin, corresponding to the largest weight of the background events. Without mentioning

75



6. Scale invariant stop and sbottom searches
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Figure 6.11.: p-values for the parameter points (550, 550), (900, 900), and (1400, 1400) against
integrated Luminosity assuming different systematic errors.
J£dt=100fb"!

J£dt=350 b J£dt=1000 i

E E % = >99.9% CL
: : H; = > 95%CL
g g g m > 90% CL

600 800 1000 1200 1400 600 800 1000 1200 1400 600 800 1000 1200 1400
mg, [GeV] mg, [GeV] mg, [GeV]

Figure 6.12.: Exclusion limits in the mg,-m.,-plane. A Monte Carlo error and a systematic error
of 15% on the background normalization is assumed. The higgsinos have a mass of about 300 GeV.

it further, this MC error is still considered in the results below. The light stops, benefit
from the greater production cross section and can be excluded at 95% CL with less than
130fb~ !, even when a systematic error of 20% is assumed. For the intermediate and heavy
stop samples the signal lies in the regions with hardly any background event and therefore
the error on the background normalization has almost no effect. The (900,900) sample
happens to be in the region where the production cross section is still relatively large but
the background contribution is low. Stops around this parameter point can already be
excluded with about 50 fb~! at 95% CL. In the last sample, (1400, 1400), the error on the
normalization has no effect as the signal region contains no background events. Generating
more background events could ameliorate the situation but is computationally intensive.
Alternatively a cut at the generator level could be introduced to populate the large mqpo
region, however this introduces new systematic errors. We therefore rather rely on the
included Monte Carlo error that pushes the exclusion limit for 1000 fb~! above the 95% CL

line.

In Fig. 6.12 we show the exclusion limits in the mg,-m,-plane for an integrated luminosity
of 100fb~!, 350fb~! and 1000fb~!, respectively. For all plots we assume a systematic
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uncertainty of 15%. The myo distributions for the C'Lg computation of the points in the
lower half of this plot are obtained from those of the upper half by reweighting with the
appropriate branching ratios. As we saw earlier, the light stops in this lower half decay
dominantly into a bottom quark and a chargino, a final state we are not sensitive to. Then
the sensitivity of the analysis can be driven by both the heavy and the light stops. If the
mass difference between the two is large, the much bigger production cross section for the
light stop compensates the low branching ratio and gives the important contribution. If the
mass difference is small, it is the heavy stop that yields more events in the final state due
to the bigger branching ratio into top quarks. We see that already with the luminosity that
is expected to be collected during the current run, stops with masses up to 1.1 TeV can be
excluded at 95% CL along the diagonal, and more in the areas with a large hierarchy (left
plot). After the third run (central plot), the exclusion is even at 99.9% CL for large parts

of the parameter space and the high luminosity phase will further ameliorate the situation.

6.4. Final remarks

So far we computed C' L for the points given in Table 6.1. For them we showed that it is in
deed possible to design an analysis that is sensitive to supersymmetric signals over a large
range of possible squark masses. In order to draw finer exclusion lines in the mg,-m,,-plane
and also taking different higgsino masses into account, events need to be generated for more
of the grid points. Another improvement of the analysis will come from taking also the
mixed decay—one top and one bottom quark—into account. This allows us to recover a
larger part of the available signal cross section, in particular in the region where mg, > m,,.

The generalization of the applied cuts to this scenario is straightforward: Instead of two
candidates and no b-jet we demand one candidate and one b-jet. Also the other proposed
cuts could be generalized as the basic picture does not change. Only the specific value for the
kinematic cuts could change. Results for the same stop masses but with different higgsino
masses can be obtained by identifying the point in the above considered parameter space
that has the same mass difference between the squarks and the higgsinos, i.e. the same
event shape, and rescale the weight of the events to account for the different production
cross section.

The main idea behind this analysis was to obtain a scale invariant setup. In the first step
we achieved this by employing the HEPTop and BDRS Taggers together with varying radii.
Thereby we managed to pick the minimal content of a hadronically decaying top quark for
a large range of top momenta. In the second step we avoided introducing scales in the cuts
and only exploited the event properties that are independent of the mass spectrum. After

this proof of concept it will now be interesting to apply this principle to other searches where
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top quarks with various boosts appear in the final state as for example in little Higgs models
with T-parity [250-252].
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7. Conclusion

In this thesis we presented two strategies for searches for new physics at the LHC. As bench-
mark models and motivation for the strategies we took the minimal composite Higgs model
and the minimal supersymmetric extension of the SM. These models are the two most dis-
cussed theories to solve the hierarchy problem, which is one of the best theoretical arguments
for TeV-scale physics. A brief review of their basic ideas and electroweak symmetry breaking

sector was given in the first part of this document.

The first strategy focuses on the Higgs couplings that enter in the gluon fusion cross
section, namely its coupling to the top quark and to gluons, the latter being generated by
new particles charged under color. This project is particularly motivated in the composite
Higgs setup, where modifications of these couplings cancel in a broad class of models and
lead to a SM-like inclusive cross section that provides no information on the top partner
masses. We showed that this degeneracy can be broken by measuring the cross section of
very boosted Higgs + jet production, i.e. the production of a Higgs with a large transverse
momentum of at least 650 GeV recoiling against a hard jet. We provided a semi-numerical
formula for the boosted cross section in the presence of modified couplings and analytic
expressions for the matrix elements for the Higgs + jet production in the presence of CP-
violating couplings. The results were used to estimate the possible determination of the
two couplings in the high luminosity phase of the LHC in the h — 77 channel. We found
that even in the worst case scenario where the inclusive cross section is in agreement with
the SM, the top Yukawa coupling modifier x; can be constrained at 95% CL to lie within
about 0.8-1.3. Due to the small cross section of the boosted Higgs process, an integrated
luminosity of 3000fb~! is needed for this constraint. Finally, we presented the results of
a study at reconstruction-level where we find similar results. The boosted Higgs channel

therefore is a worthwhile albeit challenging alternative to the likewise difficult tth channel.

The second strategy is devoted to the search for third generation squarks that are pre-
dicted by the MSSM. As our setup we chose a natural SUSY model where all SUSY particles
but the stops, the light sbottom and the higgsinos are heavy. The event shape of the squark
pair production can range from unboosted to very boosted top quarks and depends crucially
on the mass spectrum of the light particles that is a priori not known. To circumvent this

restriction in the analysis design, we combined several reconstruction methods for hadron-
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ically decaying top quarks that work efficiently at different top transverse momenta. We
then used this input for an analysis that is scale invariant and based on the two top quarks
plus missing energy final state. We found that this analysis can exclude light stops and
sbottoms up to masses of more than 1100 GeV at 95% CL for an integrated luminosity of
100fb~!. This analysis could therefore be used to put stringent bounds on the masses of
the third generation squarks already within the next years. Moreover, the idea of combining
several top taggers for a boost independent reconstruction could be used in other scenarios

where top quarks with very different boosts are expected.
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A. Amplitudes for pp — h + jet with
C P-violating couplings

In this appendix we collect the analytical expressions of the amplitudes contributing to
pp — h + jet for C P-violating Higgs couplings. We consider first the one-loop amplitudes
mediated by the coupling &, in Eq. (5.0.7).

The gg — hg amplitude can be expressed in terms of helicity amplitudes M, x, »,, Where
the A; denote the helicities of the incoming (i = 1,2) and outgoing (i = 3) gluons. Out of the
eight possible helicity combinations only four are independent and related to the remaining

four amplitudes through My, x, xs = M_x, —x, —xs- The amplitudes are given by?

Moy (s,t,u) =N Fi(s,t,u), (A.0.1)
./\/l+Jr (s,t,u) =N Fi(s,u,t), (A.0.2)
(S,t,U) NF2($7t7 U) ) (AO 3)
M_ ++(s,t,u) N Fs(s,t,u), (A.0.4)
where the form factors F; are defined as
Fi(styuw) =\ [G(s,1) — Gls,u) + Gl(t,w)] (A.0.5)
m2
Fa(s,t,0) = 2 (G(s, 1) + G(s,u) + Glt,w)] (A.06)

Vstu
Fs(s,t,u) = \/i [G(s,t) + G(s,u) — G(t,u)], (A.0.7)
G(z,y) =zyDo(x,y) + 22 Co(y) + 2y Co(x) , (A.0.8)
with Co(z) = Co(0,z,m3, m7, m?, m?) and Dy(z,y) = Dy(0,0,0,m3, z,y,m, m7, m?, m}),

where the scalar integrals are given in the conventions of Ref. [169]. The common factor N’

reads 5/
V3 ozs/ m%f{t
VT )

'We define s = (p1 + p2)?, t = (p1 — p3)? and u = (p1 — p4)?, where p1,2 are the momenta of the ingoing

N = (A.0.9)

gluons, p3 is the momentum of the outgoing gluon and ps the momentum of the Higgs. Conservation of

momentum is expressed as p1 + p2 = p3 + pa .
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The unaveraged cross section is then given by

D IMlgg = hg)lP = D Myl (A.0.10)
pol. A1 A2 A3

Similarly, the squared matrix element for ¢g — hg can be expressed in helicity amplitudes
Mg\? A2 A where A; 2 now denote the polarization of the incoming quark and anti-quark,
respectively, and Az the helicity of the outgoing gluon. The four non-zero combinations are

related via
MRL+(s,t,u) = —MquR_(s,t,u) = —M%QL_(S,u,t) ./\/lLR+(s,u,t) (A.0.11)

and given by

22
"3

The unaveraged squared matrix element for the unpolarized cross section is then given by

MRL+(37t7 u) =

(s). (A.0.12)

2t2—|—u

2 16
2
> Magls, ) = 30 MY (st = SN
pol. A1 A2 A3

Co(s)?. (A.0.13)

Finally, the squared matrix elements for the processes qg — ¢qh and Ggg — ¢h are obtained

via the permutations

Z\ngstu Z|./\/quuts)] , Z|ngstu Z|./\/qutsu ,

pol. pol. pol. pol.

(A.0.14)

respectively.
For a large mass of the fermion running in the loops, m? > s, —t, —u, mi , we can expand
the scalar functions Co(x) and Dg(z,y) in powers of 1/m?. Keeping only the leading terms

we have

1 Dol y) — 1
— x, — .
2m?’ oY 6 m}

In this limit the amplitudes Mg 47 simplify greatly: they are independent of m; , and equal

Co(r) — — (A.0.15)

to the tree-level amplitudes computed using the effective coupling proportional to &4 in
Eq. (5.0.7) (the equality holds for #; = Kg4). The amplitudes squared and summed over

polarizations take the simple form

3g8R7 '+ t* +ut + mf gSR} 2+ u?

2 h 2

> Mggl? = 5 o L Ml s . (A0.16)
pol. pol.
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B. The CL; method

When setting up an analysis, one eventually want to determine which points of the pa-
rameter space of a given theory it is expected to exclude with how much luminosity. Or
alternatively, given a measurement, one wants to be able to say whether it excludes a given
signal hypothesis or not. A commonly used method for this is the C'Ls; method [11-13],
which is a conservative approximation to the actual exclusion limit.

Given a measured distribution of an observable consisting of N independent bins, one
obtains the likelihood
N —h; h?i
d;!

L(H,d) = (B.0.1)
i=1
where it is assumed that the number of events in each bin is Poisson distributed, H is the
hypothesis that one expects to measure h; events in the i-th bin, d; is the number of events
that are actually measured in this bin, and d = {dy, ...,dn} is the collection of the d;. As
a test statistic to discriminate the background hypothesis b from the signal + background
hypothesis s + b one uses the likelihood ratio
L(s+0b,d)

: (B.0.2)

which is an ideal choice since it minimizes the misclassification probability due to the
Neyman-Pearson Lemma [253]. Next, the probability distribution functions (pdf) f(d)
of Q(d) or equivalently of —2InQ(d) are needed for the two d that are expected by the
background and the signal + background hypothesis, respectively. Whether one chooses
Q(d) or —21In Q(d) does not change the final result, but for conventional and computational
reasons mostly the latter is chosen. In principle, the pdf can be calculated explicitly from
the likelihoods, however, this can become difficult if too many bins are involved. Therefore
they are usually obtained by generating toy models with Monte Carlo methods. Once the

pdf are known, one can define

CLy, = / f(b)d(—2InQ) and CLgip = / f(s+b)d(—2In@), (B.0.3)
—21n Qobs —21n Qops

where Qops 18 the observed value for @, and CLy and CLgy, are the confidences in the
background and signal + background hypothesis, respectively.
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When the two pdf for the two hypothesis are very similar, good confidences in both hy-
potheses are possible. One therefore needs to normalize the value for the signal 4+ background

hypothesis to the background-only hypothesis and thus defines

_ CLs+b

Ly
¢ CL,

(B.0.4)

Now, a small value for C'Ls means that the outcome of the measurement favors the background-
only hypothesis and the signal is said to be excluded at 1 — C'L; confidence level.

When estimating the power of an analysis, one obtains toy models of the signal and back-
ground hypotheses from Monte Carlo event generators and then calculates C'Lg, assuming
that no signal is present. The result then shows up to which confidence level a certain signal

can be excluded with the analysis in question.
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