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Abstract

The associated neutral Higgs production with heavy quarks in the framework of the min-
imal supcrsymmetric extension of the Standard Model (MSSM) is an important process
at ete” colliders as well as at hadron colliders. It allows to measure the top Yukawa
coupling and, for the bottom quark final state, the tan3 parameter of the MSSM. At the
Large Hadron Collider (LHC) the associated neutral MSSM Higgs production with bot-
tom quarks is the dominant Higgs production process for large tan3 values. The leading
order (LO) cross sections are plagued by large uncertainties due to the scale dependence.
The next to leading order (NLO) corrections within Quantum Chromodynamics (QCD)
significantly stabilise the theoretical predictions. However, NLO supersymmetric QCD
(SUSY-QCD) corrections, which are the subject of this thesis, arc nceded to reduce the
uncertainties further. In ete™ collisions they turn out to range within 10—20% and are
thus important for a future International Linear Collider (ILC). At the LHC and the
Tevatron these corrections can amount up to 50%. Therefore, including NLO SUSY-QCD
corrections can strongly enhance or reduce the predicted cross sections of associated Higgs
production with heavy quarks at hadron colliders.

The MSSM based on minimal supergravity models (mSUGRA) provides an excellent cold
dark matter (CDM) candidate with the lightest supersymmetric particle, the neutralino.
The allowed mSUGRA parameter space can be significantly reduced, if the experiment lim-
its on the CDM relic density, obtained with the WMARP satelite, are taken into account.
The impact of the scalar trilinear coupling Ag on the CDM relic density is explored in this
thesis. With a vanishing Ag and fixed tang3 values, the range of allowed mSUGRA models
in the mg — my/, plane shrinks to narrow lines, the WMAP strips. By using fixed but
non-vanishing trilinear couplings within £ a few TeVs these lines are shifted significantly
in the mg — my sy plane.






Zusammenfassung

Die neutrale Higgs Produktion zusammen mit schweren Quarks in der minimalen super-
symmetrischen Erweiterung des Standard Modells (MSSM) ist sowohl fiir eTe~ Beschleu-
niger als auch fiir Hadron Beschleuniger ein wichtiger Prozess. Er erlaubt, die Top Yukawa
Kopplung und fiir Bottom Quarks im Endzustand den Parameter tang des MSSM zu
messen. Am Large Hadron Collider (LHC) ist die neutrale Higgs Produktion zusammen
mit Bottom Quarks der dominante Higgs Produktions Prozess fiir grosse tan3 Werte.
Die Wirkungsquerschnitte in fiihrender Ordnung (LO) weisen grosse Unsicherheiten auf-
grund der Skalenabhéngigkeit auf. Die néchst héheren (NLO) Korrekturen innerhalb
der Quanten-Chromodynamik (QCD) stabilisieren die theoretische Vorhersage deutlich.
Trotzdem sind NLO supersymmetrischen QCD (SUSY-QCD) Korrekturen, welche das
Thema dieser Arbeit sind, notwendig, um die Unsicherheiten weiter zu reduzieren. In
ete™ Kollisionen stellt sich heraus, dass sie von der Grossenordung 10-20% sind und da-
her fiir einen zukiinftigen Internationalen Linearbeschleuniger (ILC) von Bedeutung. Am
LHC und am Tevatron betragen dicse Korrckturen bis zu 50%. Daher kénnen dic vorherge-
sagten Wirkungsquerschnitte fiir die neutrale Higgs Produktion zusammen mit schweren
Quarks an Hadron Beschleunigern durch einbeziehen der NLO SUSY-QCD Korrekturen
stark erhoht oder reduziert werden.

Das MSSM basierend auf minimalen Supergravitations Modellen (mSUGRA) bietet mit
dem leichtesten supersymmetrischen Teilchen, dem Neutralino, einen ausgezeichneten Kan-
didaten fiir die kalte dunkle Materic (CDM). Der mSUGRA Parameterraum kann durch
die Grenzen an die CDM Dichte, welche aus den Daten des WMAP Satelliten abgleitet
werden konnen, deutlich reduziert werden. Der Einfluss der skalaren trilinearen Kopplung
Ap auf die CDM Dichte wird in dieser Arbeit untersucht. Fir einen verschwindenden
Ap und cinen festen tanS Wert schrumpft das erlaubt Gebiet in der mg — m, /o Ebene
zu schmalen Linien, den WMAP Streifen. Unter der Verwendung fester, aber nicht ver-
schwindenden trilinearen Kopplungen inncrhalb % einiger TeV’s werden dicse Linien in
der mo — my/, Ebene signifikant verschoben.
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Chapter 1

Introduction

The predictions based on the Standard Model (SM) of elementary particle physics [1, 2]
have been widely tested and are in excellent agreement with the data. Its only not yet
experimentally established part is the Higgs sector which has been introduced to hide the
electroweak symmetry. Thereby, the masses of the gauge bosons and fermions are gener-
ated. Although the Higgs mass is not predicted by the theory, an upper and a lower hound
can be derived. Furthermore, the LEP2 (ete™ collider at /s = 209 GeV) data analyses
lead to a lower limit of 114.4 GeV at 95% CL.

Despite its impressive success, the SM cannot describe physics up to the Planck scale.
Supersymmetry (SUSY) [3] or theories including large extra dimensions [4] are possible
candidates for theories beyond the SM. The minimal supersymmetric extention of the SM,
the MSSM [5], contains the minimal possible particle content including three neutral and
two charged Higgs bosons. The SM particles and their superpartners have cxactly the
same quantum numbers, except for the spin which differs by 1/2. Since, for example, no
superpartner of the electron with a mass of 511 keV has been found, SUSY has to be
broken. The mechanism behind this breaking is not yet unterstood. It is usually assumed
that the SUSY breaking occurs at a high energy scale. Different breaking models contain
different messenger particles, which mediate the breaking effects down to the electroweak
scale.

The SM Higgs boson as well as the neutral MSSM Higgs bosons are mainly produced
by gluon fusion in hadronic collisions. Additionally, the vector-boson fusion can play an
important role in the SM, due to the two additional quarks in the final state. They offer
the opportunity to reduce the background significantly. In the MSSM this is an important
channel for the light scalar Higgs boson at its upper mass bound as well as for the heavy
scalar Higgs boson at its lower mass bound.

Vector-boson fusion and the Higgs-strahlung process dominate the SM and the scalar
MSSM Higgs bosons production in e*e™ collisions. Pair production may play a significant
role for the scalar MSSM Higgs bosons, while this is the only relevant production channel
for the pscudoscalar Higgs boson, in leading order.
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The branching ratios of the SM Higgs boson arc completely determined, once the Higgs
mass is fixed. The decay channels in the MSSM exhibit a more complicated structure,
since they also depend on other parameters than the Higgs masses. The Higgs bosons
in both theories can be discovered in their whole mass ranges at the LHC (pp collider at
Vs = 14 TeV). At the Tevatron (pp collider at /s = 2 TeV), the chance to exclude or dis-
cover Higgs bosons is small, since the required integrated luminosity exceeds the expected
one. If the LHC finds one or more Higgs bosons, their properties can be explored very
precisely at a future ILC (planned e*e™ collider at /s < 1 TeV).

The associated Higgs production with top quarks can play a crucial role in cxploring
the light scalar MSSM Higgs boson at the LHC. It provides a good channel to study the
top Yukawa coupling. The bottom quark final state can be very important, particularly
for large tan/3, due to the enhanced Yukawa couplings to down-typc fermions. The leading
order (LO) predictions for the cross sections of associated neutral MSSM Higgs production
with heavy quarks are plagued by large uncertainties originating from the strong depen-
dence on renormalisation and factorisation scales. Including the next to leading (NLO)
corrections within Quantum Chromodynamics (QCD) significantly stabilises the theoreti-
cal predictions. However, NLO SUSY-QCD corrections are needed to further reduce these
uncertainties. Moreover, they can be large.

At the ILC, the cross section of associated Higgs production with top quarks ranges about
two orders of magnitude below the dominant Higgs production process. Nevertheless, it
can he measured with an accuracy of some 5%. Thus, this process is one of the most
promising channels to measure the top Yukawa coupling with high precision, for the Higgs
masses below the top threshold. For large tang values, the bottom quark final state offers
a possibility to measure tan/3. Since the observables at eTe™ collisions can be measured
with high accuracy, it is mandatory to include higher order corrections.

R-parity conserving SUSY models provide an excellent cold dark matter candidate (CDM),
since the lightest SUSY particle, the LSP, is stable. Different SUSY breaking models con-
tain different LSP’s, e.g., the lightest neutralino in mSUGRA models. Via the influence
of the LSP annihilation cross section on the CDM relic density, the experimental limits
on this density, obtained from the WMAP satelite, can constrain the mSUGRA param-
eter space. The SUSY breaking trilinear scalar coupling Ag has a strong impact on the
annihilation cross section and thereby on the presently allowed mSUGRA parameter space.

This thesis is organised as follows: after a short introduction to the Standard Model,
Supersymmetry is described in the main part of Chapter 1. The phenomenology of Higgs
boson production and decays at different colliders is discussed in Chapter 2. In Chapter 3
techniques used to perform the calculations are introduced. The NLO SUSY-QCD correc-
tions to associated Higgs production at the ILC are described in detail in Chapter 4, while
the corrections at hadron colliders are treated in Chapter 5. The effects of varying the soft
breaking trilinear scalar coupling constant Ag on the allowed mSUGRA parameter space
are discussed in Chapter 6. The conclusions are drawn in Chapter 7. Somc details are
explained in the Appendix.
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1.1 The Standard Model

The Standard Model ([1, 2] and e.g. [6] for a review) consists of three components:

1. Matter: The basic constituents of matter are the fermionic leptons and quarks (Ta-
ble 1.1). Both appear in three generations of identical structure!:

o Leptons: electrons (e™), muons (u~) and taus (77) with electric charge () = —1
and the electrically ncutral associated neutrinos (ve, v, and v;).

e Quarks: up (u), charm (c) and top (¢) quarks with electric charges ) = 2/3, down

(d), strange (s) and bottom (b) quarks with @ = —1/3.
particles quantum numbers
field 1.gen 2.gen 3gen |SUB3)|SU2)L| I3 Q Y
v, v v 1/2 0
‘ g i 1 2 -1
i ¢/, wJ, ™/, -1/2 -1
u c t 1/2 2/3
3 2 1/3
d . s/, b . -1/2 | -1/3
€r I Th 1 1 0 —1 -2
IR UR CR tr 3 1 0 2/3 4/3
dr SR br 3 1 0 —1/3 —2/3
Table 1.1: Fermionic particle content of the SM.

Each generation consists of a lefthanded SU(2)r, doublet fr with weak isospin I = 1/2
and a righthanded SU(2)y, singlet fg with I = 0. Every quark appcars in three different
colour states, it belongs to a SU(3), triplet, while the leptons are colourless SU(3), singlets.
The hypercharge Y is related to the electric charge 2 and the third component of the weak
isospin I3 by the Gell-Mann-Nishijima relation @ = I3 + Y/2. These fermions and their
antiparticles? have all been experimentally identified [7].

2. Forces: Four different forces act between leptons and quarks (Figure 1.1). The elec-
tromagnetic and the weak interactions can be unified as the electroweak interactions [1].

!Neutrino-experiments using atmospheric, solar as well as v from reactors have demonstrated that also
neutrinos are massive, thus they should have a righthanded component as well. However, in the SM they
are deflined to be massless.

2For each particle exists an associated antiparticle with identical quantum numbers, but opposite charge.
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The physical mass eigenstates W+, Z and v are a mixture of the gauge ficld B* corre-
sponding to the hypercharge interaction and the three vector fields Wl 23 related to the
weak isospin interaction. The mixing is fixed by the Weinberg angle HW.

1 e
W = %(VVI}:Fsz), Iy = +1,
Ay _ [ cosBw  sinfy By, =0
Z,)  \—sinfw cosfy ) \W?)’ 3=

In the SM, the electroweak interactions are combined with the strong interactions, the
QCD [2]. Both forces are associated with spin-1 fields, the gauge bosons, while grav-
ity is, according to general relativity, mediated by a spin-2 field, the graviton. The latter
cannot yet be interpreted as a proper quantum phenomenon and is not included in the SM.

electromagnetic: >\MNV\< strong: >mrmm<

weak: gravitational:

Figure 1.1: Forces acting between the fermionic particles of the SM.

The theories of electroweak and strong interactions can be formulated as quantum gauge
field theories [8]: the fields are attributed to representations of the symmetry group,
while the interactions of the gauge fields with fermionic matter and their self-interactions
are determined by the gauge symmetry. The SM is based on the gauge group prod-
uct SU(3). x SU(2)r x U(l)y. The SU(3). is the symmetry group of the non-abelian
strong interactions, while SU(2)r x U(1)y represents the electroweak interactions. The
Lagrangian describing the SM is invariant under any local gauge transformation corre-
sponding to this product of groups.

Pure gauge field theories include only massless gauge bosons. The introduction of explicit
mass terms in the Lagrangian destroys the gauge invariance and thereby the renormal-
isability of the theory. However, experimental evidences require the clectroweak gauge
bosons W+ and Z to be massive [9], thus the gauge group SU(2)r x U(1)y is not visible
in the physical states. How the electroweak symmetry is hidden is one of the fundamental
questions of particle physics. The most attractive way suggested so far is to introduce a
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Higgs sector [10], which hides the gauge symmetry, but leaves the theory renormalisable®.
The gluons and photons are massless, so that the SU(3). x U(1)em symmetries remain
visible in the physical states and interactions.

3. Higgs mechanism: If the fundamental particles are requested to be weakly inter-
acting up to high energies, the electrowecak symmetry has to be spontaneously broken
by the implementation of one or more fundamental scalar Higgs bosons (for a review of
electroweak symmetry breaking and Higgs physics see e.g. [12]). An alternative to spon-
tancous symmetry breaking? would be dynamical breaking by a new strong force at the
interaction scale A ~ 1 TeV [13] leading to non-perturbative physics in analogy to chiral
symmetry breaking in QCD.

In the SM, a complex SU(2)r, Higgs doublet

T V2 \ ¢3+iga
with the four real fields ¢;,,, 4 is introduced. The Higgs Lagrangian
Ln = (8,0)1(9"¢) — u¢T6 — A/2(819)? = (9.9)1(0"¢) — V(¢9) (11)

is invariant under global SU(2) x U(1)y phase transformations®

¢ N ¢/ — eiﬂaﬂ‘u/Q-f-iﬁY/Qqs’
with @ = 1,2,3. The partial derivatives are defined by 9, = (5‘2, V) and O* = (%, —-V),
respectively. A is the quartic Higgs coupling constant and for p° > 0 the Lagrangian Ly
in equation (1.1) describes a scalar ficld with mass u. To implement local SU(2), x U(1)y
invariance [aa, B — ay(x), ﬁ(w)] the covariant derivatives

.o ., Y
Dy=0, + zg%Wﬁ + zg’—2~BM
have to be introduced to replace the partial derivatives.

The Higgs potential V(4) in equation (1.1) possesses, if A > 0 and p? < 0, an infinite
number of non-trivial minima |¢|* = v2/2 = — p?/A. The fluctuation H (x) around any of
these ground states defines the physical Higgs field. Thus, the Higgs doublet ¢ is parame-
terised by the four real fields® ), 6,03 and H:

_ —ivaba(z)v 1 0
p(z)=e \/E(U+H(£))

3The renormalisability of the SM has been proven by 't Hooft and Veltman [11].

1For global symmetries spontaneous symmneiry breaking means that the symmetry is broken: (¢) # 0
and a goldstone boson appears in the spectrum, whereas for local symmetry it means that the symmetry
is hidden: (¢) = 0, but (|¢|*) # 0 and a would-be goldstone boson appears.

., B are gauge parameters of the groups SU(2)r and U(1)y, respectively. T'he Pauli matrices o4/2
are the generators of SU(2)1 and the hypercharge Y is the generator of U(1)y.

SWith an expansion for small field strength and the explicit form of the Pauli matrices the correlation
between the four component ¢:,....4 of the Higgs doublet and the four ficlds 01,23 and H are given by:
¢1 x __(-)2’ qf)z o _91,d)3 o II, ¢'4 o 03.
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The coefficient e#92%(2)/v can be absorbed by a gauge transformation. By fixing the
gauge, one special minimum is selected, the SU(2) symmetry is hidden and the preser-
vation of gauge symmetry renders the theory renormalisable. The SU(2);, gauge bosons
acquire their masses by absorption of the three fields 6,, the massless would-be goldstone
bosons. The scalar degrees of freedom appear as the longitudinal polarisation of the mas-
sive gauge bosons. The masses of the fermions are generated by Yukawa interactions with
the Higgs field. The photon is the only massless gauge boson of the electroweak sector:
the gauge group U(1)em is the only visible symmetry of the electroweak interaction’.

1.1.1 SM Lagrangian
The Lagrangian of the SM including the Higgs sector can be written as:

1 1 1
Lom= — 3 Wu WH — 2B B" — £ Gu G

+ S [FGP) S ~os Fu (6460 fn+ e
f

2 A s ¥ 2
D - = - . 1.2
+ Duof - 5 (o~ %) 12)
with the charge conjugated Higgs doublet ¢, = ioa¢*. The covariant derivatives including
all three gauge interactions arc defined by®:

D, =08, + ig%wz + ig'—)—;—BM + 93%'1(;2,

The first row of equation (1.2) contains the kinetic energies and self-interactions of the
gauge bosons® W, B, and G,. The second line covers the fermionic sector with the
kinetic energies of the fermions, their interactions with the gauge bosons and the Yukawa
couplings of the fermions to the Higgs boson with g5 = v2m/v. Note that the left and
right-handed fermions carry different isospin and hypercharge quantum numbers and thus
interact differently with the gauge bosons. The masses of the gauge and Higgs bosons
as well as the Higgs self-couplings are determined by the terms in the third line with
A = m¥ /vt

1.1.2 SM Higgs Mass

The only unknown parameter in the Higgs sector of the SM is the mass of the Higgs boson
mpy. Although this is not predicted by the theory, an upper and a lower bound can be
found (Figure 1.2) [14, 15].

Quantum fluctuations affect the self-interaction of the Higgs boson, leading, for the cou-
pling constant A\, to a dependence on the energy scale p at which A is measured. The

"This is what is meant by the statement that SU(2)r x U(1)y is broken down to U(1)gp,.

8The GZ refers to the gluon fields and the Gell-Mann matrices A arc the generators of SU(3)..

9The field strength tensors are given by V., = 8,V — 8. Vi, — ig [Vu, Vo] with the vector potentials V),
and the gauge couplings gv.
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30011||||||||||1|

m; = 175 GeV
ag(Mz) = 0.118

not allowed

illllll]llll!l

200 [— allowed

not allowed _|

|

0 || | | | 1 1 | L1 | L1 I
103 10 109 101R 1019 1018
A [GeV]

Figure 1.2: Bounds of the SM Higgs boson mass as functions of the cutoff scale A.
Above the cutoff the Higgs boson starts to interacting strongly. The lower bound
comes from the condition of vacuum stability [14]. The width of the bands shows the
uncertainties entering by the strong coupling constant and the top quark mass.

variation of this effective quartic Higgs coupling A(u) is described by the approximate
renormalisation group equation (RGE):

ﬁ% ~ % N2 (i) + Mu) g7 (1) — gf(u)],

with A(w) = m¥%i/v®  and  gi(v) = V2my /v,

where m; is the mass of the top quark, which is known with an uncertainty of £ 2 GeV [16].
For large Higgs masses the quartic coupling rises with increasing scale p, as the 3 function
of the RGE is positive: d\/dlog(u?/v?) o +A? and becomes divergent at a certain scale
p = A. This is the cutoff up to which the theory is consistent. The condition A(E) < oo for
any energy E < A leads to the upper bound on my;. For small Higgs masses A decrcases
with increasing scale u, due to a negative 3 function dA\/dlog(u?/v?) o« —g¢ and becomes
negative at a certain scale i = A, so that the electroweak ground state is no longer stable.
Thus, to prevent vacuum instability, the Higgs mass has to be larger than a minimal
value. A minimal cutoff A = 1 TeV and a cutoff at the GUT scale, respectively, leads to
the following allowed mass ranges for the SM Higgs boson [14]:

A=1TeV: 55 GeV < mpy < 700 GeV,
= 10'3 TeV : 130 GeV < my < 190 GeV.

~
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The direct search for the Higgs boson at the LEP2 collider!? in the Higgs-strahlung process
ete™ — HZ and the vector-boson fusion processes'! ete~ — Hyo and HeTe™, respec-
tively, resulted in a lower limit of 114.4 GeV at 95% CL [17].

The precision electroweak data, from LEP, SLC'? and Tevatron strongly support the
SM with a weakly coupling Higgs boson as inferred in Figure 1.3a. The “blue-band plot”
in Figure 1.3b shows the Ax? curve derived from the high energy precision electroweak
measurements, as a function of the Higgs mass, assuming the SM to be the correct theory.
This global fit predicts a SM Higgs mass of myg = 8972 GeV, at 68% CL without tak-
ing the theoretical uncertainties into account [18]. Including experimental and theoretical
uncertainties, shown as the blue band, leads to a Higgs mass below 166 GeV at 95% CL.
This limit increases to about 200 GeV by including the direct limit of 114.4 GeV. The x2
probability is around 18% and it is only little affected by the low energy results such as
the NuTeV measurement.

Measurement Fit dom—oﬁ‘lgo'"”s 6
B T R N e R T It e 2o T ‘-_ ot g
Niepality) 002750 = 0,003 0.52757 . 2 @ Theory uncertainty @';
m,iGeV] 91.187510.0021 91.1874 N A & _ &
r,|GeV|  24952+0.0023 24959 5 . Ohag = &
O lnbl  41.540+0037  41.478 —0.02758+0.00035 & :
HB‘ 2076710025 20743 pemem | 4 A G 0.02749+0.00012 & * ]
A 0.01714 £ 0.00095 0.01643 . 2 N
A(P) 01465+ 0.0032  0.1480 4  incl. low Q° data & B
R, 0.21628 + 0.00066 0.21581 e -
R, 0.1721£0.0030 01722 c\JP<
ARP 00992£0.0016 01037 Mt g 3 N
AY* 0.0707 £0.0035  0.0742 -
A, 0.923 £ 0.020 0.935 -
A, 06700027  0.668 21 .
A(SLD) 0.1513£0.0021  0.1480 —— i
sin‘0®¥'Q,) 02324100012 02314
my, [GeVi  80.40410.030  80.376 1 .
I'ylGeV]  2115+0.058 2.092 R
mGevl 172523 172.9 ] \ y 1
N 0 Excluded R *
0 1 2 3 L} L} T T
30 100 300
(a) (b)

my, [GeV]
Figure 1.3: (a) Used data (summer 2006) in the electroweak fit and their agreement with
the SM prediction. (b) Ax? as a function of the Higgs mass for the electroweak precision
data, assuming the SM to be the correct theory [18]. The blue band shows the theoretical
uncertainties and the yellow shaded area is excluded by direct searches at LEP2.

The Tevatron continues the Higgs search up to a mass of ~ 180 GeV [19] and the LHC
can discover a SM Higgs boson up to its theoretical upper limit.

'°From 1989 to 2000 the Large Electron Positron (LEP) collider at CERN provided e*e~ collisions at
center of mass energies from 90 GeV (LEP1) up to a maximum of 209 GeV (LEP2).

"1 The vector-boson fusion gives small contributions only at the highest LEP2 energies.

“The Stanford Linear Collider (SLC) was a two mile linear e*e™ accelerator running at 90 GeV. The
Tevatron and the LHC are discussed in Chapter 2,
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1.2 Supersymmetry

Supersymmetry [3] connects fermionic |F) and bosonic states |B):
Q|B) = |F) and Q|F) = |B).

The supersymmetric operator @ must carry spin = 1/2. The possible forms for such
symmetries in interacting quantum field theories (QFTs) are highly restricted by the Haag-
Lopuszanski-Sohnius extension [20] of the Coleman-Mandula theorem!3 [21]: SUSY is a
nontrivial extension of the Poincaré group. For theories containing chiral fermions this
theorem implies that the generator @ and its hermitian conjugate Q' must satisfy the
graded Lic algcbral4 [22]:

{Q.Q"y = P~
{Q,Q) = {@"Q"} =0,
[P*,Q] = [P*QN=0. (1.3)

P is the spacetime translation operator and transforms under Lorentz transformation
as a spin—1 object. The irreducible representations of the SUSY algebra (1.3) are called
supermultiplets. The properties [-P% Q] = [~P? Q'] = 0 imply that members of onc
supermultiplet must have the same eigenvalues of —P? and, therefore, the same masses!5.
The SUSY opcrators also commute with the generators of all gauge transformations, hence
the particles and their superpartners have the same gauge quantum numbers: electric
charge, weak isospin, hypercharge and colour. Each supermultiplet contains an equal

number of fermionic and bosonic degrees of freedom.

1.2.1 SUSY Assessment

Supersymmetric extensions have to include the SM as a low energy limit. They constitute
a class of theories with attractive aspects:

e SUSY is the only fundamental new continuous symmetry in addition to the gauge
and Poincaré symmetries. The S-Matrix contains the maximal number of different
kinds of symmetries [20].

e Provided that fermionic and bosonic interactions, which are related by SUSY have
the same coupling strength, the quadratic divergences cancel by Supersymmetry and
thus the hierarchy problem is solved, if Mgysy < O(TeV) [5].

e The minimal supersymmetric extension of the SM, the MSSM, predicts, for a suffi-
ciently heavy supersymmetric spectrum, the clectroweak observables as well as the
SM. The heavier the supersymmetric spectrum the smaller the differences to the
SM [23].

¥No-go theorem: the only conserved bosonic quantities except for generators of the Poincaré group in
four dimensional QFTs must be Lorentz scalars. In other words, an interplay between spacetime symmetries
and internal symmetries is forbidden for bosonic symmetry operators.

This is the only graded Lie algebra of the S-matrix consistent with relativistic QFT.

133USY has Lo be broken, because e.g. no scalar partner of the electron with the same mass and quantum
numbers has been found.
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SUSY theories can be embedded in grand unified theories (GUT) [24] in a natural
way: the coupling constants which are evolved up to high energies meet at the GUT
scale at one point. The MSSM included in a GUT results in a theoretical prediction
of the electroweak mixing angle sin?6} = 0.2336 4:0.0017 in striking agrcement with
the experimental value sin?6};” = 0.2317 &+ 0.0003 [25].

In SUSY GUTs the electroweak symmetry breaking can be of dynamical origin if
the mass of the top quark ranges between 100 GeV < m; < 200 GeV [26], which
has been experimentally confirmed [16]. Radiative corrections lead, for a positive
squared Higgs mass at the GUT scale, to a negative squared Higgs mass at the
electroweak scale, by means of RGE evolution, and thus to a non-vanishing vacuum

expectation value for the Higgs field.
Local SUSY automatically includes gravity [27].

If the lightest SUSY particle (LSP) is stable, it provides a potential candidate for
cold dark matter [28].

Supersymmetric theories contain additional CP-violating sources [29] and has, there-
fore, the potential to explain the asymmetry between matter and antimatter in the
universe [30].

SUSY cannot solve all of the open SM questions:

o Why are there three generations of quarks and leptons? What is the origin of their

masses and mixing angles?

The fine-tuning problem of the cosmological constant [31] is not solved.

And it even creates new problems:

e E.g. no scalar electron with a mass of 511 keV has been found, so that SUSY has to

be broken. The mechanism of this breaking is not yet understood. Different breaking
mechanisms are discussed in Chapter 1.2.2. Without the introduction of any breaking
mechanism all the soft SUSY breaking terms must be introduced by hand leading
to a huge number of more than 100 new parameters, which are independent of each
other.

SUSY CP-problem [32]: additional CP phases must be strongly suppressed so that
e.g the dipole moment of the neutron does not become too large.

In general the mass of the gravitino is of the order of the generic SUSY masses and
it lives longer than the lifetime of the universe. In many cosmological models this
leads to an over critical mass density and to a closed short living universe [34].

1.2.2 SUSY Breaking

If the minimum of the Higgs potential happens to be supersymmetric, the superpartners
would have the same mass as their ordinary partners. This is clearly ruled out by exper-
iments. To break SUSY the vacuum can be shifted to a non-supersymmetric state and
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SUSY is spontancously broken or it can be broken explicitly by introducing soft break-
ing terms. The Girardello-Palumbo mass-sum-rule [35] states that in spontaneous broken
SUSY at least one hoson mass must be lighter than the mass of the associated fermion.
Since this is in contradiction with the experiments SUSY has to be broken explicitely. The
mechanism behind this explicit breaking is not yet known. It is usually assumed that the
SUSY breaking occurs at a high energy scale, in a so called hidden sector. The effects arc
then communicated by messenger particles down to the visible sector at the electroweak
scale. The different breaking models contain different messenger particles:

¢ Gravitons: in minimal supergravity (mSUGRA) [36] this communication is mediated
by gravitational interactions. All scalar masses, gaugino masses and trilinear scalar
couplings are unified at the GUT scale (Mgur ~ 10'® GeV) to mo, my s, and Ay,
respectively. The physics in the visible sector is determined by five parameters: my,
my /2, Ao, tanf and sign(u). This breaking mechanism, as well as these parameters
are discussed in more details in Chapter 1.4.

e Gauge bosons: in gauge-mediated SUSY breaking (GMSB) [37] the breaking ef-
fects are transmitted by the known SM gauge interactions. The direct coupling of
Npness messenger particles, with mass Mpess and SU(3). x SU(2)r x U(1)y quantum
numbers, to the hidden sector generates a SUSY breaking spectrum. The breaking
scale (F) ranges between 105 and 10° GeV. The SUSY breaking is transmitted to
the visible sector by the virtual exchange of messenger particles. The MSSM spec-
trum is specified by only five parameters: Nmess, Mpmess, (£), tanf and sign(u).
In these models the gravitino G is the lightest SUSY particle (LSP) with a mass
mg = (VF/100TeV)?-2.37 eV.

o No messenger particles: in anomaly-mediated SUSY breaking (AMSB) [38] the SUSY
breaking happens on a separate brane in extra dimensions and is communicated to
the visible world via the super-Weyl anomaly. The masses of gauginos and squarks
are generated through one and two loop effects, respectively. The low energy models
are described by only four parameters: mg,,, mo, tang and sign{(p). The SUSY
particle mass scale is set by mgue, which is the vacuum cxpectation value of the
auxiliary field in the supergravity multiplet. The my is introduced to avoid negative
squared slepton masses, and the lightest wino, the superpartner of the W hosons, is
the LSP.

As a consequence of this “communication”, effective soft breaking terms arise in the visible
sector, giving mass to sparticles and generating non-vanishing trilinear couplings among
scalar fields. A remarkable aspect of SUSY breaking in a hidden sector is the fact, that
the generated masses do not involve terms of the size of the high energy scale that is, the
breaking is soft. Thus, no new quadratic divergences are introduced.

1.3 The Minimal Supersymmetric Extension of the SM

The minimal supersymmetric extension of the SM [5], the MSSM, contains the minimal
possible particle content including two complex Higgs doublets. This is a necessary condi-
tion for an analytical superpotential, if SUSY is conserved, and for the theory to remain
free of anomalies:
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e The up-type quarks receive their masses from H, 3 , while the down-type quarks obtain
them from Hg.ls

o The gauge anomalies cancel if Tr[I3Y] = 0 and Tr[Y?3] = 0, where the traces run
over all left-handed fermionic degrees of freedom of the chiral supermultiplets. The
superpartner of one isospin Higgs doublet has hypercharge +1 or —1 leading to a
non-vanishing contribution to the above mentioned traces. Anomaly cancellation
requires the introduction of two Higgs doublets with opposite hypercharges, so that
the total contribution to the traces vanishes and the theory remains free of gauge
anomalies.

Supersymmetric theories can be constructed in the superfield formalism [39]. A superfield
contains the field quanta of the SM and their supersymmetric partners as the supermulti-
plets contain the particles of the SM and their superpartners. There exists two classes of
superfields:

e The massless vector superfield includes a massless gauge field and a gaugino, a two
component fermion field'”.

o The chiral superfield contains a two component Weyl spinor and a complex scalar.

The SM gauge bosons and their superpartners, the gauginos, are arranged in the massless
vector superfield in Table 1.2. The higgsinos and the gauginos are not mass eigenstates.
After electroweak symmetry breaking the two charged winos and the two charged higgsinos
mix to four charginos sz with electric charge +1 and —1, respectively. The neutral wino,
the bino and the two neutral higgsinos mix resulting in four neutralinos X(l),...,ll'

superfield | SU(3). | SU(2), | Y | boson (V) | fermion (V) notation
G? 8 1 0 G? G? gluon, gluino
we 1 3 0 WwW¢e we W boson, wino
B 1 1 0 B B B boson, bino

Table 1.2: The vector superfields of the MSSM with their quantum numbers. The super-
partner of the gauge fields are called gauginos.

The chiral superfields in Table 1.3 contain the fermionic quarks and leptons and their
superpartners, the bosonic squarks and sleptons, as well as the Higgs bosons and their
superpartners, the higgsinos. Although the left-handed lepton supermultiplet I has exactly
the same SU(3). x SU(2), x U(1)y quantum numbers as the “down-type” Higgs superfield
Hy they cannot be described by a single superfield. It would generate problems with gauge
anomalies (analogous to the argument why two Higgs doublets are nceded), lepton-number
conservation and the mass of at least one neutrino would be in conflict with experimental
bounds [40].

18In the SM the masses of the down- and up-type quarks are gencrated by ¢ and ¢° = ig2¢”, respectively.
" The neutral gauginos are Majorana particles.
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‘superﬁeld SU(3). ’ SU2). I Y |fermion (fL.r) l boson (fL‘R) | notation
Q 3 2 3 (ug,dr) (iig,,dr) quark, squark
e 3 1| 4 why il »
pe 5 1 2 df dp "
L 1 2 -1 (vi,er) (DL, €éL) lepton, slepton
Ee 1 1 2 el & ”
| I lfermlon (Hy,q) | boson (H,4)
H, 1 2 1| H,= }ég H, = I;;“; Higgs, higgsino
Hy 1 2 -1 | Hy= ffg Hy = H§ ”
H H,

Table 1.3: The chiral superfields of the MSSM and their quantum numbers. A standard
convention is to define all the chiral supermultiplets m terms of left-handed Weyl spinors,
hence the charge conjugated right-handed fermions (uR, ;r?, er) appear in this Table.

1.3.1 MSSM Lagrangian

The Lagrangian of the MSSM contains the Lagrangian of the SM, Lgy of equation (1.2)
without the Higgs sector, Ly of equation (1.1), and additionally all allowed terms which
leave the Lagrangian invariant under supersymmetric transformations as well as renormal-
isable:

1 1 1

Luvssm = — ZW/.WW“U - ZB;WBIW - ZG/WGMU
Tr [Wi@ﬁ] + %Ei;ﬁ?ﬁ—l—TT [Ezp(”;]
mew + Z 1Dy ¢

+ i Z [d} Tav(L¢ VaTal/) ]*—ZIQV@TU%F
1/)¢V

o*w
- Z‘ (%L) 06:06; YiL + h.c.
+ Lot (14)

The bosonic parts of the chiral multiplets are called ¢ = H, 4, fL, r and the fermionic
ones ¥ = H, 4, fr,r. The gauginos are denoted as V¢, and T are the generators of the
different gauge groups'®

The kinetic energy and the sclf interactions of the gauge bosons are given in the first

BUM)y : T%=Y/2, SU@2)L : T* =0%/2 and SU(3)c: T* = A*/2.
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line of equation (1.4). The fermionic kinetic energy terms for the gauginos and interac-
tions with the SM gauge bosons can be read off from the second line. E.g. the coupling
strength of the supersymmetric ggg interaction is exactly the same as for ggg, which is
known from QCD. The winos only interact with weak gauge bosons, and the bino, a colour
and weak isospin singlet with ¥ = 0, does not interact with any SM gauge boson at all.
The higgsinos carry kinetic energy and interact with SM gauge bosons in exactly the same
way as the left-handed leptons as inferred in the first term of the third line. The sfermions
are bosons, as the Higgs doublets, so that the kinetic energy for both, the masses of the
gauge bosons and the interaction of gauge bosons with sfermions arise from the second
term in the third line in the Lagrangian. Corresponding to the interaction of two fermions
with one gange boson, interactions of gauginos with fermion-sfermion pairs emerge in the
fourth line. The second term in this line is the D-term which generates four sfermion and
quartic Higgs boson interactions with the gauge couplings as coupling strengths.

The terms originating from the superpotential W contribute to the Higgs and the higgsino
mass terms. They generate the Higgs couplings to sfermions, four sfermion interactions
and Yukawa couplings for the SM fermions. There are R-parity conserving as well as
violating contributions to the superpotential:

W = WrtWp, (1.5)
Wr = =g MH:;H& + /\,HngEc + )\<1H5@j15‘3 + ’\quiéjﬁc] ’
Wp = ALLE+ NLiQ;Df + XU DD,

with €11 = €92 = 0 and €19 = —€97 = —1. The R-parity, defined as R = (—1)33+25+L,
with B = baryon number, S = spin and L = lepton number is a new discretc symmetry,
which distinguishes SM particles (R = 1) from their SUSY partners (R = —1) [41]. In
R-parity conserving models the sparticles can only be produced/annihilated in pairs, so
that the lightest SUSY particle, the LSP is stable. The dimensionless Yukawa couplings
Adn are 3 x 3 matrices. However, since the 7 leptons, the bottom and top quarks are the
heaviest fermions in the SM it is useful to approximate the Yukawa coupling matrices by

00 0
Ndur |0 0 0
0 0 Aoy

This parameterisation also avoids generation mixing through the Yukawa couplings.

The R-parity violating terms do not conserve lepton number nor baryon number in gen-
eral. From the experimental limits on the proton decay and the decay 7= — ¢ vr,
for example, it is known that at least some of the couplings A, X', A" must be very small.
However, there exist no deeper theoretical reason for them to vanish. Nevertheless, R-
parity is often assumed to be conserved, since it provides the LSP as a candidate for cold
dark matter. In addition R-parity prevents the proton to decay too rapid.

The soft breaking Lagrangian Ly only contains mass terms and interaction terms with
coefficients of positive mass dimensions'?, in order to maintain the hierarchy between the

¥Renormalisabilily requires the energy dimension of the operators in the Lagrangian to be always < 4.
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electroweak and the GUT scale Qaur:

M VaVe —m¥y |Hy|? —m¥y, |Hal* + Buey(HL H) + Hj H)
a:l,2,3

Esoft - -

[T

2% 2~k 2 ~x ~ 2 % T
—m~ Pl — mZé} €g — mZ; r — myUpir — mydrdr

g&; m ) m .
* \/ifr:w [coslﬁ AH Rt 5AdeqL Ih + = %A HEB TR (1.6)

M 2,3 are the bino, wino and gluino mass terms and the mp, , the Higgs masscs. The
last term in the first line in equation (1.6) contributes to the Higgs mass matrix, too.
The sfermions acquire their large masses from the second row, where the m’s are 3x3
matrices in the family space. The entries can be complex, but the matrices must be
hermitian so that the Lagrangian is rcal. These mass matrices are sources of potentially
dangerous flavour-changing (FC) and CP-violating effects. To avoid these experimentally
strongly limited phenomena one can assume that SUSY breaking is universal in the sense
that m o m - I and that no new complex phases are introduced. In addition to the
mass terms soft SUSY breaking generates new trilinear scalar couplings. Since they are
proportional to the ordinary fermion masses my 4, they are only relevant for the third
generation A4, — Arp. These terms introduce additional contributions to the Higgs—
sfermion—sfermion coupling,

1.3.2 MSSM Sfermion Sector

For every fermion f, with two fermionic degrees of freedom L and R, two scalar bosons
fL &, each with onec bosonic degree of freedom, are introduced. The index L and R for
these bosons are related to the chirality of the fermions. The physical mass cigenstates
f1,2 are conneccted to the current eigenstates fL, r by the mixing angles 60;:

f1 _ cosfly sinby fL
fo) — \—sinf; cosbs) \fr)"

The masses and the mixing angles are given by:

1 2
ma = Z{m? 12— ml 2 — 2
mf , = mf + 5 [mf + mfR T \/( % mfn> + 4mf (Ap — ury) },

2 2
2 Ar — pur ms - m%
sin(205) = my (As .’”f), cos(207) = Y My
f m2 — m? / m2 — m2
h fa h fz

with 7§ = cot/3 for up-type and ry = tanf for down-type sfermions. The parameters Ay
originate from the soft SUSY breaking and p is the Higgsino mass parameter. Since the
mixing angles are proportional to the masses of the ordinary fermions, mixing effects are
only important for the third-generation sfermions.
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1.3.3 MSSM Higgs Sector

Contrary to the SM the MSSM contains two complex Higgs doublets H, and Hy. The
masses and the self-couplings of the Higgs fields are given by the Higgs potential:

V= + (my, +u?) Haf> + (ml, + 1) |Ha|* + Bu (Hy Hy — HY H) + h.c)
2 12 2 2
+ T (- HP) + ||

The m%,u , and the By terms in the first line are SUSY breaking terms from the soft
breaking Lagrangian in cquation (1.6). The quartic Higgs couplings are fixed by the gauge
couplings g of SU(2)r and ¢’ of U(1)y thus resulting in an upper mass limit for the lightest
Higgs boson. This is in strong contrast to the SM, where the quartic Higgs coupling A is
not fixed at all. The electroweak symmetry is hidden if the neutral components of both
Higgs doublets acquire vacuum expectation values (VEVs) v, and vy, respectively®’. Due
to spontancous symmetry breaking, five of the original eight degrees of freedom of the two
complex SU(2); Higgs doublets remain as physical particles in the spectrum:

- two CP-even, neutral (scalar) Higgs bosons h and H,
- one CP-odd, neutral (pseudoscalar) Higgs boson A,
- two charged Higgs bosons H*.

The three would-be Goldstone bosons are absorbed by the gauge bosons as in the SM.
The two scalar Higgs bosons emerge from mixing of the two neutral CP-even components
of the Higgs doublets by the mixing angle a:

h —sina cosa V2Re(HD) - v,
= ; 0 . (1.7)

H cosa  sina V2Re(HY) — vy
Due to electroweak symmetry breaking, the Higgs sector of the MSSM can, in leading order,
be described by just two free parameters. In general, the ratio of the VEVs v, /vy = tanf

and the mass of the pseudoscalar Higgs boson ma are chosen. The other six paramcters
of the Higgs sector are completely defined by these two variables:

v, = v-sinf and vg = v - cosf3,
Bu = m? sing cosf3,
2 2
2 2 _ My 2 2y |cos
mH[Z] +ut = 5+ (m% +m%) [sinzﬁ] ;
mi + mQZ )
tan2a = tan2f—F——% with —7/2 < a < 0.

mA - TTLZ

The 2 x 2 mixing matrix in equation (1.7) determines the masses of the scalar Higgs bosons
as functions of these two free parameters. At tree level, the light scalar is lighter than the
Z boson and should have been observed at LEP2. Considering radiative corrections, whose

Py = /12 + 02 = 246 GeV.
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leading universal part?! grows with the fourth power of the top mass and the logarithm
of the stop masses

_ 3Gp mi log(mflmfg>+ X7 (1_ X? )
V22 sin?3 m? MZ oy 12Myeyv/ |

with X; = A; — pcot, the mass of the light scalar is given by

1
mh = §{m?4+mzz+e— (4 m3 +e)?

1/2
—4m%m% cos?(28) — 4e(m? sin®B + m% 00825)} }

The correction ¢ is positive, as long as my mz, > m7 and thus the mass of the light scalar
increases with growing top mass and lies beyond the reach of LEP2. Nevertheless, for
given values of tang, ™My, 5 X; and Mgysy an upper bound for my, strongly depending on
the top quark mass, can be found:

tanf large and Mgysy $2 TeV = my < 140 GeV,
where Mgygy means a generic mass of SUSY particles.

These radiative corrections affect also the mass of the heavy scalar but not the masses of
the charged Higgs bosons:

2
m%i = mi+m22—mh+5,
2 2 2
Mygr = My + M.

For small (large) pseudoscalar masses the mass of the heavy (light) scalar Higgs boson is
independent of my4 as indicated in Figure 1.4.

Lower limits for the MSSM Higgs boson masses result from the negative direct searches for
the processes ete™ — hZ, HZ, hA, HA, hvev,, Hv.v., H"H™ at LEP2 (95% CL) [44]:

mp g 2 91.0 GeV, ma 2 91.9 GeV and my+ 2, 78.6 GeV.

In Figure 1.5 the theoretical upper bound of 130-140 GeV for the light scalar Higgs boson
mags is shown. LEP excluded the tan region between 0.5 and 1.5 as well as a pseudoscalar
mass below 92 GeV for a top mass of 174.3 GeV. For a larger top mass the bounds are
weakened. The lower bounds of about 92 GeV for tan@3 > 10 and about 114 GeV for small
tanB can be read off from Figure 1.5, too.

Since the allowed mass range of the light scalar Higgs boson will be covered by the LHC
without any problems, a negative result in SUSY Higgs searches would be a strong indi-
cation for the theory to be incomplete or even wrong.

1.3.4 MSSM Couplings

The Yukawa couplings of the neutral Higgs bosons in the MSSM (Table 1.4) are in general
defined relative to the Yukawa couplings in the SM?%: g3 = v2m /v and gg™ = 2m§, /v.

1The mixing parameters Ay, from soft SUSY breaking (Chapter 1.3.1) is neglected in this approximation.
% The pseudoscalar Higgs coupling to fermions receives an additional —ivs factor.
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1000 — 1000
[ My [GeV] romy |GeV]

700 r — tan =30 1 700 t ——tan =30
I --—-tanP=6 - L -——tanPB=6

500 r 1 500 t

heavy scalar ] L heavy scalar
200 ¢ 1 200 .
/ . R light scalar
et light scalar 127.40 T
110.85 F e S i

100 F /77" 4 100 b -
‘l " L " N N n Pt ] 1 " n s L L 1 e ]
100 200 500 1000 100 200 500 1000

(@) m,[GeV] (b) m, [GeV]

Figure 1.4: The masses of the scalar Higgs bosons h and H as functions of the pseudoscalar
mass mp for tanB = 6 and 30, respectively. The top mass is set to m;, = 174.3 GeV. The
other SUSY parameters are chosen in (a) according to the “small ey scenario” [42] and

in (b) to the “mazimal mizing scenario” [43]. The different scenarios are described in
Chapter 2.3.
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Figure 1.5: The LEP2 contours for the 95% CL excluding limit for (a) mp and (b) my de-
pending on tanf for a top mass of 174.8 GeV [19]. The parameters were chosen according
to the “mazimal mizing scenario” [48] as described in Chapter 2.3.
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model | Higgs boson (¢) g{’z gg’ g{’i

SM H 1 1 1

MSSM h cosa/sinf | —sina/cosfB | sin(f — «)
H sina/sinf | cosa/cosB | cos(f— a)
A 1/ tang tan( 0

Table 1.4: The couplings of the MSSM Higgs bosons to fermions (u = up-type and
d = down-type) and gauge bosons (V = W,Z) relative to the SM couplings.

With the approximation

with —~7/2 < a < 0,

2 2

m4 +ms
tan2c = tan28— ’;+ Z ,
m4 —my +¢&/cos 23

the couplings of the scalar Higgs bosons can be estimated in the limits of large and small m 4:

ma > mgz: a — [ — 72,
my <X mz.: @ ~— —5.

For large tanf the couplings in the MSSM to down-type fermions are strongly increased
compared to the SM, while the couplings to the up-type fermions and to the gauge bosons
are strongly suppressed (Table 1.5). The bchaviour of the different couplings of the scalar
Higgs bosons are shown in Figure 1.6 for two different values of tang.

limes Higgs boson (¢) gﬁ 93 g“j’/
ma — 00 h 1 1 1
H —1/tang tanf3 0
A 1/ tang tang 0
ma — 0 h 1/tang tan/3 sin(2/3)
H -1 1 cos(203)
A 1/tanf tang 0

Table 1.5: The couplings of the MSSM Higgs bosons to fermions and gauge bosons relative
to the SM couplings for the limits ma — o0 and ma - 0.

The couplings of the neutral MSSM Higgs bosons to the up-type and down-type sfermions
depend on I3y, the third component of the weak isospin, the fermion charge e, the Wein-
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Figure 1.6: The couplings of the neutral MSSM Higgs bosons as functions of the pseu-
doscalar mass ma for two different values of tanB = 6 (full lines) and 30 (dashed lines),
respectively, and vanishing mizing [12]. The couplings are defined in the Table 1.4.
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berg angle 8y and the Z boson mass mz:

g?L po= m%g‘lﬁ + mQZ (Igf — ey sin? OW) gg,
g?ﬂ = m%g‘f + m% ey sin? By gfz’5 ,

b _ my P
gfL HR - -__HQ— (ltg:?_Afgél).

The coeflicients g‘f 4 are defined in Table 1.6. The fermion mass dependent part of these
couplings originatés from the superpotential defined in equation (1.5) while the contribu-
tions proportional to the vectorial fraction of the Z f f coupling result from the D-terms
in the Lagrangian (1.4) after electroweak symimetry breaking.

j | Higgboson(g) | o g g8 ot

2 h cosa/sinf | —sin(a+ B) | —sina/sinf | cosa/sing
i H sina/sing | cos(a+8) | cosa/sinf | sine/sing
" A 0 0 -1 1/tang

q_é h —sina/cosf | —sin(a + () | cosa/cosf | —sina/cosf
§ H cosa/cosf | cos(a+ ) | sina/cosf | cosa/cosf
s A 0 0 -1 tang

Table 1.6: Coefficients of the neutral MSSM Higgs boson couplings to sfermions.

The couplings of a Z boson to a scalar and pseudoscalar Higgs boson pair are given
by:

mz mzg .
9zAn = T COS(,B - O{) and JZAH = _T 31n(ﬂ - a)

The couplings of sfermions to the neutral SM gauge bosons are defined according to the
corresponding couplings of fermions to gauge bosons in the SM with the strong (cs) and

the electromagnetic (@) coupling constant:

9oefif, = Vimras T* 64,
9v5f, = VAToemef s,
V 4T og)m

_ VAmogm 2
9zff = sin Oy cos Oy (a7 = e sin ow),
P, CICTT M.

JZfrfr sin By cos By f "

9zfjrn ~
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1.4 Minimal Supergravity Models

The mSUGRA models are based on local Supersymmetry?®. From the graded Lie algebra
in equation (1.3) it can be inferred that invariance under local SUSY transformations im-
plies invariance under local coordinate change, which is the underlying principle of general
relativity. Thus, local SUSY naturally includes gravity.

At the GUT scale the masses of the gauginos are unified to a common gaugino mass
my /2, the scalar boson masses to a common scalar mass mg and the couplings A to the
common trilinear scalar coupling Ag (Figure 1.7). The absolute value of u is fixed by the Z
boson mass through radiative electroweak symmetry breaking. The Higgs sector depends
on tanf3 and sign(u)?*. Finally, we are left with only five additional input parameters to
the SM ones:

mo, M1/2, A07 sign(,u,), tanﬁ )

in contrast to 105 free parameters in the MSSM without assuming any breaking models.

— 700
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Figure 1.7: Unification of the sparticle masses at the GUT scale Q = 10'6 GeV [45].
The common gaugino mass my /2 and the common scalar mass mqo are input parameters
of mSUGRA. One of the squared Higgs masses (mi1=mpg,, me=mpg,) turns out to be
negative at the electroweak scale (Q ~ 100 GeV), so that the electroweak symmetry is
radiatively broken.

The masses and couplings at the electroweak scale can be derived from the input pa-
rameters at the GUT scale by applying the RGEs. The latter also sum possible large

2Qlobal SUSY can only be broken spontaneously if there is a positive vacuum energy, leading to a
potentially large cosmological constant.
2The value of the pseudoscalar Higgs boson mass is fixed by mo and m;/, together with tang.
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logarithms of the type log (QguTr/mw). This evolution does neither introduce new CP-
violating phases nor new FC sources, thus - if universality at the input scale is assumed
- SUSY contributions to the FC and CP-violating observables do not violate the present
experimental limits.

For the sparticles masses at the electroweak scale there exist some approximate dependen-
cies on the input parameters as shown in Figure 1.8:

o For the squark and slepton masses: m? ~ ap - mg + as - mf /2 + ag - m% cos 203

approximately holds, where a;23¢R. The left-handed superpartners are generally
heavier than the right-handed ones and squarks are often heavier than sleptons. Due
to large mixing effects the ¢; and the 7, are most probably the lightest sfermions.

e Gluino masses are roughly mgz ~ 2.7m; /9, chargino masses my

lightest neutralino mass Mg ~ 0.4my /9 and msg ~ 2m>"c? ~ m,

:li: ~ 0.8m1/2, the

+.
1

Baer, Chen, Munroe, Paige, Tata
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Figure 1.8: Dependence of the sparticles masses on the input parameters mo and myy for

tanf = 2, sign(p) < 0 and vanishing Ay [46]. In parentheses the masses of the sparticles
are given.
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Chapter 2

Higgs Phenomenology at Colliders

The different production processes and decay channcls of SM and neutral MSSM Higgs
bosons at the LHC and the Tevatron as well as at a planned linear ete™ collider arc
discussed. Since associated Higgs production with heavy quarks is the dominant produc-
tion channel in several scenarios, it is a very important process. The associated Higgs
production with top quarks provides one of the most promising channels to measure the
top Yukawa couplings for Higgs masses below the top threshold. For large tan/3 values the
associated Higgs production with bottom quarks allows to determinc the bottom Yukawa
couplings and thereby tang.

2.1 The Colliders

The Large Hadron Collider (LHC), which should start operation end of 2007, is a proton--
proton collider with a center of mass collision energy of 14 TeV [47]. One year of running
in the low (high) luminosity phase with £ = 10%¥ecm=2s7! (£ = 10%cm=%s7!) delivers an
integrated luminosity of 10 fb=! (100 fb=).

In the year 1983 the Tevatron, a proton—antiproton machine with an energy of ~2 TeV,
started to take data [48]. The goal is to reach an integrated luminosity of 48 fb~! per
experiment until shutdown in 2009.

The International Linecar Collider (ILC) is a proposed linear electron—positron collider,
operating at center of mass energy /s < 1 TeV [49, 50]. The luminosity will be of O(10°%)
times higher than the luminosity at LEP for /s = 200 GeV, where it was roughly 30 pb™!
per year. The ILC has a rich research potential for deeper investigations of the SM as
well as possible extensions. It will allow to explore the properties of the Higgs bosons very
precisely if they will be discovered at the LHC.

An overview of the Higgs phenomenology can be found in [51, 52] for the SM and the
MSSM Higgs bosons, respectively. A summary of QCD corrections in Higgs physics is
given in [53]. The Higgs searches at the LHC are well described in the CMS and ATLAS
TDR [47] and at the Tevatron in [54]. Details about Higgs searches at the ILC are collected
in [55].
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2.2 Production and Decay of the SM Higgs Boson

2.2.1 Production Processes at the LHC

In the whole Higgs mass range below 1 TeV gluon fusion gg — H (Figure 2.1a) [56] rep-
resents the dominant production process as shown in Figure 2.2a. Since gluons do not
interact with the Higgs boson at tree-level this is a pure loop induces process. The NLO
QCD [57] corrections to the top and bottom quark loops increase the total cross section
by 50 — 100% and the NNLO terms [58], only known in the heavy quark approximation?,
contribute further 20%, while the electroweak [59] corrections are small. The theoretical
uncertaintics of the total cross section are estimated to be ~20% at NNLO, originating in
the residual scale dependence, the uncertainties of the parton densities and the neglected
quark mass effects.

r 3
g 00000000 ,

() (d)

Figure 2.1: Leading order Feynman diagrams of (a) gluon fusion gg — H, (b) vector-boson
fusion qq — Hqq, (c) Higgs-strahlung q@ — HV and (d) associated Higgs production with
top and bottom quarks qd, gg — Htt and Hbb, respectively.

The cross section of vector-boson fusion qqg — Hgqq (Figure 2.1b) [60] ranges one order
below the gluon fusion cross section in the intermediate mass range (Figurc 2.2a). How-
ever, the two additional quarks in the final state offer the opportunity to reduce the
background significantly [61]. For my 2 800 GeV the two cross sections are of the same

!In this approximation an expansion in the inverse quark mass is performed and only the leading term
is taken into account. A full NNLO result is not available, thus the NNLO result cannot be trusted in the
large Higgs mass range.
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Figure 2.2: Cross sections of several SM Higgs production channels at (a) the LHC [{7] and
(b) the Tevatron [54] as a function of the Higgs mass. For the LHC the full QCD-corrected
results are shown, while in the plot for the Tevatron the QCD corrections are included only
for gluon fusion gg — H, vector-boson fusion qq — Hqq and Higgs-strahlung qq — HV .

order. The NLO QCD [62] corrections for the total cross section are of O(10%) and for
the differential cross section of O(20%) [63]. The theoretical uncertainties are about 5%.

The associated Higgs production with top quarks qq, gg — Htt (Figure 2.1d) [64] is an im-
portant production channel for Higgs bosons with a mass below ~ 150 GeV. NLO QCD [65]
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corrections increase the total cross section by ~ 20%. The predicted signal observability? is
in excess of ~ 3o for Higgs masses up to 130 GeV. The associated jets help to discriminate
signal against QCD background. The associated Higgs production with bottom quarks is
overwhelmed by the background and thus irrelevant for the SM Higgs boson.

The Higgs-strahlung process ¢§ — HV (Figure 2.1¢) [66] provides alternative signatures
in the intermediate mass range. The NLO QCD [67] corrections are of O(30%) and at
NNLO [68] they are small. The full electroweak [69] corrections result in a decrease of the
total cross section by 5—10%. The total theoretical uncertainties are of O(5%).

Figure 2.2 summarises the Higgs production cross sections for (a) the LHC and (b) the
Tevatron. For the LHC the full QCD-corrected results are shown, while the plot for the
Tovatron contains the full QCD-corrected results up to the LO result of associated Higgs
production with heavy quarks. The relevant SM Higgs production cross sections are, at
the Tevatron cnergy, of the order of 0.1—1 pb, while at the LHC they can reach O(10) pb.

2.2.2 Decay Channels at the LHC

In the SM, the Higgs boson branching ratios are completely determined, once the Higgs
boson mass is fixed. The search can be divided into three mass ranges (Figure 2.3a):

(i) The dominant decay of the Higgs boson with a mass myg S 140 GeV is H — bb
with a branching ratio of up to 80%. The QCD corrections to Higgs decays into
two quarks are known up to three-loop [71] and the electroweak up to NLO [72].
However, it is very difficult to extract a signal, since the QCD background is about
eight orders larger and it cannot be suppressed by adequate cuts [73]. The only
possible production processes to observe a signal from H — bb are the associated
production with gauge bosons and with ¢ pairs, respectively. The decays into T+,
gg and c€ pairs cannot be detected due to the large backgrounds. The most promising
channel to detect a light SM Higgs boson is the rare decay H — -y7y with a branching
ration of O(1073) [74]. The NLO QCD [74] and electroweak [75] corrections are
known to be small in the relevant Higgs mass range for the LHC. With an integrated
luminosity of [£ = 100 fb~', of the order of 10 pp — H(— 7¥7y) + X events in
the mass range 80 GeV < my < 150 GeV can be expected. However, very good
energy and angular resolutions are needed to be able to separate this process from
the backgrounds.

(if) The gold-plated decays H — ZZ () — 4{* produce very clear signals with small SM
backgrounds for 140 GeV < my < 800 GeV [76]. Below the ZZ threshold one of the
gauge bosons is off-shell. In the range 170 GeV < mpy < 200 GeV the ZZ —~branching
ratio drops down to ~ 2% due to the opening of the decay channels H — ww —
I717vp. Thosc are characterised by strong spin correlations between the charged
leptons, which provides an important tool for background reduction. These channels
play crucial roles for the Higgs search in the range 135 GeV < mpy < 200 GeV [77].
The electroweak [78] corrections to WW and ZZ decays are of moderate size.

?Including full simulation and reconstruction and an integrated luminosity of 100 1.
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Figure 2.3: (a) Branching ratios of different decay channels and (b) total decay width of
the SM Higgs boson as functions of the Higgs mass. The results have been generated with
the program HDECAY [70] and contain higher order corrections.

(i) Inthe massrange my 2 800 GeV the best experimental signatures are from H — VV
— [Tl"vp [47]. From the decay H — tt no signal can be extracted in spite of a
branching ratio of ~10% due to the large backgrounds.

By adding up all possible decay channels the total Higgs boson decay width is obtained
(Figure 2.3b). Up to Higgs masses of 140 GeV it is smaller than 10 MeV. However, with
the opening of the gauge boson channels, the Higgs state becomes rapidly wider: 1 GeV
at the ZZ threshold and it broadens further with increasing mass up to the order of the
Higgs mass itself at the TeV mass scale, leading to a questionable interpretation of the
Higgs boson as a resonance.

2.2.3 Production Processes and Decay Channels at the Tevatron

For mpy < 140 GeV gluon fusion (Figure 2.1a) does not play any role, since both dominant
decays H — bb, 7T7~ of a directly produced light Higgs boson do not lead to detectable
signals. For a Higgs mass larger than roughly 140 GeV the decays H — WW® —
IT~vp,lv + 2jets become dominant and give the direct Higgs production more relevance.

The most important production mechanism at the Tevatron for a Higgs boson below
140 GeV is the Higgs-strahlung process (Figure 2.1c) with a cross section of 0.1-1 pb in
this mass range (Figure 2.2b).

Although the cross section of Vector-boson fusion is of the same order as the Higgs-
strahlung process (Figure 2.2b) no signal can be extracted from this channel since it can
not be discriminated against background.

The associated Higgs production with top quarks is strongly limited by kinematics and
leads to a less than 20 effect, and the associated Higgs production with bottom quarks is
overwhelmed by background.
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Figure 2.4 shows the needed integrated luminosity per experiment to either exclude a
SM Higgs boson at 95% CL or to discover it at the 3¢ and 5o level, respectively, as a
function of the Higgs mass. In the low Higgs mass region the curves are obtained by
combining the lvbb, vbb and IT17bb channels, while in the high-mass region the %1 jj
and [*]1~vp + X final states are used. To exclude the SM up to a mass of 180 GeV a
combined integrated luminosity of 10 fb™! is needed. With 20 fb=! a 30 evidence in the
combined sensitivity of the two Tevatron experiments can be achieved. To discover a SM
Higgs boson with a mass below 130 GeV the integrated luminosity must be ~ 30 fb~1.

combined CDF /D0 thresholds
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Figure 2.4: The integrated luminosity required per experiment at the Tevatron, to either
exclude a SM Higgs boson at 95% CL or discover it at the S0 and 50 level, respectively,
as a function of the Higgs mass [48].

2.2.4 Production Processes at the ILC

The main production mechanisms of the SM Higgs boson in ee™ collision are the Higgs-
strahlung (Figure 2.5a) and the WW fusion (Figure 2.5b) [55] processes. The cross section
for the Higgs-strahlung scales as 1/s and dominates at low energies, while the cross section
for the WW fusion grows logarithmically in s and starts to dominate at higher energies.
In Figure 2.6 the cross sections as functions of the Higgs mass for three different center of
mass energies 1/s = 350, 500 and 800 GeV show this behaviour. The SM Higgs boson can
be discovered up to a mass of about 70% of the 4/s.

The cross section of the ZZ fusion process (Figure 2.5b) is suppressed by one order of
magnitude compared to the WW fusion, due to the ratio of charged to neutral current
couplings.
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Figure 2.5: LQ Feynman diagrams of (a) the Higgs-strahlung process ete- — HZ,
(b) WW fusion ete™ — Hu,p, and ZZ fusion eTe™ — Hete™.
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Figure 2.6: The Higgs-strahlung and WW fusion production cross section vs. the Higgs
mass my for center of mass energies \/3 = 850, 500 and 800 GeV [50].

2.2.5 Decay Channels at the ILC

For a Higgs boson lighter than about 140 GeV the decay into bb pairs dominates (Fig-
ure 2.3a). The decays into 777, ¢¢ and two gluons are suppressed but important to test
the scaling of the Higgs couplings with the fermion masses. The running of the quark
masses and the QCD corrections to hadronic decays introduce uncertainties.

Between the VV®) and the tf threshold, the Higgs boson decays almost exclusively into
WW® or ZZ® pairs®. The top quark and W boson mediated loop decays into vy and
Z~ final states have small branching ratios of O(107%). However, they lead to clear signals
and are interesting because they are sensitive to new heavy particles.

3The factor 2 between the BR of Higgs decay into WYW ™ and ZZ originates in the indistinguishability
of the two Z bosons.
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2.3 Production and Decay of the Neutral MSSM Higgs Bosons

In this scction the supersymmetric spectrum is considered to be heavy, so that the decays
into SUSY particles are kinematically forbidden. The neutral MSSM Higgs bosons h, H
and A are denoted by ¢, while H stays for the scalar Higgs bosons only. The discovery
potential of the different production and decay channels strongly depend on the MSSM sce-
nario [52]. Typical constrained models with seven free parameters Msusy, i, M2, mg, Ay,
tanf and m 4 are chosen. The top mass is fixed at 174.3 GeV and Msysy defines a generic
SUSY mass. Two typical scenarios are characterised by the stop mixing: X; = A;—pucot j3,
where A; is the trilinear scalar stop-Higgs coupling in Lsn (1.6) and a third one by the
mixing angle o of the scalar Higgs sector:

o In the minimal (stop) mizing or no-mizing scenario it is assumed that there is no
mixing between the left and right-handed sfermions. The upper limit for the light
scalar Higgs mass is roughly 115 GeV in this scenario. The seven parameters are
given by:

Mgygy =1 TeV, p =200 MeV, My =200 GeV,  mg = 0.8 Mgusy,
X085 = xM5 =0, 04<tanf <40, 4GeV <my<1TeV,
with the on-shell and MS renormalised X°° and XtM_S , respectively.

o The upper limit of the light Higgs mass increased to a maximum of ~ 140 GeV in the
mazimal (stop) mizing scenario, where the parameters are defined as in the previous
scenario except of X; and tang,

X8 =2 Mgusy, XM =+v6Msusy, 4 < tanf < 30.

This scenario provides the largest parameter space and therefore the most conserva-
tive exclusion limit among all the CP-conserving scenarios.

e In the small aesy scenario the light Higgs boson decays into bb and 717~ are sup-
pressed, due to b — § loops. The upper limit of the the light Higgs mass is in this
scenario about 110 GeV:

Mgusy = 800 GeV, = 2.0 MeV, My = 500 GeV,
mg = 500 GeV, X908 = _11Tev, XM =-12TeV,
0.4 < tanf < 40, 4 GeV < my < 1TeV.

The expected production rates and decay channels vary rapidly with m4 and tanf. How-
ever, some features hold in the whole MSSM range:

e HVV couplings are suppressed compared to the SM and AV'V couplings are absent
at all (Table 1.4). Thus, the other branching ratios such as ¢ — 77 and ¢ — tt are
in general enhanced.

e For large tan8 the bottom and the 7 Yukawa couplings are enhanced (Table 1.4)
leading to a dominance of the processes generated by theses couplings.

e Decay modes with more than one Higgs boson involved exist: e.g. H — hh and
A— Zh.
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2.3.1 Production Processes at the LHC

The dominant production mechanism for all three ncutral MSSM Higgs bosons in the low
and moderate tang range is gluon fusion gg — ¢ (Figure 2.7a) [56]. In addition to top and
bottom quark loops, stop and sbottom loops contribute for the scalar Higgs bosons?, as
long as the squark masses range below about 400 GeV. The NLO QCD [79] corrections to
the quark loops increase the cross section by up to 100% for small tang and up to about
60% for very large tan83. The NNLO QCD [80] corrections for these loops are only known
in the heavy quark limit and are thus not valid for large tan8. The QCD [81] corrections
to the squark loops are only known in the heavy squark approximation and are of about
the same size as those to the quark loops. The SUSY-QCD [82] corrections in the limit of
heavy squarks and gluinos are small.

t,b
e g T ————1,b
g g )
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1 tb g TTEETTET——— £, b
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Figure 2.7: LO Feynman diagrams of (a) gluon fusion g9 — ¢, (b) vector-boson fusion
qq — Hqq, (c¢) Higgs-strahlung qf — HV and (d) associated Higgs production with top
and bottom quarks qd, gg — ¢tt and ¢bb, respectively.

The vector-boson fusion processes gg — Hgq (Figure 2.7b) [83] play an important role
only for a light scalar Higgs boson closed to its upper bound, where it becomes SM-like,
and for the heavy Higgs bosons at its lower bound as can be read off from Figure 2.8a. In
the other regions they are suppressed by the SUSY factors (Table 1.4). The NLO QCD [62]

4The pseudoscalar Higgs bosons only couple to a combination of left- and right-handed squarks, while
the gluons only couple to two squarks with the same “chirality”.
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corrections ean be inferred from the SM Higgs case and are of the same size: of O(10%) for
the total cross section and ~ 20% for the differential one. The SUSY-QCD [84] corrections
mediated by virtual gluino and squark exchange at the vertices are small.

In contrast to the SM, the Higgs-strahlung processes ¢§ — HV (Figure 2.7c) [66] do
not play a major role for the neutral MSSM Higgs bosons at the LHC. The NLO [67] and
NNLO QCD [68] corrections are the same as in the SM and the SUSY-QCD [84] correc-

tions are small, while the SUSY eclectroweak corrections are unknown.

The associated Higgs production with top quarks q@,gg — ¢tt (Figure 2.7d) [64] is an
important production process® only for the light scalar Higgs boson. The NLO QCD [65]
corrections are the same as for the SM Higgs boson with modified top and bottom Yukawa
couplings and of moderate size. The full NLO SUSY-QCD [85] corrections to the light
scalar are of moderate size, too.

For large values of tang, the associated Higgs productions with bottom quarks qg,99 — ¢bb
(Figure 2.7d) [64] provide the dominant production processes for all three neutral Higgs
bosons (Figure 2.8). The NLO QCD corrections can be taken from the analogous cal-
culations involving top quarks, However, they turn out to be very large [86]. The NLO
SUSY-QCD corrections are not yet known and are the subject of this thesis. In Figure 2.9
the 5o discovery regions for the neutral Higgs bosons produced in association with bottom
quarks are shown for an integrated luminosity of 30 fb~1 for the CMS detector.

2.3.2 Decay Channels at the LHC

The searches for MSSM Higgs bosons at the LHC arc more involved than for the SM Higgs
boson (Figures 2.9, 2.10 and 2.11).

(i) In the whole MSSM parameter region with ma 2 100 GeV the light scalar Higgs
boson can be detected by the associated htt production in the h — bb decay. More
recent realistic studies show that this channel has not the potential of a discovery
channel. However, it is still a very important process to measure the top Yukawa
coupling.

(ii) The neutral MSSM Higgs bosons can be discovered for tang 2, 20 and 4 > 100 GeV
in the associated Higgs production with bottom quarks followed by leptonic Higgs
decays.

(iii) The light scalar Higgs boson, from direct or associated hW and htt production, can
only be discovered in the photonic decay h — vy, if m4 2 200 GeV.

(iv) For tang < 7 and 100 GeV < my S 350 GeV the decay channels H — Z Z5) — 4t
play a role [87].

5The top Yukawa couplings to heavy scalar as well as the pseudoscalar Higgs bosons are suppressed
for not too small values of m4. In addition, there are kinematical limits to produce three particles with
masses above ~ 150 GeV.
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Figure 2.8: Cross sections of different production channels for (a) the scalar and (b) the
pseudoscalar Higgs bosons at the LHC as a function of the Higgs mass for tanf = 30. For
all of these processes the complete QCD corrections at NLO are known and included in the
cross sections. For the associated Higgs production with top quarks the NLO SUSY-QCD
corrections are only known for the light scalar Higgs boson and for bottom quarks not at
all [47]. They are the subject of this thesis.
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Figure 2.9: The b0 discovery regions for the neutral Higgs bosons produced in the associated
Higgs production with bottom quarks are shown in the “mazimal mizing scenario”. An
integrated luminosity of 30 fb~1 was assumed [47].

™)

(vi)

(vii)

For tanf < 3 and 200 GeV < my S 350 GeV the pseudoscalar Higgs boson can
be found in the decay channels A — hZ — bbi*]l™ and the heavy scalar one in
H — hh — bbyy.

For large tan8 = 6 and m4 = 100 GeV the decay channels H,A — 777~ and
uT ™ become visible. Unlike in the SM, in the MSSM these processes play a crucial
role, since the decays H — V'V are suppressed and A — V'V forbidden, while the
down-type Yukawa couplings are enhanced.

In the region my 2 200 GeV and 3 £ tanf < 7—10 it is very difficult to detect a
MSSM Higgs boson except the light one. The other Higgs bosons are too heavy or the
signal processes are not separable from the backgrounds. The light scalar can, even
including SUSY-QCD corrections, not be distinguished from the SM Higgs boson, if
the SUSY particles decouple.

The decay widths of the three neutral Higgs bosons (Figure 2.10¢) differ a lot from the
width of the SM Higgs boson: for masses below 140 GeV they are much bigger than for
the SM Higgs boson and for heavier H and A they are much smaller, strongly depending
on the value of tan3. However, in contrast to the SM, the decay widths never exceeds
about O(10 GeV).
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Figure 2.10: Branching ratios of (a) the scalar and (b) the pseudoscalar MSSM Higgs
bosons and (c) total decay widths of all MSSM Higgs bosons for the non-SUSY decays
are shown for tanf8 = 6 and 30, respectively, as functions of their masses. The Higgs
masses and the branching ratios are, due to the radiative corrections, sensitive to the third
generation of the squark spectrum. The plots were made with an average SUSY mass of
1 TeV and the other parameters chosen according to the “minimal mizing scenario” [48].
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Figure 2.11: The 50 discovery contour curves are shown in the ma — tanf plane for

indiwidual channels and for an integrated luminosity of 300 fo=t. The LEP2 limits are
included, too [47].

2.3.3 Production Processes and Decay Channels at the Tevatron

The dominant production process of the neutral MSSM Higgs bosons at the Tevatron is
gluon fusion (Figure 2.7a). Like at the LHC, the decays to bb pairs are plagued by large
backgrounds and make detections in these channels gg — ¢ — bb difficult. On the other
hand the decay channels into WW® become important in a large mass region. For small
tanf3 the decay H — hh is dominant in the mass region my < 350 GeV of the heavy
scalar Higgs boson.

For large tan( the associated Higgs production with bottom quarks (Figure 2.7d) is impor-
tant for the light scalar as well as for the pseudoscalar Higgs boson, strongly depending
on the MSSM scenario. The associated Higgs production with top quarks is suppressed by
the SUSY coupling factors and kinematically limited.

In the decoupling region of the light scalar as well as for large tan3 and small pseudoscalar
mass the Higgs-strahlung is an important process. For Higgs masses above 135 GeV the
cross section of this production mechanism is too small, compared to the background, to
produce visible events.
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To test nearly the whole MSSM parameter space at the 95% exclusion level an integrated
For the discovery of a CP-even MSSM Higgs boson at the 5o level over the full MSSM
parameter space 20 fb~! are needed (Figure 2.12b light blue plus green shaded area). The
Tevatron with an integrated luminosity of ~ 1 fb™! per experiment until 2005 cannot sig-
nificantly improve the MSSM Higgs limit obtained from LEP. However, if the integrated
luminosity can be increased to about 10 fb~! hefore shutdown, substantial improvements
are achievable,

95% CL Exclusion, Maximal Mixing Scenario 50 Discovery, Maximal Mixing Scenario
5" 10 b~ g 151" 20" W 30t
50/ b R TR S I 50‘,‘","1"' ,
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Figure 2.12: (a) 95% CL exclusion region and (b) 5o discovery region in the ma — tanf3
plane, for the mazrimal mizing scenario and lwo different search channels: ¢ — HV,
H — bb (shaded regions) and gg,qq — ¢bb, ¢ — bb (region in the upper left-hand corner
bounded by the solid lines). Different integrated luminosities are explicitly shown by the
colour coding. The two sets of lines (for a given colour) correspond to the CDE and DO
simulations, respectively. The region below the solid black line near the bottom of the plot
is excluded by direct searches at LEP2 [{8].

2.3.4 Production Processes at the ILC

The two scalar Higgs bosons can be produced in the vecltor-boson fusion, in the Higgs-
strahlung process or in pair production (Figurce 2.13) [88]. The pseudoscalar Higgs boson
does not couple to gauge bosons, therefore it can, in leading order, only be produced in
pair production.
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Figure 2.13: Leading order Feynman diagrams of (a) vector-boson fusions ¢*e™ — Huel,
and ete™ — Hete™, (b) Higgs-strahlung process ete” — HZ and (c) pair production
ete” — HA.

The cross sections are related to the SM cross section by the SUSY coupling factors
(defined in Chapter 1.3.4):

omssm(Hvele) = (9%)2 osm(Hvele),

omssm(Hete™) = (97}) ogm(Hete™),
omssm(HZ) = (91)/{) ~osm(HZ),
omssm(MHA) = (gzan)? X osm(HZ).

A accounts for the P-wave suppression of HA near threshold.

Figure 2.14 shows the production cross scctions at a linear ete™ collider with 350 GeV
center of mass energy for the Higgs-strahlung and pair production. The solid lines are
related to tanf = 3 and the dotted to tan8 = 30. The complementarity of the two classes
of processes (HZ vs. ‘HA) is clearly visible: ¢.g. as soon as the production of hA closes
around 120 GeV the hZ channel opens for tang = 30.

At the ILC the cross sections of the associated Higgs production with top quarks range
about two orders of magnitude below the corresponding values for the Higgs-strahlung
process. However, as these cross sections can be measured with an accuracy of about 5%
the Yukawa couplings can be extracted with a similar accuracy. Therefore, the associated
Higgs production with tt will be one of the most promising channels to measure the top
Yukawa couplings for Higgs masses below the top threshold [89]. The SUSY-QCD correc-
tion for the light scalar Higgs production can be of measurable size [90]. For mg > 2m;
they can be measured in the decays of the neutral Higgs bosons into ¢t pairs.

In the MSSM the Yukawa coupling to down-type fermions can be strongly enhanced by
tanB. Thus, associated Higgs production with bottom quarks is important to cxtract tanf
through the Yukawa couplings. As the experimental uncertainties will be small, NLO
calculations are needed, first to reduce the theoretical uncertainties and secondly, because
the NLQ corrections yield sizeable contributions.
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Figure 2.14: Production cross sections of the neutral MSSM Higgs bosons at a linear ¢eTe~
collider with 350 GeV center of mass energy for the Higgs-strahlung and pair production
for tanf = 8 and 30 as functions of the Higgs boson masses [50].

2.3.5 Decay Channels at the ILC

The decay pattern of the Higgs bosons in the MSSM is more complicated than in the SM
and depends strongly on the value of tanG (Figures 2.10a and b). The light scalar Higgs
bosons will decay mainly into fermion pairs, bb and 71+, since its mass is smaller than
~140 GeV. This is, in general, also the dominant decay mode of the heavy scalar Higgs
boson. However, depending on tan@ the picture becomes somewhat more complicated:
the decay rate into two light scalar or two pscudoscalar Higgs bosons may reach relatively
large valucs. The pseudoscalar Higgs boson almost exclusively decays into bb and 717~
pairs.

2.4 Summary

The ratio R for the quantitative analysis of the experimental results is defined as:

o(production process in the MSSM)  BR(decay channel in the MSSM)

R ,
o(production process in the SM) BR(decay channel in the SM)

Therewith, the results of SM can be approximately rescaled to thc MSSM. Basically, the
ratio of the production cross sections depends only on the ratio of the Yukawa couplings
(listed in Table 1.4) of the two theories, except for gluon fusion. This assumption is valid
as long as the radiative corrections in the MSSM and the SM are the same, but it breaks
down as soon as ¢.g. SUSY-QCD corrections become important. For the branching ratios
the possible radiative corrections have to be considered. This rescaling cannot be applied
to the pseudoscalar MSSM Higgs boson, since its Yukawa coupling contains an additional
s matrix.
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Vector-boson fusion is about one order of magnitude smaller in the MSSM than in the
SM, due to the suppression o (ng)g. Nevertheless, it is a very important production
channel for the scalar MSSM Higgs bosons in the intermediate mass region. The two addi-
tional quarks in the final state offer the opportunity to reduce the backround significantly.
The Higgs-strahlung process is suppressed by the same factor and thus in the MSSM far
less important than in the SM. The cross section of associated Higgs production with bot-
tom gquarks scales with (gl‘f)2 up to non-leading contributions from the top quark loops.
This channel can be strongly enhanced for large tanf values. After gluon fusion, which
is in the SM and in the MSSM for small and moderate tang the dominant production
process of neutral Higgs bosons in hadronic collisions, associated Higgs production with
bottom quarks is in the MSSM much more important than in the SM. Together with the
Higgs-strahlung process and vector-boson fusion, the pair production can play a significant
role for the scalar MSSM Higgs production in e™e™ collisions. The latter is the only rele-
vant production process for a pseudoscalar Higgs boson at leading order.

If the mass of a light Higgs boson ranges below the gauge boson threshold, the decays
into bb and 7+ 7~ pairs dominate in both theories. The running mass of the bottom quark
is almost twice the mass of the 7 lepton and quarks appear in three colours. Thus, the
branching ratio of ¢ — bb with up to 90% is about one order of magnitude larger than the
roughly 10% of ¢ — 777~ (Figures 2.10a and b). The MSSM Yukawa coupling is increased
by a factor gg compared to the SM. The decay width of a light MSSM Higgs boson can
be much larger than for a SM Higgs boson of comparable mass, especially for large tang
values [91]. For large Higgs masses the total SM Higgs decay width is proportional to m‘}{
(Figure 2.3b). This behaviour arises from the Higgs coupling A o m%{ to the longitudinal
components of the W and Z gauge bosons. In the MSSM, on the other hand, A « m?, and
thus the decay width grows linearly in my (Figure 2.10c). Therefore, a heavy SM Higgs
boson is much broader than a MSSM Higgs boson of the same mass. The decay widths of
the MSSM Higgs bosons arc predominantly defined by the hadronic width. These effects
are important to distinguish between a SM Higgs boson and a neutral supersymmetric
candidate, if a Higgs boson is discovered.



Chapter 3

Technical Details

The unrenormalised Lagrangian suffers from divergencies, which can be treated in a sys-
tematic way by applying regularisation as well as renormalisation techniques. One diffi-
culty in performing calculations for hadronic initial states is the non-fundamental nature
of hadrons: they are bound states of quarks and gluons. Thus, one has to calculate the
partonic cross sections which are convolved with the parton distribution functions to ob-
tain the hadronic cross sections. Leptons, on the other hand, are elementary particles
and the cross sections can be calculated directly. For associated Higgs production with
heavy quarks a massive three-particle phase space integration has to be performed. By
taking advantage of kinematics and symmetries the nine-dimensional integration can be
reduced to a four-dimensional one. The NL,LO SUSY-QCD corrections to associated Higgs
production for e*e~ collisions are derived by applying the standard matriz element method
by hand, while for the partonic initial states, the calculation is fully automised based on
QGRAF, FORM and MAPLE. These two methods are described in details.

3.1 Regularisation

Calculating higher order effects leads to ultraviolet (UV) and infrared (IR) divergences.
This can be seen, e.g, in the one loop vertex correction:

. d*k f (k%)
— 1= / (2m)* k2(k + p1)?(k — p2)®
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Two types of divergences can appear in such an integral:

e UV divergences, which are associated with singularities occurring at large loop mo-

menta: k—oo = I— o0,

e IR divergences, which are generated, if one of the propagators in the loop vanishes:
k — 0, —p1, +pa (soft) or

2 _ 2 _
cost — 1 (collinear) } = o0, forpy=p3=0

The loop integrals are well behaved, if regularisation techniques are applied. The di-
mensional reqularisation (DR) [92] by 't Hooft and Veltman preserves gauge and Lorentz
invariance!. The integration in the 4-dimensional Minkowski space is replaced by a D-
dimensional integration, where D = 4 — 2¢ and ¢ is a small paramecter. The analytically
continued integrals in D dimensions are well defined and the divergences can be quantified
as poles in e: 1/¢™ and neN. For the action

5:/01%1:

to remain dimensionless a new scale u, the 't Hooft scale, has to be introduced and the
coupling constants g are replaced by g = gu®. The physical observables are independent
of this artificial scale. However, by performing highcr-order calculations the perturbative
series is truncated at a certain order n, destroying the p—independence of the theoretical
result. The remaining scale dependence quantifies part of the theoretical uncertainties
caused by unknown higher-order corrections.

Some frecedom concerning the dimensionality of the external momenta and the number
of polarisations for internal and external particles is left. Throughout this thesis the con-
ventional DR is used, in which no distinction is made between real and virtual particles,
massless quarks have two helicity states and gluons have D - 2.

3.2 Renormalisation

In renormalisable theories the UV divergences are? absorbed in physical (renormalised)
quantities by redefinitions of the bare (unphysical) masses, ficlds and coupling constants
by multiplicative Z-factors® with Z =1+ 462:

fermion field: ’L/J?c = Z:b/ 2 ’t/)}%,
gluon field: G0 = 7P Guh,
fermion mass: m?c = Zm m?,
strong coupling constant: gg = Zg, gf.

!The ~s, defined by t'Hooft and Veltman, explicitely breaks Lorentz invariance. However, it can be
recovered by the proper counterterm.

2The IR divergences cancel out for physical meaningful quantities by adding up real and virtual cor-
rections contributing to the same order of the perturbation series. The remaining initial state collinear
singularities are absorbed in the renormalised parton distribution functions (Chapter 3.3).

#Zm =1~ 6mys/my and Zg, = 1 + 6gs/gs to be multiplicative factors, too.
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The Lagrangian as a function of the bare quantities can be reexpressed as a function of
the renormalised quantities and counterterms by expanding in the §Z’s:

Z1/2 1/2
‘C(wvaZ,O:m?'7gg) = ( / wf) Z / Ga,R Zm’”b?’ ng gf)
= E(Wf,GaRymf Ly ) +£(1.l
Renormalisability means that all UV divergences are cancelled by counterterms corre-

sponding to a finite number of interactions with mass dimension < 4. In non-renormalisable
theories new counterterms must be added at each new order in perturbation theory.

Gauge invariance leads to a number of relations among the Z-factors; the Slavnov-Taylor
identities in QCD [93] and Ward-Takahashi identities in QED [94]. E.g., the strong cou-~
pling constant appears in scveral terms in the Lagrangian:

e gluon—quark-antiquark vertex:

~QTH G G0~ 2y, 277, GETE PR GeTylR

= /2 R, R
= _ZG’I/)’I/: s ,'z’j']qk?/)j Ga I’bk’

e triple gluon vertex:

gs Fabe ( “Ga 0) GZ’OGI")O — 7, Zg/z 575 Fabe (apGa,R) Gb,RGc,R

= Zg0 GF fae (8uG2™) GHRGER.

Uniqueness of the strong coupling constant leads to:

172 1/2
Z,, = Lows 1 Zgs

s T 1/2 T Z8/2°
7z, z¥

There exists some freedom in shifting parts of the finite contribution into the Z-—factors
which defines the different renormalisation schemes. Physical observables have to be
independent of this choice. The most commonly used schemes are:

o On-shell scheme [95]: the renormalised masses are chosen at the poles of the propa-
gators, the renormalisation constants of fields are adjusted such that all the external
self-energies vanish and that the residue of the renormalised fermion propagator is
one. The fermion self-energy contains scalar, vectorial and axialvectorial? contribu-
tions:

() = myDy () + By (0°) + #isZy (97)
= Smy+ (F—my) 67y + Ps 674 + SR(H). (3.1)

4The axialvectorial contribution vanishes for QCD but not for SUSY-QCD.
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The fermionic renormalisation constants are defined as:
os _ S 2 V (n2
omy> = my [Zw (mw) + Xy (mw)],

) , ,
6298 = 55[%23(?2)“‘25 (pz)]pz:m%

0
= = (m}) + 2ml g5 [5Y 07) + 25 6]

5235 = %y (ml).

pr=m?’
The left- and right-handed states contain vectorial as well as axialvectorial contri-
butions, which have to be renormalised separately:

8Z9% = 62¢° + 629° and 82958 = 6295 — 6235

The gluon vacuum polarisation is given by:

1*(q) = <9’“’ - %) I(g)

= (g‘“’ ca’ ) 6Z¢ + TR (g),
g*
leading for the gluon renormalisation constant to:

8288 = I(g)

¢?=0'
» Modified minimal subtraction scheme (MS) [96]: in one-loop corrections the UV poles

always occur in the combination:

r(1 1
Ayy = —~(~§-§~)-(47r)6 =< = 7r + log(dn) + Ofe) =

oy | =

with the Gamma function I'(z) and the Euler constant vg =~ 0.5772. In the MS
scheme the whole Ayy is absorbed, while in the MS scheme only the poles are
absorbed. Thus, the renormalisation constants are defined as:

6me = my [Zi( %) + 27/’( )”div’

JZMS = d [mwzw( 2) +}(521‘Z (pz)}d. ,
§7¥8 = ¥ (p)d_,
625 = MY, .

Through quantum fluctuations, as shown in Figure 3.1, large logarithms emerge,
which can be absorbed by the running of the strong coupling constant a,(u). The
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corresponding QCD and SUSY-QCD renormalisation constants in the MS scheme
are given by:

MS CD SQCD
82y = 5ch§ +5th9 ,

[ 1 2 [)»QCD 1 7’71,2
e NI G R U W I S L 2
92 4 I €+og 2 2 30&/1)%( ’ (32)
§230CP - as(ir) | (1 + log M 0 _ Ne lo m_g
s dr 3 2 2 3 13
2
| ™m2
#T?fg- Zlog —;11} (3.3)
d; Hr

The top quark, the gluinos and the squarks are decoupled from the running by sub-
tracting the corresponding logarithms. Therefore, the running of ay(u) is specified
solely by the gluons and the light SM quarks and

1. 2 2 : 2. 1
BT = FNe—gnp—3 & P = —INo—g(ng +1),

where N, = 3 counts the number of colours and ny = 5 the number of active flavours.

Figure 3.1: SUSY-QCD quantum fluctuations of the gluon propagator.

3.3 Hadronic Initial States

Omne of the main complications of performing calculations for hadron colliders are the
hadronic initial states, which are bound states of partons rather than elementary parti-
cles. The confinement of these partons originates from the growing of the strong coupling
constant with dccreasing energy and rising distance, respectively. These bound partons
are not accessible by perturbation theory, since this requires small coupling constants. On
the other hand, the initial particles of the perturbative calculations are partons rather
than hadrons. The cross sections of these partonic processes can be calculated in pertur-
bation theory as the coupling constants of these short distance (hard) scatterings arc small
enough for a perturbative expansion: the calculations are performed in the parton model.
This model is based on several assumptions:

(i) Hadrons are made up of constituents called partons, which are identified as the
strongly interacting quarks and gluons.
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(i) Every parton carries a longitudinal momentum p' = 2;P# equal to a fraction z; of
the hadron momentum P#, with 0 < z; < 1, and negligible transverse momentum.

(iii) In hard scattering processes the parton masses are neglected®.

(iv) The typical time-scale of hard scattering processes are much shorter than the inter-
action time-scale of partons among each other. Thus, the asymptotically free partons
can be treated as quasi-free particles which scatter incoherently at large energies.

The cross section of the hadronic process k) hs — X can be written as a convolution of the
perturbatively computable partonic cross sections p;p; — X with the parton distribution
functions (PDFs) fpn, (%) and fp |, (z;), summed over all partons p;; = g, u, ,...
contained in the hadrons hyg, where k = 1, 2:

1 +1
Ohiha(8) = Z/O dﬂ?z‘/o dj fp \uy (@) fp;ine (%5) Opip; (8 = izjs).
i’j

The universal (process independent) PDFs parametrise the low-cnergetic parton binding
within the hadrons. They can be interpreted as probability distributions of finding the
parton p; in the hadron hy, with a fraction z; of the longitudinal hadron momentum and are
not calculable by perturbation theory. Therefore, they must be determined experimentally,
e.g. from deep inelastic scattering (DIS) in clectron-proton collisions at HERAS [98]. The
factorisation theorems of QCD [99] ensure that the collinear singularities, originating from
the massless partons in the initial state, factorise universally from the hard scattcring pro-
cess and can thus be absorbed by renormalisation of the bare PDFs. The measured PDFs
contain two ambiguities, which have to be taken into account in perturbative calculations:

® The PDFs involve the DIS momentum transfer, which may differ from the energy
scale of the calculated process. The DGLAP equations [100] evolve the PDFs from
the experimental values to the required factorisation scales pp.

¢ Apart from singularities one is frec to absorb any universal non-singular terms, ap-
pearing in the partonic cross section, in the PDFs. The terms included in the
renormalised PDFs fix the factorisation scheme. The two most common ones are:

— the DIS scheme, where universal non-singular terms are absorbed in the PDFs
such that the DIS structure function F is free of radiative corrections,

— the MS scheme, which includes only the singular terms with some trivial cor-
stants in the PDFs in analogy to the MS scheme in the UV-renormalisation.

The partonic cross section at NLO can be separated into the leading order cross section

LO 2 ‘ : S, irt. ¢z l(a H .
Tp1p(8) and the NLO virtual and real corrections oyt () and oy, (8), respectively:

Opivs (8) = Tpis () + 035, (8) + 035, (3).

pip2

®*There are no heavy quarks allowed in the initial state [97].
®I'he Hadron-Elektron Ring Anlage (HERA) is a particle accelerator at DESY in Hamburg. The
clectrons or positrons are collided with protons at a center of mass energy of 318 GeV.
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The real corrections have to be included because detectors are not sensitive to particles
produced with too low energies (IR singularities) or too small angles relative to the emitting
particle (collincar singularities). However, only light particles can have too small energies
to be identified or can be radiated so closed to the emitter so that their track cannot be
separated from the emitter track. Due to the coupling of these extra particles in the final
state the real corrections are of the same order in the coupling constants as the virtual
corrections and thus both contribute to the same order of the perturbation series. In this
work SUSY-QCD corrections with heavy squarks and gluinos are calculated, therefore, no
real corrections have to be taken into account.

3.4 Massive Three-Particle Phase Space
The integral over the massive three-particle phase space (PS3) in four dimensions is given
by:

5

d’p;
/dPSB = / (H W) (2m)*6™) (py + pa — p3 — pa — ps)

i=3

5—1-1;%—4 / dzs dixg deos 0 dy

with p; = (0, pi) = (lécci,pi) and |p;| = /(pY)2 —m? = B;p{. In the center of mass

system of the initial particles the total three-momentum vanishes:
p1+p2 = /5(1,0) = (p§ + P} + P, P3 + P4+ Ps) -

The process is symmetric under rotations around the beam axis, thus, the intcgration over
the angle o leads to a factor 27. The angles 6 and x defined in Figure 3.2 range within:

0<8<m, and 0<x <27,
The polar angle of py4 relative to pg is given by:
P3 " P4
IPs|/p4l

The boundarics of z3 and x4 emerge from the condition | cos f34] < 1:

cos O34 =

. . oma\ 2 .
(2—24) (A1 +m3 —mi) £ /a2 - (——\/-S) k(Ag,m2, md)

€Ty i =
( d)mln,ma.x 2A4 ’

with the abbreviation A4 = s (1 — z4) + m3 and the Kéllén function
K2(z,y,2) = 22 + y® + 22 — 2wy + yz + ZT).
The limits for z4 are reached when the integration interval for z3 vanishes:

2772,4

(1'4)min = W N

s+ mf — (mg + ms)?
8 )

(374)max =
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Figure 3.2: Kinematics of a 2—3 process with the momenta py o for the initial and ps 45
for the final states.

3.5 Standard Matrix Element Method

The SUSY-QCD corrections to the associated Higgs production with heavy quarks in e*e™
collisions have been calculated using the standard matriz element (SME) method. The
amplitude M of any process, which depends on the momenta p;, colour indices ¢; and
spins s; of the external particles j = 1,...,n can be decomposed into Lorentz-invariant
formfactors I'(p;), colour structures C(c;) and SMEs M;(p;; s;):

M = M(cj; pj; 85) = D, Cilc) Fri(py) Mi(py; 55)-
i,k

All LO and NLO SUSY-QCD diagrams of ete™ — ¢Q(Q have the identical initial-state
e¢te” — V, with V = «, Z, structure. Thus, the SMEs needed to describe this process
simplify to:

MY = T [vf T +ayTE], i=1,...,16,

depending on the involved gauge boson V. The tensors I'% ~characterise the leptonic

14,544

initial state and l“?"c?_,w the strongly intcracting final state:

ee

PM, sp ,UG"' (pZ) {’Y,U.y '75'7”} Ug~ (p1)7

F?,?_,e = UQ(p3) {P3u> Pap> Psu» Pauvs, Papvs, Pouvs} vo(pa),

P?? = uQ(P3) {7 Y57} vg(pa),

Fg,.@.,m = UQ(p3) {P3u Ps, Pay Vs, Psu Bs, DauYs Bs, Papys Bs, DsuYs Ps} vo(p4),
P33 = tQ(®s) {7 s, 757 B5} vy (pa).
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The amplitudes factorise as

16
M(ete™ = dQrQ:) = bx Z ZFiv(pj)sz(pj; 35)-

Vey, Z i=1

Trivial colour structures &y; appear in this decomposition since the underlying process
ete™ — ¢QrQ; proceeds trough electroweak interactions.

This method has the advantage that the time consuming evaluations of traces of Dirac
matrices in the squared amplitudes need to be calculated only once. The contraction of
amplitudes is reduced to multiplications of formfactors. The analytical results can be cast
into a readable form and the numerical evaluation is reduced significantly.

3.6 Qgraf Method

For the calculation of the NLO SUSY-QCD corrections to associated Higgs production
with heavy quarks at hadron colliders the QGRAF 3.0 program [101] has been used to
generate Feynman diagrams. Most of the algebraic evaluations have been performed with
FORM 3.1 [102], while the expressions have been simplified with MAPLE 9.5. In Figure 3.3
the schematic succession from the choice of the process to be calculated to a numerically
evaluable Fortran code is shown.

The model-file defines the physical model: the possible propagators and vertices with
their coupling strengths, while the style.sty defines the appcarance of the output of ggraf.
Those two files are needed by ggraf.dat, the input file for the QGRAF program:

output= diagram.dat’;

style= ’style.sty’;

model= 'MSSM’;

in= quark[pl], gbar[p2];

out= Quark[p3], Qbar[p4], higgs[p5];
loops= 1;

loop_momentum= k;

options= onshell, notadpole;

true= iprop|[higgs,0,0];

true= vsum[gpow,4,4];

The output file here is called diagram.dat, it is written in the style.sty style and contains all
possible MSSM NLO diagrams for q(p;) §(p2) — Q(p3) Q(p4) H(ps). The options chosen
here avoid external sclf-energy and tadpole diagrams. The “true” statements specify to
have no Higgs propagators in the diagrams and only diagrams which are proportional to gj.

The diagram.dat is read in by the MAPLE program translate.map, where the abstract Feyn-
man diagrams are translated to external/internal particles and vertices with the proper
colour, spin, squark and Lorentz indices.
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Programs and Files: Comments:

Inputfile ggraf. dat:

name, style of ouput file

model & style. sty
’ Y physical model

+ in/outgoint particles
ggraf.dat #loops and loop momentum
+ options
QGRAF 3.0 generates all possible Feynman diagrams
qgraf within the given input

+

diagram.dat

f

MAPLE 9.5
translate. map

+

diagram.h

f

FORM 3.1

process. frim

f

diagram.map

f

MAPLE 9.5
fortran.map

|

diagram. F Output: Fortran file

fixes indices, vertices, Dirac strings

applics Feynman rules, kinematics,

evaluates traces

translates ouput into a Fortran code

Figure 3.3: Schematic depiction of the way to perform loop calculations using QGRAF, MAPLE
and FORM.
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In the FORM program process.frm the particles and vertices of diagram.h arc transformed,
using the Feynman rules, into coefficients, colour factors, Lorentz structures and spinors,
The matrix element is contracted with the proper LO matrix element. The traces of the
spinor strings are evaluated in four dimensions. Tensor reduction is applied and the scalar
onc-loop integrals are introduced. At the end the Lorentz indices are contracted and the
output is saved in the file diagram.map.

The fortran.map converts the analytical FORM output into the numerically evaluable For-
tran code diagram.F.

The advantage of this method is the fully automated way to calculate virtual corrections
once a program chain like the one in Figure 3.3 is build up. By modifying the model and
the ggraf.dat files calculations of other processes in other theories can be performed, too.
The MAPLE produced Fortran codes diagram.F are optimised. The external self-energy
diagrams and the counterterms are not included, they have to be calculated separately.
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Chapter 4

eTe” — gb@@

The necessity of including NLO SUSY-QCD corrections to associated Higgs production
with heavy quarks is discussed. The calculations are performed by the SME method
(Chapter 3.5) and the LO results are given analytically. The existing QCD corrections
are shortly reviewed. The NLO SUSY-QCD corrections are discussed with focus on the
external self-energies and the counterterms. For large tanf values the bottom Yukawa
couplings are strongly enhanced. The leading corrections to associated Higgs production
with bottom quarks can be absorbed into the bottom Yukawa couplings in a universal way.
This resummation can also be applied to the associated Higgs production with top quarks,
but since the top Yukawa coupling is not enhanced by tan@3 rather than suppressed, these
contributions are non-leading and there is no need for resummation. Finally, numerical
results for two benchmark points for a lincar e*e™ collider with a center of mass energy
of 1 TeV are discussed.

4.1 Motivation

Although the cross sections of associated Higgs production with heavy quarks range at
the ILC about two orders of magnitude below the dominant Higgs-strahlung process, it
is a very important channel to measure the top Yukawa couplings for Higgs masses be-
low the t¢ threshold. For mg > 2m; these couplings are directly accessible in the Higgs
decay ¢ — tf. Given the cross section at /s = 800 GeV and assuming an integrated
luminosity of 1000 fb~! the SM Higgs boson can be measured with an uncertainty of
~5.5% (stat.+syst.), leading to about the same accuracy for the top Yukawa coupling
(Figure 4.1a). The main sources of uncertainties are failures of the jet-clustering and of
the b-tagging due to hard gluon radiation and too large multiplicities. NLO corrections
are needed first to reduce the theoretical uncertainties originating from scale and scheme
dependencies and secondly, because they can give sizeable contributions.

The ratio of the VEVs, tanf3, is one of the most difficult MSSM parameters to deter-
mine. The associated Higgs production with bottom quarks ete™ — @bb followed by
¢ — bb provides excellent channels to measure tang for moderate m4 and tan8 values.
The experimental challenges are the expected low production rate and the large irreducible
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Figure 4.1: (a) SM cross sections of associated Higgs production with top quarks as func-
tions of the Higgs mass at a linear ete™ collider. The dashed/full line corresponds to a
center of mass energy of /s = 500 and 800 GeV. The error bar is shown for an integrated
luminosity of 1000 f6=" and includes systematical and statistical uncertainties [50]. (b)
The statistical error of tanf as a function of tanB assuming an integrated luminosity of
2000 f5=' and pseudoscalar Higgs masses my = 1 00, 150 and 200 GeV at a linear eTe~
collider with \/s = 500 GeV [103].

backgrounds for four-jet final states. In Figure 4.1b the statistical errors of tang for an
integrated luminosity of 2000 fb~' and pseudoscalar Higgs masses m =100, 150 and
200 GeV at a linear e*¢™ collider with /s = 500 GeV arc shown [103].

4.2 Leading Order Cross Sections

At leading order (LO) associated Higgs production with heavy quarks in ete~ collision

e” (p) + e (p2) = Q(ps) + Q (ps) + ¢ (ps)

is described by the Feynman diagrams in Figure 4.2. The four dimensional vectors i
denote the momenta of the massless incoming leptons (i = 1,2), the massive outgoing

quarks (i = 3,4) and the Higgs boson (i = 5) with masses m; = \/ P2

These diagrams split into three different classes of contributions: (1) Higgs radiation off
the heavy (anti)quark, (2) scalar Higgs radiation off the Z boson and (3) Z boson split-
ting into scalar-pseudoscalar Higgs pairs with one of them dissociating into a heavy quark
pair. Depending on the masses of the corresponding particles, resonant contributions arise,
which require the inclusion of finite decay widths of the Z and Higgs bosons in the cor-
responding propagators. Conventional Breit-Wigner propagators have been used for the
resonant Z — bb and ¢ — tf/bb decays.
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e” Q
~, 2 gg‘ ¢
et (1) Q

Figure 4.2: Individual channels of scalar end pseudoscalar associated Higgs production with
heavy quarks Q = t,b in etYe™ collisions: (1) Higgs radiation off the heavy (anti)quark, (2)
scalar Higgs radiation off the Z boson and (3) Z boson splitting into scalar-pseudoscalar
Higgs pairs with one of them dissociating into a heavy QQ pair. ¢ denotes all three neutral
MSSM Higgs bosons, while H stays for the scalar ones only.

The LO matrix elements can be decomposed according to the different Higgs couplings:

MLO gQC +g/ C +QSCLO
Mo = g5 DI° + gb Dy + 95 D55

The C’s for scalar Higgs production can be factorised pursuant to the SME method (Chap-
ter 3.5):

o = ¥ CY-{FgVM§’+FgVMX+F71VM¥+

V=v,2Z

BV MY + FY MY + FlY M }
Lo = cz-{FfZMf+F§ZM§},
c;© = 63~{F52M3+E$ZM§+F§ZM?}~

The coeflicients ¢; depend only on the coupling constants and the gauge and Higgs boson
propagators:

vV . SM 4T el
i = igg g
§—mi
M 47rafelm 1
Cy = 197 9 7

3 = 19y 97AH ~—
where s;; = (p; + p;)?. The formfactors FijV/Z with the shortcuts f3 = (s35 — mQ) /2
fa= (sa5 —m}) 7% and f5; = f3 & f4 are listed in Table 4.1.
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, j j 7 j i iV/Z iV/Z 1% iV
IS AR A
1 21)8 fs - —2a8 fa 2va‘C}) i 27’)2@(1,52 fh —08 i 0,8 faa
2 - —2mg/ mzzafz2 — - - - —

3 - 1 -1 - — - -

Table 4.1: Formfactors of the LO diagrams for ete™ — HQQ.

The axialvectorial and vectorial coupling coefficients ag and fu‘c,) are defined in Appendix A.

The D’s for the pseudoscalar Higgs production can be decomposed as:

DI = 3 df - {BY MY+ B M+ R MY+ F MY
V=~.2
Dby = dw {FY ME + Y ME + B2 MF ),

with the cocfficients:

o Aoy
vV _ SM elm
di = 90 -
v
Ara 1
SM elm
dsn = g9 T 9ZAM,

§—m% s34 —m3,

and the formfactors thjv/ z listed in Table 4.2.

. jZ Z iV/Z 1% ] J

i |\ FY=R7| B | RV Ry R

1 - -2a% fy 207 f5 | 2a fig —207 f3
3 1 -1 - - -

Table 4.2: Formfactors of the LO diagrams for ete™ — AQQ.

The unpolarised LO cross sections are defined by:

1 f T
ofo = 52 / dPS3 > |IMPy 2,

spin

with dPS3 denoting the three-particle phase space element (Chapter 3.4). The sum has
to be performed over the spins of the initial and final state particles, supplemented by an
averaging over the spins of the initial particles indicated by the overline.
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4.3 QCD Corrections

The QCD corrections were calculated some years ago [104]. The strong coupling ¢ is
evaluated at NLO with five active flavours at the renormalisation scale up = /s and is
normalised to as(mz) = 0.119. The ultraviolet divergences are removed by the renor-
malisation of the quark masses and Yukawa couplings, which are connected to the quark
masses. They are renormalised on-shell, because they define the allowed phase space.
Since the top mass is of the same order as the Higgs masses no large logarithms arise for
the top Yukawa couplings, thus, the latter are renormalised on-shell, too. In the bottom
quark case large logarithms appear, which are mapped into the running MS bottom mass:

mg = mmp(p) [1 +0gep] with  dgep = —%F(E)(llﬂ')g,
s 3 2
M) = mp [] + OF_(}...T(FI_L) (—uz log T'L:l—g — 1) +0O (ag(;t))] . (4.1)

where m{ denotes the bare bottom mass, m;, the bottom pole mass, 7,(x) the MS mass
at the scale p and dgcp the corresponding QCD counterterm. Thus, renormalisation of
the bottom Yukawa couplings introduces the MS Yukawa couplings of QCD evaluated at
the scale p given by the squared momentum flow through the corresponding Higgs boson
line.

The value of the electromagnetic coupling is taken to be agm = 1/128 and the Wein-
berg angle to be sin? 6y = 0.23. The mass of the Z boson is set to my = 91,187 GeV,
and the pole masses of the top and bottom quarks to m; = 175 GeV? and my = 4.62 GeV,
respectively. This value for the perturbative pole mass of the bottom quark corresponds
in NLO to an MS mass 71,(7;) = 4.28 GeV. The masses of the MSSM Higgs bosons and
their couplings are related to tanf and the pseudoscalar Higgs boson mass m 4. Higher-
order corrections up to two loops in the effective-potential approach are included in the
used relations [106]. The Z boson width is chosen as I'z = 2.49 GeV, and the Higgs boson
widths are computed with the program HDECAY [70].

At a lincar e*e™ collider with a center of mass energy of 500 GeV, the QCD correc-
tions to associated scalar Higgs production with top quarks decrease the cross section by
about 3—5%. They are slightly positive for the pseudoscalar Higgs production with top
quarks for \/s = 1 TeV. For the bb final state, the QCD corrections increase the cross
section by some 5—25% duc to the resonant contributions from the on-shell Z — bb and
¢ — bb decays.

4.4 SUSY-QCD Corrections

The NLO SUSY-QCD corrections emerge from virtual gluino and squark exchanges as
depicted in Figure 4.3. They consist of (i) internal self-energies, (i) vertex, (iii) box con-
tributions, (iv) external self-energies (Chapter 4.4.1) and (v) counterterms (Chapter 4.4.2).

"The top mass has been chosen in accordance with the definitions of the Snowmass benchmark points
of the MSSM [105].



60 Chapter 4: ete™ — ¢QQ

[+
v, Z C?i
~
o
i
.+ .
€ (ii)
’ q{)
e .
’/
Qi 4.3
Y Z /’ -
,l\.\
QA‘:
et ot

i

(i) (iii)

Figure 4.3: Typical diagrams of the NLO SUSY-QCD corrections to ete™ — ¢QQ Q =
t,b] mediated by gluino § and squark Q = {,b exchanges: (i) internal self-energy, (i) vertex
corrections to gauge and Yukawa coupling and (iii) box diagram.

The virtual corrections

Mgﬂ't = Mie + M?fbertex + M

box

are calculated within dimensional regularisation in the standard way. Since all virtual
particles arc massive, no infrared nor collinear singularities arise. The loop integral are
evaluated with LoopTools [107]. The quark masses and the top Yukawa coupling are
renormalised on-shell as in the pure QCD calculation. The gluino and the sbottom contri-
butions are decoupled from the running of the bottom Yukawa couplings. Thus, the purc
MS Yukawa couplings of QCD are used for the SUSY-QCD corrections, too.

4.4.1 External Self-Energies

In SUSY QCD no external self-cnergies exist at the initial leptonic legs. The shaded ovals
MLO in Figure 4.4 symbolise the amphtude of all LO diagrams of Figure 4.2 with ampu-

tated quark and antiquark spinors: MLO = Uy M? Lo V4-

The SUSY-QCD self-energy of quarks from equation (3.1) leads to the external self-cnergy
contributions:

Eese (Tj) — (]Z; - m’w) 5ZV + %75 5ZA + ER (Tj) -

DI =



4.4 SUSY-QCD Corrections

61

MES

Figure 4.4: Schematic external self-energy diagrams: the shaded oval ﬂ?o represents all
LO diagrams of Figure 4.2 with amputated quark and antiquark spinors.

The factor 1/2 originates from the proper transition from the Green’s functions to the

S-matrix. The renormalised £ does not contribute, since it is of order (# — m)?2.

The on-shell renormalised external self-cnergy at the quark leg is thus given by:

i o~
MG = ay ( EQ,S(%)) —— M? vy
e e Ps— mQ Lo B3 =mq
1 3 . 1 -
= U3 [5 (ﬂ& — 'I'nQ) 52‘95 + ﬂ.} s (SJA:' m'— Mio (7]
3 Q Ija =my
1 L _ 1 -~
e -2—(5Z95 UBM(ﬁO V4 +'HLQ 5ZA us m"ﬁ Mﬁo (2 ;
’ 3 =mQ
1 1 \ o~
= 50Zp° MP — 5 625 g 5 My v4
and analogously the external self-energy at the antiquark leg:
MPQ . ( _ 4308 ) ,
ese U3 MLO 7}4 me ese( 15’1) V4 =g

The external self-energies finally contribute to the NLO SUSY-QCD corrections as:

1 1. os.
= 50205 Mio + 5 6285 a3 Mi 75 va.

CY ]. -
MG, =62 MY, + 3 6235 ay [Mﬁo, ’Ys] vg.

With the SUSY-QCD self-encrgy of the quark propagator in Figure 4.5:

—i%(p)

— gs TaTa)lkZ/ QW)D UJ+“175)(%+7"9)(U7 aj%)

) (o)

_ g 2 ov. 2.2 2
) Croy Z [(vj - a]-) g By (p ,mg,méj)
j

+ (v + af + 2a;v;75) ¥ By (P m; ’”52 )]
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the renormalisation constants are given by:

(5777,88 = 2ig’ {m; (v]2 — af) By +mg ('v]2 + a?) Bl] ,
J
s - ‘ 2 p
628 = 202y [2mgme (v} — a?) By + (v} +a?) (Br +2m3B) |,
J
5Z/?S = —2g° Z [2ajvj31}.
J
B; abbreviates the scalar integrals B; (;1)2; mg, mé) evaluated at p? = mé (Appendix B).
J

The B] are the partial derivatives with respect to p? and g, = gsim. The coupling
cocfficients of the heavy squarks are a;jp = cosf + sinf and vyjp = + cosf — sin#,
where 6 is the mixing angle in the squark sector (Chapter 1.3.2).

5 £
P k—p P

Figure 4.5: Feynman diagram of the SUSY-QCD quark self-energy.

4.4.2 Counterterms

The leptonic initial state does not have any SUSY-QCD corrections and thus no counter-
terms. In the final state the wave function, the quark mass, the Yukawa and the strong
gauge coupling couplings have to be renormalised (Figure 4.6). Neither the electroweak
coupling constant nor the Higgs field are renormalised in SUSY-QCD.

Renormalisation constants:

R
\/ ZQL/R
b = quark propagator
1 1 dmg )
V2@ Zor $—mg
¢ = QQ¢—vertex NI
d = QQV —vertex \/Zg,\/Zqx

Figure 4.6: Multiplicative renormalisation constants of the wave function, the quark mass,
the Yukawa and the strong gauge couplings.

a = quark ficld
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The counterterms to the NLO SUSY-QCD corrections can be derived from Figure 4.6:
dmg

{axcxbxdxa} = {\/-ZvQL/_R VLV ZQr Zm X —F—— /— /——""JQR (1_?;—_771—@)
1
X\/ZQL\/ZQRX—W“—}
\/ZQR/L

omg )
= Zf,n X ]. _ .
( p-mg

Hence, the only paramcters which need to be renormalised are the Yukawa couplings

om
My = —R“QQ' {QSC{JO+QQC ],
om
My = “"m—g' [96 D9 + g4 Dy + 9§ DY ]

and the quark mass for Higgs boson radiation off the quark and off the antiquark leg:

drrey
H _
M = —LgQgQ dmng Z P mv
(#a + P+ mQ) (#s + s + mQ)ru(v8 — a%rs)
(835 — mQ)z

+7M(7’8 av%)( P1— Ps + mg)(—ps — Ps + mQ)}
Vg
(o = )

oy (vfr — afys)ua

4o
= -—7gQgQ 5mQZ

{ [4vaV fg] MY+ [ 4mQa8f§J MY

= mj,
+ [(f?, + fatam (f5 + f7) )v@] My
#|(fo+ suamd (73+ 1) )af| MY

+ [~2mqof (43 + )] Mb + [2mqal (£7 - )] MYG}.

The quark mass renormalisation for the radiation off the pseudoscalar Higgs boson is
computed accordingly, with the scalar Yukawa coupling replaced by the pseudoscalar one:

47y
Mr?lass - —ZQ’QQQ (SITI,Q Z 5 —1m2
2
(Bt B+ mQ) (s + s + m) v (v — aDys)
U3 [”575] (s 23\2
835 — mQ)

+7u(’08 — ays) (= s — #s + mQ) (~ s — P + mQ) [~27s] }v4

(845 — 77”%})2

Ty (05 — a$ys)uq
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= ool imq 3 T [imaa 3] MY + [ama o 18] MY
Vv
+[(fa - f4) a@] MY + [(fs — [4) v‘(ﬁ] MY
+ [QmQ a8 (frf - ff)} MK—, + [—ZmQ 1;8 (f"_?? + ff)] MYG}

The counterterms finally contribute to the NLO SUSY-QCD corrections with:

¢ _ ¢
MCT - MYuk + M?;wss '

4.4.3 Bottom Quark Final State

The renormalised bottom Yukawa coupling is defined in terms of the MS running bottom
mass of equation (4.1) as described in Chapter 4.3. This MS Yukawa coupling is used
whenever the bottom Yukawa coupling appears.

For large values of tanf3 significant “non-decoupling” corrections to ¢bb production arise
at higher order, which can be absorbed into the bottom Yukawa couplings in a universal
way? [109]. These contributions of O(4p) and O(utanB) to the NLO SUSY-QCD correc-
tions can be of O(1). For this reason one has to worry about higher order contributions.
In references [110, 111] it has been shown that they can be resummed to improve the
reliability of the perturbative result.

There exist three basic contributions (Figure 4.7) to the bottom Yukawa coupling in the
Lagrangian (1.4):

(i) LO: the bottom Yukawa coupling is proportional to the bottom pole mass.

(i) Superpotential: the couplings of the neutral component of H,, to shottoms are pro-
portional to the higgsino mass paramcter u. By reexpressing HY through vy this
coupling becomes proportional to tanf. Analogously there exists a coupling of
the neutral component of the down-type Higgs doublet to stops, but this becomes
tan@—suppressed compared to the LO coupling.

(iii) Soft breaking terms: the couplings of the neutral component of Hy to sbottoms are
proportional to the scalar trilinear coupling A;. The analogous coupling exists for
the stops, but as the non-decoupling contributions are small, there is no need for
resummation in the case of the top Yukawa coupling,

These three contributions can be cast into the form [110]:

. A
LYOINLO = _ 00 {(1 + A HY + KZ%HS} B+ hec.

*It should be noted that these contributions vanish for large sbottom and gluino masses while keeping
the p parameter fixed [108]. Non-decoupling effects only arise, if the u parameter is increased together
with the SUSY particle masses.
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Figure 4.7: LO and NLO SUSY-QCD contributions to the bottom Yukawa coupling. The
Hy, are the neutral components of the two Higgs doublets, while the b°, 1° and m) are the
unrenormalised bottom wave functions and bottom pole mass, respectively.
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A _ 2 (e . t ﬁI( 2 2 2)
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A = -3 ? mg Ap I(mgl,'mgz,mg),
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Renormalisation of the Yukawa coupling leads to:

. Ap
LYO = —gbb{H3+ tanbﬁﬂg}bm.c.

Amy
i = O A —_—
with g5 = g, (1 4+ Ay) and A, A

in a shift in the relation between the bottom Yukawa coupling and the bottom pole mass:

. These leading higher order contributions result

my = 98 Vg — 9}? vg (14 Ay + Amy) — gpvg (1+ Ap).

The effective Yukawa interaction Lagrangian can be reexpressed in the physical MSSM
Higgs boson fields:

LO+NLO _ ™Mb ). hl1_ Ay
v T w (14 Ay) b {gb (1 tan « tanﬁ) h
tan o A
H A b
— ——} A
+Gp (1 + Ay tanﬁ) H —ivs gj, (1 tanzﬁ) } b

= _?B{Q':giwggfﬂ—mgg‘/l} b,
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defining the resummed bottom Yukawa couplings to®:

éh' = i 1 — _HA—b
b 1+ 4, tana tang )’
o
“H 9 tano
Iy (1 + Abtanﬁ) ’
A
A _ _ 9% Y 4.2
b 1+ Ay (1 tan2ﬁ>' (42)

If the LO cross sections are expressed in terms of these resummed bottom Yukawa cou-
plings, the corresponding NLO pieces have to be subtracted from the higher order contribu-
tions to avoid double counting. This is equivalent to an additional (finite) renormalisation,
given explicitly by:

@ = g [1+A]+O(a§),

Ag) = K¢ Amb,
Kp =~ """""}"""_"7
tana tan(
_ tanc
KH — - W’
1
KA = 1 + m . (43)

Thus, supplementary finite counterterms have to be added to the NLO SUSY-QCD cor-
rections? for bb final states:

AM™ = gl ATICEO + gt AfCEO,

AMA = gAARDYC + g ALY + ol AL DYR (4.4)

fl

In the LO matrix elements the resummed Yukawa couplings are used:

MTG = GhekO 4 ghek© + Gpcko

A ~AmL
Mio = G'DI°+ 3Dy + 3 Dig (4.5)
so that the SUSY-QCD corrections to the cross sections are given by:
bb
Aol = / dPSy 2Re S MELMET L (4.6)
spin

with

bb
MQSSQCD - Mvn‘t + Mgse + M%T + AM¢‘

% Analogous effective couplings can be defined for top quarks, too, but in this case the non-decoupling
contributions are small and thus do not require resummation.

*Note that in the residual matrix elements of the SUSY-QCD corrections the unresummed bottom
Yukawa couplings are kept in order to avoid artificial singularities for vanishing mixing angle o [111].
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In the QCD corrections the resummed bottom Yukawa couplings are also inserted ev-
erywhere, since the non-decoupling terms Af factorise from the pure QCD corrections
initiated by light particle interactions.

4.4.4 Top Quark Final State

The top Yukawa couplings are suppressed by 1/tanf. Thus, there is no need for resum-
mation. The NLO SUSY-QCD matrix elements for ete™ - @it are given by:

7
MgQCD = M¢ ¢+ Mgse + M%T .

vir

Therewith the SUSY-QCD corrections to the cross sections result in:

0 1 i

spin

with the conventional Yukawa coupling in the LO matrix elements.

4,5 Numerical Results

The numerical results are presented for a linear eTe™ collider with a center of mass energy
of 1 TeV. The Snowmass point SPS5 has been chosen for associated Higgs production with
top quarks and SPS1b for the bottom quark case [105]. The MSSM parameters of these
two benchmark scenarios are given by®:

SPS5 SPS1b .

tand = 5 tang = 30

" = 639.8GeV I = 495.6GeV
Ar = —905.6GeV Ay = —T729.3GeV
Ay = —1671.4GeV Ay = —987.4GeV
mg = 710.3GeV mg = 916.1GeV
mg, = 535.2GeV mg, = T762.5GeV
my, = 620.5GeV Mg, = 780.3GcV
my, = 360.5GeV, mp, = 670.7GeV.

The pscudoscalar Higgs mass is left free in both scenarios in order to scan the correspond-
ing Higgs mass ranges.

The total cross section for associated pseudoscalar Higgs production with top quarks is
displayed at LO and NLO in Figure 4.8a. The cross section is small for pseudoscalar

®We have neglected the corresponding translations of DR masses into MS masses, since they are not
relevant for the characterisation of the results.
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Higgs masses below about 350 GeV, while above it rapidly increases to a level of 1 fb due
to the intermediate on-shell H — tf decay. The total size of the corrections amounts to
0O(10%) apart from the threshold of the resonant contribution, where the Coulomb singu-
larity raises the QCD corrections to more than 100% [112]. The Coulomb singularity is an
artefact of the narrow-width approximation®. A proper treatment of the threshold region
requires the inclusion of finite-width effects and QCD-potential contributions. Thus, the
result obtained in this work is not valid in a small margin around the ¢t threshold of the
resonant part. The individual relative corrections, defined as

onLo = oLo(l + dgep + dsqen)s

can be inferred from Figure 4.8b. Except for the threshold region of the resonant part,
the QCD corrections are of moderate size [104]. The SUSY-QCD corrections [113] are
of similar magnitude as the pure QCD corrections but with opposite sign. Thus, large
cancellation of the QCD corrections against the SUSY-QCD part arc observable in this
scenario. 'This signalises the importance of including both types of corrections in future
analyses.

An analogous picture emerges for the light and heavy scalar Higgs bosons as shown in
Figures 4.9. The cross section for the light scalar Higgs boson is always of the order of 1 fb
with small corrections due to the partial cancellation of QCD and SUSY-QCD corrections
(Figure 4.9b). The QCD Coulomb singularity for m4 ~ 350 GeV is much more pro-
nounced than in the pseudoscalar case, since for the heavy scalar Higgs boson the S-wave
pscudoscalar Higgs decay A — tf constitutes the resonant part’. The relative threshold
corrections remain finite in both cases due to the remaining continuum contributions.

The results for Abb production are presented in Figure 4.10. The total cross section,
shown in Figure 4.10a, reaches a size of (O(10 fb) for smaller pseudoscalar masses. The rel-
ative corrections arc depicted in Figure 4.10b. The pure SUSY-QCD and total corrections
are shown without and with resummation of the Ay terms according to equations (4.2) —
(4.6). 1t is clearly visible that the resummed bottom Yukawa couplings absorb the bulk
of the SUSY-QCD corrections, so that the terms of equation (4.4) provide a reasonable
approximation of the final result. After resummation the SUSY-QCD corrections are of
similar magnitude as the pure QCD corrections. Thus, as in the top quark case the inclu-
sion of both corrections is of vital importance. A comparison of the total resummed and
unresummed NLO cross sections in Figure 4.10a implies good agreement within 10% and
thus a significant improvement of the perturbative stability from LO to NLO. An analo-
gous picture emerges for the light and heavy scalar Higgs bosons as can be inferred from
Figure 4.11. Again the resummed Yukawa couplings absorb the bulk of the SUSY-QCD
corrections. A significant cancellation of the QCD and SUSY-QCD corrections is observed
after resummation in the SPS1b scenario, too. The drops of the relative corrections to-
wards ma ~ 500 GeV in Figures 4.10 and 4.11 are caused by the kinematical closure of
the intermediate on-shell H A pair production.

%In this approximation the width of the top quark is neglected.

"Since the pseudoscalar Higgs boson A carries the same quantum numbers as the 07F ground state of
the ¢ pair, the decay A — (f is dominated by an S-wave contribution at threshold. In contrast the scalar
Higgs decay H — tt suffers from a P-wave suppression at threshold.
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Figure 4.8: (a) The LO (dashed line) cross section of associated pscudoscalar Higgs pro-
duction with top quarks in ete™ collisions is plotted as a function of the pseudoscalar
Huiggs boson mass for the SPS5 benchmark point [105]. The QCD- and SUSY-QCD cor-
rected NLO cross section is depicted by the full line. (b) The relative QCD, SUSY-QCD
and total corrections to associated pseudoscalar Higgs production with top quarks are dis-
played as functions of the pseudoscalar Higgs boson mass. The sharp (finite) peak around
ma = 350 GeV orginates from the Coulomb singularity in the QCD corrections to the

resonant H — tt decay.
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Figure 4.9: (a) The LO cross sections (dashed lines) of associated heavy and light scalar
Higgs production with top quarks in ete™ collisions are plotted as functions of the scalar
Higgs boson masses for the SPS5 benchmark point [105]. The QCD- and SUSY-QCD cor-
rected NLO cross sections are depicted by the full lines. (b) The relative QCD, SUSY-QCD
and total corrections to associated scalar Higgs production with top quarks are displayed as
functions of the scalar Higgs boson masses. The sharp (finite) peak around my = 350 GeV
originates from the Coulomb singularity in the QCD corrections to the resonant A — tt
decay.
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Figure 4.10: (a) The LO cross sections (dashed lines) of associated pseudoscalar Higgs pro-
duction with bottom quarks in ete™ collisions with (red curves) and without (black curves)
resummation of the Ay terms are plotted as functions of the pseudoscalar Higgs boson
mass for the SPS1b benchmark point [105]. The QCD- and SUSY-QCD corrected NLO
cross sections are depicted by the full lines, with (red) and without (black) resummation.
(b) The relative QCD, SUSY-QCD and total corrections to associated pseudoscalar Higgs
production with bottom quarks are displayed with (red lines) and without (black lines) re-
summation as functions of the pseudoscalar Higgs boson mass. The pure QCD corrections
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Figure 4.11: (a) The LO cross sections (dashed lines) of associated heavy and light scalar
Higgs production with bottom quarks in ete™ collisions with (red curves) and without (black
curves) resummation of the Ay terms are plotted as functions of the scalar Higgs boson
masses for the SPS1b benchmark point [105]. The QCD- and SUSY-QCD corrected NLO
cross sections are depicted by the full lines, with (red) and without (black) resummation. (b)
The relative QCD, SUSY-QCD and total corrections to associated scalar Higgs production
with bottom quarks are displayed with (red lines) and without (black lines) resummation as
functions of the scalar Higgs boson masses. The pure QCD corrections are indistinguishable
in both cases.
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The associated Higgs production with bottom quarks is, however, dominated by the reso-
nant b, H — bb decays in the pseudoscalar case and the resonant Z, A — bb decays in the
scalar case. Thus, the absorption of the bulk of the SUSY-QCD part by the resummed
Yukawa couplings could be expected from the analogous findings for the corresponding
Higgs decays [111]. In order to investigate, if this also holds for continuum ¢bb pro-
duction, the Higgs energy distribution in Figure 4.12 for associated pseudoscalar Higgs
production with bottom quarks for a pseudoscalar Higgs mass m4 = 200 GeV has been
analysed. The dimensionless parameters x4 are defined as x4 = 2E;/+/s. Figure 4.12a
displays the z 4 distribution at LO and NLO, while Figure 4.12b exhibits the individual
relative corrections. The sharp peak at 24 ~ 1 originates from the resonant h, H — bb
decays, while the regions apart from the peak represent continuum Abb production. The
resulting picture indeed turns out to be analogous to the total cross sections. The bulk of
the SUSY-QCD corrections can be absorbed by the resummed bottom Yukawa couplings
leaving moderate residual corrections. These cancel the pure QCD corrections to a large
extent in the resonant as well as the continuum regions.

The light scalar Higgs cnergy distribution for associated Higgs production with top quarks
is shown in Figure 4.13 for a light scalar Higgs mass mp = 100 GeV. For z;, < 0.8 both
the QCD and SUSY-QCD corrections are of moderate size. The sharp rise of the QCD
corrections towards xp ~ 0.9 is induced by the Coulomb singularity at the subthreshold
of the t pair [104]. It leads to a finite cross scction at the upper bound of the zp range.
Since the total corrections are not constant, the shape of the Higgs encrgy distribution is
slightly modified from LO to NLO, as can be inferred from Figure 4.13a.

4.6 Summary

The cross sections and relative corrections for LO and NLO QCD and SUSY-QCD are
exemplary shown for a linear e*e™ colliders with a center of mass energy of 1 TeV.

The NLO SUSY-QCD corrections to the associated neutral MSSM Higgs production with
top quarks amount to 10—20%. The previously obtained pure NLO QCD corrections are
of similar magnitude [104]. Strongly depending on the scenario cancellation or construc-
tive interference effects between the QCD and SUSY-QCD corrections occurs. Therefore,
it is important to include both corrections in future analyses of these processes at linear
ete™ colliders,

At large values of tanf, associated Higgs production with bottom quarks provides a pos-
sibility to measure tang. It has been demonstrated that the bulk of the pure QCD correc-
tions can be absorbed in the running bottom Yukawa couplings, defined at the scale of the
corresponding Higgs momentum flows [104]. The SUSY-QCD corrections are dominated
by the non-decoupling Am,, terms, which can be absorbed and resummed in the corre-
sponding bottom Yukawa couplings. This absorption reduces the SUSY-QCD corrections
to a moderate size. Both remaining corrections contribute with about 10—20%.
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Figure 4.12: (a) The Higgs energy distributions of associated pseudoscalar Higgs produc-
tion with bottom quarks in e*e” collisions with (red curves) and without (black curves)
resummation of the Ay terms are plotted as functions of x4 for the SPS1b benchmark
point [105]. The LO cross sections are depicted by the dashed lines and the QCD- and
SUSY-QCD corrected NLO cross sections by the full lines. The peak at x4 ~ 1 origi-
nates from the resonant h, H — bb decays. (b) The relative QCD, SUSY-QCD and total
corrections to associated pseudoscalar Higgs production with bottom quarks are displayed
with (red lines) and without (black lines) resummation. The pure QCD corrections are
indistinguishable in both cases.



4.6 Summary 7

10 LA DA B AL (LA R S R RSN R B A
do(e’e” — fi+h)/dx, [fb]
(a)
Vs =1 TeV 1o
M, = 100 GeV T
1 -
-1 '
10 PR R IV ST ST S [ S S N SN SR S RN SR SN S S S RS T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Xp
0.5 L A A A SR AL A R B A L
(b) F 8(e'e” o tt+h) :
0.4 [~ Vs =1 TeV ]
- M, = 100 GeV '
03 ]
02 F .
01 F "’
- SUSY-QCD ’ ]
0
-0.1
_0.2 | ] 1 PR | H ]
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4.13: (a) The Higgs energy distributions of associated light scalar Higgs production
with top quarks in ete™ collisions are plotted as functions of xp, for the SPS5 benchmark
point [105]. The LO cross section is depicted by the dashed line and the QCD- and SUSY-
QCD corrected NLO cross section by the full line. (b) The relative QCD, SUSY-QCD
and total corrections to associated light scalar Higgs production with top quarks are dis-
played. The sharp rise of the QCD corrections towards xp ~ 0.9 is induced by the Coulomb
singularity.
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The importance of including the NLO SUSY-QCD corrections to associated Higgs produc-
tion with heavy quarks in hadron collisions is briefly discussed. For the calculation of the
LO and the large number of NLO SUSY-QCD diagrams a program chain based on QGRAF,
FORM and MAPLE is set up as described in Chapter 3.6. The pure NLO QCD results are
shortly reviewed. The partonic initial state can be split in ¢¢ and gluonic contributions.
For the ¢4 initial state one has to take care of fermion number violating diagrams originat-
ing from the Majorana nature of the gluinos. The external self-energies and counterterm
diagrams are calculated explicitely. The leading terms of the NLO SUSY-QCD correc-
tions for the bottom quark final state can be ahsorbed in the resummed bottom Yukawa
coupling. For the top quark final state these contributions arc non-leading due to the
suppression of the top Yukawa coupling by the SUSY factors and thus there is no need for
resummation. Finally, numerical results are discussed for the Tevatron and the LHC.

5.1 Motivation

At the LHC, associated Higgs production with top quarks is only important for the light
scalar Higgs boson production. The top Yukawa couplings of heavy scalar and pscudoscalar
Higgs bosons are, in the preferred large m 4 region, suppressed by tan compared to the
light scalar one (Table 1.5). For large tang values, on the other hand, the associated Higgs
production with bottom quarks becomes the dominant production channel for all three
neutral MSSM Higgs bosons due to the tang enhancement of the bottom Yukawa couplings.

The potential of the associated Higgs production with bottom quarks at the Tevatron
depends strongly on the MSSM scenario, while the associated Higgs production with top
quarks does not play any role at the Tevatron, due to kinematical reasons.

The LO predictions for the cross sections arc plagued by large uncertainties due to the
strong dependence on the renormalisation and factorisation scales, originating from the
parton densities and the strong coupling constant. The running bottom mass provides for
bb in the final state an additional source of scale dependence. The NLO QCD and SUSY-
QCD corrections should reduce the scale dependencies and thus stabilise the theoretical
predictions.
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5.2 Leading Order Cross Sections

The associated Higgs production with heavy quarks at hadron colliders can be split into g
and gg initial states at LO and at NLO SUSY-QCD!. Two and eight diagrams contribute
to the ¢g (Figure 5.1) and the gluonic (Figure 5.2) initial states, respectively:

a(p1) + qi(p2) — Qu(ps) + Qu(ps) + d(ps),
9t e () + by (P2) —  Qu(p3) + Qu(pa) + (ps).

The initial state quarks® wu,d,s,c, b are taken to be massless, such that p% = pﬁ =
holds for all initial states. The final states are defined on-shell with p% = p‘i = mé and
pE = mi. The gluon polarisation vectors £ o satisfy the transversality condition &; p; = 0
and the axial gauge 1 py = g2 p1 = 0.

Figure 5.1: The LO diagrams of associated Higgs production with heavy quarks Q = t,b
in qq collisions. The indices ¢,j and k,l denote the colour indices of the external quarks.

G ey TOBOOO———— @k G ¢, Qk
" 0
N ¢
Q
g8z, "TOTOOT QA G, Q
(s-channel) (t-channel) (u-channel)

Figure 5.2: Typical LO diagrams of associated Higgs production with heavy quarks Q = t,b
for gluonic initial states. The external gluons carry colour indices a,b, Lorentz indices u,v
and the polarisation vectors €1 2.

"The virtual NLO QCD corrections also split in this two initia) states, but, there exist rcal NLO QCD
corrections to gg and to gg initial states which contribute to the total NLO QCD corrections,

*Bottom quarks are not allowed in the initial state for associated Higgs production with bottom quarks,
since it would lead to inconsistencies to trcat them massless in the initial state and massive in the final
state.



5.3 QCD Corrections 79

The colour factor of the two LO ¢7 diagrams is given by C9 = T Ty, leading to a
factor of two for the squared LO matrix element. For the gluonic initial state diagrams it
is convenient to define three different colour factors:

C{P =61y, CF =if )Ny, CfF =d™ )N, (5.1)

with the colour indices k,! for the final state quarks and the matrices 7% = A% The C{*
corresponds to a colour-singlet state, while the latter two describe colour-octet states of
the final quarks. The totally symmetric and antisymmetric SU(3). structure constants
fa¥¢ and d®°, respectively, are defined by:

[Ta,Tb] = ’I:fabCTc,

1
T, T = 6%+ d™ 1"
T = T+

The LO gg — ¢QQ colour factors are given in terms of C7% 5 by:

1
CY¥ = §ng for the s-channel,

1 1 1.
Co = gcfg + ZCQQQ + ZC’{{J for the t-channel,

1 1 1

CY9 = ECfg— 1 Ay chg for the u-channel. (5.2)

The different Cf“’“ do not interfere, thus the matrix elements squared can be decomposed
according to the three colour factors squared:

) . 80
eff = (Cf7)" =24, c§? = |C§)* = 48, o =(C§) = 5

The LO as well as the NLO SUSY-QCD matrix elements are calculated by a program
chain based on QGRAF, FORM and MAPLE. Thus, no analytical results, except for external
self-energies and counterterms, are written down.

5.3 QCD Corrections

The NLO QCD corrections to associated SM Higgs production with top quarks were cal-
culated some years ago by two groups [65]. The transition to scalar MSSM Higgs bosons
can be performed by resc-fxling the cross section with the squared Yukawa coupling factors
defined in Table 1.4: (g{f)z for the light scalar and (g7 )2 for the heavy scalar Higgs boson®,

The NLO QCD corrections to associated SM Higgs production with bottom quarks were
also calculated by two groups [86]. In LO, the transition to scalar MSSM Higgs bosons
can be performed analogously to the top quark final state, but with the down-type SUSY
factors (g?f)z. At NLO diagrams exist, in which the Higgs boson couples to closed top
quark loops (Figure 5.3). These contributions are not proportional to the bottom Yukawa
coupling and spoil the relation between the SM and the MSSM results. However, in the

3As long as all quark masses, except the top mass, are neglected this scaling is exact.
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SM it has been shown [86] that the contributions of these diagrams are 5—10%, i.e. small
enough to be ignored. Thus, scaling the NLO QCD result with the squared Yukawa cou-
pling factors leads to good approximations for the total cross sections.

The pseudoscalar Yukawa couplings contain, normalised to the SM couplings, not only
Yukawa coupling factors (Table 1.4) but also an additional [—47s]. Therefore, the NLO
QCD corrections to associated pseudoscalar Higgs production with heavy quarks cannot
be derived by just scaling the SM results with the modified Yukawa coupling constant

2
A
(gu,d> :

Q
g
9 To000000) -
Y b,t A Q
g bbb ¢

Figure 5.3: Typical virtual QCD corrections to associated Higgs production with heavy
quarks Q) = t,b with closed quark loops.

The UV, IR and collinear singularities are isolated using dimensional regularisation (Chap-
ter 3.1). Renormalisation and factorisation are performed in the MS scheme with the top
mass defined on-shell. The running of the strong coupling constant a4(p) is generated
solely by logarithmic contributions of the light quarks and the gluon loops. The top
quark contributions are decoupled by the renormalisation condition, thus, they to not
contribute to the running of a,(u) as shown in equation (3.2). For the convolution to the
hadronic pp and pp cross section the CTEQ6L and CTEQ6M PDFs [114] at LO and NLO,
corresponding to the QCD parameters with five active flavours A};O = 165 MeV and
AMS = 226 MeV, arc used. The SM top Yukawa coupling is defined by gM = V2my/v
with v = 246 GeV and a top mass of 174 GeV. The bottom Yukawa coupling is evaluated
with the running bottom quark mass 77,(u) of equation (4.1) defined in the MS scheme in
order to sum large logarithmic corrections log (my/mp). The bottom pole mass is set to
my = 4.60 GeV corresponding to a MS mass to m,(m,) = 4.26 GeV. This leads to a SM
bottom Yukawa coupling of gi™ (1) = v/2y(u)/v with pu evaluated at the corresponding
Higgs mass.

The exact calculations of the NLO QCD corrections to associated neutral MSSM Higgs
production will be published soon [115]. At the LHC they turn out to range within 20—-50%
for the top quark final state [65], while they can be even larger for ¢bb production. The
NLO QCD corrections to associated Higgs production with bottom quarks at the Tevatron
enhance the cross secion by 60—130% [86].
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54 SUSY-QCD Corrections

54.1 7 — ¢QQ

The NLO SUSY-QCD corrections can be classified by the number of squark indices and
closed squark loops. In Figure 5.4 typical diagrams with zero squark indices (0SI), one
squark index (1SI), one closed squark loop (1SL), two squark indices (2SI) and three squark
indices (3SI) are depicted. The virtual SUSY-QCD corrections are given by:

MR = MEEP + MIGP + MIZE + METP + MEEP . (5.3)

virt

The diagrams involving three squark indices are "pentagon” diagrams with five-point
functions. Since all the particles involved in the loops are massive no problems with IR
divergences exist. The numerical evaluations of all the scalar integrals are performed with
the LoopTools program [107].

N
___.____L____qb

Gr
(281) (381)

Figure 5.4: Typical diegrams of NLO SUSY-QCD corrections to associated Higgs produc-
tion with heavy quarks Q = t,b in qd collisions. The individual channels can be classified
by the number of squark indices and closed squark loops: (0SI) zero squark indices, (1SI)
one squark index, (1SL) one closed squark loop, (25I) two squark indices and (3SI) three
squark indices.
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The colour factors of all NLO SUSY-QCD diagrams can be reduced to multiples of the
LO colour structure C% and multiples of §;;0;;. The interference of C97 with the latter
vanishes, since they are orthogonal to each other. Thus, C% is the only relevant colour
structure in LO as well as NLO and the produced QQ pairs are in a pure colour-octet state.

Some of the box diagrams, e.g. diagram (3SI) in Figure 5.4, contain fermion number
violating (FNV) interactions due to the Majorana nature of the gluinos. Feynman rules
for Majorana particles are known for a long time [116]. The only Majorana particles ap-
pearing in this calculation are the gluinos. To handle FNV diagrams the fermion number
flow is supplemented by a chosen fermion flow for each complete fermion string. Every
vertex involving Majorana particles is assigned to two analytical expressions: one for the
fermion flow parallel to the flow of the fermion number, the “usual” vertex, and one for
the two flows antiparallel, the “reversed” FNV vertex. Exemplary this is presented for the
squark-quark-gluino vertices in Figure 5.5. The “usual” squark-quark-gluino interactions
are given by:

ry = 9z pa (vj + ajs) and r_ =9 7 (vj — a;jvs).

V2 V2

The FNV intcractions are flagged with a prime ('), which is defined to be:
I' = ¢IPC¢! with C=-iv?® and O '=cCt=cT=-C

For the Dirac matrices this leads to ﬂyL = —v, and 4{ = s, and thereby to I/, = T',.

q q
~ -~
/ /
~ Rl
Gj == ] Gj ~--->--- V\ —i I,
\\ A
g(l Eja
~a =a
g q
rd -~
7/ /
Gj ~------ 4 =il qj - Y =T
\ \
- ~ _ A
q q
“usual” vertices “reversed” vertices

Figure 5.5: The left column shows the “usual” Feynman diagrams for squark-quark-gluino
interactions, whereas in the right column the FNV “reversed” vertices are shoum. The
fermion number flows are indicated by the fermions lines q and G, while the dashed curved
arrows show the chosen fermion flows.

For Dirac fermions two propagators are defined in Figure 5.6: the “usual” Dirac propaga-
tor 159(p) with parallel fermion and fermion number flow and the antiparallel “reversed”
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propagator ¢59(—p), which violates fermion number conservation. The “reversed” prop-
agator has nothing to do with an antiparticle propagator, since the fermion number flow
and the momentum flow have still the same orientation. For Majorana particles there
exist also two propagators 157(p) and iS9(~p). Since the Majorana fermions do not have
a defined fermion number flows, they are not separated into “usual” and “reversed” prop-
agators, respectively.

momentum p

i5%(p) iS%(—p) iS9(p) i59(—p)
- ——s T Oooe SO
- - — = —-_— e — - -
“usual” Dirac “reversed” Dirac Majorana

Figure 5.6: Dirac propagators S9 with the orientation of the chosen fermion flow (dashed
arrows) relative to the fermion number flows (solid arrows between vertices) are depicted.
The “usual” Dirac propagator has the two flows parallel, while they are antiparallel for
the “reversed” FNV one. Majorana particles, like gluinos, do not have a defined fermion
number flow direction, thus no arrow is drawn on the gluino line. The momentum p flows
from the left to the right side.

Incoming and outgoing Dirac fermions and antifermions are described by four spinors
(Figure 5.7):

outgoing “usual” Dirac particle = outgoing “reversed” Dirac antiparticle,

i

= outgoing “usual” Dirac antiparticle = outgoing “reversed” Dirac particle,

S 2 g

= incoming “usual” Dirac particle = incoming “reversed” Dirac antiparticle,

7 = incoming “usual” Dirac antiparticle = incoming “reversed” Dirac particle,

while only two spinors @ and u are needed for the Majorana fermions:

U = outgoing Majorana particle, with fermion flow and momentum parallel
= incoming Majorana particle, with fermion flow and momentum antiparallel,

iy

u = outgoing Majorana particle, with fermion flow and momentum antiparallel

= incoming Majorana particle, with fermion flow and momentum parallel.

The amplitude of the FNV diagram in Figure 5.8, e.g., can be calculated with these
expanded Feynman rules:

MR = i°(=1)° g§ o2 u(ps) /(2 [Sq (p3 + p5) D S9(k + ps + ps) Iy u(py)

Sk + p1 — pa) 5(p1) I S9(k — ps) T— S9(k) | v(pa)
o u(p3) .. Julpz) 5(p1) ... Jv(pa).
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momentum p
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Figure 5.7: In the first two columns Dirac spinors with their fermion number flow and
in the third column Majorana spinors are shown. The dashed arrows indicate the chosen
fermion flow direction. The vertez (black dots) on the left/right end of the arrows symbolise
outgoing/incoming particles. ‘“usual” indicates that the chosen fermion flow is parallel
to the fermion number flow, while “reversed” indicates that the chosen fermion flow is
antiparallel to the fermion number flow and therefore fermion number conservation is
violated.

The incoming light quarks are, with the chosen fermion flow defined in Figure 5.8, described
by “reversed” spinors. Thus the light quark currents of the charge conjugated L.O diagrams
have to be adapted to match with such a FNV diagram. The spinor structure of the
complex conjugated FNV LO diagram of Figure 5.9 is given by:

<~Mt’-{,qc’;fs}«“Nv)Jr o a(p2) ... Ju(p1) 5(pa) ... ] u(p3).

The interference of the FNV box diagram with this FNV LO diagram leads to:

() 5, {6t 0L
{ﬁ(pg) [ Ju(p2) 5(p1) [---]v(m)}
oc @pa)[... JoP)B(p1)[-- . Jv(wa) B(pa) [ .. Julps)a(ps)[. . . Julpa).

~— =

Therefore, the FNV diagrams can be treated as the non-FNV diagrams, by applying the
proper Feynman rules. But, they interfere with the FNV LO diagrams, leading to the
conventional spinor structure known from [MJ%?|2 and the non-FNV NLO interferences

with the original LO, (M%%‘ﬁ)TM{(ﬁ’J%.
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momentum flow
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Figure 5.8: Representative FNV box diagram. The dashed lines above and below the dia-
gram indicate the directions of the chosen fermion flows, while the fermion lines show the
directions fermion number flows. The momentum of the external particles flows from left
to right and in the loop according to the circle in the middle.

7 i
Figure 5.9: Complex conjugated FNV LO diagram (M(}:’é‘f’FNV) with chosen fermion flow
(dashed lines with arrow) according to the FNV bor diagram in Figure 5.8.

5.4.2 g9 — ¢QQ

The NLO SUSY-QCD corrections to the gluonic initial state (Figure 5.10) can be classified
according to the number of squark indices and closed squark loops analogous to the ¢g
initial state (Chapter 5.4.1):

MEP = MEE + MIGP + MIZE + Mmige (5.4)

virt

All colour factors of the NLO SUSY-QCD corrections can be expressed in terms of the LO
colour factors C7% 5 defined in (5.1).
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L, , OTTTTHLT:
(1SL) (281)

Figure 5.10: Typical diagrams of the NLO SUSY-QCD corrections to associated Higgs
production with heavy quarks @ = t,b in gluon fusion. The individual diagrams can be
classified by the number of squark indices and closed squark loops: (0SI) zero squark in-
dices, (1S)) one squark index, (1SL) one closed squark loop and (281) two squark indices.

There exist two classes of diagrams which vanish:

e Diagrams with closed squark loops, where the pseudoscalar Higgs boson is radi-
ated by the squarks in the loop, vanish. Because of the specific form the squark-
S ¢ -Ds i ] 4 . = 4 = 8 4 PO 4 =~ .
squark-pseudoscalar Higgs couplings, 95,0, gQ2 G 0 .‘md 96,6, 95,0, the
contributions from opposite squark momentum directions in the loop exactly cancel.

e Diagrams with a gluon-gluon-squark-squark vertex together with a gluon-squark-
squark vertex at one squark loop (Figure 5.11) vanish due to the Furry theorem [117].
The loop-integral of such a diagram is given by:

7 - / dk (2k + p1 + p2),
(2m)P (k2 — mg )((k + p1 + p2) — mg )
2B[J(pl + P2, anj 3 mrj]-) + (Pl + p?)p BO(Pl + D2, Wl(’jj ’ ’anj)
= (pl + p2)p (231 (pl + p2, mQj ) mdj) + BO(pl + p2, ’I’)’L(’jj ) nl‘éfj))

- -

= 0 due to By(p,m,m) = -%Bo(p, m,m)
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Figure 5.11: Typical NLO SUSY-QCD diagram with gluon-gluon-squark-squark and gluon-
squark-squark vertexr at one squark loop.

5.4.3 External Self-Energies

The final state external self-energies for associated Higgs production at hadron colliders
are calculated exactly in the same way as for the leptonic initial state in Chapter 4.4.1.
The M%%qb and M%%¢ symbolise the amplitudes of all LO diagrams of Figure 5.1 and
Figure 5.2, respectively, with amputated final quark and antiquark spinors:

ese,final

./\/lm_m’(’25 = (5Z me’¢ -+ %5228 us [Mi%(;b,’m] V4.

Whenever the matrix elements for the two different initial states have the same structure
1 stays representative for gq and gg.

Since the initial state particles are strongly interacting they receive external sclf-energies,
too. The calculation for the ¢4 initial state is performed analogous to the final state, hut
with ./\/lq % ¢ ; having amputated initial quark and antiquark spinors:

qu o

ose,initial =

(SZSS quq’¢ + 5ZOS 1% [M?%¢q) 75] Uu1-

The on-shell renormalisation constants depend on the light squark masses:

520&"7_2U‘,Z[ ]Bl(O m} m w4ZQSZB10mg7 i)
52959 = _93? Z [Q“q § By (0ymg, m3, )} = —4ig; (—1)J+131(03m§v”L§j)’
4
with the coupling coefficients of the light quarks®: a? =1and v;f =41 for j =L, R.

The gluonic initial state develops three types of initial external self-energies (Figure 5.12).
The gluon propagator at NLO SUSY-QCD is given by:

DY) = DO [1%, + 1%t + 122 DY = DO [119(0) + 1%(0)]
Pulv
Guv — “E7
DEL()U) = _7;’“/72?,

P

4For the squarks of the first two gencrations the mixing is neglected.
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with the gluino loop, the squark® loops and the squark tadpoles contributing with:

" Dk Tr mz) Yo mz
o= Y5 et [ G e,

g
i de (2k + p),(2k + p)o
1% = g Tr[T°T" / ;
po rl Z (k% — mZ )((k +p)? — J)
) , dPk 1
2 = =2 b
Igcr = gsqr[{[’a’T)}]gPD“ Z/ (27T)D (k2mm2')'
qj £ k:
RS
prk 77T
T g )
p / \
gp VOTOEOY  G;  fUBTOOD gg  Gp "TOOTBOMTEOTLO Gy
\
\_"/
\E/

Figure 5.12: The three one-loop SUSY-QCD contributions to the gluon vacuum polarisa-
tion.

Evaluating the traces, applying tensor reduction and introducing the scalar integrals

AY = Ao(m}), A7 = A (mgj)
leads to:
Iy = —(~1/2)8 Nedud 2B, +p, B+ poBf — g0 (43 + pBY)]
= 675 dap [gpcf 2330 - Ag - Png) + Pppcr(zBﬂ + 23{7)]
j 3 : g, 1
= 2§%8a (—gpa + p;gg) [2 (Aé - 'mSBg — mé) + p? (—ng -+ -?;)] ,
j 472 a— 5 4B§j 2 Bﬁj ) B@j BGJ‘
pa 95,2 ab po T 2ppDs + 2pgls, + DpPpo By
g
_2 ;
= Zaw ). [ng4BOO + oo ( BY% 1+ 4BY B”)]
gj
. . = 2
- 93 5,,(, Z {( 9po + P,;p(,) [4 (Agﬂ mnggJ - mgj) + p? (BgJ + E)]
+9p0 [6Agj } },
- )
Iggf = _"gg dab Gpo ZAgJ

g;

® All six squark flavours contribute to the vacuum polarisation of the gluon.
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The last term of I, gc’rl, proportional to g,,, exactly cancels against [;5 02

With the explicit form of Ag and By for vanishing momenta and equal masses:

Ap(m) = iC.m? [—i— +1+ O(E)]

Bo(0,m,m) = 1C; E +O(€)] )

it can be shown that (Ag — m?(Bp + 1)) — 0 in the limes p — 0. The remaining two
contributions for an on-shell gluon become:

pub Lo Py
- : : 5 1\ 9k — 2" PoPo \ Yov — bapy
D/glu)(g) = ng Oab [Pz (*Bg + :0;)] -Tp <_gpr7 + ;20 7 4
. bup o Py
gs St Z B 4 Gup — "E"Z‘J"p o 4 PpPo \ Jov — Lz—p
0 p? Joo "2 pr

1 Pup
-

Thus, the gluino and the squark contribution to the one loop SUSY-QCD gluon vacuum
polarisation in the on-shell scheme are given by:

o2

=

—

=

)
Il

i a s a1
m0) = -2igdbu [—Bo O3 md) + 5]
i ; 9
mi0) = —=g%6m Y. [Bo (0 m2 ng) + 5] ,
g

where the sum runs over all squark flavours, each with two degrees of freedom. The
external self-energies of the initial gluons are given by:

MIDe = (T9(0) + T19(0)) MI%P.

ese,initial ~

Therefore, the external self-energies contribute to the NLO SUSY-QCD corrections with:

Mmm"‘b = M lnltial + Mmm,¢ ' (

ebe, ese,final

]
<
Ruh?
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5.4.4 Counterterms

The wave functions, the gluon and quark propagators, the strong couplings and the Yukawa
couplings have to be renormalised (Figure 5.13).

Q

o

Renormalisation constants:

1 1
\/ZQL/R ’ \/ZQL/R

1
VZg

¢ = quark propagator

a = quark field

b = gluon field

5TTLQ >

1
s 1=
\/ZQL\/ZQR < ﬁ"mQ

1
d = gluon propagator —
e

e = gqq/QQ—vertex
1
7. VZas@uy/ZanianV %0

f = ggg—vertex 1 Zg'/z
Zg, ~

g = QSQ(:)_vertex \/ZQL\/ZQRZm

(I11)

Figure 5.13: Multiplicative renormalisation constants of the wave functions, the gluon and
quark propagators, the strong gauge and the Yukawa couplings.

The counterterms for the ¢ initial state can be derived from Figure 5.13(I):

{axexa} x d x {axgxcxexa}

1 1 . 1

\/ Zarn 9: \/ ZgrL
dmg ) y

1 1
——— X /29, ZQpZ x——————(l————
{\/ ZQL/H. I e VZQr\ 4Qr P—mQ

1 1 1 armn
= V2o ZqaN 6 X~ | = o X I % (1= ) |
Zg, /ZQR/I, Zyg P—mg

8
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For the gluonic s-channel the multiplicative renormalisation shown in Figurc 5.13(11) leads

to:
{bxfxb} x d x {axgxcxexa}

1 3/2 1 } 1
—Z — X — X
{ \/ dgs ¢ \% ZG ZG

1 5mQ>
Z, Z0n%m 1-— X
I Tatinx e (15

- I’I'LQ
\/ JQR/[ }
1 dmg
VA -
475 o <l Tf—mQ) 7
and for the gluonic t- and u-channels follows from Figure 5.13(III):

1 kY 5
bxeanCngcxaxexb:_XZmX(1_ mQ)x(l— ,mQ )7
ng —mQ Tf—mQ

{ ZQL/R

W—ﬁcﬁ%x

with p and p’ are the momenta of the two quark propagators.

Thus, three kinds of counterterms contribute for the partonic initial states:

e the strong coupling counterterms,
¢ the Yukawa coupling counterterms,

¢ the mass counterterms.

The strong coupling renormalisation for the SUSY-QCD corrections is given by equa-
tion (3.3) leading to:

. g 1 2
a? = MI? (g (ur)) 22208 (i) [w 2 <ht +log -’%"’-)

1672 £ I
log ™ 21
og~—-——-— og
1 u

Mf})‘p (92(u%)) symbolises the LO amplitude for both initial states evaluated at the renor-
malisation scale ug. The sum runs over all squark flavours, each with two degrees of
freedom.

The Yukawa coupling counterterms for the neutral MSSM Higgs bosons production are
given by:

wry _ 0MQ xT,p
MYuk - mg MLO ’
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with the SUSY-QCD mass renormalisation

6m@s = 22y mg(v? ~ a?)Bo (mbmd,mb )
Q;
+mq (vf +a2) By (mQ,m“‘ m(zg )}

The mass counterterms for the ¢g initial state results in:

=2

: . 2 o (st s+ mQ)(Bs+ s+ m

ML =~ zg% g%Mmg‘ CU dmg iz [—ivs] (#s + s Q)(#s ; 2755 Q)
s (s35 —mg)

(= = s+ mQ) (= #s = P + M)

+ 1 )2 [—is] pva Doyt ua,
245 —

where the factors [—i+ys] are only inserted for the pseudoscalar Higgs boson and the invari-
ants sy = (s +pj)2.

For the eight gluonic LO diagrams 14 mass counterterms exist, one for both s-channel
and two for every t- and u-channel LO diagram. With the LO colour factors defined in
(5.2) and t;; = (p; — p;)? the mass counterterm for the gluonic initial state are analytically
given by:

(#s + Ps +mg) (B3 + Ps + mg) v,
(535 —mQ)?
Hp A\ — P5t - — 5 + .
A S [_m]} ’

=2
) . 3 g. _ .
Mﬁﬁé}s,]+2 = 1 g% Q%M _Si ng 5TTLQ Uus { [--z~y5]

+

) A
ll [9‘“’(1)1 = p2)’ + 9" (p1 + 2p2)" + 9" (=2p1 — p2)*| 33,
999 . SM q5 ! cf s
Mmass,-’ﬁ ZgQ 9Q s (t24 — TTL%)(S35 - 'mé) v oma
A -
Ei\lu €y, Us [~ivs] (B3 + Ps + MmQ)
— Yitm + ps +m
'7“752 2 y Q + Pt ¥s Q LB — P +me)7 Va,
toa — mp 835 — mQ
b g 1
Mf’fafs,z; = Zgé g%M s C¥9 émg

8 (t13 — mQ)(f24 — mQ)
eyl €3’ asy" (hs— th + mg)

{ BBt 9 i)+ (i) MMQ} W2 = s +mQ) 7" v,
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99.¢  _. SM _g_s_ 1 C% 8m
M:mws,S ZgQ 9Q s (t13 — mQ)(945 - TT?Q) <

sf‘lll €95, U3y (P3— th + mq)
P3— P + — P4 — P55+ m .
{_______1’53 h Y fa= st mg } (—#a — Bs + mq) [—ivs] va,

t1g — mg 845 — ’sz
g2 1
MED s = ighot Cg9 dmq

s (tia — mQ)(535 - mQ)
A1

€1.u Z':2 v U3 [""2’75] (ﬂ3 + }40 + mQ)
{ v = Ié4+mQ+m+ﬁ5+mQ }(1’51 P4+ mq) v va,

t1a — mQ 835 — mQ

1
A9 _ ¢ SM 93 C99 §m
mass,7 1990 s (ti—md)(tas —m3) " "o

Ei\“e-:“ u3 v’ (P3— B2 + mq)
{[ ivs ]}5l hot mQ + Lt ks mQ [—Z’ys]} (#1 — Pa+ m@) ¥ va,

t1a — mQ tog — mQ

1
MBS g D
mass, 8 gQ QQ 8 (fza — ’ITLQ)(545 - mQ)

C9 émg

A .
Ellu 52 p U3y (1"3_ %‘2 + mQ)

{Mﬂfﬂ%w TR L +zmQ } (—#4 = Ps + mq) [~ivs] va,

w — m2 e —
toy mo S15 — MG

Thus, the counterterms contribute to the NLO SUSY-QCD corrections as:

ME? = MZ? + ML + M%?g?s,
ME? = ME? + MEE + zmgg*?‘f

mass,j *
]m

(5.6)

The total NLO SUSY-QCD corrections for the associated Higgs production with heavy
quarks for g¢ and gluonic initial states finally contain the virtual corrections (5.3) and
(5.4), the external self-energies (5.5) and the counterterms (5.6):

S = M + ME + MER?.

virt

5.4.5 Bottom Quark Final State

The renormalised bottom Yukawa coupling is defined in terms of the MS running bottom
mass. Since not all diagrams contain bottom Yukawa couplings the following recipe is
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applied for consistency:

e in diagrams with the bottom Yukawa couplings the running MS bottom Yukawa
couplings are used,

e diagrams with vertex corrections to the Yukawa couplings are rescaled by 7, (1) /ma,
with p evaluated at the corresponding Higgs momentum flow,

o diagrams with one closed squark loop and the Higgs boson coupled to this loop are
not rescaled.
For large tanf the same technique of absorbing the leading contributions in the bottom
Yukawa couplings as in efe™ — ¢QQ is applied (Chapter 4.4.3). In the LO matrix
elements the resummed Yukawa couplings are used:
AATTP gb @
IJO - me '
gb
Supplementary finite counterterms,
TP _ AD A4TT,O
AMPH? = A MG,

have to be added to the NLO SUSY-QCD corrections, so that the SUSY- QCD corrections
to the cross section are given by:

AoEES — 5 / dPS3 2Me S MIgPIMELS

spin,colour

with

MESED = MEES 4+ MEES 4+ MEES 4 AM=9,

virt

In the QCD corrections the resummed bottom Yukawa coupling are inserted everywhere,
too, since the non-decoupling terms Af factorise from the pure QCD corrections involving
light particle interactions only.

5.4.6 Top Quark Final State

In the top quark final states the Yukawa couplings are renormalised on-shell. They are
suppressed by 1/tang and therefore there is no need for resummation. The NLO SUSY-
QCD matrix clements are given by:

N1 » T, »
Mgggn MEBS 4 MEBS 1 MEES

virt

Thereby, the SUSY-QCD corrections to the cross sections for the ¢§ and the gluonic initial
state result in:

Ac g(g%g - Q_/dPSq 2Re Z Ml'a,tj)TMgggg’

spin,colour

with the conventional Yukawa coupling in the LO matrix elements.
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5.5 Numerical Results

The numerical results are evaluated for associated Higgs production with top quarks at the
LHC with the MSSM parameters fixed according to the Snowmass scenario SPS5 [105].
For the bottom quark final state the SPS1b benchmark scenario has been chosen for the
LHC and the Tevatron. The MSSM parameters of these two scenarios are listed in Chap-
ter 4.5. The pseudoscalar Higgs mass is left free in both scenarios in order to scan the
corresponding Higgs mass ranges.

In Figure 5.14a the LO and NLO SUSY-QCD cross sections for associated pseudoscalar
Higgs production with top quarks at the LHC are depicted for ¢g (blue curves) and gluonic
(red curves) initial states. The black curves indicate the sum of the two partonic contribu-
tions. The total cross section decreases from a level of 10 fb at low m 4 by roughly one order
of magnitude for Am 4 ~ 300 GeV. The relative SUSY-QCD corrections § = onNLo/0LO
contribute with about 10% to the quark initial state and with some 20% to the gluonic
initial state (Figure 5.14b). Since the gluonic initial state dominates the total cross sec-
tion, the relative NLO SUSY-QCD corrections are of O(20%). The previously obtained
NLO QCD correction range between 35% and 50% [65]. The relative sign between the
QCD and the SUSY-QCD corrections depends on the sign of the y parameter.

The cross sections of t#H production at the LHC exhibit a much steeper decline than the
pseudoscalar Higgs boson production, starting at significantly higher values of O(10%fb)
at ma ~ 100 GeV as indicated in Figure 5.15a. The relative corrections, shown in Fig-
ure 5.15b, are moderate for the ¢g initial state and reach a level of 30% for the gluonic
contributions at higher Higgs masses. In the SPS5 scenario these corrections are nega-
tive. The kink in the relative corrections lies exactly at a Higgs mass of mpg = 2 m;, and

appears in both initial states. At this #;£; threshold the diagrams with Hi ¢, couplings
(Figure 5.16) develop a resonant behaviour. These type of diagrams do not contribute to
the Att final state since the coupling Af:f; vanishes. The light scalar Higgs production
cross sections amount to about 10° fb and the relative SUSY-QCD corrections are small.
The pure QCD corrections contribute to scalar Higgs production with 20—30% [86].

The cross sections for associated pseudoscalar Higgs production with bottom quarks at the
LHC are shown in Figure 5.17a. The dominant gg cross section decreases from O(10° fb)
at ma & 100 GeV down to O(10%fb) at m4 ~ 500 GeV. The NLO SUSY-QCD correc-
tions are dominated by the A, terms. By resumming these dominant contributions and
including them in the bottom Yukawa couplings the leading contributions of the NLO
SUSY-QCD corrections are absorbed. This behaviour is clearly visible e.g. in the ¢g ini-
tial state in Figure 5.17a, where the LO cross section after resummation lies very close to
the NLO cross section of the naive calculation. Thus, the relative SUSY-QCD corrections
after resummation (Figure 5.17b) are small compared to the relative corrections without
resummation, which are roughly 50%.

A similar picture emerges for the cross sections and relative corrections of light and heavy
scalar Higgs production in association with bottom quarks, apart from scalar Higgs masses
near the mass bounds (Figure 5.18). At the upper/lower mass bound of the light/heavy
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Figure 5.14: (a) The LO (dashed lines) cross sections of associated pseudoscalar Higgs
production with top quarks at the LHC are plotted as functions of the pseudoscalar Higgs
boson mass for the SPS5 benchmark point [105]. The SUSY-QCD corrected cross sections
are depicted by the full lines. The hadron initial state splits into qd (blue) and gluonic
(red) initial state. The total cross sections are shown in black. (b) The relative SUSY-
QCD corrections to associated pseudoscalar Higgs production with top quarks are depicted
Jor the two partonic contributions separately as functions of the pseudoscalar Higgs boson

mass.
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Figure 5.15: (a) The LO (dashed lines) cross sections of associated heavy and light scalar
Higgs production with top quarks at the LHC are plotted as functions of the scalar Higgs
boson masses for the SPS5 benchmark point [105]. The SUSY-QCD corrected cross sections
are depicted by the full lines. The hadron initial state splits into q (blue) and gluonic
(red) initial state. The total cross sections are shown in black. (b) The relative SUSY-
QCD corrections to associated scalar Higgs production with top quarks are depicted for the
two partonic contributions separately as functions of the scalar Higgs boson masses. At
my /& 2 mg resonant contributions arise.
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Figure 5.16: Typical diagrams which contribute to the kink at the flf,:'l threshold.

scalar Higgs boson the cross sections rapidly decrease due to the SUSY factors of the
bottom Yukawa couplings. Far off the mass bounds the bottom Yukawa coupling for light
and hecavy scalar Higgs bosons arc enhanced by tang (Table 1.5). In the limit of large
pseudoscalar masses the SUSY factor approaches the SM value (gf' — 1). For vanishing
ma the heavy scalar Higgs boson and thereby gff becomes SM-like. The unresummed
NLO SUSY-QCD corrections are large but they can be absorbed in the resummed bottom
Yukawa coupling to a large extent.

The cross sections for associated Higgs production with bottom quarks at the Tevatron
(Figures 5.19 and 5.20) range about two orders of magnitude below the corresponding
LHC values and show a similar behaviour. The relative NLO SUSY-QCD corrections are
of O(50%) for the dominant gg channel. One may naively expect the ¢g initial state to
dominate at the Tevatron, since the ¢ and ¢ are valence quarks in the proton and the
antiproton, respectively. However, at these energies the gluonic parton density are much
larger than the quark and antiquark densities, respectively. Thus, for the Tevatron the
gluonic initial states dominate, too. The different slopes of the LO and NLO cross section
(e.g. in the gluonic initial state in Figure 5.19a) originate from the PDFs evaluated at LO
and NLO, respectively.

5.6 Summary

The LO and NLO SUSY-QCD cross sections have been evaluated for the bottom quark
final state at the LHC and the Tevatron. The top quark final state is only depicted for
the LHC, since this process is irrelevant for the Tevatron.

For the top quark final state at the LHC the LO cross sections range within 1071 —10 fb
for the pseudoscalar and within 107! — 10% fb for the heavy scalar Higgs boson, for m4 up
to 500 GeV in the SPS5 benchmark scenario. The NLO SUSY-QCD corrections reduce
the cross section by 20—30%. The cross section of light scalar Higgs boson production is
of O(10%fb) and the NLO SUSY-QCD corrections are small. The QCD corrections are of
the same order of magnitude [65]. Thus, it is important to include both contributions in
further analyses of these process.
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Figure 5.17: (a) The LO (dotted lines) cross sections of associated pseudoscalar Higgs
production with bottom quarks at the LHC are plotted with (red/blue) and without
(black/magenta) resummation of the Ay terms as functions of the pseudoscalar Higgs bo-
son mass for the SPS1b benchmark point [105]. The SUSY-QCD corrected cross sections
are depicted by the dashed lines. The hadron initial state splits into q@ (red/black) and
gluonic (blue/magenta) initial state. (b) The relative SUSY-QCD corrections to associated
pseudoscalar Higgs production with bottom quarks are displayed with and without resum-
mation for the two partonic contributions separately as functions of the pseudoscalar Higgs

boson mass.
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Figure 5.18: (a) The LO (dotted lines) cross sections of associated light and heavy scalar
Higgs production with bottom quarks at the LHC are plotted with (red/blue) and with-
out (black/magenta) resummation of the Ay terms as functions of the scalar Higgs boson
masses for the SPS1b benchmark point [105]. The SUSY-QCD NLO corrected cross sec-
tions are depicted by the dashed lines. The hadron initial state splits into qq (red/black) and
gluonic (blue/magenta) initial state. (b) The relative SUSY-QCD corrections to associated
scalar Higgs production with bottom quarks are displayed with and without resummation
for the two partonic contributions separately as functions of the scalar Higgs boson masses.
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Figure 5.19: (a) The LO (dotted lines) cross sections of associated pseudoscalar Higgs
production with bottom quarks at the Tevatron are plotted with (red/blue) and without
(black/magenta) resummation of the Ay terms as functions of the pseudoscalar Higgs bo-
son mass for the SPS1b benchmark point [105]. The SUSY-QCD NLOQO corrected cross
sections are depicted by the dashed lines. The hadron initial state splits into q (red/black)
and gluonic (blue/magenta) initial state. (b) The relative SUSY-QCD corrections to as-
sociated pseudoscalar Higgs production with bottomn quarks are displayed with and without
resummation for the two partonic contributions separately as functions of the pseudoscalar
Higgs boson mass.
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Figure 5.20: (a) The LO (dotted lines) cross sections of associated light and heavy scalar
Higgs production with bottom quarks at the Tevatron are plotted with (red/blue) and with-
out (black/magenta) resummation of the Ay terms as functions of the scalar Higgs boson
masses for the SPS1b benchmark point [105]. The SUSY-QCD NLO corrected cross sec-
tions are depicted by the dashed lines. The hadron initial state splits into q§ (red/black) and
gluonic (blue/magenta) initial state. (b) The relative SUSY-QCD corrections to associated
scalar Higgs production with bottom quarks are displayed with and without resummation
Jor the two partonic contributions separately as functions of the scalar Higgs boson masses.
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The bottom quark final state has been analysed for the SPS1b benchmark scenario. The
cross sections at the LHC decrease from (0(10° fb) at small Higgs masses down to O(103 fb)
at ma ~ 500 GeV. At the Tevatron the values are roughly a factor 100 smaller. The NLO
SUSY-QCD corrections are about 50% for both collider, completely dominated by the
gluonic contribution. The leading contributions of these corrections can be absorbed by
resummation of the bottom Yukawa couplings. The remaining corrections arc small in
the whole mass range. The NLO QCD corrections range within 10—80% at the LHC and
within 60—130% at the Tevatron [86].



Seite Leer /
Blank leaf

i




Chapter 6

Impact of Ay on the mSUGRA
Parameter Space

Since several years it is known that the measured amount of baryonic matter in the universe
did not suffice to generate the universe in its present form. Dark energy contributes
with ~74% and dark matter (DM) with ~22% to the total amount of energy stored
in the universe. However, the question concerning the nature of these two contributions
remains unanswered. The relic density of cold dark matter (CDM) depends on the effective
annihilation cross section, which contains the annihilation as well as coannihilation cross
sections of the CDM and the next heavier particles. The R-parity conserving mSUGRA
models provide a promising CDM candidate: the lightest neutralino. The trilinear scalar
coupling at the GUT scale, Ao, affects this effective neutralino annihilation cross sections
through the masses and the couplings of the involved particles. Assuming a vanishing
Ay, only mSUGRA models lying on narrow strips in the mgy — m, o plane (for fixed tangs
values) lead to a relic density within the WMAP constraints. A variation of this coupling
within & a few TeVs significantly affects this allowed mSUGRA parameter space.

6.1 Dark Matter

The nature and the identity of the dark matter in the universe is one of the most challeng-
ing problems of modern cosmology. Zwicky studied 1933 the mass-to-light ratios of the
Coma cluster [118]. His observations provided first evidence of the existence of invisible
matter. In the meanwhile many mass-to-light ratios M /L within galaxies up to clusters
of galaxies have been measured. The increase of these ratios with growing distance (Ta-
ble 6.1) is a strong hint for the existence of DM at large scales.

The expansion rate of the universe is, in the standard Friedmann-Lemaitre-Robertson-
Walker model [119], expressed by the Friedman equation:

: 2
g2 _ RO _ 8nCnp kA

(6.1)
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distance scale (M/L)/(Mg/Lg) O
solar neighbourhood o~ 21 solar units 1-1073
center of galaxies ~ (10 — 20) ho 1.1072
small groups of galaxies =~ (60 — 180) ho 1-1071
clusters of galaxies ~ (200 — 500) ho 3.107!

Table 6.1: Mass-to-light ratios (M/L) normalised to the solar (Mg/Le) and the corre-
sponding matter relic density Q,, at different distance scales within galazies up to clusters
of galazies. hy = 0.73 is the normalised present-day Hubble constant.

where H = hy - 100 kms™ ! Mpc™!, with hg = 0.73f8:8§, is the present-day Hubble expan-
sion rate!. Gy = 6.6742 - 1071 m®kg~'s~? is the gravitational constant and R(t) the
cosmological scale factor. The three-space curvature k = 0,41 or —1 describes a spatially
flat, closed or open universe. The critical energy density is defined by p. = 3H?/87Gn =
1.88 - 10~ h2 gem™3, in the absence of a cosmological constant A. The Friedman equa-
tion (6.1) can be converted to:

= Qm+U-1DH = Qo —1) H?, (6.2)

connecting the curvature with the total energy density in the universe {2, which is com-
posed of the matter density €2,, and the dark energy density {24.

Nowadays, there are several additional theoretical and experimental indications that dark
matter exists in the universe:

o Inflation models: in an adiabatically expanding universe R(t) scales like R ~ T
with the temperature of the thermal photon background 7', leading to a dimensionless
constant k = k/(RT)?. During inflation one finds R ~ T~1 ~ ef/t with a constant
expansion rate H. After the inflation period holds R = Ry >» R;and T =717 S T;.
Thus, RyTy 3 RiT; results in ky = (Q ~ 1) H?/T? < k; and with (6.2) follows that
the total abundance of energy in the universe must be very closed to one [120], while
measurements show that the baryonic contributions are €2 < 1.

o Cosmic Microwave Background (CMB): density fluctuations grow in the period of a
matter dominated universe. The duration of the epoch of structure formation would
have been very short if only the baryonic matter would have been available [121].
Hence, the fluctuations in the CMB would be much larger than observed (Figure 6.1).

e Rotation curves of spiral galaries: in Figure 6.2 the orbital velocity of hydrogen
clouds in the spiral galaxy NGC 6503 [123] as a function of the radius is shown. The

!The unit of length used in astronomy is parsec with 1pc = 3.0857-10'% m =~ 3.262 ly. It stands for
parallax of one arc second. At the distance of 1pc the mean radius of the Earth’s orbit around the Sun
appears under an angle of one arc second.
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200 T(uK) - +200

Figure 6.1: WMAP has produced a new, more detailed picture of the infant universe. The
colours indicate “warmer” (red) and “cooler” (blue) spots [122].

constant speed over a large range of distances indicates that the hydrogen clouds
outside the central region move much faster than one would expect from the Newto-
nian potential, considering only the baryonic mass of the disk and the gas (dashed
and dotted lines in Figure 6.2). The rotation velocity is given by:

Uox A /M with M(r) o 47r/ p('}‘) 2 dr.
T

The constant velocity originates in a mass growing proportional to the radius. Thus,
even if there is no baryonic matter beyond a certain distance from the center of the
galaxy there must be some halo of dark matter increasing the total amount of mass
of the galaxy [urther on.

Gravitational lensing: a mass prediction without relying on dynamics and thercfore
a complete independent way to measure DM comes from the gravitational lensing
effects [124], predicted by general relativity. The strong lensing results in clearly
visible distortions with multiple images. It is particularly adept in testing the over-
all gcometry of the universe. A cluster which provides multiple lensing of a single
background galaxy can be used to determine the total cluster mass. On the other
hand from lensing of several background galaxies constraints on the values of the (2,
and Q4 can be derived [125]. Weak lensing of galaxies by galaxies providing single
images can probe the nature of galactic halos. Measuring the shapes and orienta-
tions of many distant galaxies gives an idea about the shear of the lensing field in
any region [126]. Therefrom a background distribution of DM can be obtained.

In Figure 6.3 one of the first unambiguous proofs for the existence of dark mat-
ter is shown [127]. By comparing the center of the total mass reconstructed by weak
lensing (green and white contours) with the center of baryonic matter (yellow/whitc
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Figure 6.2: Rotation curve of the spiral galazy NGC 6503 as a function of the radius.
The dashed and the dotted curves show the measured rotational velocily originating in
the observed disk and gas distribution, respectively. The dol-dash curve is the predicted
contribution from the DM halo to explain the measured flal rotation curve [123].

region in Figurc 6.3b) it is clearly visible that they do not coincide. Thus, there
must be some kind of dark matter contributing to the total mass of these galaxies.

8"58™42° 36 30° 24% 18° 128 &"58M4 2% 56 30° 247 18 12°
(@) ()
Figure 6.3: The merging cluster 1E0657-558 is shown in the visible range (a) and the
X-ray range (b). The while bars indicates 200 kpc at the distance of the cluster. The green
contours in both pictures show the mass distribution reconsltruction from the weak lensing,

with the white contours show the errors on the mass peak corresponding to 68.5%, 95.5%
and 99.7% CL. The blue crosses in (o) show the location of the mass peak of the measured

baryonic plasma clouds, shown. in (b) as coloured regions [127].
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However, it is not absolutely certain, that the required DM is neither baryonic nor neu-
trinos (high relativistic and therefore hot). Nevertheless, there exist hints toward a non-
baryonic cold (non-relativistic) DM:

o Large structure formation: in the hierarchical structure formation small structures,
as stars, are collapsing first followed by continuous forming of more and more massive
objects like galaxies and clusters of galaxics. The matter heats up by collapsing due
to gravitational contraction approaching an hydrostatic pressurc balance. Ordinary
baryonic matter has too high temperature and too much pressure left over from the
big bang to collapse and to form small structures via Jeans instability?. On the other
hand, in the top-down approach, called hot DM paradigm, flat pancake-like shects
fragment into smaller pieces. Observation of large scale structures strongly disagree
with the prediction of this approach obtained by N-body simulations [128], while
they coincide very well with the prediction of the bottom-up hierarchical model.
Therefore, baryonic as well as hot DM are strongly disfavoured.

o X-ruy observation of hot gas: from the temperature and density profile of hot X-ray
emitting gas of large elliptical galaxies the overall mass distribution needed to bind
the hot gas can be determined, assuming of hydrostatic equilibrium. For M87 in the
Virgo cluster, c.g., the total mass out to 392 kpc is mecasured to be 5.7 - 10%* M.
The mass of the hot gas is only 2.8 - 1012 M, or 5% of the total mass and the visible
mass is expected to contribute with 1% [129]. Thus, the remaining 94% must be
non-baryonic DM,

The most precise measurements of the abundance of matter and dark cnergy result from
the satellite born detector WMAP [130], which probes the CMB (Figure 6.4). Of the 4%
baryonic matter only a few % are luminous, e.g. stars, hot gas, etc.. A large fraction of
it is dark, too, e.g. cold gas, brown dwarfs, etc.. Thus, one should distinguish between
visible and invisible baryonic matter (together 4%) and non-baryonic cold dark matter
(22%). A vacuum energy density or a cosmological constant, generically called dark energy,
contributes the remaining 74% to the total amount of energy in the universe. Howcver,
the question concerning the nature of CDM and dark energy still remains unanswered.
Potential candidates for CDM are axions, sterile neutrinos and WIMPs (wcakly interacting
massive particles), whereas, non of them exist in the SM. The axions are pseudo-Goldstone
bosons, which arise by solving the strong CP-problem. Through resonant conversion to
photons in magnetic fields they would be detectable, if they exist in our galaxy. Sterile
neutrinos may mix with ordinary SM neutrinos via a Dirac mass. If both contain also
Majorana masses the seesaw mechanism drives the ordinary neutrino mass down and
make the sterile neutrinos very heavy. These sterile neutrinos are not completely sterile
but the interaction with the left handed neutrinos is very small. The simplest model of
sterile neutrinos as the dark matter particle is ruled out since the upper mass limit from
their decays is lower than the lower limit from their effect on large scale structures [132].
The most promising candidates are WIMPs. Supersymmetric theories provide several such
candidates.

2The Jeans instability occurs when internal pressure is no longer strong enough to prevent gravitational
collapse of a region filled with matter.
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Qtot = 1027092

Qmhi = 0135700,

Qepv hd = 0112675008,
Ok = 0.022470:0009

O, bl = 0.0076 at 95% CL,

4% Atoms

Figure 6.4: WMAP data reveal that the universe consist of 4% baryonic matter (atoms),
the building blocks of stars and planets, of 22% CDM and of 74% dark energy, which is
responsible for the present-day acceleration of the universal expansion [181]. Expressed in
terms of relic densitics X the normalised Hubble constant squared, this leads to the shown
numbers for the total (Qet), matter (), cold dark matter (Qcpar), baryonic matter (Q)
and neutrino (Q,) contributions.

6.2 Cold Dark Matter in SUSY

In R-parity conserving models sparticles can only be produced and annihilated in pairs
resulting in a stable lightest SUSY particle® (LSP). The MSSM provides three possible
colourless and electrically neutral CDM candidates: sneutrinos, gravitinos and neutralinos.
The sncutrinos can be excluded by the results of direct [133] and of indirect [134] searches.
The gravitino, which is the LSP in most GMSB models, is very difficult to exclude as a
candidate. In mSUGRA models (Chapter 1.4) the lightest ncutralino x!{ is the LS. The
further studies presented here concentrate on this scenario.

The relic density of a particle species X can be estimated with the Lee-Weinberg equa-
tion [135] to:
3:107%"em? 57!

<0‘ ’U>X

Qxhy =~ ,
with the thermal average of the total annihilation cross section times the velocity of the cor-
responding particle in the denominator. The ncutralino annihilation cross section contains
several different channels (Figure 6.5) leading to a non-trivial parameter space dependence
of Q2. For example, the trilincar scalar coupling at the GUT scale, Ag, plays a signif-
icant role, since the masses and the couplings of the Higgs bosons and of the sfermions
depend on it through RGEs and mixing effects. The masses of the gluinos, of the first two
squark generations and of the light scalar Higes boson are nearly independent of Ay as
indicated in Figure 6.6. The third generation squark and leptons, as well as the heavier
neutral and the charged Higgs boson H, A and HT, respectively show a strong dependence
on Ag. The stau masses, e.g., depends quadratically on Ap, while the Higgs masses depend

#This is one of the strongest motivation to assume R-parity to be conserved.
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linearly as well as quadratically on A [136]. Since these particles appear in the neutralino
annihilation channels as virtual particles the annihilation cross section also depends on Ag.

X f, W=, Z, ...
\/ X £ W,
: f’ X:I:’ Xg’ Z-z _}L_‘._
0 £
X(]) /\ f_'7 W:t, Z’ X1 f,W ,

Figure 6.5: Typical neutralino annihilation processes.
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Figure 6.6: Masses of the squarks, gluinos in (a) and of the Higgs bosons in (b) as func-
tions of the trilinear scalar coupling Ag for the Snowmass benchmark point SPS1A [105]:
mo = 100 GeV, myjy = 250 GeV, tanf = 10, p > 0 and Ag varied within £ 1 TeV.
Since the first two squark generations are almost mass degenerated, only my, is shoun as
a representative example.

Moreover, it is important to include all possible coannihilation processes (Figure 6.7)
between the LSP and the next heavier lightest sparticle, the NLSP. Without including
coannihilation processes the Snowmass benchmark point SPS1B [105] with Ag left free
within +1 TeV would be excluded (Figure 6.8). Including coannihilation processes results
in several allowed models for different Ag values. Thus, the annihilation cross section must
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be replaced by an effective cross section:

(Cann V) — (0o v) 2 E (045 vij) ning,

with n; ; = number density of particle species X; ; at thermal equilibrium and n =Y, n,.

The relative particle velocity is given by wv;; = \/ (pi - p;)? — m2m? /E E; with the par-

ticle energies Fj; = o - The total cross section for annihilation into SM particles
o=y, x 0(X;X; — Xgu) contains anmhllatlon processes where X; ; = X1 as well as
coanmhllatlon processes of the LSP X; = yY with the NLSP X e

x? NZ,y, h

Figure 6.7: Typical neutralino coannihilation processes. The lightest stau is assumed to be
the NLSP in this example.

Through the dependence of the relic density on this effective cross section the experi-
mental boundaries of the neutralino relic density can constrain the mSUGRA parameter
space.

6.3 Monte Carlo Generators

To evolve the mSUGRA input parameters at the GUT scale down to the electroweak scale
two different Monte Carlo programs are used:

e SuSpect 2.2 [137]: this Fortran program calculates the SUSY and Higgs particles

spectra within the different constrained scenarios mSUGRA, GMSB and AMSB
(Chapter 1.2.2). However, the spectra can also be derived for non-universal MSSM
scenarios with conserved R-parity and CP.

ISAJET 7.69 [138): this Monte Carlo event generator is mainly used for pp, pp and
eTe™ interactions at high energies. The included ISASUSY package calculates the
masses and the decay modes in the MSSM. The RGEs arc solved iteratively in the
constrained mSUGRA, GMSB or AMSB models. If the input parameters are chosen
at the electroweak scale, the calculations are performed in the MSSM framework
with some assumption concerning mass degenerations.

The two programs lead to slightly different mass spectra for the same set of input parame-
ters, as the implementation of RGEs is not performed in exactly the same way. The mass
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Figure 6.8: The neutralino relic density 4 h2 as a function of the trilinear scalar coupling
Ag calculated with (red dots) and without (blue circles) including coannihilation processes.
The input parameter are chosen according to the Snowmass point SPS1B (mo = 200 GeV,
myje = 400 GeV, tanf = 30 and p > 0) [105]. The green shaded area shows the region
allowed by the WMAP data within 2.

spectra agree within about 10% for models with mg and m; /2 of the same order and not
too large tan3. However, they can differ by a factor of two in the focus point region where
my is large and my /, relatively small.

The neutralino relic density is calculated with the program DarkSUSY 4.00 [139]. This
calculation includes the impact of resonances, pair production thresholds, coannihilation
processes and the bounds from accelerators. DarkSUSY also computes a large variety of
astrophysical signals from neutralino CDM annihilation.

6.4 Impact of Ay on the mSUGRA Parameter Space

Under the assumption that the CDM consists exclusively of neutralinos, the cosmologi-
cal bounds on the CDM relic density imply strong constraints on the allowed mSUGRA
parameter space. For a vanishing trilinear scalar coupling at the GUT scale and fixed
tang only narrow lines in the mq —my /2 plane, the WMAP strips [140], fulfil the WMAP
constraints (Figure 6.9a). By varying Ag within +4 TeV these lines extend to large areas
depending on the tang values (Figure 6.9b). Most of these models range within the LHC
discovery reach for an integrated luminosity of 100 and 300 fb—2, respectively, indicated
by the brown lines in Figure 6.9b.
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Figure 6.9: Regions in the mo—1my plane accounting for 0.094 < Oy h3 < 0.129 for differ-
ent tanf3 between 5 and 50, p > 0. (a) WMAP strips for Ag = 0 TeV and my = 175 GeV
are shown with the post WMAP benchmark points (A’...M’) [140]. (b) Allowed models
for Ay within + 4 TeV obtained with ISAJET. The black lines correspond to the WMAP
strips in the left plot. The brown lines indicate the LHC discovery reach for an integrated
luminosity of 100 fo=' and 300 fb~1, respectively [46].

In order to avoid colour and/or charge breaking (CCB) the trilinear scalar couplings at
the electroweak scale Ay, have to be approximately constrained as [141]:

2 2 2 2
A7 < 3(my, + mg, + mER),
2 (02 2 2
Ay £ 3(my, + my -+ mgu),

2

A7 < 3(mE, +mi +mi,) (6.3)
The consequence of applying these constraints is shown in Figure 6.10 for tanj3 = 10. By
far the biggest effect originates from the cut on A, due to the light stau masses.

To avoid CCB these cuts are necessary but not sufficient, since the vacuum expectation
values of the squarks, the sleptons and the corresponding Higgs boson were assumed to be
equal, for simplicity. Moreover the bounds in (6.3) were derived from the tree level scalar
potential, while radiative corrections are expected to modify them. The scalar potential
may contain global CCB minima in addition to the local electroweak breaking minima.
As no CCB has been observed, the universe in its present state may be trapped in a local
electroweak breaking minimum. Since this metastable state may have a lifetime longer
than the age of the universe due to the small tunnelling probability into the global mini-
mum [142], CCB cannot be excluded. Therefore, these cuts are not applied in the studies
described below.
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Figure 6.10: Allowed models in the mo —my 5 plane for tanf = 10 and > 0 obtained
with ISAJET. The black lines correspond to the WMAP strip for Ag = 0TeV. In (b) the
cuts defined in (6.3) have been applied.

The mSUGRA models which fulfil the WMAP constraints, lie for fixed values of Ay and
tanfg on curves in the my — my /2 plane (Figure 6.11). Because of their smooth narrow
shape, they can be fitted by a polynomial of 2nd order:

WL0=a+b'm1/2+C'm%/2. (6.4)

The parameters, obtained by using the MINUIT [143] routines, are given in the Tables 6.2
and 6.3 for tan3 = 10 and 35 and A varied within +4 TeV.
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Figure 6.11: mSUGRA models which fulfil the WMAP constraints in the mg —m, /2 plane
Jor three different Ao values. In the left/right plot is tanB = 10/35 and u is positive in
both plots. The black lines are the fits given in Tables 6.2 and 6.3. The “gaps” in the lines
originate from the chosen step size for mg
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The isolated points in the left plot in Figure 6.11 originate from unexpectedly large myg
values, for small m,/,, which lead to Qyh2 values within the WMAP range. The sep-
aration between the lines for different Ay values becomes larger with increasing tang.
For negative trilincar scalar couplings the shift in g is larger than for positive values,
but always to higher mg values so that the minimal mg are obtained for vanishing Ag.
Thus, the main effect of varying Ay is a shift of the WMAP strips to higher mg values [144].

The dependence of the annihilation cross section on the trilinear scalar coupling leads
to an impact of Ag on the y—ray flux coming from ncutralino annihilations. The analysis
of this impact is the subject of the thesis of Luisa Sabrina Stark [145].

Ag a b c [107?] my /o domain mo domain
-2TeV 189 £ 4 -0.02 £ 0.01 11.3 £ 0.9 485 - 965 GeV 208 - 285 GeV
-1.5 TeV 134 £+ 2 0.034 & 0.007 8.8 £ 0.5 400 - 965 GeV 163 - 249 GeV
-1 TeV 96 £ 1 0.045 + 0.004 9.4 + 0.3 260 - 954 GeV 117 - 224 GeV
0.5 TeV 47+ 1 0.104 £ 0.003 6.6 £ 0.3 260 - 939 GeV 76 - 203 GeV
0 TeV 8+ 1 0.171 £ 0.003 2.6 £ 0.2 260 - 964 GeV 51 - 198 GeV
0.5 TeV 11+1 0.157 £ 0.004 3.3 £ 0.3 340 - 980 GeV 66 - 198 GeV
1TeV 5342 0.081 £0.006 7.2+04 390-984 GeV 97 - 203 GeV
1.5 TeV 105 £+ 3 0.016 + 0.009 9.7 £ 0.6 447 - 980 GeV 132 - 214 GeV
2TeV 154 4+ 4 -0.02 +£ 0.01 10.3 £0.8 487 - 960 GeV 168 - 229 GeV
25TeV 200+ 6 -0.05 + 0.02 10+ 1 562 - 1000 GeV 208 - 259 GeV

Table 6.2: Coefficients a, b and ¢ of the parameterisation defined in equations (6.4) for
tang = 10 and discrete values of Ag between -2 and 2.5 TeV. For larger or smaller
Aq values too few mSUGRA models survive the WMAP constraints to allow a reasonable
parameterisation. The last two columns contain the domains formy e and mq, respectively.

Ao

a b

¢ [107%]  myy domain

myg domain

-1.5 TeV
-1 TeV
-0.5 TeV
0 TeV
0.5 TeV
1 TeV
1.5 TeV
2 TeV

427 +£5  0.19 £ 0.02
301 £2 0.190 £ 0.005
176 £ 1 0.219 £+ 0.004
88 &1 0.251 & 0.003
138 £1  0.139 £ 0.004
282 4+ 2 0.001 + 0.007
432 £ 3 -0.058 £ 0.009
877 £ 5 -0.08 £ 0.01

4+1 356 - 799 GeV
514 0.4 281 - 995 GeV
5.4 £+ 0.3 245 - 1000 GeV
4.7 £ 0.2 245 - 1000 GeV
9.7 &£ 0.3 311 - 1000 GeV
13.1 £ 0.5 376 - 995 GeV
122 £ 0.6 391 - 985 GeV
10.3 £ 1.0 517 - 980 GeV

499 - 600 GeV
358 - 540 GeV
231 - 448 GeV
151 - 388 GeV
191 - 373 GeV
302 - 413 GeV
428 - 494 GeV
565 - 600 GeV

Table 6.3: Same as in Table 6.2, but for tan3 = 85 and Ay within —1.5 and 2 TeV.
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6.5 Summary

The relic density of neutralino CDM develops a strong dependence on Ay, the trilinear
scalar couplings at the GUT scale, through the masses and the couplings of the sparticles.
The WMAP data constrains the CDM relic density to lic within Qcpm b3 = 0.112615555.
Applying these limits on the relic density calculated for mSUGRA models leads to a
significant reduction of the allowed mSUGRA parameter space, strongly depending on Aj.
For fixed values of Ay and tan 8 the allowed regions can be parameterised by lines in the
mgy — my/y plane, as done for Ag = 0 TeV. The main effect of a non-vanishing Ay value is
a shift of these lines to higher mg values.
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Chapter 7

Conclusions

The NLO SUSY-QCD corrections to associated neutral MSSM Higgs production with
heavy quarks have been calculated for e*e~ and hadron collisions.

For the leptonic initial state the cross sections and relative corrections are exemplary
shown for a linear eTe™ collider with a center of mass energy of 1 TeV.

For the At final state in eTe™ collisions the LO cross section is of O(1072fb) below
ma S 350 GeV. For the heavy scalar Higgs production with top quarks the LO cross
section decreases from O(1fb) at my a2 100 GeV down to O(107 1 fb) at mpy ~ 350 GeV.
At the ¢t threshold the cross sections increase rapidly to a level of 1fb due to the resonant
H/A — tt in the pair production channel. This dominant channel closes kinematically
at my = 450 GeV, hence the cross scctions in this region drop down. The cross section
of the light scalar Higgs boson production is of O(1fb) in the whole mass range. The
NLO SUSY-QCD corrections contribute with about 10—20% for all three ncutral Higgs
bosons [113]. The previously obtained pure NLO QCD corrections are, apart from the
Coulomb singularity around the top threshold, of similar magnitude [104]. Strongly de-
pending on the scenario cancellation or constructive interference between the QCD and
SUSY-QCD corrections occurs. Therefore, it is important to include both corrections in
future analysis of these processes at linear ete™ colliders.

At large values of tanf, associated Higgs production with bottom quarks in e*e™ collisions
provides a possibility to measure tan3. The LO cross sections are of @(10fb), apart from
Higgs masses near the mass bounds of the scalar Higgs bosons. At m, 22 450 GeV they
rapidly decrease due to the kinematical closure of the dominant pair production channel.
In the past it has been demonstrated that the bulk of the pure QCD corrections can be
absorbed in the running bottom Yukawa couplings, defined at the scale of the correspond-
ing Higgs momentum flows. The running bottom Yukawa couplings are therefore used
in the whole calculation. The remaining NLO QCD corrections are of (O(20%), almost
independent of the corresponding Higgs mass [104]. It is shown that the SUSY-QCD
corrections are dominated by the non-decoupling A, terms. Those can be absorbed and
resumnined in the corresponding bottom Yukawa couplings. This absorption reduces the
SUSY-QCD corrections from more than 40% to less than 20%. The QCD and SUSY-QCD
corrections are of the same order of magnitude and both should be included in studies of
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these processes at a future ILC.

The numerical results for associated Higgs production with heavy quarks in hadronic
collisions are evaluated for the top quark final state at the LHC and for the bottom quark
final state at LHC and Tevatron.

At the LHC the LO cross section for associated light scalar Higgs production with top
quarks is of O(10%fb) in the whole mass range. For the heavy scalar it decreases from
O(10? fb) at my = 100 GeV down to O(1071 fb) at mg = 500 GeV, completely domi-
nated by the gluonic initial state, as expected. The NLO SUSY-QCD corrections range
within 20—-30% and are of the similar magnitude as the NLO QCD corrections [65]. The
LO cross section for the Atf final states is of O(1fb) in the whole mass range below 500
GeV, and the NLO QCD and SUSY-QCD corrections contribute each with about 20—30%.

For associated light scalar Higgs production with bottom quarks the LO cross section is
of O(10° fb) at the LHC. For the heavy scalar and the pseudoscalar Higgs boson the cross
sections decrease from O(10° fb) at m4 & 100 GeV to O(10% fb) at m 4 ~ 500 GeV. The LO
cross scctions at the Tevatron range about two order of magnitude below the corresponding
LHC values. At both colliders they are completely dominated by the gluonic initial state.
One may naively expect the gq initial state to dominate for a pp collider as the Tevatron,
but at these energics the gluonic densities for proton and antiproton are larger than the
corresponding densities for quarks and antiquark, respectively. The NLO SUSY-QCD cor-
rections are of O(50%) for both colliders and the leading contributions can be absorbed
by resummation of the bottom Yukawa coupling as for ete™ colliders. The bulk of the
NLO QCD corrections can be absorbed by the running bottom Yukawa couplings. The
remaining QCD corrections vary within 10—80% for the LHC, while they contribute with
60—130% at the Tevatron. Therefore, the NLO QCD [86] and SUSY-QCD [115] correc-
tions are of comparable magnitude and it is important to consider both in further analysis.

The R-parity conscrving mSUGRA models provide a promising CDM candidate: the
lightest neutralino. The CDM relic density depends on the effective annihilation cross
section, which consists of annihilation as well as coannihilation processes of the CDM and
the next heavier particles. Among other parameters, the trilincar scalar coupling at the
GUT scale, Ag, affects these cross sections through the masses and the couplings of the
involved particles. Assuming a vanishing Ag, only mSUGRA models lying on narrow strips
in the mg ~ my /5 plane (for fixed tang values) lead to a relic density within the WMAP
constraints. It is shown, that a variation of this coupling within 4+ a few TeVs significantly
affects the allowed mSUGRA parameter space [144]. Since the allowed models for fixed
values of Ag and tan/ still lie on lines in the mg — 1, /5 plane they can be fitted by second
order polynomials. The main effect of a non-vanishing Ag value is a shift of these lines to
higher myg values.
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Feynman Rules

Propagators with:

e spinor indices: «, ... for fermions,

e colour indices: 4,7 ... for quarks and squarks and a,b... for gluons and gluinos,

fermion f

gluon g

vector boson V'

squark §

gluino g

Higgs boson ¢

Lorentz indices: u,v ... for vector bosons,

squark indices: z,y... = 1,2 or L, R.

momentum p
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Appendix A: Feynman Rules

Strong interaction vertices:
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Higgs couplings with the coeflicients gff, » and g‘f,__.,,l, which are defined in Chapter 1.3.4 in
Table 1.4 and Table 1.6.
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Appendix B

Scalar One-Loop Integrals

A complete discussion about scalar one-loop integrals can be found in [146] and a summary

of tensor reduction and results in [147].

b Ps

T = 1,...,n—1,

n
ko = k=) p =0,
=1
,“
ki = > p,
=1

di = (k+k)?—m2+0i

The one-loop tensore n-point integrals have the general form:

_ dPr a2 SN
T™MHi(py o P My, Mipe1) = 3%
(p1 Pr—1; M0, ..., Mp-1) 1 @m0 dodidy - doca

with n = (1,2,3,4,5,...) = (A, B,C, D, E,...).

The tensor decomposition in Lorentz-covariant structures leads to:
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The following notations are use:

2\* 1 1
C, = [ +e) (477# ) with F(—:Ez(zm)a = E—'yE—Hog(llw) = Ayy,

(4m)? \ mi
ar = pz—i-m%mm%i P2 +m}—m? 2_ m3
2(p? + ie) 2(p? + ie) p? —ig’
p = ""[;)sz /@ = \/1_4/p: Tp = 7=
m l—ﬁ
1

The scalar 1-point-integrales are result in:
. 2|l
Ao(my) = iCemi - +1+0()],
Ap(0) = 0.
The scalar 2-point-integrales for general and equal masses reads as:

1 1 1
Bo(pymy,mg) = iCe {— + 2+ oy log (1 - -—> +a_log (1 - —~)
€ oy o

o (22) 000,

) 1
Bo(p;my,my) = iC, [E +2 — Blog(—zp) + (9(5)] .

The partial derivative with respect to p? of scalar 2-point-integrale is given by:

Bi(p;mi,mg) = iCe [(‘” —a?)log(1 - 123@);(3: )~ a-?)log(l — 1/a_)

_f% + O(E)}.

For higher number of propagators no short analytical results for general energies and

masses exist.
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(a) The Higgs energy distributions of associated pseudoscalar Higgs produc-
tion with bottom quarks in ete™ collisions with (red curves) and without
(black curves) resummation of the Ay terms are plotted as functions of xa
for the SPS1b benchmark point [105]. The LO cross sections are depicted
by the dashed lines and the QCD- and SUSY-QCD corrected NLO cross
sections by the full lines. The peak at x4 ~ 1 originates from the resonant
h,H — bb decays. (b) The relative QCD, SUSY-QCD and total correc-
tions to associated pseudoscalar Higgs production with bottom gquarks are
displayed with (red lines) and without (black lines) resummation. The pure
QCD corrections are indistinguishable in both cases. . . . ... ... . ...

(a) The Higgs energy distributions of associated light scalar Higgs production
with top quarks in ete™ collisions are plotted as functions of zy, for the SPS5
benchmark point [105]. The LO cross section is depicted by the dashed line
and the QCD- and SUSY-QCD corrected NLO cross section by the full line.
(b) The relative QCD, SUSY-QCD and total corrections to associated light
scalar Higgs production with top quarks are displayed. The sharp rise of the
QCD corrections towards xp ~ 0.9 is induced by the Coulomb singularity.

The LO diagrams of associated Higgs production with heavy quarks Q = t,b
in qG collisions. The indices i,j and k,l denote the colour indices of the
external quarks. . . . . . .o

Typical LO diagrams of associated Higgs production with heavy quarks Q@ =
t,b for gluonic initial states. The external gluons carry colour indices a,b,
Lorentz indices p, v and the polarisation vectors e g. . . . . . . . . ... ..

Typical virtual QCD corrections to associated Higgs production with heavy
quarks Q@ = t,b with closed quark loops. . . . . . . . . ... .. ... ...,

Typical diagrams of NLO SUSY-QCD corrections to associated Higgs pro-
duction with heavy quarks Q = t,b in qq collisions. The individual channels
can be classified by the number of squark indices and closed squark loops:
(0SI) zero squark indices, (1SI) one squark indez, (1SL) one closed squark
loop, (251) two squark indices and (3S1) three squark indices. . . . . .. ..

The left column shows the “usual” Feynman diagrams for squark-quark-
gluino interactions, whereas in the right column the FNV “reversed” vertices
are shown. The fermion number flows are indicated by the fermions lines q
and q, while the dashed curved arrows show the chosen fermion flows.

Dirac propagators S with the orientation of the chosen fermion flow (dashed
arrows) relative to the fermion number flows (solid arrows between vertices)
are depicted. The “usual” Dirac propagator has the two flows parallel, while
they are antiparallel for the “reversed” FNV one. Majorana particles, like
gluinos, do not have a defined fermion number flow direction, thus no ar-
row is drawn on the gluino line. The momentum p flows from the left to the
right side. . . . . . . L L L
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5.7 In the first two columns Dirac spinors with their fermion number flow and
in the third column Majorana spinors are shown. The dashed arrows in-
dicate the chosen fermion flow direction. The vertex (black dots) on the
left/right end of the arrows symbolise outgoing/incoming particles. “usual”
indicates that the chosen fermion flow is parallel to the fermion number
flow, while “reversed” indicates that the chosen fermion flow is antiparallel
to the fermion number flow and therefore fermion number conservation is
violated. . . . . . L L e e

5.8 Representative FNV box diagram. The dashed lines above and below the di-

agram indicate the directions of the chosen fermion flows, while the fermion

lines show the directions fermion number flows. The momentum of the ex-
ternal particles flows from left to right and in the loop according to the circle

i the middle. . . . . . . .. e

Complex conjugated FNV LO diagram (M‘}%‘?FN‘,)T with chosen fermion

[a}
=

84

flow (dashed lines with arrow) according to the FNV box diagram in Figure 5.8. 85

5.10 Typical diagrams of the NLO SUSY-QCD corrections to associated Higgs
production with heavy quarks Q = t,b in gluon fusion. The individual di-
agrams can be classified by the number of squark indices and closed squark
loops: (0SI) zero squark indices, (1SI) one squark indezx, (1SL) one closed
squark loop and (2S1) two squark indices. . . . .. . ... ... ... ...

5.11 Typical NLO SUSY-QCD diagram with gluon-gluon-squark-squark and gluon-
squark-squark vertex at one squark loop. . . . .. ... ... ...

5.12 The three one-loop SUSY-QCD contributions to the gluon vacuum polarisa-
T

5.13 Multiplicative renormalisation constants of the wave functions, the gluon
and quark propagators, the strong gauge and the Yukawa couplings. . . . . .

5.14 (a) The LO (dashed lines) cross sections of associated pseudoscalar Higgs
production with top quarks at the LHC are plotted as functions of the pseu-
doscalar Higgs boson mass for the SPS5 benchmark point [105]. The SUSY-
QCD corrected cross sections are depicted by the full lines. The hadron
initial state splits into qf (blue) and gluonic (red) initial state. The total
cross sections are shown in black. (b) The relative SUSY-QCD corrections
to associated pseudoscalar Higgs production with top quarks are depicted for
the two partonic contributions separately as functions of the pseudoscalar
Higgs boson mass. . . . . . . . e

5.15 (a) The LO (dashed lines) cross sections of associated heavy and light scalar
Higgs production with top quarks at the LHC are plotted as functions of the
scalar Higgs boson masses for the SPS5 benchmark point [105]. The SUSY-
QCD corrected cross sections are depicted by the full lines. The hadron
initial state splits into qq (blue) and gluonic (red) initial state. The total
cross sections are shown in black. (b) The relative SUSY-QCD corrections
to associated scalar Higgs production with top quarks are depicted for the
two partonic contributions separately as functions of the scalar Higgs boson
masses. At my =~ 2 my, resonant contributions arise. . . . . .. .. ...,

5.16 Typical diagrams which contribute to the kink at the 511?1 threshold. . . . . .
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(a) The LO (dotted lines) cross sections of associated pseudoscalar Higgs
production with bottom quarks at the LHC are plotted with (red/blue) and
without (black/magenta) resummation of the Ay terms as functions of the
pseudoscalar Higgs boson mass for the SPS1b benchmark point [105]. The
SUSY-QCD corrected cross sections are depicted by the dashed lines. The
hadron initial state splits into qq (red/black) and gluonic (blue/magenta)
initial state. (b) The relative SUSY-QCD corrections to associated pseu-
doscalar Higgs production with bottom quarks are displayed with and without
resummation for the two partonic contributions separately as functions of
the pseudoscalar Higgs boson mass. . . . . . . . . .. ..

(a) The LO (dotted lines) cross sections of associated light and heavy scalar
Higgs production with bottom quarks at the LHC are plotted with (red/blue)
and without (black/magenta) resummation of the Ay terms as functions of
the scalar Higgs boson masses for the SPS1b benchmark point [105]. The
SUSY-QCD NLO corrected cross sections are depicted by the dashed lines.
The hadron initial state splits into qq (red/black) and gluonic (blue/ma-
genta) initial state. (b) The relative SUSY-QCD corrections to associated
scalar Higgs production with bottom quarks are displayed with and without
resummation for the two partonic contributions separately as functions of
the scalar Higgs boson masses. . . . . ... ... ...

(a) The LO (dotted lines) cross sections of associated pseudoscalar Higgs
production with bottom quarks at the Tevatron are plotted with (red/blue)
and without (black/magenta) resummation of the A, terms as functions of
the pseudoscalar Higgs boson mass for the SPS1b benchmark point [105].
The SUSY-QCD NLO corrected cross sections are depicted by the dashed
lines. The hadron initial state splits into qq (red/black) and gluonic (blue
/magenta) initial state. (b) The relative SUSY-QCD corrections to asso-
ciated pseudoscalar Higgs production with bottom quarks are displayed with
and without resummation for the two partonic contributions separately as
functions of the pseudoscalar Higgs boson mass. . . . . . . . v v oo v v ..

(a) The LO (dotted lines) cross sections of associated light and heavy scalar
Higgs production with bottom quarks at the Tevatron are plotted with (red
/blue) and without (black/magenta) resummation of the Ay terms as func-
tions of the scalar Higgs boson masses for the SPS1b benchmark point [105].
The SUSY-QCD NLO corrected cross sections are depicted by the dashed
lines. The hadron initial state splits into qq (red/black) and gluonic ( blue/
magenta) initial state. (b) The relative SUSY-QCD corrections to associated
scalar Higgs production with bottom quarks are displayed with and without
resurnmation for the two partonic contributions separately as functions of
the scalar Higgs boson masses. . . . . . . . .. .. ...

WMAP has produced a new, more detailed picture of the infant universe.
The colours indicate “warmer” (red) and “cooler” (blue) spots [122]. . . . .
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6.2

6.3

6.4
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6.7

6.8

6.9

6.10

Rotation curve of the spiral galazy NGC 6503 as a function of the radius.
The dashed and the dotted curves show the measured rotational velocity
originating in the observed disk and gas distribution, respectively. The dot-
dash curve is the predicted contribution from the DM halo to explain the
measured flat rotation curve [123]. . . .. ... .. oo oo 108

The merging cluster 1E0657-558 is shown in the visible range (a) and the
X-ray range (b). The white bars indicates 200 kpe at the distance of the
cluster. The green contours in both pictures show the mass distribution re-
construction from the weak lensing, with the white contours show the errors
on the mass peak corresponding to 68.8%, 95.5% and 99.7% CL. The blue
crosses in (a) show the location of the mass peak of the measured baryonic
plasma clouds, shown in (b) as coloured regions [127]. . . . ... ... ... 108

WMAP data reveal that the universe consist of 4% baryonic matter (atoms),
the building blocks of stars and planets, of 22% CDM and of 7% dark
energy, which is responsible for the present-day acceleration of the universal
expansion [181]. Ezpressed in terms of relic densities X the normalised
Hubble constant squared, this leads to the shown numbers for the total (Q4),
matter (), cold dark matter (Qcopu), baryonic matter () and neutrino
(Q) contributions. . . . . . . . . e e 110

Typical neutralino annihilation processes. . . . . . . . . . . ... ... 111

Masses of the squarks, gluinos in (a) and of the Higgs bosons in (b) as
functions of the trilinear scalar coupling Ay for the Snowmass benchmark
point SPS1A [105]: mg = 100 GeV, mysy = 250 GeV, tanf3 = 10, p > 0
and Ay varied within + 1 TeV. Since the first two squark generations are
almost mass degenerated, only myg, is shown as a representative example. . 111

Typical neutralino coannihilation processes. The lightest stau is assumed to
be the NLSP in this example. . . . . . . . . . . . . 112

The neutralino relic density Q2 k3 as a function of the trilinear scalar cou-
pling Ag calculated with (red dots) and without (blue circles) including coan-
nihilation processes. The input parareter are chosen according to the Snow-
mass point SPS1B (mg = 200 GeV, myjy = 400 GeV, tanf = 30 and
t > 0) [105]. The green shaded area shows the region allowed by the
WMAP data within 20. . . . . . . . . e e 113

Regions in the mo — my /o plane accounting for 0.094 < Q,hE < 0.129 for
different tanf3 between 5 and 50, pu > 0. (a) WMAP strips for Ay = 0 TeV
and my = 175 GeV are shown with the post WMAP benchmark points
(A°...M’) [140]. (b) Allowed models for Ay within £ 4 TeV obtained with
ISAJET. The black lines correspond to the WMAP strips in the left plot.
The brown lines indicate the LHC discovery reach for an integrated lumi-
nosity of 100 fo=' and 300 fo=1, respectively [46]. . . . . .. ... ... ... 114

Allowed models in the mg — my/ plane for tanf = 10 and pn > 0 ob-
tained with ISAJET. The black lines correspond to the WMAP strip for
Ag = 0TeV. In (b) the cuts defined in (6.3) have been applied. . . . . . . . 115



6.11 mSUGRA models which fulfil the WMAP constraints in the mo—my o plane
for three different Ao values. In the left/right plot is tanf = 10/35 and u
is positive in both plots. The black lines are the fits given in Tables 6.2 and
6.3. The “gaps” in the lines originate from the chosen step size for mg . . .
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