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Zusammenfassung

Mit der Inbetriebnahme des Large Hadron Colliders (LHCs)@&RN wird es mdglich sein,
Protonkollissionen bei weit hoherer SchwerpunktsenargeéLuminositat als bisher durchzu-
fuhren. Dies ermdglicht die Erfullung des vordringlichstéiels des LHC: die Entdeckung
des Higgs-Teilchens, das bis heute einzige unbeobactdgtddn im Standard-Modell und die
Erklarung zur Herkunft der Masse der Elementarteilchen.Rehmen des Standard-Modells
gibt es Uber den gesamten experimentell und theoretisahledn Bereich der Higgs-Masse
Prozesse, die die Detektion des Higgs-Teilchens ermdgiiclAllerdings kann das Standard-
Modell keine Theorie sein, die alle fundamentalen physkaken Phanomene erklart, sondern
kann hochstens als effektive Theorie verstanden werderbiglizu einer bisher noch unbekan-
nten Energieskala Gultigkeit beansprucht. Deshalb sineeEerungen des Standard-Modells
notig, die eventuell wiederum Auswirkungen auf Nachweagpsse des Higgs-Teilchens haben.
Ob solche Auswirkungen auftreten wird in der vorliegendehedt in Bezug auf ausgewahlte
Prozesse unter Berlucksichtigung zweier popularer Erweigeen des Standard-Modells unter-
sucht. Ausgegangen wird von dem Minimalen SupersymmégisStandard-Modell (MSSM)
und dem Standard-Modell mit vier Generationen (SM4G).

Freie Parameter dieser Modelle sind durch Prozesse dergHrhysik” und elektroschwache
Préazisionsmessungen beschréankt. In dieser Untersuchuidggezeigt, dass das gemeinhin
als ausgeschlossen angenommene SM4G nicht ausgeschiassiem darf. Ausserdem fihrt
die Untersuchung zu dem Ergebnis, dass eine vierte Gememdit Erzeugungs- und Zerfall-
sprozesse des Higgs-Teilchens stark modifiziert.

Im MSSM wird das geladene Higgs-Teilchen untersucht, deg&sedeckung ein eindeutiger
Hinweis auf Physik jenseits des Standard-Modells ist. Hé@mnkstan 3 sind, soweit mini-
male ,Flavor-Verletzung“ (MFV) angenommen wird, auch amQ@ Keine Nachweisprozesse
fur ein solches Teilchen bekannt. MFV ist motiviert durcle dehr gute Ubereinstimmung
der experimentellen Resultate aus der ,Flavor Physik" rait &tandard-Modell-Vorhersagen,
beruht aber nicht auf fundamentalen theoretischen Ubanlggn. Im Rahmen dieser Arbeit
wird das MSSM nicht durch die Annahme von MFV eingeschraikes fihrt zu einer sehr
gro3en Anzahl freier Parameter. Es werden die Parametetifidiert, die die Produktion des
geladenen Higgs-Teilchens verstarken und aul3erdem Bedahrgen, z.B. durch seltene B-
Zerfélle, untersucht, denen diese Parameter unterwoiriedn Babei wird deutlich, dass gerade
diese freien Parameter nur sehr schwach beschrankt sindamirkungsquerschnitt fur die
Erzeugung eines geladenen Higgs-Teilchens stark vengr&®anen. Ob jedoch das geladene
Higgs-Teilchen jenseits von MFV bei kleinen Werten wan 3 in den in dieser Arbeit disku-
tierten Prozessen tber dem grof3en Hintergrund des W-B@soridHC zu messen sein wird,
kann letztlich nur nach einer detaillierten Detektorséuaeurteilt werden.



Abstract

The Large Hadron Collider (LHC) at CERN will be able to perfoproton collisions at a much
higher center-of-mass energy and luminosity than any atbkider. Its main purpose is to de-
tect the Higgs boson, the last unobserved particle of thedaral Model, explaining the riddle
of the origin of mass. Studies have shown, that for the whitdevad region of the Higgs mass
processes exist to detect the Higgs at the LHC. However,tdred&rd Model cannot be a theory
of everything and is not able to provide a complete undedstgnof physics. It is at most an
effective theory up to a presently unknown energy scale. celeaxtensions of the Standard
Model are necessary which can affect the Higgs—boson signak discuss these effects in
two popular extensions of the Standard Model: the Minimae3symmetric Standard Model
(MSSM) and the Standard Model with four generations (SM4G).

Constraints on these models come predominantly from flawvgsips and electroweak precision
measurements. We show, that the SM4G is still viable andalatirth generation has strong
impact on decay and production processes of the Higgs boson.

Furthermore, we study the charged Higgs boson in the MSS#dinig a clear signal for
physics beyond the Standard Model. For smaill 5 in minimal flavor violation (MFV) no
processes for the detection of a charged Higgs boson do a&xtee LHC. However, MFV
is just motivated by the experimental agreement of resutis fflavor physics with Standard
Model predictions, but not by any basic theoretical consitien. In this thesis, we calculate
charged Higgs boson production cross sections beyond suengsion of MFV, where a large
number of free parameters is present in the MSSM. We find bieasoft-breaking parameters
which enhance the charged—Higgs boson production mostusrégund to large values, e.g.
by rare B-meson decays. Although the charged—Higgs bosms sections beyond MFV turn
out to be sizeable, only a detailed detector analysis cameléica charged Higgs boson is
detectable against the largjé-boson background for smakn (.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has been extgeswecessful for more than
three decades and is able to describe the experimentals@shigh-energy physics up to the
maximum energies of all the actually working colliders. dta gauge theory which combines
the electroweak interaction with the theory of quantum olmdynamics to the symmetry group
SU (3)xSU (2) x U (1). To generate mass terms in the Lagrangian without breakisngauge
invariance explicitly this symmetry group has to be brokparganeously t&U (3) x U (1).
This breaking mechanism is called 'Higgs Mechanism’. Thessea of the SM particles are
parametrized by the vacuum expectation value of a complabarstield, the Higgs field. It is
the only particle included in the SM which could not be foundes. Being a basic corner stone
of the SM and its extensions, the search for the Higgs paiisane of the most important tasks
in today’s high-energy physics.

The SM matter fields are grouped in three generations. Eawérgigon consists of an up-type
guark, a down-type quark, a down-type lepton and its nemtrihhe corresponding particles
among the three generations are identical to each othexpefar their mass and flavor. For a
long time in theoretical studies even a fourth generatianldesen considered, a straightforward
extension of the SM.

But despite its big success in explaining most of the expemial results, the Standard Model
cannot be a complete theory of fundamental physics - nothjesause gravitation has to be
incorporated. It contains 19 free parameters which musteberchined experimentally and it
does not explain the recently measured neutrino mixing Hittvcould result in another 7 free
parameters, 3 neutrino masses, 3 lepton-mixing angles @fhaolating phase.

To explain anomalous astronomical observations like th&tion speed of galaxies, which is
known as the galaxy rotation problem [3], and the 'Bulletstér (1E 0657-56)’ [2], the assump-
tion of the existence of dark matter, massive stable pagiahich do not emit or reflect enough
electromagnetic radiation to be detected, seems to bessyan cosmological models. In the
SM there is no cold-dark-matter candidate.

A conceptual problem in the SM, which is called hierarchylgeon comes from the mass in-
stability of the only fundamental scalar particle, the Hidmpson, under quantum fluctuations.
Loop contributions to the Higgs mass become quadraticaldrgent with cutoff scale and have
to be absorbed into the counter terms for the physical HigagssmThis leads to the fine tuning
problem of the parameters in the Higgs potential. In consege, extensions of the Standard

1



2 INTRODUCTION

Model are necessary to find a more fundamental theory of @atur

Supersymmetric models are extensions to the Standard Mdudeh are able to solve most
of these problems. Coleman and Mandula [4] showed that retieeonly a finite number of
particles below any given mass and if the S-matrix is norrand analytic, the most general
Lie algebra of symmetry operators which commute with the&rixis a direct product of some
internal symmetry group and the Poincaré group. This 'nadggorem states that it is impos-
sible to mix internal and Lorentz space-time symmetries moatrivial way. Supersymmetric
models circumvent this Coleman-Mandula theorem by reptatie Lie algebra by a graded
Lie algebra.

In the Minimal Supersymmetric Standard Model (MSSM) - onéhef most popular models in
physics beyond the Standard Model - which is essentiallyaagsttforward supersymmetriza-
tion of the SM, one introduces only the couplings and fields #ne necessary for consistency.
Supersymmetry ensures the desired cancellation of quadia¢rgences for the scalar masses
by relating bosonic and fermionic degrees of freedom. Tleeanchy problem does therefore
not occur in the Higgs sector of the MSSM. Assuming an inteliate supersymmetry breaking
scale - between the weak scale anB:& scale - the three Standard Model couplings unify at a
scaleM ~ 3 x 10'% GeV being compatible with grand-desert unification scenarios.

In the R-parity conserving MSSM the lightest supersymroggarticle (LSP) is stableand
therefore a promising candidate for cold dark matter. Inymandels R-parity is imposed to
explain the stability of the proton.

If supersymmetry is a local symmetry, then even gravity amborporated in the called super-
gravity. In supergravity there are particles with highensates: the massless spin-2 gravitino
has a spin-3/2 fermion superpartner called the gravitino.

All these circumstances make the MSSM a serious candidatedmext step in a deeper un-
derstanding of nature beyond present knowledge. With thgd ldadron Collider(LHC) there

is going to be a facility to test this model extensively.

Beside these nice features of the MSSM there are theoratichphenomenological setbacks
as well. Supersymmetry cannot be an exact and unbroken syynmeature. Otherwise the
Standard Model particles and their superpartners havev® th& same mass, which is exper-
imentally excluded. A large amount of theoretical work hagt done trying to understand
the mechanism of spontaneous supersymmetry breaking. hfée most extensively studied
mechanisms are the Gravity-, the Gauge- (GMSB) and the AlyeMadiated Supersymme-
try Breaking (AMSB). All of these models involve extensiooisthe MSSM to include new
particles and interactions at very high mass scales butdtiey in how this should be done.
From a phenomenological point of view it seems to be accéptalparametrize our ignorance
by just introducing extra terms that break supersymmetpjieidy in the Lagrangian, without
assuming a specific breaking scenario. To maintain a higydretween the electroweak scale
and the Planck mass scale the supersymmetry-breakingicgsigshould be soft (positive mass
dimension). Compared to the MSSM with unbroken supersymyntie¢ number of free param-
eters is greatly enlarged - up to 124 allowing all phaseshlgh still huge, large regions of the

1 In many scenarios the lightest neutralino turns out to be e

2 The construction of the LHC at CERN in Geneva is going to balfiied in 2008.



INTRODUCTION 3

parameter space are ruled out experimentally. Sever eamstcome from lepton number con-
servation, the suppression of FCNCs and bounds on CP wnlhti electric dipole moments.
To generate mass for both up-type and down-type quarks inyacessistent with supersym-
metry a second Higgs doublet is needed. After breaking trekwgauge symmetry the model
contains five physical Higgs particles: a charged Higgs b@sor (H=*), two CP-even neutral
Higgs bosons/(® and H° with m;0 < mgo) and one CP-odd neutral Higgs bosptf). The
Higgs sector is extended compared to the SM and thus shofesedit phenomenological pat-
terns. In various analyses the detectability of the 5 Higggobs have been studied. Especially
the charged Higgs - an unquestionable signal for new physi@s shown to be a difficult to
detect at the LHC.

In this thesis we consider effects in Higgs physics for esimms of the Standard Model.

The outline is as following: First a short introduction toggs physics in the SM is given, in-
cluding the most promising production and decay processesiell as theoretical bounds to
the Higgs mass. For later reference the two Higgs-doubleteiis discussed, followed by a
"fermiophobic Higgs’ which does not interact via the theaally poorly motivated Yukawa
couplings.

Chapter 3 is dedicated to the question if a fourth generaiarpossible extension of the Stand-
ard Model. We consider bounds from electroweak precisioasmeements, flavor physics and
direct searches by experiment. It appears that a fourthrgttoe is a possible scenario and not
ruled out by any observable. A fourth generation would afftiggs signatures which might be
observed at the LHC.

In Chapter 4 we give a brief introduction to supersymmetreoties, whereas we focus on the
Minimal Supersymmetric Standard Model. We discuss the mmatiflavor violation assump-
tion, crucial for the following part.

The non-trivial task of producing a charged Higgs for smaill 7 with a measurable cross sec-
tion is the main topic of Chapter 5. Giving up the assumptiomimimal-flavor violation might
provide a possible solution. Beyond MFV prohibited largedlachanging neutral currents may
occur. To respect constraints we consider rarmeson decays and theoretical arguments. Af-
ter presenting the single-Higgs cross sections in mininaabfl violation and beyond, we show
the results for a charged Higgs in association with a hard jet
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Chapter 2
Higgs Physics

The Standard Model predicts that not all gauge bosons arsl@sagd5], which was experimen-
tally shown in 1983 [6]. But for renormalizable quantum fi¢kakories it is not possible to
simply add an explicit mass term for these gauge bosons toetfp@angian. Theories with mas-
sive gauge bosons are either not renormalizaiimdel) or not gauge invariant. The Higgs
mechanism may solve this problem.

In the Standard Model the problem of finding a mechanism tegda mass terms for the gauge
bosons W and Z, without spoiling the renormalizability of the theory ishaed by the Higgs
mechanism. Th&U (2),, x U (1),, symmetry is broken in such a way that the electromagnetic
symmetryU (1), is remaining. The origin of this mechanism is subject to enesesearch [7].

2.1 Standard-Model Higgs

The SM incorporates the two concepts of local gauge inveeiand spontaneous symmetry
breaking (SSB) to implement a Higgs mechanism. The ideaaftsmeous symmetry break-
ing is realized by introducing at least one new complex sdad, the so called Higgs field
®, which behaves like a doublet undét/ (2), gauge transformations and has hypercharge
Y = +1. With I3, the quantum number of the third component of the weak isogperator,
the electromagnetic charge is definedas- I3 + % Assigning a vacuum expectation value
(VEV) to the upper component would break tg1) , symmetry. Thus, only the lower com-
ponent of the doublet can obtain a vacuum expectation valiter SSB the Higgs field can be
parametrized as
_ (o7 (@)) _ G* ()

®(z) = <¢0 (x)) = (% (0 + H (2) + iG (x))) : (2.1)
whereG™ is a complex and? andG" are two real scalar fields. This choice of a weak-isospin
doublet also allows for Yukawa couplings. The Higgs parthefiLagrangian reads

Ly = Liin— Ly —V (D) (2.2)
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with
¢ i ok ¢
O =gy d* = (_¢+*> , (2.3)
which is also artU (2), doublet but has hypercharge= —1. The Higgs-doublet field allows
for Yukawa interactions to up-typd down-type right-handed fermion fields with the strength
of the Yukawa couplinggj}j:

‘Cyuk = yéj[_,ffl)eR,j + yfj@@cu&j + yzlei(I)dR,j + hC (24)

The non-kinematic part of the SM Lagrangian containing ddlggs fields is called Higgs
potential
A 2

V() =—p?(2'P) + 1 (o7) TP} (2.5)

It generates the SSB as well as the self interaction termsead¢alar boson.
V (®) has a minimum for
sP= 2V Ly 2.6)

(@) == =5 #£0. (2.
Breaking a continuous global symmetry leads to the appearahmassless scalar particles,
the Goldstone bosons [8], hef&" andG°. One boson occurs for each broken generator of the
symmetry group. In case of a broken continuous local symymléte a gauge symmetry, these
degrees of freedom are unphysical and can be eliminate@bsition to the unitary gauge. The

kinetic part of Ly is given by
ig’ _ .
Liin = (D,®) (D'®) ;. D, =0, — %YBM —igr, W 2.7)

where Wj with ¢ = 1,2,3 are the vector fields (gauge eigenstates), associated tirene
generatorsr; = o;/2 of the SU (2), symmetry. B, is the vector field associated to the
generator of thé/ (1), symmetry.

After fully expanding the ternhDM<I>|2 of the Lagrangiar y and diagonalizing the mass matrix
of the gauge bosons, the three Goldstone bosons have bewbedbby thdV* andZ bosons
to form their longitudinal components and to get their masSéhe photon remains massless.
We obtain the following mass eigenstates

Wl + iWZ e
wEt = £ E M = 2.8
m \/§ ) w 2sin QW v, ( )
(& MW
M, = = 2.9
7 2 sin Oy cos GWU cos Oy’ (2:9)
Zy\ _ [cosby —sinby\ (W2
(Au) o (sin Ow  cos By ) (Bu ' (2.10)

The heavy gauge bosons receive a mass proportional to tlhieivaexpectation value of the
Higgs field. The parameteris the electromagnetic charge. The Weinberg afgleand the
scale of electroweak symmetry breaking~ 246 GeV are determined by the experimentally
known W andZ boson masses [9, 10].
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In (2.1) only the Higgs fieldd is physical, with its mass:; = /2 being a free parameter of
the theory. Experimental searches give a lower bound foHtggs massny > 114.4 GeV at
95% C.L. [11], while a fit from electroweak precision data indiesa mass in the narrow region
of my = 129775 [12].

2.1.1 Theoretical constraints on the Higgs mass

Several theoretical considerations constrain the Higgssnathe sub-TeV region [13]. This
region is favored by analyses of unitarity, triviality angicuum stability.

e Unitarity *: If in the processV*W - — ZZ all diagrams involving the Higgs boson
are omitted, the amplitude of this process grows with theezenf-mass energy/s, in
violation of unitarity [13, 14]. The bad high-energy bel@mvoccurs when the external
bosons are longitudinal After decomposing the amplitude into partial waves anddmp
sing partial wave unitarity, it is possible to deduce a boondhe Higgs mass.

1

aJ(S):?Q—ﬂ_

/d(cos 0) Py (cosf) M (s,0) (2.11)

is the expansion of thé-th partial wave, withP; the J-th Legendre polynomial and the
scattering matrix elemen¥1. Partial wave unitarity requires that

las? < [Imay|, (2.12)
implying |a;| < 1 and
1
[Reay| < 3 (2.13)
For J = 0 the amplitude folV;/W; — Z,Z, scattering in the limit > my is given
by [15]
5m§{
=0 = o5 (2.14)

From (2.13) and (2.14) the Higgs mass bound
my < 780 GeV

can be derived.

! More precisely 'tree-level unitarity’.

2 In the large-energy limit the polarization vectorldf, can be approximated by

pH
H ~
€L () mw
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e Triviality: In a¢*-theory the quartic self-coupling increases monotonically as a func-
tion of the momentum scal@, which might lead to a coupling of infinite strength, called
a Landau pole. In the Higgs sector a similar observation @méade, except from the
fact, that\ receives contributions with both signs. Here, just showivegdominant terms,
the renormalization group equation (RGE) fofQ) is given by [16]

2 d\
dlog Q)

The last two terms encode the Higgs wave function and quarties induced by fermions,
whereas the sum is over all identical fermions with degeryefd. The first term domi-

nates for\ — oo, while the last term dominates for— 0. With my as input, together
with the RGE forg,, ¢g> andy, (2.15) can be solved. For largey; we obtain

16

~ 1207 — 3Ag3 — ONgT + 4N Npyi— 4> Nyl (2.15)

Ax?

A~ Qexp [7} (2.16)
3A(Q)

for anyQ < A. Thus, large Higgs masses may lead to a Landau pole at loveegyen

scales. For any value ¢f, there is a corresponding maximum valuenof;, for which

the theory remains perturbative. Simulations on the kftld], taking non-perturbative

effects into account, find a Higgs mass bound of

my < 640 GeV. (2.17)

e Vacuum Stability: If my is very small, the top Yukawa contribution in Eq.(2.15) demi
nates, driving\ negative [18]. Hence, the Higgs potential may become untedifrom
below and the Higgs vacuum expectation value can go to igfibiepending on the va-
lidity region of the SM a lower Higgs mass bound can be gaiiih the cut-off scale
Ao ~ 10% GeV the lower Higgs mass is [19]

my > 70 GeV. (2.18)

Assuming a global minimum for the VEV is not necessary, ifphebability of tunneling
into another vacuum over the age of the Universe is much kesslt[20]. Allowing a
metastable vacuum can weaken the bounehen

2.1.2 SM Higgs decay and production channels

There are four favorable production channels for a Higgobas the LHC (Fig 2.1). Due
to high gluon luminosity the dominant Higgs production memism at the LHC will be the
gluon-fusion process (GF)

pp — g9 — H.
This process, mediated by top and bottom quark loops, pesuide largest production cross-
section for the whole Higgs mass range of interest. QCD ctianes to this process increase the
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Figure 2.1: Most important NLO cross sections for the production of an8#d-Model Higgs
at the LHC.

total cross section b§0 — 100% [21]. At LO the Higgs boson does not acquire any transverse
momentumpr. For large Higgs masses the gluon fusion production prodesseases faster
than the W- and Z-boson fusion process (WBF) [22]

pp — qq+ W W*/Z*Z* — qqH.

Thus, in this mass region WBF can compete with GF. Even inntermediate Higgs mass
range these processes are relevant, since the additiomalrtbjets offer the opportunity to
reduce the background significantly. Suppressed compartbe former two, but still sizeable,
especially in the intermediate mass ramgg < 2m, is the Higgs-radiation offl’ or Z gauge
bosons

pp—qq — Z° /W — H+Z/W.

The NLO QCD corrections, which can be inferred from the D¥ah process, increase the total
cross section by (30%) [23]. The radiation off top quarks [24]

pp — qq/g9 — Htt

with H — bb cannot be used for a direct Higgs boson detection because @fexwhelming
QCD background fobb and the inability to reconstruct the Higgs mass very prégise

The cross sections are calculated with the programs HIGI\2HI, V2HV and HQQ [25] and
for the branching ratios we used Hdecay [26] with slight riodtions - if necessary, e.g. in
Section 2.3.
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Once the Higgs mass is fixed, its decay pattern is completgriohined. The Higgs couplings
to gauge bosons and fermions are proportional to the ma#es particles, hence preference
is given to decays into the heaviest particles allowed bysptspace. In general, the decay
processes can be separated in three classes:

e Fermionic Decays:The Higgs couples directly to all fermions with the strengftthe ac-
cording Yukawa coupling. Thus, for a light Higgs the preéerfermionic decay channel
is H — bb, and for a heavy onei(;; > 340 GeV) H — tt.

e Decays to massive gauge boson8bove thelW W andZZ kinematical thresholds, the
Higgs boson will decay mainly into pairs of massive gaugeheswith a decay width of
the W bosons two times larger than the one of thbosons. Even below the kinematical
thresholds decays to one or two off-shell vector bosonsrapmitant, the more so as
H — 7*7* — 4landH — W*W* — [Tvl'*v will give clear signals.

e Loop induced decays:Since massless gauge bosons, e.gndg, do not couple to the
Higgs boson directly, these decays are mediated by loomdving massive particles.
These decays are particularly interesting because of tagores. On the one hand they
receive sizeable branching ratios for a light Higgsy( < 150 GeV) with a rather clear
signal, at least fori — ~~v and H — Z~. On the other hand new physics may affect
these decays and thus can open a window to extensions of thE@Nater reference we
give the leading order formula faf — vy andH — gg [27]:

2

r _ Guotmiy > NQFAs(7y) + Aw(rw)
T asy/ams | TN TR
G.a2m? |3 ’

_ HasmH <

where A, and Ay, are the form factors for the spi@and spinit particles respectively.
These form factors are

Asr) = 2[r + (= DF(] 72
Aw(r) == [272+3r+3@2r = 1)f(r)] 7 (2.20)

with 7; = m?,/4m?, (i = f,W) and f(7) defined as the three—point integral

arcsin?/7 T<1
FO =3 1 fpievizrt T’ @21
—1 ln H/ﬁ — T 7> 1.

The H~v~v and HZ~ couplings are mediated by’ boson and charged fermion loops,
while the H gg coupling is mediated only by quark loops.
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Detector analyses at ATLAS [28] and CMS [29] have shown that3M Higgs can be detected
with at leastho significance over the whole theoretically allowed massaegifter collecting
an integrated luminosity of =30 fb—!.

For a light Higgs bosonty < 135 GeV) there are two promising processes: The ’silver’
detection channeljy — H — ~~ and the channel with vector boson fusion and decayinto
lepton pair. The latter is the first channel to detect a Higgsob withmy = 120 GeV. In the
intermediate region, betwedr(0 GeV < mpy < 2 my, the procesg! — W*W* — llvv is
very promising.BR (H — WW) is already quite large, if not even dominating, and the clean
leptonic decays attain% of the W1V sample. Finally, the so-called 'gold plated’ mode for
mpy 2 2myis given bygg — H — Z*Z* — 4l. It allows the detection of a Higgs boson up to
the mass 0O (1 TeV).

2.2 Two-Higgs-doublet model

Although the SM is very successful in describing most of thetentary Particles phenomenol-
ogy, the Higgs sector remains unknown so far. Thus, there famdamental reason to assume
that the Higgs sector must be minimal (i.e. only one Higgshdet), and we could wonder
about a next-to-minimal extension. The simplest extensfahe SM Higg sector is called Two
Higgs Doublet Model (2HDM), which consists of adding a setbiiggs doublet with the same
guantum numbers as the first one. This approach is also ey the fact that the ratio
between the masses of the top and bottom quarks is of the ofrder/m;, ~ 171/4 ~ 43. In
the SM both quark masses come from the same Higgs doublathwhplies a non natural hi-
erarchy between their corresponding Yukawa couplings. évew if the bottom quark received
its mass from one doublet and the top from another doublethtérarchy of their Yukawa
couplings could be more natural if the free parameters othlikery acquired the appropriate
values.

The 2HDM contains two Higgs doublets with the same quantumbrars and hypercharges
Y; = Y5 = 1. In general, both doublets could acquire a VEV

_ o1 (z)
D, (l’) - (% (Ul + Ry (SL’) + ig1 (.T))) (222)
_ ¢ (2)

where we assumed that there is no spontanétwiolation, i.e. both VEVs could be taken
real. In fact, unlike to the SM Higgs potential, the potelntiethe 2HDM is not unique and can
lead to different Feynman rules. But for this thesis we ingpib® assumptions consistent with
the Minimal Supersymmetric Standard Model (MSSM) [30], ire explicit or spontaneous
C'P violation and no flavor-changing neutral currents at trgelléwith these assumptions, the
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Higgs potential which spontaneously breaks (2), x U (1), down toU (1), is
2 2
V(@) = A (@{@1 - uf) W (@;% - vg)

+s [(cp}cpl - v$> + (<1>;<1>2 - vg)]z (2.24)

Y [(qf{@l) (@2@2) - (qf{%) (@’;@1)}
2

‘|‘)\5 ‘(I)J{(bg — Ul’l}g‘

The \; are real non-negative parameters. The Lagrangian for thgd-ector can be cast into

the form

Ly = Lyin+ Ly =V (P,Dy), (2.25)
Ly = Y (D,®)" (D'®;). (2.26)

i=1,2

From the Lagrangian (2.25) with the kinetic part (2.26), fvalar potential (2.24) and the
Yukawa terms we can obtain the full 2HDM spectrum, as welhasstcalar-gauge-boson inter-
actions, the scalar-fermion interactions and the puressagialar interactions.

For the Yukawa sector there are three different choicesiwduie widely studied.

In the 2HDM type I, only one Higgs doublet couples to the fems, thus the Yukawa La-
grangian becomes

Ly =— (Y7 LE®er; + v Qi®Sur, + yi Qi®idr; + h.c.) . (2.27)

In case of type Il models one doublet couples to the down settiermions while the other
Higgs doublet couples to the up sector. This is a naturalssteim the MSSM and leads to

EY,H = — (yéjf/ﬁq)le]g,j + yijQiCI)guRJ + ysziq)ldR,j + hc) . (228)
The 2HDM type Il allows couplings between both Higgs dowbkend up and down quarks:
Ly = — (?Jé{liﬁq)lefz,j + yfﬁl@iq)(fuR,j + yzz{lQiq)ldR,j (2.29)

+ Y L ®oer + ysQi®5un, + yiaQi®adr + h.c.).

There are 8 degrees of freedom from the two Higgs doublets.thalbilinear scalar terms
can be collected in a Higgs mass matrix. After diagonalizinig matrix we obtain the mass
eigenstates, which are defined from (2.22) and (2.23) byath@Afing relations:

G* = ¢ cos B+ 5 sinf,

H* = —¢fsinf+ ¢y cosf,
G° = gicosf+ gosinf, (2.30)
A’ = —gysin 3+ gacos 3,

HO

R’ = —hysina+ hs cosa.

hy cos o + hg sin a,
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The spectrum consists of two CP-even Higgs scalafs 1°), one CP-odd scalgfA®), two
charged Higgs bosorig/*) and the Goldstone bosofi*, G°). Together with the masses, the
important parameters describing 2HDMs are the mixing aimgtee neutral CP-even sectar
and the ratio of the vacuum expectation values of the two $ldmublets

tan g = 2 with 0<g< 2, (2.31)
U1 2
It can be shown that in the 2HDM thé* 1/ ¥ Z vertex is absent at tree level, which is a general
feature for models with only Higgs doublets and singletd.[The H*1W T~ tree-level vertex is
zero as consequence of the conservation of the electromagneent. Due to the absence of
these interactions between two gauge bosons and just orgedidiggs its detectability suffers
a lot.

2.3 Higgs without couplings to fermions

In the SM, the huge imbalance between the number of free dess) introduced by the Higgs
mechanism for the gauge fields and the fermion fields is sgikiThe interaction strength
between the weak bosons and the scalar field is dictated lyegauvariance and completely
governed by just 4 free parameters. But to describe the Yalsegtor it is necessary to in-
troduce at least 13 free parameters (9 fermion masses and@iKing angles). Thus the
appraisal of these two mechanisms is very different andgéréectly possible that not both of
them derive their origin from the same scalar field.

In the type | 2HDM set ups with a light CP-even 'fermiophobiggs® appear naturally for
a = 7/2 [32]. But extending the Higgs sector always necessitatesrntorporation of new
free parameters and possibly new production and decay elsafan the Higgses to the model.
Without allowing more assumptions than imposed on the SM,feom a purely phenomeno-
logical point of view, it might be acceptable to leave the larption of the fermion masses
disregarded and just consider the implications on Higgsialsyin doing so. Hence, we discuss
a Higgs boson with SM couplings to gauge bosons, but withreatlievel couplings to fermions.
In this scenario, there are several major changes compar#tetpurely SM Higgs boson
(Sec.2.1.2) — from the phenomenological point of view. Egdly for my < 160 GeV the
decay channels change completely: direct fermionic deasg/absent, and thus the dominating
decay over the whole mass region is the decay to off-shelbarshellll” bosons. The absence
of fermionic decays also promotes the loop-induced decagesf — vy and H — Z~,
because of the fact that there are less competing decaysoamegative interference between
the quark andV-boson form factors (2.19). A lower mass bound, comparabllee SM Higgs
mass bound, was established by LER; > 109.7 GeV at95% C.L. [33]. For larger values of
my the branching ratio of the loop-induced decay to photonpsiguite fast below the.01%
level. If my is havier thar200 GeV the branching ratio t&l/’*1/* is two times larger than to
Z*7Z* —as in the SM.

3 Sometimes they are called 'bosonic Higgs’
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Figure 2.4: Branching Ratios for a fermiophobic Higgs

While the changes for the Higgs decays will not affect itsed&tbility negatively, this cannot
be stated about the production processes. Here, the dondnarover the whole region of
parameter spaceg — H, is not possible and the production process in associatitmhe&avy
quarks has a smaller cross section. Tt final state can only be produced with quarks in the
initial state at leading order, and not with gluons. Henast Higgs production by weak-boson
fusion or in association with a heavy gauge boson are theareienechanisms.

The question remains: is a fermiophobic Higgs a seriouslexigé for the LHC? The col-
laborations at ATLAS and CMS are aware of this possibilitev&al studies have been per-
formed. As in the SM, in the region ofy < 2 my, one of the viable promising processes
isqqg — HW — [*vi*vjj or 3l. The necessary integrated luminosity to exclude a fermio-
phobic Higgs av5% C.L. is below30 fb~!, whereas an exclusion & needs up tq0 fb™*
[29]. The same was done for the Tevatron with similar red@H$. Formy = 2 m, the two
WBF processegq — qqH with H — WW/ZZ — lvjj/vvil are useful [35]. They may
cover the whole region with a signal significance larger tharfor a luminosity of30 fb™.
Thus, although a higher luminosity is needed to detect aifgrhobic Higgs compared to a
SM Higgs, it is no real challenge for the LHC. There are preesgo cover the region from its
experimental boundiy = 105 GeV) up to the theoretical onen(y < 700 GeV).

A modification to the fermiophobic Higgs, widely called 'togor Higgs’, is also considered
in several studies at the Tevatron [36, 37]. Topcolor Higgse couple SM-like to bosons and
the top quark, but no other fermions . The gluon-fusion pobidm process is allowed and in
magnitude comparable to the SM one. Although the negatidyfering 1/ and top form
factors reappear in the decady — vy and H — Z~, all the dominant Higgs detection channel
mentioned in Section 2.1.2 are restored to a large exteogpéxorqq — ttH with H — bb,
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Figure 2.5: Cross sections for a fermiophobic Higgs

and cover the whole mass region. Within this model it seenbetpossible to explain the top-
guark mass and the masses of the heavy gauge bosons by thEliggiganechanism while the
light fermions might receive their masses from a furtheenattion, e.g. Technicolor [38].



Chapter 3

Four generations and Higgs physics

3.1 Introduction

A straightforward extension of the SM is the inclusion of arthh generation of chiral matter,

which can be done in a conceptionally easy way. The idea afr@fgeneration of matter fields,

incorporated in the usual SM gauge group, has been condide discarded many times,

wrongly leaving the impression that it is either ruled ouhaghly disfavored by experimental

data [39].

Although a wide literature regarding a possible fourth gatien exists, its status remains sub-
tle [40]. A serious constraint on new physics are the obligarameters [41] (Sec. 3.3.2), which
were taken into account in Ref. [42] for one (and more) exgaeggations. It was shown, that
one generation can be perfectly consistent with a heg&Wy GeV) Higgs. Older analyses were
performed using a global (numerical) fit to 2001 electroweata or relied on a light neutrino

(50 GeV) to minimize the contributions to the oblique parame{éB, 44, 45]. Because of the

fact that this neutrino mass region is ruled out by LEP IIh& nheutrino is unstable, and elec-
troweak data has since been refined (in particdd@r), it is hard to determine how to compare
their results with present experimental bounds.

A fourth generation could also affect Higgs signatures dns tmight change the favored de-
tection channels at the LHC [46, 47, 48, 49]. The LHC is evele &b probe heavy quarks

throughout their mass range, providing the possibility@arsh for the quarks of the fourth

generation themselves [50, 51].

For a phenomenological relevant analysis a viable paramegen has to be found, for which

it is necessary to consider bounds from flavor physics, meeak data and direct experimen-
tal searches. We then use typical spectra to compute thegoasces for fourth-generation
particle production and decay, as well as the effects on thgdkector of the Standard Model.

3.2 Lagrangian with four Generations

Within this model of a chiral fourth family we enlarge the SMihclude a complete sequential
fourth generation of chiral matte€), w4, d4, L4, €4), as well as a single right-handed neutrino

17
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v,. Structurally the gauge interactions remain the same
Lgauge = 1Q,PQy + ity Puy, + idy,Pdy, + iL, DL, + i€, Pe, + iv,d,, (3.1)

where the covariant derivatives contain,

D,Q, = [QL - igg)\an - iggTiW/i - ingQBu} Qp,

Dyuy, = [0, —igs\'GS —igyYuB,] up,

Dyd, = [0, —igs\"Gy, —igyYaB,] d,, (3.2)

D,L, = [QL — iggriWZL — ingLBu} L,

Dye, = [0, —igvYeBley,
with G, W, and B, the gauge bosons 6fU (3), SU (2) andU (1), respectively with genera-

tors\*, 7 andYg ya.r.cy = {1/3,4/3,—2/3,—1,2}. The Yukawa couplings and right-handed
neutrino masses are given by

Ly = yQ,Pupq + yi'Q,Pdr g + yP'L,Pep,
T c 1 —c
P L, DR, + 5M:,,qu’pqu +h.c.. (3.3)

The generation indices ayeq = 1,2, 3,4 while we reserve,; = 1,2,3 for the Standard
Model. SU(2) contractions are implicit. Light neutrino rsas can arise from either a hierarchy
in neutrino Yukawa coupling;&;’j < y44 OF right-handed neutrino massgf; > M, or some
combination. We mainly consider two possibilities for tloeifth—generation neutrino mass:
purely Dirac (4, = 0) and mixed (/44 ~ y%v).

3.3 Constraints on a fourth generation

There are four obvious restrictions on a fourth generatippThe decay width of th& boson;
(2) Obligue electroweak effects; (3) Generational mixif@;Direct search bounds. We discuss
them one-by-one.

3.3.1 The invisible width of the 7

The Z boson couples gauge-like to all fermions, includingtriros. Therefore, the total decay
width, I'z, has contributions from all fermions with; < M /2:

I'g=Tlee+T,+1T07+Ty+ NIy, (3.4)

whereN is the number of neutrinos in which t#eboson can decay. A further decay channel
to a fourth neutrino would not be observed directly, but itNdoincrease thel decay rate and
thus increasé 'z, resulting in a decrease in the measured peak cross-seficthe visible final
states. At LEP, the number of light neutrinos was found taVbe- 2.98 + 0.05 + 0.04 [52].
Once a fourth—generation neutrino has a mass> M /2, the constraint from the invisibl&
width becomes irrelevant.
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Figure 3.1: Electroweak corrections ifif — f f scattering.
3.3.2 Oblique electroweak effects

Most of the present and future collider experiments can tegpneted as two-particle scattering
of light fermions, either because they actually involve shattering of two fermions, or an ini-

tial fermion decays into three lighter ones. There is a latgses of models, i.e. SM with four

generations, which contribute dominantly to precision saeements by modifying the propa-
gation of gauge bosons which are exchanged by the fermiags 8-1). These contributions

alter the gauge boson vacuum polarizations

Iy (q) = [T5" (¢%) + 105" (¢°)] 9 + ¢"a" A (¢%) (3.5)
with a,b = v, W, Z. For light fermions the form factorA can be neglected.

The parameters, T andU are suitable combinations of self-energies (called oleliparame-
ters [53]) that describe such effects at the one-loop lefvelextroweak corrections [41][54]:

My (0) 5 (0)

Mz) AT =
" M
a (Mz) _ gy (M) — 1y (0)
2 .2 AS = 2
4s%,c M7
syl (M) I (M) 06
CzSyz M% M% ’ '
M TIRew M2 — TInew
4s7, My,

e T (ME) IS (M)
Sy M% M% '
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wherec; = cos Oy (My) ands, = sinfy, (My). To calculateAS (and AT and AU) we use
exact one-loop expressions [55]. Using these paramelersffiect of new physics on measured
quantities, i.esin’ Ay, M, I',, can be parameterized, giving severe constraints,dnandl
themselves.

Splitting the up-type from down-type fermion masses in tames electroweak doublet can
result in a negative contribution t&. In the large mass limit,, ; > M, the contribution tc
depends logarithmically on the ratio, /m, [41, 42]:

2

Ag = e (1—Y1nm—;>, (3.7)
67 m;

whereY is the hypercharge of the left-handed doublet of fermiorth @egeneracy (color fac-

tor) N.. (3.7) is a very good approximation and agrees to an accuriagy).01 with the full

calculation. Clearly the fourth—generation contribuida S are reduced ifn,, /mg4, > 1 for

quarks ¢ = 1/3) andm, /m, < 1 for leptons(Y = —1).
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Figure 3.2: The blue lines show the contours of constami,, whereas the red ones show
AT, for the fourth—generation quarks. The yellow region is esed by Tevatron searches
(Muy.d, > 258 GeV).

In Figure 3.2 we show the size of the contribution from the d,) doublet as a function of the
masses of the quarks. The effect of using the exact one—lqopsgsions is modest. The typical
size ofU is smaller thard).02 everywhere, and so we gét= 0 throughout.

An appropriate split between the masses of the neutral aadyedl lepton of the fourth gen-
eration may minimize the contributions to tieparameter:m, , ~ 100,135 GeV implies
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parameter set m,, mg, mpy | ASir ATie
(@) 310 260 115 | 0.15 0.19
(b) 320 260 200 | 0.19 0.20
(© 330 260 300 | 0.21  0.22
(d) 400 350 115 | 0.15 0.19
(e) 400 340 200 | 0.19 0.20
) 400 325 300 | 0.21  0.25

Table 3.1: Contributions toAS and AT from a fourth generation. For the lepton masses we
choosen,, = 100 GeV andm,, = 155 GeV, givingAS,, = 0.00 andAT,, = 0.05. All
points are within the 68% CL contour defined by the LEP EWWG.

(AS,,AT,) ~ (0.02,0.02), and the slightly larger values, , ~ 100, 155 GeV give(AS,, AT,)
~ (0.00,0.05).

We define(S,T) = (0,0) for the Standard Model with, = 170.9 GeV ! andmy = 115
GeV. This is withinlo of the central value of recent fits of combined electroweatk di@m
LEP Electroweak Working Group (LEP EWWG) [56] and the PDG][®oth groups use the
most precise constraints aghand7: sin” Gfef;t and My,. Due to the fact that thé-T" plot
generated by the LEP EWWG is newer and just uses the lepteneydvidthl’,, which is not
as-sensitive instead of the decay width of tHebosonl', the peak hadronic cross section
and R, = o43/0,,, we use the LEP EWWG results when quoting levels of confidémdee

following. However, we do not expect to obtain significarftefiences by using the PDG data.

In Table 3.1 we provide several examples of fourth—germmaermion masses which yield
contributions to the oblique parameters that are withincie C.L. ellipse of the electroweak
precision constraints. We illustrate the effect of inchregsHiggs mass with compensating
contributions from a fourth generation in Figure 3.3.

More precisely, the fit to electroweak data is in agreemettt thie existence of a fourth gener-
ation and a light Higgs comparable to the fit to the Standardéflalone withmy = 115 GeV.
Using suitable contributions from the fourth-generatiarads, heavier Higgs masses up to
315 GeV remain in agreement with tl68% C.L. limits derived from electroweak data. Heavier
Higgs masses up to 750 GeV are permitted if the agreementdaith is relaxed to the5%
C.L. limits.

It is by no means necessary to restrict our analysis to pubalc neutrinos. There is also a
possible reduction of;,; when the fourth-generation neutrino has a Majorana masparahle

to the Dirac mass [58, 59]. Using the exact one-loop expoessof Ref. [59], we calculate the
contribution to the electroweak parameters with a Majoran@ss. However, it is not easy

! The measured top quark mass changed slightly over the lass.y& combined analysis from CDF and DO
[57] yields:
my = 170.9+ 1.1 + 1.5 GeV.
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Figure 3.3: The 68% and 95% C.L. constraints on tt#& 7") parameters obtained by the LEP
Electroweak Working Group [56]. The red line shows the shithe (.S, T) plane, resulting
from increasing the Higgs mass, whereas the blue arrowsatelthe the shifts ich S and
AT from a fourth generation with the parameter sets given inerai.

to find parameter regions where theparameter is lowered b S,, without contributing to
AU, ~ —AS, and AT, or violating current direct-search bounds from LEP Il (S3e2.4). This
does not mean that we exclude Majorana-type neutrinos, iartwwve find regions oAS, ~ 0.
For example, the lepton Dirac and Majorana masses M4,) = (141,100) GeV give the
lepton mass eigenstatés:,,, m,,, m;) = (100,200,200) GeV, contributing to the oblique
parameters ofASy, AT;) = (0.01,0.04).

3.3.3 Bounds from flavor physics

Flavor physics can constrain the off-diagonal eleméfts V4, of the4 x 4 CKM matrix. As

in the Standard Model, tree-level flavor-changing neutnalents are absent. Rough constraints
on the mixing between the first/second and fourth generatiarbe extracted requiring unitarity
of the enlarged x 4 CKM matrix. The SM3 x 3 sub-matrix is well tested by a variety of SM
processes [39]. The unitarity of the CKM matrix provides tkation

4
Z Vol q>; = Opg- (3.8)
=1

From (3.8) it is possible to deduce the absolute values of GHarix entries for the fourth
generation. Using combined measurements [39] gives thafimlg numbers:
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Vs> = 1= [Vaa* = [Vis]* = [Vin|* =~ 0.0008 £ 0.0011,
Vews)? = 1—[Via]® — |Vis® = |Via> =~ —0.03+0.027, (3.9)
Viaa? = 1= |[Vial® = [Vaa)? = |[Via* =~ —0.001 £ 0.005 .

If we require all of these constraiten the additional CKM elements be satisfieditg we
find
Vaaa] S 0.04,  |[Viyal $0.08,  [Vea,| S 0.17.

As all CKM elements suffer from uncertainties unitarity salerations can just be conserva-
tive. The size is ofV,4,| < 0.04 is still significantly larger than the smallest elementsha t
CKM matrix |V,|,|Via|- Four CKM elements are lefif,,, Vi,s, Vi, @andV,,q,) but could be
constrained through a global fit to tdex 4 CKM matrix, including the contributions of the
fourth-generation quarks to specific observables in lo6fis$2]. Comparable to the SM, the
elements connecting the heaviest and second heaviestatjeneare much less constrained than
the others. To extend the approach of considering uniteritpnstrain some of the remaining
elementd/;, has to be known from experiment. Single top production ses can be used to
obtain a lower limitV;, > 0.68 at 95% C.L. [63]. Hence, if the mass difference between the
fourth and third generation is large enough, a fourth gameravill decay predominantly into
the third.

There are two additional CP-violating phases in4he 4 CKM matrix, but since their effects
are proportional to the unknown real parts of the off-disaddKM mixings, we ignore their
effects.

A fourth generation does not only introduce new sources wbflgiolation in the quark sector
but also in the lepton sector, where the analogon to the CKMixnia the Pontecorvo-Maki-
Nakagawa-Sakate (PMNS) matrix, defined as

(]el/e Ueuu UEVT Ueu4
U Ve U vy U Vr U v

Upuns = Ue, UJL = ije Ui/u U:'LVT Ujuj (3.10)
U84l/e (]641/H U84I/7- U€4I/4

The unitary matriceéij and UjL perform the rotation from gauge to mass eigenstates for the
left-handed leptons. In this model the PMNS matrix is<ed matrix, receiving constraints from
lepton flavor violation in the charged and neutral sectorse @ther stringent constraint comes
from the non-observation of the FCNC process- ey. For weak-scale purely Dirac neutrinos
this constraint is straightforward to estimate using [64F obtain|U.,U,.4| < 4 x 10~*. This
suggests that first/second-generation mixings with theliaqgeneration need to be a bit smaller
than about).01 to satisfy all constraints. Other generational mixings alo be constrained

2 More stringent constraints can be obtained with specific@sses. For example, in [60] it is mentioned that the

recent observation dﬂo-ﬁo mixing leads to the constraifit,,q, V..4,| < 0.002 which is an order of magnitude
stronger than those obtained from unitarity consideration
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Figure 3.4: Neutrinoless double beta decay

from the absence of lepton-flavor violating effects, whegaia third/fourth-generation mixings
are the most weakly constrained.

Processes with neutrinoless double beta decay providesgteekperimental test whether neu-
trinos are Dirac or Majorana particles (Fig.3.4).
Further, assuming a weak-scale Majorana méss they can provide significant constraints
on |Uy|. Such a process can be mediated by a very light neutrino mixith a weak—scale
Majorana neutrino. Assuming only mixing between the firdd &ourth generation [65], we
obtain -
Geal PeMaa (3.11)

3m7,
wheremp = y,v and PMNS phases are ignored. This expression is valid asitiee fourth-
generation neutrino masses exceed the characteristigyeseale of the double-beta nuclear
processm,, , > pr ~ 60 MeV. Inserting characteristic values, we obtain

mp

M{?(100 GeV)!/?

|U.s] < 0.9 x 1072 (3.12)

This bound is just relevant for Majorana masses which aréalmw a certain value)/,, <
10 MeV.

3.3.4 Direct search limits

Mass bounds on the particles of the fourth generation wareeddrom searches at LEP Il and
Tevatron. Bounds from LEP Il are more severe for the leptsetor, while the experiments
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at Tevatron constrain the quark sector more severely. €aidd to a lower mass bound at LEP
Il for a charged lepton of01 GeV [66] and a bound on unstable neutral Dirac neutrinos are
(101,102,90) GeV for the decay modes, — (e,u,7) + W. Assuming a Majorana mass
just weakens these limits by about 10 GeV. There is littléeddnce between bounds for dif-
ferent flavors, charged versus neutral leptons, and Magovarsus Dirac mass. Hence, to be
conservative, we apply the LEP Il bounds,, 4, .., 4, = 100 GeV, throughout.

The CDF search at Tevatron gains the strongest bounds orpthge quark mass from the
channelu,uzs — qgW W, obtaining for the lower boundh,,, > 258 GeV to 95% C.L. [67].

In this analysis n@-tag was used, so there is no dependence on the final-stdlavat and
hence this limit applies independent of the CKM eleménts. There is no analogous limit on
the mass ofl, beyond the LEP Il bound [68]. lfny, > m; + my and|Vig,| > |Vaal, [Vedals
thend,d, — ttWW is the dominant decay channel. Thefinal state is very instable and
receives huge QCD backgrounds, hence the reconstructien,at not possible. If the decay
proceeds through a lighter generation, then the producéitthand signal are the same as for
uy, and so we expect a bound on the masg,fimilar to that ornuy. If my, < m; + my, then

d, decay could proceed through a 'doubly-CKM’ suppressedleeel processly, — cWW or
through the one-loop proceds — b2 [69, 70]. In particular, takind®3R(d, — bZ) = 1, CDF
obtains the bound,;, > 268 GeV at 95% C.L. [71]. Again, for a conservative estimation we
choose to adopt the largely CKM-independent boung ,, > 258 GeV.

3.3.5 Results from Constraints

The results from Sections 3.3.2-3.3.4 do constrain thenpater space of the SM with an ad-
ditional fourth generation but still leave enough freedamconclude, that such a model is
perfectly possible and by far not excluded. A Majorana massife neutrinos of the fourth
generation is not even necessary, although it might wedierdnstraints further. The region
which is in agreement with all experimental constraints aitth minimal contributions to the
electroweak precision oblique parameters is charactkhye

me, —m,, =~ 30—060GeV,
1 myg
e — ~ (14 -In—=—) x50 GeV,
M = s ( +5“115(;ev)>< ¢
[Vada s [Visaal 0.04, (3.13)

S
|U84|7 |UM4| S 0017
> 100 GeV and my, 4, > 258 GeV.

The other elements of the CKM and PMNS matrix are not stronghstrained. The smallest
contribution to the oblique parameters occurs for smallgdighasses. Splitting between the
lepton and quark masses is small, hence the two—body dé¢ays v,WW andd, — usW
generally do not occur. Finally, while there are strongriesdbns on the masslifferences
between the up-type and down-type fields, there are muclenriggtrictions on thecale of the
mass.

My,
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3.4 Higgs Searches

After concluding, that a fourth generation is in agreemeitih &ll measurable observables we
have at hand, we want to analyze the impact of this SM extarmidHiggs physics. Expecting
a change in the branching-ratio, production cross sectioinsggnificance pattern we consider
all of them, to make comparison with Sections 2.1.2 and 2s8.ea

3.4.1 Theoretical constraints on the Higgs sector

As discussed in Section 2.1.1 the Higgs mass is subject twdtieal constraints, limiting it to
the sub-TeV region: (1) the possibility that the quarticging is driven negative, destabilizing
the electroweak scale, and (2) large Yukawa couplings mlyithe Higgs quartic and/or the
Yukawas themselves to a Landau pole (2.16),entering a strong-coupling regime.

In both cases the problematic coupling is the Higgs quastige it receives much larger new
contributions to its renormalization group running frone flourth-generation quark Yukawas
couplings. The renormalization group equation for the tiwaoupling is given in (2.15).
Adopting again the conservative approach we do not impotéessacuum, but a meta-stable:
The possibility of the transition into a different vacuunritg the age of the universe due to
qguantum fluctuations has to be smaller than 1. It can be shbaintlie probability that the
electroweak vacuum has survived quantum fluctuations toddy is given, in semi-classical
approximation by [20]

pr (B) e <, (3.14)

whereS is the Euclidean action, the solution of the classical fieldagions interpolating be-
tween the two sides of the barriar.is the cut-off scale, where new physics enters and where
the calculation is not valid any more. Hence, the scale athwthis inequality is saturated is

a minimum scale, requiring new physich. = 1.4 10~*? GeV is the Hubble scaleS can be

approximated by

1672
S~ — (3.15)
3IA ()]

Thus, the critical region where the transition probabiktglose to 1 is

Ag?

(3.16)
From the second constraint we can deduce an upper bouncefbliggs mass. Demanding that
the quartic coupling remains perturbativé;) < 4, we find that the bound of the Higgs on
the cut-off scale of the theory rapidly becomes small as tiggg$imass is increased. Both of
the constraints were taken into account in Figure 3.5.

We find the maximal cut-off scale, before new physics of amdkenters, occurs for Higgs
masses in the neighborhood3s) GeV. Much lower Higgs masses, in particutay;, < 2Myy,
imply other new physics must enter to prevent developingepéeminimum away from the
electroweak-breaking vacuum.
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Figure 3.5: The maximum scale at which new physics enters into the Higgsnpial to avoid
either a too short—lived vacuum or to avoid a Landau pol@.inThese two constraints
are gualitatively distinct: meta—stability can be restolog weakly coupled physics below
a TeV scale, whereas the Landau pole signals a stronglyactteg Higgs sector. The
dashed curve reproduces the SM triviality bound.

3.4.2 Phenomenological implications on the Higgs search

The set of mixing elements and mass hierarchies shown i8)Y3ds significant effects on
Higgs searches at the LHC. One clear observation is thatsHiggays into fourth—generation
particles, if possible at all, are expected only into legtamnless the Higgs is exceptionally
heavy which is disfavored by precision data.

As discussed in Section 2.1.2, a loop-induced decay anduptioth processes are especially
sensitive to new physics. In the SM the top is the only colgradicle with sizeable coupling
to the Higgs. A fourth generation with two additional heawatks increases the effectiye H
coupling by roughly a factor o, and hence increases the production cross seetjpny by

a factor of 9 [72]. The Yukawa coupling exactly compensategtie large decoupling quark
masses in the denominator of the loop integral [27]. Thisltés nearly independent of the
mass of the heavy quarks, once they are heavier than the bhagp efihancement allowed CDF
and DO to very recently rule out a Higgs in a four generatiomehavithin the mass window of
roughly145 < my < 185 GeV t095% C.L. using the procesgy — h — WHW~ [73, 74].

A fourth generation induces important changes in the briagatatios of the Higgs. Due to their
large Yukawa couplings, the effectiyg H coupling strength is dramatically increased and thus
the decay rate of — gg as well. It even becomes the dominant decay mode for a Higgs
mass lighter than aboutl0 GeV, if in this region no decays into fourth-generation fems
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my | 115 200
Ay | —8.0321 | —9.187 — 5.646i
A | 1370 1.458
A, | 1.344 1.367
Ag, | 1.349 1.382
Ap, | 1.379 1.491

Table 3.2: The dominant form factors for the decaly — vy and H — gg according to (2.19)
for the parameter points (a) and (b). Hér— gg just the quark loops contribute.

occur. Unfortunately it is probably impossible to extracnh the two-jet background at the
LHC. The presence of this decay effectively suppressestladirawo-body-decays branching
ratios, including the light-Higgs discovery mode— 77, by roughly a factof).6. In the mass
region abovd 40 GeV bosonic decays dominate over the fermionic ones.

More subtle effects occur for the loop-induced deéhy- ~+~. In Table 3.2 we show numbers
of the form factors (2.19). Whereas the form factors fér— g¢g, which are induced by
quarks, interfere constructively, the interference betwkeavy quarks and spift bosons is
destructively. Hence, the branching rafid? (H — ) is suppressed by roughly a factof9
compared to the SM. The numbers are almost independent freraxtact fermion masses, as
long as they are large enough. In particular, the contmstirom the fermions in our reference
parameters points (a) and (b) can be described by the deagliptit. The enhancement factor
of 9in o, breaks down if the Higgs mass is around the top thresh-olidmeand subsequent
heavy-quark thresholds. Here, absorptive imaginary pgpear (Table 3.2).

We show the complete set of branching ratios in Figure 3.Bpr&dictions for Higgs decays are
computed with a modified version of Hdecay [26] which inclsidadiative corrections also to
the fourth—generation decays, but no off-shell effectdliese decays. Due to the color factor
N, decays into tops are prefer into the leptons of the fourthegeion?, andv,, but all of
them are smaller than the decays to the massive gauge bosgeeral, there are decays into
fourth-generation quarks as well - if the Higgs is heavy gfou

For a light Higgs below 200 GeV the effects on different ghafusion channels are roughly
summarized by

UggBR('V'V)|(;4 = UggBR(77)|SM
UggBR(ZZ)|G4 ~ (5---8) aggBR(ZZ)\SM

aggBR(ff)}G4 o~ 5aggBR(f?)‘SM. (3.17)

In Figure 3.7 we show a set of naively scaled discovery castéar a generic compact LHC
detector, modifying all known discovery channels accaydim fourth-generation effects [29].
The enhancement of the production cross section implias thie 'gold-plated mode’H —
77 — 4u can be used throughout the Higgs mass range, from the LERuidto beyond
500 GeV. BothiW W channels [75, 76] are still relevant, but again the gluosiein channél
As mentioned above, the weak—boson—fusion discovery décay 77 becomes relatively less

2

2
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Figure 3.6: Branching ratio of the Higgs with fourth—generation efseetssumingn, =
100 GeV andm, = 155 GeV. For the fourth—generation masses we follow the reteren
point (b).
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Figure 3.7: Scaled LHC discovery contours for the fourth—generatiordeho All channels
studies by CMS are included. The significances have naivedy lscaled to the modified
production rates and branching rations using the fourtheggion parameters of reference
point (b).
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important, even though its significance is only slightly grgssed. Weak-boson-fusion produc-
tion with a subsequent decay to photons is suppressed byrdaeaf magnitude compared to
the Standard Model and not shown anymore, while for the gfusion channel with a decay
to photons the corrections to the production rate and thaydedth accidentally cancel.
Measuring the relative sizes of the different productiod dacay modes would allow an inter-
esting study of Higgs properties that should be easilymistishable from other scenarios (two
Higgs doublet model, Supersymmetry, etc.). Moreovergineay be novel search strategies for
the Tevatron that would be otherwise impossible given justSM Higgs production rate.

0.7 T T T T T T

06 4 Generations: WBF+GF——
Standard Model: WBF+GF------
05 Standard Model: WBF:----

b

0.1+ .

Figure 3.8: Angular distribution of vector-boson fusion channel at Lid€&suming reference
point (b) with the Higgs mass.;; = 200 GeV and cuts from (3.23).

Weak—boson—fusion Higgs production has interesting featbeyond its total rate. It has the
advantage of allowing us to extract a Higgs sample only baseduts on the two forward
tagging jets, allowing us to observe Higgs decays to tausesad invisible Higgs decays [77,
78].

Apart from the Weak—boson—fusion a Higgs + two jets can bdyred by gluon-gluon fusion.
The calculation of this process is quite involved at leadirder ina, where triangle, box and
pentagon quark loops occur. However, if the Higgs mass matie threshold for the creation
of the heavy quarksp; < 2my, the coupling of the Higgs to the gluons via a fermion loop can
be replaced by an effective coupling [27]. The effectivgg vertex in the large fermion-mass
limit is given by a dimension 5 operator [79]

Eeff = alHijyG‘uy’a, (318)

3 The gluon—fusion tends to be more promising at CMS analysea SM Higgs, whereas the weak-boson-
channel is prefer fourth-generation enhancement.
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whereas the coupling V'V, with V = H, 7 is
Luvy = aHV, V", (3.19)
with Lorentz-invariant form factors,, a,. This reveals the tensor structure

T (q1,q2) = a2 (q1, q2) 9" + a1 (q1.42) [q1 - @29 — ahail. (3.20)

Hereq, andg, are the four-momentums of the bosons. The form facteranda, can affect

the shape ofA¢,;, the angle between the two jets transverse momentum. Tiegedite in the
azimuthal angle is defined by

Pr1 - Pr2

A¢,. = arccos — -
Y |7l [|77.2

, (3.21)

with the outgoing jet momentums andps;.

We employ the following common WBF cuts, which are usuallgdito discriminate the con-
tributions from weak boson fusion and gluon fusion:

N, —ng,| > 4.2, nj, -nj, <0, mi; > 600GeV, (3.22)
prj > 20 GeV, |7’L]| < 9, Rij > 0.6. (323)

n;, is the pseudo-rapidity of the jgt:

1. 1+ cosf
= _lp—" 3.24
i =5 Il1—(30897 ( )

whered is the angle between the particles momentum and the beam Hxésjet separation

AR;; is defined as
AR;; = \/An% + A¢7,, (3.25)

with the pseudo-rapidity difference between the two j&ts,;.

After applying the cuts in (3.23), the WBF dominate the ghiosion contributions in the
SM with just three generations, hence the differential £sEsction remains almost insensitive
against a variation ofA¢,;. But the modification to thggH coupling from a fourth gener-
ation leads to a larger relative size of the gluon—fusiorcess in thef/+2 jets sample. For
Ag;; = /2 the gluon-fusion differential cross section has a minimyiglding peaks around
Ag¢;; = (0,m). This causes a madification in the angular correlation, showFigure 3.8.
We did the analysis using Madevent [80], and used the HEFTeinj@¥]. Measuring this
distribution would provide an interesting probe of the tieasizes of the weak—vector-boson
fusion over gluon fusion, which provides a distinctive difntiation between three and four
generations.
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3.5 Summary

The results of this chapter have been published in [81]. Wesitigated the possibility of the
existence of a fourth generation in the Standard Model aeffiects on Higgs physics. A fourth
generation is in perfect agreement with present measutsrobelectroweak precision data and
is not ruled out by quark-flavor or lepton-flavor physics. Hesv parameters introduced in this
way, e.g. the masses and mixing matrices, are just weakistigned. The LHC with its high
center-of-mass energy should be able to produce and findththfgeneration quarks. Even
easier than in the SM, the Higgs can be found using the 'goidede’ pp — H — ZZ for a
wide range of mass even with small integrated luminositye@imeasures of the cross section
for Higgs production as well as branching ratios of Higg® istibdominant modes, the LHC
will find the fourth generation, if it exists.



Chapter 4

Supersymmetry

Supersymmetric models are one of the most popular candidatdhe SM extension. One
reason is the fact, that in the SM no internal symmetry ptstezalar mass terms from receiving
quadratically—divergent renormalization correctionthe SM is assumed to be the correct
theory up to a possible GUT scale or even to the Planck $calg® GeV), the smallness of the
electroweak scale, or equivalently of the paramgteiis technically unnatural [82h{erarchy
problem). In order to generate the observed masses of the weak gasgedy: has to be of the
order of(100 GeV)2. To keep the renormalized Higgs mass at the order of thereleeak scale,
its bare mass has to be fine-tuned in each order of perturbétemry to cancel the radiative
corrections almost exactly. By noticing that the loop cotians from bosons and fermions have
opposite sign, in supersymmetric theories the hierarcbplpm may be solved technically by
relating bosonic and fermionic degrees of freedom. In @dirgauge theories space-time and
internal symmetries are independent of each other. ColeandnMandula proofed that this
is necessarily the case in any four-dimensional quantum fietory with non-zero scattering
amplitudes [4]. To circumvent this No-Go theorem, aimingxtend a Poincaré invariant theory
by global supersymmetry, an N-extended super-Poincarébi#gcontaining central charges can
be introduced (Haag-Lopuszanski-Sohnius theorem [83l)e Jupersymmetry generataps

[i =1, ..., N] and their complex conjugatg’ transform fermionic into bosonic fields and vice
versa, therefore obeying an anticommutation relation Wwigads to &, graded Lie algebrayV
determines the maximum spin present in the particle speadfithe theory. Renormalizability
requires a maximum spin of one for global supersymmetryctvis equivalent tav < 4. The
most interesting case for our work seems ta\be- 1, where the central charges vanish and the
generators), ) anticommute with themselves. This is the only global suparsetric algebra
which is compatible with observed low energy particle spentand CP violation.

4.1 R Parity

The most general superpotential (4.7) can give rise to feptw baryon number violating in-
teractions and can mediate proton decay at tree level thrthegexchange of the scalar partner

33
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Figure 4.1: Proton decay in theories with-parity violation.

of the down quark. The MSSM either needs to suppress theeliffeouplings in order not
to violate experimental bounds, or remove the possiblend L violating terms assuming a
new Z, symmetry. This new symmetry is calle® parity’ [84]. R parity can be defined as a
multiplicative quantum number such that all particles & 8M haveR parity +1, while their
SUSY partners havg parity -1. All of the Higgs particles in the two—Higgs—doabmodel are
described by = +1. The conserved charge is defined as

R— (_1)3B+L+QS

Y

whereB is the baryon numbef, the lepton number anél the spin of the particle.

The conservation oR parity has phenomenologically a crucial impact on scatteand decay

processes. For example, starting from an initial statel#iwg ordinary SM patrticles (R-even),
the supersymmetric particles must be produced in pairgh&umore, the lightest SUSY parti-
cle (LSP’) is absolutely stable, which makes it a populardidate for cold dark matter.

4.2 Supersymmetry breaking

If supersymmetry was an exact symmetry of nature, partiatestheir superpartners would
have the same mass. Since no superpartners have been dbgetrveupersymmetry must
be broken at energies accessible to present experimerdm &theoretical perspective, it is
expected that it should be an exact symmetry that is brokentapeously. This means that
the Lagrangian remains invariant under the supersymmensformations, but it receives a
vacuum state which is not invariant [85].

Many different models of spontaneous supersymmetry bngahkave been proposed. Typically
the breaking takes place at very high energies in a so-cdlldden’ sector. Thereafter it is
transmitted to a visible sector, e.g. gravity-mediated &l gauge-mediated [87] supersym-
metry breaking models. In the absence of knowledge aboustheY breaking mechanism,
it seems to be phenomenologically acceptable to pararadhrezeffects of SUSY breaking by
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adding to the Lagrangian all possible SUSY breaking termssistent with all desired symme-
tries at the SUSY breaking scale, that do not lead to the peajance of quadratic divergences
[88] (called soft breaking terms). Only the following terare soft supersymmetry breaking up
to all orders in perturbation theory:

e scalar mass terms my; AT A;

e trilinear scalar interactions ¢, A;A; Ay + h.c.

e mass terms for gauge particlegm\\; (4.1)
e bilinear terms bijAiA; + h.c.

e linear terms l; A;

The Lagrangian consists of two parts, one which is invatgger supersymmetry transforma-
tions and one which is not:
L = Lsusy + Lot (4.2)

4.3 The Minimal Supersymmetric Standard Model

The MSSM is the most widely studied realistic SUSY model.slessentially a straightfor-
ward supersymmetrization of the Standard Model, where pimeduces only those couplings
and fields that are necessary for consistency. Its basictgteuis well-known and has been
thoroughly discussed in the literature [89].

The single patrticle states live in irreducible represeoiastof the corresponding algebra which
are called supermultiplets. Each supermultiplet contamth fermion and boson states with
the same electric charge, weak isospin, and color degrefreaafom, commonly known as
superpartners. The matter fields, e.g. the quarks and kepéwa represented through chiral
superfields where each of the fermions gains a complex suatarer. To distinguish the spin-0
superpartners from the SM patrticles they are prefixed witts'afshort for scalar). The SM
gauge fields, i. e. the gluons, thié*, the Z° and~, become parts of vector superfields and get
fermionic partners called gluinos, winos and photino retipely. TheSU (3) ghost fields are
defined by re-writing the Fadeev-Popov determinant; tioeeghey do not have supersymmetric
partners.

To ensure anomaly cancellation and because of the facthtegirbduct of a chiral superfield
and a conjugate one is not chiral but a vector multiplet, itdsessary to introduce at least two
Higgs doubletst{; and H, which give masses to down- and up-type quarks respectively.
supersymmetric models, in contrast to Section 2.2, one &uspivo Higgs doublet fields of
opposite hyperchargef; with Y = —1 and H, with Y = 1. The relation between these fields
and thep, of Section 2.2 are:

o = ety
% = M 4.3

wherei, j areSU(2) indices and, = —ey; = 1, €17 = €92 = 0. The doublet is

H! %(U + hy —igy)
N
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whereg; = (¢7)".

After breakingSU (2) x U (1) invariance they form five physical Higgs particles which éav
to develop supersymmetric partner fields. This yields rwtnd charged Majorana/Dirac
fermions with the same quantum numbers asthg2) gauginos. The renormalizable MSSM
Lagrangian is constructed by including all possible int&oa terms of dimension four or less
that satisfy the spacetime supersymmetry algefita(3) x SU (2) x U (1) gauge invariance

andB — L conservatioh
The particle content of the MSSM is summarized in (4.5).

, fermion  boson
superfields fields fields SU@B3), SU(2), U(1),
matter sector

A ur, Ur,;i 1
@ (dw) <dL,Z-) ’ ? ;
squarks, quarks U; % it 3* 1 —4
D, s, d};; 3" 1 2
sleptons, leptons Li (V“) (5“) 1 2 —1

€L €L
E; €5 & 1 1 2

Higgs sector

. . . H! H!
Higgs, Higgsinog H, (F[}) (H%) 1 2 —1

H, H,
H, (ﬁ%) <H22 1 2 1

(4.5)
, fermion  boson
superfields field field SU@B3), SU(2), U(1),
gluino, gluon Ge A Ga gadi 1 0
winos, W bosong W' Ay Wi 1 3adj 0
bino, B boson B Ap B, 1 1 0
(4.6)

A convenient way to handle supermultiplets in non-abeligmessymmetric theories is the su-
perspace formalism [90]. As Lorentz invariance is inhdgentanifest in the 4-dimensional

Minkowski space, supersymmetry is inherently manifeshexduperspace formalism. Elements
of superspace are specified by supercoordinates), 6), with 6 andd being anti-commuting

Grassmann coordinates. All superfields can be written asta fiower series in these Grass-
mann variables, containing the component fields in the aoeffis. Just two elements enter the
supersymmetric Lagrangian:

I B =baryon number andl =lepton number
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e the so-called F term of a chiral supermultiplet, denote@asin the expansion of the
superfield in the Grassmann variablle

e the so-called D-term of a vector multiplg}. ..

The kinetic real vector supermultiplet is defined as the pebdf a chiral supermultiplet and its
conjugated;®;. Its D-terms contain thé’ components of the chiral multiplef§' F;, which is
absorbed into the scalar potential. Knowing the gauge grdhp particle content and the gauge
transformation properties, the only freedom is in the ch@€ the superpotentidl’ ({®}).
Using the fact that the product of two chiral superfields igiaghiral and restricting the mass
dimension to be not bigger than four, one obtains for the igugiential:

In the Lagrangian, the superpotential occur§s+ 1), whereas the scalar potential is de-
fined as -
(e VA OV (A)
V-—(Fij+ Y F;+ Y F; (4.8)

The scalar potential contains the non-Yukawa terms arigorg the superpotentidd’. Using
the Euler-Lagrange equation yields
oW (A)

whereA; are the sfermion fields in the supermultiplet. Adding thauxiliary component field
for vector multiplets of non-abelian gauge groups, thessgabtential is then readily derived to

be
1 2
V=I5 + 53 (DY = Z|1§\2+%Z(S*T“S)2, (4.10)
J

a 7 a

whereS are scalar fields transforming under the fundamental reptason of the correspond-
ing gauge group and® are the generators of the underlying gauge group.

The most general renormalizableparity conserving superpotential, compatible with gauge
invariance, is

Wassu = €1y [yéijﬁJiEj — Yy Hy QU7 + ] HIQT DY — Mﬁfﬁé]] : (4.11)
wheree, = —ey; = 1, p is the Higgs mass parameter, they, andy, are the samé x 3

Yukawa-coupling matrices as in the Standard Model aaddj denote the generation index.
Using (4.11) the Lagrangian of the MSSM consists of kinghass and interactions terms for
all fermions, Higgs and gauge bosons of the MSSM. It can beic@sthe form

'CSUSY = Echir(zl + Lvec,l + Lvec,2- (412)

The chiral part of the Lagrangian is governed by (4.11),

Lonirar = (210 [y HIL B = yd Q™07 + 4 IHIQ7 D — phi{11]] | +hec). (4.13)
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L1 contains the kinetic terms of fermions as well as the intesaderms of scalar, spinor
and vector fields:

Lyee1 = [QT629,V'+29V+295V8Q + [7te2d' V=29V 11 + Dte2d'V'=20VI
FLIH VUV, fite V' i (4.14)
+H}L€29/\//+29Vﬁ1 + ﬁge2glvl+29vﬁz] ) .
D
The following notation has been used:
Y
Vo=TWe, V=TV V= EUI’ (4.15)

whereT?, T* andY are the generators 6fU (3)., SU (2), , andU (1), respectively.
The second vector part consists of the kinetic terms of ghogens,

Loyecs = ([ - 592 Waewe 4+ 16}2 Wew! + 16193 WgawgaD (4.16)
with the field-strength tensors
we = —%DD (e729:Y> D%+ (4.17)
we = —iDD (7Y Doe") | (4.18)
W= —iDD( —29’V’Dae29’v’) - —gZ/DDDaV’. (4.19)
The covariant derivatives are defined to be
Dy =0y —ia (0,0) 0" of Dy =04+1i(00,), 0" (4.20)

As indicated in (4.2), in the MSSM explicit supersymmetrgdking is realized by adding soft
breaking terms to (4.12). Respecting the criteria for scéaking terms from Section 4.2, the
soft breaking Lagrangian can be cast into the form

Lsopt = 1<J\/[35\

5 S\Z + MQES\;{/ + Mlgj\B + hC)

— % 2

2 (it @ g 2 ok - > 7
Mg (ULt + dL,idL,j> — M g sun; — Mp  dg dr;

2 ~k ~ ~k ~ 2~k ~ 2 2 2 2
—Mj (01,05 + €L 6r5) — Mgég er,; —mi [Hi|" —m; | Hy|

+m2y (e HIHE + hec) — (gU (A;;H{ LB — AYHIQUTY  (4.21)
+ A%H{Q“Dj) n h.c.) .

: e , . . : " J
Again the indices and; denote the three generations. The trilinear couplifigsA}; and A¢;,

the gaugino mass parametéis, M, and M3, the bilinear Higgs coupling,», as well as the
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scalar mass paramete%%’ij, Mg’ij, M%W Mg’ij andMéij can be complex. The Higgs mass
parametersn; andm, are real numbers.

Analogously to the SM it is necessary to include gauge-fixang ghost terms for consistent
guantization of the MSSM Lagrangian. They are selected iidantical way compared to the
SM. Hence, the full expression of the MSSM Lagrangian reads

'CMSSJ\/[ = ESUSY + Esoft + Egauge—fimmg + £ghost- (422)

4.3.1 Mass spectrum of the MSSM
4.3.1.1 Quarks, Leptons and gauge bosons

The identification of quark, lepton and gauge boson eigesstnd the corresponding masses
follows the usual Standard Model analysis. Using (4.11)@restructs the quark mass matrix.
According to Appendix A the weak eigenstates are rotatedh¢ontass eigenstates using the
CKM matrix. The diagonalized Yukawa matricgs y., andy/, determine the fermion masses:

Me = Yov1, Mg =Yg, My =Y,V (4.23)

Neutrino mixing is not considered in the MSSM, hence the gbarepton interaction eigen-
states and mass eigenstates coincide.

Electroweak symmetry breaking turns tH& and B gauge bosons into the mass eigenstates
W=, Z and the photon.

4.3.1.2 Higgs Masses

The Higgs spectrum of the MSSM can be constructed in complegy to Section 2.2. The
scalar potential is calculated according to (4.10). It appéhat because of the assunieft
invariance of the Higgs sector the real and imaginary coraptsof the neutral Higgs bosons
do not mix, so that the x 4 mass matrix in the neutral sector decomposes int@twa blocks.
After diagonalizing the mass matrices for the charged HitgsC' P-odd andC' P-even Higgs,

M _ mi + p® + M3 (%+02ﬁ) —miy — M2 cf3 s3
—miy = My cBsB  mi+ o+ M (5 -c26))
Moo — (mi+p®+3Me2p —m
glg2 _m%z mg + lu2 _ %M%C2ﬁ )
Moo mi + i+ SMZ (326 + 20w $*3) —m2, — Mz cf3 sf3
1 b3 —m2, — MZc3 sf3 m3 + p? + LMZ (26 20w + s20),

with ¢6 = cos 3 ands3 = sin 3 one obtains (2.30) for the mass eigenstates with the Higgs
masses at tree-level
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1
my, = 3 {Mﬁ + Mz + \/ (M2 + MZ)* — AMZM? cos? 23 (4.24)
mys = Mj;+ Mg,

Relations and constraints resulting from (4.24),
mp < My, my>Ms, mge>Ma, My, m;+mi =M;+ Mg,

are just valid at lowest order of perturbation theory. Thyhtineutral Higgs corrections have
been calculated at one loop [91] and at two-loop [92].

4.3.1.3 Chargino and Neutralino Masses

After the breakdown obU (2), x U (1), the states with the same electric charge, color and
spin mix. Hence, gauginos and higgsinos cannot be physarticjes with definite mass. In
the non-colored charged sector there are two candidats, pag WinosiV* and the charged
HiggsinosH;" and H, with

~:|: ~ ~

. —i) . H) - H}
W = ( ;!") . Hf = (ﬁ[—22> and Hj = (ﬁ_11> (4.25)

LAy 1 2

Analogously to the W boson, we have the relation

~+ 1 /1 <2
N =5 <>\W ¥ MW) . (4.26)

The four two-component Weyl spinors combine to two four-poment Dirac fermiong;, X
called charginos. The charginos are no Majorana partitiesce their mass matrix is not

symmetric,
. M2 \/EMW sin ﬁ
M+ = ( VEMyp cos 3 p . (4.27)
(4.27) is diagonalized by two unitary matricésandV’, which are chosen such, thatﬂz are
both positive andnﬂ < Mg, which gives the mass eigenstates ’

—idy
Fp
= 2L, =12 (4.28)
—iAy
;

Not only the charged gauginos and higgsinos mix with eackrothlso the neutral ones, the
two neutral Higgsinogi{ and /3, the ZinoZ and the Photinol,

B H! . H?2 . —idy - —ida
HO — ~_1 , HO — ~—2 , 7 = P , A = = s 429
! <H11> ? <H22 iXz iAa 429
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combine to mass eigenstates, called neutralinos. Comparathe SM the latter two are ob-
tained by rotating\,, and\;; by the EW mixing angle,

Ay :X?,VCOSHW—S\BSiDQW, W :X?ﬁ/sinew#—ﬂgcosew. (4.30)

The neutralinos are four-component Majorana fermions,sghnass matrix is diagonalized by
a unitary matrixvV

N*MoNT = M0 giag, (4.31)
with
M, 0 — My cos Bsin by, My sin G sin Oy,
Moo — 0 Mg MchCW MZ sinﬁcos@w
X' 7 | =My cosBsiny My cos 3 cos Oy 0 — 1
—Mysin Bsinfy,  — My sin 3 cos Oy, — [ 0
(4.32)
The neutralino mass eigenstates are given by:
5(? —7;5\3
% —ix
5 I
X3 ;
X4 H3

As the superpartners of the gluons, the gluinos, are thefertyions which possess exclusively
strong interactions. They do not mix with other particlesheTeight gluinos are Majorana
particles with massq; = | M3| and have the following form

. —idg
a = ~a — 1 8
g ( Z)\G ) ) a ) )

4.3.1.4 Squarks and Sleptons

Within the SM, the only source of flavor violation arises thgb the rotation of the up-type
(down-type) fermion interaction eigenstatés; to the basis of physical mass eigenstates,
such that

fLr= VL{ wft g (4.33)

These unitary matriceB’L{R diagonalize the quark Yukawa matrices. As in the SM, the CKM

matrix isV = VL“VLC”. In the super-CKM basis [93], as a first step, the squarks Epdons
are rotated 'parallel’ to their fermionic superpartnergjeln means that the squark interaction
eigenstates undergo the same rotations at high energyascébeir quark counterparts. Thus,
their charged-current interactions are also proportid@ahe SM CKM-matrix. These field
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redefinitions enter the soft-breaking Lagrangian (4.2hg Bi-unitary matrices can be absorbed
into new couplings:

o 1 T 2 __rru,.2 rrut 2 __77d, 2 77d}
A® = V1A, mg, = U'mgU", mp = UmpU", (4.34)
m = V“m%V“T , m = Vdm%VdT . (4.35)

The sfermion mass spectrum is obtained by diagonalizing tke sfermion mass matrices,
which receive contributions from thB-terms (gauge interactions), tiéterms (superpoten-
tial), the M- and A-terms (soft breaking sector), using unitary mixing masie ;:

Z;M 7! = diag (mf;h_, mf;%) . (4.36)

The entries in the mass matrices which determine the miximgg two left-handed (LL), two
right-handed (RR) or left- and right-handed sfermions (L&) be summarized by

Mipr, = mfgLij + (mfc + (Tgf — @ sin® 9W> M7 cos 25) dij,

Mippi; = M, + (M3, + QpMgzsin® O cos 23) b, (4.37)
i B o\ Af «s | cotp for up-like sfermions
Mpigy = (Hp) A = myp’oy { tan 3 for down-like sfermions’

Q) is the fraction of the electromagnetic charge of the sfemﬂ@‘ is the third component of
weak isospin aneiHj?) denotes the VEV for the appropriate Higgs field. Following tuark
notation, doublet squarks are labeled/asas opposed t6'U(2) singlets, which are marked
as R. Squark mass matrices are given in the basis defined by dihgoark Yukawas (super-
CKM basis). At this point we recall, that the matrices of thieterm contributionsin;, and
m,, , cannot be specified independently/ (2) , gauge invariance implies that

mg, = Vimg, V. (4.38)

The sfermion mass eigenstates are given for the up squaks siquarks and selectrons re-
spectively

ﬁL 1~L1 dL Czl éL él
Cr C1 St 51 fir, fy
70 B I D I R I B R B Bl (4.39)
UR Ug dr ds €R €2
§R §2 SR So :ZLR /12
135 to br by TR T2

In general all entries of thé x 6 mass matrices can be different from zero. But often the
assumption of minimal flavor violation (Sec.4.3.2) is imgdsvhich can simplify the pattern of
the matrices tremendously.

In the sneutrino sector only left-handed fields exist. Tfogeeinteraction and mass eigenstates
are identical with the mass eigenvalues

1
m2 = §m2Z cos 23 + m?,L. (4.40)

vr
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4.3.2 Minimal flavor violation and mass insertion approximation

After supersymmetry breaking using soft terms, the MSSMsmiost general form, allowing
all phases, has up to 124 free parameters. This is a largearuiabophenomenological pre-
dictions. Many of the free parameters in the SUSY-breaketwa lead to large contributions
to flavor-changing neutral currents (FCNCs), which miglolate the experimental constraints
[94].

As the experimental results from flavor physics are in goaéegent with theoretical predic-
tions of the SM, where flavor violation just occurs due to thikafva couplings [95, 96], very
often the assumption of minimal flavor violation is imposedtbe MSSM. A commonly ac-
cepted definition of minimal flavor violation was just redgréstablished, stemming from an
effective field theory approach [97]. We adopt this defimtior our analysis.

In the absence of Yukawa couplings the largest group of mnii@ld transformations that com-
mutes with the gauge group of the MSSM.ig3)”, which can be decomposed as

Gr=[SUB) UM = & [SUB)UD). (4.41)

F=Q,U,D,L,F

The Yukawa interactions, derived from the superpotendidlY), break the flavor grou@y, but
the flavor symmetry can be recovered by treatingithe. in (4.11) as spuriorfsand requiring
them to have indices transforming undét’ (3)]° as

[@u]éQgU ) [Qd]:‘sQ:sD ) [@6]3L3E : (4-42)

Using the flavor groug: -, the fermion superfields can be rotated in such a way, thaftheon
fields obtain a pattern proportional to a diagonal magfix

o=V, Ga=1 D=1 (4.43)

For lowtan 3, all FCNC effects can be described by one single off-diagstnacture [97]

u0t) .~ NV Vi i A
(m)ﬁ{ D)y SNV 7 (4.44)

0 =

with \; = (y.)45. Sub—leading effects on the r.h.s. of (4.44) are supprdsspdwers ofn./m;
[98]. In minimal-flavor violation all higher-dimensionaperators are invariant undérP and
under the flavor grougp: -, i.e. flavor violation is completely determined by the stue of the
Yukawa couplings. This constraints the higher-dimendioparators which can be constructed
from the fields of the MSSM and the spuriof# a non-trivial way. All operators allowed by
MFV can be expanded in powers df¢. In (4.44) we neglect down-quark contributions, which
is an acceptable approximation if bgthandtan 5 are small. According to this assumption in
the MFV MSSM, the soft-breaking terms have to be related ¢oYikawa couplings in a way
which preserves the flavor grodg- formally.

2 For the definition of the spurion fields we shift the notatior4.11) byy; — 4;
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The hermitiart x 6 squark mass matrices from Section 4.3.1.4 for up and dopegyguarks are
composed of the left and right-handed blodk3 , ;. Each block is & x 3 matrix in generation
space:

M? M?
M2:< grr qLR) (¢=u,d;A,B=L,R) . (4.45)

2 2
q
M, Migrr

The explicit expressions for tHHq?AB are given in (4.38). To derive the MFV relations for the
soft-breaking terms, they can be treated as spurion fieltssfiorming undef: - as follows:

2 2 2 d u
|:md~Li| 3@3@ ) [mﬁR] S}UBIJ7 |:md~Ri| 3D3D ) |:A ]3Q3U ? [A ]3Q3D : (4'46)
With (4.42) we obtain the following conditions [97]:
m3 = md (o + bigg + baadlgdl + bsiadlud] + bagudlga))

m2 = mg, (a2l + bs9l9.)

UR
mh. = My <a3]1 + bﬁ@jﬂ)d) ;
A" = 3,4 <a4]l + b??)d?)jl) ;
AY = G440 (a5l + bsudl) -
The a; and b; are real. Hence, to a very good approximation, whereas weectegffects

from renormalization group running, the SUSY-breaking sngarameters are the generation-
universal SUSY-breaking scalar massegs m(;, and the tri-linear termi,.

To discuss the sources of new-physics flavor violation, itseful to define the dimensionless

mass insertions [99, 100]

M?, .
qABij

m2

i (4.47)
The denominator is the geometric me@h = m;mp ;; of the squared scalar masses;af
andgp;. The off-diagonal entries af, ; are significant only in non-MFV models and can be
complex, inducing CP violation. We confine ourselves to #éal and use the intuitive mass-
insertion approximation only for illustration and orddrroagnitude estimates [101].



Chapter 5

Charged Higgs in minimal flavor violation
and beyond

The intention of building the LHC at CERN is either to verifiyet Standard Model as it is
proposed or to find new physics. A charged Higgs particle igmas$ for physics beyond the
Standard Model, at least for an extended Higgs sector. laraemodels of new physics an
extended Higgs sector is proposed, e.g. 2HDM, MSSM, trdiggs models. At a first glance
the detection of a heavy charged scalar might look as an aakybtit in the 2HDM or MSSM
it is not, due to the fact that there is "W * Z Vertex at tree level (Sec. 2.2). In the SM and
MSSM the detectability of a neutral Higgs profits a lot from titee-level Higgs-Gauge-Boson
couplings (Sec.2.1) where in the MSSM and 2HDM the produatiba single charged Higgs
and its decay is only possible via Yukawa couplings. In thetpoominent two-Higgs-doublet
model type Il (Sec. 2.2) there is no doubt that we will see itpet Ineutral scalar Higgs in the
usual Standard Model search channels [28]. Unfortunaielgpsitively identify an extended
Higgs sector it might not be sufficient to simply study thighli Higgs [102]. An additional
heavy charged Higgs is the most distinct signature of a gekliggs doublet. In contrast to, for
example, a heavy neutral scalar, it does not get faked byiaddi scalars that are not linked to
the Higgs sector.

Over the years, many charged-Higgs search strategies atH@ehave been proposed and
studied. For a pure MSSM-type two-Higgs-doublet model thigre leading-order parameter
space is described by the charged-Higgs mags vs. tan § plane, whergan 5 is the ratio
of the two vacuum expectation values. Almost all of the LH@rsh strategies make use of a
particularity in the type-1l two-Higgs-doublet model: theavy-quark Yukawa couplings to the
heavy Higgs states are governedigpyan $ and byy;/ tan 5. The most promising strategy for
finding a charged Higgs at the LHC will therefore include daugs to incoming or outgoing
bottom quarks.

The most promising charged-Higgs production channel isgoaiation with a top quark [103,
104, 105, 106]. The rate can be computed in a 5-flavor or in avbiflscheme, i.e. with or
without using bottom parton densities [107]. Because ofcthraplexity of the top-associated
final state, a charged-Higgs decay to hadronie [108, 109] is easier to extract from the
backgrounds than the (likely undetectable) decay {10, 111].

45
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Unfortunately, all strategies described above are bourfditdor small tan 5. The bottom-
induced search channels only covet 5 > 20, leaving a holean 5 = 2 - - - 20 in the parameter
space. For example in the MSSM in this region we might onlyesléght SM-like Higgs, unless
we are lucky enough to produce light Higgses in pairs comiognfa resonant heavy neutral
Higgs [112]. There are several ideas how to cover this reggamching for a charged Higgs, e.g.
the production in association withl& [113] or pair production. The latter occurs at tree-level
with incoming bottom quarksh — H*H~, it can also be loop mediatedy — H*H~, or for
low and intermediatean 3 we can search fayjg — H*™H~ [114]. Unfortunately, none of these
strategies are too promising, because the rates withaut enhancement are small.

Looking beyond bottom-mediated production channels ile\aaopportunity linked to charged-
Higgs searches: while it is well known how to absorb the legdinflavored supersymmet-
ric loops into an effective bottom Yukawa coupling [115, JLGGe production via light-flavor
guarks can be heavily affected by the flavor structure of tbedehembedding the two Higgs
doublets. As discussed in Section 4.3.2 in an MFV model thezeno other sources of flavor
violation other than the Yukawa ineractions. For the case@MSSM with unbrokeR parity,

the MFV condition is automatically satisfied for supersyntmicegauge couplingsi terms)
and for scalar couplings in the superpotentfatérms). However, general soft SUSY breaking
introduces new sources of flavor violation.

According to Section 4.3.2 MFV implies that (i) all soft saabquark masses need to be diago-
nal in flavor space and (i) all tri-scalat-terms describing the squark-squark-Higgs couplings
have to be proportional to the Yukawas. This set of MFV asgignp automatically avoids a
large fraction of experimental constraints.

Such a minimal-flavor-violation assumption is not necess#érhile some flavor-non-diagonal
MSSM couplings are tightly constrained, others can be otomhe [99, 100]. In general,
constraints on flavor-changing neutral currents (FCNGYiand B physics with their external
down-type quarks are more severe when we consider flavatioalamong down squarks. In
K and B physics down-squark effects can be mediated by strongéyranting gluino loops,
while up-squark effects are mediated by the weak interact@urrently, we only have upper
bounds on charm or top FCNCs with the exception of the reB&m°-mixing measurements,
which mostly constrains mixing between first and secondeggion squarks [116]. Stringent
limits on the flavor structure including the third generatiarise fromb — s andb — d
transitions inB meson mixing and decays. Particularly constraining areddetive decays
B — X,y andB — p, the semileptonic decayB8 — X ("¢~ and B — =/*¢~, and the
B, s—Ba mass differences [117, 118, 119, 120, 121, 122, 123, 124,108,

The analysis proceeds as follows: The multi-dimensionaipater space of the NMFV MSSM
is very large. At first, in Section 5.1, we discuss the geneaoaistraints on this model. In
Section 5.2 we study the single-charged-Higgs production- H=* in the MSSM, assuming
MFV and allowing for general flavor violation. In Section 5a& calculate charged-Higgs
production rates in association with a hard jet, within aegtdnd MFV. A brief background
study for the LHC environment is included.
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5.1 Constraints on parameter space

To calculate rareB decays the effective Hamiltonian theory combined with reradization
group techniques [127] became a standard tool over the Tagears [128], accessible if the
external momenta are much smaller than the masses of the internal particlgsn? > p?).
Particles for which this is true can be ’'integrated out’, @himeans that the heavy particles
are removed from the theory as dynamical degrees of freethance an effective low energy
theory can be constructed from a full theory using the Opeftoduct Expansion (OPE) which
factorizes QCD and weak effects. In general the transitioplaudes generated by the effective
HamiltonianH. ;; have the following structure:

(f |Hoggl i) = % Z VisenCo () (f 10, ()] ). (5.1)

G is the Fermi constant describing the point-like interactdter 'integrating out’ the W bo-
son at the renormalization scale O; are the local operators which govern the decay. The
Cabibbo-Kobayashi-Maskawa (CKM) facthgKM (App. A) and the Wilson Coefficients';
[129] describe the strength with which a given operator rsntiee Hamiltonian. The Wilson
coefficients are perturbative quantities, while are local operators which govern the decay in
question, their matrix elements are non-perturbative efgm Hence, the physics beyond Stan-
dard Model affects exceptionally the Wilson coefficients @loes not alter physics at the soft
scale. A promising way to detect effects of new physicgatecays is to look for deviations of
flavor-changing neutral-current processes from their &&teth Model predictions. FCNC pro-
cesses only occur at the loop-level in the SM and MSSM. Hehpeovides a sensitive probe
of the flavor sector of these models. The vast number of pasbagoing flavor physics mea-
surements has serious impact on flavor physics at the LH®n [Ene previous section and the
rough estimate in (5.53) it is obvious that without any comists on squark mixing the charged-
Higgs production rates could be arbitrarily large. Howe¥ewor physics strongly constrains
the structure of the general squark matrices in (4.45). Ti@ortant parameters are tiig?

o wd : ) o
entries in thed-termsA™“ and the correspondind.{, R R)-type mass matrlce&Uh By, Da"

5.1.1 B-B mixing

Weak interactions do not conserve quark flavors and canzhixith B° states, for example by
box diagrams like Figure 5.1.

ThereforeB® and5° has to be considered as a coupled system with the possdfitittransition
between them. This phenomenon®f-5° oscillation (known as3°-B° mixing) occurs for
other flavors, toh Here, as we are interested in flavor violating parametesdsn thested in
flavor violating parameters between the first/second amd g@neration the process of interest
is BY-BY mixing 2.

1 Such oscillations were first found in tH€® — K° system [131]. From the calculation of tié, — K g mass
difference even the charm quark mass could be estimatedeiefaliscovery [132].
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X
— L ?—%
br ‘ L(L.R) i dr
X X
\ G | YR
| |
« - - o _
dr X br

Figure 5.1: Chargino contribution to Operatar, in B-B mixing.

B = (bq) and B® = (bq) are flavor eigenstates. The transition between the two fleigan-
states are caused by the off-diagonal terms in the effeetamiltonian (5.6):

2mp | Mio| = [(B° |H}7?| BY)|. (5.2)

The factor2m g reflects the normalization of external states.

In supersymmetric theories the effective HamiltonianAds = 2 transitions can be generated,
in addition to the W box diagrams of the SM, through box diagganediated by charged

Higgs, neutralino, photino, gluino and chargino exchan26]. While the Higgs contributions

can be neglected because of the smallness of the quark mé#ssesutralino and photino

exchange diagrams are also suppressed compared to the ghdrchargino ones, due to their
electroweak neutral couplings to fermions and sfermiormisithe dominant contributions for
the off-diagonal entry can be expanded by

My = MM 4 MI, + MY + M (5.3)

where MM, MY, Mfg and M2 indicate the SM, gluino, chargino and charged Higgs con-
tributions respectively.
The SM contributions are known at NLO accuracy in QCD and arergoy

G

M3 = 5555 B, f,mu My, (Vig Vi) So (w2) (5.4)

wheref3, is the B-meson decay constad%Bq is a renormalization-group-invariant parameter,

n = 0.55+0.01 and
_ Awy — Uaf + 2  3aflnw, (5.5)

5 (@) 41—, 2(1—2)°

wherex;, = m? /M3,

2 BY — BY gave the first indication of a large top quark mass [133].
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The most general effective Hamiltonian fa&rB = 2 processes, induced by gluino, charged
Higgs boson and chargino exchanges throdgh = 2 box diagrams, can be expressed as

3
HE5? Zc Z ) + h.c., (5.6)

whereC; (1), C; (1) andQ; (1) , Q; (1) are the Wilson coefficients and operators respectively
renormalized at the scale The effective operators are defined in the following way:
Q1= quuquLvubi, Q2 = gjbf Tpby, Qs = GRb; Qpb2,
o —B710 —Bra (57)
Q1= qrb7 QLva Qs = qu bR

The operatora@l,zg are obtained fron®), » 3 by exchangingL < R. In this work we are
predominantly interested in mixing in the up-squark sectdvich is mediated by charginos or
charged Higgs bosons. Due to the smallness of the Yukawdingamf the light quarks we
can safely neglect the contributions to all operators eixfrepn 1, @, and (3. We assume,
that mixing in the down-squark sector, giving rise to glweoontributions, is just induces due
to SU (2) invariance (Sec.5.1.4). In good approximation, they amétdid to thel L. sector and
thus to contributions to the OperatQy. Analytical expressions for the Wilson Coefficients in
full diagonalization can be found in [126, 125].

The Wilson coefficients at the scalés, C; (Mg), are connected to the low energy ordés )
(whereu ~ O (my,)) via the renormalization group equations by

= Z Z (bgr,s) + ncl(r,s)> n“C, (MS) (5.8)

wheren = a, (Mg) /as (). Numerical values fob *) anda; are given in [134].
To reduce the numerical uncertainties of the hadronlc qlmmtl.e. quBBq, itis possible to
consider the impact of 'new physics’ compared to the Stahtaodel.

For Bg_§2 mixing at 90 % C.L. the 'new physics’ contributions can bereated [123]:

046 < 2T 15y (5.9)
Amd

The same can be done fBrS—FS mixing . Using CDF data only [124] the latter implies

Am
0.56 < +— SM < 1.44 (5.10)

at 90 % C.L.. In both cases the error is dominated by the thewcgrtainty.
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Figure 5.2: Chargino contribution to Operator-.
512 B — X,yand B — p'y

The rare inclusive decay process — X,v is one of the most important in B-physics since
its experimental observation sets stringent constraimthie parameter space of various exten-
sions of the SM [136][135]. At lowest order this can be ddsedi byb — sv. The effective
Hamiltonian for this decay is usually expressed as [137]

AG LS S
Hff = —TQFWS D Ci(w) O (1) + > Ci(p) O; ()| (5.11)
i=1 i=1
whereV}, andV;, are the according elements of the CKM matrix. The operafﬁglare obtained
from the operator®); by interchanging. < R.

O1 = (SLavubra) (CLgvcrs),
Oy = (Scav,bre) (Cprcra),
O3 = (Snavubra) Y (Gpr"qus),
q=u,d,s,c,b
Oy = (5pa7,brs) Z (@ qra)
q=u,d,s,c,b
Os = (5La7ubLa) Z (Gre7"ars) , (5.12)
q=u,d,s,c,b
Os = (5La7,brs) Z (TrsY"qRa) »
q=u,d,s,c,b
e ~ »
07 = 167T2mb3LaUuubRaF ’
gS = a 14
Og = mesLao’uuTaﬁbRﬁGg .

whereo,, = 2 [vu,%} anda, g areSU (3) color indices. 7%, a = 1...8 are the generators of
QCD. HereF'* andG*** denote the electromagnetic and chromomagnetic field dtreéeagsor,
respectively.
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To an excellent approximation, the contributions of all @pers except fron0,, O, O, O-
andOg can be neglected [138]. In general, the prediction for tlabhing ratioB — X, is
obtained by normalizing the partial width to the semileptaone, eliminating a large uncer-
tainty, due to the b-quark mass;. The leading order decay rate for the semileptonic process
can be expressed by L -
E F ) Vel (5.13)
wheref (z) = 1—8z+ 823 — 2* — 1222 In z is a phasespace factor depending on the mass ratio
z = (m./my)?, while the one folB — X,y is given by

I'(B — X.ev,) =

5072
my G

I'(B— X)) = S Vi Vil Kro. (5.14)
For the ratio we obtain
['(B— X) 6a | ViV |?
Ry, = = =% Ko, 5.15
E N (B— Xeev) wf(2)| Vau Lo ( )

where the quantity<';, covers the contributions by the Wilson coefficients at thalesou,,.
Using the theoretically calculable quanti., the branching ratio is given by [139]

BR(B — X,7) = Ry, X BR(B — X.ep) ~ 0.106 R,. (5.16)

The general structure df ;o = |C°// (mb)\2 is

KLO = Z Z k’,‘j Re (Czk (mb) C]k ¥ (mb)) + Z k2i Re (CZL (mb) CZmb) (517)

i,j=7,8 k=L,R i=2,7,8
1<j

where the Wilson coefficients in the NMFV MSSM are decompasete following way:
Cf = Crsy+Crye+Cr s+ CEo+CF;
Cf = Cfo+CE
Cy = Cisy+Ciyr +Cie+Ciro+Ci; (5.18)
ch = ngo + Céfg

Using the renormalization group equations the leadingrocdefficients at the scale:, are
[140]

1/ 12 6
02 (mb) = 5(7’] 23 _|_7723 ,
8
L 8L 8 14 w2\ L @i
Cy(my) = nz=C; (MW)+§<773—77 )C (MW)+;hz77 )
R Lo 8 ( 1 18\ g
Cff(my) = wHCR (M) +3 (nF =¥ ) COF (M), (5.19)

8
C§ (m) = nBCE (Mw)+ ) ha™,

Cl(my) = nuCE(My),
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wheren = a, (M) /ag (my), and

14 16 6 12
a = <% 53" 53" 33+ 04086, —0.4230, —0.8094, 0.1456)

626126 56281 3 1
i (2722727 ~fi7ag 7 1q 06494, —0.0380, ~0.0186, —0.0057) (5.20)
7 313063
i = apanap’ 2 Y Yy Y 1 y - , U. 1, .02 .
(363036 0,0,0,0.9135,0.0873,0.0571,0.0 09)

Finally, thek;; have to be extracted to be able to obtain numerical resultBfo(B — X,v).
Analytic expressions for thie; can be found in [138]. These Wilson coefficiefits; s andC' s
have been calculated to one loop order [118] and incorpaiate the Feynhiggs library [141].
To include the constraints frold — X,y decays we demand 88% C.L. [117]:

2.94-107* < BR(B — X,v) < 4.14- 107 (5.21)

The inclusive decay3 — X7, theoretically favored, is CKM-suppressed comparedte-
X,v and hence suffers from a large background. Instead, theisixeldecayB — p%y has
been measured recently and can, although theoreticalyvies, be used to find bounds on the
squark mixing parameters, between the first and third géoara

The branching ration fo3 — p"y is obtained by just slightly changing the analysis from
(5.11)-(5.20). Its decay rate in leading order is given B2[J1

Gia

0.\ —
F(B—>p’}/)—32ﬂ_4

(1 =) VgV > mEmi |CIT (%) \%ioF,fo, (5.22)
N————

Kro

wherer = mio/sz ~ 0.021, cpo = 1/v/2, Fo = 0.29 and the quantity<;, the contribu-
tion from the square of the effective Wilson coefficientss tlae same structure as in (5.14).
The Wilson coefficients and their running due to the RGE adependent from the external
particles. The first signal df — d~ transitions has recently been seen by BaBar and Belle in
B — (p,w)~ decays [119]. Ab0% C.L. we use

0.63-107% < BR(B — p’y) < 1.24-107S. (5.23)
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513 B — XJ"l"and B — wl*l~

Figure 5.3: Chargino contributions to th&-Penguin.

To describe the proce#s— sl it is necessary to extend the effective Hamiltonian which
was used fob — s+, (5.11) by two operators:

- 4G . 10 10 " "
Herr (b= sUT17) = Hepp (b— 57) — —2 Vi Vit | S Co (1) O (1) + > Ci (1) O; (1) | -
=9

V2 P
’ (5.24)

Here, to a good approximation, the Wilson Coefficiefifé’, C<//, ¢/, e/ ¢y, andCyy
enter the differential decay width, which are derived by\Witson Coefficients at the scaldy,
using the renormalization group equation [118]:

8
(& 8 i
CF = Cr (M) "% 4 S Cs (Myw) ("% = ') + 3 han®
i=1

A 8
eff  _ ™ w(S)\ [ it
el = <QS<MW)+ )( 0.1875+ > pin >

i=1

Y (l’t> + YSUSY
+ —
sin” 0

8
+ (E (%) + ESUSY) <01405 + Z qinai-l,-l)

i=1

—4(Z (x) + 25797 (5.25)

8
+1.2468 + Z nai |i7“i + s+ t,h (ﬁ, §) + u,h (1, §) + Uih (O, §)
i=1

Y (xt) + YSUSY
sin® Oy, '

my

Cio = -
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With z; = (m,/my)* and the magic numbers

(0.6087,0.6957,0.2609, —0.5217, 0.4086, —0.4230, —0.8994, 0.1456) ,
(2.2996, —1.0880, —0.4286, —0.0714, —0.6494, —0.0380, —0.0186, 0.0057) ,
pi = (0,0,—0.3941,0.2424,0.0433,0.1384,0.1648, —0.0073),
¢ = (0,0,0,0,0.0318,0.0918, —0.2700, 0.0059),
ri = (0,0,0.8331,—0.1219, —0.1642,0.0793, —0.0451, —0.1638),

(

(

(

(

a; =

hi:

0,0, —0.2009, —0.3579, 0.0490, —0.3616, —0.3554, 0.0072) (5.26)
0,0,1.7143, —0.6667,0.1658, —0.2407, —0.0717,0.0990) ,

0,0,0.2857,0, -0, 2559, 0.0083, 0.0180, —0.0562),

0,0,0.1429,0.1667, —0.1731, —0.1120, —0.0178, —0.0067)..

The functions: (z, §) andw ($) which appear in (5.26) are given by
8 8 4 2

h(z,8) = —§logz+2—7+9x—§(2+x)\/|1—x| (5.27)
log)Vl “1) ir  forx=42%/5<1 (5.28)
2arctan (1/y/z — 1) forz =422/ > 1 '

R 4 . 2 2 5+4s R
CU(S) = —ngg()—glog()log(l—s)—§w2—mlog(l—s)
25(1+35)(1—29) R 5498 — 65
- log (5) + - —. 5.29
3(1—8)%(1+23) 2(5) 6(1—35)(1+25) (5:29)

While EV5Y can be safely neglected, the lengthy expressiongféf°V>Y | E, Y andYV5Y
can be found in [118]. The Wilson Coefficient&’/, C<//| €y, can be derived from (5.26)
analogously, by changing the chirality structure.

The inclusiveB — X,[Tl~ decay width as a function of the invariant mass of the lep@in p
¢* = m7,,_ is given by [120]

dl’ (3) GFmb 12 (1 & 4ml2 p
T =g (L5041 §Z(s) (5.30)

wheres = ¢*/m2, m; = m;/my, X (a,b,¢) = a®> + b* + ¢* — 2 (ab + bc + ac) and

$(3) — 4<1+2ﬂ) E (‘Ciff‘2+)6$ff‘) Fi (5,0)

S

+3Re (c;ff*cgff + ésff*égff) By (&, 0)] (5.31)

2 ~ 2 — 2
+6m$(‘cgff\ +‘C§ff‘ +\C1o\2+‘010 )F3(§,0).

The functionst; read
Fi(ry) = 2(1+y)(1—-y)P?—2a(1+Uy+y?) -2 (1+y),
Fy(z,y) = (1—y)’—z(l+y), (5.32)
Fs(x,y) = 1—x+uy.
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ForBR(B — X /*¢~) we use the data averaged over electrons and muons for dilepeses
above(.2 GeV, leaving us with [123]

28107 < BR(B — X,/*¢") <62-107°. (5.33)

A good approximation of the differential decay width for th@cessB — wi*[~, not consid-
ering any factorization theorem, can be found in [121]:

dI'(B—nltl™)  Gha’mi 3/2 2 ( o1 (3) 5|
ds = e Vel N 6) |26 (|67 @ +‘01°+01°)
L Amif7 (3) C«eff‘ L Amefr (3) f+ (8) (Cgff () Cgff*)} .
(mp +my) mp + My

(5.34)

Here, the lepton mass; was neglected. The Wilson Coefficient§’/ and Cy, can be de-
rived from (5.26) by simply exchanging the strange and dowark, However(<// has to be
changed according to [143]:

CT(3) = Cy+0.124w (8) + h (e, §) (3C, + Oy + 3C3 + Cy + 3C5 + Cg)

+)\d [h (mc, S) h (mu, )] (361 + Cg) — —h (md, ) (Cg + 304) (535)

1 2
_ih (M, §) (4C5 +4Cy 4 3C5 + C) + (303 + Cy +3C5 + Cg) ,

including a factor

Ay = b v, (5.36)

As was neglected in (5.26). Because)pf > A, this is not possible in (5.35). The Wilson
CoefficientsC; andCs are induced at tree level, hence they do not receive SUSYibations.
The penguin coefficientS’s-C in general receive contributions from new physics but they a
O (1072) while the coefficients’;, andCy are O (5). Thus these are neglected, leaving the
approximation

Cp = —0.249, Co=1.108, Cs=0.011,
Cy = —0.026, Cs=0.007, Cs=—0.031. (5.37)

The form factorsfr (¢*) and f, (¢*) can be parameterized by [122]

2 (& )
= 5.38
IO = =g T Ty (638)

using
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T m? Ty m}y
FT 0744 5279 —0.486 40.73 | (5.39)
fr | 1L.387 5279 —1.134 32.22

For the branching ratio of the exclusive semileptonic deBay- w/¢*¢~ [122] just an upper
bound exists from BaBar. At10% C.L.

BR(B — mft(7) < 9.1-1075. (5.40)

5.1.4 Further constraints

In this section we describe further constraints not diyeelated to hadronic decays.
Beyond tree level thell.“i’d (diagonal A-term entries) contribute to up and down-quark masses
(Fig.5.4).

Figure 5.4: One loop squark-gluino contribution to the up-quark mass.

At one loop this contribution can be roughly estimated by

g

47

dmg, <X —mz0tp.y  (g=u,d; i=1,2,3). (5.41)
We require the SUSY-QCD corrections to be smaller than tipeemmental central values of
the quark massesim, < m,. The light quark masses impose serious contraintslﬁ(pﬁ =
5 MZ2yey/vua, i = 1,2. HoweverAs; is just limited to large values.

General vacuum stability constraints limit the inter-gatienal A-terms [145]:

m - N
| A%, AS| < U—b\/ 212 +1m? ~ V3 y, Msusy,
d
m - N .
| Al [Ag;] < U—t\/ 2m2 + 2mj ~ V3 y: Msusy, (t=1,2). (5.42)

The masses,,, my, M, are the mean squark and slepton masses defined for (4.4 Qufeof
the smaller Yukawas the down sector is much stronger cansttahan the up sector. We do
not explicitly show analogous bounds fb? mixing among the first and second generations,
which are strongly suppressed by the strange and charm “askaw
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Inter-generational mixing involving the third generat@iways affects the lightest Higgs mass
and thep parameter [146, 148]. The parameter (the ratio of the amplitude of the neutral
currents against the charged currents in the low-enerdy ditn= 0) is equal to one at lowest
order in the MSSM. Universal fermionic and sfermionic cotiens can be written as

1 X% (0) xY(0)

= —; = 4

p

whereX" is the selfenergy of the gauge-bosén The T parameter of Section 3.3.2 is simply
the shift of thep parameter due to new physics. Thus, mixing in the squarksean modify
the p parameter. In the MSSM the correctionsith, andsin® 6.7y can be related tép by

Mw cos? Oy

12

o Mw p (5.44)

2 cos? Oy —sin? by
2 2 ta2 0
Ssin?0,, ~ —— TWS W s, (5.45)

cos? By — sin® Oy

Experimental constraints for these quantities exist [147);, < 34 MeV anddsin®6,;; <

15 x 1075, However, the constraints from rare decays and direct kqgearches are generally
stronger [148].

Further experimental constraints are from the Tevatromadgumass bounds [149] and affect all
entries in the squark mass matrix.

In principal B-meson decays intav final states might be relevant as well. This process receives
contributions from a charged-Higgs exchange. Up to ab¥actories suggest that the branching
ratio for B, — 7v is in agreement with the Standard Model but results and gtieds suffer
from substantial theoretical and experimental unceiitsriit50]. Since for our moderate values
of tan 3 the H*-mediated amplitude cannot compete with the tree-l&veéxchange B, —

T data does not put additional constraints on the up squarksvarwill neglect this decay in
our numerical analysis. As mentioned in Section 4.3.2, wdige our considered parameter
space to real soft terms. Hence, a possible CP-violatinggtvehich might give rise to electric
dipole moments, is not studied.

5.1.5 Summary

In Kaon- andB-FCNCs, leading contributions by the down-squark matrM:éandm%L are
mediated by gluinos which couple proportionalgto These are in general stronger than con-

tributions from the up-squark matrice andm%L o mediated by the charginos which couple

proportional to the Yukawa couplings ¢f,. Keeping the charged-Higgs production in mind,
we can limit our analysis to up-squark mixing between déférgenerations while neglecting
down-squark mixing, as long as it is not required by (4.38¢. &0 constrain ourselves to con-
sider just intergenerational mixing between the first/seicand third generation, parametrized
by di5, (1 = 1,2). Mixing between first— and second—generation squarksweseiuch stronger
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bounds fromK -physics [100, 101] and by the recent measurement¥’ai°-mixing [116]. All
constraints on the supersymmetric flavor sector we impleed % C.L.

The relevant up-sector paramefers, andmﬁ .; are constrained by data én— s andb — d
transitions, as well as by the weak isospin relation (4.3Bhe corresponding mass-matrix
entries Ay, ande are only very loosely bounded by flavor physics, the-chirality flip
mostly by theoretlcal arguments (5.42). The reason is tiet involve right-handed squarks
ur andcg. Those enter FCNC processes with external down quarks a@alyiggsino vertices
proportional to the small up and charm Yukawa. To circumvbist Yukawa-suppression, we
could combinel — i (¢;) mixing with a subsequent generational-diagonal leftrigiixing
ugr — ur (¢r — ¢1). However, generation-diagonal mixing is strongly corietd by the quark
masses (5.41).

Collecting the results of Section 5.4; 5, and 3.5, (0 = 1,2) are actually the least con-
strained flavored SUSY couplings. Kaon, charm dhghysics experiments are largely in-
sensitive to the mixing ofig or ¢z with stops. In the following we investigate the potential
impact of these relevat;, on charged-Higgs collider searches. This involves comuail
constraints in the high-dimensional parameter space. Heocdlculation of the constraints we
do not use the mass-insertion approximation. Instead, werpe the full diagonalization of
the squark-mass matrix.

5.2 Single-Charged-Higgs Production

The most promising charged-Higgs production ratesifgr: > m, — my, €.9.gb — H*t and
gg — tbH™*, are phasespace suppressed and, due to their instabletdites, seceive a huge
QCD background. Thus, a first step to produce a detectabtgath&liggs might be the single-
Higgs production from quark-antiquark scattering. Thisgass could give a clean signal. To
leading order it can be described by a general type-Il twggktidoublet model (Sec. 2.2). In
Figure 5.5 we show the Drell-Yan-like diagram f@f — H*. In the quark mass basis the
corresponding coupling is given by

LH:l:qq/ = fmj UZ (

) d,H* + h.c. (5.46)

with the quark fields., d, their masses, ; and the CKM matrix elements;; (z,7 = 1, .., 3).

The Yukawa couplings are given in terms of= 2my /g = 246 GeV, g = e/sinfy.
Heretan 5 = wvy/v; = (H,) /(H;) denotes the ratio of vacuum expectation values of the
two Higgs doublets. The physical charged Higgs scalar imseof interaction eigenstates is
H™ =sin 8(Hy )* + cos BH, . The chiral projectors are defined Bsr = (1 F 75)/2.

3 We use the convention
Aij = ALr; # Aji-
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Orrji T e

Figure 5.5: Feynman diagrams contributing g — H®* in the MSSM at tree level and at
one-loop level in MFV and beyond.

Following (5.46) the amplitude for single-Higgs productim the type-Il two-Higgs-doublet
model is proportional to the quark Yukawa coupling, i.e. sitsmall unless third-generation
quarks are involved. This chiral suppression is generiostidproper assumptions of minimal-
flavor violation survives radiative corrections, like theSY-QCD corrections shown in Fig-
ure 5.5. Every gauge-invariant operator linking quarkieprark—Higgs fields involves a chiral-
ity flip, hence vanishes witl, — 0 as long as the theory has a chiral limit. The renormalizable
operators contributing up to dimension 4 are (modulo heéamitonjugates) [151]

QHSU,  QHYD, QHU,  QH,D, (5.47)

where HY = ity H*, and@Q andU, D are theSU (2) weak-interaction eigenstate doublets and
singlets, respectively. In general, capital letters dbscinteraction eigenstates, while small
letters denote mass eigenstates.

While the first two operators in (5.47) are the usual treell&ukawa interaction, the second
two operators involve the ‘wrong’ Higgs fields, and do notwda the plain type-Il two-Higgs-
doublet model. Such ‘wrong’ Higgs operators are induced U$'% breaking. They are pro-
portional to a soft SUSY-breaking parameter like the gluimass or ard-term and couple the
Higgs to a squark loop [115]. Since after spontaneous symrhetaking all operators in (5.47)
contribute to the fermion masses, the lowest-order reldigiween the measured quark masses
and the Yukawas is broken. This effect becomes numericalportant for largetan 3. As
long as we are only interested in small and moderate valuesnof, we can safely neglect
this effect. As far as the chiral limit of the MSSM is conceitné is not spoiled as long as the
soft-breaking4d™“ terms are proportional to the respective quark Yukawa
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In the following we will calculate the contributions by theulr operators in (5.47), including
necessarily some kind of chirality flip. The possiblity ofatimventing the suppression from
light-Yukawa couplings will be considered in Section 5f3nvé& couple an external gauge boson
to the process of single-Higgs production, we can build dareded set of operators containing
fermions of the same chirality.

5.2.1 Tree-Level Single-Higgs Production

The top quark is too heavy for the gluon to split into a colling pair at the LHC, hence the
large flavor-diagonal CKM elemen, does not play any role in single-Higgs production. At
tree-level the charged Higgs couples to two fermions withdtiength of the singlet’'s Yukawa
coupling. Except for the top-Yukawa coupling, they are diw@inpared to the gauge couplings.
Thus, the leading order process is suppressed by small Mukawplings or by small entries
of the CKM matrix, such a$/, ~ 0.04 [153]. Due to these two facts, the smallest over-all
suppression receive the partonic processes: H+ andcb — H*, becausen,V,, andm;V,,
are of similar size. Using th&IS quark masses given in the Appendix D at typical Higgs-
mass scales the charm—bottom channel is favored. Henceintle-charged-Higgs amplitude
is proportional tdm; V., tan 3%, if tan 3 is large enough.

For example, foran § = 7 and a charged-Higgs massiof;- = 188 GeV we find LHC cross
sections forH ™ production ofs., = 10.1 fb ando., = 25.3 fb. If we neglect the theoretically
poorly defined strange-quark Yukawa, the cross sectioredses t@., = 0.56 fb. Neglecting
the charm Yukawa does not visibly shift,. The more we increasen 3, the more the process
will be dominated by the enhanced bottom Yukawa-ie: scattering, in spite of its strong CKM
suppression.

Depending on the charged-Higgs mass the dominant decaypehasn{ — 7v or H — tb.
Especially in the mass region where the latter decay is pbjpaee suppresseth,;+ < m,; +

my, the charged Higgs can be foundiih— 7 decays, which gives a clean signal without huge
QCD backgrounds. Whilél" boson decays are generation blind, the charged-Higgs slecay
predominantly into heavy fermions, because of the Yukawtead of the generation-universal
gauge couplings. The background to our searches is sifiggoduction, mediated by

Lwiqqr = U; ’}/“PL dj W: + h.c. (548)

9
_V;jﬁ

This coupling is much bigger than the couplings in (5.46)/2 ~ O(0.5) > y,.4. Hence, the
W+ production cross section 6f - 10° fb [152] will be a serious challenge to oéif* search
in the two-Higgs-doublet model.

5.2.2 Single-Higgs Production in MFV and NMFV

From the former sections it is obvious that the Yukawa-cmgpkuppression of the single-
charged-Higgs production is a generic feature of the extgef a chiral limit of the theory.
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Assuming the quark masses to be small, izg. — 0, renders the cross section to zero at any
order of perturbation theory. This behavior can be circumee if we allow non-minimal flavor
violation in the squark sector, according to Section 4.3Apart from the Yukawa-coupling
suppression, squark loops can alleviate CKM suppressiareks
Relevant for the three-scalar couplings of squarks and séigagre contributions from three
different sources:

L4y = D-term+ F-term+ A-term (5.49)

The D-term couples the charged Higgs to two doublet squarksthecombination. L, pro-
portional to the gauge coupling

‘/i'gzu SIH(Q/B) ~x 7
Lyzay|p = ——2 NG ayd;H" + h.c. (5.50)

As we are interested in a cross-section enhancement fof smab, D-terms are interesting
candidates, i.e. they are suppressediby23) and do not break chirality.

F terms, arising from the superpotential are Yukawa-indwetlinvolve all four possible com-
binations ofL. and R squarks:

9Vij
ﬁHidd’|F = \/i??’LJW

HT [ ﬂ*L,iOZL,j (mfm— tan G + mivi cot ﬁ)

—i—ﬂ*R,icZR,jmu,ide (COt ﬂ + tan ﬂ) —+ ,umd,jﬂ*mczg,j + ,umu’iﬂ*R’icZL’j .
(5.51)

A-terms and soft masses are general soft SUSY-breaking ptaesnA-terms occur with a
chirality flipping squark combination. We keep the soft teutt with all flavor indices;, 7, &:

Lipraq|a = driVii Al cos 8 HY + g Vi Al dy, sin BH™ + h.c. (5.52)

While the D- and F'-term contributions to the charged-Higgs—squark coupegdriven by the
respective CKM element, thé-terms, induced by SUSY breaking, are not.

Giving up the assumption of a chiral limit of the theory albws to introduce NMFV con-
tributions to the single-charged-Higgs production, whoeim lift the cross section above the
two-Higgs-doublet model prediction in Section 5.2.1. Iistbase the operators in (5.47) are
not necessarily proportional to Yukawa-couplings, but tM@orana mass, e.gmng, with a
left-right mixing 6,z among the squarks. The enhancementforproduction can be roughly
approximated by the following comparison of gluino-loogssus the tree-level strange—charm
A.s and bottom—charml., amplitudes:

Agluino—1 as myg

Agluinoloop - Ys Mggu (5.53)
Aes At m,

Agluino—loop - Qs Mg 1 u (7, -1 2)
.Acb 4 Vcbmb tan? 6 LR3i T

The diagonal CKM elements were assumed td’heV., ~ 1. Both ratios in (5.53) exhibit an
enhancement of the gluino loop that can be as larg@@9) for suitable SUSY masses and
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tan 5. These loop contributions can be induced with a first or segemeration up quark in the
initial state, whereas first-generation quark contritngiare luminosity enhanced. To determine
the possible numerical value 6f , the experimental and theoretical constraints form Sectio
5.1.4 have to be taken into account. The dominant one-loaeamns are due to the gluino
vertex and self-energy diagrams shown in Figure 5.5.

With this estimate in mind, we then calculate" production from quark-antiquark fusion in-
cluding the dominant squark—gluino loops. Generally, timplitude A% for u;d; — H™ pro-
duction can be written with quark, and antiquark, spinors as

Al — Z]_—ij,chijﬂ (5.54)

with M7 =5, P, u,, andF9° = F7 + F&7 + 71, (0 = L, R).

Although we do not use the mass-insertion approximation.gS@.2) to calculate the numerical
results, we use it to give the analytical expressions foratim@litude of this process. Itis a
convenient way to exploit parameter dependencies in tluisgss. For the tree-levefy, one-
loop self-energyFs, and vertex,F,, form factors we obtaih

]-“éij — L’;'mui cot 3,
V2my sin 6,
Fil = ﬁm@ tan 3,
Fl = %%Qm% 07 rai M Tra(mg, mg), (5.55)
Filt = %%CF (% — miy sin(Qﬁ)) mgo7 g si m* Triz(mg, mg),

where we define

d*q 1
Lim(mg, mg) = / ) (? — m2)Hg® — m2)™’
J

(I+m>2). (5.56)

For Msysy ~ mg ~ mg Ly, scales as/g; 4, >™. Equations 5.55 exhibit in bottom-up fusion
that the gluino-loops witld} ; ;; are proportional td/;,m;, avoiding the CKM and quark-mass
suppressiont’- and D-terms contribute with opposite sign, hence they cancei etier partly
in the vertex correctiod—"‘lﬁ’R. Therefore, the self-energies give the dominant MSSM dauntr
tion described in in (5.53). Additionall;ﬂ,—"g’R becomes large for smatlhn 3, awakening the

hope to constitute an increasing total cross section inpdniameter region.

To make the results from Section 5.1 and the lines aboveatplie give the whole up-squark
mass matrix, defined in Section 4.3.2 , exposing the bilioeaplings which are severely con-

4 In agreement with [153].
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straint and which give the largest contributions to chaigegys production:

2 12 12 12 2 12
Mu,LL,ll ]\JU,LL,I‘Z ]\JU,LL,13 A[u,LR,ll ]\ju,LR,lZ A[u,LR,lii
2 12 12 2 12
Mu,LL,QZ ]\JU,LL,23 A[u,LR,Ql J\IU,LR,QZ A[u,LR,QL%
2 2 2 12
M2 _ Mu,LL,33 A [u,L/.’.IH A [u.L/f,IiQ ]uu,LR,‘SB (5 57)
= M2 M2 M2 '
u,RR,11 u,RR,12  “"u,RR,13
2 2
h.c. M rro2 M o
2
Mu,RR,33

The red entries are constraint by Kaon- aBgphysics, as well as theoretical considerations.
Remarkably, the green entries increase the charged-Higglsigtion most and remain almost
unconstraint.

To test the effects of flavor structures on the single-Higgs< section we choose two generic
MFV SUSY parameter points which do not violate any currentrizs. We then allow for flavor
violation beyond MFV. Because of current experimental d&ewtetical constraints discussed in
detail in Section 5.1, the up-squark parametgrs,; anddyy 5; involving 1-3 and 2-3 mixing
are the least constrained and therefore expected to caibgtiest effects. The mass insertions
075, andoy i ;5 are stronger bounded by flavor physics.

Because of the size of the strong coupling we are mainly ested in gluino-squark loops
contributing toub — H* andcb — H*. These one-loop corrections are not CKM suppressed
if we allow for the supersymmetric flavor-breaking parameig, .

For the first parameter point we assume the following values:

Parameter point A

tan 3 =17 ma = 170 GeV | p = —300 GeV (5.58)
MG, i = Wby, prii = 000 GeV | My =700 GeV | mg = 500 GeV '
At = () Ads:d — Al = 1460 GeV

wherem, denotes the mass of the CP-odd Higgs leadingnig: = 188 GeV. M, is the
SUSY-breaking wino mass. The diagonal soft-breaking estim the squark mass matrices
defined in (4.21) we choose universal. All parameters arergat a scale of orden+. The
large value ofA’ (corresponding to7  ;5) increases the light Higgs masslttn.9 GeV at two
loops [154]. For this parameter choice the tree-lé¥elproduction cross section at the LHC in
the two-Higgs-doublet model isl .2 h.

To show the dependence on the diagonal squark-mass enti¢ake the second parameter
point to be:

Parameter point B

tanf3 =5 ma = 500 GeV | p = —200 GeV

MG, i = Dy, prii — 900 GeV | My = 500 GeV' | mg = 500 GeV (5.59)
Ave =0 Adsb =0 At = 1260 GeV.
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The impact of the experimental squark bound depends chlyaal the squark masses we
choose. This can be illustrated if we consider the eigemgahf of a 2 x 2) mass matrix
with off-diagonal mixingd and a diagonal sfermion masg;:

s o156 , 1+A 1-A2Z
M—m0<5A), mf = o [ (5.60)

If we allow for non-degenerate diagonal entri&sclose to one (as possible in models beyond
MFV), both§ andA increase the mass splitting. From an experimental imit> my,u.q We
obtain an analytical expression for a boundion

5 < /A—r2(A+1)+r4, r = m;‘;““d, (5.61)
0

or simplyd < 1 — r? for degenerate diagonal matrix elements. Bor< 1(A > 1), the
constraint on the mixing improves (eases) with respect to the = 1 case. Clearly, for
increasing values of the squark mass sealeéhe bound on the off-diagonal mixing from direct
search limits weakens and the flavor constraints are of nnggbitance. We can make this
explicit by slightly increasing the soft-breaking squarasses and 4, according to parameter
point B: The charged-Higgs mass is nowy;+ = 507 GeV. The tree-level cross section of
0.48 fb in the two-Higgs-doublet model is suppressed by this heaa}-8tate mass. The color
coding for the different constraints in Figure 5.7 is the eams in Figure 5.6.
The numerical evaluation was done using the program FegnAB5] for the generation of
graphs and amplitudes and for the integrals the package GalotboopTools [156]. In the
end the differential cross section was convoluted with tA&EQ6 [157] parton distribution
functions, whereas we chose the renormalization and faat@n scale at the charged Higgs
mass.

In Figure 5.6 we show the hadronic cross sections for thelesiclgarged Higgs production
beyond minimal flavor violation. Intergenerational mixican enhance the rates to values above
100 fb. The allowed region, which does not violate any bound v&iin the rainbow colored
area, while the parameter choices outside this area ackautdy the specific bounds, indicated
by its color.

The different experimental constraints impacting the peater point A shown in Figure 5.6
include:

Tevatron searches for mass-degenerate first- and secoedagien squarks require; >
200 GeV [149]. They rule out the yellow points.

squark searches and radiative and semileptonic decay liolé out the green points.

black points are forbidden by the squark—mass linfitsixing, and radiative and semilep-
tonic decays.

blue points indicate a violation of the radiative and septdaic decay bounds only.

orange points correspond to a violation of tAanixing and radiative and semileptonic
decay limits.
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Figure 5.6: Single-charged-Higgs production cross sections inclytNMFV effects. For the
MSSM parameters we choose parameter point A.

e red points are ruled out b mixing alone.

grey points on the outside of the panels indicate a negatjuark mass square after
diagonalizing the squark mass matrix.

In Figure 5.6 we see that the strongest bounds to the alloweaineter space come from ra-
diative and semileptonic decays followed by the Tevatromtlon light-flavor squark masses.
As expected, varying;,; andd; ;5 just allows for a very narrow viable region, whereas the
region ford,r 3 anddpp is quite large.oy; ;3 # 0 induces SUSY-QCD contributions to the
flavor constraints, according to (4.38). The entfy, ;, has the strongest impact on the rate.
It allows mixing between a right-handed up-squark and aHeftded top-squark. Hence, the
processes profits from the large parton luminosity of thejuark in the initial state, as well
as the largeD- term coupling (5.58) without CKM suppression. The maxirsialgle-Higgs
cross section is obtained @t  ;,| ~ 0.6 in association with; , ,; (third panel). In the fourth
panel we show the variation 6f;;, which gives just moderately enhanced rates compared to
the tree-level cross section, although just weakly coirstth This is due to the fact, thaf,,
cannot induce d-term coupling. For this purpose an additiodat mixing is needed. Since

33 IS typically large, the relevant combinatiofy ;507 5 55 is numerically sizeable, as is the
F-term contributionc m;pidxp 13-
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The calculation should not be done in the mass-insertiomoppation, which is not valid
whered” < 1. Current experimental limits, for example from squark skas generally imply
0" < 1, but not necessarily* < 1.
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Figure 5.7: Single charged Higgs production cross sections includidf-M effects. The
MSSM parameters are governed by parameter point B.

In parameter point B we increased the soft-breaking squaidses and: 4. The observations
about whiché“ are stronger or weaker constrained remain the same. Bulltivesd region in
parameter space is larger for all parameters. Increass§tt8Y masses reduces the impact of
SUSY corrections to the flavor observables. This is a comreatufe, ending in the decoupling
limit [158]. For the allowed region witli, & mixing we obtain a radiug; ; ;; < 1.0 and forRR
mixing oz ;3 < 0.8. The hadronic-cross-section results are smaller thandi@rpeter point A,
mainly because of the heavier Higgs mass.

Still the question is, if there is an enhancement for smaall? and how large this enhancement
might be? Figure 5.8 shows then 5 dependence of the hadronic cross secfipn— H™.
tan 3 = 7, as in parameter point A, determines the minimum of the cuf obtain an
enhancement for large values due to the enhanced bottork-cuapling to the charged Higgs
and for very smaltan 5 due to theD- and F'-term couplings of the top and stop. The region
of very low values is governed by (5.55). For the large 5 region they are not applicable
because they just describe the limit of neglectable ligithfen massesy; — 0 if my < my,.
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Figure 5.8: Hadronic cross section allowing NMFV effects in paramet@npA.

In Figure 5.9 we show the ratio of the cross section includiegond-MFV diagrams over the
leading-order two-Higgs-doublet-model cross section.tréé level we include all Standard-
Model Yukawa couplings. We choose parameter point A andviast the charged Higgs mass
between 88 and500 GeV. To show the typical size of the observed effect, we Vagydominant
beyond-MFV parametey; ., ;, within its allowed range, with all other beyond-MFV paraerst
zero. In general supersymmetric one-loop corrections i'vVMFe of higher order and cannot
enhance the total cross section compared to the tree-lesd section by a factor of 4. Here,
beyond-MFYV it is different. From (5.53) we can read off, thfa large effect we observe are
expression of an additional source of fermionic mass ir@ertHence, it does not mean that
perturbation theory becomes instable.

5.3 Charged-Higgs Production with a hard Jet

Between the single-Higgs production and the one in assogiwith a jet exists a fundamental
difference. While the former is strictly zero in MFV in thenlit of neglectable small fermion
masses, the latter is not. It does not posses this general shppression according to tlié
and A-terms, which are proportional to the Yukawa couplings, escdbed in Section 5.2.2.
Instead, theD-term couplings shown in (5.50) are gauge couplings, theng tould be consid-
erably larger than light-flavor Yukawa couplings. Effeeliy operators of the form

iQy,Q H,D"HC (5.62)

lead to higher dimensionaly H ¢ operators after electroweak symmetry breaking [151]. To
induce these operators no ’chiral flip’ caused by fermion seass needed. Even in a non-
supersymmetric two-Higgs-doublet model this limit is ze@ontributions to non-chiral oper-
ators arise at two loops, when the charged Higgs couplesuivaié¢liggses and gauge bosons
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Figure 5.9: Ratio of single-charged-Higgs rates in NMFV vs. two-Higtmiblet model. All
supersymmetric parameters are given in parmeter point A

and not directly to fermior’s This circumstance gives rise to hope, that the main carttdbs
to this process can be calculated in the limitof — 0, if my < my. This would simplify the
numerical evaluation tremendously and could make its naten into Monte-Carlo programs
like Sfitter [159], an analysis tool to determine supersymmimenodel parameters, applicable.
Diagrams for this process can be derived by radiating a diuon the single-Higgs production
diagrams. Requiring a hard jet, e;g:; > 100 GeV, cuts the collinear divergences. In princi-
pal, to compare the loop corrections to the tree-level naebave calculate all contributions to
orderg?. But according to the single charged Higgs production in NM#e assume to obtain
flavor effects which can be much larger than next-to-leadirter QCD effects. Therefore,
we limit our analysis to tree-level rates and SUSY-QCD adroms with MFV assumption and
beyond. However, we include further decays of the charged$lilf the Higgs mass is small,
my+ < 200 GeV, the Higgs decay into a hadronidepton is the most promising [108, 109].
For parameter point A we finBR(H~ — 7v) = 71%, with a taggable hadronic tau branching
ratio of around roughly two thirds [123]. The dominant baakgd to this signature is clearly
W+jet production, again with th&” decaying to a hadronie. For the cross section of this
process we obtaia(1V + jet) ~ 1 nb.

5.3.1 MFV and Decoupling

In the limitm; — 0 tree-level diagrams are absent and in MFV just 5 diagramsodtribute
at one loop (Fig.5.10). The Higgs just couples to left-hahdguarks with gauge-interaction
strength. The amplitude is finite, hence a renormalizati@tedure is not needed. We just

5 Numerically these two-loop contributions are tiny. Theg auppressed by?/(1672))? ~ 1075
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Figure 5.10: Lowest order SUSY QCD diagrams farl — ¢gH* with MFV and massless
quarks.

consider QCD corrections. Chargino and neutralino loopssab-leading due to their smaller
gauge coupling. A mixed quark-gluon initial state, e.g. uwarx and gluon, yields the largest
cross section at the LHC, taking advantage from the higltence quark parton densities and
the large gluon luminosity at lower.

The general amplitude for the partonic subproeess d; — H* + g is given in terms of form
factors as

6
AT =N FPMI, o=LR (5.63)

o k=1

with 12 standard matrix elements [161]

M7 = 0;(p2)d Poui(p1) | M = 0;(pa) kot Pyui(p1)
M = 5, (pa) ks Py (p1) (€ - p1) M7 = 0;(p2) Prui(pr) (e - p1)
M7 = 0i(pa) ko Poui(pr) (€ - p2) Mg = v;(p2) Poui(pr) (e-p2) . (5.64)

We assign the momenia andp, to the quarksy;(p;) and Jj(p2) in the initial state and the
momentak; andk, to the charged Higg# * (k) and gluong(k») in the final state. The corre-
sponding Mandelstam variables are- (p; + p2)?, t = (p1 — k1)% u = (p1 — k2)?, ande is the
polarization vector of the gluon. Ward identities follovain the global or gauged symmetries
of a theory [160]. Here, th8U (3)-gauge invariance implies a Ward identity, which means that
the amplitude has to vanish, if we replace the external ghaarization vector by the gluon
momentum. This relates the different form factors to eatlerot

F7 4+ F7 (pr ko) + F5 (pa - ko) =0, F27 (p1 - ko) + Fo'7 (pa-ka) =0 (5.65)

We compute the form factors f@f = plus jet production in the limitn; — 0 assuming MFV.
For massless light quarks the form factci'i?g'fgf6 vanish and the one including right-handed
squarksf{'?}_’g, are zero because couplings to a charged Higgs are alwaysvadkke. Only
two of the 24 form factors are independent and can be wrigen a
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. V*sin 203 Doo(d1) — Doo(ds)
Fol = g8 Ty {—C’ ) — Cy(cp) + =2 +
1 9s 7 19v/2sing, 1(c1) 1(c2) 4 4
9
+§ [Do(dg)mg - D1 (dg)szF - Dg(dg)u - 2D00(d3) - Dn(dg)m§1+

—Dia(d3) (miﬁ + U) — Di3(ds) (s +u) — Daa(dz)u — D23(d3)u} } (5.66)
gL my  Viisin20 B B B
Fy = 692 72 48v/2sin 6, {Da3(dy1) — Dy(d2) — Daa(ds) — Das(da)
— 9[D1(d3) + Da(d3) + D11(ds) + 2D1a(ds) + Di3(d3) + Daa(ds) + Das(ds)]}

where the tensor coefficients , D; are defined as in [162]. We use the following abbrevia-
tions to specify the arguments of the three-point and faimgntegrals:

— 2 -
C1 = (mH+,t, O,maj,mdi,mg) >

Co = (m%+,u,0,mdj,mﬁi,mg> ,

dy = <0,0,m§{+,0, s,t,mg,mgj,mgj,mﬂJ ,

dy = <0,m%{+,0,0, s,u,mg,mdj,mai,mﬁJ ,

d3 = (qu+,0, 0,0,t,u,mai,mdj,mg,mg) y (567)

They are connected to the ordering scheme for the argumeétiie tbop functions defined in
[162] as

c= (]9%7 (p1 —p2)2,p§,m1,mz,m3) = (p1,p2. M1, M2, M3)

d = (p1,p3, P53, 0%, (D2 — p3)°, (P1 — p2)*, M1, ma, M3, M) = (p1, P2, P3, M, M2, Mz, M) -
(5.68)

In Table 5.1 we show the numerical results in the fifth columdicated by MFV andn; = 0.
The hadronic cross section appear to be extremely smahligatrder ofO(10~%) fb. We give
the numbers for parameter point A and vaiy 3 andm g+ . Although we observe the relative
enhancement for smathn 3, the absolute rate foff "+jet is small compared to the MFV
results including all Yukawa couplings in column three. Téason for this difference is subtle.
The purelyD-term induced cross sections in the limit; — 0 suffer from an additional mass
suppression /M4y in the decoupling limit, i.em?,., m¥,, u, s,t < Mgy, WhereMgysy
denotes a common squark and gluino mass. This behavior cands¥stood after a closer
look at (5.66). The only sources of non-SUSY masses in thdiude’'s denominators are the
1P-reducible vertex diagrams in Figure 5.10, which can lbgvatto contribute only to the form
factor F/°. Hence, justF;’” scales withx 1/M2,,¢,. According to (5.65), after applying the
Ward Identity these contributions have to be compensatedblyibutions to other form factors.
However, the other form factors just receive contributions/Mg;; ¢, and cannot compensate
for theoc 1/M32,,, scaling. It follows, that all contributions i}’ proportional tol /M2, ¢y
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(ms=0) (ms=0) (m;=0)
Mg+ tan ﬁ O92HDM O'QH]S)M OMFV O'M];V UMFV

188 GeV 25-107Y 1.9-107t [26-1071 20-107' 6.7-1071
188 GeV 9.9-107 6.0-107* | 1.1-10° 6.5-107t 1.5-107*

3
7
400 GeV 3 140-102 3.0-107% [4.2-107%2 3.2-107% 4.2-107*
400 GeV 7 |16-107t 1.0-107% |1.7-107% 1.1-107' 9.1-107°

3

5

7

500 GeV 20-1072 144-1072]21-107* 15-107% 3.5-107*
500 GeV 42-107% 2.7-107* |44-107% 29-107* 1.4-107*
500 GeV 79-10* 51-107* |84-107* 54-107° 7.6-107°

Table 5.1: Production rates (in fb) for the associated production oharged Higgs with a
hard jet:p;; > 100 GeV. The label 2HDM denotes a two-Higgs-doublet of type II, wehil
MFYV refers to the SUSY-QCD corrected contributions, assigmiFV. For the SUSY pa-
rameters we choose parameter point A. The label= 0) means a zero strange Yukawa,
(ms = 0) indicates that all quark (except top) Yukawa couplings @gected. In this case
only D-term couplings contribute within MFV.

have to cancel. Numerically we confirmed this observatiah fanind that the amplitude has
the following decoupling behavior:

A s 5 9o 77— sin(25) . (5.69)
SUSY

Unfortunately, this means that the production cross sedto a charged-Higgs plus a hard

jet via D terms decouples as oc 1/M%4y, four powers ofMgysy faster than the leading

supersymmetric cross section.

The calculation of the full MFV SUSY-QCD corrections is mugtore involved. One of
the 18 partonic processes consists of 17 diagrams (Fig.5Adr the renormalization of the
amplitude we use the on-shell scheme according to Appendi&Bgeneral all SUSY-QCD-
corrected diagrams share the loop-suppression factorshasdare not expected to dominate
over the leading-order result numerically. The colunins 4 in Table 5.1 show the results
for the hadronic cross section of a Higgs boson with a har¢pje; > 100 GeV) at tree level
and in MFV with SUSY-QCD corrections. The cross sectiongltenbe small yielding sub-
femtobarn values. Due td,m, ~ V_.;m, the strange-quark mass cannot be neglected. We vary
my+ andtan 3, again for parameter point A. In the opposite to thagerm contributions, the
enhancement for smalhn 5 is absent at tree-level and in MFV. More explicit this is sinaw
Figures 5.12.

The upper panel in Figure 5.12 shows the contributions fiorterms only, while the lower
panel include all supersymmetric MFV contributions. We sider the Higgs decay into a
hadronic tau where indicated. The difference inthe s dependence, shown in the figures on
the right, is striking. While thé-term contributions are enhanced for loswn £, it is the oppo-
site in MFV. But for parameter point A the total rate in MF\Vis- 5 orders of magnitude larger,
pointing out that chiral couplings are numerically dominharhe cross sections drop quite fast
with an increasing Higgs mass. Even more so if the ddédy— 7}.4,v, iS included. The
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(d) Tree-level diagrams for the partonic procegs— H™b.

Figure 5.11: ug — H™bis one of 18 partonic processes entering the hadmgnie: H+ + jet.
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branching ratio of this decay becomes smaller for largenesbf the Higgs mass. Especially
in the region aroundhz+ ~ 190 GeV where the decayl ™ — tb is allowed the branching ratio
drops fast.

2
D terms 2.5 1 D terms
1.5+ o(pp — HT Jet) 1 . o(pp — HT Jet)
=) g 27
7 7
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5 )
11
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Figure 5.12: Dependence of the hadronic cross section frdim: andtan 3. The upper plots
show justD-term contributions inn; — 0, while the lower show the full cross sections in
MFV.

Anyway, compared to the large background cross seetidli + jet) ~ 1 nb it is very unlikely
to be able to detect a charged Higgs for smaill 5 at the LHC. Inspired by NMFV effects of
the single-Higgs production discussed in Section 5.2.2¢ceovesider the impact of the mixing
parameteny r, 5, in charged Higgs + jet production.

532 HT + jetin NMFV

After allowing for NMFV effects, in contrast to single-clggd-Higgs production, the operator
basis for a jet-associated production does not get signtficextended. But anyway, if we
allow for sizeableyy ;; ;; the effective vertices which enhance the production of glsihliggs
tremendously contribute here as well. Two kinds of mixings largely unconstraintdy, p, 5,
andd; ; ;3. We found in Section 5.2.2 that squark mixing between thedingl third generation,
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M+ tan 3 | ogusy Ug{}“é;o) U(Sﬁ’é;o)
188GeV 3 | 14.3-10° 14.2-10° 13.9-10°
188GeV 7 |4.6-10° 4.4-10° 3.0-10°
400GeV 3 [24-10° 24-10° 2.3-.10°
400GeV 7 [79-107' 73-100' 54-107!
500GeV 3 |1.3-10° 1.3-10° 1.2-10°
500GeV 5 [55-107' 54-107' 5.0-107!
500 GeV 7 1 40-107Y 3.7-100' 2.8-107!

Table 5.2: Production rates (in fb) for the associated production oharged Higgs with a
hard jet:pr; > 100 GeV. SUSY refers to the complete set of supersymmetric diagrams
assuming NMFV. Imposed are the same assumptions as in Fdure
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Figure 5.13: Hadronic charged-Higgs-boson production cross sectioassociation with a

hard jet, including decays into a hadromicWe vary the fouv" which lead to the largest
enhancement of the cross section. No constraints fromdestl are considered.



CHARGED-HIGGS PRODUCTION WITH FLAVOR VIOLATION 75

.e. 07 r 3, Cause the largest enhancement. According to Section Xihgribetween the sec-
ond and third generation is equally less constrained butvapyisfavored due to the slightly
reduced charm parton density.

In Table 5.2 we show the numerical results for three diffeckrarged-Higgs masseksg, 400,
500) GeV and for each two low values ofin 5 (3, 7). Again, as in Table 5.1, we distinguish
between results where we pick up all Yukawa couplings, ntobofYukawa and smaller cou-
plings (m, = 0) and no strange-Yukawa and smaller couplifigg = 0). These numbers have
to be compard with the MFV results and finally with tHé + jet background. The differences
between MFV and NMFV are obvious. Where MFV contributionseveot enhanced for small
tan 3 the NMFV ones are strongly enhanced. Fof, = 188 GeV andtan 8 = 3 the NMFV
cross section is roughly 50 times larger than the crossmsetiMFV, whereas the enhancement
factor fortan 8 = 7 is only a factorO(5). The results are almost insensitive to the contributions
of the Yukawa couplings. Even fdim,; = 0) the cross sections remain large, without being
proportional to aD-term coupling only; i.e.A-term couplings cause a chiral flip and compen-
sate for the missing Yukawa couplings. Thus, they do notesudfom the fast decoupling of
1/M%,;4y. The same effect we see in the left panel of Figure 5.13, wivershow the variation
of the Higgs cross section times branching ratio to a hadrani as a function of th&”, each

of them varied independently. For exampi¢y ;| > 0.2 outgrows the tree-level results for
the SUSY parameters listed in (5.58); , 13| gives the largest contributions due to the addi-
tionally induced top-Yukawa coupling to the charged Higgst although we veryo; , ;5| and

|67 1,13] Up 100.6 these values are excluded by flavor physics (Sec. 5.1). Wertheless show
the curves, because there might be cancellations of diffeteltas in the rare-decay observ-
ables. The four curves illustrate that the contributionhaf different parameters beyond MFV
are generically of similar size.

However, all cross sections in MFV and NMFV without considgrfurther decays are small
compared to thé&)” + jet background. Strategies to reduce the background are BegeSse
possibility is to use the large difference in the distribug of the invariant masses:

m%H = (‘pT,hadr‘ + ‘pT,missD2 - (ﬁT,hadr +ﬁT,miss)2 (570)

For sufficiently large Higgs masses and modulo detectatuéien effect mostly on the missing
transverse momentum vector, we could use such a distribtgi@nhance the signal over the
backgrounds (Fig.5.14).

In Figure 5.15 we show the distributions of the transversener@um of the jets, which are
equivalent to the transverse momentum of the bosons. ThaldéshowsD-term contributions
only (Fig.5.10), whereas the right one includes beyond-Mf¥écts ¢, 3 = 0.5) (Fig.5.11).
For small transverse momenta the cross section Witerm couplings is finite, because the
loops have no counterpart in single-Higgs production amd2th— 2 process is not an IR-
sensitive real-emission correction. Moreover, the heauyigdes in the box define the typical
energy scale of the process and show a threshold behaviandwe ~ 500 GeV. On contrast,
in the right panel we see that thwe distributions for the charged Higgs and thié boson are
infrared divergent for small valugsr. This infrared (soft and collinear) divergences will of
course be canceled by virtual corrections and factorimatamtributions to the single-Higgs or
singledV processes. A proper description of the spectrum in the smaj; domain would
require soft-gluon resummation.
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Figure 5.14: Transverse mass distribution folid boson and a charged Higgs with a hard jet.

5.4 Summary

The results of this chapter are published in [166]. The deteof a charged Higgs is a difficult
task for small values ofan 5 according to present analyses at CMS and Atlas. We studied tw
types of loop-induced production mechanisms which canifséggntly increase the production
cross section in this parameter region.

The dominant source of genuine supersymmetric flavor ergmaet in the charged-Higgs pro-
duction rate is the soft-breaking term for up-type squarksty. It mixes the doublet-stop
with light-generation singlets. Stop mixing witly or ¢y is invisible to Kaon, charm ané-
experiments, which are mostly sensitive to the chiralifypiéd A%;.

Single-charged Higgs productionip collisions in a general two-Higgs-doublet model is sup-
pressed by either light-generation quark Yukawa couplioigby small CKM mixing. For
models with minimal flavor violation, this chiral suppressiis generic and cannot be lifted
by supersymmetric loops. Without imposing minimal flavoolation supersymmetric loop-
contributions can induce left-right chiral flips which enka the single-charged-Higgs pro-
duction cross section by an order of magnitude - even aftduding all current bounds on
squark-flavor mixing.

Charged-Higgs production in association with a hard jetsdus suffer from a generic chiral
suppression. The cross section is even in the limit of négihde fermion masses finite, due to
D-term couplings. Because of the strong SUSY-mass supprestthe D-term contributions
they are just a small fraction of the whole amplitude. Aftémwaing for NMFV effects this sup-
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Figure 5.15: Transverse momentum distributions for charged-Higgs ycbdn with a jet in-
cluding the decay to a hadronic tau. We also show the scatédjbaund distributions from
W +jet production. The left panel shows MFV andterms only, The right panel includes
beyond-MFV effectsd; , 5, = 0.5). All other parameters given in parameter point A.
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pression can be compensated by off-diagoh#&rms. In contrast to the MFV case in NMFV
we observe an enhancement for smaill 5 and an overall enhancement of the production cross
section of one to two orders of magnitude.

For a final decision if a flavor-enhanced charged-Higgs prtida is detectable at the LHC a
detailed signal-to-background analysis is necessarythguexpenditure would be worthwhile
itself. Beside a breakdown of the Standard Model, the assampf minimal-flavor-violation
could be excluded. Further, measuring the charged Higgssalg could give bounds to the free
parameters in the soft-susy Lagrangidty, ;. This is an extraordinary feature for high-energy
processes in collider physics.



Chapter 6

Results and Outlook

In this thesis we discussed the discovery potential of a $lgggticle at the LHC within popular
extensions of the SM. After giving a very brief review abduog imost promising production
processes and decays of a SM Higgs, we collected results Higgs without couplings to
fermions. A fermiophobic Higgs, despite the absence of thmidant SM Higgs production
processjg — H, appears to be no severe test for the LHC. There are processethe whole

theoretically and experimentally allowed Higgs-massoadi05 GeV < my < 700 GeV).

We reestablished the Standard-Model-extension of a f@getieration. Due to electroweak pre-
cision measurements it was excluded by PDG [39]. We showatlthis is not necessarily true.
Assuming a proper mass splitting between the particleseoftarth generation, the model is in
perfect agreement with all present bounds. The questitreiheutrinos are Majorana or Dirac
particles does not affect the possible existence of a f@etteration. The Higgs particle would
reveal a completely different decay pattern which makesssible to discriminate this model
from other common extensions of the SM, like MSSM or 2HDM. \Wda&s the enhancement
of the effective Higgs-gluon-gluon coupling opens the pgsyg — H — ZZ for the entire
Higgs-mass region, making it possible to detect or exclud&gs particle at a very early stage
after data acquisition.

The most popular extension of the SM is supersymmetry. Themagtion of a symmetry be-
tween fermions and bosons gives rise to the MSSM, motivai@dlynby the hierarchy prob-
lem and dark matter. Good agreement between measuremdlaigoofphysics observables and
their SM predictions encourage the assumption of mininaadefl violation, which is not stipu-
lated from theoretical considerations. We investigatedufoduction of a single-charged Higgs
and in association with a hard jet in MFV and NMFV, which ispesially for smalkan 3 - a te-
dious task. Yukawa-coupling suppression in single-Higgslpction, always present in MFV,
could be circumvented in NMFV. These additional contribn§ can enhance the production
cross section by one-to-two orders of magnitude. But flavolating parameters, induced from
the supersymmetry-breaking sector, do contribute to flakanging neutral currents as well.
Respecting all relevant theoretical and experimental dsuwe determined their allowed nu-
merical values. We found, that the SSB-parameters, whibarese the production of a charged
Higgs, are hardly constrained by flavor physics. Hence, wetwan around the argumentation
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and state, that if a charged Higgs is detected with a certaityztion cross section at the LHC
this process can be used to constrain the SSB-parametasss @lmare example where the fields
of flavor and collider physics profit from each other mutualgr the production of a charged
Higgs in association with a jet we considered the most fasgrmixing @z-t;. Although we
found a sizeable enhancement in the region of small3, both processes suffer from a large
W-boson background.

The LHC, which has the main task to detect the Higgs partleshow, if we have to modify
our present understanding of the Standard Model and - mayibe able to point into the di-
rection of the necessary modifications. In this work we dised new aspects of Higgs physics
in connection with two very popular extensions and gainedilte relevant for experiments at
the LHC. With the improvement of the flavor-physics measwets, demanding for more pre-
cise theoretical predictions, constraints to new physazome increasingly severe. Even apart
from the two models we presented here, the intersectiondldfdélavor and collider physics is
an interesting ground for further analyses.



Appendix A
CKM matrix

The CKM matrix [130] connects the weak eigenstdtéss’, b') and the mass eigenstatéss, b).
Its unitarity ensures the absence of elementary FCNC esrbat on the other hand, due to the
fact that the matrix coefficients can be complex numberdlgiva CP violation in the Standard
Model. This quark-mixing matriXcx, is defined by

dl Vud Vus Vub d
S =1V Ves Va s . (A.1)
v Via Vis Va b

VC;]M

Because of the masslessness of the neutrinos in the Stadidae and the MSSM the anal-
ogous mixing matrix is a unit matrix. While many paramettiaas of the CKM matrix have
been proposed, two of them are very common: the standaranpémiaation [128] and the
Wolfenstein parametrization [167].

Standard Parametrization

The quark-mixing matriX/c ), can be parametrized by three angles and a complex phase.
With ¢;; = cos8;; ands;; = sinb;; (i,j = 1,2, 3), the standard parametrization is given by:

0

C12C13 512C13 S13€
_ id )
Verm = | —512C23 — c12523513€ C12C23 — 512523513€ 523C13
i5 &
512823 — C12C23513€" —593C12 — $12C23513€" C23C13

The complex phase, necessary for CP violation, varies inathge0) < § < 27 and thec;; and
s;; can be chosen to be positive. Measurements of CP violatidh decays force to be in
the range) < 6 < 7. We know from the experiment, that; ands,; are small numbers, hence
c13 & cp3 =~ 1 and the four independent parameters are given by

S12 = |Vus|7 513 = |Vub| ,  S23 = |Vcb|, J.

Obviously, the CP violating phase is alwasy multiplied bg tlery small quantity,3, which
shows the suppression of CP violation in SM and MSSM.
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Wolfenstein Parametrization

The Wolfenstein parametrization is no exact, but an appmakive parametrization of the CKM
matrix, where each element is expanded as a power series sntall parametex = |V, | =
0.22,

1- ’\72 A AN (p—in)
V= — - AN? +0(\).
AN (1 —p—in) —AN 1

The four independent parameters in this case are

A A pom.

In general, the fits [168] to determine the free parameteth®iCKM matrix are not model
independent. For calculations in extensions of the Stahdadel values which are determined
from tree-level processes have to be used. Hence, in thedelsitbhe CKM matrix introduces
large uncertainties to the calculation.



Appendix B

Reqularization and Renormalization

In perturbative Quantum Field Theory, beyond tree-levidudations, divergent loop integrals
may occur. Physical observables remain finite quantitiésisTto give these divergent expres-
sions a meaning, one first has to regularize the divergencethis purpose several regular-
ization schemes have been developed. The two most popelaimensional regularization
(DRED) and dimensional reduction (DREG). In any case thgudarities are parameterized by
a regularization parameter, from which then the resultimiggrals depend.

Dimensional regularization exploits the fact that the djest behavior of the integrals depends
on the space-time dimension in which they are performed][188ifting from4to D = 4 — 2¢
dimensions the divergences appear as poles in the infmigkgiarametee. This method re-
spects Lorentz and gauge invariance but introduces petiekain the treatment of the matrix
vs = 17991y = —i/4emP? which is obviously a four-dimensional object, anti-comingt
with the matricesy” in four dimensions. In the technically elaborate HV schet#]~° can
be treated consistently, evendrdimensions. For supersymmetric theories a further digadva
tage of DREG comes from the fact that supersymmetry is natepved. After shifting taD
dimensions the numbers of fermionic and bosonic degreesedfdm do not coincide anymore.
Hence, DRED, a modification of DREG, was introduced, alsoifgod) the dimensionality of
spacetime, but maintains four-vectors as four-componbjgicts. Just recently a mathemati-
cally consistent formulations could be established [LDRED thus preserves supersymmetry,
at least up to two-loop calculations.

Calculations using DRED versus DREG differ only in the firpgats of one-loop amplitudes,
but differ even in the divergent part of two-loop amplitud@$us, the renormalization group
equation (RGE) calculated via DREG or via DRED will be eqilewto one-loop order.

Next, the renormalization procedure takes care of eliimgathe unphysical parameters in
the theory, introduced via regularization. For a predetireory it must be ensured that the
renormalization process does not induce new couplingsyimaw order of perturbation theory.
This would lead to a non-renormalizable theory with infilyitmany undetermined parameters.
If all the couplings of the Lagrangian have non-negativesatision the theory is renormalizable,
e.g. SM, MSSM. In effective field theories couplings with agge dimension may occur.
Here the parameters of this theory is fixed by a matching piaee in which the effective
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theory Green'’s functions are related to Standard Model i@danctions, so that the theory is
predictive.

Multiplicative renormalization is frequently used, whdxare parameterg of the Lagrangian
are replaced by renormalized parameteesd renormalization constant§ according to the
relation

go="249= 1462V +6ZP +..) g, (B.1)

where on the right-hand side the renormalization constastieen expanded in orders of per-
turbation theory. ThéZéi) absorb the divergences which appear in the loop integratsis T
they remove the depdce on unphysical regularization paeamé&or a finite theoretical de-
scription all Green functions have to be finite. For this ogaBeld renormalization has to be
performed. Therefore the bare fieldls are replaced by the renormalized odeand the field
renormalization constarff,

1 1 1
Dy = \/Zo® = (1 + 55233) - g(szé})Q + 552513) + ) ®. (B.2)

After applying this redefinition of fields and free paramstéhe Lagrangian can be split into a
renormalized part and a couter term part:

£ (g0, ®0) = £ (Zy9,7/Za®) = £(9,9) + Lor (9, 2,07,,%0) (B3)

The renormalized Lagrangian is finite, free of unphysicgutarization parameters and thus
suitable for theoretical predictions. The counter ternt gan be expressed as perturbation
series in terms of the loop order

Lor (90,2, Zs) = £8) (9,,02",62) +

8y (9.0.020,620,672 628 ) +.. (B4

The definition of the finite parts of the renormalization danss is not unambiguously. Instead,
their definition, relating the parameters of the theory teasliables, comprise a renormalization
scheme. Although practically not realizable, the resula @flculation up to infinite order in
perturbation theory is renormalization scheme indepeindEme resulting dependence on the
renormalization scheme in preformed calculations refldotstheoretical uncertainty due to
missing higher-order terms.

The minimal subtraction scheme [172}/(S-scheme) is the simplest renormalization scheme.
Only the divergent terms in the higher order contributiorsadosorbed into the counter term part
of Lagrangian, but no finite contributions. The mass parameintroduced by the regulariza-
tion to keep couplings dimensionless is now transformedrenarmalization scale parameter
1g- A modification of theM S-scheme is thé/S-scheme [173]. In this scheme not only the
1/e poles are subtracted but a quantityy, wheren is the loop order. At one loop it reads

A:%—7E+ln47r. (B.5)
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v is the Euler-Mascheroni constant. TheS scale is redefined as

M%%MS = M%61n47r E (86)
While the M S-scheme is based on DREG thak-schem is based on DRED. Apart from that,
at one-loop level, the procedure is identical and the catertas are the same.
Another possibility is the on-shell scheme (OS scheme)][16h-shell means that the renor-
malization conditions are set for particles on their masdlsio obey the on-shell conditions,
not only divergent parts but also finite contributions arstamed in the couter terms. It implies
that the mass of a particle is given as real part of the pold@fropagator and thus can be
interpreted as the physical mass. Additionally it is assilithat all couplings are renormalized
by demanding that the coupling constants stay unchangddicles coupling of the vertex
are on-shell. The fields are determined to be on-shell by aistemt normalization, i.e. the
residua of the propagators have to be equal to unity.
Complete expressions for the OS renormalization schentenittie SM and MSSM are given
in [161] and [174] respectively. For the SUSY-QCD corregtion Section$.2.2 and 5.3.2 we
use DRED and OS scheme.

Renormalization conditions for the charged Higgs producton
Here we briefly give the renormalization conditions impo$adthe processes described in
Sections 5.3.2 andl2.2. We just consider SUSY-QCD corrections.

Quarks

According to (B.2) the bare parameters in the Lagrangianrepéaced by the renormalized
quantities.

1
PL7R\I]f,i — (1 —|— 5 [52}%7}%] ij) \Ifﬁj,

mfﬂ- — mf7i+5mlf, (B?)

where ¥, ; are the left- and right-handed components fo the quark fielRenormalized
self-energies. can be parametrized by unrenormalized self-energiaad the corresponding
counter terms:

SYAVC N B 1 Lt
S00)] = [ZF)), g (92F vezy)
SR ()] = Ll Ri
[Zf )], = [=F 2(Zf +67; ) : (B.8)
[ifeL(pz)'” - [E?L(pz)]ij—{% <mfz<szf+mfj<szm)+5m } ,
dij i
[E?R(pz)_” = [E?R(pz)]ij—{% (mfzéZf +mf]5ZLT)+5m 1| ,
dij

ij
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using the decomposition
Sw (p) = BPLEE (p°) + 0PrSE (p°) + PLESE (p7) + PrEsf (07) (B.9)
The renormalization conditions for the renormalized selérgies can be chosen to be:

ijeiZR( )—I—ReZSL( j) = 0,
m; Re EZL (m ) + Re ESR (m?) = 0,
m; Re iZL ( ,2) + Re ZSL (mf) = 0,
m; Re Xt (m?) + Re X5 (m?) = 0, (B.10)

Re Sk (m?) +m? [Re S (m?) + ReSEY (m?) |
m; (Reiff’( ) + S5 (m? ) = 0,

with £ (m?) =

s ()
p2=m?2

After inserting (B.8) in (B.10) we can fix the renormallzatloonstantsdm anddéZy
terms of the unrenormalized self-energies:

L/R |

Sml = 5 Re g [SF () + 57 ()] + 95 () + 557 ()],
[62}/F] = —Re[Sp/F (md,) + 2, [2F (m3,) + 5 (m2,)]
gy [S5 () + 25 ()],
1
g B [ (m) — 25" (m )],
2
927" P g 2,2 (3 ) + g S (m3)

+mp S (m ) - my 27 (mfﬁ)} ij

Charged Higgs

Apart from the quarks the relevant parameters for the claariggs have to be renormalized.
The renormalized self-energy is

S 1
S() = 2 () + {5 (62} +02u- ) #°

(52*

T MG MH%ZH,G,) _ 5MHG]

ij
Again, the renormalization constants can be fixed in termbeftinrenormalized self-energies
and mass parameters:

Zu-o], = —%Re S )|,
6Zualy = —5—s [ReT (m?) — oM3E] .

m; —m3



APPENDIX B 87

with m; = mpy+, my = mg+ = 0. Algebraic expressions forM/ 2 ands M~ " are given in
[174].



Appendix C

Hadronic cross sections

Quantum Chromodynamics [39, 175], based ondb&(3) ., gauge group, describes the strong
interactions in the SM and MSSM. Its peculiarities stem friwva special properties: Asymp-
totic freedom and confinement.

Due to asymptotic freedom for short-distances the interactrength becomes weaker, which
enables the strongly interacting particles, i.e. quarks glnons, to behave almost like free
particles. For large distances it is the opposite. The aatévn strength rises with distance
and binds the particles tightly together. Thus, quarks dadrg cannot be observed as free
particles, but only as constituents of hadrons, i.e. me&umerk-anti-quark pairs) and hadrons
(three quarks or anti-quarks). Due to confinement, pertimbaheory might not be justified
at the hadronic level. Therefore, it is necessary to estalaiconnection between the short-
distance interactions of quarks and gluons which can beritbescby means of perturbation
theory and the experimentally observable interactiongdfbdns. This is provided by the parton
model [176] and the factorization theorem [177].

The Parton Model is a legacy of the preQCD erd 972). It was motivated by experimental
results from deep inelastic electron-proton scattering}PL78], assuming, that every observ-
able consists of constituents, the so-called partons,wd@n be identified as quarks and gluons.
A further succes the explanation of Bjorken scaling [179jjck states, that the structure func-
tions in the deep inelastic region do not depend on the mametransfer squaregt and the
energy transfer but merely from the ratiac = ¢?/2Mwv. This implies that the constituents
of the nucleon look almost free and point-like when obsemnw@ti high resolution. Hence,
the process of electron-proton scattering can be appra&ares an incoherent sum of elastic
lepton-parton scattering, which can be described by gsation theory.

Due to Lorentz time dilation the hadron can be treated asti stigject during the scattering
process. Time scales related to the movement of the hadbtodhe non-perturbative process
of hadronization are much larger than the time scale of tmd keattering. A parton which
participates in the hard scattering carries a momenti¥hwith = € [0, 1].

This concept can be extended to interactions of hadrons,peajons, relevant for the LHC.
Two colliding hadrons interact at the partonic level via achiateraction of two partons which

! Later it was justified by taking QCD into account (QCD imprdysarton model).
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electron

proton
hadrons

Figure C.1: Deep inelastic scattering

both carry certain fractions of hadron momenta. The hadrortss section can be cast in the
form:

!
Thad (Pa, P) = Z/ / dqdy0ij (2o Pa, ©y Py, jig) Pija (Ta, 1) @515 (26, 415) . (C.1)
— Jo Jo

&, is the partonic cross section adgl (24, ;) and®;  (x, 11, are parton distribution func-
tions (PDFs). The PDFs represent the probability to find topar(;) with momentum fraction
z, (xp) in @ hadronA (B). Here the factorization theorem states that it is possihbkeparate
the perturbative partonic cross section from the non-peative parton distribution functions.
At this order of approximation the parton distribution ftinas are just momentum fraction
dependend. The parton densities have to be determined ftperiment. They are universal
and hence can be used for the calculation of any hadroniepsge, andy.; are factorization
and renormalization scales respectively which are intteduo distinguish between long- and
short-distance interactions. A consistent computatiohamfronic cross sections necessitates
that the short-distance partonic cross section is infraedd and the mass singularities have to
be subtracted and absorbed into the parton distributions.



Appendix D

Quark masses

We use the running quark masses at next-to-leading order

(0)
B a(p) 17/ 00 vl B\ () — as(pg)
) = miu) | 2] R T e XY

as(MO)
Here,3, = 11-2/3 Ny, 3, = 102—38/3 Ny, ) = 6Cp andyly) = Cp (3Cy + 97 — 10/3Ny),
where N, denotes the number of quarks witky < .

For our numerical analysis we use the numerical values tqgtlark masses [180]:

my (2 GeV) mg (2 GeV) ms (2 GeV)
2.8+ 0.6 MeV 5.0+ 1.0 MeV | 95+£ 15 MeV
me (me) my, (my) my (1my)
1.28 £ 0.05 GeV | 4.22 +£0.05 GeV | 163 + 3 GeV
(D.2)
my, (my) mg (myz) ms (mz)
1.7£0.4 MeV 3.0+ 0.6 MeV | 54 £8MeV
me. (my) my (my) my (my)
0.62 +0.03 GeV | 2.87 £0.03 GeV | 171 £ 3 GeV
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