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Standard Model (SM) successfully describes the particle spectrum
in nature and the interaction between between these particles us-
ing gauge symmetries. However, in order to give masses to these
particles, the electroweak gauge symmetry must be broken. In the
SM, this is achieved through the Higgs mechanism where a scalar
Higgs field acquires a vacuum expectation value. It is well known
that the presence of a scalar field in the SM leads to a hierarchy
problem, and therefore the SM by itself can not be the fundamen-
tal theory of nature. A well-motivated extension of the SM which
addresses this problem is the Minimal Supersymmetric Standard
Model (MSSM).

The Higgs sector in the MSSM has a rich phenomenology and its
predictions can be tested at colliders. In this thesis, I will de-
scribe three examples in supersymmetric models where the Higgs
phenomenology is significantly different from that in SM. The first
example is the MSSM with large tan 5 where the Higgs coupling to
the bottom quarks receives large radiative supersymmetric QCD
corrections. As a consequence, bg — bh can be a dominant Higgs
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production mode in certain parameter spaces of the MSSM. A sec-
ond example is an extension of the MSSM wherein a fourth gen-
eration of chiral fermions and their super-partners are added. 1
will show that the Higgs boson in such models can be as heavy as
~ 500 GeV. Finally, as a third example, the MSSM with one of the
stops lighter than the top quark is considered. Such a scenario is
required to generate sufficient baryon asymmetry in the universe
through the process of electroweak baryogenesis. By using the cor-
relations between the Higgs production and decay rates, it will be
shown that the electroweak baryogenesis in the MSSM is highly
constrained.

iv



Contents

List of Figures viii
List of Tables X
Acknowledgements xi
1 Introduction 1
2 Electroweak Symmetry Breaking 5
2.1 The Higgs Mechanism . . . .. .. .. ... ... ... .... )
2.1.1 Gauge Boson Masses . . . . .. ... ... ... ... . 7
2.1.2  Fermion Weak Interactions and Masses . . . . . . . .. 7
2.2 The Fine-Tuning Problem . . . . ... ... ... ... .... 9
2.3 The Higgs Sector in the MSSM . . . . . .. ... ... .. ... 11
2.3.1 The Higgs Mechanism in the MSSM . . . . . ... .. 14
2.3.2  Theoretical Bounds on the Higgs Mass . . . . . .. .. 15
2.3.3 Higgs Couplings in the MSSM . . . . . . ... ... .. 20
2.4 Higgs Production and Decays . . . .. ... ... ... ... .. 21
2.4.1 Higgs Decays . . . .. . ... ... 21
2.4.2 Lepton Colliders . . . . . ... ... ... ... .... 22
2.4.3 Hadron Colliders . . . . . ... ... ... ... .... 23

3 Higgs Production in Association with Bottom Quarks :
Radiative Corrections 26
3.1 Flavor Number Schemes . . . .. .. ... ... ... ..... 27
3.2 A, Approximation: The Effective Lagrangian Approach . . . . 28
3.3 SQCD Contributions to gb —-bh . . . . . . ... ... .. 31
3.4 Results for Maximal and Minimal Mixing in the b-Squark Sector 34
3.4.1 Maximal Mixing in the b Squark Sector . . . . . . . .. 34
3.4.2  Minimal Mixing in the b Squark Sector . . . . . . . .. 37
3.5 Numerical Results. . . . . .. ... ... ... 41



Four Generations, Higgs Physics and the MSSM

4.1
4.2
4.3

The Model . . . . . . . . . . .
Tree Level Unitarity . . . . .. .. ... .. ... ... ....
Limits from Precision Electroweak Measurements . . . . . . .

Electroweak Baryogenesis in the MISSM

5.1 Electroweal Baryogenesis and the Light Stop Scenario . . . . .
5.2 LSS and a heavy Higgs . . . . . .. .. .. ... ... ...
5.3 The Fingerprint of Electroweak Baryogenesis . . . . . . . . ..
5.4 Experimental Status . . . . ... ... L L.

5.4.1 Available Data Until Dec 2011 . . . . . . . .. ... ..

5.4.2 Excluding Electroweak Baryogenesis in the MSSM . . .

5.4.3 Excluding a more general Light-Stop Scenario . . . . .
55 Results . . . . . .
Conclusion

Passarino Veltman functions
A.1 Scalar integrals . . . . . . . .. ...
A.2 Tensor Reduction of Passarino Veltman integrals . . . . . . . .

Electroweak Precision Parameters

B.1 Self Energy of Gauge Bosons . . . . . . .. ... .. .. ....
B.2 Higgssector . . . . . . . . ...
B.3 Fermionic/sfermionic sector . . . . .. ... L.

Renormalization in the MSSM
C.1 Higgs Sector Renormalization . . . .. ... ... ... ... ..

C.1.1 A —GOsector . . . . o
C1.2 RO — HO%sector . . . . . . . . .

C.2 One-loop corrections to the Higgs mass . . . . . ... ... ..

C.2.1 Tadpole diagrams . . . . . . . ... ... ... ..., .
C.2.2 Self-energy diagrams . . . . . .. .. ... .. ... ..

SUSY QCD Corrections to bg — bh
D.1 One-loop Results . . . .. ... ... ... ... .. ......

D.2

Definition of Functions . . . . . . . . . . . ... ... ..

Appendix: Higgs Decay Rate Calculations
E.1 Decay Widths & Branching Fractions . . . . . .. ... .. ..
E.2 Production Cross Section Ratios . . . . . . . .. ... ... ..

vi

48
49
50
57

67
69
72
73
78
78
80
83
84

86

88
88
90

93
94
95
97

100
100
102
104
105
106
107

110
110
117



Bibliograph
phy 122

vil



List of Figures

2.1
2.2
2.3
24

2.5

2.6

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9
3.10

4.1

4.2

4.3

Top loop Contribution to Higgs mass . . . . .. .. ... ...
One-loop self-energy diagrams for the MSSM Higgs boson . . .
Branching ratios of SM Higgs boson decays . . . . . . ... ..
The MSSM Higgs exclusion from the LEP in the tan f—myo and
the tan 8 — m 4o parameter space for two benchmark scenarios
: 'mp-max scenario’ and the 'no-mixing scenario’. See the text
fordetails . . . . . ... ..
The MSSM Higgs exclusion from the Tevatron in the tan —m 40
parameter space for two benchmark scenarios. See the text for

The MSSM Higgs exclusion from the LHC in the tan 8 — m 40

parameter space for the 'mj,-max scenario” . . . . . ... ...

Feynman diagrams for gb —bh . . . . . . ... ... .. ...
Contribution of 0Kmaz - - « « « « o o
Contribution of 0K -« « . v o o o L
One-loop SQCD vs. IBA - maximal mixing . . . . .. ... ..
One-loop SQCD vs. IBA - maximal mixing . . . . . .. .. ..
One-loop SQCD vs. IBA - minimal mixing . . . . . .. .. ..
One-loop SQCD vs. IBA - minimal mixing . . . . . .. .. ..
Comparision of IBA with complete one-loop SQCD calculation
forpp —bh . . ...

Predictions for the neutral Higgs boson masses in the four gen-
eration MSSM . . . . . . . ...
Feynman diagrams contributing to f;f; — fjfj in the high en-
ergy limit . . . .. ...
Unitarity restriction on on a 4" generation lepton doublet in

the 4AGMSSM . . . . . ..o

viil

23

24

25

31
37
39
41
42
43
44

45

46
47

o1

ol



4.4

4.5

4.6

4.7

4.8

4.9

4.10

5.1
5.2
5.3
5.4

C.1
C.2

D.1
D.2
D.3
D4
D.5
D.6
D.7

Unitarity restriction on a 4" generation quark doublet in the

AGMSSM . . . 57
4GMSSM allowed parameter space : Electroweak Precision Con-

straints . . . . ..o 61
4GMSSM allowed parameter space : Electroweak Precision Con-

straints . . . . ..o 62
4GMSSM allowed parameter space : Electroweak Precision Con-

straints . . . . ... oo 63
Neutral Higgs boson masses allowed in fourth generation super-

symmetric models . . . . ... oo 64
4GMSSM allowed parameter space : Electroweak Precision Con-

straints . . . . ... L 65
4GMSSM allowed parameter space : Electroweak Precision Con-

straints . . . . . ..o 66
Electroweak Baryogenesis Fingerprint . . . . . . . . . ... .. 7
Signal Strength Comparison - EWBG vs. Data . . . . .. .. 79
Exclusion plot of EWBG parameter space for m; = 125GeV . 81
EWBG Exclusions in the (my,m;z, ) plane. . . . . ... .. .. 83
Top/stop contribution to Higgs tadpole diagrams . . . . . . . 106
Top/stop contribution to Higgs self energy . . . . . . ... .. 107
bg — bh : Self-energy diagrams . . . . .. ... .. ... ... 110
bg — bh : Vertex Diagrams . . . . . . . .. . ... ... .... 111
bg — bh : Vertex Diagrams . . . . . . . ... .. ... ... .. 112
bg — bh : Vertex Diagrams . . . . . . . ... .. ... ..... 114
bg — bh : Box Diagrams . . . . . . .. .. ... ... ... . 115
bg — bh : Box Diagrams . . . . . ... ... ... ... ..., 115
bg — bh : Box Diagrams . . . . . ... .. .. ... .. ..., 116

1X



List of Tables

2.1
2.2

4.1

4.2

4.3

4.4

5.1

Charge assignments in the Standard Model . . . . . . . .. ..
MSSM Higgs couplings . . . . . . . . .. .. ... ... ....

Contributions from s— channel exchange of h, H, A, and G°
to helicity scattering amplitudes for f,f; — f,f1 in the high
energy limit of the 4GMSSM. The contributions given in the
table must be multiplied by v2Grm?2. . . . . . .. ... ...
Contributions from t— channel exchange of h, H, A, and G° to
helicity scattering amplitudes for f,f; — f,fi in the high en-
ergy limit of the 4AGMSSM. The contributions given in the table
must be multiplied by vV2Grm?2. . . . . . .. ...
Contributions from s— channel exchange of h, H, A and G to
helicity scattering amplitudes for f,f; — f,fo in the high en-
ergy limit. An overall factor of V2G pmyms is omitted.

Contributions from t— channel exchange of H* and G to he-
licity scattering amplitudes for f,f; — fof2 in the high energy
limit. An overall factor of 2v/2Gp is omitted. . . . . . . .. .

Higgs Searches at 7 TeV LHC and Tevatron . . . .. .. ...

53

54

54



Acknowledgements

There are many people whom I would like to acknowledge for contribut-
ing in various ways, both directly and indirectly, to this dissertation. First
and foremost to my advisor, Sally Dawson, who over the past three years has
transformed me from a naive graduate student into a physicist and also for
giving me the opportunity to work at Brookhaven National Lab. Through
countless discussions, she has expanded my knowledge, pointed me to inter-
esting projects and guided me through them. She has taught me the arts and
crafts necessary to be successful in our field. All the accomplishments I have
had (as well as future accomplishments, if any) are in no small part due to the
advice and guidance she has provided. So thank you very much Sally.

A special thanks to Patrick Meade, who has been my local mentor at
YITP, Stony Brook University for more than an year. My dissertation could
never have been complete without him. Through numerous discussions, I have
learned a tremendous amount of physics from him and collaborated on various
projects. He has always challenged me to think deeper and not only in physics,
he is a formidable opponent in the squash court. Thank you for making my
time enjoyable and productive at Stony Brook.

I want to thank my teachers at Stony Brook, in particular, George Sterman
and Peter van Nieuwenhuizen. George taught me Quantum Field Theory
course in my first year at Stony Brook, supported me throughout my research
at YITP and also served as a committee member. It was a great pleasure
attending lectures by Peter; these lectures laid the foundation for my research.
I would also like to thank faculty members at Stony Brook : Rouven Essig,
Robert Shrock and at Brookhaven : Amarjit Soni, Hooman Davoudiasl for
useful discussions.

Thanks to the particle theory graduate students and postdocs for numerous
stimulating discussions and also for answering many of my stupid questions:
David Curtin, Dharmesh Jain, Soumya Mohapatra, Chee Sheng Fong. A spe-
cial thanks to David Curtin for patiently putting up with me while we worked
on many interesting projects, for teaching me his ingenious mathematica skills
and for cracking me up when under stress.

x1



There are many people I want to thank who have indirectly supported me
throughout my PhD. First of all, to my friends from undergraduate years :
Prarit Agarwal, Kirit Makwana and Harshad Ghodke who have stood by me
in the best and the worst times, I thank you all. I would also like to thank my
friends in the Indian community for the wonderful times : Soumya Mohapatra
(my room-mate for four years), Somnath Basu, Ritwik Mukherjee, Prasad
Hegde, Abhijit Gadde and Sriram Ganeshan.

Last but not the least, I want to acknowledge my family for their unwa-
vering support; my father and mother for shaping me to who I am and letting
me choose the path I wanted to pursue. I thank my brother for the wonderful
times at home. I also thank my extended family for being so caring and loving
to me.

xii



Chapter 1

Introduction

The Standard Model (SM) in particle physics has been enormously success-
ful in describing almost all the experimental data related to the electroweak
and strong interactions of elementary particles. The SM is a gauge theory
which combines Quantum Chromodynamics (QCD), the theory of strong inter-
actions based on the gauge group SU(3)¢, with the Glashow-Weinberg-Salam
model [1] of electromagnetic and weak interactions, based on the gauge group
SU(2)L X U(l)yl

Gauge invariance under the electroweak gauge group requires the gauge
bosons to be massless. Given that W and Z bosons describing the weak inter-
actions are massive, the electroweak symmetry must be spontaneously broken.
In the SM, this is achieved through the Higgs mechanism|2] where a complex
scalar SU(2) doublet is introduced. One of the components of this doublet
acquires a non-vanishing vacuum expectation value leading to spontaneous
breaking of SU(2)., x U(1)y to the electromagnetic group U(1)q. In this way,
the weak gauge bosons W and Z get their masses, their longitudinal polariza-
tion degree of freedom coming from three of the four real component of the
Higgs doublet. The fourth component of the doublet is the famous spin-0, yet
to be discovered, Higgs boson. The Higgs mechanism not only gives masses to
the gauge bosons, but also to the fermions since fermion mass terms are also
forbidden by gauge invariance. More details on this subject will be presented
in Chapter 2.

To get an idea of just how well the SM describes the strong and electroweak
forces in nature, it should be noted that the theory agrees with some of the
precision experiments at 0.1 % level probing quantum corrections to high or-
ders in perturbation theory. However, it would be fair to say that the least

1L and Y subscripts in SU(2) 7, x U(1)y refer to weak left-handed isospin and hypercharge
respective while C' in SU(3)¢ refers to the color charge.



understood part of the SM is the one involving the mechanism of electroweak
symmetry breaking, particularly since the Higgs boson has not been observed
yet at the colliders. While experiments in the past such as the LEP at CERN
and the Tevatron at Fermilab have made precision measurements firmly estab-
lishing the SM, the Higgs boson continues to elude us. Currently, the Higgs
searches continue at the Large Hadron Collider (LHC) at CERN.

Despite its success, the SM is only regarded as an effective theory valid
at the low-energy scales tested by the current colliders. Though the SM is a
renormalizable theory, when regarded as an effective theory is only valid till
cut-off scale A. One of the major criticisms of the SM is that the radiative
corrections to the Higgs mass have divergences that grow quadratically with
A. In the language of renormalization, the counter-terms have to be fine-tuned
to keep the Higgs mass from becoming too large. This point will be discussed
in some detail in Chapter 2.

One of the ways to solve the problem of fine-tuning is to cancel the quadratic
divergences by introducing additional scalars in the theory. A popular ex-
tension of the SM which does exactly that is the Minimal Supersymmetric
Standard Model (MSSM) [3]. In supersymmetry, for every fermionic degree of
freedom, there is a corresponding bosonic degree of freedom. The quadratic di-
vergence to the Higgs mass from the scalar and fermion loops cancel. MSSM is
a supersymmetric model with minimum possible particle content that reduces
to SM at low energies. However, if the nature were exactly supersymmet-
ric, the super partners of the SM particles will have the same mass their SM
counterparts. Supersymmetry must therefore be broken possibly at some high
energy scales.

While the most direct way to check if the nature is indeed supersymmetric
is to look for the direct production of super-partners at the colliders, it is quite
possible that these particles are heavy enough (few TeV) to be just beyond the
reach of the current experiments. However, the MSSM makes very testable
predictions in the Higgs sector[80] : [i] there are three neutral (two CP-even h
and H and a CP-odd A) and one charged Higgs bosons (H*) [ii] the lightest
CP-even neutral Higgs boson mass can be at most ~ 135 GeV even when the
radiative corrections are included[8, 80, 157]. Indeed, within the next few
years, the LHC should be able to discover or exclude Higgs boson in this mass
range. But in order to claim either discovery or exclusion, it is imperative that
we understand the production and decay of the MSSM Higgs to high precision.

In the MSSM, the production mechanisms for t he Higgs bosons can be sig-
nificantly different from in the SM. In certain parameter spaces of the MSSM,
the heavier Higgs bosons, A and H, are predominantly produced in association
with b quarks. Even for the lighter Higgs boson, h, the dominant production



mechanism at both the Tevatron and the LHC is production with b quarks
for light M, (< 200 GeV), where the bbh coupling is enhanced. Both the
Tevatron[53] and the LHC experiments[54] have presented limits Higgs pro-
duction in association with b quarks, searching for the decays h — 77~ and
bb. These limits obtained in the context of the MSSM are sensitive to the loop
corrections from SUSY particles particularly superpartners of quarks (squarks)
and gluons (gluinos) which will be the topic of discussion in Chapter 3. In
particular, we will explore the validity of an effective Lagrangian approach
called the A, approximation[30, 31] which can be used (and is used by the
experimentalists) to approximate the SQCD contributions to the on-shell bbh
vertex and to resum the terms that otherwise ruin perturbativity.

Let us now return to the shortcomings of SM besides the quadratic diver-
gence problem which we have tried to address until now. The SM has three
generations of quarks and leptons but it offers no clue as to why only three
generations of chiral fermions are observed. It is thus natural to consider
the consequences of a fourth family of heavy fermions[55, 56]. The allowed
parameter space for a fourth generation is severely restricted by experimen-
tal searches, by precision electroweak measurements, and by theoretical con-
straints from the requirements implied by the perturbative unitarity of heavy
fermion scattering amplitudes and the perturbativity of the Yukawa coupling
constants at high energy. In Chapter 4, we discuss the consequences of adding
a fourth chiral generation to the MSSM and show that the allowed parameter
space is severely restricted.

Another fundamental question which has been left unanswered by the SM
of particle physics is the net baryon number in the universe i.e. the abun-
dance of matter over anti-matter.There are many approaches to generating
the baryon asymmetry of the universe (BAU), some examples of which are
electroweak baryogenesis (EWBG) [102], leptogenesis [103] and Affleck-Dine
baryogenesis [104]. EWBG is an intriguing possibility because it relies only
upon weak scale physics and gives rise to possible direct experimental tests, but
it cannot take place within the SM [105, 106] given the current lower bounds
on the Higgs mass [107]. EWBG could be realized within the MSSM [108], see
[106] for reviews, but it requires a particular corner of the MSSM parameter
space known as the light stop scenario (LSS) [109-120]. As the name suggests
there are in principle directly testable predictions of new light particles that
can be discovered at the LHC. However, as with many searches at the LHC,
depending on the exact spectra, particles with copious production cross sec-
tions can be missed if a particular signature is not investigated. The benefit of
the LSS is that direct production of stops are not the only test of the scenario.
In the MSSM the stop sector is crucial for a viable Higgs sector due to the



needed radiative corrections to the Higgs mass. The stops also contribute to
various effective Higgs couplings, most significantly to two gluons. This inter-
twining of the two sectors means that there are additional tests of EWBG in
the MSSM, based purely on the properties of the Higgs. In Chapter 5, will
show that the correlations between different Higgs decay channels and pro-
duction modes, in particular those which occur via loops compared to those
that occur at tree level, make predictions that are already in tension with the
data. By combining the available constraints from LHC Higgs searches, we
show that the Higgs searches are highly constraining, excluding a large part
of the EWBG parameter space at the 90% CL.



Chapter 2

Electroweak Symmetry
Breaking

The Standard Model (SM) not only successfully describes the particle spec-
trum in nature but is also in excellent agreement with precise experimental
measurements. While the theory is gauge invariant under the gauge group
SU(3)c xSU(2), x U(1)y, the gauge invariance requires massless gauge bosons
since a mass term such as m% A, A" would break the gauge invariance. In the
SM, one starts with a gauge invariant theory but in order to gives masses to W
and Z bosons, the electroweak gauge group SU(2),, x U(1)y is broken through
the Higgs mechanism which will be described in Section 2.1. In Section 2.2, it
will be shown that the radiative corrections to the Higgs mass in the SM have
large quadratic divergences which is problematic if one regards the SM as a low
energy effective theory. A well-motivated extension of the SM which addressed
this problem is the Minimal Supersymmetric Standard Model (MSSM). The
Higgs sector in the MSSM has a rich phenomenology which will be the topic
of discussion in Section 2.4.

2.1 The Higgs Mechanism

A successful model of electroweak gauge interaction must also describe
how the W and Z bosons get their masses. In the 1960’s Glashow, Weinberg
and Salam wrote down a model where the gauge symmetry SU(2), x U(1)y
is spontaneously broken down to U(1)en, and successfully describes the weak
interactions in nature. The Lagrangian of the model in the unbroken phase
has the following kinetic terms

1 a v,a 1 v
L= _ZWMVW“ = Z__LB'LWB“ (211)



where,

We, = 0W; = 0,Wy + ge™™Wiwy
B,, = 8,B,—0,B,

The gauge field W (a = 1,2, 3) corresponds to the group SU(2), with coupling
g while the gauge field B,, corresponds to the abelian hypercharge group U(1)y
with coupling ¢’. Until now, all the gauge bosons are massless as required by
the gauge invariance. In order to make the vector bosons massive, the gauge
fields are coupled to a scalar SU(2), doublet, ®

0w = (50

_ U\;? ( U+%(x) ) (2.1.2)

where in the second step, a particularly useful and completely general parametriza-
tion has been used. The unitary matrix U(x) can be regarded as an SU(2)
transformation that acts on the doublet. v is the vacuum expectation value
(VEV) if (h(x)) = 0 and h(zx) is a real-valued scalar field which has the inter-
pretation of the yet to be discovered spin-0 Higgs boson.

A renormalizable Lagrangian for the complex scalar doublet is

L =|D,® + 12d'd — \(dT D) (2.1.3)

where! 4?2 > 0. Let us focus on the potential term in the above equation.
Substituting the parametrization for ® in Eq. (2.1.2), the potential term in
the Lagrangian Eq. (2.1.3) is

2

Ve = const — 2 (712 — %) - (“2 — )\112) h
(2.1.4)

3Av? — 12 1
+ 220 TR p2 4 nohd + —ht
2 4
The potential has a minimum at v = (?/A)/2. Around the minimum, the
potential has a vanishing linear term in A while the quadratic term gives the
mass of the Higgs boson, my, = \/\/2v.

'Note that very often in the literature, u? is defined such that p? < 0 but with the
opposite sign in front.



2.1.1 Gauge Boson Masses

To understand how the W and Z bosons get masses, let us study more
carefully the relevant terms in kinetic term of Eq. (2.1.3) when the scalar field
acquires a VEV. Working in the unitarity gauge where the U(x) is gauged
away by an SU(2) transformation, the kinetic term simplifies to

1., 1 wa 1 70
L'kin:§(8uh) +§(O v+h) <gWMT +§9/Bu) <v+h) 015
1 1 h
= 5(8Hh)2 + (m‘éijw“ + §mQZZ#Z“> (1 + ;>

where my = gv/2, mz = /g% + ¢’*v/2 and the mass eigenstates are defined
as follows

1
+ 1 2
Wi = E(Wu F W)
1
Zy = ——=—=(gW,; — ¢'B,)

While there were four gauge fields in the unbroken theory corresponding to
the four generators of SU(2), x U(1)y, we have accounted for only three so far.
Since the vacuum of the spontaneously broken theory is gauge invariant under
the electromagnetic charge, the fourth mass eigenstate, which is identified as
the photon, remains massless

(2.1.6)

1
A, = ﬁ(g/Wj’ +gB,) (2.1.7)
9>ty

2.1.2 Fermion Weak Interactions and Masses

The GWS model not only successfully describes the gauge boson masses
but also the weak interaction of the fermions. It is well known that the W bo-
son only couples to the left-handed fermions. This chiral behavior of fermions
can be achieved by requiring that left and the right-handed fermions trans-
form under different representations of SU(2); as long as the mass term is
ignored?. The hypercharge assignment of the fermions is determined by the
their electric charge. The right-handed fermions are singlets (7% = 0) un-
der SU(2), since they do not couple to W boson. Thus, their hypercharge
is simply the electric charge (the unbroken EM charge generator is given by

2A fermion mass term such as —m(1 g + ¢repy) spoils the gauge invariance



SUB)c | SU2), | Uy
UL l
(dL) 3 e
UR 3 1 %
dp 3 1 -3
vy, 1
() | 2 s
eRr 1 1 -1
+
(ﬁo ) | ) !

Table 2.1: Charge assignments in the Standard Model

the combination, Q@ = T3 + Y). The left-handed fermions transform under
the fundamental representation of SU(2);. The detailed charge assignments
of all fermions are summarized in Table 2.1. The Lagrangian describing the
electroweak interaction of fermions is given by

Lier = thpin® (8, — igWit" —iY1g'Bu)r + riv" (0, — iYrg' Bu)r  (2.1.8)

So far, we have assumed the fermions to be massless to preserve gauge invari-
ance. To give masses to the fermions, we could use the same principle we used
to give masses to weak gauge bosons. The fermions are coupled to the scalar
SU(2), doublet, ® in a gauge invariant way as follows

L;=(—=MEpPeg +hc) + (—2QPdp + h.c.)

_ 2.1.9
+ (—)\UECLbQL’a(I)bUR =+ hC) ( )

where in the last line, we have used the fact that anti-symmetric combination
of two fundamental SU(2) indices is a singlet®. Using the parametrization for
® in Eq. (2.1.2) and making a gauge transformation to unitarity gauge,

1

V2

The coupling of the Higgs boson to the fermions is proportional to the fermion

mass. This is particularly interesting for the case of top quark (m; ~ 174 GeV)

where the coupling is O(1) and leads to interesting Higgs phenomenology.
The GWS model is, therefore, successful in describing the weak interactions

L;= Aoff <1+%> + h.c. (2.1.10)

3Let x and 7 be two SU(2) doublets, then it can be proven that x”iron is an SU(2)
invariant where 7; denotes the Pauli matrices (using 71 75 + 727, = 0).
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Figure 2.1: Top loop Contribution to Higgs mass

in nature and how the gauge bosons and the fermions get their masses. The
Higgs mechanism in the SM has its shortcomings too; it doesn’t explain the
fermion mass hierarchy, neither does it predict the mass of the Higgs boson.
The most serious criticism, however, is that radiative corrections to the Higgs
mass have quadratic divergences which leads to the fine-tuning problem as will
be explained in the next section.

2.2 The Fine-Tuning Problem

Though the SM is in excellent accord with the experimental data, one of
the most compelling arguments against it is its instability against quantum
corrections due to large quadratically divergent loop corrections to the Higgs
mass. Let us compute the loop contribution of the top quark (see Feynman
diagram in Fig. 2.1) to the self-energy of the Higgs boson evaluated at p* = m3
using a momentum cutoff A,

oy =0 | %T () = (57) = -

A2 m?2 A2 +m?
N Az (T a2 (AT
el [0 (12 —amd)m (5 )+ |

(2.2.11)

—n2
pg—mh

where the additional terms are finite in the limit A — co. We know that the
SM is a renormalizable theory, so the divergence in the self-energy at one-loop
should be cancelled by the counter-term, dm3,

mj = mj, o+ Sy, + om;, (2.2.12)

Though this result is self-consistent, however, if the SM were to be regarded
as an effective low energy theory, then the counter-term must be adjusted to
a very high precision to cancel off the quadratically divergent piece leading



to the famous fine-tuning problem. In the absence of fine-tuning, the scale A
pushes the Higgs mass to large values unless there is new physics near the TeV
scale. An example of how this fine-tuning problem can be resolved is discussed
next.

Consider a model where the Higgs boson, in addition to the usual SM
interactions, couples to NV pair of complex scalars ¢; and ¢,

A
Lo = GH(01 +[02) = (|61 + pola]’)

(2.2.13)
—mi|1[* — m3| o)
EI
,’*\\ t EI
/ -
\ ' 0 4 s 0
\ / h 4 \
_______ ar U S —— i i ______‘ o> -—---
hU hU hU hD \\ //
-~
t e
1 2 3

Figure 2.2: One-loop self-energy diagrams for the MSSM Higgs boson

There are two Feynman diagrams (diagrams 1 and 3 in Fig. 2.2) that
contribute to the self-energy of the Higgs at one-loop. The contribution of
diagram 1 in Fig. 2.2 (evaluated at p* = m3 as before) is

2

—ixM (p?) = —iAN / &k LR
no\P p2=m? N (27T)4 k2 — m% k2 — m% p2=m3
A

m2 A2 4 m?2 m2 A2 4+ m2

= —N— {Az — 7111& (—m2 1) — 7211(1 <—m2 2) +
1 2

(2.2.14)
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The second diagram 3 in Fig. 2.2 gives a contribution

. / o | ([ )
k) ( k+p) ])1 v
b () ()

(2.2.15)

—is (p?)

=N

We notice that the quadratic divergence in Eq. (2.2.14) and Eq. (2.2.15) is can-
celled by that in Eq. (2.2.11) if A = A2 and N = N¢. Indeed, supersymmetry
is one of the theories in which there is a scalar associated with every fermion
such that the quadratic divergence contribution from the scalars and their
fermionic counterparts are equal and opposite thereby stabilizing the VEV.
There is a vast literature on supersymmetry, however, we will be interested in
the minimal supersymmetric extension of the SM called the Minimal Super-
symmetric Standard Model (MSSM). In the next section, the Higgs sector of
the MSSM will be explained in some detail. For an introduction to MSSM in-
cluding the superfield formalism (which will only be used in the next section),
see references [4].

2.3 The Higgs Sector in the MSSM

In the MSSM, one requires two SU(2),, Higgs doublets as compared to one
doublet for the SM. The reason is that the superpotential (which is a product
of two or three chiral superfields in a renormalizable model) can not contain
complex conjugates of fields for Lagrangian to be SUSY invariant. Then, only
way to obtain masses for both up and down type quarks is to introduce two
Higgs doublets instead of one.

Let the two doublets be denoted by H,, and H; with hypercharge? Y = 1/2

and Y = —1/2 respectively. The isospin component expansion is given below
+
H, = (g%) ;Y =1/2
0
Hy — ( Hq ) Y = —1/2 (2.3.16)
H,

4We follow the convention Q = T3 + Y

11



Our aim is to write down the mass term for the Higgs in the MSSM Lagrangian
and hence look for bilinear terms in Higgs fields. There are various contribu-
tions. Let us start with the 'F-term’ of the superpotential W (66 term in chiral
superpotential that is SUSY invariant) which is made up of SU(2),, invariant
product of Higgs superfields®.

W(,u term) — ,uHu - Hy

The dot here refers to SU(2),, invariant productconstructed from doublets H,
and Hy but not their complex conjugates. It can be written in terms of isospin

components as
W(,ute’rm) = U (H;—Hd_ - HSHg) (2317)

The Kahler term® contains a contribution from auxiliary fields, f; given by fTf
which then combines with the "F-term’ of the superpotential — f;0W (z;)/0z; +
h.c. (2; being the scalar components of the constituent chiral superfields of
W and W(z) being the scalar component of W) to give — |[0W/dz|* + ...
after substituting the equation of motion for the auxiliary fields f;. Their
contribution to the scalar potential can be summarized as follows,

2 2 2 2
Vi = |l (JHE [+ [ |+ [HOP + ) (2.3.18)
There is another term from the 'D-term’ of the vector multiplet. The potential

from such a term is )
. 9ga
V=35

G,a,i

t 2
a

(2.3.19)

where G represents the gauge group(s), 7% being the generators of that group.
In the Higgs sector, we are concerned with gauge groups SU(2);, and U(1)y
(before electroweak symmetry breaking). Inserting the explicit form of dou-
blets Eq. (2.3.16) into the potential Eq. (2.3.19), for the U(1)y part, noting

5Note that superpotential is product of chiral superfields but with abuse of notation,
we denote the chiral superfields of bosonic doublets H, and Hy by the same symbols H,
and Hy respectively. The fermionic doublets are denoted by H, and Hy respectively. Also,
throughout this discussion, we assume that no R-parity violating terms be present.

6 Also called "D-term’ is the 6606 term. 'D-term’ of any superfield is SUSY invariant or
strictly speaking transforms as a total derivative. On the other hand, 'F-term’ or 66 term
of only a chiral superfield transforms like a total derivative.

12



that H, has hypercharge Y = 1/2 while H; has Y = —1/2:

2
e — Y2 i, —
g/2 9 ) , 22
N ?“Hﬂ + |Ha|" — [Hy | —|H§\’ (2.3.20)

For the SU(2);, part with coupling g, the potential is given by

2 Ta Ta T T
v = (s i) (HiEHu—i- H;EHd) (2.3.21)

Again using (Eq. (2.3.16)), we evaluate all the matrices explicitly

HinH,+ HimH; = 2Re[H["H)+ HY H; ]
HinH, + HinH, = 2Im [H*H? + HY H; |

HimH, + HimHy, = |Hf|"—|H" + |HY" — |Hy|* (2.3.22)
Substituting Eq. (2.3.22) in Eq. (2.3.21) gives the SU(2) part of the scalar
potential

2 2
VPO = L (g - O (Y |Ha ) D+ H
_92 +12 02 02 2\ ¢ +% 770 3
- §<|Hu‘ ‘HHu‘ _‘Hd| _‘Hd} ) +§}Hu Hﬁﬁ%ﬁ )
Since, none of the supersymmetric partners of SM particles have been observed
experimentally, we require that SUSY be broken at some higher scale. There
are various methods to achieve this symmetry breaking such as mSUGRA?,
gauge mediated breaking or anomaly mediated breaking. However, we follow
an approach independent of the mechanism for symmetry breaking by adding
terms to the Lagrangian which break SUSY but respect SU(3) x SU(2), x U(1)y
gauge symmetry of the SM. Further, we demand that these terms do not in-
troduce quadratic divergences which leads to hierarchy problem. This method
is known as soft-SUSY breaking. In the Higgs sector, the possible soft-SUSY

"mSUGRA or minimal supergravity is the minimal version (minimum number of addi-
tional particles added) of a new symmetry obtained by making global SUSY a local theory
i.e. the parameters of the SUSY transformation become co-ordinate dependent.
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breaking terms are

Vs = mdy, ([HE* o [ )y, (|8 |+ [ HSJ)+ (o (1 = HOHS) 4+ hie}

(2.3.24)
where the parameters m3, | m%,d and b have arbitrary signs as yet. Combin-
ing Eq. (2.3.18), Eq. (2.3.20)), Eq. (2.3.23) and Eq. (2.3.24), the total scalar
potential can be written as

Vo= (i md,) ([P + 1) + (ol +m3) (1 + )

2
+{b(HF Hy — H'HY) +he} + % |H*HY) + H Hy |

92 + g/2

A

(1o P+ 2] = ) — |Hd—\2)2 (2.3.25)

As in the SM, the electroweak gauge symmetry must be broken to give mass
to the W and Z gauge bosons. A short discussion of this topic is presented
below.

2.3.1 The Higgs Mechanism in the MSSM

The basic principle behind the Higgs mechanism in the MSSM is the same
as that in SM, the only subtlety arises due to presence of two Higgs doublets.
In hindsight, we know that electromagnetism gauge group U(1) is not broken.
Thus, we start with the assumption that (H;) = 0 where (¢) denotes the vev
of ¢. Further, we require that H;" attain this vev at the minimum of V :

%)% _0
aHzf H{f:O_
= H; =0

g2
or b=~ HIH

We choose the first solution for the same reason that H, carries electromag-
netic charge and must have a vanishing vev®. Thus, we have (H) = (H; ) =
0. Let the vev of neutral scalars be defined as (H?) = v, and (HJ) = v, and

8Note that with the choice (H; ) =0, 9V/0H; ‘H, = 0 is already satisfied
d

=0
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requiring that these values be attained at the minimum of V, we have

)%
pmo| ., O
u | HO=uv,
2 9°+49”
= (ju" + m},) vy = bvg + Tl (v; —v2) (2.3.26)
and,
9]
LR
8}[d ngvd
) P+ g2
= (lul® 4+ mi,) va = bv, — TV (v —v2) (2.3.27)

The vevs vy and v, are not both independent parameters but are related by
the mass of W/Z gauge bosons. Consider the kinetic terms for the Higgs fields

Ly = (D,H,) (D"H,) + (D, Hy)" (D" Hy)

where the covariant derivative is defined as D, = 0, +igraW /2 +ig'y B, /2.
When the scalars acquire vevs, the W/Z gauge bosons get masses given by

2 12
m% = 2 Zg (02 +02) (2.3.28)

2 9_2 2 2
my, = 2 (Uu+vd)

Next, the Higgs mass eigenstates and eigenvalues will be evaluated leading to
interesting theoretical bounds on the Higgs mass.

2.3.2 Theoretical Bounds on the Higgs Mass

Unlike in the SM where the Higgs mass is a free parameter, the MSSM
makes definite predictions about the Higgs mass. But first, we must calculate
the Higgs mass eigenstates. Before EWSB, we had 8 degrees of freedom(d.o.f.)
from the two Higgs doublets. But after symmetry breaking, three of these are
used to make the gauge bosons massive. The remaining 5 d.o.f. are distributed
as follows : 2 d.o.f in the charged Higgs, 1 d.o.f for a CP-odd Higgs and 1 d.o.f
each for two CP-even Higgs. An explicit calculation of the Higgs eigenstates
is now presented.

Writing all complex scalars as sum of their real and imaginary parts (ex-
panded about vev) H = ((H)+¢+ip) and substituting in the scalar potential,

15



we find that the mass terms of the fields mix but they mix in pairs. For ex-
ample, the mass terms? for ¢, and ¢4 only mix among themselves :

Vouea = (> +mi) (0u) + (Jul” +mi;,) () + 2bpupa
9P+9”% 5 2 2
+—— (e —03) [(vu)” = (pa)’]

= ( u s@d)Miu,w(%)

Pd

where the off-diagonal mass squared matrix is given by

e = Ul i) = T =) b
usPu - 2 /2
o b (1l + ) + 2502 (03— 02)
B bcot 8 b
= < b btan 3 ) (2.3.29)
In the last step, we we have defined
tan § = Yu
Vg

the next step is to diagonalize the mass squared matrix Eq. (2.3.29). If X is
its eigenvalue, then it satisfies

(bcot B — A)(btan 8 — \) = b?
= AA—b(tan + cot §)] =0
= A=0

or A=b(tanp + cot f) = 2

sin 23

The zero eigenmode (— sin /3, cos 3) corresponds to the longitudinal component
of Z boson while the non-zero eigenmode (cos (3, sin ) corresponds to a Higgs
boson A? defined as

2b

0 _ ; o2
AY = /2 (@, cos B + @y, sin B) ;M0 = 20 (2.3.30)

Now, we repeat the same procedure for ¢, and ¢4 as their mass terms only

9mass terms are the quadratic terms in fields one gets on expanding about vev. The

linear terms cancel because we are expanding about the minima of the potential.
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mix among themselves :

Vouoa = (ul>+mi) (60)” + (Il +m3,) (6a)* — 2bdusda
2 12 2 /2

F T (02— B) [0 — 00)"] + T2 0u — vt

= (o o) M, (00)

where the mass squared matrix is [using 2.3.26 and 2.3.27 | :

2 .92 _h l 2 3
beot B+ m%sin® B —b— Im¥sin 23 ) (2.3.31)

2 _
M%u‘f’d o ( —b— %mQZ sin283  btan 3+ m%cos? 3

Let the two eigenvalues of M;u b be A1 and Ay . Then their sum and product
can be evaluated

Yy =AM+ = becotB+m3sin? B+ btan B + m% cos? 3

2 2
= Mo + My

1 2
I, =MX = (bcot,@ + m2% sin? ﬁ) (btanﬁ + m2 cos® ﬁ) — (b+ §m2Z sin 26)

-4 4
= 2bm?% (sm fi:gcﬂos ﬁ) — bm? sin 23

) )
2 2
i (1 T2 (9529)

= m3.m%cos® 2f3

where we have used the expression for m 4o in Eq. (2.3.30). The two eigenvalues

are then given by
(EA —1/23 - 4HA)

[(mio +my) — \/(mio + m2Z)2 — 4m?,m% cos? 25}2.3.32)

2
mho -

N — N~

17



1 /

_ 2 [(mgo ) + 4/ (m +m3)? — dmd,m? cos? 25]2-3-3@

2

where the lighter of the two Higgs is myo and its value is bounded from above.
We consider two cases. If m 0 < my,

1 4m?, cos? 23
i g (- )

= m?ocos’2f3
mi, < mycos’2f (2.3.34)

Now, consider the other possibility m 40 > my,

1 4m? cos? 23
2 2 2 Z
My = i[mqo—mqo(l—W—i—)}

mio < mycos2f (2.3.35)

Therefore, at tree level, the upper bound on the lightest Higgs mass
is mz '°. This is however not the complete picture since a Higgs boson as
light as 91 GeV is already excluded from collider searches. Including one-loop
radiative corrections, the Higgs mass is given by the following formula

3m? M?2 X2 X2
2 2 2 t S t t
mj, = My CoS 207 + 12,2 {ln (_mf) + _Mg (1 — 12M§)} (2.3.36)

where Mg is the characteristic supersymmetric mass scale usually taken to be
Mg = /M; Mz, and X, is the mixing in the stop sector. A brief discussion
about the renormalization in the Higgs sector and derivation of the one-loop
corrections to the Higgs mass is given in Appendix C. Including higher order
corrections and large log resummations can push the Higgs mass to as heavy as
~ 130 GeV. Let us complete the discussion by calculating all the eigenmodes
of the mass squared matrix ./\/lémqﬁd in corresponding to the eigenvalues m?,

10We have based this argument considering only the extreme limits of m 40 but the
argument still holds for a general case because the expression for myo as a function of my
has no maxima/minima.
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and m3,. Using Eq. (2.3.30), we rewrite the mass matrix as

M2 _ m?, cos®  + m, sin? 5 —%mio sin23 — %mQZ sin 23
Pusba —im%osin2f — m%sin28  m?,sin® B + m% cos® B
2 o +m? S |
(e ) 2 ()
- 2 2
in 2 miotm 2
2 (g mg) (R e ()

Let the eigenvector for m, and m3, be (cosca, —sina) and (sina, cosa)'.

Then,
9 cos o o cos
M “’¢d< —sina) B mho( —sina)
1, 5 9 1 COoS &

9 sin « B 9 sin «
M4 ( COS (v ) = Mue ( COS (v )
1 1 sin «v
— {5 (Mm% +my) + 5p} ( s ) (2.3.39)

where from Eq. (2.3.32) and Eq. (2.3.33), p is defined as

p = \/(mio + m22)2 — 4m?.m?, cos® 23

2 2
= mHO — mho

From Eq. (2.3.38), Eq. (2.3.39) and Eq. (2.3.37), we get

30+ =5 (mho = m3)]
(m%o + m%) sin2f3

1
2
[3 (o —mi) + 52 (mo —m3)]

tana = —

= — 2.3.40
1 (m%, + m%)sin2f ( )
Thus, the h° and H" fields can be written as
R = V2(¢ycosa — ¢gsina)
H° = V2(¢usina + ¢g4cosa) (2.3.41)

HThe eigenvectors are orthogonal
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Rearranging the above equations :

1
Oy = — (ho cosa+ H° Sina)
V2
1
¢s = —= (—h"sina+ H’cosa) (2.3.42)
V2
In the limit m 0 > myz, Eq. (2.3.40) reduces to
RN (L =
im?,sin2f
= —cotf
=a— B g (2.3.43)

The limit of heavy CP-odd Higgs, m 40 > my goes by the name of decoupling
limat. This limit not only spans a significant parameter space of the MSSM
but also has a physical interpretation that the CP-even Higgs, h® behaves like
the SM Higgs boson as we will show next.

2.3.3 Higgs Couplings in the MSSM

In the previous section, the Higgs mass eigenstates were calculated. It is
evident that there is considerable mixing between the different components of
the two Higgs doublets. As a consequence, the couplings of the Higgs bosons
to the SM particles is modified as shown in Table 2.2.

h° H° A
hiu —1GMq, COS Q¢ —1gMy, Sin o —1gm., cot Bys
2myy sin B 2myy sin B 2myy
h;ld —igmg sin « —igmg COS & —igmy, tan Bys
2myy cos 8 2myy cos 8 2myy
MWW= | digmy sin(8 — a)g"” | igmy cos(B8 — a)g”
" my . v | s my . (v
hZZ i cont- sin(f — a)g 19 cont- cos(f8 — a)g

Table 2.2: MSSM Higgs couplings

An interesting limit in the MSSM is the decoupling limit (m4 > my).
Using Eq. (2.3.43), it is easy to see that the couplings of lightest CP-even
Higgs boson, h® are identical to that of SM in the decoupling limit at the
tree level. This is the reason why h° is sometimes referred to as SM-like
Higgs boson in the literature. It should also be noted that in this limit, the
CP-odd Higgs, A° and the heavy CP-even Higgs, H® in the decoupling limit
have an enhanced coupling to down type quarks at large tan 8. Therefore,in

20



these scenarios, production in association with bottom quark is an important
channel for production at hadron colliders.

2.4 Higgs Production and Decays

In this section, we discuss the production modes at lepton and hadron
colliders as well as the decay modes of the lightest neutral CP-even Higgs boson
in the MSSM. The current limits from the collider searches is also presented.

2.4.1 Higgs Decays

As discussed in Section 2.3.3, the mixing between the various components
of the Higgs doublets leads to modified couplings to the SM fermions and gauge
bosons. Therefore, the branching ratio of the Higgs to SM particles is not fixed
but instead depends on the various SUSY parameters. This is unlike the SM
Higgs case where the branching ratio (BR) to SM particles is determined once
the Higgs boson mass is fixed. In the special case of decoupling limit where
all SUSY particles are heavy, the CP-even Higgs boson is 'SM-like’ and one
recovers the SM-Higgs BRs (shown in Fig. 2.3). Note that a light Higgs boson
prefers to decay to bottom quarks and the taus and hence these decay channels
are important for the MSSM Higgs boson.
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Figure 2.3: Branching ratios of SM Higgs boson decays
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In the non-decoupling limit, the CP-even Higgs BRs are significantly mod-
ified depending on the various SUSY parameters. At the tree level, the cou-
plings are determined by two parameters : m4 and tan 8. However, radiative
corrections in Higgs physics can be very important. For example, the Higgs
boson has no tree level coupling to gluon pair or photon pair. For example,
the effective coupling between photons and the Higgs boson comes from the
fermion and W boson loops in the SM while in the MSSM, there are additional
loop contributions from sfermions and charginos. A more detailed discussion
of the BR calculation in the MSSM is provided in Appendix ***.

2.4.2 Lepton Colliders

The three dominant Higgs production modes at e™e™ colliders are as follows

e WW fusion process (et e~ — W W* — v + k%) : This process is one
of the dominant Higgs production modes at the lepton colliders.

e Higgs-strahlung (et e~ — Z* — Z + h°) : Higgs production in associa-
tion with Z boson is an important production mode if it is kinematically
allowed. Indeed, at LEP center of mass energy, this process contributes
to the exclusion limits for light Higgs mass. Note that if Z decays to
neutrinos, this process interferes with the WW fusion process.

e Higgs pair production (et e= — Z* — A% + k%) : For small my, this
process is kinematically allowed. The Z — h" — A° coupling has a factor
of cos(ff — «) as compared to the Higgs-strahlung where the coupling
Z — Z — hY is proportional to sin(8 — a). Thus, the two processes are
complimentary as far as the collider searches are concerned.

LEP Limits

LEP was an electron-positron collider which by the end of 1990’s was oper-
ating at a center of mass energy /s = 209 GeV. One of the main motivations
for building LEP was to search for Higgs bosons. In Fig. 2.4, the exclu-
sion limits are shown [5] in the tan  — myo and the tan 8 — m4o0 parameter
space for two scenarios : 'my-max scenario’ and the 'no-mixing scenario’. For
both the scenarios, the following parameters are chosen : Mg = 1000 GeV,
My = —p = 200 GeV and M3 = 800 GeV. For the 'mj-max scenario’; the stop
mixing parameter is chosen to be X; = 2Mg to maximize the Higgs mass. For
the 'mo-mixing scenario’, as the name suggests, X; = 0 i.e. no mixing in the
stop sector.
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Figure 2.4: The MSSM Higgs exclusion from the LEP in the tan 8 — myo
and the tan § — m 40 parameter space for two benchmark scenarios : "mj-max
scenario” and the 'no-mixing scenario’. See the text for details

2.4.3 Hadron Colliders

There are four dominant Higgs production modes at hadron colliders :

e Gluon-Gluon Fusion (g g — h°) : The dominant process for Higgs pro-
duction at hadron colliders is the gluon fusion. Even though the leading
order diagrams proceeds through a top quark loop, the loop suppres-
sion is more than compensated by the large gluon parton distribution
functions at the hadron colliders.

e Associated production with W/Z (¢ ¢ — h® +W/Z) : Higgs production
in association with vector boson can be a useful channel for Higgs boson
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Figure 2.5: The MSSM Higgs exclusion from the Tevatron in the tan 5 — m 40
parameter space for two benchmark scenarios. See the text for details.

discovery when decays to bottom quarks. Tagging a W/Z along with
the two b-jets improves the signal to background ratio.

e Vector boson fusion (¢ ¢ — V V* — h® + 2j) : It is characterized by
Higgs production in association with two back to back jets.

e Associated production with heavy quarks (g g — h® + ¢(b)t(f)) : This
process can be particularly important in the MSSM since the Higgs cou-
pling to the bottom quarks receives large radiative corrections for large
tan f3.

Tevatron and LHC Limits

The Tevatron, which was a proton anti-proton collider operating until 2011
at a center of mass energy, /s = 1.96 TeV, searched for MSSM neutral Higgs
bosons using production in association with b quark where the Higgs boson
then decays to a b-quark pair or a 7 pair [53]. The exclusion limits from
the Tevatron using ~ 7fb~! data for the two benchmark scenarios, 'mj-max
scenario’ and the 'no-mixing scenario’ discussed before, are shown in Fig. 2.5.

The LHC, a proton-proton collider machine which is currently running
at a center of mass energy, /s = 8 TeV, collected ~ 5fb™" data in 2011 at
Vs = 7TeV. The 95 % exclusion limits from the ATLAS and CMS in the

‘mp-max scenario’ are shown in Fig. 2.6.
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Chapter 3

Higgs Production in Association
with Bottom Quarks :
Radiative Corrections

As mentioned in the previous chapter, the production mechanisms for the
Higgs bosons in the MSSM can be significantly different from in the SM. For
large values of tan 3, the heavier Higgs bosons, A and H, are predominantly
produced in association with b quarks. Even for tan 8 ~ 5, the production
rate in association with b quarks is similar to that from gluon fusion for A and
H production[24]. For the lighter Higgs boson, h, for tan f 2 7 the dominant
production mechanism at the LHC is production with b quarks for light M4
(< 200 GeV), where the bbh coupling is enhanced. Both the Tevatron[53] and
the LHC experiments[54] have presented limits Higgs production in association
with b quarks, searching for the decays h — 77~ and bb'. These limits
obtained in the context of the MSSM are sensitive to the b-squark and gluino
loop corrections which will be discussed here. Given the importance of MSSM
Higgs production in association with the bottom quarks (bg — bh), it becomes
imperative to understand the radiative corrections in detail. In this chapter,
the supersymmetric QCD (SQCD) corrections to the process are discussed
and compared to the A, approximation[30, 31] which is often used by the
experimentalists.

!Theexpected sensitivities of ATLAS and CMS to b Higgs associated production are
described in Refs. [11, 12].

26



3.1 Flavor Number Schemes

There are two alternate ways to calculating cross-sections involving b quarks
: the Four-partons Flavor Number Scheme (4-FNS) and the Five-partons Fla-
vor Number Scheme (5-FNS). As the name suggests, in the 5-FNS, the bottom
quark is treated as a parton unlike the 4-FNS. The 4-FNS has the advantage
that large log terms such as log(m?/u?) are resummed into the bottom quark
PDFs, however, to all orders the two schemes are equivalent. The rates for
bh associated production at the LHC and the Tevatron have been extensively
studied[13-23] and the NLO QCD correction are well understood, both in the
4-FNS and 5-FNS[14, 16, 20]. In the 4-FNS, the lowest order processes for
producing a Higgs boson and a b quark are gg — bbh and qg — bbh[13, 17, 22].
In the 5-FNS, the lowest order process is bg — bh (bg — bh). The two
schemes represent different orderings of perturbation theory and calculations
in the two schemes produce rates which are in qualitative agreement[16, 24].
In this chapter, we use the 5-FNS for simplicity. The resummation of threshold
logarithms[25], electroweak corrections|26, 27] and SUSY QCD corrections|28]
have also been computed for bh production in the 5-FNS.

Notation

Most of the notation used in this chapter has already been defined in Chap-
ter 2. Note that the tree level relations defined in Eq. (2.3.32) receive large
radiative corrections which must be taken into account in numerical studies.
While the dominant one-loop correction was listed in Eq. (2.3.32), we use
the program FeynHiggs[39-41] to generate the Higgs masses and an effective
mixing angle, s, which incorporates higher order effects and resummation.
Since, the SUSY QCD radiative corrections would involve bottom masses, the
relevant notation is briefly discussed next.

The scalar partners of the left- and right- handed b quarks, by, and bg, are
not mass eigenstates, but mix according to,

Lar = — (b, b)) M2 < br ) | (3.1.1)

The b squark mass matrix is,

~ 2
M2 = ( my Xy ) , (3.1.2)
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and we define,

Xb = Ab — ;Ltanﬂ

mi = Mé +m? + M2 cos 2B(I5 — Qysin Oyy)

my = M7 +mj+ Mz cos2BQysin® Oy . (3.1.3)
Mg p are the soft SUSY breaking masses, I = —1/2, and Q, = —1/3. The
parameter A, is the trilinear scalar coupling of the soft supersymmetry break-

ing Lagrangian and p is the Higgsino mass parameter. The b squark mass
eigenstates are by and b, and define the b-squark mixing angle, 6,

l~)1 = coS 9~bl~)L + sin ébBR

bg = —sin ébi)L + cos ébBR .
(3.1.4)
At tree level,
o 2my(Ap — ptan B)
sin 260, = 2 2 (3.1.5)
by b
and the sbottom mass eigenstates are,
1
]\/[521752 = §{mi+mR¢ \/(m% —m%)? 4+ 4miXE| . (3.1.6)

3.2 A, Approximation: The Effective Lagrangian
Approach

Loop corrections which are enhanced by powers of a, tan 8 can be included
in an effective Lagrangian approach. At tree level, there is no ¢, bgr H, coupling
in the MSSM, but such a coupling arises at one loop and gives an effective
interaction[30-32],

Ay

Letr = =N, | Hy+ ——H, |bg + h.c. . 2.
eff b¢L< d+tan6 u) r+ h.c (3.2.7)

Eq. 3.2.7 shifts the b quark mass from its tree level value,

)\(ﬂ)l
- 21+ A, 3.2.8
my \/ﬁ ( b) ( )

28



and also implies that the Yukawa couplings of the Higgs bosons to the b quark
are shifted from the tree level predictions. This shift of the Yukawa couplings
can be included with an effective Lagrangian approach|[31, 32],

mp 1 sin «v Ay -
L. = — — 1—— |bbh. (3.2.9
1 USM(l—l—Ab)( cosﬁ)( tanﬁtana) ( )

The Lagrangian of Eq. 3.2.9 has been shown to sum all terms of O(«a, tan 3)"
for large tan 3[30, 31].2 This effective Lagrangian has been used to compute
the SQCD corrections to both the inclusive production process, bb — h, and
the decay process, h — bb, and yields results which are within a few percent
of the exact one-loop SQCD calculations[32, 42].

The expression for Ay is found in the limit m,, << M;,, Mz << Mj , Mj_, Mj.
The 1-loop contribution to Ay from sbottom/gluino loops is[30, 31, 43]

Ab — QQS (N’S)

B Myjutan BI(M;, My, M;) (3.2.10)

where the function I(a,b, c) is,

1
(a® — 0) (b — )(a? — 2)

272 a? 2 2 b? 2 2 c?
a’b” log % + b°c" log = + c“a” log = (3.2.11)

and ag(pug) should be evaluated at a typical squark or gluino mass. The
2—loop QCD corrections to A, have been computed and demonstrate that the
appropriate scale at which to evaluate A, is indeed of the order of the heavy
squark and gluino masses[37, 38]. The renormalization scale dependence of
Ay is minimal around pg/3, where po = (Mg +mg, +my,)/3. In our language
this is a high scale, of order the heavy SUSY particle masses. The squarks
and gluinos are integrated out of the theory at this high scale and their effects
contained in A,. The effective Lagrangian is then used to calculate light Higgs
production at a low scale, which is typically the electroweak scale, ~ 100 GeV'.

Using the effective Lagrangian of Eq. 3.2.7, which we term the Improved
Born Approximation (or A, approximation), the cross section is written in
terms of the effective coupling,

1 A
Ay b
= l—-— 3.2.12
Jovh gbbh(l + Ab> ( tanﬁtana) ’ ( )

2Tt is also possible to sum the contributions which are proportional to Ay, but these
terms are less important numerically[32].

I(a,b,c) =
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where

Gosh = — <Sma) To(fr) (3.2.13)

cosfB ) vsum

We evaluate mp(pg) using the 2—loop MS value at a scale pur of O(Mp),
and use the value of a.ss determined from FeynHiggs. The Improved Born
Approximation consists of rescaling the tree level cross section, oy, by the

coupling of Eq. 3.2.123, o
b
TrpA = (gbbh) . (3.2.14)
Gvbh

The Improved Born Approximation has been shown to accurately reproduce
the full SQCD calculation of pp — tbH*[44, 45].

The one-loop result including the SQCD corrections for bg — bh can be
written as,

osQep = UIBA<1 + ASQCD) : (3.2.15)

where Aggep is found from the exact SQCD calculation summarized in Ap-
pendix D.1.
The Improved Born Approximation involves making the replacement in the

tree level Lagrangian,
Mp

14+ A,

Consistency requires that this substitution also be made in the squark mass
matrix of Eq. 3.1.2[46, 47]

my — (3.2.16)

~ 9 my
my, <—1+A5)Xb

M — : (3.2.17)
(1:1&))(1’ mi

The effects of the substitution of Eq. 3.2.16 in the b-squark mass matrix
are numerically important, although they generate contributions which are
formally higher order in a,. Eqgs. 3.2.10 and 3.2.17 can be solved iteratively
for M; , M;, and A, using the proceedure of Ref. [46]".

3This is the approximation used in Ref. [24] to include the SQCD corrections.
4We use FeynHiggs only for calculating M}, and sin .
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Figure 3.1: Feynman diagrams for g(q1) + b(g2) — b(py) + h(pn)-

3.3 SQCD Contributions to gb — bh

The contributions from squark and gluino loops to the gb — bh process have
been computed in Ref. [28] in the m;, = 0 limit. We extend that calculation by
including terms which are enhanced by my tan 5 and provide analytic results
in several useful limits.

The tree level diagrams for g(q1) + b(q2) — b(ps) + h(pr) are shown in Fig.
3.1. We define the following dimensionless spinor products

u (py) (gl + 512> Yu (g2)

My = .

 —  (py) V" (ziﬁbt— 511> u(gz)

MY -  (py) v"u (g2)

M — pgﬂ(png;: (42)

My = () ”)nil:(qz), (3.3.18)

where s = (q1 + q2)%,t = (pp — q1)? and u = (p, — ¢2)*. In the my = 0 limit,
the tree level amplitude depends only on M¥ and M/}, and M} is generated
at one-loop. When the effects of the b mass are included, MY, ML, and M}
are also generated.
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The tree level amplitude is
Aslo = —=gsgoon (T)op €ulqn) {ME + M{'} (3.3.19)
and the one loop contribution can be written as

a g\ a
of = T 4<17TR) gsgoen (T )06,3 ZXJ'M]HEM(Ql) . (3.3.20)
J

In the calculations to follow, only the non-zero X coefficients are listed and
we neglect terms of O(m?/s) if they are not enhanced by tan /3.

The renormalization of the squark and gluino contributions is performed in
the on-shell scheme and has been described in Refs. [28, 37, 48]. The bottom
quark self-energy is

5 () — p(zz?(p%—zf(p%)+mbz£<p2>. (3:3.21)

The b quark fields are renormalized as b — \/Z})b and Z) = /1 +0Z). The

contribution from the counter-terms to the self-energy is,

S (p) = Dy (p) +0%(p)
0%y (p) = p(62) —0Zys) — mydZ) — omy. (3.3.22)

Neglecting the 75 contribution, the renormalized self-energy is then given by

om
S 0) = (- m) (500 +02)) + e (S50 + 5 67) - O
(3.3.23)
The on-shell renormalization condition implies
5 ()=, = 0 (3.3.24)
. ZI‘CI’I (p)
l ) = 0. 3.2
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The mass and wavefunction counter-terms are®

om
P )+ 5 )]
O‘/S(MR) 2 i M ‘
= ; [(—1) ﬁSQ,;Bo —Bl] (o, Mg,M,i) (3.3.26)
0
5Zl§/ = - Zl‘;/ <p2) ‘pzzmg - nga_pZ (ZX(pZ) + Es(p2)) |p2:m§
«

s(tr) i
- 2L Zl By + 2m2B, — (—1)12my,M;s,; B, (0;M§,Mi>

: (3.3.27)

2

where we consistently neglect the b quark mass if it is not enhanced by tan .
The Passarino-Veltman functions B <0;M§2,Ml~i ) and B, (O; M;,Mi_ ) are
defined in Appendix D.1. Using the tree level relationship of Eq. 3.1.5, the
mass counterterm can be written as,

oy 20 i) S5 o (0 ar?

(3.3.28)

The external gluon is renormalized as g;; — v/Zsg; = /1 + 0Z3g; and the
strong coupling renormalization is g, — Z,g, with 02, = —§Z3/2. We renor-
malize g, using the M S scheme with the heavy squark and gluino contributions
subtracted at zero momentum[49],

as(ur) [1y, (dmpg )\ Ampg\ ] 1
57y = — MR s 2 “T(1+e). 3.3.29
e {6 q’(Mgi P2 ae ) | Lt (3329

In order to avoid overcounting the effects which are contained in glﬁ,’;L to
O(ay), we need the additional counterterm,

Sor = Dy (1 + (3.3.30)

1
tanﬁtana) '

5¢ - — «in9g
897, = sin 20;,.
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The total contribution of the counterterms is,

om om
OcT = OIBA (25ZX+6Z3+25Zg+2#+25CT) = 201BA ((SZIY—F b—F(SCT) .
b

mp
(3.3.31)
The tan 3 enhanced contributions from A, cancel between Eqs. 3.3.28 and
3.3.30. The expressions for the contributions to the X;, as defined in Eq.
3.3.20, are given in Appendix D.1 for arbitrary squark and gluino masses, and
separately for each 1— loop diagram.

3.4 Results for Maximal and Minimal Mixing
in the b-Squark Sector

3.4.1 Maximal Mixing in the b Squark Sector

The squark and gluino contributions to bg — bh can be examined analyti-
cally in several scenarios. In the first scenario,

~ ~ my
| M7 —m5 |<< A | X | . (3.4.32)
We expand in powers of WE;—;%' In this case the sbottom masses are nearly
b<Ab
degenerate,
M2 — 1 M2 M2
s = g | M,
2my | Xy | (m2 —m%)2(1 + Ay)?
M —M | = (/) (1 ——— << M3
| My, =M, | ( i, JUT SmIX? :
(3.4.33)
This scenario is termed maximal mixing since
~ 52 221 4+ AL)2
sin 20, ~ 1 — (1, = ig) (1 + B)” (3.4.34)

8mi X}

We expand the contributions of the exact one-loop SQCD calculation given
MEw
Mg

in Appendix B in powers of 1/Mg, keeping terms to O and assuming

Mg ~ Mg ~ o~ Ab ~ My ~ Mp >> Mw,Mz,Mh ~ Mgw. In the expan-
sions, we assume the large tan 8 limit and take m; tan 8 ~ O(Mgw). This
expansion has been studied in detail for the decay h — bb, with particular
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emphasis on the decoupling properties of the results as Mg and Mz — oo[33].
The SQCD contributions to the decay, h — bb, extracted from our results are

in agreement with those of Refs. [33, 47]

The final result for maximal mixing, summing all contributions, is,

A, = —gSTAgb,,hM;{1 + & iMR)Xz}
) g
— _g.T gbthM{lJr( gbbh) i (M )
9wk ) max
Qg
Ay = —g. T gy M“{l-i- MR }
1)
= —g.T behM“{l (gbbh) }
gvoh /) maz
A = —gT gbth“{l-i- }

ozs(,uR)
= g T g MY [ 22 ) 6k e

The contribution which is a rescaling of the bbh vertex is,

(59bbh) _ <59bbh> W) X (59bbh) @
gvoh /) max gvbh /) max govh ) max ’

where the leading order term in Mgy /Mg is O(1),

fl(R) )

(59bbh) W _ (i) Mz( Xy —Yy)
9ot ) maa 3m M3

5 ’max
47 ]\42 }

(3.4.35)

(3.4.36)

(3.4.37)

with Y, = A, + pcota and R = M /Mg. Eq. 3.4.37 only decouples for large

My if the additional limit M, — oo is also taken[28, 33]. In this limit,

2uM M2
Xy, —Y,— %ZtanBCOSQB%—O( EW).

4
A MA
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The subleading terms of O(Mzy,/M2) are,®

Sapon \ as(pr) [ MY, [ M2 | X2m?

OGbbh _ _ R)+——b"% (R
(%M 3 M§1m@ﬁ()+2@+AWMy“)
mi XY,

21+ Ay)2 M

max

f5 ' (R)

M% CaSa+p 2MgXb
L I§{3f1(R)+( - —1)]3(3)} }(3.4.39)

The functions f;(R) are defined in Appendix D.2.
The 17, 77z terms in Eq. 3.4.35 are not a rescaling of the lowest order

vertex and cannot be obtained from the effective Lagrangian. We find,
_ 1 1 —1 YE? / 1,
OKmaz = 1 f3(R) + 9f3 (R)} RQMS [fQ(R) + 9f2(R)} : (3.4.40)

The 0Kmae term is O(1) in Mpy /Mg and has its largest values for small R
and large ratios of Y,/Mg, as can be seen in Fig. 3.2. Large effects can be
obtained for Y, /Mg ~ 10 and My << Mg. However, the parameters must be
carefully tuned so that A,/Mg < 1 in order not to break color[50].

The amplitude squared, summing over final state spins and colors and aver-
aging over initial state spins and colors, including one-loop SQCD corrections

1S
— 2 2mas(r) o [(U2 + Mé) [ <59bbh) ]
A = - surR) _ 142

g (NR) %51%
o Mg max

+
(3.4.41)

Note that in the cross section, the dk,,., term is not enhanced by a power of
Mz

s and gives a contribution of O =5
S

Expanding A, in the maximal mixing limit,

_O‘S(MS) Mg My

®We use the shorthand, cg = cos 8, sa+5 = sin(a + ), etc.
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Figure 3.2: Contribution of k.., defined in Eq. 3.4.40 as a function of

By comparison with Eq. 3.2.12,

—2 27TC¥5(,MR) u2 + M4 5gbbh &
A = 57 <g§z>2{(—8t H) [z
Oés(:“/R)MI% MEW * 3
—50 mazr @) 5 . 3.4.43
t— M2 K + Mg | 0O ( )

Note that the mis-match in the arguments of a, in Eqs. 3.4.42 and 3.4.43
is higher order in a, than the terms considered here. The (dgu/ gbbh)%
and 0K, terms both correspond to contributions which are not present in
the effective Lagrangian approach. These terms are, however, suppressed by
powers of M2,,/M2 and the non-decoupling effects discussed in Refs. [33] and
32] are completely contained in the g;,! term.

3.4.2 Minimal Mixing in the b Squark Sector

The minimal mixing scenario is characterized by a mass splitting between
the b squarks which is of order the b squark mass, | Mii — ]\/[522 |~ MZ. In this
case,
my ‘ Xb |

~ 92 ~
m; —my |>> —— |
| L R‘ (1+Ab)

(3.4.44)
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and the mixing angle in the b squark sector is close to zero,

- 2m2X2 1\’
cos20, ~ 1 — o2 - E\TT ) (3.4.45)
by ba

The non-zero subamplitudes are

0 s
As = —gsTAgbthéu{l + ( gbbh) + Miélimm}
9vbh /) in 4w M2
o
At = _gsTAgbthtH{l—i—( gbbh) }
Gobh min
Ay = —g T g M| (—M) OKmin - (3.4.46)
2w M2

Expanding the exact one-loop results of Appendix B in the minimal mixing
scenario,

Y, R2R2 8
Eﬁ (3h1<R1, RQ, 1) + §h1<R1> R27 2>> ) (3447)

where R; = M /Ml;i and the functions f;(R;) and h;(R;, Ry, n) are defined in
Appendix D.2. The 0k, function is shown in Fig. 3.3. For large values of
Y,/Mj it can be significantly larger than 1.

As in the previous section, the spin and color averaged amplitude-squared
is,

_ 2a5(pug)m (M} + u?) dGbh
AP = T2 N ATh T T 49
‘ ‘ min 3 (gbbh> st + Tbbh i
s (1r) M}%
* 2 " M;
: (3.4.48)
with,
5 S 1) 5 (2
( gbbh) _ ( gbbh) +< gbbh) , (3.4.49)
gvvh /) pin Gvoh / pmin gobh ) min
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Figure 3.3: Contribution of dk,,;, defined in Eq. 3.4.47 as a function of R; =

The leading order term in Mgy /Mg is O(1),

(gbbh> _ as(pr) (X ) RiR3 hi(Ry, Rs,0). (3.4.50)

Gobh 3T M; R} —R3

man
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The subleading terms are O (MEXV ),

S

Sgun P as f  8MgY, |ha(Ri, Ro) M}
govh /) min 4 3AM1~)212 AM;R
2X2

+ me b {28 (fl&f)) +h1 (ﬁ}\;jjmo)}
EAEIIG Y
4csSatp 1y o 3f1(R) — f2(R) 2M Xy [ f1(R)
ZZBCatB by _

37, 32 s 3M? AM? A M?
4 csSatp 3f1(R) — f2(R)

+§T ([g — QQbS%V) M% [A ( 3Ml~)2
2M5 X, f1(R) hi (R, R, 0)

- 2 S 2 + 2
AME12 M; AME12
8 mpXyY, 3f1(R) — f2(R)

+3 AM{?H(l mn Ab)Z'A ( 3Ml~)2 : (3.4.51)

The symmetric and anti-symmetric functions are defined,
1
SURMG) = 5| £ M) + S8 )|
1
ARG = g7 = fRg)| @4

and AMEQ12 = Mi — Ml322' The remaining functions are defined in Appendix
D.2.

By expanding A, in the minimal mixing limit, we find the analogous result
to that of the maximal mixing case,

4 2 (2)
AR = -5 e { P o (2 )

govh /) min

, M? Mpw1*
—i—;—ﬂémmmﬁg}%—(')([ ]\m a3) (3.4.53)
g

The contributions which are not contained in o;ps are again found to be

2
suppressed by O ( {MML;"’} )
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Maximum Mixing Scenario, LHC 7
tan B=40, p=200 GeV, M,=M_=1 TeV

0.4 I T T T I
L — Exact SQCD
o — — Large Mg expansion k
0.3 .
€ 02
<
=
L
=
2
o
& 0.1
0
0.1 | | I | I | I
600 800 1000 1200 1400

Figure 3.4: Percentage difference between the Improved Born Approximation
and the exact one-loop SQCD calculation of pp — bh for maximal mixing in
the b-squark sector at /s =7 TeV, tan § = 40, and My =1 TeV.

3.5 Numerical Results

We present results for pp — b(b)h at /s = 7 TeV with pr, > 20 GeV
and | 7, |< 2.0. We use FeynHiggs to generate M), and sina.s; and then
iteratively solve for the b squark masses and A, from Eqs. 3.2.10 and 3.2.17.
We evaluate the 2-loop M .S b mass at juz = Mj, /2, which we also take to be the
renormalization and factorization scales”. Finally, Figs 3.4, 3.5, 3.6, and 3.7
use the CTEQ6m NLO parton distribution functions[51]. Figs. 3.4, 3.5 and 3.6
show the percentage deviation of the complete one-loop SQCD calculation from
the Improved Born Approximation of Eq. 3.2.14 for tan § = 40 and tan § = 20
and representative values of the MSSM parameters®. In both extremes of b
squark mixing, the Improved Born Approximation approximation is within a
few percent of the complete one-loop SQCD calculation and so is a reliable
prediction for the rate. This is true for both large and small M. In addition,
the large Mg expansion accurately reproduces the full SQCD one-loop result
to within a few percent. These results are expected from the expansions of

TAy is evaluated using as(Mg).
8Figs. 3.4, 3.5 and 3.6 do not include the pure QCD NLO corrections[22].
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Maximal Mixing, LHC7
M
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Figure 3.5: Percentage difference between the Improved Born Approximation
and the exact one-loop SQCD calculation of pp — bh for maximal mixing in
the b-squark sector at /s =7 TeV, tan 8 = 20, and M4 = 250 GeV'.

Egs. 3.4.43 and 3.4.53, since the terms which differ between the Improved
Born Approximation and the one-loop calculation are suppressed in the large
M S limit.

Fig. 3.7 compares the total SQCD rate for maximal and minimal mixing,
which bracket the allowed mixing possibilities. For large Mg, the effect of the
mixing is quite small, while for Mg ~ 800 GeV, the mixing effects are at most
a few fb. The accuracy of the Improved Born Approximation as a function
of mp is shown in Fig. 3.8 for fixed M4, i, and my. As mpg is increased, the
effects become very tiny. Even for light gluino masses, the Improved Born
Approximation reproduces the exact SQCD result to within a few percent.

In Fig. 3.9, we show the scale dependence for the total rate, including
NLO QCD and SQCD corrections (dotted lines) for a representative set of
MSSM parameters at /s = 7 TeV. The NLO scale dependence is quite
small when pg = pup ~ M. However, there is a roughly ~ 5% difference
between the predictions found using the CTEQ6m PDFs and the MSTW2008
NLO PDFs[52]. In Fig. 3.10, we show the scale dependence for small up (as
preferred by [21]), and see that it is significantly larger than in Fig. 3.9. This
is consistent with the results of [24, 34].
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Minimal Mixing, LHC7
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Figure 3.6: Percentage difference between the Improved Born Approximation

and the exact one-loop SQCD calculation for pp — bh for minimal mixing in
the b squark sector at /s =7 TeV.

43



7 TeV LHC, bg—bh
tan B=40, u=M A=1TeV, MS:2Mgluim:mL
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Figure 3.7: Comparison between the exact one-loop SQCD calculation for
pp — bh for minimal and maximal mixing in the b squark sector at 3/5 =T7TeV
and tan 8 = 40. The minimal mixing curve has mgr = V2Myg and 6, ~ 0, while

s

the maximal mixing curve has mr = Mg and 6, ~ 7.
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7 TeV LHC, bg—bh
tan B=40, p=1000 GeV, M, =500 GeV, m, =700 GeV
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Figure 3.8: Percentage difference between the Improved Born Approximation

and the exact one-loop SQCD calculation for pp — bh as a function of mg at
Vs =7 TeV and tan 8 = 40.
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Figure 3.10: Total cross section for pp — b(b)h production including NLO
QCD and SQCD corrections as a function of the factorization scale using
MSTW2008 NLO PDFs. We take M; = 1 TeV and the remaining MSSM
parameters as in Fig. 3.4.
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Chapter 4

Four Generations, Higgs
Physics and the MSSM

The SM offers no clue as to why only three generations of chiral fermions
are observed. It is thus natural to consider the consequences of a fourth family
of heavy fermions[55, 56]. The allowed parameter space for a fourth genera-
tion is severely restricted by experimental searches, by precision electroweak
measurements, and by theoretical constraints from the requirements implied
by the perturbative unitarity of heavy fermion scattering amplitudes and the
perturbativity of the Yukawa coupling constants at high energy.

A model with a fourth generation contains charge 2/3 and —1/3 quarks,
t" and b, and a charged lepton, ¢/, with its associated neutrino, /. Tevatron
searches for direct production of a &' [57] imply my > 338 GeV/, assuming
b — Wt, and my > 335 GeV, assuming t' — Wyq, with ¢ = d,s,b[58].
Relaxing the mixing assumptions changes the limits somewhat, but the ¢’ limits
vary by less than 20%, while the ¢’ limits increase in some mixing scenarios
to my > O(400 GeV')[59]. In all cases, a fourth generation quark is excluded
up to a mass of O(300 GeV'). We consider 4th generation neutrinos heavier
than M /2, so there is no constraint from the invisible Z width. From direct
production searches for ¢’ and v/ at LEPII, there is a limit of O(100 GeV') on
the masses of 4th generation charged leptons and unstable neutrinos. Current
bounds on 4th generation Standard Model like fermions are reviewed in Ref.
[60-63]. We will typically consider 4" generation lepton masses greater than
~ 200 GeV and quark masses greater than ~ 300 —400 GeV', which are safely
above direct detection bounds. Furthermore, we will neglect CKM mixing
between the 4 generation and the lighter 3 generations[64].

Precision electroweak measurements place strong constraints on the the
allowed fermion masses of a 4" generation, but it is possible to arrange the
masses such that cancellations occur between the contributions of the heavy

48



leptons and quarks. By carefully tuning the fourth generation fermion masses,
the Higgs boson can be as heavy as M, ~ 600 GeV[60, 65-67]. In a four
generation model, therefore, Higgs physics can be significantly altered from
that of the Standard Model: Higgs production from gluon fusion is enhanced
by a factor of roughly 9[68], and the Higgs branching ratio to 2 gluons is
similarly enhanced[60]. The DO experiment has recently excluded a SM-like
Higgs mass between 131 GeV and 204 GeV produced from gluon fusion in a
four generation scenario[69].

It is interesting to consider scenarios with heavy fermions and a neutral
Higgs boson heavier than expected from Standard Model electroweak fits. A
model of this type is the MSSM with a fourth generation of chiral fermions
(4GMSSM). This model has a number of interesting features. Since the mass-
squared of the lightest Higgs boson in the MSSM receives corrections propor-
tional to the (mass)* of the heavy fermions, it is potentially possible to signifi-
cantly increase the lightest Higgs boson mass in the four generation version of
the MSSM|70]. In general, a 4" generation of heavy quarks can contribute to
electroweak baryogenesis[71, 72| and Ref. [73] argues that the 4GMSSM with
tan 8 ~ 1 can yield a first order electroweak phase transition for 4" generation
quark and squark masses just beyond the current Tevatron search bounds.

We discuss the features of the model in Section 4.1, and derive unitarity
constraints on the fermion masses in Section 4.2. In the 4GMSSM, these
constraints can be quite different from those of the four generation version of
the Standard Model[74]. Section 4.3 contains limits on the four generation
MSSM from precision electroweak measurements.

4.1 The Model

We consider an N = 1 supersymmetric model which is an exact replica
of the 3 generation MSSM except that it contains a 4th generation of chiral
superfields described by the superpotential|[75-79]

Wy = Mothy (8 Hy + Aptba (W) Hy 4+ Aol (€ Hy + Mo ly()°Hy,  (4.1.1)

where 1/34 is the 4" generation SU(2), quark and squark doublet superfield, s
is the 4" generation SU(2) ., lepton and slepton doublet superfield, and H; are
the SU(2); Higgs superfields. Similarly, #, V,é and D' are the 4" generation
superfields corresponding to the right-handed fermions. We assume no mixing
between W, and the superpotential of the 3 generation MSSM!. The new

ILimits on the 4 generation Standard Model suggest that the mixing between the 3¢
and 4" generation is restricted to be small, 634 < .1[60, 64] .
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particles in the 4GMSSM are the 4" generation quarks and leptons (including
a right-handed heavy neutrino), along with their associated scalar partners.
We assume that the 4 generation neutrino receives a Dirac mass, although
our conclusions are relatively insensitive to these assumptions.

The Higgs sector is identical to the 3 generation MSSM and consists of 2
neutral scalars, h and H, a pseudo-scalar, A, and a charged scalar, H*. The
Higgs Yukawa couplings of ¢/, t/,¢’ and v/ are,

my \/§ My \/§

Ay = Ay =

! vsin b v cos [
V2 sV 2

A o= 2 V2 A,,,:m_\/—, (4.1.2)
vcos 3 vsin

where tan/3 is the usual ratio of Higgs vacuum expection values[80]. Because
of the large masses of the 4" generation fermions which are required in order
to satisfy restrictions from the experimental searches, the Yukawa couplings
quickly become non-perturbative. Requiring perturbativity at the weak scale,
a strong bound comes from the restriction A\?, < 47 which implies[81],

2
tanﬁ<\/27r( ! ) —1~18, (4.1.3)
Ty

for my ~ 300 GeV. The evolution of the Yukawa couplings above the weak
scale has been studied in Refs. [75, 76, 78] with the conclusion that it is
not possible for the 4GMSSM to be perturbative above scales on the order of
10 — 1000 TeV. The 4GMSSM thus leads to a picture with an intermediate
scale of physics such as that present in gauge mediated SUSY models.

In the 4GMSSM, the lightest Higgs boson mass has an upper bound which
receives large corrections proportional to the 4" generation fermion masses.
The masses of the neutral Higgs bosons can therefore be significantly heavier
than in the case of the 3 generation MSSM and are shown in Fig. 4.1 for
tan 3 = 1 and representative 4" generation masses[70]. The dominant contri-
butions to the neutral Higgs masses in the 4GMSSM are given in Appendix
A[82-85].

4.2 Tree Level Unitarity

Chiral fermions have an upper bound on their masses from the requirement
of perturbative unitarity of fermion anti-fermion scattering at high energy,
originally derived in Ref. [74]. In the MSSM, the unitarity bounds on heavy
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Figure 4.1: Predictions for the neutral Higgs boson masses in the four genera-

tion MSSM. The squarks and sleptons are assumed to have degenerate masses

of 1 TeV. The mass of the lighter Higgs boson, M}, is insensitive to the value

of M. (Not all masses shown here are allowed by the restrictions of perturba-

tive unitarity and electroweak precision measurements, as discussed in Sects.
4.2 and 4.3.)

7, i | 7,
Figure 4.2: Feynman diagrams contributing to f;f; — f]-?j in the high energy
limit. ¢, is a scalar, pseudo-scalar, or Goldstone boson.

fermions can be quite different from those of the Standard Model, due to the
effects of the additional scalars present in the MSSM, and also to the different
fermion Yukawa couplings in the MSSM relative to those of the Standard
Model.

Consider an SU(2), doublet of heavy left-handed fermions, along with
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their corresponding right-handed fermion partners,

o = ( ? )  fins fors (4.2.4)
2 /L

with masses m; and mgy. At high energy, /s >> m;, the scattering amplitudes
can be most conveniently written in terms of helicity amplitudes. The positive
and negative helicity spinors are uy(p) = Pr ru(p) and vy = P gv(p), where
Ppr = %(1 F 75). The fermions interact with the scalars of the MSSM and
the Goldstone bosons of electroweak symmetry breaking via the interactions,

L=F (a%“PL + aggPR> fidh + {71 (a“aPL + aR"‘PR) f208 + h.c. } , (4.2.5)

where ¢° and ¢ are generic neutral and charged scalars.

The scattering of 71-)‘ = zj fj’\' can be found using the Goldstone Boson
equivalence theorem to obtain the high energy limits (where A are the helicity
indices). The Feynman diagrams are shown in Fig. 4.2. In the s— channel, the
contribution from neutral scalar or pseudo-scalar exchange, ¢, to the generic
amplitude for f;f, — fj?j in the high energy limit is,

M, = @y (ps)(ap P + af; Pr)vy(pa) Ty (p2)(af Pr + aig Pr)ua(pr) . (4.2.6)

The high energy limits of the helicity amplitudes from the s—channel contri-
butions are thus,

M(++ — ++) +alaly's

M(++ — ——) = —afa)’s

My(—— = ++) = —a'alys

M(—— = —=) = +di¥al’s), (4.2.7)

where s = (p1 + p2)?, t = (p1 — p3)?, and we have assumed s >> m?, M2, M3,
and MZ.

Similarly, the high energy limit of the amplitude resulting from the ex-
change of a scalar or pseudo-scalar in the t— channel is,

M, = (ps)(af* Pr + ai§* Pr)u(p1) T5(p2) (0" Pr + ajy" Pr)vss(pa) , (4.2.8)
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M= NN | M, | Mg | My | Mo

o | =% | =% | —cot? ] 1

++ - —— +§7€ +27§ —cot?B | —1

—— = ++ Jé +£ —cot?B | —1

—_ - —Z—%‘ —Z—% —cot?f | —1
B B

Table 4.1: Contributions from s— channel exchange of h, H, A, and G° to
helicity scattering amplitudes for f,f; — fyfi in the high energy limit of
the 4GMSSM. The contributions given in the table must be multiplied by

which yields the helicity amplitudes,

Mi(++ = —=) = —(a}")*
My(—— = +4) = —(a*)
My(+— — —+) = +a3%*t
My(—+ = +—) = +a?%a}"t. (4.2.9)

(We have assumed that all couplings are real).

From the results in Eqs. 4.2.7 and 4.2.9, it is straightforward to read off
the contributions to the partial wave amplitudes for a specific model. The
MSSM couplings of the fermions to the scalars can be found in Ref. [80], for
example. First consider the scattering of f, fi — f,f1 in the 4GMSSM. In the
s— channel, h, H, A, and G contribute and their contributions are listed in
Table 4.1, while the t— channel contributions are shown in Table 4.22. It is
apparent that there are many cancellations between the various contributions
that are not present in the Standard Model. The amplitudes for f,fy — f,fo

T

are found by making the replacments m; — msy, 8 = 0+ 5, a = a — 7.
Flavor changing fermion anti-fermion scattering, f,fi — fof2, also yields
interesting limits on heavy fermion masses in the 4GMSSM. The s—channel
contributions to the high energy limits of the helicity scattering amplitudes
are shown in Table 4.2, and the t— channel contributions from H* and G*
exchange in Table 4.4.
Bounds on the fermion masses come from the coupled channel J = 0 partial

2We have defined sg = sin 3, cg = cos 3, 8o = sina and ¢, = cosa. The mixing in the
neutral Higgs sector is described by the angle o which is defined in Appendix A and in Ref.
[80].
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M= NN | M, | My | My | Meo
= | % [ 4% | o2 | -1
—— = ++ +£ 4§§ —cot? B | -1
+— = —+ —Z—g —Z—g —cot?fB | —1
—+ = +— —é —% —cot?fB | —1

Table 4.2: Contributions from ¢— channel exchange of h, H, A, and G° to
helicity scattering amplitudes for f,f; — fyfi in the high energy limit of
the 4GMSSM. The contributions given in the table must be multiplied by

M =N | M, My | My | Mgo
[ e | s | -1 ]+

in 2 in 2
Z;n%a Z;n%a 1 1
sin 2c sin 2av
sin 2a sin 2a

Table 4.3: Contributions from s— channel exchange of h, H, A and G° to
helicity scattering amplitudes for f,fi — f,f2 in the high energy limit. An
overall factor of v2G pmyms is omitted.

wave amplitudes for f}f{\ — fjf\'f;/ [74, 86],
1 0
= M 4.2.10
=1z | 1M1 (12.10)

where | M | is the sum of the s— and ¢— channel helicity amplitudes given in
the tables. Perturbative unitarity requires that the eigenvectors of the scatter-
ing matrix satisfy | ag |< 1[87]. In the scattering basis, f;' f1, f5 Fa s i f1s fo fa
the high energy limit of the J = 0 coupled partial wave scattering matrix is,

(4.2.11)

Q

B!
o o o\,
o o &Y, o

co&i o o
K, o o o

Enforcing the unitarity condition, | ag |< 1, on the eigenvalues of Eq. 4.2.11
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)\X — )\/X/ Mg+ Mg+
T+ = == | +tnumg | —myme
—— = 4+ | tmima | —myme
+— = —+ | —m3 —m3
— = +— | —m] —m?

Table 4.4: Contributions from ¢— channel exchange of H™ and G to helicity

scattering amplitudes for f,f, — f,fo in the high energy limit. An overall
factor of 2¢/2Gf is omitted.

gives the restrictions,

9 , 421
mj < 3 Gr
44/2

m? < chLFW. (4.2.12)

A further interesting limit is found from the coupled channel scattering of the
helicity amplitudes f;7fy , £ [y, £ f2 . f3 Ja » with

0 ™ o =
o | ™ 0 om0
s 2
lag|= —n—| % . T . (4.2.13)
4W2r | 0 2 0 %2
2 CB 2 CB
mog ™o
8 5
Requiring the largest eigenvalue of Eq. 4.2.13 to be < 1,
Gr [m* mé
Amaz = —1 | + — < 1. (4.2.14)
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The bounds of Eqs 4.2.12 and 4.2.14 are relevant for a heavy lepton doublet in
the 4GMSSM and the allowed regions are shown in Fig. 4.3. These bounds can
be compared with the Standard Model bounds, m7,,,, < 42{? = (1.2 TeV)2
For tanf8 = 1, the bound is reduced from the Standard Model value to
Miepton < 750 GeV. For tan f = 10, the value of my (m,,) allowed by unitarity
is m,» < 100 GeV, which is excluded by experimental searches.

The bounds on a heavy quark doublet in the 4GMSSM can be found by con-
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Lepton masses allowed by unitarity
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Figure 4.3: Unitarity restriction on on a 4" generation lepton doublet in
the 4GMSSM. The allowed region with the vertical (diagonal) cross- hatches
corresponds to tan 8 = 10(1).

sidering the color neutral scattering amplitudes®. In the basis, f;" TY, 1y 7; N A
the coupled channel scattering matrix for the J = 0 partial wave amplitude is
a 12 x12 matrix of the form,

B B B
la|~| B B B |, (4.2.15)
B B B

where the 3 x 3 color neutral matrix B is given in Eq. 4.2.11. Restricting the
eigenvectors to be less than 1 gives the restrictions on 4" generation quark
masses shown in Fig. 4.4,

, 421

2
mj S5 3G
42
m2 < cg%:. (4.2.16)

It is apparent that the experimental bounds of my > 335 GeV and my >

3The logic is identical to Ref. [74].
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Quark Masses allowed by unitarity
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Figure 4.4: Unitarity restriction on a 4* generation quark doublet in the
4GMSSM. The allowed region with the vertical (diagonal) cross- hatches cor-
responds to tan 8 = 10(1).

338 GeV are close to violating perturbative unitarity in the 4GMSSM with
tan § = 1. For larger tan 5, the parameters are even more restricted.

4.3 Limits from Precision Electroweak Mea-
surements

The limits on the 4GMSSM from precision electroweak measurements can
be studied assuming that the dominant contributions are to the gauge boson
2-point functions[88, 89], T145 (p?) = Ilxy (p?)g"” + Bxy (p?)pp”, with XY =
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vy, vZ, ZZ and WHW

453, ¢, 5 2
asS = MZ z2(Mz) — Hzz(0) — 1L, (M7)

- (11,00 - 11,200 |

CwSw

(HWW M,(0) 25w HWZ(O))
As?

HWW(MWAfQ HWWCEQ _Mf z72(M3) —172(0)
al i )

alU =

MZ, M2
1L, ;(M2) — IL (0 I, (M2
—stcW( 2 ZX@ 2 )) —s%v%f}, (4.3.17)

where sy = sinfy and ¢y = cosfyy and any definition of sy, can be used
in Eq. 4.3.17 since the scheme dependence is higher order. The contributions
to S,T, and U from fourth generation fermions, squarks, and the scalars of
the MSSM are given in Appendix B[88-95, 97, 98, 157]. Our definition of U
differs from that of Ref. [94] and so should not be compared with those results.
The potential contributions from other MSSM particles such as charginos and
neutralinos decouple for heavy masses[95] and we omit them here.

Considerable insight can be gained from various limits of S, T and U.
We begin by considering the contributions from a heavy fermion generation
as defined in Eq. 4.2.4[88, 94, 98]. The potentially large isospin violating
contributions to AT} imply that fermions in an SU(2);, doublet must have
nearly degenerate masses. For a fermion doublet with m? = m3 4 ém7 and
omG << mi,, My, Mz, and m3 , >> Mg,, M7,

N dm?2
A el 9y, —L
5 = e (GE))

N, (0m3)?
ATy — 55 5
487syy, My,  mj
N. (5m?¢)2
AU, — 4.3.18
! 30mr m5 ( )

where N, = 3(1) and Y} = §(—3) for a quark or lepton doublet. Both AUy and
AT} are isospin violating, but AU, is suppressed by a factor of M2/m3 rela-
tive to ATy and is numerically small. AS} does not decouple for large fermion
masses and so poses a potential problem for consistency with the experimental
limits from precision electroweak measurements[66, 67]. By carefully arrang-
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ing the 4" generation quark and lepton masses, however, it is possible find
values of the fermion masses where the contribution to ASy is reduced from
its value for degenerate fermion partners of %, while still respecting the lim-
its on AT¢[60]. This possibility is due to the strong correlation between the
experimental limits on AS and AT[60, 65].

The 4" generation squarks and sleptons are denoted by,

glL 7;}4 L~ ~
% T\ s tRr,OR, €R, VR (4.3.19)
L L

Consider the limit of no mixing between the left- and right- handed sfermion
partners, and also no mixing between the sfermion generations. (The mixing
between left- and right- handed sfermions is included in the formulae in Ap-
pendix B). In this limit, the the contribution from sfermions with small mixing
between the isospin partners, mf,L — fng,L << fnf,L , fng,L , 1s 190, 93],

2 2

1 My, — ﬁlz%/L My, — fniL 1
Asz — —m 3}/4 Th—2 —|—Yl m—z/ + O Eﬁ4320)

/
by, €r

(Note that only the scalar partners of the left-handed sfermions contribute in
this limit). For intermediate values of the sfermion masses, it is possible to
arrange cancellations between the slepton and squark contributions. In the
same limit, the contributions from squarks and sleptons to the AT,[90, 95,
97, 157], and AU,f[90] parameters are[90, 95, 97, 157],

1 (my —mg ) (m, —m) 1
AT,y — 3—= L L L ol — ).
! 48 sy M, { mgi ! mg; %— (7”714>
1 [ (mg —mp)?  (m2, —m )? 1
AU, — — 3L L L L o —).4321
! 307{ rhﬁ,L ' mg,L ] i (m4) ( )

The sfermion contributions decouple for heavy masses and for sfermions with
TeV scale masses, the effects on precision electroweak constraints are small.
In our numerical results, we use the complete amplitudes given in Appendix
B. The major effect of heavy sfermions in the 4GMSSM is to increase the
predictions for the neutral Higgs masses, as shown in Fig. 4.1.

We study the restriction on the 4GMSSM using the fits to AS, AT, and
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AU given by the GFITTER collaboration[67].

AS=S5—Sey = 002+0.11
AT =T —Tsy = 0.05+0.12
AU =U—Usy = +0.07+0.12 (4.3.22)

with the Standard Model values defined by M ,.; = 120 GeV and M, =
173.2 GeV'. The associated correlation matrix is,

1.0 0879  —0.469
pij = [ 0.879 1.0 —0.716
—-0.469 —-0.716 1.0

Ax? is defined as

where AX; = AS, AT, and AU are the central values of the fit in Eq. 4.3.22,
AX,; = AS,AT, and AU include the 4" generation fermions, sfermions, and
MSSM scalars, o; are the errors given in Eq. 4.3.22 and afj = 0;p;j0;. The
95% confidence level limit corresponds to Ax? = 7.815.

In Fig. 4.5 we show the 95% confidence level allowed region for my =
400 GeV, M4 = 300 GeV and m. = 300 GeV and including 4 generations of
sfermions with degenerate masses, my, = 1 T'eV. The difference between the
masses of the quark and lepton isospin —i—% and —% doublet partners is scanned
over (while imposing the requirement of perturbative unitarity as discussed in
the previous section) to find the allowed regions. We note that the point with
all 4" generation masses degenerate is not allowed. As pointed out in Refs.
[60, 65, 99] for the Standard Model case, the fermion masses must be carefully
tuned to find agreement with precision electroweak measurements. As tan (3 is
increased, the allowed region shrinks and for the parameters of Figs. 4.5 and
4.6 there is no allowed region with tan 8 > 2.5. The Higgs boson masses vary
within these plots according to the following one-loop formula:

1
my, = 5{M§+M§+éb+éti{(Mi+M§)2—4c§BM§M§

1/2
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Constraints from oblique parameters and unitarity
m, = 400 GeV, m, = 300 GeV, m = 1TeV, m, = 300 GeV
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Figure 4.5: 95 % confidence level allowed regions from fits to S, T, and U

in the 4GMSSM. The requirement of perturbative unitarity is also imposed.
From top to bottom, the curves correspond to tan § = 2.5, 2, and 1.

where,

€& = z:b’,e’—2_2 n
2\/§7T Cs

Gt ()
Yo/ 22 S%
A = 0, (4.3.25)

ét:E

Fig. 4.6 demonstrates the effects of increasing the charged lepton mass. The
effect of increasing the ¢’ mass is shown in Fig. 4.7 and we see that the allowed
parameter space is significantly shrunk from Figs. 4.5 and 4.6. In Fig. 4.8,
we show the allowed range of Higgs masses corresponding to the scan of Fig.
4.5 and imposing the experimental constraints on 4" generation masses. It is
apparent that the 4GMSSM requires highly tuned fermion masses in order to
be viable.

The effect of increasing m, (and hence M},) is shown in Fig. 4.9 and
we see only a very small region of allowed parameters. In Fig. 4.10, we
show the effects of lowering the sfermion masses to 500 GeV and see that the

61



Constraints from oblique parameters and unitarity
m, = 400 GeV, m, = 400 GeV, m = 1TeV, m, = 300 GeV
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Figure 4.6: 95 % confidence level allowed regions from fits to S, T, and U
in the 4GMSSM. The requirement of perturbative unitarity is also imposed.
From top to bottom, the curves correspond to tanf = 2 and 1. The only
difference from Fig. 4.5 is that m., = 400 GeV here.

allowed region shrinks considerably. This is due not to the effects of sfermion
contributions to the electroweak limits, but rather to the change in Higgs mass
corresponding to the heavier squark masses.
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Constraints from oblique parameters and unitarity
m,, =500 GeV, m, =300 GeV, m = 1 TeV, m, =300 GeV
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Figure 4.7: 95 % confidence level allowed regions from fits to S, T, and U
in the 4GMSSM. The requirement of perturbative unitarity is also imposed.
From top to bottom, the curves correspond to tan = 2 and 1. The only
difference from Fig. 4.5 is that my; = 500 GeV here.
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Higgs Masses Allowed by Unitarity and S,T,U
M, =300 GeV, M, =1 TeV, tanB = 1, m =200 GeV, m,, = 150 GeV, m,, > 300 GeV, m, > 300 GeV
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Figure 4.8: Neutral Higgs boson masses allowed by precision electroweak mea-
surements and by unitarity in the 4GMSSM. The mass difference between o/
and t' is scanned over. The experimental constraints on the 4" generation
masses are also imposed.
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Constraints from oblique parameters and unitarity
m,, =400 GeV, m_, =300 GeV, m = 1TeV, m, =1TeV
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Figure 4.9: 95 % confidence level allowed regions from fits to S, T, and U
in the 4GMSSM. The requirement of perturbative unitarity is also imposed.
From top to bottom, the curves correspond to tan = 2 and 1. The only
difference from Fig. 4.5 is that m4 = 1 T'eV here.
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Constraints from oblique parameters and unitarity
m, = 400 GeV, m, = 300 GeV, m = 500 GeV, m L= 300 GeV

200 I I I
150 —
100 —

50—

m,.-m, [GeV]

-50 —

-100 —

-150

=] ]

- . . | .
-300 -200 -100 0
m.-m, [GeV]

Figure 4.10: 95 % confidence level allowed regions from fits to S, T, and U in
the 4GMSSM. The requirement of perturbative unitarity is also imposed. The
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only difference from Fig. 4.5 is that msq = 500 GeV here.
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Chapter 5

Electroweak Baryogenesis in the
MSSM

Baryogenesis is one of the fundamental questions left unanswered by the
SM of particle physics. There are many approaches to generating the baryon
asymmetry of the universe (BAU), some examples of which are electroweak
baryogenesis (EWBG) [102], leptogenesis [103] and Affleck-Dine baryogenesis
[104]. EWBG is an intriguing possibility because it relies only upon weak scale
physics and gives rise to possible direct experimental tests, but it cannot take
place within the SM [105, 106] given the current lower bounds on the Higgs
mass [107]. EWBG could be realized within the Minimally Supersymmetric
Standard Model (MSSM) [108], see [106] for reviews, but it requires a partic-
ular corner of the MSSM parameter space known as the light stop scenario
(LSS) [109-120]. As the name suggests there are in principle directly testable
predictions of new light particles that can be discovered at the LHC. However,
as with many searches at the LHC, depending on the exact spectra, particles
with copious production cross subsections can be missed if a particular sig-
nature is not investigated. The benefit of the LSS is that direct production
of stops are not the only test of the scenario. In the MSSM the stop sector
is crucial for a viable Higgs sector due to the needed radiative corrections to
the Higgs mass. The stops also contribute to various effective Higgs couplings,
most significantly to two gluons. This intertwining of the two sectors means
that there are additional tests of EWBG in the MSSM, based purely on the
properties of the Higgs.

Recently, both the ATLAS [121-123] and CMS [124-126] experiments at
the Large Hadron Collider (LHC) reported intriguing 2 — 3 o excesses in the
diphoton and ZZ* — 4/ channels that could be interpreted as early signs
of a =~ 125GeV Standard-Model-like Higgs. More data is needed to claim
discovery, but it is not too early to start thinking about what the implications
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of such a result might be [127-132]. In particular, there are only two ways
that such a heavy Higgs could be realized within the MSSM: large mixing in
the stop sector with relatively light stop masses, or minimal mixing with at
least one of the stops being extremely heavy.

This potential Higgs mass measurement immediately creates tension with
EWBG. A detailed recent analysis of the LSS [118] showed that a Higgs mass
of ~ 125 GeV requires the left-handed (LH) stop to be heavier than about
1000 TeV, since the stop mixing cannot be large. The right-handed (RH) stop,
on the other hand, gets pushed to a mass of ~ 100 GeV. This spectrum is very
peculiar, especially when trying to imagine a corresponding SUSY breaking
scheme [133]. Nevertheless, it remains as the only realization of EWBG in the
MSSM.

Before the recent Higgs mass measurement, EWBG was reconcilable with
a fairly wide variety of Higgs phenomenologies [134]. Now that the stop spec-
trum has been so strongly constrained by the Higgs mass measurement it may
be possible to rule out EWBG purely by determining the properties of the
Higgs boson. This is particularly attractive, since one could imagine many
ways to hide a light stop from direct searches (e.g. decay through a displaced
vertex). Using Higgs data represents a model-independent approach to ex-
cluding EWBG in the MSSM.

In this chapter, it will be shown that the correlations between different
Higgs decay channels and production modes, in particular those which occur
via loops compared to those that occur at tree level, make predictions that are
already in tension with the data. By combining the available constraints from
LHC Higgs searches, we show that EWBG in the MSSM is already excluded
at the (90) 95% confidence level (CL) in the (non-)decoupling limit. We also
examine the exclusion without the assumption of a =~ 125 GeV higgs. The higgs
searches are still highly constraining, excluding the entire EWBG parameter
space at the 90% CL except for a small window of mj;, ~ 117 — 119 GeV due
to a small excess seen in the ATLAS ~+ search.

This chapter is organized as follows. In Section 5.1, a very brief review of
electroweak baryogenesis is given, which explains the need for the LSS in the
MSSM. We then discuss the current status of the LSS in subsection Section
5.2 and the particular parameter space within the LSS dictated by a Higgs of
mass ~ 125 GeV. In Section 5.3, the fingerprint of EWBG in the MSSM, the
correlations amongst the different production and decay channels of the Higgs,
that are the signature of the LSS, is investigated. In Section 5.4, we discuss
the available experimental data from LHC Higgs searches and combine them
to exclude the EWBG parameter space at the 90% CL.
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5.1 Electroweal Baryogenesis and the Light Stop
Scenario

As is well known, to generate a BAU the three Sakharov conditions [135]
must be satisfied: B-violation, C'P-violation (otherwise any B-producing pro-
cess is cancelled out by its C'P-counterpart) and departure from thermal equi-
librium (to prevent washout of the accumulated B-excess). Electroweak Baryo-
genesis [102] (see also [106] for reviews) is a mechanism for producing the BAU
that relies entirely on weak scale physics to satisfy the Sakharov conditions.
The triangle anomaly in the electroweak sector of the Standard Model leads to
non-perturbative sphaleron processes at high temperatures that violate baryon
number, complex phases in the Higgs-fermion couplings provide the necessary
C P-violation, and departure from thermal equilibrium is instigated by the
electroweak phase transition. FEven though the Standard Model has all the
qualitative ingredients for electroweak baryogenesis, the size of the generated
baryon asymmetry falls far short of the required value [105, 106]. The phase
transition is first order but only weakly so, and there is not enough C'P vio-
lation. This means that electroweak baryogenesis can only work in a theory
with additional complex phases, as well as weak-scale particles that interact
strongly with the Higgs sector to give the necessary additional contributions
to its thermal potential. These conditions can be satisfied in the MSSM [108]:
contributions from stops to the thermal potential of the Higgs can generate a
stronger first order phase transition, and there are many new sources of CP
violation available.

The task of computing the generated BAU can be approximately factorized,
into sectors that are responsible for the first order phase transition, and those
directly responsible for creating the baryon asymmetry during that phase tran-
sition. Therefore we can examine the constraints or evidence for these sectors
independently.

Provided that a strong enough first order phase transition occurs, compu-
tation of the BAU involves a complicated tunneling, quantum transport and
hydrodynamics calculation. C'P-violating interactions between the plasma and
the space-time varying Higgs VEV generate chiral currents across the bubble
wall, which sphelarons in the unbroken phase convert to baryon asymmetry.
This excess then partially survives in the broken phase, where sphelarons are
suppressed, as the bubble expands. There is a vast literature on this calcula-
tion [113-115, 1367 —141]. The uncertainties are still order one, and tend to
err on the optimistic side [143]. That being said, the generation of a sufficient
BAU seems at least possible within the MSSM for some suitably chosen gaug-
ino/higgsino parameters (M, My, pi,tan 8, m4), if there is a strong enough
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first order phase transition.'

The only severe constraint from this step of the calculation comes from
EDMs [145] that can arise as a result of the required CP-violating phases.
The required phases are ¢; = Arg(uM,b*) and ¢y = Arg(uMsb*), where b is
the Higgs sector soft mass. One-loop EDM contributions can be suppressed
by making the first and second generation sfermions heavier than ~ 10 TeV,
but two-loop contributions involving the chargino and Higgs fields are sizable
unless my 2 1TeV (see e.g. [116, 118, 140]). This generic bound can be
loosened if ¢9 is strongly suppressed relative to ¢1, since the phase of the bino-
mass by itself does not generate strong two-loop EDM contributions. In this
bino-driven scenario [140] m4 can take on smaller values.

Calculating the strength of the first order phase transition is somewhat
more straightforward, and ultimately more constraining, than the baryon den-
sity calculation. A sufficiently strong phase transition requires v./T, 2 1
(see e.g. [106]), where T, =~ 100 GeV is the critical temperature at which the
electroweak symmetry breaking vacuum ¢ = v, is degenerate with the sym-
metric minimum ¢ = 0. In the one-loop thermal Higgs potential one finds that
ve/T,. ~ (cubic coefficient)/(quartic coefficient). The cubic term comes solely
from the thermal contribution and has the form 6V ~ T'm;(¢)?, where m;(¢)
is the field dependent thermal mass of the additional scalars in the MSSM. To
maximize the strength of the phase transition clearly requires maximizing the
new contributions to the cubic term. Given the form of the contribution from
the scalars of the MSSM, the largest potential contribution will come from the
stop sector. The Higgs dependent masses of the stops are given by

12 g +9g”°

m? = md, +hiR + (5 — g sin® ew) — (%~ %)
2 g +g”

m; = mp, +hig + (5 sin’ 9W) T(d)i )

m%{ = h(Ardy — p1a)

where ¢, 4 = Re HJ) ;. Working along the direction of the zero-temperature
Higgs-VEV in the Higgs potential®, (¢, ¢q) = (¢sin B, ¢cos3), their mass

1Tt was recently suggested [144] that modifying the thermal history of the universe
could enlarge the parameter space for EWBG within the MSSM. However, given the known
mechanisms for generating baryons during the phase transition, this is not a viable proposal.

2This is valid at the critical temperature if m 4 is large, and sufficient for our purposes
of demonstrating the effect of stops on Vess(¢y, ¢a).
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eigenvalues are

w2 (5) = ") (m (¢>‘mfR<¢>> + 3O - (5.11)

In the cubic term of the thermal one-loop thermal Higgs potential one has to
replace the soft masses mg,, i, by mg, p, + I, 4y, where Il , TI;, ~ ¢*T* are
the thermal masses of the LH and RH stops. (This is necessary to control IR
divergences in the one-loop thermal potential and restore the validity of the
perturbative expansion at the critical temperature [146, 147]). To maximize
the cubic Higgs term, one of the stop mass eigenvalues should therefore be
close to ~ h?@?. This requires small stop mixing, as well as a fairly precise
cancellation between the light stop’s thermal mass, Il ~ ¢*T?, and the nec-
essarily negative stop soft mass-squared [109]. This yields one stop that is
lighter than the top. To increase the Higgs mass beyond the LEP limit [107]
and avoid large corrections to the p-parameter [148] the LH stop should then
be heavier than a TeV or so.

Two-loop corrections [111, 112, 117, 119, 149] are quite large because g,
enters for the first time at this order. Both two-loop and non-perturbative cor-
rections [110, 150] enhance the phase transition, enlarging the viable parameter
space. This gives provides a more complete picture of the viable regions of
MSSM parameter space for electroweak baryogenesis, but the intuition from
examining one-loop effects still provides a helpful guide.

Putting all these ingredients together leads to the Light Stop Scenario
(LSS)[109-120], the only corner of MSSM parameter space where electroweak
baryogenesis might be possible. The constraints on the stop sector parameters
are the following:

e Achieving a strong phase transition and avoiding color-breaking requires
a mostly right-handed light stop with m; < m; and A, < mg/2. [109,
117, 118].

e The mostly left-handed stop should be heavier than ~ TeV to satisfy the
LEP Higgs mass bound (for a SM-like Higgs) and avoid large corrections
to the p-parameter.

e The gluino should be heavier than ~ 500 GeV to decouple it from the
plasma, otherwise its large contribution to the stop thermal masses would
make it even more difficult to achieve the needed cancellation mg, ~

~11,,,.
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In addition, there are some constraints on the electroweak gaugino and higgsino
parameters to allow for sufficient generation of BAU:

e M or My ~ pn ~ O(100 GeV) with sufficiently large C' P-violating phases
in the -ino sector, as well as tan 5 < 15 [118].

e my = 1TeV, unless all the C'P-violation is pushed into the bino soft
mass [140].

5.2 LSS and a heavy Higgs

It is well known to experts that the possible detection of a &~ 125 GeV Higgs
at the LHC spells trouble for electroweak baryogenesis in the MSSM. Such a
large Higgs mass can only be achieved if stop mixing is large (incompatible
with a strong phase transition) or if the left-handed stop is extraordinarily
heavy. To quantify the exact consequences of such a heavy Higgs, we draw
upon the results of [118].

The authors of [118] studied the electroweak baryogenesis window of the
MSSM in great detail. They constructed a low-energy effective theory [117] in
which all scalar superpartners with the exception of the RH stop are pushed
to some high common scale.! This effective description, tailored to the Light
Stop Scenario, included the most important one- and two-loop effects. They
constructed the resulting thermal Higgs potential and scanned over the stop-
and Higgs-sector parameter space. Requiring a sufficiently strong first-order
phase transition and avoiding color-breaking yields regions of the stop-Higgs
mass plane where electroweak baryogenesis could proceed within the MSSM.

As expected, a Higgs mass in the range of 123 GeV < my;, < 128 GeV is
extremely difficult to accommodate. The stop sector has to take on a very
particular form:

mg, = 80 — 115 GeV y myg

L

> 10°TeV , tanfB=~5-15 (5.2.1)

with stop mixing being completely negligible for such large m¢. The size of
the allowed mj;, range is somewhat overestimated, since it was obtained by
interpreting the results of the analysis in a very conservative fashion. There-
fore, if this stop spectrum can be excluded, then electroweak baryogenesis in
the MSSM is excluded (assuming of course that the Higgs mass falls into the
above mentioned range).

!The scalars other than the LH stop have been made heavy to satisfy EDM constraints,
but this might not be necessary (e.g. Bino-Driven EWBG [140]). Nevertheless, the derived
restrictions on the stop spectrum should be widely applicable.
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The extremely heavy left-handed stop is in some conflict with notions of
naturalness, reminiscent of Split Supersymmetry [151]. One could ask how a
high-energy theory of SUSY breaking could generate such a spectrum [133],
but let us put aside such considerations and focus on the phenomenology.

The light right-handed stop with a mass of ~ 100 GeV is an extremely
interesting prediction of electroweak baryogenesis within the MSSM, emerging
as a direct consequence of requiring a sufficiently strong electroweak phase
transition and a Higgs mass of ~ 125 GeV. It is already excluded if it decays
promptly [152-154] or escapes the detector [155], but one could imagine it
being hidden from direct stop searches somehow, for example by decaying via
a displaced vertex [156].

The question is then: given a Higgs mass of ~ 125 GeV, can electroweak
baryogenesis within the MSSM be excluded in a model-independent way? As
it turns out, the answer is yes. The specific spectrum required by the LSS in
light of such a Higgs mass, especially the light RH stop, makes very definite
predictions for the Higgs production rate and branching ratios. This allows
us to test electroweak baryogenesis within the MSSM using pure Higgs data,
separate from collider searches for the stop and questions of how such a strange
spectrum could be generated by a high-energy theory of SUSY-breaking.

5.3 The Fingerprint of Electroweak Baryoge-
nesis

The presence of a light RH stop can significantly alter Higgs production
and decay rates compared to their SM expectation. In the context of over-
all inclusive production cross subsections this has been investigated in detail
by [134]. However, even without an unambiguous 50 Higgs discovery at the
LHC, or an extremely precise measurement of the vy branching fraction, it is
still possible to conclusively test the mechanism of EWBG in the MSSM. This
is because the LSS makes specific predictions for all possible production and
decay modes of the Higgs, and they have very particular correlations.

The presence of the light RH stop affects Higgs phenomenology through
loop level production via gluon fusion and decays to yvy. The effects are en-
coded by examining the partial widths, which can be related to both pro-
duction and decay. The leading order contributions to gluon fusion (in the
decoupling limit) are [157]

Go’m3 g
o = S ) S| i

tR
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where 7, = mj,/4m?, gy, is the normalized Higgs coupling to the right-
handed stop, which in the LSS is given by g7, & mj 4+2/3 cos 28s2m7. The
functions As (s =0,1/2 or 1) are defined as

Ao(t) = —[r— f(r)] /7 (5.3.2)
Aipo(t) = 2[t+21 = 1)f(7)] /T2
Ay(r) = — [27‘2 + 37+ 3(27 — l)f(r)} /72

where

arcsin? \/7 <1
f(r) = T ]2 : (5.3.3)

—i [log% —m} T>1
The crucial point is that the light stop loop interferes constructively with the
top quark loop, which leads to a more than three-fold increase in the Higgs
production cross subsection via gluon fusion. However, when investigating the
clean v decay channel we must also examine the stop’s contribution to the
h — ~7 decay width, which at lowest order (again in the decoupling limit) is

2,3
G a my,

L(h—yy) = 128735

Z NCQ?Al/Q(Tf) + Al(TW)
f

(5.3.4)

2
+§g7’;;1§t1% AO(TER) + Z qunlf ghX+X—A1/2(TX+)
ir X+ X

where we have also included the contribution from Charginos. We do not
explicitly calculate I'(h — ~7) as a function of the chargino mass, but they
can shift the width at most by order 10% if their mass is small, m,+ ~ 100
GeV, and we include this as a theory uncertainty. Unlike for the gluon width,
the stops destructively interfere with the dominant contribution in Eq. (5.3.4)
coming from the W bosons, and thus decrease the decay width T'(h — ~7) by
nearly a factor of 1/2 compared to the SM expectation.

Thus, while a light stop can effect both I'(h — g¢gg) and I'(h — ~v)
significantly, the effect can be washed out by looking at the total rate of
o0(9g9 — h — ~7) only. However, there are both additional Higgs production
and decay modes available at the LHC.

In particular, examining both tree level and loop level (affected by the stop)
production and decay modes in various combinations should reveal strong
correlations amongst the various channels. We call this the fingerprint of
electroweak baryogenesis in the MSSM. For example, in gluon fusion events
with tree level decays one would expect a large increase over Standard Model
rates. However, if one examined vector boson fusion production of a Higgs
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which then decayed to vy, we would expect a rate smaller than the SM. For
EWBG we can give predictions for all the channels, and even without a Higgs
discovery one can still make strong exclusion statements by considering their
correlations. This is similar in spirit to analyses investigating naturalness and
general composite higgs sectors [127, 158].

We use [157, 159] to compute the EWBG predictions for the Higgs decay
widths. To understand the various correlations and predictions for EWBG
quantitatively we define ratios of the various production channels, gluon fusion
(ggF), vector boson fusion (VBF) and associated production (AP), in the LSS
compared to the SM:

R omssm(gg — ) S oussm(VBF) = onssu(AP)
9T oan(gg — h) PN T Tasu(VBR) T USM(AJ(D) |
5.3.5

rger is derived by taking ratios of decay widths, while rypr,74p =~ 1 in the
decoupling limit. Similarly we can define ratios for the branching fractions
h — X compared to the SM as:

be — BrMSSM(h — X)
Y7 Broy(h — X)

(5.3.6)

Combining these various production and decay channels we can define a partial
signal strength
o(i > h— X)
Hx () = . )
o (Z —h—X ) SM

(5.3.7)

where X labels the Higgs decay final state and 7 represents the production
channel. As an example, our partial signal strengths for v final states when
produced through gluon fusion and vector boson fusion are

Pany(VBF) = TVBFbyy;  Hyy(ggF) = Tggrbyy- (5.3.8)

In principle these can both be measured separately, as discussed in Section 5.4,
in which case a large discernible difference compared to the SM should be found
if EWBG takes place within the MSSM. We also consider searches sensitive
to both ggF and VBF. In this case case the vy signal strength prediction
(similarly for other channels) is given by

VBF
. where  ray = osu(VBE) o1 (5.3.9)

TggF + TVBFTSM b
osm(99 — h)

1+rgy

Hoyy =

if the efficiencies for ggF and VBF are approximately equal. (We will justify
this assumption when we discuss the experimental results in the next subsec-
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tion.)

While EWBG fixes the stops of the MSSM to particular values, in principle
the value of m4 can range from the decoupling limit to very low values of m 4
as in Bino-driven EWBG[140], while still preserving the successes of EWBG.
The value of m4 is important since it alters the V'V A coupling compared to
the SM, which in turn rescales

TvBE , TAp & Sin(f — aery), (5.3.10)

where a.ss is the effective C'P-even Higgs mixing angle. (In the decoupling
limit, aery = B — 7/2 thus, rypp,7ap ~ 1 in this case.) Our analysis will
take this allowed range for m, into account. For technical details on the
decay width and cross subsection ratio computation, as well as the associated
theoretical errors, the reader is referred to the Appendix E.

Combining the shifts for b, and rg,p from (5.3.1) and (5.3.4) with all the
other channels allows us to map the theoretical fingerprint of the entire EWBG
scenario over the allowed range of stop masses. We show this fingerprint in
Fig. 5.1 for the decoupling limit and for m4 = 300 GeV. The decoupling limit
is required for generic C'P-violating phases, and the latter value of m,4 was
chosen because, as we will see in the next subsection, it minimizes the tension
between experimental data and the EWBG prediction. What is striking about
Fig. 5.1 is that even including a range of stop masses, theory uncertainties,
and m 4, there are easily discernible correlations amongst the various channels.

While not all of these channels have been measured to a very precise level,
the particular fingerprint of EWBG in the MSSM means that this scenario can
in principle be ruled out by combining information from the 7 TeV LHC Higgs
searches only. Of course, it is possible that the Higgs may not ultimately be
found to have a mass of ~ 125GeV. However, because the deviations from
SM are so large for EWBG, it is still possible to bound EWBG for arbitrary
Higgs mass given the current data sets.

We will examine this in detail in the following subsections, but the finger-
print detailed in Fig. 5.1 stresses the power of setting limits even with channels
that may not have enough data for a discovery with the entire 2012 8 TeV data
set. Eventually, the study of correlations such as these could be one of our
most powerful tools into discerning the effects of new physics, if it is related
to electroweak symmetry breaking.
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Figure 5.1: Theoretical EWBG fingerprint for my = 2TeV and 300 GeV,
for a range of stop masses from 80-115 GeV including theory errors. Shown
are signal strength predictions for each channel, with subscripts indicating
an exclusive production mode. The purple line is the SM expectation. This
fingerprint is for m; = 125 GeV, but the dependence on my is very small in
the 123 — 128 GeV neighborhood of Higgs masses. Solid red bands indicate the
range of predictions for mz_ € (80,115) GeV. The light red bands indicate the
theory error at the top and bottom of the stop mass range. tan 8 was allowed
to vary in the range (5,15), but its effect is very small since m;, was taken as
a low-energy input. The rate of decays that are dominated by gluon fusion
increases for lighter stop masses, while vy and channels sensitive to Vector
Boson Fusion and Associated Production are much less affected.
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Production Mode Sensitivity Signal Strength Bounds
ggF | VBF | AP | Inclusive Source | my, range (GeV)
ATLAS [121] * official (110, 150)
T TCMS [124, 160] | x| * reconstructed’ [127] | (120, 128)
77 ATLAS [122] * official (110, 150)
CMS [125] * reconstructed’ [127] (120, 128)
| ATLAS [161] official (110, 150)
ww CMS o o —
ATLAS [162] * official (110, 130)
bb CMS [160, 163] * reconstructed’ [158] (110, 130)
D0 + CDF [164] * official (100, 150)
ATLAS [165] * * reconstructed [158] (110, 150)
o CMS [166] o | «x reconstructed [158] (110, 150)

Table 5.1: Summary of the relevant higgs searches and their sensitivity to pro-
duction modes and decay channels. '’ indicates that the experiment released
sufficient experimental data for our analysis. ’o’ indicates that even though
search channel was considered in the experiment, the publicly available data
was insufficient for our analysis. Whenever official signal strength bounds
were unavailable we performed our analysis using approximate reconstructed
likelihoods for the signal strength (which are likely to give more conservative
bounds than the official fit). For CMS ~v, ZZ* we used likelihoods supplied
to us by the authors of [127], while for CMS bb and both 77 searches we re-
constructed the likelihoods using the methods of [158]. TCMS made official
YYVBE], £24%, bbjap) signal strength bounds available at m; = 124,125 GeV,
which were used instead of the reconstructed approximations.

5.4 Experimental Status

We will start by briefly outlining the available experimental data before
moving on to show the extent to which different regions of EWBG parameter
space are excluded, both with and without the assumption of a ~ 125 GeV
Higgs.

5.4.1 Available Data Until Dec 2011

Table 5.1 summarizes all the available Higgs searches to date that are
relevant to our analysis. A few remarks are in order:

e We use Eqns. (5.3.8) and (5.3.9) to compute the theory predictions for
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Figure 5.2:

Comparing the signal strength predictions for each Higgs decay

channel of electroweak baryogenesis in the MSSM with the ATLAS, CMS
and Tevatron data as explained in Section 5.4.1. Subscripts indicate exclusive
production via a single mode. For each channel we show up to three bands: the
EWBG prediction, with m;, € (80,115) GeV (red, with theoretical error bands
in light red) and the ATLAS/CMS 1-0 best-fit measurements (blue/green,
with central value indicated in dark blue/green). In the bbap; channel we also
show the combined Tevatron constraint as a fourth band (purple). The SM
prediction is indicated with a horizontal line at p = 1.

the v+ signal strengths (similarly for the other channels). The inclusive
signal strength prediction assumes equal signal efficiencies for ggF and
VBF, which is a conservative choice for setting limits. Production is
dominated by ggF, but assuming the VBF efficiency to be zero would lead
us to slightly overestimate the theory prediction for the signal strength p,
since ggF is enhanced in our MSSM scenario. As we will see, this would
increase tension with the data. Therefore, we set the two efficiencies to
be equal, while noting that some deviation from this assumption will not

invalidate the analysis since rg;; is small.
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e Official signal strength bounds were not always available for each chan-
nel. Fortunately, the authors of [127] reconstructed approximate signal
strength likelihoods for the CMS v, ZZ* searches by using the informa-
tion that is publicly available and generating their own event samples.
For other searches we used the methods of [158], very similar to the ideas
of [127], to reconstruct approximate likelihoods where necessary.

e We used the older ATLAS h — WW* — (lvv search using 2.05 fb™*
of data [161] rather than the updated version with 4.7 fb~' [167]. The
latter is significantly more constraining and looks to increase the tension
with the EWBG prediction, but there is not enough information avail-
able to reliably disentangle the ggF and VBF contributions. The CMS
WW* search [168] is omitted because signal strength bound are only
reconstructible for m;, = 120, 130 GeV.

Fig. 5.2 compares the signal strength predictions to the experimental signal
strength bounds in all available channels, for m; = 125 and 126 GeV. The
results are displayed for these two higgs masses since they are preferred by the
CMS and ATLAS v+ searches, respectively. A visual inspection already reveals
some tension with the data. We will now make this impression quantitative.

5.4.2 Excluding Electroweak Baryogenesis in the MSSM

Given the large error bars in the early Higgs data it is perhaps surprising
that we can make relatively strong statements regarding the exclusion of elec-
troweak baryogenesis. This is due to the correlations of the signal strength
predictions in the various channels and their dependence on EWBG parame-
ters.

The Higgs signal in the various channels depends only very weakly on
tan 3, since our parameterization takes my; as a low-energy input and tan
can not be large for successful EWBG. Therefore, for a given Higgs mass, the
parameter space of EWBG in the MSSM is the (m4,mz, ) plane. Once the
Higgs mass is determined this will be the relevant parameter space to exclude.

Each point in this plane has an associated prediction of signal strength in
each channel. More precisely, each prediction is actually a range, due to theory
error and some tan 3 dependence. By making use of the 1-o best-fit bounds
on the various signal strengths we can construct a gaussian approximation for
signal strength likelihoods (taking into account asymmetric error bars where
appropriate), which can then be combined across all channels to give overall
exclusion bounds. For each point in the (m4,m;,) plane we then find the
minimal exclusion over the allowed range of signal strength predictions. This
allows us to construct an exclusion plot over EWBG parameter space.
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Figure 5.3:

Exclusion plot of EWBG parameter space for m; = 125 GeV,

obtained by combining the signal strength bounds from the various ATLAS
and CMS Higgs searches (not Tevatron) as outlined in Section 5.4.1. The
smallest exclusion at m 4 ~ 300 GeV, mz, = 115 GeV is 97.7%, which increases
to 98.6% if we enforce the decoupling limit (m4 > 1TeV).

In Fig. 5.3 we show the exclusion across EWBG parameter space, obtained
by combining ATLAS and CMS data for m;, = 125 GeV. The entire parameter
space is excluded at the 97.7 % CL (98.6 % if we enforce the decoupling limit).
The least excluded points are at m4 ~ 300 GeV, with mj;_ as high as possible.
One could consider several variations on this plot, each with similar results.

e Until the Higgs mass is precisely known one should generally consider the
exclusion of EWBG over a range of my,. This produces a very similar pat-
tern of exclusion to Fig. 5.3, with tension minimized for my ~ 300 GeV
and high mj,. The exclusion as a function of Higgs mass (from ATLAS
and CMS data only) is:

my, in GeV

| 123

124

125

126

127

128

minimal exclusion (%) for all m:
minimal exclusion (%) for my > 1TeV:
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We can see that EWBG is always excluded with a CL beyond 90 %.

e There appears to be a slight mismatch between the most favored Higgs
mass from the CMS and ATLAS v~ searches. If we were to shift the
~vv channel signal strength bounds for ATLAS or CMS by 1 GeV, the
exclusions would go up to 98% for m;, = 125,126 GeV.

e One could ask how these exclusions would change if we also made use of
the Tevatron bb constraint:

my, in GeV ‘123 124 125 126 127 128

minimal exclusion (%) for all my: 91.1 96.5 97.8 93.3 942 926
minimal exclusion (%) for my > 1TeV: | 99.5 98.6 99.0 98.7 99.9 99.997

The exclusion is hardly changed, becoming slightly more strict overall.

e [t is instructive to consider the exclusion obtained by combining only
the two v constraints, each at their respective best-fit Higgs masses.
my < 500 GeV is significantly disfavored, since the reduced vvh effective
coupling exacerbates the tension between the yy[VBF]| signal strength
prediction (already lower than SM) and the larger-than-SM observation
by CMS. Over the entire EWBG parameter space, the exclusion from
only v data is 92.9%.

EWBG is more excluded for smaller stop masses because lighter stops
lead to greater enhancement of the Higgs production cross-subsection. This
increases the vy, ZZ* and WW* signal strengths, causing tension with the
observations. For large my, the signal strength predicted by EWBG is some-
what larger that the observed value for the channels ZZ* and WW™, which
leads to relatively strong exclusion. As we reduce my, the Higgs couplings
to vy, ZZ and WW decrease. The reduced signal strength leads to weaker
exclusion from ZZ and WW, but as explained above the increasing tension
in the yy[VBF] channel strongly disfavors very small m,. This leads to the
‘sweet spot’ of m 4 around 200 - 300 GeV.

If we believe that recent excesses observed in the various LHC and Tevatron
searches are due to a Higgs in the 123 - 128 GeV mass range, then these
early measurements already exclude EWBG in the MSSM at the 90% CL. If
we combine only the 7y observations at the best-fit higgs mass values, the
exclusion is 92.9%. While more data is needed for a definite conclusion, it is
clear that EWBG in the MSSM is strongly disfavored even at this early stage.
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Figure 5.4: Exclusion of a more general Light Stop Scenario in the (my,m;,)
plane. As before, £, is taken to be very heavy, while m 4 and tan g were varied
in the range (150,2000) GeV and (5,15). This exclusion plot was created
via the same method as Fig. 5.3, using both ATLAS and CMS data but not
the Tevatron bb bound. For each point in the (my,m;,) plane we minimize
exclusion with respect to theory error, tan 5 dependence and m 4 dependence.
The decoupling limit m4 > 1 TeV is enforced in (a), while (b) allows the whole

range of m4.

5.4.3 Excluding a more general Light-Stop Scenario

One could loosen the assumptions of our analysis, and ask what the avail-
able LHC data tells us about a wider range of Higgs and stop masses. Dropping
the assumption of a 123 - 128 GeV Higgs allows us to examine the prospects
of electroweak baryogenesis in the MSSM if the Higgs were to sit at a different

mass.
Fig. 5.4 shows the exclusion from ATLAS and CMS data as a function of

the (my,mz,) plane. This exclusion plot was created via the same method
as Fig. 5.3, using gaussian approximations of the signal strength bounds. For
each point in the (my, m;,) plane we minimize exclusion with respect to the-
ory error, tan 8 dependence and m, dependence, using the experimental sig-
nal strength bounds for whatever Higgs masses they are available (see Table
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5.1). However, there is one additional complication with this expanded Higgs
mass range: the ATLAS ZZ bounds have extremely asymmetric error bars
for m;, < 122 GeV. This suggests a reduced reliability of the gaussian likeli-
hood approximation, and therefore we do not use the ATLAS ZZ bounds for
my, < 122 GeV.

What does Fig. 5.4 imply for MSSM EWBG in general? Without a Higgs
mass constraint, the successful electroweak phase transition requires mz;, <
120 GeV and my, < 128 GeV [118]. As we can see, LHC data already excludes
almost all of this parameter space at more than 90% CL, with the most notable
exception being a (117 - 119) GeV Higgs mass window that is only excluded
at 80 — 85% CL.

Including Tevatron data does not significantly enhance these constraints.
If we were to include the ATLAS ZZ constraints below m; = 122GeV by
naively applying its +1o error bar to —1o and using the gaussian likelihood
approximation, then the exclusion of the allowed Higgs Mass window increases
by ~ 10%. However, given the possibly long tail of the likelihood distribution
these numbers must be taken with a grain of salt.

At any rate, it is clear that the LHC Higgs searches are already excluding
large portions of the LSS parameter space, even without the assumption of a
particular Higgs mass. Further data should allow exclusion of the 117 - 119
GeV Higgs mass window, but these considerations are of course irrelevant if a
Higgs mass of ~ 125 GeV is confirmed. We also point out that our exclusions
could likely be improved if the experimental collaborations provided more
detailed signal strength likelihoods.

Finally, we point out that the discovery or exclusion of the MSSM pseu-
doscalar Higgs would of course significantly enhance the power of these con-
straints by restricting the allowed value of m 4.

5.5 Results

EWBG in the MSSM has long been an attractive possibility for baryo-
genesis due to the presence of additional light supersymmetric states within
reach of colliders. With the 7 TeV run of the LHC now completed, there
finally is enough high energy data to confront the entire parameter space of
EWBG. However, in direct searches there are in principle ways to weaken con-
straints without affecting the physics of EWBG. In this chapter, we looked
at the indirect consequences for the Higgs sector alone, which represents an
irreducible constraint on EWBG in the MSSM!. Given that the only window

I This is irreducible in the sense that to alter the effects of indirect constraints would
require introducing new couplings to the Higgs directly and thus by definition alter the
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for EWBG that still exists is the LSS, there are very large corrections to Higgs
phenomenology and in particular strong correlations amongst channels as we
have demonstrated.

We have shown that in the context of a possible Higgs mass measurement
of my = 125 GeV at the LHC, EWBG in the MSSM is now ruled out at greater
than a 95% CL in the decoupling limit for the Higgs sector, and at least 90%
CL for lighter values of my4. This is primarily due to the fact that this heavy
of Higgs mass even further restricts the allowed parameter space for EWBG in
the MSSM. If we relax the constraint of m;, ~ 125 GeV, to allow for a larger
parameter space, we can still constrain the LSS in full generality with the
current LHC data. We find that the only significant region excluded at less
than 90% CL is mj, ~ 117 - 119 GeV. This window can be excluded with more
data, though of course the point is moot if the Higgs is confirmed to have a
mass of ~ 125 GeV.

Finally, one can speculate that LHC Higgs searches could in fact offer a
truly model-independent way to exclude electroweak baryogenesis, even be-
yond the MSSM implementation.? At its very basic level, the mechanism
of EWBG requires the presence of weak-scale particles with substantial Higgs
couplings to generate the strong first-order phase transition via their contribu-
tions to the thermal potential. These particles, via those very same couplings,
could then significantly contribute to the effective Higgs couplings and allows
for testing EWBG in other scenarios [170]. Ultimately, the indirect tests of
Higgs phenomenology using correlations may prove to be the most important
window into new physics.

predictions for EWBG in the MSSM.
2For a recent example, see [169].
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Chapter 6

Conclusion

Motivated by the fine-tuning problem in the SM, in this thesis we have stud-
ied supersymmetric extensions of the SM. In Chapter 2, electroweak symmetry
breaking and the Higgs mechanism in the context of MSSM were discussed in
some detail. It was shown that the Higgs sector in the MSSM can be signifi-
cantly different from the SM. Even though there are five Higgs bosons in the
MSSM, the theory predicts that one of them must be lighter than ~ 135 GeV,
a prediction within the reach of LHC. The other difference between SM and
MSSM is the production and decay modes of the Higgs boson due to modified
couplings to SM particles in certain parameter spaces of the MSSM.

In certain parameter spaces of the MSSM, the process bg — bh is an
important production mode for neutral Higgs bosons at the hadron colliders.
In Chapter 3, we discussed the SUSY QCD corrections to this process for the
lightest CP-even Higgs boson. These corrections are very important since they
modify the effective Higgs coupling to the bottom quarks for large tan 3. These
large corrections, which include resummations, can be approximated by an
Effective Lagrangian approach called the A, approximation. Our major result
in Chapter 3 is that the full SQCD corrections are described to a good accuracy
(~ 1 —=2% ) by the A, approximation. We have also provided analytical
expressions for the SQCD corrections to b Higgs associated production in the
minimal and maximal b squark mixing scenarios.

In Chapter 4, we have studied an extension of the MSSM with four gen-
erations of chiral fermions since the number of generations is not a prediction
of the SM. It was shown that the existence of a fourth generation allows the
lightest neutral Higgs boson to be considerably heavier (O(500GeV)) than
that in the SM. However, the model itself is highly constrained. Imposing
the restrictions of perturbative unitarity and constraints from precision elec-
troweak measurements requires tan 5 ~ 1 and extremely fine-tuned values of
the fermion masses.
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Finally, in Chapter 5, we explored the possibility of electroweak baryogen-
esis in the MSSM as a possibility for explaining the abundance of matter over
anti-matter. In particular, due to the requirement of lights stops for successful
baryogenesis, we looked at the indirect consequences for the Higgs sector. The
collider constraints on the Higgs sector represent constraints on EWBG. Given
that the light stops can significantly modify the Higgs effective couplings to
gluons and photons, the Higgs production and deaf breaching ratios can devi-
ate significantly from the SM. By using the latest LHC data, we examined the
correlations between these production and decay channels, excluding at more
than 90% CL a large parameter space in the MSSM as required by EWBG.
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Appendix A

Passarino Veltman functions

A.1 Scalar integrals

The Passarino Veltman functions are the integrals which turn up in almost
any loop calculation. The integrals without any tensor structure are the scalar
functions. The scalar integrals are defined as:

i k1
Ao(MZ) = —
Tomz Jo(Mo) /(27?)“N0’

i k1
—— Bo(pl; Mg, M?) = /

16m (2m)" NoNy
i 2 2 20072 72 g2 d"k 1
Y MS, M M) =
167?200(p1’p2’<p1+p2) y oy s 2) /(2%)"N0N1N2’
i
167_‘_2D0(p%7p§7p§7p4217 (pl +p2)27 <p2 +p3)2, Mg, M12, M22, M32)
d"k 1
:/ ) (A.1.1)
(2m)™ NoN1 Ny N3
where,
Ny = k*—M;
Nl == (l{? +p1)2 — M12
No = (k+pi+p)’—M;
Ny = (k+pi+ps+ps)® — M. (A.1.2)

Below we list the expansion of some of these integrals (including the pole
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terms) that will be useful :

2

2
Ag(m) = m? (A;Fl—ln%) +0() ; Ac=-—7g+1Indr
€

Am? m?2 1ry —r r
Bo(p? — A +2—Ip M2 m( 2} 22, () Lo
0(p 7m17m2) + n ’LLQ 2p2 n m% —|—2 p2 n 7,2 + (6)

where Am? = m? — m3 and ry, ry satisfy the following equation

2,92
mims 2 2 2
r =mj+m;—p
T

Special Cases :

where

Ag (my) — Ap (my)

B0<07 may, m2> = Am2
m?In <TS—§> —m3ln (ZL—;)
= Actl- Am?
2
By(0,m,m) = A.—In (%)
[

2
BO(O,ml,mQ) mﬁm AE +1—1In <m—21>
1
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A.2 Tensor Reduction of Passarino Veltman
integrals

The tensor integrals encountered are expanded in terms of the external
momenta p; and the metric tensor g*”. For the two-point function we write:

i "k k!
B (pt M3, M}) = /
1671'2 (ph 0 1) (271')” NON1

1
@pﬁBl(P? Mg, M}), (A.2.4)

while for the three-point functions we have both rank-one and rank-two tensor
integrals which we expand as:

Cu(p%,p%, (pl +p2)2; M(?? M127 M22) = plltcll + pgcl? )
C™(pt,p3, (p1 + p2)%s M3, ME, M3) = pip{Cor + phpsCan
+  (Pips + Pph)Cos + g Caa
(A.2.5)

where:

d*k k*(kPEY)
(271')” NON1N2

)
1672

(A.2.6)

CHOM)Foph (o1 + ) MG M) = [
Finally, for the box diagrams, we encounter rank-one and rank-two tensor
integrals which are written in terms of the Passarino-Veltmann coefficients as:

l d"k k

DR (p2 2. 12 2 2 32-M2M2MQE/
T2 D" P 12, 15, 14, (P1 + p2)7, (P2 + p3)75 My, My, M;) (27)" NoN; NNy

1
= ]_67-(-2 {p/fDH + pngg +pgD13} . (A27)

Z‘ v
i (1, 05,03 P31, (p1 + p2)%, (P2 + p3)?; MG, M7, M30A.2.8)

/ d"k kHEY
N (271')" N0N1N2N3

= { 9"’ Doy + - - - tensor structures not needed here}(A.2.9)

All tensor Passarino Veltman integrals can be reduced to scalar integrals by
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contraction them with external momentum. In this appendix, we demonstrate
the reduction of two-point tensor functions. For short hand notation, we use f
to denote [ d"k/(2m)™, Dy to denote (k*—m?) and D, to denote [(k-+p)*—m3].
We will use the fact that any tensor integral can only depend on p, or g,, in
order to have the right Lorentz transformations. Consider the following two-
point function :

k
BP« :/DII:LDQ EpﬂBl(pZ,ml,mg)

Contracting with p*, we get

k. pt
B mm) = | 5
- 1/D2—D1—<Am2+p2)
2 DD,
1
= 5 [Ao(ml) — Ao(mg) — (Am2 +p2)Bo(p2,m1,m2)}

where Am? =m?} — m3. Similarly, for B, we have

k. k,
B = D/;DQ = g Boo(p*, m1,ma) + pupy Bra(p?, ma, mo) (A.2.10)

First, contracting the above equation with g"” :

k2
nBOO(pQ,ml,mQ)—{—p2312(p2’m17m2) - D1D2
Dy 4+ m?
DD,
= Ag(my) +miBo(p®, mi, my)
(A.2.11)
Next, contracting (A.2.10) with p#
- k)k,
PuBoo(p*, m1,ma) + p*py Bia(p*, ma, ma) = / %
12
2/ DD,
1
= 5 [pVAO(m2>
—p, (Am?* + p*) B1(p*, m1, mg)}
(A.2.12)
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From (A.2.11) and (A.2.12), we can solve for By, and B

1
2(n—1) [
+(Am® + p*) By (p*, my, my)]

Boo(p?, m1, ms) Ao(mg) + 2m3By(p?, my, my)

1 n
Blz(p2>m17m2) = m [(5 - 1) Ao(m2) - m%Bo(pQ,ml,mg)

n
—§(Am2 + p?) By (p*, ma, mg)}

Special Cases :

m%AO (ml) — m%AO (mg)

Boo(oym1>m2) =

nAm?2
1 3 m{In (m—§> —mjIn (m—Qg)
_ = 2 2 2 A _ 14 12
4 (m1+m2) (2+ ‘ m? —m3
m? m?
Bog(O,m,m) = 7 |:A€—|—1—ln (F):| :Ao(m)/Q
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Appendix B

Electroweak Precision
Parameters

The electroweak radiative corrections for many processes can often be ap-
proximated by a set of parameters. Three of these parameters S, T and U
involve evaluation of only the two-point functions (and hence are easy to cal-
culate), yet they constitute an important part of the radiative corrections.
These parameters are used to study the contributions of new physics beyond
SM. For example, T" parameter measures the extent of isospin violation due
to new physics while S parameter measures the contribution of new physics
to neutral currents at different scales. We define S, T, U parameters in the
notation of Peskin and Takeuchi

2
S5¢ 299

o5 = S8 [A1L,, (M2) - AIL, (M2) — 22 ATL, (M2)
M, S26
o = Tww(0)  Iz7(0)  2s,1,2(0)
ME T ME o M2

where we define

Allyp (M?) = Hup (M?) — L4z (0)

For calculation of S, T, U parameters in MSSM, we have to evaluate those
contributions to gauge boson self energies that are different from those in SM.
In our analysis, we shall assume the gauginos to be massive and by the decou-
pling theorem, their contribution is negligible. Thus, the relevant couplings to
be considered are those of gauge bosons with quarks and squarks.

Notation : Uppercase indices such as I, J € {1,2,3} refer to generation

number while lower case indices i, j € {1, 2} refer to squarks within a given
generation and type. CKM matrix is denoted by K!7 while the mixing
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matrix for squarks (sixteen of them in four generations model) are denoted
by Zé’z and Zé’l. The gauge boson self-energy calculations are shown below.

B.1 Self Energy of Gauge Bosons

The self energy of gauge bosons can be written as sum of transverse and
longitudinal parts

I (p%) = g™ ap (p°) + p'p I 5 (0%)

We present the calculation of the transverse part of the self-energies which
receive fermionic and bosonic contributions.

Fermionic contributions : The fermionic contrinutions in general are
of the form

M (F) = ()N [

i(k+p+m)

f f
arPr, + bpP
(k+p)2—m%7 (B L B R>

= Nc/ ik Tr {’Y” (aﬁaQPL + beQPR> G p) v (E + ma) }

(2m)" (k+p)° —mi K —m

K+ mo)
g Tr “(afbfP +afbfP) v
0 o (et (k+p)" —mi ' B —m}

2 2
k _m2

Tr {7“ (af;PL + bQPR> —i (F+mo) }

The transverse part of the self-energy is

1
f
0y (1?) = 5 Ne (ahal +bio%)
[2300 (p27 ma, m2) — Ay (ml) - m%Bo (pQ,ml,mg) - szl(p2>m17 m2)]
1
+@NC (a’;bg + aébi) mima By (p°, ma, ms) (B.1.1)

Bosonic contributions : There are in general two kinds of contributions
from scalar fields. One from the loop diagram with four-point interaction

drk iA%L g
.Huy(b,l) 2 — N / AB
typ (p ) c (2m)" k2 — m?

b1 i b,
iy () = @NC)\AEAO(W)
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The other loop diagram with three-point interaction gives

. d"k i (2k+p)* i (2k+p)”
i () AT @ (k4 p)? —m2 K2 —md
1

33 ) = et s ()

For completeness, we list the interaction coefficients a and b for W, v and Z
gauge bosons.

of =bf = —3ied" Vf € Bl gie?078! b € ]
T Lied?  Vf ed; gl 2je2513517 b € di

3

8 ity .
)\b,Q _ —§Z€51J6 Vb € /I;Lj[ af _ e KJ]*
7 %ieéijéu Vb € db w V2sg
Y = b,1 _ ie2 71 ix rrJ.j
by N 0 Aww = %Zaz Zg]
; 4.2\ §I1J
P — __ie_gLigljpedls O _Z;ﬁ (1 — 530) 0 Vf ewus
N DN ’ gy (1= 353) 67 VI edy
ie 4 9 1J 2sgcy 3
bé — { " 2spco (;5‘;6’) ?J \V/f cuy
€
2s0Co (_§30) 0 Vf edr

., - 3—8s2 1,i% r7J,j vt
2e’ (4s25ug1 + 250707 720) Vb e w

b,1 3c2 452 01
Aoz = ; 52

2ie? (1 25ijsIJ | 3=455 7Ly J j* Ji
32 3395 o'+ pre: Zg Zg Vb € dj

e Lixrz g5 _ 4 .28i5SIJ ~i

b T <Zﬁ Zy? — 385070 Vb € uj

ie Wz gk 2 2805 ST 7

i (223 = 2s9iat) woe d

2ie? Lix 7 g 1T 42515 SIJ ~i
b1 Sercs \ Ly 4570 355070 Vb € uj
)‘VZ - i (plixz1isl] _ 2255510\ V€ 4
3spcy d d — 3% € d

B.2 Higgs sector

The diagrams in the Higgs sector are the contributions to self-energies
with loops that include Higgs bosons and Goldstone bosons. Some of these
diagrams are identical in SM and MSSM and need not be evaluated as we are
only interested in the contribution of new physics beyond SM. The contribution
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to T from diagrams in SM that are absent (or modified) in MSSM is

1
T(SM) m [BOO (07 thM7mW> — Boyo (O,mh5M7 mZ)
0 "W

_mIQ/VBO (07 Mhgprs mW) + m2Z30 (07 Mhgprs mZ)]

Then, there are diagrams in MSSM which are absent in SM and their contri-
bution to 7' is

1 1
T(MSSM) = W —§A0 (mH+) +BOO (Oaonva+)
0w

+S {BOO (O mgo, mH+) BOO (0, mgo, on) + BOO (0, mpo, mw)
—BQO (0, mpo, mz) — mWBO (0, mpo, mw) + mQZBO (O, mpo, mz)}

+C%5—C¥) {BOO (O, mpo, mH+) - B()O (0, mpo, on) + BOO (O, mgo, mw)
_BOO (0, mpgo, mz) — m%,VBD (O, mgo, mw) + mQZBo (0, mpgo, mz)}
Thus, contribution from the Higgs sector beyond SM is
AT = T(MSSM) . T(SM)

The procedure for calculation AS' is similar to that described for T'. The
result is as follows

1
S(SM) 7Tm2Z [ABOO (mQZ, Mhgars mz> - mQZABO (mQZa Mhgars mz)}
S(MSSM) = 7]_722 ABOO (mZ, mg+, mH*) + 8 {ABOO (mZ7mH0 mAO)
Z

+ABOO (mQZ, mpo, mz) m2ZABO (mQZ, mpo, mz)}

+C {ABQO (mZ,TTLhO on) + ABOO (mZ,mHo mz)

—myABy (m3, mpo,mz) }

where we define

ABO (M27m17m2) BO (M27m17m2) - BU (Oam17m2)
AByg (M2,m1,m2) = DBuo (Mz, m17m2) — Buo (0,m1, my)
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Thus, contribution to S from the Higgs sector beyond SM is

AS = S(MSSM) . S(SM)

B.3 Fermionic/sfermionic sector

Since calculation of T involves self-energies evaluated at zero momentum

scale as well as My, we give the explicit formula for IT45(p?) in (B.1.1) evalu-

ated at p* = 0 and p* = m%.

mﬁ m?>
) . my, In ( /ﬂl) —mj In ( I;I)
m2 2 ) (A€ + _) _

) & €N,
My (0) = 23%233
I=1

) & €N . a
_ c 2 2 2 u 2
HA0 = 3 gyomez |+ i) —mn (Te) o o ()

ATIY) a2y = N.e? 2 LOL2 m2 2 £O2 m2 N.e?
s2(Mz) = 871_2—339[7”1”.](( 70 My, ) +mg, f( Z:mdl)}_gﬂ_g—sge
433 ? 433 ? 2 9
) H< -%) +(F) poosnty
2s2\°  [2s2\°
05 (5) ooz i
) rAr2 N.e? 25 ? 2 .2 55 ’ 2 .2
AH'y'y(MZ) - _871'2 2 ? g<MZamu1)+2 g g(MZ7de)
N.e? [2 852 1 452
anor) =~ |2 (15 garz )+ 5 (1) sz )|



N.e2 452\ 2 _ 252\ ? _
A, () = e [(1—ﬁ) g(M%,miIH( —ﬁ) GOM2 2 )

42s2, 3 3

N2 [4_ 1
ANYOR) = Y5 S0 ) + gargnd,)]

N.e? [2 482\ _ 1 252\ -
anhor) = 2 |2 (- B g mt )+ g (1-28) gargns,)
where

2 9 Iy, m? 2 9 1 2 2 9
g(*m’) = Z|p Ae—lanLf(p,m)—g +2m2 f(p?, m?)
1 [p? m? 2
g(p*,m?*) = G {5 {Ae — lnﬁ + f(p*,m?) — 5} + 2m2f(p2,m2)}

and the function f(p? m?) is defined in A.1.3. The fermionic and bosonic
contributions to AS is given by

3
ASH — e [m2, f(MZ,m2,) +m3, f(MZ,m3)]
1

+m [Q(Méam?u) - g(M§7m34)}

1 my, 2 mg 2 m> m
= a |:(1+11V§) f(MZ>mi4)+ (_14_7]\4%4 f<MZ’md4)_ln mfl:
IO N P
= 6w ?14

1 1
I=1i=1,2 Z
4 1 2
I=1i=1,2 z
m% 2
— 1+4M12”>f(M%,m3 ) lnm%“]
Z dr;
4 2

)

Ding

Ng
~
G-
3
DS
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Contributions from each lepton and quark (not already present in SM) to
AT is

AT = T(MSSM) - T(SM)

1
2 {m?uBU(Ov mfuvmfu) + m?‘dBO(O’ Mfa> mfd)}

where f denotes a quark or lepton (not already present in the SM, for example,
a fourth generation chiral fermion) and N/, is the color factor (N = 1 for
leptons and Né = 3 for quarks).

For the case of minimal mixing with no inter-generation mixing, setting
CKM matrix to unity and the squark mass matrix to be diagonal. The
fermionic and bosonic contribution to AT! is

3 1 m2 m2 m2
AT — 2 |22 m2 ) — ug ' "dy 1 usq
8ms2 M2, Z(m““ +ma) m2, —mj, " m3,
2 .2
AT(b) — : 3 1( 2 + 2 ) Ui d[ i 111 (m%l i )]
= 2072 Ur i) 2 _ 2 2
I1=1i=1,2 8msy My, | 2 ! ! My dr i mgl,i

LAT is the deviation from the 7" in SM.
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Appendix C

Renormalization in the MSSM

Since SUSY requires that bosonic and fermionic degrees of freedom match,
this symmetry is ruined if we assume that the components of gauge bosons'
are in n dimensions while the fermions have the usual four components. This
means that, if we were to use dimensional regularization, SUSY will not be
preserved. To avoid this complication, one uses the method of dimensional
reduction (DR)? where one assumes four components for gauge fields. This
method of regularization is known to give ambiguous results at higher loop
levels but would suffice for the one-loop calculations® which we are concerned
with.

C.1 Higgs Sector Renormalization

For the purpose of estimating the bound on the lightest Higgs mass, we
should treat as a dependent parameter while choosing M4 as one of the input
parameters. The counter-terms and their relation to bare parameters is defined

"Here, component refers to for example y components of gauge boson, A,,.

2In dimensional regularization, both the space-time and the components of gauge fields
are assumed to be in n dimensions where n is slightly different from four. In dimensional
reduction method, only the space-time are in n dimensions while the gauge field components
are in exactly 4 dimensions.

3Even at one-loop, invariance is not completely verified.
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as follows

(M) = M +oME
(M3)" = M+ 6M;
) = T, + 6T,
Ty = Ty +0Ty

ty = tg(l+dts)

where V refers to vector gauge bosons W and Z , and S refers to scalar Higgs
fields h, H, A, etc . We shall be using the shorthand sy, ¢y and 5 to denote
sinf, cos® and tan@ respectively. Until now, we have set the linear terms*
in the Higgs field to be zero since we expand about the vacuum which is the
minimum and so the linear terms vanish. But this only holds at tree level.
From here on, we shall not explicitly put this linear term equal to zero but
instead write it as a tadpole term T}, etc with a counter-term®. Since, tadpole
diagrams will always appear in diagrams with Higgs fields, we can fix the
counter-term by requiring that at any given order, tadpole diagrams cancel
the counter-term (This condition ensures vacuum expectation value of scalar
fields vanish even at the one-loop level). This condition fixes §7}, and §71.
The linear terms in the full scalar potential (2.3.25) were set to zero in (2.3.26)
and (2.3.27). Let us define these linear terms :

2 /2
n:=QW+m;MVwW—i%i%@§vg

2 12
T = (|M\2+m§{d) vg — bu, + g Zg Vg (vﬁ—vi) (C.1.1)

The linear and bilinear terms in (2.3.25) including the counterterms is
_ T T 2 ¢u
V = 2T¢y +2Tada+ ( du ¢4 ) M3, 4, b4

+(pu wa ) M2, ( z‘;z ) (C.1.2)

4In our convention, linear term refers to linear term in the potential. The linear term
in the Lagrangian is related to linear term in potential, Tho by a minus sign.

5For a quantity vanishing at tree level, we use additive renormalization instead of mu-
tiplicative renormalization.
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where the fields and other parameters are still bare at this point. The bare
mass matrices are given by (using (2.3.31) and (C.1.1)) :

2 [ Ty/v, +bcot B b
Mo pa = ( b Ta/vq+ btan ) (C.1.3)

M Z_Z + beot B + m% sin® 3 —b— 3mjsin2f (C.1.4)
b —b— LmZsin28 T 4 ptan § 4 m% cos® § 1.

An important point to note here is that in our renormalization scheme, the
rotation matrices which rotate the original Lagrangian fields to physical fields
are always renormalized and fixed.

(&) = (2 0)(5)=vwe(s)

() = () (&) = (&) 0

where the above relations hold at all levels in perturbation theory. In other
words, the matrices U(—«) and U(f) are always finite renormalized matrices
even if the fields are bare.

C.1.1 A — GY sector

We start by looking at the mass matrix for ¢, — ¢4 terms in the poten-
tial which give rise to A% and G on rotation. The renormalized part of the
potential (C.1.2) reduces to the tree level potential.

(4 eyoe (o )uea ()
()3

As expected, we get the factor of half in front of the mass matrix. Details of
diagonalization of mass matrix has already been presented. Next consider the

0_ 0
VA G

ren

N~ DN~
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wavefunction renormalization of bare fields
Pu _ [ VZu 0 Pu
¥d bare 0 v Zd ¥d
A° Z, 0 A
(&), = o Jm)ren (@)
. \/ZAOAO \/ZAOGO A°
N \/Zgvo \/Zgogo GO
With this way of renormalization, one does not have to deal with unphysical
fields. However, it also introduces some redundancies, for example, Zgogo is

not required since a Goldstone boson can never be on an external leg. Thus,
the wavefunction counter-term contribution to (C.1.2) is

1 0Z 4040 07 g0c0 A°
AO-GO -2 0 0 A0A AOG
Vit = pThae ( AT G ) ( 07 400 0 > < GO )

Finally, we calculate the counterterms from the bare mass matrix in (C.1.3) :

o_qo 1 A°
Vrﬁassgt = 5( AY GO )U(/B)(SMiu,godU<_ﬁ) < GO )
where,
5Tu/1)u + §b/t5 - b(stlg/tﬁ ob
2 _
WMo = ( 5b STy va+ Sbts +bigsty ) (OO

Let us define T}, and Ty as the coefficients of the linear term in the potential
for field h° and H? respectively. Then, using (C.1.2) and (C.1.5), we have the
following relation

(E)=d(o o) ()=o) e

Note here that wavefunction renormalization does not enter linear terms be-
cause the tree level tadpoles vanish. Making change to new tadpole basis, we
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get the following counter-term contributions to the self-energies at one-loop

ob
(5m1240 = mio? —mio&ﬁcg/g
3 o oa— 3 (e} a—
L ¢ 5Ty [ 22t T Ca=38) ) | s [ 25ath) T Sa3p)
28 CwMz 2593 2893
e
omz, = — 3)07] 80T’
Mo 28,CMy [ w + HO}
1
(57773406;0 - —mQAO(Stg sin 2[3 — L [C(a,g)(STho + S(afg)(STHo} (0.1.8)
2 SwCuwMz

Since, my4 is one of our input parameters, we want to eliminate the counter-
term &b in favour of dm?, as shown below

3C(a + Cla— 35(a + S(a—
ob = 5235 A0+ S4p 5t,8 € (SThO Cla+B) C(a—38) + 6THO S(a+p) S(a—38)
2854 CuMz 4 4

(C.1.9)

C.1.2 K’ — HY sector

Now we repeat the same procedure as in previous section for the terms in
potential with fields ¢, and ¢4 which rotate into physical fields h° and H°
with rotation matrices defined by (C.1.5). The renormalized part of the bare
potential (C.1.2) is then given by

beot B+ mZsin®f  —b— imZsin23 h°
0 g0 _ z 2z
(h° H)U(-a) < —b—1m%sin23  btan S+ m%cos? 3 Ula) H°

0 170 m3, 0 ho
o) (U g ) ()

The mass counter-terms can be derived from the bare mass matrix (C.1.4) :

hO—HO
Vren

N~ N~

0 0 1 hO
Vr}rllasslgt = 5( hO HO ) ( )5M¢ b ( ) < HO > (CllO)
where,
M2, = ( [OME, o]y, + sB0m3 + 525&5 — [OMZ, ou) 1 — 30mEs2s —2%3455% )
o [M\/@ w] - 1(5m2325 - _545&5 [5'/\/‘90 wd} ot C%(SmQZ - %Sgﬂdtﬁ

The elements of the matrix IM?,  can be read from (C.1.6). Substituting

uPd
the above in (C.1.10) and using (C 1.9), we obtain the mass counter-terms for
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this sector.

2 € 2 2 2 2
dmie = R Tp— [Sa—p (14 cafﬁ) 0Tho + ca,ﬁs%ﬁ&THo] + S4450My

1
+c_g0mo + 5528 (M0 S2(a—p) + Mz S2(a+8)) Ota
€

dmio = D [sa,gci_ﬁdTho + Cap (1+ si_ﬂ) 0Tgo0] + ci+55m22
1

+5%_gomio — 5528 (Mosa(a—s) + Mzsaats)) Ots

e 1
5m]210H0 — m [Ci_ﬁdThO - Si_ﬂ&THO] - 532(a+ﬁ)5m22

1 1
—|—§sg(a,ﬁ)5mio — 5528 (”%?4002(@7,3) + m%CQ(a+ﬂ)> otz (C.1.11)

C.2 Omne-loop corrections to the Higgs mass
The renormalized self-energy of Higgs bosons is
Shono (p%) = Tpopo (p%) + dmie — [p* — mia]| 6 Zyopo
% (Mo +mip) | 6 Zpomo
ﬁ)HoHo(p2) = Ygogo(p?) + dmioe — [pQ — mzo} 0Z 0 po

S () = Shoro(d?) + omiog — [pQ -

The one-loop correction Amio is

Amio = ihoho <p2)

2_ 2
pr=my g

= Ypopo(mio) + dmio (C.2.12)

In the limit mao > myz, a ~ f — 7/2. In this limit, the Higgs mass counter-
term in (C.1.11) simplifies

e

1
dmio = 0Ty + c356m7 — 5325845m225t5 (C.2.13)

SwCwMz

In DR scheme, the finite part of 0t is set to zero. Further, §m?% does not have
any Yukawa type couplings. Thus, we only need to calculate top and stop
contributtions to 67,0 = —Tj0 where Tjo is the sum of tadpole diagrams.
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C.2.1 Tadpole diagrams

Figure C.1: Top/stop contribution to Higgs tadpole diagrams

Top and stop contributions to tadpole diagrams of A" are shown in fig
C.1. Their amplitudes are evaluated below [See Appendix A.1 for explicit
expressions of scalar integrals].

My = (1) i) [ e {

(2m)" g k? —m?
49
= _167r2)\t_th0mtAO(mt)
. d"k i
Mo = —iAna / (2m)" k2 — M2
1
= gz mmeAo(My)

There is a contribution to My from other stop slepton. The tadpole counter-
term is

5Th0 == _Tho
= —i(Mj+ My)
1
= —@ 4)\,§thomtA0(mt) — )\}j{hoA()(Mf) — )\;/T?hvo(Mfl)
(C.2.14)

The couplings were derived in Section 2.3.3. The finite part of mass counter-
term in (C.2.13) with contributions to O(g*m{/mg,), O(g*m;M?/mj,) and
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O(g*m; MZ /m3y ) is as follows

2 2 M?2 M:
dmio fnite = —% {me (1 —lnm—;) —Mg (1 —ln—;) —Mg, (1 —ln—)
we 8msymyy I I iz

(C.2.15)

C.2.2 Self-energy diagrams

For simplicity, we work in the minimal mixing scenario to start with. The
contributions of the top and stop particles are shown® in Fig. C.2 (only one
of the stops is shown).

/’\\ t E]
! >~
\ ! 0 - D 0
\ / h / \ h
_______ ~@ L - ————— - ——— —_—— ____’ ®*-—-—--
7 n ho Q R 2
-
t !
1 2 3

Figure C.2: Top/stop contribution to Higgs self energy

Next, we evaluate the three diagrams.

‘ d"k i
M, = _M?ﬁhoho/(Qﬂ)”kQ—Mf
1
= g2 wmonoAo(Mj) (C.2.16)

Dy (eivena)? [ EE i (F+my) @ (k+p+my)
Mo = (D)’ f o {[k2—m?] [<k+p>2—m%}}

—1
= 1672 ANGpo [9" B (0, me, ) + P! Bu(p®, my, me) +mi Bo(p®, my, my)]
(C.2.17)

60nly third generation diagrams are depicted. Extension to fourth generation is trivial.
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d"k 1 i
M; = (_¢A~~0)2/ [ }
3 tith (277')” k2 — M{2 (k’ +p)2 . Mt~2
0}

— WA;%OBO@?, M, M) (C.2.18)
The Passarino Veltman integrals are given in Appendix A. M5 can be written
in terms of scalar functions as follows

My = 167 2)‘tth0[ Y By (9%, mu, ) + " Bu(p?, my, my) + mi Bo(p?, my, my)]

—4q
- 167 2>‘tth0 [4300(]927mt,mt)
+p° { Bi2(p*, me, my) + By (p?, mu, mu) } + mi Bo(p®, my, my)]
—4q
= 1671‘2)\tth0 |: {AO my +2mtB0(p mt,mt)+p Bl(p mbmt)}

+§ {Ao(mt) - meO(pQ,mt, mg) — 217231(1)2777”%, mt)}

+p* By (p27 mg, my) + m?Bo(pZ, my, my)

Am3 — p?

2

—4q
= )‘ttho [Aﬂ(mt) +

1672 Bo(pQ,mt,mt)l (C.2.19)

To M; and M3 , we add the contribution for the second ’stop’. Then, adding
(C.2.16), (C.2.19) and (C.2.18) :

l

M o [Prmons Ao(Mg) + A0 Ao(Mi) = 4D Ao(m)

t' t'hOR0

A0 Bo(P?, MtvM)+)‘~T~ Bo(p*, My, M)

o= t1Eh0 7RO

16

—2(4mf - PZ))‘%thOBO(pZ, my, M)

The first line in the above expression consists of only Ay functions and hence
contribute to quadratic divergence. In a supersymmetric theory, we expect
quadratic divergences to cancel (even if soft SUSY terms are present which only
lead to logarthimic divergences). Indeed, substituting the triple and quadratic
couplings, we find that quadratic divergence of O(g*m?/m%,) cancel. Same is
true for quadratic divergences in tadpole counter-term in (C.2.14).

In our convention, the self energy at one loop ¥ is defined as ¢ times
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the one-loop amplitude”. Thus, the finite part of one-loop self-energy of h° to
O(g°mi /miy ), O(g*miM? /miy,) and O(g*mi M7 /miy) can be calculated using
the analytical expressions for Pasarino Veltman functions given in Appendix
A.1 (we make the approximation myo < my, Mz, My ).

2 .
Zhoho (mho ZMselflﬁnite

4 2 M?2M?
= % 1—In (2 + In t 1 t
drs2my, ? my

2 M2 M2
amy 2 i 2 /
— I M#<1—1 — Mz<1—1 %%—.2
+8W8im%v{ t{ n<u2>}+ t{ n(u)ﬂ

Substituting (C.2.15) and (C.2.20) in (C.2.12), u dependence cancels and one
gets the following one-loop mass correction to the lightest Higgs mass

Ay = amy n <M3M§>

2 1,2 4
4msz miy, my

) |ﬁnite

In this convention, the inverse unrenormalized propagator is p? —mZ — X (p?) where myg
is the bare mass.
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Appendix D

SUSY QCD Corrections to
bg — bh

D.1 One-loop Results

In this appendix, we give the non-zero contributions of the individual di-
agrams in terms of the basis functions of Eq. 3.3.18 and the decompositions
of Eq. 3.3.20. The contributions proportional to my;tan 8 are new and were
not included in the results of Ref.[28]. Although we specialize to the case of
the lightest Higgs boson, h, our results are easily generalized to the heavier
neutral Higgs boson, H, and so the Feynman diagrams in this appendix are
shown for ¢; = h, H.

The self-energy diagrams of Fig. D.1:

!
[ss)
(S

Figure D.1: Self-energy diagrams, S; and Ss.
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2
4 i 2myM;s
® }: b 2b 2
i=1
2
4 i myMs
2 _ b 2b 2
x@ = 35 559 g <M5i> (D.1.1)

where we have have used the shorthand notation for the arguments of Passarino-
Veltman functions, By (Mg) = Boa (t; M2, Mb2>

2
4  2mp Mz 8.7
(s) i b 2b 2
xg = 3 E'_l {Bl — (-1 T _BO} (a22)
2
4 s My M85
X§ = 2> (1) e, (Mf) (D.1.2)

1

%

and By, (Mf) = By, (s; M2, Mf)
The vertex functions of Fig. D.2:

Figure D.2: Virtual diagrams, V; and V5.
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Diagram V;:

2

s 2my M s,
X‘(/l) — SZ{CIQ+CQ3_ (-1) w(cb‘i_cll)} (Mb%)

i=1

2
1 i
X0 = _62{ (Cly + Cig) + 2Chy — (—1)" 2mpM;s,; (co+cn)} (Mg)
2
u 2my M S5z
X\(/? = _§Z {012 + Co3 — (—1)" —bt 2 (C, —1—011)} (Mé)
1
X\(/?;) - _gz mbM g52b (CO+011)< bz> (D.1.3)

2) = L AS2 2 2
where 00711,12,23’24 (Ml; > = 00711’12’23’24 <0, 0, t, Mg s Mb;’ Mb;) .

i

Diagram V5:

2
1
() _ 2
Xy, = ~3 ;CM (Mb>
2
U i 2myMzs.;
X‘(/? = 73 ; {012 + Co3 — (—1) Tg% (Co + 011)} (Mi)
1 i
X‘(/i) = 52 (=1)" myp Mjzsy; (Co + Chy) (M,f) (D.1.4)

where Cp 11,1223 24 <Mb2> = Co,11,12,23.24 <0> 0, s; M;?, Man Mf)
The vertex functions of Fig. D.3:

Figure D.3: Virtual diagrams, V3 and V.
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Diagram Vj:

2
) 3s i 2myMzs.0:
X = 5 oo 1 200 ey ()
=1
2
3 i
X0 = -2 {M;co —2(1 =€) Cyy — (1) 2mngsgaCu} (Mf)
=1
2
i 2myM;s
X‘(/? = —3uZ{C12+023—(_1) btg = (OO+Cl2)} (ME’Q)
=1
3 2
2 7
Xy = =5 > (1) My Co <Mb%)
i=1
2
XD =SS e € il (36) w15

2\ — L2 2 2
where 00,11,12,23,24 <Mb> = 00,11,12,23,24 <0> 0,t; Mg,Mg,Ml;)-

Diagram Vj:
2
X‘(/i) = ;Z{MQCO—2 1—6) 024—$<C12+023) ( 1)2 meMg,Sm;CO} (MI?Z)
i=1
X = _3u§2: {012 + Cs — (1) %bTMgSzb (Co+ 012)} (a2)
1'2:1
x@ = —g > (1) iy MysyCo (M)
21':1
X{) = 33 (<) maMysy; {Co + Cra} (M3) (D.1.6)
1=1

where 00,11,12,23,24 <M1~i> = 00,11,12,23,24 <07 0, s; M927 Mg27 Mé)
The vertex functions of Fig. D.4:
Diagram Vij:

2
4
X = 53 Cnas {0maCu + ay Mo <M§i M2 )

ij=1

4
x¢ = 3 > ChidijChra (M,,Q,Mbi) (D.1.7)

ij=1,2
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Figure D.4: Virtual diagrams, V5 and Vj.

2 2 ) — 2 4. 2 2 2
where 00’11712723724 <Ml~;’ MB) = 00711712723724 <0, Mh’ t, Mg s Ml;’ M5> s the squark
g J g J

mixing matrix is defined,

i iz ) (S G (D.1.8)
Q21 Q22 Cop —59p
and the light Higgs-squark-squark couplings C},;;, are normalized with respect
to the Higgs-quark-quark coupling[80],

2M2 . SaisC
Chin + Cho2 = 4my + e (D.1.9)
my Sa
2M?2 Set3C
Cha1 — Cho2 = 2Ypsy; + Tzc% (Ié7 — 2Qps3y) % (D.1.10)
b e
2

M Sq+8C
Cha2=Cho1 = Yicg; — WZSQE (I§ — ZQbs%/V) ;ﬁ d , (D.1.11)
b

«

st =sinby, =1 — M3, /M2 and Y} is defined below Eq. 3.4.39.
Diagram Vg:

s 4
X‘(/G) - 3 Z Ch,ij {0i5mpCr1 + aiz MzCot (M;,Mf)

i=1,2
9 4
X‘(,fj) = §mbz Ch,ij0:5C12 <Mb2’MbQJ)
1,7=1,2
X0 X0 % (D.1.12)

where 00,11,12723,24 (M;i, ng) = 00711,12,23,24 (0, M/i S5 MgQ; Mia ng) .
The box diagram of Fig. D.5:
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Figure D.5: Box diagram, B;.

s 3M:s
X](Bl) = 29 Z a;;Ch,ij {Do + D13} (Mi’MBQj)
4,j=1,2
SMzt
X5 = S aCusbis (M.05)
ij=1,2

XW = 8Mpu Y ayChy (Du — Dis} (M2.022)
i,j=1,2
3m
X§ = =223 05Chis {MEDo — 200} (MZ,MZ ) (D.1.13)
i,j=1,2

where, D, (M;, Mg_) = D, (o,o,o,M,f,s,t; M2, M2, M, Mg_).
7 7 v J
The box diagram of Fig. D.6:

Figure D.6: Box diagram, Bs.
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Diagram Bs:

S M~
X(B) - _ g5 Z aijOh,ij {D0+D11} (MS,MEQ)
’ 6 ij=1,2 ‘ !
Mt
ng) = Tg a;jCh.ij {Do + D11} (Mi,Mi)
ij=1,2
xw _ Mgu Chii {D1y — Dyg) (M2 M2
By T 3 Z az] h,zg{ 11 — 12} Ei, l;j
i,j=1,2
m
Xﬁ) = —gb Z 0i5Ch,i5 Doo (Mfo) (D.1.14)
ij=12

where Dy (Mg, M;) =D, (0,0,0, M3, u, 5; M2, M2, M2, M;).
The box diagram of Fig. D.7:

Figure D.7: Box diagram, Bj.

Diagram Bs:
s M;s
x§ = —69 aijChij { Do + D12} <Ml~)2i’ Mij)
ij=1,2
Mzt
X(BQ = —Tg aijo}m]‘ {DO + D12} (M[i7 M[;Q])
i,j=1,2
M:u
1
X1(33) = 39 Z @ijChij { D11 — D2} (Mi’ Mli)
ij=1,2
2 my
X](33) = -3 Z 0i;Ch.ij Doo (M;i, Mi) (D.1.15)
ij=1,2

where Dy (M2, M2 ) = Dy (0,0,0, M2, u,t; M2, M2, M2, M2 ).
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The vertex and external wavefunction counter terms, Eq. 3.3.27, along
with the subtraction of Eq. 3.3.30, give the counterterm of Eq. 3.3.31:

s 47 om
56 = M= () A+ S e

_ ;L|:2MYE7](MI;7Mb’M +Z( —1)" 2mys,; B) 4 2m QB’)(O;MECD@J})

i=1

Note that the counterterm contains no large tan 8 enhanced contribution.

D.2 Definition of Functions

In this appendix we define the functions used in the expansions of the
Passarino-Veltman integrals in the maximum and minimum mixing scenarios,

M- . . .. . M, ..
where R = e n the maximal mixing scenario, and R; = e In the minimal
mixing scenario:

2
fi(R) = —(1—32 [1— R*+ R?log R?
f2(R) = 1—R23[1 R* + 2R log R?|
1
_ 1 2 4 ~ pb 21 2
fs (R) 1—R2 { + = R — 3R +2R + 3R ogR}
B L 6 Log o4 2
fi(R) = 1—R2 {2 4R* +4R° — 2R 61" log R
R? log R? R2 \" log R2
hl(RlaR2>n) - (1_R2) 1—R2_(1—R%) 1_R%
]+2 |—n j—n
—Z {1—Rf)J — (1-R3)’ }
R2+R2—2 1 R? + R2 — 2R%
ho (Ri,Ry) = 12 + 12 Llog R?
() = oo m T R-R| ooy 0
R? + R2—2R;
_ 1;; o 2 1og R2| . (D.2.17)
- 2
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Further,

df;
sy = 4
=R
. (1/R
ot = 1O
fi(R) = %d‘g’g} (D.2.18)
z=1/R
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Appendix E

Appendix: Higgs Decay Rate
Calculations

Most of the public programs available for branching ratio and Higgs pro-
duction/decay calculations of the MSSM Higgs bosons are unsuitable for the
unusual stop spectrum under consideration. We have therefore implemented
a simple Mathematica code to perform the computations following the refer-
ences [157, 159]. This is feasible since we only care about calculating decay
widths and production cross sections from a very simple low-energy spectrum,
not the derivation of that spectrum from UV-parameters.

The case of small m 4 is handled as follows: For each choice of my,, m;_, tan 3
and m4, we use the expressions in [157] to derive the LH stop mass required
to give the desired Higgs mass at one-loop resummed order. This allows us
to compute the radiatively corrected charged and heavy neutral Higgs masses
at the same order and include their contributions in the light Higgs decay
widths and branching fractions. This one-loop resummed calculation might be
insufficient if we were actually interested in how exactly the Higgs spectrum is
derived from a low-energy theory, but for the purposes of ‘sweeping through
the Higgs spectrum’ as we change m 4 this is certainly expected to work well.

E.1 Decay Widths & Branching Fractions

The branching ratio calculations in our code include most of the important
higher order corrections under the assumption of no stop mixing. Understand-
ing the theoretical uncertainties is quite important for a comparison with LHC
data. Therefore we briefly summarize the decay width calculation for each
channel and estimate the theory error from those higher order corrections we
neglected, as well as chargino and neutralino contributions.
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e h — gg : The LO contribution is a one-loop diagram with quarks or
squarks running in the loop. Only the light right-handed stops were con-
sidered in our calculation since the contribution from the heavy scalars
decouples. Most of the important NLO/NNLO QCD corrections [171-
173] were implemented with the exception of those from gluino loops.
However, the latter are quite small (a few percent for M, ~ 1 TeV)
[174]. The electroweak (EW) corrections [175, 176] are < 5% due to
large cancellations from various contributions.

e h — vy/vZ : This channel is also loop induced at LO. However, in
addition to quarks and squarks, there is also a small contribution from
charginos and charged Higgs in the loop. While the contributions are
small for m,+ 2 250 GeV, they can be as big as 10% for m,+ ~ 100
GeV [177, 178]. The contributions from the charged Higgs are ignored
since they are assumed to be heavy and therefore decouple. Most of the
NLO/NNLO QCD corrections [172, 179] are implemented, an exception
being the QCD corrections to the squark loop diagrams leading to an
error of ~ 10% [177]. The EW corrections from the top Yukawa coupling
[180] is also implemented for the h — 7 channel.

e h — VV*: The vector boson V here refers to the massive gauge bosons
W and Z. Since, we assume that the Higgs mass is m;, ~ 125 GeV,
one of the final state vector bosons is always off-shell [181]. The NLO
EW corrections [182, 183] have been implemented for this channel and
we expect the remaining theoretical uncertainties to be small. In the
decoupling limit the hV'V couplings are SM-like, so the partial decay
width is identical to the SM case. For small m 4 the tree-level coupling is
rescaled (see below). The NLO SUSY contributions have been ignored
as they are expected to be small.

e h — ff: For a 125 GeV Higgs, the decay to top quarks is kinemat-
ically forbidden and thus the relevant channels are decays to bottom,
charm, and tau. We have implemented NLO/NNLO QCD corrections
[184] including the running of the quark masses to absorb the large
logarithms [185]. NLO EW contributions have also been implemented
[182, 186]. In the MSSM, the bottom quark Yukawa coupling gets signif-
icant corrections which are non-vanishing in the decoupling limit [187].
In our scenario, the corrections to the bottom quark Yukawa are given
by Ay o< asMgyptan 8 /MbQL Since the left-handed sbottom is extremely
heavy we conclude that these SUSY QCD corrections are small and can
be ignored. The only significant source of error in this channel is the un-
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certainty in the quark masses since they can not be directly measured.
This translates to an error of ~ 4 % for the channel h — bb [188].

E.2 Production Cross Section Ratios

The LO cross-section for a 2 — 1 process is proportional to the decay width
of the inverse process. Therefore we can use the following approximation to
estimate the MSSM Higgs production cross-section through gluon fusion:

_ omssm(gg = h) _ Pussu(h — gg)
osm(gg — h) Csar(h — g9)

ngF =

where we use the decay widths calculated above. The QCD K-factors for h —
gg differ by ~ 6 % for the SM and the MSSM case and this difference is taken
into account by using NLO decay widths. Thus we expect this approximation
to work very well, and take its contribution to the theory error of our signal
strength prediction to be small (compared to the other sources of uncertainty),
of order a few percent.

The Vector Boson Fusion and Associated Production cross section ratios
are rygr , rap ~ 1 in the decoupling limit, but for small m4 the VVh tree-
level couplings are rescaled compared to the SM. Therefore

TvBF , TAP = sin(ﬁ - Oéeff),

where a.fy is the effective C'P-even Higgs mixing angle. (In the decoupling
limit, aeyp = B — w/2 thus, rvpr,rap ~ 1 in this case.) We expect the error
introduced by this approximation to also be a few percent.

Finally, to compute theory predictions for inclusive signal strengths we
need

VBF
rou = M ~ 0.1.
osm(99 — h)
The SM Higgs production cross section and associated theoretical errors are
calculated in [189], which we use to obtain predictions and theoretical uncer-

tainties for rqay.
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